
S ince the determination of the first protein structure 
of myoglobin by X-ray crystallography in 1958, this 

technique remains a powerful tool for the study of struc-
tures of important biological molecules. The brilliant X-rays 
provided by a synchrotron play a crucial role in the advance 
of modern X-ray crystallography. Synchrotron-based 
macromolecular crystallography (MX) further accelerates 
the speed of structure-function studies of physiologically 
significant biological molecules. The molecular mechanism 
of numerous biological macromolecules involved in various 
diseases has been revealed based on their crystal structures. 
The knowledge gained from those crystal structures also 
paves the way for future structure-based drug design. Oth-
er synchrotron-based techniques such as transmission X-ray 
microscopy (TXM), X-ray absorption spectroscopy (XAS) and 
Fourier-transform infrared (FTIR) spectroscopy could also be 
used to tackle important biological questions from various 
perspectives.

The following research highlights are collected from the 
publications of our wide user communities in 2020. These 
five reports include a triaminotriazine-acridine conjugate 
that selectively targets T:T mismatches in CTG trinucleotide 
DNA by Ming-Hon Hou, a sodium-dependent phosphate 
transporter, human solute carrier SLC20, by Yuh-Ju Sun, a 
CpG-specific human DNA methyltransferase 3B by Hanna 
S. Yuan, removal of lead (Pb) contamination by Cyanidiales 
by Yu-Ting Liu, and an isoform-specific Avanafil selective 
toward human phosphodiesterase 5A1 by Nei-Li Chan. (by 
Chia-Liang Lin)
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Small Molecule Targeting T:T Mismatches in CTG  
Trinucleotide Repeat DNA Induces a Unique Structure
The current study describes new structural features of higher-order non-canonical DNA confor-
mations induced by a small molecule ligand and its selective supramolecular interactions. 

T he abnormal expansion of repetitive DNA in a ge-
nome results in dysfunctional cellular processes such 

as replication, repair and recombination that ultimately 
lead to altered genetic processes. DNA repeat expansion 
is associated mainly with neurological diseases that might 
have severe consequences for human health. For example, 
myotonic dystrophy type 1 (DM1) is associated with the 
abnormal expansion of cytosine-thymine-guanine (CTG) 
trinucleotide repeats (TNRs) DNA located on the non- 
coding region of the myotonic dystrophy protein kinase 
gene.1 Expansion of the aberrant TNRs is typically correlated 
with genetic inheritability, age of disease onset, and sever-
ity. Studies have shown that the formation of atypical DNA 
structures containing mismatches flanked between canon-
ical Watson−Crick base-pairs in the genome is common in 
disease pathobiology.2 

As the formation of non-canonical structures has been 
identified in many neurodegenerative diseases, small mole-
cules targeting these structures can play a significant role in 
the diagnosis and treatment of these diseases. Triaminotriazine- 
acridine conjugate (Z1), a drug originally developed by 

Steven C. Zimmerman (University of Illinois, USA) and his 
team, that targets mismatches in trinucleotide repeat DNA 
has the potential to cure DM1 disease (Fig. 1(a)),3 but its 
binding mechanism remains unclear. A collaborative team 
led by Ming-Hon Hou (National Chung Hsing University) 
and Zimmerman used X-ray crystallography and biophysical 
methods to understand the structural basis for recognition 
of disease-associated DNA by Z1 (Figs. 1(b) and 1(c)). The 
extraordinarily complex structure solved by Hou and his 
team showed many unprecedented features that not only 
throw light on structural details about drug-DNA complex-
es but also enhance our understanding of the supramolec-
ular chemistry of a chemical compound that causes non- 
canonical DNA superstructure formation.4

The elucidation of a complex crystal structure required the 
collection of high-resolution X-ray data that was conducted 
using TPS 05A and TLS 15A1 at NSRRC. The team solved 
a complex structure of drug Z1 and CTG repeat-associated 
DNA containing three homopyrimidine T:T mismatches 
with the SAD method using a brominated oligonucleotide 
[br5U]TCTGCTGCTGAA. Their crystallographic observations 

Fig. 1: (a) Chemical structure of triaminotriazine-acridine conjugate (ligand Z1). (b,c) Overall structure and schematic representation of d[(5BrU)T(CTG)3AA]  
complexed to Z1 in an asymmetric unit. (d) Core of the complex formed by a crossing of all four chains in the G5-C6-T7-G8-C9 penta-sequence.  
(e) Two central stacked G:C pairings form two GC tetrads labeled GC-I and GC-II. The additional stacked G:C pairings formed by adjacent G8pC9 
bases of chains A and C are denoted GC-III and GC-IV, respectively. [Reproduced from Ref. 4]
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showed that the binding of two Z1 molecules at the termi-
nal CTG repeat motifs induces many surprising features that 
include mainly formation of a distorted DNA backbone con-
formation along with the flipping of a mismatched thymine 
base away from the backbone that ultimately resulted in a 
four-way-junction structure of a novel type. The Z1 inter-
calation caused the four chains of DNA to adopt a double 
U-shaped head-to-head topology conformation and result-
ed in the crossing of each strand at the intersection point 
(Fig. 1(d)). Upon further analysis of the structure, Hou’s 
team learned that this central crossing is stabilized with two 
stacked G:C base pairs in the central region that can rotate 
by ca. 50° with respect to each other and form an X-shaped 
structure due to the alignment of two G•C•G•C tetrads into 
a nonplanar structure (Fig. 1(e)). The stacking of G:C pairs 
on both sides resulted in the formation of an apparently 
continuous duplex DNA. They further observed that the 
coordination of four CoII metal ions between N7 atoms of 
guanines can strongly preserve the central junction site.

