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LIST OF ABBREVIATIONS

ABC

ABCB1/MDR1

ABCC1/MRP1

ATP
CF
CFTR
CG
CH
COG

conftors

cryo-EM
CT
DDM
EPR
GPCR
HCV
ICD
IDR
ITAM
MAP
McjD
MD
mMDR1
MemMoRF
MoRF
MsbA
NBD
NMR

Pgp

PLN
PTM
RCI
RMSD

SARS-CoV E

SDS
SERCA
SMALP
SSPop
TH

™
TMD
TMP
WAH

ATP-binding cassette

P-glycoprotein 1, permeability glycoprotein, also known as multidrug resistance
protein 1 or ATP-binding cassette sub-family B member 1

ATP binding cassette subfamily C member 1 or Multidrug resistance-associated
protein 1

Adenosine triphosphate

cystic fibrosis

cystic fibrosis transmembrane conductance regulator or ABCC7
coarse-grained

coupling helix

center of geometry

CONFormational vecTORs; vectors that represents relevant parts of a protein
structure defined by an expert of the protein

cryo-electron microscopy

cytoplasmic tail

n-Dodecyl $-D-Maltopyranoside

Electron paramagnetic resonance

G protein-coupled receptor

Hepatitis C virus

intracellular domain

intrinsically disordered region

Immunoreceptor tyrosine-based activation motif

membrane associated protein

Microcin-J25 export ATP-binding/permease protein McjD

Molecular dynamics

mouse P-glycoprotein 1

Membrane associable molecular recognition feature

Molecular Recognition Feature

ATP-dependent lipid A-core flippase

nucleotide binding domain

Nuclear magnetic resonance

P-glycoprotein 1, permeability glycoprotein, also known as multidrug resistance
protein 1 or ATP-binding cassette sub-family B member 1

Phospholamban

post-translational modification

random coil index

Root-mean-square deviation

Envelope protein of Severe-acute-respiratory-syndrome-related coronavirus
Sodium dodecyl sulfate

sarcoplasmic/endoplasmic reticulum Ca2+-ATPase

Styrene maleic acid lipid particle

secondary structure propensity

transmembrane helix

transmembrane

transmembrane domain

transmembrane protein

helix in Walker-A motif
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1. INTRODUCTION

A protein called cystic fibrosis transmembrane conductance regulator (CFTR)
connected all my projects with distinct objectives. CFTR is a member of the ATP-binding
cassette (ABC) superfamily of transmembrane proteins. These proteins transport
substrates through the membrane or regulate channel function. Therefore, they play
important roles in every living organism and hold significant pathological relevance (1-
3). The most widely studied disorder connected to ABC proteins is cystic fibrosis, which
is caused by mutations in CFTR (4, 5). CFTR is the only known member of the
superfamily functioning as a phosphorylation-regulated, ATP-gated anion channel.
Regulation by phosphorylation occurs at sites in the regulatory R domain, which is also
unique to CFTR (6, 7). Despite these special features of CFTR, it has a Pgp-like

(previously called Type I) structural organization (8).

1.1. Evaluating Pgp-like ABC protein structures

Pgp-like exporter structures have two transmembrane (TM) domains, each usually
formed by six helices (Figure 1). The TM helices continue in the intracellular domains
(ICDs) in the cytosol. These intracellular domains contain coupling helices, which
interact with the nucleotide binding domains (NBDs) (9).

During the transport cycle, the ABC proteins can be in different, characteristic
conformations. In the absence of ATP, the NBDs are partially or completely separated
and the TM domains exhibit a cavity facing the cytoplasm (10). These conformations are
called “bottom-closed, inward-facing” and “bottom-open, inward-facing”, respectively.
The NBDs form a close interaction with each other through the LSGGQ signature and the
Walker A motifs when two ATPs are sandwiched between them. This leads to structural
changes in the ICDs and transmembrane domains (TMDs). As a result, the cavity closes
at the cytosolic side and opens to the extracellular space, which leads to the export of the
substrate (“bottom-closed, outward facing” conformation). “Occluded” structures have
interacting NBDs without an open cavity to the extracellular side. These are suggested to
be an intermediate state between the “inward-facing” and ‘“outward-facing”
conformations. The cycle is believed to end with ATP hydrolysis, resulting in an inward-

facing conformation (11, 12).
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Figure 1 Type | ABC exporter conformations. a, b) “bottom-open, inward” facing
mMDR1 structures (PDBIDs: 5KPJ, 3G5U) (13, 14). The NBDs are separated (open) at
different extents. ¢) a “bottom-closed, inward-facing” TM287/288 structure (PDBID:
3QF4 (15). d) a “bottom-closed, top-closed” (occluded) McjD (PDBID: 4PL0) (11).€e) a
“bottom-closed, outward-facing” MsbA structure (PDBID: 3B60) (16). TMD:
transmembrane domain, ICD: intracellular domain or intracellular “loop”, NBD:

nucleotide binding domain, CH: coupling helix (17).

There are several models of the catalytic cycle, which can be divided into two
categories based on whether they predict the complete or partial separation of the NBDs.
The most notable model of the former category is the ATP switch model, which has two
alternatives called the tweezers-like model and the processive clamp model (18). These
models promote the separation of NBDs by more than 20 A after the hydrolysis of the
ATPs in both sites. In contrast, the constant-contact, the alternating sites and the
nucleotide occlusion models propose that the NBDs remain in constant contact with each
other through at least one nucleotide binding site (18, 19). This means that one site
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remains closed while the other opens after ATP hydrolysis. The open site closes upon
ATP binding, and the previously closed site opens (18).

Models like the constant-contact model question the validity of the experimentally
determined “bottom-open, inward facing” conformations (18). There are several
conformations in the “bottom-open, inward facing” category, where there is a large
distance between the NBDs. This may be the result of crystallization artifacts, like crystal
contacts or the lack of a membrane environment. Structures with widely separated NBDs
were also unstable in molecular dynamics simulations (10, 20). However, MsbA (ATP-
dependent lipid A-core flippase) with widely bottom-open NBDs recently was found to
be present in Escherichia coli cells (21). There are much fewer structures of “bottom-
closed, outward-facing” conformations in RCSB PDB than inward facing structures.
Some of the outward-facing structures exhibit a widely open cavity to the extracellular
space. These conformations were suggested to be the results of the lacking lateral pressure
from the membrane bilayer during crystallization (22).

Differentiating the various conformations is crucial to study and understand the
working mechanism of these proteins. Validation and quality assessment of experimental
structures is crucial for all types of membrane proteins. This is especially true in the case
of ABC proteins, as these undergo significant structural changes during their transport
cycle.

There are existing tools and databases for evaluating structures. OneDep (23) is a
tool to curate, validate and deposit structures to PDB. It uses metrics like clashes between
atoms and Wilson B-value, which are important basis for curating 3D structures (24-26).
However, higher level information (e.g. domain-domain orientation) on structure validity
is not included. The CoDNaS conformational database provides a higher level
comparison (e.g. RMSD, TM-score) of different structures of the same protein (27).
Using a different approach, a molecular dynamics study was performed to compare and
assess structures of ABCB1/MDR1, where TMDs and NBDs were compared between the
structures before and during the simulations (28). Since using MD for numerous
structures is highly resource intensive, a less demanding approach would be more suitable

to catch up to the increasing number of structures.



DOI:10.14753/SE.2025.3101

1.2. Transmembrane regions of membrane proteins

We investigated multiple structures of ABC proteins, solved by cryo-electron
microscopy (cryo-EM). Compared to X-ray diffraction, cryo-EM enables biomolecule
structure determination in an environment that is more similar to their native one.
However, in the first step the target proteins have to be separated from other proteins and
solubilized. Detergents are used to solubilize TM proteins from their native membrane.
After the solubilization of the protein, the detergent prevents its aggregation and
precipitation by covering its TM region and acting as a membrane mimetic. Zwitterionic
and anionic detergents (e.g. SDS) have very high extraction efficiency. However, these
partially denature the soluble regions of the protein. In contrast, mild detergents, such as
DDM, have minimal effects on both the TM and soluble parts, but they provide much
lower yield. Amphipols are emerged as an alternative to these detergents, while nanodisc
and SMALPs (Styrene maleic acid lipid particles) are developed to provide a native-like
lipid environment around the TM protein (29).

The output of cryo-EM is a 3D Coulomb potential map (cryo-EM map).
Importantly, many of these density maps contain more information than just the protein
structure. For example, the identification of density blobs of ligands is solved (30).
Intrinsically disordered regions (IDRs) also have densities in cryo-EM maps, though
extracting and converting them to structural ensemble is challenging. We noticed that the
membrane mimetic is also visible in many densities associated with structure
determination of transmembrane proteins.

