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Life 
Science A dvanced methods of structural biology have 

accelerated modern research in life science and 
promoted many biomedical applications. Among these 
methods, synchrotron protein crystallography remains the 
incomparable tool to determine the structures of important 
biomolecules in apo and ligand-bound forms on an 
atomic scale to elucidate the mechanisms of complicated 
biological processes and to improve the development of 
drug design. In addition to TLS 15A1 and TPS 05A, a new 
beamline, TPS 07A, for micro-focus protein crystallography 
has been open to users since the beamtime of the 2021-2 
cycle; this beamline is particularly optimized for micro-
crystals and large inhomogeneous crystals. For other 
experimental purposes, five beamlines, including small-
angle X-ray scattering (TPS 13A), soft X-ray tomography 
(TPS 24A), transmission X-ray microscopy (TPS 31A), quick-
scanning X-ray absorption spectroscopy (TPS 44A) and 
infrared microspectroscopy (TLS 14A1), can be selected to 
analyze bio-samples to unravel the unsolved problems in 
biology.

The following outstanding studies were performed by our 
user communities of life science in 2021. Six reports include 
a plastic-eating enzyme, PETase, that can be applied to 
diminish plastic pollution by Rey-Ting Guo; a recognition 
mode deduced from the complex structure of G4C2 DNA 
with metalII-(Chro)2 for drug design to treat effectively ALS 
and FTD neurological diseases by Ming-Hon Hou; various 
bacterial cyclic dinucleotides and trinucleotide synthases 
involved in defense against viral infections by Yeh Chen; the 
biradical mechanism of PQQ-dependent hydride transfer 
for the development of a biomimetic catalyst by Chun-Jung 
Chen; the anticancer drug-resistant mechanism associated 
with APE1 for strategic drug design by Yu-Yuan Hsiao; a 
Poa1p macro domain, the first enzyme possessing a non-
canonical 3”-OAADPR deacetylase activity by Chun-Hua 
Hsu. (by Chun-Hsiang Huang)
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Polyethylene Terephthalate (PET) is an extensively 
produced plastic, with annual production approaching 

70 metric tons. A huge amount of PET wastes that enter 
and accumulate in the ecosystem has caused a serious 
threat to the global environment. PET wastes are mainly 
incinerated or landfilled, but these methods result 
in secondary pollution. Developing environmentally 
compatible measures to eliminate PET wastes is thus an 
urgent task.

PET is composed of ester bond-linked terephthalate (TPA) 
and ethandiol (EG), which are presumably susceptible 
to enzyme-mediated hydrolysis. Several 
types of esterases, including lipases, 
carboxylesterases and cutinases, have 
been reported to exhibit PET-hydrolytic 
activity,1 but all these enzymes show poor 
PET hydrolytic efficacy because PET contains 
aromatic moieties and compact polymeric 
structures in a large ratio.2 Cutinases are 
the most effective PET-hydrolytic enzymes 
known so far. Furthermore, only enzymes 
that can operate at a temperature above 
the glass-transition temperature of 
PET (60−70 oC), at which the crystalline 
structure of PET can be resolved, show 
notable hydrolytic activity. In 2016, a PET-
assimilating bacterium named Ideonella 
sakaiensis isolated from a PET recycling 
factory revealed a naturally evolved PET 
degradation machinery.3 This bacterium 
secretes a cutinase-like enzyme, denoted 
IsPETase, to hydrolyze PET into smaller 
compounds mono (2-hydroxyethyl) 
terephthalic acid (MHET) and TPA at ambient 
temperature (30−35 oC) (Fig. 1(a)). These 
small compounds are then transported into 
bacterial cells and metabolized.

To uncover the mechanism of action of 
IsPETase, a research team led by Rey-Ting 
Guo (Hubei University, China) solved the 
crystal structure of IsPETase and its complex 
with substrate/product analogues and 
identified several unique features.4 The X-ray 

diffraction data were collected at TLS 15A1 and TPS 05A 
of NSRRC. First, the enzyme has an extra disulfide bond 
in addition to the one that is strictly found in all known 
cutinases. This extra disulfide bond stabilizes a loop region, 
also unique to IsPETase, which constitutes the substrate-
binding pocket (Fig. 1(b)). Depleting this extra disulfide 
bond leads to active site collapse and severely impacts the 
enzyme activity.5 Distinct from canonical cutinases that 
are found to show PET hydrolytic activity, IsPETase exhibits 
a substrate preference towards PET over fatty acids (a 
component of cutin). This condition indicates that IsPETase 
features a substrate-binding pocket architecture that is 

Fig. 1: Overall structure of PETase and comparison with Cutinase. (a) Structures of PETase 
hydrolysis products (boxed). (b) The PETase structure is presented as a cartoon 
model. The catalytic triad (red dashed-line circle) and disulfide bridges (red labels) 
are shown as sticks. (c) The crystal structures of IsPETase in complex with substrate 
analogue 1-(2-hydroxyethyl) 4-methyl TPA (left) and a PET-hydrolyzing cutinase 
from Thermobifida fusca (TfCutinase) with the catalytic Ser-OH group converted to 
sulfonate ester-OS(O)2Bn (right) shown at the surface. Bound ligands in structures 
are shown as pink (PETase) and purple (TfCut) sticks. [Reproduced from Ref. 2 and 
Ref. 4]

Structural Studies Revealed the Evolution and 
Development of PETase
Various plastic products made from polyethylene terephthalate (PET) are widely used in various industries. PET 
products cannot be decomposed by themselves and cause plastic pollution. A combination of structural and 
biochemical analysis shows how IsPETase has greater hydrolytic activity than other PETase.
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Fig. 2: Structural and functional roles of IsPETase-unique Ser/Ile duo. (a) Crystal 
structures of IsPETase and BurPL. Critical residues and PET substrate analogue 
1-(2-hydroxyethyl) 4-methyl terephthalate (HEMT) are shown and displayed as 
sticks. The conformation of W185 and its equivalent in BurPL are noted. (b) The PET-
hydrolytic activity of wild-type and mutant enzymes. The MHET and TPA released 
in each reaction were determined and shown. IsPETase DM carries a His/Phe duo, 
whereas PbPL DM and BurPL DM carry a Ser/Ile duo. [Reproduced from Ref. 6]

suitable for PET binding (Fig. 1(c)). The research team 
identified from GenBank several previously uncharacterized 
IsPETase-homologous cutinases that share these two 
features in an attempt to seek more potent PET hydrolytic 
enzymes. The recombinant proteins of several enzymes 
were obtained, but they all display PET hydrolytic activity 
much less than that of IsPETase. 

