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One of the anthrax receptors, tumor endothelial marker

8 (TEM8), is reported to be a potential anticancer target due

to its over-expression during tumor angiogenesis. To extend

our BioLayer Interferometry study in PA-TEM8 binding, we pre-

sent a computational approach to reveal the role of an integral

metal ion on receptor structure and binding thermodynamics.

We estimated the interaction energy between PA and TEM8

using computer simulation. Consistent with experimental study,

computational results indicate the metal ion in TEM8 contrib-

utes significantly to the binding affinity, and PA-TEM8 binding is

more favorable in the presence of Mg21 than Ca21. Further,

computational analysis suggests that the differences in PA-TEM8

binding affinity are comparable to the closely related integrin

proteins. The conformation change, which linked to changes in

activity of integrins, was not found in TEM8. In the present

of Mg21, TEM8 remains in a conformation analogous to an

integrin open (high-affinity) conformation. VC 2017 Wiley Periodi-

cals, Inc.

DOI: 10.1002/jcc.24768

Introduction

Since the bioterrorism attack in 2001, the need to understand

and develop countermeasures for anthrax virulence has drew

significant attention.[1] The infectious agent is typically trans-

mitted through ingestion, inhalation, or cutaneous, followed

by infection at the site of contact, causing distinct clinical

symptoms.[2] Amongst the virulence mechanisms utilized by

Bacillius anthracis, production of the binary toxin proteins

occurs throughout the vegetative life stage of the pathogen.

The mechanism of anthrax intoxication begins when anthrax

protective antigen (PA), a component of anthrax toxin, binds

to anthrax toxin receptors on the cell surface.[3]

Tumor endothelial marker 8 (TEM8) is one of the anthrax

cell surface receptors in humans.[3] PA binds to TEM8 and

interacts with the other toxin proteins, lethal factor, and ede-

ma factor, to facilitate internalization and delivery of the lethal

and edema factors via endocytosis and pore formation.[4]

TEM8 is also known to be over-expressed in tumor cells,[3] and

is originally identified as the product of gene upregulation in

tumor endothelium.[5] Since TEM8 functions in angiogenic pro-

cesses that can enhance tumor growth,[6,7] the receptor has

generated much interest as either a cancer marker[8,9] or a tar-

get for tumor-specific therapies.[9]

X-ray crystallographic studies[4] demonstrates that TEM8 is a

von Willebrand factor type A protein that contains a divalent

cation in a metal ion dependent adhesion site (i.e., the MIDAS

domain). Most other von Willebrand factor A proteins, including

integrins, bind their relevant physiological ligand(s) via the met-

al cation. TEM8 mutants that disrupt metal binding, or wild-

type TEM8 that lacks the divalent metal, yield a significant

decrease in PA-TEM8 binding affinity.[10] Biological experiments

show that a mutated version of PA inhibits angiogenesis in vivo.

Thus, PA is believed to occupy the same binding site as physio-

logical extracellular membrane ligand(s).[11] Consequently, PA-

TEM8 interactions may be reasonably used as a model for

studying TEM8 binding behavior both to its physiological ligand

and anthrax protective antigen, to modulate the angiogenic

effect(s) of TEM8 and the anthrax infection pathway. However,

the exact structure of PA-TEM8 complex and the molecular

mechanism by which TEM8 exerts its angiogenic effect remain

unclear.

Another anthrax receptor, capillary morphogenesis gene 2

(CMG2), shares 40% amino acid identity with TEM8, with close

to 60% identity in the PA binding domain. Further, the affinity

between the anthrax receptor CMG2 and PA is significantly

affected by the identity of the bound metal cation.[12] Three

possible metal ions facilitate the binding by coordinating to

the MIDAS domain in CMG2: Mg21 has the strongest binding

affinity, followed by Zn21, and then Ca21.[12,13] Similar results

are found for TEM8.[14] However, a systematic examination of

the role of the divalent cation on the PA-TEM8 interaction has

not been carried out.

In addition, several groups have also recognized the struc-

tural similarity between integrin a I domain and TEM8 extracel-

lular domain. They speculate that the binding of TEM8
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cytosolic domains to actin can result in conformational

changes that switch the TEM8 MIDAS domain from high to

low affinity states, and that these two conformational states

could resemble the “open” and “closed” conformations of

integrin MIDAS domains, respectively.[15,16] Presumably, such

conformational changes could be responsible for TEM8 signal-

ing. TEM8 X-ray structures show more similarity to the integrin

a I domain “open” conformation than to the “closed” confor-

mation. Many integrin a I domain crystal structures are always

bound to a ligand in “open” conformation, and not bound to

a ligand in “closed” conformation. Although the TEM8 crystal

structure does not contain a ligand, the published structure is

believed to be an “open” conformation.

