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ABSTRACT. The membrane insertion and translocation of diphtheria toxin, which is induced in vivo by
low pH, is thought to be directed by the hydrophobitelices of its transmembrane (T) domain. In this
study the structure of membrane-associated T domain was examined. Site-directed mutants of the T domain
with single Trp residues were prepared at the two naturally occurring positions, 206 (near the N-terminal
end of helix TH1) and 281 (within helix TH5), as well as at three residues in helix TH9, in which the
substitutions F355W (near the N-terminal end of TH9), 1364W (close to the center of TH9), and Y375W
(near the C-terminal end of TH9) were made. All these mutants were found to undergo the low-pH-
induced conformational change observed with wild-type T domain and insert into model membranes at
low pH. The location of Trp residues relative to the lipid bilayer was characterized in model membrane
vesicles by fluorescence emission and by quenching with nitroxide-labeled phospholipids. In TH9, residue
375 was shallowly inserted, residue 364 deeply inserted, and residue 355 located at an intermediate depth.
Residues 206 and 281 exhibited moderately deep insertion. It was also found, in agreement with our
previous study using bimane-labeled protein (Wang et al. (1998jol. Chem. 27225091-25098), that

TH9 switches from a relatively shallowly inserted state to a more deeply inserted state when the
concentration of the T domain in the membrane is increased or the thickness of the membrane bilayer is
decreased. In particular, the depth of residue 355 was found to increase under the conditions giving deeper
insertion. In contrast, residue 375 remained shallowly located in both states, as predicted from its location
on the polar C-terminus of TH9. It is concluded that TH1 and TH5 insert into the lipid bilayer in both T
domain conformations. In addition, Trp depths suggest that even in the shallowly inserted state there is
a significant degree of insertion of TH9. These results suggest regions of the T domain in addition to the
hydrophobic TH8/TH9 hairpin insert into membranes. Models for the structure of the membrane-inserted
T domain are discussed.

The process of protein translocation across a lipid bilayer diphtheria toxin to undergo receptor-mediated endocytosis
is poorly understood at the molecular level. We are interestedand reach the lumen of endosomes. The acidic pH of the
in the regulation of this process, using diphtheria toxin as a endosomal lumen causes a partial unfolding of the toxin,
model protein. Diphtheria toxin, a cytotoxic protein of 535 exposing hydrophobic regions on the protein and thus
amino acid residues, is secreted @grynebacterium diph-  triggering membrane insertio); The T domain mediates
theriae (1). The crystal structure shows that the toxin is the membrane insertion of the toxin and is thought to assist
composed of three distinct structural domains, designatedin maneuvering the C domain through the membrane. Cell
the receptor binding (R, residues 38235), catalytic (C,  death is dependent on translocation of the C domain into
residues +193), and transmembrane (T, residues-1381) the cytosol, where it catalyzes the ADP ribosylation of

domains 2—4). In vivo, each domain has a discrete function, ejongation factor 2, consequently inhibiting protein synthesis
and they work in concert to enter and kill cells. The R domain (1),

hijacks an EGF-like precursor proteiB){ and the crystal
structure of a fragment of this receptor complexed with the
toxin was recently solved6f. This association allows

The T domain is primarily comprised of 1@-helices,
(named THE9 and TH53). Two helices that are particularly
long and hydrophobic, TH8 and TH9, are part of a hairpin
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channel-forming domain of the T domain has been deter- doubly integrated ESR spectra, as described previously.
mined and shown to be a 61 residue stretch encompassingAlternatively, the concentration of the spin-labeled lipids was
TH8—9 (10). This and other channel-forming studies on the assayed by determining the percent of nitroxide-labeled lipid
T domain are consistent with a model in which the TL5 loop that had to be incorporated into multilamellar vesicles to give
that connects TH8 to TH9 passes through the bilayer to thethe same quenching of anthroyloxy fatty acids as that found
trans side 9, 11—-13). Proteolysis studies found TH® to previously for multilamellar vesicles containing 15% nitrox-
be the most protected region of the T domal16). ide-labeled lipidsZ2). The ratio of nitroxide groups to lipid
Electron spin resonance studies have determined that TH9was generally found to be in the range 0@9. All other
retains a helical structure upon membrane binding. Thesechemicals were reagent grade.

studies also determined which sides of this helix are agueous T Domain Protein Expression and PurificatioVild-type

or lipid facing. On the basis of the ESR data, a transmem- T domain contains two endogenous Trps, at positions 206
brane structure was proposed for helices TH8 and TH9 (  and 281. Single mutations in wild-type T domain, W206F
18). and W281F, were constructed to create two mutants with

