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sive loss of capillaries caused by genetic disorder ultimately resulting in visual deterioration and a series of mini-
strokes in the brain, and familiar chilblain lupus, which is a monogenic form of cutaneous lupus erythematosus in 
TREX1-deficient human beings. TREX1 is hence considered to take part in various cellular events such as DNA re-
pair, immune regulation and viral infection. In addition to autoimmune-related diseases, this exonuclease might 
serve as a protein target for anticancer or antiviral therapies. A key for such broad attendance of TREX1 is the 
activity of precise trimming of the 30-overhang in a double-stranded DNA (dsDNA) and breaking of the terminal 
base pairing of the DNA duplex. The work of Huang established an integrated structural view of the versatile 
exonuclease functions of TREX1 and illuminated the molecular origin of unique catalytic properties of TREX1 in 
processing various DNA intermediates in the repair of DNA and in regulation of cytosolic immunity. 

Overall, these collections of recent studies provide unprecedented knowledge at the molecular level of the 
echinomycin–DNA complex, the conformational change of the topoisomerase II (Top2) DNA-gate, enzymatic 
substrate processing involved in targeting cancer therapy or diagnosis, prevention of immune activation and 
responses to genotoxic stresses. All data of crystal structures were acquired at TLS 13C1, TLS 13B1, TLS 15A1, 
TPS 05A at NSRRC, and SP12B2 at SPring-8. (Reported by Yao-Chang Lee)

This report features the work of: (1) Pei-Ching Wu and his co-workers published in Nucleic Acid Res. 46, 7396 
(2018); (2) Nei-Li Chan and his co-workers published in Nature Commun. 9, 3085 (2018); (3) Kuan-Wei Huang and 
his co-workers published in PLoS Biol. 16, 2005653 (2018).

TPS 05A1  Protein Microcrystallography
TLS 13B1  SW60 – Protein Crystallography
TLS 13C1  SW60 – Protein Crystallography 
TLS 15A1  Biopharmaceutical Protein Crystallography 
SP12B2  BM – Protein X-ray Crystallography
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Electron and Proton Transports in quinol:fumarate 
Reductase Provide Energy for Bacteria 
The quinol:fumarate reductase (QFR), a membrane protein involved in anaerobic respiration 
with fumarate as the terminal electron acceptor, is utilized to produce usable chemical ener-
gy in bacteria. The electron and the coupled proton-transfer paths of QFR were elusive. Based 
on the structure of QFR from Desulfovibrio gigas, an anaerobe, the electron and proton paths 
of QFR are delineated.

E lectron transport chains, comprising redox re-
actors (reduction and oxidation simultaneously 

occurring via redox reactors) in a series, are utilized to 
harvest energy in living organisms. The electrons flow 
from electron donors to acceptors, and are coupled 
with a proton transfer to compensate the excess 

charge in the cell membrane. Taking photosynthesis 
for example, plants utilize the electron-transport 
chain to harvest energy via redox reactions in a series 
from sunlight. The membrane-embedded quinol:-
fumarate reductase (QFR), isolated from anaerobic 
bacteria Desulfovibrio gigas (D. gigas), is the target 
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Fig. 1:  Overall structure of dimeric D. gigas QFR. The homo-di-
mer formed by two complexes of subunits A (shown in 
green and brown), B (cyan and grey) and C (pink and 
purple) on the inner membrane. The redox cofactors, 
hemes, iron-sulfur clusters and FAD are shown in sticks. 
[Reproduced from Ref. 1]

Fig. 2:  Stereo view of bound menaquinone (MK) at the MQ2 
site near the bL heme in D. gigas QFR.  The SIGMAA 
weighted Fo-Fc density maps are shown as green 
meshes. MK (yellow) and hemes (magenta) are shown 
as sticks in subunit C shown as blue cartoon helices. 
[Reproduced from Ref. 1]

protein for understanding the electron-proton 
transfer paths. QFR, an integral membrane protein, 
catalyses the coupled reduction of fumarate to succi-
nate with the oxidation of hydroquinone (quinol) to 
quinone on the opposite side of the inner cytoplas-
mic membrane. To investigate the paths of electron 
and proton transfer in QFR, a research team led by 
Chun-Jung Chen (NSRRC) solved the structure of QFR 
at resolution 3.6 Å. The X-ray diffraction data were 
collected at TPS 05A and TLS 15A1 of NSRRC and 
SP44XU of SPring-8.1

As shown in Fig. 1, subunits A, B and C form a hete-
ro-trimetric complex. Two hetero-trimeric complexes 
form one stable homo-dimer (A2B2C2) with major 
contacts between the two C subunits. 

Subunit A (FAD-binding protein)
The flavin-adenine-dinucleotide (FAD)-binding pro-
tein is composed of 627 residues, with a FAD-binding 
domain (A1-260 and A366-437), a capping domain 
(A261-360), a helical domain (A438-555) and the 
C-terminal domain (A556-622) containing an an-
tiparallel β-sheet (A564-569 and A578-583). The 
terminal electron acceptor, FAD, is coordinated with 
a covalent bond between the residue of His-A43 and 
the C8M methyl group of the flavin of FAD.

