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ABSTRACT: Arsenic is a carcinogen that tops the Superfund list of hazardous chemicals. Bacterial
resistance to arsenic is facilitated by ArsD, which delivers As(III) to the ArsA ATPase, the catalytic
subunit of the ArsAB pump. Here we report the structure of the arsenic metallochaperone ArsD at 1.4 A
and a model for its binding of metalloid. There are two ArsD molecules in the asymmetric unit. The
overall structure of the ArsD monomer has a thioredoxin fold, with a core of four 5-strands flanked by
four a-helices. Based on data from structural homologues, ArsD was modeled with and without bound
As(IIT). ArsD binds one arsenic per monomer coordinated with the three sulfur atoms of Cys12, Cys13,
and Cys18. Using this structural model, an algorithm was used to dock ArsD and ArsA. The resulting
docking model provides testable predictions of the contact points of the two proteins and forms the basis

for future experiments.

Arsenic places first on the Superfund List of Hazardous
Chemicals (http://www.atsdr.cdc.gov/cercla/07list.html) of hazar-
dous substances, in part because it is the most prevalent environ-
mental toxin. The metalloid is a carcinogen and is considered a
causative agent of a number of other diseases, including cardio-
vascular and neurological disorders (1, 2). Both prokaryotes and
eukaryotes have arsenic detoxifying systems, frequently involving
extrusion from cytosol (3).

Various bacterial ars operons encode a metallochaperone,
ArsD, that transfers As(IIT) or Sb(III) to the ArsAB ATPase,
an efflux pump that extrudes the trivalent metalloids out of
cells (4, 5). At present 350 bacterial and 10 archaeal entries for
ArsD are present in the NCBI database. The 120-residue ArsD is
encoded by the arsRDABC operon of plasmid R773 that confers
resistance to arsenite and antimonite in Escherichia coli. ArsD
has three conserved cysteine residues, Cys12, Cys13, and Cys18,
that form an As(IIl) binding site in each subunit of this
homodimer (3, 6). ArsD transfers As(III) to the ArsA metalloid
binding site formed by cysteine residues 113, 172, and 422 (7).
How these two proteins interact is not known. The transfer of
copper from Atx1-like chaperones to the N-terminal domains of
copper efflux pumps involves sequential transfer of metal be-
tween cysteine thiolates (8). We have proposed a similar sequen-
tial transfer mechanism from the cysteine thiolates of ArsD to the
cysteine thiolates of ArsA (9).

In this study we describe the structure of the R773 apoArsD
dimer at 1.4 A. The ArsD monomer has a thioredoxin fold of
four S-strands flanked by four a-helices. Residues 12—22 were
mostly disordered, suggesting that the binding site might form
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when occupied by As(III). The recently deposited coordinates of
an oxidized form of an ArsD homologue from Bacteroides
vulgatus ATCC 8482 (PDB code 3KTB; Y. Kim, C. Tesar, B.
Feldmann, and A. Joachimiak, Midwest Center for Structural
Genomics, unpublished) allowed modeling of an As(IIT)-bound
form of ArsD. These models suggest how the conformational
transition between the apoprotein and metalated ArsD occurs.
Finally, the As(III)-bound form of ArsD was docked in silico
with ArsA at their metalloid binding sites, providing testable
predictions for the way in which the two partner proteins
interact.

MATERIALS AND METHODS

Expression, Purification, and Crystallization. The last
11 residues of ArsD are not required for metallochaperone
activity (5), so a truncated form, ArsD109, is routinely used for
analysis of interactions with ArsA (6). Expression and purifica-
tion of ArsD109 and its derivatives have been previously
reported (5, 6, 9). However, crystal screens of those proteins
produced small, poorly diffracting crystals. To obtain crystals
suitable for structural analysis, the DNA sequences correspond-
ing to residues 1—109, along with site-directed mutations C12A,
C13A, and C39S, were amplified by PCR and cloned into the
pTYB2 expression vector of the IMPACT System (New England
BioLabs) as the N-terminal segment fused to the intein and chitin
binding domain (CBD)" unit, creating chitin binding domain-
fused ArsDs (ArsD109-CDB and ArsD109/C12A/C13A/C39S-
CDB). Proteins were expressed in E. coli strain BL21(DE3)pLysS

! Abbreviations: CBD, chitin binding domain; SDS, sodium dodecyl
sulfate; RMSD, root mean square deviation; Se-Met, selenomethionine;
SAD, single-wavelength anomalous dispersion; EXAFS, extended
X-ray absorption fine structure; NBD, nucleotide binding domain.

