l@y © 2015 Nature America, Inc. All rights reserved.

nature
structural &
molecular biology

ARTICLES

Structure and multistate function of the transmembrane

electron transporter CcdA

Jessica A Williamson!6, Seung-Hyun Cho?-*9, Jiqing Ye®, Jean-Francois Collet>4, Jonathan R Beckwith3 &

James J Chou!

The mechanism by which transmembrane reductases use a single pair of cysteine residues to relay electrons between protein
substrates across biological membranes is a long-standing mystery in thiol-redox biochemistry. Here we show the NMR structure
of a reduced-state mimic of archaeal CcdA, a protein that transfers electrons across the inner membrane, by using a redox-active
NMR sample. The two cysteine positions in CcdA are separated by 20 A. Whereas one is accessible to the cytoplasm, the other
resides in the protein core, thus implying that conformational exchange is required for periplasmic accessibility. In vivo mixed
disulfide—trapping experiments validated the functional positioning of the cysteines, and in vitro accessibility results confirmed
conformational exchange. Our NMR and functional data together show the existence of multiple conformational states and
suggest a four-state model for relaying electrons from cytosolic to periplasmic redox substrates.

The bacterial periplasm is oxidizing, whereas the cytoplasm is
reducing. Transport of reducing power from the cytoplasm to the
periplasm by a transmembrane (TM) electron transporter is essential
to periplasmic thiol-redox activity. The best-known TM reductase
is Escherichia coli (Ec) DsbD, which has a TM domain (DsbDf}) and
two periplasmic domains (DsbDo and DsbDY), each containing a
redox-active cysteine pair'? (Fig. 1a). Electrons are transferred from
cytoplasmic thioredoxin A (TrxA) to DsbDp, relayed across the
membrane and through its periplasmic domains, and transferred to
various periplasmic targets to maintain their reductive activity3-8.
Redox activities (and their associated proteins) include protein
disulfide isomerization (DsbC), cytochrome ¢ maturation (CcmG)
and defense against oxidative stress (DsbG)?-11.

CcdA is a minimal homolog of DsbD that has six TM helices
instead of eight (DsbDf) and can also reduce CcmG'%>13 (Fig. 1a).
Another DsbD homolog, ScsB, found in Salmonella typhimurium,
also lacks the last two TM helices but maintains similar periplas-
mic domains and functionality, thus suggesting that the last two TM
helices are dispensable in the function of these DsbD homologs!415.
Separate DsbDo homologs exist in many bacteria with CcdA only!>.
Furthermore, DsbD o, B and y domains that are physically split
and combined individually can reconstitute the function of DsbD?.
Therefore, it has been proposed that CcdA has evolved into DsbD
through fusion of the two periplasmic proteins to the TM domain,
thus allowing greater electron-transfer efficiency®!2.

The transporter-like architecture of DsbDf} has been suggested
from functional mutagenesis and biochemical studies probing

solvent accessibility!®!7. The two functional cysteines of DsbDf
are on predicted TM helices 1 and 4 (Fig. 1a and Supplementary
Fig. 1). The sequence surrounding the cysteines is highly conserved,
particularly the proline residues flanking each cysteine (Fig. 1b).
Each proline in the PCX(,.3)P active sites is important for cysteine
accessibility and redox activity!®1819. DsbDp has an inverted pseudo-
symmetry, thus allowing access to the functional cysteines from both
sides of the membrane!®20, which in turn allows the two cysteines
to cycle through oxidized and reduced states and thus pass reducing
power into the periplasm.

There are no known structures of any TM reductases. The TM
reductases use no cofactors, bind soluble protein substrates on both
sides of the membrane and must transfer reducing power via a single
cysteine pair without disrupting membrane integrity?!. To elucidate the
molecular architecture allowing this mechanism, we chose the minimal-
ist CcdA (190 amino acids) from the archacon Archaeoglobus fulgidus
(AfCcdA) for structure determination by NMR. AfCcdA with EcDsbDo
fused at its N terminus (Da-AfCcdA (Supplementary Fig. 1); DsbDa.
is removed during purification) can be produced in sufficient, stable
quantities when expressed in a AtrxB strain?2. In this strain, oxidized
TrxA accumulates, owing to the thioredoxin reductase (TrxB) knockout;
therefore, the AfCcdA disulfide bond is maintained. AfCcdA is highly
homologous to the functionally characterized Rhodobacter capsulatus
CcdA and DsbD around the functional cysteines!'? (Fig. 1b). Its struc-
ture thus should be representative of the TM reductase family. We set
out to reveal the molecular architecture of the TM reductase by charac-
terizing the structure of the AfCcdA with NMR methods.
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Figure 1 Transmembrane reductase topology and redox-active NMR system. (a) Schematic of CcdA and DsbD topology and reductive pathway from
cytoplasmic NADPH to periplasmic targets via CcdA or DsbD. Arrows indicate the flow of two electrons, TrxB indicates Trx reductase, and Cs in red

circles denote the redox-active cysteines. Slash denotes ‘or’.

(b) Multiple sequence alignments (ClustalW2) of predicted TM helices 1 and 4 from

A. fulgidus and R. capsulatus (Rc) CcdA and DsbD. Conserved residues are marked with an asterisk, functional cysteines are boxed in red, and the
conserved flanking prolines are in gray. The DsbD TM helix prediction is underlined!4. (c,d) !H-15N TROSY-HSQC spectra of AfCcdA(CC) (oxidized) (c)

and AfCcdA(AA) (reduced mimic) (d), recorded at 600 MHz.

