1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Mol Biol. Author manuscript; available in PMC 2016 March 20.

-, HHS Public Access
«

Published in final edited form as:
J Mol Biol. 2014 January 23; 426(2): 403-411. d0i:10.1016/j.jmb.2013.09.042.

Crystal structures of CusC review conformational changes
accompanying folding and transmembrane channel formation

Hsiang-Ting Leil'¥, Jani Reddy Bollal'¥, Chih-Chia Su?, and Edward W. Yul:2"
1Department of Chemistry, lowa State University, Ames, IA 50011, USA

2Department of Physics and Astronomy, lowa State University, Ames, IA 50011, USA

Abstract

Gram-negative bacteria, such as Escherichia coli, frequently utilize tripartite efflux complexes in
the resistance-nodulation-division (RND) family to expel diverse toxic compounds from the cell.
These complexes span both the inner and outer membranes of the bacterium via an a-helical, inner
membrane transporter; a periplasmic membrane fusion protein; and a -barrel, outer membrane
channel. One such efflux system CusCBA is responsible for extruding biocidal Cu(l) and Ag(l)
ions. To remove these toxic ions, the CusC outer membrane channel must form a B-barrel
structural domain, which creates a pore and spans the entire outer membrane. We here report the
crystal structures of wild-type CusC as well as two CusC mutants, suggesting that the first N-
terminal cysteine residue plays an important role in protein-membrane interactions and is critical
for the insertion of this channel protein into the outer membrane. These structures provide insight
into the mechanisms on CusC folding and transmembrane channel formation. It is also found that
the interactions between CusC and membrane may be crucial for controlling the opening and
closing of this B-barrel, outer membrane channel.

INTRODUCTION

Integral membrane proteins are very hydrophobic and cannot be dissolved in aqueous
solution. These proteins can be divided into two distinct structural classes: a-helical bundles
and B-barrels. The B-barrel membrane proteins are often found in the outer membranes of
Gram-negative bacteria and mitochondria, whereas the a-helical membrane proteins are
commonly located in the inner membranes of bacteria and in plasma membranes.
Approximately a third of all proteomes accounted for are embedded in biological
membranes.

Efflux pumps of the resistance-nodulation-cell division (RND) superfamily are ubiquitous in
bacteria, archaea and eukaryotes. In Gram-negative bacteria, these RND pumps play major
roles in the intrinsic and acquired tolerance of antibiotics and toxic compounds.22 They are
the key components of Gram-negative pathogens to utilize in overcoming toxic
environments that are otherwise unfavorable for their survival. An RND-type efflux
pump*11 is an a-helical, inner membrane protein. It typically works with a periplasmic
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membrane fusion protein12-18 as well as a f-barrel, outer membrane channel to form a
functional tripartite protein complex.19:21 The resulting efflux complex spans both the inner
and outer membranes of Gram-negative bacterium to export substrates directly from the
cell.23 This process is driven by proton import, which is catalyzed by the inner membrane
RND efflux pump.

E. coli CusA is a large a-helical, inner membrane RND-type heavy-metal efflux pump that
is responsible for extruding the biocidal Cu(l) and Ag(l) ions.22:23 CusA operates with a
periplasmic membrane fusion protein CusB, and a 3-barrel, outer membrane channel CusC
to form a functional protein complex. The resulting CusCBA three-part efflux system spans
the entire cell envelope and confers resistance to Cu(l) and Ag(l) by exporting these metal
ions directly out of the cell.22:23

The crystal structures of each individual component of this tripartite complex system have
been determined. The structure of CusA suggests that this RND pump exists as a
homotrimer.11 Each subunit of CusA consists of 12 transmembrane a-helices (TM1-TM12)
and a large periplasmic domain formed by two periplasmic loops between TM1 and TM2,
and TM7 and TM8, respectively. The periplasmic domain of CusA can be divided into a
pore domain (comprising sub-domains PN1, PN2, PC1 and PC2) and a CusC docking
domain (containing sub-domains DN and DC). The structures indicate that this transporter
utilizes methionine pairs and clusters to bind and export Cu(l) and Ag(l) ions.11

Overall, the structure of CusB demonstrates that this adaptor protein is folded into a four-
domain elongated structure, ~120 A long and ~40 A wide.1® The first three domains
(domains 1-3) of the protein are mostly p-strands. However, the fourth domain (domain 4) is
all a-helices and is folded into a three-helix bundle structure.

