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ABSTRACT The structure of cholera toxin (CTAB5) bound to its putative ganglioside receptor, galactosyl-N-acetylgalactosa-
minyl (N-acetyl-neuraminyl) galactosylglucosylceramide (GM1), in a lipid monolayer at the air-water interface has been studied
utilizing grazing incidence x-ray diffraction. Cholera toxin is one of very few proteins to be crystallized in two dimensions and
characterized in a fully hydrated state. The observed grazing incidence x-ray diffraction Bragg peaks indicated cholera toxin was
ordered in a hexagonal lattice and the order extended 600–800 Å. The pentameric binding portion of cholera toxin (CTB5) improved
in-plane ordering over the full toxin (CTAB5) especially at low pH. Disulfide bond reduction (activation of the full toxin) also increased
the protein layer ordering. These findings are consistent with A-subunit flexibility and motion, which cause packing inefficiencies
and greater disorder of the protein layer. Corroborative out-of-plane diffraction (Bragg rod) analysis indicated that the scattering
units in the cholera layer with CTAB5 shortened after disulfide bond reduction of the A subunit. These studies, together with Part I
results, revealed key changes in the structure of the cholera toxin-lipid system under different pH conditions.

INTRODUCTION

Protein structure determination by classical x-ray crystal-

lography requires three-dimensional crystals that are difficult

to obtain for many proteins and especially integral membrane

proteins. One possible alternative is to grow two-dimensional

(2D) crystals by assembling proteins under ligand-lipid mono-

layers at the surface of water (1–7). Such 2D protein crystals

can be studied using grazing incidence x-ray diffraction

(GIXD), a popular surface sensitive technique for studying

the lateral structure of surfactant molecules at the air-water

interface (8,9). GIXD can be conducted under physiological

conditions and does not require staining, high vacuum, low

temperatures, fast freezing, or complicated sample prepara-

tion. The technique is complementary to electron crystal-

lography but of more limited resolution.

One obstacle in using GIXD to study protein monolayers at

the air-water interface is that few proteins can be assembled

with sufficiently high coverage to form ordered 2D structures.

Haas and coworkers were the first to demonstrate GIXD from

a 2D protein layer using the streptavidin-biotin system (1).

Verclas and coworkers investigated bacteriorhodopsin (pur-

ple membrane) (3,4), while Lösche and coworkers have in-

vestigated the coupling of protein sheet crystals (S-layers) to

phospholipid monolayers (5–7). Similar to the studies here,

Lenne et al. utilized GIXD to characterize streptavidin, an-

nexin V, and the transcription factor HupR while bound to

their associated lipid-anchored receptor (2). They also studied

cholera toxin but did not observe a GIXD signal from the 2D

film. In this study, we present, to our knowledge, the first

successful GIXD investigation of cholera toxin bound to a

lipid monolayer.

Previously, electron microscopy (EM) has been used to

structurally characterize the arrangement of CTB5 bound to a

lipid membrane. The results of Ludwig and coworkers re-

vealed a ring structure with a central hole diameter of 20 Å and

an outer ring diameter of 60 Å, consistent with the pentameric

structure of the B5 subunit flat on the membrane surface (10).

Also observed was the coexistence of two different protein

crystal lattices 1), a rectangular unit cell (a ¼ 120 Å, b ¼
131 Å, g ¼ 90�) with electron density distribution revealing

pentameric units; and 2), a hexagonal unit cell (ahex ¼ 68Å),

which represented a disordered liquid crystalline form with

rotational averaging about the pentamer’s 5-fold axis. The

proportion of the two crystal forms varied with no discernible

dependence on pH, ionic strength, time, or temperature.

Subsequent, higher resolution measurements revealed that the

pentameric motif had an outer diameter of 67 Å and central

pore diameter of 12 Å (11). The close correspondence in

structural dimensions obtained via subsequent three-dimen-

sional (3D) x-ray crystallography (12) and EM, between the

soluble and membrane-bound forms of CTB5, suggested that

only minor structural changes occurred to the protein when

binding to its receptor, galactosyl-N-acetylgalactosaminyl

(N-acetyl-neuraminyl) galactosylglucosylceramide (GM1).

More recently, EM was used to study 2D crystals of CTAB5

bound to a single lipid monolayer (13). Structure determi-

nation revealed the B5 ring on the membrane surface, but

only a third of the A subunit mass was visible in the center of

the ring. It was proposed that the remaining mass of the A
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subunit penetrated the hydrophobic interior of the membrane.