Knowing the transmembrane regions of membrane proteins is crucial to
understand their working mechanism, and to develop new therapies targeting them, yet
experimental data on the membrane embedment is sparse. There are experiments, where
membrane embedded proteins are tagged at various positions around putative
transmembrane helices and the accessibility of the tag is tested, but these provide only
low-resolution data (31, 32). Structure determination by Nuclear magnetic resonance
(NMR) can be done in the presence of membrane mimetics, but due to the limitation of
the method it is used mostly for small proteins or short regions and membrane interaction
sites are usually not directly tested (33). In the case of crystallography, we rarely see the

lipids in the structure, but when we do, they may have attached to non-physiological sites.
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This lack of sufficient experimental data led to the development of in silico
transmembrane region prediction methods. The three most widely used are TMDET from
PDBTM database (34) (https://tmdet.enzim.hu/, https://pdbtm.unitmp.org/), PPM from
OPM database (35) (https://opm.phar.umich.edu/) and MEMPROTMD (36),
(http://memprotmd.bioch.ox.ac.uk/). TMDET is a geometrical approach based on an
objective function that measures the amino acid hydrophobicity and combines it with
structural features. PPM calculates and minimizes the transfer free energy of protein
structures at different membrane thicknesses, positions and protein tilting. TMDET and
PPM define the membrane as a slab with two parallel planes, while MEMPROTMD
builds a bilayer around the protein using molecular dynamics simulations. However, the

only experimental data these methods directly use is protein structure.

1.3. Disordered regions in membrane proteins

CFTR has a two hundred amino acids long regulatory region called R domain. R
domain is an IDR, which blocks the interaction of NBDs by intercalating between them.
Upon phosphorylation, the R domain moves away and the NBDs can interact with each
other when ATP binds to the active site, which leads to the opening of the chloride
channel (37). We proposed in our group that the large number of positively charged amino
acids in the R domain may result in anchoring to the negatively charged cytosolic surface
of the plasma membrane. Therefore, we also started to investigate proteins with
disordered regions interacting with lipid bilayers.

IDRs do not exhibit well-defined structures. Therefore, they are represented by
conformational ensembles. They are often enriched in polar or charged residues and
depleted of hydrophobic residues (38, 39). IDRs can bind to various partners with high
specificity and low affinity (40). The high specificity is a result of the combination of
their electrostatic interactions due to their structural flexibility (41). The low affinity
binding is caused by the high entropic penalty due to the reduced conformational space
upon binding. The consequence of this issue is a high enthalpic gain (42). These grant
them exceptional flexibility regarding binding to partners, which is the base of various
physiologically relevant processes, such us signaling, gene and cell cycle regulation and
chaperoning (42-44).

41% of membrane proteins contain at least one long IDR. Experimental studying

of IDRs in transmembrane proteins (TMPs) is challenging, as it requires to deal with both
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the membrane environment and IDRs. Prediction of disordered regions in transmembrane
proteins is also hard because they have different amino acid composition profile than
IDRs in soluble proteins (45). Nearby large hydrophobic regions (the TM domains) make
predictions even less accurate (46)

IDRs in TM proteins also have more post-translational modification (PTM) sites,
especially phosphorylation. Phosphorylation mainly happens at intracellular IDRs. This
provides tunable regulation by controlling disorder-order transitions as regulatory
switches (45). Transition between ordered and disordered states often happens during
binding to partners, too. Disorder to order transition of a segment in the IDR upon binding
to protein partners is common. These segments are called Molecular Recognition Feature
(MoRFs) (47-49). MoRFs often overlap with other motifs like PTM sites (44). However,
IDRs can also bind to biological membranes. Similarly to interactions with proteins, the
physicochemical properties of membranes affects the IDRs conformational state (45).
Therefore, we named the IDRs that become ordered upon membrane binding
MemMOoRFs.

It is challenging to clarify the structural features of MemMoRFs in detail. As a
result, literature focusing on this subject is scarce. Information about these regions have
not been collected and categorized, although databases of IDRs and IDR-protein
interactions are available. There is a database exclusive to protein interacting MoRFs in
membrane proteins, but there is no database about IDR-membrane interactions.
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2. OBJECTIVES

The first aim of my thesis was defining metrics to assess the differences between
the conformational states of Pgp-like exporter structures in a way which considers the
geometry of the whole structure. Therefore, my first objective was to define
conformational vectors (conftors, Figure 4) to represent functionally relevant parts of
Pgp-like protein structures. My next objective was to choose a TMD predictor by
comparing the most popular ones and by calculating membrane solvation energy at
different membrane positions.

My second aim was to present a tool to provide high resolution experimental data
on transmembrane regions based on cryo-EM maps. The first objective regarding this
project was to develop a tool called MemBlob for calculating transmembrane regions
based on the Coulomb densities of the membrane and make the tool available as a web
application. The second objective was to compare these results to regions based on TM
predictors.

The third aim was to facilitate the investigation of membrane interacting
intrinsically disordered regions (IDRs). My objective was to gather knowledge about
MemMOoRFs and organize them with various information into a manually curated
database.

Each of the above aims is discussed in its own subsection called Conftors,
MemBIlob, and MemMOoREF, as they are based on different publications (17, 65, 88).
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3. METHODS
Custom Python (50, 51) scripts were used for general tasks like downloading and

managing multiple files.

3.1. Conftors and electrostatics calculations

Collecting protein structural information

A list of Pgp-like ABC protein structures was collected from the UniProt database
(52) (https://www.uniprot.org/), using the advanced search for Type | ABC proteins with
3D structure (UniProt, March 2017). | downloaded the coordinates of the structures from
the OPM database (53) (https://opm.phar.umich.edu/) . This way, the coordinate files
included the slabs of a predicted membrane bilayer represented by DUMMY atoms. Some
of the structures were not included in the OPM database. | downloaded these from RCSB
PDB (54) (https://www.rcsb.org/) and calculated their membrane regions using the PPM
server. Then | extracted the transmembrane helix boundaries from files from OPM and
PPM. Other notable regions, like coupling helices, were identified manually. The method
used for structure determination was extracted from the downloaded coordinate files. The

conformational state of each structure was determined by visual inspection.

Calculating Conftors

Python scripts were used with NumPy and MDAnalysis packages (55, 56) to
calculate the length and angle of conftors.

Comparing membrane localizations
We selected the membrane predictors PPM, TMDET and MEMPROTMD to

assign TM regions to our target proteins. PPM was chosen as a reference, because this is

the most widely used predictor of them. | investigated the differences between their
predictions on membrane positions along the z axis and on the tilting angle of the
structures. |1 compared the values from TMDET, MEMPROTMD, and coarse-grained
(CG) simulations (17) performed by my colleagues to the values from PPM.

The angle between the membrane normal and the bisector between the THX1 and
THX2 conftors (Table 1, Figure 4, TH4-5 and TH10-11) was used to describe protein
tilting. For PPM structures, the membrane normal was the vector normal of the plane
defined by the DUMMY atoms in PPM entries. In the case of CG structures, the

10
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membrane normal was calculated by subtracting the center of geometry of PO4 and NC3
beads in the upper leaflet from that in the lower leaflet.

The membrane position along the z axis was characterized by the center of
geometry (COG) of PO4 and NC3 beads. We used the COG of the DUMMY membrane
atoms from OPM as reference.

In the case of TMDET, the downloadable structures did not include any membrane
atoms. However, they were arranged in such a manner that the center of geometry of the
predicted membrane coincided with the origin, and the normal vector of the membrane
was perpendicular to the XY plane.

The structures were aligned. In the case of the CG structures, the back-bone beads

were aligned to the Ca atoms of the all-atom structures.

Electrostatics calculations
I ran PDB2PQR (57) with PARSE force field (58) and I set the pH to 7.0. In those

cases, where PDB2PQR failed to run, I made the necessary structural preparation with

VMD’s Automatic PSF Builder (59) using default values. | modified the input template
created by PDB2PQR for APBS (60) to add 150 mM Na* and CI" ions with charge +1 and
-1, and radius 0.95 A and 1.81 A, respectively. For membrane solvation calculations, |
ran APBSmem (61) with the parameters listed in (17), Table S4. In addition, grid
dimensions and fine grid size for x and y coordinates were collected from the input file
of APBS. The z coordinate of the fine grid size was -2xZmin+40 A, where Zmin is the
smallest z coordinate from the PQR file. The medium grid size was 2 times larger and the
coarse grid size was 5 times larger than the fine grid size. Grid dimension was 161 for
each axis. The membrane thicknesses from PPM were applied and the flooding algorithm

of APBSmem was used as the membrane filling method.

Visualization

| used PyMOL (The PyMOL Molecular Graphics System, Version 1.8.4
Schrodinger, LLC) and its APBS Electrostatics plugin to visualize 3D structures and
surface electrostatics. To standardize the orientation of the structures, | selected
TM287/288 (PDBID: 3QF4) (15) as a reference and rotated and translated other structures
to structurally align them. This structure has inward-facing TM domains and bottom-
closed NBDs, corresponding to an intermediate 3D structure. | used Python Matplotlib

(62) to plot conftors.

