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ability to mediate S. meliloti bacteroid differentiation.

fixation and legume growth.
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(Background: Legume antimicrobial peptides (AMPs) mediate Sinorhizobium meliloti bacteroid differentiation.
Results: Cysteine replacements and disulfide bond modifications influence the antimicrobial activity of a legume AMP and its

Conclusion: Specific changes to legume AMPs influence their activity against S. meliloti.
Significance: Understanding the relationship of AMPs in S. meliloti bacteroid differentiation is fundamental for nitrogen
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The root nodules of certain legumes including Medicago
truncatula produce >300 different nodule-specific cysteine-
rich (NCR) peptides. Medicago NCR antimicrobial peptides
(AMPs) mediate the differentiation of the bacterium, Sinorhizo-
bium meliloti into a nitrogen-fixing bacteroid within the legume
root nodules. In vitro, NCR AMPs such as NCR247 induced bac-
teroid features and exhibited antimicrobial activity against S.
meliloti. The bacterial BacA protein is critical to prevent S. meli-
loti from being hypersensitive toward NCR AMPs. NCR AMPs
are cationic and have conserved cysteine residues, which form
disulfide (S-S) bridges. However, the natural configuration of
NCR AMP S-S bridges and the role of these in the activity of the
peptide are unknown. In this study, we found that either cys-
teine replacements or S—S bond modifications influenced the
activity of NCR247 against S. meliloti. Specifically, either substi-
tution of cysteines for serines, changing the S—S bridges from cys-
teines 1-2, 3—4 to 1-3, 2—4 or oxidation of NCR247 lowered its
activity against S. meliloti. We also determined that BacA specifi-
cally protected S. meliloti against oxidized NCR247. Due to the
large number of different NCRs synthesized by legume root nod-
ules and the importance of bacterial BacA proteins for prolonged
hostinfections, these findings have important implications for ana-
lyzing the function of these novel peptides and the protective role
of BacA in the bacterial response toward these peptides.
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Antimicrobial peptides (AMPs)® are peptides of generally
<100 amino acids, produced as part of the host innate immune
response (1, 2). The antimicrobial activities of mammalian
AMPs against microorganisms have been investigated exten-
sively (1, 3, 4). The root nodules of certain legumes have been
found to produce a large family of novel nodule-specific cys-
teine-rich (NCR) peptides. Transcriptional analysis of the root
nodules of the legume Medicago truncatula, which is a model
for genomic studies (5), found that they contained >300 differ-
ent NCR peptides (6-8), and the genome sequence revealed
the presence of almost 600 NCR genes (9). These NCR peptides
lacked sequence similarity except for the N-terminal signal
peptide but were between 50— 60 amino acids in length, had 4
or 6 conserved cysteine residues and could be subdivided
according to their overall charge into cationic, anionic, and
neutral NCRs (6). Cationic M. truncatula NCRs, such as
NCR247 (known as NCR AMPs), are similar to mammalian
defensins (6, 10) and exhibit antimicrobial activity in vitro
against the M. truncatula symbiont, Sinorhizobium meliloti
(10, 11).

Within the legume root nodules, NCR AMPs control the
differentiation of S. meliloti into persisting, nitrogen-fixing
bacteroids (10). S. meliloti enters M. truncatula nodule cells via
root hair-derived infection threads, where they are endocyto-
sed into a membrane-bound compartment known as a symbio-
some (12). Once inside the symbiosome, S. meliloti are chal-
lenged with NCR AMPs, which are targeted to this
compartment (10). An M. truncatula dnfl mutant, which is
defective in the transport of NCR peptides to the symbiosome,
was unable to mediate S. meliloti bacteroid differentiation and
hence was defective in establishing the symbiosis (10, 11, 13). S.
meliloti bacteroids are distinctly different from their bacterial

