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Abstract

The active transport of ions across biological membranes requires their hydration shell to
interact with the interior of membrane proteins. However, the influence of the external lipid
phase on internal dielectric dynamics is hard to access by experiment. Using the octahelical
transmembrane architecture of the copper-transporting Pig-type ATPase from Legionella
pneumophila as a model structure, we have established the site-specific labeling of internal
cysteines with a polarity-sensitive fluorophore. This enabled dipolar relaxation studies in a
solubilized form of the protein and in its lipid-embedded state in nanodiscs. Time-dependent
fluorescence shifts revealed the site-specific hydration and dipole mobility around the
conserved ion-binding motif. The spatial distribution of both features is shaped significantly

and independently of each other by membrane lateral pressure.



Integral membrane proteins expose a belt of hydrophobic residues to the interior of the lipid
bilayer of the biomembrane in which they are embedded™. The lowest energy state of multi-
helical membrane proteins depends on inter-helical contacts, bilayer thickness, and additional
lipidic constraints®®. Membrane protein function, however, is linked to conformational
changes that deviate from the lowest energy state. They are particularly large in P-type
ATPases which catalyze ATP-driven ion transport across biological membranest!. The
sarcoplasmic P-type Ca**-ATPase SERCAZla provides a mechanistic paradigm for such ion
pumpst™ which switch between two main structural states, E1 and E2, with cytosolic and
extracellular accessibility of the ion binding site, respectively. These transitions entail re-
adjustments between lipids and the protein®. The functional role of lipid-protein interactions
is revealed by the lipid-dependent efficiency of SERCA1a!® and is a general characteristic of
membrane proteinst”. However, molecular specificity is low in comparison to the collective
effect of lipids, i.e., thickness and curvature strain, which alter the energetics of membrane
protein conformational changes™. P-type ATPases furthermore couple these transitions to
ion dehydration and re-hydration during transport. This raises the question whether the
hydration and dipole mobility at the non-lipid-exposed internal ion-binding site(s) in a
transmembrane helical bundle is yet affected by the collective properties of external lipids.

The experimental determination of the lipid-dependent internal hydration and dipole
dynamics of multi-helical membrane proteins has not been attempted, despite their functional
importance seen in molecular dynamics (MD) calculations, including P-type ATPases..
Here, we investigated the influence of membrane lateral pressure on the internal hydration of
the copper-transporting ATPase LpCopA from Legionella pneumophila in nanodiscs (NDs).
The latter support native ATPase activity (Fig S3) in a mixed lipid bilayer using the
membrane-scaffold protein MSP1E3D1.'% Detergents reduce lateral pressuret® rendering the
fully solubilized state of a membrane protein a reference state for minimal lateral pressure. As
a probe for hydration, we used 6-bromoacetyl-2-dimethylaminonaphthalene (BADAN), a
thiol-reactive fluorophore which exhibits changes in time-dependent fluorescence shift (TDFS)
in response to changes of hydration in its lipid™Y or protein environment!*?,

In LpCopA, C382 (the one-letter amino acid code is used throughout) and C384 are
part of the conserved CPC motif in transmembrane helix four of P,g-type ATPases and are
two key amino acids of the copper binding site. Crystal structures®™ ¥ suggest their
accessibility for chemical modification, rendering LpCopA an ideal model for TDFS studies
on intra-membrane protein hydration at minimal structural and mutational perturbation within

the octahelical bundle. For specific BADAN-labelling of the CPC motif, native cysteines in



the cytosolic N-terminal domain

were changed to serines in the
mutant CM-LpCopA (Exp.
Section). Its structural integrity

after BADAN labeling at C382 and
C384 was assessed by circular
dichroism (CD). Figure 1A shows
that the CD spectrum of labeled
CM-LpCopA in NDs is almost
identical with the sum of the
spectra of empty NDs plus an
equimolar amount of BADAN-
labeled CM-LpCopA in detergent
This
stoichiometry of one CM-LpCopA

solution. confirms  a
per ND and agrees with a native
secondary structure despite the
chemical inactivation of the ion-
The

protein stability was not affected by

translocating site. thermal
the label either (Supp. Inf.), in line
with tertiary structure conservation.
Two additional mutations, C382S
or C384S, were introduced into
CM-LpCopA,
cysteine residue in order to bind
BADAN, namely to either C382
(CM-B382) or C384 (CM-B384).

