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Abstract: The anthrax protective antigen (PA) binds to the host cellular receptor capillary
morphogenesis protein 2 (CMG2) with high affinity. To gain a better understanding of how pH may

affect binding to the receptor, we have investigated the kinetics of binding as a function of pH to

the full-length monomeric PA and to two variants: a 2-fluorohistidine-labeled PA (2-FHisPA), which
is ~1 pH unit more stable to variations in pH than WT, and an ~1 pH unit less stable variant in

which Trp346 in the domain 2b3-2b4 loop is substituted with a Phe (W346F). We show using

stopped-flow fluorescence that the binding rate increases as the pH is lowered for all proteins,
with little influence on the rate of dissociation. In addition, we have crystallized PA and the two

variants and examine the influence of pH on structure. In contrast to previous X-ray studies, the

domain 2b3-2b4 loop undergoes little change in structure from pH ~8 to 5.5 for the WT protein, but
for the 2-FHis labeled and W346F mutant there are changes in structure consistent with previous

X-ray studies. In accord with pH stability studies, we find that the average B-factor values increase

by ~20–30% for all three proteins at low pH. Our results suggest that for the full-length PA, low pH
increases the binding affinity, likely through a change in structure that favors a more ‘‘bound-like’’

conformation.
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Introduction
The association of the full-length, monomeric 83

kDa anthrax protective antigen (PA) to the host re-

ceptor is a key step leading to the formation of the

anthrax toxin. Upon binding to the host receptor,1–3

PA is cleaved by a cell-surface furin-like protease,

releasing a 20 kDa fragment.4 This allows the

remaining 63 kDa fragment, bound to the receptor,

to oligomerize into heptameric5 or octameric6

complexes, called collectively the prepore. The pre-

pore creates binding sites for the two enzymatic

moieties of the toxin, edema factor (EF) and lethal

factor (LF).7,8 The toxin is then endocytosed into

the cell by receptor-mediated endocytosis,9,10 and
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subsequently trafficked to late endosomes which

become acidic. In this low pH environment (pH ¼ 5–

6), the prepore undergoes a major conformational

change, forming a 14-stranded b-barrel pore.11–13 It

is through the b-barrel pore that EF and LF must

translocate through, from the acidified endosome,

into the cell cytosol.14 Once in the cytosol, EF func-

tions as an adenylate cyclase15 which raises cellular

cyclic-AMP levels, altering chemotaxis,16 and LF is a

zinc-metalloproteinase that cleaves mitogen acti-

vated protein kinase kinases (MAPKKs),17 disrupt-

ing cell integrity.18

Based on the crystal structures of PA19 or the

heptameric prepore (PA63)7
20 bound to the soluble

von-Willebrand factor A (vWA) domain of the recep-

tor, capillary morphogenesis protein 2 (CMG2), the

contact interfaces between the two proteins are well

defined. Domain 4 of PA has been shown to be

required and sufficient for binding to CMG2.1,21 Do-

main 4 accounts for the largest binding interface

(�1300 Å2), and contributes an aspartic acid (D683)

to the coordination of a magnesium ion that sits in a

metal-ion dependent adhesion site (MIDAS) on the

surface of CMG2. Domain 2 also contributes to the

binding interface by inserting a small loop, the

domain 2b3-2b4 loop, into a groove on the surface

of CMG2. Residues in CMG2 that contact this loop,

or that contact residues in domain 4, have been

shown to modulate the pH dependence of pore

formation.22,23

The first crystal structures of PA,24 solved at pH

7.5 and 6 by Petosa et al., indicate that the domain

2b3-2b4 loop becomes disordered at pH 6, suggesting

that this loop is sensitive to pH. Because this loop has

been shown to be an important determinant in bind-

ing to CMG2,22,23 the pH sensitivity of this loop may

impact the rate of binding or dissociation of PA to the

receptor. In addition, recent evidence by NMR sug-

gests that receptor contacts to this loop may be the

first contacts to break in the transition to forming a

pore.25 To understand how pH affects PA binding to

the vWA domain of CMG2, we have determined the

rates of association and dissociation as a function of

pH to WT PA and to two other variants of PA—one in

which PA is biosynthetically labeled with 2-fluorohis-

tidine (2-FHis), an analog of histidine with a reduced

side-chain pKa,26 and another in which tryptophan

346 (W346) in the domain 2b3-2b4 loop is mutated to

Phe (W346F). We show that lowering the pH

increases the rate of association of all proteins to

CMG2, with little effect on rates of dissociation. Fur-

ther, we show that the Arrhenius activation barriers

decrease as the pH is lowered, but the activation bar-

riers at low pH (pH �6) are lowest for the least pH

stable, slowest associating protein (W346F) and high-

est for the most pH stable, fastest associating protein

(2-FHis). We have also determined the three-dimen-

sional structures of the WT, 2-FHis and W346F mu-

tant proteins using X-ray crystallography, at acidic

and basic pH values. The proteins assume similar

three-dimensional structures, at high and low pH val-

ues. In contrast to previous studies, we do not observe

a significant change in the domain 2b3-2b4 loop for

the WT protein at acidic pH. However, the overall

main-chain B-factors for all proteins increase by �20–

30% as the pH is lowered. Our studies suggest that

low pH shifts an equilibrium between ‘‘unbound’’ and

‘‘bound’’ states, favoring the bound state, leading to a

faster rate of association and an overall lowering of

the KD for binding.

