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The twin-arginine translocase (Tat) system is used by many bacteria to move proteins across the cytoplasmic
membrane. Tat substrates are prefolded and contain a conserved SRRxFLK twin-arginine (RR) motif at their
N termini. Many Tat substrates in Escherichia coli are cofactor-containing redox enzymes that have specific
chaperones called redox enzyme maturation proteins (REMPs). Here we characterized the interactions be-
tween 10 REMPs and 15 RR peptides of known and predicted Tat-specific redox enzyme subunits. A combi-
nation of in vitro and in vivo experiments demonstrated that some REMPs were specific to a redox enzyme(s)
of similar function, whereas others were less specific and bound peptides of unrelated enzymes. Results from
Biacore surface plasmon resonance (SPR) and bacterial two-hybrid experiments identified interactions in
addition to those found in far-Western experiments, suggesting that conformational freedom and/or other
cellular factors may be required. Furthermore, we show that the interaction of the two prevents both from being
proteolytically degraded in vivo, and kinetic data from SPR show up to 10-fold-tighter binding to the expected
RR substrate when multiple binding partners existed. Investigations using full-length sequences of the RR
proteins showed that the mature portion for some redox enzyme subunits is required for detection of the
interactions. Sequence alignments among the REMPs and RR peptides indicated that homology between the
REMPs and the hydrophobic regions following the RR motifs in the peptides correlates to cross-recognition.

The evolution of a diverse array of membrane-bound redox
enzymes contributes to the ability of bacteria to grow in anoxic
environments, using a variety of reductants or oxidants avail-
able for their electron transport chains. An example is in Esch-
erichia coli, where a combination of 23 redox enzymes joined
by the quinone pool work together, allowing E. coli to use a
variety of electron acceptors under anaerobic conditions (re-
viewed in reference 23). These include dimethyl sulfoxide
(DMSO), trimethylamine-N-oxide (TMAO), formate, nitrate,
and others. Some redox enzymes are anchored at the cytoplas-
mic side of the membrane, but the majority of them are located
at the periplasmic side. They also contain cofactors such as
molybdopterin, Fe-S, and Ni-Fe clusters that are incorporated
into the protein prior to their targeting and translocation
across the cytoplasmic membrane.

Upon initial analysis, the operons encoding many redox en-
zymes appeared to contain an extra gene product that did not
appear to be part of the final holoenzyme. After extensive
investigation, these genes were found to encode chaperone
proteins specific to the redox enzymes in that operon with
apparent roles in the activation or assembly of the holoenzyme
complexes. Given their unique and essential functions, our
group previously reviewed the roles of such proteins and gave
them the collective term of redox enzyme maturation protein
(REMP), where a protein is defined as such when it is involved
in the assembly of a complex redox enzyme but does not

constitute part of the final holoenzyme (11, 29). The REMPs
were further grouped into distinct families based on phyloge-
netic relationships (29).

The bacterial twin-arginine translocation (Tat) system was
identified as the translocon for exporting bacterial redox en-
zymes in their folded and cofactor-containing forms. Primary
sequence analysis showed that Tat substrates, including those
which are not redox enzymes, contain a distinct SRRxFLK
twin-arginine (RR) motif in their N-terminal sequences. This
RR motif appears to always be located between the n and h
regions of the tripartite signal (2). The translocating pore itself
is comprised of three integral membrane proteins, TatA, TatB,
and TatC, and a current model and mechanism of transloca-
tion is discussed and compared to the Sec system in a detailed
review by Natale et al. (19).

Previous studies have shown that the REMPs DmsD and
TorD interact with the RR-containing leader peptides of the
catalytic subunits of DMSO and TMAO reductase, DmsA and
TorA, respectively (20, 21). Furthermore, DmsD was shown to
bind the preprotein form of TorA (20), yet this binding event
was not observed for TorD and DmsA (12). In this study, we
investigated whether specific or cross-interactions occurred
between all predicted or known redox enzyme N-terminal/
leader RR peptides and their REMPs listed in Table 1. The
interactions identified from a combination of in vitro and in
vivo methods demonstrate specificity of binding for some
REMPs and a dependence on peptide display by the fusion
tag. Quantitative comparisons of the dissociation constants
for the interactions show that the REMPs bound their pre-
dicted substrate more tightly. Sequence alignments among
the REMPs and RR peptides demonstrate that common
interactions correlate to homology between the REMPs and
the RR peptides, and experiments using the full-length RR
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proteins reveal additional clues for interactions from the
mature region.

MATERIALS AND METHODS

Plasmid construction and growth conditions for far-Western studies. The E.
coli REMPs NapD, NarJ, NarW, TorD, and YcdY were constructed with an
N-terminal His6-T7 fusion as described previously for DmsD (20), using the
primers listed in Table S1 in the supplemental material, into pRSET(A) (In-
vitrogen). FdhD, FdhE, HyaE, and HybE were generated similarly with the
exception that a BamHI site instead of BclI was used. E. coli C41(DE3) (18) cells
were transformed by the resulting plasmids (see Table S1 in the supplemental
material) via heat shock (9), and plasmids isolated from ampicillin-resistant
colonies were verified by sequencing.

Each RR peptide was constructed with a streptavidin-binding peptide and
solubility enhancement tag 1 (SBP-SET1) fusion at its C terminus by cloning into
pBEc-SBP-SET1 (Stratagene) as described previously (4), using the primers
listed in Table S1 in the supplemental material. E. coli C41(DE3) cells were
transformed and screened as described above. The TorA leader-glutathione
S-transferase (GST) fusion was generated as described previously (20), and the
TorA leader-green fluorescent protein (GFP) fusion was obtained from Santini
et al. (25). The TorA leader-YFPc and RR peptide-YFPn fusions, corresponding
to the C (residues 155 to 238) and N (residues 2 to 154) termini of yellow
fluorescent protein (YFP) were generated similarly to the RR leader-T18 fusions
described in “BACTH screening for interactions” below, using pIAF817YFP to
generate host vectors containing the YFPn and YFPc fragments similarly to
pUT18.