11
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3.2. MemBlob

Collecting structures, Cryo-EM maps and TMDET translation matrices

| downloaded the structures of transmembrane proteins that has a resolution higher
than 4 A from RCSB PDB. | downloaded the Cryo-EM maps from EMDB (July, 2018)
(63). 1 collected the corresponding TMDET translation matrices from PDBTM. When
PDBTM did not contain the structure, | submitted the PDB file to TMDET.

Calculating MemBlob boundaries

The calculations were done using self-written Python scripts (Figure 2). The input is an
EM density map and the corresponding model of protein structure in a PDB format. From
this model, we generated a theoretical density map of the protein at 6 A resolution using
VMD MDFF plugin (64). This was subtracted from the EMD map, to eliminate the
densities corresponding to the protein structure.

In some cases, what remains after the subtraction is not just a membrane blob, but
other densities may be present, such as disordered regions or ligands. To avoid these extra
densities, we started our search for the membrane boundaries from the inside of the
membrane blob. First, we converted the map to 3D points and corresponding density
values. Then, we translated the coordinates of the map by a matrix from TMDET, which
sets the origin into the predicted center of the bilayer. This way we made sure that the
origin was inside the membrane blob. That was an important step for ensuring the
reliability of our calculations, as we searched for the first minimum density value starting
from the origin (after the simplifying steps described below). We used TMDET, since it
is a reliable TM predictor and can be easily integrated into such a pipeline we developed.
To convert the membrane blob to transmembrane regions, we made a two dimensional
projection from it.

First, we generated x-y sections of the blob along the z-axis at 2 A intervals,
starting from the origin in both directions. Then, we cut these sections into angle slices of
10°, and summed the density values in each slice. This way we got an array of density
values for every z-angle pair. This array is smoothed and presented in two dimensions.
We searched for the first minimum density values from zero towards both positive and
negative z directions in each slice. The membrane blob’s boundaries were identified as
these minimum density values. We projected these boundaries to the all-atom model to

pair the atoms with their localization. Surface atoms that are beyond the determined

12
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membrane boundaries were defined as water accessible. The interface region thickness
was set to 8 A. Atoms closer to the origin than the interface region were assigned to the

hydrophobic core.

3 p .
rescale L& |
and subtract

in Chimera

translation grid to x,y,z
and by TMDET in C++,
rotate by 10-10° and
slice along XZ planes

. AN
e YT 3 € )
} : L.
| |

€I

slice, deg { -’ ‘ ( 0) cr 3
filtering, smoothing, v ”1. i
summing densities along positiveY, *
and bidirectional detection of edges from Z=0 v, A

Figure 2 MemBIlob pipeline (65).

Comparing the MemBlob method to TMDET
First, we needed to convert our boundaries, which conform to the shape of the

lipid environment, into parallel slabs. To do this, we averaged the z-coordinates of the
boundaries on each side. We then determined the thickness of the hydrophobic core by

13
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calculating the distance between these boundaries and subtracting the combined thickness
of the two interface regions. The center of the calculated membrane slabs and their

thickness were compared to the outputs of TMDET.

3.3. MemMoRF

Collecting structures and structural information

First, | collected the NMR structures of TMPs (transmembrane proteins) and
MAPs (membrane associated proteins). TM protein structures were identified by using
the Membrane Protein Browser of RCSB PDB. MAPs were searched using the
“peripheral membrane protein” keyword for subcellular location in the UniProt database
and their structures in RCSB PDB via UniProt accession number. The BMRB IDs (66)
(https://bmrb.io/) were extracted from the CIF or PDB files and used to download the
NMR-STAR files that contain chemical shifts.

Identification of MemMOoRFs

I did an excessive literature study including all articles published with the
collected structures (approximately 500 articles). | searched for non-TM regions that were
able to bind to membrane mimetics and were disordered. However, structures of TMPs
and MAPs are generally solved in the presence of a membrane mimetic. It is rarely
investigated whether a membrane attached region is disordered in solution or not.
Therefore, I used the collected chemical shifts to calculate secondary structure propensity
(SSPop; using 62D) (67) and flexibility (1-S2; using Random Coil Index, RCI) (68) to
recognize potential IDRs. If the residues within a membrane binding region populated
“coil” secondary structure and were flexible, | considered it as an IDR. | used the
minimum thresholds 0.15 and 0.5 for 62D and RCI, respectively.

I also looked up if DisProt  (https://disprot.org/), DIBS
(https://dibs.enzim.ttk.mta.hu/), MFIB (https://mfib.enzim.ttk. mta.hu/) and PFAM
(http://pfam.xfam.org/) databases (69-72) annotated an investigated region as disordered.
This was especially important in those cases, where the lack of data prevented the
calculation of SSPop and flexibility. I also checked the missing or invisible residues in
X-ray and cryo-EM structures of TMPs or MAPs and considered them as IDRs.

The automatic and manual searching and arranging of these regions was

challenging, since in many cases the numbering of residues in articles differs from the

14
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numbering in structural and sequence databases, and sometimes even from the published
structural files. I used CIF type coordinate files instead of PDB files to convert the unique
numbering of the regions to the numbering of the whole protein automatically, because
they usually contain the used numberings and the position of the region in the whole
protein. In these instances, where the CIF file did not contain the necessary information
regarding the position of the sequence in the whole protein, | identified the sequence

position manually.

15
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4. RESULTS

4.1 Conftors and electrostatics calculations
To facilitate the evaluation of Pgp-like ABC protein structures, | defined measures
that can quantitatively describe their 3D structural features. We named these measures as

conftors (conformational vectors).

Comparison of membrane predictors

The location of the hydrophobic bilayer core and the tilting of the protein in the
bilayer are important features of TM proteins. However, atomic resolution experimental
information on these data is limited. Therefore, | selected a TM predictor to derive this
information. In order to choose the best one, | compared three TM predictors, including
PPM (OPM), TMDET and MEMPROTMD (Figure 3).

PDBTM-OPM [ 1 MEMPROTMD-OPM B CG-OPM

N 3.9 AR -4.39
] 11.07 i 2HYD 1 2.8
B 236 bottom-closed, 2.73
outward-facing
N 8.7 N 477

49 s 3QF4 ] 4.69
* 7.53 bottom-closed, 0.04

inward-facing

~J 8.43 1.58

6.81 - 4AKSB ] 5.74
a 2.89 bottom-open, .14
e inward-facing
g NJ 10.46 -0.06

6.41 s 5079 ] 1.59
3.25 bottom-open, 2.8

inward-facing

J S5.21
952 - SUAK
4.03 bottom-open,
inward-facing
o 2.84
11.82 | 5TSI
9.65 bottom-open,
0 5 10 15 inward-facing _ 5
Angle difference (deg) AZ (A)

Figure 3 Comparing TM region prediction methods. TMDET, MEMPROTMD, and our
CG simulations are compared to PPM (OPM). Largest differences in the tilting angle of
proteins in the membrane (left) and the z-positioning of the membrane bilayer around the
proteins (17).

I collected 62 structures of 17 Pgp-like ABC protein exporters for performing the

comparison. | calculated the tilting angle and bilayer location of these proteins using data

16
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from these predictors and our coarse-grained (CG) simulations. The values of TMDET,
MEMPROTMD and our CG simulations were compared to the values from PPM.
Protein tilting is the angle between the membrane normal and the principal axis of
the protein, which axis is the bisector between the THX1 and THX2 conftors (Table 1,
Figure 4). These conftors represent the two crossover (X) transmembrane helices (TH) in

each half of the protein. The largest differences in tilting were 10-12°, which corresponds
to a few amino acids difference in membrane immersion.

THX
THV

ICX
ICV

Y
e
b &
A F N
z X WAH
> 1
= ; »
X / pC \
y T 1}""( i
> r. Y
o : i Y \,i ) v .'
o Von r"-‘.’
f oS ,Q‘) &3
X Z
Y Y

Figure 4 ABC conftors in 3D. a),b) Vectors point towards the extracellular space.
Conftors for the TMDs, ICDs and NBDs are blue, red and teal, respectively. c) Conftors

representing the Walker A helices (WAH) and strand S6 are black and yellow with black
line, respectively (17) (modified).

The bilayer location around the protein was characterized by the center of

geometry (COG) of the DUMMY membrane atoms from PPM or of PO4 and NC3 beads

for CG structures. In terms of their placement along the z-axis of the membrane, the
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structures 2HYD, 3QF4, 4KSB, and SUAK exhibited differences greater than 3 A, but in
no case did these differences exceed 6 A. To illustrate these differences, | use the SUAK

CFTR structure, where | demonstrate a nearly 4 A difference between TMDET and PPM
(Figure 5).

