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T he study of structure-function relations of bio-
molecules is a major aim in modern life science; 

synchrotron protein crystallography (PX) has become 
a powerful and fundamental technique to achieve 
that purpose. Using synchrotron X-rays of great 
brightness and energy tunability, researchers are able 
to solve complicated structures at atomic resolution; 
high-resolution structures provide vital information to 
hypothesize the origin of life, to develop potent an-
tibiotics or drugs, and to apply industrial enzymes to 
food, drugs and materials. The following remarkable 
studies were performed by our user communities in 
the year 2018. Seven reports include the evolutionary 
origin of eukaryotic cells by Robert Charles Robinson, 
the normal and reverse prenylation of hapalindoles 
by Ikuro Abe, a zearalenone-hydrolyzing enzyme for 
detoxification by Rey-Ting Guo, the involvement of 
quinol:fumarate reductase in electron/proton trans-
fer by Chun-Jung Chen, the conformational change 
of topoisomerase II DNA-gate for DNA movement by 
Nei-Li Chan, T:T mismatched DNA in a complex with 
echinomycin by Ming-Hon Hou, and three-prime re-
pair exonuclease 1 with anticancer or antiviral activity 
by Yu-Yuan Hsiao. 

Based on the upgrade plan for the protein microcrys-
tallography beamline, TPS 05A, two state-of-the-art 
equipment – a detector (EIGER2 X 16M) and a sam-
ple changer (ISARA) – will be installed and open to 
academic and industrial users; this upgrading will 
significantly diminish the duration of data collection. 
In addition to protein crystallographic beamlines, the 
biochemistry community will have access to small-an-
gle X-ray scattering (SAXS) for the size and shape of 
biomolecules that cannot be crystallized, X-ray ab-
sorption spectroscopy (XAS) for detailed interactions 
of metal ions with proteins, synchrotron-radiation 
circular dichroism (SRCD) for the characterization 
of the secondary structure of proteins, and infrared 
spectroscopy (IR) for the chemical functional groups 
of molecules. These beamlines are being increasing-
ly utilized for the analysis of biological samples to 
unravel the relations between protein structure and 
function. (by Chun-Hsiang Huang)
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I n year 2018, NSRRC users unfolded several crucial biological complicated structures related to disease, such as 
the echinomycin–DNA complex, open-stated topoisomerase II (Top2) DNA-gate, and three prime repair exo-

nuclease 1 (TREX1). Synchrotron-based technology hence plays a crucial role to create opportunities for opening 
a window to future diagnostic medicine, medical therapy and drug design. And precision medicine, attracts per-
sons concerned about the issues of health care, preventive medicine and disease therapy, which is an approach 
to set a therapy strategy for precision treatment of patients based on fully understanding the proteomic and 
genetic information of a disease. According to this fundamental biological knowledge, incorrect base pairing 
and mutations of the DNA molecule are known to be highly possibly induced by an alteration of the interaction 
between DNA bases and damaged DNA bases, sufficient to cause genetic disease and cancer. For eight non- 
Watson-Crick alternatives, throughout the replication processes, the mismatches sometimes occur in the DNA 
duplex, but potentially mutagenic and caused local structural deformations can make a mismatch-repair system 
rapidly reform the damaged DNA bases. Deficiencies in the mismatch-repair system enhance the possibility of 
mutation and consequently increase the risk of genetic disease and cancer. Given the intrinsic pleiotropy of car-
cinogenesis and the steady advance towards targeted therapy, an ability to pinpoint whether a particular cancer 
arises from a specific deficiency of the mismatch-repair system or from other causes could be highly applicable in 
diagnostic medicine for cancer diagnosis and therapy. Based on the structure-specific recognition of echinomy-
cin-targeting mismatched base pairs in DNA, it would open a clinical possibility for cancer diagnosis and therapy. 
Echinomycin, a potent anticancer antibiotic, functions by intercalating into DNA at sites of cytosine and guanine 
separated by only one phosphate group (CpG). Pei-Ching Wu (National Chung Hsing University) and his collab-

