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Abstract

Many bacterial oxidoreductases depend on the Tat translocase for correct cell localization. 

Substrates for the Tat translocase possess twin-arginine leaders. System specific chaperones or 

redox enzyme maturation proteins (REMPs) are a group of proteins implicated in oxidoreductase 

maturation. DmsD is a REMP discovered in Escherichia coli, which interacts with the twin-

arginine leader sequence of DmsA, the catalytic subunit of DMSO reductase. In this study, we 

identified several potential interacting partners of DmsD by using several in vitro protein–protein 

interaction screening approaches, including affinity chromatography, co-precipitation, and cross-

linking. Candidate hits from these in vitro findings were analyzed by in vivo methods of bacterial 

two-hybrid (BACTH) and bimolecular fluorescence complementation (BiFC). From these data, 

DmsD was confirmed to interact with the general molecular chaperones DnaK, DnaJ, GrpE, 

GroEL, Tig and Ef-Tu. In addition, DmsD was also found to interact with proteins involved in the 

molybdenum cofactor biosynthesis pathway. Our data suggests that DmsD may play a role as a 

“node” in escorting its substrate through a cascade of chaperone assisted protein-folding 

maturation events.
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1. Introduction

A number of bacterial oxidoreductases depend on the Tat (Twin-arginine translocase) system 

for correct subcellular localization [1–4]. In bacteria, this system represents a method of 

protein translocation, which differs from the general Sec system in that folded, cofactor-

containing proteins are exported into the periplasm. The Tat translocase is thought to form a 

pore in the inner membrane, comprised of Tat A, B and C subunits [2,4,5]. The TatBC 

subunits are believed to be the “receptor complex”, and have been shown to be required for 

Tat substrate interaction with the membrane [6–9], whereas TatA is thought to form a very 

large oligomeric ring structure, presumed to be the protein-conducting channel itself [6,10].
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A twin-arginine motif (S/TRRXFLK motif) in the leader peptides of Tat substrates was 

identified by Berks in 1996 [1]. This leader motif has been shown to be important in the 

transport and targeting of these proteins to the translocase [11; for a review see 6]. DmsD, 

from Escherichia coli, was shown to interact in vitro with the twin-arginine leader of the 

catalytic subunit from dimethyl sulfoxide (DMSO) reductase, DmsA [12]. DMSO reductase 

maturation requires the Tat translocase, but also DmsD, which plays a chaperone role in 

cytoplasmic processes. In support of this, DmsD was found to interact with the membrane in 

a TatBC dependent manner [9]. Furthermore, dmsD knockout mutants demonstrate an 

almost entire loss of DMSO reductase activity, suggesting that DmsD may not only be 

required for correct DMSO reductase localization, but also for proper enzyme maturation 

[6,13]. DmsD was designated a REMP (Redox Enzyme Maturation Protein) along with 

other proteins of similar proposed function [14]. In addition to DmsD, REMPs for other 

oxidoreductases have been implicated in oxidoreductase enzyme maturation. These include 

NarJ for nitrate reductase, TorD for TMAO reductase, and HyaE/HybE for hydrogenase-1 

and 2, respectively [14]. In a review from Palmer et al. [15], a suggestion was put forward 

that all Tat substrates might have some form of a leader-binding specific chaperone.

REMPs may play a number of different roles in oxidoreductase maturation, including: 

interaction with the twin-arginine leader peptides, maintaining the oxidoreductases in a 

cofactor-competent state, Sec translocase avoidance, proofreading, protease protection, 

interaction with the ribosome, interaction with the membrane, and interaction with 

components of the Tat translocase [14,16].

Recent work is beginning to deconvolute the functions of REMPs. TorD has been suggested 

to be involved in the protection of TorA from protease degradation [17]. It was also 

demonstrated to play specific roles in both cofactor insertion as well as regulating Tat export 

[18]. Moreover, it has been suggested that GTP binding by REMP proteins themselves may 

play a role in the REMP/substrate maturation process [19]. This GTP binding to TorD has 

been suggested to in fact be binding to the mature molybdopterin-guanine dinucleotide form 

of the molybdenum cofactor (Moco) as part of the cofactor insertion event [20]. NarJ has 

been shown to facilitate NarGH interaction with Moco biosynthetic machinery and facilitate 

NarGHI assembly [21–23].

In addition to these system specific REMP chaperones, it is recognized that general 

molecular chaperones may also play a role in oxidoreductase maturation pathways. A study 

from DeLisa’s group and coworkers has shown that DnaK has stabilizing effects on Tat-

dependent substrates [24] and that work from Brüser’s group has demonstrated roles of the 

chaperones SlyD and DnaK [25]. It is not known if general chaperones work together in 

parallel or in series with the system specific chaperones. Although evidence for REMP-RR-

leader and DmsD-TatBC interactions exists, little else is known if other proteins are involved 

with DmsD, and how these may contribute to the redox enzyme maturation pathway. Many 

specific and low specificity transient protein interactions can occur from the time of the 

nascent polypeptide exiting from the ribosome to a targeted, assembled and functional 

mature protein. From this line of thought we asked the question: do the REMP proteins, in 

this case DmsD, interact with other proteins in the cell? Such an idea would see the REMP 

escorting its substrate protein through a cascade of each protein-folding/stabilizing machine.
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Here, in order to answer this question, we screened using a variety of in vitro protein–

protein interaction methods, including: affinity chromatography, co-precipitation, and cross-

linking. Protein chaperones and related proteins identified from these experiments were 

subsequently tested by such in vivo techniques as bacterial two-hybrid (BACTH) and 

bimolecular fluorescence complementation (BiFC). BACTH is an in vivo approach for 

protein–protein interaction studies based on functional reconstitution of the two fragments of 