Despite these studies, the behavior of the membrane-single Trp. To create additional single-Trp mutants, both

inserted TH8/TH hairpin and the remainder of the T domain native Trps were mutated to Phe and then an additional Trp
is not well-understood. For example, recent studies of pore was introduced into helix TH9. These mutants are W206F,-

properties have been interpreted in terms of a flexible, W281F,F355W; W206F ,W281F,1364W; and W206F,W281F,-
nonhelical structure for the TH8/TH9 hairpinlg). In Y375W. For simplicity all mutants will be referred to only
addition, we recently found that the membrane-bound TH8/ by the position of the Trp. The methods used to produce the
THO hairpin can exist in two conformations, one of which Pplasmids for the expression of wild-type T domain protein
is much more deeply inserted than the oth2®)( It was  and single-Trp mutants are detailed in Zhan et®r).(The
shown that the balance between these two conformations isProteins expressed contain an Nterminal hexahistidine
regulated by the protein concentration in the bilayer and by (Hiss) tag fused to T domain residues 26278. When the
bilayer width, and it is unclear whether some non-trans- Hiss tag is removed, four additional residues are left at the
membrane conformation T domain was present in previous NHz terminus: Gly-Ser-His-Met. When the Hitag was not
studies. Even less is known about the topography of the removed, 21 additional residues were left at the ,NH
remainder of the T domain (see Discussion). terminus: Met-Gly-Ser-(Hig-Ser-Ser-Gly-Leu-Val-Pro-Arg-
We have previously examined the overall membrane Gly-Ser-His-Met. (The whole diphtheria numbering system

insertion of whole diphtheria toxin using Trp restricted to 1S Used in this report, so these additional residues are not
either the A chain (C domain) or the B chain (T plus R counted in the numbering schemir)) - _
domains) 21). This report analyzes the membrane-inserted _ The purification procedure was basically that desc_rlbed
positions of five individual Trp residues located in helices 1N the PET system manual from Novagen, Inc. (Madison,
TH1, THS5, and TH9, using fluorescence emission properties W) Briefly, the protein was cytoplasmically expressed in

and fluorescence quenching. The regulation of T domain EScherichia coli (E. coli) cultures, and the cells were
insertion into model membranes by protein concentration in Narvested and then disrupted by sonication. Cell debris was

the bilayer and by the thickness of the bilayer was also "€Moved by centrifugation, and the supernatants were col-
examined. The results confirm that the T domain inserts in €cted and loaded on-23 mL nickel chelate affinity columns
at least two different conformations and indicate that TH1 (Novagen). A stepwise gradient of imidazole was used to

and TH5 insert into the membrane bilayer in both of these Wash and then elute the protein, as described in the pET
system manual. The eluants were dialyzed against 20 mM

conformations. ] ‘
Tris-HCI buffer, pH 8.0, for 16 h at 4C with two changes
EXPERIMENTAL PROCEDURES of buffer. The protein samples were then concentrated with
a Centriprep 10 (molecular weight cutoff, 10 000; Amicon).
Materials. Spin-labeled PCs (SLPC)dimyristoleoyl PC Purity was>90—-95% as judged by SDS gel electrophore-

(DMoPC), dioleoyl PC (DOPC), and dioleoyl PG (DOPG) sis. The final protein concentration was determined using
were purchased from Avanti Polar Lipids (Alabaster, AL). the Coomasie Plus Protein Assay Reagent from Pierce
The purity of the phospholipids was checked by TLC on (Rockford, IL), using bovine serum albumin as the standard,
silica gel plates, as described previousi®)( No impurities and from absorbance at 280 nm using 18 200 M cm?,
were detected in the lipids after the plates were sprayed withand was converted to micrograms per microliter using an
40% sulfuric acid (v/v) and charred. The concentrations of approximate molecular weight of 20 000. Purified T domain
the spin-labeled PCs, DMoPC, DOPG, and DOPC were was stored at 4C in 20 mM Tris, pH 8.0.
determined by a phosphate assay after total digestion or by Fluorescence Measuremeniuorescence was measured
dry weight 2). For DMoPC the manufacturer’s specifica- with a Spex 212 Fluorolog spectrofluorometer operating in
tions were used. The actual nitroxide content of the nitroxide- ratio mode at room temperature. Measurements were made
labeled lipids was calculated from the intensities of the in a semi-microcuvette (excitation path length, 10 mm;
emission path length, 4 mm). The excitation and emission
! Abbreviations: DMoPC, di G.iec-phosphatidylcholine; DOPC, slits were 2.5 ":_m,d 5_mm (band-passes of 4.5 and 9 nm,
di-Cismec-phosphatidylcholine; DOPG, disgunec-phosphatidylglycerol; respectively). Lipid binding experiments were performed
PC, phosphatidylcholine; SDS, sodium dodecyl sulfate; 5 or 12 SLPC, with an excitation wavelength of 280 nm, and the emission

1-palmitoyl-2-(5 or 12- doxyl)stearoylphosphatidylcholine; SUV, small ;
unilamellar vesicle: TempoPC. 1,2-dioleaykglycero-3-(4-NN-di- was measured at 330 and 350 nm. Fluorescence quenching

