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Oligomerization of a 45 Kilodalton Fragment of Diphtheria Toxin at pH 5.0 to a
Molecule of 26-24 Subunits
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ABSTRACT. Diphtheria toxin (DT) is a 58 kDa protein, secreted by lysogenic strair@ooynebacterium
diphtheriag that causes the disease diphtheria in humans. The catalytic (C) domain of DT kills host cells
by gaining entry into the cytoplasm and inhibiting protein synthesis. The translocation of the C domain
across the endosomal membrane and into the cytoplasm of a host cell is mediated by the translocation (T)
domain of DT. This process is triggered by acidification from pf to pH ~5 within the endosome.

Here we show that crm45 (cross-reacting material of 45 kDa), a 45 kDa deletion mutant of DT which
contains the C and T domains but lacks the C-terminal receptor-binding (R) domain, undergoes a transition
from a monomer to a large oligomer upon acidification from pH 7.0 to pH 5.0. Dynamic light scattering
analysis of crm45 at pH 5.0 results in a polydispersity value of orl§B%, suggesting that the oligomer

is uniformly sized. Using analytical ultracentrifugation, measurements of the sedimentation rate and
diffusion coefficient of crm45 at pH 5.0 result in a molecular mass determination of:880 kDa (20

+ 1 subunits) for the oligomer. Equilibrium sedimentation data on crm45 at pH 5.0 are best fit by a
single species with a mass of 108050 kDa (24+ 1 subunits). These results reveal the pH-dependent
formation of a uniformly sized, 2624 subunit oligomer of the C and T domains of DT, in solution.
Because the oligomer of crm45 forms at the pH of the acidified endosome, it could be relevant to the
translocation of the C domain of DT across the endosomal membrane and into the cytoplasm of host
cells. The possible relevance of this oligomer of crm45 to the membrane translocation of the C domain
of DT correlates with earlier kinetic studies of DT intoxication of Vero cells, which inferred the transfer

of ~20 C domains of DT to the cytoplasm of host cells, in a single event.

Several bacterially secreted toxins, including diphtheria a conformational change in the translocation (T) domain of
toxin (DT)* of Corynebacterium diphtheriaeanthrax toxin DT, residues 200386 @). At pH ~5, the T domain exposes
of Bacillus anthracis tetanus toxin ofClostridium tetanj hydrophobic regions 5-7), inserts into the endosomal
and botulinum toxin ofClostridium botulinumpossess the  membrane &), and mediates the translocation of the N-
remarkable capability of translocating a protein domain with terminal catalytic (C) domain, residues-187, across the
toxic activity across a membrane and into the cytoplasm of endosomal membrane and into the cytoplasm. Once inside
a host cell {). The basic mechanism (or mechanisms) by the cytoplasm of a host cell, the C domain of DT inhibits
which these toxins are able to accomplish protein translo- protein synthesis by catalyzing the ADP-ribosylation of
cation across membranes of their host cells is poorly elongation factor 29).

understood. One of the most poorly understood aspects of DT

DT is one of the best characterized of the membrane- ;nqyication is the mechanism by which the T domain is able
translocating bacterial toxins. DT has three structural i, yangiocate the C domain across the endosomal membrane.
domains which egch carry out a .d|st|nct step |n.th(.e killing A possible mechanism is suggested by electrophysiological
of a host cell. First, the C-terminal receptor-binding (R) gy gies which show that at pH5, the T domain of DT can
domain, residues 386535, binds to a cell surface receptor, - ¢,y ion channels across planar lipid bilayet8,(13. Since
identified as the heparin-binding epidermal growth factor- . ations in the T domain that affect channel activity also
like precursor%). This allows DT to enter C?”S through an . affect translocation of the C domaitid), it is conceivable
endosome by the process of receptor-mediated endocytos%at the ion channels formed by the T domain are identical

(3). Inthe endosome, a drop in pH frofvr to ~5 triggers to, or closely related to, a hydrophilic pore through which

; an unfolded form of the C domain could traverse the
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spectroscopy of nitroxide spin-labels, has provided strong
evidence that helix 9 of the T domain is inserted across the
membrane at low pH, with one side facing the hydrophobic
interior of the lipid bilayer and the other side facing a
hydrophilic pore 18).

