Closing Report on the NKFI/OTKA grant K112716 (2015-2019) entitled

A new combined spectroscopic and molecular modelling approach to folding and
assembly of membrane proteins

I. Overview of the project

Our long-term prime objective is to improve basic fold and then structure prediction of proteins in
general and membrane proteins in particular because of the well-known challenges and
shortcomings of classical structure biology especially on membrane proteins. Our proposed
approach focuses on the following novelty elements: Combination of (i) environment-aware and
statistically significant information from known structures and (i7) low resolution, but functionally
relevant experimental data on the target proteins. These data then serve as constraints in structure
prediction at a reduced resolution, via (iii) new fold generators inspired by the relevant biological
folding process. To achieve this it requires new ways of analysing existing protein structures,
modifying folding engines to satisfy all constraints, measurement of functionally relevant data and,
if possible, studying the folding and un-folding of the target proteins. Certainly, it is a long way and
it requires a lot of man-month efforts to develop such a new protein structure prediction platform,
and the field is very competitive, but we made significant progress, despite lack of sufficient human
resources. Indeed, the main reason for why we could not strictly follow our original work plan is
that we found no suitable young researcher, physicists or chemists, to work on the theoretical tasks.
(Only in the end of 2019 joined a new B.Sc student to the project, and in the beginning of 2020
joined a Japanese postdoc, both to work on the theory.) The unexpected problem with the human
resources lead us to change focus: (i) We made more experiments and less theoretical work than
planned. (i) Making use of our expertise in membrane biophysics and spectroscopic techniques we
helped other projects to an extent that was higher than in previous years and higher than planned.

Our main selected proteins were representatives of the two main types, alpha-helix bundles and
beta-barrel, of trans-membrane proteins, namely the vacuolar proton-ATPase protein complex, an
enzyme (and some of its subunits) and the FomA pore protein of the outer membrane of E.coli,
respectively. Although not planned, we also included a soluble protein, lysozyme, to be studied
because its folding is well known but its interaction with membranes is not known, although it
could be biologically relevant. All the proteins are important in their own right not only from the
point of view of protein folding and structure prediction. In the case of V-ATPase, after refining our
yeast culturing and vacuole purification system, we had to prove that V-ATPase is functional in our
preparations, to ensure the functional relevance of structural data to be gathered. Therefore, we
made ATPase activity measurements, involving the development and refinement of a real-time
kinetic system. We have also shown that this enzyme gives most of the ATPase activity in these
membranes and it makes rotation, hence pumps protons. We published two strong papers from these
experiments. Most recently, we made the first structural studies on intact native V-ATPase with
electron paramagnetic resonance (EPR) spectroscopy of spin-labelled lipids. As concerns the beta-
barrel FomA we studied its secondary structure and the kinetics of its un-folding and re-folding.
These data will be important in designing assisted molecular dynamics algorithms for fold
prediction.

On the theory side, we wrote a review on protein folding, with focus on the experimental and
theoretical approaches. Based on our results, and in line with our overall spectroscopy-based
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strategy, we also published a book chapter on how to use EPR spectroscopy of spin-labelled lipids
to gain functionally relevant structural data on membrane proteins that serve as constraints in their
modelling. We have set up a new computer cluster and made the first steps in the structure
prediction of selected proteins of the ductin family, which subunit ¢ of V-ATPase also belongs to.
Witnessing the great success of most recent (past 1-2 years) prediction efforts based on machine
learning and neuronal network approaches, since last December we are now heavily working on
readapting our plans for a prediction pipeline to include these latest developments.

We are proud that, realising our promise, 6 new young researchers could participate in this project
and 4 dissertations (2 B.Sc, 1 M.Sc, 1 ITC) were written from their works, and all of them received
their respective degree with best marks. It should be also noted that the main techniques (for protein
folding) used in this project were subjects of the teaching course (talk and laboratory practical
demonstration) of the International Training Course of the Biological Research Centre.

Below are detailed descriptions of our experimental and theoretical work followed by a short
summary of why and how we served other projects with relevant expertise and methods, yielding
additional publications. References to our new results are underlined. The experiments that have not
yet been published are described in greater detail than the published ones.