Fig. 1:  Synchrotron-resolved crystal structure of the echinomycin–TT 
duplex. (a) Asymmetric unit of the echinomycin–TT complex 
structure in front (left) and side (middle) views. Two echinomycin 
molecules bind to a duplex DNA containing one T:T mismatch. 
The 2Fo-Fc electron density of the T:T mismatch in the refined 
structure is shown at right, contoured at 1.0 σ. Hydrogen bonds 

Synchrotron-Based Protein Crystallography at NSRRC 
Provides Opportunities in Precision Medicine 
Recent advances in X-ray crystallography, cryo-electron microscopy (cryo-EM) and related bi-
ology-system techniques speed uncovering the mystery based on developments in proteom-
ics, genomics and glycomics. Synchrotron-based X-ray crystallography is a powerful technique 
to resolve crystal structures of biological molecules based on the X-ray diffraction of a single 
crystal of a biological sample in diagnosing cancer, chronic disease, autoimmune diseases and 
disorder, and for the purpose of drug design. 

are represented with dotted lines; numbers indicate the distance between the two contributing nuclei in Angstroms. (b) Skeletal 
models showing antibiotic binding sites in the echinomycin–TT complex. The diagrams illustrate the stacking interactions and hy-
drogen bonding at the CpG steps. Mn2+ ions are shown as magenta spheres. Dotted lines represent the direct interactions between 
nuclei; numbers show the distances. [Reproduced from Ref. 1]
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orators found that echinomycin binds specifically to consecutive CpG steps separated by a single T:T mismatch1 
as shown in Fig. 1. The conformation specificity appears to result from an enhanced cooperativity associated 
with another echinomycin insertion. The structure of the echinomycin–TT duplex resolved with synchrotron 
X-ray crystallography revealed that this preference originates from the staggered quinoxaline rings of the two 
neighboring molecules of echinomycin surrounding the T:T mismatch to form continuous stacking interactions 
within the DNA duplex. Unfortunately, echinomycin is an inhibitor of topoisomerase II (Top2), DNA helicase and 
DNA methyltransferase 1 partially in vitro, and is also highly cytotoxic and failed in most pre-clinical trials. Never-
theless, the authors propose that the enhanced cytotoxicity of echinomycin can be utilized against mismatch-re-
pair-deficient (MMR-D) cell lines, which might raise the possibility of detection and treatment of MMR-D cancers 
in future.

Echinomycin also plays a role as an inhibitor of type-IIA topoisomerases (Top2s) known as an enzyme to relax 
supercoiled DNA and to introduce supercoils of both positive and negative contortions, which are found ubiqui-
tously in eukaryotes and bacteria as essential DNA-manipulating enzymes. These ATP-driven enzymes direct the 
crossing of two DNA duplexes on exploiting protein conformational changes for binding and hydrolysis, which 
leads to a topological inversion of DNA molecule crossing. The temporary creation of a DNA double-strand 
break (DSB) on one DNA segment (G-segment) is necessary for a topological transformation of the Top2- medi-
ated DNA to transport the duplex strand (T-segment) through. Fully understanding the biological response and 
function caused by varied conformations of DNA topoisomerases is hence expected to facilitate the developing 
targets of novel therapeutic agents in the treatment of infectious diseases. Top2s has one role to manipulate the 
handedness of DNA crossings and to introduce the DNA-gate, of which the molecular opening allows transport 
through another DNA segment to alter the DNA topology. As far as we know, all reported structures of Tops-

