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Abstract. Diphtheria toxin forms pores in biological of the toxin and other proteins that convert from soluble
and model membranes upon exposure to low pH. Thest® membrane-inserted states are discussed.
pores may play a critical role in the translocation of the
A chain of the toxin into the Cytoplasm. The effect of Key words: Fluorescence quenching — Model mem-
protein concentration on diphtheria toxin pore formationpranes — Membrane translocation
in model membrane systems was assayed by using a new
fluorescence quenching method. In this method, the
movement of Cascade Blue labeled dextrans of varioughtroduction
sizes across membranes is detected by antibodies which
quench Cascade Blue fluorescence. It was found that diphtheria toxin is a protein produced I§orynebacte-
low pH the toxin makes pores in phosphatidylcholine/rium diphtheriae. The toxin is secreted as a single poly-
phosphatidylglycerol vesicles with a size that depends ompeptide (Mr 58,348), but can be readily cleaved by a
protein concentration. At the lowest toxin concentra-furin-like protease into two subunits, A (Mr 21,167) and
tions only the entrapped free fluorophore (MW 538) B (Mr 37,199), which are held together by a disulfide
could be released from model membranes. At intermebond [15, 25]. The toxin has been shown to enter cells
diate toxin concentrations 3 kD dextran could be re- by receptor-mediated endocytosis. Once internalized,
leased. At the highest toxin concentration, a 10 kD dexthe acidification of the endosomal lumen triggers a pH-
tran could be released, but not a 70 kD dextran. Similadependent conformational change that allows the toxin to
pore properties were found using vesicles lacking phospenetrate the endosomal membrane [25]. After the di-
phatidylglycerol or containing 30% cholesterol. How- sulfide bond that holds the A and B chains together is
ever, larger pores formed at lower protein concentrationseduced, exposure to the neutral pH of the cytosol is
in the presence of cholesterol. The dependence of poreelieved to trigger the final step in translocation of the A
size on toxin concentration suggests that toxin oligomerchain across the bilayer and its release into the cyto-
ization regulates pore size. This behavior may explairplasm. Once released, the A chain catalyzes the ADP-
some of the conflicting data on the size of the poresribosylation of elongation factor 2, inhibiting protein
formed by diphtheria toxin. The formation of oligomers synthesis and causing cell death [11]. Elucidation of the
by membrane-inserted toxin is consistent with the resultsnechanism of membrane penetration and translocation
of chemical crosslinking and measurements of the selfby diphtheria toxin is an important goal as it may have
guenching of rhodamine-labeled toxin. Based on thesémportant implications for understanding: (i) viral fusion
experiments we propose diphtheria toxin forms oligo-proteins that mediate viral penetration through acidic or-
mers with a variable stoichiometry, and that pore sizeganelles, (i) membrane insertion and translocation of
depends on the oligomerization state. Reasons whyewly synthesized membrane and secreted proteins, an
oligomerization could assist proper membrane insertior(iii) the mechanism of apoptosis inhibition by the Bcl
family of proteins, which appear to have a pore-forming
domain similar to that of the toxin [35].
R The crystal structure of the toxin has been solved in
Correspondence tcE. London solution [8], but its structure in membranes has only
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begun to be characterized. As a result, the mechanism @thanolamine (NBD-PE), 1,2-dioleoyl-sn-glycero-3-phosphocholine
A chain translocation across membranes is unknown, allPOPC), and 1,2-dioleoyl-sn-glycero-3-[phospho-rac(1 glycerol)]
though several models have been proposed. One pr DOPG) were purchased from Avanti Polar Lipids (Alabaster, AL).

. . . holesterol and cytochrome C were purchased from Sigma. Disuccin-
posed mechanism involves pore fqrmatlon' Manyimidyl propionate (DSP) and disuccinimidyl tartarate (DST) were pur-
groups have demonstrated that the toxin can form a porghased from Pierce Chemical. Partially purified diphtheria toxin was
in model and cellular membranes [13, 20, 22-24, 30, 32purchased from Connaught Laboratories (Ontario, Canada) and further
36, 44]. Using mutant toxins it has been shown that thepurified as previously described [5, 28]. The toxin was stored in 5 m
ability of the toxin to induce pore formation is correlated Tris-Cl, 150 nu NaCl, pH 7.5, at 4°C.
with its translocation and/or toxicity [14, 37]. However,
it is not clear whether this means translocation requires &, ;orescENCEMEASUREMENTS
pore, or reflects a dependence of both pore formation and
translocation on proper membrane insertion. FurtherFluorescence emission spectra were performed on a Spex 212 fluorim-
more, it is not clear whether pore size is sufficient toeter in the ratio mode, using a 10 mm excitation pathlength, 4 mm
allow A chain translocation directly through the pore emission pathlength semi-micro quartz cuvette, unless other\_/wse noted.
(seeDiscussion). Also unless otherwise noted, fluorescence was measured in PBS (10

" . f f . mm potassium PQ 150 nm NacCl, pH 7.2) or in Na acetate buffer (0.1
In addition, evidence from a number of studies dem'M acetate, 0.1% NaCl, pH 4.5). All experiments were performed at

onstrating A chain interaction with lipids has suggested &oom temperature.

translocation mechanism that might not involve A chain Measurement of CB and MPT fluorescence intensity was per-
passage through an agueous pore formed by the B chaifprmed at excitation and emissiag,,, These values are 385 nm and
For example, photolabeling studies and studies of thdl7 nm, respectively, for t.he.CB-dextrans and 405 nm and 433 nm,
interaction of the isolated A chain with bilayers have respectively, for MPT (emissioR,,,, for these compounds was the

. . same at both pH 4.5 and pH 7.0). CB emission spectra were measurec
demonstrated that the A chain inserts into the membrangsing an excitation wavelength of 370 nm. For both spectra and in-

and can come into direct contact with the acyl chains ofensity measurements 2.5 mm slits were generally used. For LRB-
the lipid bilayer [17, 31, 33, 44, 45]. In addition, we so,Cl, rhodamine-PE and rhodamine-labeled toxin the excitation and
have recently obtained evidence that the T domain maymission wavelengths were 565 nm and 585 nm, respectively. Slits of
function by a chaperone-like activity (J. Ren, K. Kachel, 5 mm were used. Fluorescence emission spectra of LRESSénd

