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ABSTRACT: Methionine sulfoxide reductase enzymes MsrA and MsrB have complementary stereospeci-
ficities that reduce th& andR stereoisomers of methionine sulfoxide (MetSO), respectively, and together
function as critical antioxidant enzymes. In some pathogenic and metal-reducing bacteria, these genes are
fused to form a bifunctional methionine sulfoxide reductase (i.e., MsrBA) enzyme. To investigate how
gene fusion affects the substrate specificity and catalytic activities of Msr, we have cloned and expressed
the MsrBA enzyme fromShewanella oneidensis. metal-reducing bacterium and fish pathogen. For
comparison, we also cloned and expressed the wild-type MsrA enzymeSfroneidensiand a genetically
engineered MsrB protein. MsrBA is able to completely reduce (i.e., repair) MetSO in the calcium regulatory
protein calmodulin (CaM), while only partial repair is observed using both MsrA and MsrB enzymes
together at 25C. A restoration of the normal protein fold is observed co-incident with the repair of
MetSO in oxidized CaM (Caly by MsrBA, as monitored by time-dependent increases in the anisotropy
associated with the rigidly bound multiuse affinity probe54bis(1,3,2-dithioarsolan-2-yl)fluorescein
(FIAsH). Underlying the efficient repair of MetSO in CaMs the coordinate activity of the two catalytic
domains in the MsrBA fusion protein, which results @ 1 order of magnitude rate enhancement in
comparison to those of the individual MsrA or MsrB enzyme alone. The coordinate binding of both
domains of MsrBA permits the full repair of all MetSO in CgMThe common expression of Msr fusion
proteins in bacterial pathogens is consistent with an important role for this enzyme activity in the
maintenance of protein function necessary for bacterial survival under highly oxidizing conditions associated
with pathogenesis or bioremediation.

Methionines are highly susceptible to oxidation to their these enzymes have little structural homology, the catalytic
corresponding methionine sulfoxides (MetS®y a range sites of MsrA and MsrB possess a mirror image symmetry
of commonly generated reactive oxygen species (ROS), suchthat promotes the selective reduction®éndR diastereo-
as hydrogen peroxide, singlet oxygen, or peroxynitrite ( mers of MetSO10—12). High-affinity binding and reduction
3). Methionine sulfoxide reductase (Msr) enzymes recognize of free MetSO by either MsrA or MsrB are rapik,§ > 50
MetSO within unfolded sequences of proteins and bind with s™1), with subsequent steps involving re-formation of the
high affinity (i.e.,Kq = 70 £ 10 nM) prior to the reduction  reduced catalytic center, which limits steady-state rates of
of MetSO to restore the native Met structuré—@). In catalysis 13, 14). However substantial amounts of MetSO
addition, distinct Msr enzymes are critical to the maintenance are present in a range of different healthy mouse tissues (i.e.,
of cellular Met pools 7), oxidation of which can downregu-  >49% of all Met) @), suggesting that Msr enzymes are

late the initiation of protein synthesis. insufficient for maintaining cellular Met in the fully reduced
Two different enzyme classes of Msr, i.e., MsrA and state. The incomplete repair of MetSO in proteins has been
MsrB, are expressed in virtually all organisn& 9). While linked to the substrate requirements of Msr enzymes, which

do not recognize the majority of MetSO within folded protein
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Ficure 1: Conserved active site sequences of Msr proteins. Tertiary structures (top) and sequences (bottom) of Msr proteins highlighting
identical (yellow) and conserved (green) amino acids. Side chains implicated in catalysis or substrate recognition are hig2lig8ted (

50). Structures correspond to MsrB (left) or MsrA (right). Sequences compare amino acids between MskB franorrhoeaeand MsrA

from E. coli with S. oneidensi8/R-1 proteins MsrA (SO2337) and MsrBA (S02588), as determined using the BLAST algorithm (http://
www.ncbi.nim.nih.gov/sutils/genom_table.cgi). Structures correspond to PDB entry 2gt3 for MsrAEfrooii and PDB entry 111d for

MsrB from N. gonorrhoeag12, 51, 52) and were drawn using RASMOI58).

Bifunctional Msr enzymes, which reduce bofhand R microbe encodes 42 multiheme cytochromes, which underlie
diastereomers of MetSO, are present in many pathogenic and diverse metabolism that allows growth using solid metal
metal-reducing bacteria (includingaemophilus influenze  oxides as terminal electron acceptors, resulting in a consider-
H. pylori, Vibrio cholerag Neisseria meningitidiBacillus able functional sensitivity to reactive oxygen species (ROS)
anthracis and Shewanella oneidengisand have arisen (23, 24). For comparison, we have constructed and expressed
through gene fusion to create both MsrAB or MsrBA variants the MsrB encoding region of MsrBA. The abilities of
(8). These fusion proteins are commonly located on the outer MsrBA, MsrA, and MsrB to repair protein-bound MetSO
surface of the inner membrane in the periplasm, permitting were assessed using the calcium regulatory protein calm-
the efficient redox coupling of cytosolic NADPH for odulin (CaM) that has previously been used as a protein
maintenence of these enzymes in a reduced state necessasubstrate to assess the ability of mammalian forms of both
for the repair of oxidized proteind {, 22). It remains unclear ~ MsrA and MsrB to recognize MetSO in protein§, 25).
whether the formation of bifunctional Msr enzymes through Furthermore, CaM can play an important role in promoting
gene fusion has any additional functional significance that bacterial pathogenesis, suggesting the physiological relevance
may, for example, be related to the catalytic ability to of its oxidation 6). We find that the bifunctional MsrBA
simultaneously bind multiple MetSO within an oxidized enzyme is able to fully reduce @andR stereoisomers of
protein. MetSO in CaMy. In contrast, a mixture of the isolated MsrA
To assess possible improvements in the ability of bifunc- and MsrB proteins is unable to catalyze the complete repair
tional Msr enzymes to reduce MetSO in oxidized proteins, of all MetSO, consistent with the inability of Msr enzymes
we have cloned and expressed the two genes encodingo recognize MetSO within folded proteins)(Accompany-
MsrBA and MsrA fromS. oneidensigFigure 1). This soil ing reduction of MetSO in Cal by MsrBA is the
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restoration of the overall protein fold of CaM, which is not
observed using either MsrA or MsrB alone. These results
suggest an important role for bifunctional Msr enzymes in
the maintenance of protein functions under conditions of
acute oxidative stress.