Fig. 2:  Quaternary and tertiary changes associated with DNA-
gate opening. A superposition of the eukaryotic C-ter-
minal dimerization domain of the closed (PDBid: 3L4K) 
and open (PDBid: 5ZEN, this work) conformations reveals 
that opening of the DNA-gate is achieved with the 
two subunits sliding against each other (enclosed view, 
bottom), plus an intra-subunit flexing (enclosed view, 
right). The closed and open DNA-gate conformations are 
colored blue and light yellow, respectively. The directions 
of quaternary sliding about the molecular dyad of Top2 
and the tertiary flexing about the hinge located near the 
junction of A’α14, A’α18 and A’α19 are indicated with 
arrows. [Reproduced from Ref. 2]
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Fig. 3:  TREX1-dI-ssDNA structure. (a) Schematic representation of DNA/RNA products generated by Endo V. (b) Nuclease activities of 
TREX1 in digesting bubbled DNA containing a hypoxanthine base (also named dI), including dI-bubbled DNA and dI-bubbled 
DNA with 50-overhang. The concentration of all substrates was 0.5 µM. (c) Overview of the TREX1-dI-ssDNA structure. The 
upper panel shows the dI-ssDNA molecule in the TREX1-dI-ssDNA structure. The omitted electron density map (black) is con-
toured at 2.0 σ. Scissile phosphate, Mg2+ and water molecules are shown in orange, blue and light blue balls, respectively. The 
hydrogen bonds between DNA, TREX1, water and Mg2+ are marked with dotted blue lines. Abbreviations are dI, deoxyinosine; 
Endo V, endonuclease V; Mg2+, magnesium ion; ssDNA, single-stranded DNA; TREX1, three prime repair exonuclease 1. [Repro-
duced from Ref. 3]

DNA for the DNA-gate are in the closed state. The research team led by Nei-Li Chan (National Taiwan University) 
is the first to report the high-resolution structure of Top2 DNA-gate in the open form,2 as illustrated in Fig. 2, 
using protein crystallography facilities at TLS 15A1 and TLS 13C1 as well as at SP12B2, which directly medi-
ates the resolution of topological strand crossings. This open structure unfolds the formation and molecular 
geometries of the T-segment-conducting path and even uncovers, unexpectedly and functionally relevant, the 
3D conformational changes from closed form to open form of geometry. Semi-empirical theoretical calculation 
was utilized with steered molecular-dynamic (SMD) simulations to predict the reaction passage of the T-segment 
through the DNA-gate so as to provide further molecular insight into this central, yet elusive, step in Top2 catalysis.

In addition to the issue of incidence of cancer disease, a large human population suffers from inflammatory 
disease, which is an immune response due to white blood cells and cytokines produced to fight infection with 
foreign organisms, such as bacteria and viruses. The autoimmune disease is, however, a system of ourselves, 
introducing a chronic or acute inflammation response, and the causes of autoimmune diseases are generally un-
clear. Organ failure typically occurs in a late stage of disease caused by persistent fibrosis of the tissue. Chronic 
inflammation would also stimulate various cancers through DNA damage associated with persistent inflamma-
tion, possibly leading to cancer in turn.3 Fortunately, the possibility of curing autoimmune diseases is increasing 
because of continuous development and improvement of the techniques of synchrotron-based crystallography, 
cryo-EM and the assistance of artificial intelligence in precision medicine. Kuan-Wei Huang (National Chiao Tung 
University) and his team reported the high-resolution structure of TREX1 resolved at the synchrotron-based 
crystallography facility in TPS;4 one resolved structure is shown in Fig. 3. Malfunctioning of TREX1 is one factor 
that leads to inflammation and autoimmune disease such as inflammatory cardiomyopathy associated with 
an inflammatory heart muscle related to impaired function of the myocardium, systemic lupus erythematosus 
inducing inflammation in connective tissues, Aicardi-Goutières syndrome that is an inflammatory disorder most 
typically affecting the brain and the skin, retinal vasculopathy with cerebral leukodystrophy caused by progres-
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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
•  Protein Crystallography
•  Biological Macromolecule, Protein-DNA Structure, Life Science
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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            