The integrin a conformation change is believed to be strongly

coupled to the conformation of a phenylalanine on the C-

terminal and a tyrosine near the MIDAS domain.[17] F205 and

T118 are the corresponding residues conserved in TEM8, versus

the phenylalanine and tyrosine in integrin a. Mutation of the

TEM8 phenylalanine 205, highly conserved among related integ-

rins, to tryptophan (F205W) has been speculated to lock TEM8

into a high affinity state. Conversely, the T118A mutation lowers

the binding affinity to PA by �103 fold.[18]. However, no structur-

al data directly supporting different conformational states has

been generated for TEM8, and only small differences in TEM8

affinity for PA have been observed for the F205W mutation.[18]

To investigate the role of the metal ion in the TEM8 and PA

interaction, we generated a PA-TEM8 complex structure model

based on the highly homologous PA-CMG2 crystal structure

and evaluated the molecular model in the presence of differ-

ent divalent cations. We also used our model to examine the

possibility of “open” to “closed” conformational change previ-

ously suggested for TEM8.[15,18] To validate the computational

model, we measured binding affinity through BioLayer Interfer-

ometry (BLI) experiments that focused on the PA-TEM8 interac-

tion in the presence of Mg21 and Ca21. We found the

molecular reason for the difference in binding affinity between

PA and TEM8, the “hot-spot” residues that contribute most to

PA-TEM8 affinity, and examined the possibility of a TEM8

“open” to “closed” conformation change.

Methods

Preparation of complex

To model PA-TEM8 complex, we used a rigid body structural

alignment TOPMATCH[19] to replace the CMG2 in the crystal

structure of PA-CMG2 complex (1T6B[20]) with TEM8 (3N2N[10]

chain A) at RMSD 5 0.66 Å. Missing loops in PA were patched

using the optimized conformation generated by Model-

ler9.11.[21] To reduce the computation cost, PA domain I and III

were truncated in the simulation. The effect of the truncation

is evaluated in Supporting Information Figure S1. Mg21 ion

was found in the original crystal structure of TEM8.[10] To study

the effects of different metal ions, we replaced the Mg21 with

Ca21, and set their initial coordinates as the same as Mg21.

To model free TEM8, the crystal structure of the TEM8

monomer chain “A” was used. Ion replacement, energy

minimization and molecular dynamics were done in the

same way as PA-TEM8 complex, but without restraints.

Molecular dynamics simulation

The first minimization was conducted before dissolving the

protein in explicit solvent to remove energy clashes. The initial

atomic coordinates of PA-TEM8 complexes were dissolved in a

generalized Born implicit solvent with 0.15 mol�L21 salt con-

centration using the CHARMM 35b6 software package[22] and

charmm27 force field parameters.[23] The energy minimization

has 10 cycles of 1000 steps, reducing the harmonic restraint

each cycle on all protein atoms from 10 kcal�mol21�Å22 to 1

kcal�mol21�Å22 in decrements of 1 kcal�mol21�Å22 under

Steepest Descent method in CHARMM.

The protein was then dissolved in a TIP3P[24] water and 0.15

mol�L21 NaCl box of 126 Å 3 86 Å 3 86 Å at a mixed density

of 0.947 g/cm3. Extra chloride anions were used to neutralize

the positive charge of the protein complex.

After the protein solvent was generated, further energy mini-

mization and molecular dynamics simulations of protein solu-

tion were run using NAMD 2.10-GPU software package[25] with

charmm27 force field parameters. Two cycles of 10,000 steps of

Conjugated Gradient minimization were run in NAMD with fixed

protein atoms and without any constraints, respectively. Finally,

10 repeats of 20 ns molecular dynamics using different random

seeds for starting velocities[26] were produced for PA-TEM8 and

PA-CMG2 complexes. Temperature was set at 300 K with a

damping coefficient of 5 ps21 using Langevin dynamics.[27]

Pressure was set at 1 bar using a Langevin–Noose Hoover pis-

ton[28] with a damping time of 50 ps21. Particle Mesh Ewald[29]

was used to calculate long-range Coulombic interactions. The

time step was set at 2 fs with the use of the Rigid Bond algo-

rithm[30] between hydrogen atoms and heavy atoms.

