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Figure 1.5. Supported Lipid Bilayer (SLB) design and mechanics. (A) SLBs contain a
bilayer separated from a rigid substrate by a thin layer of water. (B) Representative FRAP of
labeled lipids illustrating SLB lateral fluidity. Lipids in SLBs freely diffuse within the plane
on three representative substrates. Following photobleaching, diffusion causes photobleached
lipids to be diluted, and the average fluorescence to increase. The disappearance of a visible
bleached region indicates total recovery and a fluid bilayer. (C) SLB stiffness in comparison to
tissue, hydrogels, and glass substrates. SLBs are anisotropic, behaving like fluids in the XY-
plane, but stiffer than hydrogels in the Z-direction. The figure is used with permission from>*,
CopYTight 2017 EISEVIET. ....eiiiiiieciieeeiieeeieeectee et e e siteeestteeeaeeesaeeessaeessaaeessseeessseeessseeennseaenns 10
Figure 1.6. Chemical structures of four types of amphipols. (a) A polyacrylate-based APol,
A8-35 (87); (b) a phosphorylcholine-based APol, C22-43 (26); (¢) a nonionic, glucose-based
APol (71); and (d) a sulfonated APol (23). The figure was used with permission from®!.
Copyright 2011 ANNUAl REVIEWS. ...ccueiiiiiiiiiiiee et 11
Figure 1.7. Schematic representation of MSP-Nanodiscs. Nanodiscs are discoidal lipid
bilayer stabilized by encircling amphipathic helical scaffold proteins termed as membrane
scaffold protein (MSP). Reproduced with permission from>2. Copyright 2014 CRC Press....12
Figure 1.8. SMALP: a growing community. a) shows the number of peer-reviewed
publications per year since the first publication on SMALP appeared in May 2009. b) shows
the type of publication. Since the first article, 8 patents have been deposited, 24
communications and 210 research articles have been published. Also, 46 students received their
Ph.D. with dissertations on a topic that uses SMALP as a tool to investigate membrane proteins.
Notably, due to the multidisciplinary nature of the field, there have been 57 review articles in
the span of 10 years. Both graphs are updated until 31 December 2020. More details are
available at http:/WWW.SMaIP.DNEL.........oooiiiieiiie e e e 14
Figure 1.9. SMAs’ most common formulations. SMA has been used in the styrene-to-maleic
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Figure 1.10. An illustration of a three-step model for the formation of SMA based lipid-
nanodiscs. Step 1. Electrostatic interactions between the surface of the lipid bilayer and the
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Figure 1.11. Representative differential scanning calorimetry (DSC) thermograms of di-
16:0 PC lipids self-assembled in MLVs, SMA 2:1 nanodiscs and SMA 3:1 nanodiscs (left
panel). Nanodiscs were obtained at a SMA-to-lipid mass ratio of ~1.7. The inserted scale bar
at the top (MLVs) corresponds to 5 kcal/mol °C while the bar at the bottom (nanodiscs)
corresponds to 0.5 kcal/mol °C. (Right panel) Variation in A) T, and B) AHcal of the gel-to-
fluid phase transition of di-16:0 PC lipids in nanodiscs bounded by SMA 2:1 (blue circles)
SMA 3:1 (green circles) or SMA 4:1 (red circles). Data are given as averages obtained from
the 2nd and 3rd heating cycle from 2 independent samples. Errors representing the standard
deviation are covered by the markers. The figure is reproduced with permission from '3,
CopYright 2017 EISEVIET. ...eeueiiiiiiiiieiie ettt ettt ettt e st e bt e e nbeesseeenseas 17
Figure 1.12. Dispersity of polymers. Regardless of their composition, synthetic polymers are
dispersed. Dispersity, defined as B = Mw/M,, shows how the term “polymer” refers to a
plethora of macromolecules with different molecular weights distribution. ¢) denotes the ideal
case, typical of small molecules. b) refers to narrow molecular weight distribution, while a)
simulates the actual synthetic polymers. The larger the value of D is, the more disperse is the
POLYMET SAMIPIC. ....viieiiiiiieiieciteee ettt ettt e te et e e b e e teesnbe e tbeesbeessseenseessseenseennns 19
Figure 1.13. Variants of functionalization of the copolymeric backbone. The maleic acid
moiety can be “substituted” by maleimide rings (a) (e.g., SMI'*2, SMA-QA'>®) or
functionalized with pending groups (b) achieving different charge sign and densities (e.g.,
ZSMA* SMAd-A'>’, SMA-EA"S, SMA-ED'®, SMA-SH!%, etc.). In addition, the styrene
moiety might be replaced with other hydrophobic groups such as diisobuthyl groups or other
alchil- and aryl- chains (e.g., DIBMA!®, PAAs'3? PMAs!® STMABY). ..o, 20
Figure 1.14. Chemical structures of SMA copolymer and its derivatives. In the past 11
years, a variety of formulation has been synthesized. Because of the maleic anhydride ring's
reactivity, post-polymerization modifications were developed to expand the applicability of
SMAs. Compared to SMA copolymer with equal styrene-to-maleic anhydride/acid moieties,
SMA-SH'7, SMA-EA!*®, and SMA-Glu'®* formulations enable the perturbation of the charge
density in the copolymer chains. SMAd-A'>, SMA-ED!%, zZSMA!** and SMA-Neut!®* are
zwitterionic at neutral pH conditions. SMA-QA!3, SMI'*2, and SMA-Pos'®* are positively
charged at neutral pH values. SMA-SH'" allows further functionalization with fluorescent
tags, while SMA-EA-DOTA ! enables the insertion of paramagnetic ions. Finally, ST-10, and
ST-100 (discussed in Chapter 5) are paramagnetic SMAs, opening to EPR, PRE- and DNP-
NMR studies. Table 1 summarizes a few features of each copolymer. The asterisks indicate the

structures of the polymers discussed in this thesis..........cccoeevviieiiiiiiiiece e, 22
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Figure 1.15. Non-SMA copolymers for membrane protein investigations. A variety of non-
SMA copolymers has been proposed. DIBMA! is widely employed in the direct extraction
and stabilization of membrane proteins. AASTY'® is derived from the copolymerization of
styrene and acrylic acid monomers. STMA!S! uses stilbene in place of styrene monomers,
tuning the rigidity of the copolymer chains. PMAs!>® (formulation N-C4-60-4.7) and PAAs'3?
(formulations pentyl- and hexyl-PAA) were developed in the Ramamoorthy lab and have
shown to be promising in membranes solubilization. Table 1.2 summarizes a few features of
€ACK COPOLYIMIET. ..ottt ettt et e e b e e seesbeesabeenseensneenseas 23
Figure 1.16. SMA derivatives that form lipid nanodiscs. Hydrophilic functionalization to
enhance polymer nanodisc features and applications. Molecular structures of SMA based
polymer derivatives used to form lipid-nanodiscs (left panel) and illustrations of “sushi-like”
lipid-nanodiscs (right panel). As reported in our publications'>*!>>173 the ability of a synthetic
polymer to solubilize lipid aggregates is characterized by static light scattering (SLS)
experiments on multilamellar vesicles (MLVs), TIRF based fluorescence experiments, and
phosphorus-31 NMR experiments. Polymer-based nanodiscs are prepared via the self-
assembly process by directly mixing an appropriate ratio of polymer and lipid(s) in a buffer.
Then, the mixture is incubated and purified by size-exclusion chromatography (SEC). The
purified nanodiscs are characterized by dynamic light scattering (DLS) experiments to
determine the size distribution and transmission electron microscopy (TEM) images to evaluate
the size homogeneity of polymer-based lipid-nanodiscs. Finally, the isotropic nanodiscs are
further characterized by solution NMR spectroscopy, while the anisotropic macro-nanodiscs
are analyzed using a variety of solid-state NMR experiments, including 3'P, N, 2D 'H/'H
RFDR, SLF, and 2D 'H/'*C HETCOR. Based on the experience gained and different protocols
used in the investigation of a variety of polymers, lipids, and proteins in the Ramamoorthy lab,
the use of freeze-thaw cycles for some of the lipids, including POPC, POPG, and DSPC, is
required in the preparation of polymer-based nanodiscs; further optimization may be required
depending on the sample/system under investigation. In addition, sample preparation
procedures for a successful reconstitution of a membrane protein need to be adapted based on
the physicochemical properties of the protein under investigation. For a given membrane
protein, magnetic alignment of macro-nanodiscs (large-size nanodiscs) and successful
implementation of solid-state NMR experiments require optimization of various parameters,
including the lipid:polymer ratio, concentration of nanodiscs, amount of paramagnetic (for

example, lanthanide) salt, and temperature. Copyright 2018 Elsevier. ..........cccccevveveiiennennnen. 24
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Figure 1.17. pH stability of polymer nanodiscs. A schematic representation of the stability
of various polymer nanodiscs under different pH values based on the experimental

characterization as reported elsewhere!>*!3185 Copyright 2018 Elsevier............c.cocovvueunnn... 27
Chapter 2

Figure 2.1. The Zeeman effect and fundamentals of NMR spectroscopy. A) Shows the
origin of the Zeeman effect. Giving an ensemble of spin-1/2 nuclei, in the absence of an applied
magnetic field, all the spins are degenerate. If a magnetic field By is applied, the splitting of
energy levels is generated, and the energy gap, AE, is proportional to the gyromagnetic ratio
and the magnitude of the magnetic field. B) Applying a sequence of RF pulses of comparable
energy to the AE, spins are excited, i.e., they flip. C) The free induction decay, FID, is then
4 [T <7 RS SPRTS PR 49
Figure 2.2. PRE and molecular systems. (A) Schematic representation of how acquisition
time is affected by the recycle delay. Shorter T; reduces the recycle delay, shortening the
experiment. (B) The dependence of relaxation times (T and T2) on the tumbling rate of
molecules. This scheme shows that the molecular size plays an active role in both tumbling
and relaxation. An optimal range (in light green) is indicated where T2 is not significantly
affected by the decreased Ti. ......oiiiiiiiiii e 50
Figure 2.3. Chemical structures of stable free-radicals and metal chelating agents
commonly involved in PRE studies. (A) Nitroxide spin labels 1-oxyl-2,2,5,5-tetramethyl-3-
pyrroline-3-methyl-methanethiosulfonate (MTSL) and 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO). (B) Linear metal chelators ethylenediaminetetraacetic acid (EDTA), and
diethylenetriaminepentaacetic acid (DTPA). (C) Macrocyclic metal chelating agents 1,4,7-
triazacyclononane-1,4,7-triacetic acid (NOTA), and 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic aCIAd (DIOTA). ..cciiieiie ettt ettt e et e et e e et eeeeteeeaaeesnsaeessaeeennseeenns 53
Figure 2.4. Schematic representation of the tagging strategies for PRE studies. (A) Direct
or intramolecular labeling, (B) Indirect or intermolecular labeling, (C) Solvent PREs arising
from random interactions between a macromolecule and paramagnetic co-solute molecules.
InSpired by TeferenCe®. ........coovoviieeeeeeeeeeee ettt 55
Figure 2.5. T1 'H relaxation times observed from collagen, powdered cortical bone, and
demineralized bone in the absence and in the presence of Cu—EDTA (30 mM). The T,
values were determined from 'H-spin-inversion recovery experiments, and the reported errors

were estimated from the best-Fitting of experimental data. All measurements were performed
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on a 600 MHz Bruker AVANCE solid-state NMR spectrometer. A, alanine; L, leucine; P,
proline; E, glutamic acid; O, hydroxyproline; G, glycine; CO, carbonyl. The signals from (Pa,
Oa) and (Oa, Ea) overlap in the '3C NMR spectrum. Adapted with permission from!'®.
Copyright 2012 American Chemical SOCIELY. .......cccveviiiriiiiiieiieeieee e 58
Figure 2.6. 2D 'H/'H chemical shift correlation spectra of bicelles without (A) and with (B)
2.56 mM copper-chelated lipid obtained under 5 kHz MAS with total data collection times of
11 and 1.77 h, respectively. A 6.2-fold reduction in data collection time with a similar S/N ratio
was made possible by the use of the copper-chelated lipid, as can be seen from the 1D spectral
slices taken at (top) 1.34 and (bottom) 3.25 ppm with (red) and without (black) the copper-
chelating lipid. An RFDR7 sequence with a 100 ms mixing time and a 100 ms low-power pulse
for water saturation at 35 °C was used; 512 tl1 experiments with 32 scans were used, with
recycle delays of 0.2 s (with copper-chelating lipid) and 2 s (without). (C) The structure of
DMPE-DTPA (1,2-ditetradecanoyl-sn-glycero-3-phosphoethanolamine-N-
diethylenetriaminepentaacetic acid). (D) Molecular structure of  DTPA
(diethylenetriaminepentaacetic acid) chelated with a copper ion. DTPA is one of the common
metal ion chelators. Adapted with permission from’. Copyright 2010 American Chemical
SOCIELY ..ttt ettt ettt b e ettt a et ebe b enee 59
Figure 2.7. (A) Representation of lipid bilayers containing a paramagnetic copper-chelated
lipid and Subtilosin A, a 35-residue cyclic antimicrobial peptide that has been shown to interact
with lipid bilayers with the membrane orientation depicted in (A). (B) N spectra of aligned
7:3 DMPC/DHPC bicelles containing 12-14% uniformly "N labeled (only 70-82 nmol)
Subtilosin A (red) with and (black) without the 2.56 mM copper-chelated lipid. The spectra
were obtained on a 400 MHz Varian NMR spectrometer using a ramped-amplitude cross-
polarization (ramp-CP) sequence with a contact time of 0.8 ms under static conditions at 37
°C. While the total data collection time was 8 h for both spectra, the recycle delay was different
for samples without (2 s) and with (1 s) the copper-chelated lipid. The transfer of the
paramagnetic effect in T reduction for nuclei in the membrane via proton spin diffusion is also
indicated in (A). (C) Primary structure of the antimicrobial peptide Subtilosin A. Adapted with
permission from’®. Copyright 2010 American Chemical SOCIEty. .........cocooovvevereerrvreerriernnn. 60
Figure 2.8. Four-fold increase in the sensitivity of 2D SOFAST-HMQC experiments. (A)
2D SOFAST- 'H/'*N-HMQC spectrum of a 9.3 mM (unlabeled) MSI-78 (also known as
pexiganan) incorporated in DMPC/DHPC isotropic bicelles (q = [DMPC]/[DHPC] = 0.25,
DMPC: 1,2- dimyristoyl-sn-glycero-3-phosphocholine, DHPC: 1,2-dihexanoyl-sn-glycero-3-
phosphocholine) containing a 2.96 mM copper-chelated DMPE lipid. (B) 3D structure of MSI-
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78 embedded in bicelles along with its amino acid sequence. (C) Signal-to-noise ratio obtained
from 2D SOFAST-HMQC spectra of a 9.3 mM unlabeled MSI-78 in q = 0.5 isotropic bicelles
without copper-chelated lipid (black) and with a 2.96 mM copper-chelated lipid (red). (D) 1D
'H chemical shift projection spectrum obtained from 2D SOFAST- 'H/'>N-HMQC spectra that
were obtained with no copper (black) and a 2.96 mM Cu?’’-DMPE-DTPA (red). All spectra
presented in this study were obtained from a 900 MHz Bruker NMR spectrometer at 35 °C
using a cryoprobe. Each 2D SOFAST-HMQC spectrum was obtained from 64 t1 experiments,
256 scans, and a 100 ms recycle delay; the total data collection time (including the acquisition
time and delays in INEPT) was ~54 min. Adapted with permission from*. Copyright 2011
American Chemical SOCIELY. ....c.c.coiiriiiiiriiiiiiieteeee ettt 61
Figure 2.9. Site-specific 'H T1 relaxation times of the backbone resonances of [U-1°N]-
SLN oriented in lipid bicelles with 5% Cu?*-chelated lipids measured by the 2D inversion
recovery SAMPI4 experiment. B) Mapping of the site-specific T; relaxation times on SLN
structure (blue), where unobservable/overlapped residues in the SAMPI4 spectrum are shown
in white. C) 2D SE-SAMPI4 spectra of [U->N]-SLN without paramagnetic and d) with 5%
Cu?'-chelated lipids. The average '°N linewidths for isolated peaks are 82.9 Hz and 86.7 Hz
without and with 5% Cu?’-chelated lipids, respectively. Adapted with permission from!!.

Copyright 2018 EISEVIET. ...ccuviiiiiiiiieiiiieiie sttt ettt ettt ettt et e st e bt e e beesneeeneeas 62
Chapter 3

Figure 3.1. Reaction scheme for the synthesis of SMA-EA-DOTA: 1) The nucleophilic ring
opening reaction using DOTA-t-butyl-acetate. 2) Nucleophilic ring opening reaction using
ethanolamine. 3) TFA deprotection 0f DOTA.........ccoiiiiiiiieieeeeeee e 89
Figure 3.2. FT-IR spectra of copolymers. a) SMAnh (gray), SMA-EA (red), and SMA-EA-
DOTA (blue); b) Expanded regions showing the C=0 stretching frequency (2000-1400 cm™).

Figure 3.3. DLS of nanodiscs. DLS profiles of 1:1 w/w DMPC:SMA-EA (in red) and
DMPC:SMA-EA-DOTA (in blue). a) The mass profiles, and b) intensity profiles. Both were
obtained on samples passed through SEC. ........cccoooiiiiiiiiiiii e 91
Figure 3.4. Static Light Scattering metal titrations. SLS traces obtained by titrating 1 mg of
SMA-EA nanodiscs (left column) and SMA-EA-DOTA nanodiscs (right column) with a
solution of varying metal ion concentration. The concentration values were obtained by fitting

the experimental points, obtained in tripliCate. ..........ceceeveriiirieriiiiinieeeereeeeeeee e 92
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Figure 3.5. Characterization of polymers and polymer nanodiscs. a) Molecular structures
of SMA-EA and SMA-EA-DOTA. b) FT-IR spectra of the starting material (SMAnh) and
synthetic polymers. FT-IR results confirm the functionalization of the starting material
(SMAnh in dark gray) and similarities among SMA-EA (in red) and SMA-EA-DOTA (in blue).
Full spectra are included in Figure 3.2. ¢) Dissolution of multilamellar vesicles (MLVs) by
SMA-EA (red) and by SMA-EA-DOTA (blue) for a 1:1 lipid:polymer weight ratio. d) Stability
of DMPC:SMA-EA 1:1 w/w and DMPC: SMA-EA-DOTA 1:1 w/w macro-nanodiscs against
different metal ions. Size exclusion chromatography (e) and DLS (f) profiles for 1:1 w/w ratio
of DMPC:SMA-EA and DMPC:SMA-EA-DOTA samples. The DLS profiles were obtained
after SEC purification for the nanodiscs fraction highlighted in (e). The intensity profile can be
fOUNA 1N FIZUIE 3.4 .o ittt ettt et et e e sbeesaesebeessbeenseessseenseas 95
Figure 3.6. Use of paramagnetic metal-chelated polymers to speed-up NMR data
acquisition. A schematic representation of how SMA-EA-DOTA copolymer-based nanodiscs
chelated with paramagnetic metals can be used to reduce T relaxation times and to shorten the
recycle delay between the successive scans in NMR data acquisition. ...........ccceeeveeveenerennnen. 96
Figure 3.7. NMR spectra of nanodiscs in the presence of Gd3' ions. a) Schematic
representation of a macro-nanodisc. b) Molecular structure of 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC). ¢) 'H NMR spectra of 1:1 w/w DMPC:SMA-EA (red) and
DMPC:SMA-EA-DOTA (blue) macro-nanodiscs. d) 'H NMR spectra of 1:1 w/w DMPC:
SMA-EA (red) and SMA-EA-DOTA (blue) nanodiscs titrated with the indicated amount of
Gd** ions. All NMR were obtained using 4 mg of lipids in 10 mM phosphate buffer (pH = 7.4)
1N 100% D20 at 35%C . .ttt 97
Figure 3.8. Measurement of T1 for protons. Spin-inversion NMR experimental data obtained
from 1:1 w/w DMPC:SMA-EA-DOTA nanodiscs to determine T values of protons for varying
concentrations of Gd** as indicated. Equation 1 was used to obtain the best-fitting values given
T TADIE 1. oottt ettt et e st at e s bt b e et e e sateenbeenneeenteas 98
Figure 3.9. Efficiency of paramagnetic metal ions in shortening Ti. T comparison among
the different investigated metal ions at [Ln*"] = 0.5 mM. The black bar represents the data
obtained from a control sample, 1:1 (w/w) DMPC: SMA-EA-DOTA without paramagnetic
metal ions. Data shown for 'H peaks of a) styrene/aromatic group, b) y methyl groups in the
quaternary ammonium of DMPC, c) the methylene groups from the acyl chains (C4-C13) of
DMPC, and d) the terminal acyl-chain methyl groups (C14) of DMPC. Each of the NMR
samples used in these measurements consisted of 4 mg of DMPC in 10 mM Phosphate buffer
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Chapter 4

Figure 4.1. Pyrene essay on copolymer solutions. Panels on the left show a selection of
pyrene fluorescent spectra in the presence of various concentrations of copolymers. Gray
arrows highlight the variation in the fluorescence intensity of the peaks I; and I3 for varying
the concentration of copolymer. The change is consistent among the whole spectrum. Panels
on the right show the /I3 average of three independent experiments against the decimal
logarithm of the polymer concentration (in mg/mL). Error bars correspond to the standard
deviation among them. The yellow arrow points at the flex (xo) of each curve obtained using a
SIGMOTAAL FIEHINE. ...viiiiiiiiecie ettt e st e e beesteeebeesebeenseessseenneas 115
Figure 4.2. Pyrene essay on unpurified copolymer-lipid nanodiscs solutions as a function
of the copolymer concentration (mg/mL). Panels on the left show a selection of pyrene
fluorescent spectra in the presence of various concentrations of copolymers. Gray arrows
highlight the variation in the fluorescence intensity of the peaks I; and I3 for varying the
concentration of copolymer. The change is consistent among the whole spectrum. Panels on
the right show the I1/13 average of three independent experiments against the decimal logarithm
of the polymer concentration (in mg/mL). Error bars correspond to the standard deviation
among them. The yellow arrow points at the flex (xo) of each curve obtained using a sigmoidal
FTEEITIZ. ettt ettt b ettt b et e ae e bttt b et sab e sbe et eaees 116
Figure 4.3. Pyrene essay on unpurified copolymer-lipid nanodiscs solutions as a function
of phospholipids concentration (mM). Panels on the left show a selection of pyrene
fluorescent spectra in the presence of various concentrations of copolymers. Gray arrows
highlight the variation in the fluorescence intensity of the peaks I; and I3 for varying the
concentration of copolymer. The change is consistent among the whole spectrum. Panels on
the right show the I1/15 average of three independent experiments against the decimal logarithm
of the lipid concentration (in mM). Error bars correspond to the standard deviation among

them. The yellow arrow points at the flex (xo) of each curve obtained using a sigmoidal fitting.

Figure 4.4. Pyrene essay on SEC-purified copolymer-lipid nanodiscs solutions as a
function of phospholipids concentration (mM). Panels on the left show a selection of pyrene
fluorescent spectra in the presence of various concentrations of copolymers. Gray arrows
highlight the variation in the fluorescence intensity of the peaks I and I5 for varying the
concentration of copolymer. The change is consistent among the whole spectrum. Panels on
the right show the I1/15 average of three independent experiments against the decimal logarithm
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of the lipid concentration (in mM). Error bars correspond to the standard deviation among

them. The yellow arrow points at the flex (xo) of each curve obtained using a sigmoidal fitting.

Figure 4.5. Size Exclusion Chromatograms of 1:1 w/w copolymer-DMPC nanodiscs. For
each sample, the first peak is associated with the copolymer-lipid nanodiscs, while the second
peak is associated with the micellar species formed by each copolymer in solution. ........... 119
Figure 4.6. "H-NMR spectra of SMA-EA:DMPC 1:1 (w/w) nanodiscs. Samples are
recorded in the presence of 10 mM sodium cholate. To assess the molar concentration, the peak
associated with quaternary ammonium protons from DMPC (~3.3 ppm) is integrated vs. the
peak at ~0.75 ppm from the cholate...........ccoeiiiiieiiiiiee e 120
Figure 4.7. "TH-NMR spectra of SL25010 P:DMPC 1:1 (w/w) nanodiscs. Samples are
recorded in the presence of 10 mM sodium cholate. To assess the molar concentration, the peak
associated with quaternary ammonium protons from DMPC (~3.3 ppm) is integrated vs. the
peak at ~0.75 ppm from the cholate............ccoeeeiiieiiieie e 121
Figure 4.8. "TH-NMR spectra of SL30010 P:DMPC 1:1 (w/w) nanodiscs. Samples are
recorded in the presence of 10 mM sodium cholate. To assess the molar concentration, the peak
associated with quaternary ammonium protons from DMPC (~3.3 ppm) is integrated vs. the
peak at ~0.75 ppm from the cholate...........ccueeiiiieiiiiiieeee e 121
Figure 4.9. "TH-NMR spectra of SL40005 P:DMPC 1:1 (w/w) nanodiscs. Samples are
recorded in the presence of 10 mM sodium cholate. To assess the molar concentration, the peak
associated with quaternary ammonium protons from DMPC (~3.3 ppm) is integrated vs. the
peak at ~0.75 ppm from the cholate.............ccoeiiiiiiiiiiiiii e 122
Figure 4.10. "TH-NMR spectra of 10 mM Sodium Cholate in 100% D20. The peak used for
integration is at 0.75 ppm, corresponding to the methyl group C18...........ccccvvvvriiveniiennnnnn. 122
Figure 4.11. Raman vibrational spectrum of the 1 mg/mL unpurified SMA-EA:DMPC
1:1 (w/w) nanodiscs solution sample shown in Figure 4.15....................ccccoiininnn. 123
Figure 4.12. Chemical structures of SMA-based copolymers and copolymer-lipid
nanodiscs. a) Chemical structured of the copolymers used in this study. The chemical structure
of XIRAN® copolymers (SL25010 P, SL30010 P, SL40005 P) by Polyscience® are shown on
the left and differ from each other for molecular weight and styrene-to-maleic acid (x:y) molar
ratio. SMA-EA is a functionalized, low-molecular-weight derivative of SMA with a reduced
charge density®¢. More details are provided in Table 1. All structures are shown in their fully
protonated form. b) Simplified schematic representation of the chemical equilibrium between

«nanodisc-bound» and «unbound/free-micellar» copolymer chains. ............ccccoeevienirenennne. 124
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Figure 4.13. Pyrene fluorescence spectra for (a) «free» copolymers and (b) copolymer-
lipid nanodiscs upon excitation at 331.5 nm. a) Fluorescence spectra of pyrene in the
presence of SMA-EA (black line), SL25010 P (red line), SL30010 P (blue line), or SL40005
(green line) copolymers «free» in solution and at the highest concentration used in this study.
b) Fluorescence spectra of pyrene in the presence of unpurified SMA-EA-based nanodiscs
(black line), SL25010 P based nanodiscs (red line), SL30010 P based nanodiscs (blue line), or
SL40005 P (green line) at the highest concentration used in this study. In purple, both a) and
b) shows the fluorescence spectrum of 1 uM pyrene and can be associated with the most diluted
sample, or the «infinite dilution sample.» Each sample was prepared in 10 mM ammonium
acetate buffer at pH 7 at 25 °C, recorded at 25 °C, and pyrene concentration was kept constant
Y V11 DO TSRS PRU PSSP 126
Figure 4.14. Copolymers show drastic changes in the presence of phospholipids. a) Plots
of the pyrene Ii/I3 ratio against the decimal logarithm of the copolymers' concentration in
mg/mL. As expected from the physicochemical properties listed in Table 4.1, the polymer
SL25010 P (circles in red) results in the most hydrophobic, while SL40005 P (triangles in
green) is the most hydrophilic. SMA-EA (black squares) and SL30010 P (blue triangles) show
comparable responses. b) Plots of the pyrene Ii/I ratio against the concentration of copolymer-
lipid nanodiscs in solution. The concentration is reported as a function of the polymer
concentration's decimal logarithm in mg/mL. Interestingly, the differences observed in a)
become negligible among all the copolymers when interacting with lipids. Both a) and b) show
the average of three experiments obtained from independent samples. Each sample was
prepared in 10 mM ammonium acetate buffer at pH 7 at 25 °C, recorded at 25 °C, and pyrene
concentration was kept constant at 1 pM. Data, error bars, and fitting are reported in Figures
A1 ANA 4.2, et ettt ettt e b e et nbee s teenaeeea 127
Figure 4.15. AFM images and depth profiles above and below the c.m.c. of SMA-EA
copolymer. a) AFM image of a sample of 1 mg/mL DMPC:SMA-EA 1:1 w/w. I) and II) are
the depth profiles indicated in a). b) AFM image of a sample of 0.001 mg/mL DMPC:SMA -
EA 1:1 w/w. III) and IV) are the depth profiles indicated in b). The Raman spectrum is shown
TN FIGUIE 4. 11 oottt ettt et e e st e e bt e et e e sseesaseenseeenseeees 128
Figure 4.16 - Comparison of the pyrene I1/I3 ratio against the concentration of unpurified
(squares) and purified (circles) copolymer-nanodiscs in solution. By purification through
SEC, removing the micellar polymer not bound to the nanodiscs edge causes a consistent
horizontal shift for all of the copolymer formulations investigated, as reported from a) to d).