Cell cultures expressing the REMPs were grown in LB medium from a 1%
(vol/vol) overnight subculture at 37°C until they reached an optical density at 600
nm of 0.4 to 0.6, at which point they were induced with 0.5 mM IPTG (isopropyl-
�-D-thiogalactopyranoside) and then allowed to grow for another 3 h. Cultures
were harvested by centrifugation at 2,700 � g and then resuspended in lysis
buffer (50 mM Tris-HCl, 1 M NaCl, 1 mM dithiothreitol). Cell cultures express-
ing the RR peptides were grown as described above but were resuspended in
Laemmli solubilization buffer (50 mM Tris-HCl [pH 6.8], 100 mM dithiothreitol,
5% [wt/vol] sodium dodecyl sulfate [SDS], 20% [vol/vol] glycerol, 0.1% [wt/vol]
bromophenol blue).

Far-Western analysis of REMP and N-terminal/leader peptide binding. Each
of the REMPs was purified as described previously (26). The average yields were
�10 mg/liter of culture, with yields ranging from 3 mg/liter to 22 mg/liter. The
peptide-containing extracts were separated via 15% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane as
described previously (4). Membranes were then incubated in solutions contain-
ing 15, 40, 75, or 100 �g/ml of each of the purified REMPs and detected using
1:5,000 anti-T7 Tag antibody (horseradish peroxidase [HRP] conjugated) (No-
vagen).

For the other peptide fusion constructs shown in Fig. 4A, cell extracts were

separated by 12% SDS-PAGE and treated as described above but incubated with
100 �g/ml REMPs only. Western blotting to confirm expression of all peptide
fusions was done with 100 or 350 ng/ml streptavidin-HRP (Pierce) against SBP,
1:500 anti-CyaA polyclonal antibody (Santa Cruz Biotechnology) against the T18
portion of adenylate cyclase, 1:4,000 anti-GST monoclonal antibody (Novagen)
against GST, and 1:2,000 Living Colors full-length A.v. polyclonal antibody
(Clontech) for GFP, YFPn, and YFPc.

Biacore SPR analysis of REMP/RR peptide interactions. Cytoplasmic frac-
tions from cells harboring the N-terminal/leader plasmids (see Table S1 in the
supplemental material) were grown, processed, and fractionated as described
previously (4). Following dialysis to remove endogenous biotin, the cytosol was
used directly for immobilization on sensor chips containing streptavidin (sensor
chip SA; GE Healthcare) at 200 �g/ml of total protein; experiments were done
with surface-bound RR peptide corresponding to �300 to 500 resonance units.
Experiments were carried out in running buffer containing 10 mM HEPES
(pH 7.4), 150 mM NaCl, 50 �M EDTA, and 0.0005% vol/vol Surfactant P20
(GE Healthcare). Each of the REMPs was analyzed for binding by injecting
100 �l of a 200-�g/ml purified sample at a flow rate of 20 �l/min. REMPs
showing an interaction at this concentration were subsequently tested at
concentrations of 100, 75, 50, 25, 10, and 5 �g/ml. Three 1-minute pulses of
10� regeneration solution (1 M NaCl, 50 mM NaOH) were used to regen-
erate the chip after each injection. Kinetic data analysis for the pairs showing
interactions was done with BIAevaluation software v. 4.0 for the multiple
concentrations simultaneously using a 1:1 Langmiur model. Some data curves
were eliminated to reduce the �2 value for a better fitting; all data sets had a
�2 value of between 2 and 5.

Plasmid constructs for bacterial two-hybrid (BACTH) studies. Each REMP
and RR peptide or RR protein was cloned with the T25 and T18 portions,
respectively, of Bordetella pertussis adenylate cyclase at their C termini. An
interaction between the REMP and RR peptide/protein brings the two frag-
ments of adenylate cyclase together and restores cyclic AMP (cAMP) production
in a cya-deficient strain containing a mal reporter (E. coli BTH101). To generate
the fusions, PCR amplification using the primer pairs listed in Table S1 in the
supplemental material added a HindIII or SphI site at the 5� end and a KpnI or
XbaI site at the 3� end. The PCR products were digested with HindIII/SphI and
KpnI/XbaI and cloned into pKNT25 and pUT18 (14). Following screening for
ampicillin or kanamycin resistance on LB agar plates, plasmids isolated from the
individual colonies were sequenced as described above.

BACTH screening for interactions. For the in vivo BACTH screening, E. coli
BTH101 (15) competent cells were transformed by the REMP-T25 plasmids (see
Table S1 in the supplemental material) and screened on LB agar plates contain-
ing kanamycin. New competent cells carrying the REMP plasmids were made
from the positive clones and were then transformed by plasmids encoding RR
peptide/protein-T18 (see Table S1 in the supplemental material) and screened
on MacConkey agar plates containing kanamycin and ampicillin at 30°C for 3
days. For the red/white screening, the color of colonies from the individual
REMP and RR peptide/protein pairs was observed after 3 days. For the liquid

TABLE 1. Tat-dependent redox enzyme systems targeted in this studya

Redox enzyme RR-containing subunit(s) Predicted REMP(s) Catalytic cofactor

Biotin sulfoxide reductase 1 BisC YcdYb MoPt
Biotin/TMAO reductase BisZ/TorZ YcdY/TorDb MoPt
TMAO reductase TorA TorD MoPt
DMSO reductase DmsA DmsD MoPt
Putative DMSO reductase YnfE DmsDb MoPtd