®> The abbreviations used are: AMP, antimicrobial peptide; ESI, electrospray
ionization; NCR, nodule-specific cysteine-rich; RP, reverse phase; P, pro-
pidium iodide.
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form as they are elongated, have extensive genomic DNA
amplification, are terminally differentiated (unable to revert
back to their bacterial form), and have an increased cytoplasmic
membrane permeability relative to their free-living bacterial
form (10, 14). The precise in vivo concentration of NCR AMPs
is unknown. However, exposure of S. meliloti in vitro toward
sublethal levels of a specifically folded NCR AMP, NCR247,
with disulfide (S—S) bridges between the 1st and 2nd and the
3rd and 4th cysteine residues (NCR247, _, 5_,), induced a num-
ber of features of in planta bacteroids (11). At higher concen-
trations, NCR247,_, ;_, exhibited potent antimicrobial activ-
ity. Despite the importance of NCR AMPs for the legume
symbiosis, no structural requirements for their activity against
S. meliloti are known (6, 10, 14). In this paper, we investigated
the role of the cysteine residues and S—S bond modifications in
NCR AMPs using NCR247 as a model peptide. Because there
are nearly 600 different NCR peptides produced within the root
nodules of M. truncatula alone (6, 9), the outcome of this study
will have important implications for future experiments analyz-
ing other physiological AMPs.

EXPERIMENTAL PROCEDURES

Bacterial Growth—The sequenced S. meliloti Sm1021 strain
(parent strain; formerly known as Rm1021) (15) and the SmGF1
BacA-deficient mutant (16) were used in this study. All bacte-
rial strains were grown initially in LB medium (17) supple-
mented with 2.5 mm MgSO, and 2.5 mm CaCl, (LB/MC) fol-
lowed by subculturing into LB with 500 ug ml ™! streptomycin
at 30 °C, 200 rpm. For solid media, 15 g of agar was added per
liter of medium.

Synthesis of NSR247 and Truncated NCR247 Peptides—The
NSR247 and truncated NCR247 peptides were synthesized
commercially by GenScript (Piscataway, NJ). Their purity and
masses were then determined by RP-HPLC and ESI-MS,
respectively. In all cases, the peptides had a purity of >95%
(w/v) and ESI-MS confirmed the identity of the peptide.

Synthesis and Folding of NCR247 Peptides—The NCR247
peptide with S-S bridges between the 1st and 2nd and the 3rd
and 4th cysteine residues (NCR247,_, ;_,) was assembled and
folded exactly as described previously (11). The NCR247 pep-
tide with S-S bridges between the 1st and 3rd and 2nd and 4th
cysteine residues (NCR247, 5, ,) was also assembled as
described before (11) except the N-9-fluorenylmethoxycar-
bonyl amino acid used for the synthesis had the following side
chain protecting groups: trityl for cysteines 1 and 3 and aceto-
amidomethyl for cysteines 2 and 4. The peptides were then
purified to homogeneity by semipreparative RP-HPLC, ana-
lyzed by ESI-MS, and stored lyophilized until use at 4 °C (11).
Prior to use, lyophilized peptides were dissolved in molecular
biology grade water at a final concentration of 1 mg ml~*, and
aliquots were stored at —20 °C until use.

Reduction of NCR247 Peptide—A 0.3 mg ml™" solution of
NCR247,_, 5, peptide in 10 mm sodium phosphate buffer, pH
7.0, was treated with 10 mm dithiothreitol (DT T) and incubated
at 37 °C for 5-180 min. At defined time points, 20 ul of the
sample was removed and analyzed by RP-HPLC-MS.

RP-HPLC-MS Analysis of Peptides—The NCR247 peptides
were analyzed by RP-HPLC-MS using an Agilent 1200 HPLC
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system equipped with a DAD and an ESI-MS detector. Samples
were loaded onto a Phenomenex Jupiter C18, 5-um, 300-A
(150 X 4.6 mm) HPLC column (Phenomenex) equilibrated
with 98% Eluent A (0.18% trifluoroacetic acid (TFA)) and 2%
Eluent B (acetonitrile + 0.15% TFA). Peptides were eluted with
a linear gradient from 2% to 35% Eluent B in 33 min at 0.8 ml
min~ "' flow rate and 25 °C. The eluate was monitored at 220 and
280 nm and by positive ion ESI-MS.