                   Crystallography
•  Protein Crystallography
•  Biological Macromolecules, Protein 

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 
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have eukaryotic features; namely, these Asgard pro-
teins should be involved in membrane maintenance 
and function, such as vesicular trafficking, N-gly-
cosylation, the ubiquitination system, cytoskeletal 
processes (including actin and profilin homologues) 
and so on.2 So far, no functional Asgard protein is 
available; apart from this situation, an issue about the 
possibility of eukaryotic contamination of the metag-
enomes needs to be resolved.2

In eukaryotes, membrane remodelling is regulated 
cooperatively by various proteins, such as the ARP2/
ARP3 complex, vasodilator-stimulated protein and 
profilin/actin complex. Protein sequence analysis 
shows that Asgard archaea have eukaryotic-like actins 
that share a sequence identity (58–60%) with human 
cytoplasmic β-actin and other eukaryotic actins (52–
62%). Expectedly, the results of phylogenetic analysis 

Fig. 1:  (a) Overall structure of Loki profilin-1. The partially disordered Loki loop is shown as a dotted line. N and C stand for N-terminal 
and C-terminal, respectively. (b) Overall structure of human profilin for comparison (PDB code: 1FIL). (c) Phylogenetic tree of 
Asgard and eukaryotic profilins. (d) Complex structure of Loki profilin-1 with rActin. rActin is presented as a surface. (e) Com-
plex structure of Loki profilin-2 with rActin (f) Complex structure of Odin profilin with rActin. (g) Complex structure of human 
profilin with rActin (PDB code: 2PAV) for comparison. [Reproduced from Ref. 3]

and structural modelling indicate that Asgard actins 
are structurally conserved and might possess eukary-
otic-like properties, but Asgard profilin-like proteins 
exhibit a lower sequence identity (11–17%) to hu-
man profilin-1 and other eukaryotic profilins (7–24%). 
To investigate the properties of Asgard profilin-like 
proteins, a research team led by Robert C. Robinson 
(Institute of Molecular and Cell Biology, A*STAR, Sin-
gapore) solved the structure of Loki profilin-1 alone 
and complex structures of Loki profilin-1/rActin (rAc-
tin stands for rabbit α-actin), Loki profilin-2/rActin 
and Odin profilin/rActin. All diffraction data sets were 
collected at TPS 05A.3

Figures 1(a) and 1(b) show basically that Loki profi-
lin-1 and human profilin have a similar overall topol-
ogy; merely helices and loops of varied lengths, par-
ticularly the “Loki loop”, can be observed. Structural 
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comparison of Loki profilin-1 with all published eu-
karyotic profilins indicates that the root-mean-square 
deviation between them is from 2.3 to 2.7 Å. A subse-
quent profilin phylogenetic analysis clearly revealed 
that Asgard and eukaryotic profilins are classified into 
two distinct clades (Fig. 1(c)), even though they are 
related to each other.

Unfortunately, enough pure Asgard actins for bio-
chemical experiments failed to be produced using a 
heterologous host expression system. As mentioned 
above, however, the authors postulated that the 
mammalian actin might bind to Asgard profilins, 
including Loki profilin-1 and -2 and -3, Heimdall 
profilin, Odin profilin and Thor profilin, because of 
the greater sequence identity between Asgard and 
eukaryotic actins. Once rActin interacts with Asgard 
profilins, Asgard profilin/rActin should become an 
active form to initiate or to sustain the actin polymer-
ization that was detected with a pyrene-actin assay. 
According to the results of these pyrene-actin assays, 
the actin polymerization is observable in the presence 
of Asgard profilins, except Thor profilin.

Figures 1(d)–1(g) show the interactions of Asgard 
profilins with rActin in a slightly different way. Com-

parison of Figs. 1(a) and 1(d) reveals that the Loki 
loops become ordered upon rActin binding; the 
binding site is near the surface of rActin subdomain 
3. Compared with Fig. 1(g), the C-terminal helices 
of Loki profilin-1 and -2 are slightly moved from the 
binding region on actin subdomain 1. Figures 1(f) 
and 1(g) indicate that Odin profilin and human profi-
lin bind to rActin in a similar orientation. Among four 
profilins, Odin profilin has the most compact struc-
ture, which makes sense to explain why Odin profilin 
exists in a geothermal environment (Yellowstone 
National Park). The common binding modes elucidate 
that Asgard archaea possess functional eukaryot-
ic-like profilin- actin systems. 