In addition to the extra disulfide bond and the loop, the 
research team found that the substrate-binding pocket of 
IsPETase is more flexible than that of other cutinases. This 
condition is attributed to the wobbling conformations 
of a TPA moiety-binding residue W185.4 In the apo-form 
structure, three conformations of W185 were observed, 
denoted types A, B and C (Fig. 2(a), left panel). In the 
substrate analogue-bound IsPETase, W185 adopts “type-B” 
conformation (Fig. 2(a), middle panel). This effect attracted 
the research team's attention as W185 is strictly conserved 
in cutinases but they all display a “type-C” conformation 
(Fig. 2(a), right panel), which is an unfavourable PET-
binding pose. On comparing IsPETase and canonical 
cutinase structures, the research team found that a His 
residue is located beneath the W185-corresponding 

residue in canonical cutinases, of which the imidazole side 
chain packs against the indole side chain and prevents Trp 
from swinging (Fig. 2(a), right panel). Significantly, the His 
residue is strictly conserved in all cutinases. In IsPETase, this 
His residue is replaced with a smaller residue Ser (S214), 
such that W185 is not packed and is free to swing (Fig. 
2(a), left and middle panel). Mutagenesis experiments 
showed that the PET-hydrolytic activity of the IsPETase 
S214H variant is decreased by about half. The research 
team thus considered that a His-to-Ser mutation is the 
key to transform a canonical cutinase to a specified PET 
hydrolase, and introduced a His-to-Ser mutation in other 
IsPETase-homologous cutinases in an attempt to obtain 
more novel PET hydrolases. Once again, no His-to-Ser 
variant showed an elevated PET hydrolytic activity.

The research team also solved the crystal structure of 
an IsPETase-homologous enzyme from Burkholderiales 
bacterium, denoted BurPL.6 The overall structure is highly 
identical to that of IsPETase, but the β6-β7 loop that 
accommodates the W185-corresponding residue of BurPL 
is less flexible than that of IsPETase. In BurPL, the side 
chain of a Phe residue that is located beneath the W185-

corresponding residue propels the Trp Cα 
to maintain the β6-β7 loop in position. In 
IsPETase, the Phe-corresponding residue is 
replaced with Ile (I218), of which the side 
chain is smaller than the phenyl group 
of Phe such that the spatial hindrance of 
the W185-locating β6-β7 loop is relieved. 
The research team was amazed to find 
that the Ile residue is also unique to 
IsPETase; the corresponding residue in 
other homologous enzymes is Phe (Fig. 
2(a)). The research team thus introduced 
His-to-Ser and Phe-to-Ile double mutation 
(DM) in BurPL and found that the 
variant showed a three-fold increase 
in PET-hydrolytic activity. For another 
IsPETase-like cutinase from Polyangium 
brachysporum (PbPL), introducing DM 
enhanced its PET-hydrolytic activity by 
~tenfold (Fig. 2(b)). The research team 
also introduced DM in five cutinases 
that are more phylogenetically distant 
from IsPETase, of which four showed a 
significantly increased PET-hydrolytic 
activity, including two that lacked the 
IsPETase unique extra disulfide bond 
and loop. These results indicate that Ser/
Ile DM might be a minimal requirement 
to transform a canonical cutinase to a 
specified PET hydrolase; the predecessor 
of IsPETase might acquire Ser/Ile DM to 
increase the flexibility of the substrate-
binding pocket to increase the binding 
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capacity to the bulkier PET.

PET has been present in our world for less than 70 years; 
which period is believed too short for microorganisms to 
generate PET decomposing enzymes de novo. Modifying 
existing enzymes to adapt the newly emerged substances 
would be a rapid and efficient strategy. For Ser/Ile DM, 
mutating as few as three nucleotides can result in His-to-Ser 
and Phe-to-Ile substitutions. In addition to the evolutionary 
significance, DM could be an important strategy to 
obtain more PET hydrolytic enzymes. Considering that 
the development of bio-based PET degradation platforms 
might require enzymes that match various vectors or 
operate under varied conditions, establishing a panel of 
PET hydrolytic enzymes should be necessary. In addition, 
these results highlight the importance of crystallography 
in studying enzyme mechanisms, as information, such 
as amino-acid side-chain wobbling and loop vibration, 
are difficult to access unless crystal structures are solved. 
Moreover, the two residues associated with DM that do not 
directly contact the substrate can influence the architecture 
of the substrate-binding pocket. These facts encourage us 
to expand the range of investigation when looking at the 
catalytic center, as the amino acids that are not directly 
involved in forming the active site might deploy critical 
effects to govern the enzyme actions (Reported by Rey-Ting 
Guo, Hubei University, China).

This report features the works of Rey-Ting Guo and his 
collaborators published in Nat. Catal. 4, 425 (2021), FEBS 

J. 285, 3717 (2018) and Nat. Commun. 8, 2106 (2017). 
The comparisons of enzyme-mediated degradation 
towards natural and synthetic macromolecules were also 
comprehensively summarized and published in Nat. Rev. 
Chem. 4, 114 (2020).
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Targeting ALS and FTD Disease-Related DNA 
Structures for Drug Discovery
G4C2 repeat-expanded DNA motifs on the C9orf72 gene provide conducive structural features with considerable 
flexibility, serving as a "hotspot" for selective drug binding. The current study highlights the potential of metal-
anthracene complexes to treat two important neurological diseases, Amyotrophic lateral sclerosis (ALS) and 
Frontotemporal dementia (FTD).