Bordetella pertussis adenylate cyclase (CyaA) [26,27]. BiFC is a biophysical technique 

based on the reassembly of the two nonfluorescent moieties of the yellow fluorescent protein 

(YFP) and the subsequent refolding of YFP when the two halves are brought together by the 

interacting partners fused to them [28,29]. The results presented here demonstrate that 

DmsD partners with other general chaperone systems and my also play a similar role to 

TorD in targeting to the Moco biosynthesis proteins and may lead its substrate through a 

protein chaperone cascade.

2. Materials and methods

The bacterial strains and plasmids used in this work are described in Table 1.

2.1. Preparation of bait and prey protein samples for in vitro assays

As the bait protein, the tagged His6-T7-DmsD was isolated from E. coli C41(DE3) cells 

containing pTDMS28 [12]. An unrelated protein, His6-T7-TehB, of a comparable molecular 

mass and pI, was generated from E. coli C41(DE3) containing pTWT124, and used as the 

negative control [32]. Prey proteins are from wild-type (WT) E. coli strain MC4100 and/or 

its ΔtatABCD/E mutant DADE [31]. The cell growth conditions and the preparation of bait 

and prey protein samples were addressed in detail in [34].

2.2. In vitro protein–protein interaction techniques

The in vitro protein–protein interaction methods used in this work include Ni2+-affinity 

chromatography, co-purification, co-precipitation, and cross-linking. These methods were in 

general performed based on stringency approaches optimized for transient protein–protein 

interactions. The Ni2+-affinity chromatography and co-precipitation methods were described 

previously [34]. Co-purification was carried out similarly as shown in Ni2+-affinity 

chromatography, however, both soluble cytosolic fraction and 2% (v/v) CHAPS-solubilized 

membrane fraction was obtained from anaerobically grown, uninduced MC4100 cells 

containing pTDMS28 or pTWT124 were incubated with Ni2+-NTA resin for 2.5–3 h at 4 °C.

Cross-linking experiments were performed according to the kit provider (Pierce 

Biotechnology Inc.). In all experiments, the Sulfo-SBED biotin UV-reactive label transfer 

reagent was used. Briefly, purified protein (DmsD or control) was reacted with Sulfo-SBED 

reagent (5 μg/μL of protein along with 1.12 mg of reagent per 25 μL in 125 mM DMSO) at 

room temperature for 30 min in the dark to allow labeling. Samples were applied to a 5-mL 

Hi-Trap desalting column to remove unreacted reagent. Samples (500 μL) were incubated 

with soluble or solubilized membrane fractions from anaerobically grown WT E. coli 
MC4100 suspended in Buffer B (8 mM NaH2PO4, 140 mM NaCl, 2 mM K2PO4, 10 mM 

KCl, pH7.4), and incubated at room temperature for 15 min in the dark. Samples were then 
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exposed to 365 nm UV-irradiation for 20 min. Label transfer was accomplished with the 

addition of 50 mM DTT, followed by incubation of the samples on ice for 2–3 h with gentle, 

intermittent mixing. Samples were then applied to monomeric avidin columns (Pierce), and 

the columns were washed to reduced A280. Eluted protein fractions were then collected in 4–

6 column volumes, following application of 2 mM biotin in PBS, and then 100 mM glycine 

(pH 2.8) to the columns. Eluted fractions were pooled, concentrated with Millipore Biomax 

filters (0.5 mL volume, 10 kDa cut-off), and assessed through standard SDS-PAGE 

procedures. Cross-linked, label transferred biotinylated proteins were detected through 

Western blotting using Streptavidin–HRP (Pierce).

2.3. Protein identification methods

Proteins isolated from various protein–protein interaction experiments were excised from 

stained SDS-PAGE gels and then subjected to a 16-h, 37 °C in-gel trypsin digestion. Peptide 

mass fingerprinting was performed using the SELDI-TOF mass spectrometry (MS) in our 

department’s biophysics suit or by MALDI-TOF MS at the Southern Alberta Mass 

Spectroscopy Centre (Faculty of Medicine, University of Calgary). Alternatively, LC–

MS/MS analysis was carried out at the Genome BC Proteomics Centre, University of 

Victoria, BC, Canada. Masses were imported into Mascot, PeptIDent or ProFound databases 

for analysis.

2.4. BACTH assay

E. coli DH5α was used as the cloning host and a cya deficient E. coli strain BTH101 (from 

D. Ladant) was used as the recipient in all BACTH assays. Bacterial cultures were 

aerobically grown in LB-broth medium supplemented with 100 μg/mL ampicillin and 50 

μg/mL kanamycin, where applicable. Genes of the various interacting proteins were 

individually amplified by PCR using E. coli HB101 genomic DNA as the template. Then, 

the PCR products were subcloned into the corresponding sites of pUT18 [26,27], providing 

a fusion to the T18 fragment of CyaA. pDmsDT25, constructed previously [33], was used to 

generate another fusion protein, DmsD-T25, in the BACTH assays. A control protein for this 

study, TehB, was also evaluated. This protein is involved in metal oxyanion resistance from 

E. coli, and is a protein of similar size and pI. We have found that it expresses and 

accumulates at ca. the same levels as DmsD upon expression from the same promoter and 

vector. We used this protein in the initial studies exploring different interaction methods for 

transient interactions and has been our control for the in vitro studies [34]. Table 1 shows the 

plasmids constructed for the BACTH assays. Efficiencies of protein–protein interactions 

were quantified by measuring β-galactosidase activity in Miller units [27,35,36].