RESULTS

A functionally relevant NMR sample of AfCcdA

AfCcdA was solubilized and purified in dodecylphosphocholine
(DPC) micelles. Several studies have used fos-choline detergents
to reconstitute membrane-embedded enzymes and solute carri-
ers that are both functional and able to generate high-resolution
NMR spectra?3-25, The 2D 'H-1°N correlation spectrum of oxidized
AfCcdA is typical of a helical membrane protein of its size (Fig. 1c).
Reduction of the protein with Tris(2-carboxyethyl)phosphine (TCEP;
Supplementary Fig. 2) dramatically changed the NMR spectrum,
thus indicating that a global conformational change occurs just by
the breaking of one disulfide bond. Removal of the disulfide bond by
double mutation (C16A C118A; denoted AfCcdA(AA)) produced an
equivalent spectrum (Fig. 1d). After removal of TCEP by dialysis, the
reduced spectrum returned to the oxidized form (Supplementary
Fig. 2). That AfCcdA could interchange between redox states in our
detergent micelle conditions indicated that the protein purified for
structural study was redox active.

NMR structure of the reduced-state mimic of AfCcdA

The reduced state represented by AfCcdA(AA) generated sufficiently
high-quality NMR spectra to be chosen as the structural target.
We determined the structure of AfCcdA(AA) by using 5211ocal and 101
long-range distance restraints derived from NOE measurements and
independently validated them by paramagnetic relaxation enhance-
ments (PREs) from four single spin labels (Supplementary Fig. 3a).
We used the PRE restraints only for qualitative validation of the
NOE-derived structure because AfCcdA displayed intrinsic confor-
mational exchange (described below). Exchange with an alternate
conformation, even as a small percentage, could lead to substantial
PRE if the time scale of exchange were sufficiently fast. Indeed, for
some spin-label positions, we observed weaker PREs at some remote
positions in the structure (Supplementary Fig. 3a). These effects
could be attributed to either equilibrium conformational exchange
or transient protein-protein aggregation. The 15 lowest-energy
structures out of 75 calculated converged to an r.m.s. deviation of
0.971 A and 1.553 A for backbone and all heavy atoms, respectively,

for the structured regions of the protein (Fig. 2a and Table 1).
As expected from sequence-based topology prediction, AfCcdA has
six TM helices. The distribution of charged and hydrophobic residues
on the protein periphery indicates that the structure would partition
favorablyina 30-A hydrophobic lipid bilayer (Fig. 2b). The architec-
ture of AfCcdA is not represented in the Protein Data Bank.

Table 1 NMR and refinement statistics

AfCcdA(AA)
NMR distance and dihedral constraints
Distance constraints
Total NOE 622
Intraresidue 125
Inter-residue 497
Sequential (Ii—j1=1) 232
Medium range (2 <1i— 1< 4) 164
Long range (li - j1 2 5) 101
Total dihedral-angle restraints 238
[} 119
'3 119
Structure statistics
Violations (mean + s.d.)
Distance constraints (A) 0.147 +0.006
Dihedral-angle constraints (°) 0.352+0.026
Max. dihedral-angle violation (°) 1.80
Max. distance-constraint violation (A) 1.07
Deviations from idealized geometry
Bond lengths A 0.006 + 0.000
Bond angles (°) 0.863 £0.023
Impropers (°) 0.704 £0.027
Average pairwise r.m.s. deviation (A)2
Heavy 1.553
Backbone 0.971

aStatistics are calculated and averaged over an ensemble of the 15 lowest-energy structures
out of 75 calculated structures. The precision of the atomic coordinates is defined as the
average r.m.s. difference between the 15 final structures and their mean coordinates. The
calculation includes only the structured regions of the protein: residues 4-12, 31-49, 58-77,
84-94,108-117, 120-130, 137-156 and 165-183.
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Figure 2 Structure of the transmembrane reductase AfCcdA. (a) Ensemble of 15 low-energy structures calculated with NMR-derived restraints

(Table 1). (b) Representative structure showing the charged and polar amino acid distribution. Side chains are shown in gray except arginine, lysine,
aspartate, glutamate, asparagine and glutamine. Two solid lines indicate the hydrophobic region, suggesting the position of AfCcdA in the lipid bilayer.
C16A and C118A are shown as red spheres. (c) Cylinder representation illustrating AfCcdA structural symmetry. Helical segments related by rotational
symmetry have the same color. (d) Cut-away side view showing the cytoplasmic splaying of the H2 and H6 central helices. (e) Protection of C118A by
hydrophobic residues from the periplasmic side. (f) Side view showing the two long loops (orange). L1 is 16 residues long and contains C16A. L2 is 12

residues long. The internal helical segments are shown as dots.

AfCcdA(AA) has six TM helices, labeled from the N-terminal
H1 to the C-terminal H6 (Fig. 2¢), arranged in a helical-bundle
architecture. The two central TM helices H2 and H6 are ~19 residues
long. H3 and H5 are longer, with ~22 residues, but are severely kinked.
H1 and H4 are short TM helices with only ~11 residues. Contrary to
the TM topology prediction (Supplementary Fig. 1b), the structure
has an unusual additional feature. The predicted TM H4 is instead
two helical segments, broken by the prolines flanking C118A and
forming a V-shaped internal helix. These helical segments, h and
h’, are sandwiched by H1 and H3 on one side and H4 and H6 on
the other. Conformation and orientation comparisons of the helical
segments identified a quasi-two-fold rotational symmetry relating H1
to H4, H2 to H6, H3 to H5 and h to h” (Fig. 2c).