Another possibility was that conformational disorder of the A

subunit diminished its scattering contribution. Moreover,

activation of the toxin by addition of dithiothreitol, (DTT)

revealed a protein structure that appeared intermediate be-

tween those of CTB5 and the complete toxin. Based on these

EM images, it was concluded that activation dissociated the

A1 fragment from the central channel (13). As we will dis-

cuss, our GIXD investigations of cholera toxin crystals

bound to lipid monolayers at the air-water interface reveal

similar structural changes after activation.

To model the cellular membrane, we used a system

consisting of a two-component lipid monolayer at the air-

water interface, where one component was cholera’s recep-

tor, ganglioside GM1. The other component, gel-phase 1,

2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE),

has previously been established to mix well with GM1 and

acts as the lipid matrix (14). Using x-ray scattering, we in-

vestigated the interactions between these model membranes

and cholera toxin at pH ¼ 8, which represents the environ-

ment exterior to the cell, and pH ¼ 5, which represents the

low endosomal pH that the toxin would be subjected to after

endocytosis. In Part I of this work (14) we reported the x-ray

reflectivity of the cholera-membrane system and the GIXD

from the lipid monolayer. Here in Part II, we address the GIXD

from the bound protein layer nucleated under the lipid mono-

layer, including measurements of the 2D protein crystal lattice,

the orientation and tilt angle of the protein relative to the

membrane plane, and structural changes to CTAB5 after en-

zymatic activation.

MATERIALS AND METHODS

All lipid monolayers were composed of 80:20 mol % of DPPE:GM1. More

complete details are provided in Part I (14). Unless otherwise noted, the

monolayer’s molar composition, surface pressure of 20 mN/m, and temper-

ature of 23�C were held constant throughout each experiment. Under these

conditions, the lipid monolayer was predominately in the gel-phase and had

significant in-plane ordering enabling GIXD measurements (discussed in Part I).

Cholera solution was injected into the subphase (under the monolayer) to a

final concentration of ;4 mg/L, and the subphase was continuously circulated

by a peristaltic pump at a rate of ;8 mL/min. Cholera toxin was allowed to

incubate for 1–3 h before scanning. To ‘‘activate’’ cholera toxin, we used

DTT (Cleland’s reagent) injected into subphase to yield a concentration of 4.6

mg/mL to reduce the disulfide bond (Cys-187¼Cys-199) between the A1 and

A2 subunit. DTT is frequently used to reduce protein disulfide bonds though it

is unable to reduce buried (solvent-inaccessible) disulfide bonds. DTT was

also allowed to incubate for 1–3 h before scanning. Unless otherwise noted,

the same lipid monolayer was used without respreading for a sequence of

experiments involving protein injection (CTAB5 or CTB5) and its activation.

The theory of GIXD has been presented in great detail elsewhere (8,9,15,16).

RESULTS AND DISCUSSION

GIXD analysis (pH ¼ 8)

GIXD measurements provide in-plane structural information

of the ordered, diffracting portion of the monolayer-protein

system. In general, the diffraction from the lipid-protein

FIGURE 1 GIXD Bragg peaks obtained for layers of CTB5 and CTAB5 at

pH ¼ 8. The protein crystals nucleated under the DPPE:GM1 monolayer

forming an ordered 2D protein monolayer with hexagonal packing. (a)

Bragg peaks from CTB5 and CTB5 1 DTT. Miller indices fh, kg of the

observed peaks are indicated. Bragg peaks were integrated over the qz region

(–0.05 to 0.2 Å�1). Peaks were fitted (solid lines) using Lorenzian curves

(see Table 1 for details). (b) Bragg peaks from CTAB5 and CTAB5 1 DTT.

Intensities and positions of the Bragg peaks (especially higher order) in the

case of CTAB5 had larger uncertainties due to weaker in-plane ordering and

a higher incoherent background contribution due to the A subunit.
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system was observed only in two regions; a low qxy region

from 0.08 to 0.30 Å�1 corresponding to real-space d-spacings

of ;80 to ;20 Å from the 2D ordering of the cholera protein

layer, and a qxy region from ;1.3 to ;1.6 Å�1 corresponding

to d-spacings of ;4.4 to ;4.2 Å from diffraction of the alkyl

tails. Here we discuss diffraction from the cholera protein

layer. In Part I reflectivity measurements of the lipid-protein

system and diffraction from the lipid monolayer were re-

ported (14). Based on reflectivity measurements, which

provide an average electron density profile normal to the air-

water interface, the experimentally obtained protein area

coverage varied between 49–62% of the lipid monolayer.