Figure 5 A difference of 3.86 4 in membrane location (PDBID: 5SUAK).

In order to select which predictor should be used, | calculated the membrane
solvation energy of these structures (Figure 6) while immersing them differently into the
bilayer. This was achieved by moving the bilayer by 1 A steps up and down around the

center of the putative transmembrane region.

5000 —e— 2HYD (SAV1866)
—e— 3QF4 (TM287/288)

% 4000 —e— 4KSB (mMDRI1)
g ~— SUAK (CFTR)
RS
=
243000 A
>
20

9, -
S 2000
L
=
.2 1000 A
<
2 :
[=) 0 "\.‘ o2®
n \ /

~1000 e &t

=20 -15 -10 -5 0 5 10 15 20

AZ (A)

Figure 6 Membrane insertion assessed by APBS calculations. Zero 4 equals to the middle
of the membrane leaflet defined by PPM. For each calculation, the middle point of the

bilayer was moved by 1 A steps (17).
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These calculations showed that the membrane solvation energy of 3QF4 and
5UAK aligns with PPM, whereas MEMPROTMD and PDBTM provided better
membrane insertion for the 4KSB and 2HYD structures, respectively. In conclusion, the
assessed membrane prediction methods produced similar membrane positions. | used the

PPM method in this study, because that is the most well-know.

Application of conftors

My aim was to define measures that can highlight the differences in intra- and
inter-domain arrangements (Table 1, Figure 4). In the case of ABC proteins, | compared
their opening level by defining three set of vectors (THV1-2, THX1-2 and THC3-9, Table
2) The angle between THV conftors was able to separate the occluded (bottom-closed,
top closed) conformations from the other conformations. However, bottom-open, inward
facing and occluded conformational states were distinguished from the others by the angle
between the THX conftors (Table 2).

| also defined conftors representing the intracellular domains (ICDs, Figure 4).
ICV conftors differenciated between the inward-facing, the outward-facing and the
occluded conformations (Table 2).

While the openness of NBDs can be easily defined based on the 3D structure, their
rotation and orientation are harder to inspect. Therefore, I also defined conftors describing
the orientation of NBDs. Among these, the length of the NBDX1&NBDX2_ext conftor
can differentiate bottom-open inward facing and bottom-closed inward facing
conformations from the occluded and outward facing ones (Table 2). | also specified
conftors that represents the S6 strands and the helix of the Walker A motif (conftor S6
and WAH, respectively, Figure 4). These conftors can be used to monitor the relative
orientation of NBDs.

Conftors can also be used for visual differentiation of bottom-open, inward facing,
occluded and bottom-closed, outward facing conformations by projecting them to 2D
(Figure 7). Though inward facing conformations are generally easy to separate from other
conformations, occluded and outward facing conformations are harder to be distinguished
from each other by visual inspection of the all-atom structures. However, THX conftors
projected to the YZ plane and THC conftors simplify the visual differentiation of these

conformations.
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Table 1 ABC conftors. COG: center of geometry, ext: extracellular membrane plane, int:

intracellular membrane plane

ICC3 COG(CH1stqrt, CHleng)TH3
ICC9 COG(CH34¢qrt, CH3orng)THI 1y
ICV1 COG(CHstqrt, CH1ong)TH2
ICV2 COG(CH3start, CH3ena) THB
ICX1 COG(CH24tgrty CH2 0rg)COG(TH4 1y, THS 1)
ICX2 COG(CH4pqrty CHA0ng)COG(TH10,,,,, TH11,,,,)
NBD1_S6 NBD1S6;4,tNBD1S6,,4
NBD2_S6 NBD2S6;4,t NBD256,,4
NBDC3 COG(NBD1S844qst, NBD159,,4)COG(CH14gre, CH1opg)
NBDC9 COG(NBD2S8:qrt, NBD259,,q)COG(CH3art, CH3ena)
NBDV1 COG(NBD1S844qrt, NBD159,,,4)COG(CH14gre, CH1opg)
NBDV2 COG(NBD2S8:qrt, NBD259,,q)COG(CH3are, CH3ena)
NBDX1 COG(NBD2S8¢qrt, NBD259,,,4)COG(CH25¢ 07t CH2 o)
NBDX2 COG(NBD1S844qrt, NBD159,,4)COG(CH4 g gre, CHA o)
THC3 TH3,,,:TH3,x¢
THC9 TH9,,; TH ¢
THV1 TH2,, TH2 oyt
THV2 TH8,,, TH8, ¢
THX1 COG(TH4,y, TH5 0t )COG(TH4 e, THS o)
THX2 COG(TH10,,,;, TH11,,,,)COG(TH10,,, TH11,,;)
WAH1 WAH1onaWAH 1540y
WAH1-SIG2 WAH107¢SIG2 5107t
WAH2 WAH2onaWAH 254y
WAH2-SIG1 WAH207¢SIG1 5100t
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Table 2 Angles between conftors and lengths of conftors. Bold: mentioned in text (17).

bottom-open,

bottom-closed,

bottom-closed,

bottom-closed,

inward-facing |inward-facing| top-closed outward-
(n=27) (n=6) (n=3) facing (n=4)
Angle between conftors, deg

TH1&TH3 32.79 (+0.96) | 39.78 (+1.45) | 34.85 (+7.46) | 50.92 (+4.61)
TH7&TH9 36.48 (+1.14) | 34.53 (+1.66) | 29.64 (+8.59) | 48.33 (£5.21)
THX1&THX?2 46.13 (£1.78) | 39.73 (£2.35) | 27.25 (£5.91) | 35.04 (£2.38)
ICX1&ICX2 50.67 (£1.77) | 44.58 (+2.17) | 52.31 (+5.46) | 54.02 (+2.81)
NBDX1&NBDX2 74.68 (+2.02) | 75.36 (+4.87) | 85.32 (£3.63) | 82.84 (£0.72)
THV1&THV?2 37.85 (x1.31) | 36.76 (£2.91) | 22.79 (£4.49) | 40.35 (£4.49)
ICV1&ICV2 42.70 (£1.24) | 37.96 (+3.32) | 53.39 (£2.62) | 60.12 (+2.01)
NBDV1&NBDV?2 26.73 (+£1.88) | 27.39 (+4.56) | 34.23 (£3.22) | 27.74 (£2.57)
WAH1&WAH?2 104.21 (£3.77) | 123.09 (£5.20) | 104.20 (£9.10)| 110.49 (+3.59)

NBD_S91&NBD_S92

164.53 (£1.60)

172.13 (22.60)

173.36 (¢3.14)

174.83 (£1.17)

THX1&ICX1 13.64 (£1.05) | 19.88 (£3.12) | 18.85 (+5.16) | 13.76 (+2.09)
THX2&ICX2 14.52 (+1.05) | 16.30 (+2.91) | 23.07 (£3.41) | 15.65 (23.32)
ICX1&NBDX1 37.68 (+1.55) | 37.71 (£2.25) | 28.23 (+7.81) | 30.91 (+3.89)
ICX2&NBDX2 37.53 (£1.25) | 40.41 (£1.86) | 37.89 (£1.38) | 34.82 (+3.06)
THV1&ICV1 18.88 (+1.59) | 17.47 (£0.91) | 21.14 (£7.78) | 16.67 (+4.26)
THV2&ICV2 19.24 (+1.52) | 20.70 (£1.28) |30.94 (£11.66)| 15.63 (+2.91)
ICV1&NBDV1 14.77 (£0.99) | 12.39 (+1.02) | 13.78 (£3.30) | 15.52 (20.76)
ICV2&NBDV?2 14.38 (£1.37) | 13.36 (£1.58) | 15.41 (£7.04) | 17.60 (+2.45)
Distances between conftor ends, A

THX1&THX2_ext

30.97 (£0.59)

29.68 (£1.76)

35.09 (+£2.25)

40.63 (£3.12)

ICX1&ICX2_ext

35.39 (£0.68)

35.91 (£1.27)

33.36 (£2.93)

32.50 (£1.10)

NBDX1&NBDX2_ext

49.46 (+1.66)

38.93 (£1.66)

28.57 (+0.35)

28.70 (+0.95)

NBDX1&NBDX2_int

47.05 (£2.12)

27.84 (£4.09)

39.50 (£0.55)

40.04 (+1.38)

THV1&THV2 ext

32.64 (£0.67)

33.35 (£1.14)

28.23 (+2.26)

40.47 (+2.26)

ICV1&ICV2_ext

41.77 (+0.86)

37.49 (£0.85)

31.71 (£3.67)

29.69 (1.49)

NBDV1&NBDV2_ext

43.96 (1.40)

32.07 (£2.21)

28.30 (+£2.23)

30.31 (+0.83)

WAH1&WAH2_int

59.70 (+1.64)

44.80 (+1.47)

40.83 (+£0.90)

42.84 (+£0.82)

NBD_S91&NBD_S92_ext

42.33 (£2.04)

29.50 (£2.07)

20.81 (£0.37)

20.75 (£0.05)
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opening of structures
=3G5U (mMDR1) —4PL0 (Mc¢jD) -6C0V (hMDR1)

THX XZ THC, XZ WAH, XY
—
N
TIJX YZ THC, YZ S6, XY
-
JE—

Figure 7 2D projection of conftors. “Bottom-open, inward-facing” conformation
(PDBID: 3G5U) (13) can be visually differentiated from the “occluded” (PDBID: 4PL0)
and “bottom-closed, outward-facing” (PDBID: 6CO0V) (73) conformations by THX and
THC conftors (17) (modified).