A myotrophic lateral sclerosis 
(ALS) is a multisystem 

neurodegenerative disease 
involving loss of motor neurons 
in the brain and spinal cord, 
leading to paralysis, speech 
disorders and respiratory failure. 
Frontotemporal dementia 
(FTD) is another form of 
progressive neurological disease 
characterized by language 
and personality disorders and 
behavioral changes caused 
by the loss of neurons in the 
frontal and temporal lobes of 
the brain. These two disorders 
were previously thought to 
be independent and distinct 
neurological disorders because 
they are heterogeneous at the 
clinical and neuropathological 
levels. Because of our limited 
understanding of disease onset and progression, as well as molecular and genetic mechanisms, there is as yet no cure for ALS 
or FTD. In recent years, technological advances and a deeper understanding of the molecular basis of neurological diseases 
have led to mounting evidence that ALS and FTD share some common clinical and genetic features. The discovery in 2011 
that the C9orf72 gene is the most commonly implicated gene causing ALS and FTD has led to a paradigm shift in viewing 
these disorders as “purely” cognitive or movement disorders.1 It is now recognized that both these neurodegenerative 
disorders are caused by an abnormal expansion of a hexanucleotide DNA repeat sequence, GGGGCC (commonly referred 
to as the G4C2 repeat) (Fig. 1). In patients with ALS or FTD, the length of abnormal expanded DNA repeats can range from 
800 to > 4000, whereas in normal individuals this length remains at about 30 repeats. The abnormal DNA expansion on the 
C9orf72 gene leads to loss of C9orf72 protein function, and might also serve as a major source of toxic RNA and peptides 
that cause neuronal damage.2,3 Most current drug development strategies for these diseases therefore focus on inhibiting the 
production of the corresponding toxic RNA or proteins in cells. Detailed studies of the genetic basis at the atomic level will 
help to provide new insight and hopefully develop effective treatments against ALS and FTD.

Ming-Hon Hou (National Chung Hsing University) and his collaborators Yih-Chern Horng (National Changhua University of 
Education), Jin Peng (Emory University, USA) and Stephen Neidle (University College London, UK) have long been working 
on neurological disease research and drug development. Using X-ray crystallography, Hou's team analyzed the important 
structural features of DNA and analogous RNA-DNA hybrid duplexes containing the G4C2 hexanucleotide repeat motif 
associated with ALS and FTD and proposed that the G4C2 repeat double helix DNA structure can be used as a target for small 
molecules.4

Elucidation of the complex crystal structure required a high-resolution X-ray facility, which was performed at NSRRC 
beamlines TPS 05A and TLS 15A1. The team solved the crystal structures of the DNA duplex d(GTGGGCCGAC)/(GTCGGCCCAC)  

Fig. 1: Schematic representation of mechanisms of ALS/FTD pathogenesis induced by abnormal G4C2 
repeat expansions on the chromosome 9 open reading frame 72 (C9orf72). The signature 
-GGGCCG- sequence corresponding to the G4C2 motif is highlighted with a red color box. 
[Reproduced from Ref. 4]



Life Science 045

and the analogous RNA-DNA hybrid duplex r(GUGGGCCGAC)/d(GTCGGCCCAC) with the central -GGGCCG- region (G4C2 
repeat motif) containing a core G4C2 repeat sequence (Figs. 2(a) and 2(b)). Detailed analysis of these complex nucleic-acid 
structures revealed many important features such as the broadening of the grooves and the sharp bend of the DNA duplex 
(Fig. 2(c)). In addition, the interactions at the interface of the crystal packing showed that the central region of the DNA 
duplexes is more flexible for direct or water-mediated intermolecular interactions (Fig. 2(d)). These specific natures of the 
DNA duplexes containing G4C2 repeats thus have the potential to serve as "hotspots" for the incorporation of external 
ligands. These unprecedented properties of the G4C2 DNA duplexes prompted the team to investigate various GC-selective 
DNA-binding compounds. Interestingly, biophysical characterization of several small-molecule compounds with G4C2 DNA 
revealed that metal-anthracene-based chromomycin complexes, (NiII-(Chro)2) and CoII-(Chro)2), have the potential to stabilize 
firmly the DNA duplex (Fig. 3(a)). Chromomycin (Chro) is an aureolic acid-type metalloligand isolated from Streptomyces 
griseus that binds to DNA in the presence of divalent metal ions. Chro belongs to the class of groove-binding compounds 
and its affinity for GpC sites is influenced by the flanking base-pair sequence. To understand the molecular mechanism 
behind the preference of metal-Chro complexes for G4C2 repeat DNA, the team solved the complex structure of (NiII-(Chro)2) 
and a DNA duplex with G4C2 motif (Fig. 3(b)). Detailed structural analysis of the X-ray crystal structures identified that the 
metal-Chro complexes have extended specificity and bind the flanked G:C base pairs of the GGCC core. This binding of the 
ligand across the minor groove side also resulted in contraction of the groove and straightening of the DNA backbone (Fig. 
3(c)). These specific structural changes in DNA resulting from Chro binding could therefore inhibit the formation of toxic 
transcripts in the resulting abnormal G4C2 expansion sequence and thus exert a therapeutic effect. 