EXPERIMENTAL PROCEDURES

Materials. Thioredoxin, thioredoxin reductasemethion-
ine sulfoxide (-MetSO), 2-mercaptoethan@#-ME), triscar-
boxyethylphosphine-HCI (TCEP), angtnicotinamide ad-
enine dinucleotide phosphate (NADPH) were purchased from
Sigma Chemical Co. (St. Louis, MO).’,8-Bis(1,3,2-
dithioarsolan-2-yl)fluorescein (FIAsH-ER)lwas synthesized
as previously describe@7, 28). All other chemicals were
of reagent grade.

Cloning and Expression of Msr IsoformBwo putative
Msr genes, i.e., MsrA (S02337) and MsrBA (S02588)
(Figure 1), identified in thé&. oneidensi®R-1 genome 29),
contained 480 and 903 bp, respectively, and their DNA
fragments were PCR amplified with MsrA-F '{6AC-
CARGGCGTTAGCAACTTTCGGT-3 and MsrA-R (5
GTACTCGAGCTGACAACTTGGTAA-3) primers and Msr-
BA-F (5-CACCATGGACAAACTGACTGATTTTGAA-3)
and MsrBA-R (B-AACTTGCAGTTCGGCAAATAAATGC-

3') primers, respectively. For comparison, the MsrB region
of the MsrBA gene containing the first 128 amino acids in
the sequence was PCR amplified using the following forward
and reverse primers, i.e., MSRB#2-F-BGACCATGAA-
CAAACTGACTGATTTTGA-3) and MSRB#2R (5AG-
CATGTTTTGGGGCAATAT-3). This sequence encodes the
entire MsrB gene based on homology with other MsrB
sequences in a range of microbes, includBiganthracis

E. coli, M. tuberculosis Salmonella typhimuriumV. chol-
erag andYersinia pestisThe amplified DNA fragments were
cloned into pENTR/SD/D-TOPO vector (Invitrogen) to
contain a V5-His tag sequence (KGGRADPAFLYKVVIN-
SKLEGKPIPNPLLGLDSTRTGHHHHHH) engineered at

the C-terminus of the expressed proteins and transformed

into E. coli strain TOP10. Positive clones were screened,
and all DNA sequences were verified by DNA sequencing
(Amplicon Express, Pullman, WA).

For overexpression of Msr isoforms i coli, individual
plasmids were cloned into pETDEST 42 (Invitrogen catalog
no. 12276-010) using LR Clonase (Invitrogen catalog no.
11791-019) and transformed int. coli strain BL21Star
(DES3). One liter of innoculated culture was grown at°&7
to an optical density of 0.4 at 600 nm. Isoprop$ip-
thiogalactopyranoside (IPTG) was added to a final concen-
tration of 1.0 mM, and growth was continued overnight at
30 °C. Bacteria were harvested by centrifugation, and
following resuspension in 10 mM Tris-HCI (pH 8.0), 300
mM NaCl, and 10 mM imidazole, cells were lysed by three
passes through a French pressure cell (Glenmills Inc., Clifton,
NJ). Lysates were first clarified by centrifugation at 5000
rpm for 15 min, and the resulting supernatant was then
centrifuged at 15 000 rpm for an additional 30 min. The clear
supernatant was loaded onto a cobalt column (Talon Metal
Affinity Resins; BD Biosciences-Clontech, Palo Alto, CA),
and following 5 volumes of washing buffer [10 mM Tris-
HCI (pH 8.0), 300 mM NacCl, and 20 mM imidazole].
MsrBA, MsrA, and MsrB recombinant proteins were eluted
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with 5 mL of elution buffer [10 mM Tris-HCI (pH 8.0), 300
mM NaCl, and 300 mM imidazole]. The N-terminal His-
Patch thioredoxin sequence from the MsrB recombinant
protein was enzymatically digested using EnterokinaseMax
(EKMax; Invitrogen catalog no. 190-01). Msr protein
concentrations were determined using the Coomassie Plus
protein assay (Pierce Inc., Rockford, IL).

Expression and Purification of CaMDNA encoding a
wild-type and a mutant CaM containing four cysteines
engineered in helix A (at GRIGIU’, Alat®, and GIWY) (i.e.,
C4-CaM) was cloned into the pET-15b (Novagen) expression
vector and expressed if. coli strain BL21(DE3), as
previously described3Q). CaM was purified by chroma-
tography on phenyl-Sepharose CL-4B (Pharmacia, Piscat-
away, NJ) 81), and its protein concentration was measured
using a micro BCA assay reagent kit (Pierce), using desalted
wild-type CaM as the standareb{; = 3029 Mt cm 1) (31).

Oxidation of CalmodulinEollowing incubation with HO,

(100 mM) in 10 mM Tris-HCI (pH 7.5) for 24 h at 25C,

all nine methionines in CaM (60M) were oxidized to their
corresponding methionine sulfoxide&y( 32). The concen-
tration of HO, was determined by using the published
extinction coefficient 240 = 39.4 M! cm! (33)]. The
reaction was stopped by exhaustive dialysis 4C4

FIAsH-Labeled CaMC4-CaM (50uM) was incubated in
50 mM HEPES (pH 7.5), 140 mM KCI, 1 mpM-ME, and
1 mM TCEP fo 1 h toreduce any disulfide bonds prior to
the addition of FIASH-ED7 (50 uM); essentially complete
labeling requird 2 h atroom temperature. FIAsH-labeled
CaM was separated from unbound FIAsH-EDIsIing a
Sephadex G25 size exclusion colun@a)

Fluorescence MeasuremenRotational mobility (anisot-
ropy) of FIAsH-labeled CaM was measured using a SPEX
(Edison, NJ) FluoroMax-2 fluorometer, where the anisotropy
(r) was calculated as the ratio of fluorescence intensitjes (
with the polarizers in the vertical (v) or horizontal (h)
position:

r= (Ivv - glvh)/(lvv + 2glvh) (1)
whereg = In/lph

Enzymatic Actiities of Msr.Unless otherwise indicated,
the reductase activity of Msr isoforms was measured in 10
mM Tris-HCI buffer (pH 7.5), NADPH (40Q:M), thiore-
doxin (50uM), and thioredoxin reductase (V) following
the decrease in the absorbance of NADPH at 340 ¢y (
= 6220 M1 cmY) at 24 °C, essentially as previously
described §, 35, 36).