Some evidence suggests that the membrane-bound, trans-
location-competent form of DT may be an oligomer. In a
recent study, it was observed that a construct of the C and
T domains of DT in which all but helices 8 and 9 of the T
domain were deleted could form ion channels. This led to
the conclusion that the construct must oligomerize in order
to form a structure large enough to produce a channel across
a lipid bilayer (19). In earlier studies of channel formation,
it was observed that channel activity was nonlinearly
dependent on toxin concentration. This led to the suggestion
that the ion channel could be formed by an oligomer of DT
(10, 13. The limited extent of hydrophobic sequence
stretches within the T domain, as compared to typical
membrane proteins, has led to the proposal that DT may
oligomerize in order form a large enough hydrophobic
surface area to interact with a lipid bilaye20j. Several
other toxins, including anthrax toxir2{) ando-hemolysin
(22), have been shown to convert from a water-soluble
monomer to a membrane-soluble oligomer.

Despite this evidence, the formation of such an oligomer
of DT at low pH, either in solution or in a lipid environment,
has to our knowledge not been detected. The extensive
aggregation of DT and the T domain at low pH has been
observed and characterized by size-exclusion chromatogra-
phy and native gel electrophoresi 6, 7). This aggrega-
Ficure 1: Crystal structure of monomeric DT at pH 7.0 [PDB tion, however, has been attributed to contact between exposed

code 1IMDT (4)]. The catalytic (C) domain, residues-187, hydrophobic sites on the T domain that would normally
translocation (T) domain, residues 2686, and receptor-binding contact lipid

(R) domain, residues 38535, are shown in gray in ribbon . pid. . .
representation. The secondary structures of the T doraatelices In this study, we have characterized the low-pH solution
THl—_TH9_) are labeled according to Bennett and Eisenberg (1_994). properties of crm45 [cross-reacting material of 45 kR@)}

The disulfide bond (Cys186Cys201) linking the C and T domains 3 mytant form of DT that is truncated at Thr3@el, Crm45

is shown in black in ball-and-stick representation. The hydrophobic contains the C and T domains of DT but is missing the

helical hairpin (TH8, TH9, and the loop that connects them), formed . . . . . .
by residues 326376 of the T domain, is highlighted in black. Two ~ C-terminal 149 amino acids which comprise the R domain.

acidic residues of this hydrophobic hairpin, Asp352 and Glu349 Using dynamic light scattering (DLS), sedimentation veloc-
on the loop connecting helices TH8 and TH9, are shown in black ity, and sedimentation equilibrium, we find that at pH 5,
in ball-and-stick representation. Notice that helices TH8 and THS ~rm45 forms a uniformly sized oligomer of approximately

are mostly buried in the structure of the T domain at pH 7. . . :
Acidification could promote protonation of Glu349 and Asp352, 1000 kDa -24 subunits). Our results are consistent with

making the TH8-TH9 helical hairpin more hydrophobic at low  the possibility that this oligomer of crm45, or a similar one
pH. Acidification is also believed to break the noncovalent formed by DT, could be relevant to the process by which
interactions between the R domain and the C and T domains. Thethe C domain of DT is translocated across the endosomal

figure was prepared using MOLSCRIP38). membrane and into the cytoplasm of a host cell.

the structure, as are portions of helices 6 and 7. Based onyaATERIALS AND METHODS
this structure, it was proposed that acidification causes a
conformational change in the T domain, starting with the  Crm45 Expression and PurificationCrm45 was ex-
separation of the R domain from the T and C domains. This pressed and secreted from the C7hmp@28k) M8 strain
exposes apolar portions of helices-%, leading to the  of C. diphtheriae(Dr. John R. Murphy, personal com-
insertion of helices 8 and 9 into the membrane. At pH 5, munication) in CY mediumZ5) as has been describe?by.
the acidic residues of the connecting loop could conceivably The cells were removed by centrifugation, and the superna-
become protonated, making the helical hairpin more hydro- tant was collected. After a cut at 50% saturated ammonium
phobic than at pH 7. sulfate, crm45 was precipitated at 75% saturated ammonium
Mutational analyses further support the importance of the sulfate, and collected by centrifugation. The precipitate was
hydrophobic helical hairpin of the T domain. If one of the then dissolved in 0.01 M phosphate buffer, pH 7.2, and
acidic residues in the loop connecting helices 8 and 9 is dialyzed against the same buffer. Crm45 was then purified
mutated to a positively charged lysine (Glu349Lys), the by Poros HQ anion exchange perfusion chromatography,
ion channel forming activity of the T domain is severely using a sodium chloride gradient elution. This purification
reduced {7). A recent study employing scanning cysteine step was done twice. Purified crm45 was then dialyzed back
mutagenesis, combined with electron paramagnetic resonancénto 0.01 M phosphate, pH 7.2, and simultaneously concen-
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Table 1: Dynamic Light Scattering Measurements of the Crm45 Fragment of DT and of Control Proteins To Estimate Molecular Masses and
Extent of Aggregation; These Data Suggest That Crm45 Is a Monomer at pH 7.0 and a Fairly Monodisperse Oligohi®0dfDa at Low
pH®

