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How do ligands communicate with lipids? Nanodiscs are ideal nanoplatforms for STD
NMR assessment of molecular recognition between small molecules and lipids. It was found
that the neurotransmitter dopamine can only establish communication with negatively charged
lipid environments. MSP: membrane scaffold protein, POPG: hexadecano-1-yl-2-(9Z-

octadecenoyl)-sn-glycero-3-phospho-(1'-rac-glycerol).

Nanodisc-targeted STD NMR spectroscopy reveals atomic details of ligand binding to lipid

environments (Watts @UniofOxford)
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Saturation transfer difference (STD) NMR spectroscopy is one of the most popular ligand-
based NMR techniques for the study of protein--ligand interactions. This is due to its
robustness and the fact that it is focused on the signals of the ligand, without any need for
NMR information on the macromolecular target. This technique is most commonly applied to
systems involving different types of ligands (e.g., small organic molecules, carbohydrates or
lipids) and a protein as the target, in which the latter is selectively saturated. However, only a
few examples have been reported where membrane mimetics are the macromolecular binding
partners. Here, we have employed STD NMR spectroscopy to investigate the interactions of
the neurotransmitter dopamine with mimetics of lipid bilayers, such as nanodiscs, by
saturation of the latter. In particular, the interactions between dopamine and model lipid
nanodiscs formed either from charged or zwitterionic lipids have been resolved at the atomic
level. The results, in agreement with previous isothermal titration calorimetry studies, show
that dopamine preferentially binds to negatively charged model membranes, but also provide
detailed atomic insights into the mode of interaction of dopamine with membrane mimetics.
Our findings provide relevant structural information for the design of lipid-based drug carriers
of <?><?>dopamine and its structural analogues OK?<?><?> and are of general applicability

to other systems.

Saturation transfer difference (STD) NMR spectroscopy is a widely employed NMR
technique for the investigation and characterisation of ligand binding to macromolecular
receptors of different nature. STD NMR spectroscopy relies on the intermolecular fast
exchange between a small molecule and a macromolecular entity, so that the characteristic
negative nuclear Overhauser effect (NOE) of the macromolecule develops on the small
ligand. Thus, it is particularly suited for the study of protein-carbohydrate interactions.[*% It
has been frequently used to investigate ligand binding to DNA and RNA
oligonucleotides; "1 recently, it has also been applied to the study of ligand binding to

membrane proteins.[®!

The first description of the thermodynamics of dopamine interactions with
biomembranes was reported a few years ago.l’! In particular, large unilamellar vesicles

(LUVs) of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-ditetradecanoyl-sn-
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glycero-3-phospho-(1'-rac-glycerol) (DMPG), and different mixtures of these two lipids were
studied as model membranes by using isothermal titration calorimetry (ITC) and differential
scanning calorimetry. Dopamine showed preferential binding to PG over PC lipids, with the
hydrophobic contributions being ten times weaker than electrostatic forces. It was thus
suggested that dopamine interacts superficially with the PG phospholipid head group without
penetrating into the bilayer hydrocarbon core. However, information at the atomic level on
dopamine interactions with model membranes is still absent, thus precluding any detailed

understanding of dopamine's mode of binding to negatively charged membranes.

We have designed lipid nanodiscs to investigate the molecular recognition of
dopamine to lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), hexadecano-
1-yl-2-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamine (POPE), and hexadecano-1-yl-
2-(9Z-octadecenoyl)-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG). The use of single-lipid
nanodiscs of different head-group type, that is, zwitterionic non-hydrogen-bond-donor POPC,
zwitterionic hydrogen-bond-donor POPE and negatively charged POPG allowed us to mimic
biological membranes of different surface properties in a controlled manner. Following this
approach, we have identified the lipid selectivities of dopamine--lipid interactions by using

nanodisc-targeted STD NMR spectroscopy.

