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CAN MISFOLDED ENZYMES BE BENEFICIAL? YES, THEY CAN
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D. Bednar'?, Z. Prokop'?, J. Damborsky'?
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The functionality of a protein catalyst (enzyme) depends
on its unique three-dimensional structure, which is a result
of the folding process when the nascent polypeptide fol-
lows a funnel-like energy landscape to reach a global en-
ergy minimum. Computer-encoded algorithms are
increasingly employed to stabilize native proteins for use in
research and biotechnology applications [1].

Here, we reveal a unique example where the computa-
tional stabilization of a monomeric o/f -hydrolase fold en-
zyme (T, = 73.5°C; AT, > 23°C) affected the protein
folding energy landscape. Introduction of eleven sin-
gle-point stabilizing mutations based on force field calcula-
tions and evolutionary analysis yielded catalytically active
domain-swapped intermediates trapped in local energy
minima. Crystallographic structures revealed that these sta-
bilizing mutations target cryptic hinge regions and newly
introduced secondary interfaces, making extensive non-co-
valent interactions between the intertwined misfolded
protomers [2]. The existence of domain-swapped dimers in
a solution is confirmed experimentally by data obtained
from SAXS and crosslinking mass spectrometry. Unfold-
ing experiments showed that the domain-swapped dimers
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could be irreversibly converted into native-like monomers,
suggesting that the domain-swapping occurs exclusively in
vivo [2]. Crucially, the swapped-dimers exhibited advanta-
geous catalytic properties such as an increased catalytic
rate and elimination of substrate inhibition. These findings
provide additional enzyme engineering avenues for
next-generation protein catalysts.

1. Markova K., Chmelova K., Marques S. M., Carpentier P.,
Bednar D., Damborsky J., Marek M. (2020). Decoding the
intricate network of molecular interactions of a hyperstable
engineered biocatalyst. Chemical Science 11, (2020),
11162-11178.

2. Markova K., Kunka, A., Chmelova K., Havlasek, M.,
Babkova, P., Marques, S. M., Vasina M., Planas-Iglesias J.,
Chaloupkova, R., Bednar D., Prokop, Z., Damborsky J.,
Marek M. (2021). Computational enzyme stabilization can
affect folding energy landscapes and lead to catalytically
enhanced domain-swapped dimers. ACS Catalysis, 11,
(2021), 12864-12885.

This work was supported by the Czech Science Foundation
(22-09853S).
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MAP2/Tau is a family of neuronal structural microtubule
associated proteins (MAPs) known for their ability to bind
and stabilize microtubules. Microtubule associated protein
2¢c (MAP2c) is the shortest isoform of MAP2 that is ex-
pressed in neurons of developing brain and brain regions
that retain neuronal plasticity in adulthood [1]. Besides
binding to tubulin, MAP2c also interacts with proteins in-
volved in signal transduction pathways, such as Grb2 [2],
which is an adaptor protein involved in the Ras/Raf/
MEK/ERK signaling cascade that is associated with the

cell proliferation and apoptosis regulation [3]. Grb2 was
reported to bind MAP2c through its SH3 domains [2] but
the interaction was not characterized in a residue-specific
manner. Therefore, we investigated the interaction of
MAP2c with Grb2 using solution NMR. We acquired
HNCO spectra to identify residues of MAP2c involved in
the interaction with Grb2. The interactions of MAP2c¢ with
its binding partners, including Grb2, are regulated both by
serine/threonine and tyrosine phosphorylation [2, 4].
Therefore, we employed NMR to investigate the influence
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of MAP2c phosphorylation by serine/threonine kinases
PKA and ERK2 and tyrosine kinase Fyn on this interac-
tion.

The results will help to elucidate the involvement of
MAP2c in the signal transduction pathways and the regula-
tion of its interactions with relevant binding partners by
serine/threonine and tyrosine kinases.

1. Viereck, Christopher, Richard P. Tucker, and Andrew
Matus. “The adult rat olfactory system expresses
microtubule-associated proteins found in the developing
brain.” Journal of Neuroscience 9.10 (1989): 3547-3557.