Positions of the two cysteines in the reduced state

The C16A and C118A positions in the reduced-state structure are
~20 A apart. This distance was unexpected because the two cysteines
must be close (2.5 A) to form the disulfide bond in the oxidized state.
C16A is three residues C terminal to H1 on the protein periphery.
C118A, however, is at the center of the protein core, sandwiched
between the central TM helices H2 and H6. C118A also resides on
the two-fold-symmetry axis, around which the helical segments fold
(Fig. 2c). The reduced-state structure shows overall greater
accessibility of the protein core from the cytoplasmic side because
the central TM helices H2 and H6 associate near the periplasmic
side and splay apart toward the cytoplasmic side (Fig. 2d). C118 is
clearly the less accessible cysteine because its position is covered by
an array of hydrophobic residues, which would block its access from
the periplasmic side (Fig. 2e). C118 needs to be accessible at certain

steps of the transport cycle requiring major rearrangements of the
V-shaped internal helix and the surrounding TM helices. There
are two relatively long loops that might function to allow these
movements: loop L1, between H1 and H2, which contains the first
cysteine, and loop L2, which connects H4 and h, the internal segment
preceding the second cysteine (Fig. 2d,f). Whereas 90% of L2
residues were assigned, only ~70% of L1 residues were assigned.
The relatively undefined structure of L1 could be attributed to the lack
of NOE restraints. Rearrangement of the TM and internal helices and
the loops may all be involved in accommodating alternating-access
conformations with substrates for reductase function. The completely
different oxidized-state spectrum supports such global conforma-
tional change (Fig. 1c,d).

The structure is consistent with in vivo cysteine reactivity

The positions of the cysteine-to-alanine mutations in AfCcdA(AA)
suggested that C16 would interact with cytoplasmic Trx, and
C118 would interact with the periplasmic substrate. We therefore
tested the specific cysteine reactivity in vivo. First, we showed
that AfCcdA could receive electrons from TrxA (like DsbD) and
pass them to Af1675, a new Trx-like envelope protein identified in
A. fulgidus (renamed AfIrxE), when the proteins were coex-
pressed in E. coli (Supplementary Fig. 4). We similarly tested the
specific cysteine reactivity with single-cysteine mutants, AfCcdA
C16A (AC) and AfCcdA C118A (CA), to trap the mixed disulfide
intermediates with TrxA and AfTrxE (Fig. 3). As expected from the
structure, AfCcdA(CA) trapped TrxA, and AfCcdA(AC) trapped
AfTrxE. This trapping experiment provided direct evidence for
the in vivo functional relevance of our AfCcdA(AA) structure and
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Figure 3 AfCcdA cysteine reactivity and specificity. /n vivo reactivity of
AfCcdA with TrxA and AfTrxE. Expression of Da-AfCcdA variants in the

E. coli AtrxB strain (lanes 1-4). Coexpression of Da-AfCcdA and AfTrxE

in the AdsbD strain (lanes 5-9). Each protein was detected with the
indicated antibodies. Redox states were determined by 4-acetamido-4'-
maleimidylstilbene-2,2’-disulfonic acid (AMS)-induced gel shift, as shown
in the schematic. Red, reduced; ox, oxidized; TCA, trichloroacetic acid.

suggested that C118 becomes periplasm exposed. Although a previous
in vitro study has proposed that only the C16 equivalent in DsbDf}
reacts with both TrxA and DsbDy (ref. 7), the specific reactivities
of the AfCcdA cysteines shown in vivo in this study are consistent
with those of comparable complexes detected between DsbDf and its
substrates shown in our previous in vivo studies>1°.

In vitro cysteine reactivity indicates an excited reduced state
Both cysteines of DsbDf are accessible to small-molecule modifi-
cation in the reduced state!®!7. If this were also true for AfCcdA,
it would imply that the reduced state, in which the C118 site is
inaccessible, needs to sample another state that exposes it. To test this
property in AfCcdA, we purified the AfCcdA(AC) and (CA) mutants
and labeled them with 5-kDa methoxypolyethylene glycol maleimide
(malPEG) in our NMR conditions?? (Fig. 4a). We monitored labe-
ling over time and detected it by gel shift (Fig. 4b). We found that
within 60 min, C16 of AfCcdA(CA) reacted completely with malPEG.
Despite its position in the TM core, C118 of AfCcdA(AC) also reacted
completely with malPEG, consistently with the accessibility previ-
ously observed in DsbD3 (refs. 16,17). Whereas the labeling for both
mutants was complete after 60 min, it was evident from the early
time points (for example, at 1 min) that the labeling of CcdA(AC)
was slower than that of CcdA(CA) (Supplementary Fig. 5), results
consistent with the decreased accessibility to the periplasmic cysteine
site (C118) in the reduced-state structure.

