progression is elevated by leptin signaling that is upregulated by obe-
sity and overeating.

The mechanism of LEPR expression during the progression of ACF
to colonic tumors is still unknown and further analysis is needed. Our
results obtained with the use of colonic epithelium-specific LEPR-
deficient mice clearly indicated that LEPR-mediated signaling is
more important for the progression of ACF to colonic tumors than for
the formation of ACF from normal colonic epithelium. These findings
may provide the answers to all previous questions about the role of
LEPR-mediated signaling in the development of colonic tumors. In
addition, our findings may suggest novel targets for the development
of preventive/therapeutic strategies against CRC, based on the inhibi-
tion of LEPR-mediated STAT3 signaling.

In conclusion, we clearly demonstrated the local and precise roles
of LEPR-mediated signaling in colorectal carcinogenesis. LEPR-
mediated signaling, mediated via activation of STAT3 signaling, is
important for the progression of ACF to colonic tumors. Our findings
may suggest novel targets for the development of preventive/thera-
peutic strategies against CRC.

Supplementary material

Supplementary Methods and Supplementary Figures 1-4 can be
found at http://carcin.oxfordjournals.org/
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Determination of damage-
free crystal structure
of an X-ray-sensitive
protein using an XFEL

Kunio Hiratal-2?, Kyoko Shinzawa-Itoh3,

Naomine Yano2?3, Shuhei Takemura3, Koji Kato?$8,
Miki Hatanaka3, Kazumasa Muramoto3,

Takako Kawahara3, Tomitake Tsukihara?-4,

Eiki Yamashita4, Kensuke Tono®, Go Ueno!,

Takaaki Hikimal, Hironori Murakamil,

Yuichi Inubushi!, Makina Yabashi!, Tetsuya Ishikawal,
Masaki Yamamoto!, Takashi Ogura®, Hiroshi Sugimotol,
Jian-Ren Shen’, Shinya Yoshikawa? & Hideo Ago!

We report a method of femtosecond crystallography for solving
radiation damage—free crystal structures of large proteins at
sub-angstrom spatial resolution, using a large single crystal
and the femtosecond pulses of an X-ray free-electron laser
(XFEL). We demonstrated the performance of the method

by determining a 1.9-A radiation damage—free structure

of bovine cytochrome c oxidase, a large (420-kDa), highly
radiation-sensitive membrane protein.

The modern synchrotron has contributed to high-resolution
crystal structure determination by providing an especially bright
X-ray beam. However, a method of radiation damage-free crystal
structure analysis of proteins has not been fully realized. This is
because reactive species, which form on a picosecond timescale
upon X-ray irradiation, attack the molecules in the crystal even
at cryogenic temperatures®2,

We report a radiation damage-free data collection method,
developed at the SPring-8 angstrom compact free-electron laser
(SACLA) facility and based on a combined usage of a large crystal
and the femtosecond X-ray pulses of an XFEL. A femtosecond
X-ray pulse provides a diffraction image before the chemical
structure of the protein is destroyed by the X-ray pulse®. Early
studies using photosystem II, a metalloprotein susceptible to such

radiation damage, showed that the femtosecond exposure time
is markedly shorter than the time needed for the development of
radiation damage®>.

In the serial femtosecond crystallography approach, a stream of
microcrystals is flowed into the XFEL beam such that occasion-
ally a microcrystal will be hit with an X-ray pulse and produce a
diffraction pattern. The intensity of Bragg spots, each of which
is regarded as a diffraction from a three-dimensional periodic
structure, must be reconstructed in a Monte Carlo approach®,
which involves taking the average of many independent observa-
tions of the intensity of each Bragg spot from different microcrys-
tals illuminated by XFEL pulses having variable pulse parameters.
As the total diffraction count generally scales linearly with the
crystal volume interacting with the X-ray, a large crystal is desir-
able for high-resolution data collection’, even though there are
potential drawbacks, such as extensive mosaicity and lattice
defects. Large crystals also afford the capacity to record a series
of diffraction images in a known rotation sequence, which allows
accurate scaling and merging of data using existing tools
developed for traditional crystallography instead of a Monte
Carlo approach that requires highly redundant observation of the
intensity of Bragg spots.

In our approach, we rotated a large single crystal with a
size range of several hundred micrometers by a small angle in a
stepwise fashion in order to record still diffraction images that
are discrete and sequential in the course of the crystal rotation.
The size of the stepwise crystal rotation, specifying how finely
a diffraction spot is sampled along the crystal rotation, has a
profound effect on the quality of the resultant diffraction data.
We obtained preliminary experimental results using sequential
still diffraction images of a lysozyme crystal collected at beamline
BL26B2/SPring-8, finding that one-third of a crystal mosaicity
was an optimal step size (Online Methods).

We recorded each diffraction image from an independent
portion of the crystal, translating the crystal before every X-ray
pulse irradiation so as to maintain a 50-um distance apart from
neighboring beam footprints (Fig. 1a). The translational size of
50 wm was experimentally determined to be a size free of
radiation damage (Online Methods and Fig. 1b).

We applied the method to multiple crystals of bovine heart
cytochrome ¢ oxidase (CcO)3$, an O, reduction-coupled proton
pump with a unit cell volume of 6.7 MA3, at experimental hutch 3
of beamline 3 of SACLA?, to elucidate the radiation damage—free
ligand structure of CcO in the fully oxidized ‘resting fast’ state
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Figure 1 | Schematic of the data collection approach using femtosecond
crystallography at SACLA. (a) Experimental setup for femtosecond
crystallography characterized by the combined usage of a large crystal and
femtosecond XFEL pulses. The distance between each irradiation point
was set to 50 um in the horizontal direction for any rotation angle. The
vertical step size was varied depending on the rotation angle so as to
maintain a 50-um distance between two neighboring beam footprints.

(b) Propagation of the radiation damage on the CcO crystal. Shown is the
variation in the number of diffraction spots observed along the vertical
direction, as defined in Figure 1a. The blue and red curves were measured
with sufficiently attenuated XFEL pulses before and after a non-attenuated
XFEL pulse irradiation (at 0 um), respectively.

(hereafter called ‘the oxidized state’) (Supplementary Note). The
0,-reduction site of CcO'? is composed of heme a3 iron (Fe,3)
and copper (Cugp) sites as well as a putative peroxide ligand in the
oxidized state in the purified preparation used in this study!l.
X-ray irradiation reduces the peroxide ligand to give a hydrox-
ide bound state (Fe,3>*-OH™, Cup?*-OH"), resulting in a longer
interatomic distance between the peroxide oxygen atoms than is
found in a typical peroxide molecule!!.

We collected 1,396 still diffraction images, each rotated by a step
of 0.1°, from 76 crystals of CcO at 100 K, each with a maximum
width and thickness of 500 pwm and 100 pm, respectively. The
crystal rotation step of 0.1° was less than one-third of the average
crystal mosaicity of 0.35°. The radiation dose was 9.9 MGy and
was approximately the same for each exposure. The time between
shots was 5 s according to the readout time of the detector. 1,107
images were processed and scaled together using MOSFLM!? and
SCALA!3 (Supplementary Table 1). The sequential still diffrac-
tion images, covering an angular range of approximately 1.5° on
average (the maximum and minimum were approximately 10°
and 0.5°, respectively) were collected from one crystal. The Ryerge
and Ry, (ref. 14) of the 1.9-A diffraction data were 24.3% and
13.7%, respectively.

