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Post-translational modifications (PTMs) of proteins are recognized as crucial components of cell signaling
pathways through modulating folding, altering stability, changing interactions with ligands, and, therefore,
serving multiple regulatory functions. PTMs occur as covalent modifications of the protein’s amino acid
side chains or the length and composition of their termini. Here we study the functional consequences of
PTMs for a-synuclein (aSyn) interactions with the nanopore of the voltage-dependent anion channel
(VDAC) of the outer mitochondrial membrane. PTMs were mimicked by a divalent Alexa Fluor 488 side-
chain attached separately at two positions on the aSyn C-terminus. Using single-channel reconstitution
into planar lipid membranes, we find that such modifications change interactions drastically in both
efficiency of VDAC inhibition by aSyn and its translocation through the VDAC nanopore. Analysis of the
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cations to be determined with an accuracy of about three residues. Moreover, our results uncover a pre-
viously unobserved mechanism by which cytosolic proteins control p-barrel channels and thus a new

rsc.li/nanoscale regulatory function for PTMs.

Introduction

The DNA sequencing revolution has yielded a wealth of
genomic information, so that that the primary and secondary
structure of proteins and polypeptides, if not their final, func-
tional folds, can be predicted. The relationship between the
genome and the proteome, ie. the final protein expression
levels in vivo, however, remains an active area of research.
Ideal tools for quantitation of the proteome would operate at
as granular a level as possible, with the ultimate goal being
quantitative measurement of the proteome of a single cell.

Complicating proteomic measurement is the presence of
misfolded and especially post-translationally modified
proteins.>® Proteins that have undergone post-translational
modifications (PTMs) exhibit functions and structures that are
different from unmodified proteins. Quantitation of PTM
levels in a population of otherwise identical proteins may be
as important for understanding cellular function as the base
protein expression levels.
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In principle, nanopore-based detection technology is well-
suited for comparing small populations of similar bio-
molecules. As a single-molecule technique, nanopore detec-
tion is local and requires extremely small sample volumes. In
addition, detection of small chemical modifications such as
cytosine methylation has been amply demonstrated.>” Unlike
the usual polynucleic acid analytes, however, which are uni-
formly charged, generally without secondary structure, and
containing only 4 basic units (excluding cytosine methylation),
proteins and polypeptides are heterogeneously charged, have
additional structure over a range of length scales, and com-
prise 22 chemically distinct residues before PTM.

In previous work, we have shown that the motion of a poly-
peptide in a nanopore can be understood in terms of an
energy landscape by constructing an interaction “quasipoten-
tial” with contributions from the entropy, membrane associ-
ation, and voltage-induced electrodynamics.®® This method is
very general and can be applied to different nanopore systems
and biopolymer analytes.’®'" Here, we show that a PTM mimic
at a single residue affects the quasipotential and consequently
the interaction dynamics. As a model system, we choose the
well-characterized, intrinsically disordered neuronal protein
a-synuclein (aSyn) to explore the effect of PTMs on the
dynamics of its interaction with a large f-barrel membrane
protein of the mitochondrial outer membrane, the voltage-
dependent anion channel (VDAC). To chemically model PTM,
we use Alexa Fluor 488 (“Alexa”) functionalization. We find
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that the bulky, divalent Alexa sidechain introduces an
additional entropic term to the interaction potential that has a
strong effect on the capture and retraction/translocation
dynamics through VDAC nanopore. Analysis using energy land-
scape modeling allows determination of the PTM position to
within a few residues. Finally, we discuss the ramifications of
PTMs for the function of cytosolic VDAC regulators, including
aSyn and its more abundant counterpart, dimeric tubulin.

Results and modeling

The experimental setup is shown in Fig. 1A. The nanopore is a
single mitochondrial passive ATP/ADP transport channel
VDAC reconstituted into a diphytanoylphosphatidylcholine
(DPhPC) lipid bilayer membrane separating 1.0 M aqueous
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solutions of potassium chloride (M = mol 17") buffered at pH
7.4 by 5 mM HEPES. The VDAC channel is a § barrel with an
N-terminal helix forming a narrow constriction at the center of
the membrane (PDB ID: 3EMN)."* The analyte protein, aSyn, is
a 14.5 kDa intrinsically disordered protein comprising 140
residues that can be roughly divided into a nearly net neutral
95-residue N-terminal lipid-binding domain (shown in yellow
in Fig. 1A) and a polyanionic, 45-residue C-terminal tail (CTT),
which carries 15 negative charges on the last 37 amino acids
(shown in red).