S. Malenbaum, R.J. Collier, and E. Lond(mmpublished LRB-labeled thin were measured usin_g an e)fcitatio_n vyavelength of
observations Overall, there remains considerable un- 550 nm. Protein fluorescence was monitored with excitation at 280 nm

taintv about th | f in t | fi and emission wavelength at 335 nm using 2.5 mm slits.
certainty abou € role of pores In translocauon. For all fluorescence experiments (except gel filtration chroma-

o n this study, a new fluorescence-qqenching techography) background samples were prepared without fluorophore, and
nique has been used to investigate the size of the poregere the background fluorescence was significant, it was subtracted to
formed by diphtheria toxin in more detail. We find pore vyield the final value.
size clearly depends on the concentration of toxin in the
membrane. 'I_'h|s may exp_laln some of the uncertaintyp - ,cication oF CB-LABELED DEXTRANS
about pore size from earlier studies, and suggests that
toxin oligomerization controls pore size. In support of To obtain dextrans of relatively homogeneous size the commercial 3
this proposal evidence indicating toxin oligomerization kD, 10 kD and 70 kD dextrans were fractionated using gel filtration
in membranes is presented. The results of this study laghromatography. Stock solutions of 3 kD, 10 kD and 70 kD CB-

a foundation for examining the role of pore formation in abeled dextrans were prepared at 5.0 mg/ml. Then 1 ml of each dex-
the translocation process tran was loaded on a Sephacryl S-200 column (0.5 cm x 40 cm) and

eluted with PBS pH 7 at room temperature. Fractions of 1 ml were

collected. Dextran elution was monitored by CB fluorescence using

. 1.0 mm slits. The four peak fractions were pooled and 1 ml of each

Materials and Methods pool was rechromatographed on the same column after prewashing
with several column volumes of PBS pH 7. The three peak fractions
from the rechromatography step were pooled (3 ml total) and used in

MATERIALS subsequent experiments. Dextrans were stored at room temperature ir
the PBS pH 7. The 70 kD dextran exhibited some degradation to lower

Anti-Cascade Blue rabbit IgG (H+L fractions) antibody (Ab) (2.5-2.8 molecular weight species upon long (over 2 weeks) storage. Therefore,

mg/ml stock solution), Cascade Blue (CB) labeled dextrans (moleculait was used within 2 weeks of purification. The other dextrans did not

weight 3 kD, 10 kD, 70 kD), the free Cascade Blue dye, 8-methoxy-exhibit this behavior.

pyrenetrisulfonic acid (MPT; molecular weight 538 daltons), 10% lis-

samine rhodamine-B sulfonyl chloride (LRB-gCl) on celite, and

N-(1-pyrenesulfonyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethaPURIFIED CB-DEXTRANS HAVE HYDRODYNAMIC RADII

nolamine, triethylammonium salt (pyrene-PE) were purchased fromCOMPARABLE TO PROTEINS OF SIMILAR

Molecular Probes (Eugene, OR). The lipids N-(Lissamine rhodamineM oLECULAR WEIGHT

B sulfonyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine,

triethylammonium salt (rhodamine-PE), N-(7-nitro-2,1,3- To compare the hydrodynamic radii of dextrans to proteins, cyto-

benzoxadiazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phospho-chrome C (M 12,348), and BSA (M60,000) dissolved in PBS pH 7
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25 Where (CB) is the concentration of free Cascade Blue, (Ab) is the
concentration of free CB binding sites on anti-CB antibodies, and
(CBAD) is the concentration of CB bound to Ab. Where quenching is
half maximal, the concentration of bound CB-dextran (CBAb) and
free CB-dextran (CB) is equal and k= (Ab). Since the amount of
(Abyga) is known, and (Ab)= (Ab,y..) — (CBAD), an upper limit to K

can be estimated, using the total antibody concentration as an upper
limit to the concentration of CB-binding antibodies, and taking the
number of CB groups per dextran reported by the manufacturer into
account.

—_-
o

ENTRAPPING DEXTRANS WITHIN MODEL
MEMBRANE VESICLES

Fluorescence Intensity
(Millions)

CB-labeled dextrans (3 kD, 10 kD, or 70 kD) were trapped inside large
unilamellar vesicles (LUVs) formed by octyl glucoside dialysis [21] at
room temperature. The LUVs were composed of either 20% DOPG/
80% DOPC (PG/PC), DOPC (100% PC), or 20% DOPG/30% choles-

i terol/50% DOPC (PG/cholesterol/PC) (mol/mol). In addition, the
Y A L samples contained 0.02 mol% rhodamine-PE as a fluorescent marker
0 5 10 15 20 25 30 B35 40 45 used to assay lipid concentration. Prior to dialysis total concentration
was 10 nm. Initial dextran concentrations of up to 0.03/nwere used.
(Dextran concentrations were determined using a CB fluorescence

. . . " concentration curve.) Dialysis tubing (Spectra/Por) with a molecular
Fig. 1. Elution profile for chromatography of purified CB-labeled dex- \yejght 1,000 cutoff was used. Free dextran was separated from vesicle

trans on Sephacryl S-200. Elution of 3 kD (solid lines), 10 kD (dashedapped dextran by filtration on a Sepharose 4B-CL gel filtration col-
lines), a_r)d 70 kD (;B-dextran (dotted lines) is shown. Arrows indicate (0.5 cm x 40 cm) at room temperature. Samples were eluted from
the position of elution peaks for BSA (at 18 ml) and cytochrome C (at he column with PBS pH 7.2, and the fractions containing lipid were

