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Abstract

Anthrax toxin receptor 1 (ANTXR1) / tumor endothelial marker 8 (TEMS) is one of two known
proteinaceous cell surface anthrax toxin receptors. A metal ion dependent adhesion site (MIDAS)
present in the integrin-like inserted (1) domain of ANTXR1 mediates the binding of the anthrax
toxin subunit, protective antigen (PA). Here we provide evidence that single point mutations in the
I domain can override regulation of ANTXR1 ligand-binding activity mediated by intracellular
signals. A previously reported MIDAS-mutant of ANTXR1 (T118A) was found to retain normal
metal ion binding and secondary structure but failed to bind PA, consistent with a locked inactive
state. Conversely, mutation of a conserved | domain phenylalanine residue to a tryptophan
(F205W) increased the proportion of cell-surface ANTXRL1 that bound PA, consistent with a
locked active state. Interestingly, the Kp and total amount of PA bound by the isolated ANTXR1 |
domain was not affected by the F205W mutation, indicating that ANTXR1 is preferentially found
in the active state in the absence of inside-out signaling. Circular dichroism (CD) spectroscopy
and YH-15N heteronuclear single quantum coherence (HSQC) nuclear magnetic resonance (NMR)
revealed that structural changes between T118A, F205W and WT | domains were minor despite a
greater than 103-fold difference in their abilities to bind toxin. Regulation of toxin binding has
important implications for the design of toxin inhibitors and for the targeting of ANTXR1 for anti-
tumor therapies.
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Bacillus anthracis produces the disease known as anthrax through the secretion of a tripartite
AB type toxin. The toxin consists of a single binding moiety termed protective antigen (PA),
and two catalytic subunits termed lethal factor (LF) and edema factor (EF). These
constituents combine to produce lethal toxin (PA + LF) and edema toxin (PA + EF) (1,2).
Cellular intoxication begins with PA binding one of two proteinaceous cell surface
receptors, termed anthrax toxin receptor 1 / tumor endothelial marker 8 (ANTXR1/TEMS)
or anthrax toxin receptor 2 / capillary morphogenesis gene 2 (ANTXR2/CMG2) (3,4).
Cleavage of PA by either serum or cell-surface proteases allows oligomerization and
subsequent catalytic subunit binding (5-7). The receptor—bound toxin complex is
endocytosed in a receptor mediated, clathrin dependent process (8). A subsequent drop in
endosomal pH yields structural rearrangement of oligomeric PA followed by pore formation
and delivery of the catalytic units into the cytosol (9-12). LF, a Zn?* dependent
metalloprotease, cleaves mitogen activated protein kinase kinases (MKKS) (2,13). EF, a
Ca?* / calmodulin dependent adenylate cyclase, yields an increase in intracellular cAMP
(1,2,14).

The cell surface receptors responsible for PA binding, ANTXR1 and ANTXR2, are type |
transmembrane proteins, with 40% overall amino acid identity, 60% identity within the
extracellular I domain, and a 100% conserved metal ion dependent adhesion site (MIDAS)
motif (3,4,15). ANTXR1 and ANTXR2 bind PA via their | domains in a MIDAS-dependent
manner (3,4), with the MIDAS-bound metal providing a direct link between the | domain
and PA (15-17). The contribution of a key acidic residue from PA (D683) completes
MIDAS cation coordination. Removing this charge contribution from PA (D683N) yields an
abrogation or reduction in PA binding to ANTXR1 and ANTXR2, respectively (15,17-19).
Treatment with EDTA or mutation of the amino terminal MIDAS aspartate in ANTXRs
abolishes cation coordination and ligand binding (15,19,20). These findings and subsequent
co-crystal structures led us to hypothesize that PA binding to ANTXRs resembles ligand
binding to a integrin | domains (16,17,21) (Supp. Fig. 1).

Integrin | domains exist in active or inactive states that were defined biochemically based on
ability to bind ligand (21,22). Structural analysis revealed that integrin | domains adopt two
conformational states, termed open and closed, that were proposed to correspond to active
and inactive states respectively (23-25). This led to a model whereby activation status is
controlled through conformational switch. While inactive mutants of ANTXRs have been
reported (15,19,26), it is unknown if the ANTXRs can adopt a closed conformation (27).

The ANTXRL1 gene is expressed as three known splice variants, termed ANTXR1-sv1, -sv2,
and —sv3, which encode for proteins with a long 221 amino acid cytoplasmic tail, a short 25
amino acid cytoplasmic tail, and a secreted form, respectively (4,28). Recently, Go and
colleagues demonstrated that cells expressing ANTXR1-sv2 bound four-fold more PA than
cells expressing ANTXR1-sv1 when normalized for cell-surface ANTXR1 expression levels
(26). The authors hypothesized that this difference in PA binding resulted from inside-out
signaling in which an intracellular signal is transduced to the extracellular I domain resulting
in conformational changes and alterations in ligand binding activity. Specifically, it was
suggested that ANTXR1-sv1 exists as a mixture of open and closed conformations, while
ANTXR1-sv2 exists primarily in the open conformation. The cytosolic tail of —sv1 directly
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interacts with cellular actin and a point mutation in the cytoplasmic domain (Y383C)
disrupts the actin interaction and alleviates repression of PA binding (26,29,30). While these
data are consistent with inside-out signaling, the mechanism by which alterations in the
cytosolic tail lead to changes in PA binding is still unclear.