When a potential difference (“voltage”) is externally applied
across the membrane (in a voltage-clamp mode), an ionic
current through the VDAC nanopore is observed. Subsequent
addition of aSyn at a final concentration of 50 nM to either
side of the membrane and application of voltage with the
appropriate polarity (negative from the side of aSyn addition,
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Fig. 1 Probing aSyn with a VDAC nanopore. (A) Experimental setup (not to scale). The acidic C-terminal tail (CTT) of membrane-bound aSyn is
drawn into the nanopore by an externally applied transmembrane voltage. (B) Definitions of open (0) and blocked (1) states. Durations in each state
are denoted tp; and tyo, respectively. (C) A schematic of three aSyn constructs: the WT, and aSyn labeled with Alexa Fluor 488 at residues 100 and
136, aSyn-Alexal00 and aSyn-Alexal36, respectively. (D) Experimentally observed stochastic fluctuations of nanopore conductance between open
and blocked states for three aSyn constructs at —30 mV of applied voltage. A single VDAC channel was reconstituted into the planar membranes
formed with DPhPC. The membrane-bathing solutions contained 1 M KCI buffered with 5 mM HEPES at pH 7.4. Dashed lines indicate VDAC open
and aSyn-blocked states and zero current. For presentation, all current records were smoothed with a 1 kHz lowpass Bessel digital filter using
Clampfit 10.7. (E) Corresponding to the traces in (D), distributions of state to; and t;o durations show quantitative differences in the kinetics of the
aSyn-nanopore interaction introduced by Alexa Fluor 488 functionalization.
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to drive the negatively charged CTT of aSyn into the pore)
leads to fluctuations in the current between two well defined
states, an open state (0) and a blocked state (1) with a conduc-
tance ~40% that of the open state (Fig. 1B). Transitions
between the two states were detected with a simple threshold
current level. Transitions to the blocked state were detected
when the absolute current level dropped below the threshold;
transitions to the open state were recorded when the absolute
current level rose above the threshold. For each transition, the
time before transitions to the blocked state, t,;, and the time
spent in the blocked state, ¢,,, were recorded. Sample current
time series and log-binned transition time histograms are
shown in Fig. 1D and E. For presentation, the current traces in
Fig. 1D are filtered to 1 kHz, but a larger bandwidth was used
for analysis (see Methods). The applied voltages are below the
threshold for observing frequent voltage-induced gating of
VDAC reconstituted in a DPhPC membrane at 1.0 M ionic
strength."?

To study the effects of a PTM mimic, we compared the
interaction kinetics of aSyn wild type (WT) with two modified
constructs, oSyn-Alexal00 and oSyn-Alexal36, in which an
Alexa Fluor 488 Cs maleimide sidechain was introduced to
cysteine mutants at residues 100 and 136, respectively (see
Methods). As shown schematically in Fig. 1C, the modification
(green circle) at residue 136 is positioned near the C-terminus
of the aSyn-Alexal36 construct, while the modification at
residue 100 is near the junction between the membrane-
binding N-terminal domain (shown in yellow) and the polya-
nionic C-terminal domain (shown in red). The Alexa side chain
adds 720 Da to the modified constructs, as well as 2 anionic
charges at the modification position. Sample current time
series and log-binned transition time histograms for the modi-
fied constructs are also shown in Fig. 1D and E.

The average times characterizing the kinetics of the
stochastic interaction between aSyn and VDAC, are denoted
Ton(V) = (to1) and zo(V) = (t10), where the brackets stand for
averages over all events at each voltage V. Experimental results
for 7.4 (top panel) and 7., (bottom panel) as functions of
voltage and oSyn construct are shown in Fig. 2. Each data
point represents the average and standard error from the
mean of a minimum of 3 independent experiments (except for
aSyn-Alexal36 at positive voltages and the aSyn-Alexal00 7o,
each of which comprise 2 experiments). Standard error is used
because it is the appropriate statistical measure for the >
goodness-of-fit metric used for model optimizations. The top
panel shows the voltage dependence of 7.¢, while the bottom
panel shows that of z,,. 7,, decreases exponentially with
voltage, indicating an Arrhenius (barrier-limited) process for
capture. Quantitative calculation of the energy barrier describ-
ing the Arrhenius process from basic physical principles is
difficult; thus, empirical Markov modeling has previously been
applied to understanding 7,,.> For present purposes, visual
inspection of the features of z,, will suffice.