Effect of Peptides on Cultured S. meliloti—The effect of stored
peptides on either bacterial cell size, and genomic DNA content
was determined by flow cytometry exactly as described previ-
ously (11). S. meliloti viability after peptide treatment was
assessed by determining the colony-forming units/ml as out-
lined before (11).

RESULTS

Cysteine Residues Are Important for Full Activity of NCR247
against S. meliloti in Vitro—We showed previously that
NCR247,_,, , (Fig. 1A), with two defined S-S bridges,
induced certain in planta bacteroid features at sublethal con-
centrations and exhibited antibacterial activity against S. meli-
loti in vitro at higher concentrations (11). We aimed to investi-
gate whether the cysteine residues of the peptide, and hence
potentially the S—S bridges, were important for its full activity
(bacteroid-inducing and antimicrobial) against S. meliloti. To
do this, a version of the peptide, known as NSR247, was synthe-
sized with greater than 95% (w/v) purity, whereby all 4 cysteine
residues were replaced by serines (Fig. 1B). The NSR247 pep-
tide retained the cationic nature of NCR247, _, ;_, (charge of
5.76 for NSR247 compared with 5.72 for NCR247, , ;_, at pH
7.0) but lacked the specific S-S bridges due to the absence of the
cysteine residues. The activity of NSR247 against S. meliloti in
vitro was then investigated relative to NCR247, ,, ,. Using
flow cytometry to measure bacterial cell size and genomic DNA
copy number (10, 11), we compared the ability of different sub-
lethal concentrations of NSR247 and NCR247, _, ;_, to induce
these changes in S. meliloti in vitro (Fig. 1, C and D) We found
that, unlike NCR247, , ;_,, which was capable of increasing S.
meliloti cell size at 2 um, NSR247 only started to increase the
cell size of S. meliloti at 4 uM and to a lower extent than
NCR247,_, 5, (Fig. 1C). Likewise, 1 um NCR247,_, 5, started
toinduce an increase in the DNA content of S. meliloti, whereas
NSR247 only started to affect the DNA content of S. meliloti
significantly at 4 um (Fig. 1D). In addition, we found using
higher concentrations of each peptide (10 um), that the NSR247
peptide had substantially reduced antibacterial activity against
S. meliloti in vitro relative to NCR247,_, 5, (Fig. 1E). Taken
together, these findings showed that the cysteine residues are
important for the full activity of NCR247 against S. meliloti.

Precise S-S Bridge Configurations Affect the Activity of
NCR247—Our finding that the cysteine-containing NCR247
peptide had an enhanced activity relative to the serine-contain-
ing NSR247 peptide suggested that the precise S-S bridge con-
figurations were important for the full activity of NCR247
against S. meliloti. The S-S bridge configurations of endoge-
nous NCR peptides are unknown. However, by applying Chou-
Fasman rules (18), we previously predicted that the most likely
folded configuration of NCR247 was NCR247, , ;_, (Fig. 14)
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FIGURE 1. Cysteine residues are important for NCR247, _, ,_, activity. A, NCR247, _, ;_, sequence showing the S-S bridges between cysteines 1 and 2 and
cysteines 3 and 4. B, NSR247 peptide sequence. C and D, flow cytometry analysis of S. meliloti Sm1021 cultures treated for 3 h with (shaded histograms) or
without (white histograms) 1, 2, and 4 um NCR247, _, 5_, or NSR247 peptide, respectively. The forward scatter (FSC) was measured to estimate relative bacterial
cell size (C), and the PI fluorescence was measured to estimate the relative bacterial DNA content (D). C indicates number of chromosome copies. Flow
cytometry plots are a representative example of at least two independent experiments. E, colony forming ability of S. meliloti Sm1021 assessed after treatment
with 10 um NSR247 (black bar) or NCR247,_, 5_, (gray bar) for 3 h relative to an untreated control. The dataset shown is representative of trends observed in two
independent experiments. Columns represent mean = S.E. (error bars) (n = 3), and significance was determined using the two-sided unpaired Student’s t test

on logarithmic data. ***, p < 0.001.