Fig. 2: (a-c) Overall structural features of the G4C2 motif-containing DNA and RNA-DNA hybrid duplexes compared with a typical 
A-form duplex. (d) The detailed crystal packing shows packing of type ‘base-pair into minor groove’ in G4C2DNA and RNA-DNA 
hybrid duplexes. [Reproduced from Ref. 4]
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Given the specific mode of recognition of metalII-(Chro)2 complexes at G4C2 DNA, the team confirmed in Drosophila (fruit fly) 
models of ALS/FTD that the compound complexes can alleviate the motor deficits caused by neuronal toxicity and suppress 
the locomotor deficits (Fig. 3(d)). Previous studies have shown that Drosophila is an excellent model organism for study of 
neurological diseases and discovery of antineurological drugs. The results of the current study thus open the possibility of 
using a DNA-binding compound to treat the pathogenesis of diseases associated with G4C2 repeat expansion. The extensive 
research conducted by the team of Hou and his collaborators, from X-ray crystallography and biophysical analysis in vitro 
to animal model in vivo, confirms the importance of targeting DNA duplexes in the context of disease. This study not only 
provides a new direction for drug development against ALS and FTD, but is also likely to open new possibilities for the 
treatment of other neurological diseases. (Reported by Roshan Satange, National Chung Hsing University)

This report features the work of Ming-Hon Hou and his collaborators published in Nucleic Acids Res. 49, 16 (2021).
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Fig. 3:  (a) Chemical structure of chromomycin A3 (Chro) dimer in presence of Nickel(II) (NiII(Chro)2). (b) Overall crystal structure of the NiII(Chro)2-G4C2 
DNA complex. (c) Superimposition of the structures of G4C2 DNA duplex (blue) and CPX1 of NiII(Chro)2-DNA (pink). (d) Effects of metalII(Chro)2 
on G4C2 repeat toxicity in the Drosophila showing inhibition of the neuronal toxicity in the fly eye and suppression of the locomotor deficits. 
[Reproduced from Ref. 4]
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Fig. 1: Overall structure of EcCdnD. The protein is presented as a 
ribbon diagram, in which the N and C-terminal α-helices are 
colored blue and red. The β-strands are green. On the left is the 
N-terminal NTase domain that contains three essential residues 
Asp69, Asp71 and Asp121 for catalysis; their side chains are 
shown as stick models. On the right is the C-terminal helical 
domain. The first two helices α1 and α2 correspond to the 
“spine” in other NTases. [Reproduced from Ref. 5]

Insights into the Catalytic Path and Regulation of 
a Bacterial CTN Synthase
Mammalian cyclic GMP-AMP synthase (cGAS) and its bacterial homologues produce various cyclic dinucleotides and 
trinucleotides (CDN & CTN) as second messengers that participate in the defence against viral infections. Structural 
comparison of EcCdnD, a cGAS-like enzyme from Enterobacter cloacae, with DNA/RNA polymerase indicates plausible 
catalytic paths that produce CTN. The bound ATP in a reversed orientation might play a role in activity regulation.

C yclic nucleotides in organisms from mammals to 
bacteria serve as second messengers that regulate 

cellular activities in response to environmental variations. 
For example, through a phosphorylation cascade triggered 
by adrenaline, 3',5'-cyclic AMP (cAMP) promotes the 
breakdown of glycogen in human beings. Mammalian 
cGAS synthesizes 2',3'-cyclic GMP-AMP (2',3'-cGAMP) upon 
activation by double-stranded DNA, of which the presence 
in cytosolic indicates a foreign invasion or mitochondria 
breakdown.1 Innate immune responses are then initiated 
by cGAMP binding to STING (for STimulator of INterferon 
Genes). Similarly, 3',3'-cGAMP produced by dinucleotide 
cyclase in Vibrio cholerae (DncV) activates a phospholipase 
that degrades the bacterial cell membrane.2 Such suicide 
mechanisms, also known as CBASS (Cyclic oligonucleotide-
Based Anti-phage Signaling Systems), can prevent further 
spreading of the virus and protect the bacterial population 
from being destroyed.3 

Recently, scores of newly discovered cGAS/DncV-like 
nucleotidyltransferases (CD-NTases) were shown to produce 
a variety of cyclic dinucleotides and trinucleotides (CDN 
& CTN).4 These enzymes share a common architecture 
that comprises an N-terminal core domain similar to the 
DNA/RNA polymerases and a C-terminal helical domain 
that shows a greater difference. Instead of base pairing, 
the substrate specificity of CD-NTase is determined by 
interactions with protein side chains; the cage-like active-
site pocket might allow retention and reorientation of 
the reaction intermediates. CD-NTase signaling paths are 
classified into Types I and II, depending on a requirement 
of an activation step.3 So far, no CTN- synthesizing Type-II 
enzyme had been known 3D-structure. In this work, the 
research team led by Yeh Chen (China Medical University) 
determined the crystal structure of EcCdnD in apo and 
substrate complex forms with multi-wavelength anomalous 
dispersion and molecular replacement using beamlines TPS 
05A and TLS 15A1 of the NSRRC.5

The apo-form EcCdnD is folded into two domains like other 
CD-NTases (Fig. 1). The two N-terminal helices of Type-I 
enzymes constitute the “spine”, which is not broken until 
binding to an activator such as cytosolic DNA. In contrast, 
Type-II enzymes such as EcCdnD are active by themselves 

as reflected in a distinct division of the two helices. 
Structure comparison with PaCdnD, a CTN-synthesizing 
Type-I enzyme of the same class, shows more than 3Å 
Cα deviation and a 50-residue insertion between strands 
βE and βF that contains helix α4. EcCdnD synthesizes 
cyclic 3’-AMP-AMP-GMP (cAAG) but does not bind to 
GTP in the absence of ATP. The enzyme has two binding 
sites for ATP, as shown by measurements of isothermal 
titration calorimetry (ITC).6 Co-crystallization and soaking 
experiments with ATP, GTP and their analogues yielded only 
complex structures with ATP or its analogues (Fig. 2, see 
next page). 

In a shared mechanism for NTases, ribose O3' (or O2') 
atom of the acceptor substrate is bound to one metal ion 
(termed metal A) and attacks the 5'-phosphate of the 
donor substrate, of which the triphosphate associates 
with another metal ion (termed metal B; Fig. 3, see next 
page). Both metal ions were observed in the crystal 
structures, associated with the side chains of Asp69, Asp71 
and Asp121, the triphosphate of the donor ATP, and 
coordinating water molecules. The nucleotide occupying 
the acceptor substrate binding site was, however, in a 
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reversed disposition, unlikely to react with the donor. 
Nevertheless, this binding mode is consistent with the ITC 
results that also showed two sites for ATP. Occupation of 
the acceptor site by a reversed ATP molecule might be a 
result of its large concentration in crystallization. Inhibition 
by ATP might serve as a regulation mechanism of EcCdnD, 
a Type-II CD-NTase. When ATP is abundant, indicating a 
thriving condition, suicide might not be necessary. ATP at a 
large concentration was also shown to inhibit mammalian 
cGAS,7 despite its being a Type-I enzyme. 