The malPEG labeling results suggested that reduced AfCcdA
must undergo transient conformational exchange to a C118-
accessible state. To address this hypothesis, we recorded NMR spectra
of malPEG-labeled AfCcdA to determine the effect of labeling on the
AfCcdA structure. The AfCcdA(CA)-malPEG spectrum was nearly
identical to that of AfCcdA(AA) (Figs. 4c and 1d). Labeling C16 with
the large PEG molecule did not disturb the reduced-state structure,
consistently with C16 being positioned in the open cytoplasmic face
of the protein. Conversely, the spectrum of AfCcdA(AC)-malPEG
was dramatically different, and the majority of resonances were either
missing or diminished (Fig. 4c). This suggested that the malPEG
reaction chemically trapped an excited state of reduced AfCcdA.
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This state appeared to be structurally unstable because its NMR
spectrum showed severe exchange broadening.

W115 is adjacent to C118 in the internal helix and experiences con-
formational changes around this cysteine site. The W115 side chain
indole amine resonance therefore should report multiple functional
conformations of AfCcdA. In the AfCcdA(AA) spectrum, the W115
indole amine had a dominant peak at 10.29 p.p.m. and a minor peak at
10.38 p.p.m. (denoted W115*) (Fig. 4d). The W115 peak distribution
in AfCcdA(CA)-malPEG was similar to that of AfCcdA(AA), thus
indicating little change at C118. In AfCcdA(AC)-malPEG, however,
the minor-peak relative intensity increased, and an additional peak
appeared (unassigned). The W115 peak distributions indicated that
a small reduced-state population naturally samples a conformation
that is trapped by the malPEG linkage at C118. AfCcdA must therefore
be a dynamic protein, exchanging major and minor conformations
through its functional cycle.

DISCUSSION

The NMR structure of AfCcdA(AA) is consistent with results of
our functional tests, both in vivo and in vitro, thus indicating that
this structure represents a relevant conformation in the reductase

C CcdA(CA)-malPEG CcdA(AC)-malPEG
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Figure 4 Cysteine accessibility by malPEG labeling. (a) /n vitro labeling A CAMAPEG ACTAPEG
schematic of AfCcdA mutants with 5-kDa malPEG. (b) SDS-PAGE of AfCcdA(CA) -,ma - — 1303 &
and (AC) malPEG labeling after 60 min (lanes 2 and 5) versus negative (lanes 1 \%5 :131 o @ Lol 3\/W?15 L °
and 4) and positive (lanes 3 and 6) controls. (c) 1H-15N TROSY-HSQC spectra wiisr T W15 W11 WS 1813 3
of malPEG-labeled AfCcdA(AC) (purple) and AfCcdA(CA) (green). (d) Major 10.5 10.3 10.5 10.3 10.5 10.3
W115 and minor W115* side chain indole peaks. "Hp.p.m
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Figure 5 Four-state transmembrane reductase a
mechanism. (a) CcdA is in a ground reduced
state after reduction by cytoplasmic TrxA. The
core is in the cytoplasm-open state, with C16
cytoplasm exposed, and C118 in the middle

of the TM core. (b) The excited reduced state,
in which C118 becomes accessible to the
periplasmic substrate (TrxE) and C16 moves
into the protein core. (c) After oxidation by TrxE,
CcdA is in a ground oxidized state, in which

the core is periplasmic open. (d) Reduced Trx
may stabilize an excited oxidized state that
opens CcdA toward the cytoplasm to access the
disulfide-bonded C16 and C118. TrxA reduces
CcdA, and the cycle repeats.

C16

Reduced
Cytoplasm open
Observed structure

mechanism. On the basis of the structural and functional data, we
propose a four-state mechanism for transporting reducing power
across the membrane (Fig. 5).

The AfCcdA(AA) structure represents a reduced, cytoplasm-open
state (Fig. 5a). This state was sufficiently stable for structure determi-
nation and thus should be a low-energy or ground reduced state. After
reduction by cytoplasmic TrxA, C16 remains near the cytoplasm, and
C118 is buried in the TM core. The next step in the reduction pathway
requires AfCcdA to reduce AfTrxE via interaction with C118. Because
the C118 is inaccessible from the periplasm, an excited reduced state
is required to expose C118 to the periplasm, as evidenced by the
malPEG-labeling experiments (Fig. 4b-d). The severe exchange
broadening of the AfCcdA(AC)-malPEG NMR resonances suggested
that this chemically trapped state is structurally unstable. We believe
that AfTrxE binding at the periplasmic face may stabilize this excited
reduced state (Fig. 5b). Next, C118 forms a mixed disulfide bond
with AfTrxE (Fig. 3), which must be resolved by C16, thus creating
the C16-C118 disulfide bond (Fig. 5¢). Opening toward the periplasm
would therefore also require HI to slide up, bringing C16 close to
C118. By the inverted-access argument, we propose that the oxidized
state represented by the spectrum in Figure 1c is the ground oxidized
state, in which the disulfide-bonded cysteines are mostly inaccessible
from the cytoplasm. Moreover, an excited oxidized state should exist
to open the protein core to the cytoplasm, thus allowing the disulfide
bond to move to the cytoplasmic face (Fig. 5d). In this case, TrxA
binding should stabilize the excited oxidized state to carry out the
reducing reaction.