In eukaryotes, actin filaments can be nucleated and 
elongated via polyproline-profilin binding; the bind-
ing mode involves π-π interactions between prolines 
and aromatic residues located in the N- and C-termi-
nal helices of profilin (Fig. 2(a)). Figures 2(b)–2(d) 
indicate that no aromatic residues can be found, and 
insufficient space exists between N- and C-terminal 
helices for polyproline binding. In addition, the iso-
thermal titration calorimetry (ITC) data (∆H = 0) sup-
port the structural information that Asgard profilins 
do not bind to polyproline motifs. These important 

Fig. 2:  (a) Interaction network of human profilin with polyproline. The polyproline (PDB code: 2PAV) is shown in black. The binding 
residues on human profilin are labeled in blue. (b)–(d) Residues corresponding to those presented in (a), from (b) Loki profil-
in-1, (c) Loki profilin-2 and (d) Odin profilin. (e) Pyrene-actin polymerization profiles of rActin (orange) added to human profilin 
(pink) and with PIP2 at increasing concentrations (blue). (f)–(h) Profiles similar to those presented in (e), for (f) Loki profilin-1, (g) 
Loki profilin-2 and (h) Odin profilin. [Reproduced from Ref. 3]
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data are consistent with the Asgard archaea metage-
nomes; Asgard profilins hence truly derive from the 
Asgard metagenome and are not the result of eukar-
yotic contamination.

Phosphatidylinositol-4,5-biphosphate (PIP2), a mem-
brane phosphoinositide, regulates the activities of 
many actin-binding proteins, such as Dia2, cofilin, 
profilin and so on.4 Although archaea have no abil-
ity to synthesize PIP2, they contain other lipids with 
inositol phosphate head groups. The authors hence 
attempted to know whether PIP2 affects the actin 
polymerization. Figures 2(e)–2(h) show that all actin 
polymerization profiles have a similar trend; these 
patterns elucidate the mitigated effects of the Asgard 
profilins in inhibiting actin polymerization at increas-
ing PIP2 concentration. PIP2 is not, however, the natu-
ral phospholipid for Asgard profilins; for this reason a 
large PIP2 concentration is necessary in this assay.

In summary, five conclusions have been generated ac-
cording to the structural information and biochemical 
data. (1) Actin phylogenetic analysis and structural 
modelling show that Asgard actins are highly con-
served and might have eukaryotic-like properties. (2) 
Pyrene-actin assays reveal that Asgard profilins regu-
late polymerization of rActin in vitro, even though the 
two species diverged more than 1.2 billion years ago. 
(3) The compelx structures, including Loki profilin-1/
rActin, Loki profilin-2/rActin and Odin profilin/rActin, 
indicate that Asgard archaea have functional eukary-
otic-like profilin-actin systems. (4) Structural compari-

son, ITC data and metagenomics analysis elucidate no 
eukaryotic contamination in Asgard metagenomes. 
(5) Pyrene-actin assays unveil that Asgard archaea 
have phospholipid-sensitive actin-regulating profil-
ins. Taken together, Asgard archaea and eukaryotes 
share a common ancestor. (Reported by Chun-Hsiang 
Huang)

This report features the work of Robert C. Robinson 
and his collaborators published in Nature 562, 439 
(2018).
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ZHD: A ZEN-Hydrolyzing Enzyme for Detoxification 
Zearalenone (ZEN), an estrogenic mycotoxin, results in severe health problems in human 
beings. According to the results of analysis and bioassay of the complicated structures, ZHD 
is capable of hydrolyzing ZEN and its more toxic derivative a-zearalenol (α-ZOL) to decrease 
their toxicity.

