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ABSTRACT: Resistance to several toxic anions inEscherichia coliis conferred by thears operon carried
on plasmid R773. The gene products of this operon catalyze extrusion of antimonials and arsenicals from
cells. In this paper, we report the determination of the overall fold for ArsC, a 16 kDa protein of thears
operon involved in the reduction of arsenate to arsenite, using multidimensional, multinuclear NMR. The
protein is found to contain large regions of extensive mobility, particularly in the active site. A model
fold, computed on the basis of a preliminary set of NOEs, was found to be structurally homologous toE.
coli glutaredoxin, thiol transferases, and glutathione S-transferase. Some kinship to the structure of low
molecular weight tyrosine phosphatases, based on rough topological similarity but more so on the basis
of a common anion-binding-loop motif H-CXnR, was also detected. Although functional, secondary,
and tertiary structural homology is observed with these molecules, no significant homology in primary
structure was detected. The mobilities of the active site of ArsC and of other enzymes are discussed.

Thearsoperon ofE. coli1 R-factor 773 confers resistance
to a variety of heavy metals, including arsenate, arsenite,
antimonite, and tellurite (1, 2). The operon encodes five
proteins, A, B, C, D, and R, that collectively mediate this
resistance. ArsR and ArsD are DNA-binding proteins that
regulate expression of thears operon. The ArsA protein is
a heavy-metal-stimulated ATPase that associates as a dimer
with the membrane-binding protein ArsB. Together, the two
proteins act as an oxyanion pump, extruding heavy metals
from the cell, to maintain subtoxic levels. These two proteins
alone mediate resistance to arsenite and antimonite (3).
Resistance to arsenate requires another protein, ArsC (3).
This 16 kDa protein has been implicated in the reduction of
arsenate (AsV) to arsenite (AsIII ), the only form of arsenic
that is accepted by the oxyanion pump (4).

Proteins homologous to thearsoperon proteins have been
identified throughout the animal kingdom. However, while
homologues to the proteins involved in the anion pump and
regulatory mechanism are found in higher organisms, ho-
mologues to ArsC have only been found in selected bacterial
strains. Several strains, includingE. coli R46 andYersinia
enterocolitica, express proteins withg84% sequence identity
to R773 ArsC. In contrast, ArsC proteins from other strains
have little sequence identity with the R773 protein, although
they are also involved in arsenate reduction. For example,
the ArsC protein of thears operon of pI258 ofStaphylo-
coccus aureus, which has been implicated in cell resistance
to arsenate as an arsenate reductase, exhibits<20% sequence
identity to the R773 ArsC protein (4, 5). While this sequence
identity is low, the two proteins share an anion binding motif,
H-CXnR, that is commonly observed in proteins, such as
phosphatases and sulfatases (6). The disparity of sequence,
and most likely structure, but similarity of function between
these two ArsC proteins in combination with the absence of
similar proteins in higher organisms poses an intriguing
evolutionary question.

In vitro reduction of arsenate (AsVO4
3-) to arsenite

(AsIIIO2
-) requires ArsC, glutaredoxin, and reduced glu-

tathione with a pH optimum between 6.3 and 6.8. ArsC has
two cysteinyl residues at positions 12 and 106. Mutagenesis
experiments have shown that of those cysteines, only residue
Cys-12 is indispensable for protein function (7). The cys-
teinyl side chain of residue 12 has an unusually low pKa of
6.4 that is attributed to an electrostatic interaction with
residue His-8 (8), corroborating the pH dependence of the
in vitro activity assays. Similar observations were made for
Cys-403 and His-402 of a tyrosine phosphatase of genus
Yersinia. In this case, the Cys is the nucleophile that attacks
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the scissile tyrosyl-phosphorus bond and becomes the phos-
phate anion binding site (9).