Although we do not have direct structural evidence showing
inverted substrate accessibility of the ground reduced and oxidized
states, there is indirect evidence in the limited NMR data recorded
for the AfCcdA(CC) sample. One piece of evidence comes from the
backbone resonance assignment and chemical shift-derived second-
ary structures (with TALOS+2%). An obvious structural feature of the
ground reduced state is that the two central helices H2 and H6 associ-
ate near their C-terminal ends and splay apart toward their N-terminal
ends (Fig. 2d). This feature is partially responsible for stabilizing the
structure around C118 as well as the C-terminal ends of H2 and Hé.
If the inverted-access model were true, this interaction would be the
opposite in the ground oxidized state. For both H2 and H6, assigned
13Co and 13CP chemical shifts indicated that the two helices are more
structured at the C-terminal end (periplasmic side) in the reduced
state than the oxidized state, and for H2, the N-terminal end (cyto-
plasmic side) is more structured in the oxidized state than the reduced
state (Supplementary Fig. 1b). Moreover, the well-structured helical
segment (h) preceding C118 could not be assigned, owing to disap-
pearance of these peaks, which was probably due to unstable structure
and exchange broadening. These results are consistent with a model
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of the ground oxidized state in which H2 and Hé6 dissociate at the
periplasmic end, destabilizing the structures in the region including
the h segment and the C-terminal ends of H2 and H6. Destabilization
of the region would also be consistent with an overall periplasmic
open conformation in the ground oxidized state.

Solvent-accessibility data obtained indirectly with Gd-DOTA (a
water-soluble paramagnetic probe) provided additional insight into
the ground oxidized conformation. For both reduced and oxidized
AfCcdA, we measured PRE upon Gd-DOTA titration, using the 2D
TROSY-HSQC spectra as readout. Because of the severe resonance
overlap in the 2D spectrum, we could assign PREs of both reduced
and oxidized states for only a small number of residues, and among
them a few residues showed interesting properties. Leu73 of H3 and
Thr149 of H5, both in the cytoplasmic and the more open part of the
reduced structure, showed strong PRE (~0.0) in the reduced state but
weak PRE (>0.7) in the oxidized state (Supplementary Fig. 3b), thus
suggesting that a structural rearrangement makes them less accessible
in the oxidized state. In contrast, Arg61 of H3 near the periplasmic
side showed strong PRE (~0.0) in the oxidized state but much weaker
PRE (~0.5) in the reduced state.

The most striking feature of our reduced structure is the V-shaped
internal helix (helical segments h and h’) in place of the predicted
TM helix 4 (Fig. 1b). H4 is instead in the predicted H3-H4 loop
(Supplementary Fig. 1b). H4 does not show sequence conservation
but shows quite strong amphipathicity?. These helices have proper-
ties unlike those of traditional TM helices, which may allow them to
move through the TM or switch between order and disorder. These
features would be very important in the dynamic conformational
change toward a periplasmic open state, which may have architec-
ture antisymmetrical from that of the current AfCcdA(AA) structure.
Indeed, DsbDf shows inverse pseudosymmetrical accessibility in the
TMI and TM4 helices!®17.

As described above, the V-shaped helix is broken into two helical
segments by the conserved and functionally important prolines
flanking C118. We speculate that the role of the prolines is to provide
the flexibility around C118, for example, the PCX(, 3P sequence
could function as a pivot allowing the h and h” segments to switch
between the ground and excited reduced states. Similarly, the
conserved proline sequence surrounding C16 should be important
for the structural rearrangement of H1 and L1 when cycling between
the reduced and oxidized states. It has been shown for DsbDp that
when the prolines around the cysteine equivalent to C118 are mutated,
the cysteine becomes less accessible, whereas the opposite effect has
been observed when the prolines around the cysteine of C16 equivalent
are mutated!®.

The proposed four-state mechanism accommodates the essential
properties of a transmembrane reductase: relaying reducing electrons
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across the membrane in a substrate-specific pathway while main-
taining the integrity of the membrane. The mechanism is similar to
the alternating-access mechanism that governs the activity of most
solute transporters?’-30. CcdA is unusual in that it does not transport
small molecules but instead ‘transports’ two reactive cysteines back
and forth in a manner coordinated with protein-substrate access on
alternating sides of the membrane.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Coordinates and structure factors have been depos-
ited in the Protein Data Bank under accession code PDB 2N4X.
The chemical-shift values have been deposited in the Biological
Magnetic Resonance Data Bank under accession code 25685.

Note: Any Supplementary Information and Source Data files are available in the online
version of the paper.
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ONLINE METHODS

Bacterial strains and media. The bacterial strains used in this study are listed in
Supplementary Table 1a. The E. coli BL21(DE3) derivative C43(DE3) was used as
abackground strain®!. The trxB-deletion mutant (SEN212) and dsbD-transposon
insertion mutant (SEN256) were constructed with the alleles from previous
studies>32 by P1 phage transduction. The cells were grown in LB medium (for
in vivo tests) and M9 minimal medium (for NMR samples) at 37 °C. When
needed, 200 pg/mL of ampicillin, 30 ug/mL of chloramphenicol, 100 pg/mL of
spectinomycin, or 50 plg/mL kanamycin was added.