As this study identifies the structural basis of a small mol-
ecule to induce higher-order structure formation, the 
information obtained from this work might be applicable 
in designing more sequence-specific ligands targeting re-
peat-associated atypical DNA structures, particularly those 
associated with neurological disorders. In summary, the 
findings from Hou and his team deepen our understanding 
regarding the molecular-level mechanism of the formation 
of higher-order atypical DNA conformations through ligand 

binding and its supramolecular interactions. Because of the 
flexibility of DNA to adopt a specific conformation based on 
a specific sequence or ligand binding, the authors stipu-
lated that the results from this study can be useful also in 
DNA nanotechnology-based sensors or tweezers develop-
ment. (Reported by Roshan Satange, National Chung Hsing 
University)

This report features the work of Ming-Hon Hou, Steven C. 
Zimmerman and their collaborators published in the J. Am. 
Chem. Soc. 142, 11165 (2020).
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M aintaining Pi balance is essential for the growth and development of all organisms; membrane-bound phosphate 
transporters are key factors in sustaining Pi homeostasis in humans, plants, fungi and bacteria. In humans, Pi is translo-

cated into cells with two major secondary active transporters, i.e., sodium-dependent phosphate transporter SLC20 (PiT) and 
SLC34 (NaPi-II) families, which prefer monovalent (H2PO4

−) and divalent (HPO4
2−) phosphates, respectively.1 A dysfunction of 

human phosphate transporters causes numerous diseases, including hyperphosphatemia, vascular and brain calcification and 
neuropsychiatric disorders, but the molecular mechanism of these transporters remains elusive.  hPiT (hPiT1 and hPiT2) have 
been identified in various organs, including kidney, liver and brain. Specifically, the functional loss of hPiT2 in the brain can 
result in Pi accumulation, causing calcium phosphate deposition.

Fig. 1: (a) Topology of TmPiT with 12 transmembrane helices that are divided into a transport domain with two inverted-topology repeats, N-PD001131 
(TM1-3 and HP1a/b, in magenta) and C-PD001131 (TM6-8 and HP2a/b, in blue), and a scaffold domain (TM4/5, in yellow). (b) Ribbon diagram of 
the TmPiT-Pi/Na complex consisting of a transport domain with N-PD001131 and C-PD001131 and a scaffold domain (in yellow). The Pi and Na 
ions are shown in CPK and as purple spheres, respectively. The transmembrane helices in (b) are coloured and numbered based on (a). (c) Ribbon 
diagram of the TmPiT dimer. (d) Fo−Fc electron-density maps of Pi and Na are shown at 8σ and at 6σ, respectively. Transmembrane helices TM1, 
TM6, HP1a-HP1b and HP2a-HP2b (labeled) are involved in Pi and Na binding. The Pi- and Na-binding residues are shown in CPK and as purple 
spheres, respectively. (e) Magnified view of Pi-2Na binding pocket, showing interacting residues. (f) Magnified view of Nafore binding, showing the 
penta-coordination residues. [Reproduced from Ref. 2]

The Sodium-Dependent Phosphate Transporter: To  
Reveal Insight into Human Solute Carrier SLC20
Dysfunctions of human phosphate transporters cause numerous diseases, but the molecular 
mechanism of these transporters remains elusive. The structure and function of the phosphate 
transporter from bacterium Thermotoga maritima in a complex with phosphate and sodium pro-
vide a framework to understand PiT dysfunction and for future structure-based drug design.
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The PiT contains a unique internal highly conserved domain 
named PD001131 present at the N- and C-termini. Within 
this domain are four highly conserved sequences: ΦNDΦ, 
GxxxxGxxVxxT, PΦSxT and IxxxWΦ (x: any amino acid; Φ: 
hydrophobic residue). Thermotoga maritima is a hyper- 
thermophilic bacterium that makes it an ideal model organ-
ism for an integration of biochemical and structural exper-
imental approaches. The authors show that TmPiT belongs 
to the SLC20 family; its transmembrane domain exhibits 
protein characteristics and sequence homology similar to 
that of hPiT (similarity/identity 62%/38% for hPiT1 and 
61%/39% for hPiT2). 