Interestingly, the co-crystal structure of the CusBA adaptor-transporter reveals that the
trimeric CusA pump associates with six CusB molecules to form the CusBg-CusAg
complex.24 Thus, the entire tripartite efflux assembly is expected to be in the form of
CusC3-CusBg-CusAg, which span both the inner and outer membranes of E. coli to export
Cu(l) and Ag(l) ions. This assemblage is indeed in good agreement with the predicted 3:6:3
polypeptide ratios of these tripartite complexes.2°:26

Recently, the crystal structure of the CusC channel has also been resolved,?! suggesting that
the architecture of this protein resembles those of TolC19 and OprM.20 The trimeric CusC
channel consists of a membrane-anchoring -barrel domain and an elongated periplasmic a-
helical tunnel.2! The periplasmic tunnel is ~100 A long with an outermost diameter of ~35
A at the tip of the tunnel.

It is interesting to note that the N-terminal end of CusC forms an elongated loop. This loop
extends from the membrane surface and leads down to the middle section (equatorial
domain) of the a-helical periplasmic domain. The first N-terminal residue of CusC is a
cysteine (Cysl). It has been observed that this residue is covalently linked to the lipid
elements at the inner leaflet of the outer membrane. We reasoned that this Cys1 residue may
play an important role in protein-membrane interaction and could be critical for the insertion
of this channel protein into the outer membrane. We thus removed the Cys1 residue of CusC
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to form the AC1 mutant. We also replaced this residue by a serine to create the C1S mutant
channel. Here we report the crystal structures of the wild-type CusC outer membrane
channel as well as the AC1 and C1S mutant channels. In comparison with these three
structures, it is suggested that the Cys1 residue indeed plays a crucial role in anchoring the
transmembrane B-barrel onto the outer membrane. These structures also indicate that the
AC1 and C1S mutants should represent the unstructured intermediate state of these p-barrel
channel proteins.

Crystal structure of the wild-type CusC channel protein

We cloned, expressed and purified the wild-type, AC1 and C1S CusC proteins. Each of these
proteins contains a 6xHis at the C-terminus. We obtained crystals of all these three channels
using vapor diffusion. Data collection and refinement statistics of these CusC crystals are
summarized in Table 1.

The crystal structure of the wild-type CusC channel was resolved to a resolution of 2.09 A
(Fig. 1a). The final structure is nearly identical to the structure of CusC (pdb code: 3PIK)2
determined by Kulathila et al. Superimposition of these two structures results in an RMSD
of 0.28 A for 429 Ca atoms. CusC exists as a homotrimer that forms a ~130 A long a/p
barrel. Each subunit of CusC contains four B-strands (contributing to the 12-stranded outer
membrane f-barrel) and nine a-helices (forming the elongated periplasmic a-barrel) (Figs.
1b, S1 and S2). The trimeric CusC channel creates a large cylindrical internal cavity of
~28,000 A3, Like the previous crystal structure of CusC,2! our x-ray structure suggests that
the N-terminal Cys1 residue is covalently linked to the outer membrane via a thioester bond.
Thus, the trimeric CusC channel is most likely triacylated through the Cys1 residue to secure
the anchoring of this protein onto the outer membrane.

Crystal structure of the AC1 CusC mutant

The crystal structure of the AC1 CusC channel was determined to a resolution of 2.53 A
(Figs. 1c and S3). The final AC1 mutant model consists of the complete mature protein
sequence, with the exception of the disordered residues 21-31 and 99-129. Intriguingly, the
overall structure of the AC1 mutant is very distinct from that of wild-type CusC.
Superimposition of a protomer of these two structures gives a high RMSD of 22.49 A (for
378 Ca atoms), suggesting highly significant differences between these two channels (Fig.
2). In AC1 CusC, the amino acids which form the four transmembrane p-strands in the wild-
type structure adopt a dramatically different conformation. The majority of these residues
appear to be unstructured and form two large random loops. Residues 290-326, which form
the transmembrane [-strands S3 and S4 in the wild-type structure, are found to flip down to
the outermost surface of the periplasmic a-helical tunnel. In addition, the top portion of the
vertical periplasmic a-helices, H7 and H8, make substantial changes and are found to bend
downward to accommaodate for the change in conformation. Residues N276 of H7 and N334
of H8 appear to form hinges for the bending.
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Interestingly, the drastic changes in conformation described above are accompanied by the
structural changes of residues 84-116, which form the transmembrane -strands S1 and S2
of the wild-type CusC channel. In the AC1 mutant, the electron density map in the region
between residues 82 and 111 is very unclear, suggesting that the majority of the secondary
structure of this area is disordered. Thus, this region, located at the innermost surface of the
periplasmic a-helical tunnel, also creates a large random loop in the AC1 mutant. Similar to
the case of helices H7 and H8, the top portion of the vertical periplasmic a-helices, H3 and
H4, also bend downward and the hinges are found in nearby residues N76 and T137.

