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INTEGRATIVE STRUCTURAL STUDY OF ANTIBIOTIC-INACTIVATING ENZYME FROM
STENOTROPHOMONAS MALTOPHILIA
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L. Svecova', K. Adamkova'?, B. Hus akova'?, J. Hruby'? K. Speldova'?, J. Dohnalek’
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An opportunistic bacterial pathogen Stenotrophomonas
maltophilia causes a serious number of infections world-
wide. This species possesses significant antibiotic resis-
tance that has been further broadened owing to the ability
to acquire antibiotic-resistance genes and mutations [1].
Based on a bioinformatic analysis of its sequenced
genomes, we selected for our research a not yet experimen-
tally characterised protein, sequentially related to antibi-
otic-inactivating enzymes.

The target protein was expressed in Escherichia coli
strain Lemo21 (DE3) and subsequently purified using af-
finity and size-exclusion chromatography. Results from
the spectrophotometric assay in the UV-VIS range indi-
cated that the protein catalysed the enzymatic modification
of antibiotics.

Moreover, the enzyme was crystallized and a dataset of
diffraction images was collected at a synchrotron radiation
source. The diffraction was strongly anisotropic: the pro-
posed high-resolution cutoff, reported in Aimless [2] using
the criterion of CC,/, > 0.30, was in a range from 2.43 Ato
1.92 A, depending on the direction in the reciprocal space.
Hence, the anisotropic correction was carried out with
STARANISO [3]. The phase problem was solved using mo-
lecular replacement in MoRDa [4], followed by refinement
of the structure model in REFMACS [5]. Paired refinement
on the anisotropic data was performed with PAIREF [6] to
determine the diffraction limit of 1.95 A.

The asymmetric unit contains two homodimers. Each
dimer is associated through two disulfide bridges. None-
theless, the further analysis of oligomerization, conducted
with mass structural spectrometry and small-angle X-ray
scattering, revealed that the enzyme is in a monomeric state
in solution. The overall molecular structure is analogous to
the family of tetracycline destructases [7] or the reductase
from the biosynthesis pathway of abyssomicines [8]. How-
ever, the arrangement of the putative substrate-binding
pocket differs significantly. The crystal structure provides
the basis for a further in silico, in vitro or in crystallo inves-
tigation of the complexes with antibiotic substrates or
potential inhibitors.

1. T.Gil-Gil, J. L. Martinez, P. Blanco, Expert Review of
Anti-infective Therapy, 18, (2020), pp. 335-347.

2. P .R. Evans, G. N. Murshudov, Acta Cryst., D69, (2013),
pp. 1204-1214.

Figure 1. Crystal structure of a monomer of the antibiotic-inactivat-
ing enzyme from Stenotrophomonas maltophilia. The FAD-bind-
ing domain is coloured in red, the substrate-binding domain in
green, and the C-terminal helix in blue. Flavin adenine dinucleotide
(FAD) is displayed in stick representation (carbon atoms in yellow).

3. 1. J. Tickle, C. Flensburg, P. Keller, W. Paciorek, A.
Sharff, C. Vonrhein, G. Bricogne. (2018). STARANISO
(http://staraniso.globalphasing.org/cgi-bin/staraniso.cgi).
Cambridge, United Kingdom: Global Phasing Ltd.

4. A.Vagin, A. Lebedev, Acta Cryst., A71, (2015), s19.

5. G. N. Murshudov, P. Skubak, A. A. Lebedev, N. S. Pannu,
R. A. Steiner, R. A. Nicholls, M. D. Winn, F. Long,
A. A. Vagin, Acta Cryst., D67, (2011), pp. 355-367.
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7, (2020), 681-692.