We evaluated radiation damage to the peroxide ligand as follows
(Online Methods). An F, — F, map calculated with the phases
obtained by the refinement, performed without any atoms present
between Fe,; and Cug, possessed an elongated electron density
shape (Fig. 2a). This is consistent with two oxygen atoms of a
peroxide anion. The peak height of the water molecule bound to
the Oy of Tyr244 in the F, — F. map (Fig. 2a), which increases
along with the reduction of the peroxide ligand, is a reliable
and sensitive way to determine the radiation damage to a peroxide
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ligand!!. The refined structure without the peroxide ligand
obtained using XFEL radiation had a water peak (38% of the
single water molecule) and intensity virtually identical to that
of cyanide-bound oxidized CcO (37%). The water peak was
most likely due to spontaneously introduced exogenous water
molecules, as cyanide completely removes the bound peroxide.
We compared our XFEL result to data collected on standard
(BL44XU/SPring-8) and microfocus (BL32XU/SPring-8) syn-
chrotron beamlines. The observed XFEL peak was clearly weaker
than the intensities observed in the data obtained at BL44XU/
SPring-8 (62%) and BL32XU/SPring-8 (43%) (Supplementary
Table 2). The water-peak intensity clearly indicated the absence
of any radiation damage to the bound peroxide ligand using our
new XFEL-based method.

During structure model refinement without any restraint condi-
tions on the peroxide oxygen atoms, the O-O distance converged
to 1.75 A. It was the shortest relative to those refined against
the data collected at beamlines of BL44XU/SPring-8 in previous
work!! (1.90 A) and BL32XU/SPring-8 (1.81 A). We refined
six structural models with different O-O distances constrained
to 1.20 A, 1.30 A, 1.40 A, 1.50 A, 1.60 A and 1.70 A, and we
evaluated their structures in terms of the residual electron density
of their F, — F. maps (Supplementary Fig. 1), as in the previous
study!!l. Shortening the O-O distance increased the intensity
of a residual peak close to Cug and near the peroxide, whereas
a higher peak, located just next to the bond between the two
oxygen atoms of the peroxide, appeared upon elongation of the
0-0 distance. The convergence point for the appearance of
the two different residual densities with an increase in the O-O
distance was between 1.50 A and 1.60 A for the XFEL data,
whereas it was 1.70 A and 1.65 A for the data obtained at BL44XU/
SPring-8 (ref. 11) and BL32XU/SPring-8, respectively. These
results showed that the reduction of the peroxide was minimized
by using XFEL femtosecond pulses.

Figure 2 | The 0,-reduction site free of radiation damage. (a) F, - F. map
in stereo at 1.9-A resolution for the XFEL data. Electron density cages at
the 30 level (6/0.041 e~/A3) are depicted along with the structural model
of the 0,-reduction site, including the Fey3 (red) and Cug (blue) atoms
and the oxygen atoms (cyan) of the two water molecules. The two water
molecules 705 and 723 were not included in the structural refinements in
order to compare the electron densities with the electron density between
Fegs and Cug as well as the electron density near Tyr244 Oy. The peak
height of both water molecules is 9.00, and the peak height near Tyr244
is 3.40. (b) Diagram of ligand binding. A stick model of the 0,-reduction
site with a major component (95%; thick stick) and a minor component
(5%; thin stick) of peroxide anions, both with an 0-0 distance of 1.55 A.
The colors used to designate the atom species are the same as in a.

The numerical values indicated between the metal atoms and the oxygen
atoms of the peroxide anions represent the distance in angstroms.

NATURE METHODS | VOL.11 NO.7 | JULY 2014 | 735
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The appearance of residual electron densities beside but not on
the O-O bond in the refinements with the constrained O-O dis-
tances of 1.60 or 1.70 A (Supplementary Fig. 1) provides a strong
indication of the existence of a minor component. The main com-
ponent of the peroxide with 95% occupancy under the constraint
of the O-O distance was refined to 1.55 A and was located with a
minor component of the peroxide with an occupancy of 5% on the
residual densities (Online Methods). We judged from the residual
electron density of the F, — F, map at the binuclear center that the
structural refinement converged well (Supplementary Fig. 2a).
We performed similar calculations that included the minor com-
ponents using other structural models with O-O distances of
1.60 A and 1.50 A, resulting in residual densities of the F,, — F, maps
that were higher than that of the 1.55-A model. Consequently,
the present X-ray structural analysis using the XFEL data
indicated that a peroxide anion with an O-O distance of 1.55 A
exhibited multiple conformations in the binuclear center, in
which the main component, with 95% occupancy, had O-Cug and
O-Fe,; distances of 2.14 A and 2.35 A, respectively, and the
minor component had analogous distances of 1.95 A and 3.76 A
(Fig. 2b). The O-O distance obtained in this study was similar
to that of a typical peroxide (Online Methods). The hydroxide
bound state!! (Fe,33*-OH~, Cup?*-OH™) caused by X-ray
irradiation was undetectable, even as a minor component, in the
X-ray structural data from the XFEL data. This indicated that our
method afforded an undamaged structure. Further details on the
ligand assignment are provided in the Supplementary Results,
Supplementary Figure 2b and Supplementary Note.

Our method of using large single crystals for XFEL analysis
yielded a radiation damage-free and high-resolution crystal struc-
ture of CcO, which could not be obtained using the microbeam
of beamline BL32XU/SPring-8 at the same dose per image with
a longer exposure time, or by a low-dose experiment at beam-
line BL44XU/SPring-8 (ref. 11). The ultrashort, femtosecond
exposure time therefore provides an advantage over the use of
a synchrotron beamline. The structure determination of redox-
sensitive metalloproteins, such as photosystem II (ref. 15) and
nitric oxide reductase!®, whose metal-ion reduction occurs below
a dose for the diffraction intensity data collection using a synchro-
tron beamline, will especially benefit from this method. Because
CcO is one of the proteins most sensitive to X-ray irradiation!!,
a 50-pm separation between two irradiation points would be an
appropriate displacement for most protein crystals.

METHODS
Methods and any associated references are available in the online
version of the paper.
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Accession codes. Protein Data Bank: the coordinate and the
structure factor have been deposited with accession code 3WG7.

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

Pulse parameters of SACLA. The pulse parameters of SACLA
were as follows: pulse duration, 10 fs or shorter; pulse flux,
3.5 x 10!° photons; photon energy, 10.0 keV (1.241 A);
energy bandwidth, 0.6% (FWHM) (57 eV/10 keV); beam size,
1.8 (H) x 1.2 (V) pm?. The parameters for shot-to-shot variation
were as follows: photon energy: 0.07% (s.d.) (7 eV/10 keV);
intensity, 12% (s.d.) (36 WJ/290 uJ at the upper stream beam
monitor 1).

Evaluation of the propagation of the radiation damage induced
by XFEL irradiation of CcO crystals. Evaluation of the damage
propagation as a large-scale disorder in a CcO crystal cooled at
100 K was conducted along the vertical and horizontal direc-
tions, as defined in Figure 1. This information is a condition that
precedes the avoidance of radiation damage at a smaller scale
of interest, such as the movement of a few atoms. The number
of the diffraction spots in the images was counted at various
distances (1 pm apart) from the XFEL pulse irradiation point
(0 pm). Each image was taken by a sufficiently attenuated
(100-fold) XFEL pulse of 10 ke V. As a control experiment, images
were taken at the same points before the non-attenuated XFEL
irradiation. Substantial propagation of the radiation damage was
not detectable beyond 11 wm from the non-attenuated XFEL
irradiation at O pm, as shown in Figure 1. Essentially the same
results were obtained for the damage propagation in the horizon-
tal direction. The distance between the irradiation points was set
to 50 pm in the horizontal direction for each rotation angle. The
translational distance in the vertical direction was varied along
with the crystal rotation in order to maintain a 50-pm distance
between neighboring beam footprints.