To investigate the structural information for a sodium- 
dependent phosphate transporter, a research team led 
by Yuh-Ju Sun (National Tsing Hua University) solved the 
crystal structure of TmPiT, a homology of hPiT. They mea-
sured the phosphate-binding affinity as 57.0 ± 1.1 µM and 
determined the uptake ability of TmPiT being driven by 
sodium. The crystal structure of TmPiT bound to sodium 
and phosphate (TmPiT-Na/Pi) is in an inward occluded state 
and exits as a dimer, with the two subunits showing distinct 
conformations. All diffraction data sets were collected at 
TPS 05A in NSRRC.2

The TmPiT-Pi/Na complex is shown in Figs. 1(a) and 1(b); 
the transport and scaffold domains are formed with 12 
transmembrane helices. The transport domain of TmPiT 
assumes a “5+5” fold and is arranged into two inverted 
repeats annotated as PD001131, N-PD001131 (TM1/TM2/
HP1a-HP1b/TM3) and C-PD001131 (TM6/TM7/HP2a-
HP2b/TM8). HP1a-HP1b (HP1) and HP2a-HP2b (HP2) are 
re-entrant helical hairpins that have been reported in the 
transporters of elevator type, such as aspartate transporter 
Gltph and dicarboxylate transporter VcINDY. TmPiT is a 
dimer with dimensions 83 Å × 61 Å × 55 Å; the N- and  

through two aspartates, D22 and D258. A phosphate was 
located 4.8 Å from each sodium ion. This phosphate was 
tightly bound via 12 interactions with eight conserved 
residues, including D22 (TM1), D258 (TM6) and six polar 
residues, S105/T106/T107 (HP1b) and S345/T346/T347 
(HP2b) (Fig. 1(e)). Both Na1 and Na2 are bound within a 
penta-coordinated interaction with conserved residues 
Asp/Asn/Thr. All these Pi-2Na-binding residues are highly 
conserved in PiT families; D22 and D258 are involved in 
both Pi and Na binding. In addition to Pi-2Na binding, a 
third sodium, Nafore, was identified near TM1, TM6 and HP2a 
with penta-coordination through residues T29, Q243, S247 
and D327 (Fig. 1(f)), which are highly or partially conserved 
in the PiT.

In the TmPiT-Pi/Na complex, there are significant structural 
differences between subunits A and B, which are reflected 
in a root-mean-square deviation 1.8 Å for the Cα atoms 
mainly in TM8 and intracellular loops L7 and LHP2. The ac-
cessible volumes of this region, calculated using CASTp, are 
68 Å3 and 252 Å3 for subunits A and B, respectively (Figs. 
2(a) and 2(b)). Conformational changes in the TmPiT-Pi/
Na complex in loops L7, LHP2 and TM8 between subunits 
A and B indicate that the subunits might have distinct 
functional states. They might control the inner gate during 
phosphate and sodium release on assuming closed and 
open states in subunits A and B, respectively.

Interestingly, particular structural characteristics of TmPiT 
reflect those reported in disease-associated mutations in 
hPiT. Several mutations in hPiT2 have been associated with 
neuropsychiatric disorders and primary familial brain calci-
fication.3 To understand how these mutations might affect 
hPiT function, the authors mapped these hPiT mutations 
onto the TmPiT-Pi/Na complex structure (Fig. 3); they found 
a significant correlation between their TmPiT results and 

Fig. 2: The structures of subunits A and B around inner gates are shown in (a) and (b), respec-
tively. Two inverted, repeated domains are shown: HP1 from N-PD001131 (in magenta in 
both subunits) and HP2 and TM8 from C-PD001131 (in blue and cyan for subunits A and B, 
respectively). The structures shown include Pi and Na, and residues K314 and W378. The Pi 
and Na ions are shown in CPK and as purple spheres, respectively. Residues K314 and W378 
are shown in CPK. The accessible volumes of the exit region were calculated with CASTp30 
and are shown in brown. [Reproduced from Ref. 2]

C-termini are located in the extracellu-
lar region (Fig. 1(c)). The dimer inter-
face between two subunits (A and B) is 
formed with TM2/7 from the transport 
domain and TM4/5 from the scaffold 
domain and has a buried area 1283.7 
Å2. 

In the TmPiT-Pi/Na complex struc-
ture, three sodium ions were found 
(Fig. 1(d)): two sodium ions and one 
phosphate (hereafter Pi-2Na) were 
located at the core of TmPiT; the third 
sodium (Nafore) was situated near the 
inner membrane boundary. The Pi-2Na 
binding site is formed with TM1, loop 
HP1a-HP1b l(HP1 tip), TM6 and loop 
HP2a-HP2b (HP2 tip) (Figs. 1(d) and 
1(e)). The phosphate is associated 
with two sodium ions as “Na1-Pi-Na2” 
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Fig. 3: Variants in hPiT2 linked to brain calcification disease were mapped 
onto the modeled hPiT2 structure. Variants are shown as spheres 
and grouped into five categories: Pi-binding (orange), Na-binding 
 (green), N-PD001131 (pink), C-PD001131 (blue) and dimer (yel-
low). The Hs/Tm number is also labelled. The Pi and Na binding 
sites are indicated with dashed outlines. [Reproduced from Ref. 2]

clinical data from variants in hPiT. For example, the variant 
residues in hPiT are all found at essential positions or are 
involved in sodium and phosphate binding; some are near 
the inner membrane and might regulate Pi transport; a few 
are in the dimerization domain; others are located in the 
extracellular soluble (S) domain. These findings highlight 
how the TmPiT structural data might inform the molecular 
mechanisms underlying human diseases associated with 
mutations in hPiT.