Fig. 1:  (a) The hydrolytic process of ZEN by ZHD. Left: The structure of ZEN. Middle: Intermediate. Right: Nontoxic product. (b) The 
structure of α-ZOL. The carbon numbering 1–6 in the phenyl ring and 1’–12’ in the lactone ring. [Reproduced from Ref. 4]
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Zearalenone (ZEN; Fig. 1(a)), an estrogenic myco-
toxin produced by some Fusarium and Gibberela 
species, is widely detected in musty grains, including 
corn, wheat, barley and so on. ZEN causes not only 
reproductive disorders in farm animals, such as in-
fertility, abortion and other breeding problems, but 
also hyperestrogenic syndromes in human beings; it 
thus causes significant economic loss.1 To overcome 
the mycotoxin contamination, using a biocatalyst to 
remove ZEN in a substrate-specific way should be an 
approach superior to traditional chemical and physi-
cal methods. In 2002, Takahashi-Ando et al. identified 
a new enzyme, ZHD101 from Clonostachys rosea, 
that catalyses cleavage of the ester bond of ZEN 
into a nontoxic product (Fig. 1(a)). This information 
provides a key clue for a mycotoxin biodegradation 
strategy.2 

In a digestive system, ZEN turns into a more toxic 
derivative, a-zearalenol (α-ZOL; Fig. 1(b)), via gut 

microbes or intracellular enzymes. Compared to ZEN, 
α-ZOL shows greater estrogenic activity (> 90-fold) 
and stronger estrogen receptor-binding activities (> 
10–20 times). ZHD101 also detoxifies α-ZOL through 
the same hydrolytic mechanism of ZEN, but the 
ZHD101 activity against α-ZOL is ~40% less than that 
against ZEN even though the two compounds have 
similar chemical structures (Fig. 1). Rey-Ting Guo 
(Tianjin Institute of Industrial Biotechnology) recent-
ly solved the structure of ZHD101 in complex with 
α-ZOL and suggested why ZHD101 has less activity 
against α-ZOL.3 To identify further potential ZHD-fam-
ily members, a research team led by Guo found a 
novel ZHD from Rhinocladiella mackenziei (RmZHD) 
via data-mining in Genbank; its activities against ZEN 
and α-ZOL are greater than ZHD101 by ~1.66-fold 
and ~1.2-fold. They also determined the structures 
of RmZHD alone and in complex with two substrates, 
ZEN and α-ZOL. All diffraction data sets were collect-
ed at TPS 05A, TLS 15A1 and TLS 13C1.4

Fig. 2:   (a) Overall structural comparison of RmZDH (blue) and ZHD101 (orange). The 
cap and core domains of RmZHD and ZHD101 appear in deeper and lighter 
colors, respectively. (b) The β6-α5 loop superimposition of RmZHD/ZEN (green) 
and ZHD101/ZEN (orange). The dashed line denotes a hydrogen bond. (c) 
Activity assay. The wild-type activity against ZEN and α-ZOL serves as reference 
(100%). All measurements were conducted in triplicate; the results are present-
ed as average ± SD. (d) Open conformation (left panel) and closed conformation 
(right panel). The bound ZEN molecules (green), ZHD101 V158 (orange) and 
RmZHD Y160 (purple) are displayed as stick models. [Reproduced from Ref. 4]

Based on Fig. 2(a), two vital 
structural differences illustrate 
why RmZHD has a greater ac-
tivity against ZEN and α-ZOL 
than ZHD101. First, compared 
with ZHD101, the β6-α5 loop 
of RmZDH is nearer the sub-
strate-binding site. The N134 side 
chain, located in the β6-α5 loop, 
forms a hydrogen bond to O4 
of the phenyl ring of ZEN upon 
substrate binding, but a similar 
conformational change cannot 
induce in ZHD101 (Fig. 2(b)). To 
investigate the catalytic role of 
N134, two mutants, N134L and 
N134A, were purified for activ-
ity assay. Figure 2(c) indicates 
that N134 plays a crucial role in 
RmZHD catalysis because both 
mutants display much small activi-
ty against ZEN and α-ZOL than the 
wild type.