2.5. BiFC assay

BiFC assays by fluorescence spectrometry were performed with a Fluorolog-3 

spectrofluorometer (Jobin Yvon Inc.) as described previously [37] with minor modifications. 

After overnight incubation of E. coli transformants on the agar plates at 37 °C, the further 

incubation time at room temperature was shortened to 3 days. In addition, rather than 

excitation at the λmax for YFP at 513 nm, the excitation wavelength was set at 488 nm. 

Although this is far from the λmax for YFP, the interference of the emission spectrum by the 
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excitation spectrum, which could be observed when excitation was at 513 nm, was 

significantly reduced. Thus the emission peak at 526 nm has a better resolution.

Plasmids used for the BiFC assays were generated based on the constructs for the BACTH 

assays. pDmsDYcK and pDmsALYnK were constructed by replacing the T25 and T18 

fragments in pDmsDT25 and pDmsALT18 with PCR fragments encoding the C- (residues 

155–238, Yc) and N-(residues 1–154, Yn) terminal moieties of YFP, respectively. The linker 

sequences in the fusion proteins were also changed to those used by Kerppola et al. [28]. 

These two plasmids were designated differently elsewhere [38]. The plasmids harbouring 

genes of the various interacting proteins were generated correspondingly by replacing the 

T18 fragment in those plasmids constructed for the BACTH assays with the Yn fragment, 

thus generating a fusion of the interacting proteins to Yn. For the negative control, a plasmid 

pYn was constructed by replacing T18 with Yn in pUT18 [26,27]. Plasmids constructed for 

this approach are listed in Table 1.

3. Results

The first question that was asked in this study is if DmsD interacts with other proteins other 

than the substrate twin-arginine leader peptide from DmsA. In order to evaluate this 

question, we used epitope tagged DmsD to probe proteins in the cell extracts separated by 

SDS-PAGE and transferred onto a nitrocellulose membrane for a far-Western analysis. 

Additionally, we performed protein chip experiments analyzed by SELDI-TOF MS. These 

preliminary experiments provided evidence that interacting proteins of DmsD exist beyond 

the twin-arginine leader substrate (data not shown; [34]); however, these approaches do not 

provide identification of the interacting proteins.

Given these positive preliminary results, we employed a set of in vitro protein–protein 

interaction techniques to isolate and identify proteins that interact with DmsD. In 

consideration of the expected transient nature of the protein–protein interactions being 

sought, we recognized that we would need multiple techniques to identify interacting 

proteins to overcome method specific limitations. The figures presented here are 

representative data from various multiple replicates, minimally 3 at each experimental 

condition explored.

In some experiments, a Δtat strain was used. Our reasoning was that substrates would not be 

terminally processed/translocated and thus may become enriched in the cell and potentially 

remain in a complex with other accessory proteins. Similarly, as DmsABC and many other 

Tat substrates are anaerobically expressed proteins, we performed a number of the 

experiments using cell extracts prepared from anaerobically grown cultures. We employed a 

His6-T7-tagged version of DmsD for our in vitro experiments for immobilization and 

identification. We have found this tagged version of DmsD to be functional in binding 

DmsA leader peptide [39,40] and interacting with TatBC [9].

For transient interaction studies, we found that varying stringency conditions and key 

controls are important. We developed a comparative approach where the experiments were 

performed under the same conditions as DmsD but with a system ‘silent’ protein (TehB) and 
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the proteins from cell-free extracts of the two were compared and different proteins were 

then extracted and identified. For a more detailed description and background on the 

methods used here and the choice of controls, the reader is directed elsewhere [34]. 

Although a number of proteins were identified with our approaches, we chose to concentrate 

only on proteins identified by multiple methods (Table 2) for further validation of the 

interactions by two in vivo protein–protein interaction approaches.

3.1. Identification of potential DmsD interactors by chromatography approaches

Affinity chromatographic methods provide a tool for examining low-abundance proteins 

interacting with a protein of interest. Large volumes of cell-free extracts containing prey 

protein can be applied onto a small column containing immobilized bait protein. In this 

fashion, the column can effectively immobilize and concentrate lower-abundance prey 

proteins in a small volume of affinity resin. Selection of experimental parameters that will 

permit specific protein–protein interactions to occur while minimizing background is of 

great importance (addressed in [34]). Previous studies using pre-immobilized His6-T7-

DmsD to the resin resulted in the successful identification of pre-DmsA [12]. Here, purified 

His6-T7-DmsD was pre-equilibrated with the Ni-NTA agarose to provide a high 

concentration of bait, generating an effective affinity column for interacting proteins. Using 

this approach under a variety of experimental conditions, it was possible to identify several 

interactors using standard peptide mapping and subsequent MS analysis. Under almost all 

conditions, different chaperones were found to interact with the immobilized DmsD (Fig. 1, 

Table 2).