No three-dimensional structures are known for any of the
ArsC proteins. While three-dimensional structures have been
determined for several phosphatases and sulfatases containing
the signature anion-binding-loop H-CXnR (6, 10-12), no
significant amino acid homology could be detected for ArsC
with these or any other proteins of known three-dimensional
structure. Experimental structural information for ArsC
should provide insight into the interaction between the protein
and arsenite (or arsenate) and describe how ArsC relates to
other anion-binding proteins. In addition, these studies may
help elucidate the exact function of ArsC in the arsenate
resistance pathway and explain why it is unnecessary in
higher organisms. Together, this information may contribute
to the understanding of the evolution of bacterial resistance
to arsenic and heavy metals in general.

In this paper, we report the determination of the secondary
structure and overall protein fold for ArsC, using multidi-
mensional, multinuclear NMR. The protein is found to
contain large regions of mobility on the millisecond time
scale, as evidenced by line broadening and multiple reso-
nances for single residues, most notably in the active-site
area. Nevertheless, NMR assignments and secondary struc-
ture could be obtained for 128 of the 141 residues. A model
fold, computed on the basis of a preliminary set of 300 inter-
backbone NOEs, was found to be structurally homologous
to E. coli glutaredoxin (13), thiol transferases (14), and
glutathione S-transferase (15). Some similarity to the struc-
ture of low molecular weight tyrosine phosphatases was also
detected (11) on the basis of the presence of a common
anion-binding-loop motif, H-CXnR, in addition to rough
topological homology. While ArsC possesses functional as
well as secondary and tertiary structural homology to several
proteins, significant homology in the primary structure, even
in the structurally homologous elements of these molecules,
was absent.

MATERIALS AND METHODS
Sample Preparation.Uniformly labeled 15N-ArsC was

prepared by growingE. coli strain JM109 (DE3) in M9
minimal media with15NH4Cl (1 g/L) as the sole nitrogen
source. Uniformly labeled15N/13C-ArsC was prepared by
growing the cells in M9 minimal media with15NH4Cl (1
g/L) as the sole nitrogen source and13C6-glucose (3 g/L) as
the sole carbon source. Triply labeled2H/13C/15N-ArsC was
prepared using the same media described above, substituting
2H2O for H2O. All stable isotopes were obtained from
Cambridge Isotopes Laboratories. The protein was purified
using the procedures described previously (16) and was better
than 95% pure as judged from gel electrophoresis. The
protein was found to be active in the in vitro arsenate
reduction assay (16). The purified protein was dissolved in
90:10% H2O/D2O containing 50 mM NaCl, pH 6.6, 1 mm
DTT, and 0.02% sodium azide. The triply labeled protein
was exchanged in H2O; a two-dimensional15N/1H-HSQC
spectrum was used to assess complete amide exchange.

NMR Spectroscopy.All NMR spectra were acquired on
Bruker AMX 500 and AMX 600 spectrometers equipped
with a B0-field gradient triple resonance probes. The experi-
ments involving15N- and 13C/15N-labeled samples at con-
centrations of 0.8-1.2 mM were carried out using 5 mm

probes. Experiments on15N- and2H/13C/15N-labeled samples
at concentrations of 2 mM were performed using Nalorac 8
mm probes. All spectra were acquired at 20°C to prevent
denaturation of ArsC. Water suppression was achieved with
a WATERGATE sequence prior to acquisition (17). Where
possible, water-up technology was employed. Three-
dimensional15N-resolved NOESY-HSQC (18, 19) experi-
ments were recorded using a mixing time of 130 ms. 3D-
HNCA and 3D-HN(CO)CA provided the intra- (n) and
interresidue (n - 1) CR frequencies, respectively (20). In
the same manner, the 3D-HN(CA)HA (21) and HA(CACO)-
NH (22, 23) provided the intra- (n) and interresidue (n - 1)
HR frequencies. A double match between an intraresidue CR/
HR frequency pair and an interresidue (n - 1) CR/HR pair
established the connection between two residues. A detailed
description of this method can be found in ref22. In addition,
side chain type information was obtained from the 3D-cross-
polarization-driven (H)CC(CACO)NH-TOCSY (24).