Second, the entry to the sub-
strate-binding pocket is covered 
with a larger residue, Y160, in 
RmZHD (a so-called closed con-
formation), but the open con-
formation can be observed in 
ZDH101 because the correspond-
ing residue, V158, is smaller (Fig. 
2(d)). To elucidate the catalytic 
role of Y160, some mutants were 
constructed, including Y160G, 
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Y160A, Y160F and Y160W, to conduct activity assays. 
Notably, the result shows distinct effects on ZEN and 
α-ZOL. In regard to ZEN, compared with the wild 
type, all mutants except Y160F having equal activity 
possess less ZEN-hydrolyzing activity, which indicates 
that Y160 is the most suitable residue for ZEN inter-
action (Fig. 2(c)). As regards α-ZOL, compared to the 
wild type, only Y160A exhibits an increase, more than 
70%, in α-ZOL hydrolyzing activity (Fig. 2(c)). The 
complex structure of Y160A/α-ZOL indicates that the 
unfavourable close contact (the side chain of Y160) 
disappears; Y160A thus makes an active-site environ-
ment suitable for α-ZOL binding and hydrolysis, which 
conclusion is supported by data from isothermal 
titration calorimetry (ITC).

In summary, Guo and his collaborators determined 
the crystal structures of ZHD101 and RmZHD. Com-
parison of the two enzyme structures clearly shows 
that two vital structural differences (the β6-α5 loop 
and Y160) are involved in the catalytic reaction. These 
results provide the important molecular mechanism 
of substrate binding and catalysis for the ZHD family 
of enzymes; this critical information can be applied 
for further protein engineering and genetic modifica-

Hapalindoles, produced from Cyanobacteria, are bioactive secondary metabolites with diverse chemical struc-
tures; compounds related to hapalindole are considered to have pharmacological effects, such as antibacterial, 
antifungal, insecticidal and antimitotic activities.1,2 Prenylation is a crucial reaction to increase the chemical 
complexity of these compounds; namely, the prenylated compounds typically improve the bioactivities because 
the prenyl moiety makes the compound more lipophilic. In general, the prenylation of two types, normal and 
reverse, is performed by prenyltransferases (PTases). It is hence important to understand the catalytic mechanism 
of PTases for future engineering approaches to synthesize unnatural bioactive compounds.

Some PTases, including DMATS (dimethylallyl tryptophan synthase), Fnq26 and TleC, conduct normal or reverse 
prenylation depending on the substrates, which means that these PTases have the potential for plasticity of sub-
strate binding. No structural data were, however, available to elucidate how a single enzyme switches the two 
distinct prenylation modes upon different substrates binding. For this reason, a research team led by Ikuro Abe 
(Graduate School of Pharmaceutical Sciences, University of Tokyo) determined the structure of Fischerella am-
bigua AmbP3 alone and complex structures of AmbP3/DMSPP (DMSPP is a DMAPP analogue), AmbP3/DMSPP/
hapalindole U (reverse pathway in Fig. 1(a)) and AmbP3/DMSPP/hapalindole A (normal pathway in Fig. 1(b)). 
All diffraction data sets were collected at TLS 15A1.3

AmbP3: A Proficient Enzyme Involved in the  
Normal and Reverse Prenylation of Hapalindoles  
Compounds related to hapalindole can serve as potential pharmaceutical leads. This study is 
the first to elucidate how a single enzyme catalyses normal and reverse prenylation of hapal-
indoles. These findings provide vital clues to the engineered biosynthesis of prenylated natu-
ral products.

tion to diminish the mycotoxin. (Reported by Chun-
Hsiang Huang)