molecule pH mg/mL Ry (nm) molecular mass (kDa) polyd (n¥1) % polyd baseliné SOSrof
crm45 7.0 1.0 3.1 46-2 1.7 55 1.003 11.4
crm45 5.0 0.5 11.3 102¢ 31 2.0 17 1.000 0.9
crm45 5.0 1.0 11.4 1056 34 0.9 8 0.999 1.0
crm45 5.0 2.0 11.6 110& 16 1.8 16 1.000 0.4
crm45 5.0 3.0 12.1 123% 28 2.0 16 1.000 0.4
crm45 4.5 2.0 12.6 134F 48 1.4 11 1.000 0.8
trypsin . 2.0 2.3 22.8-0.7 0.4 18 1.000 1.6
IgM - 0.5 12.5 1322+ 34 0.6 5 1.000 0.5

a All values represent the average of several measurenfeMsan hydrodynamic radius derived from the measured translational diffusion
coefficient using the Stoke<Einstein equationt Polydispersity value, indicating the standard deviation of the spread of patrticle sizes about the
reported mean radiug. Polydispersity divided by the hydrodynamic radiéisBase line represents the completeness and fit of the regression.

f Sum of squares measuring the closeness of fit between the experimental data and an autocorrelation function generated from the analysis results.

trated to 12 mg/mL (concentration determined by absorbanceOptima XL-A analytical ultracentrifuge. Sedimentation
at 280 nm) using the Microprodicon dialyzer/concentrater. velocity experiments were performed at rotor speeds of
The final yield of crm45 was 50 mg per 2.4 L of cell culture. 24 000, 36 000, or 56 000 rpns-rates were determined from
Dynamic Light Scattering All DLS measurements were the boundary positions measured at half-maximal absorbance
performed using a DynaPro-801 Molecular Sizing Instrument using early scans with well-defined plateaus. Diffusion
(Protein Solutions, Inc., Charlottesville, VA). The AutoPro experiments were performed using synthetic boundary cells
software package was used for all data analyses. Inthe DLSat 3200 rpm. Sedimentation equilibrium experiments were
experiment, the sample protein solution, in al7low cell, performed at a rotor speed of 3200 rpm; equilibration times
is illuminated by a 25 mW, 780 nm solid-state laser, and were 4 days. A partial specific volume of 0.736, calculated
the intensity of light scattered at an angle of 8measured  from the amino acid sequence of crm45l), was used in
at intervals of approximately 4s by a solid-state avalanche all calculations. For measurements in 15% sucrose, a solvent
photodiode. Using an autocorrelation function, the transla- density of 1.085 g cn? was used for all calculations.
tional diffusion coefficient Dr) of the sample particles in Sucrose Gradient Centrifugationin order to separate
solution is evaluated by measuring the fluctuations in the 0|igomeric and monomeric Species of crm45, crm45 was
intensity of the scattered light. The hydrodynamic radius fractionated at pH 5.0 by sucrose gradient centrifugation.
(Ry) of the sample particles is derived froDy using the  Sycrose gradients, from 10 to 30% sucrose, were poured by

Stokes-Einstein equation: mixing 5.65 mL of 30% sucrose, 0.1 M citrate, 0.15 M NaCl
and 5.65 mL of 10% sucrose, 0.1 M citrate, 0.15 M NacCl at
D =k, T/6mnR, pH 5.0 to a final volume of 11.3 mL. One-half milliliter of