Subunit B (iron-sulfur protein)
The iron-sulfur protein comprises 264 residues 
in, which can be partitioned into an N-terminal 
plant-ferredoxin domain (B1-106) and a C-terminal 
bacterial-ferredoxin domain (B107-218). Three redox 
cofactors, [3Fe:4S], [4Fe:4S] and [2Fe:2S] clusters, 
exist in the subunit. The [3Fe:4S] coordinated with 
Cys-B156, Cys-B161 and Cys-B208, and the [4Fe:4S] 

coordinated with Cys-B151, Cys-B154, Cys-B157 
and Cys-B218 are located in the C-terminal bacteri-
al-ferredoxin domain. The two clusters are positioned 
near the menaquinone site in subunit C, indicating 
that they could accept electrons generated from 
subunit C. The other [2Fe:2S] cluster is coordinated 
with Cys-B57, Cys-B62, Cys-B65 and Cys-B77 in the 
N-terminal plant-ferredoxin domain. This [2Fe:2S] is 
located near the fumarate-reducing site (near FAD), 
and presumably participates in shuttling electrons 
from the [3Fe:4S] and [4Fe:4S] clusters of subunit B. 
The electron transfer could be mediated by [3Fe:4S]→ 
[4Fe:4S]→[2Fe:2S] clusters in subunit B of D. gigas QFR.

Subunit C (membrane-embedded protein)
The membrane-embedded subunit C, composed of 
218 residues in total, forms mainly seven helices, of 
which four helices organize into a four-helix motif to 
coordinate two hemes. The two hemes, potential re-
dox cofactors, ligated by four conserved His residues 
-- His-C79, His-C166, His-C38 and His-C129, relay the 
flow of electrons in subunit C. The previously pro-
posed menaquinol-binding cavity in W. succinogenes 
QFR2 is deformed in subunit C of D. gigas QFR. Oxida-
tion of the menaquinol generates the flow of elec-
trons in subunit C. The deformed menaquinol-bind-
ing cavity of D. gigas QFR implies that there exists a 
specific electron path in D. gigas QFR. 

Bound menaquinone near heme (bL)
The menaquinol-oxidation site in D. gigas QFR 
(henceforth referred to as MQ1) is unknown. Interest-
ingly, one menaquinone molecule was located with 
the appropriate electron density near helix 1 (C-he-
lix1) of one subunit C (Fig. 2). The authors annotated 
this location in the D. gigas QFR as the MQ2 site at 
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which the substrate oxidation presumably occurs. 
Moreover, this MQ2 site is located near (~13 Å) the 
low-potential bL heme. 

This observation led the authors to surmise that 
the bound MK at the MQ2 site might serve as an 
electron carrier between heme bL and [3Fe:4S] in 
the electron transfer path of D. gigas QFR to gate 
the proton-coupled electron transfer from heme bL 
to [3Fe:4S] (Fig. 3). The reduction of MK produces 
the semi-menaquinone anion (MKH), which should 
stabilize the hydrogen bonding of Tyr-C63 with the 
cofactor and decrease further the pKA of this tyrosine. 
Upon reoxidation, as the electron is transferred from 
the MKH downstream to [3Fe:4S], electrostatic inter-
action between the electron and the proton of the 
Tyr-C63 hydrogen-bond provides a linkage to drive 
the synchronous movement of the proton across the 
membrane in concert with the electron flow. In this 
manner, proton-coupled electron transfer across the 
membrane is achieved (Fig. 3).

Based on the arrangement of the redox cofactors in 
the crystal structure, including bound MK at the MQ2 
site, as well as their redox potentials, it is possible to 
postulate the electron path(s) in QFR of D. gigas (Fig. 
4). First, the authors proposed that, upon oxidation 
of menaquinol at the MQ1 site, there is bifurcation 
of the two-electron flow from the substrate to the 
high-potential heme bH and the low-potential heme 
bL. Second, the authors suggested that heme bL serves 
as a relay station to transfer one of these electrons to 
the [3Fe:4S] center via the MK at the MQ2 site; from 
the [3Fe:4S] site, the electron passes to the [4Fe:4S]-
[2Fe:2S]-FAD, as mentioned above. To replenish the 
proton of the Tyr-C63 side chain after the proton-cou-
pled electron transfer across the membrane, a proton 
must be taken from the periplasm and transported 
via the proton acceptor, Glu-C60, located within 
the periplasmic side of subunit C to the side chain 
of Tyr-C63, as for the residue it is known that the 
hydroxyl group of tyrosine can serve to transfer pro-
tons. Similarly, there must be proton acceptors, which 
potentially include residues Glu-C164 and Glu-C193, 
within the trans-membrane domain toward the cyto-
plasmic side to relay the proton that has been trans-
located across the membrane toward the cytoplasm 
(Fig. 3).