By contrast, 7, has two regimes, with an exponential
increase with absolute voltage at low voltages and a decrease
with voltage at higher voltages. These general features of 7
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Fig. 2 Experimental and modeling results. Average kinetic data are
shown as discrete points, with error bars representing the standard error
of the mean from repeated independent measurements. The average
blockage time (7o, top panel) increases exponentially with absolute
voltage at low voltages but decreases at higher voltages. The average
time between blockages (z,,, bottom panel) decreases monotonically
and exponentially with voltage amplitude. Lines denote modeling results
using energy landscape modeling.

for the aSyn-VDAC interaction have an established physical
basis.®'? In particular, the exponential increase in z,¢ at low
voltages corresponds to trapping the C-terminus of aSyn in
an electrostatic potential well of depth that increases linearly
with absolute voltage in this regime; the dominant process by
which the oSyn molecule escapes is by retraction of its
C-terminus from the nanopore without unbinding the
N-terminal domain from the lipid surface (Fig. 1B).° At
higher voltages, 7.¢ decreases with absolute voltage; the
electrostatic potential barrier to retraction cannot be readily
surmounted within the time scales associated with unbind-
ing the aSyn from the membrane surface, and unbinding fol-
lowed by translocation is the dominant mechanism by which
aSyn exits the VDAC nanopore at the opposite side of the
membrane.®"*

The data in Fig. 2 indicate that addition of the Alexa branch
has a remarkably strong effect on the kinetics of the aSyn-
VDAC interaction. The effect is particularly strong for aSyn-
Alexa136, which shows an order of magnitude increase in 7.
in the retraction regime and a similar increase in z,,. Because
residue 136 is close to the C-terminus of aSyn and thus partici-
pates in the equilibrium between capture and retraction,® this
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observation suggests that the addition of the negatively
charged Alexa branch introduces a significant energy barrier to
the C-terminal domain either entering or leaving the VDAC
nanopore. For aSyn-Alexal00, by contrast, the effect on low-
voltage capture and retraction times is negligible. This occurs
because the modified residue is located near the end of the
C-terminal domain such that the C-terminal domain can be
captured (and subsequently retracted) without probing the
modified residue; on the other hand, this residue must move
through the nanopore for translocation to occur, so its effect
on the onset of the translocation regime is significant.

Given that the observed escape times depend on the
complex collective motions of the entire aSyn molecule, it is
rather remarkable that the modification of a single residue
makes such a profound difference in the observed kinetics. To
understand the voltage dependence of the off-rate, we adapted
the previously described energy landscape modeling for the
interaction of aSyn with the VDAC nanopore.® The energy land-
scape is described by a one-dimensional “quasipotential”, so
called because it usually also represents forces such as hydro-
dynamic drag arising from electroosmotic flow that are not
strictly conservative but can nonetheless be expressed as the
gradient of a potential.>'" The quasipotential U(x) is con-
structed from a combination of the voltage-dependent poten-
tial Ug(x), the surface binding energy of aSyn Ug(x), and the
entropic potential Us(x). The spatial dimension, x, corresponds
to the distance along the contour of an aSyn molecule, or to
the number of residues that have passed the center of the
VDAC nanopore; thus, at x = 0, the C-terminus at residue 140
is in the center of the pore, while at x = L, where L = 56 nm is
the total contour length of aSyn, the N-terminus at residue 1 is
in the center of the pore. The voltage-dependent potential is

x x < 16nm

x>16 nm’

Ug(x) = VJ —oc

0

o(x")dx', where o(x) = {

—ON

The effective linear charge density o(x) encapsulates the
combined effects of the applied electrical potential on the
native, sequence-dependent charge density of the polypeptide
and hydrodynamic drag arising from electroosmotic flow."
For simplicity, here o(x) is divided into two regions corres-
ponding to the anionic C-terminal tail and the net neutral
N-terminal domain.

The entropic potential is

s = syt [in 4 (1 - 3)]

where v ~ 0.59 is the Flory exponent.'®'” The surface binding
energy is modeled as an error function with height E;,, which
corresponds to the membrane binding energy, a width wy, and
a position x;, which corresponds to the extent of the aSyn
molecule that has translocated the nanopore before being
arrested by the membrane-bound domain:

o2 fuliss) ]
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The total quasipotential for WT aSyn is then U(x) = Uwr(x) =
Ug(x) + Us(x) + Ug(x).