5 mg/mL crm45 in 0.1 M citrate, pH 5.0, 0.15 M NaCl at
wherek, is Boltzmann’s constant is the absolute temper-  pH 5.0 was loaded onto the top of the sucrose gradient.
ature in degrees kelvin, anflis the solvent viscosity. The  Crm45 at pH 5.0 was sedimented using a Beckman Model
mass of the sample particles is estimated flRRassuming | 5-75 ultracentrifuge with a SW41 swing-bucket rotor,
that the particles are spherical and of standard density. Base@&pinning at 39 000 rpm fo5 h at 15°C. Crm45 was then

on an attempt to fit the sizes of the sample particles to a fractionated from the gradient using an an ISCO Model 185
monomodal distribution (one particle size), the polydis- density gradient fractionater.

perisity, base line, and sum-of-squares parameters (see Table
1) give an indication of the homogeneity of particle sizes in RESULTS
the sample.

Soybean trypsin, molecular mass 23 kDa, purchased Crm45 was eXpressed frof. diphtheriaeand purified
from Sigma, in 150 mM NaCl, and pentameric IgM, from culture filtrates at pH 7.2. After concentrating purified
molecular mass= 900 kDa @7), in 100 mM NaCl were crmd45 to 12 mg/mL, the pH dependence of crm45 solubility
used as standards. Crm45 and DT samples were prepared/as determined. In 100 mM citrate buffer, 12 mg/mL,
in 100 mM citrate, 150 mM NaCl at the pH and protein Ccrm45 is soluble at pH 4.5 and above, and readily precipitates

concentration indicated. All samples were 30in volume ~ below pH 4.5. Although crm45 is soluble at pH 5.0, the
and were filtered through 10 mm i.d., Odm Whatman  Protein can be precipitated remarkably more easily (with
Anatop inorganic membranes prior to ana|ysis‘ Significantly lower concentrations of precipitating agents)

Sedimentation Velocity, Diffusion, and Sedimentation than atpH 7.0. This was a preliminary indication that there
Equilibrium. All sedimentation experiments were performed Mmay be significant structural differences in crm45 at pH 7.0
at 15°C. Sedimentation velocity measurements of crm45 and at pH 5.0. For comparison, the pH dependence of the
in 100 mM citrate, 150 mM NaCl, pH 5.0 or 4.5 (Figure 2 solubility of whole DT monomer was also determined from
and Table 2)' were performed using a Beckman Model E pH 7.0 to pH 4.0 and found to be indistingUiShable from
analytical ultracentrifuge equipped with a UV optical system that of crm45.
and a photoelectric scanner interfaced to an IBM PC. Dynamic Light Scattering (DLS)In order to determine
Sedimentation velocity and equilibrium measurements of the extent of aggregation of crm45 at pH 5.0, as compared
crm45 in 15% sucrose, 100 mM citrate, and 150 mM NaCl, to pH 7.0, solutions of crm45 were analyzed by DLS (Table
pH 5.0 (Figures 4 and 5), were performed using a Beckman 1). At pH 7.0, DLS analysis indicates that crm45 forms a
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particle with a mass of 46 kDa, corresponding to a monomer. 1.2
The high polydispersity value and poor fit to a monomodal
distribution indicate that although the principal scattering
component of crm45 at pH 7.0 is a monomer, some
aggregation does occur. An attempt to fit the data to a 0.8
bimodal distribution indicates that the polydisperisity is due
to a small amount of very large aggregates (data not shown).
Thus, at pH 7.0, DLS indicates that crm45 is largely
monomeric, with a molecular mass of 46 kDa, close to the
known molecular mass of 41,826 kDa, calculated from the
amino acid sequence4). 1
At pH 5.0, DLS analysis indicates that crm45 forms a
much larger particle with a mass of approximately 1100 kDa, 0.0+
corresponding to a high-order oligomer (see Table 1). The
low polydispersity values of 817% and good fit to a o0 62 o4 o6 e 70 72
monomodal distribution indicate that at pH 5.0 crm45 forms ' | ' ' ' ' |
a uniformly sized oligomer rather than a nonhomogeneous Radius (cm)
mixture of aggregates. Similar results were obtained for Figure 2: Sedimentation velocity analysis of crm45 at pH 5.0.
crm45 at pH 4.5 and over a range of concentrations from Crm45 at 2.1 mg/mL was centrifuged at 36 000 rpm and the
0.5 to 3.0 mg/mL. There was a slight trend toward higher absorbance at 292 nm detected as a function of radial distance.