The validity of processing still diffraction images. Crystals
were rotated by a small angle in a stepwise fashion to record
sequential still diffraction images from a crystal. The appropriate
angular step of crystal rotation enabled a sampling of the diffrac-
tion intensity of a diffraction spot using just a few still diffraction
images, resulting in a few partial diffraction intensities that were
discrete and sequential in the crystal rotation for each diffrac-
tion spot. Also, the programs designed for data processing of the
oscillation images were able to process the still diffraction images
by regarding each still diffraction image as an oscillation image
with an oscillation angle equivalent to the crystal rotation step,
even though some parts of the diffraction intensity of a given
diffraction spot would be missed in the still data collection. The
shot-to-shot variation in photon energy of 0.07% at 10 keV con-
tributes to the stable data processing. The energy bandwidth
of 0.6% (FWHM) at the photon energy of 10 keV (1.241 A)
may help ameliorate the problem derived from the still data
collection in an analogous manner to the role of the pink beam
in the pink Laue concept!’, although the actual effects of the
current XFEL pulse on data collection need further investigation
in future studies. The capacity to have still diffraction images
that are discrete and sequential in a rotating crystal is a critical
characteristic that makes the data collection possible, and it is
distinctly different from the serial femtosecond crystallography
performed using diffraction images that are completely independ-
ent of each other.

doi:10.1038/nmeth.2962

The step size of the crystal rotation, specifying how finely a
diffraction spot along the crystal rotation is sampled, has a profound
effect on the quality of the resultant diffraction data. To estimate the
appropriate step width, we performed a preliminary experiment.
A sequential data set of 1,800 still images by 0.05° steps was collected
from a standard lysozyme crystal at beamline BL26B2/SPring-8.
Three types of data processing with a conventional data processing
program (MOSFLM!?) were performed using all of the images, skip-
ping one of two, and skipping three of four to simulate the step scan
methods with a step width of 0.05°, 0.10° and 0.20°, respectively. The
result is summarized in Supplementary Table 3, with the normal
oscillation data set provided for comparison. The crystal mosaicity
of the sample estimated from the normal data set was 0.42°.

The structural refinements of lysozyme against the three dif-
fraction data sets corresponding to the step width of 0.05°, 0.10°
and 0.20° were performed, in addition to the refinement using
the normal diffraction data set collected by the conventional
oscillation method with a 0.05° oscillation angle. The structural
analysis and the refinement were performed by PHENIX!8. The
PDB accession ID of the starting model was 1LZC (ref. 19).
Supplementary Table 3 provides a summary of the results. All
refinements converged to reasonable R and R, values, although
the statistical value of the diffraction data worsened along with an
increase in the step width. The r.m.s. deviations of a superimposi-
tion of the crystal structure of the normal oscillation data on the
structures refined against the still data were lower than 0.033 A in
all of the pairs, and the density correlation coefficient calculated
by PHENIX'® was higher than 0.897 in all of the refinements.
These results show that the diffraction data corresponding to the
rotation step of 0.20° as one-half of the crystal mosaicity of 0.42°
are still available for structural refinement of a comparable qual-
ity to that using the normal oscillation data. The crystallographic
refinement of lysozyme showed that half of the crystal mosaicity
was of an acceptable step size. Therefore, one-third of the crystal
mosaicity was determined to be a reliable measure.

Preparation of crystals of the oxidized bovine heart CcO. CcO
in the oxidized state was purified from bovine heart mitochondria
and crystallized as described previously®20. The oxidized crystals
were stabilized at 4 °C in stabilization solution (40 mM MES-
Tris buffer, pH 5.8, containing 0.2% (w/v) n-decyl-B-p-maltoside
and 1% (w/v) poly(ethylene glycol) 4,000 (Sigma)). To prepare
the CN-bound oxidized crystals, we soaked the oxidized crystals
in the CN solution, which consists of the stabilization solution
plus 10 mM potassium cyanide. The CN solution was replaced by
freshly prepared solution once per day. The crystals were frozen
in a cryo-nitrogen stream at 100 K in the presence of 45% (v/v)
ethylene glycol as a cryoprotectant.

X-ray diffraction experiments of CN-bound oxidized crystals of
the bovine heart CcO. All of the X-ray experiments were carried out
at beamline BL44XU/SPring-8. The beamline was equipped with
an image plate detector, DIP6040. The X-ray beam cross-section
for X-ray diffraction experiments was 70-80 pum x 50 pm, and the
wavelength was 0.9 A. Each 0.5° oscillation frame was taken by a
10-s exposure at 100 K. Data processing and scaling were carried
out using DENZO and SCALEPACK?!. Statistics of the intensity
data are provided in Supplementary Table 4.
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Control experiments using the microfocus beam of beamline
BL32XU/SPring-8. The control experiment was performed using
the microfocus beam of beamline BL32XU/SPring-8 at 100 K. The
crystals of CcO were prepared in the same way as described above.
The beam features of the beamline BL32XU/SPring-8 were as fol-
lows: X-ray energy, 10.047 keV; beam size, 1.5 (V) x 1.5 (H) pm?
(FWHM); photon number at the sample position, 3.6 x 1010 pho-
tons per image; exposure time, 1.3 seconds per image. By a pre-
liminary experiment analogous to the result in Figure 1b, the size
of the area in which the number of diffraction spots decreased by a
1.3-s exposure of the above beam was 6.0 um (V) and 4.5 pun (H).
On the basis of the area size, the irradiation points were placed
on a crystal so as to maintain a 10-um interbeam distance and
thus escape the radiation damage that occurred in the previous
exposures. The ratio of the interbeam distance to the size of the
area with reduced diffraction spots was almost double, and this is
comparable to the ratio of the data collection at SACLA. The 367
diffraction images with an oscillation angle of 0.3° per image were
processed using XDS22 and ATIMLESS?, resulting in the 1.9-A
intensity data, as shown in Supplementary Table 5.

X-ray structural analysis. The initial phase angles of the struc-
tural factors up to 4.0-A resolution were obtained by the molecular
replacement (MR)?* method using the fully oxidized structure
previously determined at 1.8-A resolution (PDB ID code 2DYR)?5.
The phases were extended to 1.9-A resolution by density modi-
fication?¢ coupled with noncrystallographic symmetry averag-
ing using the CCP4 (ref. 27) program DM. As the damaged and
undamaged structures should be essentially equivalent at 4.0-A
resolution, the low-resolution MR should not bias the data exces-
sively. An electron density map with minimum or no model bias
was calculated using Fourier coefficients of F, x exp(itvgr/pm)s
where Oir/pM is the resultant phase. The structural refinement
initiated using X-PLOR?8 was followed by REFMAC?®. The bulk
solvent correction and the anisotropic scaling of the observed
and calculated structure amplitudes were incorporated into the
refinement calculation. The anisotropic temperature factors for
the iron, copper and zinc atoms were imposed on the calculated
structure factors. The quality of the structural refinement was
examined by the R and Rge values. There were no substantial
structural changes in comparison to the crystal structure used as
the search model in the MR. The two water molecules 705 and
723 shown in Figure 2a in the vicinity of the O,-reduction site
were not included in the structural refinement in order to com-
pare their peak heights as a reference for the unknown groups in
the F, - F, maps. All of the F, - F. maps were calculated with the
Fourier coefficients and phases obtained by REFMAC?’ in the
structural refinement.

Assessment of radiation damage of the diffraction data meas-
ured at SACLA. The peak height of the water molecule hydrogen-
bonded to the Oy of Tyr244 can be used as one criterion for the
radiation damage of the bound peroxide. It has been shown by
measurements performed at SPring-8 that the X-ray irradiation
of the oxidized CcO crystal cooled at 100 K decreases the electron
density of the peroxide ligand concomitantly with an increase in
the peak height of the water molecule hydrogen-bonded to Oy of

NATURE METHODS

Tyr244 in the F, ~ F, map*!. Tyr244 functions as a scavenger of
the water molecules produced by the X-ray irradiation-derived
reduction of the peroxide bound at the O,-reduction site. Thus,
the peak intensity of the water molecule site, normalized by com-
parison with the average of the peak heights of the two water
molecules near the O,-reduction site (which are insensitive to
X-ray irradiation), can be used as one criterion of radiation dam-
age of a peroxide ligand.

To assess the degree of radiation damage, we performed the
above described X-ray structural analysis and refinement with-
out the models of the peroxide ligand and the two reference
waters on each of four different diffraction data set: one was the
diffraction data set measured at SACLA (this work), another was
the diffraction data set collected at beamline BL44XU/SPring-8
with a dose of 0.33 MGy per image!!, a third was the diffrac-
tion data set collected at 100 K at beamline BL32XU/SPring-8
with the same dose as the data of SACLA (Supplementary Table 5),
and the last was the diffraction data set on the crystal of cyanide-
bound CcO measured at 100 K at BL44XU/SPring-8
(Supplementary Table 4). Cyanide completely replaces the
peroxide ligand at the O,-reduction site®’, and the water that
becomes trapped by Tyr244 is not formed by the X-ray-induced
reduction of the ligand; therefore, the peak height of the electron
density can be used as the standard peak height free of radia-
tion damage of the peroxide ligand. The peak heights of the
water molecules are summarized for three different data sets in
Supplementary Table 2.