I use CFTR as an example of applying conftors for visually inspection of
structures. The apo cryo-EM structure of CFTR (PDBID: 5U71) (74) is similar to other
inward-facing Pgp-like ABC structures. This structure does not exhibit an open chloride
pathway. Even an ATP bound and phosphorylated CFTR structure (PDBID 5W81) is
closed for chloride current (75). Therefore, Das et al. (76) generated conformations with
open chloride channel by MD simulation using cross-linking, labeling, mutagenesis and
single channel measurements as experimental constraints during pore construction.
However, projecting the conftors of these models to 2D revealed that they were very
different from known ABC protein structures (Figure 8).

These type of differences is challenging to recognize in 3D structures, but the
WAH and S9 conftors showed that the NBD rotations in the open Das-model were largely
different from other CFTR structural models. For the closed Das-model, THX conftors
revealed differences in their TM helix conformations when compared to other closed
CFTR models. Furthermore, there are not any known ABC structure, in which the relative

orientation of the NBDs and the TMDs is similar to those observed in the closed Das-
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model, shown by conftor WAH. The differences in the transmembrane regions may also
exist in vivo, since the channel gating may need different conformations compared to

active transport.

inward-facing CFTR structures outward-facing/occluded CFTR structures
—-5U71 -TM287/288 model —Das model =5W81 ~MCIJD model —Das model
THX, XZ XY, WAH THX, XZ XY, WAH
@ . /
THV,YZ XY, S6 THV, YZ XY, S6

A}% =T

Figure 8 Conftors emphasize key similarities and differences among various CFTR
structural models. The CFTR cryo-EM structures are represented by PDB IDs 5U71 and
5W81. Homology models based on TM287/288 and McjD were generated by Corradi et

al., while CFTR models from Das et al. are available at http://troll.med.unc.edu/cftr/ (17).

Previously we performed MD simulations of the inward-facing CFTR cryo-EM
structure (PDBID: 5UAK) (74, 77), where NBDs were closing during the simulations. To
gain a better understanding of these events, we used conftors to analyze the trajectories
(Figure 9). The bottom of the NBDs (the side distant from the membrane bilayer) got
closer to each other, shown by the increase in the NBDX1/2 angle. | used the
NBDX1/2_int distance conftor for further investigation. This is the distance between the
COGs of the S8 and S9 strands in both NBDs (Figure 4), which are at the intracellular
side (bottom) of the NBDs. NBDX1/2_int kept fluctuating till ~18 ns of our simulation
then this distance stabilized. This observation suggested that the NBDs became stabilized
slower than other parts of the protein. As CFTR has a nonfunctional degenerate ATP-
binding site (site-1), | aimed to monitor whether the NBDs became closed in a
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physiologically relevant mode. Therefore, | used another conftor to follow the distance
between Walker A and Signature motifs. This conftor showed that the two NBDs
associate asymmetrically, as motifs in the nonfunctional degenerate ATP-binding site-1
(WAH1-S1G2) were more separated than the motifs in the canonical site-2 (WAH2-
SIG1).

a 120 b 80
THX1/2 ICX1/2 NBDX1/2 THX1/2ext NBDX1/2ext
70 ICX1/2ext NBDX1/2n¢
100 I l
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Figure 9 MD analysis using conftors. The trajectory of an MD simulation with the CFTR
bottom-open, inward-facing structure (PDBID: 5UAK) was used to calculate the angles

between conftors (a) and lengths of conftors (b, c) (17) (modified).

Electrostatics calculations

Though conftors can be used to compare and differentiate structures, they do not
provide information about the overall quality of a structure on their own. Therefore, | also
used other measures describing physicochemical properties to evaluate structures. I
utilized and calculated the membrane solvation energy for each ABC protein structure
(Figure 10a) to assess their stability in the membrane. The calculation was done for 36
structures. One of the inward-facing structures (PDBID: 3WME) (78) exhibited high
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membrane solvation energy, because the structural file contained the coordinates of only
half of the protein. Both of the two outward-facing conformations with widely open
TMDs (PDBIDs 3B60 and 2HYD) (9, 16) also exhibited high solvation energies.
However, the solvation energy of the two other bottom-closed, outward facing structures
was small (PDBIDs 6C0V and 6BHU) (73, 79). These structures are less open to the

extracellular space than the formers.

Y

1000
bottom-open, inward-facing

bottom-closed, top-closed
bottom-closed, outward-facing
bottom-closed, inward-facing

=
£%
0
o T
500

B X-ray diffraction
I Electron microscopy

\

500

—1000

Solvation energy (kJ/mol)

—1500 1,

Figure 10 a) Membrane solvation energies. Variations in the degree of opening are
observed for Sav1866 (PDBID: 2HYD) (b), MsbA (PDBID: 3B60) (c) and Pgp/ABCB1
(PDBID: 6C0V) (d). The wide opening of Sav1866 has been questioned and an alternative
ATP-bound conformation has been suggested (Protein Model Database: PM0075213) (e)
(17) (modified).
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| also used protein surface electrostatics to characterize the properties of TMD
conformations. According to the positive-inside rule, positive amino acids are located at
the intracellular ends of TM helices because of the negatively charged lipids in the
intracellular bilayer leaflet, and form a positively charged ring in most of the
transmembrane proteins (e.g. calcium ATPases) (Figure 11a) (80-82). The quantitative
description of this ring is challenging and currently we can study this phenomenon in
individual cases without automation. I also observed such a positively charged ring in the
case of ABCC structures. However, at the site where the LO/Lasso motive interacts with
ABCC1/MRP1 and ABCC7/CFTR, a hydrophobic spot breaks the ring (Figure 11b,c).
This indicates the binding location of a protein partner, which is the intramolecular N-

terminal region in this case.

Figure 11 The intracellular positive blue ring is broken by a hydrophobic patch
corresponding to a protein-protein interaction site. a) A positively charged ring is located
at the intracellular side of the membrane. ABCC1 (PDBID: 6BHU) is used as an example.
b) Calculating surface electrostatics after the removal of the N-terminal LO/lasso region
(green cartoon) shows a disruption of the positive ring by a hydrophobic patch (yellow
circle). ¢) If the N-terminal LO/lasso region is present then the patch is covered and a

significant level of positive charge is observed (yellow circle) (17).

4.2. MemBlob

Although the position of the transmembrane region is an important property of
transmembrane proteins, only low amount of experimental information is available at
high resolution. Since we noticed that cryo-EM density maps of transmembrane proteins

contain the densities of the membrane mimetics in numerous cases, we made a pipeline
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called MemBlob to convert these densities to membrane boundaries. | tested the
MemBIlob pipeline for 92 TM protein structures determined by cryo-EM with at least 4
A resolution.

Approximately 30% of the collected maps lacked well-defined densities for the
membrane. One of the possible reasons of this was the absence of a well formed lipid
environment during structure determination. In Figure 12, two maps of KATP channel
(EMD-7073 and EMD-7338) demonstrate this issue.

Q [emd_6baamap#4 300° step 2| @ =-| EMD-7073 Range-9.95-21
-. Level 1.14
i il
emd_6c3omap #3 300° step 2| © .| EMD-7338 Range-0.82-2.36

Level 0.00803

338

EMD-7

b emd_Bbaamap #4 300° step 2| @ = EMD-7073 Range -9.95-21

-h Level 3.06
Au i nilldin o
lemd_6c3omap #3 300° step 2| © = EMD-7338 Range -0.82-2.36

' Level 0.0393
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Figure 12 Many EM density maps lack a membrane blob. Densities in EMD-7073
(PDBID: 6BAA, micelle) (83) and EMD-7338 (PDBID: 6C30, amphipol) (84) are shown
with a lower (a) and a higher (b) cutoff levels, using Chimera. The protein is
ABCCS8/Kir6.2 complex in both cases (65).
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I used Chimera to visualize densities with lower (a) and higher (b) cutoff levels,
at which a blob was visible in EMD-7073 solved in a micelle, but not in the case of EMD-
7338. Though EMD-7338 was determined in the presence of amphipol, densities of the
membrane mimetic are missing. This is the case for 14%, 22% and 20% of structures
solved in micelle, nanodisc and amphipol, respectively. In 8% and 12% of density maps
determined in the presence of micelle and amphipol, respectively, the signal to noise ratio
was so low that the membrane blob boundaries cannot be detected.