Plasmids. Plasmids used in this study are shown in Supplementary Table 1a.
Primers used to create the plasmids are listed in Supplementary Table 1b. E. coli
codon-optimized A. fulgidus ccdA was synthesized (Epoch Biolabs) and cloned
in pET22b plasmid with the primers AfCcdA(Ndel)_F and AfCcdA(XhoI)_R,
thus yielding pSC180. However, the expression level of AfCcdA in SEN212
was not sufficient for structural determination by NMR methods. Because
AfCcdA is a heterologous protein expressed in E. coli and notably has short
loops between transmembrane helices, we reasoned that an EcDsbDa. (the
N-terminal soluble domain of EcDsbDf3, a homologus domain of CcdA) fusion
including the signal sequence at the N terminus would aid in the expression and
membrane insertion of AfCcdA. Therefore, we generated an EcDsbDo-AfCcdA
protein fusion (Supplementary Fig. 1). First, the gene encoding EcDsbDo
with a thrombin-cleavage site at its C terminus was cloned into pET28a with
the primers DsbDoi(Ncol)_F and DsbDoy(BamHI)_R, thus yielding pET28a::
DsbDoithrombin (5SC124). Then A. fulgidus ccdA was cloned into pSC124 with
the primers AfCcdA(BamHI)_F and AfCcdA(Xhol)_R, thus generating pSC148.
In AfCcdA(BamHI)_F the nucleotides encoding the peptide (QEQPTAQL)
from the linker region between EcDsbDat and EcDsbD (ref. 18) were included
before AfCcdA. During protein purification in detergent micelles, the added
length from the linker region was necessary to increase thrombin digestion of
the fusion protein.

pSC148AC and pSC148CA were generated by site-directed mutagenesis with
the primer pairs (AF9Ccda CIF and AF9Ccda CIR) and (AF9Ccda C2F and
AF9Ccda C2R), respectively. pSC148 A A was made in two steps with both primer
sets. Single-cysteine mutants of pSC148AA for PRE measurements were gener-
ated with the primers listed in Supplementary Table 1b.

The Af1675 gene (described below) was PCR-amplified with the primers
Af1675(Nhel)_F and Af1675(Xbal)_R from the genomic DNA of A. fulgidus
DSM4304 (ATCC) and cloned into pSC209 (ref. 15), which is a pPBAD43 deriva-
tive containing the triple Flag tag (3x Flag), thus generating pSC175.

NMR sample preparation. pSC148 and its variants were transformed into
SEN212 cells and grown in isotopically labeled M9 minimal medium at 37 °C
until the optical density at 600 nm (ODg() reached 0.6-0.7. After induction with
0.2 mM isopropyl-B-p-thiogalactopyranoside (IPTG), protein was expressed for
3 hat 37 °C. Protein purification was performed at 4C, unless noted. All buffer pH
values were measured at room temperature (RT). Cells were harvested by cen-
trifugation and resuspended in buffer A (20 mM Tris base, 300 mM NaCl, pH 8).
Cells were frozen, thawed, and lysed in a microfluidizer with the addition of
1 uL benzonase (Novagen). The membrane component of the cell lysate was
collected by centrifugation at 150,000 for 1 h and homogenized in buffer A.
1% n-dodecylphosphocholine (DPC) (Anatrace) was added, and membrane
extraction proceeded for 2 h at 4 °C with moderate stirring. Insoluble material was
removed by centrifugation at 150,000g for 30 min. The clarified, solubilized mem-
brane component was incubated with Ni-NTA agarose beads (Qiagen) for2h at4°C
with gentle agitation and then added to a gravity-flow column. The nickel beads
were washed with ten column volumes (CV) of buffer A containing 15 mM
imidazole and 4.5 mM DPC and eluted with 3 CV buffer B (20 mM sodium
phosphate, 40 mM NaCl, pH 7.5) plus 200 mM imidazole and 4.5 mM DPC
and concentrated five-fold in a 10,000 Da-MWCO Amicon Ultra centrifugal
filter. To remove the EcDsbDo domain, 500 U thrombin (Sigma) was added
to the eluted protein, and the entire reaction was dialyzed overnight at 37 °C
against buffer B. To remove the cleaved EcDsbDo domain, the dialyzed, digested
protein solution was applied to nickel beads in a gravity-flow column, washed
with 5 CV buffer B plus 15 mM imidazole and 4.5 mM DPC and eluted with
3 CV buffer B plus 200 mM imidazole and 4.5 mM DPC. The eluted protein was
concentrated to 1 mL in a 3,000 Da-MWCO Amicon Ultra centrifugal filter and

purified by size-exclusion chromatography (SEC) over a HiLoad 16/60 Superdex
200 column (GE Healthcare) equilibrated with buffer C (20 mM MES, 100 mM
NaCl, pH 6) plus 3 mM DPC. Elution fractions containing AfCcdA were pooled
and concentrated. NMR samples were diluted during concentration to reduce the
NaCl concentration. D,O was added to the sample before loading into a Shigemi
tube, thus yielding a final NMR condition of 20 mM MES, 50 mM NaCl, pH 6,
100-150 mM DPC, and 5-10% D,O.

Assignment of NMR resonances. All NMR experiments were conducted at 30 °C
on Bruker or Agilent spectrometers equipped with cryogenic probes. NMR spec-
tra were processed with NMRPipe®? and analyzed with ccpNMR3* and Xeasy>>.
Sequence-specific assignment of backbone 'HN, 1°N, 13C2, 13CP and 13C’ chemical
shifts was achieved with the TROSY versions of HNCA, HN(CO)CA, HNCACB,
HN(CA)CO and HNCO36%7. The assignments were validated with two 3D (HN, HN)
HSQC-NOESY-TROSY experiments: one with °N, 1°N and 'HN evolution in the
t;,t,and t; dimensions, respectively; and the other with 'H, '°N and 'HN evolution
in the t;, £, and t3 dimensions, respectively, both recorded with an NOE mixing time
(tyok) of 200 ms. These experiments were performed with (1°N, 13C, 2H)-labeled
AfCcdA(AA) on a 600-MHz spectrometer. In addition to using NMR connectivity
experiments, we used samples with selectively °N-labeled leucine, isoleucine, valine,
phenylalanine or cysteine to aid in assignment. Owing to fast relaxation, possibly due
to exchange, the NMR signals in triple-resonance experiments are generally weak. By
combining the triple-resonance data with the use of NOESY and selective amino acid
labeling, we were able to confidently assign 82.7% of nonproline residues.

