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ABSTRACT:. The membrane-inserting T domain of diphtheria toxin aids the low-pH-triggered translocation
of the catalytic A chain of the toxin across endosomal membranes. To evaluate the role of the isolated A
chain in translocation, the topography of isolated A chain inserted into model membrane vesicles was
investigated using a mixture either of dioleoylphosphatidylcholine (DOPC) and dioleoylphosphatidylglycerol
(DOPG) or of dimyristoleoylphosphatidylcholine (DMoPC) and DOPG. The latter mixture was previously
found to promote deep insertion of the T domain. A series of single Cys mutants along the A chain
sequence were labeled with bimane or BODIPY groups. After A chain insertion into model membranes,
the location of these groups within the lipid bilayer was determined via bimane fluorescence emission
Amax binding of externally added anti-BODIPY antibodies, and a novel technique involving the comparison
of the quenching of bimane fluorescence by aqueous iodide and membrane-associated 10-doxylnonadecane.
The results show that in both DOPC- and DMoPC-containing bilayers, membrane-inserted residues all
along the A chain sequence occupy shallow locations that are relatively exposed to the external solution.
There were only small differences between A chain topography in the two different types of lipid mixtures.
However, the behavior of the A chain in the two different lipid mixtures was distinct in that it strongly
oligomerized in DMoPC-containing vesicles as judged by Trp fluorescence. In addition, A chain selectively
induced fusion of the DMoPC-containing vesicles, and this may aid oligomerization by increasing the A
chain/vesicle ratio. Fusion may also explain why A chain also selectively induced leakage of the contents
of DMoPC-containing vesicles. We propose that isolated A chain is unlikely to be inserted in a
transmembrane orientation, and thus its interaction with the T domain is likely to be critical for properly
orienting the A chain within the bilayer in a fashion that allows translocation.

Diphtheria toxin (DT} is a protein toxin secreted by of the endosomal lumen renders the toxin hydrophobic. This
Corynebacterium diphtheriaé\fter proteolytic processing, allows the toxin to penetrate the endosomal membrane and
the toxin consists of two polypeptide chains, A (21 kDa) translocate its A chain into the cytosol. The final release of
and B (37 kDa), that are joined by a disulfide bond. The A the A chain may follow reduction of the disulfide linking it
chain is identical to the catalytic (C) domain of the protein, to the T domain, perhaps with the aid of cytosolic proteins
while the B chain consists of two domains, the receptor (3). Once in the cytosol, the A chain catalyzes the ADP-
binding domain (R) and the transmembrane (T) doméjn (  ribosylation of the diphthamide residue of elongation factor
2). After entry into endosomes via receptor-mediated en- 2, which inhibits protein synthesis and leads to cell death
docytosis, a conformational change triggered by the low pH (4). Study of this system may allow us to better elucidate

the poorly understood process of protein translocation across
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1 Abbreviations: ABD-PEN-(7-aminobenz-2-oxa-1,3-diazol-4-yl)- ; ; i
1,2-dihexadecanoyrglycero-3-phosphoethanolamine; biocytr\- suggesting that the 'FO.Xm .alone possesses the ability to
biotinyl-L-lysine; BODIPY, 4,4-difluoro-4-bora-3a,da-diasandecene; ~ Pe€netrate and cross lipid bilayers—8). Nevertheless, the
BODIPY-IA, BODIPY-FL C1-IA, N-[(4,4-difluoro-5,7-dimethyl-4- exact mechanism of translocation remains uncléarihe
bora-3a,4a-diazarindecene-3-yl)methylliodoacetamide; CD, circular - T domain clearly has a key role in promoting the translo-

dichroism; DMoPC, 1,2-dimyristoleoyr-glycero-3-phosphocholine; ; ; ;
10-DN, 10-doxylnonadecane, 4,4-dimethyl-2,2-dinonyl-3-oxazolidinyl- cation of the A chain. It forms a pore throth which the A

oxy, free radical; DOPC, 1,2-dioleogkglycero-3-phosphocholine; ~ chain may pass, may interact with the A chain so as to shield
DOPG, 1,2-dioleoyknglycero-3-phosphoglycerol; DT, diphtheria  hydrophilic sites on the A chain from contact with lipid, and/
toxin; DTT, dithiothreitol; FPLC, fast protein liquid chromatography; gy may act as a chaperone that interacts with hydrophobic

FRET, fluorescence resonance energy transfer; FTIR, Fourier transform _. . . .
infrared spectroscopy: IPTG, isoprog$ie-thiogalactopyranoside;  Sites on the partly unfolded A chain and prevents its folding

LUVs, large unilamellar vesicles; LB, LurigBertani; NBD-PEN-(7- during translocation9—13). The role of the A chain itself
nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecansiyglycero-3-phos-  in the translocation process is also unclear. Early studies

phoethanolamine; PMSF, phenylmethylsulfonyl fluoride; OD, optical in ;
density; rhodamine-PEN-(lissamine rhodamine B sulfonyl)-1,2- showed that the A chain is able to tolerate denaturing

dioleoyl-sn-glycero-3-phosphoethanolamine; SUVs, small unilamellar conditions, s_uggesting th_e possibility that it might be able
vesicles; TM, transmembrane; WT, wild type. to unfold during translocation and then refoldl(15). Cross-
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linking studies indicated that in membrane-inserted whole native Cys at residue 186 was replaced with Ala by
DT, the A chain was accessible to the hydrophobic part of mutagenesis to prepare a Cys-less template for the introduc-
the bilayer (6—18). Later studies showed that at low pH tion of single Cys mutations at various positions. To replace
the isolated A chain undergoes partial unfolditd)( perhaps Cys 186 with Ala and to introduce Cys residues, two-step
forming a molten globulelike conformation, and that in the PCR (overlap extension) was carried out on an Eppendorf
low-pH conformation it has the ability to bind to (and to Mastercycler Personal PCR system uskix DNA poly-
some degree insert into) lipid bilayersl{ 17). Exposure to merase as described previousBO(31). The final PCR
neutral pH resulted in the release of the isolated A chain product and the pET-28a vector were cleaved byBbeRlI

from the bilayer and its refolding into the native conformation andNdd restriction enzymes, and the digested vector was
(11, 19). A similar refolding and release of A chain from dephosphorylated with alkaline phosphatase. The polynucle-
model membranes could be observed, using whole toxin otides were purified by agarose-gel electrophoresis and then
inserted at low pH into bilayers, upon pH neutralization and the digested PCR product and the linear vector were ligated
cleavage of the disulfide attaching A chain to the rest of the by T4 DNA ligase (as described by the manufacturer for

toxin by DTT (20). Additional studies both in cell(, 22)
and in model membraneg,(23) indicated that the A chain

must be unfolded in order to undergo efficient translocation.

the pET system (Novagen, Madison, WI)). FinalBy, coli
XL-1 Blue cells were transformed by electroporation with
the resulting plasmid 32). The A chain inserts were

Although these studies suggested that the A chain couldSequenced to verify that only the desired mutation was
interact with the lipid bilayer during at least some stages of introduced (Proteomics Center, Stony Brook, NY). Plasmids

translocation, they did not clarify the degree to which the A

with the confirmed mutations were transformed intoEan

chain participates in the translocation process or the precisec0li BL 21 cell strain (used for A chain expression) by heat

nature of A chain interaction with lipid. To clarify the
capacity of the isolated A chain to interact with lipid and

shock @2).
Protein Expression and Purificatiod chain proteins were

contribute to its own translocation, we undertook a detailed expressed and isolated frof. coli strains similarly to
analysis of the topography of model membrane-bound A previous procedures used for the T doma&Bg)(A 21 residue
chain in this study. The results indicate that at least most of sequence with six His residues (“Higg”) was attached to
the isolated A chain does not penetrate deeply into the the N-terminus of the A chair8@). LB media with 50ug/
bilayer. This is true even under conditions previously shown mL kanamycin was used to select plasmid-containing
to promote deep insertion of the T domain. As a consequence bacteria. Overnight starter cultures were prepared and diluted

it is likely that part of the role of the T domain is to help
orient membrane-inserted A chain for translocation.