This report features the work of Rey-Ting Guo and his 
collaborators published in ACS Catal. 8, 4294 (2018).
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Fig. 1:  AmbP3-mediated prenylation of hapalindoles. (a) Reverse prenylation of hapalindole U (HU) or G (HG) with dimethylallyl py-
rophosphate (DMAPP) to yield ambiguine H or A. (b) Normal prenylation of hapalindoles A (HA) to yield compound 3. [Repro-
duced from Ref. 3]

Fig. 2:  (a) Overall structure of AmbP3. The central circular β-barrel is in magenta, outer α-helices blue and the bottom “lid” green. (b) 
Interaction network of DMSPP. Dashed blue lines indicate hydrogen bonds, red spheres water molecules. (c) Superimposition 
of HU (purple) and HA (cyan). (d) Substrate binding mode of HU. (e) Substrate binding mode of HA. [Reproduced from Ref. 3]

Figure 2(a) shows that the overall structure of AmbP3 comprises three regions, including central circular β-bar-
rel, outer α-helices and the bottom “lid.” Structural analysis indicates that, similar to other reported PTases, 
the top two-thirds of the β-barrel cavity ispolar area; the area otherwise near the bottom “lid” is non-polar. In 
AmbP3/DMSPP, DMSPP is located at the top of the β-barrel cavity (polar area) to support the α- and β-phos-
phates via hydrogen bonds with water molecules and protein polar residues (Fig. 2(b)). Through the phosphate 
binding mode, the prenyl moiety can extend down the bottom “lid” (Fig. 2(c)). Among these polar residues, 
Tyr168 and Tyr225 form also a “tyrosine shield” to stabilize the carbocation intermediate during the catalysis 
(Fig. 2(b)).
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In Fig. 2(c), a comparison of the two ternary structures (AmbP3/DMSPP/HU or HA) clarifies the binding modes 
of the prenyl acceptors (HU and HA) and prenyl donors (DMSPP). In both cases, notably, the HU and HA are held 
in the same hydrophobic regions, but they adopt orientations completely different for reverse and normal pre-
nylation, respectively (Fig. 2(d) and 2(e)). Comparison with several published PTases with broad substrate specif-
icities indicates that the terpenoid moiety of hapalindoles is more important for substrate recognition than the 
indole moiety.

The subsequent study focused on the prenyl donor. In the AmbP3/DMSPP/HU, the dimethylallyl group interacts 
with the indole of HU, Trp117 and Tyr168 (Fig. 2(d)); in the AmbP3/DMSPP/HA, the same group is surrounded 
by the indole of HA, Trp117 and Tyr225 (Fig. 2(e)). The combination of these effects indicates that Trp117 is 
involved in stabilization of the cation intermediate. To test the importance of Trp117, three mutants – W117F, 
W117Y and W117A –were constructed for prenylation assays. All mutants completely lost their activity, except 
W117Y (94% for HU and 74% for HA vs. wild-type enzyme). These data not only confirm that Trp117 is an im-
portant catalytic residue but also reflect the plasticity of the active site of AmbP3 according to the W117Y case. 
Comparison of AmbP3 and two ternary structures shows that AmbP3 provides sufficient space for the hapalin-
doles and DMSPP in differentorientations because of the conformational change of Trp117; this observation is 
consistent with the results from reported PTases, such as CloQ and EpzP.

In summary, the structural information and biochemical data enable two major conclusions based on the excel-
lent model. (1) Because of the hydrophobic substrate binding pocket, AmbP3 is capable of accommodating two 
separate hapalindoles. (2) The tolerance of AmbP3 for the allyl group of the prenyl donor in different orienta-
tions is attributed to the aromatic residues that can form a cation shield. This report is the first to offer structural 
information for the normal and reverse prenylations catalysed by a single enzyme; these findings become appli-
cable to the future engineering of PTases to regulate the prenylation pathways (normal or reverse) to produce 
bioactive unnatural compounds. (Reported by Chun-Hsiang Huang)

This report features the work of Ikuro Abe and his collaborators published in Angew. Chem. Int. Ed. Engl. 57, 560 
(2018).
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