Mass Spectrometric Analysig/hole protein ESI spectra
were acquired on an AUTOSPEC-Q mass spectrometer
equipped with Mark Ill ESI source, essentially as previously
described §).

RESULTS

Conseped Structures of Msr Protein from Shewanella
We assessed the ability of the two Msr proteins encoded in
the genome 08. oneidensiMR-1 (i.e., MsrBA and MsrA)
to repair oxidized CaM (Capj), in which all nine methion-
ines were oxidized to their methionine sulfoxides. Together,
these proteins function to reduce methionine sulfoxides in
Shewanellaproteins. This maintains the ability of this
oxidatively sensitive organism to contribute to the bioreme-
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diation of soils through its diverse metabolism that permits —— - =]+ CaM,,
the reduction of solid metal oxides as terminal electron Merh =]+ CaM
acceptorsZ4). The C-terminal sequence of MsrBA (SO2588) ¢ Tontlend . == |+ CaM,,
is homologous to the protein sequence of MsrA (S02337), perth = |+ CaM
with 61% overall positive sequence homology determined PR LACS 3 4[N eomioal

using the BLAST algorithm (http://www.ncbi.nlm.nih.gov/ Incubation Time (hours)
sutils/genom_table.cgi). The active site and substrate binding
recognition sequences in MsrA are absolutely conserved

(Figure 1), permitting a comparison between these two b
enzyme activities to determine the functional implications LHNG
of the MsrB fusion protein. As there is no homologous MsrB

Ds

protein encoded in thBhewanellggenome, we have cloned
and expressed the N-terminal sequence of MsrBA, the
sequence of which is essentially identical within the active
site region and has a 50% overall positive sequence homol-
ogy to the MsrB protein sequencelih gonorrhoeadFigure

1).

Enhanced Repair by MsrBA Reduces All Nine MetSO in
CaM,,. Taking advantage of large shifts in the mobility of
CaM following Met oxidation using SDSPAGE, we
assessed the ability of MsrBA in the presence of the artificial
electron donor DTT to repair MetSO in fully oxidized CaM
(CaM,y), where authentic standards of unoxidized or fully
oxidized CaM with apparent molecular masses of 17.9 and
20.6 kDa were used for comparison. Upon incubation of
CaMox with MsrBA, there is a time-dependent increase in r : - .
the mobility of CaM on SDSPAGE, which approaches that s e | iy
of unoxidized CaM after incubation fd@ h (Figure 2). These Average Mass (Da)
results suggest that MsrBA is able to fully repair the majority FIGURE 2: Complete repair of Capl by MsrBA. (Top) SDS-
of the MetSO in CaM. In comparison, much smaller PAGE (14% Tris-glycine) gel showing time-dependent mobility

h in CaM bilit t . bati f changes of Cal in the presence of either MsrA or MsrBA.
changes n LalVl mobility are apparent upon incuballon O ggttom) Intact protein ESI-MS spectra of unoxidized CaM (A)

CaMyx with MsrA over the same time course, suggesting a and oxidized CaM prior to (B) and following incubation for 12 h
diminished capacity of MsrA to recognize and repair MetSO with MsrA (C), MsrB (D), an equimolar mixture of MsrA and MsrB
in CaMy. (E), and MsrBA (F). Experimental conditions involved CaM (10

i, . . e uM) incubated with indicated Msr isoforms (1£M) of either
Additional resolu.tlon regarding the ab|I.|t|es of_ Msr MSTBA, MsrA, or MsrB in 10 mM MOPS (pH 7.5), 50 mM KCl,
enzymes to recognize and reduce MetSO in proteins Wasang 15 mM DTT at 25C. No MetSO reduction is observed in the

obtained using intact protein mass spectrometry to assessibsence of added DTT, which acts to reduce the active site of Msr
the extent of Met oxidation in oxidized CaM (Capl CaM enzymes to permit reduction of MetSO.
has previously been used to assess the ability of both MsrA of the protein fold prevents further repair of MetS®) 25).
and MsrB to repair oxidized proteins due to the presence of Thus, while the complementary specificities of MsrA and
nine surface-exposed methioninés45). Prior to oxidation, MsrB for repair of theéSandR stereoisomers of MetSO result
the average mass of CaM was 16 706.7 Da (Figure 2A), in additional repair in comparison to either enzyme alone
which is consistent with the theoretical mass of 16 706.4 Da. (Figure 2C,D), the fusion of these enzyme activities to form
A dehydration artifact associated with the loss of water in the bifunctional MsrBA results in a striking enhancement in
the ion trap results in the appearance of a lower-molecular the extent of Cal repair.
mass feature at 16 688.4 D&v}. For these experiments, Met Our results demonstrate an enhanced ability to re@&ice
residues in CaM were quantitatively oxidized to their and R-MetSOs in oxidized proteins by the MsrBA fusion
corresponding MetSO using hydrogen peroxide, resulting in protein in comparison to either MsrA or MsrB enzymes.
a 143.3 Da shift in the average mass of CaM to 16 850.0 These latter results are consistent with the observation that
Da which is indicative of the quantitative oxidation of all the oxidation of Met*® disrupts the tertiary structure of CaM,
nine methionines (i.e., 9 Met 16 Da/oxygen= 144 Da) resulting in the ability of Msr enzymes to recognize MetSO
(Figure 2B). within disordered sequences, (L5, 38). Reduction of this
Upon incubation for 12 h with MsrBA in the presence of conformationally sensitive site in Cajvby either MsrA or
15 mM DTT, all nine MetSO in CaM are reduced to form MsrB will result in a restoration of the protein fold and will
methionine (Figure 2F), and the resulting mass spectrum isweaken the ability of Msr enzymes to recognize and repair
virtually identical to that of unoxidized CaM (Figure 2A). other MetSO in the refolded protein. Thus, depending on
In comparison, a distribution of CaM oxiforms remains that the order in which individual MetSO are reduced in GaM
contains up to eight MetSO per protein following incubation the protein will assume its native fold and essentially trap
of CaM with an equimolar mixture of MsrA and MsrB for  remaining MetSO within the folded structure. In contrast,
12 h (Figure 2E). The retention of large numbers of MetSO MsrBA is able to bind and fully repair all MetSO in CaM
in CaM following repair by both MsrA and MsrB is  suggesting that the simultaneous binding of both domains
consistent with prior results indicating that the restoration facilitates protein repair.