Refinement of the O,-reduction site. Three different structural
refinements with two oxygen atoms between the two metal ions
were performed to determine the precise structure of the O,-
reduction site. The procedure from the low-resolution MR to
the structural refinement was described above. The first refine-
ment was performed without any restraint for the O-O structure.
Second, the refinements with constrained O-O bond distances of
1.20A,1.30A,1.40 A,1.50 A, 1.60 A and 1.70 A were performed
using the data measured at SACLA (this work) and beamlines
of BL44XU/SPring-8 (ref. 11) and BL32XU/SPring-8. In the
constrained refinement, the validity of the bond distances was
evaluated using F, - F. maps (Supplementary Fig. 1). Third,
structural refinements using multiple conformations with differ-
ent O-O distances were performed to reduce the residual densities
between the two metal ions observed in the second refinement.
For peroxide models with O-O distances of 1.50 A, 1.55 A and
1.60 A, two oxygen atoms of a minor component having the same
0-0 distance as that of the main component were identified on
the residual density sites. One of these was close to Cug, and the
other was adjacent to the peroxide anion. All the parameters of the
minor component and the bond distance of the major component
were fixed during the refinement process. The statistical data on
the structure determination for the peroxide model with an O-O
distance of 1.55 A are given in Supplementary Table 1.

According to the Cambridge Structural Database, the average
0-0 distance among 97 non-protein-derived peroxide structures
that bridge two metal ions is 1.44 + 0.06 A (£ 5.d.). The distance
range is between 1.29 Aand 1.59 A, and 11 of the 97 distances are
between 1.50 A and 1.59 A.

doi:10.1038/nmeth.2962
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Structural basis of Sec-independent membrane

protein insertion by YidC

Kaoru Kumazakib?*, Shinobu Chiba®*, Mizuki Takemoto™?, Arata Furukawa®*, Ken-ichi Nishiyama®, Yasunori Sugano®,
Takaharu Mori®, Naoshi Dohmae?, Kunio Hirata’, Yoshiko Nakada-Nakura®, Andrés D. Maturana®, Yoshiki Tanaka®,
Hiroyuki Mori'®, Yuji Sugita®, Fumio Arisaka, Koreaki Ito®, Ryuichiro Ishitani"?, Tomoya Tsukazaki*'? & Osamu Nureki?

Newly synthesized membrane proteins must be accurately inserted
into the membrane, folded and assembled for proper functioning.
The protein YidC inserts its substrates into the membrane, thereby
facilitating membrane protein assembly in bacteria; the homologous
proteins Oxal and Alb3 have the same function in mitochondria and
chloroplasts, respectively™”. In the bacterial cytoplasmic membrane,
YidC functions as an independent insertase and a membrane chap-
erone in cooperation with the translocon SecYEG’~°. Here we pres-
ent the crystal structure of YidC from Bacillus halodurans, at 2.4 A
resolution. The structure reveals a novel fold, in which five conserved
transmembrane helices form a positively charged hydrophilic groove
that is open towards both the lipid bilayer and the cytoplasm but
closed on the extracellular side. Structure-based in vivo analyses reveal
that a conserved arginine residue in the groove is important for the
insertion of membrane proteins by YidC. We propose an insertion
mechanism for single-spanning membrane proteins, in which the
hydrophilic environment generated by the groove recruits the extra-
cellular regions of substrates into the low-dielectric environment of
the membrane.

The Sec translocon, a protein-conducting channel conserved in all
three phylogenetic domains, translocates secretory proteins across the
membrane and inserts membrane proteins into the membrane by an
hourglass-shaped pore formed by ten transmembrane helices®. In
bacteria, another membrane protein, YidC, is involved in the folding
and insertion of many membrane proteins®'®, such as subunit ¢ of the
FoF,-ATPase (Fyc), and thus is essential for cell viability*=. YidCis con-
sidered to function as both a Sec-dependent membrane chaperone and
a Sec-independent insertase. In the Sec-independent pathway, YidC di-
rectly interacts with the translating ribosome to mediate the insertion
of several single-spanning or double-spanning membrane proteins'".
Previous studies have suggested that YidC forms a face-to-face dimer, cre-
ating a channel at its dimer interface'®'®. By contrast, another research
group has reported that a monomer of membrane-embedded YidC is
sufficient for binding to the substrate-translating ribosome'®. Oxal, the
mitochondrial homologue of YidC, reportedly functions as a voltage-
gated membrane channel, as well as a membrane protein insertase, prob-
ably by forming a tetramer™. However, the lack of a high-resolution
structure of YidC has limited our understanding of the molecular mech-
anism of YidC-mediated membrane protein insertion.

Members of the genus Bacillus have two yidC genes, encoding YidC1
and YidC2. We determined the crystal structures of two constructs of
B. halodurans YidC2 (YidC27_266 and YidC27,_267), which lack both the
amino-terminal signal and the carboxy-terminal non-conserved sequences

(Pig. 1, Extended Data Table 1 and Extended Data Figs 1 and 2). A similar
deletion variant of Bacillus subtilis YidC1 (also known as SpolIlJ), an
orthologue of B. halodurans YidC2 with 49.6% sequence identity, has
comparable activity to the full-length protein in vivo (K248stop in
Fig. 2a). Although the crystallographic asymmetric units of YidCy; 46
and YidC,;_,¢; contain one and two YidC molecules, respectively, the
molecules in the crystalline lattice do not appear to form an effective olig-
omer, such as a face-to-face dimer'®'® (Extended Data Fig. 3a, b). Recent
fluorescence correlation spectroscopy and cryo-electron microscopy
analyses of YidC bound to a translating ribosome showed that YidC
exists as a monomer in detergent solution and in lipid membranes'”*?,
Consistent with these findings, our analysis using size exclusion chro-
matography coupled to multi-angle laser light scattering (SEC-MALLS)
also showed that YidC exists as a monomer in detergent solution (Ex-
tended Data Fig. 3c-e). Because the overall structures of YidC,;_,6¢ and
YidCp;_z67 are nearly identical (with a root mean square deviation of 1.79
A over residues 27-266), we mainly describe the structure of YidCy;_66.

The YidC,; 46 structure consists of the N-terminal E1 region, the
C-terminal C3 tail and the core region: the core region is composed of
transmembrane helices 1-5 (TM1-5), connected by two cytoplasmic (C1
and C2) regions and two extracellular (E2 and E3) regions (Fig. 1c). The
E1 region consists of the EH1 helix, whereas the C1 region forms a
hairpin-like structure composed of two helices (CH1 and CH2) con-
nected by a shortloop. The residues in the C2 region and the C3 tail are
structurally disordered. The EH1, CH1 and CH2 helices protrude from
the core region and lie nearly parallel to the plane of the membrane. The
EHI helix is amphipathic, whereas the CHI and CH2 helices contain
mainly hydrophilic residues. This observation suggested that one face of
the EH1 helix is embedded in the membrane, whereas the CH1 and CH2
helices are exposed to the solvent (Fig. 1a). This idea is also consistent with
theoretical calculations using an implicit membrane model (see Methods).