Results

Equilibrium binding and kinetics of association

as a function of pH
Because of the observed high affinity of binding

between PA and CMG2 (KD �170 pM), Wigels-

worth et al. utilized surface plasmon resonance as

well as fluorescence resonance energy transfer

(FRET) to monitor association and dissociation

kinetics of PA to CMG2, establishing on and off

rates and using these values to determine a KD.27

In the experiments presented here, we also uti-

lized FRET to monitor association of PA to CMG2

as a function of pH. In our case, we have labeled

a mutant of PA, E712C, with the maleimide form

of AlexaFluor350 (AF350), and have labeled the

R40C mutant of CMG2 (CMG2C40)27 with AF488.

These two fluorophores have a F€orster distance

(Ro) of �50 Å, and are sufficiently close in the

bound state to allow FRET (�44 Å). We chose

E712C since E712, located in domain 4, is in

close proximity to domain 2 and specifically W346

(�17 Å), which is part of the domain 2b3-2b4 loop.

The F€orster distance between tryptophan and

AlexaFluor 350 is predicted to be �20 Å.28 E712C

is a nonstructurally perturbing mutation,29 and

labeling this residue with a fluorophore would

allow us, in future experiments, to report on

changes in structure at the domain 2-domain 4

interface (Fig. 1).

In a similar manner, we measured binding of

CMG2 to two other variants of PA—one in which the

E712C PA was uniformly, biosynthetically labeled

with 2-fluorohistidine (2-FHis), an analog of histi-

dine with a reduced side-chain pKa.26,30,31 Biosyn-

thetic incorporation of 2-FHis results in a protein

which is more stable to variations in pH than WT

PA (Fig. 2).30 This protein was subsequently labeled

at the E712C with AlexaFluor350 maleimide. We

also generated a double mutant, E712C/W346F.

W346F was made in the course of our studies to

investigate the contribution of W346 to the overall

quantum yield of fluorescence of PA (which contains

seven tryptophans), and may serve as a fluorescent

donor to the nearby E712C-AF350. This mutation
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decreases the pH stability by �1 pH unit (Fig. 2) rel-

ative to the WT PA protein. Despite differences in

pH stability, both E712C and W346F mutants are

able to mediate toxicity of CHO-K1 cells by LFN-

DTA, a fusion containing the N-terminal PA binding

domain of LF (LFN) and the catalytic A domain of

diphtheria toxin (DTA) (Fig. 1, Supplementary Infor-

mation), indicating that interactions with the host

receptor, pore formation or translocation are not

affected by these mutations.

Equilibrium binding was determined to be 1:1.3

(PA E712C), 1:1 (E712C/W346F), and 1:1.2 (2-FHis

E712C) (Fig. 2, Supplementary Information), indi-

cating that binding followed a �1:1 stoichiometry, as

observed previously.27 Because of the high affinity of

binding of PA to CMG2 (�170 pM27), determining

the binding affinity using equilibrium methods by

fluorescence was not possible. To determine the

binding affinity as a function of pH, we monitored

the rates of association between WT PA, 2-FHisPA,

and W346F PA E712C-AF350 labeled proteins using

stopped-flow, and manual mixing experiments to

monitor dissociation, as was done previously.27 We

refer hereafter to the WT PA, 2-FHisPA, and W346F

E712C-AF350 variants as simply WT PA, 2-FHisPA,

and W346F, unless otherwise specified. Similarly, we

refer to CMG2C40-AF488 as CMG2, unless otherwise

specified. Figure 3 shows the plots of the rate con-

stants for association as a function of CMG2 concen-

tration, measured at different pH values. The data

were recorded under pseudo first-order conditions,

and plots were fit to the linear equation kobs ¼
ka[CMG2] þ kd, where ka is the second-order rate of

association (M�1 s�1), and kd is the first-order rate

of dissociation.27

The rate of association is pH-dependent, with

rate constants for binding increasing as the pH is

lowered. The rate constants for association of the

WT PA vary approximately twofold from pH 8 to 6

(�3 � 104 M�1 s�1 to � 6 � 104 M�1 s�1), and �10

fold for the 2-FHisPA proteins (3.5 � 104 M�1 s�1 at

pH 8 to 3.7 � 105 M�1 s�1 at pH 5). Although the

Figure 1. Structure of WT PA bound to CMG2 (PDB: 1T6B)

with side chains of E712C and the R40C (CMG2—blue)

shown as gray sticks. Domain 1 (1–167) is colored in

yellow; domain 10 (168–258) is colored orange; domain 2

(259–487) is colored green with the residues that comprise

the pore (275–352) shown in blue; W346 within the domain

2b3-2b4 loop is shown as a blue stick figure; domain 3

(488–595) is colored cyan and domain 4 (596–735) is

colored magenta. The manganese ion on the surface of

CMG2 is colored red. The distance between E712C in

domain 4 (magenta) and R40C in CMG2 is shown (44 Å).

Figure was rendered using Pymol v1.3 (http://pymol.org/ep).

Figure 2. Peak fluorescence emission intensity (Ex. 280

nm) of WT (h), E712C-NEM (n), 2-FHis/ E712C-NEM (l),

and W346F/E712C-NEM (^) as a function of pH. All

measurements were carried out at 20�C in 20 mM Bis-Tris/

HEPES/cacodylate/citrate on a Cary Eclipse fluorescence

instrument. Fluorescence intensity was plotted against pH

and the data were fitted to Henderson–Hasselbalch

equation assuming two state protonation equilibrium: Fl(obs)

¼ (Fl(N) þ (10pH – pKapp) � Fl(U))/(1 þ 10pH-pKapp) where

pKapp represents an apparent pKa encompassing all

titratable sites. The fits gave a pKapp of 5.4 6 0.1 for WT,

5.3 6 0.1 for E712C, 3.9 6 0.1for 2-FHis-E712C, and 6.6 6

0.2 for W346F PA. The data were normalized to give

fraction folded molecules as a function of pH.
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rate constants versus pH data could be fit to a linear

equation, the nonlinearity at pH 5 for WT PA made

an accurate determination of the rate constant not

possible. This may be due in part to the pH instabil-

ity of WT PA at pH 5.0, which exhibits an overall

pKapp of 5.3 (Fig. 2). For the W346F mutant, the

increased rate of binding from pH 8 to 6 is small

(�1.6 fold), and the lowest pH that we were able to

measure was 6, again due to the pH instability of

this protein.