For Alexa-modified constructs, the theory is modified by
adding an additional Gaussian term in the quasipotential repre-
senting the entropic penalty of constraining the Alexa “branch”
in the VDAC nanopore. This term is parameterized by the height
of the entropic barrier, Ey; its width, wx, which is expected to
correspond to the width of VDAC’s N-terminal o-helix which
forms the narrowest constriction in the VDAC pore (Fig. 1A); and
the position of the sidechain along the molecule, xx:

Ux(x) = Ex exp (— (x—xx)z)

ZWXZ
The total quasipotential is then
U(x) = Uwr(x) + Ux(x).

The average escape time 7, corresponds to the calculated
mean first passage time 7 of a particle diffusing in the poten-
tial U(x) with an empirical diffusion constant D. The diffusion
constant is related via the fluctuation-dissipation relation to
the mobility of the polypeptide in the channel, which is
subject to complex hydrodynamic'®'® and hydration inter-
actions.”*® The mean first passage time is the first moment of
the first passage time distribution, and for a reduced potential
U(x) = U(x)/ksT is given by:**

L ~
7(xo) =D7! U eU(x')dx’J

0 0

X0 L -1
“ ) dx'} U (0) dx’}
0 0

’

_pt Uxu 0) g r o) dx"}
0 0

’

X

e—U(x”)dxn:|

Here x, is the initial position at which the molecule is first
observed, also known as the “injection point”. It has previously
been shown that the fast kinetics of the capture process allow
this value to be equated with the “equilibrium position” once
the molecule has been captured.®® Thus, for this calculation,
X, is calculated separately for each voltage to be the position of
the minimum in U(x) in the range between 5 and 13 nm.

Because 7. contains data from multiple independent
experiments, the model was optimized only to the average
times instead of the full distributions, which would have been
computationally expensive. However, using only the average
reduces the amount of information in the data, so we fixed
several parameters that had been allowed to vary in previous
work. In particular, the voltage offset V, for the independent
measurements was assumed to average to zero and its value
was fixed accordingly. The diffusion constant D and surface
binding energy width w;, were also fixed to the previously
determined values. All other parameters were allowed to vary.
xx was constrained to lie between 0 and 6 nm (residue
numbers 140 and 125, respectively) for aSyn-Alexa136, and
between 13 and 19 nm (residue numbers 108 and 93, respect-
ively) for oSyn-Alexal00. Furthermore, the two additional
acidic charges associated with Alexa functionalization were
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Table 1 Fit parameters for joint energy landscape modeling of 7.4 for
all data sets. All data sets are described by just 9 fit parameters.
Numerical values in boldface type represent parameters or parameter-
derived values that were shared across multiple constructs

(95% CI) (68% CI)
Parameter aSyn-Ac aSyn WT  aSyn-Alexal36 aSyn-Alexal00
Model parameters
Vol[mV] -0.377512 0 (fixed)
oc/nCm™]°  0.1385+0:99°1 0.136879:9934 0.136879003 + 0.02

on/[nCm™]*  0.0255+5:39% 0.011279007%

Ey/ksT 21.8170:%2 17.131953
wyp/[nm] 7.1375:42 7.13 (fixed)
xp"/[nm] 16-2.547937 16-4.697928
xp /[nm] 16-1.347090 16-4.171922
Logio D/[nm?*/s]  5.491799%8 5.491 (fixed)
Xx/[nm] — — 3.714 16.7715:31
Wwy/[nm] — — 0.65"0 7%
Ex/ksT — 4.46702%0
Derived quantities
D/[pm? s™"] 0.30915:933 0.309 (fixed)

0'51+0.12

1.19+U.1Z o1z

Xp = %p'/[nm] 017

Nanoscale

explicitly included in the calculations for those constructs by
adding 0.02 nC m™" to o..