Dipolar relaxation in the field of the

leaving a single

excited state dipole moment lowers
the S; energy of BADAN, which
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Figure 1: Circular dichroism spectra of the CM-mutant.
Solid line: BADAN-labeled CM-LpCopA in NDs.
Dashed line: sum of CD spectra of equimolar amounts of
the BADAN-labeled CM-LpCopA in detergent solution
and empty NDs as shown in the inset in brown and
green, respectively.
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Figure 2: TDFS of BADAN bound to C382. The

calculated frequency v(0) is displayed as a dot. The total

TDFS, Aviya, covers the shift from v(0) to v(),

accounting for the fast TDFS (less than 30 ps, Avy), and

the slower experimentally resolved TDFS (Avs). The

overall TDFS kinetics is derived from the average time
constant tg.

causes a red shift in fluorescence. The fitted decays and the steady-state emission spectrum
were used to reconstruct time-resolved emission spectra (TRES)!*. Following the decrease of

the peak emission frequency v(t) over time, the hydration (micropolarity) and mobility



(microviscosity) in the vicinity of the CPC motif could be assessed. The dipole mobility is

proportional to the reciprocal of the average relaxation time (tr) in the v(t) plot, whereas the

total amount of the TDFS, reflects the local polarity and was calculated as: Aviotal
= v(0) — v(o0). The frequency v(0) of the TRES maximum at t = 0 was estimated according to
Fee and Maroncellil*® taking into account the contribution of relaxation processes faster than
the experimental time resolution (30 ps). The frequency v(o) is defined by the TRES after
full dipolar relaxation (for details see Supp. Inf.). The average relaxation time 7y is
proportional to the microviscosity or mobility of the dye microenvironment*'? and is derived
from the temporal integration of the normalized TDFS.

Figure 2 illustrates time-resolved emission spectra for BADAN bound to C382 in the

detergent-solvated state of the protein. Data analysis yielded Avio = 4300 cm™ and s =

1.14 ns for the total amount of the TDFS and dipole relaxation time, respectively. The

v(0) estimate was 23,800 cm™. The effect of membrane lateral pressure on site-specific
hydration was quantified by comparing Aviota and tr values with those of the same protein

preparation after reconstitution into NDs. In the latter, membrane lateral pressure is
comparable to that of plasma membranes™® which increases inter-helical contacts in the

[17]

protein and reduces intra-protein dynamics The water accessibility around C382 was

dramatically restricted in NDs, reducing the total TDFS by 25% (AAvieta = -1100 cm™, Fig.
3A). Concomitantly, the average relaxation time increased by 20% (Atr = +0.24 ns),
demonstrating reduced local dipole dynamics. A similar correlation of low hydration with low
mobility has been demonstrated for active site cavities in soluble proteins!*®. In contrast to the
hydration around C382, the amount of total dipole reorientation in the vicinity of C384
decreased by only 1-2% (AAviera = - 50 cm™) after reconstitution into NDs, (Fig. 3B). Despite
the close a-carbon positions of C382 and C384, dipole relaxation within the octahelical
bundle responded differently to membrane lateral pressure. Micropolarity and microviscosity
around C382 are tightly controlled by membrane lateral pressure, whereas micropolarity
(hydration) is restricted around C384 even in the absence of a membrane. However, the dipole

mobility around C384 surprisingly increased with lateral pressure (tr shortened by ~0.6 ns)

which contrasts the decrease of mobility around C382 in NDs.



Remarkably, the Avia and tr
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The dynamic hydration around Figure 3: TDFS of BADAN bound to C382 (A) or
C384 (B) of the CM-mutant. The v(0) frequencies are
C382, revealed Dby TDFS, may gisplayed as filled circles. Samples were measured in
originate in the transition between a detergentsolution (red) and in nanodiscs (black). Insets
show the static emission spectra of the two states.
'hydrated" and a structurally more

constrained 'dehydrated’ state of the
octahelical bundle. These conformations may be related to intermediate structures that interact
with the ion hydration shell or engage in direct ion coordination, respectively. C384 resides in

a less mobile environment and is probably constrained by a water-mediated H-bond network.



Figure 4: A) Hypothetical topology of LpCopA
in NDs. The cytoplasmic phosphorylation,
nucleotide-binding and actuator domains are
shown in blue, red, and yellow, respectively.
Putative location of the N-terminal domain in
cyan. B) View of the CPC motif on helix 4.

Upon insertion of solubilized LpCopA into She AR, lipid-induced
NDs, the TDFS local relaxation rate changes g NS S Sgaon
by Atg, the local dielectric constant by Ae. “GREEFEEAERINS r ooy
Structure files: pdb 3RFU and 4V6M. UGS (A =-9)

Removal of inter-helical water’® under membrane lateral pressure may thus liberate side
chains from the network, leading to the unexpected increase of dipole dynamics in NDs.
Taken together, TDFS resolves distinct patterns of intra-membrane protein hydration
and dipole dynamics that are shaped by membrane lateral pressure. The latter may thus act as
a restoring force that reverses transient hydration-promoting conformational changes which

are presumably required for ion translocation across membranes in generalt®.
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