Putative DMSO reductase YnfF DmsDb MoPtd

DMSO/TMAO reductase YedY DmsD/TorD MoPtd

Formate dehydrogenase FdnG FdhD/FdhE MoPt
Formate dehydrogenase FdoG FdhD/FdhE MoPt
Hydrogenase 1 HyaA HyaE Ni
Hydrogenase 2 HybO HybE Ni
Nitrate reductase (periplasmic) NapA NapD MoPt
Nitrate reductase (cytoplasmic) NarG NarJ MoPt
Nitrate reductase (cytoplasmic) NarZ NarWb MoPt
Hypothetical protein YfhG ?c None predicted

a The predicted or known REMP(s) for each of the redox enzymes was investigated for interaction with peptides of the RR-containing subunits.
b Predicted REMP based on the predicted function/role of the enzyme and its relatedness to other enzymes with an appropriate REMP.
c No predicted REMP due to limited knowledge of the function of the enzyme.
d Predicted catalytic cofactor of MoPt based on the presence of a MoPt domain in its sequence.
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culture assay, a minimum of three colonies per pair from the 3-day-old plates
were picked and grown in LB medium containing ampicillin and kanamycin at
30°C overnight. The next morning, 1.5 ml of culture was harvested and washed
in Z buffer, and a fixed-time enzymatic assay using 100 �l of washed cells was
performed as described by Miller (17). The assay was done at 30°C for 30 min
prior to quenching with sodium carbonate. Protein expression studies of the
REMP and peptide fusions were done with 1 ml of overnight culture inoculated
from the above-described plates, which was harvested and resuspended in 100 �l
Laemmli solubilization buffer prior to SDS-PAGE and Western blotting as
described above. The T25 and T18 adenylate cyclase portions were detected with
anti-CyaA antibody described above.

RESULTS

In vitro far-Western analysis of interactions. The redox
enzymes, their RR motif-containing subunit, and their pre-
dicted REMP targeted for investigation in this study are listed

in Table 1. The leaders of OmpA, a Sec-dependent protein,
and SufI, a Tat-dependent protein with no apparent REMP/
chaperone, were also included in all of our studies to serve as
negative controls. The amino acid sequence chosen for the
N-terminal/leader RR peptides was based on the presence of a
signal peptidase I cleavage site predicted by SignalP (1) and
terminated prior to the cleavage sequence. For sequences ap-
pearing to lack a cleavage site, the residues were truncated
after 50 amino acids. A multisequence alignment of the RR
peptides used in this study generated using ClustalW (5) is
shown in Fig. 1A. The alignment shows that the peptides
of BisC, NarG, and NarZ differ most from the consensus
SRRxFLK motif in that they all contain only one of the two
arginine residues. They are cytoplasmically anchored enzymes

FIG. 1. Sequence alignment of RR peptides. (A) Alignment of the full sequences of RR peptides used in this study. The two controls, OmpA
and SufI, are included for comparison. The RR motif is highlighted in bold. (B) Alignment of the hydrophobic region immediately following the
RR motif, based on RR peptides interacting with a common REMP. The continuous stretch of small hydrophobic residues that may play a role
in recognition specificity by the REMPs is shaded. Residues in the alignment that are identical (*), conserved substitutions (:), and semiconserved
substitutions (.) are indicated. Numbering is based on the original positions of residues in the full-length RR peptide. Both panels were generated
using ClustalW (5).
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and have been described to contain vestige or remnant Tat
signal peptides that may have been inactivated over the course
of evolution (27, 29).

Previous studies demonstrated the interaction of DmsD and
NarJ with the DmsA leader and NarG N-terminal peptide,
respectively, using a far-Western method (4, 26). Using a sim-
ilar method, blots containing PAGE-separated cell extracts
with overexpressed RR peptides fused to SBP were incubated
with solutions of various concentrations of purified REMP. An
interaction between the two results in the immobilization of
the REMP, which is then detected via a tag-specific antibody to
the REMPs. Utilizing this method, only DmsD, NapD, and
NarJ showed interactions with the RR peptides (Fig. 2). DmsD
bound the leader peptides of YnfE and YnfF in addition to
DmsA; this was not surprising, as these two are homologues of
DmsA at 43% and 56% sequence identity and 60% and 81%
sequence similarity, respectively. NarJ bound NarG, its ex-
pected substrate, and NarZ of another cytoplasmic nitrate reduc-
tase. NapD was also shown to bind its expected substrate of the
NapA leader. It should be noted that the peptides of FdnG and
FdoG did not accumulate in the cell despite multiple induction
and growth conditions as confirmed by probing with 350-ng/ml
streptavidin-HRP, compared to the 100 ng/ml that was sufficient
to detect all other RR peptide-SBP proteins on a Western blot
(results not shown). Attempts using a different fusion partner (see
below) resulted in accumulation of the two, but no interactions
with any of the REMPs were detected either.

Since the blots were probed with four different concentra-
tions of REMP solutions (15, 40, 75, or 100 �g/ml), a summary
of the strengths of the interactions is shown in Table 2. As

approximately equal amounts of the N-terminal/leader pep-
tides were loaded onto the gels (Fig. 2, PAGE row), the ob-
servation of an interaction at the lowest concentration of
REMP was used as an indication of the strength. For example,
an interaction was observed between DmsD and DmsA leader
at the lowest concentration of 15 �g/ml, and therefore its
interaction is the strongest. An interaction between NarJ and
NarZ peptide was observed only at the highest concentration
of 100 �g/ml, indicating a weaker interaction. Western blots
against the SBP tag could not be used as a comparison of the
amounts present, as some peptides showed a far stronger an-
tibody interaction even though the PAGE gel showed similar
amounts of protein present (results not shown).