Receptor dissociation as a function of pH
To monitor the pH-dependence of receptor dissocia-

tion, we carried out experiments in a manner simi-

lar to that described previously,27 in which binding

of a twofold excess of CMG2 to WT PA, 2-FHisPA,

and W346F was carried out by monitoring the ratio

of the acceptor fluorescence emission at 516 nm to

Figure 3. Kinetics of association as a function of

CMG2C40-AF488 concentration for (A) WT PA, (B) 2FHis,

and (C) W346F. The pH values measured include pH 8

(open circle), pH 7.5 (closed circle), pH 7 (open square), pH

6 (closed square), and pH 5 (open diamond) are shown.

Association rate constants (ka) were calculated using the

slope of the linear fits. All kinetic experiments were carried

out at 20�C in a buffer system containing 20 mM Tris/MES/

HEPES/acetic acid with 0.1 mg mL�1 BSA and 2 mM

MgCl2.

Figure 4. FRET-based dissociation kinetic experiments of

WT PA (A), 2FHis (B) and W346F (C) at pH 8 (open circles),

6 (closed squares), and 5 (open diamonds). Dissociation

was initiated by the addition of a 20-fold excess of

CMG2C40-NEM (2 lM), and monitoring the loss of FRET

signal. Lines through the data are best fits using nonlinear

least squares analysis using a single-exponential function.
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the donor emission at 440 nm. Once the intensity

remained constant for an extended period (�10,000

s), an �20-fold excess of N-ethyl-maleimide (NEM)

labeled CMG2C40 (CMG2C40-NEM) was added to ini-

tiate dissociation. Under these conditions, it is

assumed that the displaced fluorescently labeled

CMG2 cannot reassociate with the labeled PA, due

to the large excess of nonfluorescent (NEM-labeled)

CMG2, and thus the determined rate constant is the

dissociation constant. Also, since R40C is distant

from the binding interface, we assume that the asso-

ciation and dissociation kinetics for both the fluores-

cently labeled and NEM labeled proteins are similar.

The dissociation data obtained at various pH values

are shown in Figure 4. The data indicate that the

rate of dissociation for WT PA is pH independent,

from pH 8 to 5. For the 2-FHisPA, we observed little

change in dissociation from pH 8 down to pH 6, but

an approximately twofold increase in the rate of dis-

sociation at pH 5. For W346F, we also observe little

change in the rate of dissociation between pH 8 and

6, but a approximately eightfold increase in the rate

of dissociation compared to either the WT PA or 2-

FHisPA proteins. Again, we suspect that the

decreased stability of the W346F protein leads to the

increased rate of dissociation. A summary of all

data, including association and dissociation rate con-

stants and corresponding equilibrium dissociation

constants as a function of pH, are shown in Table I.

Activation barriers to association

To determine the energetic barriers to association,

we monitored the temperature dependence of the

rate of association as a function of pH. Figure 5

shows the Arrhenius plots for association, which are

linear throughout a wide temperature range (5–

23�C). For WT PA, the barrier decreases from a DG‡

�44 kJ mol�1 at pH 8 to �30 kJ mol�1 at pH 5.0.

Similarly, for 2-FHisPA, the DG‡ decreases from �49

kJ mol�1 to �34 kJ mol�1 at pH 5.0. However, the

W346F mutant, which is less stable to pH, exhibits

a DG‡ from �49 kJ mol�1 at pH 8.0 to �23 kJ mol�1

at pH 6. The values for the activation barrier are

lower than values reported for amide bond isomeri-

zation (70–90 kJ mol�133,34), suggesting that binding

does not involve an amide bond isomerization pro-

cess, but are consistent with activation barriers for

loop formation found in small peptides (�35 kJ

mol�1).35

Crystal structures of WT PA, 2-FHisPA and

W346F as a function of pH

To address whether structural changes occur in the

proteins at low pH that might account for the

increased rate of association, we crystallized the WT

PA, W346F, and 2-FHis PA (where E712 has not

been mutated cysteine) at basic and acidic pH val-

ues, and determined their three-dimensional struc-

tures (Fig. 6). The crystallization parameters are

shown in Table II. We have reported recently the

structure of 2-FHisPA (PDB: 3MHZ), which was

determined to 1.7 Å at pH 8.2,31 and report here the

structure of 2-FHisPA at pH 5.8 solved to 2.10 Å.

The structures of W346F were solved at pH 8.5 and

5.5, with resolutions of 2.10 and 2.85 Å, respectively.

The structures of WT PA were solved at pH 9.0 and

5.5, with resolutions of 2.0 and 3.13 Å, respectively.