A comparison of the structures of YidC,;_»¢6 and YidCyy_ 267 sug-
gested that the C1 region, which does not interact with the remainder
of YidC, is flexible (Extended Data Fig. 4a—c). The CH1 helix forms a
continuous helix with the TM1 helix, which is kinked at the conserved
proline residues P78 and P94 (Fig. 1c). The proline residues and the par-
tially disordered flexible loop connecting the CH2 and TM2 helices
(residues 130~140), which is likely to be embedded in the membrane,
could enhance the flexibility of the C1 region. Indeed, the C1 region has
higher B-factors than the other regions (Extended Data Fig. 5a). A mole-
cular dynamics simulation also suggested that the position of the C1
region fluctuates greatly in the lipid bilayer environment (Extended Data
Fig. 6a, b).
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Figure 1 | Overall structure of YidC. a, Cartoon representations of Bacillus
halodurans YidC viewed transversely through the membrane (left) and from
the extracellular fluid (right). The structure is coloured from blue to red from
the N to the C terminus. b, Surface model representations of YidC coloured
according to electrostatic potential, ranging from blue (+20 kT/e) to red

To further investigate the functional importance of the C1 region,
we performed a structure-based genetic analysis of B. subtilis SpollI].
The membrane insertion of MifM, a single-spanning membrane protein,
is mediated by the SpollIJ pathway®.. In this analysis, we measured the
P-galactosidase (LacZ) activity of a YidC2-LacZ translational fusion
protein: this activity increased in response to a defect in the SpolllJ-
dependent insertion of MifM (Extended Data Figs 7a and 8). Two C1-
deletion mutants (Extended Data Fig. 7b) exhibited higher LacZ activities
than wild-type SpollIJ (Fig. 2a), suggesting that the C1 region is crucial
for the YidC-mediated membrane insertion of MifM. We then performed
a growth complementation analysis using B. subtilis (as described in
Extended Data Fig. 7c), which also suggested that the C1 region isimpor-
tant for SpolllJ activity (Fig. 2b). -

The extracellular halves of the TM1-5 hehces, in addition to the E2
region, are tightly packed with hydrophobic side chains (Extended Data
Fig. 5b, c), whereas the cytoplasmic halves of the TM1-5 helices loosely
interact with each other to form a groove (~2,000 A3 ). This groove con-
tains many hydrophilic residues, including the conserved T68, R72, Q82,
Q142, Q187, N248 and Q254 residues, and thus generates a hydrophilic
environment in the lipid bilayer (Fig. 2c and Extended Data Fig. 1). The
conserved R72 residue, the only charged residue in this groove, pro-
trudes into the centre of the groove and creates a strong positive elec-
trostatic potential in the groove (Fig. 1b, d). This hydrophilic groove is
open to both the cytoplasmic side and the membrane interior. By con-
trast, the groove is sealed towards the extracellular side by the hydro-
phobic core and is not accessible from that side (Fig. 1d). The hydrophobic
core, which consists of the hydrophobic residues in the extracellular half
of YidC, has lower B-factors than the other regions, suggesting that it
is rigid (Extended Data Fig. 5). Structure-based genetic analyses sug-
gested the importance of this hydrophobic core for the function of YidC
(Fig. 2a-cand Extended Data Fig. 7b). A comparison of the YidCy;._ ¢ and
YidC,;_z6; structures revealed that the groove in YidC,;.567 is narrower

Intracellular

@

(—20kT/e), where kT is thermal energy and e is the elementary charge.

¢, Topology diagram of YidC, coloured as in a. The grey area represents the
cytoplasmic membrane. d, Cut-away molecular surface representations, viewed
transversely through the membrane, coloured as in b.

than that in YidC,;_s¢6, suggesting that the groove has structural flex-
ibility (Extended Data Fig. 4d). Molecular dynamics simulations also
suggested that the size of the hydrophilic groove slightly fluctuated during
a 1,000-ns simulation (Extended Data Fig. 6a). By contrast, the overall
architecture of the core region, and the structure of the hydrophilic
groove, remained stable in the lipid bilayer (Extended Data Fig. 6b), and
the groove was constantly filled with ~20 water molecules (Extended
Data Fig. 6¢). The extracellular side of the groove remained sealed by
the hydrophobic protein residues and the aliphatic lipid chains and thus
was impermeable to ions and water molecules during molecular dynamics
simulations. Taking these findings together, YidC appears to provide a
flexible hydrophilic groove in the membrane that is open towards both
the cytoplasmic side and the membrane interior but tightly sealed on
the extracellular side.

To investigate the functional importance of the hydrophilic groove,
we examined the membrane insertion activities of SpoIIl] molecules in
which R73 (R72 in YidC; Fig. 2¢) or the conserved glutamine residues
had been mutated, by using in vivo genetic analyses. All tested mutations
of R73 abolished MifM insertion activity, except for replacement of
arginine with lysine (R73K), which slightly decreased the insertion activity
(Fig. 2d). None of the R73 mutants, except for R73K, complemented the
growth of wild-type SpolllJ- and wild-type YidC2-depleted cells (Fig. 2b).
By contrast, mutation of Q83, Q140, Q187 or Q238 (Q82, Q142, Q187
and Q254, respectively, in YidC; Fig. 2¢) to alanine did not affect MifM
insertion activity (Fig. 2e). A similar result was obtained for a chimaera of
the Pf3 coat protein, another single-spanning membrane protein inserted
by the Sec-independent pathway, and the cytoplasmic region of MifM
(Fig. 2fand Extended Data Fig. 9a). Taken together, these findings high-
light the importance of the positive charge in the groove for insertion
of MifM and the Pf3 coat protein into the membrane by YidC, whereas
the conserved polar residues are probably important for creating the
hydrophilic environment in the groove.
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Figure 2 | In vivo functional analyses of YidC. a, d-f, Efficiencies of MifM
and Pf3-MifM fusion protein insertion into the membrane, as determined by
LacZ activity (mean * s.d., n = 3) in spollI] mutant cells, as indicated (top).
The accumulation of these proteins in the cell is shown, detected by anti-FLAG
or anti-Spolll] immunoblotting (bottom). K248stop represents a spolll]
derivative that has a stop codon at position 248. A92-126-GG represents a
mutant in which the entire C1 region has been replaced by a glycine-glycine

Several single-spanning membrane proteins, including MifM and the
Pf3 coat protein, have acidic residues in their N-terminal extracellular
tails. Thus, our results suggested that these acidic residues might interact
with the arginine residue in the hydrophilic groove of YidC. To address
this possibility, we examined the importance of these acidic residues by
using an in vivo genetic analysis (Extended Data Fig. 9a). Mutating the
acidic residues in the Pf3 coat protein had a less pronounced effect than
mutating these residues in MifM; however, these mutations negatively
affected the membrane insertion efficiencies of both MifM and the Pf3
coat protein, thereby supporting our hypothesis (Extended Data Fig. 9b).
To further confirm that direct interactions occur between the substrate and
the hydrophilic groove, we performed an in vivo site-directed ultraviolet-
radiation crosslinking analysis, using p-benzoyl-L-phenylalanine (pBpa)®.
pBpa was introduced at Q187 or W244 in the groove and at A74 or
1249 on the exterior surface of YidC (Fig. 2cand Extended Data Fig. 1).
Escherichia coli cells coexpressing MifM and the pBpa variant of YidC
were exposed to ultraviolet radiation, and products that were crosslinked
with MifM were analysed by immunoblotting. We detected crosslinked
products only at positions 187 and 244, suggesting that the groove can
interact with MifM (Fig. 3). Taken together, these observations suggested
that the site around R72 in the hydrophilic groove is the substrate-binding
site, through recognition of the hydrophilic residues of the substrate such
as the acidic residues in MifM and the Pf3 coat protein.

On the basis of these structural and functional analyses, we propose
a mechanism for the insertion of single-spanning membrane proteins
with an acidic N-terminal extracellular region, such as MifM and the Pf3
coat protein, that is mediated by monomeric YidC (Fig. 4). In this mech-
anism, the substrate protein initially interacts with the C1 region (Fig. 4a)
and is then transiently captured in the hydrophilic groove of YidC. This
substrate binding can induce structural changes in the hydrophilic groove,
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and CH2 helices have been shortened by seven residues. b, Growth
complementation of Bacillus subtilis cells reliant on a chromosomal SpollIJ
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view of the hydrophilic groove of Bacillus halodurans YidC showing the side
chains of the indicated residues. The corresponding residues in B, subtilis
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to accommodate the various substrate proteins. In this context, the con-
served arginine residue in the groove might participate in substrate recog-
nition (Fig. 4b). Subsequently, the transmembrane region of the substrate
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Figure 3 | Substrate binding to the hydrophilic groove. In vivo
photo-crosslinking between the hydrophilic groove of YidC and MifM. The
amino acid positions at which pBpa was introduced into YidC are indicated.
Membrane proteins were purified by separation on a nickel affinity column and
analysed by SDS-PAGE, and YidC-FLAG-Hisg and MifM were detected by
anti-FLAG and anti-MifM immunoblotting, respectively. The ~40 kDa-bands
are attributed to products in which YidC is crosslinked to MifM and to
unidentified endogenous proteins, as indicated by YidC-X. The accumulation
of MifM in the membrane is shown (bottom).