Structural comparison with DncV indicates that the “cage” 
of EcCdnD is more open at the acceptor end, at which 
a positively charged surface patch is seen in a groove 
between the βF-βG and α8-α9 loops (the “gateway”). 
It corresponds to the binding site for the triphosphate 
of the “fake acceptor”, and might allow extension of 
the real intermediate farther from the active site. Upon 
superposition with DncV and EcCdnD, the primer strand 
in RNA polymerase penetrates the “cage” of DncV but fits 
roughly into the “gateway” of EcCdnD, whereas the P-site 
and A-site nucleotides match well with the acceptor and 
donor substrates. Taken together, the CTN-producing 
path of EcCdnD might begin with two consecutive RNA 

Fig. 2: Ligand-binding modes in the EcCdnD crystals. The bound nucleotides are shown as thick sticks and the amino-acid residues as thin sticks. Mg2+ 

ions and water molecules are shown as purple and red spheres. Hydrogen bonds and coordination bonds are indicated with dashed lines. 
The models of the bound ligands are superimposed on Fo-Fc omit maps contoured at 4σ level. (a) The bound ddATP in the tetragonal crystal 
has an associated Mg2+ ion. (b) At the C-terminus of helix α7 a structural Mg2+ ion is bound. (c) The donor ATP in the monoclinic crystal shows 
interactions via the ribose 2'- and 3'-OH groups and a second Mg2+ ion. (d) In the orthorhombic crystal the acceptor nucleotide AMPcPP interacts 
with three arginines and a third Mg2+ ion. [Reproduced from Ref. 5]

Fig. 3: Shared mechanism of the NTase-catalyzed reaction. The Mg2+ 
ion bound to the acceptor ribose is designated metal A; that 
bound to the donor triphosphate is metal B. The nucleophilic 
attack of O3' (or O2') at 5'-phosphate is indicated with an arrow. 
[Reproduced from Ref. 5]

(a) (b)

(c) (d)
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Fig. 4: Reaction paths of CD-NTase. (a) The nucleosides are represented with large circles, the phosphate 
groups with small circles. The donor and acceptor substrate binding sites are indicated with boxes. 
The nucleophilic attack by the ribose OH group at the α-phosphate is indicated with an arrow. 
Panels (b) and (c) show the known paths for CDN biosynthesis. Panel (d) shows a possible path 
that produces CTN with EcCdnD. [Reproduced from Ref. 5]

polymerase-like reactions and 
conclude with a DncV-like 
reaction in which the third 
nucleotide is turned over in the 
donor site (Fig. 4).

In summary, EcCdnD shares a 
common architecture of CD-
NTases but with significant 
variations. Two ATP-binding sites 
were identified in the substrate 
complex crystals. The donor ATP 
showed a binding mode similar 
to that in other NTases, but the 
acceptor ATP was bound in a 
reversed direction, indicating a 
possible inhibitory effect on this 
Type-II enzyme. By comparison 
with CDN-producing CD-NTase 
and RNA polymerase structures, 
a plausible catalytic path was 
proposed for CTN synthesis by 
EcCdnD. (Reported by Tzu-Ping 
Ko, Academia Sinica)

This report features the work of Yeh Chen and his colleagues 
published in Nucleic Acids Res. 49, 4725 (2021).
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Biradical Mechanism for PQQ-Dependent Hydride 
Transfer Chemistry 
High-resolution X-ray crystal-structure analyses with spectral and biochemical studies on methanol dehydrogenase 
(MDH) from Methylococcus capsulatus (Bath) in various states reveal the biradical mechanism of pyrroloquinoline 
quinone (PQQ)-dependent hydride transfer chemistry during catalytic turnover. 

Fig. 1: Overall structure of apo-MDH complexed with PQQ (left) and a close view at the catalytic binding site (right) with the Cys131-Cys132 center-
reduced form. [Reproduced from Ref. 1]

12B2, together with the properties through electron 
paramagnetic resonance (EPR), Infrared (IR) and Raman 
spectral and biochemical studies. They investigated both 
the holo- and apo-MDH, that is, with and without PQQ, 
respectively, but with the Cys131-Cys132 center reduced. 
The high-resolution structures of MDH from M. capsulatus 
(Bath) were determined in various states of the protein in 
which the vicinal disulfide bridge near the PQQ cofactor 
was broken (Fig. 1). IR and Raman spectra performed at TLS 
14A1 indicated and confirmed that the broken disulfide 
bond exists in MDH but was unaffected by the radiation 
damage of X-rays. 

 The research team presented solid evidence that the 
disulfide bridge in MDH is redox-active and participates 
with the PQQ prosthetic group in electron transfers within 
the protein. In the case of the holo-MDH with the fully 
reduced disulfide bridge, they observed one-electron 
reduction of the PQQ by the thiols of Cys131-Cys132 
and detected an EPR dipolar spectrum associated with 
the biradical system formed by the PQQ radical and the 
disulfide radical anion centered at the disulfide structure. 
In the X-ray structure of M. capsulatus (Bath) MDH, the two 

M ethylococcus capsulatus (Bath), a methanotroph, 
exists in anoxic or anaerobic environments, and 

metabolizes methane into methanol and subsequently 
into formaldehyde and other one-carbon (C1) substances. 
Methanol dehydrogenase (MDH) from M. capsulatus 
(Bath) is a quinoprotein alcohol dehydrogenase that 
uses the pyrroloquinoline quinone (PQQ) prosthetic 
group together with a calcium (Ca2+) ion to catalyze the 
oxidation of methanol (CH3OH), and further to convert it 
to formaldehyde (HCHO). The active site of MDH contains 
a rare disulfide bridge between adjacent cysteine residues.  
This disulfide bridge is clearly seen in the X-ray crystal 
structure of MDH from M. capsulatus (Bath). As a vicinal 
disulfide, the structure is highly strained, indicating that 
it might work together with the PQQ prosthetic group 
and the Ca2+ ion in the catalytic turnover during methanol 
oxidation.