26 mi). pooled. CB-dextran concentration was monitored to determine trap-

ping efficiency. From CB fluorescence measurements trapping effi-
were chromatographed using the Sephacryl S-200 column (0.5 cm x 48iencies were found to be between 5-7%. This corresponds to vesicles
cm) and eluted with PBS at room temperature. Fractions of 1 ml werewith an average diamter of approximately 1,400 A. The final concen-
collected. The elution profile of the cytochrome C was followed by tration of lipid was 2—4 m. Dextran-containing vesicles (DCV) were
measuring absorbance at 409 nm on a Beckman 650 spectrophotorstored in the PBS 7.2 buffer at room temperature. The CB-dextrans
eter, and that of BSA by Trp fluorescence. Figure 1 shows cytochromaemained entrapped inside the LUVs for a period of 2 weeks as deter-
C gave maximum elution at 26 ml which was comparable to elution atmined by the lack of CB quenching (<5%) upon antibody addition in
24 ml for the purified 10 kD dextran, and BSA eluted at 18 ml, which the absence of toxin.
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was comparable to 16 ml for the purified 70 kD dextran. This dem- MPT-containing vesicles were made with the same innitial trap-
onstrated that the CB-dextrans have hydrodynamic radii similar toping protocol, but in the dialysis step a concentration of MPT equal to
those of proteins with equivalent molecular weights. that in the sample was included in the external dialysis buffer in order
to maximize MPT trapping. Passive leakage of MPT was also slow,
Dextran Quenching by Antibodies but significant with leakage of about 50% of the MPT within a period

of 1 week. Once vesicles were formed and the free MPT was separated

To measure binding of CB-labeled dextrans by anti-CB antibodies a Srom trapped MPT using the Sepharose 4B-CL column, the vesicles
ul aliquot of the concentrated anti-CB stock solution (2.5 mg/ml in were used within 24-48 hr. As a further control, baseline MPT leakage
PBS pH 7.2 with 0.02% Na}) was diluted with 50Qul of either PBS  was measured from the amount of quenching observed in trapped MPT
pH 7.2 or acetate buffer pH 4.5 at room temperature. Aliquotsjof 5 samples in the absence of toxin.
from a 5ug/ml stock solution of the crude 3 kD dextran were titrated
into the antibody-containing solution at room temperature. Approxi-
mately 1 min after each addition fluorescence was measured. Thes@EXTRAN LEAKAGE AssAY
experiments were performed at numerous pHs between pH 3.0 and 7.3y¢ kinetics of dextran leakage were measured by diluting an aliquot
and for each of the dextrans and MPT. (25-45p) of vesicles containing entrapped CB-labeled dextran to 550

The kinetics of anti-CB binding to CB-labeled dextrans in solu- | with pH 4.5 acetate buffer at room temperature. Fluorescence was
tion were studied by preparing a solution of 0,08 of the crude 3kD  measured, the sample transferred to a test tube, and either 1, Jugr 10
CB-dextran in 1 ml of either PBS pH 7.2 or acetate buffer pH 4.5. of toxin was then added. After the samples were vortexed vigorously
The sample was placed in a cuvette and fluorescence was measurggl 20 sed they were then transferred back to the semi-micro cuvette
before and various times after addition ofibfrom the anti-CB stock  and the fluorescence measured at various time intervals. Control ex-
solution. periments showed that the PBS did not significantly affect final pH

CALCULATION OF ASSOCIATION CONSTANT FOR CASCADE

BLUE BINDING TO ANTIBODY 1o . , . . .

Vigorous mixing during the incubation was necessary to achieve
The apparent dissociation constant for Cascade Blue interaction witlmapid quenching. Otherwise, artificially long incubation times (up to 30
antibody was calculated from the formulg, k= (CB)(Ab)/(CBADb). min) were needed to obtain maximal quenching.
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(which was close to 4.5), even when equal volumes of PBS and the Upon fusion of labeled and unlabeled vesicles, the NBD and
acetate buffer were mixed. rhodamine concentrations within the bilayer are reduced, which de-
Measurement of the effect of pH or toxin concentration on the creases NBD to rhodamine energy transfer. As a result, NBD fluores-
amount of CB efflux were performed as follows: an aliquot (25pu4)6 cence increases. The fluorescence increase upon total mixing of the
of vesicles with entrapped CB-labeled dextran or MPT was added tdipids in the labeled and unlabeled vesicles was estimated to be 10-fold,
150 pl of pH 4.5 acetate buffer at room temperature. Then a smallas determined by comparing the fluorescence of a sample containing
aliquot (2.5-10wl) was added from one of various PBS diluted stock 200 pMm lipid with 0.2% NBD-PE and 0.2% rhodamine-PE to that in a
solutions of toxin with different concentrations. Samples were incu- sample with 2% of the labeled lipids. Under the assay conditions used
bated for 30 min and then the volume was increased tou30@th pH 90% of the first fusion events with a labeled vesicle involve fusion with
4.5 acetate buffer. The final lipid concentration was 200 and the an unlabeled vesicle. Thus the first round of fusion dilutes NBD and
final pH 4.5. Next, CB fluorescence was measured followed by addi-rhodamine by a factor of about two. Because energy transfer resulting
tion of excess anti-CB antibody, i.e., sufficient to obtain maximal from acceptor molecules randomly distributed in membrane is roughly
guenching (2-5u.1 of a 2.5-2.8 mg/ml stock solution). The fluores- exponential in acceptor (rhodamine) concentration [6], this yields a
cence was remeasured after 5 min. The percent quenching was calcteugh estimate of a threefold increase in NBD fluorescence after the
lated as follows: [1 - {(fluorescence + Ab)/(fluorescence — Ab)}] x first round of fusion.
100% in a sample containing toxin — [1 - {(fluorescence + Ab)/
(fluorescence — Ab)}] x 100% in a sample lacking toxin, and then
percent of maximum quenching was calculated by dividing the percenfCROSSLINKING EXPERIMENTS
guenching by the amount of quenching obtained in the presence of
enough octyl glucoside (1@! of a 200 mg/ml stock solution in PBS) A fresh 25 nu stock solution of DSP or DST in dimethylformamide
to disrupt the vesicles and thereby release all entrapped molecule§PMF) was prepared. Crosslinking of monomer toxin was performed
Control experiments showed octyl glucoside did not interfere with by @dding 10ul of the DSP or DST stock solution to samples contain-
quenching of CB-dextrans in solution. It should be noted that the subiNg 10, toxin in 200wl buffer solution pH 7 in the presence of LUVs
traction of quenching in the absence of toxin results in an underestimat&ontaining 20Qum lipid composed of either 20% DOPG/80% DOPC or
of % release. This was significant only in the case of MPT. 20% DOPG/30% cholesterol/50% DOPC. Samples were incubated for
Experiments at constant toxin concentration were performed by2 hr at room temperature, and then an aliquot subjected to SDS-PAGE
diluting various aliquots of a vesicle preparation containing 21 m Using Pharmacia precast 4-15% gradient gels. Electrophoresis was
lipid and entrapped 10 kD dextran to 5@0with pH 4.5 acetate buffer. carried out on the Pharmacia Phastsystem (Pharmacia Biotech, Piscat
A 2 pl aliquot of toxin (0.1 mg/ml) was added to each sample. Sam-away, NJ) [21], and the gels visualized by silver staining. To demon-
ples were incubated for 30 min and then fluorescence was measurefrate that the reaction with the crosslinker took place during the 2 hr
before and after addition of an aliquot of anti-CB from the stock so- incubation period, a sample of crosslinker was incubated for 2 hr in the
lution sufficient for maximal quenching (1-1@l). The final lipid presence of pH 4.5 buffer before toxin was added. Immediately after