In the second chromatographic approach, less aggressive wash conditions were performed in 

order to allow for co-purification of DmsD interactors. Under our media conditions for 

DmsD purification, we observed low levels of DmsD accumulation without induction, 

presumably due to promotor leakage. Therefore, we purified DmsD from these expression 

conditions on a Ni-NTA matrix under low stringency conditions. A key chaperone found to 

co-purify along with His6-T7-DmsD was GroEL, a bacterial chaperone involved in protein 

folding in the cytosol (Fig. 1A). GroEL antibody (mouse monoclonal anti-GroEL; StressGen 

BioReagents) was used to further confirm the identity of the co-purified GroEL in a far-

western and in co-immunoprecipitation (not shown).

3.2. Identification of potential DmsD interactors through co-precipitation experiments

Purified His6-T7-DmsD was covalently immobilized to AminoLink resin, and was then 

exposed to anaerobically grown E. coli extract. Following SDS-PAGE separation, the lanes 

were cut out and subjected to LC–MS/MS analysis. By performing LC–MS/MS on a lane 

using the co-precipitation control resin and the TehB control protein, it was possible to 

subtract out proteins that were a system artifact. This method was successful in identifying 

MoeB, GroEL and other general chaperone proteins (Table 2).

3.3. Identification of potential DmsD interactors through cross-linking and label transfer 
experiments

Chemical cross-linkers have greatly enhanced the detection of protein interactions, 

especially in cases of protein complexes, as well as more transient or weak interactions that 

Li et al. Page 6

Biochim Biophys Acta. Author manuscript; available in PMC 2012 February 27.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



may not withstand standard protein interaction detection strategies (for a review, see [41]). 

Label transfer methods, as a subset of protein cross-linking strategies, are excellent tools 

used in the detection of protein–protein interactions [42]. We chose to use the newly 

developed Sulfo-SBED biotin UV-reactive label transfer reagent. Here, purified DmsD was 

reacted with the Sulfo-SBED reagent through amine groups. The labeled, purified bait 

protein was then incubated with prey protein fractions. Following UV-irradiation, the now-

cross-linked bait and prey proteins were cleaved through a reducing agent, resulting in biotin 

label transfer to the cross-linked prey proteins. The now-biotinylated prey proteins were 

purified through the use of a monomeric avidin column, resulting in significantly reduced 

matrix-dependent background levels. The fact that there is a single purified source of labeled 

bait protein means that, following label transfer, biotinylated prey proteins must have been 

the result of close proximity to the bait. Fig. 2 depicts results from His6-T7-DmsD cross-

linking studies. Protein bands of potential DmsD interactors were excised from SDS-PAGE 

gels, subjected to tryptic digestion and subsequent LC–MS/MS analysis (Table 2).

To further verify that DmsD was interacting with GroEL, we used pure GroEL (StressGen 

Bioreagents) and purified DmsD were found to cross-linking leading to label transfer, as 

GroEL was found to immobilize to the avidin column via the biotin label transferred from 

the DmsD. Although this cannot be taken alone as evidence of DmsD works with GroEL for 

DMSO reductase maturation, it does provide some support for the DmsD interaction with 

GroEL and other chaperones not being the result of unfolded DmsD acting as a chaperone 

substrate.

3.4. In vivo BACTH investigation of DmsD-interacting proteins

We employed the BACTH method based on the use of two fragments of CyaA [26,27]. Fig. 

3 demonstrates that the proteins identified as interactors by the above in vitro methods, also 

demonstrate interactions in vivo. The magnitude of the observed β-galactosidase activity 

resulted from the level of cAMP produced from the reconstitution of the T25 and T18 

domains of CyaA. For a strong, permanent interaction between two proteins, there would be 

a large production of cAMP and thus a high β-galactosidase activity. We saw this in the 

interaction between DmsD and the DmsA-RR-leader peptide showing a very strong signal 

(Fig. 3A). Other interactions were found to have much lower signals.

For more transient interactions, the amount of cAMP produced is an indication of the 

residence time of the DmsD interaction with a given partner. So for short interaction times a 

low Miller activity would be found. Additionally, it was important not to over express the 

genes involved, which could lead to concentration artifacts, which could lead to increased 

signals. The Miller assay is widely used in laboratories worldwide, however, the exact 

details of the assay are not generally stated in publications. Due to the many steps and 

reagents involved in the assay, variations in a single element can affect the results drastically. 

It has been recognized in an article reviewing the uses of lacZ for yeast two-hybrid studies 

that the assays are more useful when comparing results from internal controls that were 

treated identically during individual experiments [43]. Many of the results observed in Fig. 3 

are lower than what is normally expected for such a reporter system. To investigate the 

validity of these weaker signals, we utilized a control protein, TehB, which was used as the 
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background control in the in vitro experiments. Miller unit activities from TehBT25 with 

T18 constructs of the proteins investigated in Fig. 3 showed values ranging from 45 to 60 

(Supplementary Fig. 1), which is within the same range as the Zip peptide control with 

DmsD. Therefore, although ‘weak’ signals are in some cases observed and likely a result of 

very weak or transient interaction, the values are still significantly different from the control 

based on a student T-Test and compared to the TehB control protein.

Fig. 3A also displays data investigating interactions with other general chaperones. As 

DnaK, GrpE and GroEL were identified by in vitro methods, in this study we also 

investigated DnaJ as there is a chaperone cascade of DnaK – DnaJ – GrpE – GroEL [44]. 

