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Abstract Herein are reported the mainchain 'H, '*C and
>N chemical shift assignments and amide '°N relaxation
data for Escherichia coli DmsD, a 23.3 kDa protein
responsible for the correct folding and translocation of the
dimethyl sulfoxide reductase enzyme complex. In addition,
the observed amide chemical shift perturbations resulting
from complex formation with the reductase subunit DmsA
leader peptide support a model in which the 44 residue
peptide makes extensive contacts across the surface of the
DmsD protein.
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Introduction and biological context

The twin arginine translocase (Tat) is a means by which
fully folded proteins, many with redox sensitive cofactors,
are translocated across the plasma membrane of bacteria
(Weiner et al. 1998). Substrates for Tat contain a charac-
teristic S/T-R-R-X-F-L-K motif near the N-terminus of
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their leader peptide sequences (Berks 1996). The substrate
proteins themselves are functionally diverse and include
virulence factors, transmembrane proteins, lipoproteins and
redox enzymes (Lee et al. 2006). Many of these proteins
require the involvement of specialized chaperones to
ensure their correct folding and assembly prior to translo-
case targeting (Genest et al. 2009). These chaperones are
collectively referred to as redox enzyme chaperone pro-
teins (REMPs) (Turner et al. 2004). The two best studied
bacterial REMPs are DmsD and TorD (Oresnik et al. 2001;
Pommier et al. 1998). Although a wealth of structural
information is available for each, including X-ray crystal
structures of DmsD from Escherichia coli and TorD from
Shewanella masillia (Ramasamy and Clemons 2009; Ste-
vens et al. 2009; Tranier et al. 2003), the molecular details
of how these REMPs perform their functions remain lar-
gely unknown. Despite many studies exploring the inter-
action of DmsD with the leader peptide from the DmsA
subunit of dimethyl sulfoxide reductase. This includes the
identification and biochemical characterization of several
residues that may play a role in binding and a molecular
dynamics simulation with a de novo generated peptide
(Chen et al. 2008; Stevens et al. 2009; Winstone et al.
2006), a complete picture of the interactions between
DmsD and its substrates has not yet been revealed.

In this note, we report the chemical shift assignments of
the mainchain lH, 5N and '3C nuclei and amide relaxation
data for E. coli DmsD, as well as a comparison of spectra
collected for the chaperone in the presence and absence of
the DmsA leader peptide (DmsA;). These data both sup-
port the proposed peptide-binding interface of DmsD as a
shallow groove extending around the surface of the protein
and open the door for future NMR spectroscopic experi-
ments to probe the function of DmsD and elucide its role in
the secretion of the DmsABC complex.
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Methods and experiments

The dmsD gene from E. coli was cloned into the pET-15b
expression vector and transformed into BL21(DE3) cells. A
100 mL culture of these cells was grown in Luria broth with
ampicillin overnight at 30 °C. The bacteria were harvested
by centrifugation at 5,000x g, resuspended in 1 L of unla-
beled M9 minimal media, grown at 37 °C for 7 h to
ODgoo = 0.9, harvested again by centrifugation, and finally
resuspended in 300 mL of 99 % D,0O M9 minimal media
with 1 g ""NH,CI and 1 g *H,/"*Ce-glucose. After 1 h of
incubation at 25 °C, isopropyl-f-thiogalactoside (IPTG,
0.1 mM final) was added to the culture, followed by growth
overnight at 25 °C. The Hise-tagged DmsD protein was
purified using Ni*-NTA affinity chromatography (Qiagen),
as outlined previously (Stevens et al. 2009). However, to
ensure amide protonation, the bound protein was unfolded by
treatment with 5 column volumes of TBS (20mM Tris-HCl
pH 8.0; 100 mM NaCl) supplemented with 8 M urea and
refolded by incubation with 10 column volumes of TBS for
30 min. prior to elution from the affinity column. Further
purification to homogeneity was achieved using size exclu-
sion chromatography on a Sephacryl S-100 column, equili-
brated with TBS and run with a flow rate of 1.0 mL/min
using an AKTA prime system. The purified “H/'*N/'*C-
labeled protein, containing the full 204 residues of wild type
DmsD (UniProt P69853) and a 19 residue N-terminal
extension, comprised of a Hisg tag and thrombin protease
recognition site (MGSHHHHHHSSGLVPRGSH), was
concentrated to 0.8 mM in 50 mM sodium phosphate buffer
at pH 6.5 with 5 % D,0 using a 10 kDa MWCO Amicon
centrifugal filter (Millipore). A non-deuterated '*N/'*C-
labeled sample was prepared as above using H,O M9 media
and *C¢-glucose.