concentrations in the samples were 0, 4, 5.3, 8, 40, 53, 80, 400, 533 arf@xin addition an aliquot of the sample was removed and subjected to
800 M. electorphoresis. Under these conditions no crosslinking was observed.

Toxin titration experiments were performed by diluting an aliquot
from a 2.8 nm lipid vesicle sample containing entrapped 10 kD dextran
to 500l with pH 4.5 acetate buffer (giving a lipid concentration 200
M), and then adding ful (12.5 pg) of anti-CB antibody. Fluores-
cence was measured, and then toxin was added to the samplelin 1
aliquots (from a 0.5 mg/ml stock). After each addition of toxin the
samples were vigorously vortexed and afee2 min incubation the
fluorescence was remeasured.

Rhodamine Labeling of Toxin

Monomer diphtheria toxin was labeled by mixing 3 mg diphtheria toxin
(from a stock solution of about 12 mg/ml) with 3 mg LRB-gy/celite
and enough 5Qum sodium carbonate buffer pH 9.2 to bring final
volume to 1 ml. The sample was incubated with shaking for 45 min at
room temperature and then centrifuged in a microcentrifuge for 15 min
to pellet the celite suspension. The free rhodamine remaining in the
AsSAY OF VESICLE FusION BY DIPHTHERIA TOXIN supernatant was removed from the rhodamine-labeled toxin by chro-
matography of the supernatant on a Sephadex G-50 gel filtration col-
Vesicle fusion was assayed by measurement of lipid mixing. A&0m ymn (0.5 cm x 15 cm) at room temperature. The labeled toxin was
stock concentration of LUVs composed of 18% DOPG/78% DOPC ande|uted from the column with PBS pH 7.0. The amount of labeling was
containing 2% rhodamine-PE and 2% NBD-PE or composed of 19.8%estimated (assumingwas not affected by labeling) by measuring the
DOPG/79.8% DOPC and containing 0.2% rhodamine-PE and 0.2%amount of rhodamine absorbance (usigg,,,, = 85,000 cm*m™) in
NBD-PE (mol/mol) were prepared by mixing the appropriate amountsthe fractions containing the labeled protein. Toxin concentration was
of the lipids, drying for 1 hr at high vacuum, suspending in PBS, andcalculated both from absorbance at 280 W, = 1.06 for 1 mg/ml)
after a freeze thaw cycle, 21 extrusions through 10 nm filters using g3] and from Coomassie plus assay (Pierce Chemical). The estimated

LipsoFast extruder (Avestin, Ottawa, Canada). final ratio of rhodamine label to toxin was generally close to 1:1 (mole/
For fusion assays 14l of the LUVs containing 2% rhodamine-  mole).

PE and 2% NBD-PE were diluted to 550 with pH 4.5 buffer. This

yields a concentration of 2@wm lipid. An aliquot (4.12ul) of PG/PC

LUVs containing only labeled lipid was added to the sample so asMEASUREMENT OF TOXIN OLIGOMERIZATION BY

increase lipid concentration to 2Qv (i.e., there was a 1:10 ratio of RHODAMINE SELF-QUENCHING

labeled vesicles to total vesicles). The kinetics of fusion were assayed

after adding 1Qug toxin to the samples, and vortexing for 10 sec, by LUVs (PG/PC or PG/cholesterol/PC) without trapped dextran were
measuring the NBD fluorescence at various time points. NBD fluores-prepared by octyl glucoside dialysis (without the final chromatography
cence was mesured using an excitation wavelength of 470 nm and astep, and using trace pyrene-PE to follow lipid concentration). Assum-
emission wavelength of 530 nm using 1.0 mm slits in the direction ofing no loss during dialysis 10 mlipid LUVs were prepared in 1 ml
excitation and 3.0 mm slits in the direction of emission. PBS.
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An aliquot of unlabeled toxin (0-4fl) was added to samples 4 6
containing a 11l aliquot of the LUVs, and then an aliquot of labeled > "
toxin (10-50wl) was added such that the desired ratio of labeled to ‘B 5_M
unlabeled toxin was obtained while fixing total toxin in each sample at E) ~ 4l -
5 ng. Acetate buffer pH 4.5 or PBS 7.2 was added to each sample for % §
a final volume of 55Qul. This gave a final lipid concentration of 200 2 =3t -
wM. Relative rhodamine self-quenching in a sample with x% of the § ?, .
protein from the rhodamine labeled population was calculated after g 2F £y
normalizing fluorescence to that for an equal number of labeled toxin = i %“M‘
molecules as follows: ([Fluorescence in the sample with x% toxin from =
the labeled population/Fluorescence in a sample with 10% toxin from 0 . . . .
the labeled population]. 0 20 40 60 80 100
Similar rhodamine self-quenching experiments were performed

using a fixed amount of labeled toxin. In these experiments each 6
sample contained fug of rhodamine-labeled toxin and various
amounts of unlabeled toxin such that the labeled toxin varied between 5r v
10% and 100% of total toxin concentration. Rhodamine self- %’ 4"WW
guenching was measured both in pH 4.5 acetate buffer and PBS pH 7.2 5
in the presence of PG/PC LUVs (with 2@ lipid). The percent of £ Zal -
relative rhodamine self-quenching was calculated by dividing the fluo- 8 .9 -
rescence in a sample with x% toxin from the labeled population by the § ;25 ol
fluorescence measured in the sample with 10% toxin from the labeled @ < .
population and multiplying this ratio by 100%. e 1k ot

o Mmmmm»«mmm—

59

0 L L L L
Results 0 20 40 60 80 100
Time (seconds)

FLUORESCENCEQUENCHING ASSAY FOR PORE Fig. 2. Kinetics of 12.5p.g/ml a-CB binding to 0.03um 3 kD CB-

dextran. CB-dextran fluorescence &) pH 7.0 or 8) pH 4.5 is shown.
The arrow designates the time at which antibody was added to the
sample. Readings were taken at 1 sec intervals.