Our data suggests a weak, transient interaction with this chaperone cascade. It is intriguing 

that the trigger factor (Tig) showed strong interaction evidence with DmsD in this assay 

although no fluorescence signal could be detected in another in vivo assay (see below). 

Similar method-related discrepancies were also observed when two fluorescence-based in 
vivo techniques were employed in the studies on the associations of E. coli NarJ with its 

substrate NarG [37].

Like the thoughts for the chaperone cascade, since MoeB of the molybdopterin biosynthesis 

pathway was found to interact with DmsD by the in vitro methods, other members of this 

pathway were chosen as it has been shown that the final stages of molybdenum cofactor 

biosynthesis occur on a complex consisted of MogA, MoeA, MobA and MobB [21]. Our 

BACTH data shows reasonably strong interactions of DmsD with MoeA and MoeB, weaker 

interactions with MogA and MobB, and very weak or no interaction with MobA (Fig. 3B).

3.5. BiFC confirmation of DmsD interacting proteins

The in vivo interaction between DmsD and the DmsA-RR leader peptide was confirmed by 

using the BiFC method [38]. As the YFP reassembly leading to fluorophore generation is an 

irreversible process, any weakly or transiently interacting protein partners are trapped and 

the interaction becomes permanent. Therefore, this technique is specifically powerful in 

investigating weak or transient protein–protein interactions.

Fig. 4 shows the specific intensity values determined for E. coli MC4100 and DADE 

transformants expressing both DmsD-Yc and DmsAL-Yn as well as various other Yn-

tagged proteins after a 3-day incubation at room temperature on nutrient agar. No data is 

available for Tig, since the expression of the Yn-tagged trigger factor (Tig–Yn construct) 

seemed to be lethal to the cells. Cell growth was inhibited but not ceased for DnaJ and Ef-Tu 

transformants, therefore data was still able to be collected but the lower signals may be due 

to this stress. Regardless this approach supports further that DmsD interacts with the 

chaperone cascade (Fig. 4A). This approach also further confirms that DmsD interacts with 

all the five proteins involved in the molybdenum cofactor biosynthesis pathway (Fig. 4B), 

perhaps in a way similar to the way NarJ interacts with NarG for molybdenum cofactor 

insertion [22] and TorD that facilitates an interaction of TorA with the cofactor biosynthetic 

system [20].

Performing these experiments with a ΔtatABCD/E strain led to stronger signals, which is in 

agreement with our hypothesis that the maturation pathway cannot continue and thus ‘hangs 
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up on hold’ allowing for more complexes to get trapped by the YFP chromophore cross-link. 

The difference in signals may be telling us about the ‘lifetime’ or kinetics of their 

interactions.

4. Discussion

The maturation of a multi-subunit enzyme with complex cofactors would involve a number 

of steps from translation at the ribosome, folding and cofactor insertion, targeting, 

translocation across the membrane, and finally assembly into an active functional complex. 

Here we asked the question what is involved in this process for DMSO reductase by 

examining if there is an interactome for this system specific chaperone, DmsD.

The existence of proteins that transiently interact with DmsD was explored using a variety of 

in vitro protein interaction approaches. Each technique reveals different bait–prey interaction 

information: protein chip and far-western approaches can be used to define that specific prey 

proteins do exist but only provide a list of molecular masses of targets. On the other hand, 

affinity chromatography, co-precipitation and cross-linking studies, in conjunction with 

protein identification methods such as peptide mapping/mass spectrometry revealed 

identities of ‘potential’ interactors. Because of the variations in physiochemical conditions, 

each technique in its isolation was not considered to provide conclusive evidence for a 

component of the DmsD interactors, nor a complete list of proteins in the interactome. The 

recurrence of a given prey protein in several protein–protein interaction approaches 

generates increased confidence in the potential bait–prey interaction, as well as ruling out 

the possibility that the interaction is simply a technique-specific artifact. The relative success 

of these experiments could be measured by the ability of these techniques to pull out 

expected DmsD interactors as well as a negative control protein not displaying a given 

interaction [34]. Affinity chromatography experiments with immobilized, purified His6-T7-

DmsD exposed to crude subcellular prey protein extracts led to the co-purification of not 

only the DmsD substrate DmsA, but also the closely related homologues. DmsA was also 

identified in co-precipitation and cross-linking experiments. Thus, several of the in vitro 
studies undertaken here were able to identify known as well as expected interactors. To 

protect against false positives, we utilized several different methods to ‘sample’ as many 

conditions as possible and we have chosen to concentrate on only those proteins found with 

multiple methods. However, it would be naive to assume Table 2 provides a complete list of 

the DmsD interactome as with such an approach we are sure to have missed some interactors 

via false negatives.

Examination of DmsD interactors reveals several features in the context of redox enzyme 

maturation in vivo. GroEL, a general chaperone protein involved in protein folding, may 

represent a key protein contributing either directly or indirectly to the DmsD interactome. 

Within the context of redox enzyme maturation, evidence in the literature has implicated 

GroEL with the insertion of the molybdenum–iron cofactor into the nitrogenase enzyme of 

Azobacter vinelandii [45]. The authors proposed that GroEL could be more generally 

involved in metalloenzyme maturation. Thus, the presence of GroEL could be significant in 

the context of the maturation pathway involving DmsD, given that DMSO reductase is itself 

a metalloenzyme containing both molybdenum cofactors as well as iron–sulfur clusters. 
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Moreover, GroEL, in cooperation with DnaK (a known in vitro RR-leader interactor; 

[12,24,25]), has been implicated in the folding of plant ferredoxin-NADP+ reductase [46]. 