The results using a dot blot far-Western where cell extracts
are spotted onto a membrane directly and the proteins are not
required to refold on the membrane showed results similar to
those described above (not shown).

BACTH analysis of interactions. An in vivo BACTH assay
(14, 15) was also used for screening of interactions. Two meth-
ods were used to screen for interactions between the REMPs
and N-terminal/leader peptides: a red/white colony assay on
MacConkey agar plates based on the mal reporter gene and a
liquid culture assay based on the lacZ reporter gene. The
red/white assay is based on the production of acidic products
that turn the colony red when the mal reporter gene is turned
on in the presence of cAMP. The liquid culture assay is based
on the activation and production of �-galactosidase by cAMP,
which is enzymatically assayed using the substrate ortho-nitro-
phenyl-�-galactoside. Based on observation of the colony
color, an interaction was seen between the same REMPs and
RR peptides as seen by the far-Western analysis, with the
exception that an interaction was also observed for TorD with
TorA leader and for NarJ with NarZ peptide, producing white
colonies with a small red center (results not shown). When the
liquid culture assay was performed, the results were the same
as for the colony assay, except that an interaction between
NapD and HybO leader peptide was also detected (Fig. 3A).
This interaction, however, was not consistently observed and
exhibited “all-or-nothing” levels of �-galactosidase activity.
Additional testing revealed that the interaction between these
two is time dependent, where colonies were taken once a week
for the liquid assays from plates grown at 30°C for 3 days and
then kept in 4°C for up to 40 days. During this testing it was

FIG. 2. Far-Western analysis of interactions. Approximately equal amounts of peptide extracts were separated by SDS-PAGE (PAGE row) and
then blotted. Only REMPs showing an interaction are included. Blots were probed with 15, 40, 75, or 100 �g/ml of purified REMPs; blots with
100 �g/ml are shown.

TABLE 2. Relative binding affinities of the REMPs DmsD, NapD,
and NarJ

REMP
Affinitya with:

DmsA NapA NarG NarZ YnfE YnfF

DmsD ���� ��� ����
NapD ���
NarJ �� �

a Affinity levels are based on the minimum concentration of REMP required
to obtain a signal on the far-Western blots. The highest-affinity binding (����)
is defined as a signal observed with the lowest concentration of REMP (15
�g/ml), and the lowest-affinity binding (�) is defined as that observed with the
highest concentration of REMP (100 �g/ml).
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noted that the high level of �-galactosidase activity from col-
onies was consistently observed only after the 30-day mark.
Activities for interaction pairs that were near the basal level
(i.e., activity of the OmpA and SufI controls) were omitted
from Fig. 3A for simplicity. The addition of 0.1 mM IPTG to
the plates or liquid culture medium to induce higher expres-
sion of the fusions for both assays did not alter the results (not
shown).

The BACTH experiments confirmed those done similarly
with NapD and the NapA leader peptide by another group

(16). However, there is over a 20-fold difference in the
magnitude of �-galactosidase activity in terms of Miller
units. This is due to the nonstandardized protocol in assay-
ing �-galactosidase activities from variations in culture
growth and assay conditions. It has been recognized in an
article reviewing the uses of lacZ for yeast two-hybrid stud-
ies that the assays are more useful when comparing results
from internal controls (such as the OmpA and SufI leaders
used here) that were treated identically during individual
experiments (28).

FIG. 3. BACTH studies of interactions between REMPs and RR peptides. (A) Assay of �-galactosidase activity as a reporter for the interaction
between the REMP-T25 and RR peptide-T18 fusions. All 170 interaction pairs were tested, but only those showing activity above that of the
negative controls, OmpA and SufI, are plotted here. Bars indicate standard errors. (B) Western blot of cultures coexpressing both REMP and RR
peptide fusions, using an anti-CyaA antibody against the T25 and T18 portions of adenylate cyclase. Lanes: 1, DmsD/DmsA; 2, DmsD/YnfE; 3,
DmsD/TorA; 4, TorD/TorA; 5, NapD/NapA; 6, NapD/HybO; 7, HyaE/HyaA; 8, HybE/HybO; 9, HybE/OmpA; 10, HybE/SufI; 11, NarJ/NarG, 12,
YcdY/BisZ. The arrowhead indicates accumulation of the DmsA leader. (C) Western blot of the samples from panel B but probed with anti-DmsD
or anti-TorD serum; only lanes 1 to 4 are shown.
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The REMP/RR peptide interaction protects both from pro-
teolytic degradation in vivo. False-negative results from pro-
tein expression and accumulation during the BACTH experi-
ments were investigated via Western blots. Cell extracts
carrying plasmids expressing the REMP and RR peptide
BACTH constructs were tested for accumulation using a poly-
clonal antibody against adenylate cyclase. The results show
that the combination pairs where the REMP and RR peptide
do not interact via BACTH also did not accumulate (Fig. 3B
shows a sample blot of various combinations). These are
DmsD with TorA peptide (Fig. 3B, lane 3), HyaE with HyaA
peptide (lane 7), HybE with HybO peptide (lane 8), and YcdY
with BisZ peptide (lane 12). The same accumulation problem
was also observed for HybE with the negative controls OmpA
and SufI peptides (lanes 9 and 10, respectively). The ladder of
bands for proteins that did accumulate (Fig. 3B, lanes 1, 2, 4,
and 11) suggests that the protein fusions are highly protease
sensitive in the cell, but they also point toward the possibility
that an interaction between the REMPs and peptides may
protect both from complete degradation. Western blots of the
same samples were probed with anti-DmsD or anti-TorD sera
and showed that the fragments correspond to DmsD or TorD
(Fig. 3C), indicating that these are proteolytic fragments of the
two. Accumulation of the DmsA leader was indicated by a
much darker band corresponding to the theoretical size of
DmsA leader-T18 present in the anti-CyaA blot (Fig. 3B).