2. Lim, Rita WL, and Shelley Halpain. “Regulated associa-
tion of microtubule-associated protein 2 (MAP2) with Src
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and Grb2: evidence for MAP2 as a scaffolding protein.”
Journal of Biological Chemistry 275.277 (2000):
20578-20587.

3. McCubrey, James A., et al. “Roles of the Raf/MEK/ERK
pathway in cell growth, malignant transformation and drug
resistance.” Biochimica et Biophysica Acta (BBA)-Molecu-
lar Cell Research 1773.8 (2007): 1263-1284.

4. Zamora-Leon, S. Pilar, et al. “Fyn phosphorylates human
MAP-2c¢ on tyrosine 67.” Journal of Biological Chemistry
280.3 (2005): 1962-1970.

This work was supported by Czech Science Foundation
(project 20-12669S).
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Tick-borne encephalitis virus (TBEV) is the most medi-
cally relevant tick-transmitted flavivirus in Eurasia, target-
ing the host central nervous system and frequently causing
severe encephalitis [1]. The primary function of its capsid
protein (TBEVC) is to recruit viral RNA and form
nucleocapsid [2].

Here we show the first 3D structure of a member of
tick-born flavivirus C protein, TBEVC. The structure of
monomeric A16-TBEVC was determined using high-reso-

lution multidimensional NMR spectroscopy. Based on nat-
ural in vitro TBEVC homodimerization, the dimeric- inter-
faces were identified by hydrogen deuterium exchange
mass spectrometry (Fig. 1). Although assembly of
flaviviruses takes place in endoplasmic reticulum-derived
vesicles [2], we observed that TBEVC protein also accu-
mulated in nuclei and nucleoli of infected cells. Predicted
bipartite nuclear localization sequence (bNLS) in the
TBEVC C-terminal part was confirmed experimentally.

Side view

Top view p

Front view

Figure 1: NMR structure of A16-TBEVC homodimer represented as cartoon. The monomeric protein consists of four a-helices
marked as al-a4. Generated with the PyMOL program (Schrodinger).
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The interface between TBEVC bNLS and import adapter
protein importin-alpha was described using X-ray crystal-
lography. Co-immunoprecipitation coupled with mass
spectroscopy identification revealed 214 interaction part-
ners of TBEV C including viral E and NS5 proteins and a
wide variety of proteins involved mainly in rRNA process-
ing and translational initiation.

Described findings may substantially help to design a
targeted therapy against TBEV based on the novel func-
tions of its capsid protein.

1. Gould EA, Solomon T: Pathogenic flaviviruses. Lancet
(London, England) 2008, 371(9611):500-509.

2. Barrows NJ, Campos RK, Liao KC, Prasanth KR,
Soto-Acosta R, Yeh SC, Schott-Lerner G, Pompon J, Ses-
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sions OM, Bradrick SS et al: Biochemistry and Molecular
Biology of Flaviviruses. Chemical reviews 2018,
118(8):4448-4482.

We thank Z.Vavruskova (Institute of Parasitology, Biology
Centre, CAS, Czech Republic) for the assistance in deriva-
tion of antibodies. Computational resources were supplied
by the project “e-Infrastruktura CZ” (e-INFRA CZ
LM2018140 ) supported by the Ministry of Education,
Youth and Sports of the Czech Republic. The work was sup-
ported from European Regional Development Fund; OP
RDE; Project: “ChemBioDrug” (No. CZ.02.1.01/0.0/0.0/
16_019/0000729).
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Transcription factor p53 protects cells against
tumorigenesis when subjected to various cellular stresses
[1]. Under these conditions, p53 interacts with transcrip-
tion factor Forkhead box O (FOXO) 4, thereby inducing
cellular senescence by upregulating the transcription of se-
nescence-associated protein p21 [2, 3]. However, the struc-
tural details of this interaction remain unclear. Here, we
characterize the interaction between p53 and FOXO04 by
NMR, chemical cross-linking, and analytical ultracentrifu-
gation. Our results reveal that the interaction between p53
TAD and the FOXO4 Forkhead domain is essential for the
overall stability of the p53:FOXO04 complex. Furthermore,
contacts involving the N-terminal segment of FOXO4, the
C-terminal negative regulatory domain of p53 and the
DNA-binding domains of both proteins stabilize the com-
plex, whose formation blocks p53 binding to DNA but
without affecting the DNA-binding properties of FOXO4.
Therefore, our structural findings may help to understand
the intertwined functions of p53 and FOXO4 in cellular ho-
meostasis, longevity, and stress response.