FormMATION: THE BINDING OF ANTI-CASCADE BLUE
ANTIBODIES TO LABELED DEXTRANS IS RAPID, TIGHT
AND INDEPENDENT OF pH

Toxin-mediated pore formation was characterized usingoynd for the other CB-dextrans and MPT at various pH
a novel fluorescence quenching assay. This assay mega|ues between 3.5 and @4ta not showp
sures the leakage of Cascade Blue (CB) labeled dextrans

or the free Cascade Blue dye, MPT, out of the lumen of

large unilamellar vesicles (LUVs) through the quenchingDipHTHERIA TOXIN-MEDIATED CB-DEXTRAN RELEASE
of CB fluorescence by ant-CB antibodies added to theDccurs aTLow PH

external solution. Anti-CB blue antibodies efficiently
(up to 80—90%) and rapidly.{f < 5 sec) quenched 3 kD
CB-dextran fluorescence both at pH 7 and 4.5 (Figf. 2).
Similar results were obtained for the 10 kD and 70 kD
dextrans.

CB-labeled dextran was titrated into solutions con-
taining anti-CB antibody to determine the conditions (ex-
cess antibody) under which quenching can be used t
measure the release of CB-dextran from vesicles (Fig. 3
For the 3 kD dextran, 2p.g/ml of anti-CB is sufficient
to assay release of up to 0.Qé1 CB-dextran. Similar
values were obtained for the other CB-dextrans and MP
(not showi. From this experiment, Kfor 3 kD CB-
dextran binding to anti-CB antibody was estimated to
have an upper limit of <0.3wm at pH 4.5 and 7 qee
Materials and Methods). Similar limits for Kwere

Based on the information above, the quenching assay
was applied to the study of pore formation by diphtheria
toxin. Figure 4 shows the effect of pH on the ability of
toxin to release LUV-entrapped 3 kD CB-dextran. Using
individual samples, the pH at which toxin was added to
the dextran-containing vesicles (DCVs) was varied. Re-
fase from vesicles with three different lipid composi-
ions, 20% PG/80% PC, 20% PG/30% cholesterol/50%
PC, and 100% PC, was compared. The effect of toxin
as similar for all three lipid compositions. When toxin
as added to DCVs above pH 5.5 the dextran fluores-
cence was not quenched, i.e., there was no release o
CB-dextran. Below pH 5.5 incubation of the toxin with
DCVs caused the dextrans to be quenched maximally,
i.e., the CB-dextran was fully released. The transition
pH for release was close to 5.2. This pH is in agreement
I with previous studies showing that the toxin undergoes
2 In addition, the fluorescence emissinp,, shifted 7 nm towards the ~ partial unfolding [3], and inserts into lipid vesicles, in the
blue end of the spectrumiléta not showh range pH 5-5.5 [10]. These data also agree with studies
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Fig. 3. Fluorescence quenching assay of binding-&2B antibodies to

3 kD CB-dextran in solution. Fluorescence of various concentrations of pH

CB-dextran at&) pH 7.0 or 8) pH 4.5 is shown: 4) in the absence

of antibody; or (\) in the presence of 2mg/ml antibody. Q) % Fig. 4. The dependence of release of 3 kD CB-dextran from DCV on

fluorescence quenching by antibody. pH. Quenching of 3 kd CB-dextran entrapped in LUVs composed of
(+) 20% PG/80% PC (mol/mol),ZX) 20% PG/30% cholesterol/50%
PC, or O) 100% PC by 10ug toxin is shown. Samples contained a

showing that pore formation occurs when toxin inserts a_lfinal concentration of 20Qm lipid in a total volume of 50Q.l. Buffers
at pH 6.0 and above were 100mpotassium phosphate, 150nNacCl.

low pH [20]’ and. thus cqnfirms ,that CB-dextran relea,seBuffers below pH 6.0 consisted of 100 mM sodium acetate, 150 m
assayed by antibody binding is able to detect toxin-yc).
mediated pore formation.

ness directly associated with fusion events. Finally, ex-
periments using entrapped antibody were performed to
examine transient leakiness. In this protocol CB-
. . dextrans are added externally and their movement into
The rate of toxin-mediated release of the CB-dextrans &fegjcles is measured. (The antibodies are too large to
low pH was also examined (Fig. 5). Release of MPT by|oay from the vesicles, as shown by experiments de-
10 pg toxin was rapid, and complete within 30 sec. Re-gqrined helow, and centrifugation studiesf showi.)
lease was slightly less rapid for th(_a 3_ kD dex_tran, vigth Using this system the entry of the 10 kD CB-dextran into
= 2 min and complete release within 10 min, and eveny,e yesicles was as rapid, or even more rapid, when
less rapid for the 10. k.D dextrgn witly, = 5 min and g dextran was added about 1 hr after addition of the
complete release within 20 min. At lower toxin [evels toxin than when it was added before the toxitata not
(1.0 pg and 5.0pg), the rate of release was slightly ghqj If the toxin induced only transient leakiness,
slower, but nearly leveled off within 30 mimét Showl. e there should have been no entry of CB-dextran into
Since diphtheria toxin can cause membrane aggrég,q yesicles when it was added 1 hr after toxin. We
gation and fusion, the possibility that the leakage of en+.jcjude that the movement of CB-dextrans across
trapped molecules involves some sort of transient eve%embranes induced by toxin addition involves pores

ToxIN-MEDIATED CB-DEXTRAN RELEASE 1S RAPID AT
Low pH, AND INVOLVES PORE FORMATION

rather_ than a t(_)xin-ind_uce_d pore had to be consi_dere rmed by the toxin molecules.