©2010 American Chemical Society
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Table 1: Data Collection and Refinement Statistics

SeMet-ArsD

ArsD109

ArsD109/C12A/CI3A/C39S

data collection and phasing
space group
cell dimensions
a, b, ¢ (A)
B (deg)
resolution (A)
no. of unique reflections
completeness (%)
llo
redundancy
Rsym
mean figure of merit (before/after density modification)
refinement
resolution (/0%)
1/o cutoff
no. of residues
no. of protein atoms
no. of water molecules
R/ Rfree (%)
RMSDs
bonds (A)
angles (deg)
bonded B-factors (Az), main chain/side chain

C2

128.68, 78.18, 37.89
95.2

23

16658 (2428)°

99.8 (99.5)

18.0 (6.3)

7.5(7.5)

0.101 (0.290)
0.29/0.67

P2,

37.68, 74.22, 40.83
97.8

2.05

13712 (1215)

97.8 (98.6)
7.1(2.2)

3.12 (3.05)

0.091 (0.348)

40.46—2.05 (2.10—2.05)
0

195

1526

113

27.1/32.4 (29.7/32.4)

0.028
2.3
1.2/3.5

P2,

37.84, 73.77, 41.25
97.3

14

43232 (6273)

97.9 (97.3)

16.0 (3.1)

42(42)

0.051 (0.438)

40.9-1.4 (1.46—1.4)
0

190

1492

268

19.2/21.9 (27.7/28.1)

0.008
1.2
1.2/3.2

“Last shell values are in parentheses.

cells at 37 °C and purified to near homogeneity, and the CBD
domain was removed according to the procedure provided with
the IMPACT system. To remove minor impurities, proteins were
further purified by Superdex 75 chromatography and concentrated
to 10 mg/mL. Just prior to crystallization, the buffer was
exchanged with 10 mM HEPES, 50 mM NacCl, and 3 mM
dithiolthreitol, pH 7.2. The proteins were crystallized at room
temperature using the vapor diffusion method with hanging
drops consisting of a 1:1 mixture of protein solution and a
reservoir solution of 25% PEG 6000, 0.1 M calcium acetate,
and 100 mM HEPES, pH 7.4. Prior to data collection, the
crystals were flash-frozen in liquid nitrogen with 20% glycerol
in the crystallization solution.

Structure Determination, Model Building, and Docking
Analysis. Diffraction data were acquired with flash-frozen
crystals on the LSCAT-ID32 beamline at the Advanced Photon
Source, Argonne, IL. The data were indexed and integrated using
MOSFLM (70) and scaled and merged using SCALA (/7). The
structure was determined by single-wavelength anomalous dis-
persion (SAD) (12). A data set was collected from a crystal
of selenomethionine- (Se-Met-) substituted protein to 2.3 A
resolution. The positions of three of the five Se-Met sites were
determined, heavy atom parameters refined, and SAD phases
calculated at 2.3 A resolution using PHENIX (/3). The Se-Met
crystals had three molecules in the asymmetric unit, and an initial
model of 261 of the total 330 residues was automatically built
with PHENIX. The model was refined in REFMAC (14). A data
set from a native crystal, an ArsD109 derivative in which Cys12
and Cysl13 were replaced by alanine residues (ArsD109/C12A/
C13A/C39S), was collected to 1.4 A resolution. This structure
was solved by molecular replacement using the partially refined
SAD model. The final model was refined against the 1.4 A
resolution data (97.7% complete) in REFMAC. A native data set
from a wild-type crystal was collected on a Rigaku/MSC FR-D
rotating-anode X-ray source equipped with an R-AXIS HTC
image-plate detector. The wild-type structure was solved by

molecular replacement using the refined native structure
and refined to 2.05 A resolution. The COOT Crystallo-
graphic Object-Oriented Toolkit available at http://www.
biop.ox.ac.uk/coot/ was used for molecular modeling and to
superimpose structures. The models were subjected to energy mini-
mization using CHARMM available at http://www.charmm.org/
(15). Structural models were rendered using PYMOL (/6) (http://
www.pymol.org) (16). ClusPro version 2, a web-based method
accessible at http://cluspro.bu.edu/, was used to model ArsD—
ArsA interactions. ClusPro is a fully automated docking and
discrimination server that filters docked conformations with
good surface complementarity and ranks them based on their
clustering properties. The server was executed with default
parameters.