In summary, the TmPiT-Pi/Na complex contains a phos-
phate and three sodium ions tightly bound with TM1/6 and 
HP1/HP2. Structural differences occur between subunits A 
and B near the inner gate, in loops L7/LHP2 and TM8. These 
findings provide a structural basis for disease-causing muta-
tions in hPiT. TmPiT is the first complete structural study of 
a sodium-dependent phosphate transporter. The resolved 
three-dimensional structure of TmPiT might help establish 
therapeutic targets for PiT dysfunction diseases. (Reported 
by Jia-Yin Tsai, National Tsing Hua University)

This report features the work of Yuh-Ju Sun and her collabo-
rators published in Sci. Adv. 6, eabb4024 (2020).
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D NA methylation is the key mechanism of epigenetic  
regulation involved in various cellular processes, 

including gene expression, tumorigenesis and genomic im-
printing. In mammals, DNA methylation is achieved by the 
enzymatic activity of DNA methyltransferases (DNMTs) on 
transferring the methyl group from the cofactor, S-adenos-
ylmethionine, to the C5 position of cytosine. Mammalian  
DNMTs consist of four members—DNMT1, DNMT3A, DNMT3B 
and DNMT3L. DNMT3A and DNMT3B are so-called de novo 
methyltransferases, as they establish new DNA methylation 

patterns during embryogenesis and genomic imprinting 
during germline development. The activities of DNMT3A 
and DNMT3B are stimulated by interacting with the inac-
tive DNMT member, DNMT3L.1

Although DNMT3B shares a similar domain arrangement 
and high sequence identity in the methyltransferase do-
main (~85%) with DNMT3A, these two enzymes have 
distinct physiological or pathophysiological roles and 
enzymatic properties. DNMT3A methylates imprinted 

Fig. 1: (a) Crystal structures of a DNMT3B–3L complex bound without and (b) with DNA. The two SAH molecules are represented with a stick model; 
catalytic loops are shown in purple and TRD loops are displayed in yellow. (c) Overlay of the catalytic loop and (d) the TRD loop of apo (white) and 
DNA-bound (colored) complexes. (e) TRD loops of DNMT3B interact at the major groove of a DNA duplex in the DNMT3B-3L-DNA (CpGpG) struc-
ture. (f) The cytosine (C5) in CpG sites is flipped from the DNA helix by the catalytic loop. The enlarged panel (right) reveals the hydrogen-bonded 
network surrounding the cytosine. (g) Methyltransferase activities of DNMT3B–3L and the C651A and V657G mutants. (h) A water channel located 
near the C5 atom of the cytosine of the CpG sites was identified. Cytosines of the CpG sites are shown as magenta sticks, whereas water molecules 
are shown as pink spheres. (i) Proposed working mechanism for methylation by DNMT3B. [Reproduced from Ref. 7]

Human DNMT3B Structure: Insights into Flanking  
Sequence Preference and Processive Methylation
Unlike that of DNA methyltransferase 3A (DNMT3A), methylation of DNA by DNMT3B occurs in a 
non-cooperative processive manner, allowing the enzyme to methylate repeated CpG sites along 
a DNA strand. A combination of structural and biochemical analyses of the DNMT3B catalytic do-
main shows that DNMT3B adopts a more stable target recognition domain (TRD) loop for proces-
sive methylation and a flanking sequence preference different from those of DNMT3A.
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genes and dispersed repeated elements, whereas DNMT3B 
specializes in methylating pericentric satellite repeats and 
the gene body of actively transcribed genes. Heterozygous 
mutations of DNMT3A are associated with acute myeloid 
leukemia2 whereas homozygous mutations of DNMT3B 
contribute to immunodeficiency, centromere instability and 
the facial anomalies (ICF) syndrome.3 DNMT3A methylates 
DNA in a cooperative manner, whereas DNMT3B exhibits 
a non-cooperative methylation of DNA through catalyzing 
multiple CpG sites before dissociation. Unlike DNMT3A that 
prefers T downstream of the CpG sites, DNMT3B favors A at 
the flanking position. Previously, structural studies of DNMT 
focused mainly on DNMT3A.4-6 To determine the mecha-
nistic basis of DNMT3B-mediated methylation, a research 
team led by Hanna S. Yuan (Academia Sinica) solved the 
structures of apo and DNA-bound forms of DNMT3B. The 
diffraction data were collected at TPS 05A and TLS 15A1 of 
NSRRC.7 