Chun-Jung Chen (NSRRC) and his collaborative research 
teams at Academia Sinica and National Pingtung University 
analyzed the crystal structures of MDH from M. capsulatus 
(Bath) under various conditions using X-ray protein 
crystallography at TPS 05A, TLS 15A1, SP 44XU and SP 
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Fig. 2: Electron density of PQQ soaked into crystals of apo-MDH crystals: top view (upper left) and 
side view (upper right). More complete electron density in the region of C4 and C5 of PQQ is 
observed in the PQQ-soaked MDH. Compared to the holo-MDH in state (bottom left and right), 
there is evidently greater electron density between the Ca2+ atom and the PQQ in the PQQ-
soaked MDH structure based on this high-resolution structure, indicating reduction of the PQQ 
at the C5 position. [Reproduced from Ref. 1]

Fig. 3: Electron density of PQQ in the MDH after soaking with CH3OH: Top view (left) and side view 
(right) at resolution 1.80 Å. The electron density of CH3OH shows that the −OH group is 
interacting with C5 of PQQ. [Reproduced from Ref. 1]

radicals are only ~5 Å apart; the 
two electron spins are therefore 
coupled with a strong magnetic 
dipolar interaction. In light of 
these findings, they revised 
the catalytic cycle of MDH to 
encompass biradical formation 
instead of a two-step reoxidation 
of the reduced PQQ ethenediol 
following the hydride transfer 
during CH3OH oxidation. These 
observations were corroborated 
with electron-density changes 
between the two cysteine sulfurs 
of the disulfide bridge as well 
as between the bound Ca2+ ion 
and the O5=C5 bond of PQQ in 
the high-resolution (up to 1.8 Å) 
X-ray structures (Figs. 2 and 3).

On the basis of these findings, 
they proposed a novel 
mechanism for the controlled 
redistribution of the two 
electrons during hydride transfer 
from the CH3OH in the alcohol 
oxidation without formation 
of reduced PQQ ethenediol, 
a biradical mechanism that 
allows for possible recovery of 
the hydride for transfer to an 
external NAD+ oxidant in the 
regeneration of the PQQ cofactor 
for multiple catalytic turnovers 
(Fig. 4, see next page). In support 
of this mechanism, a steady level 
of the disulfide radical anion 
was observed during turnover 
of the MDH in the presence of 
CH3OH and NAD+. The direct 
involvement of a protein redox-
active residue to facilitate PQQ-
dependent hydride transfer is a 
strategy that should find wide 
applicability in enzymes that use the PQQ prosthetic group 
or related quinone cofactors in their catalytic chemistry.

In summary, the high-resolution X-ray structures of 
methanol dehydrogenase from M. capsulatus (Bath) under 
various conditions have been determined, revealing that 
the vicinal disulfide bridge near the PQQ cofactor can be 
broken in particular states. In conjunction with spectral and 
biochemical studies on these structures, the mechanism 
of the PQQ-dependent hydride transfer chemistry in the 
oxidation of methanol to formaldehyde has finally been 

clarified after decades of confusion. This breakthrough 
paves the way toward the development of a biomimetic 
catalyst for the controlled conversion of methanol into 
formaldehyde under ambient conditions, an important 
next step in C1 chemistry. (Reported by Chun-Jung Chen)

This report features the work of Chun-Jung Chen and his 
collaborators published in J. Am. Chem. Soc. 143, 3359 
(2021). 
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Fig. 4: Proposed catalytic cycle for oxidation of CH3OH to HCHO mediated by MDH of M. capsulatus (Bath). [Reproduced from Ref. 1]
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Fig. 1: (a,b) APE1-recessed dsDNA product complex structures and conformational changes of the RM bridge. (c) The RM bridge occupies the space of 
the active site and separates the active site into the catalytic site and a product pocket. (d) A magnified view of the active site when APE1 works 
as an endonuclease or exonuclease. The structural comparison reveals the structural basis of the base preference of APE1. [Reproduced from Ref. 
1 and 2]

APE1 Follows the Induced Space-Filling Mechanism 
to Distinguish and Processing Various DNA 
Substrates
Combining APE1-DNA complex structures and biochemical assays, we established a space-filling model to depict how 
APE1 distinguishes various substrates and to reveal the structural basis of the drug-resistant mechanism associated 
with APE1.

A PE1 is a DNA-repair enzyme with both endonuclease and exonuclease activity. As an endonuclease, the apurinic/
apyrimidinic site (AP site)-specific cleavage of APE1 is an essential process to repair oxidized nucleotides in the base 

excision repair (BER) path. As an exonuclease, APE1 digests various deoxynucleotides at the 3’- termini of matched or 1 
nt-mismatched duplex DNA without base preference. The non-specific exonuclease activity of APE1 leads to nucleoside 
analogue-typed anti-cancer drug resistance. Excision of the 3’-end-matched base pair by APE1 in various structural duplex 
DNA, such as gapped, nicked and recessed dsDNA, is vital for a series of DNA processing paths, including nucleotide 
incision repair, Trinucleotide repeat expansion-related BER, single-strand breaks and apoptosis. Unlike the well studied 
endonuclease activity, the lack of structural information leaves the molecular details of the base and structural preference 
of APE1 exonuclease activity still missing. In this study, we determined two terminal-binding structures of the APE1-dsDNA 
complex and demonstrated an induced space-filling model to reveal the structural basis of its exonuclease activity. The X-ray 
diffraction data sets were collected at beamlines TLS 13B1, TLS 15A1, and TPS 05A of the NSRRC.1

 After DNA binding, Arg176 and Met269 of APE1 are induced to form a bridge-like structure (RM bridge) occupying the 
active site and creating a narrow channel (Figs. 1(a-c)). A RM bridge separates the active site into the catalytic site and a 
product pocket in which the unique structure conducts the different substrate specificity of APE1 endo- and exo-nuclease 
activity. In the endonuclease manner, APE1 is an AP site-specific nuclease because the steric hindrance from the downstream 
nucleotide and narrow product pocket makes a normal nucleotide that cannot be accommodated (Fig. 1(d)). In the 
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exonuclease manner, the last nucleotide base can rotate and be placed into another region of the product pocket (Fig. 1(d)). 
In addition, the product pocket is composed of hydrophobic residues that cannot specifically interact with nitrogenous bases 
with hydrogen bonds. These two structural features make APE1 exonuclease without a base preference.  