Excluding these areas, the remaining tertiary fold of the AC1 CusC monomer is very similar
to that of a promoter of the wild-type CusC. However, AC1 crystallized as a monomer with
two molecules in the asymmetric unit (Figs. S3 and S4). The structure suggests that the AC1
mutant is monomeric. This monomeric AC1 CusC mutant is mostly a-helical, forming a ~95
A long secondary structure.

Crystal structure of the C1S CusC mutant

The crystal structure of the C1S mutant was determined to a resolution of 2.69 A (Figs. 1d
and S5). Overall, the structural model of the C1S mutant is nearly identical to that of the
AC1 CusC channel. Like AC1, gel filtration suggests that the C1S mutant is also monomeric
in nature (Fig. S6). Superimposition of these two structures gives an overall RMSD of 0.37
A (for 381 Ca atoms). Again, the monomer’s four-stranded antiparallel B-sheet, which packs
against one another to form the 12-stranded transmembrane p-barrel of the wild-type
trimeric CusC channel, does not seem to exist in this mutant structure. Similar to the AC1
mutant, the residues that are supposed to form the four-stranded [3-sheet contribute to two
independent random loops. One of these loops is found at the position that is supposed to
form the upper portion of the innermost core of the periplasmic a-helical tunnel. Another
loop is located at the outermost core of the upper portion of this periplasmic tunnel.

The structural difference between wild-type CusC and AC1 or C1S suggests that the a-
helical tunnels of the wild-type and these mutant channels are in different conformational
states. Superimposition of the periplasmic a-helical domains of wild-type CusC and AC1
indicates that the conformation of helices H8 and H9 of these two structures are significantly
different. It is found that helices H8 and H9 shift their positions in the AC1 mutant in
comparison to those of the wild-type. When each protomer of the wild-type CusC trimer is
superimposed with the AC1 mutant, the change in conformation between the wild-type and
AC1 proteins can be interpreted as an outward swing of H8 and H9 at the periplasmic tip of
the a-helical tunnel from the structure of the wild-type CusC trimer to adopt the
conformational state of AC1 (Fig. 2). This conformational shift results in the opening of the
channel of the periplasmic tunnel. As the structure of the wild-type CusC trimer represents a
closed form of the channel,?! the conformation of the a-helical tunnel of the AC1 and C1S
mutants may correspond to the open conformational state of the channel. If this is the case,
then the interaction between the -barrel residues and outer membrane may be critical for
controlling the opening and closing of the CusC channel.
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DISCUSSION

In our protein expression system, a CusC signaling peptide was included at the N-terminus
of each target protein. Thus, each protein, including the wild-type CusC and mutants AC1
and C1S, should secret to the periplasm. To ensure that the harvested CusC proteins were
attached to or anchored to the E. coli outer membrane, and not the inner membrane, we
performed a pre-extraction procedure using 0.5% sodium lauroyl sarcosinate?” to selectively
dissolve and remove proteins of the inner membrane (see Methods). The undissolved outer
membrane constituents, containing the corresponding CusC outer membrane proteins, were
then collected by ultracentrifugation before protein extraction. As all of our CusC proteins
were extracted from the outer membrane pellets, with the use of detergents, these proteins
should be associated with the outer membrane, viz., peripheral outer membrane proteins.