We note that the previously determined structures

of PA, crystal form 1 at pH 7.5 (2.5 Å) and crystal

form 2 at pH 6.0 (2.1 Å),24 while both crystallized in

the space group P212121, the unit cell parameters

were different: crystal form 1, a ¼ 119.8 Å, b ¼ 73.8

Å, and c ¼ 95.0 Å; crystal form 2, a ¼ 99.1 Å, b ¼
93.7 Å, and c ¼ 82.0 Å. The unit cell parameters for

the proteins reported here, which also crystallized

in the P212121 space group, are (mean 6 std. dev.):

Table I. Effect of pH on Kinetics and Thermodynamics of Binding PA to CMG2

PA variant pH ka (�104) (M�1 s�1) kd (�10�5) (s�1) KD
a (M) EA (kJ mol�1)

WT 8 2.90 (0.02)b 4.00 (0.08) 1.4 � 10�9 44.70 (0.07)
8c 3.00 (0.05)
7.5 3.60 (0.02) 41.00 (0.13)
7 4.20 (0.01) 40.20 (0.05)
6 6.50 (0.02) 4.60 (0.16) 7.0 � 10�10 30.20 (0.04)

6c 5.90 (0.04)
5 ND 4.40 (0.08) ND 30.00 (0.12)

W346F 8 0.63 (0.03) 38.40 (0.16) 6.1 � 10�8 51.00 (0.10)
6 1.00 (0.05) 48.30 (0.21) 4.8 � 10�8 23.80 (0.23)

2FHis 8 3.50 (0.01) 4.40 (0.08) 1.3 � 10�9 49.20 (0.10)
7.5 4.30 (0.02) 48.20 (0.12)
7 4.70 (0.02) 41.50 (0.07)
6 10.00 (0.004) 3.10 (0.16) 3.1 � 10�10 41.90 (0.02)
5 37.00 (0.02) 10.50 (0.16) 2.8 � 10�10 34.70 (0.15)

a The equilibrium dissociation constant is calculated from the association and dissociation rate constants according to
KD ¼ kd/ka.
b Error is in parentheses
c Measured using constant ionic strength conditions: 100 mM Tris/50 mM MES/50 mM Acetic acid.32
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a ¼ 71.97 6 0.45; b ¼ 93.79 6 0.08 and c ¼ 116.13

6 0.47. Because these crystals exhibit similar unit

cell parameters, and the conditions for crystalliza-

tion at a given pH are similar, the structural

changes observed should be comparable from one

protein to the other.

For the structures reported here, lowering the

pH decreases the resolution of all structures, and is

likely due to an increase in vibrational motion, as

determined by the Debye–Waller factors (B-factors).

If we compare the average main chain B-factors

between the structures solved at basic and acidic

pH, we find that these values increase at acidic pH

by �20–30% (Fig. 7). Interestingly, for the W346F

and 2-FHis labeled PA proteins, we find that the

B-factors of the a1 helix of domain 3 increase by

�40% [Fig. 7(C)], and for the WT PA protein we

observe a modest increase in this region [from �30

to 40%—Fig. 7(D)]. We note that in crystal form 1

solved at pH 7.524 the a1 helix is observed, but in

crystal form 2 (pH 6.0) this helix is missing, consist-

ent with our crystallographic studies indicating that

this region exhibits more motion at acidic pH.

Structural changes in the domain 2b3-2b4 loop

The domain 2b3-2b4 loop has been postulated to be

an important determinant in the binding of WT PA

to CMG2. Although domain 4 constitutes the largest

binding interface (�1300 Å2), the domain 2b3-2b4

loop binds within a groove on the surface of CMG2,

burying an additional 600 Å2.19 This loop has also

been postulated by to be sensitive to pH—in the

study by Petosa et al. comparing crystal form 1 to

crystal form 2,24 the domain 2b3-2b4 loop becomes

disordered at pH 6.0, suggesting that this region

undergoes a structural change at acidic pH.

For the WT PA protein studied here, we find

very little change in structure of the 2b3-2b4 loop

upon lowering the pH from 9.0 to 5.5, with only resi-

due L340 missing electron density at either pH (Fig.

6, lower panels). The B-factors for this region

increase at acidic pH, but the increase is no different

than the average percent increase throughout the

protein [Fig. 7(B)]. This is unlikely to be due to

altered crystal packing forces, or to changes in con-

tacts between symmetry related molecules.

In contrast, for the 2-FHisPA, the electron den-

sity for all residues within the domain 2b3-2b4 loop

is observed at pH 8.2, but at pH 5.8, electron density

for residues G342 to R344 is missing (Fig. 6). For

W346F, electron density for residues L340 to A341 is

missing at pH 8.5, and from S339 to G351 at pH 5.5

(Fig. 6). In comparison to the other structures, the

larger extent of missing electron density for the

domain 2b3-2b4 loop of W346F, at either basic or

acidic pH, suggests that the domain 2b3-2b4 loop

may be less stable.

Discussion

The influence of pH on the kinetics of association

and dissociation of the 83 kDa monomeric PA to the

vWA domain of CMG2 was examined. We also exam-

ined the association and dissociation kinetics of two

variants of PA, 2-FHisPA and W346F PA, whose pH

stabilities differ from the WT protein by �1 pH unit

(1 pH unit above for 2-FHis, and 1 pH unit below for

W346F). Our data, using stopped-flow fluorescence

to monitor the kinetics, indicate that the rate of

Figure 5. Arrhenius plots showing the effect of

temperature on the rate of association at different pH

values. Association rate constants of WT PA, 2FHis and

W346F were determined at pH 8 (open circle), pH 7.5

(closed circle), pH 7 (open square), pH 6 (closed square),

and pH 5 (open diamond). The lines through the data are

best fits using linear regression.
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association increases for all proteins as the pH is

lowered, with little effect on the rate of dissociation.

The Arrhenius activation barriers for association

also decrease as the pH is lowered, consistent with

an increased rate of association. However, the acti-

vation barriers at low pH are lowest for the least

stable protein (W346F), and highest for the most pH

stable protein (2-FHis).