In this work we test whether mutation of conserved | domain residues can alter the cellular
regulation of PA binding. We confirm that the equilibrium between active and inactive
states is regulated via the long —sv1 tail, and show that control of this equilibrium may be
overridden via point mutations in the | domain. In contrast to integrin | domains, the isolated
extracellular ANTXR1 | domain is preferentially in an activated ligand binding state. These
studies support a model whereby PA binding to ANTXRL1 is regulated via inside-out
signaling that is propagated through the extracellular | domain.

MATERIALS AND METHODS

Construction of ANTXR variants

QuickChange™ site directed mutagenesis was performed according to manufacturer’s
protocol to introduce point mutations into ANTXRL1 splice variant 1, 2 and soluble I domain
(SANTXR1). The oligonucleotide 5’-
CCCGTGAATGACGGCTGGCAGGCTCTGCAAGGC-3’ and its reverse complement
were used to generate the F205W point mutation. The T118A mutation has been previously
described (15). To generate the SANTXR1 | domain containing the T118A mutation, the |
domain region from ANTXR1(T118A) was PCR amplified with primers 5’-
CGGGATCCGAGGATGGGGGTCCAGCCTGCTAC-3 and 5’-
TTTTCCTTTTGCGGCCGCTTATTCAGCTGCTAGAATTTCGATGCAGGAC-3’ that
introduce BamHI and Notl restriction sites and sub-cloned into the pGEX-4T-1 vector (GE
Healthcare).

Reagents and Proteins

All reagents were from Sigma-Aldrich or EMD Biosciences unless otherwise noted.
SANTXRL1 | domain was purified as previously described (31) with the following notable
exceptions: 1 L of Minimal Media (75 mM KHoPOy4, 74 mM KyHPQ,4, 63 MM NapHPQy,
14 mM K3S0y, 21 mM NH4CI, 0.21 mM CaCl,-2H,0, 0.11 mM FeSO4-7H,0, 0.03 mM
MnCl,-4H50, 0.017 mM CoCl,-6H,0, 0.012 mM ZnS0O4-7H,0, 0.009 mM CuCl,-2H,0,
0.0015 mM H3BO3, 0.001 mM (NH,4)6Mo07024-4H50, 0.067 mM EDTA), was inoculated
with a 1:167 dilution of overnight culture and grown at 37°C until ODgqg reached 1.0.
Culture was induced with 0.05 mM isopropyl-p-D-1-thiogalactopyranoside (IPTG) (Gold
Biotechnology), and grown overnight at 25°C. The bacterial pellet from 5 L of culture was
resuspended in 42 mL Buffer B (20 mM Tris-HCI, 5 mM EDTA, pH 7.5) and lysed via
French Press. Filtered supernatant was loaded onto a Hightrap Q Fast Flow (FF) 5 mL
column (GE Healthcare), the column was attached to a Bio-Rad BioLogic DuoFlow system,
and protein was eluted using a 0 — 0.5 M NaCl linear gradient. Fractions containing protein
of interest as determined by SDS-PAGE and Gel-Code Blue Stain Reagent (Thermo
Scientific) were combined. Pooled fractions were loaded onto 5 mL Glutathione Sepharose 4
FF beads (GE Healthcare). GST-tagged protein was eluted with GST elution buffer (10 mM
reduced glutathione, 50 mM Tris-HCL, pH 8.0). For removal of GST tag, 10 unit/mg
thrombin was added to protein pool and cleavage reaction proceeded overnight at room
temperature (RT). Cleaved protein was loaded onto Hightrap Q FF column and eluted as
described above. Fractions of interest as determined by SDS-PAGE and Gel-Code Blue
staining were pooled. A glutathione sepharose column was used to remove free GST and
uncleaved GST tagged protein. Protein was concentrated in an Amicon Ultra-4 or 15
Centrifugal Unit with 10,000 MWCO membrane to 0.5 mL. SDS-PAGE and Gel-Code Blue
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staining were performed to confirm purity of protein. SANTXR1 | domain was flash frozen
in liquid nitrogen and stored at —80°C.