Experiments carried out on the triple-labeled sample using
the Bruker AMX 600 spectrometer equipped with a 8 mm
Nalorac probe were the quadruple resonance 3D-spectra
HNCA, HN(CO)CA, HNCACB, and HN(CO)CACB, using
slightly modified versions of the sequences described by
Yamazaki et al. (25). Deuterium decoupling was achieved
using a home-built fourth channel (26), using a WALTZ-16
modulation scheme at a rf field of 0.8 kHz. The 3D15N/
15N/1H-HMQC-NOESY-HSQC spectra were recorded us-
ing mixing times of 100, 400, and 800 ms on the deuterated
sample.

Amide exchange data were acquired from a sample in D2O
containing 50 mM NaCl, pH 6.5 at 20°C. Thirteen15N/1H-
HSQC spectra were taken between 1 and 36 h after the
sample was rapidly exchanged into D2O. The acquisition
parameters for the experiments are summarized in Table 1.

All NMR spectra were processed with Felix 2.0 software
(a gift from Hare, Inc.) augmented with in-house-written
baseline correction routines. Data analysis was performed
using RGO, a quick contour viewing program (a gift from
Glaxo-Welcome) and Felixtalk, a program written in our
laboratory to interface with FELIX in combination with a
suite of UNIX NAWK programs. The program TypeProb
aided the assignment of residue type (27). The program
SeqProb was used to correlate the probabilities for sequential
assignments (27).

Preliminary Structure Calculation.The distance restraints
acquired from NOESY data analysis were used to calculate
a low-resolution structure using the distance geometry (DGII)
and simulated annealing (Discover) from Molecular Simula-
tions, Inc. The calculations incorporated 49 hydrogen bond
restraints, 144 sequential NOEs, 117 medium-range NOEs,
and 54 long-range NOEs with 128 dihedral restraints.

RESULTS
ArsC is a stable monomer at high concentrations under

conditions of optimal activity (pH 6.5), the most important
being the presence of reductants, such as DTT, and maintain-
ing a temperature ofe20 °C. A variety of line widths were
observed throughout the protein for the cross-peaks in the
15N/1H HSQC fingerprint, which is suggestive of regions of
varying mobility. In gel filtration experiments, the 141-
residue, nominally 16 kDa protein runs similarly to a 22 kDa
globular protein, which suggests that the protein is non-
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globular. The15N-1H HSQC spectrum at 11.7 T (500 MHz
for protons) contains 142 resonances, more than the expected
133 non-proline residues. As all biochemical assays indicate
that the protein preparations are better than 95% pure, it
follows that multiple conformations, interchanging on very
slow time scales, are present. Many of the HSQC crosspeaks
are observed in the region between 8 and 8.5 ppm and exhibit
significant overlap, which is often a manifestation of poorly
structured dynamic regions. Several of the HSQC crosspeaks
disappear while using a 14.6 T NMR instrument (600 MHz
for protons), indicating severe resonance broadening caused
by intermediate conformational exchange processes on fairly
slow time scales (0.001-1 s). Together, these results suggest
that ArsC is not a rigid, globular protein but exhibits regions
of conformational heterogeneity that may give rise to
hydrodynamic properties that result in the high apparent
molecular weight. Altering temperature or protein concentra-
tion afforded no improvement.

Resonance Assignments.A large suite of triple resonance
experiments were performed on15N-, 13C/15N-, and13C/15N/
2H-labeled ArsC. Sequential assignments were initiated on

15N,13C-labeled ArsC using15N-NOESY-HSQC, HNCA,
HN(CO)CA, HN(CA)HA, and HA(CACO)NNH spectra to
establish connectivities between consecutive CR and HR

resonances. Glycines were identified readily on the basis of
the CR chemical shifts. A cross-polarization-driven (H)CC-
(CO)NNH-TOCSY spectrum was used to assign the side
chain resonances of several sequentially connected residues
and allowed residues adjacent to serines, alanines, and
threonines to be identified from their characteristic Câ

chemical shifts. Other residue type identifications were made
on the basis of combined CR and Câ chemical shifts (27). At
this stage, only about 60% of the resonances could be
unambiguously assigned. The unassigned residues were
contained predominantly in two stretches between residues
11 and 29, a region that contains the active site, and the 25
residues of the carboxyl-terminus. Addition of substrate
(arsenate) or product (arsenite) resulted in loss of resonances
or precipitation, respectively.