(11). To investigate whether the S—S bridge configuration influ-
enced the stability and biological activity of the peptide, we
synthesized an alternatively folded form of NCR247, whereby
two S-S bridges were specifically formed between the 1st and
3rd and the 2nd and 4th cysteine residues (NCR247, 5, ,) (Fig.
2A). This form of the peptide was chosen for synthesis
because Chou-Fasman rules predicted that it was the next
most likely folded state of NCR247 (data not shown). RP-
HPLC of the freshly synthesized and folded NCR247, ,_, pep-
tide showed one major peak, indicating the presence of one pure
peptide species (data not shown), as had been observed previously
for newly prepared NCR247, _, 5, (11). However, upon storage of
the lyophilized peptide preparations, RP-HPLC of NCR247, 5, ,
resulted in multiple peaks whereas one major peak was still
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observed for NCR247,_, ;_, (Fig. 2B). ESI-MS analysis of the
stored peptides confirmed that they had the correct masses (11),
consistent with them being in an oxidized state (Fig. 2B).

To determine whether the S-S bridge configurations of
NCR247 affected its activity, we compared the activity of
NCR247, 5, , with NCR247, , , in inducing bacteroid
changes in S. meliloti in vitro (11) (Fig. 2, Cand D, respectively).
We found that, although 2 and 4 um NCR247,_, , increased
the cell size and DNA content of S. meliloti relative to the
untreated control, it was significantly less active than
NCR247,_, 5 , at the same concentrations. In addition, we
determined that stored NCR247, 5, , was less effective than
NCR247,_,5_, at reducing the colony forming ability of S.
meliloti in vitro (Fig. 2E). Combined, these findings showed that
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FIGURE 2. S-S bridge configuration is important for NCR247 activity. A, NCR2471 _3,5_4 S€quence showing the S-S bridges between cysteines 1 and 3 and
cysteines 2 and 4. B, RP-HPLC and ESI-MS analysis of NCR247 peptides dissolved in molecular biology grade water at a concentration of 1 mg ml~". ESI-MS
analyses are in agreement with peptides of 3004.5 Da and indicate that the peptides are in the oxidized form. C and D, flow cytometry analysis of S. meliloti
Sm1021 cultures treated for 3 h with (shaded histograms) or without (white histograms) 2 and 4 um NCR247,_5 ,_, (C) or NCR247,_, ;_, (D) peptide. The forward
scatter (FSC) was measured to estimate relative bacterial cell size, and the Pl fluorescence was measured to estimate the relative bacterial DNA content. C
indicates number of chromosome copies. Flow cytometry plots are a representative example of at least two independent experiments. E, colony-forming
ability of S. meliloti Sm1021 assessed after treatment with 10 um NCR247, 5 , , (black) or NCR247,_, 5 , peptide (gray) for 3 h relative to an untreated control.
The dataset shown is representative of trends observed in two independent experiments. Columns represent mean = S.E. (error bars) (n = 3), and significance
was determined using a two-sided unpaired Student’s t test on logarithmic data. ***, p =< 0.001.

NCR247,_, 5, was more active against S. meliloti in vitro than
NCR247,_,, ,interms of inducing bacteroid-like features and
exhibiting antimicrobial activity. Therefore, this demonstrated
that the precise S-S bridge configurations of NCR247 are
important for the stability and full activity of this peptide
against S. meliloti.
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Full-length Peptide Is Important for Full Activity of NCR247
against S. meliloti—To gain insights into the importance of
cationic residues for the activity of NCR247 against S. meliloti,
we commercially synthesized two truncated versions of this
peptide, NCR247, ,, (lacking the last 12 amino acids from the
C-terminal end) and NCR247,,_,, (lacking the first 12 amino
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acids from the N terminus of the peptide) (Fig. 3, A and B,
respectively). These truncated peptides were synthesized with
>95% (w/v) purity (data not shown), and each of them con-
tained one S-S bridge (Fig. 3, A and B). NCR247, ,, and
NCR247,5_,, had charges at pH 7.0 of 0.74 and 4.74, respec-
tively, thereby enabling us to understand how the cationic
nature of the peptide affected its activity. We found no antimi-
crobial activity of the neutral NCR247,_,, peptide against S.
meliloti, even when the concentration was increased to 60 uM
(Fig. 3C). In contrast, although the cationic NCR247,,_,, pep-
tide was substantially reduced in its activity relative to the full-
length NCR247 peptide, it retained some antibacterial activity
against S. meliloti (Fig. 3C). No significant changes in cell size
and DNA content were observed in flow cytometry experi-
ments of S. meliloti treated with 1-4 um truncated peptides
(data not shown). Therefore, these data showed that the full-
length peptide was important for the full activity of NCR247
against S. meliloti. However, because the cationic, truncated
peptide was still capable of killing S. meliloti, this provided evi-
dence for the importance of the cationic residues for the anti-
microbial activity of the peptide.