The difference in the kinetics of release as a function o

the size of entrapped molecules (Fig)5and the limited

size of entrapped molecules that can be released ( DEXTRAN LEAKAGE BY DIPHTHERIA TOXIN AT Low eH
below), rule out toxin-induced vesicle lysis as the mode DEPENDS ONTOXIN CONCENTRATION

of dextran release.

In addition, the kinetics of the release of entrappedThe extent of dextran release as a function of toxin con-
materials was much more rapid than the rate of fusioncentration was examined in order to determine whether
which only resulted in less than one fusion event pempore size was affected by toxin concentration. Toxin
vesicle even after 30 min (FigB}. This rules out leaki- amounts were varied over a wide range, 0.025 tq.&0
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A B Fig. 5. (A) Kinetics of toxin-induced efflux of
100 200 CB-dextran entrapped in 2Qom PG/PC LUVs at
pH 4.5. The rate of release by 1@ toxin is
shown for: (+) MPT, A) 3 kD CB-dextran, and
160 [~ (O) 10 kD CB-dextran. Sample volume was about
550 I (see Materials and Methods for details.).

L (B) Kinetics of toxin-induced fusion of 20Q.m

120 e} ¢  PGIPC LUVS at pH 4.5, as assayed by the
(@] increase of NBD fluorescence upon the fusion of
80 -~ O vesicles induced by the addition of 1@ toxin.
oY Sample volume was about 5%0. The twofold
increase in NBD fluorescence after 30 min of
40 incubation with toxin corresponds to less than one
fusion event per vesicles¢eMaterials and
| ! | | Methods for details).

0 6 12 18 24 30
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(i.e., an initial ratio of about 0.65 to over 250 toxin toxin concentration increased pore number rather than
molecules/vesicld. Figure 6A illustrates toxin- pore size, then the different size dextrans and MPT
mediated dextran release from PG/PC vesicles as a funshould have exhibited equalsRvalues after the over-
tion of the amount of toxin present. The small moleculenight incubation. We conclude the size of the pore
MPT was already partly released at the lowest toxin conformed by the toxin must increase as toxin concentration
centrations and its release plateaued at @.@5In con-  is increased.

trast, significant release of the larger CB-dextrans was

not observed at 0.2pg. Half maximal release (&) of

the 3 kD CB-dextran occurred at about Qu§ toxin.  L1PID COMPOSITION EFFECTS

Higher toxin levels were needed to release the 10 kD

CB-dextran (R, = 2.5pg). The 70 kD was not signifi- The effect of lipid composition on toxin-mediated pore
cantly released even at the highest toxin concentrationdormation was also examined (FigB&ndC). As in the
(The lack of 70 kD dextran release demonstrates that thBG/PC vesicles, the larger the trapped molecule, the
pore size is limited, in agreement with previous studiesgreater the toxin concentration required for release. The
[20, 21].) Thus, the larger the trapped molecule, theamount of toxin required to release CB-dextrans was
higher the toxin concentration needed for release. Thisimilar in PG/PC and PC DCVs, although more toxin
suggests that the pore size is increasing as toxin conceMas needed to release MPT in the latter case. However,
tration increases. An alternate possibility is that the dif-in PG/cholesterol/PC vesicles, significantly less toxin
ferences in the concentration dependence of release fd¥as needed to achieve release, with about 5-fold less
the different CB-dextrans and MPT reflect a differing toxin needed for half maximal release for the 3 kD and
concentration dependence of the kinetics of release, dut0 kD CB-dextran. These differences could be due to
to increasing numbers of pores as toxin concentration i§everal factors, but in any case show that the basic be-
increased, rather than differing pore size. This possibilhavior of the toxin is similar in all three lipid composi-
ity was ruled out by experiments in which the toxin tions.

concentration dependence of 3 kD and 10 kD dextran

release after 30 min was compared to that at ZAPORE Size REFLECTS THE CONCENTRATION OF TOXIN

hr. These experiments showed a 2—4 fold decrease in ”\‘RATHlN THE MEMBRANE

concentration of toxin allowing half maximal release, but

a significant difference was still observed betweep R

values for the dextrans1¢t show). Furthermore, even The observation that pore size gradually increases as
after overnight incubation, release of 3 kD and 10 kDtoxin concentration increases implies toxin oligomeriza-
CB-dextrans required severalfold higher toxin levelstion is involved, and that the larger the oligomer the

than the release of MPT in 30 min. If an increase inlarger the pore size. Two possible mechanisms for oligo-
merization are (i) oligomers pre-form in aqueous solu-

tion so that oligomer size is fixed by the concentration of
I toxin in solution, or (ii) oligomer size is determined by
3 This is the initial ratio. Since the toxin has fusogenic activity, the the concentration of toxin within the bilayer (i.e., toxin:
number of vesicles decreases after toxin addition [4, 12]. lipid ratio). To distinguish between these possibilities
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Fig. 6. Release of CB-dextrans from vesicles at pH 4.5 as a function of the
amount of toxin added to 20@m (A) PG/PC LUVs; B) 100% PC vesicles; or
(C) PGIcholesterol/PC vesicles. Quenching is shown for (+) M), kD
CB-dextran, ©) 10 kD CB-dextran, and{) 70 kD CB-dextran. Sample
o volume was about 5001 (seeMaterials and Methods for details). Note that the
initial toxin to vesicle ratio shown on the figure is just a rough guide, as the
L/ L L toxin induces vesicle fusion.
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dextran leakage was measured under different condin:lipid ratio as in samples in which toxin concentration
tions. was varied (Fig. 7). This behavior is what would be
In one experiment the lipid concentration was variedexpected if the concentration of toxin in the membrane
instead of toxin concentration. The absolute toxin con-determines oligomer (and pore) size.
centration used was insufficient to allow release of the 10  In the second experiment, toxin concentration was
kD dextran from 200um lipid DCV (Fig. 6). If the increased by adding a series of aliquots to a single
concentration of toxin in solution determines oligomer sample of vesicles, with sufficient time between addi-
size, then this experiment should have resulted in oligotions to allow membrane insertion by the toxin (which is
mers (and pores) of a constant size too small to allowa rapid process [10, 17]). This protocol used the same
release of the 10 kD dextran. Instead, 10 kD dextraramount of toxin (0.5.9) in each aliquot. This amount of
release was observed with the same dependence on toboxin was chosen because because a singlg@aiquot
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Fig. 8. Crosslinking of diphtheria toxin at various pH in the presence
of PG/PC vesicles. Gels are shown fdk) ¢€rosslinking with DSP; and
(B) crosslinking with DST. pH values are shown on gels.
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?0.5 10+ " 16.3 chemical crosslinking by the homobifunctional amine re-
active crosslinker DSP was measured as a function of
[Toxin]/[Lipid] pH. Diphtheria toxin in PG/PC vesicles was incubated in