The micellar polymer removed by SEC is either an excess or in chemical equilibrium among
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the states «nanodiscs-bound» and «unbound/free-micellar» in solution. Each sample was
prepared in 10 mM ammonium acetate buffer at pH 7 at 25 °C, recorded at 25 °C, and pyrene
concentration was kept constant at 1 pM. Data, error bars, and fitting are reported in Figures
4.3 and 4.4. The concentration of SEC-purified copolymer-lipid nanodiscs was assessed

through '"H NMR using sodium cholate as an internal standard and reported in Figures 4.6-4.9.

Chapter 5

Figure 5.1. Synthesis of ST-10 and ST-100 copolymers. The figure shows the scheme of
reaction to obtain both ST-10 and ST-100 copolymers from SMAnh starting material. The
synthesis involves a nucleophilic ring-opening reaction. For ST-10, step 1 involves the addition
of ~10-15% of 4-amino-TEMPO before treatment with an excess of ethanolamine (EA). ST-
100 involves a 1-step functionalization with an excess of 4-amino-TEMPO. Both copolymers
are synthesized in anhydrous NMP, using triethylamine (Et3:N) as the base...........cc.c......... 142
Figure 5.2. Full FT-IR spectra of SMAnh, SMA-EA, ST-10, and ST-100 copolymers. 142
Figure 5.3. Characterization of polymers and polymer nanodiscs. a) Shows the structures
of the SMAnh (the starting material), SMA-EA, ST-10, and ST-100 copolymers. b) FT-IR
spectra of the starting material (SMAnh - purple), SMA-EA (light blue), ST-10 (orange), and
ST-100 (red). FT-IR results confirm the functionalization of the SMAnh and show similarities
among SMA-EA, ST-10, and ST-100. Full spectra are presented in Figure 5.2................... 145
Figure 5.4. CW-EPR spectra of copolymers and copolymer nanodiscs. The top panels show
data from a solution of ST-10 (top-left panel) and nanodiscs with DMPC in a 2:1 w/w ratio
(top-right panel). The bottom panels show a solution of ST-100 (bottom-left panel) and ST-
100:DMPC nanodiscs in a 2:1 w/w ratio (bottom-right panel)............cccceeerverienennennicnenn 146
Figure 5.5. 'H NMR spectra of paramagnetically labeled nanodiscs varying the free
radical concentration. a) shows 'H spectra of 1, 2, 4, and 10 mg ST-10:DMPC (1:1 w/w)
nanodiscs. Significant broadening effects are observed for the 10 mg sample. b) shows the 'H
spectra of 1, 2, 4, and 10 mg of ST-100:DMPC (1:1 w/w) nanodiscs. Due to the larger
concentration of free radicals in ST-100, broadening effects are more prominent, starting from
lower COPOlYMEr CONCENTIALIONS. ......ccuviieiiieeiiieeiieeeteeerteeeeeeetteeeaeeeebaeesreeessaeeennseeennseens 147
Figure 5.6. Measurement of T1 for protons. The figure shows the experimental data obtained
inversion recovery NMR experiments for 1:1 w/w DMPC:ST-10 nanodiscs (top) and 1:1 w/w
DMPC:ST-100 nanodiscs (bottom) at 35°C for both to determine T; values of protons varying
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the free radicals concentrations as indicated. Equation 1 from Chapter 3 was used to obtain the
DEST-TItHING VAIUES. ....vveeeiiieceeete ettt e et e e et e e et eeessaeeesseeeessaeensseeennnes 149
Figure 5.7. A comparison of T1 for protons of ST-10 and ST-100 based nanodiscs. Spin-
inversion NMR experimental data obtained from 4 mg 1:1 w/w ST-10:DMPC and ST-
100:DMPC nanodiscs to determine T values of protons. Equation 1 from chapter 3 was used
to obtain the best-fitting values given in Tables 1-3, chapter 5.........ccccccevvvieiiieccieeccieee, 151
Figure 5.8. Efficiency in paramagnetic labeling of copolymer nanodiscs. Graphical
comparison of the T values reduction in the 1:1 w/w copolymer-lipid nanodiscs reported in
this thesis. SMA-EA-DOTA loaded with [Gd**] = 0.5 mM (reported in chapter 3), 4 mg of ST-
10, and 4 mg of ST-100 all show T reduction because of the presence of paramagnetic labels
in the outer rim of the copolymer-nanodiscs. Values are expressed in percentages for the

diamagnetic SMA-EA copolymer (T1 100%0). ...cccorerieriiiieiinieieeesteeeeseee e 152

Chapter 6

Figure 6.1. Examples of nanomedicine. Different applications of nanoparticles involved in
therapy and diagnosis. Figure reproduced with permission from reference®. Copyright 2017
DIOVE PIESS. ittt ettt ettt et 159
Figure 6.2. Structure of liposomes for drug delivery and diagnostics. Liposomes are
colloidal drug carriers consisting of a phospholipid bilayer surface enclosing an aqueous core.
Hydrophilic components can be entrapped inside the aqueous core, while the lipophilic
components can be incorporated between the lipid bilayers. On the liposomes surface, different
particles that target the interest cells can be attached. To avoid the immune system response,
the liposomes surface is loaded with a polymer called polyethylene glycol. Thus, the cargo is
protected and is discharged into the target cells. Reproduced with permission from reference’.
Copyright 2017 DOVE PIESS. ...uviiiiiiiiiiieeciie ettt saee e e e snaeeennaee s 160
Figure 6.3. Polymer-based nanomedicine. Schematic showing: panel (a) the relationship
between nanomedicines and polymer therapeutics, and typical structures of polymer conjugates
and their routes of administration. Reproduced with permission from reference’. Copyright
2011 EISEVIET. ..eeutieiieiitette ettt ettt ettt e eb e ettt e et e bt e eabeenbeesabeenaeeens 161
Figure 6.4. Schematics of the EPR effect. Passive targeting relies on cell-specific functions
or local environments specific to target the tissue to facilitate uptake and accumulation in tumor
tissues and inflammatory sites. Reproduced with permission from reference’. Copyright 2017

DOV PSS, ettt e et —aaa——_. 164
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Figure 6.5. SMA-EA-DOTA:lipids nanodiscs for magnetic resonance imaging. The HDL-
like supramolecular architecture and the self-assembling nature makes copolymer nanodiscs
good MRI CA candidates. All the components are considered to show low toxicity. .......... 165
Figure 6.6 — Gd**-loaded DMPC:SMA-EA-DOTA 1:1 w/w nanodiscs as macromolecular
CAs. The figure shows a comparison of the Ti and T times reduction of samples of
DMPC:SMA-EA 1:1 (w/w) (top panels) and DMPC:SMA-EA-DOTA 1:1 (w/w) (bottom
panels) in the presence of Gd**-ions. As seen in the figure, chelated Gd*>* ions (bottom panels)
affect T1 and T differently than the free in solution counterpart (top panel)....................... 166
Figure 6.7 — Mn?**-loaded DMPC:SMA-EA-DOTA 1:1 w/w nanodiscs as macromolecular
CAs. The figure shows a comparison of the T; and T times reduction of samples of

DMPC:SMA-EA-DOTA 1:1 (w/w) loaded with different concentrations of Mn?" ions. ..... 167
Appendix

Figure S1. T1 measurements for DMPC: SMA-EA 1:1 (w/w) macro-nanodiscs. a) the
stacking of 1D "H-NMR spectra in the presence of different concentrations of [Gd**] ions. b),
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ABSTRACT

Membrane proteins are critical components of any cell, and their malfunction is associated with
numerous diseases. For this reason, they represent a primary target for various drugs on the
market, but both academic and pharmaceutical research is hindered by the challenges
associated with obtaining stable and functioning samples.

Artificial lipid membranes are crucial for the investigation of membrane proteins because of
their ability to simulate the amphipathic native-like environment of the cell membrane. Recent
studies have shown the dramatic advantages of using lipid/nanodiscs as compared to other
types of membrane mimetics. While the nanodiscs prepared using scaffold proteins, peptides,
and proteins have their advantages and limitations; there is significant interest in synthetic
polymers because of the broad scope and feasibilities. Macromolecules such as copolymers of
styrene and maleic acid (SMA) interact with lipids forming stable discoidal nanoparticles made
of bilayer patches wrapped by the polymeric belt. These copolymers have also been used to
extract membrane proteins directly from their native environment and isolate them into
nanodiscs without using detergents. Despite the many successes reported in the literature,
copolymer-nanodiscs still show several limitations, and new formulations are under
development. The Ramamoorthy research group focused on the hydrophilic functionalization
of a low molecular-weight SMA copolymer. This approach allowed for the tuning and
enhancement of these polymers, particularly in the field of nuclear magnetic resonance (NMR)
spectroscopy.

NMR is widely employed to study nanodiscs reconstituted membrane proteins but suffers from
its intrinsic low sensitivity, which necessitates long data acquisition times. Paramagnetic
resonance enhancement (PRE) is among the strategies that have been used to enhance the
sensitivity of NMR by reducing the spin-lattice relaxation or T1, a key parameter in assessing
the duration of the required data acquisition. However, PRE requires the introduction of PRE-

agents in the sample that could alter the sample's stability and function.
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This thesis reports a novel PRE-agent that does not involve (i) direct labeling of membrane
proteins, (ii) the alteration of the surrounding lipid composition, or (iii) the presence of free
metal ions in the sample. Specifically, SMA-EA-DOTA copolymer allows the chelation of
paramagnetic ions directly in the copolymer-lipid nanodiscs' outer rim without contaminating
the nanodiscs' constituents such as lipids and proteins, enabling Ti-reduction. A variety of
lanthanide ions are investigated to quantify the PRE effects and for use in nanodiscs-enabled
studies on membrane systems.

Since nanodiscs-forming copolymers act, de facto, as macromolecular detergents, this thesis
also investigates the relationship between the critical micelle concentration (c.m.c.) of a set of
SMA-copolymers and their ability to form nanodiscs. It was found that the interaction with
phospholipids alters the copolymers' c.m.c. values, and the existence of an equilibrium between
the «free» or «micellar» copolymer chains and the «nanodiscs-bound» copolymer chains.
Because of this equilibrium, the thesis speculates the possibility of substituting inexpensive
copolymers after membrane proteins isolation and purification with paramagnetically-tagged
copolymers for magnetic resonance studies. Aside from PRE-NMR, membrane proteins
reconstituted in paramagnetically-labeled nanodiscs, such as SMA-EA-DOTA, ST-10, ST-100,
and mixed formulations, can be studied using other biophysical techniques including electron
paramagnetic resonance and dynamic nuclear polarization NMR.

Finally, paramagnetically-tagged copolymer nanodiscs can find new applications outside the
biophysical and biochemical fields. For instance, these bioinspired paramagnetic nanoparticles
might find applications in the fields of drug delivery and magnetic resonance imaging as

macromolecular contrast agents for better diagnosis of solid tumors.
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Chapter 1
Introducing SMALP for the Study of Membrane Proteins

The content for this chapter is partially included in the review article:

Ravula Thirupathi, Hardin Nathaniel Z., Di Mauro Giacomo M., Ramamoorthy Ayyalusamy,

Styrene maleic acid derivatives to enhance the applications of bio-inspired polymer based lipid-
nanodiscs, European Polymer Journal, 108, 11/2018, 597-602,
DOI: 10.1016/j.eurpolym;j.2018.09.048



1.1. Outline of this thesis

The study of structure, dynamics, and function of membrane proteins through biophysical and
biochemical approaches heavily relies on membrane mimetics. Among the various alternatives, lipid
nanodiscs are the latest development in the field and are increasingly used for multiple applications.
Lipid-nanodiscs are lipid bilayer patches surrounded by an amphipathic belt and can be formed using
either polypeptides or synthetic copolymers. This latter approach exhibits unique advantages. First,
synthetic copolymers allow the direct extraction of membrane proteins from the cell membranes
without requiring additional detergents that have been connected to proteins inactivation. Second, the
ease of functionalization makes copolymer-nanodiscs highly customizable. For these reasons, recent
advances in the development of nanodiscs-forming copolymers are attracting new attention to the
field of membrane protein investigations. Chapter 1 intends to review membrane mimicking systems
and the results of novel polymer modifications to overcome the current limitations and enhance
polymer-based nanodiscs' applications to a broader variety of biophysical techniques used to study
membrane proteins. Particular focus is given to the formulations developed in the Ramamoorthy
research group.

Chapter 2 focuses on nuclear magnetic resonance (NMR) spectroscopy, a powerful technique that
offers an atomic resolution. Unfortunately, its intrinsic low sensitivity results in long acquisition times
that might exceed the sample's lifetime under investigation. Different paramagnetic agents have been
used to decrease the spin-lattice (or T1) relaxation times of the studied nuclei, which are the main
cause for long acquisition times necessary for signal averaging to enhance the signal-to-noise ratio of
NMR spectra. Consequently, most experimental time is "wasted" waiting for the magnetization to
recover between successive scans. This chapter discusses how to set up an optimal paramagnetic
relaxation enhancement (PRE) system to effectively reduce the T; relaxation times, avoiding
significant broadening of NMR signals.

Additionally, it describes how PRE-agents can be used to provide structural and dynamic information
and can even be used to follow the intermediates of chemical reactions and speed-up data acquisition.
Moreover, this chapter describes the unique challenges and the benefits associated with the
application of PRE to solid-state NMR spectroscopy. A focus is given to explain how the use of PRE
is more complex for membrane mimetic systems as PRE can also be exploited to change the alignment
of oriented membrane systems. Furthermore, it is discussed how paramagnetic metals can be utilized
further to increase the dynamic nuclear polarization (DNP) effects and preserve the enhancements

when dissolution DNP is implemented.



The PRE approaches involve introducing external paramagnetic probes in the system, which can
induce undesired changes in the sample and the observed NMR spectra. For membrane proteins, it is
possible to exploit PRE effects by (i) direct labeling with paramagnetic species on specific amino
acid residue(s) in the membrane protein, (ii) using paramagnetically-labeled phospholipids, and (iii)
using solvent PRE. Each of these ways offers both advantages and disadvantages, such as sample
perturbations. Chapter 3 shows a fourth approach — SMA-EA-DOTA, a nanodiscs-forming SMA-
based copolymer containing chelating units and able to host paramagnetic metals on the outer rim of
the nanodiscs. This proposed modification shows a reduction in the T; times with minimum-to-no
alteration of the overall spectral quality in model systems. Among the advantages of using this fourth
approach are (a) the retainment of the native-like lipid composition, (b) the absence of direct
paramagnetic tags on the membrane protein, (c) the lack of unwanted solvent PRE that might cause
significant peak broadening due to non-specific interactions between the investigated system and
paramagnetic ions free in solution.

As mentioned, synthetic amphipathic copolymers are increasingly used to solubilize cell membranes
directly and to reconstitute functional membrane proteins in native-like copolymer-lipid nanodiscs.
However, the extraction requires large quantities of copolymers, and the use of paramagnetically
labeled copolymers might be costly. In many studies reported in the literature, the right copolymer
formulation's choice depends on many factors and experimental conditions, typically developed
according to a trial-and-error process since each studied system requires adapted protocols. While the
increasing number of nanodiscs-forming copolymers are reported to be useful, and they provide
flexibilities in optimizing the sample preparation conditions, it is crucial to develop a systematic
protocol that can be used for various applications. Nanodiscs-forming copolymers act, de facto, like
«macromolecular detergents.» In this context, there is a vital necessity of benchmarking the
performances of existing copolymer formulations, assessing crucial parameters for the successful
extraction, isolation, and stabilization of membrane proteins. Chapter 4 presents a comparison among
SMA-EA, anionic short-chained copolymer developed in our laboratory, and a set of anionic
copolymer formulations commercially available under the names of XIRAN® SL25010 P, SL30010
P, SL40005 P. The reported results show how the critical micellar concentration (c.m.c.) of each
copolymer is significantly altered in the presence of lipids and confirm the existence of an equilibrium
between nanodiscs-bound and «free» or «micellar» copolymer chains in the solution. The speculation
is that these findings can be exploited to optimize studies involving the necessity of special
copolymers, which would simplify the applications and broaden the scope of polymer-based

nanodiscs.



Finally, Chapter 5 expands the findings discussed in Chapter 3 and introduces two new
paramagnetically tagged SMA-based copolymers — ST-10 and ST-100. In place of the chelating units
to host paramagnetic metals as previously discussed, ST-10 and ST-100 involve the insertion of spin-
labels, i.e., stable organic free-radical paramagnetic species in the copolymer chains. This solution is
intended to expand the applications of paramagnetically labeled copolymer-nanodiscs, for example
as polarizing agents for DNP studies. Finally, Chapter 6 introduces the idea of using Gd**- and Mn**-
loaded SMA-EA-DOTA-nanodiscs as a macromolecular contrast agent for magnetic resonance

imaging (MRI).



1.2 Biological membranes and membrane mimetics

Biological membranes are vital components of any cell. They protect the organism from the external
environment and provide functional barriers between subcellular compartments. Figure 1.1 shows an
example of a eukaryotic cell membrane. The chemical scaffold is a phospholipid bilayer, but its
composition is quite complex despite such an apparent structural simplicity'2. In fact, different cells,
and even organelles within the same cell, are made of various lipids (phospholipids, sphingolipids,
and sterols). Their distribution can also be both symmetrical or asymmetrical in the two leaflets that
constitute the bilayer’>. As an example, mammalian cell membranes contain more than 1000

different phospholipids®.

The lipid bilayer is not only a semipermeable barrier, but it is involved in many biological processes.
However, most properties ascribed to biological membranes cannot be explained merely considering
the lipid moiety despite their crucial importance’. Among the essential components of the cellular
membranes, membrane proteins are devoted to a plethora of cellular functions required for life, such
as intercellular joining, enzymatic activity, transport (active/passive), cell-cell recognition,

anchorage/attachment, signal transduction, etc.®!2

Glycoprotein: protein with Glycolipid: lipid with
carbohydrate attached / carbohydrate
3P  attached

Peripheral membrane
protein

Phospholipid
bilayer

Integral membrane Cholesterol Channel protein
protein

Figure 1.1. The cell membrane is a fluid mosaic model. The phospholipid bilayer comprises many different molecular
components, including a variety of lipids, proteins, and cholesterol, some of which are with carbohydrate groups attached.
This “fluid lipid sea” hosts other molecules such as membrane proteins'>!3. This illustration is licensed under the Creative

Commons Attribution 4.0 International’*.

Membrane proteins are encoded in ~30% of the human genome'’, and they represent ~60% of all
drug targets'®!”. Both academic and pharmaceutical research have focused on membrane proteins
since, not surprisingly, their malfunctioning has been associated with numerous disease'®. However,
to date, only ~2-3% of all protein structures reported in the Protein Data Bank (PDB)!® are membrane

proteins, underlining how challenging this field of research is.



The lack of membrane protein structural information limits our current understanding of cellular
membrane biology?® and significantly hinders modern drug design?'. Numerous challenges have
plagued the study of functional membrane protein structures. Overexpression, extraction, and
purification are all delicate steps in the production of membrane proteins sample. However, a crucial
challenge in the structural biology investigation of membrane proteins is obtaining the sample's
functional stability. Indeed, to be studied, membrane proteins must be extracted from the two-
dimensional solution they are in (i.e., the amphipathic lipid environment that constitutes the bilayer)
to a three-dimensional solvent (i.e., buffer solutions). Unfortunately, due to their amphipathic nature,
membrane proteins are not entirely soluble in aqueous solvents, thus the necessity of finding
membrane mimicking systems able to host membrane proteins in their active form for the time

necessary to perform the experiments??.

The functional and structural characterization of membrane proteins is a rapidly evolving field of
research, thanks to technological advancements such as single-particle cryo-electron microscopy
(cryo-EM). Among its advantages, cryo-EM does not require well-ordered single crystals for
structural studies, and this is the primary reason for the increasing interest in this technology.
However, as mentioned earlier, in optimal sample production, the challenges are still in place. Thus,

the necessity of suitable membrane-mimicking systems?.

Membrane-mimetics are divided into non-bilayer systems, such as detergent micelles and amphipols,
and bilayer systems, such as liposomes, supported lipid bilayers (SLBs), bicelles, and nanodiscs. The
rest of this chapter provides a general overview of the various options, focusing on nanodiscs forming

copolymers and polymer:lipid nanodiscs, the thesis's object.

Membrane mimetics

|
| |

non-bilayer systems bilayer systems
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Figure 1.2. Classification of cell membrane mimetics. On the left non-bilayer model systems such as detergent micelles,

while on the right are lipid bilayer model systems such as liposomes, SLBs, bicelles, and nanodiscs.



1.2.1 Detergents and detergent micelles

One common method for membrane protein solubilization is the use of detergent micelles?*? (Figure
1.3). Detergents are relatively small amphiphilic molecules that consist of long hydrophobic chains
and a polar headgroup. This latter part is usually used to classify detergents in categories such as ionic
(either positively or negatively charged), zwitterionic, and neutral. Figure 1.2 shows the chemical
structures of some of the most used detergents per category. Figure 1.3 shows the supramolecular

structure of detergent micelles in comparison with other model membrane-mimicking systems.
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Figure 1.3. Molecular structures of widely employed detergents in the extraction of membrane proteins. Detergents
are classified as ionic (either negatively or positively charged), zwitterionic, and non-ionic. A few examples of commonly

used molecular systems for each of the categories are given.

Historically, detergents have been widely employed to extract, isolate, and purify membrane proteins
from their native cellular environment®®?’. However, detergents' membrane protein solubilization

causes an undesirable perturbation of the native lipid bilayer, removing lipids that are tightly
28-30
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interacting with the membrane proteins and crucial for their function and structural integrity



Moreover, the association of the detergent hydrophobic tails with the hydrophobic transmembrane
region of the membrane protein cannot correctly mimic the bilayer environment. Although successful
in many cases reported in the literature, this extraction and micelle formation commonly interferes
with membrane protein folding, causing a loss in membrane protein native functionality®' . Such a
significant drawback greatly hinders the study of membrane proteins prompting the need for better

membrane mimetics.

1.2.2 Liposomes

To circumvent the problems associated with the lack of a lipid bilayer, a common membrane mimetic
used in membrane protein research is the liposome?®>®. Liposomes are vesicles that consist of lipids
that spontaneously assembled into a bilayer (e.g., DMPC, DPPC, POPC, DOPC, etc.)’. These are
advantageous over detergents as the liposomal bilayer closely resembles the cellular membrane
environment as compared to a detergent micelle’. Liposomes are classified based on parameters such
as size and lamellarity. Figure 1.4 summarizes the main categories. Liposomes can be classified based
on their size and lamellarity into multilamellar vesicles (MLVs), small unilamellar vesicles (SUVs),
large unilamellar vesicles (LUVs), giant unilamellar vesicles (GUVs). The major drawback of
liposomes as a membrane mimetic are (i) their relative instability, (ii) the limited use in various
biophysical characterization techniques, and (iii) the need for detergent inclusion in the extraction

process of membrane proteins®’%,

1.2.3 Bicelles

Another common membrane mimetic used to study membrane proteins is bilayer micelles, also
known as bicelles*®*?, disc-shaped phospholipid bilayers surrounded by a rim containing short-
chained detergent molecules (Figure 1.3). The advantages of bicelles over liposomes are that bicelles
have no membrane curvature, show higher stability and size tunability. Remarkably, the size

tunability is achieved by changing the ratio of lipid to detergent (q-ratio)*.

By controlling the g-ratio, large bicelles (q > 2.5) have been shown to align in the presence of a
magnetic field. These large bicelles are anisotropic as they do not tumble fast enough in the NMR
time scale**. Bicelles have also been used for solution NMR studies when formed at lower sizes (q <

0.5, also known as isotropic bicelles)*>*.

While advantageous over liposomes for NMR studies, bicelles still have the crucial problem of

including detergents during the reconstitution of membrane proteins. The detergent molecules present



in bicelles undergo diffusion from the rim to the planar lipid bilayer and lead to toroidal pores within
the planar lipid bilayer of the bicelles*’. The ability of the detergent molecule to diffuse into the lipid
bilayer can denature an embedded protein?®. To overcome these challenges, researchers have
developed nanodiscs to better simulate a native-like membrane environment for membrane protein

research®.

Micelles Bicelles

&% ’gt% q<05

Liposomes

d =20-50 nm (SUV)
d =100-500 nm (LUV)
d > 500 nm (GUV)

d = 100-500 nm (MLV)

Figure 1.4. Supramolecular architecture of micelles, bicelles, and liposomes. The figure shows the commonly used
membrane mimicking systems. For example, detergent or lipid micelles and isotropic bicelles that tumble sufficiently fast
in the NMR time scale are frequently used in solution NMR studies whereas the large-size membrane mimetics such as
large-size bicelles and liposomes/vesicles are commonly used in solid-state NMR applications. While all of these
membrane mimetics are commonly used in the structural studies of membrane-associated peptides (including
antimicrobial peptides, toxins, fusion peptides, amyloid peptides) and proteins, the lack of non-bilayer structure and
curvature of micelles are capable of inducing undesirable effects. We recommend some of the review articles that

comprehensively cover all aspects of these mimetics to the readers®#349-52,



1.2.4 Supported lipid bilayers (SLBs)

SLBs are a cell-membrane-mimicking platform that consists of a lipid bilayer supported on a rigid substrate
and can be used with surface-sensitive measurement techniques. Used in imaging techniques, such as AFM,
to mimic large flat lipid bilayers, they are also suitable for investigations on bilayers' mechanical properties

and to mimic cell-cell junctions>.
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Figure 1.5. Supported Lipid Bilayer (SLB) design and mechanics. (A) SLBs contain a bilayer separated from a rigid
substrate by a thin layer of water. (B) Representative FRAP of labeled lipids illustrating SLB lateral fluidity. Lipids in
SLBs freely diffuse within the plane on three representative substrates. Following photobleaching, diffusion causes
photobleached lipids to be diluted, and the average fluorescence to increase. The disappearance of a visible bleached
region indicates total recovery and a fluid bilayer. (C) SLB stiffness in comparison to tissue, hydrogels, and glass
substrates. SLBs are anisotropic, behaving like fluids in the XY -plane, but stiffer than hydrogels in the Z-direction. The
figure is used with permission from>*. Copyright 2017 Elsevier.
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1.2.5 Amphipols

Amphipols (APols) are amphipathic polymers carrying many hydrophilic and hydrophobic groups.
They show various chain lengths and charge densities, constituting a class of surfactants known as
“polysoaps™>. Like many other amphipathic molecules, APols self-assemble into well-defined
particles due to the favorable combination of a short backbone chain length and an appropriate
number and size of hydrophobic/hydrophilic segments, flexibility, and a limited dispersity. APols
interact with the transmembrane regions of membrane proteins, solubilizing and stabilizing them>®.
The chemistry of APols offers rich opportunities for labeling and functionalization, opening to a
plethora of different solutions. The most employed amphipol for reconstituting membrane proteins is
A8-35. Amphipols have been used to reconstitute and determine high-resolution cryo-EM structures
of various membrane proteins: capsaicin receptor; transient receptor potential non-selective cation

channel (TRPV1)*’, y-secretase®®, V-type ATPase”, human polycystin-2 (PC2)%.
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Figure 1.6. Chemical structures of four types of amphipols. (a) A polyacrylate-based APol, A8-35 (87); (b) a
phosphorylcholine-based APol, C22—43 (26); (c) a nonionic, glucose-based APol (71); and (d) a sulfonated APol (23).

The figure was used with permission from®'. Copyright 2011 Annual Reviews.
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1.2.6 MSP-Nanodiscs, Salipro, peptidiscs, and copolymer-nanodiscs

Introduced by Sligar and coworkers in 2002, nanodiscs are noncovalent nanoparticles that consist of
a disc-shaped lipid bilayer stabilized by an amphiphilic membrane scaffold protein (MSP)%>764,
inspired from high-density lipoproteins (HDL)® . MSP nanodiscs can be made by mixing MSPs with

detergent-solubilized protein and lipids*®.
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Figure 1.7. Schematic representation of MSP-Nanodiscs. Nanodiscs are discoidal lipid bilayer stabilized by encircling
amphipathic helical scaffold proteins termed as membrane scaffold protein (MSP). Reproduced with permission from™.

Copyright 2014 CRC Press.

Scaffold protein nanodiscs have been very successful in the study of several membrane

52,63,65-69 70,71

proteins and amyloid proteins”™"". The curvature-free nanodiscs have been demonstrated to
be highly valuable to understand amyloid aggregation mechanism and to trap amyloid oligomers for
high-resolution NMR based structural studies’®. However, incorporating proteins into MSP nanodiscs
still requires the use of detergents during the reconstitution process*.

MSP based nanodiscs also introduce some interfering properties during the study of reconstituted
membrane proteins. Even though very recent studies reported the possibility of increasing the size of
MSP-based nanodiscs®’, which are otherwise small (typically <15 nm diameter), there are difficulties
in reconstituting large-size membrane proteins or protein-protein complexes. Some of these
difficulties have been overcome using short amphipathic peptides engineered from the MSP
protein’>”3. These peptides have been shown to self-assemble with lipids to form nanodiscs and
enable the reconstitution of protein-protein complexes. These nanodiscs undergo collision and
exchange lipid contents, as demonstrated by a recent study using high-speed AFM and *'P NMR
experiments’* 7%, The peptide-based nanodiscs are useful for structural studies of membrane proteins
using solution NMR?, SAXS”’, solid-state NMR’®, and also used for potential cancer
immunotherapy’®-%.