In comparison with the structural differences between the monomeric AC1 and C1S CusC
mutants as well as trimeric wild-type CusC channel, these structural data provide molecular
detail into the mechanisms of assembly and folding of this outer membrane channel (Fig. 3).
In the case of the OmpA outer membrane protein,28 in vitro study has been demonstrated
that the insertion and folding of this protein into the lipid bilayer occur spontaneously
without the need of accessory proteins, including the B-barrel assembly machinery (BAM)
complex.2%:30 |n the aqueous phase, OmpA is unstructured and does not have any B-
signature. It encounters the inner leaflet of the outer membrane from the periplasm to form
an intermediate 1py;.31 At this state, the protein is still disordered and does not yet appear to
have any B-structure. Upon membrane association, two more sequential intermediates,
including molten disk (Iyy2) and molten global (Ip3), are formed prior to the completion of
the mature folded B-barrel channel.3! Some fractions of the p-structure have been found to
develop in the Iy, intermediate state. However, these structures appear to localize on the
membrane surface, and no correct tertiary 3-contact or penetration into the membrane has
yet been made. In the lyy3 molten globule state, the B-hairpin loops have partially
translocated into the lipid bilayer. This intermediate is more globular, but the correct tertiary
fold is needed to complete to form the native structure. Finally, the native structure is
achieved through an extensive rearrangement of side chain contacts and formation of
backbone hydrogen bonds between strands to form a transmembrane p-channel39, spanning
the outer membrane.

In this respect, the monomeric AC1 and C1S structures should correspond to the
unstructured lyyq intermediate of the B-channel membrane proteins. As we isolated these two
mutant proteins from the membrane fractions, they should interact with the membrane even
though they failed to form a fully inserted B-barrel. This may support the idea that the
unstructured Ip1 intermediate of CusC is associated with inner leaflet of the outer
membrane. Interestingly, the architecture of the a-helical secondary structures of the
periplasmic domain of this channel has already been achieved at this state. It has been
proposed that the monomeric LukF structure,32 containing a partial p-strand signature,
represents the molten disk form of the a-hemolysin heptamer.33 Thus, the next step for
CusC folding may be the formation of a monomeric molten disk (mono-ly,) intermediate,
where a partial 8-strand conformation has been established at this state (Fig. 3). Upon
oligomerization at the interface of the inner leaflet of the outer membrane, the subsequent
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step may be the transition to the trimeric molten disk (tri-1ps2) intermediate, where the -
hairpins of each monomer are still localized at the membrane interface and have not yet
penetrated into the membrane. Then, the next step should well be the formation of a trimeric
Inm3 molten globule intermediate, in which the B-hairpins have been inserted into the
membrane and the partial B-barrel has been achieved. Finally, the native state of trimeric
CusC should be formed and the mature -barrel channel should be completed, allowing the
f-structural elements to span the entire outer membrane.

Although the phenomenon of outer membrane protein folding has been studied extensively
using fluorescence method, the three-dimensional structures of these unfolded intermediates
are difficult to obtain by x-ray crystallography and NMR because of their intrinsically
unstructured and disordered nature. This study provides snapshot of the conformation of
these outer membrane channel proteins in their unstructured form. The structures of CusC
have allowed us to unmask the sequential transition of conformations leading to the folding
and membrane insertion of this channel. During the course of channel formation, it is
believed that specific protein-protein and protein-lipid interactions play a critical role in the
assembly of this trimeric transmembrane B-barrel channel.

Cloning, expression and purification of the CusC, C1S and AC1 channel proteins

Briefly, the full-length CusC membrane protein containing a 6xHis tag at the C-terminus
was overproduced in E. coli C43(DE3)/pBAD22bcusC cells. Cells were grown in 12 L of
LB medium with 100 pg/ml ampicillin at 37°C. When the ODgqq reached 0.5, the culture
was cooled down to 20°C and then treated with 0.2% arabinose to induce cusC expression.
Cells were harvested after shaking for 16 h at 20°C. The collected bacteria were resuspended
in buffer containing 20 mM Na-HEPES (pH 7.5), 300 mM NaCl and 1 mM
phenylmethanesulfonyl fluoride (PMSF), and then disrupted with a French pressure cell.
The membrane fraction was collected by ultracentrifugation, followed by a pre-extraction
procedure by incubating in buffer containing 0.5% sodium lauroyl sarcosinate, 20 mM Na-
HEPES (pH 7.5) and 50 mM NacCl for 0.5 h at room temperature. The membrane was
collected and washed twice with buffer containing 20 mM Na-HEPES (pH 7.5) and 50 mM
NaCl. The membrane protein was then solubilized in 2 % (w/v) n-dodecyl-p-D-maltoside
(DDM). Insoluble material was removed by ultracentrifugation at 100,000 x g. The
extracted protein was purified with a NiZ*-affinity column. The purity of the CusC protein
(>95%) was judged using 10% SDS-PAGE stained with Coomassie Brilliant Blue. The
purified protein was then dialyzed and concentrated to 15 mg/ml in buffer containing 20
mM Na-HEPES (pH 7.5), 200 mM NaCl and 0.05% DDM.