Effects on the kinetics of association:

protonation of residues at or near the

binding interface
Is the effect we observe on the kinetics of association

because of changes in the protonation state of resi-

dues at the binding interface, or to structural

changes at the binding interface, or to protonation

events/structural changes in the protein far from the

interface? As mentioned, the binding interface

between PA and CMG2 is well defined, and includes

contributions from domain 4 and 2.19,20,23 Electro-

static interactions are expected to dominate the

interactions between PA and CMG2. In domain 4,

coordination of the metal ion at the MIDAS site is

an important determinant of binding, where removal

of the magnesium ion in the MIDAS site using mix-

tures of EDTA/EGTA, or changing the metal ion to

calcium, slows the rate of association and increases

the rate of dissociation.27 Mutation of D683 in PA,

which coordinates the MIDAS magnesium, to Asn

decreases the binding affinity.39 Coordination of the

magnesium ion in the MIDAS site involves the ti-

tratable residues Asp 50 and Asp 148 from CMG2,

and Asp 683 from PA, whose protonation states may

change as the pH is lowered. However, one would

expect binding to the metal ion to be weaker in the

protonated state, and thus weaker association at

lower pH values.

In the domain 2b3-2b4 loop, the salt bridge

between R344 of PA and E122 of CMG2 has been

shown experimentally to be an important determi-

nant of the affinity between PA and CMG2.23 Molec-

ular dynamics simulations have also shown that pro-

tonation of E122 of CMG2 would disrupt the salt

bridge, which again would lead to weaker associa-

tion at lower pH values.40 In addition, protonation of

H121 of CMG2, which is adjacent to E122 and near

R344, would aid in further disrupting this salt

bridge.40 These studies also indicate that the calcu-

lated pKa of E122 and H121 is significantly reduced

upon receptor binding, with the pKa of E122

decreasing from 7.4 to 2.3 when bound to CMG2,

and H121 decreasing from �4.4 to �6.3. If the pKa

Figure 6. Overlay of WT PA, 2-FHis, and W346F crystal structures at basic (yellow) and acidic pH values. For the acidic pH

structures, domain 1 is shown in grey, domain 10 is orange, domain 2 is green, domain 3 is cyan and domain 4 is magenta.

Residues 275–352, which comprise the b-barrel portion of the pore are shown in blue. Below each structure we have zoomed

in on residues within the 2b3-2b4 loop (G342-L352). Note that no loop structure is observed for the W346F mutant at acidic

pH. Overlay was carried out in Coot,36 and visualized using Pymol v1.3 (http://pymol.org/ep). An interactive view is available

in the electronic version of the article.
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values are reduced, this may explain the lack of a

pH-dependence on receptor dissociation that we

observe—that once bound, one must go to very low

pH values (beyond pH 5) to break the salt bridge.

Our studies were carried out within the pH

range of 8 to 5, certainly within the pKa range of

histidine (�6–6.5). There are a total of 10 histidine

residues in PA, with two (H597 and H616) in domain

4 and five (H263, H299, H304, H310, and H336)

located in domain 2, with H336 being the closest his-

tidine in PA to the binding interface (�12–15 Å).

Labeling with 2-FHis, which has a reduced pKa

(�1), should prevent protonation of these histidine

residues. The fact that we observe pH-dependent

kinetics of association even with 2-FHis labeling

suggests that histidine protonation is not a mecha-

nism of increased association at low pH.

Surprisingly, the rate of dissociation of 2-

FHisPA is approximately twofold faster at pH 5 than

at pH 6, despite the fact that this protein is more

stable to pH than the WT protein.30 Recent adiabatic

compressibility studies using ultrasonic velocime-

try41 indicate that the 2-FHisPA exhibits higher adi-

abatic compressibility than the WT protein at pH 5,

suggesting that the protein is globally more dynamic

at this pH than WT (Russ Middaugh and Lei Hu,

personal communication). The exact mechanism for

increased dynamics of 2-FHisPA at pH 5 is not

understood. It may be that one or more of the

2-FHis residues in PA becomes protonated at pH 5,

Figure 7. B-factor analysis of domains 2, 3, and 4. Shown are the percent increase in B-factors from basic to acidic pH

values for domain 2 (A and B, green), 3 (C and D, cyan), and 4 (E and F, magenta). Panels B, D, and F are the percent

increase in B-factors for the WT protein only, for comparative purposes. The color coding is similar to that in Figure 1. The

regions encompassing the domain 2b3-2b4 (residues �339–352) and the domain 3a1 helix (residues 512–518) are indicated by

boxes.
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and that, because of the fluorine on the side chain,

alters side-chain packing and increases protein dy-

namics. In any case, increased dynamics would

likely contribute to an increased rate of dissociation.

Although we have not explicitly measured the

effect of salt on the kinetics of association and disso-

ciation (which would help determine the role of elec-

trostatics on binding), we have measured kinetics in

two separate buffer systems: 20 mM Tris/MES/

HEPES/acetic acid, a buffer system used previously

to monitor the kinetics of association,27 and a con-

stant ionic strength (CIS) buffer (100 mM Tris/50

mM MES/50 mM acetic acid).32 In our case, chang-

ing the buffer did not influence the kinetics of asso-

ciation at pH 8 and 6, suggesting that the kinetic

changes were not due to changes in ionic strength

as the pH was lowered.