MM/GBSA energy calculation

In this study, the binding free energy was calculated using a

widely used MM/GBSA[31–34] method. The binding interaction

energies can be estimated according to the equation DGMM/GBSA

5 DEMM 1 DGGB 1 DGnonpolar – TDS, where DEMM is the difference

of gas-phase interaction energy between proteins, including the

Coulombic, van der Waals, bond, angle, and dihedral energies;

DGGB and DGnonpolar are the polar and nonpolar components of

the desolvation free energy, respectively; 2TDS is the change in

conformational entropy during the binding process. EMM was

determined by CHARMM with 999 Å cutoff distance (essentially

no cutoff), and Gnonpolar 5 cA 1 b[35] was estimated from the sol-

vent accessible surface area (A in the equation) using SASA pack-

age in CHARMM,[36] and c 5 0.00542 kcal mol21 Å22, b 5 0.92

kcal/mol. GGB was calculated with the GBSW approach[37,38]

implemented in CHARMM. Dielectric constants of 4 and 80 were

used for solute and solvent, respectively. CHARMM default opti-

mized parameters for GB-calculations[39,40] were used.

Free energies were calculated from snapshots taken from

MD trajectory at commonly used[31] 5 ps intervals from 20 ns

MD simulation. The first 5 ns simulation was considered as

pre-equilibrium stage based on the interaction between the
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protein complex and water (red line in Supporting Information

Fig. S1b), thus any data from the first 5 ns simulation were not

used in further analysis. The single trajectory interaction ener-

gy calculation technique was used to cancel the errors result-

ing from internal energy, thermal noise, and potentially

inadequate configuration sampling when the energies were

calculated from multiple simulations.[41]

The change in configurational entropy on binding was cal-

culated using the Quasi-Harmonic estimation. The variance in

entropic contribution (2TDS) of PA-TEM8 in the presence of

different metal ion is relatively small (0.03 kcal/mol) compared

to the variance in MM/GBSA energies (2.23 kcal/mol). Experi-

mentally, the crystal structure of solo CMG2[20,42] showed less

than 1.5 Å RMSD comparing to the CMG2 in PA-CMG2 crystal

structural. So did PA domain II and IV.[20,43] Therefore, to save

computing time, we assume that the volumes of configuration

space occupied by the ligand and protein change negligibly

on association, and the –TDS term was not included in binding

free energy calculation.

For each PA-TEM8 complex, the binding free energy of MM/

GBSA was estimated as follows: DGbind 5 Gcomplex – GPA –

GTEM8, where DGbind is the binding free energy and Gcomplex,

GPA, and GTEM8 are the free energies of complex, PA, and

TEM8, respectively. Binding free energies resulting from non-

bond interactions were decomposed at the atomic level to

evaluate the contribution of individual residues to the binding

free energy using the method described by Zeote, Meuwly,

and Karplus.[44]

Protein production

PA was produced as mutant PASSSR[45] according to previously

described methods.[46] TEM8-GST was expressed in E. coli (T7

Express; New England Biolabs). A 50 mL overnight culture was

grown in ECPM1 and was used to inoculate 5 L of ECMP1 in a

5 L bioreactor at 378C. The culture was grown at 378C to a

density of 5 OD600 and then induced with IPTG at a final con-

centration of 0.7 mM for 3 h at 378C. Resulting cells were har-

vested via centrifugation for 20 min at 5000 3 g. The pellet

was resuspended in Tris buffer (125 mM Tris pH 8, 150 mM

NaCl, 0.02% Tween 20) and lysed via two passes through a

Cell Disruptor (Constant Systems). Lysate was cleared by centri-

fugation at 3300 3 g for 60 min. Cleared lysate was loaded

onto agarose-glutathione beads (Pierce) and purified according

to manufacturer instructions; beads were washed with Tris

buffer and eluted with the same buffer containing an addition-

al 10 mM glutathione and 0.2% sodium azide. Pooled fractions

were concentrated via Amicon Ultra-4 centrifugation (Millipore;

10 MW cut-off ) and exchanged into HEPES storage buffer

(20 mM HEPES, 150 mM NaCl, pH7, 0.02% tween, 0.05% sodi-

um azide, diluted with 20% glycerol) using a PD-10 desalting

column (GE Healthcare).