PA was purified as previously described (32) and was diluted in TBS (137 mM NacCl, 2.7
mM KCI, 25 mM Tris-Base, pH 7.4) to 5 pg/mL and 40 pL / well was adsorbed to a 384-
well microtiter plate overnight at 4°C. As a negative control, TBS + 3 % bovine serum
albumin (BSA) was utilized instead of PA. Wells were washed and blocked with TBST
(TBS + 0.1% Tween 20) + 3% BSA for 1 hour at RT. GST tagged SANTXR1s were diluted
in TBST + 3% BSA + cation (1 mM CaCl,, MgClsy, or MnCl,) or 10 MM EDTA and
allowed to bind for 1 hour at RT. The plate was washed 3x, then 40 pL of horseradish
peroxidase conjugated rabbit anti-GST (diluted 1:10,000) was added to each well and
incubated 1 hour at RT. Plate was washed 3x, then 50 pL 1-Step Ultra TMB-ELISA was
added to each well and incubated at RT for 20 minutes. Fifty microliters of 2 M sulfuric acid
was added to each well to stop the reaction. Absorbance was measured at 450 nm.

Cell Lines / Transduction

Generation of PA receptor-deficient CHO-R1.1 cells derived from CHO-K1 cells is
described elsewhere (4). ANTXR1 DNA was stably introduced into CHO-R1.1 cells with
retroviral vectors as previously described (15). CHO-R1.1 cells were maintained in F12
medium with 10% fetal bovine serum (Invitrogen) and 1% penicillin-streptomycin (Sigma-
Aldrich). Transduced receptor positive cells were cultured in the presence of 0.8 mg/mL
G418.

Cell-Based PA Binding Assays

Because WT PA rapidly oligomerizes and forms a high avidity complex, a protease-resistant
PA mutant (PAgssgr) (6) was utilized in order to accurately gauge the binding interaction of
monomeric PA to ANTXR1. In addition, a single lysine to cysteine mutation that does not
affect PA function was introduced [PAgssr(K729C)] for site-specific labeling.
PAgssr(K729C) was labeled with Alexa Fluor 647 C2 maleimide as per manufacturer’s
protocol (Pierce). Subconfluent 15 cm plates of receptor negative CHO-R1.1 or ANTXR1
transduced CHO-R1.1 cells were washed with DPBS without Ca?* or Mg?* (Cellgro). Plates
were then incubated with 3 mL of DPBS + 1 mM EDTA for 5 minutes at RT. Detached cells
were then washed 3x with Media or TBS + 3% dialyzed FBS (TBS+) containing 2 mM
CaCly, MgCly, MnCls,, or EDTA. 1 x10° cells were incubated in the presence of media or
TBS+ (with cation or EDTA) with AlexaFluor-647 labeled PAgssr(K729C). PA protein
concentrations ranged from 0.2 nM to 1600 nM. Cells were incubated on ice at 4°C while
rocking for 6 hours, then pelleted at 800 x g in an Eppendorf microcentrifuge for 1 min.
Cells were then washed 3x in their respective solution, resuspended in 500 pL PBS + 1%
formaldehyde, then analyzed by flow cytometry using a FACSCalibur (BD Biosciences).
Geometric mean fluorescence values for PA binding (AlexaFluor-647) were determined for
cell populations gated on FSC and SSC, or additionally on a narrow window of EGFP
fluorescence (115 — 155 relative fluorescence units) using Cell Quest (BD) and FlowJo
(Tree Star, Inc.) software. Binding curves were determined using GraphPad Prism 4
software (GraphPad Software, Inc.) with Kp determined via non-linear regression using
equation 1:

Y=Bna X (K, +X) ()
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Circular Dichroism

The GST tag was removed from SANTXRL1 proteins as described above then buffer
exchanged via Zebra Spin Desalting Columns (Pierce) into CD Buffer (50 mM NacCl, 10
mM NayHPO4-7H,0, pH 7.4). Proteins were diluted to 0.2 mg/mL and concentration
verified by Bio-Rad Protein Assay Kit (Bio-Rad) and equivalent band intensity as
determined by 12% SDS-PAGE and Gel-Code Blue staining (33). Two-hundred microliters
of each sample were analyzed on Jasco J-715 in a 0.1 cm pathlength cuvette. Temperature
was kept at a constant 25°C with a Jasco PTC-348 thermoelectrically controlled cell holder.
Far-UV spectra were accumulated from 260 nm to 197 nm. CD spectra were normalized by
subtraction of the background scan with buffer alone. The fraction of secondary structure
was computed with the self-consistent method of Sreerama and Woody (SELCON3) (34)
with 10 iterations to convergence utilizing the multiple algorithms of Hennesey & Johnson
(35), Kabsch & Sander (36), and Leavitt & Greer (37) for consistency.

Inductively coupled plasma optical emission spectrometry (ICP-OES)

SANTXR1 variants were incubated with 5 mM EDTA for > 10 minutes at 25°C. EDTA was
removed via Zebra Spin Desalting Columns equilibrated in PBS (137 mM NaCl, 27 mM
KCI, 43 mM NayHPO,4-7H,0, 1.5 mM KH,POy, pH 7.4). Each sample was then incubated
with 1 mM MnCI, or PBS alone for > 5 minutes to allow cation binding. All samples were
then buffer exchanged again with Zebra Spin Desalting Columns into ICP grade H,0 to
remove free cations. Samples ranged from 0.05 — 0.2 mg total protein. An equal volume of
Optima grade nitric acid (Fisher) was added to each sample and proteins were digested for 2
hours at 95°C. Samples were then diluted to a 5% HNO3 working concentration. A standard
curve was generated with known concentrations of Mn2* in 5% HNO3. Triplicate readings
were taken on a TJA Radial Iris 1000 ICP-OES for each sample. The ratio of SANTXRL1 to
MnZ* was then calculated utilizing SANTXR1 concentrations within range of the standard
curve (0 — 4 uM). Data presented are the average of three independent experiments.