Diffraction from the protein layer: Bragg peaks

Measurements of the diffraction patterns obtained at pH ¼ 8

from the whole toxin, CTAB5, the binding portion, CTB5,

and both proteins after the addition of a strong reducing

agent, DTT, are shown in Fig. 1 and summarized in Table 1.

In all cases, protein crystals formed under the lipid mono-

layer, and their diffraction yielded one strong peak and three

weak peaks. Measurements of the low qxy range (0.08 Å�1 to

0.35 Å�1) were challenging due to proximity to the direct

beam and the diffraction peaks from the Kapton windows,

which complicated background subtraction. Therefore, con-

fidence in the intensities and positions of higher-order re-

flections are less certain. After background subtraction, the

Bragg peaks were obtained by integrating over the region

(�0.05 Å�1 # qz # 0.2 Å�1). The observed GIXD Bragg

peaks indicated packing of the proteins in hexagonal 2D unit

cells. Miller indices fh, kg of the observed peaks are indi-

cated in Fig. 1 a.

For a 2D hexagonal unit cell with dimension ahex, the

spacings between fh, kg planes are described by Eq. 1:

1=d
2

hk ¼ 4ðh2
1 hk 1 k

2Þ=3a
2

hex: (1)

Based on the peak positions and Eq. 1, a least-square fit

was applied to obtain the hexagonal unit cell parameter

ahex. Taking into account the error bars of these measure-

ments, there was no significant change in the unit cell

parameter ahex between the proteins with or without DTT

yielding 73.7 6 1.0 Å for CTB5, 71.3 6 2.0 Å for CTB5 1

DTT, 71.4 6 3.5 Å for CTAB5, and 72.3 6 3.0 Å for

CTAB5 1 DTT.

Compared to CTB5, the f1,0g peak of CTAB5 had a higher

intensity because of additional electrons from the A subunit

(Fig. 1 b) and/or differences in toxin occupancy. Activation

of CTAB5 by DTT decreased the intensity of the f1,0g peak

consistent with increased conformational disorder from di-

sulfide reduction of the A subunit. In addition, the visibility

of the higher-order Bragg peaks became more pronounced

indicating better in-plane order of the remaining toxin.

Similar behavior was also observed at pH ¼ 5 comparing

CTAB5 with CTAB5 1 DTT.

Intrinsic full width at half maxima (FWHM) and corre-

sponding lateral coherence lengths, Lxy (approximate dimen-

sion of the ordered domains), were obtained as described in

Part I using the equations:

FWHMintrinsic ðqxyÞ¼ ½FWHMmeas ðqxyÞ2�FWHMresol ðqxyÞ2�1=2

and Lxy � 0:9½2p=FWHMintrinsic ðqxyÞ�fh; kgð17Þ:
Lateral coherence lengths for each peak are enumerated in

Table 1. Due to the uncertainty of the FWHM of the higher-

order peaks, only the f1,0g reflection was analyzed in detail.

The lateral coherence length (L10) for CTB5 was significantly

larger than L10 for CTAB5 (;600 Å vs. ;300 Å). After

activation of CTAB5 with DTT, the Bragg peaks were more

similar to that of CTB5, suggest that some of the reduced A1

subunits may not have been contributing to the scattering (a

small increase in L10 was observed indicative of an enhance-

ment in in-plane order).

TABLE 1 Protein layer in-plane Bragg peaks of CTB5 and CTAB5 protein layers

pH ¼ 8

Observed

d-spacings 6 0.5 (Å)

Integrated

intensity* 6 1.0

In-plane coherence

length, L(Å) 6 50 Å

Composition f1,0g f1,1g f2,0g f2,1g f1,0g f1,1g f2,0g f2,1g

Area per

molecule

6 100 (Å2)

Hex unit

cell ahex

(Å) f1,0g f1,1g f2,0g f2,1g

CTB5 63.5 35.9 32.0 24.4 57 19 25 27 4708 73.7 6 1 623 283 180 y

CTB5 1 DTT 62.1 34.5 30.1 22.5 46 27 24 32 4407 71.3 6 2 634 294 198 y

CTAB5 65.4 34.9 25.5 22.5 165 29 31 23 4413 71.4 6 3.5 323 y y y

CTAB5 1 DTT 64.4 34.5 30.2 24.6 86 17 15 42 4531 72.3 6 3 366 332 186 y

pH ¼ 5

CTB5 61.6 34.9 30.9 24.1 54 27 18 32 4504 72.1 6 1 711 264 323 y

CTB5 1 DTT 60.7 34.2 30.2 23.9 41 34 24 39 4372 71.1 6 2 805 197 280 y

CTAB5 60.9 35.2 31.3 23.5 134 12 2 34 4434 71.6 6 1 480 283 y y

CTAB5 1 DTT 60.7 34.8 30.3 23.5 78 6 13 44 4339 70.8 6 1 590 633 208 y

*Intensities in arbitrary units
yImpossible to get reliable data
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Diffraction from the protein layer: Bragg rods