©2014 Macmillan Publishers Limited. All rights reserved



a Substrate: Hydrophilic
single-spanning groove
membrane protein

1

b Hydrophilic
interaction
R72

R3§3l RESEARCH

d

Electrostatic
attraction
Extracellular

Negatively charged C1 region YidC
residue

| Resting state.

Hydrophobic

intel

Intracellutar
raction

Substrate-bound stat

Figure 4 | Proposed model for membrane insertion of a single-spanning
membrane protein. The obtained crystal structure probably represents the
resting state before substrate binding. The hydrophilic region of the substrate
would then be transiently captured in the hydrophilic groove of YidC

(a, b), resulting in the substrate-bound state (c). Substrate release into the

protein is released into the membrane, with the hydrophilic residues
translocated to the extracellular side. The substrate release can be facil-
itated by the hydrophobic interaction between the transmembrane region
and thelipid aliphatic chains. The membrane potential could also facil-
itate this process, by attracting the negative charge of the extracellular
tail*** (Fig. 4c).

The above mechanism clearly explains the insertion of a certain class
of membrane proteins: that is, single-spanning membrane proteins with
an acidic N-terminal extracellular region. However, it cannot account
for the YidC-mediated insertion of other classes of membrane protein.
For example, for E. coli YidC, deletion of the C1 region or simultaneous
substitution of five amino acids, including the conserved arginine resi-
due, with serine, was not found to impair the insertion of an M13 pro-
coat derivative, a double-spanning membrane protein®. Therefore, it is
likely that these membrane proteins are inserted by a different mech-
anism, which might involve either sites in the hydrophilic groove other
than the arginine residue or transient oligomer formation by YidC. Fur-
ther structural and biological studies are required to clarify the mecha-
nism of the YidC-mediated insertion of these membrane protein classes.

METHODS SUMMARY

Histidine-tagged Bacillus halodurans YidC2 (YidC) was overproduced in Escherichia
coli, solubilized from the membrane with n-dodecyl-B-D-maltoside and cholesteryl
hemisuccinate and purified by successive nickel (Ni-NTA) chromatography and gel
filtration chromatography steps. The histidine tag was then cleaved with tobacco etch
virus (TEV) protease. Crystals were grown in a lipidic cubic phase, using monoolein.
 Diffraction data were collected on beamline BL32XU at SPring-8. The structure of
YidC was determined by the multi-wavelength anomalous diffraction method, using
amethyl-mercury-chloride-derivatized YidC (Y150C mutant) crystal and was refined
10 an Ryork/Reee OF 24.2%/25.9% at 2.4 A resolution. Molecular dynamics simula-
tions of YidC in the explicit phosphoryl oleoyl phosphatidylethanolamine (POPE)
lipid bilayer were performed with the NAMD program (version 2.8) for 1,000 ns.

The MifM insertion activity of YidC was analysed by using a MifM-based assay’

in which the B-galactosidase (LacZ) activity of a YidC2-LacZ translational fusion
increases in response to a defect in the SpolllJ-dependent insertion of MifM. The
growth complementation assay was performed using mutant Bacillus subtilis cells,
in which the yidC2 gene on the chromosome was disrupted and the spolll] gene
was mutated, with rescue by a plasmid harbouring the wild-type isopropyl-p-p-
thiogalactoside (IPTG)-inducible spoIIl] gene. In vivo photo-crosslinking was per-
formed using pBpa. B. subtilis MifM and pBpa variants of YidC were overexpressed
in E. coli, and the cells were exposed to ultraviolet radiation. YidC was then purified
by Ni-NTA chromatography, and products that were crosslinked with MifM were
detected by immunoblotting. See Methods for further detail.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS

Cloning, expression and purification of YidC for structure determination. Bacillus
halodurans YidC2 (YidC) was cloned into a pET-modified vector®. The two resul-
tant plasmids, encoding YidC;_,6-Hs-ENLYFQGQ-YidC,7.266 (YidCy7_s66) and
YidC;_»6-ENLYFQGQ-YidCyy_p67-LESSV-ENLYFQGQ-green fluorescent protein
(GFP)-Hs (YidCy7_267), were expressed in Escherichia coli C41(DE3) cells harbour-
ing pRARE (Novagen), and the proteins were purified using the following protocol.
The cells were grown ina 5 I cultureat 37 °C to an absorbance at 600 nm 0f 0.7, and
expression was induced with 1 mM isopropyl-p-D-thiogalactoside JPTG) at 15 °C
for 16 h. The cells were then harvested by centrifugation (4,500 g, 10 min, 4 °C),
resuspended in buffer containing 20 mM Tris-HCl, pH 8.0,and 0.1 mM phenyimethyl-
sulphonyl fluoride, and disrupted by two passages through a Microfluidizer pro-
cessor (Microfluidics) at 15,000 p.s.i. After removal of the debris by centrifugation
(12,000 g, 30 min, 4 °C), the supernatant was ultracentrifuged (138,000 g, 1 h, 4 °C) to
pellet the membranes, which were then solubilized in a buffer containing 300 mM
NaCl, 20 mM Tris-HCI, pH 8.0, 20 mM imidazole, 1% n-dodecyl-B-D-maltoside
(DDM) and 0.1% cholesteryl hemisuccinate (CHS). Insoluble materials were removed
by ultracentrifugation (138,000 g, 30 min, 4 °C), and the supernatant was mixed with
5ml Ni-NTA Superflow (Qiagen). After binding for 1 h, the resin was washed with
300 mM NaCl, 20 mM Tris-HCl, pH 8.0, 20 mM imidazole, 0.1% DDM and 0.01%
CHS, and YidC was eluted with the same buffer supplemented with imidazole to a
final concentration of 300 mM at 4 °C. The N-terminal residues and the Hisg tag or
GFP-Hisg tag were cleaved by a His-tagged tobacco etch virus (TEV) protease, and
the sample was reloaded onto the Ni-NTA column (5 ml) to remove the protease.
The flow-through fraction containing YidC was collected, concentrated and further
purified on a Superdex 200 10/300 GL column (GE Healthcare) in 300 mM NaCl,
20 mM Tris-HCI, pH 8.0, 0.1% DDM and 0.01% CHS at 4 °C. For crystallization,
the purified protein was concentrated to 6 mg ml ™" with a centrifugal filter device
(Millipore, 50 kDa molecular weight cutoff) and dialysed against the following buffer
(1 mM Tris-HCI, pH 8.0, 0.05% DDM and 0.005% CHS). For mercury derivatiza-
tion, the Y150C YidCy;_ 566 mutant was purified and incubated with-2 mM methyl
mercury chloride for 1h before crystallization.

Crystallization and heavy-atom derivatization. The protein was mixed with mon-
oolein in a 2:3 protein to lipid ratio (w/w), using the twin-syringe mixing method?.
Aliquots (50 nl) of the protein lipidic cubic phase (LCP) mixture were spotted on
a 96-well sandwich plate and overlaid with 800 nl precipitant solution using a mos-
quito LCP crystallization robot (TTP LabTech). The crystals of YidCy;_6¢ and Yid
Cy7-267 Were grown at 20 °C in reservoir solutions containing 28-32% poly(ethy-
leneglycol) 500 dimethylether (PEG500DME), 2.5 mM CdCl, and 100 mM Na-
(CH3)2A50,, pH 6.0; and 24~-26% PEG500DME, 10 mM CuCl,, 200 mM NH,COOH
and 100 mM MES-NaOH, pH 6.0, respectively. The heavy-atom derivatized crys-
tals were obtained by co-crystallization of the Y150C mutant and methyl mercury
chloride in the same reservoir solution used for the YidC,;_5¢6 crystals. The crys-
tals grew to full size in 2-3 weeks. The crystals were flash-cooled, using reservoir
solution supplemented with 20% PEG500DME and 20% glycerol as a cryoprotec-
tant and then stored in liquid nitrogen.