Recent findings have also implicated GroEL in an interaction with NapD, the REMP protein 

for periplasmic nitrate reductase in E. coli [47].

Studies by Houry et al. [48] and Kerner et al. [49] generated a list of ~300 E. coli GroEL 

substrates and interacting proteins. These general high-throughput studies did not find any of 

the REMPs as GroEL substrates, supporting that the interaction observed here is not because 

DmsD is a substrate of GroEL. Several of the potential DmsD-interacting proteins identified 

through co-precipitation and cross-linking studies, such as Tig, GrpE, and Ef-Tu, have been 

identified as potential GroEL substrates/interactors in the cell [48,49]. As we also identified 

these proteins, it is possible that the above GroEL substrates may represent indirect DmsD 

interactors (As in protein X interacts with Y which has Z interacting with it) and/or that 

DmsD is ‘holding’ the RR-leader containing substrate for the chaperonin/foldase.

In prokaryotes, the ribosome-associated trigger factor (Tig) is the first chaperone nascent 

polypeptides encounter when they emerge the ribosomal exit tunnel and are released into the 

cytosol. Evidence showed that Tig forms a protective shield for nascent polypeptides on the 

ribosome [50]. Although no data is available from our BiFC assay because of an unclear 

lethal effect of the expression of the Tig–Yn fusion, the in vitro data from the co-

precipitation and cross-linking experiments as well as the in vivo BACTH data showed a 

clear interaction between DmsD and Tig. Moreover, DmsD interaction with Tig has an 

interesting support as Tig has been shown to interact in vivo with translating RR-leader 

containing peptides, which may suggest direct participation in REMP substrate binding [51]. 

Together these data suggest that DmsD may interact with DmsA by attaching to its RR-

leader immediately after the DmsA polypeptide leaves the ribosome and acts in concert with 

Tig to protect it from untimely degradation or aggregation processes. However, the weak 

and/or transient interaction between DmsD and the translation elongation factor Ef-Tu 

shown in the BiFC assay suggests that DmsD might approach to the freshly synthesized 

DmsA leader even prior to the termination of synthesis of the DmsA polypeptide chain. The 

above implies that DmsD may be part of a chaperone cascade complex facilitating a folding-

maturation pathway for the substrate protein.

The proteins discussed above suggest a chaperone cascade in which DmsD participates or 

escorts its substrates along. In addition to these chaperones, links to cofactor biosynthesis 

are also suggested through the interactor hit of MoeB. The system specific chaperone NarJ 

has been shown to be required for the interaction of NarGH (nitrate reductase A) with a 

complex of proteins involved in the last stages of the molybdenum cofactor biosynthetic 

pathway including MobA, MobB, MogA and MoeA [21]. However, MoeB is considered to 

be involved earlier in the pathway [52], and is a sulfurase in a complex with MoaD [53]. 

Given the present understanding of molybdenum cofactor biosynthesis, our observation of 

DmsD interaction with MoeB was unanticipated. Whether NarG also interacts with MoeB or 

not was not reported [21,22]. However, a mutant in MoeB was found to affect DmsA 

maturation but not NarG or TorA [54], thus there may be a unique path related to DMSO 

reductase maturation requiring chaperone participation in a different fashion. Regardless we 

used the same two-hybrid method (BACTH) as the NarG study [21] and showed an 
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interaction of DmsD with MoeA and MobB similar to that found with NarG, suggesting that 

the molybdenum cofactor biosynthesis may occur in a metabolon complex that the REMP 

chaperones target their substrates to. The in vivo BiFC data not only confirms our in vitro 
observation but also shows the interactions of DmsD with all the other four molybdopterin 

cofactor biosynthetic enzymes involved in the maturation of the nitrate reductase A. 

Furthermore, it was proposed that the maturation of the E. coli trimethylamine oxide 

reductase (TorA) requires TorD to make the enzyme competent to receive the molybdenum 

cofactor [55]. It was proposed that TorD acts as a platform connecting the last step of the 

synthesis of the molybdenum cofactor just before its insertion into the catalytic site of TorA 

[20]. Taken together, all these data suggest a general chaperone role of REMPs in the 

molybdenum cofactor insertion, although different systems with different REMPs may be 

interacting with the metabolon complex differently.

To seek transient and weak interactors of DmsD, we employed various in vitro protein–

protein interaction techniques. These were then verified by two in vivo two-hybrid 

approaches. On this note, reliance on protein interaction prediction programs such as 

STRING is problematic, in that often not all interactors are presented, and much of the listed 

interactors are the result of automated literature text mining or inferred by co-expression. On 

the other hand, sites such as Bacteriome.org collect E. coli specific experimental data and 

rank based on confidence [56,57]. However, only a few of our observed interactions have 

been reported at this site, indicating many interactions still to be found, particularly those of 

a more transient nature. Compilation of evidence from the literature, further supported by 

this present study, points to not only the broad substrate specificity of certain general 

cytosolic chaperones, but also as interaction partners, thus representing ‘nodes’ at which 

several interactions occur [for example, see 51].