EXPERIMENTAL PROCEDURES

Materials Dimyristoleoylphosphatidylcholine (DMoPC),
dioleoylphosphatidylcholine (DOPC), dioleoylphosphatidyl-
glycerol (DOPG), NBD-PE, and rhodamine-PE were pur-
chased from Avanti Polar Lipids (Alabaster, AL). Lipid
concentrations were determined as described previo24)y (
or, for labeled lipids, on the basis of their extinction
coefficients £5). 10-Doxylnonadecane (10-DN) was pur-
chased from Aldrich (Milwaukee, WI) (discontinued, contact
authors for availability). Its concentration was determined
by absorbance at 231 nn2@). (However, recent studies

50-fold with 1—2 L of media to prepare large-scale cultures.
After 2 h, expression was induced with IPTG (500 mg/l),
and after 3 h, further incubation cells were collected by
centrifugation. A cell extract was prepared by sonication and
then adsorbed for 40 min onto 0.5 mL of Talon metal affinity
resin (CLONTECH, Palo Alto, CA) to bind the Hisagged

A chain. After transfer of the resin to a column, the resin
was washed with 15 mL of sonication buffer (100 mM NacCl,
20 mM Tris-Cl, pH 8), followed by three individual 1 mL
aliquots of elution buffer (L0@M PMSF, 100 mM imida-
zole, 100 mM NaCl, 20 mM Tris-Cl, pH 8). Most of the A
chain eluted in the last two aliquots of elution buffer. The A
chain-containing fractions were pooled, diluted to 10 mL with
20 mM Tris-Cl, pH 8, and then subjected to FPLC on a 3
mL Source-Q anion-exchange column (Amersham Pharmacia

suggest 10-DN absorbance at visible wavelengths gives aBjotech, Piscataway, NJ), eluting at a rate of 0.5 mL/min

more accurate measure of concentrati@7).j Biocytin

with a gradient containing 20mM Tris-Cl pH 8 and an

hydrochloride and bovine serum albumin were purchasedincreasing concentration of NaCl -(600 mM) A chain

from Sigma (St. Louis, MO). Monochlorobimane, BODIPY-
FL C1-IA (BODIPY-IA), rabbit anti-BODIPY-FL IgG, and
streptavidin-BODIPY-FL conjugate (BODIPY-streptavidin,

eluted between 350 and 500 mM NacCl. Purity was checked
by SDS-polyacrylamide gel electrophoresis using a Phast-
system electrophoresis system (Amersham Pharmacia Bio-

custom order) were purchased from Molecular Probes tech, Piscataway, NJ) and visualized by Coomassie Brilliant

(Eugene, OR).EcaRl, Ndd, Pfx DNA polymerase, and

Blue staining. Final purity appeared to b©5%. Purified

synthetic oligonucleotides were purchased from Invitrogen fractions were stored atC. Concentrations of A chain were
(Carlsbad, CA). Shrimp alkaline phosphatase was purchasedjetermined by the Bradford methd@5] using the Coomassie
from Roche Applied Science (Indianapolis, IN). Source 15Q Byilliant Blue G-250 dye (Bio-Rad, Hercules, CA) and
and Sepharose CL-4B resins were purchased from Amershamyoyine serum albumin as a standard. (Concentrations deter-
Pharmacia Biotech (Piscataway, NJ). All other chemicals mined by absorbance at 280 nm, assuming an extinction

were reagent grade.
Site-Directed MutagenesiBT A chain DNA cloned into

coefficient of 25 900 cmt M~ calculated from the published
extinction coefficients of Trp and Tyr residue36] and an

the pET-28a plasmid was used as a template for mutagenesisA chain formula weight of 22 891 Da, were 10% higher than

The original template consisted of A chain residues &9
with the E148S substitution, which abolishes toxiciBB);
A chain numbering followed that of native D). The

those derived from the Bradford assay.) The purified A chain
was typically stored at a concentration of 27 mg/mL (by
Bradford assay). As judged by gel electrophoresis, some
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single Cys mutants formed a significant amount (560%) was 800uL. For bimane-labeled samples, fluorescence
of apparently disulfide-linked dimers. Proteins were all emission spectra were then measured as described above.
treated with dithiothreitol (DTT) prior to labeling to reduce For the BODIPY-labeled samples, anti-BODIPY quenching
any disulfides (see below). was performed as described previous3g)( except that for
Fluorescence Labeling of A Chain Mutan#s chain was all samples, A chain, lipid, and antibody concentrations were
labeled with BODIPY-IA and monochlorobimane similarly decreased 2-fold to eliminate the turbidity observed after
to the procedure described previousByr). To label, 1ulL antibody addition.
of 25uM BODIPY-IA dissolved in dimethyl sulfoxide (6:1 Effect of Remeal of Hiss Tag In some control experi-
mol ratio of probe:protein) or kL of 57 mM monochlo- ments, N-terminal Histag was removed from A chain
robimane dissolved in ethanol (13:1 mol ratio of probe: mutants using thrombin as described previou8I§).(After
protein) was added to 10@g of A chain and diluted to 1  the removal of the Histag, four vector-encoded residues
mL with 150 mM NacCl, 10 mM Tris-Cl, pH 8 (Tris buffer ~ were left at the N-terminus3@). Digested proteins were
pH 8). Samples were then incubated at room temperaturesubsequently separated from any residual protein with
for 1 h. Free labeling reagent was removed by overnight undigested His tag using a TALON affinity column.
dialysis (using 8000-MW-cutoff tubing) againg L of 140 Removal of the tag was confirmed by SDS-polyacrylamide
mM NacCl, 10 mM Tris-Cl, pH 8, at £C with one change  gel electrophoresis. After bimane labeling, we found that
of dialysis buffer. In all cases, specific labeling of Cys labeled G1C and T111C had similar bimane emission
residues was confirmed by comparing the labeling to that maxima with and without the Higag in both acetate buffer
of a Cys-less A chain mutant. Labeling of Cys was at least pH 4.5 and Tris buffer pH 8. In a more detailed experiment,
15-fold greater than the labeling of the Cys-less protein for a labeled S30C mutant showed the same pH dependence of
bimane and at least 22-fold greater than Cys-less protein forbimane fluorescence in solution with and without thegHis
BODIPY. It was assumed that the concentration of labeled tag. In additional controls, we found that the pH dependence
A chain was not affected by dialysis. This assumption was of fluorescence in the presence of DOPG/DOPC SUVs (see
confirmed by a control dialysis (less than 8% decrease of below) was similar with and without the Hitag for A chain
protein concentration as judged by absorbance at 280 nm).with a bimane-labeled L136C residue and for wild-type A
Fluorescence Measuremeniuorescence was measured chain labeled on Cys 186. Since the Hiag had no effect
with a Spex 212 Fluorolog spectrophotometer operating in on A chain behavior under our experimental conditions, it
ratio mode 81). Unless otherwise noted, measurements were was not removed in subsequent experiments.
made in semimicro quartz cuvettes with an excitation path pH Titration of the Fluorescence of A ChairThe
length of 10 mm and an emission path length of 4 mm. The fluorescence of bimane-labeled residues or of the native Trp
excitation and emission slit widths used were 2.5 and 5 mm, of the A chain was monitored during acidification of the
respectively. Trp fluorescence was measured with an excita-samples from pH 8 to pH 31(). Quartz cuvettes with
tion wavelength of 280 nm. Emission spectra of Trp were excitation and emission path lengths of 10 mm were used to
measured from 300 to 400 nm at a rate of 1 nm/s. Bimane allow monitoring of pH with a normal size glass electrode.
fluorescence was measured with an excitation wavelengthA 1.75 mL solution containing A chain diluted togd/mL
of 375 nm. Bimane emission spectra were measured fromwith either Tris buffer pH 8 or the desired concentration of
420 to 520 nm at a rate of 1 nm/s. BODIPY fluorescence lipid dispersed in Tris buffer pH 8 was used as the starting
was measured with an excitation wavelength of 485 nm and solution. (For these experiments, stock solutions of 10 mM
an emission wavelength of 515 nm. In all cases, background7:3 DMoPC/DOPG or 7:3 DOPC/DOPG (mol/mol) SUVs
intensities from samples lacking protein were subtracted from were prepared by sonication as described above except that
the intensities measured in the A chain-containing samples.Tris buffer pH 8 was used instead of acetate buffer pH 4.5.)
Fluorescence resonance energy transfer (FRET) was evaluBackground samples were prepared similarly, except that the
ated as described previously. The enhancement of rhodamineA chain was not added. Aliquots B uL) of 1 M acetic
fluorescence relative to NBD fluorescence was evaluated byacid a 1 M HCI (below pH 4.2) were added stepwise. Each
the ratio of the emission intensity at 590 relative to 535 nm, sample was vortexed briefly after adding an aliquot of acid
with excitation at 460 nm38). All experiments were carried  and incubated for 5 min before measuring pH and fluores-
out at room temperature unless otherwise noted. cence. It should be noted that these results were not affected
Preparation of Model Membrane-Incorporated A Chain by dimerization of the A chain via disulfide formation. Single
Samples containing A chain were incorporated into small Cys mutants remained relatively monomericl0% dimers)-
unilamellar vesicles (SUVs). Stock solutions of 70% DMoPC/ during the maximum of 1 day of storage at@ after DTT
30% DOPG or 70% DOPC/30% DOPG (mol/mol) SUVs treatment and FPLC purification but prior to the experiments,
with a final concentration of 10 mM lipid were prepared as confirmed by SDS-polyacrylamide gel electrophoresis.
using a bath sonicator (Laboratories Supply Co., Hicksville, Relatie Depth of Bimane-Labeled Residueslide quench-
NY) as previously describeB4). SUVs were prepared in  ing of bimane-labeled residues was evaluated by comparing
150 mM NacCl, 6.7 mM Tris-Cl, 167 mM sodium acetate, the fluorescence intensity of samples in the absence of iodide
pH 4.5 (acetate buffer pH 4.5). In general, lipid vesicles were to that in its presence. To do this, the fluorescence of samples
made within 1 day of use and stored at@. Typically, a containing SUV-inserted A chain dispersed in 800 of
32 uL aliquot of SUVs was added to a cuvette containing acetate buffer pH 4.5, or background samples without protein,
736 uL of acetate buffer pH 4.5. To this, 34 of 100 ug/ prepared as described above, was measured. At this step,
mL fluorescently labeled A chain was added while vortexing samples contained 400 7:3 DMoPC/DOPG or 7:3 DOPC/
and then the sample was incubated for 30 min before DOPG (mol/mol) plus 4g/mL A chain. Fluorescence was
measuring fluorescence. The final volume of each sample remeasured 30 min after the addition ofd0of an aqueous
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solution containing 1.7 M Kl and 0.85 mM MN&,0; (39).
This gave a final KI concentration of 2700 mMA @ M stock
solution of Kl containing 1 mM Ng5,0; showed no
significant absorption between 280 and 550 nm over two
months, indicating no formation of,lor I37.) 10-DN