I1. Experimental structure-function studies on membrane proteins
Beta-barrel protein FomA

Pore proteins of the outer membrane of E.coli belong to an important class of trans-membrane
structural forms: beta-barrels [Tamm et al., 2001, 2004]. The slow kinetics of their folding from
solvent into membrane [Kleinschmidt and Tamm, 1996] makes them ideal subjects of folding
studies [Pocanschi et al., 2006]. Although many of the membrane-spanning proteins possess a 3-
barrel structure, much less is known about this class of proteins than about trans-membrane helix
bundle proteins. Studies have revealed the versatility and ubiquity of the B-barrel membrane
proteins [Schulz, 2000]. Although they have many common structural features, beta-barrel proteins
carry out diverse functions in diverse organisms. OmpA (outer membrane protein of E. coli) is a
well-known member of the family, which is often used as a model in folding studies. Recently,
Pocanschi et al. successfully performed equilibrium unfolding titrations with OmpA to determine
the free energy of unfolding and the stability of the protein [Pocanschi et al., 2013]. We were
working on FomA, which 1s much less characterised. It is the major outer membrane protein of
Fusobacterium nucleatum. It is a voltage-dependent general diffusion porin possessing a trans-
membrane B-barrel domain that is thought to consist of 14 B-strands.

FomA was purified by our parter (J.H. Kleinschmidt, Univ. of Kassel, Germany). It was expressed
in form of cytoplasmic inclusion bodies in E. coli. The purification procedure yielded un-folded
FomA, which was refolded in a refolding buffer (10mM borate buffer, 2mM EDTA, pH 10.0)
containing LDAO detergent in 1000 fold molar excess. Refolded samples were pooled and
concentrated. DSC measurements were performed using a VP-DSC calorimeter, with 0.5 mL
sample and reference cells, from MicroCal, LLC (Northampton, MA). Samples were scanned
between 25 and 110 °C, at a rate of 0.5 °C/min. Immediately after completion of the heating scan, a
down-scan from 110 to 25 °C was performed at the same rate. Reversibility and repeatability of the
unfolding process were checked by subsequent up- and down-scans. Since the protein contains
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First we have proven with CD spectroscopy that the secondary structure of the folded FomA is
indeed beta barrel. We could also identify the folded and unfolded form by gel-electrophoresis
similarly how it was done with OmpA [Pocanschi et al., 2006].

Then our goal was to study the stability and unfolding of FomA with fluorescence spectroscopy, and
to compare the results with our calorimetric data. Denaturing agents like urea and guanidine
hydrochloride are often used to study protein stability, and the molecular mechanism and dynamics
of protein folding and unfolding processes, so we have also investigated the effects of urea on the
structure and stability of the protein. The (yet unpublished) figure above shows how the Trp peak
shifts upon unfolding and refolding of FomA. Our main observations [Koéta et al., 2015, 2016;
Kozak, 2017]: The thermal unfolding of FomA occurs around 85 °C as shown by both our
calorimetric and spectroscopic data. The thermal unfolding of FomaA is irreversible. The protein
(similarly to OmpA) is very stable. Unfolding of FomA seems to be very slow even at a high urea
concentration (6-7M), the unfolding is not completed after 17 days incubation at 40 °C. The urea-
induced unfolding is reversible, FomA can be refolded by dilution of the urea-unfolded protein, and
this process is much faster. These results serve as new data to take biological folding into account in
structure prediction, but are best to be complemented with kinetic studies of the folding into lipid
membranes. We are working on a new manuscript to publish the above results.