methylN-(2-hydroxyethyl)ammonium)-2,2,6,6-tetramethylpiperidine-1-  €Xperiments were performed with an excitation wavelength
oxyl). of 295 nm. Controls showed no significant difference in
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guenching when the excitation wavelength was 280 nm. Trp vesicles were prepared by adding the desired amount of lipid
emission spectra were measured from 320 to 360 nm.from stock solutions in ethanol or CH{b a glass tube and
Emission intensity was measured for 1 s, and emissionthen by adding 6Q«L of CHCI; and vortexing well. The
spectra were measured in 1 nm intervals. Emission intensitylipids were then dried first underJNand then in vacuo for
for the fluorescence quenching experiments was measuredL h. To reconstitute the dried lipids, 14 of 100% ethanol
at the emission wavelength maximum of the sample without was added to each sample tube and vigorously vortexed to
any nitroxide quencher, which varied for each mutant. The redissolve the lipid. Next, the appropriate volume of 50 mM
background intensities and/or spectra from samples withoutacetate, 150 mM NaCl buffer, pH 4.0, generally 5209
T domain were subtracted from those with T domain in all uL, depending on the volume of protein used, was rapidly
cases. Unless otherwise noted, all measurements were madadded, creating the SUV. A {475 uL) aliquot containing 4
at room temperature. ug of T domain was then added (final protein concentration
Effect of pH on T Domain Fluorescena&liquots (2-40 of 0.33 uM). In the low protein-to-lipid ratio conditions
uL) containing 4ug of T domain were diluted to 608L (protein-to-lipid molar ratio 1:1000) the final lipid concentra-
with PBS (10 mM sodium phosphate, 150 mM NaCl), pH tion was 333:M. For the high protein-to-lipid ratio condi-
8, to give a final protein concentration of 0.381. These tions (protein-to-lipid molar ratio 1:150) the final lipid
samples were gradually titrated with-6 xL aliquots of 0.8 concentration was 5@M. In all cases the final pH was 4
M acetic acid to pH 4.5 and then with aliquots of 0.9 M and the final volume was 614L. For the samples lacking
HCI to pH 3.5. After addition of each aliquot, the samples quencher o) the lipid mixture used was 30% DOPG and
were mixed by gentle inversion and incubated for 1 min, 70% DOPC or DMoPC (mole/mole) as appropriate. Samples
pH was measured with a microelectrode (Microelectrodes, containing the spin-label quencher were comprised of 30%
Inc., Londonderry, NH), and then Trp fluorescence intensity DOPG, 55% PC (DMoPC or DOPC, plus a small amount
was measured at excitation emission of 280 nm and emissiorof inactive spin-label PC), and 15% active SLPC (Tempo
wavelengths of 330 and 350 nm. PC, 5SLPC or 12SLPC) (mol/molRQ).2 The fraction of
Preparation of SUV Sonicated SUVs were used for all fluorescence  unquenched Fit/Fo,  Fs/Fo;  or
experiments in which model membranes were present with Flleo) was calculated from the ratio of fluorescence intensity
the exception of the depth measurements (see below). Toln the presence of quencheFt, Fs, or Fy) for the
prepare sonicated SUVs the appropriate concentrations of€MpoPC, 5SLPC, and 12SLPC quenchers, respectively, to
stock solutions of the desired lipids (in ethanol or CECI  thatin its absence~). Experiments to measure depth were
were added to a glass tube. The lipids were vortexed andPerformed 3-8 times, usually with duplicate samples. The
then dried under a stream ofNollowed by 1 h of drying minimum number of samples was six for all depth experi-
in vacuo. The lipids were then reconstituted to a concentra- Ments.
tion of 10 mM with PBS, pH 77.5, and sonicated in awater ~ Effect of Remaal of the Hig Tag Control experiments
bath sonicator (Laboratory Supplies Co., Hicksville, NY; were performed on the wild-type and some mutant T domain
model no. G112SP1T), until optically clear. The lipid proteins to determine if the presence of thegltiég had any
composition of the SUV was 30% DOPG and 70% of either €ffect on the protein conformation. The kitag was removed
DOPC or DMoPC (mole/mole). by thrombin proteolysis as described in the Novagen, Inc.,
Lipid Binding to T Domain Lipid binding experiments ~ Manual and removal was confirmed by SDS gel electro-
started with a pH 4.0 sample prepared withgiof T domain phoresis. No difference was observed upon removal of the
diluted to 600uL with 50 mM acetate, 150 mM NaCl, pH  Hiss tag in lipid binding experiments. In addition, the
4.0, and placed in the semi-micro-fluorescence cuvette. After Présence or absence of the ¢isg had no effect on the pH
measurement of fluorescence, small aliquots L) of dependence of fluorescence or the Trp depth determined from
10 mM sonicated SUVs or SUVs diluted with PBS to 1 mM  fluorescence quenching experiments, even in the case of the
were titrated into the samples, to obtain various lipid W206 mutant, which carries a Trp in TH1 adjacent to the
concentrations up to 50@M.2 After each addition, the  HiSstag. Furthermore, no effect of the klimg was observed
sample was stirred with a microstirbar and then incubated I Previous fluorescence studies of labeled Cys mutais (
between 30 s and 1 min before remeasuring fluorescence.Therefore, unless otherwise noted, the gHsg was not
Fluorescence readings were taken with an excitation wave-removed.
length of 280 nm and emission wavelengths of 330 and 350
nm. The dilution by lipid was taken into account when the RESULTS
final lipid concentration of the samples was calculated. The  Fluorescence Properties of Wild-Type and Mutant T
effect on the pH of the PBS added with the lipid (no more Domain Proteins: Effect of pH on T Domain in Solution
than 35uL by the end of the experiment) was negligible. Trp fluorescence was used to probe the structure of the
Preparation of Samples for Measurement of Trp Depth membrane-inserted T domain. The behavior of mutants with
Samples for fluorescence quenching were prepared usinga single Trp at residues at 206, 281, 355, 364 and 375 was
ethanol dilution SUV 21). (It should be noted that the tested. The T domain mutants were first examined to see if
conformational behavior of the T domain bound to sonicated they would undergo the low-pH-induced conformational
and ethanol dilution vesicles is very simil&0f.) In general, change observed for both whole toxia3[ and isolated T