BLI measurements of TEM8-GST•PA affinity

TEM8-GST affinity for PA was measured using a OCTET Red

Biolayer Interferometer (Forte-Bio; Pall Life Sciences). BLI meas-

urements were carried out according to manufacturer

instructions. TEM8-GST and PA were diluted into phosphate

buffer (50 mM sodium phosphate, 150 mM NaCl, 10 mg/mL

BSA) with the addition of the relevant divalent cation (1 mM

MgCl2, 2 mM CaCl2, or both; relevant concentrations were cho-

sen as an approximation of those likely to be found in vivo).

TEM8-GST was loaded onto a series of anti-GST sensors using

5 lg/mL TEM solutions; loaded tips were exposed to a range

of PA concentrations to observe association (typically 25 to

1000 nM, with a minimum of four different concentrations),

followed by observation of complex dissociation with tips in

buffer. The length of association and dissociation steps varied

with the identity of the divalent cation, as outlined in Table 2.

Global fit to the data for all PA concentrations were used to

obtain kon, kdiss, and Kd data, using manufacturer curve fitting

protocols. R2 for all curve fits were above 0.987.

Results and Discussion

Our simulation results show that TEM8 yields a higher binding

affinity to PA in the presence of Mg21 than Ca21. This result is

consistent with our experimental data. The metal ion in the

MIDAS domain of TEM8 contributes a large part (26% to 28%)

of the binding affinity. The size of the metal ion is the major

factor affecting the binding affinity. Smaller metal ions interact

more strongly with both protein molecules in the complex,

and result in higher binding affinity.

In calculations, the change in MM/GBSA interaction energy

between metal ion and PA is larger than the change in total

binding free energy. Residues around the metal ion compen-

sate part of the change in binding affinity resulted from metal

ion. Four salt bridges and three hydrophobic insertions also

contribute a large part of the binding affinity. The interactions

are slightly different from those identified through a structural

alignment study described in 2010.[10] The conformation of

TEM8 is confirmed as “open,” and is stabilized in “open.”

In experiments, we note that PA-TEM8 affinity in the pres-

ence of either Mg21 or Ca21, obtained by BLI, has been previ-

ously reported for alternate truncations of soluble TEM8.[14,18]

Our Kd values agree with previous studies qualitatively, but are

not identical quantitatively. For example, while our Kd in Mg

(3 6 1 nM) obtained via BLI is lower than previous SPR data

obtained by Scobie et al (130 6 46 nM)[14] and Fu et al (30 6

9 nM).[10] Our measured Kd in Ca (570 6 170 nM) is two-fold

lower than the Scobie value (1100 6 41 nM)). Observed differ-

ences may simply reflect different MIDAS domain truncations.

However, in all cases, PA-TEM8 off-rates are slow (1024/s, as

measured by Fu et al by SPR and confirmed by our own data).

Previously reported SPR values result from short (3–5 min)

observations of very slow complex dissociations (when

reported), which could lead to inaccuracies in the resulting

reported Kd values.

Mg21 results in higher PA-TEM8 binding affinity than Ca21

To measure the binding interaction energy between TEM8 and

PA in the presence of different metal ions, the dissociation

constant was measured experimentally by BLI in the presence
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of Mg21 and Ca21. Corresponding cations were placed in

MIDAS domain in simulation models. As shown in Table 1,

experiments show TEM8 bound to PA in the presence of Mg21

2.8 kcal�mol21 stronger than in the presence of Ca21. Simula-

tion data shows a difference of 2.3 kcal�mol21.

Stronger electrostatic interaction (DEele1DGGB) is observed

in the presence of Mg21 compared to Ca21. Weaker van der

Waals interactions are observed in the presence of Mg21. The

major difference comes from the Coulombic interaction ener-

gy; the GB energies do not show much difference. The GB

energy mimics the solvation screening effect to partially cancel

out about 25% of the Coulombic term. The addition of GB

energy to Coulombic energy also reduces the error of electro-

static energy by more than 70%.

In BLI experiments, TEM8 shows more than 150 times higher

binding affinity toward PA in 1 mmol Mg21 than in 2 mmol

Ca21 solutions. The trend and magnitude are consistent with

our theoretical results. When replacing the metal ion from

Mg21 to Ca21, the on rate is about fivefold lower; however,

the dissociation rate becomes 100 times faster. kon and kdiss in

the Mg21 and Ca21 mixture are similar to the results from the

Mg21 solution. First, these observations indicate that TEM8 is

less active toward PA when Ca21 occupies the MIDAS. Second,

even when TEM8 containing Ca21 binds to PA, the complex is

still less stable than in the presence of Mg21. Notably, while

the Mg21 ion stabilizes the protein complex mainly by deceler-

ating the dissociation, it also slightly accelerates the associa-

tion process.