Western blots against the REMP and peptide BACTH con-
structs individually failed to detect accumulation of any of the
constructs when expressed alone (results not shown), further
supporting the hypothesis that the interaction between the
REMPs and the RR peptides is required for stabilizing the
proteins from degradation in the BACTH screen. These ob-
servations appear to be specific to the BTH101 (cyaA-defi-
cient) strain required for the screen, as expression of the pep-
tide-T18 constructs in other E. coli strains, including those with
REMP deletions, resulted in accumulation (data not shown).
TorD has been implicated in signal peptide protection for the
TorA leader (7); the observations here suggest that protection
appears to be toward both components, where the interaction
prevents both from being proteolytically fragmented. Samples
used for far-Western and SPR (see below) experiments show
the ability of the REMPs and RR peptide fusions to accumu-
late in the absence of each other, pointing toward a protective
role under in vivo conditions in a cyaA-deficient strain. The
protective roles of the two may explain the variable observa-
tion of the NapD-HybO leader interaction, where the two are
partners that interact infrequently but, once they find each
other, are stabilized and interact very strongly.

Far-Western analyses of multiple fusion constructs. While
we were able to detect an interaction between TorD and TorA
leader only via the in vivo BACTH method, prior observations
of the two interacting in vitro have been reported (8, 21). This
led us to test various TorA leader fusions by far-Western
analyses to explore issues due to the fusion tag itself. Five
different constructs in addition to the SBP fusion were tested.
We recognized that the peptide-T18 fusions would not accu-
mulate alone based on the data in Fig. 3B; the TorA leader-
T18 construct was included here as a negative control. Of the
six TorA leader fusions tested, none of them appeared to show
an interaction with purified TorD (Fig. 4A, top panel). While

the lack of interaction was expected for the T18 construct due
to the lack of accumulation, the accumulation of the other
constructs was confirmed using Western blotting against SBP,
GFP, YFPn, YFPc, and GST, thus ruling out false-negative
results. Interestingly, when these TorA peptide fusions were
probed with purified DmsD, an interaction with the TorA
leader-YFPn fusion was observed (Fig. 4A, bottom panel). The
observations here confirm that the interaction between DmsD
and apo-TorA demonstrated by immunoprecipitation in prior
studies is indeed toward the RR-containing leader region of
TorA (20). The results from this experiment demonstrate that
the type of fusion appears to have an effect on the ability of the
REMP to interact with the RR peptide.

Since the YFPn fusion appeared to allow for the detection of
interaction between DmsD and the TorA leader, we selected a
few other RR peptides to see if this fusion would allow for the
detection of additional interactions. The peptides tested in-
cluded DmsA, FdnG, FdoG, HyaA, HybO, NarG, and TorA.
We were still unable to detect any extra interactions using
these constructs, except that of DmsD toward TorA peptide as
already confirmed above (Fig. 4B). Interestingly we were un-
able to detect any interaction between NarJ and NarG peptide-
YFPn (results not shown) even though this interaction was
observed by all the methods described above.

Biacore SPR analysis of interactions. A second in vitro
approach via Biacore SPR was used to investigate the interac-
tion between the REMPs and RR-containing peptides. In this
experiment, the ligand (SBP-tagged RR peptides) is immobi-
lized onto the surface of a sensor chip, followed by passage of
the analyte (His-tagged REMPs) over the flow cell containing
the RR peptides. A change in the density of material at the
surface of the sensor chip alters the refractive index of the
surface, corresponding to changes measured in resonance
units. Due to the higher cost associated with these experi-
ments, only N-terminal/leader peptides showing an interaction
by the previous methods were screened against all of the
REMPs. The leaders of BisZ, FdnG, and HybO were also

FIG. 4. Far-Western analyses of N-terminal/leader peptides with
different fusion tags. (A) Far-Western blot against various TorA leader
fusions. Blots were probed with 100 �g/ml of His6-T7-TorD (top) or
His6-T7-DmsD (bottom), followed by 1:5,000 anti-T7. (B) Far-Western
blot against various RR peptides with the YFPn fusion. All 10 REMPs
were tested, but only the DmsD-probed blot is shown here; probing
conditions were as described for panel A.
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chosen along with the control of OmpA leader to rule out any
technique-related problems that may have occurred with the
above techniques. SPR confirmed most of the interactions
observed by far-Westerns and BACTH, with the exception of
the DmsD/TorA leader and NapD/HybO leader interactions.
Additionally, an interaction between NarW and the N-terminal
peptides of NarG and NarZ was observed (Table 3). An inter-
esting observation from this experiment was that no FdnG-
SBP protein was able to be immobilized on the surface of the
chip, as seen by the lack of any discernible change in the
sensorgram. This again supports the previous observations that
we were unable to obtain accumulation of this construct under
any growth and induction conditions.

The SPR experiments also allowed for the quantitation of
the kinetics of the interaction through the on rate (ka) and off
rate (kd) and of the strength of the interaction by calculating
the equilibrium dissociation constant (KD) from the kinetics.
To calculate KD, the following equation was used, based on a
1:1 Langmiur model of simple binding: KD � kd/ka. For the
REMPs that showed multiple binding partners via SPR, DmsD
and NarW appeared to bind their expected RR peptide ap-
proximately 10-fold tighter, based on the calculated KD values
(Table 3). NarJ appeared to bind its expected substrate NarG
at levels similar to those for NarZ, suggesting that although
this REMP is specific for nitrate reductase RR-containing pep-
tides, it does not appear to have a preference between the two.
When the kinetics of the interactions was assessed, DmsD
binding to YnfE leader had faster on and off rates than that to
DmsA leader (Table 3). The rest of the interaction pairs had
relatively slow on and off rates compared to those of DmsD
binding to YnfE leader.