There have been several examples that employed deutera-
tion to attain complete assignment of difficult proteins (28-
30). The significant line narrowing of the13C resonances

Table 1: Acquisition Parameters for NMR Experiments Performed on ArsC

acquired data (complex points) spectral widths (Hz)

experiment t1 t2 t3 F1 F2 F3
15N/1H-HSQC 200 (15N) 2048 (1H) 10,000 (1H)
15N-HSQC-NOESY 80 (15N) 320 (1H) 2048 (1H) 1666.7 (15N) 6666.7 (1H) 8064.5 (1H)
15N/15N/1H-HMQC-NOESY-HSQC 100 (15N) 100 (15N) 2048 (1H) 1666.7 (15N) 1666.7 (15N) 10,000 (1H)
HNCO 60 (15N) 240 (13CO) 2048 (1H) 1666.7 (15N) 4347.8 (13C) 8333.3 (1H)
HNCA 60 (15N) 72 (13CA) 2048 (1H) 1666.7 (15N) 3846 (13CA) 10,000 (1H)
HN(CO)CA 60 (15N) 72 (13CA) 2048 (1H) 1666.7 (15N) 3846 (13CA) 10,000 (1H)
HNCAHA 52 (15N) 72 (13CA) 2048 (1H) 1381.2 (15N) 1851.9 (13CA) 8064.5 (1H)
HNCACB 60 (15N) 72 (13CA,CB) 2048 (1H) 1666.7 (15N) 3846 (13CA,CB) 10,000 (1H)
HN(CO)CACB 60 (15N) 72 (13CA,CB) 2048 (1H) 1666.7 (15N) 3846 (13CA,CB) 10,000 (1H)
HCCCACONH-TOCSY 44 (15N) 150 (13C) 2048 (1H) 1666.7 (15N) 3703.7 (13C) 8333.3 (1H)
CCH-COSY 216 (13C) 216 (13C) 2048 (1H) 3703.7 (13C) 3703.7 (13C) 8333.3 (1H)
CCH-NOESY 124 (13C) 124 (13C) 2048 (1H) 1136.4 (13C) 1136.4 (13C) 6024.1 (1H)
CCH-TOCSY 216 (13C) 216 (13C) 2048 (1H) 3703.7 (13C) 3703.7 (13C) 8333.3 (1H)

FIGURE 1: Summary of observed scalar connectivities. The first line indicates the sequential HR derived from the HNCAHA experiment.
The second and third lines represent the connectivities between sequential CR and Câ observed from the HNCA and HN(CO)CA and
HNCACB and HN(CO)CACB experiments, respectively. The fourth line indicates assignments from the HNCO spectrum.
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afforded by the deuterated CR sites allows HNCACB and
HN(CO)CACB experiments to be acquired with high sen-
sitivity. This provided the opportunity to confidently assign
the intraresidue and sequential Câ resonances in addition to

the CR resonances observed in the HNCA and HN(CO)CA
spectra. The previous assignments were confirmed and
extended with connectivities obtained through the CR and
Câ resonances. Sequentially linked stretches were specifically

FIGURE 2: Summary of sequential and medium-range NOEs between the CRH and amide proton and between the backbone amide protons
themselves. Moderately slow amide proton exchange was defined to bet1/2 > 1 h and is represented by filled dots. Chemical shift index
analysis for HR, CR, Câ, and CO chemical shifts is depicted. The predictedâ-strands from residues 25-28 and 73-77 appear to be just
extended conformations as there is no NOE data to suggest participation in aâ-sheet.
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assigned on the basis of CR and Câ chemical shifts. However,
while deuteration significantly improved sensitivity, complete
assignment of ArsC could not be obtained. For primarily
two regions, N17-I22 and K121-E127, connectivities were
not observed and the resonances could not be assigned
unambiguously (Figure 1).