The vacuolar proton ATPase (V-ATPase)

Rotary enzymes are complex, highly challenging biomolecular machines whose biochemical
working mechanism involves inter-subunit rotation. The true intrinsic rate of rotation of any rotary
enzyme is not known in a native, unmodified state. V-ATPase hydrolyses ATP and pumps protons
across biomembranes [Nishi and Forgac, 2002; Beyenbach and Wieczorek, 2006]. ATP hydrolysis
and proton pumping are coupled via the rotary mechanism [Grabe, 2000; Imamura et al., 2003; Sun-
Wada et al., 2003; Ferencz et al., 2013]. Because of its size and complexity [Finbow and Harrison,
1997, Stevens and Forgac, 1997], understanding the details of structure-function relationship of this
membrane-bound molecular machinery is one of the major challenges in biophysics today [Cotter et
al., 2015]. Subunit ¢ of the Vo domain is very important for proton translocation [see, e.g., Nishi
and Forgac, 2002]. It is of great interest under what conditions subunit ¢ monomers assemble into a
ring and whether the stator (subunit a) has an effect on this process. In a very well cited paper we
have identified the ductins family [Holzenburg et al., 1993]. Some members of this family function



as passive proton channel, gap junction or neurotransmitter release pore in certain systems [Finbow
and Harrison, 1997].

First, we aimed at structural studies on the whole native enzyme because we had a yeast vacuolar
membrane vesicle system hosting high concentration of V-ATPase. We wanted to prove that the
enzyme is working properly in these membranes (consumes ATP, makes rotation and consequently
transfers proton — rotation without proton transfer is not possible due to the strong coupling
mechanism), so that any new structural data will be functionally relevant.

We have optimised our spectrophotometric NADH-driven coupling enzyme system rendering real-
time measurement of V-ATPase activity possible [Knodel, 2019]. This method, which is a further
developed version of that of [Palmgren, 1990], provides more information with smaller error than
the previous end-point assay, as it is based on spectrophotometric measurement of the NADH
concentration used by a coupling enzyme system that re-synthesises ADP and inorganic phosphate,
from ATPase activity, to ATP. It is much faster than the ATP hydrolysis by V-ATPase. We have
developed optimal conditions to continuously monitor the effects of several changed measurement
conditions. The calibration and optimisation of the system involved phosphate and protein assays,
checking concentration of the proteins, substrates and the constituents of the buffer, pH, reaction
time. An unexpected observation was that the effect of the potent and specific V-ATPase inhibitor
depends on whether it is administered to working or standby V-ATPase. This observation demands
further experiments before publication.

Unfortunately, NADH got electrolysed under voltages that we used to test the rotation in the
enzyme (see below). For this reason, we had to test NADH analogues. Synthetic NADH analogues
with a dihydropyridine structure also serve as the sources of two electrons and one proton, which
can be transferred via three different reaction pathways: direct hydride transfer [Zhu et al. 1999;
Zhao et al., 2000] electron transfer followed by hydrogen atom transfer [Cheng and Lu, 1997] and
electron—proton—electron transfer. [Zhu et al., 2003] This oxidation mechanism was already
investigated sixty years ago [Mauzerall and F. H. Westheimer; 1955] but despite considerable
experimental and thermodynamic calculation efforts the characterisation of the free radical reactions
has not been completed yet. Therefore, as a side project, we have carried out a detailed EPR study
to investigate the free radical reactions of an NADH analogue [Sebdk-Nagy, 2016a.b, 2018]. For the
spectrum analysis, we have improved our algorithm for fitting EPR spectra of free radicals and spin
labels in solution. Apart from using NADH (analogue) as a tool in kinetic studies of V-ATPase
activity, its electron-proton-electron transfer reaction might lead to observation of a specific
interaction with V-ATPase under certain conditions.

Next, we used the effect of an oscillating electric (AC) field on the biochemical activity of a rotary
enzyme (for the first time), the vacuolar proton-ATPase (V-ATPase), to directly measure its mean
rate of rotation in its native membrane environment, without any genetic, chemical or mechanical
modification of the enzyme, also for the first time [Ferencz et al., 2017, 2017a]. The results suggest
that a transmembrane AC field is able to synchronise the steps of ion-pumping in individual
enzymes via a hold-and-release mechanism, which opens up the possibility of biotechnological
exploitation and might serve as a tool in structure-function studies. Our approach is likely to work
for other transmembrane ion-transporting assemblies, not only rotary enzymes, to determine
intrinsic in situ rates of ion pumping. All co-authors of this paper, published in a Nature Group
journal, were researchers of our Institute and with one exception also members of my group.
Financial support was only form Hungarian grants. The on-line publication ( https://
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https://www.nature.com/articles/srep45309

www.nature.com/articles/srep45309 )
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mechanism of the V-ATPase and effect of
oscillating electric field on it. Some of the 100+
videos are also available on youtube
( https://youtu.be/A2PdDLIWIMY ,
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The above experiments prove that the V-ATPase is active in these vacuolar vesicle preparations: it
consumes ATP, its rotor rotates hence and it pumps protons.