Bragg rod profiles at pH ¼ 8 (Fig. 2) were produced by in-

tegrating through the 0.08 Å�1 # qxy # 0.12 Å�1 region of

the f1,0g Bragg peak. It was not possible to reliably extract

the Bragg rods of the higher-order reflections. Due to the 2D

nature of the system, Bragg rods are extended in qz space and

the scattered intensity along qz is modulated by the form

factor of the scattering units. Models based on the molecular

3D crystal structure taken from the protein database (1fgb,

1xtc) were constructed and compared to the data. Unfortu-

nately, when modeling the Bragg rods by a single molecular

layer, no orientations (tilts and translations within the unit

cell) were able to reproduce the experimental data.

To glean insight into the structure of the scattering unit, we

used a cylindrical object to model the Bragg rod profiles.

Parameters corresponding to the cylinder’s height, radius, tilt

angle from the surface normal, and root mean-square mo-

lecular displacement (Debye-Waller (DW) factor) normal to

the interface were adjusted using a Levenberg-Marquardt

least-squares fitting algorithm to obtain the best possible fit.

All structural parameters of the cholera layer obtained from

this analysis are reported in Table 2. For CTB5 the radius of

the cylinder obtained from least-square refinement was 37 Å,

which matches well with ;ahex/2 obtained from the Bragg

peak analysis. The radius of the cylinder was slightly larger

than the radius of 31 Å reported from the 3D crystal structure

(12) suggesting that the cholera molecules were not close

packed. Surprisingly, the height of the scattering cylinder

obtained from fitting the data was 57 Å, too large to be ac-

counted for solely by the B5 subunit (32 Å from the 3D

crystal structure), yet too small for a CTB5 dimer. Moreover,

a protein dimer layer (normal to the interface) was not ob-

served by reflectivity measurements (14). To account for this

height, we hypothesize that these scattering cylinders repre-

sent the CTB5 protein and a correlated group of lipids con-

strained by bound GM1 molecules in the toxin’s five receptor

binding sites (Fig. 2 b). The fitted cylinder tilt of 38� is also

consistent with the tilt of the lipid molecules in the region

where toxin was bound (phase 2) (results obtained from

GIXD analysis in Part I). Since one GM1 lipid molecule

bound to each B subunit of cholera is expected, it is rea-

sonable to assume that the cholera molecule lies parallel to

the monolayer surface. EM measurements also show this

orientation (10,11,13). As a result, any tilt angle of the cyl-

inder is likely due to the tilt of the lipid molecules. Aside from

any model, the Bragg rod data (Fig. 2 a) has an intensity

maximum off the horizon (qz ;0.12 Å�1), and therefore the

scattering entity is tilted from the surface normal. All at-

tempts to model a height corresponding to the dimensions of

the CTB5 protein alone resulted in an intensity maximum at a

smaller qz value than the measured data. Therefore, any

model required an object longer than the protein alone. Al-

though a scattering entity of protein with a lipid ‘‘corona’’

connected to it is unconventional, contrast in electron density

FIGURE 2 (a) Bragg rod profiles corresponding to scattering from the

cholera protein layer at pH ¼ 8. Rods were produced by integrating through

the 0.08 Å�1 # qxy # 0.12 Å�1 region of the f1,0g Bragg peaks in Fig. 1.

The profiles corresponding to CTAB5 have been offset by 6 for clarity. The

sharp peak at qxy;0.01 Å�1 is the Vineyard-Yoneda peak (18). Error bars

are smaller than the symbol size. Lines are fits to the profiles based on

cylinders shown in b. (b) Schematic representation of the cylindrical objects

used to approximate the scattering units. Structural parameters such as the

cylinder’s height, radius, and tilt angle of the cholera molecules are reported

in Table 2. In the case of CTAB5, two populations of cylinders were used

to fit the data. After activation of CTAB5 there was a shift from ;75%

to ;40% for population 2.
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between the corona lipids and their neighboring lipids is

consistent with the 17% increase in area per molecule as

shown by GIXD analysis from scattering of the lipid tails

(Part I (14)).