7. J. L. Markley, T. A. Wencewicz, Frontiers in microbiol-
0gy, 9, (2018), 1058.

8. J. A. Clinger, X. Wang, W. Cai, Y. Zhu, M. D. Miller, C.
G. Zhan, S. G. Van Lanen, J. S. Thorson, G. N. Phillips Jr.,
Proteins. 89, (2021), pp. 132-137.
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Alzheimer’s disease (AD) is one of the major medical chal-
lenges of our century, affecting 55 million patients world-
wide [1]. This progressive, as yet incurable, neuro-
degenerative disorder, primarily affects people over the
age of 60 years. In the brain of an AD patient, the formation
and breakdown of amyloid beta protein (Af) are out of bal-
ance, leading to increased aggregation of Af to the point
where normal cognitive functions are obstructed. This usu-
ally manifests with changes in memory, behaviour and ulti-
mately interferes the control over the body functions [2].

Passive immunotherapy, that is directed against Amy-
loid beta, has so far proven to be the most promising ther-
apy option. Accelerated approval of Aduhelm (Aduca-
numab), a monoclonal antibody targeting A [3], was re-
cently granted by the U.S. FDA [4]. Showing undesirable
side effects and minor effectiveness, the use of this drug is
controversial [5]. One reason is presumably the physiologi-
cal function of AP. Therefore, the search continues for al-
ternative approaches that address only the pathological
aggregated AP. Here, post-translationally modified Aa
forms are of great interest, since they are often specific
found in deposited Af.

The 3-nitrotyrosine modification at position 10
(3NY'") of AP is suspected to be involved in the patho-
genic course of AD [6]. Two highly specific 3NY'’-ApB an-
tibodies are now generated, which can be used as tool for
further investigation and beyond shall be developed into a
drug to fight AP deposits in AD patient’s brain, while leav-
ing the physiological AP unaffected. In context of these
work, the antibodies will be characterised by a variety of
biochemical and kinetic analyses (ITC, ELISA, TEM, Ag-
gregation studies). For a better understanding and evalua-
tion of the interaction between the antibody and its target,
the macromolecular structure shall furthermore be deter-
mined by X-ray crystallography.

So far, one of two antibodies was co-crystalised using
the responding F,-fragment and the 3NY'*-Ap target-pep-
tide. After initially no crystals could be obtained by the sit-
ting drop vapor diffusion method using commercial
available random matrix screens at 96-well format, precipi-

tate from one of the former screenings was used as a
microseed. Suddenly, about 20 % of the tested commercial
available crystallisation conditions were suitable for crys-
tal growth. Hence obtained stretched hexagonal crystals
have been tested for their diffraction pattern and the condi-
tion with the best crystal was selected for further optimisa-
tion. Due to change to hanging drop vapor diffusion in a
15-well format and variation of the seeding concentration,
crystal size and thickness could be controlled. This slightly
improved a problem of the crystal: different planes of the
crystal are slightly staggered in their orientation, making it
difficult to collect only one set of diffraction data at a time.
Currently the diffraction data obtained are used in building
and refinement of the structure.

1. Alzheimer Europe, Dementia in Europe Yearbook 2019,
(2019).

2. R.D. Terry, E. Masliah, D. P. Salmon, N. Butters, R.
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Neurol., 30, (1991), 572-580.
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M. Arnold, T. Engber, K. Rhodes, J. Ferrero, Y. Hang, A.
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Purine nucleic acid metabolism is an essential process
which occurs in almost all the cells. Synthesis can occur in
two ways: from precursors in time and energy-consuming
de novo pathway or through much preferred salvage path-
way which recycles intermediates of purine degradation
pathway [1].

Purine nucleoside phosphorylase (PNP) is an enzyme
that hydrolyzes ribose from inosine and guanosine in pres-
ence of inorganic phosphate producing hypoxanthine and
guanine which are further degraded to xanthine which can
be recycled via salvage pathway. Activity of human PNP
(hPNP) is increased in various pathologies, such as differ-
ent types of cancer and autoimmune diseases and this
makes PNP a target in drug discovery. Additionally, sal-
vage pathway is essential for parasites, such as Mycobacte-
rium tuberculosis (tuberculosis causing pathogen), where
PNP (MtPNP) activity is important for transition from la-
tent to active infection [2].