Hayashibara and London

prepared using a bath sonicator as described above, except
that lipids were dispersed in the presence of ZBObiocytin.
Biocytin outside the SUVs was then removed by overnight
dialysis (using 8000-MW-cutoff dialysis tubing) at 4
agains 4 L of Tris buffer pH 8 with one change of dialysis

quenching of bimane-labeled residues was evaluated bypuffer. A 16 L aliquot of dialyzed SUVs with entrapped

comparing the fluorescence intensity of samples in the
absence of 10-DN to that in its presence. Stock solutions of
7:3 DMoPC/DOPG or 7:3 DOPC/DOPG (mol/mol) SUVs
with a lipid concentration of 10 mM were prepared by

biocytin and 2uL from a 20ug/mL solution of BODIPY-
streptavidin dissolved in water were added into ZI8of
acetate buffer pH 4.5, and BODIPY fluorescence was
measured as described above. After 10 mipL4of 400

sonication as described above. Stock solutions of SUVs#g/mL protein (diluted from the stock solution with Tris

containing 10-DN were prepared similarly,
desired amount of 10-DN dissolved in ethanol was added to
the lipids in chloroform; after drying in an Nstream, the
lipid was suspended in Tris buffer pH 8 and sonicated as
briefly as possible to allow the formation of SUVs (less than
15 min) while avoiding damaging the 10-DN nitroxide group.
The final concentration of 10-DN in the lipid bilayers was
7.2 mol % for DMoPC/DOPG vesicles and 9.1 mol % for
DOPC/DOPG vesicles. These values kept the ratio of 10-
DN to hydrophobic volume similar in the two different lipid
compositions 26). For the 10-DN quenching experiments,
32uL of 100 ug/mL bimane-labeled protein (or buffer alone
in background samples) were diluted to 788with acetate
buffer pH 4.5, and to adjust for any differences in protein

except that the ', - hH 8), or in mock experiments Tris buffer pH 8, was

added to the samples and BODIPY fluorescence was
measured after 30 min. The mock sample showed less than
a 5% increase in BODIPY fluorescence. After 90 min, to
see if release of biocytin was complete and/or if additional
protein could induce further release, a second addition of
protein at twice the concentration as in the first addition was
added for both A chain and T domain samples, and the
fluorescence enhancement was measured after an additional
30 min of incubation.

Permeability of lodide lon through Lipid Bilayers Tested

by NBD Fluorescence Quenching of Internally Labeled
SUVs To determine the conditions in which iodide would

concentrations due to pipetting error bimane fluorescencepass through a lipid bilayer, it was necessary to prepare
was measured prior to the addition of the aliquot of SUVs. vesicles in which iodide-sensitive NBD groups were re-
Then, 32uL of SUV stock solutions with or without 10-DN  stricted to the interior of the bilayer. To do this, the
were added to the samples, while vortexing, and fluorescencedestruction of NBD fluorescence from the external leaflet
was remeasured after a further 30 min of incubation. Final of labeled SUVs was performed by the method of Mcintyre

concentrations were 4g/mL A chain plus 40QuM phos-
pholipid and the desired amount of 10-DN. The final pH in

and Sleight40). SUVs composed of 7:3 DOPC/DOPG (mol/
mol) with 0.1 mol % NBD-PE were prepared in Tris buffer

these mixtures was pH 4.5. In these experiments, bimanepH 8 by sonication at a 10 mM lipid concentration as
fluorescence was measured at an excitation wavelength ofgescrined above. A solutionfd M sodium dithionite

375 nm and an emission wavelength of 467 nm.

Size Exclusion Chromatograph$UVs containing 9 mM
lipid composed of 7:3 (mol/mol) DMoPC/DOPG or 7:3
DOPC/DOPG (both lipid mixtures being labeled with 0.14
uM rhodamine-PE) with (or when desired without) 4&§/

mL of A chain were prepared in pH 4 buffer (1 volume of
Tris buffer pH 8 plus 0.017 volumefd M acetic acid and
0.0022 volume b1 M HCI) as in previous sections, except
that protein and lipid were coincubated for 1 h. [In one
experiment to examine the effect of pH neutralization, after
incubation at low pH, an aliquotfd M NaOH (about 7
uL) was added in order to adjust the pH to 8 and the sample
was incubated fiol h further.] Next, 50Q:L aliquots of each

sample were chromatographed on a Sepharose CL-4B

column (41 cm lengthx 0.75 cm diameter). The column
was preequilibrated and eluted with the appropriate buffer
for each sample. Fractions of approximately 900were

(NaeS,0,4) was freshly prepared in Tris buffer pH 8, and a
5.6 uL aliquot was immediately added to 3944 of the
SUVs diluted in Tris buffer pH 8 (pH 8 being used to
minimize self-decomposition of dithionite) to give a lipid
concentration of 20M. After a 30 min incubation, the
sample was placed in 8000-MW-cutoff dialysis tubing and
dialyzed fo 4 h at 4°C agains 4 L of Tris buffer pH 8.
NBD fluorescence of both dithionite-treated and untreated
samples was measured with an excitation wavelength of 460
nm and an emission wavelength of 534 nm both before and
after the dialysis step. This showed that no significant change
in fluorescence occurred during dialysis. A 4@D aliquot

of the SUV-containing sample (or a 400Q. aliquot of a
sample untreated with dithionite and not dialyzed) was then
diluted with 400uL of Tris buffer pH 8 or acetate buffer
pH 4.5. (Tris buffer in the 40Q:L aliquot of the SUV-