Secondary interaction sites determined by BACTH analysis.
In recognition that secondary interaction sites in the mature
region (i.e., the sequence following the N-terminal peptides)
for the TorD/TorA (8) and NarJ/NarG (30) pairs have been
previously observed, we investigated whether such sites existed
in all the RR-containing redox enzymes in this study. Using the
BACTH method described earlier, full-length proteins of each
were fused to the T18 portion of adenylate cyclase as described
above and analyzed for interactions with the REMPs. Assays
by both colony observation and �-galactosidase activity showed
similar interactions as with the peptides. Unlike in the peptide
studies, interactions with the full-length forms of FdnG and
FdoG with FdhE and of HybO with HybE were observed (Fig.
5). In comparisons of those that bound both the RR peptide
and full protein, DmsD showed stronger interactions with the
leader peptides than with the full protein, whereas NapD,
NarJ, and TorD showed relatively similar interactions with
both (Fig. 5). It should also be noted that the TorD/TorA and
NarJ/NarZ pairs displayed fully red colonies in this screen,
while their peptide counterparts displayed red colonies with
white centers.

DISCUSSION

The vast selection of methods to study protein-protein in-
teractions can be overwhelming when one is deciding on the
appropriate method for a protein(s) of interest. Once the de-
cision between in vitro versus in vivo techniques is made, there
are still numerous options within both categories. This study
explores the interactions between RR motif-containing pep-
tides of Tat-dependent redox enzymes and their system-spe-

TABLE 3. Kinetic data for the REMPs and RR peptides showing an interaction by Biacore SPR analysisa

REMP and kinetic
parameter

Value (mean 	 SE)b with:

DmsA NapA NarG NarZ TorA YnfE

DmsD
KD (nM) 64 � 3 ND ND ND ND 678 	 47
ka (M
1 � ms
1) 31,400 � 309 ND ND ND ND 188,000 	 9,590
kD (ms
1) 2.0 � 0.9 ND ND ND ND 127 	 6

NapD ND
KD ND 64 	 11 ND ND ND ND
ka ND 46,000 	 1,730 ND ND ND ND
kD ND 2.9 	 0.5 ND ND ND ND

NarJ
KD ND ND 409 � 46 334 	 19 ND ND
ka ND ND 7,220 � 371 8,490 	 158 ND ND
kD ND ND 3.0 � 0.3 2.8 	 0.2 ND ND

NarW
KD ND ND 5,870 	 309 641 � 34 ND ND
ka ND ND 1,000 	 45 5,750 � 125 ND ND
kD ND ND 5.9 	 0.2 3.7 � 0.2 ND ND

TorD
KD ND ND ND ND 3,760 	 112 ND
ka ND ND ND ND 3,050 	 67 ND
kD ND ND ND ND 12 	 0.2 ND

a Each N-terminal RR peptide was tested against all 10 REMPs, but only ones showing an interaction are listed here. The peptides of BisZ, FdnG, HybO, and the
OmpA control were also tested against all REMPs but are not shown due to the lack of any detectable interaction.

b When multiple partners exist, the cognate/predicted RR peptide is in bold. ND, no detectable interaction.
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cific chaperones, REMPs. Using a combination of in vitro and
in vivo methods, interactions were identified and characterized
based on the strength of interactions and their degree of spec-
ificity. The results are summarized in Table 4.

A total of 11 interactions between the REMP/RR peptide
pairs were identified using a combination of various tech-
niques. The difference in the methods that identified the in-
teractions highlights the importance of the nature of the pep-
tide display from its fusion tag both in vivo and in vitro. Unique
interactions identified by one method are the DmsD/TorA
leader, NapD/HybO leader, NarW/NarG peptide, and NarW/
NarZ peptide pairs. Several interactions identified in this study
are novel, while some confirm results previously obtained by
our group and others. We also provide a systematic compari-
son of all known and predicted REMPs/RR peptides of the Tat
system in this study. Despite our efforts, the interaction be-
tween HyaE and full-length HyaA and HybO demonstrated by
Dubini and Sargent (6) was not detected by any of our meth-
ods. This is likely explained by their use of a different version
of BACTH through �cI/RNA polymerase activation (6).

The in vivo BACTH method offered an alternative method
to identify interactions, as this method allows for the potential
influence of cellular factors. The BACTH screens confirmed
most of the interactions observed by use of far-Western anal-
ysis and SPR (Table 4). Identification of additional interac-
tions using full-length RR proteins suggests either that the
binding site for FdhE and HybE is located in the mature region
of the protein or that the preprotein form allows the leader
peptide to be displayed in a folded conformation required for
recognition by the REMPs. These results are not surprising, as
direct interactions with the mature region (i.e., sequence fol-
lowing the RR leader peptide) have previously been observed
for NarJ with NarG (30) and TorD with TorA (13). Using this
screen, DmsD was the only REMP to show a significant dif-
ference in interaction activity (as measured by BACTH re-
porter activity) between the full-length protein and the leader
peptides of DmsA, YnfE, and YnfF. If secondary sites in the
mature region of the protein exist, one would expect the ac-
tivity to be higher due to more cAMP activation of lacZ.
However, if DmsD is a more efficient REMP in maturation
and/or targeting of these substrates to the translocon, a lower
activity would result as the “lifetime” of the apo-DmsA/DmsD
interaction would be shorter, resulting in lower �-galactosidase
activity. This is because the full-length protein constructs used
contain the signal peptidase cleavage site that was excluded in
the peptide constructs, meaning that their leaders can be pro-
cessed. The differences between DmsD, TorD, and NarJ in
terms of peptide promiscuity and apoenzyme processing sug-
gest that while they belong to the same family of proteins based
on sequence homology (29), each may be specifically required
for slightly different maturation pathways of individual RR
redox enzymes.