The optimization results are shown in Table 1 and by the
solid curves in Fig. 2, while quasipotentials corresponding to
the optimized values of the model are shown in Fig. 3 for
aSyn-Alexa136 (dashed lines) and aSyn-Alexa100 (solid lines).
The peaks in the quasipotential corresponding to the Alexa
moieties are clearly visible. The agreement with the experi-
mental data—except for WT aSyn at positive voltages, where
the model underestimates the escape time—and previous
results (recalculated from ref. § after correcting an overesti-
mate of the entropy function) using a slightly different aSyn
construct, aSyn-Ac with an N-terminal acetate group, is quite
good. The best fit position for the residues are found to be
3.7134 nm for aSyn-Alexa136 and 16.7715-37 for aSyn-Alexa100,
thus establishing the modification location to within about 3
residues. The expected values are 1.6 nm and 16 nm, respect-
ively, using a 0.4 nm amino acid separation;>* the deviation for
aSyn-Alexa136 could indicate that early in the capture process,
the aSyn CTT piles up in the mouth of the nanopore before
passing VDAC’s N-terminal constriction. The model may also
be sensitive to deviations from physical reality in this regime;
at the ends of the polypeptide, the number of correlated
polymer segments (“Kuhn lengths”) on either side of the nano-
pore is no longer large, violating an assumption that enters
into the derivation of Ug(x).

The width of Uy, wx = 0.651028, gives a full width at half
maximum of about 1.5 nm. This dimension corresponds to

Residue number
60

Qcle -13.8570% —13.687039
Qnle —6.3770%8 —3.0795%
“InCm'=1pNmV '=6.25¢ nm "

140 120 100 80

40

20 14 15 16 17 18 19 20
0 10 20 30 40 50
X (nm)

Fig. 3 Results of energy landscape modeling for modified a-synuclein constructs. Energy landscapes are shown for aSyn-AlexalO0 (solid curves)
and aSyn-Alexal36 (dashed curves) for several transmembrane potentials and polarities. Actual residue positions 100 and 136 are marked with verti-
cal arrows. (Top right) Molecular model of VDAC nanopore. The constriction in the center of the nanopore is formed by its N-terminal helix (shown

as spheres sized by the atomic van der Waals radii).
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the 1.2 nm diameter of an a-helix, suggesting that the entropy
is indeed dominated by the constriction in the center of the
VDAC nanopore due to the position of its N-terminal helix (see
molecular model in Fig. 3).

The height of Uy is of most interest due to the implications
for inserting additional polypeptide strands into the VDAC
nanopore. The value Ex = 4.5kgT is quite large (Table 1).
Surprisingly, the magnitude of this energy penalty corresponds
closely to that previously observed for insertion of a second
aSyn WT molecule into the VDAC channel (=5ksT).® This close
correspondence is consistent with the narrow width of Uy, i.e.
the localization to VDAC’s nanopore constriction zone, which
is approximately the same size as 1 or 2 residues and therefore
is not sensitive to whether the second molecule is a long poly-
peptide or a short bulky sidechain like Alexa Fluor 488.

Discussion

VDAC efficiently controls metabolite fluxes through mitochon-
drial outer membranes via its interactions with cytosolic pro-
teins.*® It was shown that aSyn is not the only cytosolic protein
to interact with VDAC in vitro'® and in vivo.?* Dimeric tubulin,
the abundant cytosolic protein primarily known for its role as
building block for microtubules, has also been proven to regu-
late VDAC in vitro® and in vivo.>® It was demonstrated that o-
and p-tubulin subunits, especially its p3 isoform, associate
with VDAC in cells.>”*® The only structural similarity between
aSyn and tubulin is the presence of a polyanionic, disordered
CTT which are responsible for the dynamic partial blockage of
VDAC.?® As a result, these two physiologically unrelated pro-
teins block the VDAC nanopore in vitro by the same physical
mechanism, and their motion in the nanopore can be
modeled using a common physical framework.®'® The impor-
tant consequence for mitochondrial physiology is that the