collected and rhodamine fluorescence in each was measuregontaining sample increased the pH of the acetate buffer (pH
at an excitation wavelength of 565 nm and an emission 4.5) by less than 0.1 unit due to the high acetate concentration
wavelength of 585 nm to detect SUV elution. The concentra- in the latter buffer.) NBD fluorescence was measured; then,
tion of A chain in each fraction was monitored by measuring 141uL of a solution containig 2 M Kl and 1 mMsodium
the native Trp fluorescence at an excitation wavelength of thiosulfate (NaS;0s) was added, and fluorescence was
280 nm and an emission wavelength of 335 nm. monitored for 45 min. The value of fluorescence after 30
“Pore” Formation Estimated from Biocytin Leakag&o min, by which time it had nearly stabilized, was used to
estimate the pore formation/leakiness-inducing activity of A estimate iodide permeability. Control experiments with KCI
chain or T domain, biocytin was entrapped into SUVs. SUVs demonstrated that the changes in fluorescence were due to
containing 10 mM lipid composed of 70% DMoPC/30% iodide quenching and not a change in salt concentration (data
DOPG (mol/mol) or 70% DOPC/30% DOPG (mol/mol) were not shown).
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Ficure 1: pH titration of native Trp fluorescence of unlabeled A ystelhe WiTation Site

chain and bimane fluorescence of labeled A chain in solution. (A) FIGURE 2: Apparent [X for low-pH-induced conformational transi-

pH dependence of native Trp fluorescence of Cys-legser tion and pH-induced shift in Trp emissioAmax in solution
circles), L136C @pen diamondsmutants, and wild-typefi{led determined from titration experiments. Titration experiments carried
square$ A chain in solution. (B) pH dependence of bimane out as in Figure 1. (A) apparent conformation# detected by
fluorescence of labeled G1®pen squarésand E162C gpen measurement of native Trp fluorescence of unlabeled A chain during
triangles mutants and wild-type [labeled on C186@]led square} pH titration. K was defined as the estimated midpoint of
A chain in solution. Initial samples contained 0481 A chain in pH-inducedAmax shift. (This value may be slightly shifted from
10 mM Tris-Cl, 150 mM NaCl, pH 8. the true midpoint, as averaggaxis weighted by the quantum yield

of the native and low-pH conformations.) (Bmax Of native Trp
RESULTS fluorescenceAlnax Was defined as the difference betwegny at

the lowest and highest pH. In solution, the Trp emission maximum

Effect of Mutagenesis on Neutral- and Low-pH Conforma- of WT A chain at neutral pH was 335 nm, while the averaged value
tion of A Chain in SolutionTo study the topography of f%r Cys-less %“d smgIe.-C.yz.mutants was 386 nm (d%ta not
membrane-inserted A chain, a Cys-less A chain (018§A) ihgm?)isl\éuirr?dii;toens‘_sv)i(llg-lt;pgife:hg%s.mon of Cys residue in A
was constructed from wild-type (WT) A chain. Then, in
different mutants, G1, S30, V81, K90, V91, T111, L136, pH, there is strong red-shifting of Trp fluorescent&)( This
E162, or L163 was replaced by a single Cys residue. Onereflects an increased exposure of Trp to solution due to partial
reason that these residues were chosen is that as visualizednfolding of the native conformatioril). As summarized
by the Rasmol program, they appear to be exposed to solutionin Figure 2A, the midpoint pH (apparent Kp values) of
as judged from the crystal structure of the native A chain the conformational transition (i.e., the pH at which the change
(within whole toxin) @) and thus should be accessible to in Trp emissionlnax Was midway between that at neutral
labeling. A second reason that they were chosen was to allowand low pH values) and the change in Trp emissigg at
for the scanning of conformational changes and lipid low pH were very similar for wild-type and single Cys
interaction at residues throughout the A chain sequence,mutants (Figure 2B). The similarity of wild-type and mutant
including hydrophilica-helices (CH2 and CH7 (residues 30 values shows that the stability of the native conformation
and 186, respectively)), hydrophilic segments (at the N- was not severely disturbed by mutagenesis. Next, the pH
terminus of A chain (residue 1) and the loop between CH4 dependence of bimane fluorescence of bimane-labeled
and CH5 (residue 111)), and most importantly within the proteins was evaluated. Representative titrations are shown
pB-sheets that have the potential to form transmembranein Figure 1B. As summarized in Figure 3A, th& pf the
structures (CB4, CB5, CB6, and CB8 (residues 81; 9D, low-pH conformational transition in solution (striped bars)
136, and 162163, respectively))43). for bimane-labeled A chain was similar to that for unlabeled

Control experiments were first performed to examine A A chain. This suggests that, in general, bimane labeling did
chain behavior as a function of pH and test whether A chain not markedly perturb the pH-induced conformational transi-
behavior was altered by introduction of single Cys and/or tion. However, the nature of the fluorescence change at low
labeling of Cys residues. First, the pH dependence of the pH strongly depended upon bimane position, as illustrated
fluorescence of native A chain Trp (located in the loops in Figures 1B and 3B. As shown in Figure 3B (striped bars),
between CH2 and CB3 (W50) and between CB7 and CB8 residues nearer to the N-terminal tended to red-shift at low
(W153)) was evaluated. Representative titrations are shownpH, whereas those closer to the C-terminal tended to blue-
in Figure 1A. In agreement with previous studies, at low shift. These shifts presumably reflect the difference in
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Cysteine Mutation Site lipid evaluated from pH titration of bimane fluorescence with or

. . . without DMoPC/DOPG or DOPC/DOPG vesicles. Top: pH
Ficure 3: Apparent [ for low-pH-induced conformational transi-  gependence of bimane fluorescence of labeled PN 8vild-type

tion and pH-induced shift in bimane emissitfix determined from A chain with various concentrations of 7:3 DMoPC/DOPG (mol/
titration experiments. Titration experiments carried out as in Figure mol) SUVs. Filled circles: in solution. Filled diamonds, open

1. (A) apparent [ of bimane fluorescence for labeled A chain.  gqyares, filled squares, open diamonds: with 40, 200, 400, and
(B) Almax Of bimane fluorescence, defined as in caption of Figure ggq uM lipid, respectively. Bottom: pH dependence of bimane

2. Samples of A chain were preparesdriped barg in solution as  fjyorescence of 0.18M labeled wild-type A chain with various
described above or as above but in the presence of SUVs composedgncentrations of 7:3 DOPC/DOPG (mol/mol) SUVs. Filled

of (dark gray barg 7:3 DMoPC/DOPG (mol/mol) orlight gray circles: in solution. Open triangles, filled diamonds, open circles,
barg) 7:3 DOPC/DOPG (mol/mol). Lipid concentration was 400 54 filled squares: with 5, 40, 80, and 40M! lipid, respectively.

#M. Asterisks indicate cases in whictKpould not be estimated  Titration experiments carried out as described in Figure 1.
due to the small degree or lack of shift in emission maxima at low

D emere b bl v, ien alen o foren Uniamelar vesices (SUVS) with two diferent s com
labeled Cys in the absence of lipid were as follows: C1, C30, C81, positions: 70% DOPC/30% DOP,'G and 70% DMoPC/30%
472 nm: C90, 470 nm; C91, C111, 477 nm: C136, 474 nm: C162, DOPG (mol:mol). These compositions were chosen because
480 nm; C163, 473 nm; C186, 476 nm. Duplicate samples preparedprevious studies have shown that the T domain of diphtheria
at pH 8 in solution gave very similar emission maxima. In most toxin inserts shallowly into DOPC/DOPG vesicles but deeply
cases, at pH 8maxin the presence of lipid was similar to that in  jn+o DMoPC/DOPG vesicles26, 33).
its absence, although some mutants showed slightly blue-shifted Fi 4 sh he eff f,I' id . h
fluorescence in the presence of lipid (not shown). gure 4 shows the e e(_:t orlipi C_O”_Ce””at'on upon the
pH dependence ofia Of bimane emission. As shown for
polarity of the local environment around bimane in the folded labeled wild-type protein in Figure 4, addition of SUVs
state at neutral pH relative to the more unfolded state at low affectsima0Only at low pH, as expected from previous studies
pH. Local environment can vary from residue to residue in showing that the A chain only interacts with lipid vesicles
a folded state. A position-dependent local environment is at low pH (1). The effect of lipid at low pH was dependent
also likely to be present for A chain residues at low pH on lipid concentration and was half-maximal at roughly 100
because previous studies have shown that the A chain forms«M DMoPC/DOPG (Figure 4, top) or 54M DOPC/DOPG
a partially unfolded (i.e., molten-globule-like) conformation (Figure 4, bottom). To obtain relatively complete A chain
rather than a totally unfolded (“random coil”) conformation binding, 400uM lipid was used in most subsequent experi-
at low pH (11). Molten-globule-state proteins retain a ments.
compact structure, albeit relatively disordered in terms of Bimane fluorescence of labeled A chain single Cys
tertiary structure. Thus, from Figure 3B it appears that at mutants in the presence of lipid vesicles was then compared
low pH the residues in the N-terminal half of the protein to that of labeled A chain in solution. As shown in Figure
tend to become more exposed to a polar environment3A (filled bars), the K of the conformational transition
(presumably the aqueous solution), while those at the increased by about-12 pH units relative to that in the
C-terminal half become less exposed to a polar environment.absence of lipid in the presence of enough lipid to fully bind
Topography of A Chain Inserted Into Model Membrane to the A chain. The effect of lipid is in agreement with
Vesicles Previous studies have shown that the isolated A previous studies1l) and reflects the fact that since only
chain spontaneously inserts into lipid vesicles at low pH.( the unfolded conformation binds lipid, addition of lipid shifts
We next investigated the conformation and topography of the conformational equilibrium to favor unfolding. The larger
vesicle-inserted A chain. A chain was inserted into small increases in i values for a couple of labeled mutants may
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FiGURe 5: Bimane emissiommax and BODIPY quenching of
labeled A chain by anti-BODIPY antibody, with or without
DMoPC/DOPG or DOPC/DOPG vesicles at pH 4.5. Top: emission
Amax Of bimane fluorescence for 0.18M labeled A chain at pH
4.5 (striped bars) in solution or with SUVs composed of 400
(dark gray bars) 7:3 DMoPC/DOPG (mol/mol) or (light gray bars)
7:3 DOPC/DOPG (mol/mol). Bottom: anti-BODIPY antibody
guenching of BODIPY fluorescence of 0.04% labeled A chain