the presence of DSP and then subjected to SDS-PAGE.
Fig. 7. Release of 10 kD CB-dextran as a function of toxin/lipid molar Figure & shows that crosslinking occurred only at low
ratp for samples prepared by_d'lfferent method$) (Various concen- de' where the toxin becomes hydrophobic and inserts
trations of PG/PC LUVs containing entrapped 10 kD-dextran incubate . 5
with 0.2 g toxin. (A) Various concentrations of toxin incubated with into the membrane bllayer [10’ 17,31, 33, ‘_14’ 456“
200 um PG/PC LUVs containing entrapped 10 kD-dextras. Titra- low pH a ladder of bands was observed. This could sug-
tion of 200um PG/PC LUVs containing entrapped 10 kD-dextran with g€st that toxin oligomerization may not be restricted to a
0.5 g aliquots of toxin. See Materials and Methods for details. single stoichiometry, consistent with the pore size re-
sults, but also could be due to the inefficiency of the
crosslinking process. There was no observable differ-
is insufficient to form pores large enough to release a 1&nce between the crosslinking pattern in PG/cholesterol/
kD dextran (Fig. 6). If the toxin oligomerizes only in PC vesicles and that in PG/PC vesicldaté not showj
solution then successive additions should not have in- A second amine-reactive homobifunctional
creased pore size, and pores should have remained tegosslinker, DST, was used to confirm that crosslinking
small to allow 10 kD dextran leakage. Instead, as thayas not an artifact of the crosslinker used. DST has a
total amount of toxin increased, increasing leakage of thghorter spacer arm (6.4 A) than DSP (12 A). A similar
10 kD dextran was observed, with a dependence on toxipattern of crosslinking was seen although the efficiency
concentration similar to that in the other protoédBig.  of crosslinking was less (Fig.Bj.
7). This result not only confirms that the concentration
of toxin in the membrane regulates pore size, it also
suggests that the toxin added in later aliquots could inDETECTION OF TOXIN OLIGOMERS USING FLUORESCENCE
teract with the previously inserted toxin molecules to SELF-QUENCHING
form a larger pore. The ability of toxin molecules added
to solution to interact with toxin molecules that have Although crosslinking is useful for detecting protein—
previously been membrane inserted has also been olprotein interactions, artifacts may arise due to crosslink-
served with the isolated T domain [42]. ing during collisions between protein molecules in the
membrane. This could significantly exaggerate the ap-
parent degree of oligomerization, and thus crosslinking
POTENTIAL DIPHTHERIA TOXIN OLIGOMERIZATION CAN experients of this type cannot be definitive. Therefore,
BE DETECTED BY CHEMICAL CROSSLINKING we also used a fluorescence quenching assay which is
not affected by such transient contacts. In this method,

The dependence of pore size on toxin concentration sugsjigomerization was detected by the self-quenching of
gests a dependence on toxin oligomerization. To exam-

ine whether oligomers could be observed directly,

S Control experiments showed that the reason the conformational tran-
_ sition pH was slightly elevated (to pH 5.5) in the crosslinking samples
4 The slight difference seen probably arises from the fact that the timerelative to that previously determined by fluorescence (about pH 5) [3]
between readings in the titration experiment was too short to allowwas due to the presence of the 5% (v/v) dimethylformamide used to
maximal release of 10 kD dextran. dissolve the crosslinker.
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Fig. 9. Detection of diphtheria toxin oligomerization by self-quenching using rhodamine-labeled t&xifihé¢ amount of rhodamine quenching
is shown for samples containing a@/ml total diphtheria toxin in the presence of 20 lipid (circles) PG/PC LUVs, or (triangles) PG/
cholesterol/PC LUVs, at neutral pH (filled symbols) or at low pH (open symbd3) As in (A) for PG/PC LUV except total toxin was varied with
the amount of labeled toxin fixed ati®g/ml. Circles, pH 7. Triangles, pH 4.5.