Figures 1(a) and 1(b) show the overall structures of the 
apo and DNA-ribose bound DNMT3B-3L complex. Both 
these structures reveal a heterotetramer presenting a 
linear assembly of 3L–3B–3B–3L. The bound DNA is snug-
ly enclosed by the catalytic loop and the TRD loop of the 
DNMT3B dimer. Binding of DNA causes considerable con-
formational changes of these two loops (Figs. 1(c) and 
1(d)). In the catalytic loop, Val657 moves toward the DNA 
minor groove by ~1.3 Å upon DNA binding (Fig. 1(c)), 
whereas the disordered region (residues Ile781–Asn786) 
of the TRD loop in the apo form becomes well ordered in 
the DNA-bound form (Fig. 1(d)), as illustrated by the well 
defined electron density (Fig. 1(e)), and interacts with DNA 
at the major groove. The CpG site is thus clamped by the 
catalytic loop and TRD loop from two separate sides of the 
DNA molecule. In the structure of DNMT3B-3L bound with 
CpGpG DNA, the cytosine is flipped out and inserted into 
the catalytic pocket of DNMT3B. The conserved Val657 lo-
cated in the catalytic loop coordinates DNA bases surround-
ing the cytosine and stabilizes guanine G5' at the opposite 
stand on forming a hydrogen bond between its backbone 
carbonyl oxygen and the N2 atom of G5'. In the catalytic 
pocket, the flipped-out cytosine is located near C651 and 
forms hydrogen bonds with Ser649, Glu697, Arg731 and 
Arg733 (Fig. 1(f)). These particular interactions contribute 
to the cytosine-specific recognition of CpG sites by DNMT3B. 
Cys651 presumably represents the catalytic residue me-
diating a nucleophilic attack of the cytosine C6 position. 
As analyzed with a HpaII cleavage assay, substitutions of 
cysteine and valine at the 651 and 657 positions (C651A 
and V657G) cause complete and partial loss of enzymatic 
activity of DNMT3B, respectively (Fig 1(g)). Notably, apart 
from observing all residues and cofactors in the DNA-bound 
form structure, the authors also identified a proton-wire 
water channel comprising four water molecules linked via 
hydrogen bonds, located near the cytosine C5 position in 
both promoters of the DNMT3B dimer (Fig. 1(h)), which 

are likely to be responsible for the deprotonation from C5 
during cytosine methylation. Based on these observations, 
the authors proposed a complete working mechanism of 
cytosine methylation by DNMT3B (Fig. 1(i)). 

For guanine recognition in CpG sites by human DNMT3B, 
residue Asn779 located in the TRD loop specifically interacts 
with the G6 position of target CpG sites via a weak hydro-
gen bond (3.5 Å) between the Nδ atom of Asn779 and the 
O6 atom of G6 (Fig. 2(a)). Asn779 is conserved among  
DNMT3B and DNMT3A, but in DNMT3A the equivalent res-
idue of Asn779 (Asn838) does not contact G6. In contrast, 
G6 is coordinated with Arg836 via hydrogen bonds and 
water-mediated hydrogen bonds (Fig. 2(c)).6

Little is known about the structural basis of a flanking 
sequence preference of DNMT3B. DNMT3B exhibits a 
preference for TpCpGpG methylation, with a T residue at 
the −1 position and a G residue at the +1 position of its 
target CpG sites. Residue Asn779 not only interacts with 
the guanine (G6) in the CpG site, but also interacts remotely 
with the flanking guanine at the +1 position at distance 
3.9 Å between the Nδ and O6 atoms of G7 (Fig. 2(a)). The 
structure of DNMT3B in a complex with CpGpT DNA reveals 
that N779 continues to interact with G6 in the CpG site (the 
O6 atom), but releases its interaction with the flanking T 
as the distance between the Nδ atom of N779 and the O6 
atom of the thymine increases beyond 5.5 Å (Fig. 2(b)). 
Besides N779, residue K777 also makes van der Waals inter-
actions with the flanking guanine of the CpGpG site (Fig. 
2(a)). As analyzed with a methylation activity assay, wild-
type DNMT3B exhibited high methyltransferase activity at 
CpGpG sites (CpGpG ≈ CpGpA > CpGpT). Substitutions of 
asparagine at position 779 decreases the enzymatic activity 
of DNMT3B toward the CpGpG site. The substitution of 
Lys777 or both Asn779 and Lys777 causes a decrease of the 
enzymatic activity of DNMT3B toward CpGpG site greater 
than that caused by Asn779 substitution (Fig. 2(d)). K777 
is hence indicated to play a primary role and N779 a minor 
role in recognizing the flanking G residue, resulting in a 
sequence preference for CpGpG sites.