The calculated difference in PA-TEM8 interaction energy in

the presence of Mg21 and Ca21 is 2.3 6 1.3 kcal/mol, which

quantitatively agrees with the experimental 2.8 6 0.1 kcal/mol.

The calculated relative interaction energy was averaged over

10 repeats of independent 20 ns simulations.

The size of metal ion matters

The distances between Mg21 and all the coordinating oxygen

atoms are shorter than those between Ca21 and the oxygen

atoms (Fig. 2). This results in Mg21 interacting more strongly

with the residues and water molecules around it (within 4.0 Å)

than Ca21 (Fig. 3). Among the three surrounding residues and

the three water molecules directly bound to the metal ion in

MIDAS (as shown in Fig. 1), PA-ASP683 and TEM8-SER52/54

have a larger RMSF in the presence of Ca21 than Mg21 (Sup-

porting Information Table S2 and S3). The results can be inter-

preted as that Ca21 expands the size of MIDAS domain,

leading to weaker interactions with residues.

Mg21 interacts more strongly with PA, TEM8, and the coor-

dinated water molecules than Ca21 in terms of both vdW and

electrostatic energy (Table 3). As the distances between the

metal ion and the surrounding residues increase, all interaction

energies between the metal ion and PA-TEM8/Water are

Table 1. MM/GBSA interaction energy.

Energy terms (kcal/mol)[a] Mg21[b] Ca21[b]

DEele 228.7 6 3.8 222.8 6 4.1

DEvdw 267.8 6 0.6 272.6 6 1.2

DGSA 213.5 6 0.1 213.5 6 0.1

DGGB 7.1 6 3.0 7.3 6 3.5

DEvdw1DGSA 282.2 6 0.7 286.1 6 1.2

DEele1DGGB 221.5 6 0.5 215.5 6 0.9

DGcal 2103.8 6 0.9 2101.5 6 0.9

DGexp
[c] 212.8 6 0.1 210.0 6 0.1

[a] The standard error was estimated over the mean of 10 repeats, each

repeat has 3000 data points from 20 ns MD simulation. [b] Metal ion in

the MIDAS of TEM8. [c] The experimental free energy is calculated from

values in Table 2, including the errors.

Table 2. Experimental binding affinities between PA and TEM8.

Metal ion in PA-TEM8[a] Kd (nM) kon (104/(M s))

kdiss

(1025/s)

Mg21 3 6 1 1.6 6 0.1 5 6 1

Ca21 571 6 170 8.7 6 1.9 500 6 100

Mg21& Ca21 4.3 6 0.2 1.1 6 0.1 4.2 6 0.3

[a] All data were obtained from a minimum of three independent BLI

experiments, as described in Materials and Methods. Errors reflect stan-

dard deviations. In the presence of magnesium, data were obtained via

5-7 min association and 30–40 minute dissociation steps; in the pres-

ence of calcium alone, dramatically faster association and dissociation

could be observed fully in 60 sec. Average global fit R2 for each data

set was as follows: 0.997 (Magnesium data); 0.987 (Calcium data); 0.997

(data in the presence of both magnesium and calcium).

Figure 1. Diagram of MIDAS co-ordination structure in PA-TEM8 complex.

M is the metal ion within MIDAS domain. THR118, SER52, and SER54 are

residues on TEM8. ASP683 is a residue on PA. The metal ion and oxygen

atoms involved in the coordinating have a larger size. The other atoms

have a smaller size.

Figure 2. Distance between metal ion and the six coordinated oxygen

atoms in MIDAS. The residue names are the same as shown in Figure 1.

Error bars show the standard error of the means from 10 individual 20 ns

MD simulations.
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weakened. This is one possible reason for the lower binding

affinity in Ca21 solution we observed in experiments.

The interaction energy with PA contributed by individual resi-

dues on TEM8 is also affected by the replacement of metal ion.

Figure 4 shows that calculated changes on the non-MIDAS resi-

dues (LYS111, ASP117, TYR119) are smaller than the precision of

the calculations, making such changes difficult to interpret.

However, residues in the MIDAS domain interact more weakly

with PA when Mg21 is in position, compared to Ca21. This

observation is opposite to the results of the interaction energy

between the residues and metal ions. When Ca21 is bound in

the MIDAS pocket, the expanded MIDAS coordination and

weakened local interaction makes the residues on TEM8 MIDAS

domain interacts more strongly with PA, an effect which partly

compensates for the weaker cation-TEM8 interactions.