21t should be noted that the T domain may cause vesicle fusion at 3 Due to the presence of nitroxide-labeled lipid, there was a small
high concentrations, as suggested by an increase in turbidity, and thusdifference in the average acyl chain length in the DMoPC-containing
the final vesicles structure may be closer to that of large unilamellar samples which depended on the amount of inactive nitroxide. This
vesicles. difference should be too small to affect T domain conformat).(
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Ficure 1: Effect of pH on T domain fluorescence in solution. F  FIGURe 2: Binding of T domain to DMoPC-containing model
330/350 is the ratio of emission intensity at 330 to that at 350 nm. membranes at low pH. Samples with 038 T domain at pH 4
(A) Fluorescence of wild-type T domai®j and single-Trp mutants ~ were titrated with small aliquots of 30%/70% DOPG/DMoPC
in TH1, W206 @) and in TH5, W281 ¢). (B) Single-Trp mutants (mole/mole) SUV. (A) Fluorescence of wild-type T domaid)(

in TH9, W355 @), W364 @), and W375[J). T domain concentra- W206 (a), and W281 ¢). (B) Fluorescence of W359), W364
tion was 0.33uM. (0), and W375 ).

or that there are small differences in the pH stability of the
native and low-pH conformation in the various mutants.
Binding of T Domain to DMoPC-Containing Model
Membranes at Low pHThe interaction of the T domain
mutants with model membrane vesicles at low pH was
examined both to see if they bound to vesicles with the same
affinity as wild-type protein and to evaluate the effect of
lipid vesicles on the environment of the Trp residues. Lipid
binding was monitored by dependence of the Trp fluores-
cence emission 330/350 ratio on increasing lipid concentra-
tion. Figure 2 shows lipid binding curves for the wild-type
and the single-Trp mutants of the T domain binding to
DMoPC-containing vesicles, which form relatively thin
bilayers, and in which our previous studies have indicated
that deep insertion of the TH8/TH9 helical hairpin is obtained
(20). T domain binding to lipid vesicles was found to be
rapid, basically complete by 20 s (data not shown). For all
five Trp mutants there was a blue shift in fluorescence upon
lipid binding, consistent with transfer of these residues to a

domain Q). This pH-dependent conformational change is the
crucial step for inducing membrane penetration in cells

(7, 24. The conformational change was monitored by

measuring Trp fluorescence emission wavelength shifts.
These shifts were assayed by the ratio of Trp fluorescence
emission intensity at 330 nm relative to that at 350 2%).(

Figure 1 shows the effect of pH on the 330/350 emission
ratio for T domain in solution. Interestingly, the differences
in Trp emission for the different mutants at pH 7 is close to
that which would be predicted from the crystal structure of
the toxin @—4). The Trp introduced at residue 375, which
would be the most exposed to solvent of all the Trp we
studied according to the crystal structure, showed the most
red-shifted fluorescence (i.e., the lowest 330/350 emission
ratio) of all the Trp residues studied, consistent with a
location in a polar environment. The Trp introduced at
residue 364, which is the most deeply buried according to
the crystal structure, showed the most blue-shifted fluores-

cence (highest 330/350) of all the Trp studied, consistent less polar environment upon binding to lipid. (However, it

with a Iocat.|on na nonpolgr enV|ronm§nt. ~ should be noted the fluorescence behavior of the W364
~ Forthe wild-type T domain, a change in the 330/350 ratio mytant was somewhat variable in both these and the DOPC-
indicative of a conformational change was observed at low containing samples.) All of the binding curves were similar,
pH. The midpoint of the conformational transition was about showing tight binding that was half-maximal at no more than
pH 5.2 (Figure 1A), close to the value previously detected 25 M ipid. This shows the wild-type and all mutants have
by measuring the binding of the@2toluidinylnaphthalene-  gjmilar lipid binding properties at low pH.
sulfonic acid ©). The decrease in the 330/350 ratio at low  Binding of T Domain to DOPC-Containing Model Mem-
pH can be an indicator of exposure of Trp to a more polar pranes at Low pHSomewhat more complex binding curves
environment, which is consistent with increased exposure were detected in DOPC-containing model membranes (Fig-
of buried sites to the aqueous solution at low pH observed yre 3). For the W206 and W375 mutants the Trp fluorescence
with both whole toxin and isolated T domaif, (23, 26. blue-shifted when the T domain associated with the DOPC-
The mutant T domain proteins also exhibited fluorescence containing vesicles. However, residue 364 underwent a small
changes indicative of the low-pH conformational transition. red shift upon addition of lipid. Even more striking, residue
The 330/350 ratio decreases at low pH for the W206, W281, W355, and to a lesser degree W281, exhibited at first an
W355, and W364 mutations, consistent with these residuesincrease (blue shift) in the 330/350 ratio (reaching a
becoming more exposed to solution at low pH. In contrast, maximum value close to the value observed in DMoPC
for W375, which is unusually solvent exposed at pH 7 (see vesicles) and then a decrease (red shift) as lipid concentration
above), the 330/350 ratio increases at low pH, consistent withincreased.
a decrease in solution exposure. All Trp mutants show the  This behavior can be explained by our previous observa-
fluorescence change in the pH range-& (Figure 1), tion that in DOPC-containing model membranes the con-
suggesting the low-pH-induced conformational change occursformation of the T domain depends on its concentration in
under conditions very similar to that of wild-type protein. the bilayer. At a high protein-to-lipid ratio there was deeper
Small differences in the transition pH for different mutants membrane insertion of the TH8/TH9 region than at low
imply that either the conformational change occurs at slightly protein-to-lipid ratio as judged by the location of a bimane
different pH values within different segments of the protein probe attached to residue 358)). The lipid titration curve
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Ficure 3: Binding of T domain to DOPC-containing model
membranes at low pH. Samples with 088 T domain at pH 4
were titrated with small aliquots of 30%/70% DOPG/DOPC (mole/
mole) SUV. (A) Fluorescence of wild-type T domai®)( W206
(a), and W281 ¢). (B) Fluorescence of W35%®(), W364 ), and
W375 Q).