+MsrA

MsrA + MsrB

Intensity (arbitrary units)
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Ficure 3: Substrate dependence of MsrBA-mediated repair of &aMisrBA-dependent rates of repair of Cghs a function of NADPH

(A), thioredoxin (B), or thioredoxin reductase (C). Experimental conditions included MsrBAu{@)5and CaM (30 #M) in 10 mM
Tris-HCI (pH 7.5) containing indicated substrate concentrations and saturating concentrations of NADRMNIY4B0and C), thioredoxin

(50 uM) (A and C), or thioredoxin reductase (@) (A and B) at 24°C. The line in panel B represents a nonlinear least-squares fit to the

Michaelis-Menten rate equation, whekg, = 3.3 + 0.8 uM.

Redox-Dependent Modulation of MsrBA Functidrhe
repair of free MetSO involves the reduction of the active
site dithiol, which under cellular conditions is mediated by
reduced thioredoxin whose concentration is maintained by
the NADPH-dependent activity of thioredoxin reducte39).(

To determine whether changes in cellular concentrations of
NADPH and reduced thioredoxin affect rates of MsrBA

activity, we measured the substrate dependence of repair as

a function of NADPH and thioredoxin concentrations. An
equimolar stoichiometry of thioredoxin reductase relative to
MsrBA is sufficient to maintain optimal function (Figure 3C),
indicating a high-affinity binding interaction that promotes
the efficient reduction in the catalytic site of MsrBA. Half-
points of maximal catalytic activity occur at 240 10 uM
NADPH and 3.3+ 0.8uM thioredoxin (Figure 3A,B), which
are near physiological levels of NADPH and thioredoxin in
bacteria 40—43). These latter results indicate that the action
of MsrBA is under redox control such that reduced rates of
MetSO repair will occur under conditions of oxidative stress
and associated reductions in the levels of NADPH and
reduced thioredoxin.

Restoration of the Protein Fold upon Repair of CglMy
MsrBA The oxidation of Mét*s in CaM induces a loss of
function and results in global structural changes that disrupt

o
py
o

o
=
~

o
a
(=2}

0.151

Fluorescence Anisotropy

10 15

Time (min)
Ficure 4: Restoration of the Cal protein fold upon repair of
Met(SO) by MsrBA. Steady-state anisotropies for FIAsH-labeled
CaMy (1.0 uM) in the presence of MsrBA€), MsrA (O), and
MsrB (®). The reaction mixture consists of NADPH (4@),
thioredoxin (50 uM), thioredoxin reductase (M), and the
indicated isoform of Msr (1.«M) in 50 mM HEPES (pH 7.5),
140 mM KCI, and 0.2 mM CagGlin a total volume of 2 mL. Initial
rates associated with MsrBA-dependent increases in anisotropy are
(5.9+ 1.1) x 1073, (0.53+ 0.12) x 1073, and (0.19+ 0.02) x
103 min~! for MsrBA, MsrA, and MsrB, respectively. Excitation
was at 500 nm, and emitted light was measured at 530 nm; slit
widths were set at 5 nm. The inset shows the electrophoretic
mobility determined via SDSPAGE of FIAsH-labeled CaM (10
uQg) prior to (lane 1) and following oxidation of all nine methionines
(lane 2) using a 14% Tris-glycine gel visualized by fluorescence
detection (right) or following Coomassie blue staining (left).

the secondary structure and uncouple the opposing domaing o min increases from 0.13% 0.001 to a value that

of CaM, resulting in the nonproductive binding between
CaMox and some target proteind5, 32, 38, 44, 45). This
structural change results in the uncoupling between the
opposing domains of CaM, which is normally associated with
the calcium-dependent activation of CaM. Following binding
of the fluorophore FIAsH, the oxidant-induced disruption of
the protein fold of CaM can be readily monitored in real
time as a reduction in the steady-state anisotr@ty 44).
Similar oxidant-induced changes in protein structure are
observed using SDSPAGE, where oxidation of all nine Met
residues results in a substantial reduction in the electro-
phoretic mobility (Figure 4).

To measure alterations in the protein fold of CaM, we have

employed the same FIAsH-labeled CaM mutant that we have

approaches that of unoxidized CaM (i.e., 0.1#00.001)
(Figure 4). These measurements demonstrate the full restora-
tion of the protein fold associated with the repair of oxidized
calmodulin by MsrBA over a time scale that is relevant to
cellular repair processes. In comparison, much smaller
increases in fluorescence anisotropy are observed following
the incubation of either MsrA or MsrB with FIAsH-labeled
CaM, indicating that the separate enzyme activities are unable
to efficiently bind and reduce MetSO in oxidized calmodulin.
Only MsrBA has the ability to recognize and repair MetSO
within oxidized proteins to restore the protein fold associated
with native function. In comparison, limited refolding occurs
using either MsrA or MsrB enzymes alone.

previously used to assess oxidant-induced changes in the Enhanced Rates of CalyRepair by MsrBAThe enhanced

conformation of CaM30, 44). Upon incubation of equimolar
amounts of Calk with MsrBA in the presence of saturating

catalytic efficiency of MsrBA in comparison to either MsrA
or MsrB alone toward Cal is apparent using an enzyme-

amounts of NADPH, thioredoxin, and thioredoxin reductase, linked assay involving measurements of decreases in the
there is a time-dependent increase in the fluorescenceabsorbance of NADPH to measure initial rates of catalysis
anisotropy of FIAsH-labeled CaM, which after approximately (Figure 5B). In the presence of saturating amounts of all
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protein-bound MetSO substrates. These results are consistent
with earlier reports indicating a cooperative binding between

£

:0? 2 mammalian MsrA enzymes and highly oxidized CaB}, (

-E ? which suggested that induced structural changes within

O 3 CaM,x upon binding one domain of MsrBA enhance the

:E B binding of the other domain.