; ; ; Scanner tracings at successive 8 min intervals are shown super-
mass estimates at higher concentrations of crm45 (Seelmposed. Notice that crm45 forms two boundaries: a slow moving

Table 1). ] ) boundary corresponding to a monomer, and a fast moving boundary
The mass 0f~1100 kDa estimated by DLS analysis for corresponding to a much larger oligomer. Notice the spreading of

the crm45 oligomer at pH 5.0 can be considered to be anthe fast moving boundary at longer time intervals, indicative of
upper bound. If the shape of the oligomer is appreciably heterogeneity. This heterogeneity could be explained by a pressure-
. . f . pependent oligomerization (see text).
nonspherical, its mass may be overestimated due to a highe
frictional coefficient, and hence a lower translational diffu- - - - -
. fficient than for a spherical particle of the same mass Table 2: Summary of Sedimentation _Velomty Measurements of
sion coe P p *Crm45; These Data Show That the Size of the Crm45 Oligomer Is

For example, DLS analysis of an IgM pentamer with a |ndependent of Its Concentration in the Range from 0.5 to 2.2
known mass of 900 kD&2{) resulted in a mass estimate of mg/mL

0.4

Absorbance

~1300 kDa (see Table 1). ' o mg/mL pH Soow (SP % monomet
In summary, DLS analysis of crm45 indicates that upon 056 45 23.65 0.6 2654 1.2
acidification from pH 7.0 to pH 5.0, crm45 undergoes a 0.33 5.0 19.9t 0.1 305+ 3.9
transition from a monomeric state to an oligomeric state. 0.56 5.0 20.3: 0.6 259+ 25
Since at pH 5.0 the crm45 solution is monodisperse, the low- 081 5.0 21.6:03 24.9£3.0
. . . o 1.15 5.0 211 0.4 21.5+2.1

pH oligomer is uniform in size. An upper bound for the 515 50 21804 211t 12

mass of the oligomer is estimated to be approximately 1100
kDa. A C.rm45 oligomer of this mass would be formed by 24 000 rpm and 36 000 or 56 000 rpm, corrected to the standard state.
26 subunits. ) . b Measurements of all runs gave smate for the monomer of 2.2

For comparison, the aggregation of whole DT monomer 0.4 S. The % monomer is calculated from the relative absorbance of
(which includes the R domain in addition to the C and T the slow and fast moving boundaries.
domains) at low pH was also characterized by DLS. Like
crm45, whole DT aggregates extensively upon acidification, spreading of the boundary in velocity runs, measureld.gs
but at a lower pH: pH 4.5 instead of 5.0. However, for (1077 cn¥/s), is 304 6 at a rotor speed of 56 000 rpm, but
whole DT, the scattering intensity and estimated mass of only 8 + 1 at a speed of 24 000 rpm. Such behavior could
the aggregates increase steadily over time. Thus, DLSbe accounted for by a pressure dependeB8eZ9. If the
analysis indicates that, in contrast to crm45, whole DT does crm45 monomer and oligomer are in equilibrium, and if the
not form a uniformly sized oligomeric species which is stable oligomer has a greater partial specific volume than the
over time. monomer, the high pressure produced inside the cell at high

Sedimentation Studiesn order to characterize further the centrifugal force would disfavor formation of the crm45
crmd5 oligomer formed at pH 5.0, sedimentation experiments oligomer. Thus, although significant boundary spreading is
were performed in the ultracentrifuge. Sedimentation veloc- observed at high rotor speeds (high pressure), the crm45
ity analysis of crm45 at pH 5.0 reveals two boundaries oligomer may be homogeneous at normal pressures.
(Figure 2). Approximately 25% of crm45 forms a slow In order to determine whether or not the monomeric
moving boundary at 2.2 S, corresponding to a monomer. Thefraction of crm45 at pH 5.0 is in equilibrium with the
other 75% of crm45 forms a fast moving boundary at oligomeric fraction, sedimentation velocity experiments were
approximately 22 S, corresponding to an oligomeric species. performed at a range of concentrations, from 0.3 to 2.2 mg/