To expand the applicability of MSP nanodiscs, a diverse pool of MSP variants has been developed™?.
While peptide-based nanodiscs are increasingly utilized, their interference with biophysical studies

of the embedded protein of interest and other possible undesired effects for in-vivo applications are
12



inherent limitations for further biological and biomedical applications. Therefore, to overcome these
limitations, there is a significant interest in developing different types of amphipathic molecules that
can form nanodiscs. For completeness, two peptide-based alternatives to MSP and derivatives must
be mentioned — saposin-lipoprotein (Salipro)®! and Peptidiscs. Saposins are small membrane-active
proteins and can be used for the reconstitution of membrane proteins such as the bacterial peptide
transporter PeptTsoo, investigated via cryo-EM8?. Peptidiscs, unlike the MSP-based nanodiscs, only
requires a short amphipathic bi-helical peptide (NSP;) and no extra lipids, opening to detergent-free
peptide-based MPs solubilization®**°. Due to their amphipathic properties, in the presence of bilayer-
forming lipids, SMA and other copolymers form discoidal lipoparticles analogs to MSP-nanodiscs.
Such a promising technology has been successfully used for isolation, purification, structural and

86,87

functional characterization of membrane proteins®>°’ and detailed in the next paragraphs.
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1.2.7 Styrene-maleic acid lipoparticles and copolymer-nanodiscs

Poly(styrene-co-maleic acid), SMA, is an amphiphilic hypercoiling copolymer obtained by
hydrolyzation of the poly(styrene-co-maleic anhydride), SMAnh®¢-38%% In the 1990s, Seki et al. found
that in the presence of bilayer-forming lipids, SMA acts as a polymeric “detergent,” capable of lysing
DPPC vesicles. By the end of the decade, it was noted that hypercoiling copolymers such as SMA
were able to produce lipid-polymer nanostructures analogous to lipoprotein assemblies such as high-

density lipoproteins nanoparticles (HDL)°.

In 2009, styrene-maleic acid lipoparticles (SMALPs), or polymer nanodiscs, were employed for the
first time to study membrane proteins’'. The molecular architecture of SMALP resembles MSP-
nanodiscs — lipid bilayer patches surrounded by an amphipathic belt. Still, the main advantage of
using SMA copolymer is the possibility of direct extraction of membrane proteins from their native
environment while retaining the native lipid membrane composition. Most importantly, this
extraction and isolation process is accomplished without the use of any destabilizing detergents®* %%,

Since the report dated May 2009, several groups adopted SMALPs in their research. Figure 1.8 below
shows the exponential growth of the field.
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Figure 1.8. SMALP: a growing community. a) shows the number of peer-reviewed publications per year since the first
publication on SMALP appeared in May 2009. b) shows the type of publication. Since the first article, 8 patents have
been deposited, 24 communications and 210 research articles have been published. Also, 46 students received their Ph.D.
with dissertations on a topic that uses SMALP as a tool to investigate membrane proteins. Notably, due to the
multidisciplinary nature of the field, there have been 57 review articles in the span of 10 years. Both graphs are updated

until 31 December 2020. More details are available at http://www.smalp.net.
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1.2.8 SMAs copolymers

The copolymerization of styrene and maleic anhydride has been known since the 1940s and has been
one of the most extensively investigated reactions due to the strong tendency to form alternating
copolymers®®. Obtained by free-radical polymerization, SMAnh is a thermoplastic copolymer with a
high glass transition temperature, good mechanical properties (i.e., good impact, rigidity, and
dimensional stability), high heat and chemical resistance. Since the 1960s, high-molecular-weight
variants of SMAnh copolymer found wide-ranging applications from molding resin in the
automotive, packaging, and construction industries to compatibilizer in plastic blends and alloys to

improve the overall properties’®%.

In the 1980s, Maeda and coworkers demonstrated that SMA copolymer significantly improved the
physicochemical, biochemical, and pharmacological properties of neocarzinostatin (NCS)”’. Because
of its macromolecular nature, the resulting conjugate SMANCS exhibited desirable features such as
prolonged plasma half-life, pronounced tumor targeting efficiency, and lower acute toxicity in rats
and mice”®. Also, micellar nanoparticles of SMA have been proposed as drug carriers for tumor-

targeting with reduced general toxicity” 1!,

Most of the recent SMA research applied to structural biology has involved investigating several
different polymer formulations. The simple variation of molecular weights and styrene to maleic
anhydride ratios leads to various commercially available polymers'®»!°*, For membrane proteins
investigations, small-molecular weight SMAs are used. With a variable molecular weight range (2-
10 kDa) and a styrene-to-maleic anhydride ratio that varies from 1:1 to 2:1 and 3:1 (Figure 1.9),

various formulations of SMAs were used to extract and isolate membrane proteins directly®!-104-118,

Figure 1.9. SMAs’ most common formulations. SMA has been used in the styrene-to-maleic acid ratio that goes from
1:1 to 3:1 ratio of styrene:maleic acid. The advantages over micelles, liposomes, bicelles, and protein-based nanodiscs

allow polymer nanodiscs to be applied to a broader variety of membrane protein studies.
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1.2.9 Formation of SMA lipoparticles

The ability to solubilize lipids without the necessity for detergents, transforming lipid bilayers into
stable nanodiscs, is among the most significant advantages of SMA. This method preserves native
interactions of membrane proteins with lipid species, offering a better membrane mimicking system.
Still, the formation mechanism of the polymer nanodiscs is not fully understood. Scheidelaar et al.!"’
proposed a three-step model for the solubilization of lipid membranes by SMA copolymers (Figure
1.10). First, SMA binds to the hydrophilic surface of the bilayer. Then, it inserts its hydrophobic
moiety into the hydrophobic core of the bilayer, driven by the hydrophobic effect. Finally, the

destabilized bilayer evolves into polymer-lipid discoidal patches or SMA lipoparticles (SMALPs).

Figure 1.10. An illustration of a three-step model for the formation of SMA based lipid-nanodiscs. Step 1.
Electrostatic interactions between the surface of the lipid bilayer and the copolymer chains. Step 2. Insertion of the styrene
moieties in the hydrophobic core of the lipid bilayer, driven by the hydrophobic effect. Step 3. The destabilized bilayer

evolves into nanodiscs because of the electrostatic repulsion of the hydrophilic maleic acid moieties of the copolymer.

The kinetics of the solubilization is a process modulated by the lipids' packing and bilayer thickness.
Thus, the speculation is that the rate-determining step is the second. In most cases, solubilization can
be improved by increasing temperature or by freeze-thaw cycles. It is observed that SMA induces
maximal solubilization of bilayers at a temperature beyond the melting temperature of the lipids (i.e.,
lipids in the liquid-crystalline phase) for saturated lipids. In contrast, unsaturated lipids were more
challenging to solubilize than saturated lipids in the fluid phase. The explanation can be related to the
increased lateral pressure in the acyl-chain region, leading to a less efficient insertion of the

120,121

polymers . Besides, copolymer chain lengths, pH, and ionic strength are two factors that

influence SMA solubilization of membranes®®122. SMA’s efficiency is pH-dependent and is slower
but overall more efficient at high pH values®120:123-125

To shed light on the solubilization process, SMALP formation, and its supramolecular structure, MD
simulations have been used. Although complete solubilization was not observed on the timescale of
their CG MD simulations, Xue et al.'?¢ findings seem to confirm the three-step model. In particular,

the simulations predicted the growth of transmembrane pores due to the insertion of SMA copolymer
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chains as a crucial step in the membrane destabilization before the formation of SMALPs'?°. Orwick-

1 127

Rydmark et al.'“" observed the appearance of pores in the bilayer before the evolution into nanodiscs.

1.2.10 SMALPs as membrane mimetics

SMA gained interest in the field of membrane research because of the ability to form lipid nanodiscs,
i.e., copolymer-lipid nanoparticles made of bilayer patches surrounded by copolymer chains act as an
amphipathic belt, according to an HDL-like architecture (Figure 1.7).

Although the copolymer hypercoiling properties and membrane solubilization capacity are known to
be affected by pH and ionic strength, the hydrodynamic diameters of SMALPs are independent of
ionic strength!?*!?® and not related to pH values. Among the advantages of using SMAs is that the
bilayer environment reflects the lipids' organization in the native membrane, and it does not show any

lipids preference'®’

. However, it has also been found that protein-containing SMALPs isolated from
native membranes are enriched in certain lipid species as compared with protein-free SMALPs!%!117,
Reports show that the lipids incorporated into SMALPs do not show a highly cooperative phase

transition from gel to liquid-crystalline phase, in contrast with MSP nanodiscs'*% 132,
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Figure 1.11. Representative differential scanning calorimetry (DSC) thermograms of di-16:0 PC lipids self-
assembled in MLVs, SMA 2:1 nanodiscs and SMA 3:1 nanodiscs (left panel). Nanodiscs were obtained at a SMA-to-
lipid mass ratio of ~1.7. The inserted scale bar at the top (MLVs) corresponds to 5 kcal/mol °C while the bar at the bottom
(nanodiscs) corresponds to 0.5 kcal/mol °C. (Right panel) Variation in A) T, and B) AHca of the gel-to-fluid phase
transition of di-16:0 PC lipids in nanodiscs bounded by SMA 2:1 (blue circles) SMA 3:1 (green circles) or SMA 4:1 (red
circles). Data are given as averages obtained from the 2nd and 3rd heating cycle from 2 independent samples. Errors
representing the standard deviation are covered by the markers. The figure is reproduced with permission from '3,

Copyright 2017 Elsevier.
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In fact, SMA-nanodiscs show a broad non-cooperative thermotropic phase transition, often
anticipated by a pre-transition. It was also found that more hydrophobic formulations such as SMA
3:1 (~9.5 kDa) have shown to exert lateral pressure on the lipid tails without perturbing the center
(terminal methyl groups)'*’. SMA 2:1 (~9.5 kDa) better preserves the lipid packing properties in the
nanodiscs if compared to SMA 3:1 (~9.5 kDa), as it is observed in DSC thermograms'**, and present
slower lipid exchange than the 3:1 counterpart, still faster than MSP nanodiscs or liposomes'?.
SMALPs are highly dynamic colloids that readily exchange membrane proteins and lipids'?®!%°. The
hypothesis is that SMALPs quickly exchange lipids and that any enrichment must result from
preferential protein/lipid interactions preserved in SMALPs!*¢. Although SMALPs keep a lipid-
bilayer core, they appear to be more dynamic than other membrane mimics'>*»'2%135 In fact, SMALPs
can be described more according to a highly dynamic equilibrium rather than kinetically trapped
membrane mimetics'*®. Thus, lipids composition in membrane proteins containing nanodiscs is not
merely a “snapshot” of the situation in the original membrane at the time of solubilization but reflects
relatively strong protein/lipid interactions'?®.

A similar situation is expected for copolymer chains in the outer rim of copolymer-nanodiscs. This

aspect will be further discussed in Chapter 4.

1.2.11 Improving SMA copolymers

The most widely used synthetic method to obtain commercial SMAs uses the conventional radical
copolymerization in a continuous stirred tank reactor (CSTR)!'*’. This technology allows narrow
chemical composition distribution (i.e., in terms of styrene-to-maleic anhydride units) but inevitably
produces dispersity of chain lengths (D > 2)!38-140 All synthetic copolymers show dispersity, and
SMA is not an exception. However, to reduce P in chain lengths, it is possible to use the
polymerization mediated by reversible addition-fragmentation chain transfer (RAFT)!"1-144,
Unfortunately, this method allows less control in the chemical composition (particularly for non-1:1

styrene-to-maleic molar ratios), causing a comonomer gradient along the chain, and the presence of

blocks of polystyrene, due to the high tendency of styrene monomers to homopolymerize'®.

A recent study suggests that RAFT-produced SMA copolymers are less efficient than their
polydisperse (CSTR) commercially equivalent ones in solubilizing E.coli membranes'*’. However,
other literature results show comparable performances between CSTR-SMA and RAFT-SMA in
terms of nanoparticles' sizes, membranes dissolution capabilities, and the ability to extract membrane
proteins!4%14®  Although unwanted because it introduces undesired complexity to the samples,

speculations assert that copolymers' dispersity might play an important role in destabilizing
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membranes, promoting nanodiscs®®!2%12! Clearly, more evidence is needed to clearly state whether

the use of RAFT-produced copolymers is more advantageous.
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Figure 1.12. Dispersity of polymers. Regardless of their composition, synthetic polymers are dispersed. Dispersity,
defined as B = My/M,;, shows how the term “polymer” refers to a plethora of macromolecules with different molecular
weights distribution. ¢) denotes the ideal case, typical of small molecules. b) refers to narrow molecular weight
distribution, while a) simulates the actual synthetic polymers. The larger the value of P is, the more disperse is the polymer

sample.

Among the advantages of using synthetic polymers is the possibility of customization’®!93:147:148 For

example, the maleic anhydride units of SMAnh copolymers react with primary amines via a
nucleophilic ring-opening reaction'*’, allowing the modification of the hydrophilic moiety (Figures
13a-b). The hydrophobic moieties can also be changed, offering the possibility of tailoring the final
product toward specific wanted applications. For example, Figure 1.13¢c shows how the styrene
moiety can be substituted by introducing new hydrophobic groups such as diisobutyl (e.g.,

DIBMA!%%) or stilbene (e.g., STMA!3!).
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Figure 1.13. Variants of functionalization of the copolymeric backbone. The maleic acid moiety can be “substituted”
by maleimide rings (a) (e.g., SMI"*2, SMA-QA!*%) or functionalized with pending groups (b) achieving different charge
sign and densities (e.g., zZSMA'>*, SMAd-A'*>, SMA-EA'>®, SMA-ED'*, SMA-SH'Y, etc.). In addition, the styrene
moiety might be replaced with other hydrophobic groups such as diisobuthyl groups or other alchil- and aryl- chains (e.g.,
DIBMA'S? PAAs'3?2, PMAs!®, STMA 'S,

The first SMA copolymers used to form SMALPs (~7-9.5 kDa) led the way toward detergent-free
extraction and isolation of membrane proteins but showed some limitations. For example, early SMAs
did not allow for any significant size control over the nanodiscs®’. MSP-based and copolymer
nanodiscs are of about 10-20 nm diameter. Larger sizes would be preferred to host large MPs or large
complexes. Moreover, all SMA based polymer nanodiscs are unstable to conditions that require low
pH values or the presence of divalent metal ions®°2. The instability of SMA is due to the presence of
carboxylic acids as the hydrophilic portion of the polymer. SMA is only soluble in water at pH values
that are high enough to allow for carboxylate groups. Besides, carboxylate groups strongly bind
divalent metal ions, forming chelates and leading to the precipitation of SMAs®®%2. These limitations
have restricted the applications of SMA-based nanodiscs. They do not allow for the active study of
membrane proteins whose function requires low pH or the presence of divalent metal ions such as
Ca?" or Mg 13%1€0_ To overcome these limitations and expand SMAs' applicability, a variety of
polymers has been proposed. The Ramamoorthy research group has focused on the hydrophilic
functionalization of SMA (Figure 13a-b), employing a lower molecular weight SMA as our starting
material. This choice allowed size control and improved the tolerance of SMALPs toward low pH

values and a higher concentration of divalent cations. The following Table 1 contains a list of SMA-
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based copolymers able to form lipid-nanodiscs and summarizes some of the copolymers' most

relevant features, whose structure is shown in Figure 1.14.

Molecular weight of

E:Il:élymel‘ Subunit ratio (Cath:el;l%fal o) the starting material if:;::gn Year Reference
Mw (Da) Mna (Da)
SMA 3:1,2:1 Negative 9,500 3,050 CSTR 2009 161
SMA-SH 2:1 Negative 7,500 N/A CSTR 2016 157
zSMA 1:1 Zwitterionic ~ >10,000  >30,000 RAFT 2017 154
ePSMA N/A Negative N/A N/A CSTR 2017 162
SMA-EA 1.3:1 Negative N/A 1,600 CSTR 2017 156
SMA-ED 1.3:1 Zwitterionic N/A 1,600 CSTR 2017 153
SMAd-A 1.3:1 Positive N/A 1,600 CSTR 2017 155
SMA-QA 1.3:1 Positive N/A 1,600 CSTR 2018 153
SMI 2:1 Positive 7,500 2,700 CSTR 2018 152
SMA-EA-DOTA 1.3:1 Negative N/A 1,600 CSTR 2019 163
SMA-Pos 2:1 Positive N/A >10,000 RAFT 2020 164
SMA-Neut 2:1 Zwitterionic N/A 6,900 RAFT 2020 164
SMA-Glu 2:1 Negative N/A 42,100 RAFT 2020 164
ST-10 1.3:1 Negative N/A 1,600 CSTR 2020 Unpubl.*
ST-100 1.3:1 Negative N/A 1,600 CSTR 2020 Unpubl.*

Table 1.1. List of SMA-based copolymers. A list of SMA-based copolymers is shown in chronological order, from the
first appearance of SMA to extract membrane proteins to the latest. The table does not show RAFT variants of CSTR
synthesized copolymers and does not include formulations showing different styrene-to-maleic acid ratios. ST-10 and

ST-100 will be discussed in Chapter 5.
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Figure 1.14. Chemical structures of SMA copolymer and its derivatives. In the past 11 years, a variety of formulation
has been synthesized. Because of the maleic anhydride ring's reactivity, post-polymerization modifications were
developed to expand the applicability of SMAs. Compared to SMA copolymer with equal styrene-to-maleic
anhydride/acid moieties, SMA-SH'*’, SMA-EA'°, and SMA-Glu'® formulations enable the perturbation of the charge
density in the copolymer chains. SMAd-A'>, SMA-ED'>, zZSMA', and SMA-Neut'* are zwitterionic at neutral pH
conditions. SMA-QA!S3, SMI'*2, and SMA-Pos!® are positively charged at neutral pH values. SMA-SH'*” allows further
functionalization with fluorescent tags, while SMA-EA-DOTA!® enables the insertion of paramagnetic ions. Finally, ST-
10, and ST-100 (discussed in Chapter 5) are paramagnetic SMAs, opening to EPR, PRE- and DNP-NMR studies. Table
1 summarizes a few features of each copolymer. The asterisks indicate the structures of the polymers discussed in this

thesis.

For completeness, Figure 1.15 shows nanodiscs-forming non-SMA-based copolymers proposed in

the literature by many research groups.
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Figure 1.15. Non-SMA copolymers for membrane protein investigations. A variety of non-SMA copolymers has been
proposed. DIBMA'* is widely employed in the direct extraction and stabilization of membrane proteins. AASTY ' is
derived from the copolymerization of styrene and acrylic acid monomers. STMA'"S! uses stilbene in place of styrene
monomers, tuning the rigidity of the copolymer chains. PMAs!*® (formulation N-C4-60-4.7) and PAAs'* (formulations
pentyl- and hexyl-PAA) were developed in the Ramamoorthy lab and have shown to be promising in membranes

solubilization. Table 1.2 summarizes a few features of each copolymer.

Molecular weight of the

S;I[:l (;lymer Subunit ratio gthrgn%fal oH) starting material l;eeztllclt)lgn Year Reference
M, (kDa) M. (kDa)
DIBMA 3:1 Negative 15.3 8.4 N/A 2017 150
PMA 2:1 Negative N/A 4.7 RAFT 2017 158
Butyl-PAA 1:1 Negative 1.8 N/A N/A 2019 132
Pentyl-PAA 1:1 Negative 1.8 N/A N/A 2019 132
neopentyl-PAA 1:1 Negative 1.8 N/A N/A 2019 132
Hexyl-PAA 1:1 Negative 1.8 N/A N/A 2019 132
STMA 2:1 Negative N/A 4.4-40 RAFT 2020 151
AASTY N/A* Negative 7.9-10.8 6.6-8.9 RAFT 2020 165

Table 1.2. List of non-SMA-based copolymers. A list of non-SMA-based copolymers is shown in chronological order
of appearance. The table does not show RAFT variants of CSTR synthesized copolymers and does not include

formulations showing different subunit (hydrophobic-to-hydrophilic) molar ratios.

Many groups synthesize their polymers. However, several vendors produce nanodiscs-forming
copolymers. Currently, the commercial SMA-based products are sold as SMA® by Cray Valley
(Beaufort, TX, USA), Xiran® by Polyscience (Geleen, NL), Lipodisq® by Sigma-Aldrich®
(St.Louis, MO), and Scripset® by Soleniw (Wilmington, DE, USA). DIBMA is commercialized by
Anatrace LLC. (Maumee, OH), and Cube Biotech® Inc. (Wayne, PA). PMA is sold by Avanti Polar
Lipids Inc. (Alabaster, AL).
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1.3 Achievements in the Ramamoorthy group

1.3.1 Modified SMALPs as membrane mimicking systems.

SMA polymers have been very successful in the reconstitution of membrane proteins into
nanodiscs??0%! - 812L166-171 "The ynique advantage over other membrane mimetics is that SMA has
proven to extract membrane proteins from the cellular membrane directly®®*>!72, SMA polymer

nanodiscs have been shown to form in a variety of lipids with a size range of 10-15 nm diameter®®-!%,

= SMA derivatives
SMA-ED SMA-EA

NH, ",{f

; _\Hn M, =~1.6 kDa \H
f AP 5"‘ b
Green: Negatively charged polymer

SMAd-A SMA-QA

Yellow: Positively charged polymer

Figure 1.16. SMA derivatives that form lipid nanodiscs. Hydrophilic functionalization to enhance polymer nanodisc
features and applications. Molecular structures of SMA based polymer derivatives used to form lipid-nanodiscs (left
panel) and illustrations of “sushi-like” lipid-nanodiscs (right panel). As reported in our publications'>>!>>173 the ability
of a synthetic polymer to solubilize lipid aggregates is characterized by static light scattering (SLS) experiments on
multilamellar vesicles (MLVs), TIRF based fluorescence experiments, and phosphorus-31 NMR experiments. Polymer-
based nanodiscs are prepared via the self-assembly process by directly mixing an appropriate ratio of polymer and lipid(s)
in a buffer. Then, the mixture is incubated and purified by size-exclusion chromatography (SEC). The purified nanodiscs
are characterized by dynamic light scattering (DLS) experiments to determine the size distribution and transmission
electron microscopy (TEM) images to evaluate the size homogeneity of polymer-based lipid-nanodiscs. Finally, the
isotropic nanodiscs are further characterized by solution NMR spectroscopy, while the anisotropic macro-nanodiscs are
analyzed using a variety of solid-state NMR experiments, including 3'P, “N, 2D 'H/'H RFDR, SLF, and 2D 'H/"*C
HETCOR. Based on the experience gained and different protocols used in the investigation of a variety of polymers,
lipids, and proteins in the Ramamoorthy lab, the use of freeze-thaw cycles for some of the lipids, including POPC, POPG,
and DSPC, is required in the preparation of polymer-based nanodiscs; further optimization may be required depending
on the sample/system under investigation. In addition, sample preparation procedures for a successful reconstitution of a
membrane protein need to be adapted based on the physicochemical properties of the protein under investigation. For a
given membrane protein, magnetic alignment of macro-nanodiscs (large-size nanodiscs) and successful implementation
of solid-state NMR experiments require optimization of various parameters, including the lipid:polymer ratio,
concentration of nanodiscs, amount of paramagnetic (for example, lanthanide) salt, and temperature. Copyright 2018

Elsevier.
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A variety of biophysical studies reported the characterization of SMA based polymer
nanodiscs!?*!74!7> . NMR experiments have been used to show the formation of nanodiscs and to
probe lipid dynamics!’®!"’. Due to the lack of relative size control, the current NMR applications of
polymer nanodiscs are limited to solution NMR. In order to expand the NMR applications of polymer
nanodiscs to both solution and solid-state NMR, more control over nanodiscs size is needed*%178,
Our hypothesis is that a lower molecular weight polymer would allow for size control of nanodiscs
is based on the knowledge gained from the molecular weight (MW) difference between high MW
MSPs, which do not qualify for size control, and low MW peptide-based nanodiscs, which have been
demonstrated to enable size control’>’?. Our lab has been focused on using low molecular weight
polymers to achieve the necessary nanodiscs size control for various biophysical and structural

biology studies.

1.3.2 Expanding the range of sizes nanodiscs by using SMA-EA

The first functionalized SMA based polymer developed in the Ramamoorthy lab was styrene-maleic
anhydride—ethanolamine (SMA-EA)!”. The used starting material was a commercially available
poly(styrene-co-maleic anhydride) cumene terminated with ~1.3:1 styrene:maleic anhydride molar
ratio with a number average molecular weight of about 1.6 kDa. SMA-EA was synthesized by
modifying the starting SMAnh via a nucleophilic ring-opening reaction using ethanolamine. The
resulting polymer was shown to form nanodiscs with large sizes (10-60 nm diameter) by varying the
lipid to polymer ratio. Small SMA-EA nanodiscs, with lipid:polymer (w/w) ~2, (<20 nm) were shown
to be suitable for solution NMR experiments, whereas the largest-sized nanodiscs (macro-nanodiscs)
(lipid:polymer 1:1 w/w) aligned in the presence of an external magnetic field enabling structural
studies of membrane proteins using solid-state NMR spectroscopy!”?"18!. The ability of nanodiscs to
be used in the study of membrane proteins using solution as well as solid-state NMR were shown
using Cyt b5 as an example. Uniformly-!*N-labeled Cytochrome-b5 reconstituted in small nanodiscs
(10 nm) exhibited well-dispersed peaks in a 2D TROSY-HSQC (transverse relaxation optimized
spectroscopy-heteronuclear single quantum correlation) spectrum suggesting that protein is well
folded. Cyt b5 reconstituted in macro-nanodiscs were used in a 2D PISEMA (polarization inversion
and spin-exchange at the magic angle) experiment'%132-18¢  The PISEMA spectrum revealed a
characteristic wheel-like pattern of resonances showing the tilt of the helical transmembrane domain
with respect to the lipid bilayer normal. The SMA-EA polymer was also shown to have increased
stability towards divalent metal ions (up to 21 mM for Ca** and 30 mM for Mg?"), and increased
tolerance towards low pH (from 4.5 to pH 3.3) based on the lipid:polymer w/w ratio)) as compared

to SMALP (pH ~ 6.3). While we demonstrated that SMA-EA polymer nanodiscs could be formed in
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a wide variety of sizes, the presence of carboxylic groups as the hydrophilic component still limited

the application of SMA-EA nanodiscs.

1.3.3 Acidic compatible polymer nanodiscs using SMA-ED and
SMAd-A

Because amines readily react with the SMAnh anhydride group, we hypothesized that substituting
the carboxylic acids with other hydrophilic groups would increase the polymer nanodiscs' stability
towards low pH. To test this hypothesis, we synthesized two different SMA derivatives, styrene-
maleic acid—ethylene diamine (SMA-ED) and styrene maleimide—amine (SMAd-A)'>>. First, we
synthesized SMA-ED, a zwitterionic analog of SMA, with the idea that the polymer would always be
charged due to the negatively charged carboxylates at high pH and the positively charged amino
groups at low pH. This polymer showed stability for a wide range of pH values (3.5 < pH < 8.5)
during the presence of only one kind of charged functional group. One interesting result was that
SMA-ED was not stable and precipitated from solution at the near-neutral environment (pH ~ 6 +/-
1). We interpreted this observation as being a result of the zwitterionic state and SMA-ED forming
aggregates with itself due to the presence of attractive charge-charge interactions. SMAd-A was
synthesized to show a monofunctional form of SMA that is stable at low pH. The SMAd-A polymer
was formed from a Boc-protected SMA-ED dehydration reaction to form the maleimide, followed by
a Boc deprotection. This positively charged SMAd-A demonstrated the expected characteristic
stability at acidic conditions (pH = 3.5) while it precipitated at basic conditions (pH > 6) due to the
loss of charge on the amino functional groups. SMA-ED and SMAd-A both showed remarkable
stability towards the presence of divalent metal ions at acidic pH. These results demonstrated that the
replacement of the metal-chelating carboxylates with non-chelating amino groups allows for the
formation of nanodiscs even in the presence of divalent metal ions and at lower pH. Both SMA-ED
and SMAd-A based lipid nanodiscs have also been demonstrated to stabilize a medically important

polyphenolic compound, curcumin, showing a potential application in the field of drug delivery!>.

1.3.4 Robust pH resistant nanodiscs using SMA-QA

Both SMA-ED and SMAJ-A still had limitations due to pH-dependent hydrophilic groups, which
restricted their use to specific pH ranges. With the goal to form polymer nanodiscs that are stable
under all biologically relevant pH and metal ion concentrations, we synthesized styrene maleimide—

quaternary ammonium (SMA-QA) polymer!>

. We selected quaternary ammonium as the charged
hydrophilic group due to its pH-independent charge and non-chelating properties. SMA-QA was

synthesized using a similar approach previously seen in our SMAd-A polymer synthesis. The
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functionalization was performed by reacting SMA (~1.6 kDa) with aminoethyltrimethylammonium
chloride hydrochloride followed by a dehydration reaction forming the maleimide. SMA-QA was
shown to form monodispersed nanodiscs of various sizes (10-30 nm) by varying the lipid to polymer
ratio (1:1.5 to 1:0.25 w/w). These nanodiscs were shown to be monodispersed in size as characterized
by dynamic light scattering (DLS), transmission electron microscopy (TEM), and size exclusion
chromatography (SEC). The smaller nanodiscs (about 10 nm) were shown to be isotropic in solution,
enabling solution NMR studies on membrane proteins, whereas the macro-nanodiscs ( > 20 nm)
exhibited spontaneous alignment in the magnetic field and are suitable for solid-state NMR studies.
The remarkable feature of SMA-QA nanodiscs is that the nanodiscs are stable in a wide range of pH
values (2.5 < pH < 10) and in the presence of divalent metal ions (up to 200 mM of Ca*" or Mg?").
SMA-QA nanodiscs are a robust membrane mimetic tool that offers significant advantages over all
currently reported nanodisc systems because of these unique properties. Therefore, we foresee a

substantial expansion in the applicability of nanodisc technology.

pH stability

o stable [ Unstable

Figure 1.17. pH stability of polymer nanodiscs. A schematic representation of the stability of various polymer nanodiscs
under different pH values based on the experimental characterization as reported elsewhere!>>!5185, Copyright 2018

Elsevier.