Table 1: Fluorescence Quenching of Membrane-Associated
Single-Trp T Domain Mutants by Spin-Labeled Phospholipids in
DOPC-Containing Model Membrane Vesicles

T domain A4 max(nm) Fi/Fo Fs/Fo F1/Fo F1/Fs
wild-type 336+ 0.9 0.62+ 0.01 0.59+ 0.04 0.40+0.03 0.67
W206 338+ 1.2 0.70+:0.05 0.58+0.05 0.44+0.07 0.76
w281 3384+ 0.8 0.804+0.06 0.70+0.08 0.55+0.07 0.78
W355 343+ 0.9 0.594+0.02 0.57+0.04 0.53+0.03 0.93
W364 3344+ 2.3 0.494+0.06 0.41+0.03 0.25+0.05 0.60
W375 3484+ 0.6 0.43+:0.02 0.43+0.02 0.47+0.06 1.09

aSamples contained 0.38M T domain at a low protein-to-lipid
ratio (protein-to-lipid molar ratio 1:1000) at pH &/Fo, Fs/Fo, and
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Table 2: Fluorescence Quenching of Membrane-Associated
Single-Trp T Domain Mutants by Spin-Labeled Phospholipids in
DMoPC-Containing Model Membrane Vesicles

T domain A max(nm) F[JFO F5/F0 F12/Fo F12/F5
wild-type 335+ 1.2 0.64+0.02 0.61+0.11 0.46+0.01 0.75
W206 338+ 1.4 0.70+0.11 0.66+0.11 0.53+0.07 0.80
w281 337+ 1.5 0.70£ 0.06 0.68+0.10 0.54+0.01 0.79
W355 340+ 0.8 0.72+£ 0.05 0.66+ 0.04 0.504+0.04 0.76
W364 336+ 1.3 0.62+ 0.08 0.63+0.06 0.43+-0.06 0.68
W375 349+ 0.3 0.48+£0.05 0.53+0.06 0.52+0.03 0.98

aSamples contained 0.38V T domain at a low protein-to-lipid
ratio (protein-to-lipid molar ratio 1:1000) at pH 4.

Table 3: Fluorescence Quenching of Membrane-Associated
Single-Trp T Domain Mutants by Spin-Labeled Phospholipids in
DOPC-Containing Model Membranes Vesicles at a High Protein to
Lipid Ratio?

T domain A max(nm) F[L«/Fo F5/F0 F12/F0 F12/F5
wild-type 335+ 1.2 0.64+ 0.05 0.58+0.01 0.55+0.01 0.95
W206 338+ 0.7 0.70+0.05 0.62+ 0.06 0.59+ 0.07 0.96
w281 338+ 0.9 0.85+0.07 0.87+£0.09 0.74+0.08 0.86
W355 339+ 0.5 0.72£0.03 0.76+0.05 0.594+0.04 0.77
W364 333+ 3.0 0.78£0.03 0.70+£0.09 0.53+0.08 0.75
W375 347+ 0.9 0.48+£0.02 0.49+0.05 0.50+0.03 1.02

aSamples contained 0.38M T domain at a protein-to-lipid ratio
1:150 at pH 4.

355 was strongly dependent on these factors. At low protein-
to-lipid ratio in DOPC-containing vesicles the orderigfix
was W364> W206~ W281 > W355> W375. However,

F12/Fo values are the ratios of fluorescence in the presence of 15% \W355 gave more blue-shifted fluorescence at a high protein-

lipids carrying shallow (TempoPC), medium depth (5SLPC), and deep

(12SLPC) nitroxides, respectively, to that in samples without the
guencher. Mean values- std deviation are shownFiJ/Fs =
(F12/Fo)l(Fs/Fo).

for the W355 mutant is consistent with this observation. The
emission properties of this residue are consistent with it

locating in a more nonpolar environment (e.g. inserts more

deeply) at low lipid concentrations, where there is a high
protein-to-lipid ratio, and then shifting to a more polar

environment (e.g. inserts at a shallower depth) at high lipid
concentrations, where there is a low protein-to-lipid ratio.

That this reflects a dependence of the depth of insertion upon

lipid-to-protein ratio is confirmed by quenching results (see

below). The observation that W281 also shows a concentra-
tion-dependent fluorescence suggests that the protein-to-lipid
ratio also may also result in conformational changes in a

portion of the T domain other than the TH8/TH9 hairpin.
Trp Fluorescence Emission of Membrane-Inserted T
Domain The fluorescence emission of the different Trp

residues was compared in more detail by measuring emissio

Amax for the membrane-bound T domain. As shown in Tables

1-3 and Figure 4, under all conditions examined the order

of Amax Was, from lowest to highest (i.e. from most blue-
shifted to most red-shifted), W364 W206,W281,W355>
W375. This order is consistent with residue 375 being in

the most polar environment, residue 364 in the least polar
environment, and the other residues insert in an environment

of intermediate polarity.