=z DISCUSSION

= g Using both intact protein mass spectrometry and fluores-
5 3 T cence spectroscopy to assess reduction of MetSO and
Z © 2 4 6 8 10 000002004 006 0.08 0.10 restoration of the structural coupling between the opposing

[MetSQO] (mM) [CaM_] (mM) domains of CaM, respectively, we have demonstrated that

FiGure 5: Preferential recognition and repair of CgMCatalytic the fusion of complementary enzyme activities associated
activities of Msr isoforms (0.&M) against -MetSO (A) and CaM with the repair oR andSstereoisomers of MetSO in MsrBA

(B) for MsrBA (#, solid lines), MsrA O, dashed lines), and MsrB  resullts in the full repair of all MetSO within Cadand the
(@, dotted lines). Experimental conditions involved 10 mM Tris- restoration of the native fold (Figures 2 and 4). MsrBA acts

:'r']%r égoniZ'i)eaJ\(';/{\aDsFe)Hmﬁff)%”gﬂ)tbtg}kﬁﬂ%ﬂno f(%ozmmi Ztng4 to stabilize an unfolded state through the coordinated binding
°C. Lines represent fits to the Michaeli¥enten rate equation (see of elt.ht.-:‘r MSrA or MsrB domains to Ca.‘M (Flgur? 6)’
Table 1). permitting the full redl_,lct|on of all Me_tSO in Cawithin _
10 min (Figure 4), a time scale that is relevant to bacterial
substrates and 100M CaM,y (in which all nine Met residues  host colonization. A consequence of the stabilization of the
are oxidized to their corresponding sulfoxides), MsrBA unfolded state is an increased catalytic rate due to the
exhibits the highest initial rate (39.2 mol of NADPH oxidized increased local concentration of MetSO within unstructured
per mole of MsrBA per minute) relative to that of MsrA  sequences, which permit access of the oxidized side chain
and MsrB (3.3 and 1.9 mol of NADPH oxidized per mole of MetSO to the Msr active site for repal)( In comparison,
of Msr per minute, respectively). These results indicate that an incomplete repair of eithe® or R-MetSO in CaMy is
fused protein MsrBA results in significantly increased activity observed for the individual MsrA or MsrB enzymes, where
in comparison to the individual MsrA or MsrB enzymes.  the rebinding of the Msr enzyme following dissociation
To further assess the specificity of these bacterial Msr competes with protein refolding and the associated retention
enzymes with respect to the ability to recognize and reduceof MetSO and reductions in catalytic rates. These latter
either free or protein-bound MetSO, we compared their results are in agreement with prior measurements for
substrate dependencies using batMetSO and Calk homologous Msr proteins from bovine sources under these
(Figure 5). Maximal catalytic rates (i.&qa) against Calk experimental conditions( 25), indicating that the inability
are approximately 20-fold higher for MsrBA in comparison of mixtures of MsrA and MsrB enzymes to fully reduce
to that of either MsrA or MsrB alone, indicating that the MetSO in comparison to MsrBA is not the result of sequence
fusion of these enzyme activities results in large rate differences between these homologous enzymes. Likewise,
enhancements (Figure 5B and Table 1). Similar increases inlimited restoration of the overall structure of CaMccurs
the catalytic efficiency K../Kyv) of MsrBA are apparent,  using either MsrA or MsrB enzymes alone, indicating that
which are more than 10-fold larger than that of either MsrA the separate enzyme activities are unable to efficiently bind
or MsrB. These results indicate that the ability of MsrBA to and reduce all MetSO within CaM These measurements
maintain the MetSO within protein substrates in an accessibledemonstrate that the enhanced ability of the MsrBA fusion
partially unfolded state results in an increase in the overall protein to reduce MetSO in oxidized proteins in comparison
catalytic rates of repair. to the individual MsrA or MsrB enzymes arises as a result
In comparison to the large rate enhancements observedf the coordinate action of the MsrA and MsrB elements
for MsrBA against Cal relative to values observed for that maintain CalM in a unfolded state necessary for the
MsrA or MsrB, the catalytic rates for MsrBA and MsrA are recognition and repair of MetSO.
very similar when MetSO is used as a substrate (Figure 5A). The retention o5MetSO in CaMy following enzymatic
This insensitivity of catalytic rates of repair of free MetSO repair by MsrA is consistent with the spatial requirements
for MsrBA and MsrA activities is consistent with earlier data around the active site cysteine, as steric limitations prevent
using MsrAB isolated froniNeisseriawhere the steady-state the catalytic sulfur atom from interacting with MetSO
activities against MetSO were also observed to be unaffectedresidues within helice$]. Thus, upon reduction of a critical
by gene fusion46). In contrast, minimal rates of repair are  MetSO in CaMx (i.e., Met*9), the restoration of the protein
observed for the genetic construct encoding the MsrB fold results in the retention of MetSO residues within
domain, consistent with prior measurements indicating that secondary structures that are inaccessible to the active sites
the turnover number of MsrA is more than 30-fold that of of Msr enzymes§, 25, 32, 38). Substantial amounts of both
MsrB for free MetSO using physiological substrates (i.e., S and R-MetSO are retained following the simultaneous
NADPH, thioredoxin, and thioredoxin reductaseé).( incubation of MsrB and MsrA with Cab), where a
The similar catalytic efficiencies of MsrBA and MsrA  stochastic distribution of CaM oxiforms that retain up to eight
against free MetSO indicate that increases in the catalytic MetSO per CaM is observed (Figure 2E). The simultaneous
efficiencies of association with fusion of both enzyme binding of both catalytic domains of MsrBA prevents the
activities in bifunctional MsrBA enymes against CaM  refolding of CaN (irrespective of the reduction of Met-
require the simultaneous binding of both domains to the SO% and promotes the complete repair of all MetSO in
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Table 1: Catalytic Rates of MetSO Repair by Msr Enzymes

enzyme substrate max (umol of NADPH mgt min—?) Kmd (mM) KeaP (79 Keal Km® (M~1s7)
MsrBA MetSO 0.49+ 0.03 1.7£04 0.31+0.02 180+ 40
CaMo 0.9+0.2 0.124+ 0.03 0.6+0.1 5000+ 2000
MsrA MetSO 0.5£0.1 2.0£0.8 0.19+ 0.04 100+ 40
CaMyy 0.07+ 0.02 0.074+ 0.08! 0.027+ 0.007 400+ 300
MsrB MetSO ND» NDe ND® NDe
CaMyy 0.05+0.01 0.05+ 0.0 0.01+ 0.01 2004+ 200

aData presented were obtained by fitting the experimental data to the Mich&tdisten equatior’’V = VinaS]/Kn + [S], where [S] is the
concentration of substrati,, is the Michaelis constant, anghaxis the velocity when the reaction approaches a maximum. Reaction conditions are
described in the legend of Figure Bk.a: = Vimax x molecular weight= turnover number Errors were propagate@lValues are apparent and do
not take into account the presence of multiple MetSO in oxidized Ca\t determined.