Effects on the kinetics of association:

conformational changes
We also tried to correlate the kinetics of binding to

structural changes in the proteins using X-ray crys-

tallography, focusing initially on potential structural

changes in the domain 2b3-2b4 loop. We find that,

for the 2-FHis and W346F mutant proteins, the do-

main 2b3-2b4 loop becomes disordered at acidic pH,

consistent with previous studies.24 W346 is located

in the domain 2b3-2b4 loop, and while this residue

does not make a direct contact to CMG2, mutation

to Phe may increase the degree of disorder of the do-

main 2b3-2b4 loop and prevent the R344-E122 salt-

bridge from forming. However, for the WT PA pro-

tein, we do not observe any changes in the structure

of the domain 2b3-2b4 loop, and very little change in

structure for any of the domains of PA between pH

8.5 and pH 5.5 (Fig. 6). We have previously shown

that R344 forms a symmetry-related crystal contact

between E224 located in domain 10,31 a contact that

is maintained in the acidic pH structure of the WT

PA protein. Maintenance of this contact at acidic pH

may help to explain the lack of disorder in this

region. In any case, whether this loop becomes disor-

dered at acidic pH remains somewhat inconclusive,

and will require other methods (NMR for instance)

for verification.

Although we could not adequately correlate the

binding kinetics to changes in structure of the do-

main 2b3-2b4 loop, we do find that the B-factors

increase by �20–30% for all proteins at acidic pH,

suggesting a greater degree of vibrational motion

throughout the protein structure. Because we

observe an increase in disorder at low pH for the 2-

FHisPA protein as well as the WT and W346F pro-

teins, this further indicates that protonation of histi-

dine residues is likely not the cause of the increase

in B-factors. The increase in B-factors is consistent

with a decrease in the stability of the proteins as

the pH is lowered, but yet the binding affinity

increases as the pH is lowered. Taking into account

all of our data, the selected-fit model put forth by

Weikl and von Deuster42 may help explain our

observations.

Proposed model for the effect of pH on the

binding of PA to CMG2

The selected-fit model, which contrasts the induced-

fit binding model,43 suggests that there is a pre-

equilibrium, prior to association, between a popula-

tion that is in an ‘‘unbound’’ conformation, and a

population that is in a ‘‘bound’’ conformation. It may

be that, as the pH is lowered, the protein increases

vibrational motion, relaxing regions required for

binding. This effectively would shift the equilibrium

from an ‘‘unbound’’ state that is perhaps more con-

formationally rigid, to a ‘‘bound-like’’ state that is

more conformationally loose. In our case, conforma-

tional changes toward a ‘‘bound’’ state may involve

the relaxation of one or more side-chains at the

interface, within the domain 2b3-2b4 loop, or regions

more distant from the binding interface (as men-

tioned above).

In addition, the selected fit model would also

predict that, if pH does not affect the binding energy

(bonds formed after association), that the rate of dis-

sociation will be pH independent. Indeed, we observe

that the rates of dissociation do not change signifi-

cantly from pH 8 to 6. The fact that the dissociation

rates do not change indicates that pH mainly influ-

ences the conformational equilibrium between the

‘‘unbound’’ and ‘‘bound’’ states, without influencing

the energetics of the binding interface. However, for

the W346F mutant, the rate constants for associa-

tion and dissociation at pH 8 or 6 differ significantly

from the comparative values of the WT and 2-FHis

proteins—slower rates of association, and faster

rates of dissociation. This may be a case in which

the mutation W346F affects both the equilibrium

between the ‘‘unbound’’ and ‘‘bound’’ conformational

states, as well as the energetics of binding. As dis-

cussed above, mutation of W346 to Phe may increase

the flexibility of the domain 2b3-2b4 loop (altering

the equilibrium between ‘‘bound’’ and ‘‘unbound’’

states), and may explain in part the lower activation

barrier to binding that we observe. The increased

flexibility of this mutant may in turn affect the ener-

getics of the binding interface (the stability of the

R344-E122 salt bridge, for instance).

Can we extrapolate our data on the monomeric

83 kDa PA to the heptameric or octameric prepore

states? After all, crystallographic studies have

shown that the binding interface does not change

significantly when CMG2 is bound to the monomeric

83 kD PA or when bound to the heptameric pre-

pore.19,20 Our data suggests that the increased affin-

ity as the pH is lowered may aid in keeping the

receptor associated with the prepore until a critical
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pH is reached and pore formation ensues. This

would be consistent with studies by Lacy and co-

workers, who showed that binding of CMG2 to the

heptameric prepore shifts the pH requisite for pore

formation to lower pH values, suggesting that recep-

tor binding delays the onset of pore formation until

the prepore reaches the correct pH environment.20

However, recent NMR studies on the WT heptameric

prepore bound to CMG2 indicate that low pH causes

dissociation of the domain 2b3-2b4 loop from CMG2,

which would favor a decreased rate of binding/

increased rate of dissociation at low pH.25 The latter

study suggests that there may not be a direct corre-

lation between the monomeric and heptameric forms

of PA in terms of binding, but the FRET methodol-

ogy presented here and elsewhere27 should, in

future experiments, clarify any potential differences.

In conclusion, binding of PA and two variants

which are more (2-FHis) or less (W346F) stable to pH,

to the host receptor CMG2 has been examined as a

function of pH. We have found that the rate constants

for binding for all three proteins increase as the pH is

lowered, with little change in the rate of dissociation,

effectively lowering the overall KD for binding. The

work presented here provides a basis for future stud-

ies aimed at understanding how pH affects binding of

CMG2 to the prepore state, and continues our bio-

physical characterization of 2-FHisPA which is cur-

rently under development as a potential therapeutic

and/or safer vaccine against anthrax.

Experimental Procedures

Reagents, plasmids, and strains

All reagents for purification and analysis were ei-

ther from Sigma (St. Louis, MO) or Fisher Scientific

unless otherwise specified and were � 99% pure.