Protein side chain aliphatic and aromatic resonances were assigned with a
combination of 2D 13C HSQC, 3D >N-edited NOESY-TROSY (tyog = 60 ms
and 120 ms) and 3D 13C-edited NOESY-HSQC (tyog = 150 ms) optimized for
methyl groups, recorded on an 800-MHz spectrometer. These experiments
were performed with (1°N, 13C)-labeled AfCcdA(AA) in deuterated detergent.
We note that for helical regions, matching NOEs in the 1°N-edited and 13C-edited
NOESYs with multiple mixing times is an effective way to associate the backbone
amide assignments with the methyl resonances because intraresidue NOEs are
usually much stronger than inter-residue NOEs. For fragile samples that gener-
ate very marginal NMR spectra such as the AfCcdA, through-bond experiments
for correlating methyl resonances with backbone amide resonances generated
insufficient NMR signals.

With the assignments of the backbone and side chain resonances, we were
able to quickly identify a set of long-range NOEs from the hydrophobic core of
the protein centered at the Alal118 and use them to generate an initial model.
More long-range NOEs were assigned iteratively, as described below. The same
I5N-edited NOESY-TROSY and !3C-edited NOESY-HSQC as described above
were used to assign local- and long-range NOEs.

PRE measurements. For PRE measurements, four single-cysteine AfCcdA
mutants (Supplementary Fig. 3a) were labeled with 1-oxyl-2,2,5,5-tetramethyl-
A3-pyrroline-3-methyl methanethiosulfonate (MTSL)38. Protein was purified
as described above with the addition of 5 mM B-mercaptoethanol (BME) in all
purification buffers. Before SEC purification, 10 mM dithiothreitol (DTT) was
added to remove any unwanted disulfide interactions at the introduced cysteine
site. SEC was run in 20 mM sodium phosphate, 100 mM NaCl, 3 mM DPC,
and 5 mM BME, pH 7.5 (the subsequent MTSL reaction requires a higher pH).
Fractions containing AfCcdA were pooled and concentrated to 2.5 mL. BME was
removed with a PD-10 column (GE Healthcare) with buffer B. All subsequent
MTSL procedures were performed in the dark at RT. Immediately after desalting,
MTSL was added to the protein at 10x the protein concentration (~0.8-1 mM
MTSL). After 30 min, a second dose of MTSL was added, and the reaction was
incubated overnight. To remove free MTSL, the reaction was applied to 2 mL
Ni-NTA agarose in a gravity-flow column and washed with 10 CV buffer B plus
4.5 mM DPC. The labeled protein was eluted with 10 mL buffer B with 200 mM
imidazole and 4.5 mM DPC. The protein was concentrated and buffer-exchanged
into the standard NMR conditions. PRE measurements were performed in
3D HNCO mode. Labeling efficiency was close to 100%, as evidenced by the
complete broadening of resonances of neighboring residues. The PRE effect was
calculated as the ratio of peak intensities before and after reduction of MTSL with
20 mM sodium ascorbate (prepared as a 1 M stock in 100 mM MES, pH 6).
Solventaccessibility of AfCcd A was probed by titration with the water-soluble para-
magnetic gadolinium (III) (1,4,7,10-tetraazacyclododecane)-1,4,7,10-tetraacetate

doi:10.1038/nsmb.3099

NATURE STRUCTURAL & MOLECULAR BIOLOGY



@4 © 2015 Nature America, Inc. All rights reserved.

(Gd-DOTA, Macrocyclics)®. 1°N-labeled AfCcdA(CC) and AfCcdA(AA) were
purified as described above, and paramagnetic free reference 'H->’N TROSY-
HSQC spectra were recorded. Gd-DOTA was added from a 613 mM stock in
water to 50 UM, 100 uM, 200 UM, 500 uM, 1 mM, 2 mM, 5 mM, 10 mM and until
aspectrum could no longer be recorded at 20 mM Gd-DOTA. The PRE effect was
calculated as the ratio of the assigned resonance intensities to the paramagnetic
free reference intensities and plotted as a function of Gd-DOTA concentration
(data not shown). The greatest dispersion of paramagnetic effects was seen at
5-10 mM Gd-DOTA. All Gd-DOTA experiments were recorded at 600 MHz.

Structure calculation. Structures were calculated with XPLOR-NIH*?. The
combined analysis of local NOE restraints and backbone chemical shifts
(with TALOS+29) precisely defined the helical and loop regions of the protein.
Therefore, the helical regions of the protein were first defined in XPLOR-NIH
with strong o-helical dihedral restraints and local NOE restraints. In the second
step, the preliminary fold was generated after incorporating ~30 unambiguous
long-range NOE restraints in the °N-edited NOESY-TROSY and '3C-edited
NOESY-HSQC spectra. These long-range NOEs mostly involve the core residues
of the protein. The initial tertiary model was then used as a test model to guide
the assignment of more long-range NOEs in the same 3D NOE spectra, and an
improved model was calculated with the newly assigned NOEs. This process
was repeated until the calculated models converged to a backbone r.m.s. devia-
tion of <1 A. The NOE-derived structure was then independently validated with
PRE restraints (Supplementary Fig. 3a). A total of 75 structures were calculated
with a simulated annealing protocol in which the bath temperature was cooled
from 1,000 to 100 K, and 15 low-energy structures were selected as the struc-
tural ensemble (refinement statistics in Table 1). Ramachandran-plot statistics
for the structure ensemble (excluding the unstructured loops), calculated with
PROCHECK*!, are as follows: most favored (97.6%), additionally allowed (1.0%),
generously allowed (0.9%) and disallowed (0.6%).