Recent studies have demonstrated that many advantages of SMA based polymer over peptidic based
nanodiscs, which includes studies on membrane proteins!?7-10817LI186-191 "However, the functional
modifications described here would drastically increase the applications of these polymer-based
nanodiscs in studying membrane proteins using a wide variety of biophysical techniques including
solution and solid-state NMR spectroscopy. Most of the polymer nanodiscs studies on membrane
proteins reported in the literature are limited to neutral pH. In contrast, SMA-QA polymer can be
used to study the pH-dependent membrane insertion or function of a membrane protein even at low
pH!'6%1%0 We also would like to mention that a strong UV absorption and the interactions with the

aromatic styrene group of SMA-based polymers pose limitations for some biophysical techniques.
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For example, the SMA polymer has been shown to have strong interactions with Thioflavin T (ThT)
dye that is commonly used in monitoring the kinetics of amyloid aggregation. To overcome these
limitations of polymer-based nanodiscs, recent developments have focused on producing styrene-free
polymers, which include diisobutylene/maleic acid copolymer'® and poly-methacrylate

copolymers'®!.
1.4 Conclusions and impacts

Membrane mimicking systems are crucial for the investigation of membrane proteins, and among
them, SMAs and SMALPs proved to be invaluable tools. In conclusion, functionalization of a low
molecular weight SMA polymer allowed for the tuning and enhancement of these polymers to
different pH and metal ion presence while also allowing greater control over size. Using size control,
polymer nanodiscs' applications in the field of NMR spectroscopy, specifically for structural studies
using solid-state NMR spectroscopy, is achievable. We expect that macro-nanodiscs will prove to be
a valuable tool in studying functional reconstitution and structural investigation of large-size
membrane proteins and membrane protein assemblies like channels and complexes. These macro-
nanodiscs will allow the use of sophisticated biophysical techniques, including cryo-EM, SAXS, and
SANS. Overall, using a straightforward chemical functionalization to modify the functional groups
of SMA polymers enables us to engineer new polymers to overcome the current limitations seen in
polymer nanodiscs technology. We have also demonstrated the use of styrene-free polymers to form
lipid-nanodiscs, which have been potentially useful in investigating amyloid aggregation and for
studies using styrene-sensitive biophysical experiments such as CD and ThT based fluorescence'".
This allows us to greatly expand the use of polymer nanodiscs for biophysical structural and
functional studies on a variety of membrane proteins, membrane-bound protein-protein complexes,
and domains of cell membranes. It is also worthwhile to explore the feasibility of potential biomedical

applications of polymer-based nanodiscs.

The introduction of nanodisc-forming polymers circumvented the need for the initial detergent
extraction, but currently available copolymers still have several shortcomings. We believe that further
optimization of the polymers would be useful to continue to expand the applications of polymer
nanodiscs. Some of the polymer aspects worth investigating include the following. First, the
optimization of the styrene and maleic acid group alternation in the chain (perfect alternating versus
statistically random) may provide additional insights into protein structural biology using nanodiscs.

Second, the design of a variety of hydrophobic groups to accommodate the variation in the
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hydrophobic thickness of the lipid bilayer while eliminating the styrene moiety due to its potential
interaction with proteins. Third, it is also essential to further investigate the lamellar nature of lipids
in SMA based nanodiscs using calorimetry and solid-state NMR based experiments and to
systematically investigate the effect of the hydrophobic groups of the polymers on the structure and
function of the reconstituted protein(s) and the physicochemical properties of lipids. Finally, further
studies to optimize the reconstitution of a variety of membrane composition, asymmetric lipid bilayer,

and raft-like domains would further broaden the scope of polymer-based nanodiscs.
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2.1 Introduction

Nuclear magnetic resonance spectroscopy is a well-established technique that allows the study of a
variety of systems ranging from small molecules and macromolecules in solution to crystals, powders,
and a variety of supramolecular aggregates, including fibrils and bones, in the solid state!"'>. Even
though NMR can provide a plethora of structural and dynamic information, it suffers from being a
relatively insensitive technique due to the small energy difference of the eigenstates of nuclear spins

(Figure 2.1), which translates to low population differences and consequently poor signal-to-noise

ratios®!1®17,
A) B) C)
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Figure 2.1. The Zeeman effect and fundamentals of NMR spectroscopy. A) Shows the origin of the Zeeman effect.
Giving an ensemble of spin-1/2 nuclei, in the absence of an applied magnetic field, all the spins are degenerate. If a
magnetic field By is applied, the splitting of energy levels is generated, and the energy gap, AE, is proportional to the
gyromagnetic ratio and the magnitude of the magnetic field. B) Applying a sequence of RF pulses of comparable energy
to the AE, spins are excited, i.e., they flip. C) The free induction decay, FID, is then detected.

Achieving high sensitivity in NMR is additionally hampered by the fact that many of the most
common nuclei (such as '’N and '*C) studied are low natural-abundance isotopes. As a result, NMR
requires samples with high concentrations (in the micro-to-mill-molar range) and volumes of 200- to
300- uL or several milligrams of solid materials. When conducting NMR experiments, especially on
biomolecules, it is common to rely on isotopic enrichment, which is both time-consuming and
expensive'® 22, Advancements in probe design and the introduction of cryogenic probes, which
enables a significant reduction in noise levels, have also contributed to increased sensitivity of NMR
spectra®*~?°, Another way to increase NMR sensitivity, which will be the focus of this chapter, is to

affect the relaxation properties of the studied nuclei using paramagnetic probes®-2,

Relaxation is a process in which the Boltzmann equilibrium of spin states is regained after the

perturbation of nuclear spins by radiofrequency (RF) pulses. Even though the relaxation of multiple-
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spin systems can be a very complex process, often complicated by chemical exchange and local
motions, it can be described phenomenologically by longitudinal (or spin-lattice or T1) and transverse
(or spin-spin or T) relaxations as defined by Bloch equations®. The longitudinal relaxation,
characterized by the time constant T, describes the energy transfer from the nuclear spin system to
the surrounding environment (or lattice). For this process to occur, it is critical that a stochastically
fluctuating magnetic field with an appropriate correlation time is present within the system. There are
many possible sources for the random fluctuating magnetic fields such as molecular tumbling,
internal molecular dynamics, and the effects of free electrons. If intramolecular and tumbling motions
are comparable and no free electrons are present, the T times of different nuclei within a molecule
are closely related to the tumbling rate (also known as the correlation time t.) of the molecule while
in the presence of an external magnetic field. The nuclei with the shortest T; times are in molecules
that tumble with a rate that is approximately equal to the Larmor frequency. This means that faster-
tumbling molecules will have lower T; values in higher magnetic fields since the Larmor frequency
increases with the magnetic field and can more efficiently match the tumbling rate. Importantly,
molecules that tumble both faster or slower than the Larmor frequency will relax more slowly due to
the mismatch between the tumbling rate and the oscillating fields, and therefore exhibit high T;
values.

Consequently, the T; times of crystals and rigid solids can be quite long (from seconds to even

minutes)*S.
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Figure 2.2. PRE and molecular systems. (A) Schematic representation of how acquisition time is affected by the recycle
delay. Shorter T; reduces the recycle delay, shortening the experiment. (B) The dependence of relaxation times (T; and
T») on the tumbling rate of molecules. This scheme shows that the molecular size plays an active role in both tumbling

and relaxation. An optimal range (in light green) is indicated where T is not significantly affected by the decreased T;.
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When describing the relaxation processes of a paramagnetic system, it is important to consider the
electronic relaxation times, which are mostly dependent on the nature of the chosen paramagnetic
ion, the proton effective correlation times (if focused on 'H relaxation), and the molecular rotational
correlation time®*. It was shown that for fast rotating molecules, or part of molecules, the electronic
relaxation times dominate, and it is possible to significantly shorten the Ti without significantly

altering To.

To improve the sensitivity, NMR spectroscopy relies on signal averaging. However, prior to each
scan, the spin states must be brought to thermal equilibrium during the recycle delay time for an
optimal signal-to-noise ratio. Consequently, systems with long T times are problematic since they
require long recycle delays and will significantly prolong the measurement time of an NMR
experiment (Figure 2.2A). In addition to T; time, it is important to also consider the potential loss of
transverse magnetization, characterized by the T> time constant, which leads to the decay of the NMR
signal. The T> times are crucially important for the quality of NMR spectra since the linewidth
observed in an NMR spectrum is inversely proportional to T of the corresponding nucleus. The T»
times are highly dependent on the nuclei dipole-dipole interaction and large macromolecules with
slower correlation times have shorter T2 times. In solid-state samples, the random motion is usually
so small that it minimally affects the T> times of nuclei. Instead, NMR signals are broadened by
effects, often classified under T>’, dominated by coherent residuals arising from the incomplete
averaging of dipole-dipole interactions by magic-angle spinning and/or decoupling by RF pulses,
distributions of chemical shifts arising from heterogeneity, external magnetic field inhomogeneity, or
magnetic susceptibility effects’>-¢, Many of these effects can be refocused, albeit not all refocusing
is easy to predict, with spin-echo experiments*>’. Additionally, decoupling RF pulse sequences were

developed specifically to increase coherence lifetimes®®%.

A plot of Ty and T> dependence in relation to the tumbling rate of molecules exhibit three very distinct
regimes as shown in Figure 2.2B: (i) both T and T is short (“small” molecules regime), (i1) T is
long, and T is short (“large” molecules regime), and (iii) T is close or equal T2 (shown in light
green). The latter regime of motion is most desirable for NMR spectroscopy since it enables short
recycle delays with reasonably narrow resonance lines. In this chapter, we will describe how
researchers have created ways to reduce the T times of nuclei with minimal reductions of their T»
times. Our main focus is to describe how to choose and position paramagnetic tags in the systems

under investigation and optimize NMR experiments.
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2.2 Systems for T; reduction with minimal change on T,

Different paramagnetic agents have been utilized to reduce the T, relaxation times in the efforts to
shorten the recycle delay times. Paramagnetic probes can be mainly divided into three classes: the
nitroxide stable radicals, linear metal chelators, and macrocyclic metal chelators able to bind
paramagnetic metal ions at high affinity (Figure 2.3)**4%%. Organic radicals, such as nitroxide-based
radicals (Figure 2.3A), are commonly used for PRE investigation of different molecular systems. In
addition to generating PRE, these radicals are also used as spin labels for Electron Paramagnetic
Resonance (EPR) spectroscopy*®*’ and Dynamic Nuclear Polarization (DNP) studies*®*°. In addition
to free radicals, different metal ions, mostly from the first row of the d-block and the f-block of the
periodic table, can be used as paramagnetic probes to explore a variety of paramagnetic effects>>>,
The paramagnetic properties of metal ions are dictated by their oxidation state, coordination sphere,
and electron spin states; therefore, it is possible to use different ligands to fine-tune their properties
(Figure 2.3B and 2.3C)**. Importantly, we can observe clear differences in the paramagnetic behavior

between the d-block and f-block elements of the periodic table. The d-block elements exhibit several

coordination numbers and oxidation states.

Consequently, their electronic and magnetic properties are heavily affected by the type (and number)
of coordinating ligands since they interact via their valence electrons where the unpaired electrons
are located. The f-block elements form primarily trivalent cations and exhibit high coordination
numbers (from 8 to 9). In contrast to d-block, the unpaired electrons of the f-block elements are
located in the f-orbitals, which are largely non-bond forming, so the effect of the ligand field on their
magnetic properties is much less pronounced. For this reason, it is possible to consider the f-block
cations as point charges because any eventual bond with the ligands affects their unpaired electrons

only minimally®>,

Favorable electronic relaxation times, proton effective correlation times, and the rotational correlation
times of the system can be fine-tuned by varying the ligands coordinated to the paramagnetic metal.
In the case of a common chelator such as EDTA (ethylenediaminetetraacetic acid), it has been
reported that the Ni(EDTA)* complex causes significant line-broadening to the extent that no signals
were observable in the 'N-'>N HSQC spectra of the studied protein®*. If, instead, DO2A (1,7-
dicarboxymethyl-1,4,7,10-tetraazacyclododecane) is used as a chelating molecule, which forms 1:1
chelates with most transition metals and lanthanide ions, and a strong complex with Ni** cations, no
significant line-broadening effects, and chemical shift changes were observed for the protein

resonances. Ni(DO2A) can be used to significantly decrease proton T; relaxation times of
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macromolecules with negligible line-broadening effects®*. In contrast, metal ions with slow electronic
times, such as Mn?" and Gd*>* (as well as some organic free radicals, such as TEMPO), decrease the
T> times more significantly, and thereby induce line-broadening®’-*8. Chelators such as EDTA,
DTPA%, TAHA®, DO2A*, DOTA®"%2, and derivatives®%* (Figure 2.3) are widely used to develop
tagging strategies to generate different paramagnetic effects using the desired metal®®. Additionally,
free metals in solution may cause protein structure modification or degradation, and other sample
instabilities, e.g., inducing precipitation. In such a case, it is preferable to use paramagnetic metals in

their chelated form.
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Figure 2.3. Chemical structures of stable free-radicals and metal chelating agents commonly involved in PRE
studies. (A) Nitroxide spin labels 1-oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-methyl-methanethiosulfonate (MTSL) and
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO). (B) Linear metal chelators ethylenediaminetetraacetic acid (EDTA),
and diethylenetriaminepentaacetic acid (DTPA). (C) Macrocyclic metal chelating agents 1,4,7-triazacyclononane-
1,4,7-triacetic acid (NOTA), and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA).
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2.3  PRE molecules can be used to obtain structural information

In addition to expediting the acquisition of NMR spectra, PRE molecules/tags placed at specific
locations in the studied system can provide important structural information (Figure 2.4)%%7. When
designing the experiment, it is critical to consider that the relaxation effect decreases when moving
away from the paramagnetic center with an r® dependence, where r is the distance between the
paramagnetic center and nucleus whose signal is being observed. The region closes to the
paramagnetic center, where NMR signals are too broad to be detected, is called the “blind zone.” The
most useful region is further away from the PRE center, where the NMR signals are visible but still
affected by the unpaired electrons that can be used to obtain structural information®®%. The sizes of
both “blind” and “useful” regions are heavily dependent on the nature of the paramagnetic center.
Even by taking the sharp drop-off of the relaxation effects into account, metal ions in paramagnetic
molecules can affect nuclei up to a distance of 35 A due to the large magnetic moments of unpaired

electrons.

In biomolecules, paramagnetic probes can be introduced into the sample via simple chemical
modifications such as cysteine-cysteine and amide bonds to pre-existing amino acid residues’® "’ or
by adventitious binding to binding sites’>. However, these methods are often non-trivial and time-
consuming. Examples of paramagnetic tags are S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-'H-pyrrol-
3-yl)methyl-methanesulfono-thioate (MTSL) or Ethylenediaminetetraacetic acid chelated with Mn?*
(EDTA-Mn*") (Figure 2.3)7*. If asymmetric isotope labeling is used, as in a system of two interacting
proteins, NMR experiments can be designed to distinguish between intra- and inter-molecular PRE
effects, which is very useful in the identification of structural changes occurring in both binding
partners upon the formation of transient and permanent interactions’*”. A paramagnetic tag can be
used to detect intermolecular interactions. For instance, a modified phospholipid with a paramagnetic
tag in the headgroup will affect only those nuclei that are spatially close to the tag, thus providing

information about the orientation of the molecule such as a peptide, protein, or a ligand relative to the

lipid head group (Figure 2.4B)’S.

Additionally, a judicious combination of PRE-tagging and isotope labeling can divulge information
about interacting domains of different biomolecules*>’*6"7 The simplest way to utilize the PREs
effects for structural studies is to dissolve paramagnetic ions into the solution (solvent PREs) that
contains macromolecules of interest (Figure 2.4C)”’. Importantly, the PRE effect is concentration-
dependent since multiple PRE centers will increase the relaxation of the exposed nuclei. Paramagnetic

ions dissolved in solution with suitable relaxation properties will randomly interact with the
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macromolecules or macromolecular complexes and will effectively suppress the signals of the nuclei
that are close enough to the paramagnetic ion’®’#, On the other hand, signals from chemical groups
(amino acid residues or nucleotides) that are shielded from the solvent, and consequently from the
paramagnetic ions in solution, can be observed.

For example, Mn?" ion is commonly used to identify the residues from the transmembrane domains
of a membrane protein embedded in a lipid bilayer’®”. Solvent PRE is also commonly used to
identify the solvent-exposed residues of a protein®®®!. Additionally, the paramagnetic effect can be
used to obtain local structural information by either modifying the molecule under investigation, for
instance, proteins, with a conjugated paramagnetic center or by using their innate paramagnetic center

(like in the Cytochrome and heme-containing proteins)6-52-83,

.
e

T
.\./”

Figure 2.4. Schematic representation of the tagging strategies for PRE studies. (A) Direct or intramolecular labeling,
(B) Indirect or intermolecular labeling, (C) Solvent PREs arising from random interactions between a macromolecule and

paramagnetic co-solute molecules. Inspired by reference®.
2.4 Solid-state NMR and PRE

Solid-state NMR spectra get substantially more complicated with the appearance of chemical shift
anisotropy, dipolar and quadrupolar couplings, which are otherwise averaged out under isotropic

motion of molecules in solution. In addition, very slow or no molecular tumbling in solids, crystals,
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or other viscous and aligned samples that are studied using solid-state NMR spectroscopy usually
give rise to long T and, as discussed above, broad signals due to T>’ effects®**’. For these systems,
this problem is exacerbated as the T of the dilute spin %2 nuclei are usually long (tens of seconds for
13C in powdered organics and minutes for 2°Si in framework silicates®®%%). To deal with long T and

88,90-92 are

short T, times of dilute spins, or insensitive nuclei, cross-polarization (CP) methods
commonly used to take advantage of the relatively short T; of the sensitive nuclei (usually 'H) in
addition to enriching the sensitivity of less sensitive nuclei by the highly-abundant and high-y nuclei
like protons. This means that compared to single pulse (i.e., direct detection) experiments conducted
on insensitive nuclei, the recycle delays can be shorter when cross-polarization (for example, 'H to
5N) is used”* *°. Therefore, the use of PRE-molecules makes it possible to decrease the T; times of
protons and speeding-up the acquisition of cross-polarization based NMR spectra of the
corresponding nuclei in solid-state. Many solid-state NMR studies on crystalline samples have
utilized paramagnetic dopants to shorten the T; of protons®*. This approach was successfully utilized
to either decrease the amount of sample required or shorten the experimental measurement time
significantly for studies on amyloid peptides and polymorphic pharmaceutical compounds”® %, Using
paramagnetic relaxation enhancement, it has also been possible to provide atomic-level insight into
the structure and dynamics of the organic matrix (primarily type I collagen) and the mineral surface
(primarily poorly crystalline calcium-rich carbonated hydroxyapatite) in bone tissues’'®. The
intrinsic T relaxation times of 'H resonances of different amino acid residues were shortened with
the use of copper(Il) ions coordinated in [Cu(II)(NH4)2EDTA]**!% (Figure 2.5). Importantly, the
linewidth was not significantly affected, suggesting that the spin-spin relaxation was not altered in
these samples. Shortening T allowed for the acceleration of data acquisition from cross-polarization
magic-angle-spinning (CP-MAS) NMR experiments, which enabled the use of a natural-abundance

13C bone sample (Figure 2.5).

Furthermore, it was possible to obtain structural information due to the quenching of specific '3C
resonances by Cu®" ions in the absence of mineral. These results showed that three main amino acid
residues (glycine, proline, and alanine) from the protein backbone are located close to the bone
mineral surface'®. Simply detecting T; times for nuclei of different isotopes inside solids can also
lead to useful structural and kinetic information. In the case of a X-Cu(Il)-HY zeolite (Y = the starting
ratio of nsi/nal = 2.8), where X represents the number of Cu®* ions anchored per unit cell, it was
possible to identify the preferred binding sites for the Cu?*ions inside the unit cell'!. Also, employing
in situ PRE MAS NMR technique, it was possible to determine the reaction pathway of catalytic
conversion of acetone to hydrocarbons, enabled by the much shorter 'H and '*C T, times of the zeolite

101

bound acetone molecule'”". Note that in most solid-state NMR experiments, radio-frequency induced
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heating of the sample is a problem and may denature the expensive isotope-labeled membrane
proteins and, in extreme cases, can also damage the probe. Consequently, special care must be given
to reduce the sample heating by preparing deuterated samples and using very fast magic angle
spinning in combination with specialized low-E NMR probes and RF pulse sequences that utilize low
power pulses for magnetization transfer and decupling in order to fully advantage of the reduced

I'CCYCIC delay“"”’%wz‘“l.

2.5 Biological membranes: bicelles and nanodiscs

Biological membranes delimit every cell and all its compartments, playing a pivotal role in basic
biological processes. The driving principles of bio-membrane formation lie in the amphipathic
properties of phospholipids in an aqueous environment but, despite this “simplicity,” membranes are
made of a plethora of different lipids, polysaccharides, and proteins involved in intricate interactions
and equilibria. Membrane component diversity is crucial to maintain stability, function, and integrity
of membrane proteins''?>!!3, Different aspects of membrane lipids can be studied by both solution and
solid-state NMR!>221147120 " Qolytion state NMR works best when structural studies are being
performed on lipids dissolved in organic solvents or also in favorable cases when dispersed in
solution. To obtain more biologically relevant structural information about the nature of the
membrane phase (lamellar, hexagonal, isotropic, etc.), its order/dynamics (fluid or gel, or liquid-
ordered with cholesterol), and the molecular structure of embedded lipids, it is better to utilize solid-
state NMR methodology. When studying transmembrane and receptor proteins, studies have shown
the importance to develop NMR techniques that would allow for the characterization of both the
solvent-exposed, more dynamic, and lipid bilayer embedded rigid protein domains at the same time®?.
To achieve this, it is crucial to develop excellent membrane-mimicking systems. The most commonly
used membrane-model systems are liposomes (SUVs, LUVs, GUVs, MLVs), bicelles, and
nanodiscs'?'. The very large differences in size and tumbling rates of the systems are also reflected
in Ty and T> times of lipids and any molecules embedded in those lipids. Liposomes are the simplest
bilayer/mimicking system, consisting of lipids that self/assemble into vesicles. Size-tunability is
possible by mechanically breaking them down (extrusion or sonication)'??. Bicelles consist of disc-
shaped phospholipid bilayers surrounded by a rim containing short-chained detergent molecules'>!%*~
130 The ratio of lipid to detergent, also known as g-ratio, allows size tunability. Bicelles with large g-
ratio and multilamellar vesicles (MLVs) are more suited to solid-state NMR due to being large
systems and having slow tumbling rates'®. Recently, non-covalent disc-shaped nanoparticles known
as nanodiscs have been introduced'*!"!32. Several studies have demonstrated how this system
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represents a suitable membrane-mimicking model and have a resemblance to bicelles. These
nanodiscs are made of a planar phospholipid bilayer patch surrounded by an amphiphilic belt made
up of proteins (MSP!*! or its derived peptides'*®) or synthetic polymers (SMA'3?, DIBMA'"3*,
PMA!*5, PAA%) or designed polymers'3>!37-142. These nanodiscs are free from undesirable
detergents and also devoid of membrane curvature. Besides their native lipid membrane-like
character, the most important property is that the size of peptide-based and polymer-based nanodiscs
is tunable by simply varying the lipid:peptide/polymer ratio. Therefore, these nanodiscs satisfy the
requirements of solution NMR experiments, whereas macro-nanodiscs (> 20 nm diameter) enable the
use of solid-state NMR techniques, making them an excellent system to study the structure and

dynamics of membrane proteins in a near-native lipid membrane environment!*%143,
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Figure 2.5. T1 'H relaxation times observed from collagen, powdered cortical bone, and demineralized bone in the
absence and in the presence of Cu—EDTA (30 mM). The T, values were determined from 'H-spin-inversion recovery
experiments, and the reported errors were estimated from the best-Fitting of experimental data. All measurements were
performed on a 600 MHz Bruker AVANCE solid-state NMR spectrometer. A, alanine; L, leucine; P, proline; E, glutamic
acid; O, hydroxyproline; G, glycine; CO, carbonyl. The signals from (Pa, Oa) and (Oo, Ea) overlap in the '3C NMR

spectrum. Adapted with permission from!'%, Copyright 2012 American Chemical Society.

As mentioned above, paramagnetic metals have been used to shorten the T relaxation of protons in
solution and in solid-state NMR experiments to study membrane proteins. Since membrane proteins
are embedded in a lipid bilayer, and paramagnetic metals exhibit less PRE effect for residues in the
transmembrane region, a higher amount of salt is required to effectively shorten the T; values for the

transmembrane residues. However, a high amount of salt can have undesired effects on protein-lipid
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interactions. To avoid this problem, metal-chelated lipids were developed that can be reconstituted in
the lipid bilayer sample (Figures 2.6C and 2.6D)*. Using a copper-chelated lipid, T; times of 'H
resonances of membrane lipids (Figure 2.6A and 2.6B), membrane-embedded peptides, and proteins
were effectively shortened*>’¢. Since the metal-chelated lipid is immobilized within the lipid bilayer,
the PRE effect has been shown to be dramatic due to the 'H-'H dipolar couplings enabled spin
diffusion process (Figure 2.7), and therefore the amount of paramagnetic metal ions required to
achieve T; reduction was significantly reduced as compared to previous studies that used the
paramagnetic metal ions in the bulk solution. An additional benefit is the absence of free metal ions

in the samples, which otherwise can induce undesired side effects, as mentioned above.
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Figure 2.6. 2D 'H/'H chemical shift correlation spectra of bicelles without (A) and with (B) 2.56 mM copper-chelated
lipid obtained under 5 kHz MAS with total data collection times of 11 and 1.77 h, respectively. A 6.2-fold reduction in
data collection time with a similar S/N ratio was made possible by the use of the copper-chelated lipid, as can be seen
from the 1D spectral slices taken at (top) 1.34 and (bottom) 3.25 ppm with (red) and without (black) the copper-chelating
lipid. An RFDR?7 sequence with a 100 ms mixing time and a 100 ms low-power pulse for water saturation at 35 °C was
used; 512 tl experiments with 32 scans were used, with recycle delays of 0.2 s (with copper-chelating lipid) and 2 s
(without). (C) The structure of DMPE-DTPA (1,2-ditetradecanoyl-sn-glycero-3-phosphoethanolamine-N-
diethylenetriaminepentaacetic acid). (D) Molecular structure of DTPA (diethylenetriaminepentaacetic acid) chelated with
a copper ion. DTPA is one of the common metal ion chelators. Adapted with permission from’®. Copyright 2010 American

Chemical Society.

Using the specially designed chelating phospholipid (i.e., DMPE-DTPA,*7®), it is possible to

enhance the T, relaxation without affecting the lipid bilayer orientation (Figure 2.7). If isotopically
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tumbling membrane systems that contain metal-chelated lipids are used, as can be done with isotropic
bicelles or nanodiscs, the data collection times can be dramatically reduced in solution NMR
experiments such as 2D SOFAST-HMQC. As shown in Figures 2.8, it is remarkable that this
approach enabled the acquisition of a 2D 'H/'">°N SOFAST-HMQC spectrum of an antimicrobial
peptide without the need for '°N isotopic enrichment (Figure 2.8A, C, and D)*. The used sample
preparation approach can be optimized for most membrane proteins to speed-up the acquisition of
multidimensional solution NMR experiments for structural and dynamic studies of membrane

proteins and dramatically reduce the amount of membrane protein required to acquire NMR spectra.

A B ’ C
|

N-terminal 4 7 17

15N Chemical Shift (ppm)

Figure 2.7. (A) Representation of lipid bilayers containing a paramagnetic copper-chelated lipid and Subtilosin A, a 35-
residue cyclic antimicrobial peptide that has been shown to interact with lipid bilayers with the membrane orientation
depicted in (A). (B) '°N spectra of aligned 7:3 DMPC/DHPC bicelles containing 12-14% uniformly '>N labeled (only 70-
82 nmol) Subtilosin A (red) with and (black) without the 2.56 mM copper-chelated lipid. The spectra were obtained on a
400 MHz Varian NMR spectrometer using a ramped-amplitude cross-polarization (ramp-CP) sequence with a contact
time of 0.8 ms under static conditions at 37 °C. While the total data collection time was 8 h for both spectra, the recycle
delay was different for samples without (2 s) and with (1 s) the copper-chelated lipid. The transfer of the paramagnetic
effect in T reduction for nuclei in the membrane via proton spin diffusion is also indicated in (A). (C) Primary structure

of the antimicrobial peptide Subtilosin A. Adapted with permission from’®. Copyright 2010 American Chemical Society.