Ficure 6: Coordinated binding at multiple MetSO in CghMy MsrBA facilitates repair. Depiction of the proposed role of the MsrBA
fusion protein (gray connected circles denoted A and B) in binding and stabilizing the unfolded state of oxidized CaM (white cylinders)
(step 1), permitting reduction of all nine MetSO (yellow) to their native Met structure through the coordinate binding of both active sites
A and B in MsrBA (top) at multiple MetSO sites (step 2), where diffusional steps are minimized due to the role of the complemetary
protein domain in anchoring MsrBA to the oxidized protein. Underlying the capacity of MsrBA to fully repair,JaMn ability to
stabilize the oxidized and partially unfolded CaM to promote recognition of exposed MetSO by the Msr enzymes (Figure 4). The ability
to maintain the MetSO within protein substrates in an accessible partially unfolded state results in increased catalytic rates of repair
(Figure 5). Following MetSO reduction, MsrBA dissociates, releasing the fully repaired protein (step 3). In contrast, while binding of
MsrA (bottom) or MsrB (not depicted) to fully oxidized CaM (step 4) readily occurs, neither MsrA nor MsrB alone can fully repair
all S or R-MetSO in CaMy under these experimental conditions, where there is substantial protein refolding°@t @%p 5) that
competes with the ability of the individual Msr enzymes to recognize and bind MetSO in,{step 5) b, 6, 25, 32). Following protein
refolding, there is no additional reduction of MetSO (step 6 is blocked), resulting in the retention of MetSO as occurs during biological

aging Q).

Prior measurements have established the physiological
importance of the correct localization of MsrAB to the outer
membrane in botiN. gonorrhoeaeand H. pylori, whose
periplasmic localization promotes colonization under condi-
tions of oxidative stressl(, 16). Coupling MsrAB to a
thioredoxin domain (i.e., NT) at the N-terminus of MsrAB
in Neisserigefficiently reduces the active site in both catalytic

oxidized proteins (i.e., Cap) (Figure 2F). These results
indicate that the simultaneous binding of both active sites
in MsrBA keeps Cal in a partially unfolded state that
exposes MetSO within conformationally disordered se-
guences for Msr enzyme recognition and rep8&jr(Figure

6). Consistent with the latter suggestion that the inability of
individual MsrA or MsrB enzymes to fully repair MetSO in

CaMo is due to protein refolding, prior results have
demonstrated the full repair of all MetSO by MsrA and MsrB
upon disruption of the structure of Cglat higher temper-
atures 47). In total, these results indicate that the simulta-
neous binding of both domains in MsrBA contributes to the
ability of this bifunctional Msr enzyme to efficiently and
completely reduce MetSO in CaM This enhanced repair

domains in the absence of added thioredof).(Cytosolic
reducing potential (i.e., NADPH) is coupled to the MsrAB
systems through the integral membrane protein DspD, which
promotes the reduction of the active sites in both MsrA and
MsrB domains of MsrAB 22). These results suggested that
enzyme fusion in bifunctional Msr enzymes functions
primarily as an organizing mechanism to effectively couple

activity against oxidized proteins represents an advantagethe cytosolic reducing equivalents to active MsrA and MsrB
under acute conditions of oxidative stress associated withsites in the periplasm. Consistent with this suggestion, gene

microbial colonization, when high levels of protein oxidation
are likely to occur 11, 16, 48).

fusion results in no change in the catalytic repair of free
MetSO for MsrAB in comparison to MsrA and MsrB alone
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(46). Our results suggest that gene fusion of MsrA and MsrB
to form MsrBA in Shewanellgplays an additional role in
promoting the rapid and complete repair of MetSO in
oxidized proteins, which is expected to promote bacterial
colonization in oxidizing environments.

ACKNOWLEDGMENT

We thank Todd D. Williams for assistance in collecting

the mass spectra and Diana J. Bigelow and H. Steven Wiley

for insightful discussions.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

Hoshi, T., and Heinemann, S. H. (2001) Regulation of cell function
by methionine oxidation and reductiah,Physiol. (London) 531
1-11.

. Stadtman, E. R., Van Remmen, H., Richardson, A., Wehr, N. B.,

and Levine, R. L. (2005) Methionine oxidation and aging,
Biochim. Biophys. Acta 170335-140.

. Schoneich, C. (2005) Methionine oxidation by reactive oxygen

species: Reaction mechanisms and relevance to Alzheimer’s
diseaseBiochim. Biophys. Acta 170311-119.

. Boschi-Muller, S., Olry, A., Antoine, M., and Branlant, G. (2005)

The enzymology and biochemistry of methionine sulfoxide
reductasesBiochim. Biophys. Acta 170231-238.

. Xiong, Y., Chen, B., Smallwood, H. S., Urbauer, R. J., Markille,

L. M., Galeva, N., Williams, T. D., and Squier, T. C. (2006) High-
affinity and cooperative binding of oxidized calmodulin by
methionine sulfoxide reductasBiochemistry 4514642-14654.

. Grimaud, R., Ezraty, B., Mitchell, J. K., Lafitte, D., Briand, C.,

Derrick, P. J., and Barras, F. (2001) Repair of Oxidized Proteins.
Identification of a new methionine sulfoxide reductadeBiol.
Chem. 27648915-48920.

. Lin, Z., Johnson, L. C., Weissbach, H., Brot, N., Lively, M. O.,

and Lowther, W. T. (2007) Free methionine-(R)-sulfoxide reduc-
tase fromEscherichia colireveals a new GAF domain function,
Proc. Natl. Acad. Sci. U.S.A. 109597-9602.

. Delaye, L., Becerra, A., Orgel, L., and Lazcano, A. (2007)

Molecular evolution of peptide methionine sulfoxide reductases
(MsrA and MsrB): On the early development of a mechanism
that protects against oxidative damadeMol. Evol. 64, 15—-32.

. Ezraty, B., Aussel, L., and Barras, F. (2005) Methionine sulfoxide

reductases in prokaryoteBjochim. Biophys. Acta 170221—

229.

Sharov, V. S., Ferrington, D. A., Squier, T. C., and Schoneich, C.
(1999) Diastereoselective reduction of protein-bound methionine
sulfoxide by methionine sulfoxide reductadeBS Lett. 455
247—-250.

Skaar, E. P., Tobiason, D. M., Quick, J., Judd, R. C., Weissbach,
H., Etienne, F., Brot, N., and Seifert, H. S. (2002) The outer
membrane localization of thieisseria gonorrhoeaMsrA/B is
involved in survival against reactive oxygen specksic. Natl.
Acad. Sci. U.S.A. 9910108-10113.