Both hPNP and MtPNP form homotrimers from mono-
mers with molecular weight of 32 kDa and 28 kDa respec-
tively. These enzymes share low sequence homology
(35%), but overall fold and active site are conserved. Each
subunit forms an active site in proximity of subunit-subunit
interaction region, where all but one residue belong to the

His257

Phe159B

parent subunit. Active site can be divided into three regions
based on the substrate moieties and inorganic phosphate
binding positions.

Currently, there are several inhibitors that entered clini-
cal trials in the last decade. Overall, they are composed
from purine-moiety linked connected to a sugar-re-
gion-binding moiety. All of these inhibitors are character-
ized by low selectivity and specificity which leads to
serious side-effects [2].

In this project we utilize X-ray crystallography to gain
structural information for design of PNP inhibitors with
high specificity and selectivity. Our compounds contain
three moieties that occupy all three regions of the active site
and their affinity and selectivity to hPNP and MtPNP is op-
timized through structure-assisted inhibitor design ap-
proach.

Both enzymes were prepared by heterologous expres-
sion in E. coli in high yields and purity required for crystal-
lographic  studies. Crystallization conditions were
identified through wide screening and optimization and
diffraction data were collected at synchrotron BESSY II,
Helmholtz-Zentrum, Berlin. We solved and refined eight
crystal structures to resolutions 1.6-2.6 A, five structures of
hPNP and three structures of MtbPNP.

His257/243

Phe 159/

Figure 1: A. Overlay of three hPNP active sites with different inhibitors bound; B. Overlay of hPNP (magenta) and MtbPNP (cyan)

with JS-375 bound to the active site.
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Structure analysis showed that all the inhibitors bind to
the active sites in the expected way: mimicking binding of
substrate. Overall, modifications at different positions of
central sugar-mimicking moiety increase inhibitor affinity
towards MtbPNP while decreasing the affinity towards
hPNP. These changes can be explained by differences in
flexibility of the active sites that allows MtbPNP to accom-
modate these modifications.

L15

This structural information is crucial for in understand-
ing structure-activity relationship and can further be used
to modify this class of compounds.

1. Nyhan, W. L. Encyclopedia of life sciences 2005, John
Wiley & Sons, Ltd.

2. Bzovska, A, Kulikovska, E., Shugar, D. Pharmacology and
Therapeutics., 88 (3) 2000, 349-425.

STRUCTURE- AND ACTIVITY-GUIDED DRUG DESIGN OF 7-DEAZAPURINE CYCLIC
DINUCLEOTIDE ANALOGUES ACTIVATING STIMULATOR OF INTERFERON GENES
(STING) RECEPTOR
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The cyclic GMP-AMP synthase - Stimulator of Interferon
Genes (¢cGAS-STING) immune pathway is pivotal in de-
tecting pathogen-associated (PAMPs) and damage-associ-
ated molecular patterns (DAMPs) [1]. Cyclic dinucleo-
tides (CDNSs) serve as second messengers transducing sig-
nals between cGAS and STING, if dsDNA is detected in
the cytosol by ¢cGAS [2]. Activation of STING by CDNS
leads to downstream signal transduction resulting in induc-
tion of expression of proinflammatory cytokines (TNF-a.,
IL-1pB) and the type I interferons (IFN-o, IFN-$) [3]. The
cGAS-STING pathway thus has a crucial role in defence
against pathogen infection, immune surveillance of tumour
cells, and maintaining the normal immune functions of the
body [4].

In this work, we describe the enzymatic and/or chemi-
cal synthesis of CDNs with 7-deazapurine modifications,
with which we were able to introduce bulky substitutions
while preserving the activity of modified CDNs when com-
pared to unmodified. For the preparation of modified
CDNs, we utilized mouse cyclic GMP-AMP synthase
(cGAS) and bacterial dinucleotide synthases from Vibrio
cholerae (DncV) and Bacillus thuringiensis (DisA). More-
over, the Suzuki-Myiaura cross-coupling reaction of 7-io-
dinated 7-deazapurine CDNs with aryl and heteroaryl
boronic acids was used to introduce substituents too bulky
for enzymatic synthesis. In total, we have prepared 24 new
CDNs, which were characterised by biochemical,
cell-based assays and for effect on human peripheral blood
mononuclear cells (PBMCs). To explain the effect of these