A complex of labeled DmsD with the unlabeled DmsA;
leader peptide (residues 1-44 of DmsA followed by a
proline, a thrombin protease cleavage site, and a Hise- tag)
was obtained as described previously (Stevens and Paetzel
2012). Note that DmsA; must be co-expressed and co-
purified with DmsD. Thus *H/'>N/'*C-labeled DmsD was
exchanged for unlabeled DmsD while the DmsA; was
immobilized on a Ni*"-NTA affinity column. After elution
with imidazole, the desired sample was concentrated to
5 mL and applied to a Sephacryl S-100 column, equili-
brated with 50 mM sodium phosphate buffer at pH 6.5, and
run with a flow rate of 1.0 mL/min. Resolved fractions
containing the complex of unlabeled DmsA; and “H/"
C/"*N-labeled DmsD were concentrated to 400 uM in
50 mM sodium phosphate buffer at pH 6.5 using a 10 kDa
MWCO Amicon centrifugal filter.

NMR spectra were recorded at 25 °C using a Bruker
850 MHz Avance III spectrometer equipped with a 'H/"
C/"N TCI cryoprobe. The spectra were processed with
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NMRPipe (Delaglio et al. 1995) and analyzed with Sparky
(Goddard and Kneller 2008). External 2,2-dimethyl-2-
siliapentane-sulfonic acid (DSS) was used as a direct ref-
erence for 'H and indirect for '*C and '°N. The signals
from the mainchain nuclei of ?H/"*C/'°N-labeled DmsD at
pH 6.5 were assigned using “H-decoupled TROSY-based
ISN-HSQC, HNCO, HN(CA)CO, HNCACB, HN(CO)-
CACB, and non-TROSY C(CO)-TOCSY-NH spectra
(Sattler et al. 1999), combined with 150 ms mixing time
3D 'H- and ""N-resolved NOESY-HSQC spectra (Ikura
et al. 1990). Amide >N heteronuclear NOE relaxation data
for a non-deuterated sample of '"N/'*C-labeled DmsD
were recorded with a 600 MHz Varian Inova spectrometer
(Farrow et al. 1994).

Amide 'HY and >N assignments for labeled DmsD in
complex with unlabeled DmsA; at pH 6.5 were assigned
from “H-decoupled TROSY-based HNCACB and HNCA
(CO)CB spectra, using the spectra for the free protein as a
guide. The chemical shift perturbation for each residue with
assigned signals in the spectra of both free and complexed
DmsD was calculated as Ad = [(Ad ) + (Adsn/5)]">.

Results and discussion

Overall, DmsD yielded a '>N-HSQC spectrum with
excellent dispersion and lineshape, indicating that this
23.3 kDa protein is stably folded and well behaved in
solution (Fig. 1a). Assignment of signals from main chain
IHN, 15N, 13C"‘, 13¢# and/or *C’ nuclei were obtained for
166 of 190 non-proline residues using standard triple res-
onance approaches and have been deposited in the Bi-
oMagResBank (http://www.bmrb.wisc.edu) with accession
number 18257. Signals from residues 4-9, 16, 74-78,
87-88, 97, 128-131, and 153 could not be assigned
unambiguously, most likely due to spectral overlap. A
second set of weaker 'H-'"N peaks was also identified for
63 residues broadly clustering near helix 5. The origin of
this conformational heterogeneity is unclear as this region
is lacking in prolines and, although containing an exposed
cysteine, addition of excess DTT did not alter the spectra of
DmsD. Parenthetically, although deuteration and the use of
a 850 MHz NMR spectrometer with TROSY-based pulse
sequences improved the quality of the DmsD spectra, a
total of 161 assignments, including those from duplicate
peaks, were obtained from data recorded for an initial
N/"C-labeled sample of the protein using a 600 MHz
spectrometer.

The secondary structural elements of DmsD derived
from main chain '>C chemical shifts using the SSP (Marsh
et al. 2006) and MICS (Shen and Bax 2012) algorithms
(Fig. 1b) are in good agreement with those observed in
the X-ray crystallographic model of the helical protein
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Fig. 1 a Assigned '>N-HSQC TROSY spectrum of DmsD (pH 6.5,
25 °C). Backbone 'HN-'"N peaks are labeled by residue and the
boxed region is expanded in the additional panel. ‘B’ denotes the
weaker peak for amides yielding two signals. b Top Confidence
scores for the predicted secondary structure as helix (red), loop
(green) and strand (blue) generated from main chain chemical shifts
by the MICS program (Shen and Bax 2012). Middle Secondary
structure propensity (SSP) scores based on backbone 3C%, 3CP, 3¢’
chemical shifts (Marsh et al. 2006). Values approaching +1 and —1

(PDB: 3EFP and 3CWO0) (Ramasamy and Clemons 2009;
Stevens et al. 2009). However, some small differences are
observed, such as the indication from chemical shifts of
f-strand character in the flexible loop region between
helices 7 and 8. The SSP, but not MICS, algorithm also
suggests that helices 10 and 11 extend longer than observed
within the crystallized protein.