Nanodiscs

Size-exclusion chromatography (SEC) of POPC and POPG nanodisc samples showed
a symmetric sharp peak centred around 12.5"mL in both cases (Figure™1<figrl>). This
corresponds to a hydrodynamic radius of approximately 5**nm (=165""kDa), as previously
reported for nanodiscs assembled by using the membrane scaffold protein (MSP) 1D1
construct.[® The amount of discs obtained (area under the peaks) was very similar for both
lipid types. No eluate corresponding to aggregated species was observed, thus indicating that
the MSP-to-lipid ratio employed was optimally chosen to yield a monodisperse population of

nanodiscs.

On the other hand, POPE nanodiscs showed an heterogeneous size distribution in the
SEC profile. As for POPC and POPG nanodiscs, only the SEC fraction centred around

12.5"mL was used for NMR characterisation.



NMR spectroscopy

STD NMR experiments were carried out at high field (600 or 750"MHz), monitoring
the evolution of STD signals by varying the saturation time (tsat). Figure”2<figr2> shows the
STD NMR spectrum at 4™s saturation time for POPC- and POPG-only nanodiscs in the
presence of dopamine. The data show that, whereas the anionic POPG nanodiscs give rise to
intense dopamine STD signals for both the aromatic and aliphatic protons, the zwitterionic
non-hydrogen-bond-donor POPC lipids do not interact with dopamine or do so to a much
lower extent (no aliphatic and negligible aromatic STD signals are observed). Like POPC,
when the same experiments were carried out with zwitterionic hydrogen-bond-donor POPE
lipids, no STD signal was detected (Figure™3<figr3>). Thus, our results suggest that the
driving force of dopamine binding to POPG nanodiscs is the negatively charged PG head
groups, and not the rest of the lipid chain (or MSP acting as an interacting partner). In
addition, we show for the first time that dopamine does not bind POPE lipids. To further
confirm the lack of non-specific interactions of dopamine to MSP, a control STD experiment
in the presence of 25" uM MSP (no lipid) was performed; no dopamine resonances were

observed.

A previous study of dopamine interactions to model PC (DMPC) and PG (DMPG)
biomembranes by ITC showed the absence of binding to PC unilamellar vesicles, whereas
binding affinity increased with increasing PG content in DMPG vesicles. Importantly, the
observation of dopamine binding to POPG nanodiscs by STD NMR spectroscopy indicates
that the affinity of interaction is low (Ke=mmMm--um), that is, fast-exchange conditions on the
NMR timescale. This is supported in the same ITC study, in which an affinity constant of

705"MM~1 (j.e., Kp=~1.4""mm) for dopamine binding to DMPG vesicles was reported.[’]

To understand the molecular recognition between dopamine and PG lipids, STD NMR
spectroscopy experiments were carried out at different saturation times from 0.5"s to 6™\s.
This procedure allowed us to obtain the so-called STD build-up curves for dopamine binding
to POPG nanodiscs, and, subsequently, derive their initial slope and normalise all the STD
values against the highest one (H5, Figure®4<figr4>). Thus, we were able to map the main

contacts of dopamine to PG lipids in the bound state (binding epitope) at high resolution
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(Figure4<xfigr4>). 1t should be noted that the use of STD initial slopes increases the
accuracy of the method by avoiding the detrimental effects of the different relaxation

properties of the ligand protons on the determination of the binding epitope.[®

Interestingly, the epitope mapping indicates more intimate contacts to the aromatic
ring of dopamine compared to the carbon aliphatic moiety, with proton H5 receiving the
highest amount of saturation (1007%), followed by its vicinal proton H6. Saturation decreased
in the aromatic<Pr>aliphatic chain direction, being lowest for H8 (35"%); this suggests a
binding mode that would leave the aliphatic tail partially solvent expose (but still making
contact with the PG head groups), whereas the aromatic ring would establish close
interactions with the hydrophobic core of the POPG bilayer. These observations at the atomic
level provide new insights into the importance of the dopamine aromatic ring on binding to
PG lipids and bring the first molecular-level information on the localisation and orientation of
dopamine upon binding to PG-like membranes. Our STD NMR investigations therefore
complement previous ITC studies that lacked atomic resolution.l’ Overall, our results suggest
that, despite the molecular recognition of dopamine being driven by the negative charge on
the lipid, once association occurs, dopamine seems to reorient in order to establish more-
favourable hydrophobic interactions to the lipid tails. Future modelling studies will be
relevant to explain both the electrostatics and aromatic contributions on the mode of
interaction better, and the STD binding epitope provided here can aid qualitative restraints for

modelling.