Using the kinetic data from Biacore SPR, we were able to
obtain KDs for many of the interaction pairs (Table 3). In
comparing all the KD values obtained by SPR, we can rank the
strength of the interactions based on their expected primary
substrate as DmsD/NapD � NarJ � NarW �� TorD. Several
KDs for the REMPs and RR peptides have been obtained by
isothermal titration calorimetry by other groups: 223 nM for
DmsD with a DmsA leader-GST fusion (31), 1,700 nM for
TorD with a synthetic peptide of the TorA leader correspond-
ing to residues 10 to 36 (10), 7 nM for NapD with a MalE-

FIG. 5. Comparison of �-galactosidase activities of the REMPs
with either the RR peptide (gray) or full-length RR proteins (black)
obtained by BACTH assays. Full-length proteins include the RR pep-
tide plus the mature region following the peptide sequence. Bars
indicate standard errors.

TABLE 4. REMP substrate interactions identified in this study

REMP
Method(s)a identifying interaction with:

DmsA HybO NapAb NarG NarZb TorA YnfEb YnfFb,c

DmsD fWS, fWY, BC,
BL, SPR

� � � � fWY fWS, BC, BL,
SPR

fWS, BC, BL

NapD � BL fWS, BC, BL,
SPR

� � � � �

NarJ � � � fWS, BC, BL,
SPR

fWS, BC, BL, SPR � � �

NarW � � � SPR SPR � � �
TorD � � � � � BC, BL, SPR � �

a fWS, far-Western analysis with SBP fusion; fWY, far-Western analysis with YFPn fusion; BC, BACTH red/white colony analysis; BL, BACTH liquid culture analysis;
SPR, Biacore SPR analysis (only RR peptides of BisZ, DmsA, FdnG, HybO, NapA, NarG, NarZ, TorA, and YnfE were tested against all REMPs by SPR). The lack
of interaction between all other REMPs and RR peptides used in this study is either not shown in the table or indicated by �.

b Far-Western analysis with the YFPn fusion was not tested.
c The YnfF leader should interact with DmsD under Biacore SPR analysis due to the strength of interaction observed with the other methods, but this was not tested

in this study.
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NapA leader-His6 sandwich fusion (16), and 164 nM for NarJ
with a synthetic peptide of the first 50 residues of NarG (4).
Our data allow for direct comparison, as all RR peptides were
displayed in the same fashion. The TorD/TorA leader pair
corresponds to the second weakest interaction from SPR data,
which may explain why we were unable to detect this interac-
tion in any of the far-Western experiments. However, since we
were able to detect this interaction via the in vitro method of
SPR but not via far-Western analysis, this also suggests that the
interaction requires some sort of conformational freedom in
solution that could be inhibited by a static conformation when
sitting on the surface of a membrane. The NarW/NarG peptide
pair was the weakest among all detected interactions, yet
NarW bound its predicted substrate NarZ peptide approxi-
mately 10-fold tighter. This difference was also observed for
DmsD with its expected substrate DmsA leader, suggesting a
trend that the REMPs bind their expected substrate with �10-
fold-higher affinity when multiple substrates exist. The differ-
ences in interaction strengths with the RR peptide suggest that
clues to specificity may also lie within the sequence of the
mature portions of the proteins or at least in how the mature
portion displays the leader sequence, as suggested by the
BACTH data using full proteins.

The observation of cross-interaction partners for some of
the REMPs could explain why studies involving REMP dele-
tions resulted in properly targeted yet only partially functional
redox enzymes, suggesting that the maturation pathways are
similar but not exactly overlapping. A study involving a hybrid
where the DmsA leader was replaced by the TorA leader
sequence in DmsA resulted in properly targeted DMSO re-
ductase but with greatly reduced cellular enzyme activity (24).
While we demonstrate that DmsD interacts with the TorA
leader peptide, it is more likely that this hybrid was targeted by
TorD, since the DmsD/TorA leader interaction is observed
only under very select conditions. Similar studies by Jack et al.
showed that a hybrid with the HybO leader replacing the TorA

leader sequence in TorA has lowered TMAO reductase activ-
ity that can be restored to that of the wild type by overexpress-
ing TorD from a plasmid (13). A final indication of cross-
reactivity of REMPs is demonstrated in a recent study where
wild-type TorA or a TorA mutant impaired in TorD binding
expressed in a torD mutant is still localized to the periplasm
with active, albeit reduced, TMAO reductase activity (3), again
suggesting that another REMP (possibly DmsD) was respon-
sible for targeting TorA to the membrane. Together these
observations suggest that the cross-binding activities of
REMPs could be useful under circumstances where a particu-
lar REMP is unavailable or changes in final electron acceptor
availability force the cell to rapidly produce one type of redox
enzyme. Since all three examples resulted in properly targeted
enzymes with reduced activities, it appears that their recogni-
tion promiscuities can fully substitute for targeting, while the
other steps of enzyme maturation still rely heavily on the cog-
nate REMP.