Reduction of NCR247 S-S Bridges Enhances Its Antibacterial
Activity against S. meliloti—The experiments conducted thus
far with the NCR247 peptides used oxidized forms of the pep-
tide with defined S—S bridges. However, it was shown recently
that the antimicrobial activity of a cysteine-rich 3-defensin was
dramatically enhanced by reduction of this peptide (19). To
investigate whether the antimicrobial activity of NCR247 was
affected by reduction, the oxidized NCR247, _, ;_, peptide was
treated with 10 mm reducing agent, dithiothreitol (DTT), and
incubated from 5 to 180 min. The oxidized and reduced forms
of the peptides were then separated by RP-HPLC and their pep-
tide masses determined by ESI-MS. We found using RP-HPLC
that the NCR247,_, ;_, peptide was all reduced by DTT within
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FIGURE 4. Reduced NCR247 shows increased antimicrobial activity
against S. meliloti. A, RP-HPLC analysis of NCR247, _, ;_, treated with (solid
line) and without (dashed line) 10 mm DTT for 5 min in sodium phosphate
buffer. B, ESI-MS analysis of the peak eluted between 24.7 and 25.5 min, con-
sistent with a fully reduced NCR247 peptide. C, ESI-MS analysis of the peak
eluted between 26.7 and 27.2 min, consistent with the folded, oxidized form
of NCR247.D, colony forming ability of S. meliloti Sm1021 assessed after treat-
ment with 10 um NCR247,_, 5, and NSR247 peptide for 3 h in the presence
and absence of DTT. The dataset shown is representative of trends observed
in two independent experiments. Columns represent mean * S.E. (error bars)
(n = 3), and significance was determined with one-way ANOVA and Bonfer-
roni’s post test on logarithmic data. ***, p <, 0.001.

5 min of treatment and that the reduced peptide had a lower
retention time than the oxidized peptide (Fig. 44), indicating
that it was more hydrophilic. This finding is in line with the
presence of SH groups in the reduced peptide, which are more
polar than the S-S bridges in the oxidized peptide. ESI-MS
analysis of the peptides confirmed that the reduced peptide had
an increased mass equivalent to four protons relative to the
oxidized peptide (compare Fig. 4, B and C, respectively).

Because we found that the NCR247, _, ;_, peptide was com-
pletely reduced after a 5-min incubation with DTT, we ana-
lyzed the effect of this reduced peptide relative to the oxidized
form on the viability of S. meliloti. We determined that reduc-
tion of NCR247 significantly enhanced its antibacterial activity
against S. meliloti (Fig. 4D). In contrast, DT T addition itself had
no effect on the viability of S. meliloti or on the antibacterial
activity of the NSR247 peptide against S. meliloti (Fig. 4D).
Together, these findings showed that reduction of the cysteine
residues in NCR247 enhanced its antimicrobial activity against
S. meliloti.

The BacA Protein Specifically Protects S. meliloti against Oxi-
dized NCR247 Peptides—To date, the BacA protein is the only
bacterial factor known to be critical for protection of S. meliloti
against the antibacterial activity of NCR247, _, ;_, (11). Hence,
to gain further insights into the mechanism of BacA-mediated
protection in S. meliloti and the structural requirements for
NCR peptides in this process, we investigated the effect of dif-
ferent versions/states of the NCR247 peptide on the viability of
an S. meliloti BacA-deficient mutant relative to the parent
strain. We found, consistent with our previous observations
using oxidized NCR247, ,; , (11), that the S. meliloti BacA-
deficient mutant was hypersensitive toward both oxidized and
specifically folded forms of NCR247 (Fig. 5A). In contrast, the
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BacA-deficient mutant had the same viability as the parent
strain toward either the reduced form of NCR247 (Fig. 5B) or
the NSR247 peptide (Fig. 5C). Consequently, these data showed
that the S. meliloti BacA-deficient mutant was only hypersen-
sitive toward the oxidized NCR247 peptides but not reduced
NCR247 or the NSR247 peptide.