The observations here indicate the that binding of small neurotransmitters to lipid
systems might typically be within the fast-exchange regime suitable for STD NMR
spectroscopy (low binding affinity, mm--um).[*%I Moreover, we show that saturation of the
lipid signals is a convenient source of spin diffusion within macromolecular scaffolds such as
MSP-assembled nanoplatforms such nanodiscs or Lipodisgs,[**! and thus represents a
powerful strategy for studying lipid--small molecule interactions at atomic resolution.
Importantly, lipid signals arising from monodisperse nanodisc samples are not so broad,;

therefore, specialised magic-angle-spinning solid-state NMR spectroscopy is not required, and



this makes them suitable lipid platforms for solution-state NMR binding studies for ligands

with exchange Kkinetics in the accessible range for STD NMR spectroscopy.

Additionally, our work 1)*confirms the lack of significant interactions of dopamine
to zwitterionic non-hydrogen-bond-donor POPC lipids, 2)*shows for the first time that
dopamine does not bind the zwitterionic hydrogen-bond-donor POPE lipids and, importantly,
3)provides more-detailed information on the nature of the interactions governing ligand
binding to lipids, thus using dopamine and POPG nanodiscs as a model system, compared to

previous ITC studies, which were unable to provide insights at the atomic level.

Experimental Section

MSPD1 expression and purification: The membrane scaffold protein 1D1 (MSP1D1)
construct was obtained from AddGene (plasmid 20061).12 The protein was expressed and purified
according to Ritchie et al.,® with modifications. Briefly, the protein was expressed in BL21(DE3)
Escherichia coli cells (Calbiochem) at 37/°C in 2L flasks containing <?><?>Terrific Broth
OK?<?><?> (500"mL) until the ODgoo reached 1.6. Expression was induced with isopropyl p-D-1-
thiogalactopyranoside (IPTG, 1"mm), and cells were harvested by centrifugation (80007g; 15™min,
47°C). Cells were lysed by sonication in a buffer containing pepstatin®*A (2" ug”mL<M~1), leupeptin
(2 ug mLM>1) and aprotinin (3" ug mLM>1). MSP1D1 was purified by <?><?>please define
IMAC<?><?> on a nickel column. The fractions containing MSP were pooled down and dialysed
against buffer (20Mmm Tris<M.>HCI, pH 7.4, 0.1"M NaCl, 0.5"mm EDTA) at 4*°C. The protein

sample was then filtered through a 0.22""mm filter, and 0.01"% NaN3; was added for storage.

<+>Nanodisc formation and purification: First, lipid films were formed by evaporation of
lipid dissolved in chloroform (1*mL, 25" mg*mL<"->1) in a rotavapor with fast spinning for
10" min, then they were left in the desiccator under vacuum (<10<M>5AT) overnight. The films were
then dissolved in lipid buffer (50°mm Tris, pH 7.4, NaCl 100"mm, EDTA 12mmM, sodium cholate
100”mm) to a concentration of 50°mm, sonicated for 1*min, freeze-thaw three times and further

sonicated for another minute.

<+>Nanodiscs were assembled by adding MSP to the solubilised lipid film at a MSP-to-lipid

ratio of <?><?>1:70 '1:61" ?<?><?> (241" uM and 14.7"mm, respectively). The mixture was



incubated for 1~h at 47°C. To remove the sodium cholate detergent, buffer equilibrated biobeads SM-
2 (400Mmg” mL<M>1) were added and the samples incubated overnight at 47°C. Finally, the biobeads
were removed by centrifugation (<?><?>10"000"rpm please give g value or rotor type<?><?>,
10"min, 47°C) and the supernatant was taken for purification by SEC on a Superdex 200 10/300 GL

gel filtration column.