Given the above evidence, and based on the in vitro results summarized in Table 2 and in 

vivo data of Figs. 4 and 5, it is tempting to speculate that the process of redox enzyme 

maturation from the perspective of metalloprotein-containing Tat substrates involves a host 

of protein factors from the moment of translation to export through the Tat translocase. 

Proteins identified here would act in concert not only to stabilize the substrate protein, 

thereby preventing degradation and/or premature folding, but also to facilitate interaction 

with molybdopterin biosynthetic proteins and allow cofactor insertion. Some of the 

interaction results obtained here correlate with findings from the high-throughput in vitro 
evaluation of E. coli interaction networks using the random approach of Tandem-Affinity-

Purification method, which identified protein–protein interactions of tighter interaction 

affinities [51,57]. Targeting to the Tat translocase would then be accomplished probably 

through transient and weak but specific interactions of the TatBC complex with the REMP 

proteins and the RR-leader itself.

Overall our findings suggest that DmsD acts as a central hub or linker for a network or 

pathway to facilitate maturation events of the substrate folding and cofactor incorporation as 

well as subsequent targeting.
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Fig. 1. 
Representative findings from affinity chromatography approaches. (A) Co-purifying proteins 

with DmsD preparation (lane 1; lane 2. control protein preparation). Proteins with asterisk 

confirmed to interact with DmsD by far-western (not shown). (B) Potential His6-T7-DmsD-

interacting species from anaerobic solubilized membrane prey fractions. Eluted fractions 

from Ni2+-NTA resin exposed to CHAPS-solubilized E. coli membrane prey fractions. Lane 

1, His6-T7-DmsD-immobilized resin; lane 2, His6-T7-TehB control protein immobilized 

resin. (C) Co-purification experiments demonstrating potential His6-T7-DmsD-interacting 

species from anaerobic expressed DmsD soluble fractions. Lane 1, MC4100; lane 2, 

MC4100/pTDMS28. (D) Co-purification experiments demonstrating potential His6-T7-

DmsD-interacting species from anaerobic solubilized membranes. Putative interacting 

proteins are indicated with asterisks. Arrows denote the His6-T7-DmsD or control protein. 

Molecular mass markers (in kDa) are indicated to the left.
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Fig. 2. 
Representative interaction experiments using Sulfo-SBED cross-linker. Sulfo-SBED reacted 

purified His6-T7-DmsD was incubated with wild-type soluble prey protein fraction (~1.6 μg 

bait to prey extract protein ratio) and exposed to UV to permit cross-linking. Parallel 

experiments performed with non-reacted control. Cross-linked samples were cleaved with 

DTT to transfer the biotin label to the interacting partner and purified on an avidin column. 

After incubation the various soluble cell extract samples were run on a 12% SDS-PAGE gel 

and electroblotted. Following blocking in 10% milk/TBS/0.2% azide, the blot was initially 

probed with 100 ng/mL Streptavidin–HRP (Novagen) prior to development with Opti-4CN 
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HRP developer reagent (Bio-Rad). Therefore bands in the figure contain biotin. Lane 1, 

Sulfo-SBED cross-linker reacted His6-T7-DmsD with soluble cell extract; lane 2, His6-T7-

DmsD with no cross-linker exposed to cell extract; lane 3, no His6-T7-DmsD added to the 

cell extract. Molecular masses (in kDa) are indicated to the left. Non cross-linked biotin 

labeled DmsD bands are highlighted with an arrow indicating both monomer and dimer 

forms (confirmed by anti-DmsD antibody). Additional bands found in control lanes 2 and 3 

are naturally occurring biotinylated or biotin-binding proteins.
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Fig. 3. 
DmsD interactions revealed by bacterial two-hybrid approach. Functional complementation 

of the two CyaA domains brought together by the interaction of DmsD and a given 

interacting partner result in cAMP synthesis and the subsequent induction of the Lac operon 

that is evaluated by the β-galactosidase activity. Miller unit activities represent the relative 

levels of hybrid protein–protein interaction. The background was established using the 

control system of pDmsDT25 interacting with pUT18-Zip, which is not expected to have 

any interaction. A: Interactions with general chaperones. For comparison DmsD interaction 

with its DmsA leader substrate is also shown. To show relative amounts the Tig and DmsA 

interactions are shown at 1/3 (×3) and 1/5 (×5) their values obtained. B: Interactions with 

proteins involved in the molybdopterin cofactor biosynthesis. Data was subjected to the T-

Test and were found to be significantly different than background control for all samples 

except for MobA.
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Fig. 4. 
DmsD interactions revealed by the biomolecular fluorescence complementation assay. The 

specific intensity is the relative fluorescence from the reconstituted YFP protein ratio to the 

cell density. The negative control for these experiments is the data obtained from 

transformants containing both pDmsDYcK and pYnK which is based on the same parent 

plasmid for the other constructs used in the BiFC assay but only harbours the gene encoding 

the N-terminal moiety of YFP. A: Interactions with general chaperones. B: Interactions with 

proteins involved in the molybdopterin cofactor biosynthesis. For comparison DmsD 

interaction with its DmsA leader substrate is also shown in panel B. Shaded bars represent 

data obtained using a Δtat strain, whereas open bars are data for WT E. coli. Data was 

subjected to the T-Test and were found to be significantly different than background control 

for all samples except interaction with DnaJ in WT host.
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Fig. 5. 
Interaction web for DmsD. Interactions are cartooned showing in solid line interactions 

described by the Bacterial Protein interaction database (Bacteriome.org). Dashed lines 

indicate strong interactions demonstrated by this study and previous work from our group. 