The C1S CusC protein that contains a 6xHis tag at the C-terminus was overproduced in E.
coli C43(DE3) cells using the pPBAD22b{2cusC(C1S) expression vector. The procedures for
expressing and purifying the C1S mutant channel were identical to those of 6xHis CusC.
The purified C1S protein was concentrated to 15 mg/ml in buffer containing 20 mM Na-
HEPES (pH 7.5), 200 mM NaCl and 0.05% DDM for crystallization.
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The AC1 CusC protein containing a 6xHis tag at the C-terminus was overproduced in E. coli
C43(DE3) cells/pBAD22bQcusC(AC1). The procedures for cell growth and protein
expression were identical to those of 6xHis CusC. For protein purification, the procedures
were nearly identical to those of the 6xHis CusC channel, except that extracted outer
membrane was solubilized in 2% (w/v) 6-cyclohexyl-1-hexyl-B-D-maltoside (Cymal-6).
Insoluble material was removed by ultracentrifugation at 100,000 x g. The AC1 protein was
purified with a NiZ*-affinity column. The purity of the AC1 protein (>95%) was judged
using 10% SDS-PAGE stained with Coomassie Brilliant Blue. The purified AC1 protein was
then dialyzed and concentrated to 15 mg/ml in buffer containing 20 mM Na-HEPES (pH
7.5), 200 mM NaCl and 0.05% Cymal-6.

For 6xHis SeMet-AC1, the protein was expressed in E. coli BL21Star(DE3) cells possessing
pET15bQcusC(ACL). In brief, a 10 ml LB broth overnight culture containing E. coli
BL21star(DE3)/pET15b2cusC(AC1) cells was transferred into 120 ml of LB broth
containing 100 pg/ml ampicillin and grown at 37°C. When the ODgq value reached 1.2,
cells were harvested by centrifugation at 6000 rev/min for 10 min, and then washed two
times with 20 ml of M9 minimal salts solution. The cells were re-suspended in 120 ml of
M9 media and then transferred into a 12 L pre-warmed M9 solution containing 100 pg/ml
ampicillin. The cell culture was incubated at 37°C with shaking. When the ODgqg reached
0.4, 100 mg/l of lysine, phenylalanine and threonine, 50 mg/I isoleucine, leucine and valing,
and 60 mg/l of L-selenomethionine were added. The culture was induced with 1 mM
isopropyl-p-D-thiogalactopyranoside (IPTG) after 15 min. Cells were then harvested within
3 h after induction. The collected bacteria were resuspended in low salt buffer containing
100 mM sodium phosphate (pH 7.2), 10 % glycerol and 1 mM PMSF, and then disrupted
with a French pressure cell. The membrane fraction was collected and washed twice with
high salt buffer containing 20 mM sodium phosphate (pH 7.2), 2 M KCI, 10 % glycerol, 1
mM EDTA and 1 mM PMSF, and once with 20 mM Na-HEPES buffer (pH 7.5) containing
1 mM PMSF. The membrane protein was then solubilized in 2 % (w/v) Cymal-6. Insoluble
material was removed by ultracentrifugation at 100,000 x g. The extracted protein was
purified with a NiZ*-affinity column. The purity of the SeMet-AC1 protein (>95%) was
judged using 10% SDS-PAGE stained with Coomassie Brilliant Blue. The purified protein
was then dialyzed and concentrated to 20 mg/ml in a buffer containing 20 mM Na-HEPES
(pH 7.5), 200 mM NacCl and 0.05% Cymal-6.