With the addition of DTT, there was a slight decrease in

the height of the cylinder. This reduction in height is con-

sistent with a few angstroms decrease in the thickness of the

lipid tails seen in the reflectivity results and is further evi-

dence of a single layer of cholera molecules. The same trend

was observed with CTAB5 before and after enzymatic acti-

vation.

The Bragg rod scattering from CTAB5 could not be

modeled using a single population of tilted cylinders. Instead,

two populations of tilted cylinders were required (Fig. 2 b).

From least-square fitting of the intensity distribution along

the Bragg rod, population 1 had a vertical height of ;45 Å

and population 2 had a height of ;81 Å. We hypothesize that

the short cylinder (population 1) represents the coherently

scattering combination of only the B5 pentamer and the lipid

molecules constrained on top of it, similar to the single

population in the case of CTB5 (;57 Å vs. ;45 Å). In this

population the A subunit has significant freedom of motion

relative to the B5 subunit and does not contribute to the co-

herent scattering from the CTB5 pentamer and attached lipid

molecules. On the other hand, the taller cylinders used to

model population 2 represent scattering from CTAB5 mole-

cules whose A-subunits are oriented in a way that coherently

contributes to the overall scattering. Before activation with

DTT, our models indicated 25% occupancy of population

1 and 75% occupancy of population 2. After activation with

DTT, the occupancy was 60% for population 1 and 40% for

population 2. This change is consistent with a significant

fraction of the A1 subunits not contributing to the scattering

because of a decrease in their order. The root mean-square

molecular displacement normal to the interface (DW factor,

s) of the protein layer also decreased from 5 Å to 1 Å after

activation, which is indicative of a less disordered layer

similar to the CTB5 case.

GIXD analysis (pH ¼ 5)

Diffraction from the protein layer: Bragg peaks

The diffraction pattern obtained for the cholera protein layer

at pH¼ 5 and 20 mN/m is shown in Fig. 3 and summarized in

Table 1. Similar to pH ¼ 8, one strong peak and three weak

peaks were distinguishable, and their positions indicated

packing of the proteins in a hexagonal 2D unit cell. The ahex

parameters obtained from least-squares refinement were

72.1 6 1 Å for CTB5, 71.1 6 2 Å for CTB5 1 DTT, 71.6 6

1 Å for CTAB5, and 70.8 6 1 Å for CTAB5 1 DTT, which

again match well with the 3D crystal structure and EM mea-

surements. The f1,0g peak of CTAB5 (Fig. 3 b) was more

intense at pH¼ 5 then pH¼ 8. The higher-order Bragg peaks

also became more visible after activation with DTT, especially

in the case of CTAB5, as evidenced by an increase in the L10

in-plane coherence lengths (Table 1). The Bragg peaks of

CTAB5 1 DTT were again more similar to that of CTB5.

Diffraction from the protein layer: Bragg rods

Bragg rod profiles of the f1,0g Bragg peak at pH ¼ 5 are

shown in Fig. 4. For CTB5 and CTB5 1 DTT, there was no

significant difference between pH ¼ 5 and pH ¼ 8. Before

activation of CTAB5, population 2 had a slightly higher oc-

cupancy than at pH ¼ 8 (81% vs. 75%) suggesting that at

pH ¼ 5 the A1 subunit had less disorder relative to the B5

pentamer. After activation of CTAB5, the percentage of

population 2 dropped from 81% to 60%. This was less of a

shift to population 1 compared to pH ¼ 8.

TABLE 2 Protein layer out-of-plane Bragg rods of CTB5 and CTAB5 protein layers

pH ¼ 8

Height 6 1.0 (Å) Radius 6 0.5 (Å) Tilt angle 6 2.0 (degrees) s 6 1.0 (Å) x2

CTB5 57.1 37.0 38.2 1 3.0

CTB5 1 DTT 52.9 36.3 39.1 1 2.6

CTAB5 (pop 1) 25 6 1% 44.9 32.3 42.5 5 10.4

(pop 2) 75 6 1% 81.1 40.7

CTAB5 1 DTT (pop 1) 60 61% 42.9 32.8 31.8 1 6.0

(pop 2) 40 6 1% 61.3 49.6

pH ¼ 5

Height 6 1.0 (Å) Radius 6 0.5 (Å) Tilt angle 6 2.0 (degrees) s 6 1.0 (Å) x2

CTB5 55.3 36.7 37.6 1 2.4

CTB5 1 DTT 51.7 36.3 37.0 1 2.5

CTAB5 (pop 1) 19 6 1% 43.1 33.3 39.1 5 8.2

(pop 2) 81 6 1% 82.6 41.9

CTAB5 1 DTT (pop 1) 40 6 1% 43.4 31.9 34.5 1 6.3

(pop 2) 60 6 1% 76.1 48.1

s is the DW factor or root mean-square molecular displacement normal to the interface. Tilt direction was defined to be toward the nearest neighbor. Fitting

the azimuthal tilt direction did not significantly improve x2.
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CONCLUSIONS