Paper

VDAC blocked state is essentially impermeable for ATP and
ADP, as was shown in channel-based experiments®” and in MD
simulations®' for the tubulin-VDAC interaction. Therefore,
one of the intriguing implications of VDAC regulation by
tubulin is its proposed coupling with the Warburg-type aerobic
glycolysis characteristic of many tumor cells, where the VDAC-
tubulin complex may play a role of a “glycolytic switch”
towards aerobic glycolysis or oxidative phosphorylation.>* As
for monomeric aSyn, which accounts for up to 1% of the total
protein content of normal neurons, interaction with VDAC is
also a mechanism for regulation of metabolite exchange
between mitochondria and the cytosol. In diseased states,
VDAC may also serve as a pathway for aSyn translocation into
the mitochondria, where it targets respiratory complexes at the
inner membrane and thus impairs mitochondrial function.>*
Although most of the PTM sites of aSyn belong to its
N-terminal and NAC domains,**** multiple sites of phos-
phorylation, nitration, ubiquitination, and sumoylation are
found in the C-terminal domain (Table 2). The —2 charge of
the Alexa Fluor 488 sidechain mimics phosphorylation of
aSyn’s Y136 residue by introducing two negative charges to
this residue; however, the phosphate group is much smaller in
volume and is likely to contribute only a very small entropic
penalty to the free energy profile. For a transmembrane poten-
tial of 20 mV, however, an addition of 2 charges gives a factor
of exp(2eV/kgT) ~ 5-fold increase in the blockage time and
reduces the potential required for translocation. Therefore, we
expect that in vivo, aSyn phosphorylation at the end of the CTT
reduces ATP and ADP fluxes through VDAC and promotes aSyn
translocation to mitochondria,*® where it disrupts mitochon-
drial function.®® On the other hand, ubiquitination and
sumoylation of aSyn should lead to the opposite outcome, as
the attachment of bulky ubiquitin or SUMO proteins to the
beginning of the aSyn CTT (Table 2) would prevent aSyn from
translocating via the VDAC nanopore, making oSyn behave

Table 2 Post-translational modifications to polyanionic C-terminal domains of aSyn and tubulin

CT residues Effect on residue

Increase in

PTM affected charge residue volume  Ref. Predicted effects
a-Synuclein

Phosphorylation 125, 129, -2 54 A3 41 Higher translocation probability,

133,136 longer dwell time at low voltages
Nitration 125, 133, 0 53 A® Molecular volume from Minimal

136 MW and density of NO,

liquid
Ubiquitination/ 96/96,102  0/-5 (does not 11130 1:&3/ 42 Eliminates translocation,
sumoylation affect CTT 14890 A* behaves like tubulin
properties)
Dopamination 125-129 0 150 A® 33 and 42 Smaller capture rate, longer
dwell time at low voltages
Tubulin

Polyglutamylation Varies by —(N+1) N x 155 A® 42 Longer dwell time, stronger
(N residues) isotype dependence on voltage
Polyglycylation Varies by -1 N x 66 A® 42 Longer dwell time, same voltage
(N residues) isotype dependence

This journal is © The Royal Society of Chemistry 2020
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similarly to tubulin. We thus speculate that a physiological
implication of these PTMs is prevention of aSyn translocation
to the mitochondrial inner membrane, thereby protecting
mitochondrial function.

As for tubulin, considering that the majority of multiple
tubulin PTMs occur at its CTTs,**® and that glutamylation
and glycylation are manifested through formation of linear
poly-Glu or poly-Gly branches of variable length, a possible
impact of such PTMs on tubulin regulation of VDAC, and con-
sequently mitochondria, should be dramatic. The linear chain
of branches could reach up to 21 glutamates and 34 glycines.*
The molecular size of Alexa Fluor 488 is comparable to a
branch of about five glutamates or eleven glycines (Table 2).
Interestingly, 3-6 glutamates per each branch are typically
found in tubulin purified from adult brain tissue.’® The level
of polyglutamylation in brain tubulin changes dramatically
during development:**  polyglutamylation increases in
B-tubulins starting from nonglutamylated p-isoforms in neo-
natal animals and reaching high level of polyglutamylation in
adult brains.

Because polyglutamylation of the tubulin CTT produces a
branched structure which can interact with the nanopore in a
variety of ways and cannot necessarily be described by a single
free energy profile, the extension of this work to polyglutamy-
lated CTTs is not trivial and will be the subject of future inves-
tigation. The polyglycylated tubulin CTT, however, which
carries 1 negative charge at the terminal glycine and adds
66 A’ per glycine, is likely to be well modeled by the Alexa
Fluor 488 C5 maleimide sidechain, which carries 2 negative
charges and has a nominal volume of 720 A®, based on mole-
cular weight and an assumed specific density of 1. Thus, one
expects that the primary effect of polyglycylation is to stabilize
the tubulin CTT in the VDAC nanopore, increasing its effective-
ness in regulation.