at pH 4.5 (striped bars) in solution or with SUVs composed of 100
uM 7:3 (dark gray bars) DMoPC/DOPG (mol/mol) or (light gray
bars) 7:3 DOPC/DOPG (mol/mol). % quenching of fluorescence
was calculated using the formula {1F/Fg) x 100%, wheré- is
fluorescence after addition of anti-BODIPY antibody aRglis
fluorescence in the absence of antibody.

reflect cases in which labeling decreases the stability of the
folded state to a significant degree.

Bimane emissiomMmax Was also used to evaluate the
location of different residues within the lipid bilayer. Several
previous studies on T domai3], 33, 37) have shown that
the extent of the blue shift in bimane fluoresceigg, will
reflect the degree of burial of bimane residues within the
hydrophobic core of a lipid bilayer. Figure 3B shows that
the Amax Values at low pH in the presence of both DOPC/
DOPG (light gray bars) and DMoPC/DOPG (dark gray bars)
were significantly different from that in solution for all
residues. In all casegmax values were blue shifted relative
to that in solution, indicating that the residues move into a
more nonpolar location when the A chain is membrane-

Biochemistry, Vol. 44, No. 6, 20022189

composition being about 467 nm. This value corresponds to
relatively shallow insertion within the bilayeB{, 33, 37).
Similar absolute values for thinax Of bimane emission in
these lipid mixtures at low pH were also obtained from the
pH titration experiments (Figure 3, see caption).

A second method that we have used in a number of studies
to evaluate the exposure of residues to solution is to measure
the binding of externally added antibody to BODIPY-labeled
Cys residues3l, 33, 37). Antibody can only bind to residues
exposed to solution. The binding of anti-BODIPY antibodies
to BODIPY-labeled residues can be detected by the quench-
ing of BODIPY fluorescence. Previous studies using vesicle-
inserted T domain have shown that the fluorescence of
residues that are highly exposed to solution is generally
guenched about 4660% @1, 37).

Strong quenching of BODIPY-labeled A chain residues
by anti-BODIPY antibody confirms that most labeled-
residues were highly exposed to solution in the absence of
lipid (Figure 5 bottom, striped bars). In agreement with the
bimane data, there was a decrease in exposure to solution in
the presence of lipid vesicles and reactivity in the presence
of DOPC-containing (light gray bars) and DMoPC-containing
(dark gray bars) vesicles was similar.

The level of antibody binding to bilayer-bound A chain
was very dependent upon the residue examined. Only three
residues (1, 30, and 111) showed a high degree of antibody
reactivity. The low level of reactivity was not due to
insufficient antibody concentrations because control experi-
ments on a number of samples showed that addition of excess
antibody did not significantly increase quenching (data not
shown). Weak quenching could mean that the other residues
are inaccessible to antibody because they are somewhat
deeply buried in the bilayer. On the other hand, these residues
might be near the bilayer surface but located in a part of the
protein that when lipid-bound has a local conformation that
does not favor binding to antibodBT).

Measuring Depth of Penetration of Fluorescently-Labeled
Residues by Fluorescence QuenchiBmce the results of
the antibody experiments were somewhat ambiguous, we
decided to assay the depth of residue membrane penetration
more directly. To do this, we developed a new fluorescence
guenching assay. In previous studies, we used the parallax
analysis fluorescence quenching approach to measure the
depth of bimane-labeled residues within lipid bilaye3s)(
However, we found that the results were relatively variable.
In a recent report, we demonstrated that the ratio of
fluorescence quenching by the aqueous quencher acrylamide
to that by 10-doxylnonadecane (10-DN), a membrane-
embedded quencher, could be used to measure the depth of
Trp residues within a bilayeg6). Because acrylamide cannot

associated. This suggests that A chain residues all along thequench a wide variety of fluorescent groups, we modified

sequence interact with the lipid bilayer. Figure 5 (top) shows
the absolutd max values for different bimane-labeled residues
for samples prepared at pH 4.5 under the experimental
conditions previously used to evaluate the topography of
vesicle-inserted T domair24, 31, 33). The Amax values for
bimane emission in DOPC/DOPG and DMoPC/DOPG
vesicles (light and dark gray bars, respectively) were blue-
shifted relative to those in solution (striped bars), in

this approach for use with bimane by choosing iodide as an
aqueous quencher of fluorescence.

Quenchings of bimane-labeled T domain residues previ-
ously identified as inserting shallowly or deeply into lipid
bilayers were used as standards to calibrate this method.
Previous studies showed that T domain residues 322 and 378
insert shallowly in both DOPC/DOPG and DMoPC/DOPG
SUVs, residue 361 inserts deeply in both types of SUVSs,

agreement with the pH titration data. Values in the presenceand residue 356 inserts shallowly in DOPC/DOPG SUVs

of DOPC/DOPG and DMoPC/DOPG were similar, with the
average bimandénmax value in the presence of either lipid

but deeply in DMoPC/DOPG SUVS8, 37). As shown in
Figure 6, quenching by iodide is strong for the appropriate
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Ficure 6: lodide and 10-DN quenching of bimane fluorescence of labeled A chain and T domain in the presence of DMoPC/DOPG or
DOPC/DOPG vesicles at pH 4.5. (A) iodide quenching of bimane fluorescence of vesicle-inserted labeled A chain or T domain. Samples
contained 0.18M A chain or 0.20uM T domain incorporated into SUVs composed of 400 (dark shaded bars) 7:3 DMoPC/DOPG
(mol/mol) or (lightly shaded bars) 7:3 DOPC/DOPG at pH 4.5 with and without 100 mMFKF, - is the ratio of fluorescence in the
absence of quenchefd) to that in the presence of quenchgr() after correction for dilution with iodide. The average from two or three
samples and standard deviations are shown. (B) 10-doxylnonadecane (10-DN) quenching of bimane fluorescence of vesicle-inserted labeled
A chain or T domain. Samples contained 048 A chain or 0.20uM T domain incorporated into SUVs composed of 40@ (dark

shaded bars) 7:3 DMoPC/DOPG (mol/mol) or (lightly shaded bars) 7:3 DOPC/DOPG with or without 7.2 mol % (for DMoPC/DOPG) or
9.1 mol % (for DOPC/DOPG) 10-DN at pH 4.54/F10-pn is the ratio of fluorescence in the absence of quenchgrtp that in the

presence of quencheFp-pn). Asterisk indicates samples in which quenching was not detected within experimental error. (C) ratio of
guenching by 10-DN to that by iodide. An upper limit to the quenching ratio for residues in which 10-DN quenching was not significant
(see B) was calculated assumiRgF10-pn — 1 = 0.1. Dashed lines: calibration lines derived from the (approximate) averages of high and
low quenching values (as indicated on right of figure) for residues previously shown to located deeply (D) and shallowly (S) in membrane-
inserted T domain. Residues 322 and 378 are shallowly located in both DMoPC- and DOPC-containing vesicles. Residue 356 is shallowly
located only in DOPC-containing vesicle33( 37).