Analyses of thiol-redox state and mixed disulfide complexes. For in vivo redox
states and trapping mixed disulfide complex, protein expression was induced
for 1 h and 20 min by addition of 0.25 mM IPTG (AfCcdA) or 0.2% L-arabinose
(Af1675) when cells reached an ODgj of 0.2. To analyze the in vivo redox states
of the proteins, free thiols were acid-trapped by trichloroacetic acid (TCA) and
alkylated with 3 mM 4-acetamido-4"-maleimidylstilbene-2,2’-disulfonic acid
(AMS) (Invitrogen) as previously described!. When indicated, 50 mM DTT was
added to reduce samples, or AMS and DTT were not added to samples to obtain
oxidized control proteins. Anti-EcDsbDo (ref. 1), anti-EcTrxA (T0803, Sigma),
anti-Flag M2 monoclonal antibody (F1804, Sigma), and horseradish peroxidase-
conjugated anti-His antibody (34460, Qiagen) were used for western blot analysis.
Validation of the commercial antibodies is provided on the manufacturers’ web-
sites. Uncropped images of gels are shown in Supplementary Data Set 1.

Bioinformatics analysis. To predict the TM helices, we used TMpred analysis
(http://www.ch.embnet.org/software/TMPRED_form.html). To find homologs
of EcTrx-fold proteins (TrxA, TrxC, GrxA, DsbA, DsbC, CcmG, and DsbD) in
A. fulgidus, we performed position-specific iterated blast (PSI-BLAST) analy-
sis*2. Genes encoding interacting proteins often exist as neighbors. Thus, to find
the envelope partner protein of CcdA, we analyzed gene organization around
ccdA in bacteria in the MicrobesOnline portal (http://www.microbesonline.
org/). HRM2_42220 (locus tag in NCBI database) was selected as a query in
PSI-BLAST to find its homologs in A. fulgidus. We found Af1675 (AfIrxE) as
one of the top-scoring candidates ((expected value, 2 x 107%; identities, 16/63
(25%); positives: 33/63(52%)). This protein is predicted to have a Trx-like fold
and has four cysteines (of which two are in CXXC and the others form a structural
disulfide bond (Supplementary Fig. 4b)). To predict the signal sequence and the
transmembrane segment of AfTrxE, SignalP4.1 (http://www.cbs.dtu.dk/services/
SignalP/) and TMpred analyses were used. The prediction showed that AfTrxE

has an N-terminal TM helix or signal sequence, thus indicating its role in the
periplasm. When the predicted N-terminal hydrophobic sequence was replaced
by the signal sequence of DsbA and expressed in a AdsbD strain together with
AfCcdA, DsbAignal sequence-AfTrXE could not be reduced (data not shown) as it
could in the wild-type AfTrxE, thus suggesting the presence of an N-terminal
TM helix and its importance in the interaction with AfCcdA.

MalPEG labeling. Single-cysteine mutants of AfCcdA were labeled with 5-kDa
malPEG (Sigma) to determine cysteine accessibility. AfCcdA(CA) (C16A) and
AfCcdA(AC) (C118A) were expressed and purified as described above for the
PRE mutants. SEC was run in 20 mM MES, pH 6.5, 100 mM NaCl, 3 mM DPC,
and 5 mM BME. This pH was chosen as the lowest pH permitting the malPEG
reaction while staying as close to the standard NMR conditions as possible. SEC
fractions containing AfCcdA were pooled and concentrated to 2.5 mL, and the
BME was removed with a PD-10 column with 50 mM MES, 50 mM NaCl, and
3 mM DPC, pH 6.5. Before labeling, the mutants were concentrated, and a 'H-
I5N HSQC reference spectrum was recorded. MalPEG labeling was optimized
in a series of 50-UL reactions containing ~50 UM AfCcdA and 5 mM malPEG.
Reactions were incubated at 37 °C and quenched with 5 mM BME after 0-16 h.
The negative control contained protein only (no malPEG), and the positive
control was denatured first with 1% SDS. An additional control reaction used
AfCcdA(AA) to rule out nonspecific labeling (data not shown). The extent of
labeling (PEGylation) was detected by the 5-kDa shift by SDS-PAGE. To pre-
pare the NMR samples, the PEGylated AfCcdA mutants were incubated with
5 mM malPEG overnight at 37 °C, quenched with 5 mM BME, diluted to 15 mL
with buffer B plus 4.5 mM DPC, and then applied to 2 mL Ni-NTA agarose
in a gravity-flow column and washed with 10 CV buffer B plus 4.5 mM DPC.
The labeled protein was eluted with 10 mL buffer B plus 200 mM imidazole and
4.5 mM DPC. The protein was concentrated and buffer-exchanged into the stand-
ard NMR conditions. 'H-1°N TROSY-HSQC spectra of the PEGylated mutants
were recorded at 700 MHz.
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