The authors found that, compared to that in the apo 
DNMT3A structure, the TRD loop in the DNMT3B apo 
structure is mostly visible, indicating that the TRD loop of 
DNMT3B is more stable than that of DNMT3A (Fig. 2(e)). 
This condition raises a speculation that the TRD loop might 
contribute to processive methylation by DNMT3B. The TRD 
loop (residues 772–789) in the DNMT3B-DNA complex is 
stabilized by residue Gln772, which forms a hydrogen-bond 
network with Ile774, Ser780, Lys782, Gln783 and Gly784 in 
both protomers of the DNMT3B dimer (Fig. 2(f)). The TRD 
loop (residues 831–848) of DNMT3A is, however, partial-
ly stabilized by residue Arg831, which forms a complete 
hydrogen-bonded network with Ile833, Ser839, Lys841 and 
Gln842 of only one of the two protomers (Fig. 2(g)). The 
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substitution of glutamine at position 772 in DNMT3B for 
arginine indeed makes the TRD loop less stable (Fig. 2(h)), 
as well as decreasing the processivity of methylation by 
DNMT3B (Fig. 2(i)).

The authors summarized the structural impact of DNMT3B 
mutations related to ICF syndromes (Fig. 2(j)), which might 
help to understand the underlying mechanistic details of 
this pathogenesis. 

In summary, three conclusions have arisen according to the 
structural and biochemical data. (1) The human DNMT3B 
catalytic domain performs a specific CpG methylation. (2) 
DNMT3B has a flanking sequence preference different from 
that of DNMT3A, which is mediated by Lys777 and Asn779 
located in the TRD loop. (3) DNMT3B adopts a TRD loop for 
processive methylation more stable than that of DNMT3A. 
Taken together, the mechanistic details of the methylation 
performed by DNMT3B are described through a structural 
elucidation of the DNMT3B catalytic domain. (Reported by 
Chao-Cheng Cho, Academia Sinica)

This report features the work of Hanna S. Yuan and her col-
leagues published in Nucleic Acid Res. 48, 3949 (2020).

Fig. 2: (a) Detailed protein-DNA interactions in the DNMT3B–3L–DNA (CpGpG) complex, (b) DNMT3B–3L–DNA (CpGpT) complex and (c) DNMT3A–3L–
DNA (ZpGpT) complex. (d) Methylation activities of DNMT3B and its mutants for 24-bp DNA containing CpGpG, CpGpA or CpGpT. (e) Superposi-
tion of the DNA-free form of catalytic domains of DNMT3A (pink) and DNMT3B (green). (f) Hydrogen-bonded networks in the DNMT3B–3L–DNA 
complex and (g) DNMT3A–3L–DNA complex. (h) Superposition of crystal structures of wild-type and Q772R DNMT3B–3L complex. Disordered 
regions in the TRD loop of the wild-type and Q772R DNMT3B–3L complex are represented with dotted brown or cyan lines, respectively. (i) 
Methylation activities of the wild-type and Q772R DNMT3B–3L complex for DNA of varied lengths. (j) Structure of the DNMT3B–3L–DNA complex 
revealing the locations of the ICF syndrome-related mutations that are shown as magenta spheres (left). Magnified view of the mutations that 
might affect cofactor binding (right). [Reproduced from Ref. 7] 
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Y u-Ting Liu (National Chung Hsing University) and her 
collaborators recently revealed molecular mechanisms 

for the removal of Pb by Cyanidiales. Such releases of heavy 
metals due to anthropogenic activity have threatened the 
health of ecosystems. Lead (Pb) is a particularly dangerous 
chemical substance as it accumulates in not only organ-
isms but entire food chains. Once human beings become 
exposed to Pb, the brain and kidneys, of both adults and 
children, might be damaged. To improve the situation 
caused by release of Pb into environments, especially in 
acid wastewater and soil systems, the team of Liu and her 
coworkers developed Cyanidiales as a potential biomate-
rial for the removal of Pb. Cyanidiales (red microalgae) are 
capable of surviving in extreme environments (20−56 oC; pH 
0.5−5.0) with concentrated metals, allowing them to serve 
as promising green materials applied in metal remediation. 
An understanding of their mechanisms of metal detox-
ification has been limited. This work is hence the first to 
determine the capacity and related mechanisms of sorption 
of Pb(II) ions on Cyanidiales including Galdieria maximum 

Fig. 1: 2-D images for (a,b) Gm, (c,d) Cm, and (e,f) Cc with and without 
sorbed Pb. Sorbed Pb was 38, 214 and 298 mg g-1 on Gm, Cm and 
Cc. [Reproduced from Ref. 1]

(a) Inorganic species (b) Organic species (c) Results of LCF analyses

(d) Protein secondary structure in vivo of cell

Fig. 2: Pb LIII-edge X-ray absorption spectra of (a) inorganic and (b) organic Pb species as standard references used in linear combination fitting (LCF). (c) 
Results of LCF analyses to determine the Pb species on Gm, Cm and Cc on which Pb was sorbed at 38, 214 and 298 mg g-1, respectively. (d) Ratios 
of signal intensity for an α-helix (1652 cm-1) to a parallel β-strand (1631 cm-1) on protein secondary structure as a function of amount of Pb sorbed 
on Gm, Cm and Cc. [Reproduced from Ref. 1]

Lead (Pb) Contamination Improved by Cyanidiales
Molecular mechanisms for the removal of Pb by Cyanidiales: a potential biomaterial applied in 
thermo-acidic conditions.
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(Gm), Cyanidioschyzon merolae (Cm) and Cyanidium cal-
darium (Cc), which belong to varied genera. The maximum 
observed sorption of Pb(II) ions Cc, Cm and Gm were 298.4, 
214.0 and 38.2 mg g-1, respectively. 