Secondary Structure Analysis.A series of 3D15N/15N/1H-
HMQC-NOESY-HSQC experiments with mixing times
ranging from 100 to 800 ms and a 3D1H/1H/15N-NOESY-
HSQC were acquired on deuterated and protonated ArsC,
respectively. The increased sensitivity of these experiments
provided extensive information on the secondary and tertiary
structure of the protein. The secondary structure of ArsC
was derived primarily from the medium-range amide-amide
proton [dNN(i,i(n)] and R-amide-proton [dRN (i,i+n)]
NOEs. Amide proton exchange rates as determined from a
time series of15N/1H-HSQC spectra of ArsC freshly ex-
changed into2H2O were used to corroborate the interpretation
of data derived from the NOESY spectra (Figure 2).

ArsC consists of a relatively rigid core with two large,
mobile regions that gave rise to the unassigned resonances.
An R/â protein, ArsC contains fiveR helices and a four-
stranded mixedâ-sheet. The sheets were identified by
relatively strong dRN (i,i+1) NOEs, in addition to diagnostic
interstrand NOEs (Figure 3). The interstrand NOEs proved
that theâ-sheet consists of one parallel strand (1) and three
antiparallel strands (2, 3, and 4) (Figure 3). The central
strands exhibit moderately and uniformly slow amide proton
exchange (see Figure 2). In contrast, the outer strands exhibit
alternating fast/slow exchange that is consistent with solvent
exposure of every other amide proton. Theâ-sheet does not
display much hydropathic polarity as only strand 2 is
amphipathic.

Helices were identified by the presence of overlapping
medium range NOEs, dRN(i, i+3 or 4) and dNN (i, i(3 or
4) (Figure 2). A long helix with a small break at position
G52-I53 is observed for residues R41 to A57. Two shorter
helical fragments (Y66-L71 and D78-M85) separated by
a loop lie at the carboxyl-terminus of the long helix.
Chemical Shift Index analysis (31, 32) employing the
experimentally obtained CR, HR, Câ, and CO chemical shifts
corroborate the secondary structure determined from the NOE

data (Figure 2) and clearly identify a helical fragment in the
region of the active site (A11-R16) from which only very
little NOE data was obtained. Secondary structure prediction
programs (nnPredict (33), DSSP, (34)) predicted that the
helix continued through the unassigned region to residue N23
in addition to the presence of a helix at the carboxyl-terminus
(G129-G137). The carboxyl-terminal region exhibits alter-
nating exchange rates of two to three residues in fast
exchange, one to two residues in slower exchange, which is
consistent with a helix with one side solvent exposed.
However, medium-range NOEs were not observed for the
putative helix at the carboxyl-terminus and chemical shift
index analysis results do not indicate the presence of a helix
in this region (Figure 2).

The Protein Fold.The 3D15N/15N/1H-HMQC-NOESY-
HSQC spectra collected for the deuterated protein were
analyzed extensively to obtain a connectivity network
between amide protons. The data set recorded at 400 ms
proved most useful; in the longer mixing time data, the
number of NOEs between amide protons was extremely high,
suggesting that too much spin-diffusion had occurred. A
variety of spectroscopic evidence indicates that the regions
between residues 11-29 and 120-141 are mobile in
solution. Resonances attributed to the two unassigned
regions, N17-I22 and K121-G129, exhibit very narrow line
widths with little chemical-shift dispersion. Surrounding these
two areas are regions (A11-R16, S25-E28, V111-L116,
and E130-G137) that contain multiple crosspeaks and
multiple assignment pathways (Figures 4 and 5). We interpret
these observations to indicate that under solution conditions
ArsC is in dynamic equilibrium between multiple conforma-
tions in these areas. Because of this fact, many long range
NOEs were difficult to interpret unambiguously as NOEs
were often observed to only one member of a pair of
“doubled” crosspeaks. A large number of these incidences
made it impossible to identify a self-consistent set of NOEs
corresponding to only one of the many conformations that
exist under these conditions. Therefore, the final number of
unambiguously identified long-range NOEs was small; the
analysis yielded 144 sequential, 117 medium, and 54 long-
range NOEs.