Interestingly, the absence of a membrane blob not necessary inhibited the
MemBIlob pipeline. In one instance (PDBID: 5H30) (85), the pipeline detected
reasonable TM regions in the absence of membrane densities. In this case, densities of
lipid molecules intercalated between the TM helices provided the data for successful TM

region calculation.

Comparing MemBlob results to TMDET
We aimed to compare the TM boundaries determined by our MemBlob pipeline
to those predicted by one of the reliable TM predictors, TMDET (figure 13). We chose

TMDET, as we utilized it to improve the reliability of our calculations.

Since TMDET, similar to other TM predictors, output a membrane slab with two parallel
planes, we calculated the average thickness of the MemBlob lipid boundaries (Figure 13
a, b). To achieve this, we averaged the z-coordinates of the boundaries for both sides and
subtracted one from the other. We also decreased this distance by twice of the average
interface region thickness (2 x 8 A).

There were only four cases, where the membrane center calculated by us differs
from the TMDET center by more than 5 A (Figure 13c). These structures included
PDBID: 5U70 (dz = -7.4 A), PDBID: 5UAK (dz = 6.9 A), PDBID: 5UJ9 (dz = -5.1 A),
and PDBID: 5H30 (dz = -6.1 A) (74, 85-87). In the latter case the difference was most
likely caused by the lack of membrane densities as discussed above.

Plotting the distribution of membrane thickness as calculated by MemBlob and
TMDET revealed that the MemBlob pipeline often identifies a thicker membrane
environment than TMDET (Figure 13d). The average membrane interface thickness, set
at 8 A in our calculations, does not explain the observed increase in hydrophobic core
thickness, as the uncertainty in the interface region is not comparable to the difference in

bilayer thickness values.
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Figure 13 Comparing membrane boundaries from MemBlob and TMDET. | use hCFTR
as an example (PDBID: 5UAK). The MemBlob determines edges that follows the shape
of the membrane blob (a). Averaging the z-coordinates of these edges (solid lines) and
subtracting the average interface region thickness (8 A) from both sides allows the
comparison with the membrane slabs of predictors (TMDET, dashed lines) (b).
Distribution of the bilayer center of proteins with a resolution at least 4 A (c). Distribution
of membrane thickness, calculated by MemBlob (blue) and TMDET (coral). (d) (65).

In many cases we observed deep embedment of the protein into the membrane.
Thus, short regions that were predicted to be extracellular, were indicated
intramembranous by our pipeline. For example, the extracellular regions of the
ABCCS8/Kir6.2 KATP channel structure are located in a pit formed by the edge of the
membrane blob (Figure 14).
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Figure 14 Some experimental membrane blobs are wider than expected. This is shown
on a ABCCB8/Kir6.2 structure (PDBID: 6BAA, grey dots) (83). Remaining densities after
the subtraction of the protein density from the EM map (EMD-7073) are green, protein
densities are grey. Dotted blue lines represent the membrane slab predicted by TMDET
(65).

| also investigated whether the embedment is influenced by the type of the
membrane mimetics applied during structure determination (Figure 15). | found that
nanodisc produced mostly similar membrane thickness with TMDET, while this is true
for only half of the structures solved in amphipols. Our pipeline calculated membrane
regions thicker than TMDET thickness for sixty percent of the structures solved in
micelle. This could be because the micelle adheres to the hydrophobic regions in a
spherical shape, and the size of the sphere depends on the composition of the detergent.
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Figure 15 Type of the used membrane mimetics and the thickness of their blob.

Webserver

We developed a web application available at memblob.hegelab.org that allows
users to utilize our pipeline using a graphical interface. The required inputs are a Cryo-
EM density file in MRC format and the corresponding all-atom structure in PDB format.
Providing a TMDET XML file is optional. The downloadable results include images of
y-z cross-sections at every 10° and the plot of the densities. An interactive structural
model is included in the result page for visualization and to help the checking and manual
adjustment of the membrane boundaries. This manual correction is done by selecting

expressions and simple commands listed in Table S1 in (65).

4.3. MemMoRF
Collection of MemMoRFs
There are several known cases, when IDRs (Intrinsically Disordered Regions)

bind to biological membranes. However, this type of interaction is rarely studied in detail.
Furthermore, there is a debate in the field, whether membrane binding facilitates the
folding of the IDR (45). As investigations of protein-lipid interactions at atomistic level
are most widely done by NMR, | collected NMR structures of transmembrane proteins
(TMPs) and membrane associated proteins (MAPs). TMP structures were collected using
the Membrane Protein Browser of RCSB PDB. I searched for MAPs using the “peripheral

membrane protein” keyword for subcellular location in the UniProt database and their
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structures solved by NMR in RCSB PDB using the UniProt accession number of the
matches.

| downloaded the associated chemical shifts from BMRB, which were used to
calculate SSPop and flexibility for identification of IDRs. In many cases, there were not
any available chemical shift data or the files did not contain enough residues for the
calculations. Therefore, SSPop and flexibility data (1-S2) were calculated only for 41%
of the collected proteins. | considered a region as an IDR if it was flexible (1-S2 > 0.15)
and was in “coil” structure (SSPop > 0.5). I also looked up disorder annotations in
DisProt, DIBS, MFIB and PFAM databases. In addition, | searched for IDRs that can
bind to membranes from the articles published along the structures. Finally, | checked
collected X-ray and cryo-EM structures for unresolved residues that resulted in the
identification of eleven additional MemMoRFs.This way, | collected 206 TMPs and 332
MAPs (Figure 16).
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Figure 16 Distribution of MemMoRF types in the database. d2o: disorder-to-order, d2d:
disorder-to-disorder, 020: order-to-order, d2u: disorder-to-unknown, TMP:
transmembrane protein, MAP: membrane associated protein, int: intracellular side, ext:

extracellular side, peri: periplasmic side, unk: unknown location (88).
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Among the collected proteins, 107 proteins included 149 membrane interacting
regions. 131 are disordered in aqueous solution and 92 regions of them were not annotated
in the DisProt database. 107 of the IDRs undergo disorder to order transition upon binding
to membrane mimetics. | found 19 IDRs that maintain their flexibility in their membrane
bound form. Therefore, | considered these segments as a new category of membrane
interacting IDRs and labeled their transition as ‘disorder-to-disorder’. I could not identify
the membrane bound state of the IDR in five cases, these entries were categorized as
‘disorder-to-unknown. In addition to the 107 IDRs, | also found 18 stable segments,
which exhibit secondary structure in both soluble and membrane bound forms (labeled as
‘bistable helix’ or ‘order-to-order’). Among all of the membrane interacting regions, 84
are in TMPs and the remaining 65 are in MAPs. | observed 121 intracellular, 23

extracellular and two periplasmic localizations.

Validation process of MemMoRFs

As an example of the IDR and MemMoRF validation process, | discuss a

MemMOoREF in integrin B3 in detail (Figure 17).
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Figure 17 Experimental NMR data used for MemMoRF identification. Blue: in organic

solvent, red: in DPC; cyan: phosphorylated in DPC,; magenta: phosphorylation site; ah
pop: oa-helix population calculated by 62D; flex: 1-S2 calculated by RCI, oh pop
threshold: 0.5, flex threshold: 0.15 (88).
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Integrin B3 plays a role in angiogenesis and tumor growth (89, 90). Its cytoplasmic
tails (CT) were used to develop cell permeable peptides for angiogenesis inhibition (91).
| found that these peptides overlap with a MemMoRF (a.a. 770-784; Uniprot accession
number: P05106). This region is disordered in solution, indicated by its low helical
propensity (<0.5) and high flexibility (>0.15) (PDBID: 2KNC and BMRBID: 16496)
(92). In addition, this segment is also annotated to be disordered in the DisProt and PFAM
databases. The original publication containing the NMR experiments demonstrated this
region to interact with membrane mimetics (93). In the presence of a lipid environment
(PDBID: 2KV9 and BMRBID: 16771) (93), the flexibility of the peptide decreases and
its helical propensity increased. These observations indicated that the region exhibited
disorder to order transition upon lipid interactions, thus it was qualified for a MemMoRF
label.

Requlation of membrane interaction of IDRs

Phosphorylation of the above discussed MemMoRF in integrin B3 promotes
disorder even in the presence of a membrane mimetic (PDB ID: 2LJD and BMRB ID:
17930). The available experimental data allows a detailed description of phosphorylation
dependent protein and membrane interactions of this MemMOoRF that potentially can lead
to a better understanding of the function of this region and improve the therapeutic use of
integrin B CT peptides.