aromatic substituents we have solved four X-ray structures
of complexes of 7-aryl substituted 7-deazapurine contain-
ing CDNs with human STING. These structures explain
the reshaping of STING’s binding site enabling the forma-
tion of a complex of STING with CDNs carrying such
bulky substitutions. Moreover, potentially enables further
modifications with even larger substitutions escaping the
binding site, while still preserving further signal
transduction of signal, which hasn’t been possible until
now.

1. Ishikawa, H.; Barber, G. N., Nature, 455, (2008), 674-678.

2. Ablasser, A.; Goldeck, M.; Cavlar, T.; Deimling, T.; Witte,
G.; Rohl, 1.; Hopfner, K.-P.; Ludwig, J.; Hornung, V., Na-
ture, 498, (2013), 380-384.

3. Keating, S. E.; Baran, M.; Bowie, A. G., Trends Immunol.,
32,(2011), 574-581.

4. Barber, G. N., Nat. Rev. Immunol., 15, (2015), 760-770.
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STRUCTURAL STUDIES ON SECOND GENERATION SOLUBLE ADENYLYL
CYCLASE INHIBITORS AND CHARACTERIZATION OF A PUTATIVE ATPASE
DOMAIN

Maria Kehr and Clemens Steegborn

Department of Biochemistry, University Bayreuth, 95447 Bayreuth, Germany
Maria.Kehr@uni-bayreuth.de

Cyclic AMP is an important second messenger that plays a
key role in numerous signal transduction pathways. In
mammals, cAMP is produced from ATP by either G-pro-
tein regulated transmembrane adenylyl cyclases or bicar-
bonate-regulated soluble adenylyl cyclase. The soluble
isoform is for example associated with skin and prostate
cancer, sperm capacitation and motility, offering a target
for pharmaceutical drug and male contraceptive develop-
ment [1]. In contrast to the catalytic domain, little is known
about the C-terminal region of sAC. Based on a prediction
of the domain composition, mammalian soluble adenylyl
cyclase belongs to the “signal transduction ATPases with
numerous domains (STAND) family. A sAC ortholog was
discovered in Mycobacterium tuberculosis, comprising
the consecutive genes Rv0891c and Rv0890c, serving as
model for further analysis. For future characterization of
the predicted NTPase domain and its partner domains, first
experiments were performed using the C-terminal region
of the orthologous enzyme. Initial enzyme activity assays
using an UPLC system confirmed its ATPase activity and
will allow its further characterization.

Recent pharmacologic evaluation of SAC inhibitors for
usage as on-demand, non-hormonal male contraceptives
suggested that both, high intrinsic potency and long resi-
dence times are essential design elements for successful
contraceptive applications. We focused on purification,
crystallization and structure determination of novel sAC
inhibitor complexes by protein X-ray crystallography and
obtained multiple datasets yielding excellent density for
the inhibitors and indicating molecular features that might
cause their differences in potency and other drug properties

[2].

1. Steegborn, C. Structure, mechanism, and regulation of sol-
uble adenylyl cyclases - similarities and differences to
transmembrane adenylyl cyclases. Biochim. Biophys. Acta
- Mol. Basis Dis. 1842, 2535-2547 (2014).

2. Fushimi, M. et al. Discovery of TDI-10229: A Potent and
Orally Bioavailable Inhibitor of Soluble Adenylyl Cyclase.
ACS Med. Chem. Lett. 12, 1283-1287 (2021).
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Figure 1: Crystal structure of hsAC in complex with TDI-010229 (left) and TDI-011861 (right). 2F,-F. map contoured at 1s.