Data collection and structure determination. X-ray diffraction data sets were
collected by the helical data collection method on beamline BL32XU at SPring-8,
using a micro beam with a 1-pm width and a 10-pm height®. Diffraction data were
processed using the program HKL-2000 (HKL Research) or the program XDS”.
One Hg atom site was identified with the program SHELXD™. The initial phases
were calculated using the program SHARP?!, followed by solvent flattening with
SOLOMON?®2, The main chain was traced by automated mode] building using the
program RESOLVE®. The model was further built manually using COOT** and
refined using PHENIX™. The structures of YidCyy_s¢s and YidCy;_»6; were deter-
mined by molecular replacement, using the program PHASER?. The Ramachandran
plots were calculated with the program RAMPAGE?. Data collection and refine-
ment statistics are provided in Extended Data Table 1. The YidCy;_54¢ crystal con-
tains one molecule in the asymmetric unit. The YidCyy_s¢; crystal contains two
molecules in the asymmetric unit (Mol A and Mol B), but these molecules do not
form a face-to-face dimer. The figures depicting the molecular structures were pre-
pared using CueMol (http://www.cuemol.org/).

Bacterial strains and plasmids for in vivo functional analysis. The B. subtilis strains,
plasmids and DNA oligonucleotides used are listed in Supplementary Tables 1-3
and were constructed as described in the Supplementary Methods.
B-Galactosidase activity assay and immunoblotting. B. subtilis cells were cultured
at 37 °Cin LB or CH medium. Aliquots (500 ) of cultures at an optical density at
600 nm of ~0.5 were harvested and used for B-galactosidase activity assays and immu-
noblotting. The B-galactosidase activities were measured as described previously***.
For immunoblotting, a 500 pl aliquot of the culture was mixed with 56 pul 50% tri-
chloroacetic acid and incubated on ice for at least 5 min. The cells were precipitated
by centrifugation (4 °C, 15,000 r.p.m., 5 min), washed with 1 ml 1 M Tris-HCl, pH 8.0,
resuspended in SB buffer (33 mM Tris-HCl, pH 8.0, 40% sucrose and 1 mM EDTA)

Rayj3y RESEARCH

containing 1 mgml ™" lysozyme (Sigma) and incubated at 37 °C for 10 min. The
cells were then solubilized by adding an equal volume of 2X SDS loading buffer
(4% SDS, 0.1 M Tris-HCl, pH 6.8, 30% glycerol and 10 mM dithiothreitol (DTT))
and subjected to immunoblotting, using either anti-FLAG (Sigma) or anti-Spolll]
antibodies, as described previously*’. Antiserum production is described in the
Supplementary Information.

Growth complementation assay. B. subtilis cells were cultured at 37 °C in LB medium
containing 100 pg ml ™" spectinomycinand 1 mM IPTG. Aliquots (3.5 ul) of serially
diluted (10™'-10>), fully grown cultures were spotted on spectinomycin-containing
LB agar plates with or without 1 mM IPTG and incubated at 37 °C for 15 h.
Invivophoto-crosslinking assay. B. halodurans yidC-FLAG(Sigma-Aldrich)-Hisg
and B. subtilis mifM were cloned into the Ncol and BamHI sites of MCS1 and the
Ndel and Xhol sites of MCS2 in pETDuet (Novagen), respectively. An amber muta-
tion, TAG, was introduced into yidC by site-directed mutagenesis. mifM-deletion
plasmids were generated by restriction digestion of the plasmids with Sall and Xhol
and then ligation. E. coli BL21(DE3) cells harbouring two plasmids, pEVOL-pBpF
(Addgene) and a pETDuet-based plasmid expressing YidC and MifM, were grown
at 37 °C in M9-glucose medium supplemented with 1 mM pBpa® and appropriate
antibiotics until mid-logarithmic phase, and then induced with 1 mM IPTG for
30 min. Portions of the culture (1 ml for isolation of total membrane and 2 ml for
purification of YidC by Ni-NTA chromatography) were transferred to a dish and
exposed to ultraviolet radiation (365 nm) for 5 min, by using a B-100AP ultraviolet
lamp (UVP) ata distance of 5 cm. The irradiated cells were collected by centrifuga-
tionat 7,000 gfor 1 min at4 °C, suspended in 300 pl 10 mM Tris-HCl buffer, pH 8.0,
containing 1 mM EDTA-Na and 0.1 mM 4-(2-aminoethyl)benzenesulphony! fluo-
ride hydrochloride, and disrupted by freeze-thawing and sonication (Qsonica) with
cooling on ice. Cellular debris was separated by centrifugation at 9,000 g for 1 min
at 4°C and used for the isolation of the total membrane fraction or for the puri-
fication of YidC. The total membrane fraction was isolated by ultracentrifugation
at 100,000 g for 20 min at 4 °C. For the purification of YidC, the membrane proteins
were solubilized in SC buffer containing 20 mM Tris-HCl, pH 8.0, 300 mM NaCl,
20 mM imidazole-HCl, pH 8.0, 1% DDM, 0.1% CHS and 0.1 mM 4-(2-aminoethyl)
benzenesulphonyl fluoride hydrochloride for 30 min at 4 °C. Insoluble materials
were removed by ultracentrifugation at 100,000 g for 20 min at 4 °C. The super-
natant was mixed with 0.1 mL Ni-NTA agarose (Qiagen) that had been pre-
equilibrated with SC buffer. After binding for 30 min at 4 °C, the resin was washed
with SC buffer containing 0.1% DDM, and then YidC was eluted with SC buffer
supplemented with 300 mM imidazole-HCI (pH 8.0). Proteins were separated by
SDS-PAGE and detected by immunoblotting using anti-FLAG (Sigma) or anti-
MifM* antibodies.

Molecular dynamics simulations. The simulation system included YidC, phos-
phoryl oleoyl phosphatidylethanolamine (POPE), water molecules and 150 mM NaCl.
At first, the position and orientation of YidC in the POPE lipid bilayer were optimized
using implicit solvent and membrane models (T.M. and Y. Sugita, manuscript in
preparation). Next, the disordered region in the C2 loop (residues 200-213) was
modelled, using the program MODELLER*". The missing atoms, including hydro-
gens in the protein, were built with the program VMD*. Finally, the periodic bound-
ary system, including the explicit solvent and the POPE lipid bilayer*’, was prepared.
The resultant size of the simulation box was 96 A X 96 A X 96 A. The net charge of
the solute was neutralized by adding chloride and sodium ions. The molecular
topologies and parameters from CHARMM36 were used®.