 This induced space-filling mechanism also clarifies the selection mechanism for the structural preference of APE1 exonuclease 
on dsDNA that is critical to identify the role of APE1 on various DNA repair paths. First, APE1 prefers to digest dsDNA 
with blunt-end and 1 nt-mismatch rather than the 2 nt-mismatch (Fig. 2(a)), because the narrow product pocket with 
steric hindrance cannot accommodate two nucleotides; APE1 can thus difficultly digest substrates with more than 2 nt-
mismatched bases (Fig. 2(b)). In contrast, the nicked dsDNA with flank 5’-phosphate is an unfavourable substrate for the 
APE1 exonucleolytic cleavage (Fig. 2(c)). The steric hindrance between the base region of 3’-terminal deoxyribonucleotide 
and the downstream 5’-phosphate group leads to an unfavourable cleavage of 5’-phosphate nicked dsDNA (Fig. 2(d)). This 
hypothesis is proved with nuclease activity assays in vitro. With the substrates without steric hindrance, such as nicked dsDNA 
with the flank 5’-hydroxy group and gapped dsDNA, the exonuclease activity of APE1 is no longer restricted (Figs. 2(c) and 
2(e)).  

In summary, the DNA binding-induced RM bridge fills the space of the APE1 active site to create a narrow channel-liked 
structure. The narrow hydrophobic product pocket enables the APE1 with different base selection mechanisms in endo- and 
exo-nuclease activity. When APE1 works as an endonuclease, it targets only the AP site in the middle of dsDNA. When APE1 
works as an exonuclease, it removes any nucleotide at the 3’-terminal of duplex DNA without preference. Additionally, 
the steric hindrance of the product pocket weeds out the dsDNA with longer 3’-overhang and nicked dsDNA with flank 
5’-phosphate to construct the structural preference of APE1. Our unprecedented induced space-filling model clarifies the base 
and structural selection mechanisms of APE1 in processing dsDNA and paves the way to understand the cellular functions 
and drug resistance associated with APE1.1,2 (Reported by Tung-Chang Liu and Jung-Yu Liu, , National Yang Ming Chiao Tung 
University)

Fig. 2: (a) Exonuclease activity of mAPE1 in digesting dsDNA with blunt-end, 1-nt mismatch and 2-nt mismatch. dsDNA with 2-nt mismatch is a poor 
substrate of APE1 exonuclease. (b) An induced space-filling model depicts why dsDNA with 2-nt mismatch is a poor substrate. (c) Exonuclease 
activity of mAPE1 in digesting nicked dsDNA with or without flank 5’-phosphate. (d) The induced space-filling model depicts how the APE1 
exonuclease activity is blocked by nicked dsDNA with flank 5’-phosphate, and why APE1 can digest gapped dsDNA. (e) Nuclease activity of APE1 
on gapped dsDNA. [Reproduced from Ref. 1 and 2]
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This report features the work of Yu-Yuan Hsiao and his collaborators published in Nat Commun. 12, 601 (2021).
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Poa1p Macro Domain Structure: Deciphering a 
Non-Canonical 3"-OAADPR Deacetylase
In this report, the undefined enzymatic activity and substrate specificity of the Poa1p macro domain were revealed on 
deciphering the crystal structures in a combination of biochemical approaches and guided a study of biological effects 
of the OAADPR metabolism in epigenetics.

O -acetyl-ADP-ribose (OAADPR) is a fascinating signaling 
molecule that has been implicated in the regulation 

of numerous cellular processes, including the formation of 
silent information regulator complexes and gene silencing. 
This molecule was first identified from the conserved NAD-
dependent histone/protein deacetylase reaction catalyzed 
by sirtuins. In cells, the ratio of 2”- and 3”-OAADPR exists in 
equilibrium as 48:52 at slightly alkaline pH through a non-
enzymatic intermolecular transesterification.1

There is accumulating evidence that a group of macro 
domain proteins efficiently catalyzes the deacetylation 
of 2”-OAADPR, including MacroD-like proteins (human 
MacroD1, human MacroD2, E. coli Ymdb, O. iheyensis 
MacroD), the sirtuin-linked macro domain SAV0325 from 
S. aureus, and the human TARG1-like macro domain 
C6orf130.2 The catalysis ability of macro domains stems 
from their physical or genetic link with sirtuins, thus 
revealing the functional connections with sirtuins and 
a novel aspect of OAADPR metabolism.3 To date, only 
2”-OAADPR deacetylases but no 3”-OAADPR deacetylase 
was reported.