The size of metal ion leads to the major difference in binding

affinity in the presence of Mg21 and Ca21. Ca21 has a larger

ion radius than Mg21 (114 pm[47] vs. 86 pm[47]). The larger ion

radius leads to a larger distance between the metal ion and the

other TEM8 residues in the MIDAS domain. When the distance

increased, vdW, Coulombic, and Generalized Born interaction

energies became weaker, according to their definitions. Similar

results were found in a quantum mechanical integrin study,[48]

in which interactions between metal ions and residues within

the MIDAS domain were ranked as Mg21>Zn21>Ca21 (the ion-

ic radius of Zn21 is between Ca2 1 and Mg21). When expanded

to PA-TEM8 complex, it follows that the smaller divalent cation

interacts more strongly with both proteins in the complex, and

results in higher binding affinity.

Replacing or removing metal ion possibly lead to

conformation change

To further explore the reason for the different PA-TEM8 bind-

ing affinity in the presence of difference divalent cations, we

simulated unbound TEM8 containing Mg21, Ca21 or no metal

ion in its MIDAS domain. Each simulation was 20 ns long. The

crystal structure 3N2N chain A has Mg21 as the MIDAS metal

ion, and its MIDAS domain retained the original conformation

by holding an RMSD of 0.3 Å after 20 ns (Table 4). As a substi-

tute ion, Ca21 does not fit into the MIDAS binding site as well

as Mg21 because of its larger ion radius; it expanded the

MIDAS domain more severely than the Table 3. van der Waals,

Coulombic, and generalized Born interaction energy between

PA, TEM8, coordinate water and metal ions, distinction in ion

size, so much so that the coordination residues cannot hold

their original conformation and started to unfold. If no metal ion

was present, the MIDAS domain unfolded faster than in the

presence of Ca21. This agrees with the results of integrin aL crys-

tal structure in different metal ion conditions.[49] Unfolding was

observed in all of the 10 repeats of 20 ns simulations that

included either Ca21 or no metal ion in the TEM8 MIDAS

domain. This observation could be a result of unstable confor-

mation(s) generated by the homology modeling method. Com-

paring to the structural study of integrin aL, this result may also

imply that TEM8 possesses a slightly different conformation

when Ca21 is present (vs. Mg21) and another obviously different

conformation when there is no metal ion in the MIDAS domain.

Many integrin a I domains remain in a low affinity “closed”

state in the presence of Ca21.[50] In integrin aL, the size of the

Figure 3. MM/GBSA interaction energy between metal ion and residues on

PA-TEM8 complex. Residues are on TEM8 if not marked on PA. Water A and

Water B are the same molecules shown in Figure 1.

Table 3. MM/GBSA interaction energy between metal ion and proteins.

Metal ion, Domain <DEvdw>
[a] <DEelec>

[a] <DGGB>
[a] <DEelec1DGGB>

[a] <DGbind>
[a]

Mg21

PA 9.6 6 0.1 2111.1 6 0.3 71.7 6 0.3 227.1 6 0.1 229.8 6 0.1

TEM8 7.2 6 0.1 2173.4 6 1.5 119.40 6 1.4 254.0 6 0.4 246.8 6 0.3

Water 12.2 6 0.1 236.7 6 0.1 21.5 6 0.1 233.2 6 0.1 226.0 6 0.1

Total 28.9 6 0.1 2321.2 6 0.9 189.6 6 0.85 2114.3 6 0.2 2102.7 6 0.2

Ca21

PA 9.2 6 0.2 2106.6 6 1.0 73.7 6 0.97 220.2 6 0.1 223.7 6 0.8

TEM8 12.4 6 0.3 2164.4 6 1.4 118.4 6 1.4 225.8 6 1.0 233.6 6 0.9

Water 11.5 6 0.6 226.3 6 1.1 0.5 6 0.2 222.8 6 1.2 214.3 6 0.7

Total 33.1 6 0.4 2297.2 6 1.1 192.6 6 1.0 268.7 6 1.1 271.6 6 0.8

[a] Energies are the mean of 10 repeats 6 standard error, in kcal/mol.