Consequently, this approach is highly beneficial to overcome many intrinsic limitations in membrane
protein structural studies. Some of the immediate applications include: (i) quickly acquiring NMR
spectra of unstable membrane proteins or protein-protein complexes; (ii) performing NMR
experiments on scarcely available mammalian membrane proteins; (iii) real-time monitoring of
protein-lipid interactions induced folding, refolding, misfolding, and oligomerization of amyloid
proteins; (iv) investigating the action of membrane-active peptides such as antimicrobial peptides and

amyloid peptides.
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Figure 2.8. Four-fold increase in the sensitivity of 2D SOFAST-HMQC experiments. (A) 2D SOFAST- 'H/'>N-
HMQC spectrum of a 9.3 mM (unlabeled) MSI-78 (also known as pexiganan) incorporated in DMPC/DHPC isotropic
bicelles (q = [DMPC]/[DHPC] = 0.25, DMPC: 1,2- dimyristoyl-sn-glycero-3-phosphocholine, DHPC: 1,2-dihexanoyl-
sn-glycero-3-phosphocholine) containing a 2.96 mM copper-chelated DMPE lipid. (B) 3D structure of MSI-78 embedded
in bicelles along with its amino acid sequence. (C) Signal-to-noise ratio obtained from 2D SOFAST-HMQC spectra of a
9.3 mM unlabeled MSI-78 in q = 0.5 isotropic bicelles without copper-chelated lipid (black) and with a 2.96 mM copper-
chelated lipid (red). (D) 1D ' H chemical shift projection spectrum obtained from 2D SOFAST- 'H/""N-HMQC spectra
that were obtained with no copper (black) and a 2.96 mM Cu?'-DMPE-DTPA (red). All spectra presented in this study
were obtained from a 900 MHz Bruker NMR spectrometer at 35 °C using a cryoprobe. Each 2D SOFAST-HMQC
spectrum was obtained from 64 t1 experiments, 256 scans, and a 100 ms recycle delay; the total data collection time
(including the acquisition time and delays in INEPT) was ~54 min. Adapted with permission from*. Copyright 2011

American Chemical Society.

Also useful is the application of solid-state NMR, which is one of the most powerful spectroscopic
techniques that enable structural studies of membrane proteins in lipids under liquid crystalline
state!*146, Many successful relaxation enhancement solid-state NMR experiments carried out on
membrane proteins utilizing different paramagnetic metal ions (i.e., Co>*, Ni**, and Gd*") have been
reported®>!47, Critically, when discussing the NMR studies of membrane mimetics, it is important to
consider alignment since aligned samples can be used to reintroduce anisotropic interactions such as
dipolar couplings and chemical shift anisotropy (CSA) into NMR spectra, an invaluable tool to
determine the relative orientation of domains in multidomain proteins and solve the high-resolution
structure and topology of the protein'>!*®, Determining how proteins orient in a lipid bilayer is crucial

for understanding their biological function (Figure 2.9B). Macroscopically aligned lipid bilayer
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samples can be prepared by either using the mechanical alignment of lipids between glass plates or

aluminum discs or by magnetically aligning samples!'#¥15°,
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Figure 2.9. Site-specific 'H T: relaxation times of the backbone resonances of [U-'N]-SLN oriented in lipid bicelles
with 5% Cu?*-chelated lipids measured by the 2D inversion recovery SAMPI4 experiment. B) Mapping of the site-
specific T relaxation times on SLN structure (blue), where unobservable/overlapped residues in the SAMPI4 spectrum
are shown in white. C) 2D SE-SAMPI4 spectra of [U-'>N]-SLN without paramagnetic and d) with 5% Cu?*-chelated
lipids. The average °N linewidths for isolated peaks are 82.9 Hz and 86.7 Hz without and with 5% Cu?*"-chelated lipids,
respectively. Adapted with permission from!'3!. Copyright 2018 Elsevier.

Focusing on magnetic-alignment, it is possible to align lipid bilayers in the form of bicelles or macro-
nanodiscs, as demonstrated in the literature!>*'%6. Indeed, if the diameter of these nanoparticles is
larger than 20 nm (called macro-nanodiscs), and their lipid concentration is high enough, they are
likely to align in the magnetic field of the spectrometer as successfully demonstrated for many

different types of polymer-based nanodiscs'*’

. Many different NMR techniques have been developed
to monitor the alignment of different membrane systems. For instance, a fast-tumbling lipid bilayer
shows a narrow isotropic spectral line. On the other hand, if the bilayer is aligned in an external
magnetic field, then the *!'P chemical shift is anisotropic. Utilizing alignment, two-dimensional
separated-local-field (SLF) experiments that correlate >N chemical shift and 'H-'"N dipolar coupling
have been used in the structural studies of membrane proteins and other functional peptides (Figure

2.9)15!. The prototype of such experiments is the polarization inversion by spin-exchange at the magic

62



angle (PISEMA) experiment (and its variants) that allows the display of characteristic patterns based
on a molecule’s orientation with respect to the lipid bilayer (Figure 2.9C and 2.9D)!*!"15_ The so-
called helical wheels can be used to infer a helical peptide’s tilt within the bilayer, but its analysis
requires detailed knowledge of the chemical shift anisotropy tensor within the geometry of an amide
bond. Several methods can be used to enhance the sensitivity of these 2D SLF experiments. The
copper-chelated lipid developed in the Ramamoorthy lab has also been successfully utilized for the
fast acquisition of solid-state NMR spectra in the investigation of structure and membrane orientation
of SLN membrane protein (Figure 2.9A). Due to the hydrocarbon chains of the dominant DMPC
lipids, which have a negative magnetic susceptibility anisotropy, the bicelles are normally aligned
with the bilayer normal perpendicular to the magnetic field direction'®’. Adding paramagnetic
lanthanide ions (Yb**, Tm’*) to the studied membrane systems causes them to bind to the lipid
phosphate head groups, which results in a change in their magnetic susceptibility from negative to
positive, and consequently alters the tilt angle of bicelles. Such bicelles are characterized as “flipped”
and are orientated with the lipid bilayer normal parallel to the main magnetic field'>”!%%, It is
important to keep this in mind when deciding what kind of paramagnetic system to use for reduction

of Ty times of the studied membrane system.

Paramagnetic species have been introduced by either using metal-chelated lipids when forming
membrane systems or adding 5-DOXYL stearic acid radical to the studied systems'’. In addition to
increasing the speed of data acquisition the membrane-embedded radicals can also provide structural
information since they will reduce the signal intensities of nuclei that are close to the paramagnetic
centers near the lipid heads. Using a special chelating phospholipid (i.e., DMPE-DTPA*7) it is

possible to affect the relaxation without affecting the bilayer orientation.

Similarly, macro-nanodiscs can be successfully aligned in the magnetic field'3%137:13%:143.160 Q¢ far. to
our knowledge, there is no report in literature about PRE studies using aligned macro-nanodiscs. At
this point, several approaches can be followed. One of the straightforward approaches involves the
use of paramagnetically labeled phospholipids such as DMPE-DTPE, already reported for

bicelles*7¢

, while another approach involves the modification of the polymer belt with paramagnetic
probes. In both cases, the different positions of the probes could lead to different results given the
fact that the paramagnetic centers lie on different positions of the nanoparticle (lipid-bilayer surface

vs. polymeric rim of the nanoparticle).

In addition to free or chelated metal ions, paramagnetic species can be introduced by either using

metal-chelated lipids when forming membrane systems or adding 5-DOXYL stearic acid radical to
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the studied systems >”. Using paramagnetic ion chelated lipids has an advantage of ion centers being
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located close to the proteins, which increases the PRE effects. The amount of the metal-chelated lipids
needed is also very low, only 5-10%, to ensure a significant PRE effect. Lower metal ion
concentrations that are used with chelated lipids, compared to metal ions bound to free chelators, are
also advantageous since they reduce RF heating of the sample and can consequently allow for shorter
recycle delay times. In addition to increasing the speed of NMR data acquisition, the membrane-
embedded radicals can also provide structural information since they will reduce the magnetization

of nuclei that are close to the paramagnetic centers near the lipid head group.

2.6 Dynamic Nuclear Polarization (DNP) to improve ssNMR

Paramagnetic dopants can also be effectively utilized in DNP, a process utilized to transfer
polarization from the unpaired electron of a stable radical to nuclear spins, enhancing the NMR
sensitivity dramatically at cryogenic temperatures*-161-174_ With the use of stable radicals, it has been
shown to be possible to increase the polarization of the studied species by as much as 10,000 times
and more at a very low temperature (~1-2 K)*. This is especially useful for DNP-enhanced solid-
state NMR applications'’*!7>176 Recently, DNP-enhanced MAS NMR has moved well beyond the
proof-of-principle phase, particularly in the field of structural biology and to study materials. Various
types of polarizing agents, typically stable organic free radicals, used in DNP have different Electron
Paramagnetic Resonance (EPR) spectra, which exhibit different rates of DNP enhancements'””. For
instance, trityl radicals have narrow EPR spectra and are ideal for direct polarization of '*C nuclei,
and the polarization process can be additionally enhanced in the presence of PRE compounds'’®. A

recent study has shown that PRE additives are capable of increasing the DNP enhancement.

Additionally, it was demonstrated that the reduction in the electron T, time of the polarizing agent by
a PRE compound led to an increase in DNP enhancement. Importantly, a beneficial DNP
enhancement is not always connected to shorter electron T; times but is highly dependent on the
studied system. Solid-state '*C DNP signals were enhanced by 100-250% with the use of trace
amounts of paramagnetic additives, with lanthanide complexes with Gd**, Ho**, Dy**, and Tb** being
the most studied'”>!7:17%-181 In contrast, Cu**- and Co?**-NOTA complexes had virtually no DNP
enhancement on !°C signals'”. It is also possible to directly use paramagnetic metals for sensitivity
enhancements of the studied species'!. This is useful when exogenous radicals, e.g., nitroxides, limit
the sensitivity enhancement to the surface and sub-surface layers of the particles, such as the case in
the study of inorganic particles and non-porous materials. Additionally, the high reactivity of radicals

can also be an issue when studying solid samples. Recently, it was shown that Mn?" and Gd** dopants
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are able to polarize 'Li nuclei in the bulk of micron-sized LTO (Li4TisO12 spinel) particles with the
use of DNP!!, Compared to DNP experiments conducted with stable radicals, the enhancements are
low, with enhancement factors ranging from 3 to 14, but still quite significant since they can translate

161

even to two orders of magnitude reduction in experimental time'®". Chelated paramagnetic metal ions

were also used in DNP experiments on biomolecules and molecular crystals!'3%182,

Interestingly, applications of paramagnetic metals are also possible in dissolution DNP, where metals
such as lanthanides, can be used to increase the polarization in solid-state, but can, due to their
relaxation properties, significantly decrease liquid-state polarization'’?. This relaxation by
paramagnetic metals can be minimized by chelation of the metal during the dissolution as was shown
in the case of chelation of Gd*" ions by diethylenetriaminepentaacetic acid (DTPA) during the
dissolution process. Gd** ions could not reduce the T; of the '*C of the pyruvate molecule in the liquid
state due to the chelation with DTPA that increases Gd**-1>C distance due both to electrostatic

repulsion and steric hinderance.
2.7 Conclusions and future perspectives

Doping NMR samples with different paramagnetic relaxation enhancement (PRE) agents is an
effective way to selectively or uniformly reduce the T: relaxation times of molecules, chemical
groups, or species in a variety of samples, including nanomaterials and biological compounds. As
demonstrated successfully for many different systems, this approach has been well utilized in
speeding-up the acquisition of NMR spectra recorded both with solution and solid samples. In fact,
it has become routine to use this approach to acquire solid-state NMR of crystalline of polymorphic
pharmaceutical compounds/drugs, amyloid fibers, and membrane proteins. Bones, nanocomposites,
and a variety of different nanomaterials benefit from the use of paramagnetism in solid-state NMR.
Aspects such as spin-lattice relaxation shortening, or the chance of selectively detecting certain
molecular constituents, boost the utility of solid-state NMR spectroscopy for studying non-

soluble/non-crystallizable systems.

It is important to pay special attention to the choice of the paramagnetic center (i.e., radicals vs. metal
ions with the optimal chelating agent) to ensure that the PRE probes decrease the T times without
affecting significantly the T> times of the molecules under investigation. Since studies on
functionalizing biomolecules with PRE agents are advancing, further developments to obtain
structural and dynamic information and even real-time monitoring of the kinetics of chemical

reactions are now feasible. Paramagnetic metals have also been shown to be important in dynamic
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nuclear polarization (DNP) coupled to magic angle spinning (MAS) NMR spectroscopy since they
can offer additional sensitivity enhancement and sometimes even be a source of DNP polarization. In
fact, paramagnetic DNP MAS NMR spectroscopy can enable structural studies on samples that were

unreachable before due to the low abundance of NMR active nuclei.

The use of paramagnetism in solid-state NMR is challenging when applied to different membrane
mimetics and used in magnetically aligned samples since paramagnetic agents can also be used to
magnetically-align and also alter the alignment direction of membrane-mimicking systems and other
biomolecules in the presence of an external magnetic field. Different functionalization of membrane
mimetic systems, such as bicelles and nanodiscs, can provide a way to control the position of
paramagnetic centers without the introduction of “free” or direct labels to the system of interest
(reconstituted membrane proteins, for example). This has the potential, together with the desired
alignment, to provide crucial biologically relevant structural information using NMR spectroscopy.

Such systems would also enable the applications of a combination of NMR and EPR experiments.
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Chapter 3

Lipid-Nanodiscs Formed by Paramagnetic Metal Chelated Polymer for
Fast NMR Data Acquisition

The content for this chapter is included in the following research article:
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3.1 Introduction

Membrane proteins are ubiquitous in every cell and perform a plethora of fundamental functions for
the living organisms'. Despite their importance, there is still a large gap in the structural studies of
membrane proteins when compared to their soluble protein counterparts. This is mainly because of
the difficulties in mimicking native lipid membranes and using the membrane mimetics to stabilize
native-like folding and function of membrane proteins?. While detergents are continued to be used in
the purification and structural studies of membrane proteins, it is known that detergents are capable
of denaturing membrane proteins. Other well-utilized model membranes are bicelles and liposomes,
which also have limitations®. Lipid nanodiscs, in recent years, have shown great potential in the
structural biology of membrane proteins.**'°, Nanodiscs are disc-shaped lipid bilayer patches
surrounded by an amphiphilic macromolecule that can be made up of membrane scaffold proteins

(MSPs)!113 - peptides'®, or synthetic-polymers %1521

. Although all types of nanodiscs are
increasingly used, most MSP based nanodiscs are limited by size flexibility. The background signal
from both MSP based and peptide-based nanodiscs are not desirable in the characterization of
reconstituted membrane proteins by several biophysical techniques. Most of these nanodiscs exhibit
poor stability against acidic pH and the presence of divalent metal ions such as calcium and
magnesium ions'®. Overall, the synthetic polymer-based nanodiscs have been shown to provide a
number of flexibilities and choices, enabling a variety of applications. Many different types of
polymer belts have been reported in the literature. They have been used to demonstrate that polymer-
based nanodisc technology is suitable for studying biomacromolecules by most biophysical
techniques, including both solution and solid-state NMR spectroscopy!>**2”. While NMR is unique
in rendering the measurement of atomic-resolution dynamics at different time scales, it has the
significant disadvantage of being a relatively low-sensitivity technique®®. This disadvantage is
amplified by the instability or scarce amount of most biologically interesting membrane proteins and
also to characterize short-lived intermediates such as amyloid oligomers. This low sensitivity is most
commonly overcome by either expensive isotopic labeling and encumberingly long experimental
times, which is not desirable for heat-sensitive proteins®®>*. Another solution is to increase the
sample's concentration, but it is often untenable for many protein systems due to the potential
instability and aggregation issues of the proteins such as amyloid proteins. One of the most important
ways to increase the sensitivity of NMR is by the addition of paramagnetic dopants to utilize the

paramagnetic relaxation enhancement (PRE)*!,
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PRE effect can be used to enhance NMR sensitivity by shortening the spin-lattice (T1) relaxation
properties of the nuclei*>**. Briefly, relaxation is a process in which the thermal equilibrium of the
nuclear spin states is regained after the perturbation of applied radiofrequency (R.F.) pulses. The
relaxation of multiple-spin systems can be an extremely complex process to describe, which can be
further complicated by chemical exchange and local motions. However, it can be phenomenologically
described by two of the major relaxation mechanisms: longitudinal (or spin-lattice or Ti) and
transverse (or spin-spin or T») relaxations as defined by the Bloch equations**. PRE-NMR involves
the introduction of a paramagnetic salt into the sample or external paramagnetic tags in the
investigated system. Based on the chosen probe, the PRE effect can alter the relaxation in different
ways** 47 Unfortunately, it is not possible to separately influence T and T, values; so, while
affecting one of the relaxation parameters, it is inevitable to change the other. This aspect can cause
undesired effects on the spectra, such as line-broadening (related to T2-shortening) and peak-shifts
(due to hyperfine shift )>>** that can negatively affect the overall quality of the resultant spectra.
Additionally, sample preparation is complicated by a further step of "tagging," which need not always

proceed to completion*®,

Since the PRE effect can be used to speed-up the T; process, it can be utilized to accelerate data
acquisition by reducing the recycle delay between successive scans used for signal averaging in NMR
experiments. In addition, the paramagnetic effect induced shift in resonance frequency (known as
hyperfine shift and composed of two contributions: the contact and the pseudo-contact shifts or PCS)
can be used to obtain structural information such as topological analysis and distance measurements
since paramagnetic effects are typically proportional to 1/r" (n = 6 for PRE and 3 for PCS), where r

is the distance between the paramagnetic tag and the investigated nuclei’’.

The versatility and flexibility of paramagnetic methods are benefited from a large pool of
paramagnetic tags to choose from and the ways of incorporation to access the sites of interest™ 2,
Indeed, the use of diamagnetic and paramagnetic ions bound to specific positions or solvent-exposed
surfaces of macromolecules or supramolecular aggregates both in solution and solid-state can reveal

structural and topological information.

We recently reported a nanodisc forming synthetic polymer, SMA-EA-DOTA®. In addition to the
already reported advantages of forming polymer-based lipid-nanodiscs, this copolymer enables the
introduction of paramagnetic metal ions to the DOTA units in the polymer located on the outer rim
polymer-nanodiscs. Thus, this DOTA-unit containing polymer avoids the presence of free
paramagnetic ions in solution and the use of paramagnetically-tagged lipids*. As a result, an SMA-
EA-DOTA polymer-based nanodisc offers a planar lipid bilayer to reconstitute membrane protein(s)
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without interference from the added paramagnetic metal ions. The aim of this study is to reduce the
spin-lattice relaxation time (T1) of the sample with a minimum line broadening due to a reduced spin-
spin relaxation time (T2) by using the paramagnetic metals chelated to the DOTA units of the
polymers in nanodiscs. Due to the size flexibility of polymer nanodiscs®*, a wide variety of NMR
conditions can be utilized for solution NMR, partial alignment for RDC measurements by solution
NMR, and a higher degree of alignment for solid-state NMR experiments®. Because of this
flexibility, a library of a variety of metal ions for differing conditions of PRE is needed. In addition,
the introduction of paramagnetic metals can enable the applications of EPR experiments®®®’, In this
study, we report a systematic investigation of the PRE effects from five different paramagnetic metal

ions (Bu**, Gd*, Dy**, Er'*, Yb*") for NMR applications*®-5233:6873,

3.2 Materials and Methods

3.2.1 Reagents and Materials

Poly(Styrene-co-Maleic Anhydride)-Cumene terminated, SMAnh, My, ~ 1.6 kDa, anhydrous 1-
Methyl2-pyrrolidone (NMP), 2-Aminoethanol (EA), Triethylamine, Trifluoroacetic Acid (TFA),
Diethyl Ether (Et20), Hydrochloric Acid (HCl), Sodium Hydroxide (NaOH), 4-(2-
Hydroxyethyl)Piperazine-1-ethanesulfonic acid (HEPES), Sodium Chloride (NaCl), Europium(III)
Chloride Hexahydrate (EuCls-6H>0), Gadolinium(Ill) Chloride Hexahydrate (GdCls-6H0),
Dysprostum(IIl) Chloride Hexahydrate (DyCls;-6H20), Erbium(Ill) Chloride Hexahydrate
(ErCl3-6H>0), Ytterbium(III) Chloride Hexahydrate (YbClz-6H>0) were purchased from Sigma-
Aldrich® (St. Louis, Missouri). 1,4,7,10-Tetraazacyclododecane-1,4,7-tris(t-butyl-acetate)-10-
(aminoethylacetamide) was purchased from Macrocyclics® Inc. (Plano, Texas). 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) was purchased from Avanti® Polar Lipids, Inc. (Alabaster,
Alabama).

3.2.2 Polymer synthesis and characterization

a) Polymer synthesis. SMA-EA copolymer was synthesized, purified, and characterized according
to the procedure described in the literature’*. SMA-EA-DOTA copolymer was synthesized, as
described previously®®. In short, 1 g of SMAnh, 0.435 g of 1,4,7,10-Tetraazacyclododecane-
1,4,7-tris(t-butyl-acetate)-10-(aminoethylacetamide) (amino-DOTA), and 1 mL of triethylamine

were dissolved in 60 ml of anhydrous NMP and heated to 70 °C under continuous stirring (Step-
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1). The addition of an excess of ethanolamine in the presence of an extra 1 mL of triethylamine

for 2 more hours at the same temperature in the same round bottom flask completed the

nucleophilic ring-opening reaction (Step-2). The final product was precipitated using 1 M HCL

To deprotect the chelator units, the polymer was dissolved in TFA and reacted for 2 hours at

room temperature under gentle stirring (Step-3). Finally, the product was precipitated using

diethyl ether and washed multiple times with deionized water prior to lyophilization. The 3-step

reaction yielded about 600 mg. The reaction scheme is below in Figure 3.1.

o, -
Et3N “';Lo (N/‘\\D/ﬁ.fo‘
NMP o~ _n
70°C et
(o]
L HaN

HzN /\/OH
—

Et;N
NMP
70°C

TFA
25°C

Figure 3.1. Reaction scheme for the synthesis of SMA-EA-DOTA: 1) The nucleophilic ring opening reaction using

DOTA-t-butyl-acetate. 2) Nucleophilic ring opening reaction using ethanolamine. 3) TFA deprotection of DOTA.
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b)

FT-IR spectroscopy. The newly synthesized polymer was characterized by FT-IR. Figure 3.2
shows (a) the full FT-IR spectra and (b) the 2000-1400 cm™! expanded region reporting the C=0
stretching frequency of starting material, SMAnh (gray), and derived copolymers, SMA-EA (red)
and SMA-EA-DOTA (blue). The shift of the carbonyl stretching frequency from 1770 cm™! to
1702 cm™! indicates the conversion of the anhydride to the amide, confirming the success of the

reaction.

100 4 100

T (%)

70 ||

~——SMAnh |/

604 —— SMAEA 60 4 v

—— SMA-EA-DOTA
T T T T T T T T T T T
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Figure 3.2. FT-IR spectra of copolymers. a) SMAnh (gray), SMA-EA (red), and SMA-EA-DOTA (blue); b) Expanded

regions showing the C=0 stretching frequency (2000-1400 cm™).

3.2.3 Polymer nanodiscs preparation

Stock solutions of each copolymer (SMA-EA and SMA-EA-DOTA) were obtained by dissolving the

desired amount of powder in a 0.1 M NaOH solution. The pH was then adjusted to 7.4 using 1| M

HCI. Polymer-based lipid nanodiscs were prepared by mixing the desired quantity of DMPC lipids

and polymers in the ratio 1:1 by weight from 20 mg/mL stock solutions. Each sample was incubated

overnight at room temperature prior to its use.

a)

b)

3.2.4 Polymer nanodiscs characterization

Size Exclusion Chromatography (SEC). Polymer-based phospholipid nanodiscs were purified by
SEC using a self-packed Sephadex 200 16/600 column operated on a G.E. Healthcare® AKTA
purifier. Samples were eluted at room temperature and at a flow rate of 1 mL/min. The elution
was monitored using a UV-detector at A = 254 nm. Chromatograms are shown in Figure 3.5e.

Dynamic Light Scattering (DLS). All the DLS experiments were performed on a Wyatt
Technology® DynaPro NanoStar® using a 1 pL quartz MicroCuvette. The size distribution
profiles for both DMPC: SMA-EA 1:1 w/w and DMPC: SMA-EA-DOTA 1:1 w/w polymer-lipid
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nanodiscs used in this study are reported in Figure 3.5f. Below, mass and intensity profiles are

reported.
DAPTSAA LA (151 wiw) DMPTSMACER [1:1 W]
104 DAPCSARA-EA-DOTA (1:1 miw) 104 DMPLSMA-EA-DOTA (11wl
— "
= 3 \
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Figure 3.3. DLS of nanodiscs. DLS profiles of 1:1 w/w DMPC:SMA-EA (in red) and DMPC:SMA-EA-DOTA (in blue).

a) The mass profiles, and b) intensity profiles. Both were obtained on samples passed through SEC.

c)

d)

Static Light Scattering (SLS). All the SLS experiments were performed using a 4 mL cuvette (1
cm optical path) under continuous stirring at 25°C on a FluoroMax-4® Spectrofluorometer from
Horiba Scientific®. The excitation wavelength was set at 400 nm while the emission wavelength
was set at 404 nm, and the slit was set to 2 nm.

Solubilization Experiments. The time-dependent solubilization of the DMPC suspension in 10
mM HEPES buffer 50 mM NaCl was monitored by the intensity of scattered light at a 90° angle.
The solubilization power of two different polymers SMA-EA and SMA-EA-DOTA, was tested
on a 1 mg/mL DMPC MLVs solution. The amount of polymer added was equivalent (1:1 w/w
ratio) for all of them. Data are shown in Figure 3.5c.

Metal ion titrations. Polymer-based lipid nanodiscs stability was tested by titrating a 1 mg/mL
solution of DMPC: copolymer 1:1 w/w nanodiscs in 10 mM HEPES buffer at pH = 7.40 with a
4 M solution of each metal. The detailed results are shown in the Figure 3.4 and summarized as

a bar graph in Figure 3.5d.
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Figure 3.4. Static Light Scattering metal titrations. SLS traces obtained by titrating 1 mg of SMA-EA nanodiscs (left

column) and SMA-EA-DOTA nanodiscs (right column) with a solution of varying metal ion concentration. The

concentration values were obtained by fitting the experimental points, obtained in triplicate.
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f) NMR Spectroscopy. Solution NMR experiments were performed at 11.75 T on a 500 MHz
Bruker Avance III HD spectrometer. NMR samples were prepared according to the procedure
described in the "Nanodisc Formation" section and adding the desired concentration of metal
ions (0, 5% 107*,2.5x 1072, 5x 1072, 0.125, 0.250, 0.500, 1.250, and 2.500 mM), then
lyophilized for 24 hours prior to resuspension in 600uL of D>O and then transferred to 5 mm
Norrell® Sample Vault Series™ glass tubes and placed in a commercial 5 mm quadruple
resonance “H/'H/'N/'*C Bruker round-coil TXI™ 500 SB probe. The experiments were
performed in DO at neutral pH at three different temperatures, 15, 25, and 35°C. Each sample
was made using 4 mg of lipids, and an equal amount (by weight) of SMA-EA-DOTA polymer,
titrated at pH 7.4 to obtain a DMPC: SMA-EA-DOTA (1:1 w/w) system. Each concentration of
each paramagnetic metal investigated was prepared individually and tested on three sequential
different experiments.

e 'H-NMR. 'H spectra were recorded by collecting 32 scans with a spectral width of 25 ppm.
The transmitter frequency offset was set at 4.7 ppm. Acquisition time and relaxation delay
were respectively set at 0.8 s and 1.0 s. "TH-NMR spectra for DMPC:SMA-EA 1:1 (w/w) and
DMPC:SMA-EA-DOTA 1:1 (w/w) are shown in Figure 3.7c.

e Inversion recovery experiment. To measure Ti, an inversion recovery experiment was
performed. Fifteen data points from 0.001 s to 10.0 s were collected by acquiring 8 scans with
a spectral width of 10 ppm. The transmitter frequency offset was set at 4.7 ppm. Acquisition
time and relaxation delay were respectively set at 0.001 s and 10 s. For Gd*'-loaded
DMPC:SMA-EA-DOTA (1:1 w/w) nanodiscs experimental data are shown in Figures 3.7 and
8. Ti values are shown in Table 3.1 (Chapter 3). All the experimental data for Gd**-loaded
DMPC:SMA-EA (1:1 w/w) nanodiscs and for Eu**-/Dy**-/Er**-/Yb*"-loaded DMPC:SMA -
EA-DOTA (1:1 w/w) nanodiscs are shown in Figures S1-S5 and S7 (Appendix). T values
are respectively shown in Tables S1-S5 (Appendix).

e Data Processing. Data have been processed using both Bruker Topspin™ 3.2 and Mestrelab

Research S.L. MestReNova™ software was used to integrate the peaks of interest.
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3.3 Results and Discussion

Formation of SMA-EA-DOTA lipid-nanodiscs

SMA-EA-DOTA copolymer was synthesized according to the procedure, as briefly described
above®’. Figure 3.5a shows the chemical structures of SMA-EA and SMA-EA-DOTA co-polymers.
FT-IR characterization (Figure 3.5b) confirms the functionalization of SMA-EA and DOTA, as
reported previously.®® The ability to solubilize 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) lipid vesicles (or aggregates) was tested at room temperature (~25 °C). For this study, about
20-25 nm size polymer-nanodiscs formed by the addition of a 1:1 lipids-to-polymer weight ratio (1:1
w/w) was used (Figure 3.5¢ and 3.5f). Data shown in Figure 3.5¢ confirms similar solubilization
capabilities of SMA-EA and SMA-EA-DOTA copolymers. Since only a small number of DOTA
units per polymer chain were introduced, both SMA-EA and SMA-EA-DOTA have comparable
nanodiscs forming capabilities, as shown by the experimental results in Figure 3.5. Additionally,
dynamic light scattering (DLS) profiles (Figure 3.5f) after size-exclusion chromatography (SEC)
purification (Figure 3.5¢) confirm the formation of nanodiscs and their isolation. These large-size
nanodiscs (> 20 nm) are also known as "macro-nanodiscs," which can be aligned in the presence of
an external magnetic field as demonstrated in the previous studies and are useful for solid-state NMR

studies.”