S. cerevisiae contains sirtuins as a major NAD-consuming 
family but lacks any poly(ADP-ribose) polymerase (PARP) 
homologues, which indicates that sirtuin reaction product 
OAADPR might hold the most potential physiological roles 
in yeast. Qualitative analysis of yeast cell extracts revealed at 
least three distinct activities contributing to the metabolism 
of OAADPR in vivo, but only Nudix hydrolase Ysa1 was 
reported to hydrolyze OAADPR/ADPR to AMP and ribose 

phosphate or acetyl-ribose phosphate, thereby lowering 
the cellular OAADPR/ADPR levels.4  Protein identities 
of the unknown deacetylase and acetyl transferase 
remain obscure.2,4 Poa1p is a unique fungal-type macro 
domain protein that shares little sequence homology 
with other macro domains. To explore the function of the 
uncharacterized macro domain, a research team led by 
Chun-Hua Hsu (National Taiwan University) determined the 
structures of apo, ADPR-bound Poa1p, and its mutants. The 
diffraction data were collected at TPS 05A, TLS 15A1 and 
TLS 13B1.5

Our biochemical data reveals that, within two macro 
domains from S. cerevisiae, only Poa1p carried a robust 
catalytic activity toward deacetylation of OAADPR, 
yielding a significant reaction product, ADPR. To elucidate 
enzymatic properties of Poa1p at a molecular level, the 
crystal structure of ADPR-bound Poa1p was determined 
(Fig. 1(a)). The structure of Poa1p-ADPR complex, at 
resolution 1.78 Å, adopts a three-layered α/β/α sandwich 
fold with the ADPR molecule accommodated within the 
central crevice of Poa1p. This condition strongly indicates 
a typical macro domain fold for ADPR binding. Having 
structurally characterized the Poa1p macro domain, 
the authors then investigated the substrate specificity 
of Poa1p for OAADPR deacetylation. The RP-HPLC and 
18O-labeling results revealed that Poa1p can hydrolyze both 
3”- and 1”-OAADPR isomers, and preferentially facilitate 
3”-OAADPR cleavage at neutral pH. To decipher the 
molecular mechanism of this finding, interactions between 
Poa1p and ADPR were examined (Fig. 1(b), see next page). 
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The interaction network of the 
ADPR binding groove consists 
of four binding surfaces (S1-
S4) and thus provides effective 
hydrophobic interaction and 
hydrogen-bond networks 
with ADPR. Of note, the steric 
position of water molecule W7 
appears to be the corresponding 
occupant of a conceivable 
nucleophilic water site by the 
acetyl group of 2”-OAADPR. 
Establishment of the steric 
hindrance (Gly87, Gly88, and 
Phe152) in the vicinity of the 
ribose 3”-hydroxyl group seems 
to retain the proper orientation 
of 3”-OAADPR for catalysis. The 
side chain of Tyr50 from the 
α2-helix neighboring Asn26 
evidently points toward the 
3”-hydroxyl groups of the distal 
ribose moiety, which seems 
reasonable to concede a nearby 
nucleophilic water for catalysis 
in stereochemistry.

Since the discovery of the non-
canonical substrate specificity 
of Poa1p, crucial residues 
involved in the intriguing 
activity remain obscure. To gain 
insight into the relevance of 
the substrate specificity and activity of Poa1p, potentially 
critical residues for substrate binding and catalysis were 
designated for mutational study. Kinetic analysis of the 
designed Poa1p mutants showed a decreased turnover 
rate (Kcat) to certain degrees. In addition, the Poa1pF152A-
ADPR structure revealed that the phenyl group of Phe152 
established a steric hindrance to stabilize the orientation 
of the distal ribose of OAADPR for catalysis. Of note, the 
RP-HPLC results of these mutants confirmed their catalytic 
roles in distinct substrate specificities of OAADPR isomers. 
His23 was engaged in catalyzing 1”-OAADPR hydrolysis, 
which indicates its potential role in protein de-mono-
ADP-ribosylation, whereas Asn26 and Tyr50 were mainly 
contributed to 3”-OAADPR hydrolysis, in line with the 
authors' hypothesis from the structural information. To 
elaborate the catalytic specificity of 3”-OAADPR hydrolysis 
from RP-HPLC and kinetic assays, we present a structural 
comparison side by side of the active site of the Poa1p-
ADPR complex (Fig. 2). The α2 helix in Poa1p adopts a 
core structure more compact than other macro domains, 
thus providing the best chance for the non-conserved 
tyrosine residue (Tyr50 in Poa1p) to engage in 3”-OAADPR 
catalysis. As compared with the isostructural residues of 

other macro domains, all residues are non-catalytic and far 
from the distal ribose of the ADPR moiety. The biological 
consequence of the OAADPR hydrolysis via Poa1p was 
further explored. A disruption of Poa1p expression in 
yeast showed a striking sensitivity to transcriptional stress, 
which implies a physiological role in response to nucleotide 
depletion.

In summary, five conclusions were drawn from the 
structural and biochemical data. (1) Poa1p is the only 
catalytically active macro domain in yeast toward 
deacetylation of OAADPR. (2) The first complex structure 
of Poa1p with ADPR was determined. (3) Poa1p exhibits 
the non-canonical 3”-and 1”-OAADPR deacetylase 
activities that are distinct from canonical 2”-OAADPR 
deacetylase. (4) The specialized residue Tyr50 and compact 
folding of the α2 helix in Poa1p contribute to the distinct 
substrate specificity toward 3”-OAADPR. (5) Phenotypic 
consequences of the transcriptional effect in yeast might 
serve as a model organism to discover further physiological 
functions of OAADPR deacetylases. Altogether, our studies 
provide a new picture for the diverse catalytic properties of 
POA1-like macro domains but decipher its biological roles 

Fig. 1: (a) Overall structure and topology of Poa1p in a complex with ADP-ribose (ADPR). The disordered 
region is shown as dashed lines. (b) ADPR binding surfaces (S1-S4) and interaction network of 
ADPR with protein residues of Poa1p. Residues within S1-S4 are shown as sticks with carbon in 
blue, yellow, purple and salmon, respectively. [Reproduced from Ref. 5]
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Fig. 2: Structural comparison of ADPR-bound Poa1p with other ADPR-bound macro domains, including HsTARG1 (PDB code 2L8R), EcYmdb (PDB code 
5CB3), OiMacroD (PDB code 5L9K), Ymx7 (PDB code 1TXZ), and HsMacroD2 (PDB code 4IQY) colored green, orange, magenta, slate, salmon 
and yellow, respectively. [Reproduced from Ref. 5]

in regulating cellular OAADPR and ADPR. (Reported by 
Chun-Hua Hsu, National Taiwan University)

This report features the work of Chun-Hua Hsu and his 
colleagues published in ACS Catal. 11, 11075 (2021).
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