The fluorescent dyes Alexa350-C5 maleimide

(AF350) and Alexa488-C5 maleimide (AF488) were

purchased from Invitrogen. The histidine auxotroph

UTH780 was obtained from the E. coli genetic stock

center at Yale University (New Haven, CT). The pro-

tective antigen gene in the plasmid pQE80 was used

for the production of PA as described previously.30

We used the forward primer (50 CACTATTAT-

TAATCCTAGTTGCAATGGGGATACTAGTACCAACG

GGATG 30) and forward primer (50CTATCTCTAGCA

GGGGAAAGAACTTTTGCTGAAACAATGGG30), and

the corresponding reverse strands to create mutants

E712C and W346F, using the Quickchange mutagene-

sis kit from Stratagene. Sequences were verified at the

Protein Nucleic Acid Laboratory (PNACL) at Washing-

ton University in St. Louis. Generation of the CMG2C40

mutant was carried out as described previously.27

Protein expression and purification

Recombinant PA E712C, E712C/W346F, 2-FHis-

E712C, and CMG2C40 were produced in 650-mL

cultures grown in the Fernbach shaker flasks using

ECPM1 growth medium supplemented with 100 mg

mL�1 ampicillin at 32�C for PA and 37�C for CMG2

until an OD600 of 2.5–3 was reached. The cultures

were then induced with 1 mM IPTG for 3 h at 26�C

for PA variants and 37�C for CMG2C40. The cells

were harvested in a centrifuge equipped with a

swinging bucket rotor (3000g) for 10 min. Cells were

then placed on ice for immediate periplasm purifica-

tion. For purification of CMG2C40, the cells were fro-

zen at �20�C prior to purification. Labeling with 2-

FHis was carried out in a manner similar to that

previously described.30 Purification of PA variants

was done according to previous reports,27,30 with

slight modifications. The periplasmic extracts were

buffered with 20 mM Tris-HCl pH 8 and supple-

mented with 1 mM dithiothreitol to prevent oxida-

tion of the cysteine residue in PA. PA E712C, 2-

FHis-E712C or E712C/W346F were purified by

anion exchange chromatography (Q Sepharose) with

a 0–30% NaCl gradient starting with 20 mM Tris-

HCl/1 mM DTT, pH 8, 4�C. The proteins were fur-

ther purified by Sephadex S-200 gel filtration col-

umn (GE-Healthcare) equilibrated in 20 mM Tris-

HCl, 1 mM DTT, 150 mM NaCl pH 8. Fractions

were pooled, concentrated and stored at �20�C.

CMG2C40 was purified essentially as described previ-

ously.27 After elution of CMG2C40 from a Hi-Trap

GST column in phosphate-buffered saline, the pro-

tein was concentrated and a 10-fold excess of TCEP

was added to protect the free thiol group, and stored

at 4�C.

Fluorescent probe labeling

An S-200 gel filtration column was pre-equilibrated

with a 20 mM Tris-HCl, 0.5 mM TCEP, and 150 mM

NaCl, pH 8 that had been degassed by sparging

with N2 for 15 min. Approximately 5–10 mg of either

WT E712C, 2-FHis-E712C or E712C/W346F were

purified to remove excess DTT which would other-

wise react with the maleimide activated fluoro-

phores. A 10 mM stock solution of either AF350 or

AF488 was prepared in N2 degassed water immedi-

ately prior to labeling. Sufficient protein modifica-

tion reagents were added to each protein to give

�15-fold molar excess of reagent for each mole of

protein, where a 10-fold molar excess of TCEP to

protein is present. The reaction was allowed to pro-

ceed for 2 h at room temperature with rocking.

Upon completion of the reaction, a 10-fold molar

excess to dye of b-mercaptoethanol was added to

eliminate any excess reactive substances during the

purification step. The labeled proteins were subse-

quently purified from the free dye by gel filtration

(S-200 column) in 20 mM Tris–HCl, 150 mM NaCl,

pH 8. A similar protocol was carried out with pro-

teins labeled with NEM, using similar starting con-

centrations. Protein solutions were assessed for
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labeling efficiency using extinction coefficients

19,000 and 72,000 M�1 cm�1 for AF350 and AF488

fluorophores, respectively, at their respective absorb-

ance maxima. Labeling efficiency was 95% or

greater. Fractions containing pure protein with a

labeling efficiency of 1:1 (since there is only one cys-

teine in the protein) were identified by SDS-PAGE,

pooled and concentrated and kept on ice. Protein

concentrations prior to labeling were determined

using a calculated extinction coefficient at 280 nm of

80,220 M�1 cm�1 for E712C and 2-FHis-E712C,

74,720 M�1 cm�1 for E712C/W346F and 12,914 M�1

cm�1 for CMG2.

Equilibrium binding

Labeled PA proteins were diluted to 100 nM in 2 mL

of a buffer containing 10 mM each Tris/MES/

HEPES/acetic acid pH 8.0, supplemented with 0.1

mg mL�1 BSA and 2 mM MgCl2. An initial 100-lL

aliquot was removed, and 5 lL of �2 lM CMG2C40-

AF488, also in 10 mM each Tris/MES/HEPES/acetic

acid pH 8.0 supplemented with 0.1 mg mL�1 BSA

and 2 mM MgCl2, was added. From this, another

100 lL was removed, followed by the addition of 5

lL of �2 lM CMG2C40-AF488. This process was

repeated until the CMG2C40-AF488 concentration

was in an approximately sixfold excess to PA. Each

100-lL aliquot was incubated overnight at 4�C to

ensure complete binding. Each aliquot was then

diluted with 400 lL of 10 mM each Tris/MES/

HEPES/acetic acid pH 8.0 supplemented with 0.1

mg mL�1 BSA and 2 mM MgCl2. Fluorescence emis-

sion spectra were recorded using a Cary-Eclipse flu-

orimeter at 20�C. The donor fluorophore was excited

at 350 nm and the emission at 440 and 516 nm were

recorded. The apparent FRET signal was defined by

the ratio of the acceptor to donor emission (Em 516

nm/Em 440 nm).