SMA-EA-DOTA nanodiscs are more stable than SMA-EA nanodiscs in the presence of

metals

The stability of the polymer nanodiscs was examined using static light scattering (SLS) experiments
as described above. The SLS experimental results shown in Figure 3.1d demonstrate the enhanced
stability of DOTA containing polymer nanodiscs in the presence of metal ions. In addition to the
above-mentioned FT-IR data (Figure 3.5b), the SLS results confirm the successful functionalization
of SMA-EA with DOTA. Because of the presence of DOTA groups in SMA-EA-DOTA, the high
binding affinity for various lanthanides renders a near-complete chelation and thus the high stability

observed in the presence of various metal ions as shown in Figures 3.4 and 3.5d7>7°.
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Figure 3.5. Characterization of polymers and polymer nanodiscs. a) Molecular structures of SMA-EA and SMA-EA-

DOTA. b) FT-IR spectra of the starting material (SMAnh) and synthetic polymers. FT-IR results confirm the

functionalization of the starting material (SMAnh in dark gray) and similarities among SMA-EA (in red) and SMA-EA-
DOTA (in blue). Full spectra are included in Figure 3.2. c) Dissolution of multilamellar vesicles (MLVs) by SMA-EA
(red) and by SMA-EA-DOTA (blue) for a 1:1 lipid:polymer weight ratio. d) Stability of DMPC:SMA-EA 1:1 w/w and

DMPC: SMA-EA-DOTA 1:1 w/w macro-nanodiscs against different metal ions. Size exclusion chromatography (e) and
DLS (f) profiles for 1:1 w/w ratio of DMPC:SMA-EA and DMPC:SMA-EA-DOTA samples. The DLS profiles were

obtained after SEC purification for the nanodiscs fraction highlighted in (e). The intensity profile can be found in Figure

3.4.

95



Figure 3.6 shows a schematic representation of the chelation of paramagnetic cations to SMA-EA-
DOTA copolymer nanodiscs and its use for rapid NMR data acquisition. A first successful application
of Cu®* based PRE-NMR with this polymer system was recently reported from our research group,
which probed the interaction between polymer nanodiscs and G-quadruplex®. In this study, the use
of paramagnetic properties of five additional trivalent cations from elements of the f-block of the
periodic table (Eu®", Gd**, Dy**, Er’*, Yb*") is investigated by measuring the spin-lattice (T})

relaxation times of protons for various concentrations of the metal ions.

A . RF excitation
FID
|
l Recycle delay |
@ T: reduction PRE effects

n

Experimental time

Figure 3.6. Use of paramagnetic metal-chelated polymers to speed-up NMR data acquisition. A schematic
representation of how SMA-EA-DOTA copolymer-based nanodiscs chelated with paramagnetic metals can be used to

reduce T, relaxation times and to shorten the recycle delay between the successive scans in NMR data acquisition.

63.77 it is possible to assign the 'H

Based on the assignment of NMR peaks as reported previously
peaks observed from lipid and polymer components of nanodiscs: 1 ppm for protons from the lipid
acyl (-CH3), 1.4 ppm for protons from the lipid acyl (-CHz-), 3.3 ppm for protons from the lipid head
quaternary ammonium (-CHs, y), and 7.3 ppm for protons from the aromatic styrene group of the
polymer. The structure of DMPC and peak assignment of 'H NMR spectra for both DMPC:SMA-EA
and DMPC:SMA-EA-DOTA polymer-based nanodiscs are shown in Figure 3.7c. The various
paramagnetic metals used in the present study (Eu**, Gd**, Dy*", Er**, Yb*") were chosen among the

14 f-block elements to be representative of the magnetic differences reported in the literature’>7%

72,77-80
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Figure 3.7. NMR spectra of nanodiscs in the presence of Gd* ions. a) Schematic representation of a macro-nanodisc.
b) Molecular structure of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC). ¢) 'H NMR spectra of 1:1 w/w
DMPC:SMA-EA (red) and DMPC:SMA-EA-DOTA (blue) macro-nanodiscs. d) '"H NMR spectra of 1:1 w/w DMPC:
SMA-EA (red) and SMA-EA-DOTA (blue) nanodiscs titrated with the indicated amount of Gd** ions. All NMR were
obtained using 4 mg of lipids in 10 mM phosphate buffer (pH = 7.4) in 100% DO at 35°C.
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Figure 3.7d shows '"H NMR spectra of SMA-EA and SMA-EA-DOTA nanodiscs containing DMPC
lipids and the indicated concentration of Gd*" ions. Here, using two different types of nanodisc
systems (with and without the DOTA) of comparable sizes (Figures 3.5¢ and 3.5f), one noticeable
difference we observed was that significant line-broadening occurred at a much lower Gd** ions
concentration (0.25 mM) for the SMA-EA polymer nanodiscs as compared to that observed for SMA-
EA-DOTA. The severe line-broadening observed for the lipid headgroup's methyl protons of SMA-
EA polymer nanodiscs is most likely due to the presence of a higher population of free Gd** ions that
directly bind to the zwitterionic lipid headgroup. On the other hand, the SMA-EA-DOTA polymer
containing nanodiscs attracts the Gd>* ions from the sample to be chelated to the DOTA unit on the
polymer belt of the nanodisc and avoid the line-broadening effects. The inversion-recovery NMR
experiments were performed to measure the T values of protons in order to examine the effect of the
added paramagnetic metal ions in the sample (see Materials and Methods). The T values were
measured by integrating the observed 'H NMR peaks of interest and then fitting the experimentally
measured data to the following equation:
M, (T) = Myeq(1 — 2677/ )

Figure 3.8 shows the fitting curves obtained for the 1:1 w/w DMPC:SMA-EA-DOTA nanodiscs

sample for various concentrations of Gd** ions.
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Figure 3.8. Measurement of T: for protons. Spin-inversion NMR experimental data obtained from 1:1 w/w
DMPC:SMA-EA-DOTA nanodiscs to determine T values of protons for varying concentrations of Gd*" as indicated.

Equation 1 was used to obtain the best-fitting values given in Table 1.
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'H Peaks
[Gd*'] (mM) Aromatic (s) v (s) 4-13 (s) 14 (s)
0 1.65 0.59 0.70 0.80
0.0005 1.70 0.60 0.70 0.85
0.025 1.70 0.58 0.67 0.83
0.05 1.70 0.56 0.77 0.87
0.125 1.70 0.53 0.72 0.79
0.25 0.97 0.49 0.70 0.76
0.5 0.89 0.35 0.65 0.70
1.25 0.40 0.20 0.50 0.55
2.5 N/D N/D N/D N/D

Table 3.1. T; values of DMPC: SMA-EA-DOTA 1:1 (w/w) macro-nanodiscs for varying [Gd*']. Values marked as

N/D are data not determined due to significant line-broadening because of the presence of paramagnetic ions.

As a control experiment, the resulting T of the four-aforementioned peaks (aromatic, y, methylene,
and methyl groups) is plotted against [Gd*"] for DMPC:SMA-EA (1:1 w/w) polymer-nanodiscs
samples in Figure S1 (Appendix). These experiments were also carried out for the other paramagnetic
metal ions, and the results are included as supporting information in the Appendix (Figures S2-S5).

Figure 3.9 shows the Ty values for the four 'H peaks of interest obtained for the different metal ions.
At [Ln*"] = 0.5 mM, Gd**, followed by Dy*", showed the largest T-reduction for all of the peaks as
compared to a diamagnetic reference system made up of DMPC:SMA-EA-DOTA 1:1 (w/w). The
aromatic peak from the styrene fraction of the polymer is the most affected by the paramagnetic ions
due to the proximity of the styrene group to the DOTA unit's chelated metals on the nanodiscs belt.
Gd** and Dy** ions show T times reduced respectively by 1.9- and 1.3-times. Even though Gd** ions
provided the greatest T relaxation effect at the lowest concentration among all the investigated
metals, other metal ions, like Dy**, had little to no significant line-broadening effect up to 1.25 mM
(Figure S2 and Table S2). Metal ions such as Er**, Eu**, and Yb*" showed significant line-broadening
at the highest concentration investigated (2.5 mM), but no effects on Ti-reduction were observed
(Figures S3-S5 and Tables S3-S5). Data for [Er’*] = 2.5 mM are not shown because the sample

showed instability.

NMR peaks from the DMPC lipid are also T1 enhanced by the presence of the paramagnetic tags on
the belt but to a lesser extent, especially for Eu**, Er*", and Yb** ions (Figure 3.9). Particularly Gd**
ions shorten T; values of protons from 7y, methylene (C4-C13), and methyl-groups (C14) by
respectively ~48%, ~40%, ~10%, and ~12%, respectively. While line-broadening was observed for
Gd*" ions, the effects observed for other metals at 0.5 mM are on the following order: Eu** < Yb*" <
Er’* < Dy**. Eu*" and Yb** do not show any Ti-reduction. Er*" ions showed an important

paramagnetic relaxation enhancement on the aromatic peak from styrene groups (Ti-reduction of
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~35% at a [Er’*] = 0.5 mM) but weak-to-negligible effects for y, methylene (4-13), and methyl (14)
peaks. The fact that DMPC's acyl chains are less affected by the paramagnetic tags may be attributed
to the large size of the nanodisc investigated) ~20 nm. We expect the PRE effect to be higher for very
large macro-nanodiscs under high viscous conditions as they do not tumble fast, and therefore the
unaveraged 'H-'H dipolar couplings should aid the PRE effect from the metals present on the belt.
Such results have been observed for large bicelles that align magnetically®!. Overall, the effect of
paramagnetic metals on shortening T can be ranked as Gd*"> Dy*"> Er**> Eu**> Yb**. Figures S2-
S5 show the stacking of 1D '"H NMR spectra and the T, fitting curves. Tables S2-S5 report the

experimentally measured T values.
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Figure 3.9. Efficiency of paramagnetic metal ions in shortening Ti. T comparison among the different investigated
metal ions at [Ln*"] = 0.5 mM. The black bar represents the data obtained from a control sample, 1:1 (w/w) DMPC: SMA-
EA-DOTA without paramagnetic metal ions. Data shown for 'H peaks of a) styrene/aromatic group, b) y methyl groups
in the quaternary ammonium of DMPC, c¢) the methylene groups from the acyl chains (C4-C13) of DMPC, and d) the
terminal acyl-chain methyl groups (C14) of DMPC. Each of the NMR samples used in these measurements consisted of
4 mg of DMPC in 10 mM Phosphate buffer pH = 7.4 in D,0O.
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Because of the large size of the nanodiscs, within the spectral resolution, the observed proton NMR
spectra do not show any shift in the observed resonance frequency when the nanodiscs are loaded
with any of the lanthanides even for those that are considered as "shifting-agents" such as Eu**, Dy*",
Er*"482 Spectra and full titrations with the fitting of the experimental data are included in the

Materials and Methods section, Figure 3.4.

3.4 Conclusions

SMA-based nanodiscs are a great innovation in biochemistry and biophysics and are widely used as
a membrane-mimicking system to investigate membrane proteins through several techniques. NMR
spectroscopy, as a valuable non-disruptive technique, offers structural and dynamic information.
Unfortunately, limitations such as its intrinsically low sensitivity result in long acquisition times to
enhance the signal-to-noise ratio of NMR spectra. PRE can be used to reduce the acquisition times
effectively but involves the introduction of external probes in the system and may cause undesired
line-broadening in the spectra when compared to the diamagnetic counterpart. To overcome these
limitations, we have demonstrated the efficiency of SMA-EA-DOTA copolymer in Ti-reduction.
This modification of SMA-EA copolymer allows the use of PRE effects in nanodiscs samples.
Particularly, the introduction of chelating units that strongly bind paramagnetic metals on the outer
belt of the nanodiscs avoids the addition of paramagnetic dopants directly in buffer solutions, in the
membrane protein of interest, and in the bilayer components. SMA-EA-DOTA-nanodiscs represent
a much less invasive approach toward the preservation of the integrity of the sample, offering PRE

effects in a native-like environment.

As demonstrated in this study, this approach can be used to speed up NMR data acquisition (up to
~50%) with minimum-to-no alteration of the spectral quality due to spin-spin relaxation
enhancement. A comparison of the effects of different paramagnetic metals shows that Gd** and Dy*"
can be successfully used to shorten Ti, and so, the recycle delay of NMR experiments. We believe
that these results can broaden the applications of polymer-nanodiscs in the investigation of membrane
proteins in a native-like environment, using both solution and solid-state NMR spectroscopy.
Additionally, paramagnetically-labeled nanodiscs can be used for both dynamic nuclear polarization

(DNP) NMR and electron paramagnetic resonance (EPR) studies. Both techniques require the

presence of paramagnetic tags and could benefit from this improved version of polymer-nanodiscs.
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Chapter 4

Benchmarks of SMA-Copolymer Derivatives and Nanodiscs Integrity

The content for this chapter is partially included in the following research article:

Di Mauro Giacomo M., La Rosa Carmelo, Condorelli Marcello, Ramamoorthy Ayyalusamy,

Benchmarks of SMA-copolymer derivatives and nanodiscs integrity, (Manuscript in preparation)
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4.1 Introduction

Membrane proteins, essential components of any cellular membrane, are involved in many crucial
cellular functions required for life and represent ~60% of all drug targets'. However, despite the recent
success in obtaining high-resolution structures®>, our current understanding of cellular membrane
biology and the development of modern drugs is hindered by the lack of structural information tied
to the challenges in the extraction, isolation, and purification of functioning membrane proteins from
their native cellular environment®!'®. Poly(styrene-co-maleic acid), or SMA, is an amphipathic
copolymer used to directly solubilize cell membranes and stabilize membrane proteins in native-like
discoidal copolymer-lipid nanoparticles, constituted by a lipid bilayer patch wrapped in a belt of
amphipathic copolymer chains®1%142% Acting, de facto, as a «macromolecular detergent,» among its
advantages, SMA copolymer allows membrane proteins to retain lipids that are useful for both

2-4,10,21-27

structural and functional purposes , showing no preferences in the extraction®s,

SMA copolymer, however, is a generic denomination that identifies a variety of different formulations
(SMAs); in fact, it can be readily customized®®*. For example, by varying the molecular weight or
the styrene-to-maleic acid ratio, it is possible to fine-tune the amphipathic properties and so as the
ability of membrane solubilization®. Additionally, SMA copolymers can be further functionalized,
expanding its range of applications'"!71934% Each formulation has both advantages and limitations
that affect its applicability*!. Indeed, the adoption of the suitable formulation is mostly connected to

convenience, and a trial-and-error process since each studied system requires adapted protocols*?.

Due to the amphipathic nature, SMAs exist mainly as individual copolymer chains in dilute solutions,
while at high concentrations form a plethora of intra- and inter-chains copolymer micelles*. Such a
variety of results, modulated by the balance of hydrophobic effect and electrostatic repulsions, is
affected by the dispersity (D)*°. Many parameters, such as the molecular weight (MW), the styrene-
to-maleic acid ratio (x:y), and the D, are currently used to assess SMA formulations. Additionally, as
polymeric «detergent,» SMAs can be evaluated using parameters such as the critical micellar

concentration (c.m.c.)*.

Despite its definition, c.m.c. does not correspond to a single well-defined value. Still, it coincides
with a range of concentrations, and it involves dynamic, association-dissociation equilibrium*-**. In
the case of amphiphilic copolymers, their dispersity complicates the scenario. Indeed, the presence
of chains of various molecular weights? leads to a distribution of aggregates of different sizes, both

intra- and inter-chains. There have been many attempts to decrease the copolymers' intrinsic dispersity
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by purification steps or finding alternative synthetic paths, but studies suggest that SMA's

solubilization efficiency is connected to the variation of molecular weights®*43,

Copolymer-lipid nanodiscs are functional hybrid materials that arise from the synergistic interactions
between two self-assembling materials, copolymers and phospholipids. For this reason, it is
misleading to refer to both copolymer and phospholipids as individual entities. Indeed, once mixed,
copolymers interact with phospholipids forming either nanodiscs or other randomly unstructured

aggregates.

The necessity of benchmarking the performances of existing copolymers, assessing crucial
parameters for the successful extraction and stabilization of membrane proteins is compulsory for
advancing the field. To facilitate the choice among the copolymer formulations commercially
available, assist the design of new alternatives, and shed light on copolymer-lipid nanodiscs' behavior,
herein we compare a set of anionic SMAs. XIRAN® SL25010 P, SL30010 P, SL40005 P formulations
(gift from Polyscience® (Geleen, Netherlands)) were chosen because of their wide diffusion and
success rate and compared to SMA-EA, a copolymer developed in our laboratory>®. Each copolymer
exhibits different molecular weight, hydrophobic-hydrophilic ratio, and charge density, covering a

wide range of features.

4.2  Materials and Methods

4.2.1 Reagents and Materials

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was purchased from Avanti® Polar Lipids,
Inc. (Alabaster, Alabama). Hydrochloric Acid (HCIl), Sodium Hydroxide (NaOH), Ammonium
Acetate (CoH7NO.), Potassium phosphate monobasic (KH2POs), Potassium phosphate dibasic
(KoHPOy4), Pyrene (Ci¢Hio), Sodium Cholate hydrate (C24H39NaOs) were purchased from Sigma-
Aldrich® (St. Louis, Missouri). SMA-EA was synthesized, purified, and characterized accordingly to
the procedure described in the literature®®. XIRAN® SL25010 P, XIRAN® SL30010 P, XIRAN®
SL40005 P were kindly gifted by Polyscience® (Geleen, Netherlands).

4.2.2 Methods

a) Copolymer-lipid nanodiscs preparation. A 20 mg/mL stock solution of each copolymer was
prepared by weighing the copolymer in powder and dissolving it upon addition of 0.1 M NaOH.
After complete solubilization, the solution was neutralized by adding 1 M HCI dropwise,
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b)

reaching a final pH 7.00. Copolymer-based lipid nanodiscs were obtained, mixing DMPC and
copolymers according to a 1:1 weight ratio (w/w). Each sample was then diluted to the desired
final volume and incubated overnight at room temperature. SMA-EA, SL.25010 P, SL30010 P
copolymer solution samples for the pyrene assay were prepared at an initial concentration of 2
mg/mL. For the SL40005 P solution, due to this copolymer's high hydrophilicity, the starting
concentration was set to 25 mg/mL. Copolymer-lipid nanodiscs were purified by size exclusion
chromatography. For each copolymer formulation, 10 mg of lipids and 10 mg of copolymers
were mixed, as explained previously, using 10 mM phosphate buffer at pH 7.2 and eluted at room
temperature. All the aliquots associated with the nanodiscs' peak were collected and mixed. This
homogeneous solution was then divided into four aliquots of equal volume. Three of them were
then used to perform the pyrene assay, while one was used for quantification using NMR
experiments.

Preparation of the pyrene-buffer stock solution. A stock solution was prepared by solubilizing a
known amount of pyrene in ethanol (95% v/v). A 1 uM water-based pyrene solution was then
made from its dilution with 10 mM ammonium acetate buffer (pH 7 at 25 °C). The study of
purified nanodiscs was performed using 10 mM potassium phosphate buffer (pH 7 at 25 °C) to
avoid spectral interferences with 'H NMR. The ethanol content in the experimental solution was
considered negligible and, as reported in the literature, was found not to affect the spectral and
self-aggregation behavior of amphiphiles.

Pyrene fluorescence study. Using pyrene as the fluorescent probe, fluorescence measurements
were taken in a FluoroMax-4® Spectrofluorometer from Horiba Scientific®, using a 4 mL quartz
cuvette with 1 cm optical path. Excitation was done at 331.5 nm, and emissions were recorded
in the 340-350 nm wavelength range. The slit widths for both excitation and emission were fixed
at 0.4 nm. A 2 mg/mL solution of amphipathic species (copolymers and copolymer-nanodiscs),
dissolved in buffer (pH 7 at 25 °C) and 1 uM pyrene, was progressively diluted by removing 500
uL and adding 500 pL of a fresh pyrene-containing buffer. Thus, the pyrene concentration is
constant through the dilution of the amphipathic species. The scan time was fixed at 0.8 s per
scan. All measurements were thermostatically controlled at 25.0 + 0.1 °C using a Quantum
Northwest TC 1 temperature controller*®. The ratio between the intensity of the fluorescence
peaks I1 and I5 is plotted against the decimal logarithm of the considered amphipathic species'
concentration. Spectra, experimental data, and fitting are shown in Figures 4.1-4.4, 4.13,4.14 and

4.16. Numerical values are given in Tables 4.1 and 4.2.
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Figure 4.1. Pyrene essay on copolymer solutions. Panels on the left show a selection of pyrene fluorescent spectra in
the presence of various concentrations of copolymers. Gray arrows highlight the variation in the fluorescence intensity of
the peaks I; and I3 for varying the concentration of copolymer. The change is consistent among the whole spectrum.
Panels on the right show the I1/I3 average of three independent experiments against the decimal logarithm of the polymer
concentration (in mg/mL). Error bars correspond to the standard deviation among them. The yellow arrow points at the

flex (x¢) of each curve obtained using a sigmoidal fitting.
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a) Unpurified DMPC:SMA-EA (1:1 wiw)
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Figure 4.2. Pyrene essay on unpurified copolymer-lipid nanodiscs solutions as a function of the copolymer
concentration (mg/mL). Panels on the left show a selection of pyrene fluorescent spectra in the presence of various
concentrations of copolymers. Gray arrows highlight the variation in the fluorescence intensity of the peaks I and I5 for
varying the concentration of copolymer. The change is consistent among the whole spectrum. Panels on the right show
the I1/13 average of three independent experiments against the decimal logarithm of the polymer concentration (in mg/mL).
Error bars correspond to the standard deviation among them. The yellow arrow points at the flex (x¢) of each curve

obtained using a sigmoidal fitting.
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a) Unpurified DMPC:SMA-EA (1:1 wiw)
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Figure 4.3. Pyrene essay on unpurified copolymer-lipid nanodiscs solutions as a function of phospholipids
concentration (mM). Panels on the left show a selection of pyrene fluorescent spectra in the presence of various
concentrations of copolymers. Gray arrows highlight the variation in the fluorescence intensity of the peaks I, and I3 for
varying the concentration of copolymer. The change is consistent among the whole spectrum. Panels on the right show
the I;/1; average of three independent experiments against the decimal logarithm of the lipid concentration (in mM). Error
bars correspond to the standard deviation among them. The yellow arrow points at the flex (x¢) of each curve obtained

using a sigmoidal fitting.
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a) SEC-Purified DMPC:SMA-EA(1:1 w/w)
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Figure 4.4. Pyrene essay on SEC-purified copolymer-lipid nanodiscs solutions as a function of phospholipids
concentration (mM). Panels on the left show a selection of pyrene fluorescent spectra in the presence of various
concentrations of copolymers. Gray arrows highlight the variation in the fluorescence intensity of the peaks I; and I3 for
varying the concentration of copolymer. The change is consistent among the whole spectrum. Panels on the right show
the I;/1; average of three independent experiments against the decimal logarithm of the lipid concentration (in mM). Error
bars correspond to the standard deviation among them. The yellow arrow points at the flex (x¢) of each curve obtained

using a sigmoidal fitting.
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d) Size Exclusion Chromatography (SEC). Copolymer-lipid nanodiscs were purified using a self-
packed Sephadex 200 16/600 column operated on a GE Healthcare® AKTA purifier. Samples

were eluted at room temperature and a buffer flow rate of 1 mL/min. The buffer used was 10 mM

potassium phosphate buffer, pH 7 at 25 °C. The elution was monitored using a UV-detector at

A=254 nm. Chromatograms are shown below in Figure 4.5.
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Figure 4.5. Size Exclusion Chromatograms of 1:1 w/w copolymer-DMPC nanodiscs. For each sample, the first peak

is associated with the copolymer-lipid nanodiscs, while the second peak is associated with the micellar species formed by

each copolymer in solution.
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e) NMR Spectroscopy. Solution 'H-NMR experiments were performed using a 500 MHz Bruker
Avance III HD NMR spectrometer. NMR samples were prepared according to the procedure
described in the «Copolymer-lipid nanodiscs preparation» paragraph but using 10 mM sodium
phosphate buffer, pH 7.2, to avoid spectral interferences. All samples analyzed through NMR
spectroscopy were lyophilized for 24 hours before resuspension in 600 pL of 10 mM sodium
cholate in D20 and then transferred to 4 mm Norrell® Sample Vault Series™ glass tubes and
placed in a commercial 5 mm triple-resonance 'H/"°F/"*C Bruker round-coil TXITM 500 SB
probe. 'H NMR spectra were recorded by collecting 32 scans with a spectral width of 25 ppm
using a recycle delay of 1 s. The 'H transmitter frequency offset was set at the water proton peak
(4.7 ppm). The experiments were performed at 35 °C to maximize lipid peaks' sharpness and
ensure better integration. The concentration of each sample was measured using sodium cholate
as an internal standard. "H NMR spectra and area integration for peaks are shown in Figures 4.6-

4.10. Data have been processed using Bruker Topspin™ 3.2 and 4.0.7.

Al M
b

Figure 4.6. 'TH-NMR spectra of SMA-EA:DMPC 1:1 (w/w) nanodiscs. Samples are recorded in the presence of 10

mM sodium cholate. To assess the molar concentration, the peak associated with quaternary ammonium protons from

DMPC (~3.3 ppm) is integrated vs. the peak at ~0.75 ppm from the cholate.
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Figure 4.7. "H-NMR spectra of SL25010 P:DMPC 1:1 (w/w) nanodiscs. Samples are recorded in the presence of 10
mM sodium cholate. To assess the molar concentration, the peak associated with quaternary ammonium protons from

DMPC (~3.3 ppm) is integrated vs. the peak at ~0.75 ppm from the cholate.
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Figure 4.8. "TH-NMR spectra of SL.30010 P:DMPC 1:1 (w/w) nanodiscs. Samples are recorded in the presence of 10

mM sodium cholate. To assess the molar concentration, the peak associated with quaternary ammonium protons from

DMPC (~3.3 ppm) is integrated vs. the peak at ~0.75 ppm from the cholate.
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Figure 4.9. 'H-NMR spectra of SL40005 P:DMPC 1:1 (w/w) nanodiscs. Samples are recorded in the presence of 10

mM sodium cholate. To assess the molar concentration, the peak associated with quaternary ammonium protons from

DMPC (~3.3 ppm) is integrated vs. the peak at ~0.75 ppm from the cholate.
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Figure 4.10. "TH-NMR spectra of 10 mM Sodium Cholate in 100% D20O. The peak used for integration is at 0.75 ppm,
corresponding to the methyl group C18.
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f) Atomic Force Microscopy (AFM) coupled with Micro-Raman. AFM measurements were done
in alternate contact mode with a SiC tip of 2.8 N/m, using a Witec Alpha 300 RA. Images were
acquired in 256 points by 256 lines, with maps 5x5 um? Micro-Raman spectra were acquired
using Witec Alpha 300 RA that employs a 532 nm laser operating at 20 mW. Two nanodiscs
solutions, 1 mg/mL and 0.001 mg/mL were dropped cast on a flat bare Silicon substrate, cleaned
with a 4%v/v HF solution, and then dried at 30 °C. Raman experiments were performed on the
same samples. The Raman spectrum is shown in Figures 4.11, while AFM figures and depth

profiles are reported in Figure 4.15.
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Figure 4.11. Raman vibrational spectrum of the 1 mg/mL unpurified SMA-EA:DMPC 1:1 (w/w) nanodiscs solution

sample shown in Figure 4.15.
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4.3 Results and Discussion

In this study, we use a set of amphipathic copolymers to systematically investigate how the
copolymer's solution physicochemical properties can be associated with the features of copolymer-
lipid nanodiscs, to increase nanodiscs' performances and to assist the design of new copolymers. It is
accepted that copolymer-lipid nanodiscs solutions are stable under a wide range of conditions?”4>4”.
However, evidence suggests that despite the temporal stability, these nanoparticles show a high degree

of dynamism as simplified in the scheme presented in Figure 4.12b.

) Copolymer structures
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SL25010 P SMA-EA
SL30010 P
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b) Copolymer-lipids nanodiscs
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Figure 4.12. Chemical structures of SMA-based copolymers and copolymer-lipid nanodiscs. a) Chemical structured
of the copolymers used in this study. The chemical structure of XIRAN® copolymers (SL25010 P, SL30010 P, SL40005
P) by Polyscience® are shown on the left and differ from each other for molecular weight and styrene-to-maleic acid (x:y)
molar ratio. SMA-EA is a functionalized, low-molecular-weight derivative of SMA with a reduced charge density>®. More
details are provided in Table 1. All structures are shown in their fully protonated form. b) Simplified schematic

representation of the chemical equilibrium between «nanodisc-bound» and «unbound/free-micellary» copolymer chains.