<+>NMR spectroscopy: SEC-purified nanodiscs (fractions 11.5--14.5"mL) were
concentrated to 300" pL and a MSP concentration of about 70" uM was measured from absorbance at
280" nm; this was equivalent to 35”*uM of nanodiscs (2 MSPD1 proteins per disc). The
corresponding amount of nanodiscs to achieve a final concentration of 50 uM of MSP was buffer
exchanged into NMR buffer (phosphate-buffered saline, pH 7.4, 1007% D,0) by using Vivaspin
columns. A final volume of 280" uL was used in a 5**mm Shigemi tube. STD NMR experiments
were carried out on a Bruker Avance™ 1l 600"MHz or 750"MHz, equipped with cryoprobe, at
20"°C. For the POPC and POPG samples, solvent suppression (Watergate) and a 15"*ms spin-lock
filter were used after the 90° pulse to reduce residual signals from the protein (MSP). No solvent
suppression was used for the POPE sample. For selective lipid saturation, cascades of 49"ms
Gaussian-shaped pulses at a field strength of 50"Hz were employed, with a delay of 1*ms between

successive pulses.

<+>The on-resonance and off-resonance frequencies were set to 1.14 (lipid signal) and
50" ppm, respectively. The relaxation delay was properly adjusted so that the experiment time length

was kept constant (6™s).

<+>Control STD NMR experiments were carried out on a sample containing dopamine and

MSP in NMR buffer, saturating the MSP signal (0.74"ppm) during the on-resonance acquisitions.

<+>Epitope mapping of dopamine--POPG interactions: STD amplification factors (STD-
AFo) were calculated from the STD initial slopes. To do so, the evolution of the STD-AF with tst was
fitted to the monoexponential equation STD-AF(t)=a(1<M->exp(<M->bt)), in which the parameter a
represents the asymptotic maximum of the STD build-up curve (STD™), and b is the rate constant
that measures the speed of the STD build-up (ksat) and is related to the relaxation properties of a given

proton. Thus, the STD-AF, values were obtained <?><?>just ‘as the product ab' ?<?><?> [
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Figure™1  SEC profile (Superdex 200 10/300 GL gel filtration column) of POPC-
(<co0l={100,100,0,0}><L-></col>) and POPG-only (<col={0,100,100,0}><L-></col>)

nanodiscs.

Figure”2  STD NMR spectra of 25 um POPC (<col={100,100,0,0}><L-></col>) and
POPG (<col={0,100,100,0}><L-></col>) nanodiscs in the presence of 1**mm dopamine
(600MMHz, 207°C, 4™\1s saturation time). The on-resonance and off-resonance frequencies
were set to 1.14 (lipid signal) and 50" ppm, respectively. The inset shows the aromatic

protons of dopamine.

Figure™3  Reference (<col={100,100,0,0}><L-></col>) and STD
(<co0l={0,100,100,0}><L-></col>, x16) spectra of 25" umMm POPE nanodiscs in the presence
of 1mm dopamine (750"MHz, 207°C, 4"s saturation time). The on-resonance and off-

resonance frequencies were set to 1.14 (lipid signal) and 50"ppm, respectively.

Figure™4  A)YMSTD build-up curves of 1*mMm dopamine in the presence of 25 um POPG
nanodiscs. A)<col={0,100,100,0}><?qv></col>: H2, <col={100,0,100,0}><?kv></col>:
H5, <col={100,100,0,0}><?dov></col>: H6, <col={ }><?ql></col>: H7, <?kI>:
H8. B)*Binding epitope of dopamine derived from the initial slopes of the STD NMR build-
up curves. The numbers denote the fraction of saturation received from the POPG nanodiscs

by dopamine protons, relative to the maximum STD signal (H5, 100"%). Values close to
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1007% represent the most intimate contacts to the membrane surface in the bound state.

<?><?>Significance of red and blue?<?><?>