Most recently, also as a side project, we used non-steady waveforms such as noise or even music to
which the enzyme showed great sensitivity. The manuscript has been submitted to Advanced
Science (which has an impact factor of ~15). The coupling enzyme system will render future kinetic
structure-function measurements possible using fluorescent and spin labels. Thanks to our results on
V-ATPase, my group joined to the EU COST Action CM 1306 "Understanding Movement and
Mechanism in Molecular Machines”, and I also presented a talk on spectroscopy-based structural
biology [Pali, 2015] and on V-ATPase [Pali, 2018].

After proving the V-ATPase is functional in our preparations we started EPR experiments using
spin-labelled lipids to gain functionally relevant structural information on the intra-membrane
organisation of the whole enzyme. According to our first results the spectrum of the first-shell lipids
is different in the case of a standby and a working engine. The figure above shows how the EPR
spectrum of the 16-SASL spin label, that is sampling the centre of the bilayer, changes under
different working conditions of the enzyme (unpublished result). If we can determine the
concentration of the immobile, first-shell lipids it will give information about intramembranous
surface of the enzyme, which serves as an additional constraint for structure prediction. This work
is in progress. As a most promising achievement, our partner group (Géabor Juhdsz, Momentum
Group) informed us in December that they could express subunit ¢ of the Vo (membrane) domain of
V-ATPase and there is a good chance that they can also express subunit a of Vo, and single point
mutants of both proteins for spin-labelling work. These two subunits are among our single protein
targets for structure prediction, folding and structure-function studies. As soon as we get these
purified proteins we will start spin-label EPR studies on their folding and assembly in membranes.

Lysozyme

We continued previous (yet unpublished) work on a water soluble protein, lysozyme. The reason is
that we have made the surprising observation that its thermal folding and unfolding is affected by
lipid membrane and lysozyme affects lipid phase transitions. Lysozyme is an antibacterial enzyme
that hydrolyses the cell wall of bacteria. Therefore its interaction with the model and biomembranes
may very well be of strong biological and even medical relevance. Since the folding of lysozyme is
well studied in water [see, e.g., Mallamace et al., 2018] our studies on lysozyme-membrane
interaction could provide valuable data on the first steps of folding of membrane proteins from the
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II1. Theoretical work
Reviews

In agreement with our plans we studied literature of protein folding with special focus on
experimental and theoretical approaches. Understanding the details of the molecular mechanisms
responsible for protein folding is one of the demanding queries in molecular biology today.
Studying protein folding is strongly linked with studying protein structure, i.e. structure biology, of
proteins under different conditions. In this review we first describe the basic principles of protein
folding and structure biology then muster experimental and theoretical approaches to the problem.
This review was published in a BRC booklet [Pali et al., 2015], and we are writing another review
on the state-of-the-art of knowledge- and constraint-based protein structure prediction methods. We
have also contributed to an e-learning material of Szeged University on ATPases [Pali, 2015;

Sebdk-Nagy and Pali, 2015a.b].