It has been demonstrated that copolymer nanodiscs can exchange phospholipids**~>°, but the exchange
of copolymer chains cannot be neglected®'. This phenomenon elapses either among nanodiscs due to
collisions or among the polymer chains bound in the nanodiscs and those free in solution as micelles.
To the latter, copolymer chains can be coiled or elongated due to changes in the parameters such as
pH, ionic strength, temperature, and pressure*»>2. Copolymer micelles can be intra-chain, inter-
chains, or mixed. Additionally, the inevitable dispersity of any polymer sample can complicate the

scenario. SMA-EA copolymer®® is compared to a set of XIRAN® commercially available SMA
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copolymer formulations®. Figure 4.12a shows the structural similarities among the copolymers,
while Table 4.1 provides each formulation's technical properties. Due to the amphipathic nature, SMA
copolymers and derivatives form self-assembled macromolecular aggregates. The c.m.c. is a crucial
value to assess amphipathic molecules. Pyrene, a four-ring polycyclic aromatic hydrocarbon (PAH),
is known to be a convenient fluorescent probe for determining the c.m.c. of amphipathic
aggregates*®**. Pyrene is strongly hydrophobic and shows a minimal solubility in water (~2-3 pM)>*.
Therefore, it easily inserts in the hydrophobic core of amphipathic micelle-like aggregates and the
copolymer-lipid nanodiscs. Upon dilution, the micellar aggregate is destroyed, and pyrene molecules
are directly exposed to water. Because of the solvent-dependent vibronic fine structure intensities

46,54

shown by monomeric pyrene*>*, this event is profitably employed in fluorescence probe studies of

amphipathic aggregates.

Copolymer MW (kDa) x:y X0 R?
(molar ratio) (mg/mL)
SMA-EA ~2 ~1.3:1 0.23 0.992
SL25010 P ~10 ~3:1 0.038 0.999
SL30010 P ~7.5 ~2.3:1 0.26 0.998
SL40005 P ~5 ~1.4:1 27 0.999

Table 4.1. Physicochemical data of the investigated SMA copolymers. Spanning a range of molecular weights that goes
from ~2 to ~10 kDa, each copolymer has comparable dispersity (B = Mw/M, > 2.5) but different
hydrophobicity/hydrophilicity ratios, as suggested from the styrene-to-maleic acid ratio. Additionally, SMA-EA shows a
modified charge-density because of its modification if compared to any SMA-equivalent. The experimental curves I11/I3
vs. Log C shown in Figure 4.13a were fitted to a sigmoidal function. The c.m.c. values for each copolymer are obtained
by taking the flex (xo) of each fitted curve and converted from a decimal logarithmic scale to a linear scale. The coefficient
of determination, R2, is also shown for each fitting. Experimental conditions are available in the «Materials and Methods»

section.

Figure 4.13 shows a selection of spectra that highlights the spectral changes of pyrene containing
solutions. When pyrene molecules are in the hydrophobic environment offered by copolymeric
micelle-like aggregates (Figure 4.13a) or in the copolymer-lipid nanodiscs (Figure 4.13b), pyrene
fluorescent spectra are of low intensity. Similarities were observed among the investigated
copolymers and the copolymer-lipid nanodiscs. The «shoulder» after 400 nm for SL40005 P
copolymer (green spectrum in Figure 4.13a) is due to scattering attributed to the high concentration
used. The fluorescent spectrum of pyrene in the buffer solution (purple spectrum) simulates the
infinite-dilution plateau or complete absence of amphipathic species. The crowding in hydrophobic

environments justifies the quenching of pyrene fluorescence. By plotting the ratio between the
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intensities of the first and third fluorescence peaks, respectively labeled as 11 and I3, against the

decimal logarithm of the concentration, it is possible to obtain the c.m.c. values.

a) «Free» copolymers
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Figure 4.13. Pyrene fluorescence spectra for (a) «free» copolymers and (b) copolymer-lipid nanodiscs upon
excitation at 331.5 nm. a) Fluorescence spectra of pyrene in the presence of SMA-EA (black line), SL25010 P (red line),
SL30010 P (blue line), or SL40005 (green line) copolymers «free» in solution and at the highest concentration used in
this study. b) Fluorescence spectra of pyrene in the presence of unpurified SMA-EA-based nanodiscs (black line),
SL25010 P based nanodiscs (red line), SL30010 P based nanodiscs (blue line), or SL40005 P (green line) at the highest
concentration used in this study. In purple, both a) and b) shows the fluorescence spectrum of 1 uM pyrene and can be
associated with the most diluted sample, or the «infinite dilution sample.» Each sample was prepared in 10 mM

ammonium acetate buffer at pH 7 at 25 °C, recorded at 25 °C, and pyrene concentration was kept constant at 1 uM.

Figure 4.14 shows the plot of the ratio Ii/Iz for solutions of copolymers against the decimal
logarithmic concentration of copolymers (Figure 4.14a) and unpurified copolymer-lipid nanodiscs

(Figure 4.14b).

Results shown in Figure 4.14a are supported by the previous knowledge on the structure-property

relationships™ and agree with previously reported results®®, and the physicochemical properties are
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summarized in Table 4.1. On the one hand, SL40005 P is the most hydrophilic formulation due to the
relatively low molecular weight (MW ~5 kDa), the low content of styrene repeating units (~1.4:1),
and the associated high charge density. SL.25010 P is the heaviest copolymer (MW ~10 kDa) and the
most hydrophobic because of the 3:1 styrene-to-maleic acid molar ratio, resulting in a low charge

density. For the same reasons, SL30010 P is placed in an intermediate position among these two cases

(MW ~7.5 kDa; 2.3:1).

a) «Free» copolymers
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Figure 4.14. Copolymers show drastic changes in the presence of phospholipids. a) Plots of the pyrene I,/I5 ratio
against the decimal logarithm of the copolymers' concentration in mg/mL. As expected from the physicochemical
properties listed in Table 4.1, the polymer SL25010 P (circles in red) results in the most hydrophobic, while SL40005 P
(triangles in green) is the most hydrophilic. SMA-EA (black squares) and SL30010 P (blue triangles) show comparable
responses. b) Plots of the pyrene 1,/I3 ratio against the concentration of copolymer-lipid nanodiscs in solution. The
concentration is reported as a function of the polymer concentration's decimal logarithm in mg/mL. Interestingly, the
differences observed in a) become negligible among all the copolymers when interacting with lipids. Both a) and b) show
the average of three experiments obtained from independent samples. Each sample was prepared in 10 mM ammonium
acetate buffer at pH 7 at 25 °C, recorded at 25 °C, and pyrene concentration was kept constant at 1 pM. Data, error bars,

and fitting are reported in Figures 4.1 and 4.2.
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Given the similarities among all the formulations, AFM experiments were performed on SMA-
EA:DMPC 1:1 (w/w) unpurified nanodiscs. Previous studies confirm that the adhesion among
phosphocholine polar headgroups is responsible for the formation of stacked structures®®. AFM
images shown in Figures 4.15a-b were respectively obtained by drop cast of copolymer-lipid

nanodiscs solutions at a concentration above and below the copolymer's c.m.c.
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Figure 4.15. AFM images and depth profiles above and below the c.m.c. of SMA-EA copolymer. a) AFM image of
a sample of 1 mg/mL DMPC:SMA-EA 1:1 w/w. I) and II) are the depth profiles indicated in a). b) AFM image of a
sample 0f 0.001 mg/mL DMPC:SMA-EA 1:1 w/w. III) and IV) are the depth profiles indicated in b). The Raman spectrum

is shown in Figure 4.11.

The depth of DMPC bilayers is ~5 nm. Depth profiles I) and II) are shown in Figure 4.15a and were
obtained at 1 mg/mL. At such a high nanodiscs concentration, stacks of DMPC nanodiscs were
observed. For a 1000-times more diluted concentration, i.e., below SMA-EA’s copolymer c.m.c., the
depth profiles III) and IV) shown in Figure 4.15b confirms the existence of nanoparticles compatible
with the height of DMPC bilayers and diameter compared to the size of SMA-EA-DMPC 1:1 w/w
nanodiscs reported in the literature®®. Raman vibrational experiments were used to confirm the
presence of both copolymer and lipids in the 1 mg/mL sample used for AFM measurements (Figure

4.11).
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Unpurified nanodiscs Unpurified nanodiscs Purified nanodiscs
Copolymer X0 X0 R? X0 X0 R? X0 X0 R?
(Log C) (mg/mL) (Log|DMPC)) (mM) (Log[DMPC)) (mM)

SMA-EA -2.12 7.59x10°  0.994 -1.95 1.12x102  0.994 -1.60 2.51x102  0.999
SL25010 P -2.27 5.37x10%  0.998 -2.10 7.94x103  0.998 -1.53 2.95x102  0.998
SL30010 P -2.50 3.16x10°  0.979 -2.33 4.68x103  0.979 -1.55 2.82x102  0.998
SL40005 P -2.31 4.90x10°  0.999 -2.14 7.24x10°  0.999 -1.68 2.09x102  0.999

Table 4.2. Copolymer-lipid nanodiscs data: unpurified vs. purified. From left-to-right, the chart shows the data
plotted, respectively, in Figures 4.2-4.4. The polymer-based nanodiscs were obtained by mixing the lipids and the
copolymers in a 1:1 weight ratio, as detailed in the «Materials and Methods» section. Unpurified nanodiscs appear twice;
as a function of the polymer concentration (C in mg/mL) and as a function of the DMPC concentration (mM). The «c.m.c.-
like» values for each copolymer-nanodiscs were obtained by taking the flex (Xo) of each fitted curve and converted from

a decimal logarithmic scale to a linear range. The coefficient of determination, R?, is also shown for each fitting.

Among the resulting materials, copolymer chains that are in equilibrium with the nanodiscs-bound
chains are discarded too. We speculate that this process, in addition to dilution, may alter the integrity
of the nanodiscs per the principle of chemical equilibrium. Size exclusion chromatography
experiments were used herein to purify samples of copolymer-lipid nanodiscs. In fact, when
copolymers were added to phospholipids, together with the formation of nanodiscs, a plethora of
other micellar aggregates were formed. Chromatograms of model copolymer-lipid nanodiscs,
reported in Figure 4.5, show two main peaks. The first is narrow and associated with the nanodiscs.
The second is broad and usually related to the excess of micellar polymer chains. Copolymer micelles
can display a plethora of morphologies®, and mixed unstructured copolymer chains-lipids aggregates
cannot be excluded. This provides a variety of potential dynamic subunits for higher-level assemblies
that could explain the breadth of the second chromatographic peak. Despite the physicochemical
differences in the copolymers, after the purification step, copolymer-lipid nanodiscs behave similarly
to the unpurified counterpart, Figure 4.14b. Figure 4.16 shows a comparison between samples of
unpurified and purified lipid nanodiscs for each used copolymer formulation. A more in-depth
analysis is presented in Table 4.2.

It is observable how the flex (Xo), associated with the nanodiscs' c.m.c., shifts toward higher
concentration values. After purification, with the removal of the micellar aggregates in solution,
SMA-EA nanodiscs shifts by 2.2 times, while SL25010, SL30010, and SL40005 nanodiscs shift by
3.7, 6, and 2.9 times respectively. This supports the existence of chemical equilibrium as
schematically represented in Figure 12b. Data with error bars and fitting are presented in Figures 4.3

and 4.4.
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Figure 4.16 - Comparison of the pyrene Ii/I3 ratio against the concentration of unpurified (squares) and purified

(circles) copolymer-nanodiscs in solution. By purification through SEC, removing the micellar polymer not bound to

the nanodiscs edge causes a consistent horizontal shift for all of the copolymer formulations investigated, as reported

from a) to d). The micellar polymer removed by SEC is either an excess or in chemical equilibrium among the states

«nanodiscs-bound» and «unbound/free-micellar» in solution. Each sample was prepared in 10 mM ammonium acetate

buffer at pH 7 at 25 °C, recorded at 25 °C, and pyrene concentration was kept constant at 1 pM. Data, error bars, and

fitting are reported in Figures 4.3 and 4.4. The concentration of SEC-purified copolymer-lipid nanodiscs was assessed

through 'H NMR using sodium cholate as an internal standard and reported in Figures 4.6-4.9.
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4.4 Conclusions

In this study, we report the use of an analytic assay to assess the c.m.c. of SMA-based copolymers
and to find connections among the c.m.c. and the integral stability of the nanodiscs intended as
nanoparticles. The major findings of this study are: (i) The c.m.c. of SMA-EA copolymer, produced
in our laboratory, is reported for the first time compared to some commercially available SMA
copolymer formulations (XIRAN®). (ii) The interaction with phospholipids drastically alters the
copolymer's c.m.c. values. When in the form of nanodiscs, it is impossible to discern among pure
copolymer's c.m.c. and pure phospholipid contributions, making it necessary to use a more generic
concept such as the nanodiscs c.m.c. (iii) Pieces of evidence suggest the existence of a chemical
equilibrium among the «free» or «micellar» copolymer chains and the «nanodiscs-bound» copolymer
chains. Further investigations to evaluate the effect of the removal of free/micellar copolymer on the
stability of nanodiscs (unpurified vs. purified behavior) are required to characterize the properties of
polymers and nanodiscs fully. We speculate that this phenomenon may be potentially exploited to
exchange belts in samples of copolymer-lipid nanodiscs. Indeed, a given formulation can be more
successful in the extraction but need not be suitable for some biophysical or biochemical techniques.
Additionally, a more inexpensive copolymer can be used to extract successfully and stabilize

19,40,61,62

membrane proteins and then be substituted with tagged copolymers , @ more expensive

solution, optimizing costs, and benefits.
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Chapter 5

Spin-Labeled Copolymer Nanodiscs for DNP Studies on Membrane

Proteins

The content for this chapter is currently unpublished.
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5.1 Introduction

The use of paramagnetic species to enhance NMR spectroscopy sensitivity was discussed in chapters
2 and 3. PRE-NMR relies on the reduction of T; to speed up the recovery of the magnetization and
allowing for shorter recycle delays toward faster data acquisition'.

Figure 2.4 in chapter 2 summarizes the three main tagging strategies for PRE studies available in the
literature. SMA-EA-DOTA-based nanodiscs, described in chapter 3, offer the fourth strategy. The
functionalization of a nanodiscs-forming SMA-based copolymer with chelating units allows for the
introduction of paramagnetic tags in the nanodiscs' outer rim. Among the advantages of this approach,
must be mentioned (i) the absence of perturbation of membrane protein due to the direct tagging, (ii)
the lack of alteration of the native lipid composition retained after direct extraction from the native
environment, (ii1) avoidance of free paramagnetic ions in solution that might cause unwanted
broadening effects and depletion of the quality of the NMR spectrum, thanks to the presence of strong
chelators such as DOTA units in the copolymer chains.

At the end of chapter 2, dynamic nuclear polarization coupled to solid-state NMR spectroscopy was
treated. DNP-ssNMR has emerged as a prominent research field, offering significant contributions to
both materials’ science and structural biology?*. The technique improves NMR spectroscopy and
relies on paramagnetic species, called polarizing agents, to transfer the large electron spin polarization
to nuclear spins upon irradiation with microwaves of an appropriate frequency. Stable organic free
radicals such as TEMPO>® and TOTAPOL""’, and complexes of paramagnetic d-block and f-block
ions have been successfully employed as polarizing agents'®!*. Due to their relatively high molecular
weight, ssSNMR is suitable for studying membrane proteins in phospholipid membranes, providing
high-resolution structures.

Moreover, ssNMR can benefit from DNP because, in the right conditions, it can increase the
sensitivity up to 10,000 times'*. Among all the membrane mimetics available, described in chapter I,
copolymer-nanodiscs are widely employed in membrane protein studies, and many successes are
reported in the literature!>!S. The SMA-EA-DOTA copolymer, discussed in chapter 3, proposes PRE
studies in nanodiscs using solution NMR!7!¥. The speculation is that SMA-EA-DOTA copolymer-
nanodiscs can be successfully employed in PRE-ssNMR and, of course, to DNP-ssNMR.
Complexes of Gd*" and Mn** ions can be used to enhance '*C NMR spectra via 'H DNP'?, although
the most employed polarizing agents are organic free radicals®. Thus, this chapter proposes two
SMA-based copolymers, paramagnetically-tagged with organic free radicals such as TEMPO. ST-10,
functionalized with ~10-15% of TEMPO, and ST-100, fully functionalized with TEMPO units. The

synthesis of both copolymers is presented in Figure 5.1. Both can be considered as variants of SMA-
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EA-DOTA with potential applications both in PRE- and DNP-ssNMR studies. The following results
are considered preliminary data for a future project that will involve DNP-ssNMR and

paramagnetically-labeled nanodisc for the study of membrane proteins.

5.2 Materials and Methods

5.2.1 Reagents and Materials

Poly(Styrene-co-Maleic Anhydride)-Cumene terminated, SMAnh, My, ~ 1.6 kDa, anhydrous 1-
Methyl-2-pyrrolidone (NMP), 2-Aminoethanol (EA), Diethyl Ether (Et2O), Hydrochloric Acid
(HCl), Sodium Hydroxide (NaOH) were purchased from Sigma-Aldrich® (St. Louis, Missouri). 4-
amino TEMPO was purchased from Fisher Scientific (Waltham, MA). 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) was purchased from Avanti® Polar Lipids, Inc. (Alabaster, Alabama).

5.2.2 Polymer synthesis and characterization

a) Polymers synthesis. SMA-EA copolymer was synthesized, purified, and characterized according
to the procedure described in the literature!®.
ST-10 and ST-100 copolymers were synthesized according to the following procedure, inspired
by a similar reaction reported previously'’. For the synthesis of ST-10, 2 g of SMAnh, 0.214 g
of 4-amino TEMPO, and 1 mL of triethylamine were dissolved in 60 mL of anhydrous NMP and
heated to 70 °C under continuous stirring for 2 hours (Step-1). The addition of an excess of
ethanolamine (~0.5 mL) in the presence of an extra 1 mL of triethylamine for 2 more hours at
the same temperature in the same round bottom flask completed the nucleophilic ring-opening
reaction (Step-2). Finally, the product was precipitated using diethyl ether and washed multiple
times with deionized water prior to lyophilization. The 2-step reaction yielded about 1.2 g of ST-
10 copolymer. Similarly, for the synthesis of ST-100, 2 g of SMAnh, 1.5 g of 4-amino TEMPO,
and 1 mL of triethylamine were dissolved in 60 mL of anhydrous NMP and heated to 70°C under
continuous stirring for 4 hours to ensure a complete nucleophilic ring-opening reaction. No
ethanolamine was added. Finally, the product was precipitated using diethyl ether and washed
multiple times with deionized water prior to lyophilization. The reaction yielded about 1.5 g of

ST-100 copolymer. Both reaction schemes are presented below.
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Figure 5.1. Synthesis of ST-10 and ST-100 copolymers. The figure shows the scheme of reaction to obtain both ST-10
and ST-100 copolymers from SMAnh starting material. The synthesis involves a nucleophilic ring-opening reaction. For
ST-10, step | involves the addition of ~10-15% of 4-amino-TEMPO before treatment with an excess of ethanolamine
(EA). ST-100 involves a 1-step functionalization with an excess of 4-amino-TEMPO. Both copolymers are synthesized
in anhydrous NMP, using triethylamine (Et3N) as the base.

b) FT-IR Spectroscopy. The newly synthesized polymer was characterized by FT-IR. The carbonyl
stretching frequency shift from 1770 cm™ to 1702 cm™ indicates the conversion of the anhydride
groups to the amide groups, confirming the reaction's success. FT-IR spectra of the starting
material SMAnh, SMA-EA, ST-10, and ST-100 are reported below in Figure 5.2. Figure 5.3b
reports the expanded 2000-1400 cm™! region.
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Figure 5.2. Full FT-IR spectra of SMAnh, SMA-EA, ST-10, and ST-100 copolymers.
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5.2.3 Polymer nanodiscs preparation

Stock solutions of each copolymer (ST-10 and ST-100) were obtained by dissolving the desired

amount of powder in a 0.1 M NaOH solution. The pH was then adjusted to 7.4 using 1 M HCL

Polymer-based lipid nanodiscs were prepared by mixing the desired quantity of DMPC lipids and

polymers in the ratio 1:1 by weight from 20 mg/mL stock solutions. Each sample was incubated

overnight at room temperature before its use.

a)

b)

5.2.4 Polymer nanodiscs characterization

Static Light Scattering (SLS) — Solubilization Experiments. The SLS experiments were
performed using a 4 mL cuvette (1 cm optical path) under continuous stirring at 25°C on a
FluoroMax-4® Spectrofluorometer from Horiba Scientific®. The excitation wavelength was set
at 400 nm, while the emission wavelength was set at 404 nm, and the slit was set to 2 nm. The
time-dependent solubilization of MLVs was carried on a 1 mg/mL suspension of DMPC in 10
mM HEPES buffer 50 mM NaCl. The intensity of scattered light at a 90° angle was monitored
for 1000 seconds. The solubilization power of both ST-10 and ST-100 copolymers was tested on
a solution of DMPC. The amount of polymer added was equivalent (1:1 w/w ratio) for all of
them. Data are shown in Figure 5.3c.

Electron Paramagnetic Resonance (EPR) Spectroscopy. Samples preparation. ST-10 and ST-100
copolymers were dissolved in 20 mM HEPES buffer, 100 mM NaCl, pH 7 buffer, brought to a
final concentration of 2.5% (m/v), sonicated (30 °C), and vortexed until completely dissolved
and the solution was clear. DMPC powdered lipids were dissolved in 20 mM HEPES, 100 mM
NacCl, pH 7 buffer, and brought to a final concentration of 25 mM. The lipid slurry was vortexed
vigorously for several minutes and underwent at least 20 freeze/sonication cycles (< 30 °C). The
lipid solution was frozen using liquid nitrogen and stored overnight ( -20 °C). The copolymer
solution was titrated into the vesicles dropwise until a final weight ratio of 2:1 (polymer:lipid)

was achieved, which allowed polymer nanodiscs to form spontaneously.

Continuous wave-electron paramagnetic resonance (CW-EPR) spectroscopy. CW-EPR
lineshape analysis verified the stability and functionality of ST-10 and ST-100 copolymers both
in solution and in the form of copolymer-nanodiscs. EPR experiments were conducted at the
Ohio Advanced EPR Laboratory. CW-EPR spectra of the ST-10 copolymer solution and ST-
10:DMPC 2:1 w/w nanodiscs were collected at X-band on a Bruker EMX CW-EPR spectrometer

143



using an ER041xG microwave bridge and ER4119-HS cavity coupled with a BVT 3000 nitrogen
gas temperature controller. Each CW-EPR spectrum was acquired by signal averaging 20-40s
field scans with a central field of 3317 G and sweep width of 150 G, modulation frequency of

100 kHz, modulation amplitude of 1 G, and microwave power of 10 mW at room temperature.

ST-100 polymer solution and ST-100 2:1 nanodiscs were collected using a Bruker EMX nano
benchtop CW-EPR spectrometer. Each CW-EPR spectrum was acquired by signal averaging 10,
30 s field scans with a central field of 3420 G, and a sweep width of 200 G. Data are shown in
Figure 5.4.

NMR Spectroscopy. Solution NMR experiments were performed at 11.75 T on a 500 MHz
Bruker Avance III HD spectrometer. NMR samples were prepared according to the procedure
described in the “Nanodisc Formation,” then lyophilized for 24 hours prior to resuspension in
600uL of D>O and then transferred to 5 mm Norrell® Sample Vault Series™ glass tubes and

placed in a commercial 5 mm quadruple resonance H/'H/'>N/!*C Bruker round-coil TXI™ 500

SB probe. The experiments were performed in D,O at neutral pH at three different temperatures,

15, 25, and 35°C. Each sample was made using 1, 2, 4, and 8 mg of lipids, and an equal amount

(by weight) of ST-10 and ST-100 polymers, titrated at pH 7.4 to obtain a DMPC:ST-10 and

DMPC:ST-100 (1:1 w/w) systems.

e 'H-NMR. 'H spectra were recorded by collecting 32 scans with a spectral width of 25 ppm.
The transmitter frequency offset was set at 4.7 ppm. Acquisition time and relaxation delay
were respectively set at 0.8 s and 1.0 s. "H-NMR spectra for DMPC:SMA-EA 1:1 (w/w) and
DMPC:ST-10 and DMPC:ST-100 1:1 (w/w) are shown in Figure 5.5.

e Inversion recovery experiment. To measure Ti, an inversion recovery experiment was
performed. Fifteen data points from 0.001 s to 10.0 s were collected by acquiring 8 scans
with a spectral width of 10 ppm. The transmitter frequency offset was set at 4.7 ppm.
Acquisition time and relaxation delay were respectively set at 0.001 s and 10 s. Data are
shown in Figures 5.6-5.8 and Tables 5.1-5.3.

e Data Processing. Data have been processed using both Bruker Topspin™ 3.2 and Mestrelab

Research S.L. MestReNova™ software was used to integrate the peaks of interest.
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5.3 Results and discussion

Unlike SMA-EA-DOTA, where the concentration of paramagnetic centers depends on the
concentration of the added metal ions and not on the introduced chelating units, TEMPO-
functionalized copolymers do not allow the same fine control. Thus, the decision to synthesize two
different formulations and investigate how the introduction of different concentrations of organic free

radicals in the copolymer chains affects the ability to form nanodiscs and paramagnetic features.

ST-10 and ST-100 respectively functionalized with ~10% and ~100% 4-amino TEMPO, were
synthesized using the same starting material (SMAnh, ~1.6 kDa, ~1.3:1 styrene-to-maleic anhydride
molar ratio) used in the Ramamoorthy research group to obtain all the copolymers, from SMA-EA?°
to SMA-EA-DOTA!"!¥ discussed in the second part of chapter 1. The synthetic strategy is detailed
in the Materials and Methods paragraph above, and the reaction scheme is reported in Figure 5.1.
Figure 5.3a below shows the structures of the newly synthesized ST-10 and ST-100 in comparison
with the structures of the starting material and SMA-EA, here used as a non-paramagnetic
counterpart. FT-IR spectra show the disappearance of the maleic anhydride ring in favor of amide
bonds (Figure 5.2 and 5.3b). Both ST-10 and ST-100 copolymers successfully solubilized DMPC
MLVs at room temperature (~25°C), as reported in Figure 5.3c.
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Figure 5.3. Characterization of polymers and polymer nanodiscs. a) Shows the structures of the SMAnh (the starting
material), SMA-EA, ST-10, and ST-100 copolymers. b) FT-IR spectra of the starting material (SMAnh - purple), SMA-

EA (light blue), ST-10 (orange), and ST-100 (red). FT-IR results confirm the functionalization of the SMAnh and show

similarities among SMA-EA, ST-10, and ST-100. Full spectra are presented in Figure 5.2.
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Figure 5.4 shows a comparison of the CW-EPR lineshapes for solutions of the two copolymers (on
the left side, continuous line) and solutions of copolymer-nanodiscs (on the right side, dashed line).
Solutions of ST-10 copolymer are shown in orange, while solutions of ST-100 copolymer are in red.
Among solutions of ST-10 and ST-100 micellar copolymers, lineshapes are similar to each other and
resemble the lineshape for a stable free radical in solution®'. Thus, these preliminary data confirm the

free radicals' stability and functionality (TEMPO units) in the chains of both spin-labeled copolymers.
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Figure 5.4. CW-EPR spectra of copolymers and copolymer nanodiscs. The top panels show data from a solution of
ST-10 (top-left panel) and nanodiscs with DMPC in a 2:1 w/w ratio (top-right panel). The bottom panels show a solution
of ST-100 (bottom-left panel) and ST-100:DMPC nanodiscs in a 2:1 w/w ratio (bottom-right panel).

Both spectra from the nanodiscs solutions of ST-10:DMPC 2:1 w/w and ST-100:DMPC 2:1 w/w are
comparable to each other. Interestingly, nanodiscs samples are similar to the free copolymers in
solution, and no broadening is observed. The study of CW-EPR spectroscopy lineshape of the
copolymers’ solutions and copolymers nanodiscs was carried out to establish the radical groups'
functionality. However, further investigations are needed to shed light on both the structural and
dynamic of spin-labeled copolymer-nanodiscs. These preliminary results are essential, as the TEMPO
groups' functionality in both copolymers’ solution and copolymer-nanodiscs’ solutions must be
maintained. The spin-labels' functionality is retained when the polymer is alone in solution or
combined with lipids. This serves as a benchmark for numerous projects. For example, the

incorporation of membrane proteins can allow a better understanding of membrane protein dynamics.
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CW-EPR and pulsed EPR spectroscopies may benefit from spin-labeled nanodiscs-forming
copolymers. For example, chapter 4 concludes by speculating about the possibility of copolymer
removal by dilution. Quantitative uses of EPR spectroscopy are reported in the literature??2*, but the
differentiation among copolymer chains bound to the nanodiscs and free in solution might be
challenging. However, in combination with other techniques, EPR spectroscopy can shed light on

that equilibrium, validating what speculated.

Once verified the presence of functional spin-labels on both copolymers and copolymer-nanodiscs
solutions, PRE effects in solution NMR were tested on ST-10:DMPC and ST100:DMPC, both 1:1
(w/w), nanodiscs to confront the paramagnetic features of both copolymers with the previously
reported SMA-EA-DOTA in the presence of different concentrations of several paramagnetic ions.
The 'H NMR peaks were observed in the copolymer-lipid nanodiscs spectra. The complete

assignment is done accordingly to previous reports in the literature!”!%2,

ST-10:DMPC 1:1 w/w
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Figure 5.5. 'H NMR spectra of paramagnetically labeled nanodiscs varying the free radical concentration. a) shows
'H spectra of 1, 2, 4, and 10 mg ST-10:DMPC (1:1 w/w) nanodiscs. Significant broadening effects are observed for the
10 mg sample. b) shows the 'H spectra of 1, 2, 4, and 10 mg of ST-100:DMPC (1:1 w/w) nanodiscs. Due to the larger
concentration of free radicals in ST-100, broadening effects are more prominent, starting from lower copolymer

concentrations.
147



Figure 5.5 shows 'H solution NMR spectra of 1, 2, 4, and 10 mg of ST-10:DMPC (1:1 w/w), and ST-
100:DMPC (1:1 w/w) nanodiscs. As expected, both copolymers' increasing concentration increases
the free radicals' concentration in the sample, leading to both T and T2 shortening. As observed in
Figure 5.5, samples containing 10 mg of ST-10 show significant peaks broadening, and this effect is
notably visible in the region 3.5-4.5 ppm, associated with the protons a and B from the phospholipids'
glycerol moiety. Moreover, because of the larger content of free radicals, ST-100 shows broadening

effects starting from 4 mg of the copolymer in the sample.