RESULTS

Model Completeness and Quality. A form of ArsD in
which the last 11 residues were replaced by a chitin binding
domain (ArsD109-CDB) was constructed for purification pur-
poses. After the intein tag and chitin binding domain were
removed, both wild-type and ArsD109/C12A/C13A/C39S pro-
teins crystallized in space group P2;. ArsD109 crystals diffracted
to 2.1 A, and ArsD109/C12A/C13A/C39S diffracted to 1.4 A.
Se-Met ArsD109/C12A/C13A/C39S crystallized in space group
C2. All three had two molecules in the asymmetric unit (referred
to as molecules A and B). The Se-Met data were used to obtain
the initial 2.3 A structure, and 1.4 A ArsD109/C12A/C13A/C39S
diffraction data from the native data set were used to construct
the final structure, which was solved by molecular replacement
with the Se-Met structure. The structure was refined with final R
values of Reryst = 19.2% and Ryee = 21.9%. The final Rpys and
Riiee values for ArsD109 were 27.1% and 32.4%, respectively,
and its structure could be superimposed with the ArsD109/
CI12A/CI3A/C39S structure with an RMS deviation 0.17 A, so
the higher resolution mutant structure was used for subsequent
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analysis. Two factors contributed to the relatively high Ry and
Rpe values: first was a minor twinning problem and high
mosaicity (1.5°), and second was the disordered region of the
metal binding site. Nevertheless, the electron density map allowed
unambiguous fitting of most residues. Molecule A contains
residues 1—10 and 24—105; molecule B contains residues 1—11
and 23—109. The remainder, including residues 12, 13, and 18
that form the metalloid binding site in the native protein, are
absent from the final model due to lack of interpretable electron
density. Analysis of the Ramachandran plots computed using
PROCHECK (17) shows that 93.1% of the modeled residues are
in the most favored regions and no residues in the disallowed
region. Data collection and refinement statistics are shown in
Table 1. The final coordinates were submitted to the PDB
database with access codes 3SMWH (ArsD109) and 3KGK
(ArsD109/C12A/C13A/C39S).

Overall Structure. There are two ArsD molecules in the
asymmetric unit. They form a dimer of approximate 50 x 35 x
30 A* (Figure 1). The two monomers are nearly identical, with a
RMSD of 0.52 A. The termini, especially the C-terminus, are
more divergent. The ArsD monomer has a core of four
p-strands flanked by four o-helices. Helices ol and a4 are
on one side of the 5-strands; a2 and a3 are on the other side.
o2 is almost perpendicular to o3, with only one residue

FIGURE 1: ArsD structure. Ribbon diagram of the ArsD109 dimer
showing the extensive interface between monomers. Secondary
structural units are N-fl-al-$2-a2-a3-3-4-04-C. Figures were
created with PyMOL (/6).

Yeet al.

between them. 1 is between 2 and 3, parallel to 52 and
antiparallel to 3. #3 and 4 form a f-hairpin. Residues 70—
72 form a short 314 helix. On molecule B, residues 102—104
also form a short 3 helix.

Monomer— Monomer Interactions. From yeast two-hybrid
analysis, ArsD self-associates (4), and ArsD purifies as a homo-
dimer (/8). In the crystallographic dimer, a total surface area of
1380 A? is buried between the two ArsD monomers. This
represents 13% of the total solvent-accessible surface, exten-
sive enough to be the interface of the solution form of the
ArsD dimer (79). Residues of a3, 4, and a4 from both
monomers form the interface (Figure 2). The interactions
involved in dimerization are primarily hydrophilic. Notably,
there are at least 12 hydrogen bonds, and the donors from one
monomer and the acceptor from the other are less than 3.2 A
apart. The amide and carbonyl groups of Ala85 from one
monomer make hydrogen bonds to the carbonyl and amide of
Ala85 from the other monomer, respectively. The hydroxyl of
the Ser68 side chain from one monomer is hydrogen bonded
to the carbonyl of Val83 from the other monomer. The
carbonyl of Gly86 from one monomer also makes hydrogen
bonds to the side chain amides of Arg87 from the other
monomer. Arg96 and Glu71 form a salt bridge. This extensive
network of hydrogen bonds is likely the primary force that
holds the monomers together.