Figure 4. Largest changes in interaction energy with PA (summation of

vdW, Coulombic, and Generalized Born energies) contributed by individual

residues on TEM8 resulting from metal ion replacement.
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metal ion was shown to affect the conformation of the MIDAS

domain.[51] Although we did not observe an “open” to “closed”

conformation change or location shift of F205 on TEM8 in the

present of Ca21; based on the relatively lower experimental and

theoretical binding affinity of TEM8 containing Ca21 in MIDAS,

plus the local unfolding resulting from the substitution of metal

ion, we suggest that TEM8, analogous to the closely related

integrin aL, can possibly retain a low affinity conformation when

Ca21 is the ion in MIDAS pocket, which is slightly different from

the high affinity conformation. When the metal ion is stripped

out, integrin aL suffers a moderate conformation change around

the MIDAS domain, and loses most of the binding affinity toward

ligand.[52] Similarly, experiments show that TEM8 loses binding

affinity to PA in EDTA solution.[12] A random unfolding starting

from the MIDAS domain is observed in our 20 ns free TEM8 sim-

ulation after the metal ion from MIDAS was removed (Table 4).

We suspect that TEM8 may have a different conformation in

the presence of Ca21 or in the absence of any metal ion in

the MIDAS domain. The possible conformation change can

cause larger differences in binding free energy in the presence

of difference metal ions. If the protein does not unfold, results

from future NMR or crystallization structural studies on TEM8

in Ca21 or EDTA/EGTA can serve as powerful evidence to con-

firm the hypothesis.

TEM8 adopts a stabilized open conformation

A hydrophobic lock regulates the conformation change in

integrin a proteins, which are 40% structurally similar to TEM8.

In integrin aM, F302 is well inserted in the hydrophobic lock

when it is in the closed conformation, and it becomes exposed

in open conformation (orange and cyan parts in Fig. 5A). The

conversion from closed to open conformation comes with

more than a 10 Å displacement on F302 in the integrin aM.

TEM8 extracellular vWA domain (3N2N,A[10]) shows high sim-

ilarity with integrin alpha I domains in open conformations. It

has Ca atoms RMSD of 2.8 Å to integrin aL (PDB ID 1MQ9[51]),

3.2 Å to integrin aM (PDB ID 1IDO[53]), 2.71 Å to integrin aX

(PDB ID 1N3Y[54]), 2.8 Å to integrin a1 (PDB ID 1QCY[55]), 2.8 Å

to integrin a2 (PDB ID 1DZI[56]).

The integrin I domains have two possible conformations,

open and closed (Fig. 5A), representing the active and inactive

states, respectively.[50] Under physiological conditions, integrins

are more stable in the closed conformation than in the open

conformation. The key-like residue (phenylalanine or glutamate

acid, orange residue in Fig. 5A) inserts into the hydrophobic

lock near C-terminal (orange cluster in Fig. 5A). In the open

conformation, the key-like residue is pulled out of the hydro-

phobic lock, and the structure becomes less stable. The hydro-

phobic lock is formed by a valine (or leucine for integrin aL)

and a leucine in integrins.

In integrins, the phenylalanine (F292 in integrin aL and F302

in integrin aM) has a 10 times larger solvent accessible surface

area in the open conformation than in the closed conforma-

tion. F292 also suffers a penalty in energy of 9–12 kcal/mol

(Table 5) when integrins shift conformation from closed to

open. The energy terms of TEM8 F205 are on the same magni-

tude as F292 and F302 in integrin aL and aM closed

conformation.

In TEM8, F205 plays a similar role as F302 in integrin aM and

F292 in integrin aL. In the presence of Mg21 cation, the loca-

tion of F205 in unbound TEM8 is more similar to the “open”

conformation integrin than to the “closed” conformation (yel-

low residue in Fig. 5A). However, F205 in TEM8 is more buried

by possessing larger solvent accessible surface area than the

corresponding F302 in an integrin open conformation (Table

5), indicating that there may not be an exact TEM8 parallel of

integrin “closed” or “open” conformation.

In TEM8 and CMG2, the distance between the valine and

the leucine is one amino acid further (Supporting Information

Table S1). As shown in the crystal structure we have for TEM8,

the hydrophobic pocket is not well formed. The change in

amino acid sequence around the hydrophobic pocket

decreases or even reverses the energy penalty for TEM8 to

stay in an “open” conformation, compared to integrins.

F205 on TEM8 interacts with the surrounding protein and

solvent molecules in a manner that is more similar to “closed”

conformation integrins than to the “open” conformation.