The fast boundary exhibited significant spreading at longer mL (see Table 2). Over this range, the ratio of monomer to
time intervals, indicative of heterogeneity. Derivative analy- oligomer ¢(~1:3) does not change significantly (compare, in
sis of the fast moving boundary results in a peak that is Table 2, % monomer at 1.2 mg/mL and at 2.2 mg/mL). This
significantly broader than a peak calculated for an ideal indicates that a portion of the monomeric crm45 molecules
species (not shown). However, the extent of boundary does not form the oligomer, at pH 5.0. It is conceivable
spreading is significantly dependent on rotor speed: the that the molecules of crm45 in the monomeric fraction at

a Averages-rate of the oligomer boundary measured from runs at
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Ficure 3: Sucrose gradient centrifugation of crm45 at pH 5.0. At FIGURE 4: Sedimentation velocity of the sucrose-gradient purified

pH 5.0, crm45 was sedimented at 39 000 rpm Boh at 15°C oligomer of crm45 at pH 5.0, in 15% sucrose. 0.5 mg/mL crm45

through a gradient of 1830% sucrose. The oligomeric fraction of ~was centrifuged at 56 000 rpm. Scanner tracings are at 8 min
crm45 sediments to about 15% sucrose, whereas the monomeridntervals. Notice that th(_e monomeric fraction of crm45 has been
fraction remains at 10% sucrose. removed (compare to Figure 2).

pH 5.0 may be chemically altered in some way such that In this way, the diffusion coefficient of the crm45 oligomer
they are unable to form the oligomer. An alternative atpH 5.0, in 15% sucrose, was determined to bex1 17
explanation is that there is a cofactor required for formation cn¥/s. For comparison, the diffusion coefficient of pentam-
of the oligomer, and that this cofactor is present at limiting eric IgM (molecular mass- 900 kDa) was also determined,
concentrations. From the present data, it cannot be deterin 15% sucrose, and found to be 8% 10 cn¥/s.
mined which of these two possible explanations (if either) Determination of the diffusion coefficient and sedimentation
is correct. rate of crm45 at pH 5.0 in 15% sucrose resulted in a mass
The sedimentation velocity experiments over the range of determination for the oligomer of 898 40 kDa. This mass
concentrations from 0.3 to 2.2 mg/mL indicate that the size determination is independent of the shape of the oligomer.
of the crm45 oligomer is not dependent on concentration, Thus, sedimentation velocity analysis indicates that the crm45
since thes-rate of the fast-moving boundary does not show oligomer at pH 5.0 is formed by 2& 1 subunits.
a significant concentration dependence (see Table 2). This After removal of the monomeric portion of crm45 at pH
is in contrast to the DLS analysis, which showed a slight 5.0 by sucrose gradient sedimentation, the crm45 oligomer
increase in the estimated mass of the oligomer at higherwas analyzed by sedimentation equilibrium. The gradient
concentrations. formed, at equilibrium (Figure 5), is best fit by a single
In order to carry out further sedimentation experiments, oligomeric species of crm45. The errors of the fit (seen
to obtain a mass estimate for the oligomer which is above the gradient) are small and random, indicating that a
independent of shape (frictional coefficient), it was necessary single species is a reasonable fit. From four separate
to separate the oligomeric fraction of crm45 from the sedimentation equilibrium measurements, at initial concen-
monomeric fraction, at pH 5.0. This was accomplished by trations of 0.2, 0.4, 0.5, and 0.9 mg/mL, the mass of the
sucrose gradient sedimentation (Figure 3). A sample of 5 crm45 oligomer at pH 5.0 was determined to be 18080
mg/mL crm45 was loaded onto a280% sucrose gradient, kDa. Initial concentrations of 0-20.9 mg/mL enabled
and sedimented at 39 000 rpm for 5 h. As shown in Figure measurement of the gradient at concentrations of-8.Q
3, the oligomeric portion of crm45+80%) sedimented to  mg/mL. Thus, sedimentation equilibrium indicates that the
approximately 15% sucrose, whereas the monomeric portioncrm45 oligomer at pH 5.0 is formed by 24 1 subunits.
of crm45 remained at 10% sucrose. Thus, the oligomeric This is slightly larger than the size determined by sedimenta-
fraction of crm45 at pH 5.0 could be separated from the tion velocity and diffusion measurements.
monomeric fraction. Size-Exclusion ChromatographWe have also attempted
After sucrose gradient purification of the crm45 oligomeric to characterize the oligomerization of crm45 at pH 5.0 by
fraction at pH 5.0, sedimentation velocity of the purified HPLC analytical size-exclusion chromatography (data not
oligomer was performed, in 15% sucrose (Figure 4). This shown). At pH 7.0, crm45 elutes from the sizing column
resulted in only a fast moving boundary, indicating that the as a single peak at approximately 45 kDa relative to
portion of crm45 which remains monomeric at pH 5.0 had standards, corresponding to the monomer. At pH 5.0, there
indeed been separated. Several velocity runs at 56 000 rpmis no peak corresponding to the monomer. Instead crm45
and 24 000 rpm gave an averagieate of 7.3+ 0.3 S for elutes as a single peak just past the void volume of the
the crm45 oligomer at pH 5.0 in 15% sucrose. column, corresponding to a very large oligomer. However,
Sucrose gradient purification of the oligomer enabled the yield obtained at pH 5.0 was less than 10% of that
measurement of its diffusion coefficient (in 15% sucrose). obtained at pH 7.0, indicating that 90% of crm45 at pH 5.0
This was done by forming an artificial boundary of crm45, did not elute from the column, possibly due to precipitation.
spinning at 3500 rpm over a period of 160 min, and When crm45 was incubated at pH 5.0 for 30 min, and then
monitoring the spreading of the boundary due to diffusion. chromatographed at pH 7.0, a major peai8(% of the total)
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role in membrane translocation. DLS analysis results in a
low polydispersity value, indicating that the oligomer is
uniformly sized. This suggests that the oligomer could have
a well-defined structure, and therefore possibly a function.
Sedimentation equilibrium also indicates that the association
of crm45 at pH 5.0 is well-defined, since the gradient is best
fit by a single oligomeric species with a mass of 18060