Another example of order to disorder rearrangement upon phosphorylation is the
detachment of the intracellular domain of T cell receptor CD3-¢ chain from the membrane
(Uniprot ID: P20963) (Figure 18a). This domain contains three ITAMs (ITAM1-3,
immunoreceptor tyrosine-based activation motif), which sequence patterns include two
tyrosine residues, which have been shown to serve as phosphorylation sites (94). | found
that both ITAM2 and ITAM3 contained a MemMoRF (a.a. 111-126 and 142-156,
respectively), which underwent disorder to order transition upon membrane binding.
When phosphorylated, the ITAM MemMoRFs are released from the membrane and

unfold, which leads to the activation of the receptor (95).
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Figure 18 MemMoRFs in phosphorylation dependent regulation. MemMoRF containing
regulatory domains or proteins are blue. a) The intracellular domain of T cell receptor
CD3-¢ chain contains two MemMoRFs (a.a. 111-126 and 142-156), which undergo
disorder to order transition upon membrane binding. Upon phosphorylation, they detach
from the membrane and unfold, which leads to the activation of the receptor. b) The N
terminus of PLN contains a MemMoRF (a.a. 2-15). Membrane binding is prevented by
phosphorylation near this MemMoRF. This phosphorylated form is non-inhibitory (88)
(modified).

Another example for phosphorylation regulated MemMOoRF interactions is the
regulation of SERCA (sarcoplasmic/endoplasmic reticulum Ca®-ATPase) by
phospholamban (PLN) (Figure 18b). The cytoplasmic N terminus of PLN affects the
inhibition of SERCA exerted by the TM region of PLN. The N terminal IDR includes a
MemMoRF (a.a. 2-15). When membrane bound, PLN inhibits SERCA function.
According to the dynamic nature of IDRs, the MemMoRF does not permanently bound
to the membrane. However, this unfolded and membrane detached state is also inhibitory.
The MemMOoRF unfolds ‘permanently’ upon phosphorylation at Ser16 or Thr17, which
phosphorylated form is non-inhibitory (96, 97).
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Helical content in NMR structures

In the absence of a membrane mimetic, the helical propensity for a.a. 771-776
(PDBID: 2KNC and BMRBID: 16496) in integrin 3 is lower than the commonly used
SSPop threshold (0.5). However, all of the deposited structures present a small helix in
this region. In the presence of a membrane mimetic, the increased helical propensity
indicates an a-helix in a smaller part of the sequence (a.a. 776-781) than expected based
on the accompanying structural ensemble (Figure 17). Interestingly, hydrogen-deuterium
exchange experiments revealed transient helical contents and increasing disorder towards
the C-terminus published in the same paper as the NMR structures (93). Moreover, the
NMR ensemble of the phosphorylated CT also features a stable small helix between
residues 775-780.

Table 3 Protein structures containing more stable and longer helices than our
calculations suggest. The MemMoRF database includes 110 structures with calculated

SSPop and flexibility values.

Protein

Structure (PMID)

Sodium/potassium-transporting ATPase subunit gamma

2mkv

Myc box-dependent-interacting protein 1

2rmy, 2rnd

Cardiac phospholamban

1fjp

Amyloid-beta precursor protein

2lfm, 2lIm, 1aml, 2lpq, 2mjl

Insulin receptor

2mfr

Sec-independent protein translocase protein TatA 2mn6
Receptor tyrosine-protein kinase erbB-2 2n2a
Epidermal growth factor receptor 129i, 2n5s
Stannin 1zza
Integrin alpha-11b 2knc
Voltage-gated potassium channe 2kyh

Based on my preliminary investigation, |1 observed that 16 other structural

ensembles exhibited longer and more stable helices compared to what was initially
anticipated based on our calculations (Table 3 and www.memmorf.hegelab.org). Though

further investigation is necessary to assess the prevalence of a-helical content
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overrepresentation in the case of NMR structures, it is important to note that making a

decision about disorder should not rely solely on atomistic NMR structures.

Webserver

We included all identified membrane interacting regions into our MemMoRF
database at https://memmorf.hegelab.org, even those that do not undergo disorder-to-
order transition upon membrane interaction. Although IDRs that remains disordered upon
membrane binding or bistable membrane interacting regions are not MemMoRFs, we
inserted them into the database, since knowledge on this kind of regions can also facilitate
research in the field. All MemMoRF containing proteins are listed in a table format in the
‘Browse’ page. The table can be sorted and filtered using dropdown lists or queries. There
is also a general search field at the top of the page, which is independent from the
columns.

Each protein entry starts with the protein name, accession code, gene name,
organism and keywords imported from UniProt. This is followed by a list of MemMoRFs
containing their boundaries, the type of transition upon membrane binding, localization
and supporting statements from the literature.

Flexibility and SSPop calculations are plotted for each sets of chemical shift data
when available. Additionally, Wimley-White hydrophobicity plots and IUPred short
predictions are also included (98, 99). The graph can be saved as well as manipulated by
toggling the visibility of the calculated data or by zooming in or out. Corresponding NMR
experiments can be selected from the right of the graph, where the PDBID of the NMR
ensemble, the BMRB ID, the used membrane mimetic and the number of the set are
shown. Sequence annotations are also shown at the bottom of the graph. This incorporates
MemMOoRF regions, TM domain, PFAM domains (69), short linear motifs from ELM
database (100), PTMs from PhosphoSitePlus (101), IDRs from DisProt, DIBS and MFIB
(70-72). Coverage by PDB entries are also indicated. Corresponding structures are shown
and can be manipulated by LiteMol (102). MemMoRFs and TM helices are color coded
on the structure to help visual inspection of them. Disease phenotypes, disease causing
and polymorphic variations and DrugBank records (103-105) are included to help

estimate the pathological roles of the MemMoRFs in the entry.
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Finally, links to the IntAct and STRING entries (106, 107) of the protein and a
STRING network graph are included at the bottom of the page to help evaluate protein-

protein interactions.
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5. DISCUSSION

5.1. Conftors and electrostatics calculations

The increasing number of membrane protein structures make it necessary to
develop new 3D-bioinformatics methods to investigate them. This is especially true after
the publication of the AlphaFold database (108, 109). One of the most important aspects
of TM protein structure related tasks is structure comparison. In most of the cases new
experimental structures are compared to old ones or to AlphaFold predictions. However,
these comparisons lack quantitative and standardized measures distinguishing geometric
and physicochemical properties of structures. TM structure analysis could benefit from
application of conftors and electrostatic calculations. Conftors can highlight structural
inaccuracies, contribute to understanding conformational changes related to function, and
to facilitate the analysis of MD simulations. My colleagues investigated the channel
opening and folding of CFTR TMDs (110). They concluded that the kinked TH8 observed
in several CFTR cryo-EM structures could hinder the channel opening in MD simulations
and might be attributed to experimental conditions. This altered TH8 conformation was
also highlighted by the THV conftors (Figure 8).

Solvation energies determined from electrostatic calculations can also outline
structures and structural regions that need additional and detailed investigation to validate
them. Interestingly, membrane solvation energy calculations were not resulted in high
energy values for inward-facing ABC structures exhibiting widely separated NBDs. This
was in agreement with previous EPR studies of MsbA (111, 112). After the publication
of our work, existence of the widely inward-open MsbA conformations were also
confirmed in cells (21). However, the widely open bottom-closed, outward facing
conformation may be the results of the lack of a membrane bilayer, which would restrict
the TMDs, under crystallization conditions.

Lastly, surface electrostatics can also be used to identify protein-protein
interaction sites in TM proteins.

In summary, validating and comparing structures using standardized metrics help
to describe protein structures more accurately. These processes yield more information
on functionally important conformations, which promotes the understanding of the
working mechanism of important mutations, ultimately aiding structure-based drug

design. These types of metrics are becoming extremely important after predicting millions
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of protein structures by Al-based methods. It is important to note that outliers (e.g. values
of bond angles or solvation energies) may sign important regions as well, and not
necessarily just indicate a problem with the structure. My colleagues recently used some
of these ABC conftors to classify novel ABC protein structures
(https://abc3d.hegelab.org) (113) and are exploring the possibility how to define them
semi automatically and use them in PDBe-KB.

The presented and similar metrics can also be used to analyze other kind of
proteins outside of the ABC superfamily. However, in the lack of an automatic algorithm,

an expert of the studied protein family should be involved in the definition of the vectors.

5.2. MemBlob

In spite of the increasing number of experimental and Al-based TM protein
structures, determining their transmembrane regions remain elusive. Nowadays the state
of the art method of membrane protein structure determination is Cryo-EM. Interestingly,
many cryo-EM densities contain the density of the membrane environment used during
structure determination experiments as well. We exploited this phenomenon and built our
MemBlob pipeline, which is the first that calculates membrane localization from
experimental data.