Preliminary distance geometry and simulated annealing
calculations carried out using these restraints resulted in a
low-resolution model that cannot provide detailed informa-
tion about the structure in relation to function. This model
is, therefore, not shown here. However, the preliminary
model structure proved to be adequate to provide information
on the uniqueness of the ArsC fold and was used in a variety
of Internet-accessible protocols to search for protein structural
homology.

DISCUSSION

At a molecular weight of 16 kDa, ArsC should be
accessible to structural NMR analysis; several significantly
larger proteins have been solved to high resolution by these
methods (24, 30, 35, 36). However, the highly mobile regions
of ArsC preclude complete assignment and, therefore, high-
resolution structure determination. When the triple resonance
experiments on15N- and 13C/15N-labeled protein proved to
be inadequate for full resonance assignment, ArsC was fully
deuterated to exploit the sensitivity gains that can be derived

FIGURE 3: Connectivity diagram of the four-stranded mixedâ-sheet
as determined from long-range NOEs. Observed NOEs are indicated
by solid arrows. Dashed arrows indicate that the absence or presence
of the NOE could not be ascertained due to overlap in the spectra.
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from a triply labeled sample. The sensitivity of the triple-
resonance experiments used for residue identification and
the HNCACB and HN(CO)CACB experiments is dependent
on magnetic transfer over CR. It is well-known that the
sensitivity of these experiments is limited by the CR

relaxation (25, 37). Since the gyromagnetic ratio of2H is 7
times less than that of1H, the heteronuclear dipolar interac-
tion is reduced significantly. Therefore, deuteration increases
the sensitivity of the critical HNCACB and HN(CO)CACB
experiments, allowing a much more robust assignment
protocol that can resolve assignment problems, such as
extensive overlap (the motionally averaged areas) and
resonance multiplicity.

The dearth of protons also enhances the sensitivity and
specificity of NOE crosspeaks between amide protons by
minimizing spin diffusion through the side chains (30).
Consequently, the 3D15N/15N/1H-HMQC-NOESY-HSQC
spectra provided extensive information about ArsC secondary
and tertiary structure of the assigned portions of the molecule.
We found that spectra of mixing times up to 400 ms were
useful for obtaining distance restraints for simple structure
determination protocols, such as distance geometry; NOEs
obtained from the spectra with longer mixing times would
likely necessitate analysis, using iterative relaxation matrix
methodology (38). While deuteration of ArsC provided
enough sensitivity to assign a much larger portion of the

backbone resonances, two highly mobile regions remain
unassigned (N17-I22 and K121-G129). These highly
mobile regions appear to be in rapid conformational exchange
that was manifested in strong resonances exhibiting narrow
line widths in the 8.0-8.5 ppm region of the15N,1H-HSQC.
Each of the unassigned regions is surrounded by areas in
slow conformational exchange A11-R16, S25-E28, V111-
L116, and E130-G137. The conformational exchange was
evident in the NOESY spectra where a variety of peak
doubling was observed. Figure 5 illustrates doubling and
tripling (V111) of the resonances observed in the helical
region formed by residues V111-L116. It is interesting to
note that there are no exchange crosspeaks between the
conformationally different resonance positions, indicating
very slow exchange kinetics (Figure 5). Other regions of the
spectra sometimes give a “smear” that may indicate as many
as six different conformations. Because of the peak multi-
plicity, many long-range NOEs could not be assigned to a
self-consistent set of data for structure calculation. The
limited data could thus provide only a low-resolution three-
dimensional picture of the relatively rigid ArsC core.