Employing a transmission X-ray microscope (TXM) at TLS 
01B1, the team revealed that the darker shadows along 
with the cell outline in Gm with sorbed Pb implied that Pb 
generally distributed around the cell surface (Fig. 1(b)). 
In contrast, TXM images for Cm and Cc with sorbed Pb 
showed darker shadows that were scattered around the 
cell (Figs. 1(d) and 1(f)), indicating a plausible accumula-
tion in vivo for Pb. These significant variations in the tomog-
raphy of Cyanidiales upon sorption of Pb(II) ions indicated 
that alternative mechanisms for Pb tolerance might be 
adopted by individual Cyanidiale genera. 

Utilizing X-ray absorption spectra (XAS) at TLS 17C1 and SP 
12B1, the team found that the Pb inventory in all samples 
was dominated by both inorganic [Pb5(PO4)3Cl] and or-
ganic [Pb-polysaccharide, Pb-thiol peptide and Pb-organic 
functional group] Pb species. Whereas Pb5(PO4)3Cl was 
the major specie on Gm, the proportion of the Pb-organic 
functional group was the major specie on Cm. Noteworthi-
ly, the great proportion of Pb-thiol peptide on Cc plausibly 
implies a unique mechanism of defence against the toxicity 
of heavy metals, leading to the greatest capacity of Pb(II) 
ion sorption on Cc.

Fig. 3: Conceptualization of four mechanisms of Pb retention on Gm, Cm and Cc: the defence line 
provided by polysaccharide, inorganic Pb-PO4 precipitation, organic Pb complexation con-
comitant with transport to cell vacuoles and specific thiol-Pb chelation involved in disruption 
of protein secondary structures. [Reproduced from Ref. 1]

To determine the changes in functional groups of Cyan-
idiales after Pb(II) ion sorption, the team used synchro-
tron-based Fourier-transform infrared (FTIR) spectra at TLS 
14A1. Due to the heterogeneous morphology of algae 
surfaces, changes of the α-helix were normalized to that 
of a β-strand to obtain accurate trends caused by sorption 
of the Pb(II) ion. The metallothionein protein that regu-
lates metal homeostasis and imparts a defence against 
heavy-metal toxicity through intracellular sequestration 
contains N-terminal and C-terminal motifs joined by α-helix 
and β-strand structures. It is thus reasonable to postulate 
the α-helix/β-strand ratio as the major indicator responsible 
for metal stress tolerance in Cyanidiales. These structural 
changes in the secondary structure of proteins implied the 
denaturation of existing proteins or the variation in protein 
distribution during apoptosis. An inverse relation hence 
indicated the disruption or modification of the α-helix 
by the Pb stress (Fig. 2(d)). Among tested Cyanidiales, Cc 
showed a unique response for the metal tolerance, wherein 
the α-helix was prone to unfold as the sorbed Pb increased. 
Such protein denaturation in vivo agreed with the greatest 
proportion of unordered structure in the sample of Cc.

In summary, Cyanidiales generally perform four mecha-
nisms against Pb toxicity (Fig. 3); individual defence re-
sponses were highlighted by specific Cyanidiales species. 
The knowledge provided here could improve the appli-
cation of Cyanidiales in environmental remediation as an 
innovative green technology. (Reported by Yu-Ting Liu, 
National Chung Hsing University)

This report features the work of Yu-
Ting Liu and her collaborators pub-
lished in Chem. Eng. J. 401, 125828 
(2020). 
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TLS 17C1  W200 – EXAFS
TLS 01B1  SWLS – X-ray Microscopy
SP 12B1  BM – Materials X-ray Study
• IR, TXM, XAS
• Environmental and Earth Science, 

Biological Science, Chemistry 

Reference
1. Y.-L. Cho, Y.-C. Lee, L.-C. Hsu, C.-C. 

Wang, P.-C. Chen, S.-L. Liu, H.-Y. 
Teah, Y.-T. Liu, Y.-M. Tzou, Chem. 
Eng. J. 401, 125828 (2020).



052 ACTIVITY REPORT  2020

C AMP and cGMP are second messengers that play a crit-
ical role in signal transduction pathways that regulate 

many cellular processes. The levels of cAMP and cGMP are 
tightly controlled through their synthesis by nucleotidyl cy-
clases and hydrolysis by cyclic nucleotide phosphodiesteras-
es (PDEs). The human genome encodes 21 PDE genes that 
are divided into 11 families, PDE1–11, based on sequence 
similarity, substrate specificity and regulatory properties. 
Alternative splicing of mRNA or multiple promoters and 
transcription-starting sites further generates more than 100 
PDE isoforms that vary in tissue and subcellular distribution.