Crystallization of the CusC, AC1 and C1S proteins

Crystals of the 6xHis CusC were obtained using sitting-drop vapor diffusion. The CusC
crystals were grown at room temperature in 24-well plates with the following procedures. A
2 pl protein solution containing 15 mg/ml CusC protein in 20 mM Na-HEPES (pH 7.5), 200
mM NaCl and 0.05% (w/v) DDM was mixed with a 2 pl of reservoir solution containing 8%
PEG 3350, 0.05 M sodium acetate (pH 4.0), 0.2 M (NH4)2S04, 1% JM 600 and 2% OG.
The resultant mixture was equilibrated against 500 pl of the reservoir solution. Crystals of
CusC grew to a full size in the drops within two weeks. Typically, the dimensions of the
crystals were 0.2 mm x 0.2 mm x 0.2 mm. Cryoprotection was achieved by raising the
glycerol concentration stepwise to 30% with a 5% increment in each step.
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Crystals of the 6xHis AC1 mutant were obtained using sitting-drop vapor diffusion. Briefly,
a 2 ul protein solution containing 15 mg/ml AC1 protein in 20 mM Na-HEPES (pH 7.5), 200
mM NaCl and 0.05% (w/v) Cymal-6 was mixed with a 2 pl of reservoir solution containing
10% PEG 2000, 0.1 M Na-HEPES (pH 7.5) and 0.1 M KSCN. The resultant mixture was
equilibrated against 500 pl of the reservoir solution. Crystals of AC1 grew to a full size in
the drops within three days with the dimensions 0.2 mm x 0.2 mm x 0.2 mm.
Cryoprotection was achieved by raising the glycerol concentration stepwise to 30% with a
5% increment in each step.

The crystallization conditions for SeMet-AC1 were the same as those for the native AC1
protein.

The procedures for crystallizing the 6xHis C1S mutant were nearly identical to those of
6xHis CusC. The reservoir solution used to crystallize C1S contained 12% PEG 3350, 0.1 M
sodium citrate (pH 6.5), 0.1 M sodium acetate and 15% butane-2,3-diol. Crystals of C1S
also grew to a full size in the drops within two weeks. Cryoprotection was achieved by
raising the glycerol concentration stepwise to 30% with a 5% increment in each step.

Data collection, structural determination and refinement

All diffraction data were collected at 100K at beamline 241D-C located at the Advanced
Photon Source, using an ADSC Quantum 315 CCD-based detector. Diffraction data were
processed using DENZO and scaled using SCALEPACK.34 Crystals of 6xHis CusC belong
to space group R32 (Table S1). Based on the molecular weight of CusC (49.3 kDa), a single
molecule per asymmetric unit with a solvent content of 67.8%. The structure of the CusC
channel protein was phased using molecular replacement (MR), utilizing the published
CusC structure (pdb code: 3PIK) as the search model. Structural refinement was then
performed using PHENIX3 and CNS3 by refining the model against our 2.09 A-resolution
diffraction data (Table 1).

Crystals of 6xHis AC1 took a space group P21 (Table 1). In the asymmetric unit, two
molecules of AC1 were found with a solvent content of 47.1%. Single anomalous dispersion
(SAD) phasing using the program PHASER37 was employed to obtain experimental phases.
Phases were then subjected to density modification and phase extension to 2.53 A-resolution
using the program RESOLVE.38 The AC1 CusC protein contains six methionine residues,
five selenium sites per AC1 molecule (10 selenium sites per asymmetric unit) were
identified. The SeMet data not only augmented the experimental phases, but also helped in
tracing the molecules by anomalous difference Fourier maps where we could ascertain the
proper registry of SeMet residues. After tracing the initial model manually using the
program Coot,3? the model was refined against the native data at 2.53 A-resolution using
PHENIX35 and CNS.36 The conformation of the two AC1 molecules in the asymmetric unit
are very similar. Superimposition of these two molecules gives an overall RMSD of 1.0 A
(for 372 Ca atoms).

Crystals of 6xHis C1S CusC belong to space group P21 (Table 1). Two molecules per
asymmetric unit were found in the crystal with a solvent content of 47.3%. The structure of
the C1S protein was phased using MR, utilizing the AC1 structure as the search model. The
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model was then refined against the C1S data at 2.69 A-resolution using the same procedures
for the full-length CusC and AC1 structures. The structures of the two C1S molecules in the
asymmetric unit are nearly identical to each other. Superimposition of these two molecules
gives an overall RMSD of 0.9 A (for 350 Ca atoms).