For most residues,max was not strongly affected by the
T domain-to-lipid ratio or bilayer thickness (Tables3 and
Figure 4). However, as suggested by the lipid binding

n

to-lipid ratio in DOPC-containing vesicles or when inserted
into DMoPC-containing bilayers (Figure 4As a result the
difference betweerlmax of W355 and that of both W281
and W206 decreased. This is consistent with residue 355
inserting into a more nonpolar environment under the latter
two conditions.

Depth of Trp Residues in DOPC-Containing Model
Membranes at Low Protein-to-Lipid Ratid\lthough the
wavelength of maximum emission of a Trp is strongly
affected by its depth within a membrarZ7), emission data
alone cannot reveal the depth of fluorescence groups within
membranes, because they reflect a number of factors, such
as the contributions of nearby residues to local polarity, the
degree of solvent relaxation, and (unless corrected for)
polarization artifacts. Therefore, the depth of Trp residues
was examined more directly using fluorescence quenching
with spin-labeled (nitroxide-labeled) lipids. To do this, the
guenching of the Trp fluorescence of membrane-bound T
domain by lipids carrying a shallow (TempoPC), medium
(5SLPC), or deep (12SLPC) fluorescence quenching nitrox-
ide group was measured. The quenching data are presented
as the ratio of the fluorescence in the presence of the
guencher to that withouEg) quencher (100% fluorescence).
The fraction of fluorescence unquenched in the presence of
the shallow quencher is given Wy/Fo, by Fs/Fo for the
intermediate quencher, and By./F, for the deep quencher.
The relative levels of quenching were used to evaluate Trp
depth @7, 28. In particular theF1,/Fs ratio was employed

4 Because these values were obtained with an excitation wavelength
of 295 nm (to eliminate Tyr fluorescence effects), the maximum
emission intensity was slightly red-shifted relative to those in the lipid

experiments described above, the emission of a Trp at residuevinding experiments in which the excitation wavelength was 280 nm.
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1.20 was found to be relatively shallowly located, (i.e., having
the highestF,/Fs ratio) with the quenching by the 12SLPC
slightly weaker than that by both of the more shallow
guenchers. W355 was found to have an intermediate depth,
with an intermediaté-;,/Fs value. Since W355, W364, and
Wa375 are all in TH9, this suggests an orientation in which
the C-terminus of TH9 protrudes from the bilayer.

It is noteworthy that the overall order of depth, from

1.00

0.80

0.60 deepest to shallowest W364 W206 = W281 > W355 >
W375 is in good agreement with their degree of exposure
0.40 - to a nonpolar environment under the same conditions as

judged bylmax (see above).

Depth of Trp Residues in DMoPC-Containing Model
0.20 |- MembranesThe depth of Trp residues was also examined
in thinner DMoPC-containing model membranes (Table 2),
0.00 Y R in which previous studies on bimane-labeled T domain have

320 330 340 350 360 indicated deeper TH9 insertior2@. In these vesicles,
relatively deep insertion was again found for residues W206,
W281, and W364 and shallow insertion for W375. The
1.20 behavior of W206 and W281 indicates that helices TH1 and
TH5 remain inserted in DMoPC-containing vesicles. It was
also observed that W355 exhibited deeper insertion in
DMoPC-containing bilayers relative to that in DOPC-
containing bilayers, as shown by the decreade, iffs ratio.
This is in agreement with the blue shift in the emission
wavelength of W355 in DMoPC-containing bilayers relative
to that in DOPC-containing bilayers and confirms the
reorientation of TH9 such that there is deeper insertion of
the N-terminal region of the helix in DMoPC-containing
vesicles 20).

Depth of Trp Residues in DOPC-Containing Model
Membranes at a High Protein-to-Lipid Ratidhe fluores-
0.20 |- cence quenching patterns for the T domain were also
examined in DOPC-containing model membranes under high
L protein-to-lipid ratio conditions (Ta_ble 3). For_ the residues

0-0%20 330 340 350 360 in TH9, the patterng of Trp quenchllng were similar to those
in DMoPC-containing bilayers. This suggests the presence
Wavelength (nm) of a deeply inserting conformation for TH9 similar to that
Ficure 4: Trp fluorescence emission spectra of model membrane in DMoPC and is in agreement with the similaax for

itrrw]sefrtﬁd T domaidnt_at 'O"V{_E"l'" (A) \:V.35? el_rn_icsisiotn S(pecttr"?‘ ‘i”der residue 355 in DMoPC-containing vesicles and at a high
e Tolilowing condituons: Ow protein-to-lipid ratio (protein to ot i — _ . .
lipid molar ratio, 1:1000) in 30%/70% DOPG/DOPC vesicles; Protein-to-lipid ratio in DOPC-containing vesicles. On the

(— —) high protein-to-lipid ratio (protein to lipid molar ratio, 1:150) ~ Other hand, W206 appears to locate somewhat more shal-
in 30%/70% DOPG/DOPC vesicles; and { - —) at a low protein- lowly in the bilayer (as shown by high&2/Fs) than in either
to-lipid ratio (protein to lipid molar ratio, 1:1000) in 30%/70% DMoPC-containing or at lower protein-to-lipid ratios in
DOPG/DMoPC vesicles. (B) W375 emission spectra under the DOPC-containing vesicles

following conditions: ) low protein-to-lipid ratio (protein to lipid )