© Krystalograficka spoleé¢nost



190  HEC-24

&

Materials Structure, vol. 28, no. 3 (2022)

FT5

NEW PROTEIN REACTIVE CENTRES AGAINST ASPARTIC PROTEASES
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Aspartic proteases and proteolytic systems controlled by
these enzymes play a critical role in several human patholo-
gies such as cancer, neurodegenerative and immune dis-
eases. Cathepsin-like proteases are also essential for
viability or virulence of important human pathogens, para-
sites, and pests. Therefore, strong efforts have gone into the
design and testing of compounds that could become new
drugs [1]. Unlike the serine protease family, naturally oc-
curring inhibitors of aspartic proteases are relatively rare,
and only three of them have been structurally characterized
so far in complex with a target protease [2-4].

Here we present new crystal structures of cathepsin D
in complex with three proteinaceous inhibitors: potato in-
hibitors pAPI-1 and pAPI-2 from the plant Kunitz family,
and equistatin domain 2 (Eqd2) from sea anemone belong-
ing to the thyropin (thyroglobulin type-1-like) family. The
inhibitors show distinct designs of structural binding mo-
tifs that are based on disulfide-stabilized loops forming a
network of interactions in the extended non-primed part of
the enzyme active site. Our results serve as a basis for the

FT6

development of biomimetic inhibitors of medicinally rele-
vant aspartic proteases.

1. B. M. Dunn, in Encyclopedia of Biological Chemistry (Sec-
ond Edition), edited by W. J. Lennarz & D. Lane (Aca-
demic Press), 2013, pp. 137-140.

2. E.T.Baldwin, T. N. Bhat, S. Gulnik, M. V. Hosur, R. C.
Sowder, R. E. Cachau, J. Collins, A. M. Silva, J. W.
Erickson, PNAS, 90, (1993), 6796.

3. M. Li, L. H. Phylip, W. E. Lees, J. R. Winther, B. M.
Dunn, A. Wlodawer, J. Kay, A. Gustchina, Nat. Struct.
Mol. Biol., 7, (2000), 113.

4. K.S.K.Ng,J. F. W. Petersen, M. M. Cherney, C. Garen,
J. J. Zalatoris, C. Rao-Naik, B. M. Dunn, M. R. Martzen,
R.J. Peanasky, M. N. G. James, Nat. Struct. Mol. Biol., 7,
(2000), 653.
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The transcription systems in the phylum spirochaetes are
poorly characterized at the molecular level yet are of signif-
icant evolutionary and medical importance. Pathogenic
spirochaetes easily move through the mammalian tissues,
penetrate blood vessels, cross the blood-brain barrier and
cause serious diseases, such as lyme disease, relapsing fe-
ver and syphilis. At the same time, many spirochaetes are
non-pathogenic free-living species. Notably, spirochetal
RNA polymerases (RNAPs) are naturally resistant to
rifampicin, the best-known transcription inhibitor in clini-
cal use. Spirochaetes evolved independently from other
bacterial phyla and are not related to the well-established
model organisms Escherichia coli and Bacillus subtilis,
suggesting that the regulation of transcription include dis-
tinct and novel strategies.

Transcription is the first event in the highly regulated
process of gene expression and is divided into three phases,
initiation, elongation and termination that determines the
start and the end of the transcription unit. To initiate tran-
scription, RNAP together with sigma factor (holoenzyme)
recognizes promoter motifs on the DNA template and start
RNA synthesis. Many regulatory factors associate with
RNAP during the initiation step and modulate its activity,
among them DksA, CarD and GreA/B. Sequence align-
ments identified additional or distinct domains of some of
these transcription factors in spirochaetes compared to
most other bacteria phyla suggesting they might act
through a different molecular mechanism. Here we present
the cryogenic electron microscopy (cryoEM) structures of
Spirochaeta africana (Sfc) RNAP in complex with sigma
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factor 70 (c’°) and promoter DNA at 3.0-3.4 A resolution.
SfcRNAP together with the housekeeping Sfec”® factor
bind to the promoter DNA in an open complex in which the
duplex DNA is unwounded and the transcription bubble is
formed. The structure reveals important insights into the
overall architecture of SfcRNAP and the initiation complex
and forms the basis for further functional and structural
analyses of spirochaete-specific transcription factors and
their regulation.