Gel filtration

A protein liquid chromatography Superdex 200 16/60 column (Amersham Pharmacia
Biotech) with a mobile phase containing 20 mM Na-HEPES (pH 7.5), 200 mM NaCl and
0.05% DDM was used in the gel filtration experiments. Blue dextran (Sigma-Aldrich) was
used to determine the column void volume, and proteins for use as gel filtration molecular
weight standards were cytochrome C (M, 12,400), carbonic anhydrase (M, 29,000), albumin
bovine serum (M, 66,000), alcohol dehydrogenase (M, 150,000), and f-Amylase (M
200,000). All these standards were purchased from Sigma-Aldrich. The molecular weights
of the experimental samples were determined following the protocols supplied by the
manufacturers.

Data Deposition

Atomic coordinates and structure factors have been deposited with the Protein Data Bank
under codes 4K7R (wild-type CusC), 4K7K (AC1) and 4K34 (C1S).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Structures of the CusC channel proteins. (a) Side view of the trimeric CusC channel. One of

the protomers of CusC is in rainbow colors. The other two molecules of CusC are colored
gray. (b) Ribbon diagram of the structure of a CusC protomer. The CusC protomer is
acylated (red sticks) through the Cys1 residue to anchor onto the outer membrane. (c)
Ribbon diagram of the structure of a protomer of the AC1 mutant. (d) Ribbon diagram of the
structure of a protomer of the C1S mutant. The molecules are colored using a rainbow
gradient from the N-terminus (blue) to the C-terminus (red).
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Fig. 2.
Comparison of the conformations of wild-type CusC and ACL1. (a) Superimposition of a

monomer of wild-type CusC onto that of the AC1 mutant. The structures of the wild-type
CusC and AC1 protomers are colored yellow and blue, respectively. The arrows indicate the
drastic changes in positions and secondary structures when comparing the conformations of
the wild-type and AC1 CusC. (b) Superimposition of each protomer of the wild-type CusC
trimer with the AC1 mutant. Each arrow indicates the shift in position of H8 and H9 in each
protomer when comparing the wild-type and AC1 structures.
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Fig. 3.
Model of folding and membrane insertion of the CusC channel protein. This includes the (a)

unstructured lyyq intermediate, (b) monomeric molten disk (mono-ly;») intermediate, (c)
trimeric molten disk (tri-lys2) intermediate, (d) trimeric Ip43 molten globule intermediate, and
(e) mature trimeric CusC protein.
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Table 1

Data collection, phasing and structural refinement statistics of the CusC, AC1 and C1S proteins.

CusC (WT) ACL AC1 (SeMet) c1s
Data Collection
Space group R32 P21 P21 P21
Cell dimensions
a,b,c(A) 88.49, 88.49,474.72.60 62.02,104.47,72.03 61.93,104.41,71.95 61.88,105.03, 72.36
a, B,y (°) 90, 90, 120 90, 101.03, 90 90, 101.03, 90 90, 101.06, 90

Wavelength (A) 0.979 0.979 0.979 0.979
Resolution (A) 50-2.09 (2.17-2.09) 50-2.53 (2.63-2.53) 50-2.8 (2.90-2.80) 50-2.69 (2.84-2.69)
Rsym (%) 8.3 (40.4) 6.9 (41.7) 11.6 (45.9) 10.2 (30.4)
Average I/ol 12.7 (1.8) 12.1(1.7) 10.5 (2.16) 9.3 (3.4)
Completeness (%) 97.3(97.2) 94.0 (91.6) 99.9 (99.8) 98.5 (95.0)
Redundancy 2.4 (2.4) 2.1(2.0) 2.8(2.8) 38(3.7)
Total reflections 640,300 426,465 654,832 94,904
Unique reflections 43,397 30,236 22,466 24,874
Phasing
Number of sites 10
Figure of merit (acentric/centric) 0.821/0.797
Refinement
Resolution (&) 50-2.09 50-2.53 50-2.69
No. reflections 54,129 31,197 24,838
Ruork/Riree (%) 20.60/23.50 20.77/26.71 19.08/24.61
B-factors (A?)

Protein chain A 30.6 43.7 46.3

Protein chain B 50.7 51.8
R.m.s. deviations

Bond lengths (A) 0.007 0.008 0.009

Bond angles (°) 0.924 1.105 1.143
Ramachandran
most favored 96.4 93.4 92.8
additional allowed 3.6 6.6 6.2
generously allowed 0 0 0.7
disallowed 0 0 0.3
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