Molecular dynamics simulations were performed with the program NAMD (ver-
sion 2.8)*, The system was first energy minimized for 1,000 steps with fixed posi-
tions for the non-hydrogen atoms, and then for another 1,000 steps with 10 kcal mol ™
restraints for the non-hydrogen atoms. Next, we performed a long equilibration
run of 50 ns in the canonical (NVT) ensemble (300 K, 96 A X 96 A X 96 A volume),
with 10kcal mol ™ restraints for protein non-hydrogen atoms and 0.1 kcal mol ™
restraints for water molecules, to optimize the locations of the lipid molecules around
the protein, especially around the hydrophilic groove. Finally, equilibration was per-
formed for 5 ns in the isothermal-isobaric (NPT) ensemble (300K, 1.0 atm), with
10 and 0.1 kcal mol ™" restraints for the protein main chain and side chain atoms,
respectively. The production process was performed for 1,000 ns. Constant tem-
perature was maintained by using Langevin dynamics. Constant pressure was main-
tained by using the Langevin piston Nosé~Hoover method*”. Long-range electrostatic
interactions were calculated using the particle mesh Ewald method*.
Determination of the molecular mass of YidC in detergent solution by using
SEC-MALLS. The instrument set-up used for the SEC-MALLS experiment con-
sisted of a Prominence HPLC system (Shimadzu) with an SPD-20A ultraviolet absor-
bance detector connected in series with a DAWN HELEOS II light-scattering detector
(Wyatt Technology) and an Optilab T-rEX refractive index detector (Wyatt Tech-
nology). Analytical size exclusion chromatography was performed using a Superdex
200 10/300 column (GE Healthcare) equilibrated with buffer containing 300 mM
NaCl, 20 mM Tris-HCI, pH 8.0, 0.1% DDM and 0.01% CHS. Purified YidCy;. 66
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(60 pg) was injected onto the column, and the elution was monitored in-line with
three detectors. A 658.0-nm wavelength laser was used in the light scattering exper-
iment. The data were corrected for the volume delay of ultraviolet radiation between
the other detectors and were analysed using ASTRA software (Wyatt Technology).
The molecular masses of the protein—-micelle complex, the micelle and the protein
were determined as described previously*”**. The refractive index increment (dn/dc)
in which n is the refractive index and c is the concentration of the mixture of DDM
and CHS in buffer, containing 300 mM NaCl and 20 mM Tris-HCl, pH 8.0, was de-
termined offline using an Optilab T-1EX refractive index detector with a 658.0-nm
wavelength laser, as described previously®.
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YidCar-266 : residues 27-266
YidCzr-267 : residues 27267

1 10 20 30 49 Sq Gq 80
BhYidC2 MDYMKRRL. LLLAGILLLVALAGCS TTDPITS. . .ESEGIWNHFFVYEMSWIEITTVANLLNGSY[ELS IV ILILALLTI.K

1
BhYidCl 1 .MYRKFGMAAMLVSILLLMTGCFNVNEPINA.. .QSEGIWDSYFVYIULSWEMIYFANAFNGSFELA LIELL T LigsEy
BsSpoIlIJ 1 .MLLKRRIGLLLSMVGVFMLLAGCSSVKEPITA. . .DSPHFWDKYVVYRLSEMITYVAKLTGDNY{ELS V ILILL T LEEAM
1
1

BsYidC2 CMLKTYQKLLAMGIFLIVLCSGNAAFAATNQVGGLSNVGFFHDYLIERFSANLKGVAGLFHGEY[EL SESIRL V| IIVIVVLFVN
EcYidC 291 QPVLVQPGQTGAMNSTLWVGPEIQDKMAAVAPHLDLTVDYGWLWFISQELFKLKWIHSFVG. NW[GFS TIfF IVIGIMY[SET KA
A
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partla!ly disordered reglon

140 150 160

BhYidC2 84 KSM.. R FAIMRTEEIRYHT)RLW

Bhyidcl 83 KST....RA E . SAKDOQRTQQUKLQQO AIMRTREIGDEHELWY

BsSpoIIIJ 85 RSS....KARIQALQIMEMQKLKEKY...SSKDQKTQQKLQO AIMRTQAISEHSIMLW

BsYidC2 87 KKQRIFQE AIRSTPEIASHSIILW

EcYidC 378 TSM....AKERMLOPKIQAMRERLG....... MLMGSVELRQAPIZAL
ES2

BhYidC2 167
BhYidCl 163
BsSpoIIIJ 165
BsYidC2 173
EcYidC 454

250 260 2790 280
BhYidC2 249 IFPMI ITYFIVVKAPPLEVEQTKQKSSKPNKA
BhYidCl 227 LFMILETYFITGPNVGAKKVAADVKVGGKKK.
BsSpoIIlJ 233 LFMIABTFLIKGPDI..KKNPEPQKAGGKKK.
BsYidC2 248 LFLTVEINIVLOMTHHKSKKTAALTESVK....
EcYidC 522 LVTIIPQQLIYRGLEKRGLHSREKKKS.....

S

SpolilJ K248stop

Extended Data Figure 1 | Multiple amino acid sequence alignment of YidC  molecules are highlighted in red boxes, and highly conserved residues are
proteins. Sequence alignment of Bacillus halodurans YidC2 (BhYidC2), indicated by red letters. The hydrophilic and bulky residues that were mutated
B. halodurans YidC1 (BhYidC1), Bacillus subtilis SpolIIJ (BsSpolllf), B. subtilis  and the pBpa positions introduced into B. halodurans YidC2 are indicated
YidC2 (BsYidC2) and Escherichia coli YidC (EcYidC). The secondary structure by grey, green and blue triangles, respectively. The spollI] K248stop derivative
of YidCyy_z¢6 is indicated above the sequences. The a-helices (as described in  has a stop codon introduced at position 248, as indicated, and thereby expresses
the main text) and B-strands (ES1 and ES2 in the E2 region) are indicated by  a Spolll] mutant that lacks the C-terminal 14 residues.

cylinders and arrows, respectively. Strictly conserved residues among the five
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Extended Data Figure 2 | Electron density map of B. halodurans YidC. weighting factor. Fo and F are the observed and the calculated structure factor
Stereo view of the 2mFg — DF electron density map of the TM2 helix, amplitudes, respectively.
contoured at 1.1 6, where m is the figure of merit and D is the SIGMA-A
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Extended Data Figure 3 | Monomeric B. halodurans YidC. a, The crystal lines in the LS chromatogram indicate the calculated molecular masses of the
packing of YidCy;_»¢¢, viewed from the plane of the membrane. The molecule  protein-detergent complex and the protein, respectively. d, The RI of the

in the asymmetric unit is coloured red. b, The crystal packing of YidC,7_56;, ~ mixture was measured in response to five concentration steps. The refractive
viewed from the plane of the membrane. Two molecules (Mol A in light pink  index increment (dn/dc) of the mixture of DDM and CHS was determined
and Mol B in light blue) are in the asymmetric unit. ¢, The chromatograms using linear regression of the RI versus the concentration. e, The molecular
show the ultraviolet (UV), refractive index (RI) and light scattering (LS) mass values determined by SEC-MALLS and calculated from the amino
detector readings. The volume delays of UV between the other detectors were  acid sequence.

corrected. The traces were normalized to the peak maxima. The green and blue
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a YidCar-zss

YidCor.ze7 Mol B

Extracellular

EH1

intracellular H

c .

Extended Data Figure 4 | Structural flexibility of the hydrophilic groove
and C1 region. a, b, Superimposition of the crystal structures of YidCyy_z66
(coloured) and Mol B of YidC,;._z67 (grey), viewed from the plane of the
membrane (a) and from the extracellular space (b). The conformational
changes observed in CH1 and CH2 are indicated by black arrows. ¢, Close-up
view of the C1 region. The side chains of P111 are shown by stick models. In the

YidC,;_z6; structure, the arrangement of the C1 region with respect to the
core region is rotated by ~35° compared with that in the YidCyy_s¢¢ structure.
As a result, the tip of the C1 region is displaced by ~10 A in the YidC,y_26;
structure. d, Close-up views of the hydrophilic groove (left, YidCyy_z46; right,
Mol B of YidC,7_367). The distances between the Ca atoms of C136 and M221
are indicated by dashed lines.
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Extracellular

Intraceliutar
B-factor (A2)

30 140

Extended Data Figure 5 | The hydrophobic core of B. halodurans YidC. red, representing 30 to 140 A%, b, ¢, Stereo views of the hydrophobic core,
a, The crystallographic B-factors are coloured in a gradient varying from blueto  showing the side chains of the hydrophobic residues.
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Extended Data Figure 6 | Molecular dynamics simulation of B. halodurans  the simulation. The secondary structure of YidC is indicated below the line.
YidC for 1,000 ns in a lipid bilayer. a, Snapshots of the structure over thetime ¢, The water probability density map in the simulation, contoured at 0.001
course of the simulation at 400 ns intervals: 0 ns (blue), 400 ns (magenta) and  molecules A% ns™

800 ns (light green). b, Root mean square fluctuation (r.m.s.f.) of YidC during
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