fluorescent groups attached to protein. This quenching
occurs when fluorescently labeled molecules are in close
proximity [7, 26, 38]. If a protein forms oligomers, then
there will be self-quenching in those oligomers contain-
ing more than one fluorescently labeled protein mol-
ecule. The amount of self-quenching can be determined
by comparison to the fluorescence in a reference sample
in which there is excess unlabeled protein. Inclusion of
excess unlabeled molecules abolishes self-quenching by
diluting the labeled molecules such that few oligomers
have more than one labeled protein molecule.
Self-quenching of fluorescein was previously used
to study the oligomerization of the cytolytic protein
complement C9 [38, 39]. In this report lissamine rhoda-
mine was used in place of fluorescein. This rhodamine . - —»
does not exhibit pH-dependent fluorescence properties ~Mereasing Protein Concentration
over the r.ange of pH 4_816','[3‘ not §hO_W)1 presumably Fig. 10. Model for diphtheria toxin aggregation and pore formation
because it does not contain the ionizable groups (Cafgenavior. As toxin concentration increases larger oligomers forming
boxyl and aromatic hydroxyl) found on fluorescein. Pre-larger pores (shown in schematic cross section) are present.
vious studies from our lab have shown self-quenching of
rhodamine-labeled toxin can be observed at low pH [9]aining a constant total toxin concentration (Fig) Sand
Figure 9 ShOWS the effect Of the ratio Of un'abe|ed toWhen maintaining a constant Iabeled tOXin Concentration
labeled toxin on rhodamine fluorescence for toxin incu-Put adding different amounts of unlabeled toxin (Fig.
bated with PG/PC or PG/cholesterol/PC vesicles. As ex9B)°. This latter experiment rules out the possibility that
pected, at pH 7, where the toxin is hydrophilic [3], there
was no quenching, mdlcatmg_ no ol!gomerlzatlon. !n ® The apparent difference in fluorescence at 100% rhodamine labeled
contrast at low pH there was increasing Se”'quen(:h'ngoxin in Figs. A and B at pH 4.5 is due to the normalization to
as the fraction of labeled toxin was increased. Self-equivalent values at 10% labeled toxin. The actual absolute fluores-
quenching was observed at low pH both when main-cence is the same at 100% labeled toxin.
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self-quenching at low pH arises from toxin moleculesisolated T domain have been reported in solution at low
that are close to one another simply by virtue of theirpH [1], and other evidence for T domain oligomerization
being randomly distributed in the bilayer. If that had in membranes has been obtained [42], but whether whole
been the case, addition of unlabeled protein, whichtoxin behaves similarly is uncertain.
should not significantly dilute the density of labeled There is also little information on diphtheria toxin
toxin in the bilayer, should not have abolished self-oligomerizationin vivo. One study indicated that a
quenching. The possibility that a change in light scatter-single catalytic domain introduced into the cytoplasm is,
ing upon addition of unlabeled toxin affects fluorescencegiven a long enough incubation time, sufficient to kill a
was ruled out by the observation that in vesicles in con<cell [36], but this does not mean that one toxin molecule
taining rhodamine-labeled PE instead of labeled toxinkills cellsin vivo. Another group has presented evidence
rhodamine fluorescence was unaffected by the additiosuggesting that a number of toxins must enter an endo-
of the amounts of toxin used in the toxin self-quenchingsome in order for translocation to occur [18, 19]. Most
experiments rfot showi. intriguing are studies on other toxins. It has been found
that oligomerization at the cell membrane is a key step in
the assembly of the membrne penetrating forms-bie-
Discussion molysin [40] and anthrax toxin [29]. This suggests
oligomerization of diphtheria toxin at a similar stage of
entry into cells would be plausible.

Therefore, it is significant that this study indicates
oligomerization of the toxin at low pH can occur within
the lipid bilayer, as shown by the increase of pore size as
Previous studies have provided a complex picture ofoxin concentration increases, and the observation of
diphtheria toxin pore formation. Several (but not all self-quenching of fluorescently labeled toxin. The ob-
[13]) studies have suggested the toxin can form a |argeservation that the increase in pore size is gradual can be
sized pore [22, 23, 44], although only one study directlyexplained most easily with a model in which toxin oligo-
observed leakage of materials of high molecular weightmer size gradually increases at high toxin concentrations
(>5000) [20]. Both linear and nonlinear dependencies ofFig. 9). In this way the toxin behavior differes from the
pore-dependent flux on toxin concentration have beeriixed oligomeric stoichiometries seen in other mem-
reported [22, 36] leading to confusion about whether thébrane-inserting toxins, such as staphylocoecdiemo-
pore formation is dependent on toxin oligomerizationlysin and anthrax toxin [29, 34, 40]. Rather, diphtheria
(see belo) Some of the differences between individual toxin oligomerization appears to be more like that of the
studies may have been due to pH, temperature, and theore-forming C9 component of complement which can
presence or absence of a pH gradient and/or membrarferm pores and oligomers of various sizes [27].
potential. Indeed, in one study a dependence of apparent Unfortunately, pore size cannot be used to estimate
pore size on pH was noted [20]. Our report now showsoligomer size. One reason is that a model in which there
that the concentration of toxin in the membrane is ais a pore is partly bordered by lipids [20, 27] cannot be
major variable influencing toxin pore properties, and is ruled out. A second reason is that a calculation of oligo-
likely to have been an important factor in some of themer size from pore size would require an estimate of the
unexplained differences between earlier studies. thickness of the protein wall surrounding the pore, which

is also unknown. The crosslinking and fluorescence
guenching assays used here also proved too insensitive t
DIPHTHERIA TOXIN OLIGOMERIZATION obtain unambiguous information about the dependence
of oligomer size on toxin concentration. Therefore, ad-
ditional studies will be necessary to obtain the exact
There has also been no clear picture of diphtheria toximelationship between a given degree of oligomerization
oligomerization. Some studies have hinted that oligo-with a particular pore size.
merization can occur, while others have suggested there
is no oligomerization, or a single oligomer size [20, 22,
33]. However, in previous studies oligomerization wasVWHY OLIGOMERIZATION MAY BE CRITICAL FOR
often indirectly examined via toxicity, or the amount of FUNCTIONAL MEMBRANE INSERTION
photochemical labeling, and we have previously noted
these methods can respond to variables other than oligdespite the remaining uncertainties, the evidence in this
merization [25]. Dimers formed by domain exchangestudy for diphtheria toxin oligomerization and its con-
have been observed in the crystal form of the toxin, butcentration dependence may represent an important clue
the relationship of these native conformation structurego how toxin pore properties and translocation across
to that at low pH is unclear [2]. Large oligomers of the membranes is regulated. A close relationship between

DIPHTHERIA TOXIN PORE PROPERTIES
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pore formation and toxin translocation has previouslyinduce the release of vesicle-entrapped isolated A chains.
been established by a number of studies showing thaAnother way to define the relationship of pore size to
toxin mutants which fail to form pores, fail to properly translocation will be to compare the concentration de-
insert and translocate into the cellular cytoplasm [14,pendence of A chain translocation to that of pore size.
37]. Furthermore, we have recently shown that oligo-In any case, the relationship of pore size to toxin oligo-
meric interactions between toxin T domains can allowmerization revealed in this study should be an important
their transmembrane insertion [42]. Thus, it appears thatlue to our understanding of the translocation mecha-
oligomerization is a critical step in toxin insertion and nism.

translocation.

Combined with the previous studies on other toXinSThe authors would like to thank Dr. Laura Ann Chung who developed
noted above, this study suggests that oligomerization ighe rhodamine self-quenching assay used in these experiments, anc
likely to be a generally important property for the effi- Kelli Kachel for performing the experiments measuring dextran release
cient conversion of proteins that convert from a Stab|eafte_r long incubation times. This work was supported by National
water soluble conformation into a transmembrane con!sttutes of Health grant GM31986.
formation. For proteins to fold stably in solution, they
must hgve a_hydrophobic core of limited size. Thereforegafarences
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