Uniqueness of the Fold.To obtain more insight in the fold
of ArsC, several methodologies available on the Internet were
employed to perform searches for structural homology to
proteins of known structure using the secondary and pre-
liminary model tertiary structure. Of the several threading

FIGURE 4: Depiction of the multiple connectivity pathways observed in the 3D15N/15N/1H-HMQC-NOESY-HSQC spectra in the ArsC
active site. Residues 5-9 display the expected single pathway. In contrast, the peak doubling displayed by residues A11-R16 represents
slow exchange between multiple conformations, resulting in multiple connectivity pathways.
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programs employed to search for similar protein folds, only
Eisenberg’s protein fold prediction program yielded a fold
consistent with the NMR data (39). This search pointed to
the carboxyl-terminal domain of the porcine class Pi glu-
tathione S-transferase. An expanded search using the protein
classification programs SCOP (40) and Dali (41) was
initiated with the glutathione S-transferase fold. The glu-
taredoxin and thioredoxin folds were found to be structurally
related to glutathione S-transferase. Independent searches for
structural homology were submitted to the protein classifica-
tion program CATH (42) and the protein topology program
TOPS (43, 44). Both programs identified the same group of
proteins as structurally related to ArsC:E. coli glutaredoxin,
the related protein thiol transferase and glutathione trans-
ferases.

Like ArsC, thioredoxin, glutaredoxin, thiol transferase, and
glutathione S-transferase areR/â proteins. Thioredoxin
contains a parallel-strandedâ-sheet that in this case contains
five, not four, strands, and is, therefore, not considered as a
true homologue. In contrast, glutaredoxin, thiol transferase,
and glutathione S-transferase all contain a four-stranded
mixedâ-sheet with the same topology as that of ArsC (Figure
7). In both secondary and tertiary topology, ArsC is similar
to these proteins. Accordingly, our present data is sufficient

to establish that ArsC is structurally related to glutaredoxin,
thiol transferases, and glutathione S-transferases.

Interestingly, this group of structurally related proteins are
also functionally related. Glutaredoxin and glutathione S-
transferase both contain a binding site for reduced glu-
tathione. Glutathione S-transferase catalyzes the addition of
reduced glutathione to several organic compounds containing
electrophilic centers. In oxidized glutaredoxin, the reduced
glutathione regenerates the reduced form. It has been
postulated that ArsC may bind to glutathione during the
arsenate reduction pathway, but conclusive results have not
been attained. However, the active site of ArsC contains H8-
C12-R16, which appears to be an alternate, but similar form
of a common anion-binding motif. The active site is similar
in composition, structural context, and inherent mobility to
the H-CX5R anion-binding sites observed in several phos-
phatases and sulfatases (6, 10, 45). This motif has been found
to occur as a loop between aâ-strand and anR-helix where
the cysteine and arginine residues are close in space to one
another (10, 11, 46). The H8 of strand 2 in theâ-sheet of
ArsC is the relevant histidine in the anion binding motif,
forming an ion pair with C12 to lower the pKa of the active
site cysteine to 6.4 (8).

Alignment of the secondary structure as well as the active
site suggests similarity to the low molecular weight tyrosine
phosphatase (PDB accession code 1phr) (11). Both proteins
are classified asR/â proteins that contain a four-stranded
â-sheet. However, while the secondary structure is quite
similar in order and content (Figure 6), the phosphatase
contains a four-stranded parallelâ-sheet in contrast to the
mixed â-sheet observed in ArsC (Figure 7). The chemical
and structural differences between these two types ofâ-sheets
are significant enough to prohibit consideration as identical
folds (47). However, the putative functional homology may
be an example of convergent evolution.

Mobility of the ActiVe Site.Different functional states of
a protein may be manifested in alternative conformational
states. Changes in active site side chain orientation, loop
positions, and relative subunit orientations in oligomeric
proteins have been observed. This mobility and flexibility
of proteins can serve to regulate specificity and affinity of
ligand recognition. For example, enzymes, such as proteases
and nucleases, must be able to accommodate ligands with a
variety of compositions. To accomplish this function, the
active sites must be dynamic. Indeed, active site mobility
has been observed in the proteases stromelysin (Schurter,

FIGURE 5: Several vectors from the 3D15N-NOESY-HSQC
spectrum display complete sets peak doubling (tripling), which is
an indication of slow exchange between multiple conformations.