Comparison with Thioredoxins. A Dali search (20) using
the ArsD structure returned thioredoxins as the closest structural
homologues of ArsD, with the highest Z-score of 6.5 for the
E. coli thioredoxin TrxA (PDB ID 2TRX) (2/). The root mean
square deviation (RMSD) between the Co atoms of the 72
aligned residues is 2.5 A (Supporting Information Figure S1A).
TrxA has an N-terminal sequence not present in ArsD, and ArsD
a3 is absent in TrxA. The TrxA molecule has a four-residue loop
connecting f1 and al. The TrxA active site sequence C3,PGCssis
at the beginning of a long a-helix that extends from residue 32 to
residue 49, which renders Cys35 solvent inaccessible. Neither of
the active site cysteine residues is congruent with Cys12, Cys13, or
Cys18in ArsD. Interestingly, a CACA mutant of TrxA, in which
the active site was changed to C3,AC34A, has the end of the
extended helix from residues 35—40 unraveled, exposing Cys34 to
solvent, facilitating its participation in catalysis (22). In this
structure the loop (residues 29—39) is of similar length to the
putative loop in ArsD (residues 12—22) (Supporting Information
Figure S1B). .

Modeling the Metalloid Binding Site. The 2.1 A structure
of a homologue from B. vulgatus ATCC 8482 was recently

FIGURE 2: The dimer interface. The interface in the crystal structure between the two ArsD monomers (green and cyan) is shown with the
backbone atoms in ribbon and the side chains of the interfacial residues in ball and stick. Hydrogen bonds and salt bridges are shown in dotted

lines with distances.
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FIGURE 3: Superimposition of the structures of ArsD and 3KTB. (A) The structure of ArsD109 (cyan) was superimposed on the structure of the
oxidized form of B. vulgatus 3KTB (red). Cys13 and Cys18 (yellow) in 3KTB are disulfide bonded. The 3KTB residue Cys12 (yellow) forms an
intersubunit disulfide bond with Cys12 in an adjacent monomer in the unit cell. (B) Structure-based alignment of ArsD and 3KTB. Secondary
structural elements are shown in cartoon form (E = strands, L = loops, and H = helices). Residues that form the cysteine-containing loop
in 3KTB and the equivalent residues in ArsD109 are highlighted in yellow. Residues that are identical or similar (+) in ArsD and 3K TB are shown
in blue.

FIGURE 4: The transition from apoArsD to metalated ArsD. Binding of arsenic by apoArsD (A) is proposed to require a minimum of two steps. In
the first step, two cysteine thiolates (yellow) bind As(I1II) (purple sphere) in a transient complex (B). While the order of binding is not known, it is
shown here as contributed by Cys13 and Cys18 because those two cysteines form a disulfide bond in the oxidized form of 3K TB. In the second step,
the third cysteine thiolate reorients to form the strong three-coordinate binding site (6) (C). Residues 11—22 in ArsD109 were modeled on the
corresponding residues in 3KTB. The thiolates of the metalloid binding site (yellow) were placed equidistant from the centrally bound arsenic
atom (purple sphere) based on the distances determined by EXAFS (6).

deposited in the PDB database (PDB code 3KTB; Y. Kim, to the dimer form of R773 ArsD109. 3KTB and R773 ArsD109
C. Tesar, B. Feldmann, and A. Joachimiak, Midwest Center for can be superimposed with an RMSD of 1.0 A (Figure 3A). In
Structural Genomics (MCSG), unpublished). In this structure contrast to native ArsD109, where the cysteines are completely
there are four molecules in the crystallographic unit, as opposed reduced, all of the cysteine residues of 3KTB are in intra- and
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intermolecular disulfide bonds, likely the result of oxidation during
purification. The 11 residues not visible in the R773 ArsD109
structure are contained within a 15-residue loop in B. vulgatus
ArsD, perhaps because disulfide bond formation rigidified the
loop. A structure-based alignment of the two proteins shows that
the loops in both are of identical length, and 10 of the 15 loop
residues are identical and 4 are similar between the two proteins
(Figure 3B). The close homology between the two loops allows the
residues not visible in the R773 ArsD109 structure to be modeled
with confidence. Based on this information, a model of the
metalated form of the R773 ArsD109 (Figure 4) was con-
structed taking into account the bond distances of 2.24 A
between the sulfur atoms of Cys12, Cys13, and Cys18 and the
central arsenic atom determined by EXAFS (6) and subjected
to energy minimization using CHARMM. We postulate that
when the unbound form (Figure 4A) is presented with As(III),
it forms an intermediate in which As(III) is weakly bound to
Cysl3 and Cysl8 thiolates (Figure 4B). In the B. vulgatus
homologue, the Cys12 thiolate is oriented away from other
two cysteines, but in the EXAFS structure, all three sulfur
atoms become equidistant to the arsenic atom, suggesting that
Cysl2 could reorient to form the third ligand (Figure 4C).
Further experimental results will be necessary to test this
proposed order of binding.