Insights into the local backbone dynamics of DmsD are
provided by the steady-state heteronuclear '’N NOE values
shown in Fig. 1b. In general, the backbone of the protein is
well ordered, with enhanced fast timescale flexibility only
observed in the loop regions between helices 5 and 6 and
between helices 7 and 8. The former contribute to the
proposed binding site for the DmsA leader peptide (Chan
et al. 2008; Stevens et al. 2009), and the latter comprises
the hinge region between two subdomains of the protein
that is flexible in the X-ray crystal structures of all of the
TorD-like REMP proteins (Stevens et al. 2009; Tranier
et al. 2003; Ramasamy and Clemons 2009).

To investigate the mechanism of leader peptide binding,
a complex of unlabeled DmsA; and *H/"*C/"’N-labeled
DmsD was prepared. As shown in Fig. 2, the '’N-HSQC
TROSY spectra of free and bound DmsD differ signifi-
cantly. Unfortunately, titration experiments to aid spectral
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are diagnostic of o-helical and f-strand conformations, respectively.
Lower Amide heteronuclear '>N-NOE values for DmsD. Blank points
correspond to unassigned amides and prolines. Reduced NOE values,
indicative of increased sub-nanosecond timescale motions, are
observed at the termini and the loops between helices 5 and 6 and
between helices 7 and 8. The cylinders denote o-helices observed in
the X-ray crystallographic structure of DmsD (PDB: 3EFP) (Stevens
et al. 2009)

assignments were not possible as DmsA; binds with
0.2 uM affinity (Winstone et al. 2006) and is not soluble in
isolation. Although the spectra of the complex were of
poorer quality than those of the free protein, we were able
to confidently assign signals from 160 amides and thereby
obtain chemical shift perturbations due to peptide binding.
When mapped onto the structure of free DmsD, amides
showing the greatest chemical shift perturbations cluster to
one broad surface region (Fig. 2b, c¢). This region overlaps,
in part, with residues (18, 72, 75, 76, 86, 87, 123, 124, 126,
127, 147, 151, and 172) shown previously by mutagenesis
to be important for leader peptide binding (Chan et al.
2008). Some discrepancies between the two approaches
arise, possibly due to indirect effects of mutations and
incomplete spectral assignments for the complex. For
example, residues 72, 126, 127, 150, and 172 did not
undergo large chemical shift perturbations, even though
they were shown to be important by mutagenesis. Addi-
tionally, perturbations for Pro86, Prol24, and the unas-
signed Glul23 could not be assessed by these NMR
methods despite being identified in the previous mutagen-
esis study. Nevertheless, these data are consistent with the
hypothesis that DmsA;, binds DmsD along a hydrophobic
surface groove that extends from the previously identified
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Fig. 2 a Superimposed '"’N-HSQC TROSY spectra of DmsD in the
absence (red) and presence of unlabeled DmsA; (blue). b, ¢ Chemical
shift perturbations Ad for amides with assigned signals in both forms
of DmsD are mapped onto a ribbon and surface diagram of free
DmsD (PDB: 3EFP) with the indicated color code. In ¢, blank points
correspond to prolines and unassigned amides in the free protein, and

“hot pocket” between helices 5, 6, and 7 (Chan et al. 2008)
outward across the “front” surface of the protein toward
helices 3 and 4 (Fig. 2c left), as well as towards Argl61 on
the “back” face of the protein (Fig. 2c right).

It is also noteworthy that a '’C/"’N-filtered NOESY
spectrum yielded only signals from the unlabeled peptide
with poorly dispersed "HY chemical shifts (not shown).
This suggests that the DmsA; leader does not adopt any
predominant helical or stand conformation when bound to
DmsD. This is similar to what was observed in a previously
reported molecular dynamics simulation of leader peptide
binding (Stevens et al. 2009), but is in contrast to predic-
tions that the leader peptide adopts a helical conformation
upon binding to the REMP (Buchanan et al. 2008).
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* Shown to be important for binding
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