As to the other reducing equivalent, one electron 
transferred to the bH heme in the bifurcation of the 
electron flow from the menaquinol substrate men-
tioned earlier, the authors proposed a direct transfer 
of this electron from heme bH to [3Fe:4S] (Fig. 4). 
The high-potential heme bH, in close proximity to 
hydrophilic A and B subunits indicates such a pos-

sible scenario as the redox potentials of heme bH (0 
mV), heme bL (-150 mV) and MK (-67 to -74 mV) near 
pH ~7 were measured.3,4 For a proton-coupled elec-
tron-transfer event to occur between subunits C and 
B, there must, however, be a redox linkage between 
heme bH and the pKA of an amino-acid residue with-
in subunit C, as well as conformational gating of a 
proton transfer across the membrane in concert with 
the electron transfer. Possible proton donors might 
include His-C38, which is associated with heme bL. 
The bH and bL hemes in D. gigas QFR are in sufficiently 
close proximity (only ~4.5 Å apart) that the authors 
can expect a redox interaction between them. 

At this juncture, however, the authors cannot exclude 
a possibility of transferring also the electron from the 
bH heme via heme bL to MK at the MQ2 site for the 
proton-coupled electron transfer to the [3Fe:4S] cen-
ter, as the authors have described earlier for the other 
reducing equivalent. Indeed, the two hemes are in a 
sufficiently close juxtaposition that the electrons can 
redistribute readily between these iron porphyrins, 
provided that their operating redox potentials and 
their relative orientations are favourable. Examination 

Fig. 3:  Possible synchronous movement of the coupled proton 
with the electron flow. The bound MKH at the MQ2 site 
is shown as a yellow stick in subunit C (blue). Two poten-
tial proton acceptors, His-C38 (green stick) and Glu-C60 
(cyan stick), are near the MQ2 site. Tyr-C63 on the 
potential proton-transfer path from the periplasm could 
form a hydrogen bond with MKH during the proton 
transfer. The distances between MKH and His38, as well 
as between MKH and Glu-C60, are labeled. The possible 
proton path (purple) and the proton-coupled electron 
transfer path (orange) are shown as dotted lines. Hemes 
are shown in magenta. [Reproduced from Ref. 1]
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of the crystal structure reveals that the 
two hemes are closely perpendicular to 
each other, a geometry that is known 
to be unfavourable toward facile in-
ter-heme electron transfer. On the basis 
of this structural information, as well as 
the relative redox potentials between 
heme bH and bL (150 mV)3, the authors 
are hence inclined to favour different 
electron transfer paths for the two re-
ducing equivalents of the menaquinol 
substrate during the catalytic turnover 
of D. gigas QFR, as shown in Fig. 4.

According to these observations, the 
authors delineate the paths for electron 
and proton transfer in D. gigas QFR and 
understand how the anaerobic bacteria 
utilize the chain of electron transport to 
harvest the energy. (Reported by Hong-
Hsiang Guan)

This report features the work of Hong-
Hsiang Guan, Chun-Jung Chen, and 
their co-workers published in Sci. Rep. 8, 
14935 (2018).

TPS 05A    Protein Microcrystallog-raphy
TLS 15A1  Biopharmaceutical Protein            
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Fig. 4:  Delineated electron/proton-transfer paths in D. gigas QFR. The fully re-
duced manaquinol (MKH2 at the MQ1 site) and the oxidized menaqui-
none (at the MQ2 site) are shown as yellow sticks. The fully oxidized 
and semi-oxidized menaquinones are as MK and MKH, respectively. 
The proposed bifurcation of electron paths (black and orange dotted 
lines) and the potential flow paths of protons (purple dotted lines) 
generated in the oxidation of MKH2, classified as proton paths A and 
B, are shown. The redox cofactors, FAD (upper sticks), hemes (bottom 
sticks) and iron-sulfur clusters (grey and green balls), are shown on the 
electron transfer path. The residues ligating the redox cofactors are 
black; the proposed proton acceptors are purple. The movement of 
Tyr-C63 is shown also after binding with MKH with a hydrogen bond. 
[Reproduced from Ref. 1]

Structures, Life Science
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Asgard Profilin/Rabbit Actin Complex Provides New 
Clues to Understand Archaea-to-Eukaryote Transition 
The origin of the eukaryotic cell is still elusive in modern biology. Combination of the com-
plexstructural and biochemical data shows that Asgard archaea possess a functional eukary-
otic-like actin system and indicates that Asgard archaea and eukaryotes share a common 
ancestor.

T he origin of the eukaryotic cell is a major evolutionary conundrum in biology. Metagenomic approaches 
recently identified genes from Asgard archaea, including Heimdall, Loki, Thor and Odin, which are the closest 

related prokaryotic relatives of eukaryotes.1 These proteins produced by archaeal genes are hence supposed to 