Association kinetics using stopped-flow

All kinetic experiments were performed at 20�C

using an Applied Photophysics SX.18MV instrument.

Mixing ratios were 1:1 for all experiments, and pro-

teins (PA and variants, CMG2) were incubated at

the respective pH values for at least 1 h. Excitation

was set at 350 nm and the emission was monitored

above 475 nm using a cutoff filter. In each experi-

ment, 1000 data points were recorded over the

course of the reaction. Increase of the FRET signal

was monitored for 200 s under pseudo-first order

reaction conditions using minimum five-fold excess

of CMG2.27 For measuring the temperature depend-

ence on association, we used an �25-fold excess of

CMG2C40-AF488 for the E712C and 2-FHis-E712C

proteins (600 nM: 25 nM (final concentration),

CMG2C40-AF488:E712C-AF350) and an �25-fold

excess for the E712C/W346F (1000 nM: 40 nM (final

concentration) CMG2C40-AF488:E712C/W346F-

AF350). Total shot volumes were 250 lL and the

instrument dead time was �2 ms, and each data

point plotted represents an average of three to four

kinetic traces.

Dissociation kinetics

Dissociation was monitored at 20�C using a Cary

Eclipse fluorimeter. The methodology here is similar

to that used by Wigelsworth et al. to determine the

dissociation of CMG2 from PA.27 Briefly, a 1.5-mL

sample in 10 mM each Tris/MES/HEPES/Acetic acid,

at the respective pH values, containing 50 nM

E712C-AF350, 2-FHis-E712C-AF350 or E712C-

AF350/W346F was equilibrated at 20�C. To this,

CMG2C40-AF488 was added to a final concentration

of 100 nM, and the association, as monitored by the

increase in the ratio of fluorescence Em440/Em516,

was carried out until the fluorescence showed no

change (�10,000 s). At this time, CMG2C40-NEM

was added manually to a final concentration of 2

lM, and the ratio of the fluorescence emission at

516 nm/440 nm was monitored as a function of time.

Kinetic and equilibrium data analysis

Kinetic traces were averaged and fit to a single ex-

ponential function to obtain the observed rate con-

stants for each CMG2 concentration. Observed rates

were plotted against different CMG2 concentrations.

The slopes of the linear fits were used to calculate

the rate constant of association, ka. The observed

dissociation rate constants (kd) were obtained by fit-

ting to a single exponential function. Equilibrium

dissociation constants (KD) are calculated from ki-

netic measurements of the association and dissocia-

tion rate constants according to KD ¼ kd/ka. The acti-

vation energy (Ea) for the ligand-receptor binding

was determined from slope of the best fit line

described by Arrhenius equation, ln ka ¼ ln(A) �
[(Ea/R)] � (1/T)], where A is pre-exponential factor,

Ea is the Arrhenius activation energy, R is the gas

constant, and T is temperature.

Crystallization, structure solution, and

refinement
All samples were screened for crystallization in

Compact Jr. (Emerald biosystems) sitting drop vapor

diffusion plates using 0.5 lL of protein and using 0.5

lL of crystallization solution equilibrated against

100 lL of the latter at 20�C. Proteins samples of WT

(16.5 mg mL�1), W346F (9.0 mg mL�1), and 2-FHis

PA (16.5 mg mL�1) were concentrated in 150 mM

NaCl, 20 mM Tris pH 8.0 for crystallization. Pris-

matic crystals of each PA construct were obtained

within 24 h from the following conditions: WT: Wiz-

ard 4 screen condition #20 (Emerald biosystems,

25%(w/v) PEG 1500, 100 mM MMT Buffer pH 9.0)

and Wizard 4 screen condition #17 (Emerald biosys-

tems, 25%(w/v) PEG 1500, 100 mM SPG Buffer pH
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5.5). W346F: Wizard 4 screen condition #18 (Emer-

ald biosystems, 25%(w/v) PEG 1500, 100 mM SPG

Buffer pH 8.5) and Wizard 4 screen condition #17

(Emerald biosystems, 25%(w/v) PEG 1500, 100 mM

SPG Buffer pH 5.5). Single crystals of WT and

W346F PA were transferred to a drop containing

80% crystallization solution and 20% PEG 400

before freezing in liquid nitrogen for data collection.

Data were collected at the Advanced Photon Source

IMCA-CAT beamline 17ID using a Dectris Pilatus

6M pixel array detector. 2FHis-PA: Crystals were

grown from a solution containing 30% PEG 400, 100

mM MES pH 7.0. Single crystals were soaked for 26

h in 35% PEG 400, 100 mM MES pH 5.8 then were

frozen in 40% PEG 400, 100 mM MES pH 5.8 for

data collection. Data were collected at the Advanced

Photon Source IMCA-CAT beamline 17BM using a

Mar 165 CCD detector. Intensities for all data sets

were integrated and scaled using the XDS44 and

Scala37 packages, respectively. The coordinates from

a previously determined structure of 2-FHis-labeled

PA (PDB: 3MHZ) were used for initial refinement

against the processed diffraction data. Structure

refinement and manual model building were per-

formed with Phenix45 and Coot,46 respectively.

Structure validation was carried out using Molpro-

bity.47 The structures have been deposited in the

PDB under accession codes 3Q8A and 3Q8B, WT pH

5.5 and 9.0, respectively; 3Q8C and 3Q8E,

W346F pH 5.5 and 8.5, respectively; 3Q8F, 2-FHisPA

pH 5.8.
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