Surface Plasmon Resonance

PAgssr(K729C) was conjugated to a CM5 chip via thiol linkage as per manufacturer’s
recommendation (Biacore). All setup injections were at a flow rate of 7 uL/min. In short: A
1:1 mix of N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) was injected for 2 min. PDEA (80 mM 2-(2-
pyridinyldithio) ethaneamine hydrochloride in 500 pL boric acid, pH 8.5) was injected for 4
min, 20 pg/mL PAgssr(K729C) in (10 mM CH3COONa-3H,0, pH 4.3) was then injected
for 6 minutes, followed by L-cysteine (50 mM in 1 M NaCl, 100 mM CH3COONa-3H,0)
injected for 4 minutes. Injections were repeated for flow cell 1 (FC1) without
PAgsssr(K729C) to blank FC1. Binding experiments were conducted at 25°C with a running
buffer of HBS (10 mM HEPES, 150 mM NaCl, pH 7.4, 0.05 % P20) + 1 mM CacCl,.
SANTXR1 receptor concentrations ranging from 0.05 uM — 4 pM were flowed at 30 pL/min
for 100 sec, allowed to disassociate for 180 sec, and then the surface was regenerated with
Regeneration Solution (0.5 M Na,COg3, pH 10.5) applied for 30 seconds with a 120 second
recovery. Data were analyzed on Biacore T100 evaluation software using the steady state
equilibrium affinity model derived from equation 2,

Req=[(C X Ryax)/(K,+C)]+RI @)

Req is steady state binding level, C is concentration of analyte, Rmay is analyte binding
capacity at the sensor surface, Kp is overall equilibrium dissociation constant, and RI is
refractive index. At least 3 independent experiments were run for each SANTXR1.
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Sample Preparation for 1H-15N HSQC NMR

NMR studies were performed on His6-SANTXR1 variants (residues 34 to 227 with the
sequence HHHHHHLVPRGS appended to the N-terminus). Isotopically labeled proteins
were produced as described above except that the minimal media utilized 1°NH4ClI as the
sole nitrogen source. Proteins were purified from 10 L cultures. Cell pellets were
resuspended in 42 mL of Cobalt Binding Buffer (CoBB: 20 mM Nay,HPO,, 0.5 M NacCl, 10
mM imidazole, pH 7.4) and lysed via French Press at > 1500 PSI. The supernatant was then
passed through 0.45 um syringe filter. The filtered supernatant was then loaded onto a 1 mL
HiTrap Chelating HP column equilibrated with CoCl, (Amersham) and eluted with a linear
gradient of Cobalt Elution Buffer (CoEB: CoBB + 500 mM imidazole). Samples were then
separated via size exclusion chromatography (Sephacryl S-200 HR, GE Healthcare) and
pure fractions, as determined via SDS-PAGE and Gel-Code Blue Stain Reagent, were
pooled. Proteins were dialyzed with 12,000-14,000 MWCO Spectra/Por 2 Dialysis
Membrane into NMR Buffer (50 mM NaH,PO,, 300 mM NacCl, pH 6.5) and concentrated to
500 pL via Amicon Ultra-4 or -15 Centrifugal Unit with a 10,000 MWCO membrane.
Samples were then spiked with dimethyl ethyl ammonium propane sulfonate (NDSB-195)
(Anatrace) to 100 mM final concentration. Final protein concentrations were 2 — 10 mg/mL.
All samples contained 7% D,0.

The TH-15N HSQC spectra, with sensitivity-enhancement, were recorded at 299 K on a
CryoProbe-equipped Bruker Avance-600 MHz spectrometer. Spectra were acquired with
1024 x 128 complex data points in the 1H and 1°N dimension with corresponding spectral
widths of 8389 Hz and 2190 Hz, respectively. The proton carrier frequency was set to the
water resonance. Data processing and analysis was performed using the programs NMRPipe
and Sparky, respectively (38,39).

RESULTS

F205W locks ANTXR1 into an active state on the cell surface

Go et al recently demonstrated that the presence of the long cytosolic tail in ANTXR1-sv1
yields a decrease in the total amount of bound PA (26). Using a flow cytometry assay in
which expression of ANTXR1-EGFP fusion proteins is normalized by gating on EGFP
fluorescence, we confirm Go’s results and show ANTXR1-sv2 expressing cells bind 2 — 3
fold more PA than ANTXR1-sv1 expressing cells (Fig. 1A and C). Next, a single point
mutation, F205W, was introduced into ANTXR1-sv1 and -sv2. This phenylalanine is
conserved across integrin | domains and ANTXR1, and substitution of a tryptophan for this
conserved phenylalanine in the aM integrin overrides inside-out signaling resulting ina 2 —
3 fold increase in ligand binding (21,25). Consistent with these findings, introduction of the
F205W point mutation increased PA binding by ANTXR1-sv1 (Fig. 1). The increase in total
PA binding in Ca2* or Mn2* reached levels comparable to WT ANTXR1-sv2 (Fig. 1B). No
further increase in PA binding was observed when the F205W mutation was engineered into
ANTXR1-sv2 (Fig. 1B) indicating that this mutation influences activation status of
ANTXR1 rather than interacting directly with PA (Fig. 1C).