Conclusions

Inspired by the importance of post-translational modifications
in cell signaling, we imitated PTMs of a 140 amino acid cytoso-
lic protein aSyn by attaching divalent Alexa Fluor 488 to the
beginning and end of the C-terminal tail. Each of these modi-
fications increased the total negative charge of the tail by two
elementary charges and introduced extra bulkiness at the
modification location, significantly changing the dynamics of
the aSyn/nanopore interaction. Time-resolved single-molecule
events of aSyn capture by the VDAC nanopore were analyzed
within a framework of a one-dimensional diffusion model
using an interaction “quasipotential” that incorporates mostly
electrostatic and entropic components of aSyn interaction with
the nanopore. This analysis proved to be an effective means of
quantitatively describing the modification effects on the kine-
tics of the interaction and yielded the positions of the modifi-
cations with a precision of about 3 residues. The technique is
general and can readily be applied to other nanopores and
analytes, suggesting that it could be extended to quantify
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populations of an analyte that have undergone PTMs. In prin-
ciple, it can also be used to determine the positions of PTMs
in disordered or denatured protein analytes, or to design
engineered pores that are sensitive to particular protein fea-
tures. Finally, in view of the recently established role of dis-
ordered charged termini of cytosolic proteins in control of
VDAC-facilitated transport, our findings establish a new
mechanism of PTM-induced regulation of protein function.

Methods

Protein purification

VDAC was isolated from the frozen mitochondrial fractions of
rat liver that were a generous gift of Dr Marco Colombini
(University of Maryland, College Park, USA) and purified fol-
lowing the standard methods*® on a hydroxiapatite/celite (2 : 1)
column.”* VDAC purified from mitochondrial fraction of rat
liver contains all three isoforms with VDAC1 being the predo-
minant one (~80% of total VDACs).*> aSyn was expressed, puri-
fied, and characterized as previously described.'**® The Alexa
Fluor 488 modified oSyn constructs were produced as
described previously.”” To obtain constructs containing the
Alexa Fluor 488 fluorophore at positions 100 and 136, respect-
ively, individual cysteine mutants L100C and Y136C were pro-
duced and then derivatized with Alexa Fluor 488 C5 maleimide
(Thermo Fisher) following the manufacturer recommended
protocol. aSyn WT, aSyn-Alexa100 and aSyn-Alexa136 were gen-
erous gifts of Dr Jennifer Lee (NHLBI, NIH, Bethesda, USA).

Channel reconstitution

Planar bilayer membranes were formed from diphytanoyl-
phosphatidylcholine (DPhPC) (Avanti Polar Lipids, Alabaster,
AL) from two opposing lipid monolayers of across ~70 pm
aperture in the 15 pm-thick Teflon partition separating two
~1.2 mL compartments as previously described.*® Channel
currents were recorded as described previously*>*® using an
Axopatch 200B amplifier (Axon Instruments, Inc., Foster City,
CA) in the voltage clamp mode. Data were filtered by a low
pass 8-pole Butterworth filter (Model 900, Frequency Devices,
Inc., Haverhill, MA) at 15 kHz and a low pass Bessel filter at 10
kHz, and directly saved into computer memory with a
sampling frequency of 50 kHz. VDAC insertion was achieved
by adding purified VDAC in a 2.5% Triton X-100 solution to
the aqueous phase of 1 M (M = mol L") KCI buffered with
5 mM Hepes at pH 7.4 in the cis compartment while stirring.
Potential is defined as positive when it is greater at the side of
VDAC addition (cis). aSyn constructs at final concentration of
50 nM were added symmetrically to the membrane-bathing
solutions to both sides of the membrane after VDAC channel
reconstitution; statistical analysis of the blockage events began
15 min after aSyn addition to ensure a steady state.

Analysis of open and blocked times

For single-channel data analysis by Clampfit 10.7, a digital
8-pole Bessel low pass filter set at 5 kHz was applied to current

This journal is © The Royal Society of Chemistry 2020
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recordings. Individual events of current blockages were discri-
minated and kinetic parameters were acquired by fitting single
exponentials to logarithmically binned histograms® as
described previously.'*** Four different logarithmic prob-
ability fits were generated using different fitting algorithms
and the mean of the fitted time constants was used as the
mean for the characteristic open and blockage times. Each
channel experiment was repeated 3-7 times on different
membranes.

Modeling and optimization

The model was implemented using custom Python code.
Optimization was performed on the Bridges>>>* high perform-
ance computing system using the DREAM Markov Chain
Monte Carlo (MCMC) algorithm®” implemented in the soft-
ware package Bumps.>® Confidence intervals on parameters
and model predictions are calculated from the last 647 040 of
at least 14.6 million total DREAM samples.

Visualizations

Molecular visualizations were produced using VMD.>’
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