PDEs have been considered main therapeutic targets for a 
long time; numerous PDE inhibitors have been developed 
to treat various diseases. For example, PDE3 inhibitor milri-
none and PDE4 inhibitor roflumilast are widely used to treat 
heart failure and particular inflammatory lung diseases, 

respectively.1,2 The presence of unwanted side effects result-
ing from the inability to target individual PDE isoforms is, 
however, the major limiting factor to success. For instance, 
the three first-generation PDE5 inhibitors (sildenafil, varde-
nafil, tadalafil) to treat erectile dysfunction, benign prostat-
ic hyperplasia and pulmonary arterial hypertension might 
cross-inhibit PDE1, PDE6 and PDE11 and result in visual 
disturbance, hearing loss and dyspepsia.3-5 The exceptional 
specificity showed by FDA-proved second-generation PDE5 
inhibitor avanafil is hence remarkable.6 

To understand the detailed mechanism of avanafil’s supe-
rior isoform selectivity, a research team led by Nei-Li Chan 
(National Taiwan University) solved the crystal structure of 
PDE5 in a complex with avanafil by X-ray crystallography.7 
The X-ray diffraction data were collected at TLS 15A1 and 
TLS 13C1 of NSRRC. The final model contains the entire 

Fig. 1: (a) Overall structure of the PDE5–avanafil complex. The avanafil is represented as green sticks. Mg2+ and Zn2+ ions are shown as green and purple 
spheres; sulfur and oxygen atoms of SO4

2– are shown as brown and red spheres. (b) Chemical structure of avanafil and 2Fo – Fc electron density (con-
toured at 1.0 σ) for the bound avanafil. (c) Schematic diagram of interactions between avanafil and PDE5. (d) The carbonyl oxygen of A779 from 
helix α14 forms a halogen bond with the chlorine atom of the 3-chloro-4-methoxybenzene ring of avanafil. (e) The side chains of A779, V782 and 
A783 enclose a hole with the carbonyl oxygen of A779 at the bottom to accommodate the chlorine atom of avanafil. [Reproduced from Ref. 7]

(a)

(d) (e)

(b) (c)

Molecular Basis of Avanafil’s Superior Isoform  
Selectivity Toward Phosphodiesterase 5A1
Phosphodiesterase 5A1 (PDE5) is a key target to treat cardiovascular diseases and erectile dys-
function. In this report, based on the crystal structure of the PDE5-avanafil complex, the un-
derlyng mechanism of the isoform selectivity is revealed and a new concept of structure-based 
drug design is proposed.
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PDE5 catalytic domain, one avanafil, one Zn2+, one Mg2+ and 
one sulfate (Fig. 1(a)). A distinct feature of avanafil is the 
employment of a halogen-substituted benzyl moiety, the 
3-chloro-4-methoxybenzene ring, to mediate target bind-
ing (Fig. 1(b)). The interactions between PDE5 and avanafil 
are mainly through noncovalent interactions of multiple 
types and a unique, avanafil-specific, halogen bond (Fig. 
1(c)). The hydrogen bonds are shown as green dashed 
lines, and residues making van der Waals interactions with 
avanafil are shown in red arcs with spokes. A779, of which 
the carbonyl oxygen forms a halogen bond with avanafil, is 
shown as a green arc with spokes. A water molecule (cyan) 
bridges the interaction between avanafil and α16. The chlo-
rine atom of this aryl halide moiety is located atypically near 
(3.0 Å) the carbonyl oxygen of A779 (Fig. 1(d)), indicating 
the formation of a halogen bond between Cl and O. A key 
feature of this halogen bond formed between avanafil and 
PDE5 is that A779, the halogen-bond acceptor, belongs to 
helix α14 (Fig. 1(d)). This finding illustrates that particular 
main-chain carbonyl-oxygen atoms from α-helices can 
participate in protein−ligand interactions through acting as 
a halogen-bond acceptor. Furthermore, this chlorine atom 
makes van der Waals interactions with side chains of nearby 
residues (A779, V782 and A783) that form a binding pocket 
(Fig. 1(e)). This finding demonstrates that the accessibility 
of such a carbonyl oxygen depends on the width of the 
hole entrance that is determined by the sizes and shapes of 
the surrounding side chains.

In summary, the crystal structure of the PDE5−avanafil 
complex was determined at resolution 1.9 Å. Analysis of 
the protein−drug interactions reveals the structure−activity 
relation of avanafil and provides a molecular basis of its 
superior isoform selectivity. Moreover, a halogen bond was 
observed between the aryl halide moiety of avanafil and 
a backbone carbonyl oxygen from an α-helix flanking the 

drug-binding site, which illustrates the feasibility of exploit-
ing the α-helix backbone in structure-based drug develop-
ment. (Reported by Chia-Liang Lin)

This report features the work of Nei-Li Chan and his col-
leagues published in J. Med. Chem. 63, 8485 (2020).
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