Lowther, W. T., Weissbach, H., Etienne, F., Brot, N., and
Matthews, B. W. (2002) The mirrored methionine sulfoxide
reductases oNeisseria gonorrhoeagilB, Nat. Struct. Biol. 9
348-352.

Antoine, M., Boschi-Muller, S., and Branlant, G. (2003) Kinetic
Characterization of the Chemical Steps Involved in the Catalytic
Mechanism of Methionine Sulfoxide Reductase A frblmisseria
meningitidis J. Biol. Chem. 27845352-45357.

Olry, A., Boschi-Muller, S., and Branlant, G. (2004) Kinetic
characterization of the catalytic mechanism of methionine sul-
foxide reductase B froleisseria meningitidiBiochemistry 43
11616-11622.

Bigelow, D. J., and Squier, T. C. (2005) Redox modulation of
cellular signaling and metabolism through reversible oxidation of
methionine sensors in calcium regulatory proteiBsochim.
Biophys. Acta 1703121—-134.

Alamuri, P., and Maier, R. J. (2004) Methionine sulphoxide
reductase is an important antioxidant enzyme in the gastric
pathogenHelicobacter pylori Mol. Microbiol. 53 1397-1406.
Hassouni, M. E., Chambost, J. P., Expert, D., Van Gijsegem, F.,
and Barras, F. (1999) The minimal gene set member msrA,
encoding peptide methionine sulfoxide reductase, is a virulence

18.

19.

20.

N

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3.

Chen et al.

determinant of the plant pathog&mrwinia chrysanthemiProc.

Natl. Acad. Sci. U.S.A. 9®87—-892.

Dhandayuthapani, S., Blaylock, M. W., Bebear, C. M., Rasmussen,
W. G., and Baseman, J. B. (2001) Peptide methionine sulfoxide
reductase (MsrA) is a virulence determinant Mycoplasma
genitalium J. Bacteriol. 183 5645-5650.

St John, G., Brot, N., Ruan, J., Erdjument-Bromage, H., Tempst,
P., Weissbach, H., and Nathan, C. (2001) Peptide methionine
sulfoxide reductase frorEscherichia coliand Mycobacterium
tuberculosisprotects bacteria against oxidative damage from
reactive nitrogen intermediateBroc. Natl. Acad. Sci. U.S.A. 98
9901-9906.

Douglas, T., Daniel, D. S., Parida, B. K., Jagannath, C., and
Dhandayuthapani, S. (2004) Methionine sulfoxide reductase A
(MsrA) deficiency affects the survival dilycobacterium smeg-
matiswithin macrophages]. Bacteriol. 186 3590-3598.

. Moskovitz, J., Flescher, E., Berlett, B. S., Azare, J., Poston, J.

M., and Stadtman, E. R. (1998) Overexpression of peptide-
methionine sulfoxide reductase 8accharomyces cernsiaeand
human T cells provides them with high resistance to oxidative
stress,Proc. Natl. Acad. Sci. U.S.A. 994071-14075.

. Brot, N., Collet, J. F., Johnson, L. C., Jonsson, T. J., Weissbach,

H., and Lowther, W. T. (2006) The thioredoxin domain of
Neisseria gonorrhoeakilB can use electrons from DsbD to reduce
downstream methionine sulfoxide reductage®iol. Chem. 281
32668-32675.

Ghosal, D., Omelchenko, M. V., Gaidamakova, E. K., Matrosova,
V. Y., Vasilenko, A., Venkateswaran, A., Zhai, M., Kostanda-
rithes, H. M., Brim, H., Makarova, K. S., Wackett, L. P.,
Fredrickson, J. K., and Daly, M. J. (2005) How radiation kills
cells: Survival of Deinococcus radioduransind Shewanella
oneidensisinder oxidative stresEEMS Microbiol. Re. 29, 361—

375.

Shi, L., Squier, T. C., Zachara, J. M., and Fredrickson, J. K. (
2007) Respiration of metal (hydr)oxides yhewanellaand
Geobacter A key role for multiheme c-type cytochromedol.
Microbiol. (in press).

Sun, H., Gao, J., Ferrington, D. A., Biesiada, H., Williams, T. D.,
and Squier, T. C. (1999) Repair of oxidized calmodulin by
methionine sulfoxide reductase restores ability to activate the
plasma membrane Ca-ATPa&ipchemistry 383105-112.

Turk, B. E. (2007) Manipulation of host signalling pathways by
anthrax toxinsBiochem. J. 402405-417.

Griffin, B. A., Adams, S. R., and Tsien, R. Y. (1998) Specific
covalent labeling of recombinant protein molecules inside live
cells, Science 281269-272.

Thorn, K. S., Naber, N., Matuska, M., Vale, R. D., and Cooke, R.
(2000) A novel method of affinity-purifying proteins using a bis-
arsenical fluoresceirRrotein Sci. 9213-217.

Heidelberg, J. F., Paulsen, I. T., Nelson, K. E., Gaidos, E. J.,
Nelson, W. C., Read, T. D., Eisen, J. A., Seshadri, R., Ward, N.,
Methe, B., Clayton, R. A., Meyer, T., Tsapin, A., Scott, J., Beanan,
M., Brinkac, L., Daugherty, S., DeBoy, R. T., Dodson, R. J.,
Durkin, A. S., Haft, D. H., Kolonay, J. F., Madupu, R., Peterson,
J. D., Umayam, L. A., White, O., Wolf, A. M., Vamathevan, J.,
Weidman, J., Impraim, M., Lee, K., Berry, K., Lee, C., Mueller,
J., Khouri, H., Gill, J., Utterback, T. R., McDonald, L. A,
Feldblyum, T. V., Smith, H. O., Venter, J. C., Nealson, K. H.,
and Fraser, C. M. (2002) Genome sequence of the dissimilatory
metal ion-reducing bacteriurBhewanella oneidensislat. Bio-
technol. 201118-1123.

Chen, B., Mayer, M. U., Markillie, L. M., Stenoien, D. L., and
Squier, T. C. (2005) Dynamic motion of helix A in the amino-
terminal domain of calmodulin is stabilized upon calcium activa-
tion, Biochemistry 44905-914.