T domain residues and conditions in which insertion is values from individual quencher2®), also follows the
shallow (Figure 6A), whereas quenching by 10-DN shows expected pattern, i.e., a high ratio for deeply inserted residues
the opposite pattern (Figure 6B). The ratio of 10-DN and a low ratio for shallowly inserted ones (Figure 6C).
guenching to iodide quenching, which should give a more  Comparison of quenching of bimane-labeled A chain to
reliable assessment of membrane penetration depth tharthat of T domain residues clearly shows that in vesicle-
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E Ficure 8: Effects of A chain concentration on pH titration profiles
= of native Trp fluorescence for Cys-less A chain in the presence of
E lipid vesicles. pH dependence of native Trp fluorescence of 0.09
E uM (filled symbols) or 0.36uM (open symbols) A chain in the
presence of SUVs composed of 400 (diamonds) 7:3 DMoPC/
55 DOPG (mol/mol) or (squares) 7:3 DOPC/DOPG (mol/mol). Titra-
. . tion experiments performed as described in Figure 1.
2 3 4 > 6 7 8 ? Previous studies have shown that oligomerization within
pH lipid bilayers can strongly red-shift the fluorescence of Trp
FiGURE 7: pH fitration of native Trp fluorescence of Cys-less A in membrane-inserted sequencés @2). This could explain
chain with or without lipid vesicles. Top: pH dependencelgfx the behavior observed in the preceding experiments. If

of native Trp fluorescence. Bottom: pH dependence of native Trp qjigomerization was severe for A chain inserted into vesicles

fluorescence emission spectral peak width at half-maximal intensity. . .
Samples contained 0.18V A chain (filled circles) in solution or  cOmMposed of DMoPC/DOPG, then a strong red shift might

in the presence of SUVs composed of 4@@ (open diamonds) ~ Pe expected. To try to see if oligomerization affects Z#ps
7:3 DMoPC/DOPG (mol/mol) or (filled squares) 7:3 DOPC/DOPG A chain concentration within the vesicles was increased. As
(lmgl/ﬂml)-I Titration eﬁpe”f_ﬂents PerfOfmle% aIS 3e_scn|beg In F'Qthet seen in Figure 8, increasing A chain concentration increased
. Several experiments using various unlabeled single Cys mutan .. i
exhibitedAnaxtitration curves in the presence of DOPC/DOPG and the red shift in Trp fluorescence at low pH for A_chaln n
DMoPC/DOPG vesicles that were similar to that of the Cys-less PMOPC/DOPG vesicles (and to a small degree in DOPC/
protein (data not shown). DOPG vesicles), consistent with an oligomerization-induced
red shift.
associated A chain, residues all along the A chain sequence The apparent shift in the transition pH in the DOPC/DOPG
are shallowly located within the lipid bilayer (Figures 6A samples may also be an artifact of oligomerization. Measure-
and 6B). In general, this is true when iodide or 10-DN ment of emission peak half-widths, which increase when
quenching is evaluated individually and when the 10-DN/ multiple species with differentnax are present in a single
iodide quenching ratio is examined (Figure 6C). sample 26, 43), showed a maximum Trp peak width near

Differences Between A Chain Trp Fluorescence in DOPC/ PH 5 in the presence of both DOPC/DOPG and DMoPC/

DOPG and DMoPC/DOPG Vesicled/e also monitored Trp DOPG vesicles (Figure 7, bottom). Th_|s suggest_s_that n bpt_h
. : . . of these cases there was a conformational transition and lipid
fluorescence in order to see if the behavior of A chain

. . . binding at pH 5, in agreement with bimane data and previous
inserted into DOPC/DOPG SUVs differed from that when . .
inserted into DMoPC/DOPG SUVS. In view of the similarity reports. We speculate that there is a greater degree of A chain

fbi f ies. it ising that thi oligomerization at pH 5 (presumably because the protein is
ofbimane fluorescence properties, it was surprising that this 546 19 jts isoelectric point) relative to that at lower pH

reve_:algd drastlp differences between I,m_x valugs for A (where it should become progressively more cationic as pH
chain inserted into these two types of lipid vesicles at low ¢ decreased). Near pH 5, the extent of A chain oligomer-
pH (Figure 7, top). At low pH in DOPC/DOPG vesicles  j;ation (and the accompanying red shift) might be just enough
(squares), there was a blue shift of T relative to that i the DOPC/DOPG vesicles to cancel out the blue shift
at neutral pH, consistent with movement of Trp into a more accompanying A chain insertion into the DOPC/DOPG
nonpolar environment, but in DMoPC/DOPG vesicles (dia- yesicles. Extra strong oligomerization near pH 5 would also
monds), there was a red shift. Since th@x profiles with  explain the observation that the red shift was strongest near
DMoPC/DOPG vesicles did not match those in the absencepH 5 in samples containing DMoPC/DOPG vesicles (Figure
of lipid (Figure 7, top, circles), some factor other than alack 7, top). The red shift observed in DMoPC/DOPG vesicles
of association with lipid vesicles must have resulted in the gt pH much lower than pH 5 may reflect an extent of
red-shifted fluorescence observed in DMoPC/DOPG vesicles. oligomerization that is more than sufficient to obscure the
A second unexpected result was that the apparent transitiorplue shift that would be observed in the absence of
pH in DOPC/DOPG vesicles was significantly lower than oligomerization.

that detected from bimane fluorescence and indeed lower Chain-Induced Vesicle Fusiofxtensive A chain oligo-
than that detected in a previous study by quenching of Trp merization within lipid vesicles was unexpected, as we used
fluorescence X1). The transition seemed to occur at a pH a protein/SUV ratio of between 2 and 4 protein molecules
similar to that for A chain in solution (Figure 7, top). per SUV in most experiments (e.g., 1 protein:2300 lipid
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0.80 Table 1: Pore Formation Activity of Cys-less A Chain and T
DOPC/DOPG at pH 4 Domain at pH 4.5 Estimated from Leakage of Biocytin Entrapped
0.60 in DMoPC/DOPG or DOPC/DOPG SUV's
(F — Fo) x 1078 [cpsP

0.40 vesicles used A chain T domain

N DMoPC/DOPG 57.2£ 8.9 21.0+1.3
0.20 DOPC/DOPG 5.2-1.6 34.1+ 4.6

a Samples contained SUVs composed of 2807:3 DMoPC/DOPG

0.00 . L (mol/mol) or 7:3 DOPC/DOPG (mol/mol) with entrapped biocytin and

L were incubated with 0.0@M A chain or 0.104M T domain in the
120 DMoPC/DOPG at pH 4 presence of 0.0ag/mL external BODIPY-labeled streptavidin at pH
1.00 4.5.° Difference between enhanced fluorescence of BODIPY-labeled

streptavidin by biocytin in a sample containing proteiR) (and
fluorescence in a sample without protefifa)(after 30 min of incubation.
Values shown are the average and range for duplicate experiments.
AverageF, value and standard deviation for all samples was (85.5
2.6) x 1072 “relative counts per second” [cps]. After 90 min, there
was a significant increase in fluorescence in the A chain samples in
the presence of DMoPC/DOPG but not in the other samples. Addition
DMoPC/DOPG c_)f a sgcond_aliquot with twice_the prote_in concentration_as that in the
first aliquot induced a further increase in fluorescence in all samples
except those containing A chain in the presence of DOPC/DOPG
vesicles. In the absence of protein, the leakiness of both DMoPC/DOPG
and DOPC/DOPG vesicles to biocytin was very low, with an increase
of BODIPY fluorescence in 90 min of less than 3.0 and 1.4%,
respectively.