FIGURE 6: A comparison of the secondary structures of several
classes of proteins with ArsC. Helices are represented by cylinders
andâ-strands by arrows. 2gsr is glutathione S-transferase (15); 1phr
is low molecular weight tyrosine phosphatase (11); 1kte is thiol
transferase (14); 1ego isE. coli glutaredoxin (13). The dashed line
in ArsC figure contains the unassigned, therefore, undefined region
of the protein.
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E. J., and Zuiderweg, E. R. P. unpublished results),R-lytic
protease (48), and the ribonuclease binase [(49), Pang, Y.,
and Zuiderweg, E. R. P. unpublished results]. In addition,
the motion ofR helix 2 of glutathione S-transferase P1-1
regulates the affinity of the enzyme for reduced glutathione
by assisting in the search for optimal substrate orientation
(50). Residues in this helix have been shown to move 4 Å
upon substrate binding (51). Moreover, substrate-induced
conformational changes in enzymes, such as hexokinase,
contribute to the specificity of the enzyme (52).

ArsC is an example of a protein containing a mobile active
site. The mobility of this region is well-illustrated in the 3D
15N/15N/1H-HMQC-NOESY-HSQC spectra, which con-
tains parallel connectivities for two conformations that are
in slow exchange under these conditions (Figure 4). In an
attempt to decrease the mobility of the protein, ArsC was
complexed with product (AsO2-), which resulted in precipi-
tation and substrate (AsO43-). A few resonances appear to
shift or broaden, most notably, the C12 and R16 resonances
of the active site, upon binding to substrate. In addition, the
resonances associated with the dynamic (unassigned) regions
of the protein (N17-N24 and the carboxyl-terminus) are
broadened beyond observation, indicating that the dynamics
is attenuated but not arrested by ligand binding. Therefore,
while ligand binding appears to decrease the motional
freedom of both the active site and carboxyl-terminal region
by slowing them to the intermediate-exchange limit on the
chemical shift time scale, it is not sufficient to allow for
resonance assignment and structure determination of these
areas. However, the results indicate that the active-site area
and carboxyl-terminal area of ArsC are dynamically and
presumably functionally linked.

The structure of a low molecular weight protein tyrosine
phosphatase, a protein that has the H-CX5R active site, was

also studied by NMR (45). Similar to ArsC, the active-site
residues of the phosphatase exhibited line widths that were
too broad to be observed without inhibitor bound. While
some of the residues became visible upon saturation with
ligand, several remained exchange broadened. In addition,
enhanced temperature factors were observed for the anion-
binding site area in the crystallographic electron-density maps
of the related protein YG3E (Fauman, E., and Saper, M.,
personal communication). Crystallographic studies of a
different protein tyrosine phosphatase fromYersiniasuggest
that a second conserved loop in the active-site region
possesses two conformational states (53). Studies by ultra-
violet resonance Raman spectroscopy indicate that this WpD
loop moves rapidly between an open and closed conforma-
tion in the absence of substrate (54). Ligand binding alters
the equilibrium between the two states to favor the closed
loop conformation (54). Thus, while ArsC tends toward the
dynamic extreme, high mobility appears to be inherent in
the anion-binding motif.

The deduced homology between the common anion
binding motif in ArsC, phosphatases, and sulfatases raises
the possibility that the ArsC function may be more involved
with essential arsenate or arsenite binding in this complex
than with the actual reduction process. Determination of
whether a glutathione binding site in ArsC exists will
establish whetherE. coli glutaredoxin, thioltransferase, and
glutathione S-transferase are functionally related as well as
structurally related. It is evident that internal motions play
an important role in anion binding for proteins containing
the H-CXnR motif. Results reported herein suggest a similar
importance in ArsC function. Therefore, a thorough under-
standing of the activity of these anion binding proteins should
include characterization, and comparison of the dynamic
motion in the active sites.

FIGURE 7: The same structures that were compared in Figure 6 are depicted here using TOPS formalism to display the tertiary folds. The
circles represent helices and the trianglesâ-strands. The direction of the strands is illustrated by the direction of the triangles. Out of the
plane is defined as the triangle pointing up. Small circles represent helices with a length of less than five residues.
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