DISCUSSION

Why Is the NCR247,_, ,_, Peptide Unstable?—Our analysis
showed that the NCR247, _, ;_, peptide remained stable after
storage at +4 °C in the lyophilized form and —20 °C when dis-
solved in water, providing further evidence that this is the nat-
urally folded, stable state of the peptide. In contrast, although a
single pure RP-HPLC peak was found for freshly synthesized
NCR247, 5, , peptide, after storage, we observed multiple
RP-HPLC peaks indicative of an unstable peptide. Because
these experiments were performed under oxidizing conditions,
the additional peaks are not due to reduction of the S-S
bonds. This was also confirmed by ESI-MS analysis, which
showed that the stored peptides were in their oxidized states.
Instead, they are likely due to a complex mixture of peptide poly-
mers, which form by the strained S-S bridges in NCR247, 5, ,
opening up to form radicals (R-S°) and/or thiolate groups
(R-S7) via photochemical processes or by the action of nucleo-
philic or basic trace impurities, respectively. These reactive
intermediates then trigger inter- and intramolecular disulfide
isomerizations forming new less constrained intermolecular
S-S bridges (20). Hence, these findings demonstrate that the
precise S—S bridge configurations of NCR247 are important for
peptide stability upon storage. Because there are nearly 600
different NCR peptides predicted within the root nodules of M.
truncatula alone (6-9), our data suggest that Chou-Fasman
rules will be very useful in predicting the most likely stably
folded state of these peptides to investigate their functions in
vitro.

Why Do Differently Folded NCR247 Peptides Exhibit Differ-
ent Levels of Activities against S. meliloti?—In this study, we
showed that the cysteine residues are important for the full
activity of NCR247 against S. meliloti in vitro. We found that
the NCR247, ,, , peptide was significantly more active
than NCR247, ;, , against S. meliloti in vitro in all of the
assays performed. Because we proposed that the stored
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NCR247, 5, , peptide consists of a complex mixture of
polymers, these might not be as biologically active against S.
meliloti as the smaller, stably folded version of the peptide or
may mask activity of an active fraction in the preparation. In
addition, the specifically folded NCR247,_,, , peptide
could be important for interactions with specific targets in S.
meliloti. It is known from previous studies (10, 11) and further
demonstrated in this work that NCR247 disrupts S. meliloti
membrane integrity. However, further genetic and biochemical
studies will be necessary to identify potential S. meliloti targets
of NCR AMPs to understand how changes in peptide folding
could affect these interactions.

Why Is Positive Charge Important for the Activity of NCR247
against S. meliloti?—Although the cysteineless, positively
charged NSR247 peptide had a reduced activity relative to
NCR247, we found that it was still capable of inducing bacte-
roid features and reducing the viability of S. meliloti in vitro,
demonstrating that the positive charge is also important for the
activity of this AMP. It is well established that other cationic
AMPs act via interacting with negatively charged bacterial
lipopolysaccharide leading to their insertion into the outer
membrane, which eventually leads to disruption of the outer
membrane, followed by inner membrane disruption (21).
Hence, NCR AMPs are likely to function in a similar manner.
Consistent with this, we found that the cationic truncated
NCR247,5 ,, peptide, which lacked the first 12 amino acids
from the N terminus, retained some antimicrobial activity
against S. meliloti. In contrast, a neutral NCR247 peptide,
which lacked the last 12 amino acids, was inactive against S.
meliloti. Therefore, because the truncated cationic version of
the peptide possessed some activity against S. meliloti, this pro-
vided further evidence for the importance of the positive charge
for activity.