Importantly, the MemBlob pipeline differs from prediction methods in the
following issues. First, it uses experimental data for determining TM regions and the
prediction method (TMDET) is used only for orienting the protein along the z axis.
Second, the output of our pipeline is not a slab with parallel edges, but a volume with
boundaries that follows the shape of the lipid environment. While MEMPROTMD uses
MD simulations to predict a more realistic configuration of the membrane around the
protein when compared to slab models, it utilizes only the protein structure as input
experimental data (36).

During the analysis of the output set of MemBlob, I found that detergent micelles
tend to form thicker blobs than other membrane mimetics. However, one third of the blobs
formed by micelles was not thicker. This is in agreement with the observation made by
Thongin et al., that the size of the micelle formed by the detergent varies according to the
composition of the detergent (29). Although our method has the limitation that the
thickness of the hydrophobic core regions can be affected by the type of membrane

mimetic used for the cryo-EM structure determination, this could be corrected in the
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future by the length of the used detergent. However, it can be assumed that nanodisc-
produced membrane thicknesses closely mimic the natural environment, particularly
when the nanodisc diameter is significantly larger than the protein itself.

The deep embedment of the protein into the membrane that we observed cannot
be predicted by in silico methods. Most likely this deep embedment occurs under
physiological conditions as well, since the extracellular parts of most ABC proteins are
known to highly resistant to proteases. Thus the potential role of this embedment is to
protect the protein from extracellular effects (e.g. proteases).

Our method gained attention in the last years in various scientific communities.
My abstract was selected for oral presentation at the Gordon Research Conference on
Mechanisms of Membrane Transport (Colby-Sawyer College in New London, New
Hampshire, United States, 2019). The increasing number of cryo-EM studies should lead
to the development of fully automatic membrane detection, of which our pipeline can be
a base. My colleagues and G. Tusnady have started to integrate various transmembrane
protein associated tools, including MemBlob, into a framework. Importantly, developers
of membrane region predictors can apply our calculated, checked, and deposited results
as a true positive experimental set. Baaklini et al. used TM regions determined by

MemBIlob during their investigation of chaperone binding sites of CFTR (114).

5.3. MemMOoRFs

The increasing number of membrane protein structures, especially NMR
structures, also allowed me to collect membrane binding regions and categorized them
based on how membrane interaction affects their dynamic properties. Most of the regions
undergo disorder to order transition with increased a-helical propensity, as indicated by
related NMR data. Other segments remain unordered upon membrane binding, however,
it is important to note that their conformational space becomes reduced, as shown for
MoRFs binding to protein partners (45). | also included regions that were stable helices
both in solution and membrane bound (e.g. kinase suppressor of Ras 1). These helices are
not classical MemMoRFs and are in a dynamic equilibrium between lipid and water
phases possessing helical conformation.

Reducing the ensemble of an IDR to one conformation causes high entropic
penalty, which means that binding requires an equally high enthalpic gain (42). This

allows the IDR to bind to the membrane reversibly. This reversible membrane association
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suggests that MemMoRFs can alternate between membrane-bound and -dissociated
forms. When they are dissociated from the membrane bilayer, they become accessible for
enzymes, such as kinases. In the case of gaining negatively charged phosphate group, the
dissociated form is promoted because of charge repulsion with negatively charged lipids
in the inner leaflet of the plasma membrane. This phenomenon occurs with the
MemMOoRF of integrin B3, thus this segment becomes available for protein-protein
interactions. Importantly, many membrane proteins with different roles contain
MemMoRFs. This observation indicates that MemMoRFs play crucial roles in various
cellular processes. Some of the proteins utilizing MemMoRFs, like NOTCH1, take part
in cell cycle regulation (115). Other proteins with MemMoRFs, such as Myc box-
dependent-interacting protein 1 (116), a-synuclein (117), and pro-neuregulin-1 (118),
participate in cellular trafficking and membrane shaping. I also identified MemMoRFs in
transmembrane receptors like integrin f3 (119), PTEN tumor suppressor (120), and
receptor tyrosine kinases, such as EGFR (121) and erbB-2 (122) and also in membrane-
associated proteins, like tyrosine-protein kinase Src (123).

There are MemMOoRFs in a high number of proteins with pathological relevance.
For example, proteins associated with neurodegenerative diseases contain MemMoRFs,
including prion protein, a-synuclein and amyloid-f precursor protein (124). Toxins like
melittin (125) and the GPCR impairing toxin of Gila monster (126) also contain
MemMoRFs. Furthermore, | identified MemMOoRFs also in viral proteins, like capsid
proteins of HIV1 (127) and HCV (128) and transmembrane proteins (e.g. the potassium
channel of the Influenza A virus) (129). | observed MemMOoRFs in the C-terminal region
of SARS-CoV E protein, too. The E protein disturbs the function of the a-1 subunit of the
Na*/K*-ATP-ase (130) potentially by competing with its regulator proteins called FXYD
proteins. E protein also disrupts the Ca?* transport by similar competition with the
SERCA regulator PLN (131). FXYD (132) and PLN proteins are single pass
transmembrane proteins, which also contain MemMoRFs.

These MemMoRF containing proteins are potential therapeutic targets. For
example, SERCAZ2a activation in cardiac diseases could be achieved by increasing PLN
phosphorylation (133). This could be attained by decreasing the propensity of membrane
binding of the PLN MemMoRF, which would increase the availability of the
phosphorylation site for the kinase.
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Dobson & Tusnady used the MemMoRF database to assess how well IDR
predictors can detect lipid-binding regions (134). Their conclusion was that none of the
investigated predictors can detect MemMoRFs reliably. This highlights the importance
of our manually curated database. As the database is entirely manually curated, automatic
detection methods should be developed in the future to be able to catch up to the
increasing number of new data on IDRs. My colleagues are working on a MemMoRF
predictor in collaboration with Lukasz Kurgan (Virginia Commonwealth University)
using his tools. In addition, they are also testing the exploitability of protein language

models in membrane binding and MemMOoRF predictors.
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. CONCLUSIONS

The examined membrane prediction methods provide similar results regarding the

embedding of proteins into the membrane, suggesting that they likely to be accurate.

For Pgp-like ABC proteins, the description of the functional units of proteins with
vectors is suitable for comparing structures, determining conformational states, and

analyzing molecular dynamics simulations.

Binding locations can be identified through electrostatic calculations.

The position of TM regions can be determined at the atomic level from data
representing the lipid environment found in Coulomb potential maps determined by

cryo-electron microscopy.

The membrane mimetic used in structure determination affects the thickness of the

transmembrane region calculated based on cryo-EM maps.

Some of the disordered regions become ordered during interaction with the

membrane, and these regions are referred to as MemMoRFs.

Phosphorylation of MemMoRFs may impact the interaction with the membrane,

influencing the transition between ordered and disordered states.

In NMR structures found in the PDB database, stable structures (helices) have been
observed numerous times, which are not justified by flexibility values calculated from
raw data. Therefore, to identify disordered regions, it is worthwhile to consider

additional information beyond the NMR ensembles uploaded to databases.
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7. SUMMARY

This thesis outlines three computational studies on membrane proteins,
emphasizing the crucial need to comprehend their diverse conformations for deciphering
functional mechanisms during the transport cycle. Despite the significance of studying
transmembrane regions, sparse experimental data exists on membrane embedment.
Intrinsically disordered regions in membrane proteins may impact function through
membrane bilayer interaction, yet detailing these structural aspects poses a challenging
gap in existing literature. My aim was to fill these gaps using computational methods.

First, | developed computational methods to assess the new structures of Pgp-like
membrane proteins, which are constantly increasing in number. During this project, a
comparison between the most popular transmembrane prediction methods showed that
they produce similar results on the tilting and position of proteins in membranes. | showed
that structure-specific conformational vectors called conftors are suitable to describe the
differences in conformations, to compare structures, to highlight inaccuracies, and to
analyze molecular dynamic simulations. Though the hereby described conftors are
specific to the Pgp-like ABC subfamily, the idea can be used to any protein family.
Electrostatic calculations showed that the widely open outward facing conformation of
some Pgp-like proteins may be the result of the lack of a membrane bilayer under
crystallization conditions. Additionally, I found that electrostatic calculations are suitable
to highlight binding locations. and to assess the overall quality of structures.

Second, | aided the development of the MemBlob pipeline, which provides
experiment-based transmembrane regions for transmembrane proteins solved by cryo-
EM that is an entirely new addition to the field. The analysis of the resulting
transmembrane regions showed that the thickness of the membrane blob could be affected
by the membrane mimetics used during structure determination.

Finally, I collected, categorized and analyzed the data of membrane interacting
intrinsically disordered regions (MemMOoRFs) on which a database was built. This study
showed that disordered regions tend to form helical structures during membrane
interaction and that this interaction can be regulated by phosphorylation. We also found
examples implying that helical structures tend to be overrepresented in NMR ensembles.
Lastly, as several pathogenically relevant proteins contain MemMoRFs, these regions

could be potential therapeutic targets.
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