PA binding of the soluble ANTXR1 | domain is not affected by the F205W mutation

Previous studies with isolated integrin | domains demonstrate that these | domains
preferentially adopt an inactive state when expressed as isolated domains (21,24,40). In
contrast, several studies suggest that the isolated ANTXR2 | domain is fully active
(16,17,27,41). Therefore, to test whether the isolated ANTXR1 | domain exists in an active
or inactive state we expressed WT and point mutants as soluble receptor proteins
(SANTXR1). We tested F205W, which increases total PA binding (Fig. 1A and B) and the
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previously described | domain MIDAS variant T118A which yields a 102 — 103-fold
reduction in receptor activity (15).

The ability of each SANTXR1 to bind PA was first assessed by ELISA. As previously
reported (15), WT SANTXR1 showed dose-dependent binding to PA that was dependent on
the divalent cation present, with MnZ*>Mg?*>Ca2* (Fig. 2A). In contrast,
SANTXR1(T118A) displayed a ~103-fold reduction in the ability to bind PA (Fig. 2B).
Interestingly, residual PA binding by SANTXR1(T118A) appeared cation-independent, as
similar binding was observed in the presence of EDTA. One possible explanation is that the
T118A mutation disrupts cation coordination. However, a similar threonine to alanine
mutation in the aM MIDAS was suggested to retain metal binding, though evidence for this
was indirect (20,21). To directly address this concern, we determined the metal binding
capacity of WT and mutant receptors via ICP-OES. SANTXR1(WT), (F205W), and
(T118A) all bound an equimolar ratio of Mn2* indicating that the point mutations did not
alter ability of receptor to bind cation (Fig. 2C) and implicating a MIDAS-dependent
regulation of PA/ligand binding.

Interestingly, the ELISA binding curves were similar between SANTXR1(F205W) and WT
SANTXRL1 (Fig. 2A), indicating that this mutation did not affect the proportion of soluble |
domain that is active. To further test PA binding ability of SANTXR, we employed surface
plasmon resonance, which was previously utilized to determine the fraction of the soluble
aM I domain in active versus inactive states (21,42,43). Consistent with ELISA results, the
F205W mutation did not alter the absolute amount of equilibrium binding between
SANTXRL1 and PA (Fig. 2D), indicating that the proportion of SANTXRL1 in the active state
is similar between WT and F205W forms.

Point mutations in the soluble ANTXR1 | domain do not affect secondary structure

The increased PA binding seen with ANTXR1-sv1(F205W) and the decreased PA binding
by SANTXR1(T118A) are consistent with structural changes associated with open and
closed conformations reported in integrin 1 domains (21,40). However, because the T118A
mutation results in a large reduction in PA binding, it remained possible that this mutation
affected PA binding by perturbing protein structure. Therefore, we tested whether
SANTXR1(T118A) maintained proper folding and, further, whether structural differences
could be detected between the active and inactive forms of SANTXR1 using CD
spectroscopy.

No noticeable changes were observed in the CD spectra of SANTXR1(F205W) or
SANTXR1(T118A) when compared to WT (Fig. 3). As a basis for comparison, the CD
spectrum for SANTXR2, which retains 60% amino acid identity to SANTXR1, was analyzed
and found to match predictions based on published X-ray crystallography structures.
Interestingly, SANTXR2 exhibited a significant difference in percent of a-helix (Fig. 3;
Table 1). Percent of random coil, B-sheet, and turn were similar for both SANTXR1 and -2.
Thus, while small differences in secondary structure exist between SANTXR1 and -2, the
differences in PA binding between WT, F205W and T118A variants of SANTXR1 are not
due to misfolding or alterations in content of specific secondary structures.

Point mutations in the SANTXR1 | domain induce only minor shifts in tertiary structure

To further evaluate the effects of the F205W and T118A point mutations 1H-15N HSQC
NMR spectra were recorded. Both mutant proteins are folded as judged by the linewidths
and dispersion of the amide cross peaks in their NMR spectra (Fig 4). Notably, the spectrum
of each mutant is generally similar to the spectrum of the wild-type protein indicating that
the F205W and T118A mutations do not disrupt the global fold (Fig. 4). The F205W mutant
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exhibits more significant spectral changes as compared to the T118A mutant. This is
presumably caused by introduction of the indole ring in this mutant which can cause
significant ring current shifts. The majority of resonances in the F205W, T118A, and WT
spectra are superimposable suggesting that they adopt similar conformations. Unfortunately
the low solubility and yield of isotopically produced protein prohibits a more extensive
analysis by NMR at this time.