Strasburg, G. M., Hogan, M., Birmachu, W., Thomas, D. D., and
Louis, C. F. (1988) Site-specific derivatives of wheat germ
calmodulin. Interactions with troponin and sarcoplasmic reticulum,
J. Biol. Chem. 263542-548.

Ferrington, D. A., Sun, H., Murray, K. K., Costa, J., Williams, T.
D., Bigelow, D. J., and Squier, T. C. (2001) Selective degradation
of oxidized calmodulin by the 20 S proteasondeBiol. Chem.
276, 937-943.

Nelson, D. P., and Kiesow, L. A. (1972) Enthalpy of decomposition
of hydrogen peroxide by catalase at5 (with molar extinction
coefficients of HO, solutions in the UV),Anal. Biochem. 49
474-478.

Adams, S. R., Campbell, R. E., Gross, L. A,, Martin, B. R.,
Walkup, G. K., Yao, Y., Llopis, J., and Tsien, R. Y. (2002) New



Reduction of MetSO in Cal] by Msr Bifunctional Enzymes

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

biarsenical ligands and tetracysteine motifs for protein labeling
in vitro and in vivo: Synthesis and biological applicatiodsAm.
Chem. Soc. 1245063-6076.

Rutberg, B., and Hoch, J. A. (1970) Citric acid cycle: Gene-
enzyme relationships iBacillus subtilis J. Bacteriol. 104826—

833.

Boschi-Muller, S., Azza, S., and Branlant, G. (20@) coli
methionine sulfoxide reductase with a truncated N terminus or C
terminus, or both, retains the ability to reduce methionine
sulfoxide, Protein Sci. 102272-2279.

Gao, J., Yin, D. H., Yao, Y., Sun, H., Qin, Z., Schoneich, C.,
Williams, T. D., and Squier, T. C. (1998) Loss of conformational
stability in calmodulin upon methionine oxidatidBiophys. J. 74
1115-1134.

Sacksteder, C. A., Whittier, J. E., Xiong, Y., Li, J., Galeva, N.,
Jacoby, M. E., Purvine, S., Williams, T. D., Rechsteiner, M. C.,
Bigelow, D. J., and Squier, T. C. (2006) Tertiary structural
rearrangements upon oxidation of methionine145 in calmodulin
promotes targeted proteasomal degradaBaophys. J. 911480—
1493.

Williams, C. H., Jr. (2000) Thioredoxin-thioredoxin reductase: A
system that has come of adeyr. J. Biochem. 2676101.

Louie, T. M., Yang, H., Karnchanaphanurach, P., Xie, X. S., and
Xun, L. (2002) FAD is a preferred substrate and an inhibitor of
Escherichia coligeneral NAD(P)H:flavin oxidoreductasé, Biol.
Chem. 27739450-39455.

Roy, S. O., and Packard, T. T. (1998) NADP-isocitrate dehydro-
genase fronfPseudomonas nautic&inetic constant determination
and carbon limitation effects on the pool of intracellular substrates,
Appl. Erviron. Microbiol. 64, 4958-4964.

van Keulen, G., Girbal, L., van den Bergh, E. R., Dijkhuizen, L.,
and Meijer, W. G. (1998) The LysR-type transcriptional regulator
ChbbR controlling autotrophic CQixation by Xanthobacter flaus

is an NADPH sensor). Bacteriol. 180 1411-1417.

Watson, W. H., Yang, X., Choi, Y. E., Jones, D. P., and Kehrer,
J. P. (2004) Thioredoxin and its role in toxicologyoxicol. Sci.

78, 3—14.

Chen, B., Mayer, M. U., and Squier, T. C. (2005) Structural
uncoupling between opposing domains of oxidized calmodulin
underlies the enhanced binding affinity and inhibition of the
plasma membrane Ca-ATPa&pchemistry 444737-4747.

45,

46.

47.

48.

49.

50.

51.

52.

53.

Biochemistry, Vol. 46, No. 49, 200714161

Gao, J., Yao, Y., and Squier, T. C. (2001) Oxidatively modified
calmodulin binds to the plasma membrane Ca-ATPase in a
nonproductive and conformationally disordered compBgphys.

J. 80 1791-1801.

Olry, A., Boschi-Muller, S., Marraud, M., Sanglier-Cianferani, S.,
Van Dorsselear, A., and Branlant, G. (2002) Characterization of
the methionine sulfoxide reductase activities of PILB, a probable
virulence factor fronNeisseria meningitidis]. Biol. Chem. 277
12016-12022.

Vougier, S., Mary, J., Dautin, N., Vinh, J., Friguet, B., and Ladant,
D. (2004) Essential Role of Methionine Residues in Calmodulin
Binding toBordetella pertussidenylate Cyclase, as Probed by
Selective Oxidation and Repair by the Peptide Methionine
Sulfoxide Reductasesd, Biol. Chem. 27930210-30218.
Gunesekere, |. C., Kahler, C. M., Ryan, C. S., Snyder, L. A,,
Saunders, N. J., Rood, J. I., and Davies, J. K. (2006) Ecf, an
alternative sigma factor froniNeisseria gonorrhoeaecontrols
expression of msrAB, which encodes methionine sulfoxide
reductase,). Bacteriol. 188 3463-3469.

Antoine, M., Gand, A., Boschi-Muller, S., and Branlant, G. (2006)
Characterization of the amino acids frddeisseria meningitidis
MsrA involved in the chemical catalysis of the methionine
sulfoxide reduction stepl]. Biol. Chem. 28139062-39070.

Gand, A., Antoine, M., Boschi-Muller, S., and Branlant, G. (2007)
Characterization of the amino acids involved in substrate specific-
ity of methionine sulfoxide reductase A, Biol. Chem. 282
20484-20491.

Coudevylle, N., Antoine, M., Bouguet-Bonnet, S., Mutzenhardt,
P., Boschi-Muller, S., Branlant, G., and Cung, M. T. (2007)
Solution structure and backbone dynamics of the reduced form
and an oxidized form oE. coli methionine sulfoxide reductase
A (MsrA): Structural insight of the MsrA catalytic cycld, Mol.

Biol. 366 193—-206.

Berman, H. M., Westbrook, J., Feng, Z., Gillland, G., Bhat, T.
N., Weissig, H., Shindyalov, I. N., and Bourne, P. E. (2000) The
Protein Data BankiNucleic Acids Res. 2835-242.

Sayle, R. A., and Milner-White, E. J. (1995) RASMOL: Biomo-
lecular graphics for allTrends Biochem. Sci. 2874.

BI701151T