Modeling the ArsD—ArsA Interaction. Metalated ArsD
interacts with and transfers As(I1I) to ArsA during catalysis,
when the ATPase cycles between open to closed conforma-
tions (5, 23). The X-ray crystal structure of ArsA has been
solved in the closed form (24, 25). A Saccharomyces cerevisiae
homologue of ArsA termed Arrdp or Get3 (26, 27) is involved
in targeting tail-anchored proteins in the endoplasmic reticu-
lum (28). Recently, crystal structures of Get3 from several
different yeast were solved in the open (nucleotide free) and
closed (ADP-AIF, ) conformations (29). ArsA has two
homologous halves, ArsAl and ArsA2, each with a nucleotide
binding domain (NBD) connected by a short linker, while
Get3 is a dimer of two identical monomers, each homologous
to either ArsAl or ArsA2. In the open Get3 conformation
there is a large conformational change, and the two monomers
are separated by approximately 37° rotation of one subunit
toward the other relative to their orientation in the closed
form, which is more compact. The ADP-AIF,  closed ArsA
structure can be superimposed with the Get3 closed structure
with an RMSD of 3.4 A for 420 Ca atoms (Supporting
Information Figure S2A). ArsA NBDI1 (residue 1—296) and
NBD?2 (305—583) can be superimposed with the two mono-
mers in the Get3 open structure, with RMSD of 2.3 and 3.0 A,
respectively (Supporting Information Figure S2B). An open
model of the ArsA structure based on the open Get3 structure
was generated for use for analysis of ArsA—ArsD interactions
and docking studies (Figure 5).

Views of the open form of ArsA from opposite directions
(Figure 5) display a cavity into which ArsD can fit. To examine
whether the structures have complementary surfaces, the open
ArsA and metalated ArsD models were docked by using the fully
automated, web-based program ClusPro version 2.0 with default
parameters. The ClusPro docking server yielded 108 top-scoring
solutions based on the balanced, electrostatic-favored, hydro-
phobic-favored, van der Waals plus electrostatic-favored coeffi-
cients. Since biochemical analysis indicates that the three cys-
teines of ArsD and the three cysteines of ArsA must be in
proximity for transfer (5), the 77 solutions that did not meet this

Yeet al.

constraint were discarded. Most of those had ArsD binding
based on hydophobic-favored and van der Waals-favored coeffi-
cients to various locations on the surface of ArsA. This left 31
solutions in which ArsD fit into the cavity formed between the
two halves of ArsA. Of these, the one most consistent with the
demonstrated proximity of the cysteine residues of ArsD and
ArsA (4) had ArsD sulfur atoms of Cysl2 and Cysl3 within
4.1-7.5 A of the sulfur atoms of ArsA residues Cysl13 and
Cys172 (Figure 6).

DISCUSSION

A number of copper, iron, and nickel metallochaperones
have been identified (30), and several have been characteri-
zed at the molecular level (8, 37), but ArsD is the only
identified arsenic metallochaperone. Like the yeast copper
chaperone Atxlp, which binds and transfers intracellular
copper to the copper efflux pump Ccce2p (8), ArsD binds and
transfers intracellular arsenic to the arsenic ArsAB efflux
pump (4). The interaction of the copper chaperone CCS in
complex with its partner protein, superoxide dismutase, has
been elucidated crystallographically (32). While transfer
of copper from Atxlp to Ccc2p has not been examined at
that level, their interaction has been explored by in silico
docking (33).