Fluorescence Intensity (normalized)

Wavelength (nm)

1.00

0.80

0.60

0.40 -

Fluorescence intensity (normalized)

molar ratio, 1:1000) in 30%/70% DOPG/DOPC vesicles; ) It should also be noted that at high protein-to-lipid ratios
high protein-to-lipid ratio (protein to lipid molar ratio, 1:150) in  the overall level of quenching for all residues is slightly
30%/70% DOPG/DOPG vesicles; and - —) at a low protein-  \yeaker (i.e.F/F, values are higher) relative to that at low

to-lipid ratio (protein to lipid molar ratio, 1:1000) in 30% DOPG/

70%DMoPC vesicles. protein-to-lipid ratios. This can also be seen in the quenching

data for bimane-labeled T domain under conditions of high
T domain concentratior2Q) and may be due to T domain
oligomer formation, which could tend to reduce access of
membrane embedded fluorescent groups to quencher-bearing
lipids.

to compare the difference in relative quenching between the
intermediate and deep quenchers. A I&w/Fs value is
indicative of relatively stronger quenching by 12SLPC as
compared to 5SLPC, and thus of deep insertion.
Relatively deep insertion in DOPC-containing bilayers at bscussioN
a low protein-to-lipid ratio was found for the W206, W281,
and W364 mutants (Table 1). In these cases the deep 12SLPC Conformation of Membrane-Inserted T Domaliihe aim
quencher exhibited the strongest quenching (i.e. s of this study was to use single-Trp mutants to define the
value was low). The behaviors of W206, which is in helix conformations and topography of membrane-inserted T
TH1, and W281, which is in helix TH5, suggest that at least domain. One important conclusion arises from the observa-
some portions of TH1 and TH5 insert into the bilayer. W375 tion that residues W206 and W281 insert into the membrane
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bilayer. This indicates that a significant portion of both
helices TH1 and TH5 must undergo membrane insertion.
Such behavior is not unreasonable for helix TH5 because it
is hydrophobic, composed solely of uncharged resid2@s (

In contrast TH1 is hydrophilic but has amphiphilic properties
which could allow it to contact lipid on its more hydrophobic
face, which contains W20630). In fact, a membrane
spanning conformation for the TH1 region has been proposed
on the basis of topography studies on cell-membrane-bound
toxin (31).

The changes in the location of the Trp at position 355
observed at different T domain concentrations and bilayer
widths are important because they confirm the existence of
the two conformations we previously identified using labeled
Cys mutants Z0). These are conformations in which TH9
inserts shallowly (at low concentrations in DOPC-containing
bilayers) and deeply (in thin DMoPC-containing bilayers and
at high concentrations in DOPC-containing bilayers).

Interestingly, Trps at positions 206 and 281 are inserted
under all the conditions examined, suggesting helices TH1
and TH5 are inserted in both the more shallowly and deeply
membrane penetrating conformations. However, there was
a small dependence of W281 fluorescence emission upon
lipid-to-protein ratio observed in the lipid binding experi-
ments and a small change in depth of W206 at high T domain
concentrations, which may suggest that regions of the protein
other than just the TH8/TH9 hairpin have a conformation
dependent on protein concentration. Further studies with
several mutants n various segments of e T domain Bt D oy o
sequence will ‘be needed to define the nature of this Not shown is the possibility that other helices are ofytransmem-
conformational change. braneous orientation. (BD) Models for the conformation in which

Schematic Models for T Domain Membrane Topography TH9 is deeply inserted and in which various numbers of other
Models of T domain helix orientation in a lipid bilayer based helices exhibit deep insertion. In D the dotted outline represents a

: : . . . second T domain molecule that would be likely to be required to
on the observations in this report are schematically deDICtEEdaid in burial of the more polar T domain helices. Oligomerization

in Figure 5. Monomers are depicted in most cases, but it may also be present even for the other structures shown.
should be noted that oligomers may actually be present.

Figure 5A illustrates a model for the T domain in its more are transmembraneous in this conformation. One possibility
shallowly inserted conformation, which is the conformation s that the TH8/TH9 hairpin is the only transmembraneous
predominating at low protein-to-lipid ratios in DOPC- nortion of the T domain (Figure 5B). This would be similar
containing membranes. Because it was found that TH9 tg the “umbrella” model which has also been considered for
residues 355 and 364, but not 375, are inserted to a significanthe analogous helices in the colicin channel forming domain
degree in this conformation, the TH8/TH9 hairpin is il- (33, 39 and for the T domaing).