Based on our previous and recent results [see, e.g., Kota et al., 2002; Marsh and Pali, 2004; Pali et
al., 2003 for some of our strongly cited papers in the field] we now published a book chapter on
how to use EPR spectroscopy of spin-labelled lipids to gain functionally relevant structural data on
membrane proteins that serve as constraints in their modelling [Pali and Kota, 2019]. Spin-label
EPR spectroscopy is the technique of choice to characterise the protein solvating lipid shell in its
highly dynamic nature, because the EPR spectra of lipids that are spin-labeled close to the terminal
methyl end of their acyl chains display two spectral components, those corresponding to lipids
directly contacting the protein and those corresponding to lipids in the bulk fluid bilayer regions of
the membrane. In our chapter, spin label EPR procedures are presented that allow determination of
the stoichiometry of interaction of spin-labeled lipids with the intramembranous region of
membrane proteins or polypeptides, as well as the association constant of the spin-labeled lipid with
respect to the host lipid. Stoichiometry and selectivity are directly related to the structure of the
intramembranous sections of membrane-associated proteins or polypeptides and can be used to
study the state of assembly of such proteins in the membrane. In our chapter we focus on how to
attach spin labels to model membranes and biomembranes and how to measure and analyse the two-
component EPR spectra of spin-labeled lipids in phospholipid bilayers that contain proteins or
polypeptides. We also present the reader with computational procedures for determining the molar
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fraction of motionally restricted lipids. The interpretation of the data is discussed briefly, as well as
other relevant and recent spin label EPR techniques for studying lipid—protein interactions, not only
from the point of view of lipid chain dynamics.

Protein structure prediction pipelines

According to our original plan, we worked on modelling of subunit ¢ of V-ATPase by
computational methods, which implicate multiple sequence alignment and secondary structure
prediction methods as first steps. A high-quality model of secondary structure and topology are
needed for experimental structure-function studies, and can be a starting point for attempts to model
the 3D structure before molecular dynamics or simulated annealing simulations. We studied both
Rosetta [see, e.g., Simons et al., 1999; Kaufmann et al., 2010] and BCL:Fold [Karakas et al., 2012;
Heinze et al., 2015] suite of software tools for protein structure prediction because they are the key
part of a recent promising protein prediction pipeline [Fisher et al., 2016]. We have set up our own
computer cluster (with 8 core units) and installed both Rosetta and BCL:Fold. Using the latter suite,
we made the homology analysis of

the ductin family, which subunit ¢ of —
both V-ATPase and F-ATPase belong
to [Holzenburg et al., 1993]. Ten
sequences from the family were
studied with a complex method by
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Probability of Solution phase

In the meanwhile, we discovered that most recent prediction efforts based on deep machine learning
and neuronal network approaches have demonstrated great success [Xu, 2019; Senior et al., 2020].
Therefore, instead of exclusively going on the Rosetta-BCL:Fold route, we started to work on our
own structure prediction pipeline to be based on neuronal network and machine learning approach.
Currently, we are evaluating which neural network and folding engine to use, and the best
candidates are the X-PLOR-based CNS and Alphafold, mentioned in the references from 2019 and
2020. We plan to implement several novelty elements, taking into account: the biological and
physical folding process, functional relevance of experimental and knowledge-based data,
environment-awareness, inclusion of all possible structural constraints.



I'V. Additional work

Our group has an internationally recognised expertise in membrane biophysics [Bashtovyy et al.,
2003; Dér et al., 2007; Pali and Szalontai, 2013], lipid-protein interactions [Kota et al., 2002; Marsh
and Pali, 2004; Pali et al., 2003] and spin-labelling and spin-trapping EPR spectroscopy [Csonka et
al., 1999; Pali et al., 1995, 1999], and we run well-maintained modern spectroscopic techniques,
including unique ones such as the best equipped X-band CW/Pulsed EPR spectrometer in Central
and East Europe [Sebdk-Nagy and Pali, 2017, 2018], as well as biomembrane preparation protocols.
As such, we are expected and are also always willing to help when other projects need our
expertise. Certainly, such joint experiments take some time of our group members and research
infrastructure but are nevertheless strongly relevant topically and/or methodologically to our main
projects. In two published studies we helped with lipid liposome preparation techniques and
fluorescence spectroscopy [Mészaros et al., 2018; Veszelka et al., 2017]. A third study [Dancs et al.
2017] and a review [Csonka et al., 2015] were also published, to which we contributed with EPR
measurements of free radicals and with our experience in spin-trapping EPR spectroscopy,
respectively. In 2019, we started a new collaboration with the Laszl6 Vigh Group (Institute of
Biochemistry BRC) on the interaction of chaperon Hsp27 protein with membranes, using similar
techniques.

Results: papers, in extenso publications
(Team members who worked on this project are underlined.)
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