kDa (Figure 5). Second, according to sedimentation equi-
librium analysis, the size of the oligomer is not sensitive to
crm45 concentration in the range from 0.1 to 3.0 mg/mL,
since measurements of the gradient at crm45 concentrations
from 0.1 to 3.0 mg/mL give similar values for the mass of
the oligomer.

In summary, upon acidification from pH 7.0 to pH 5.0,
crm45 forms an oligomer that, according to DLS and
sedimentation analyses, is uniform in size over a range of
concentrations. These properties are consistent with the
crm45 oligomer having a well-defined structure that could
possibly be relevant to the membrane translocation of the C
domain. In contrast, aggregates formed by the nonspecific
association of hydrophobic surfaces that are exposed at low
pH would not be expected to be uniform in size over a broad
range of concentrations.

Using DLS analysis, we have observed a difference in the
low-pH aggregation properties of whole DT, as compared

in 15% sucrose. Crm45 at 0.4 mg/mL was centrifuged at 3200 rpm t0 crm45. These two molecules differ only in that crm45 is
until equilibrium was reached (4 days). The gradient formed can lacking the C-terminal 149 residues which comprise the R

be best fit to a single oligomeric species with a mass of 1005 kDa. domain. While crm45 forms a uniformly sized oligomeric

The errors of the fit, shown above the gradient, are small and

random.

corresponding to the 45 kDa monomer eluted. This experi-
ment demonstrates that the oligomerization of crm45 at pH
5.0 is largely reversible. However, there also were peaks
corresponding to slightly larger oligomers, possibly dimers
and trimers, indicating that the oligomerization of crm45 is

not fully reversible, at least on a time scale~80 min.

DISCUSSION

species at pH 5.0 that is stable for days, whole DT forms
much larger aggregates, at pH 4.5, that grow in size over
the duration of the DLS experiment-80 min). In whole

DT, the presence of the R domain may lead to further
associations. If the formation of the oligomer of crm45 is
indeed relevant to the translocation of the C domain, these
observations suggest the possibility that proteolytic removal
of the C-terminal R domain (forming crm45) could be an
activation step, subsequent to receptor-binding and internal-
ization, that is necessary for the membrane translocation of
the C domain.