The resulting interactions, summarized in Table 4, provide
clues to the specificity of some REMPs of the Tat system. To
better understand these observations and look for clues from
homology, sequence alignments among the RR peptides and
REMPs are shown in Tables 5 and 6, respectively. The RR
peptides were also split into the RR motif and the hydrophobic
region following the motif for separate alignments (see Table
S2 in the supplemental material) due to previous observations
that both of these elements in the TorA leader were required
for tight association with TorD (10). Comparison of pairs shar-
ing common interaction partners with other pairs indicates that
homology of neither the REMPs nor RR peptides alone is
sufficient to explain the observation of common interactions.
The identity and similarity values for REMPs mostly support
that homology is required for interaction with common RR
peptides, with the exception of four REMP pairs (Table 6).
The three exceptions involving YcdY are not surprising, as no
RR peptide was found to interact with it in this study nor does

TABLE 5. Homology among RR peptide sequences

RR
peptide

% Sequence identity/similarity witha:

BisC BisZ DmsA FdnG FdoG HyaA HybO NapA NarG NarZ TorA YedY YfhG YnfE YnfF

BisC 100/100 5/10 12/24 3/3 6/14 5/8 15/18 5/11 10/13 9/13 7/10 20/27 2/6 16/26 13/25
BisZ 100/100 21/35 33/49 36/52 23/37 16/32 38/51 1/3 1/3 22/31 20/31 10/13 20/35 23/37
DmsA 100/100 26/37 28/40 20/32 17/31 21/41 1/2 1/3 22/36 25/52 4/5 37/54 57/81
FdnG 100/100 87b/87 27/39 23/35 29/38 13/18 13/18 28/38 19/30 2/6 29/41 19/26
FdoG 100/100 25/36 23/35 43/53 12/17 8/8 32/39 17/23 1/3 29/38 23/37
HyaA 100/100 26/45 21c/41 6/14 4/14 29/45 19/30 12/20 22/42 25/46
HybO 100/100 32/37 3/3 3/3 23/35 13/27 12/17 30/44 20/31
NapA 100/100 3/6 3/6 21/30 23/32 11/22 28/49 24/45
NarG 100/100 86/94 15/18 0/8 1/1 7/15 1/1
NarZ 100/100 8/18 7/11 1/1 9/13 1/3
TorA 100/100 17/26 26/36 27/39 19/27
YedY 100/100 5/8 27/39 16/51
YfhG 100/100 1/4 2/2
YnfE 100/100 40/60
YnfF 100/100

a Values for pairs sharing common interaction partners are in bold. Alignments were done using EMBOSS pairwise alignment algorithms (22).
b Although an interaction between FdhE and FdnG/FdoG was observed only when the full-length RR-containing proteins were used, it is possible that the full-length

protein causes the leader to adapt a confirmation required for recognition. Therefore, these two are considered to have common interactions to determine recognition
specificity.

c An interaction between NapD and the HybO leader was observed, and HybE is the known REMP for HybO. However, according to Dubini and Sargent (6), HyaE
also interacts with the HybO leader, and thus NapD and HyaE are concluded to have common RR peptide partners here.
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it have any known substrates or function to date, despite being
part of the family that includes DmsD, NarJ, and TorD (29).
The higher percent sequence identity and similarity of DmsD/
HybE than for the observed NapD/HybE pairs suggest that
homology of the REMPs is not the sole factor determining
whether two REMPs will interact with the same RR peptide.

While alignment of the entire RR peptide did not fully
explain the observation of common REMP interactions by
functionally unrelated enzymes, comparison of the motif and
hydrophobic region alignments indicates that the RR motif
does not correlate to REMP recognition specificity (see Table
S2 in the supplemental material). This is expected, as the motif
is known for Tat-specific recognition and targeting of sub-
strates. The hydrophobic region offers some explanation but is
not as clear as with the REMPs, as many peptide pairs have
higher homology than those with common interactions. When
focusing on those with common interactors, alignments of the
hydrophobic region identify a common pattern with a short
continuous string of small, hydrophobic residues located 2 to
10 residues after the RR motif (Fig. 1B). Comparison of the
DmsD and NapD interactors suggests that the length of this
stretch of residues correlates to binding specificity, as the
DmsD/TorA leader and NapD/HybO leader interactions were
observed under selective conditions and their hydrophobic
stretch varied the most from the expected substrates of the
DmsA and NapA leaders, respectively. The inability to define
a definitive REMP-specific binding motif suggests that the key
identification residues of the leader have not been fully delin-
eated. Interestingly, V23 of the hydrophobic stretch in the
TorA leader was one of five residues identified for TorD bind-
ing in a recent study involving glutamine-scanning mutagenesis
of the TorA leader (3). The remaining four residues (L27, G28,
L31, and L32) reside after the continuous stretch described
here, with L31 being the only residue that is identical within all
DmsD interactors based on the alignment (Fig. 1B). Perhaps
these residues confer specificity to TorD, a REMP that is not
as promiscuous as DmsD.

The sequence alignments provide some conclusions with
regard to the mechanism of substrate specificity by the
REMPs. Homology of both the entire REMP sequences and
the hydrophobic regions of RR peptides confers recognition
specificity, with emphasis on the position and length of the

continuous hydrophobic stretch following the RR motif. The
varying architecture of this hydrophobic stretch is likely to
adapt to the binding pockets of different REMP structural
classes such as those recently described by Maillard et al. (16).
The findings presented here provide insight into the chaperone
selectivity of redox enzymes that utilize the Tat system.

This study thoroughly investigated the ability of the known
REMP chaperones in E. coli to interact with RR motif-con-
taining peptides from their respective redox enzymes. Our
study demonstrates that each REMP is indeed a system-spe-
cific chaperone and that the display of the leader is critical for
identification and interaction to occur. The results further sug-
gest that each redox enzyme system that incorporates an RR-
like leader follows a different maturation pathway requiring its
own chaperone to facilitate its unique pathway toward a
folded, targeted, assembled, and functional enzyme.
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