lustrated as tilted such that the N-terminal end of TH9 is |t js also possible that there are other transmembrane

more deeply embedded than the C-terminal end. Sincengjices (Figure 5C,D). Helices THSTH7 are relatively
residues 206 and 281 also insert into the bilayer, this model,yqrophobic 2, 29, and as noted above, TH1 has am-
is drawn with the other helices of the T domain somewhat phiphilic properties. Furthermore, even hydrophilic T domain
shallowly inserting into, or close to, the membrane surface. pejices could acquire a transmembrane orientation if shielded
This model approximates the “penknife” model proposed for from the bilayer by other helices, as would be possible in
the hydrophobic helical hairpin of colicin channel-forming o, gligomeric structure. Topographic analysis of additional
domains 82). However, we cannot rule out the possibility - gingle site mutants in helices other than TH8 and TH9 will
in which some the other helices (THY) are transmembra- e necessary to distinguish between these different models.
neous under these conditions (also see below). Advantages and Limitations of Fluorescence Quenching
For the more deeply inserted conformation a number of Analysis of Residue Depth in Membrane Proteiftsis study
possible structures also must be considered. On the basis ofjystrates the utility of fluorescence quenching for examining
the results in this study, our previous stu@f), and results  the depth of individual Trp residues in a membrane protein
on a series of Cys mutant83), we propose TH8 and TH9  wjithin the bilayer and for identifying and characterizing
different conformations by their effect on the depth of
5The effect of T domain concentration on Trp 281 emission was individual residues. We have introduced parallax analysis

detected in the lipid binding experiments but not in flygx measure- ~ as a method for analyzing fluorescence quenching to obtain
ments. This may reflect a dependence on excitation wavelength which
was 280 nm in the former experiments and 295 nm in the latter
experiments. 6 Kaiser, R., and London, E., unpublished results.
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even more precise depths of fluorescent gro@as 85. It

has been successfully applied to small molecules and helical

polypeptides embedded in lipid bilayerd2( 26, 35-40).

Nevertheless, we chose not to use parallax analysis in this

Malenbaum et al.

8. O’Keefe, D. O., Cabiaux, V., Choe, S., Eisenberg, D., and
Collier, R. J. (1992Proc. Natl. Acad. Sci. U.S.A. 88202
6206.

9. Zhan, H., Choe, S., Huynh, P. D., Finkelstein, A., Eisenberg,
D., and Collier, R. J. (199Biochemistry 3311254-11263.

study because fluorescence quenching is a function of how 10. Silverman, J. A., Mindell, J. A., Zhan, H., Finkelstein, A.,

close a quencher can approach a fluorescent group laterally
as well as the difference in depth of the quencher and

fluorescent group. For a protein that partially penetrates the
bilayer both the closest lateral approach and the difference

and Collier, R. J. (1994). Membr. Biol. 13717—-28.

11. Mindell, J. A., Silverman, J. A., Collier, R. J., and Finkelstein,

A. (1994)J. Membr. Biol. 13729—-44.

12. Mindell, J. A., Silverman, J. A., Collier, R. J., and Finkelstein,

A. (1994)J. Membr. Biol. 13745-57.

in depth between quencher and a fluorescent residue are 13. Mindell, J. A., Zhan, H., Huynh, P. D., Collier, R. J., and

likely to depend on the depth of attachment of the quencher

group to the lipid. In this case reliabsolutedepths are
difficult to obtain from fluorescence quenching.

Another consideration in evaluating depth values arises 15. Cabiaux, V., Quertenmont, P., Conrath, K., Brasseur, R.,

from the effect of the polarity of the fluorescent probe used.
One goal of this study was to compare Trp as a probe to the
bimane group we had used previously. As judged by the ratio

Finkelstein, A. (1994Proc. Natl. Acad. Sci. U.S.A. 95272—
5276.

14. Moskaug, J. O., Stenmark, H., and Olsnes, S. (199Bjol.

Chem. 2662652-2659.

Capiau, C., and Ruysschaert, J.-M. (198%). Microbiol. 11,
43-50.

16. Quertenmont, P., Wattiez, R., Falmagne, P., Ruysschaert, J.-

M., and Cabiaux, V. (1996Ylol. Microbiol. 21, 1283-1296.

of quenching by shallow and deep quenchers, it appears the 17. zhan, H., Oh, K. J., Shin, Y. K., Hubbell, W. H., and Collier,

depths obtained with Trp mutants were in general deeper

R. J. (1995)Biochemistry 344856-4863.

than we previously observed using bimane-labeled mutants 18- Oh, K. J., Zhan, H., Cui, C., Hideg, K., Collier, R. J., and
(20). This is likely to be due to the higher polarity of bimane
relative to Trp® Therefore, the effect of the fluorescence
probes on apparent depth must also be considered.

One possible solution to these limitations is to use a
systematic series of Trp or bimane-labeled Cys mutations
and employ the pattern of relative changes in fluorescence

Hubbell, W. L. (1996)Science 273810-812.

19. Huynh, P. D., Cui, C., Zhan, H., Oh, K. J., Collier, R. J., and

Finkelstein, A. (1997)). Gen. Physiol. 110229-242.

20. Wang, Y., Malenbaum, S. E., Kachel, K., Zhan, H., Collier,

R. J., and London, E. (1997). Biol. Chem. 27225091
25098.

21. Wang, Y., Kachel, K., Pablo, P., London, E. (198%chem-

istry 36, 13600-13608.

guenching and other fluorescence properties to determine the 22. Abrams, F. S., and London, E. (199Bjochemistry 32

topography of a membrane embedded segment. In this regard,
results with a series of T domain mutants with single labeled

Cys in TH8 and TH9 using methods other than nitroxide

quenching give conclusions in good agreement with those
in this study concerning the structure of TH9 under various

conditions 83). This suggests the conclusions derived from

nitroxide quenching cannot be seriously affected by perturba-

tion of lipid structure due to the presence of the nitroxide
probe on a fraction of the lipids.
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