In this study, we have shown by (1) DLS analysis, (2) ~ While it is possible that the proteolytic removal of the R
sedimentation velocity, and (3) sedimentation equilibrium, domain is required for translocation, there is significant
that crm45, a fragment of DT that contains the C and T evidence which suggests that such a proteolytic event may
domains but is missing the C-terminal R domain, forms an not be required as an activation step. In studies of DT
oligomer upon acidification from pH 7.0 to pH 5.0. From intoxication of Vero cells, proteolytic intermediates of the
the results of these studies, it is clear that while at pH 7.0 B fragment of DT (T and C domains) were not observed
crm45 is a monomer, at pH 5.0 crm45 is an oligomer with prior to translocation of the C domaiB@. In addition, it
a mass of approximately 1000 kD&Z4 subunits). has been shown that whole DT is able to form ion-conducting

What remains in question is the functional relevance of channels across planar lipid bilayers, although only when
the crm45 oligomer formed in solution at low pH, to the the pH was lowered to below pH 5.0%). It may be that in
membrane translocation of the C domain during the intoxica- solution, crm45 forms the oligomer more readily, without
tion of cells by DT. Does the crm45 oligomer have a well- further aggregation, whereas in the endosome, where the R
defined structure that functions in the membrane translocationdomain could be separated by interactions with the receptor
of the C domain? Or is the oligomerization of crm45 and insertion of the T domain into the membrane, whole
observed in solution at pH 5.0 merely a side reaction that DT is also able to form the oligomer.
occurs in the absence of a lipid bilayer? If this oligomer of  The possibility that the crm45 oligomer may be relevant
crm45 is relevant to membrane translocation, does wholeto membrane translocation correlates remarkably with earlier
DT, which contains the R domain, form a similar oligomer kinetic studies of DT intoxication of Vero cell8Q, 3). In
in the endosomes of host cells? Or is the proteolytic removal the kinetic studies, it was observed that (1) membrane
of the R domain required as an activation step, subsequentranslocation of the C domain was the rate-limiting step of
to receptor binding and DT internalization? In the following DT intoxication, and (2) the initial rapid rate of protein
discussion, we address these issues. synthesis inhibition was consistent with a large constant

The properties of the crm45 oligomer we have studied in number, or ‘quantum’, of C domains being released into the
solution at pH 5.0 are consistent with its possibly having a cytoplasm in a single even8{). The size of the quantum
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(number of C domains entering the cytoplasm) was found
to be independent of the concentration of DT added
externally to the cells. From an accurate measurement of
the rate of EF-2 ADP-ribosylation by the C domain under
cellular conditions, and the observed rate of protein synthesis
inhibition, it was estimated that approximately 20 molecules
of the C domain are transferred to the cytoplasm of a cell in

the quantal translocation eve2). This number is remark-

ably close to the estimated number of subunits in the crm45

oligomer characterized in this study (204). It was

proposed that the quantal entry of C domains of DT into the
cytoplasm could arise from a ‘post-receptor packaging’ of 10
DT molecules in the endosome, and subsequently a desta-
bilization of the endosomal membrane, leading to release of =
the endosomal contents into the cytoplasm. Alternatively,
such a quantal entry of C domains into the cytoplasm leading
to a rapid rate of protein synthesis inhibition could be

explained by a mechanism of membrane translocation
involving a~24 subunit oligomer of crm45 or possibly of

whole DT.

The possibility that the oligomer of crm45 is relevent to
membrane translocation is, however, contrary to the notion
that cell killing by DT can occur by a 'one-hit' mechanism
in which a single DT molecule can kill a cell. This belief is
based largely on a study in which it was determined by
statistical methods that a single C domain of DT can kill a
cell (33). In this study, however, the C domain of DT was
introduced into cells by artificial methods, and cell death
occurred only after several hours. Thus, the forementioned
study is not inconsistent with the possibility that the oligomer
of crm45 is somehow involved in membrane translocation

of the C domain.

In summary, the experiments presented here clearly
establish that in solution, crm45, a 45 kDa fragment of DT,

forms a uniformly sized, 2624 subunit oligomer upon

acidification from pH 7.0 to pH 5.0. The characteristics of
the oligomer are consistent with its possibly being relevant
to membrane translocation of the C domain of DT across
the endosomal membrane of host cells. However, studies
of crm45 oligomerization in a lipid bilayer system are needed
to further validate the possible relevance of the crm45
oligomer to toxin function. At the very least, however, the
solution studies presented here demonstate compelling pH-
dependent oligomerization properties of crm45 which warrant

further study.
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