A

Nontemplate strand

Y CEENCCBrEOaT

R i~

Template strand

[

A. Feklistov, B. D. Sharon, S. A. Darst, C. A. Gross. Annu
Rev Microbiol 68, 357-376 (2014).

V. Molodtsov et al. Mol Cell 69, 828-839 €825 (2018).

H. Boyaci, J. Chen, R. Jansen, S. A. Darst, E. A. Campbell.
Nature 565, 382-385 (2019).

M. Abdelkareem et al. Mol Cell 75, 298-309 €294 (2019).

Figure 1. Sfec’ initiation complex. A. Promoter DNA scaffold (-46 to +20) used for cryoEM. The -35 and -10 motifs are indicated.
+1 refers to the transcriptional start site. B. Overall architecture of the SfERNAP-6"" open promoter complex. Subunits are indicated.
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RIGAKU ADVANCES IN X-RAY AND ELECTRON CRYSTALLOGRAPHY

F. Hennersdorf

Rigaku Europe SE, Hugenottenallee 167, 63263 Neu-Isenburg, Germany
felix.hennersdorf@rigaku.com

The latest range of Rigaku Oxford Diffraction instrument
configurations for structural biology will be summarised
and illustrated with a number of specific example applica-
tions.

The XtaLAB Synergy platform with sealed tube or ro-
tating anode microfocus sources on one side of the four-cir-
cle goniometer and a series of Hybrid Photon Counting
(HPC) X-ray area detectors on the other, allows for versa-
tile configurations perfectly adapted to the researcher’s
needs. These systems can be supplied with the sample
changing robot (XtaLAB Synergy FLOW), or further
equipped with an Intelligent Goniometer Head (IGH) for
automated crystal centering or the plate scanning device
XtalCheck-S.

CL3

Furthermore, our X-ray diffraction instruments are
complemented by the new XtalLAB Synergy-ED — a fully
integrated electron diffractometer, creating a seamless
workflow from data collection to structure determination
of three-dimensional molecular structures. The XtaLAB
Synergy-ED is the result of an innovative collaboration to
synergistically combine our core technologies: Rigaku’s
high-speed, high-sensitivity photon-counting detector
(HyPix-ED) and state-of-the-art instrument control and
single crystal analysis software platform (CrysAlis™ for
ED), and JEOL’s long-term expertise and market
leadership in designing and producing transmission
electron microscopes.
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Electron cryo-microscopy (cryo-EM) single particle analy-
sis (SPA) method has become one of the dominating meth-
ods for high resolution structure determination of a wide
variety of biological macromolecules. Such high resolution
structures facilitate understanding of their functions, mech-
anism of action and protein ligand/drug interactions. With
an increase in the popularity of cryo-EM, the need for ac-
cessibility, ease of use and improved efficiency has also in-
creased. Tundra cryo-TEM operating at 100kV with
semi-automated grid loading system and automated SPA
data collection, makes EM accessible to scientists from di-
verse Life Science backgrounds. It enables novice users as
well as users with varied level of EM experience to carry
out sample optimization and obtain high resolution 3D
structures to gain insights into biological macromolecules
important to human health.

In this abstract, we describe how Tundra was used for
sample screening of a challenging small membrane protein
that represents a crucial class of drug target for various dis-
eases (Figl). We solved structure of a challenging
homo-pentameric human GABAA (gamma-aminobutyric
acid type A) receptor, an important drug target for numer-
ous neurological disorders to 3.4A resolution (Fig2). In ad-
dition, we also solved high resolution structures of other
important biological samples such as Adeno-Associated
Viruso6 that is used as viral vector in gene therapy and vac-
cines. These results clearly demonstrate potential of the
Tundra microscope in drug discovery and how it will add
great value at different stages of Cryo-EM workflow for
our customers.
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Figure 2. A). 3.4A reconstruction of GABA 4 receptor from Tundra. B) ligand density and C) sugars.
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