1.  AM. Boutelle, L.D. Attardi, Rev, Trends in Cell Biology.,
31, (2021), 298-310.

2. B. Bourgeois, T. Madl, Rev, FEBS letters., 592, (2018),
2083-2097.

3.  M.P. Baar, RM.C. Brandt, D.A. Putavet, ..., JH.J,
Hoeijmakers, J. Campisi, P. L.J.de Keizer, Cell., 169,
(2017), 132-147.

This study was supported by Czech Science Foundation
(grant number 21-02080S) and the Grant Agency of the
Charles University (grant number 1002119).

© Krystalograficka spoleé¢nost



28 Discussions XVIII - Lectures

&

Materials Structure, vol. 28, no. 1 (2022)

L33

SEEING THE INVISIBLE — STUDY OF TRANSIENTLY FORMED PROTEIN
CONFORMATION FOUND IN DOMAIN 1.1 OF BACTERIAL TRANSCRIPTION FACTOR
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Biomolecules undergo a variety of motions at various
timescales. Motions at microsecond to millisecond
timescales are often associated with transitions between
ground states and higher energy states. Methods of struc-
tural biology allow detailed characterization of ground
state structure and dynamics. However, the studies of
higher energy state conformations are more difficult, be-
cause of their low occupancies and short lifetimes. Due to
this fact, studies of excited states are often omitted. But nu-
clear magnetic resonance provides methods to investigate
motions associated with these transitions and structures of
excited states.

In here, we investigate such conformational exchange,
between well-defined ground state and transiently formed
excited state which has been detected in domain 1.1 of pri-
mary sigma transcription factor from Bacillus subtillis.
Sigma factor is essential for initiating the process of tran-
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scription, a fundamental cellular process. With the use of
relaxation dispersion experiments we obtained structural
information about orientations of bond vectors and second-
ary structure propensities within the excited state. Our re-
sults suggest that the excited state (populated only about
3% in the solution at 25 °C) has significantly lower propen-
sity to form a stable secondary structure in the regions of
helix I and helix III compared to the ground state.

This work was supported by Czech Science Foundation
grant No. GJ18-04197Y, from European Regional Devel-
opment  Fund-Project ~ MSCAfellow2@MUNI  (No.
CZ.02.2.69/0.0/0.0/18_070/0009846) CIISB, Instruct-CZ
Centre of Instruct-ERIC EU consortium, funded by MEYS
CR infrastructure project LM2018127, is gratefully ac-
knowledged for the financial support of the measurements
at the Josef Dadok National NMR Centre.

A UBIQUITOUS DISORDERED PROTEIN INTERACTION MODULE ORCHESTRATES
TRANSCRIPTION ELONGATION
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During eukaryotic transcription elongation, RNA polymer-
ase II (RNAP2) is regulated by a chorus of factors. Here,
we identified a common binary interaction module consist-
ing of TFIIS N-terminal domains (TNDs) and natively un-
structured TND-interacting motifs (TIMs). This module
was conserved among the elongation machinery and linked

complexes including transcription factor TFIIS, Mediator,
super elongation complex, elongin, IWSI1, SPT6,
PP1-PNUTS phosphatase, H3K36me3 readers, and other
factors. Using nuclear magnetic resonance, live-cell mi-
croscopy, and mass spectrometry, we revealed the struc-
tural basis for these interactions and found that TND-TIM
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