ANTXR1 affinity for PA is unaffected by the F205W mutation

To address whether | domain activation states alter ANTXR1 affinity for PA, Kp values
were determined using the flow cytometry assay described in Fig. 1A. The Kp for PA
binding to cells expressing ANTXR1-sv1, in which most of the ANTXRL1 is inactive, was
compared to cells expressing ANTXR1-sv2, in which ~3-fold more receptor is in the active
state. In addition, we measured the Kp of PA binding to cells expressing
ANTXR1(F205W)-sv1 and —sv2. Finally, we performed surface plasmon resonance studies
to measure PA binding to WT, F205W, and T118A sANTXR1 variants. Due to slow off-
rates in the presence of Mg2*, we were unable to reliably determine the affinity of the
isolated | domains in the presence of cations other than Ca2* via SPR. Therefore, in order to
rule out differences in Kp associated with alterations in cation usage, cell based PA binding
assays were performed in TBS with 1 mM Ca?* or Mg?* rather than in culture media.

In both cell-based and SPR assays, affinity of ANTXR1(F205W) binding to PA was
unchanged compared to WT ANTXR1 (Table 2). Consistent with the findings of Go et al
(26), PA affinities for ANTXR1-sv1 and —sv2 were also similar. Binding of
SANTXR1(T118A) was undetectable by SPR and therefore affinity could not be calculated
(data not shown). Taken together, these data suggest that low-level PA binding to the
inactive receptor does not contribute to the measured Kp. Further, the increase in PA
binding by ANTXR1(F205W)-sv1 is not the result of an increase in measured affinity, but
may instead be due to an increase in the number of receptors in the active state.

In contrast to previous reports (26,44,45), the Kp value for the isolated WT | domain was
only 3 -5 fold higher than Kp values for the full length ANTXR1-sv1 and -sv2 receptors
expressed on Chinese hamster ovary cells in defined cation conditions. Therefore, removing
the ANTXR1 I domain from the cell-surface receptor does not substantially alter Kp with
respect to PA binding.

DISCUSSION

Structural and biochemical studies show ANTXRs interact with PA in a fashion similar to
known integrin | domain / ligand interactions (15-17,19,27). Consistent with studies on
integrins (20,21), we demonstrate that mutation of a conserved | domain phenylalanine
(F205W) (Fig. 1A and B) or MIDAS threonine (T118A) (Fig. 2B) is able to override
cytosolic regulation that controls the distribution of ANTXR1-sv1 between active and
inactive states.

The increase in PA binding to ANTXR1(F205W)-sv1 is not the result of an increase in
affinity in all receptor molecules, but rather the result of an increase in the population of
activated receptor. Accordingly, engineering the F205W mutation into ANTXR1-sv2, which
displays 3 — 4-fold more PA binding than ANTXR-sv1, gave no additional increase in PA
binding. Conversely, the T118A mutation resulted in loss of PA binding without disrupting
protein folding or metal binding. These data support the hypothesis that affinity regulation is
achieved via inside-out signaling that alters the extracellular | domain activation state and
that this regulation can be overcome by alterations in the | domain.
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While our results are consistent with previous studies on integrins, the mechanism by which
alteration of |1 domain residues affects PA binding are less clear. At least three models exist
that may explain control of PA binding. First, as proposed for integrins, F205W and T118A
may lead to stabilization of open and closed conformations respectively (19-21).
Alternatively, these mutations may alter PA binding in the absence of large conformational
changes. Finally, F205 and T118 may be involved in interactions with other host proteins,
such as coreceptors. Each of these possibilities is discussed below.

First, | domains can adopt either an open or closed conformation, corresponding to an active
or inactive state, respectively (Supp. Fig. 1A and B) (22). The aromatic side-chain of a
conserved phenylalanine (F205 in ANTXRL1) is buried in a MIDAS-adjacent hydrophobic
pocket in the closed conformation, but is flipped out of the hydrophobic pocket and exposed
to the aqueous milieu in the open conformation (21, 27, 46, 47) (Supp. Fig. 1). Lietal
hypothesized that the substitution of this conserved phenylalanine by a residue with a bulky
sidegroup, such as tryptophan, prevents occupancy of the hydrophobic pocket and thus
“locks” the integrin | domain into an open conformation (21). The finding that
ANTXR1(F205W)-sv1 displays increased PA binding is consistent with this hypothesis.