Both CTB5 and CTAB5 crystallized into 2D clusters under

the lipid monolayer with significant surface occupancy

measured by x-ray reflectivity (Part I (14)). GIXD from the

diffracting portion of the cholera toxin layer revealed a

hexagonal unit cell (ahex � 71–74Å independent of pH)

similar to EM studies (ahex � 68Å) (11). Larger protein

crystals as indicated by the in-plane coherence lengths were

obtained at pH ¼ 5. The largest protein cluster size was ob-

served for CTB5 (with and without DTT), and the smallest

cluster size was with CTAB5. In some cases, the protein-layer

clusters were larger than the ordered lipid domain size (600Å

vs. 400Å) (14). In all cases, addition of DTT caused an in-

crease in lateral order, which was signified by increases in the

L10 coherence length. Evidence for A subunit disulfide re-

duction by DTT came from two sources: GIXD from the

protein layer and x-ray reflectivity of the lipid-protein sys-

tem. X-ray reflectivity (Part I) showed that addition of DTT to

CTAB5 caused a decrease in the electron density in the A

subunit region. Additionally, the intensity of the f1,0g re-

flection of the protein crystal layer was the largest in the case

of CTAB5 before activation because of electron contributions

from the A subunit. After activation, the intensity of this peak

decreased by ;38%. This was accompanied by a decrease in

the percentage of the longer cylinders (population 2), which

FIGURE 3 Grazing incidence x-ray diffraction (GIXD) Bragg peaks

obtained for layers of CTB5 and CTAB5 with a subphase at pH ¼ 5. The

crystals nucleated on the DPPE:GM1 monolayer forming an ordered 2D

protein monolayer. The observed GIXD Bragg peaks indicate packing of the

toxins in a hexagonal 2D unit cell. (a) Bragg peaks from CTB5 and CTB5 1

DTT. Miller indices fh, kg of the observed peaks are indicated. Bragg peaks

were integrated over the qz region from –0.05 to 0.2 Å�1. Peaks were fitted

(solid lines) using Lorenzian curves (see Table 1 for details). (b) Bragg peaks

from CTAB5 and CTAB5 1 DTT. Intensities and positions of the Bragg

peaks (especially higher order) in the case of CTAB5 had larger uncertainties

due to weaker in-plane ordering and higher incoherent background contri-

bution.

FIGURE 4 Bragg rod profiles corresponding to scattering from the

cholera protein layer at pH ¼ 5. Rods were produced by integrating through

the 0.08 Å�1 # qxy # 0.12 Å�1 region of the f1,0g Bragg peaks in Fig. 3.

Cylindrical objects were used to approximate the scattering units. Structural

parameters such as the cylinder’s height, radius, and tilt angle of the cholera

molecules are reported in Table 2. In the case of CTAB5, two populations of

cylinders were used to fit the data. The curves corresponding to CTAB5 have

been offset for clarity. The sharp peak at qxy ¼ 0.01Å�1 is the Vineyard-

Yoneda peak (18).

646 Miller et al.

Biophysical Journal 95(2) 641–647



were required to model the intensity distribution along the

f1,0g Bragg rod. Simultaneous decreases in the DW factor

after activation of CTAB5 corroborated this observation,

suggesting that the disulfide bond reduction of the A subunit

diminished fluctuations of the protein normal to the surface

and that the presence of the A subunit caused packing inef-

ficiencies and greater disorder of the protein layer.

In summary, these studies revealed several key changes in

the behavior of the cholera toxin-lipid system. Bragg rod

analysis revealed a higher percentage of reduced A subunits

at pH ¼ 8, whereas pH ¼ 5 favored the formation of larger-

ordered domains. Finally, cleavage of disulfide bonds in

CTAB5 by DTT caused the greatest decrease in the in-plane

coherence length of the lipid tail clusters at pH ¼ 5. These

findings suggest an enhancement of membrane penetration

under low endosomal pH conditions.
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