0.80
0.60
0.40
0.20
0.00

Fluorescence Intensity X 10°¢ [eps]

0.40 - after Neutralization
0.30

0.20

0.10

vesicles. Fusion leads to a dilution of donor and acceptor
and thus a loss in energy transfer. This assay gave results in
agreement with the chromatography experiments. A chain
Fraction Number at a protein-to-lipid mole ratio close to that used in the
Ficure 9: Gel filtration of Cys-less A chain mixed with vesicles  topography experiments (1:2300) induced dilution of labeled
at low pH and after neutralization of pH. Samples containing 0.5 lipid in DMoPC-containing vesicles by 3.1-fold, whereas

mL of SUVs (9 mM lipid) with or without 2Q:M Cys-less A chain o A
were loaded onto a Sepharose 4B-CL column equilibrated at the tN€re was only a 1.5-fold dilution of labeled lipid in DOPC-

sample pH. Filled diamonds: rhodamine-PE fluorescence in the CONtaining vesicles (data not shown).
presence A chain. Open diamonds: rhodamine-PE fluorescence in  Pore Formation by Cys-less A Chain and T Domain at

%lhe absence ?f A Chl""fi.I’}' 'f.i”ed ”]i.";‘“g'etS:HCﬁS"fss Arfh&"“” TP | ow pH Pore formation by the A chain was also examined.
uorescence. Top: gel-filtration profiles at pH 4 for trace rhodamine- . . R .
PE-labeled 7:3 DOPC/DOPG (mol/mol) vesicles alone or mixed Since the A chain is hydrophilic, it might be predicted that

with Cys-less A chain. Middle: gel filtration profiles at pH 4 for deep A chain insertion would be associated with pore
rhodamine-PE labeled 7:3 DMoPC/DOPG (mol/mol) vesicles alone formation. To test for pore formation, we prepared SUVs in
oo S gt ol ke et o L Eresene of ooy (oirylted ysne). 1 mil
P a . ; 372.5) membrane-impermeable moleculd)( and detected
?nnooll) f/oer;tiiiggnglcr)lggng rﬁ%ﬁi!?fﬁ;ﬁ DMoPC/DOPG (mol/ biocytin leakage by an increase in BODIPY fluorescence
induced by binding of biocytin to externally added BODIPY-
molecules in the topography experiments). However, a high streptavidin 44).
degree of oligomerization would be possible if the A chain  In these experiments, Cys-less A chain or T domain was
induced vesicle fusion, because fusion would increase theexternally added to SUVs containing entrapped biocytin at
protein/vesicle ratio. To test this possibility, two techniques pH 4.5. As shown in Table 1, for DOPC/DOPG SUVs, A
were used. The first was to examine apparent vesicle sizechain did not form a pore large enough to allow much
by gel filtration. As seen in Figure 8(iddleandtop), at low leakage of entrapped biocytin. T domain, which is a pore-
pH, A chain fused or aggregated DMoPC/DOPG SUVs, forming molecule 45), did induce extensive leakage of
whereas the size of DOPC/DOPG SUVs was little affected. entrapped biocytin from DOPC/DOPG SUVs. In contrast,
Interestingly, as we previously demonstrated for DOPC- for DMoPC/DOPG vesicles both A chain and T domain
containing vesiclesi(l), neutralizing the pH induced dis- induced continuous leakage of biocytin. It is noteworthy that
sociation of A chain from DMoPC-containing vesicles (about A chain-induced biocytin leakage seems to accompany
86% dissociation as estimated from Trp fluorescence). vesicle fusion, a process in which lipid bilayer integrity is
However, the vesicles remained larger than their original size, transiently destabilized. This suggests that A chain-induced
which is more consistent with fusion than with vesicle biocytin leakage in DMoPC-containing vesicles was due to
aggregation arising from bound A chain. vesicle fusion.

Fluorescence energy transfer experiments using small Permeability of lodide lon Through Lipid Bilayers Tested
amounts of donor (NBD-PE)- and acceptor (rhodamine-PE)- by NBD Fluorescence Quenching of Internally Labeled
labeled vesicles tended to confirm vesicle fusi@8)( In VesiclesOne important question about iodide is whether it
these experiments, a population of donor- and acceptor-only quenched bimane residues exposed to the external
labeled vesicles is mixed with a population of unlabeled solution, or whether it might have also quenched bimane

0.00 I
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residues exposed to the internal aqueous vesicle lumen. Therystal structure than those we obtained by @P4g). That
observation that DMoPC-containing vesicles were leaky might suggest that for the A chain, FTIR is more reliable
indicated that they would be permeable to iodide. To examine than CD. On the other hand, the difference in lipid composi-
the permeability of iodide ions in the case of the DOPC- tion (DOPC/DOPG vs asolectin, a soy lipid mixture), vesicle
containing vesicles, we made NBD-PE-labeled 70% DOPC/ type, A chain concentration, or buffer may be responsible
30% DOPG SUVs and selectively destroyed the external for the differences between our results and those of Wolff
NBD fluorescence with dithionite. This reagent converts the et al. for membrane-associated A chain. For example, Wolff
NBD nitro to an amine, creating the nonfluorescent ABD- et al. used a higher A chain concentration in terms of protein/
PE @0). After the elimination of external NBD fluorescence lipid ratio than that used in this study (1:8 vs 1:20 w/w) and
(as expected for reduction of NBD in the external leaflet of used LUV. Combined, these factors would greatly increase
SUVs, close to 2/3 of the fluorescence intensity was lost the protein/vesicle ratio and might promote oligomerization,
upon addition of dithionite (not shown)), we added iodide which could affect the secondary structure. In any case, the
ion to quench NBD fluorescencd®). At pH 8, dithionite- changes in secondary structure upon membrane insertion are
treated SUVs, which are only internally NBD-labeled, not large.
showed 43% less iodide quenching of NBD compared with  Comparison of Fluorescence-Deeid A Chain Topogra-
that of symmetrically NBD-labeled SUVs (i.e., prepared phy to That Determined by Proteolysis and Photolabeling.
without dithionite treatment so that NBD groups are both in In a very recent report, Wolff et al. carried out a proteolysis
the inner and outer leaflets), indicating that iodide was not study of isolated A chain topograph47). In general terms,
fully permeable at pH 8. However, at pH 4.5, the degree of most of their proteolysis results are consistent with our study,
guenching for the internally labeled SUVs was comparable as they concluded that most of the A chain was only inserted
with that of the symmetrically labeled SUVs (data not shallowly into lipid bilayers on the basis of the observation
shown). This indicated that iodide ion could quench groups that many sites were exposed to protease added to the outside
on both sides of DOPC-containing SUVs under the condi- of the lipid bilayers. However, there are some important
tions used in the quenching experiments. differences between their topographical model for the A
chain and that in this report. First, Wolff et al. proposed that
DISCUSSION residues 134151, which include much of CB6 and all of
Topography of Vesicle-Inserted A ChaRrevious studies ~ -strand CB7, insert in the form of a Ti-sheet hairpin.
demonstrated that the isolated A chain (i.e., A chain in the We found that residue 136, which is in the center of a region
absence of the remainder of diphtheria toxin) is able to of alternating hydrophobic and hydrophilic residues that
interact with lipid vesicles via both electrostatic and hydro- overlaps3-strand CB6, locates shallowly in the bilayer, and
phobic interactions1(1). We subsequently pointed out that this is not consistent with a TM hairpin. The idea that
there areB-strands in the A chain (CB4, CB5, CB6, and residues 134151 form a TM hairpin also seems unlikely
CB8) with a pattern similar to that found in transmembrane because CB7 differs from TM-strands in knowrg-sheet
(TM) B-sheets, in which hydrophilic and hydrophobic membrane proteins by not having hydrophobic residues in
residues are found in alternating positior®3)( These alternating positions. If the sequence between 134 and 151
observations, combined with the ability of the A chain to formed a TM S-hairpin, it would be very hydrophilic.
interact with micelles formed by a mild detergeritl), Furthermore, known TNp-sheet proteins show that mono-
suggested the possibility that some part of isolated A chain meric3-hairpins cannot form a stable Tjtbarrel @9, 50).
inserted deeply into membranes, perhaps even forming TMTM g-barrel formation would require a significant degree
B-strands under some condition®3). The results in this ~ of A chain oligomerization. A degree of oligomerization
study indicate that the isolated A chain does not insert very sufficient to form gB-barrel is not consistent with our data
deeply into the bilayer. Shallow insertion was observed for in DOPC-containing bilayers. In addition, TRibarrels often
residues within CB4 (residue 81), CB5 (residues 90, 91), form pores, and the inability of A chain to release biocytin
CB&6 (residue 136), and CB8 (residues 162, 163). In addition, in DOPC-containing vesicles is not consistent with pore
residues close to the N- (residues 1, 30) and C-termini formation.
(residue 186) inserted shallowly. However, these results do A second difference is that our fluorescence studies suggest
not rule out the possibility that these sequences form a deeplythat residues 111, 162, 163, and 186 interact with lipid.
inserted structure when associated with the remainder of DT. Proteolysis data suggested that these residues were located
The conclusions above assume that the secondary structuré segments that are more exposed to solution than other A
of the membrane-inserted A chain is similar to that of the A chain segments. Finally, on the basis of proteolysis, it was
chain in solution. However, the secondary structure of A suggested that residues—7X00 equilibrate between a TM
chain inserted into model membranes may be slightly and surface topography. Our data on residues 90 and 91
different from that which it has in solution. By circular indicate that insertion of this segment of the protein is as
dichroism (CD), we found that the-helix content increased  shallow as other parts of the A chain.
from 9% in the native conformation to 23% in the presence  Some of the differences between the conclusions of Wolff
of DOPC/DOPG vesicles at pH 4.5, while the content of et al. and those of this report may reflect ambiguities in
the f-sheet decreased from about 36 to 27% (data notinterpretation of proteolysis studies. For example, when a
shown). In contrast, Wolff et al4{) reported an increase protease cleaves at multiple sites in a single protein molecule,
in B-structure and none in-helix upon A chain interaction  early cleavage events may perturb the protein conformation
with lipid vesicles at low pH using FTIR. It should be noted and thus alter the accessibility of sites to later proteolysis
that the FTIR spectra at neutral pH seem to indicate events. In fact, under conditions of limiting proteolysis, one
secondary structure contents that are more similar to themay simply observe the membrane insertion propensities of
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relatively short residual undigested polypeptides. It is also the concentration of A chains used was on the order 1 per
possible that the protease-resistant segments of the A chair2000 lipids. This means there should be, on the averagé, 2
are shallowly located but slightly more deeply inserted than A chain molecules per SUV, which would preclude extensive
other segments of the A chain, have a local conformation oligomerization. However, upon fusion the A chain/vesicle
that is sufficient to confer protection from proteolysis, or ratio would increase, and this would make it possible for
are simply more tightly bound to vesicles than other segmentsthere to be a greater level of oligomerization. Thus, it is
of the A chain. The latter factor could explain the proteolysis possible that the A chain has a significant tendency to
pattern if proteolysis can only occur during transient periods oligomerize and could do so in DOPC-containing vesicles
in which individual A chain segments dissociate from the if there were a significant number of A chains per vesicle.
lipid bilayer while the remainder of the protein remains lipid- In fact, in experiments in which pH titration was carried out
bound. at the same protein/lipid ratio in large unilamellar vesicles
Of course, fluorescent probes may also be perturbing. (LUVs) composed of DOPC/DOPG, A chain Trp fluores-
However, previous studies have shown that the conclusionscence red-shifted at low pH in a manner similar to that
obtained with bimane-labeled toxin can be confirmed using observed when A chain was bound to DMoPC/DOPG SUVs
other labeling groups, i.e., Trp residues introduced by (data not shown). This suggests that isolated A chain will
mutagenesis, and by pore formation properties of unlabeledoligomerize in bilayers at low pH when there are a sufficient
proteins 84, 51). In addition, studies of bimane-labeled number of protein molecules per vesicle. This is noteworthy
lysozyme have indicated that the bimane labels do not greatlybecause it may explain our previous observation that isolated
perturb local protein conformatiorb). In any case, most A chain trapped within the lumen of PC/DOPG LUV was
of our fluorescence data and the proteolysis data of Wolff released at pH 4.37J. Those experiments used a high ratio
et al. are consistent. Apparent differences may just reflect of A chain molecules per vesicle, which may have induced
additional details derived from the present study. fusion and a general leakiness of the lipid bilayer.