Regulation of integrin/ligand binding is additionally governed by the metal coordination
status of the conserved MIDAS threonine (48). In the open conformation, the hydroxyl side
chain of this threonine residue directly coordinates the MIDAS cation, though it does not
directly participate in ligand binding (20,48) (Supp. Fig. 1). In the closed conformation, the
MIDAS threonine indirectly coordinates the cation. Mutation of this threonine to alanine
(T118A in the ANTXRs) reduces ligand binding activity, which was hypothesized to result
from preferentially stabilizing the | domain in a closed conformation (20,21). However, the
possibility of structural perturbation or loss of cation binding leading to a reduction in PA
binding had not been previously addressed. We show here that the T118A mutation does not
disrupt cation coordination or folding of the SANTXR1 protein. Therefore a model whereby
regulation of PA binding is affected by MIDAS-associated conformational change or
conformation-independent alteration of MIDAS-mediated ligand binding is the most
plausible.

Lacy et al hypothesized that the ANTXR2 | domain would be unable to adopt a closed
conformation based on structural characteristics of this molecule (27). The finding that the
SANTXR1(T118A) and (F205W) CD and *H-1°N HSQC NMR spectra are similar to WT
indicates that structural changes for this related I domain may also be limited. If true, a
transition between an active and inactive ANTXR1 | domain may not require major
structural rearrangements typically attributed to open and closed conformations. Further
structural studies are required to address this in detail.

Finally, the differences seen in ANTXRL1 activation state may be the result of receptor
clustering or interaction with a coreceptor (15,19,26). LRP6 was reported as a coreceptor for
ANTXR1 (49), though other studies question the role of this host protein in PA binding (50—
52). It is possible that association of ANTXR1 with LRP6 or other unidentified
coreceptor(s) could increase the affinity of the ANTXR1-PA interaction. Indeed, a
coreceptor or changes in avidity resulting from receptor clustering may also explain the 3 —
5 fold increase in observed Kp reported here for the full-length receptors expressed on
CHO-R1.1 cells compared to SANTXR1. However, mutation of F205 results in increased
PA binding, indicating that any interaction with another factor mediated by this residue
would normally be inhibitory to PA binding. This conclusion is opposite of the current
model of how LRP6 functions, indicating that this coreceptor is not responsible for
alterations in the activation status reported here.
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It was previously suggested that differences in Kp values between surface-expressed (9.5 —
21 nM in complete media) and SANTXR1 (130 nM in Mg2* buffer and 1100 nM in Ca%*
buffer), could result from misfolded protein used in the SANTXR1 studies (44), a skewing
of the intoxication-based cell binding data based on overdependence on on-rates (45), or
interactions with a putative coreceptor (26). Here we report that affinities vary by only 3 -5
fold when the cation is kept constant between assay systems. Thus, a coreceptor may lead to
a slight increase in affinity on the cell surface, but is not required for PA binding. Of note,
our data do not address whether a coreceptor may function to influence the activation status
of ANTXR1-sv1. In addition to conformational changes, activation and/or ligand binding
lead to integrin clustering resulting in increased avidity (22,53-55). It was previously shown
that ANTXR1 dimerizes on the cell surface and this may be responsible increased avidity
and therefore increased apparent affinity (56).

Data presented here support a model for control of ANTXR1 receptor activity via inside-out
signaling which yields a MIDAS-dependent regulation of PA binding. ANTXR1 likely
exists in equilibrium between active and inactive states. Control of this equilibrium is
governed by the cytoplasmic domain of the receptor and may be overridden via point
mutations in the | domain engineered to favor active (F205W) or inactive (T118A) states.
Future attempts to define how the cell modulates ANTXR1 affinity for PA via inside-out
signaling will be important for approaches to counteract anthrax toxin, as well as numerous
efforts to redirect PA to target tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ABBREVIATIONS
NMR nuclear magnetic resonance
HSQC heteronuclear single quantum coherence
CD circular dichroism
ANTXR anthrax toxin receptor
SANTXR soluble anthrax toxin receptor | domain
ANTXR1-sv1 and -sv2 anthrax toxin receptor 1 splice variant 1 and 2
PA protective antigen
EF edema factor
LF lethal factor
TEMS tumor endothelial marker 8
CMG2 capillary morphogenesis gene 2
MIDAS metal ion dependent adhesion site
SEM standard error of the mean
SD standard deviation
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Figure 1. ANTXR1(F205W) is locked into the active conformation