What Are in Vivo Consequences of Reduced NCR247 Peptide
Exhibiting Enhanced Antibacterial Activity against S. meliloti?—
We found that the reduced NCR247 peptide was more potent
as an antimicrobial agent against S. meliloti in vitro relative to
its oxidized form. Because no difference was observed in the
activity of NSR247 by DTT treatment, these findings showed
that the reduced cysteine residues contributed to the antibac-
terial action of the peptide. A similar increase in antimicrobial
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activity was also observed recently when a mammalian cys-
teine-rich B-defensin from the colon was reduced (19). Within
the colon, it was suggested that the 3-defensin is stored in its
inactive oxidized form and then activated through reduction by
host thioredoxin proteins to release its potent antimicrobial
activity (19). Specific thioredoxins are also produced within the
root nodules of M. truncatula (22). These thioredoxins possess
signal peptides (22) and are thus potentially targeted to the
symbiosomes, similar to the NCR AMPs. Thus, these nodule-
specific thioredoxins may serve to reduce endogenous NCR
AMPs, which could then dramatically increase their antimicro-
bial activity. Because the S—S bonds of bacterial proteins are
also oxidized in the periplasm (23), exposure of NCR AMPs to
this cellular compartment might also influence their antimicro-
bial activity against S. meliloti. However, because we found that
the reduced form of NCR247 was more potent than the oxi-
dized form of this peptide against S. meliloti, this suggests that
it is exerting its toxic effect before entering the periplasm and
potentially being reoxidized. Conversely, NCRs are processed
and transported toward the symbiosomes in the endoplasmic
reticulum (10), and the signal peptides of the thioredoxins
strongly suggest that these proteins also pass through the endo-
plasmic reticulum. Because the endoplasmic reticulum is an
oxidizing environment (24) it could be envisaged that the thi-
oredoxins mediate oxidation rather than reduction of the NCR
peptides. In this scenario, the role of the thioredoxins could
thus be to prevent NCR reduction and the formation of poten-
tially harmful reduced peptides. The thioredoxins could also
promote the recycling of misfolded NCR peptides with nonna-
tive disulfide bridges. This situation is also in agreement with
the observation that the BacA protein only provides protection
against the oxidized peptides (see below). Because BacA is
required in vivo for protecting S. meliloti against the antimicro-
bial activity of NCR peptides (11), this is a strong indication that
in nodules the peptides are in the oxidized state. In any case,
further studies will be necessary to determine whether NCRs
co-localize with thioredoxins and are thioredoxin substrates.
What Is the Role of BacA in Protection of S. meliloti against
NCR247?—We showed that the BacA protein specifically pro-
tected S. meliloti in vitro against the oxidized NCR247 peptide
but not the reduced form of this peptide or the NSR247 peptide.
Although the precise mechanism by which BacA protects S.
meliloti against NCR247 remains to be discovered, it is inter-
esting to speculate that BacA may influence the oxidation state
of the NCR247 peptide leading to protection. Because the
NCR247 peptide is more active in its reduced state, BacA may
either directly or indirectly influence the balance between oxi-
dized and reduced peptide, favoring the oxidized state and
thereby limiting the amount of NCR247-induced inner mem-
brane damage. Therefore, in a S. meliloti BacA-deficient
mutant, more peptide may become reduced within the
periplasm leading to a higher degree of cytoplasmic membrane
damage. Because BacA is known to mediate peptide transport
in S. meliloti (25, 26), this transport activity may indirectly lead
to a change in the oxidation state of the periplasm. Alterna-
tively, because BacA only conferred protection against the spe-
cifically folded forms of the peptides there may be a direct inter-
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action between BacA and the specifically folded states of
NCR247.

In conclusion, we have shown the importance of the cysteine
residues and S—S bond configuration on the activity of NCR247
against S. meliloti. Because there are almost 600 different NCR
peptides predicted within M. truncatula root nodules alone (9),
these studies will provide a platform for the future analysis of
these and other legume nodule NCR peptides. BacA proteins
are also found in diverse bacterial symbionts and pathogens (11,
27-29). Therefore, the results of this study also have important
implications for the roles of these proteins in the bacterial
response toward host cysteine-rich AMPs.
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