Photolabeling studies of D'Silva and Lala have also L
. : X . Advantages and Limitations of Use of 10-Doxylnonade-
investigated A chain topographgd). They reported that in cane/lodide Quenching Ratio for Estimation of Fluorophore

whole DT, A chain residues 134141 were labeled by ; -
' ; . - 7 . Depth. Fluorescence quenching was used to confirm the
hydrophobic photolabeling agents dissolved within the lipid conclusions based on bimags,. To do this, we modified

222?/::6 Légli(:(a I;Zg\évrt]o-;nl I‘gﬁ;ﬁgﬁi’ tuezforehsc;gﬁﬁ %Ilgonr?itlica dual quencher method that we recently introduced for Trp
. P g hydrop ydrop residues 26), substituting iodide for acrylamide. In the dual
environment. Iy
guencher method, the depth of a fluorescent group within

Although photolabeling experiments did not reveal the the lipid bilayer is estimated from the ratio of quenching b
exact depth of these residues within the bilayer or unambigu- P Y ) Of quet g by
an aqueous quencher to that by one buried within the lipid

ously reveal their topography, they do suggest this labeled bilayer. A quenching ratio is used to evaluate fluorophore

segment might insert more deeply than other segments Ofdepth rather than the quenching by a single quencher group

the A chain. This is not inconsistent with the conclusions because it helps cancel out factors that affect quenching other
from our data, especially because photolabeling studies were P q 9

carried out on whole DT, and it is possible that the interaction than depth. Such factors include the_exqted.-state lifetime
of the A chain with the T domain of the toxin alters its of thg_ﬂ_uorescence group. A longer lifetime increases the
topography and exposure to lipid. It remains possible that ?ensmylty of a _fluorophore to a quencher._ Another su_ch
somef-strands do form TM structures at some point in the ac.tor is the burial of a fluorescent group within a prpteln,
translocation process. Whlph _vv_ould tend to decrease sensitivity to quenching by
Comparison of A Chain Beh#&r in DMoPC-Containing an individual quenchers).
Vesicles and DOPC-Containing Vesicliss also interesting The limitations of quenching experiments should also be
that A chain topography was similar in DMoPC- and DOPC- mentioned. The fact that iodide is anionic means that
containing vesicles, with shallow insertion observed in both €electrostatic interactions could also affect the level of iodide
types of vesicles. This is in contrast to the case of the T quenching. This should be kept in mind, especially when
domain, in which bilayer width affects topography, such that comparing results in lipid bilayers with different electric
T domain insertion is much deeper in SUVs containing charge, but could also be a factor when a fluorescent group
DMoPC, a lipid with short 14-carbon acyl chains, than itis is located near a highly charged section of a protein. The
in SUVs containing DOPC, which has 18-carbon acyl chains observation that the individual quenching values observed
(33). The difference between T domain and A chain behavior for 10-DN (which is uncharged) and iodide were generally
might reflect the A chain having a lesser ability to penetrate consistent with each other, and with thgy values, suggests
into the bilayer and form TM structures. that electrostatic effects were not a problem in the present
However, there were some differences between the study. In addition, the reliability of the quenching data is
behavior of the A chain in these two types of lipid mixtures. supported by the observation that the quenching values
The A chain tended to induce fusion of DMoPC-containing obtained for T domain residues were consistent with the
SUVs but not DOPC-containing SUVs. Associated with this depths previously estimated by other method8, (37).
was a much greater tendency for the A chain to release Nevertheless, identification of an uncharged aqueous quench-
trapped molecules from DMoPC vesicles. This difference er that could be used with a wide variety of fluorophores
might reflect a lesser stability of DMoPC-containing SUVs. would be highly desirable. Interpretation of quenching was
Fusion may also help explain the apparent difference in A also limited by the lack of a precise calibration of the
chain oligomerization in DMoPC-containing and DOPC- quenching ratio based on bimane-labeled residues of exactly
containing vesicles. Under the experimental conditions used,known depth. This was not critical for the present study,
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but a more exact calibration is necessary to obtain more exact 14
estimates of bimane depth.

CONCLUSION

Implications for A Chain TranslocationCombining the
results of this study with those obtained by proteolysis
indicates that most of the A chain inserts so that it is
associated with the surface of the bilayer at low pH. Thus,
the interaction of the A chain with the T domain of the toxin
is likely to be necessary for A chain translocation in vivo.
We cannot be certain if or when during the translocation
process the A chain is partly or fully exposed to lipid. For

example, the hydrophobic behavior of the unfolded A chain 19,

may be important because the T domain acts as a chaperone
(12), not because it imparts the ability to bind lipid, and the
A chain might not be exposed to lipid during translocation.

On the other hand, even if the T domain acts as a chaperone, 20.

it is possible that the A chain is somewhat exposed to lipid
prior to interaction with the T domain or during the
translocation step. This would explain the accessibility of
the A chain to hydrophobic photolabeling agents in whole
DT. Future studies of the topography of the A chain during
the translocation process should reveal which (if any) of these
models is correct.
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