Dotted lines are weaker or more transient interactions suggested by this study. The 

interaction network of the molybdopterin cofactor biosynthesis is shown, however, for 

clearer viewing interactomes of the chaperones are not included.
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Table 1

Bacterial strains and plasmids used in this study.

Strain or plasmid Description Reference or source

E. coli strain

 DH5α F′/endA1 hsdR17 (
Equation) glnV44 thi-1 recA1 gyrA (NalR) relA1 Δ(lacIZYA-argF)U160 deoR 
(Φ80dlacΔ(lacZ)M15)

Laboratory collection

 HB101 F−, Δ(gpt-proA)62, leuB6, glnV44, supE44, ara14, galK2, lacY1, rpsL-20(StrR), xyl-5, Δ(mcrC-
mrr), hsdS20, mtl-1, recA13

Laboratory collection

 C41(DE3) F−, ompT gal hsdSB (
Equation) dcm lon λDE3 and an uncharacterized mutation described in the reference

[30]

 MC4100 F− araD139 Δ(argF-lac)U169 rpsL150 (StrR) relA1 flbB5301 deoC1 ptsF25 rbsR Laboratory collection

 DADE MC4100; ΔtatABCD/E [31]

 BTH101 F−, cya-99, araD139, galE15, galK16, rpsL1(StrR), hsdR2, mcrA1, mcrB1 D. Ladant

Plasmid

 pTDMS28 His6-T7-DmsD cloned into pRSETC [12]

 pTDMS124 His6-T7-TehB cloned into pRSETC [32]

 pKNT25 T25 fragment of the catalytic domain of Bordetella pertussis adenylate cyclase CyaA; KanR. [26,27]

 pUT18 T18 fragment of the catalytic domain of Bordetella pertussis adenylate cyclase CyaA; AmpR. [26,27]

 pDmsDT25 pKNT25 derivative, DmsD fused to T25 [33]

 pDmsALT18 pUT18 derivative, DmsA leader fused to T18 [33]

 pTehBT18 pKNT25 derivative, TehB fused to T25 This work

 pMogAT18 pUT18 derivative, MogA–T18 fusion This work

 pMoeAT18 pUT18 derivative, MoeA–T18 fusion This work

 pMoeBT18 pUT18 derivative, MoeB–T18 fusion This work

 pMobAT18 pUT18 derivative, MobA–T18 fusion This work

 pMobBT18 pUT18 derivative, MobB–T18 fusion This work

 pDnaKT18 pUT18 derivative, DnaK–T18 fusion This work

 pDnaJT18 pUT18 derivative, DnaJ–T18 fusion This work

 pGrpET18 pUT18 derivative, GrpE–T18 fusion This work

 pGroELT18 pUT18 derivative, GroEL–T18 fusion This work

 pEf-TuT18 pUT18 derivative, Ef-Tu–T18 fusion This work

 pTigT18 pUT18 derivative, Tig–T18 fusion This work

 pDmsDYcK pDmsDT25 derivative, DmsD fused to C-terminus of YFP (Yc) This work

 pDmsALYnK pDmsALT18 derivative, DmsA leader fused to N-terminus of YFP (Yn) This work

 pYnK pUT18 derivative, T18 replaced by Yn This work

 pMogAYnK pDmsALYnK derivative, MogA–Yn fusion This work

 pMoeAYnK pDmsALYnK derivative, MoeA–Yn fusion This work

 pMoeBYnK pDmsALYnK derivative, MoeB–Yn fusion This work

 pMobAYnK pDmsALYnK derivative, MobA–Yn fusion This work

 pMobBYnK pDmsALYnK derivative, MobB–Yn fusion This work

 pDnaKYnK pDmsALYnK derivative, DnaK–Yn fusion This work

 pDnaJYnK pDmsALYnK derivative, DnaJ–Yn fusion This work
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Strain or plasmid Description Reference or source

 pGrpEYnK pDmsALYnK derivative, GrpE–Yn fusion This work

 pGroELYnK pDmsALYnK derivative, GroEL–Yn fusion This work

 pEf-TuYnK pDmsALYnK derivative, Ef-Tu–Yn fusion This work

 pTigYnK pDmsALYnK derivative, Tig–Yn fusion This work
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Table 2

Chaperones and molybdopterin cofactor biosynthesis proteins identified to interact with DmsD by in vitro 
methods.

Interactor Description Technique

Ef-Tu Translation elongation factor (TufA) 1, 3, and 4

DnaK Hsp70 Homologue; Chaperone 1, 2, 3, and 4

GroEL 60 kDa Chaperonin 1, 2, 3, 4, and 5

GrpE GrpE protein; part of the DnaK/DnaJ/GrpE system 1, 3, and 4

Tig Trigger factor; interplay with DnaK/GroEL as chaperones 1, 3, and 4

MoeB Molybdopterin biosynthesis 1, 3, and 4

Techniques:

1. Cross-linking followed by direct LC–MS/MS for detection.

2. Ni2+-affinity chromatography followed by SDS-PAGE and MALDI-TOF MS.

3. Co-precipitation followed by SDS-PAGE and MALDI-TOF MS.

4. Cross-linking followed by SDS-PAGE and MALDI-TOF MS

5. Co-purification followed by SDS-PAGE and MALDI-TOF MS.
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