In this study a combination of X-ray crystallography and in
silico modeling and docking was used to examine the structure of
ArsD and its interaction with the partner protein, ArsA. To
explore the interactions of ArsD and ArsA requires a structural
description of the form of ArsA to which ArsD transfers As(III).
ArsA undergoes a number of conformational transitions during
the catalytic cycle, an open form in the absence of ATP and
As(III), and a closed form when both are present (7, 34). We have
reported the structure of the closed form with different nucleo-
tides and metalloids (25, 35). However, since metalloid transfer
requires ArsA to be undergoing catalysis (6), it is likely that ArsD
initially interacts with an open form of ArsA. During As(III)
transfer from ArsD, ArsA undergoes a number of conforma-
tional changes, so the model shown in Figure 6 generated by in
silico docking of metalated ArsD with an open form of ArsA may
reflect only an initial intermediate in the transfer process but
provides insights into the contact regions of the two proteins. The
docked proteins are shown in two different orientations that
differ by 90° in Figure 6A (ribbon) and Figure 6B (surface) to
illustrate the reasonableness of the fit. Not only does ArsD fit well
into the cavity of the open form of ArsA but the residues of the
two proteins that are proposed to interact exhibit reasonable
complementarity. Proposed ArsD residues that interact with
ArsA are labeled in Figure 6C. Residues that interact with ArsAl
are to the left of the dotted line, and to the right are those that
interact with ArsA2. ArsA residues proposed to interact with
ArsD are labeled in Figure 6D, with ArsAl colored green and
ArsA2 colored orange. Overall, 30 ArsD residues are pre-
dicted to be within 4 A of 20 residues of ArsA (Table 2). Many
of these ArsD residues are positively charged (e.g, Lys2,
Argd5, and Arg87) or negatively charged (e.g., Asp21, Asp23,
Glu66, and Asp71). These residues are each close enough to
form charge pairs with residues in ArsA. For example, ArsD
residues Argd5 and Arg87 are close enough to ArsA residues
Asp417 and Glul68, respectively, to form charge pairs. These
and other predictions from modeling will be tested by
mutagenesis in future analyses.
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FIGURE 5: An ArsA open model. The open (nucleotide free) form of ArsA was modeled on the open form of Schizosaccharomyces pombe Get3
(Supporting Information Figure S2B). The three cysteines residues of ArsA that form the As(III) binding site (24, 25) are shown in yellow.
The structure is shown in two orientations (A and B) that differ by 180° to illustrate the cavity between ArsAl and ArsAl into which ArsD is
proposed to fit.

FIGURE 6: Modeling the ArsD—ArsA complex. (A) An optimized model based on in silico docking analyses is shown in the ribbon diagram. ArsD
(cyan) is proposed to fitinto the cavity of the open form of ArsA (ArsAlin green and ArsA2 in orange). The arsenic atom (purple sphere) is bound
to the thiolates (yellow ball and sticks) of ArsD residues 12, 13, and 18, which are within 4 A of the sulfur atoms of ArsA1 residues Cys113 and
Cys172. In a subsequent putative step Cys422 of ArsA2 would reorient to form the third ArsA ligand to As(III). (B) The ArsD—ArsA complex is
shown vertically rotated 90°, with a surface rendering of ArsA, revealing ArsD residues (black) that are predicted to interact with ArsA residues
(white). (C) ArsD is shown alone in the same orientation as in (B). Residues predicted to interact with ArsA are labeled. Residues on the left side of
the dotted line are proposed to interact with residues in ArsA1 and those on the right side of the dotted line with ArsA2. (D) ArsA is shown alone in
the same orientation as in (B). The labeled residues in white are predicted to interact with ArsD.
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Table 2: ArsA and ArsD Residues Predicted from in Silico Docking To Be
within 4 A of Each Other

ArsA residues ArsD residues

His148 Cysl13, Thrl$, Glyl6, Vall7, Cys18
Argl5l Metll, Cys12

Gly157 Glu71

Alal5s8 Glu71

Ser160 Glu66, Ala67

Serl61 Ala67, Ser68, Gly69
Glul68 Arg87

Alal70 Glyl19, Thr20

Tyr394 Lys37

Thr401 Leu36, Lys37, Gly40, Val4l
Lys402 Lys37, Val4l, Tle43

Lys404 Gln42

Glu405 Metl, Lys2, GIn42

Asp4l7 Argd5

His453 Asp21, Asp23

Leu457 Gln34

Leud58 Gln34

Alad60 Thr31

Thr461 Gln34, Gly106

Arg516 Asp21, Asp23, GIn24

SUPPORTING INFORMATION AVAILABLE

Additional figures as described in the text. This material is

available free of charge via the Internet at http://pubs.acs.org.
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