Although the activity and conformation of TEM8 can be con-

sidered as “open” conformation,[10] the hydrophobic ratchet

pocket controlling conformation change has 28.3 Å2 solvent

accessible surface area, much smaller than 161.9 Å2 and 53.3

Å2 for “open” conformation integrins. The hydrophobic pocket

is also more stable, 9.6 kcal/mol comparing to 20.8 kcal/mol

and 18.6 kcal/mol for “open” conformation integrins. Unlike

Table 4. RMSD of metal ions in MD simulation.

RMSD (Å)[a]

Metal ion in PA-TEM8 0.1 ns 0.5 ns 5 ns 20 ns

Mg21 0.3 6 0.1 0.3 6 0.1 0.3 6 0.1 0.3 6 0.1

Ca21 0.7 6 0.2 1.1 6 0.2 1.3 6 0.3 1.2 6 0.3

None 0.8 6 0.3 1.3 6 0.3 2.2 6 0.2 2.7 6 0.3

[a] All data are means of 10 repeats of 20ns simulation 6 SE. RMSD are

compared to the crystal structure (3N2N chain A).

Figure 5. Comparison of the key phenylalanine on integrins and TEM8 (in

Mg21) controlling conformation change. Proteins in red and cyan are integ-

rin M in closed and open conformations, respectively. Protein in yellow is

TEM8. The key phenylalanine residues (F302 on integrin M and F205 on

TEM8) are highlighted. The clouds show the residues within 4.0 Å of the

key phenylalanine made using 1.4 Å surface probe. (A) Comparing integrin

M close and open conformation with TEM8. (B) F205 on TEM8 and the resi-

dues within 4.0 Å. [Color figure can be viewed at wileyonlinelibrary.com]
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the highly buried F302 and F292 in “closed” integrins or the

largely exposed ones in “open” integrins, F205 in TEM8 is partial-

ly buried on the protein surface. Thus, the F205W mutation did

not make a significant change in TEM8 conformation.[18] It is still

possible that TEM8 has a “closed” conformation. In the presence

of Mg21, however, because the TEM8 “open” conformation is

more stable compared to the integrin “open” conformation,

TEM8 is not likely to change to its “closed” conformation

spontaneously.

Referring to the integrins, we suggest that TEM8 is in an

“open” conformation, but the structural lock F205 is in a stabi-

lized conformation closer to that of the corresponding residue

in an integrin “closed” (more stable, low affinity) conformation.

The TEM8 conformation can be considered as a stabilized high

affinity (open) conformation.

Conclusion

Both experimental and simulation data point out that TEM8

binds to PA better in the presence of Mg21 than Ca21.

Because Mg21 is smaller in size, it interacts with PA, TEM8, and

the coordinated water molecules more strongly than Ca21,

leading to higher binding affinity. Introducing Ca21 to PA and

TEM8 solution containing Mg21 does not affect the binding

affinity between PA and TEM8. This observation indicates that

Mg21 interacts more strongly with TEM8, in either free TEM8

or in the PA-TEM8 complex, than Ca21 does. Conversely, the

residues around the metal ion partially compensate the

change in interaction energy by interacting more strongly to

PA when Ca21 is in MIDAS. The metal ion on TEM8 contributes

about a quarter of the interaction energy toward PA, the rest

is mostly contributed by the residues on the buried surface

area.

Adding GBSA terms into traditional MM (vdw and Coulom-

bic energies) reduces the standard deviation in interaction

energy by 70%. The thermo noise mainly comes from the sim-

ulation of large contact surface area. With the help of MM/

GBSA method, it is less expensive to obtain 1 kcal/mol preci-

sion for protein-protein interaction energy calculations.

We suggest the existence of a low affinity conformation of

TEM8 in the presence of Ca21 in MIDAS and a locally unfolded

conformation in the absence of metal ion. Limited by the sim-

ulation time scale, large domain motion or conformational

change is not observed in the simulation. Future structural

studies are needed to provide more evidence to confirm this

hypothesis.

TEM8 stays in a stabilized “open” conformation in the pre-

sent of Mg21, unlike integrin a I domains, of which the “open”

conformation is not as stable as their “closed” conformations.

Although the overall backbone structure, binding affinity, and

location of F205 all indicate TEM8 is in an “open” conforma-

tion, the SASA, and energy penalty of F205 suggest the con-

formation is stabilized. It is possible to experimentally obtain

TEM8 in the “closed” conformation; but different from integ-

rins, TEM8 may not change to “closed” conformation sponta-

neously from “open” conformation.

Keywords: TEM8 � CMG2 � biolayer interferometry � MM/GBSA

� integrin
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