CHORZ1.1 cells expressing the indicated ANTXR1-EGFP fusion proteins were incubated
with AlexaFluor 647 labeled PAgssr(K729C) for 6 h on ice, and PA binding was measured
by flow cytometry. ANTXR1 expression was normalized by gating on equivalent EGFP
signal (115 — 155 relative fluorescence units) from each sample. (A) PA was titrated in the
presence of 2 mM MgCl, and binding measured via flow cytometry. Data shown are
representative of two independent experiments with each point corresponding to the
geometric mean fluorescence (GMF) of >300 individual cells. (B) The relative contribution
of specific cations was determined by incubating 100 nM PA with receptor expressing cells
in the presence of 2 mM CaCl,, MgCl,, or MnCl, and analyzing as in (A). Data points
represent the mean + standard deviation (SD) for three independent experiments. (C) A
model depicting the differences in ANTXR1-sv1, -sv2, or the | domain point mutant -
sv1(F205W) ability to bind anthrax protective antigen (PA). Two types of receptor
activation states exist, relative to PA binding ability. The membrane bound short-tailed sv2
receptors are in the active state and bind PA. The long-tailed sv1 receptors exist in an
equilibrium of active and inactive receptors where active receptors are capable of binding
PA (arrow) and inactive receptors do not bind PA (line-bar). The I domain point mutation
F205W increases the percent of active sv1 receptor capable of binding PA and this overrides
inside-out signaling through the cytoplasmic tail, which restricts binding to a proportion of
the ANTXR1-sv1. Closed spheres represent inactive receptors whereas open spheres
represent active receptors.
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Figure 2. PA binding of the soluble ANTXR1 I domain is not affected by the F205W mutation
(A, B) PA or BSA was adsorbed to a 384-well plate and the indicated GST-SANTXR1
proteins were titrated in the presence of 1 mM Ca2*, Mg2*, Mn2*, or EDTA. Bound GST-
ANTXR1 proteins were detected using anti-GST-HRP and developed with 1-Step TMB as
described in methods. Results shown are representative of at least two independent
experiments performed in triplicate. Data represent mean * the standard error (SE). (C)
SANTXR1 proteins were incubated with 5 mM EDTA to remove residual cations, buffer
exchanged to remove EDTA, and incubated with 1 mM MnClI, or ddH,O at RT. Free metal
was removed and proteins digested in Optima trace metal grade nitric acid. The molar ratio
of bound Mn2* per receptor molecule was determined via ICP-OES at wavelengths 257.610
nm, 259.373 nm, and 260.569 nm. An asterisk indicates a value below the detection limit.
Data represent the mean + SD for three independent experiments. (D) The F205W point
mutation does not increase PA binding as measured by response units (RU) compared to
WT sANTXR1 | domain. The binding curves for SANTXR1(WT) and SANTXR1(F205W)
are nearly identical and overlap. PAgssr(K729C) was conjugated to a CM5 chip via thiol
exchange and SANTXR1(WT) and (F205W) flowed over chip using a Biacore T-100.
Sensorgrams are shown with concentrations of SANTXR1(WT) (black lines) and
SANTXR1(F205W) (grey lines) indicated.
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Figure 3. Point mutations in the soluble ANTXR1 I domain do not affect secondary structure
CD spectra were recorded in the far-UV range at 25°C for 0.2 mg/mL SANTXR1(WT),
(F205W), and (T118A), as well as SANTXR?2 (solid-black, black-dash, solid-grey, and long
black dash, respectively). Analysis of the spectrum from SANTXR2 reveals different relative
proportions of alpha helix compared with SANTXR1 as listed in Table 1.
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Figure 4. 1H-15N HSQC NMR of SANTXR1
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1H-15N HSQC NMR indicates proper structural folding of SANTXR1 WT and mutants as
judged by the linewidths and dispersion of the amide cross peaks in their NMR spectra. (A)
An overlay comparison of the 1H-15N HSQC spectrum of SANTXR1(WT) and (F205W)
shown in red and blue, respectively. The majority of the resonances in the spectra are
superimposable, indicating similar conformations. (B) Overlay of SANTXR1(WT) and
(T118A) shown in red and black, respectively. As in (A), the vast majority of resonances

overlap.
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Circular Dichroism Evaluation of the Secondary Structure of SANTXR1 and SANTXR22

Table 1

Alpha Helix  Beta Sheet Turn Other
SANTXR2 48.4 + 3.6 147+49 191+27 193%75
SANTXR1(WT) 34537 19663 218+29 229+98
SANTXR1(F205W) 34929 21.0+x70 208+40 21.3+9.6
SANTXR1(T118A) 36.9+3.0 208+7.2 206+42 226%10

Page 18

&I'he fraction of secondary structure was computed with the self-consistent method of Sreerama and Woody (SELCONS3) (34) utilizing multiple

algorithms.
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Table 2
SPR and Cell-based Affinity Measurements?

ANTXRL(WT) Kp (M)
SPR 1092 + 269.0
Cell Based-svl 287.7£28.24
Cell Based-sv2 267.5 £ 43.09

ANTXR1(F205W)

SPR 1173 £31.39
Cell Based-sv1 2235 £ 62.07

Cell Based-sv2 400.8 + 20.63

&I'he binding affinity of SANTXR1(WT) and (F205W) to PASSSR(K729C) conjugated to a CMS5 chip via thiol exchange was determined by
surface plasmon resonance. Steady state equilibrium affinity model was used to calculate Kp values from at least 3 independent experiments for
each SANTXR. Data are the mean Kp + SE where KD is the equilibrium dissociation constant (nM). Cell-based affinity of ANTXR1-sv1 and -2
with and without F205W point mutation was determined by incubating receptor-expressing CHO cells in the presence of 1 mM CaCl2 on ice with
a 0 - 1.6 uM titration of AlexaFluor 647 labeled PASSSR(K729C) for 6 hours. Geometric mean fluorescence was measured via flow cytometry
and Kp values determined using Prism GraphPad 4 software.
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