As discussed in chapter 3, the Ti-reduction, consequence of the paramagnetic effects due to TEMPO
units' introduction, was investigated as follows. Four peaks, both from lipids and copolymers, were
considered, recording how the T; is affected in different regions of the nanodiscs — core vs. rim vs.
surface. As previously reported'”!8, the peak at ~1 ppm is associated with the protons from the lipid
terminal methyl group (-CH3), while the one at ~1.4 ppm from the protons in the methylene groups
of the lipid acyl chains (-CHa- from C4 to C13). Both are related to the core of the nanoparticle. The
peak at ~3.3 ppm originated by the protons from the quaternary ammonium groups ((-CHz)3, 7) is
associated with the nanodiscs' surface. In comparison, the peak at ~7.3 ppm, which originated from
the protons in the aromatic ring from the copolymer's styrene fraction, is associated with the outer

rim of the nanoparticle!”'%,

As reported in the literature®:!718

and detailed in chapters 2 and 3, the inversion-recovery NMR
experiments were performed to measure the T values of the protons mentioned above to examine the
effect of different concentrations on free radicals in the copolymer chains. The T; values were
obtained by integrating the 'H NMR peak of interest and then fitting the experimental results

according to equation 1 in chapter 3.

The resulting T; values are reported in the following tables (Tables 5.1-3), while experimental data
and fitting are reported in Figure 5.6 and 5.7. Table 1 shows the experimental T; values obtained for
the diamagnetic SMA-EA:DMPC (1:1 w/w) nanodiscs. Results are consistent with previously

reported data'® (shown in Figure 3.9, chapter 3) among various nanodiscs concentrations.

SMA-EA:DMPC (1:1 w/w) Aromatic Gamma C4-C13 C14
1 mg 1.70 s 0.58s 0.74 s 0.80s
2 mg 1.70 s 0.58 s 0.74 s 0.78 s
4 mg 1.70 s 0.58 s 0.74 s 0.78 s

Table 5.1. Ti values for SMA-EA:DMPC (1:1 w/w) nanodiscs varying the free radicals' concentration in the

sample. Highlighted in gray is the condition used in the experiments shown in chapter 3.
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Figure 5.6. Measurement of T: for protons. The figure shows the experimental data obtained inversion recovery NMR
experiments for 1:1 w/w DMPC:ST-10 nanodiscs (top) and 1:1 w/w DMPC:ST-100 nanodiscs (bottom) at 35°C for both
to determine T, values of protons varying the free radicals concentrations as indicated. Equation 1 from Chapter 3 was

used to obtain the best-fitting values.
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Table 5.2 contains the T; data obtained from ST-10:DMPC 1:1 (w/w) nanodiscs. Despite the lipid-
to-polymer weight ratio is constant, as expected, by increasing the concentration of polymer in the
sample, the concentration of free radicals increases; thus, the T; is reduced as reported. From 1 mg to
4 mg, the reduction is about 15%. Nevertheless, comparing 4 mg of ST-10 with 4 mg of SMA-EA,
the T is averagely reduced by ~28% in the selected peaks compared to the diamagnetic counterpart.
To confirm the trend, a sample of 10 mg ST-10:DMPC 1:1 (w/w) was studied. In this case, the data
reported for C4-C13 and C14 (labeled with an asterisk,*) are not fully reliable due to significant

broadening effects (T2 shortening).

ST-10:DMPC (1:1 w/w) Aromatic Gamma C4-C13 C14
1 mg 1.3s 0.46s 0.53s 0.59 s
2 mg 1.2s 0.44 s 0.52's 0.58s
4 mg I.l1s 0.44 s 0.52's 0.58 s
10 mg 0.74 s 0.37s 0.37 s* 0.38 s*

Table 5.2. T1 values for ST-10:DMPC (1:1 w/w) nanodiscs varying the free radicals' concentration in the sample.
Highlighted in gray is the condition used in the experiments shown in chapter 3. The values labeled with the asterisks

come from significantly broad peaks and not entirely reliable. Figure 5.5 shows the associated 'H-NMR spectrum.

Finally, the T values of ST-100:DMPC 1:1 (w/w) nanodiscs at different concentrations are reported
in Table 3. Compared to ST-10:DMPC 1:1 (w/w) nanodiscs, the drop is more prominent when passing
from 1 mg to 10 mg. Furthermore, significant is the reduction with the diamagnetic counterpart. On
average, the Ti-reduction between SMA-EA and ST-100-based nanodiscs is of about 50% and

beyond.
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Figure 5.7. A comparison of T1 for protons of ST-10 and ST-100 based nanodiscs. Spin-inversion NMR experimental
data obtained from 4 mg 1:1 w/w ST-10:DMPC and ST-100:DMPC nanodiscs to determine T values of protons. Equation

1 from chapter 3 was used to obtain the best-fitting values given in Tables 1-3, chapter 5.

Unfortunately, ST-100 leads to significant line broadening, as reported in Figure 5.8.

ST-100:DMPC (1:1 w/w) Aromatic Gamma C4-C13 C14
1 mg 0.65s 0.36s 0.38s 0.42s
2 mg 0.56s 0.34s 0.36s 0.40s
4 mg 0.32s 0.30s 0.31s 0.35s
10 mg 0.28 s 0.18 s 0.17 s* 0.18 s*

Table 5.3. T1 values for ST-100:DMPC (1:1 w/w) nanodiscs varying the free radicals' concentration in the sample.
Highlighted in gray is the condition used in the experiments shown in chapter 3. The values labeled with the asterisks

come from significantly broad peaks and not entirely reliable. Figure 5.5 shows the associated "H-NMR spectrum.

Figure 5.8 shows the comparison of the T values of diamagnetic SMA-EA, SMA-EA-DOTA (loaded
with 0.5 mM Gd*" ions), ST-10, and ST-100 nanodiscs. All the reported systems contain 4 mg of
lipids and a 1:1 w/w lipid-to-copolymer ratio. As expected, all the paramagnetic systems show a

reduction in T values.
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SMA-EA-DOTA, ST-10, and ST-100 copolymers shorten T; times of different 'H peaks in the
nanodiscs in a unique way. In chapter 3, SMA-EA-DOTA copolymer loaded with Gd** ions showed
overall the best performances in terms of T reduction if compared to other paramagnetic metals. T,
values for Gd**-loaded SMA-EA-DOTA nanodiscs are replotted in Figure 5.8 and compared with
ST-10 and ST-100 in similar conditions. On the one hand, it is noticeable how the reduction is

incredibly efficient for the aromatic and gamma peaks for SMA-EA-DOTA.

B sSMA-EA []sT-10
Bl SMA-EA-DOTA-Gd [l ST-100

100 4

Aromatic Gamma C4-C13 C14

Figure 5.8. Efficiency in paramagnetic labeling of copolymer nanodiscs. Graphical comparison of the T; values
reduction in the 1:1 w/w copolymer-lipid nanodiscs reported in this thesis. SMA-EA-DOTA loaded with [Gd*'] = 0.5
mM (reported in chapter 3), 4 mg of ST-10, and 4 mg of ST-100 all show T; reduction because of the presence of
paramagnetic labels in the outer rim of the copolymer-nanodiscs. Values are expressed in percentages for the diamagnetic

SMA-EA copolymer (T; 100%).

On the other hand, ST-10 showed more efficiency in reducing the T; values in the core of the
nanoparticle (phospholipid acyl chains or C4-C13 and Cl14-associated protons). The speculation is
tied to the chemical differences between DOTA and TEMPO units. In fact, DOTA is more
hydrophilic than TEMPO; thus, it is legit to believe that DOTA units are more exposed to the
surrounding solution, while TEMPO units are more embedded in the hydrophobic core of the
nanodiscs. The high content of free radicals makes ST-100 able to reduce T, for all the considered
peaks by ~50% and more in the same concentrations of nanodiscs and temperature conditions. Further

investigations can confirm such speculation and offer better insights into the systems here described.
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5.4 Conclusions

SMA-based copolymers have proved their efficiency in the direct extraction of membrane proteins
from their native environment, and copolymer-nanodiscs have shown their vast potential as
membrane mimetics. Ravula et al. demonstrated that short-chained SMA-based copolymers
overcome some of the limitations that affect the early formulations of SMA copolymers!”-?%26:27 To
expand copolymer-nanodiscs applications toward NMR spectroscopy, SMA-EA-DOTA allows PRE-
NMR studies in nanodiscs, offering a less invasive approach toward the preservation of the integrity
of the sample, if compared with the alternatives discussed in chapter 2'. In fact, SMA-EA-DOTA-
nanodiscs require neither paramagnetic labels on the membrane protein nor the use of
paramagnetically-labeled phospholipids. The strong chelating units in the copolymer chains avoid
free metals in solution, forcing the paramagnetic sources on the outer rim of the nanodiscs. Thus,
SMA-EA-DOTA allows an efficient T;-reduction with minimum-to-no alteration of the spectral
quality due to unwanted T»-reduction!”!8,

In this chapter, ST-10 and ST-100 copolymers are shown to dissolve MLVs of DMPC successfully.
The presence of stable organic free radicals on the nanodiscs' outer rim reduces the Ti-values as
expected. However, the nature of both copolymers makes them less versatile if compared with SMA-
EA-DOTA. In fact, the paramagnetic properties of SMA-EA-DOTA depend on the concentration of
the added paramagnetic ion, of ease control. In contrast, for ST-10 and ST-100, these properties
depend on (i) the percentage of functionalization on the copolymer, (ii) the amount of active free
radicals on the copolymer chains, (iii) the concentration of the copolymer in the sample.

Further studies might elucidate what the most efficient way of using ST-10 or ST-100 copolymers is.
For example, it can be investigated whether it is more convenient to intervene in the final formulation
of the copolymer, 1.e., by synthesizing new ST-Xs copolymers or whether it is more efficient to work
on the final formulation of the copolymer-nanodiscs by merely using mixed copolymers as a
consequence of the speculations in chapter 4. Combined with other techniques, they might offer
quantitative estimations of the equilibrium nanodiscs-bound-free in solution copolymer chains,

discussed in chapter 4. Finally, ST-10 and ST-100 might represent a valid alternative to TOTAPOL

and other biradicals in DNP-ssNMR studies on membrane proteins.
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Chapter 6

Future Directions and Conclusions.

Alternative Uses of Copolymer-Based Nanodiscs

The chapter contains some unpublished data, speculations, and conclusions.
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6.1 Future directions

6.1.1 Polymer-nanodiscs in nanomedicine

Started with the visionary idea that “tiny nanorobots and related machines could be designed,
manufactured, and introduced into the human body to perform cellular repairs at the molecular
level,” the field of nanotechnology has grown exponentially in the last 30 years'. Nowadays, it is
difficult to think of any industrial sectors not directly affected by nanotechnology. Adhesive/non-
adhesive surfaces, biocompatible surfaces in prosthetics, thin-film coatings in the electronic industry,
special-paintings, nanosensors, catalysts, and many more nanostructured materials are just a few
examples to underline both the variety and importance of nanotechnology for our current and future

technology.

Nanomedicine, i.e., nanotechnology applied to medicine, opened exciting frontiers in the diagnostics,
pharmaceuticals delivery, and theranostics, offering novel treatments for many human diseases,
including cancer and infectious neurological, musculoskeletal, cardiovascular diseases, etc.? (Figure
6.1). Despite the regulatory challenges, the use of nanomedicine is spreading rapidly, and a growing

number of therapeutics have entered routine clinical use>*.
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Figure 6.1. Examples of nanomedicine. Different applications of nanoparticles involved in therapy and diagnosis. Figure

reproduced with permission from reference’. Copyright 2017 Dove Press.
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Pharmaceutical sciences have studied nanoparticles for drug delivery to reduce toxicity and side
effects of drugs. The goal is to enhance drug performances while reducing toxicity and eventual side
effects. To make drugs more effective, the nanodrugs must accumulate at the target tissue. Thus, the
nanoparticles used as carriers must be of sizes compatible with the pores of the target tissues'
vasculature. While many substances are currently under investigation, the toxicology should be
focused on both the active compound and the nanocarrier. Indeed, the potential interaction with
tissues and cells, i.e., the potential toxicity, depends on the actual composition of the nanoparticle

formulation®.

Many of the systems used to mimic biological membranes and discussed in chapter 1 have been
proposed as valuable nanomedicine solutions. For example, the concept of using liposomes as drug-
carriers was proposed in the 1970s® and since then widely investigated’ 4. Because of their
supramolecular architecture, liposomes can encapsulate both hydrophilic and hydrophobic drugs.

Furthermore, they can be functionalized, allowing both active and passive targeting® (Figure 6.2).
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Figure 6.2. Structure of liposomes for drug delivery and diagnostics. Liposomes are colloidal drug carriers consisting
of a phospholipid bilayer surface enclosing an aqueous core. Hydrophilic components can be entrapped inside the aqueous
core, while the lipophilic components can be incorporated between the lipid bilayers. On the liposomes surface, different
particles that target the interest cells can be attached. To avoid the immune system response, the liposomes surface is
loaded with a polymer called polyethylene glycol. Thus, the cargo is protected and is discharged into the target cells.

Reproduced with permission from reference’. Copyright 2017 Dove Press.

Other membrane mimicking systems such as bicelles'*'® and MSP-based nanodiscs are considered

viable for drug delivery and diagnostics and reported in the literature as well!®2!. Synthetic

22-28 2941

macromolecules such as dendrimers and copolymer-micelles are widely investigated for the

160



virtually infinite possibilities of functionalization. Figure 6.3 schematically shows examples of

polymer-based nanomedicines and their targets.
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Figure 6.3. Polymer-based nanomedicine. Schematic showing: panel (a) the relationship between nanomedicines and

polymer therapeutics, and typical structures of polymer conjugates and their routes of administration. Reproduced with

permission from reference®. Copyright 2011 Elsevier.

SMA-EA-DOTA copolymer nanodiscs discussed in chapter 3 are hybrid nanoparticles made of
phospholipids and synthetic amphipathic copolymers. Initially developed for the investigations of
membrane proteins through PRE-NMR and other magnetic resonances techniques****, they have

potential applications in diagnostic as contrast agents for magnetic resonance imaging.
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6.1.2 Magnetic resonance imaging (MRI) and contrast agents

Over the years, the development of noninvasive imaging methods offered tremendous opportunities
for disease diagnosis and therapeutic intervention**. Among these techniques, magnetic resonance
imaging is considered a routine diagnostic exam, and every year more than 40 million MRI scans are
performed only in the United States*>*¢. MRI and NMR share the same physical principles, and, so
far, research has not revealed any risk to health from the static magnetic fields used in the machines
of routine exams*’. Thus, MRI is so popular because (a) is noninvasive, (b) provides three-
dimensional images with high spatial resolution and high contrast, and (c) does not expose the patient

to harmful ionizing radiation.

Magnetic resonance imaging has been possible thanks to the pioneering studies conducted by Paul
Lauterbur in the early 1970s***_ In recognition of achievements related to the present-day importance
of medical research and diagnosis, Lauterbur was awarded the Nobel Prize for Medicine in 2003,

shared with the physicist Peter Mansfield.

Lauterbur’s experiments used 'H resonances (i) because of their high detection sensitivity and (ii)
because all living systems always involve aqueous media. The technique became particularly
attractive because relaxation times (T and T, discussed in Chapter 2) of the water protons depend
on how water molecules are bound in tissues. Remarkably, one expects to find strong signals from
those parts of the body with high-water content, while weak signals are expected from structures
containing little water, such as bones. Moreover, water's relaxation properties are also affected by
whether the tissues are healthy or diseased, making possible the generation of images with a suitable
contrast to reveal solid tumors' exact positions. These images' quality is comparable, if not superior

in many cases, to that obtained by X-Ray tomography*’.

The technique is sensitive to small differences in T1 and T>. However, it is possible to increase the
contrast in MRI images by introducing contrast agents (CA). The first generation of contrast agents,
developed between the 1970s and 1980s, included Gd**, Mn?*‘, and Fe** complexes and
nanoparticles’® >3, Since then, many other CAs also relying on a variety of mechanisms have been
introduced>*>®. For example, chemical exchange saturation transfer (CEST) and paramagnetic CEST
(PARACEST) agents®’ %, F paramagnetic probes®'%2, and multimodal agents, i.e., species able to
produce MRI contrast and as a probe for other modalities such as positron emission tomography,

PET, imaging®.

A combination of several factors dictates a good MRI agent: (i) high magnetic moment, (ii) long

electron-spin relaxation time, (iii) osmolarity similar to the serum, (iv) low toxicity, (v) high solubility
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in water, (vi) coordinated water molecules, (vii) large molecule with long rotational correlation
times*’. However, each CA is unique, and radiologists must choose among the options knowing both
physical and chemical properties. Like any drugs, indeed, contrast agents can cause adverse events
and hypersensitivity reactions as well. Thus, radiologists must be aware of the possibility of adverse

reactions and balancing them with the clinical benefits of a more accurate diagnosis®.

Gadolinium-based contrast agents (GBCA) are the most clinically used CA in MRI because of the
electronic properties of Gd>* ions such as seven unpaired electrons, a high magnetic moment, and
long electronic relaxation time®>%%®. Free Gd**, however, is highly toxic®’. Thus, to be as safe as
possible, Gd** is administered using thermodynamically stable and kinetically inert chelates™.
Several formulations approved by the US Food and Drug Administration are available on the market
for clinical practice and reported in Table 1. GBCAs are generally classified by the ligands' structure
in (i) linear or macrocyclic, (ii) ionic, and non-ionic. Macrocyclic GBCA (e.g., Gadoterate,
Gadobutrol, Gadoteridol, etc.) are more stable than the linear (e.g., Gadopentetate, Gadodiamide,
etc.). For many years, GBCAs have been considered safe. However, particularly in the last years,

linear chelating agents have been under the spotlight. Pieces of evidence of unwanted adverse events®®

70-73

such as allergic reactions®, bioaccumulation of Gd** ions in bones and brain’®7?, and nephrogenic

systemic fibrosis (NSF) in subjects with impaired renal function’® have been piling up. Ionic

compounds seem to be more stable than non-ionic and show higher osmolality®>6467-75,

Generic name Structure Tonicity Tin Log Log Stability NSF risk Gd
KTherm Keond retention

Gadodiamate Linear Non-ionic <Ss 16.9 14.9 Low High +++
Gadoversetamide Linear Non-ionic <Ss 16.6 15.0 Low High +++
Gadopentate dimeglumine Linear ITonic <Ss 22.1 17.7  Intermediate High ++
Gadobenate dimeglumine Linear ITonic <Ss 22.6 18.4  Intermediate Intermediate ++
Gadoxetic acid disodium Linear Ionic <Ss 23.5 18.7  Intermediate Intermediate ++
Gadofosveset trisodium Linear Ionic <Ss 22.1 18.9  Intermediate Intermediate ++
Gadoteridol Macrocyclic  Non-ionic  3.9h 23.8 17.1 High Low +
Gadobutrol Macrocyclic  Non-lonic 43 h 21.8 14.7 High Low +
Gadoterate meglumine Macrocyclic  Non-ionic 338 h 25.6 19.3 High Low +

Table 6.1. Chemical characteristics of Gadolinium-based contrast agents. Data were taken from reference®.
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6.1.3 Nanodiscs as valid biomimetic MRI contrast agents

The blood flow through abnormal regions such as tumors is more significant than through the
surrounding normal tissues. Besides, the rapid growth of tumors makes blood vessels imperfect,
causing the more rapid absorption of any CA. This phenomenon, shown in Figure 6.4, is called
enhanced permeability and retention or the EPR effect, and it can be used to design improved

CASI4,76778
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| &

Endothelial
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Nanoparticle

Figure 6.4. Schematics of the EPR effect. Passive targeting relies on cell-specific functions or local environments
specific to target the tissue to facilitate uptake and accumulation in tumor tissues and inflammatory sites. Reproduced

with permission from reference’. Copyright 2017 Dove Press.

Macromolecular MRI CAs composed of multiple Gd** chelates proved to be much more efficient and
effective in modulating and relaxing water protons than low molecular weight analogs. Furthermore,
due to the higher molecular weight, macromolecular CAs are cleared more slowly’®°. Copolymer-
nanodiscs are self-assembling colloidal aggregates, describable as nanoparticles made of
phospholipid bilayer patches surrounded by an amphipathic belt. These nanoparticles show a
supramolecular architecture that imitates the HDL nanoparticles present in the bloodstream. SMA-
EA-DOTA nanodiscs, discussed in chapter 3 and reproduced in Figure 6.5, might constitute a
successful starting point for macromolecular MRI contrast agents. Many are reasons for this
speculation. First, as detailed in chapter 3, properties such as size and overall molecular weight make

these copolymer-nanodiscs excellent candidates to exploit the EPR effect®¢°

, increasing the loading
capacity nanoparticle of the chosen paramagnetic ion. Indeed, SMA-EA-DOTA-based nanodiscs
show dimensions in the optimal size range declared for successful drug delivery systems. Second,

low toxicity is expected. In fact, their formulation relies on components such as (i) lecithins (i.e.,
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DMPC, DPPC, etc.) common components of regular food, (ii)) DOTA units, a macrocyclic ionic
chelating agent already used in many FDA-approved formulations (Table 1) and not associated with
NSF, and (iii) SMA, a copolymer already largely investigated as very low toxic drug carrier’' %>, The
speculation is that the synergy among supramolecular design makes these nanoparticles optimal
biocompatible macromolecular contrast agents. In rats, similar systems have shown to be excreted

through kidneys?!*4.

B8 7.
=N il

LEN Ll
fKH@jﬁ i ~
3 @

bt

Q e

Figure 6.5. SMA-EA-DOTA:lipids nanodiscs for magnetic resonance imaging. The HDL-like supramolecular
architecture and the self-assembling nature makes copolymer nanodiscs good MRI CA candidates. All the components

are considered to show low toxicity.
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6.1.4 Preliminary results and discussion

Compared to the contrast agents reported in Table 6.1, SMA-EA-DOTA-nanodiscs can be classified
as ionic (negatively charged) supramolecular contrast agents. Because of multiple copolymer chains
per nanodiscs, each nanoparticle has a high-Gd** loading capacity compared to the low molecular
weight counterparts. Figures 6.6 and 6.7 show preliminary results for inversion recovery experiments
on DMPC:SMA-EA-DOTA 1:1 w/w nanodiscs in D20 (1D 'H NMR spectrum is reported in Figure
3.7c, chapter 3). Sample preparation and experimental details are presented in the Materials and

Methods section of chapter 3.
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Figure 6.6 — Gd**-loaded DMPC:SMA-EA-DOTA 1:1 w/w nanodiscs as macromolecular CAs. The figure shows a
comparison of the T and T, times reduction of samples of DMPC:SMA-EA 1:1 (w/w) (top panels) and DMPC:SMA-
EA-DOTA 1:1 (w/w) (bottom panels) in the presence of Gd**-ions. As seen in the figure, chelated Gd** ions (bottom
panels) affect T and T, differently than the free in solution counterpart (top panel).

As expected, both T and T of the peak associated with the residual water in the sample (~4.70 ppm)
are significantly impacted by increasing Gd** ions concentrations. To confirm that this reduction is
due to chelated-Gd** ions, DMPC:SMA-EA-DOTA 1:1 w/w nanodiscs were compared to
DMPC:SMA-EA 1:1 w/w nanodiscs with no chelating units. Notably, as reported in Figure 6.6, the
free form of Gd*' ions in solution reduces both T; and T» much more than the chelated form;

unfortunately, free-Gd*" ions are toxic; thus, only the chelated form is suitable for MRI applications.
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Copolymer nanodiscs are just the vector containing paramagnetic ions and not the contrast agent per
se. To underline the flexibility of this macromolecular contrast agent, also Mn**-loaded nanodiscs
were investigated in the same conditions. Again, the relaxation properties of the sample are drastically

affected.

(Mn2*)-DMPC:SMA-EA-DOTA 1:1 w/w
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Figure 6.7 — Mn?"-loaded DMPC:SMA-EA-DOTA 1:1 w/w nanodiscs as macromolecular CAs. The figure shows a
comparison of the T and T, times reduction of samples of DMPC:SMA-EA-DOTA 1:1 (w/w) loaded with different

concentrations of Mn?" ions.

The main advantage of using Mn*" in place of Gd*" would be the absence of NSF risks, but further
investigations are needed to investigate both pharmacokinetics and biodistribution of DMPC:SMA -

EA-DOTA 1:1 (w/w) nanodiscs regardless of the chosen paramagnetic metal.
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6.2 Conclusions

Membrane proteins are critical components of any cell, and their malfunction is associated with
numerous diseases. For this reason, they represent a primary target for various drugs on the market.
Still, academic and pharmaceutical research is hindered by the challenges associated with obtaining

stable and functioning samples.

Among all the artificial lipid membranes, copolymer-nanodiscs have shown to be a suitable
membrane mimicking system. Moreover, nanodiscs-forming synthetic copolymers can extract
membrane proteins directly from their native lipid environment. Acting, de facto, as macromolecular
detergents, nanodiscs-forming synthetic copolymers can isolate structurally integer and functionally
active membrane proteins into stable discoidal nanoparticles that retain the native lipid composition
of the membranes that they were located. Such a feature makes copolymer-nanodiscs a desirable

solution for structural biologists, biochemists, and biophysicists.

The Ramamoorthy research group focused on the hydrophilic functionalization of a low molecular-
weight SMA copolymer. This approach allowed for the tuning and enhancement of these polymers,

particularly in the field of NMR spectroscopy.

NMR, widely employed to study nanodiscs reconstituted membrane proteins, suffers from its low
intrinsic sensitivity, which necessitates long data acquisition times. PRE is one of the strategies that
can be used to enhance the sensitivity of NMR by speeding up the spin-lattice relaxation, a key

parameter in assessing the duration of the required data acquisition.

Building up on the hydrophilic functionalization of a low molecular-weight SMA copolymer, this
thesis focused on developing novel nanodiscs-forming paramagnetically-labeled copolymers to
investigate membrane proteins with magnetic resonance techniques such as PRE-NMR, EPR, and
DNP-ssNMR. The goal is to introduce the paramagnetic tags in the sample without significant
alteration of the sample. In fact, the current solutions available in the literature involve (i) direct
tagging of membrane proteins, (i1) the introduction of modified synthetic lipids, (iii) dissolving
paramagnetic species in solution, free to interact in a non-specific way. These approaches, although

practical, are invasive and alter the sample.

SMA-EA-DOTA-nanodiscs bridge the advantages of copolymer-nanodiscs as membrane mimetics
and PRE effects in NMR, representing a much less invasive approach toward preserving the sample's
integrity. As demonstrated in chapter 3, this approach can be used to speed up NMR data acquisition

(up to ~50%) with minimum-to-no alteration of the spectral quality due to spin-spin relaxation
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enhancement. Comparing the effects of different paramagnetic metals shows that Gd** and Dy>" can
be successfully used to shorten T, and so, the recycle delay of NMR experiments. The same idea is
explored in chapter 5 to introduce stable organic free radicals such as TEMPO in the copolymer
chains of ST-10 and ST-100. As detailed in chapter 5, these copolymers show a substantial reduction
of Ti-times but are less versatile than the SMA-EA-DOTA. Further investigations are required to
assess whether it is more convenient to intervene in the copolymer's final formulation, i.e., by
synthesizing new ST-Xs copolymers or whether it is more efficient to work on the final formulation
of the copolymer-nanodiscs by merely using mixed copolymers. The belief is that these results can
broaden the applications of polymer-nanodiscs in investigating membrane proteins in a native-like
environment, using magnetic resonance techniques such as PRE-NMR, EPR, and DNP-ssNMR

spectroscopies.

In the comparison of the c.m.c. of a group of commercially available copolymers, pieces of evidence
suggest the existence of a chemical equilibrium among the «free» or «micellar» copolymer chains
and the «nanodiscs-bound» copolymer chains. Further investigations to evaluate the effect of the
removal of free/micellar copolymer on the stability of nanodiscs (unpurified vs. purified behavior)
are required to characterize polymers and nanodiscs' properties fully. We speculate that this
phenomenon may be exploited to exchange belts in samples of copolymer-lipid nanodiscs. Indeed, a
given formulation can be more successful in the extraction but need not be suitable for some
biophysical or biochemical techniques. Additionally, a more inexpensive copolymer can be used to
extract successfully and stabilize membrane proteins and then be substituted with tagged copolymers,

a more expensive solution, optimizing costs and benefits.

Finally, because the introduction of the paramagnetic tags affects Ti, it is possible to envision possible
uses of these nanoparticles in diagnostics via MRI. As discussed in this chapter 6, factors such as (a)
the bioinspired HDL-like shape, (b) the size, and (c) the hybrid composition (copolymer-lipid), make
copolymer-nanodiscs suitable in diagnostics and drug delivery. However, in the research for these
applications, pharmacokinetics and biodistribution studies are crucial. Thus, further studies are

recommended.
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Appendix

Supporting Information for Chapter 3

“Lipid-Nanodiscs Formed by Paramagnetic Metal Chelated Polymer for
Fast NMR Data Acquisition”

The content for this appendix includes data from the supporting information for the following
reference:

Di Mauro Giacomo M., Hardin Nathaniel Z., Ramamoorthy Ayyalusamy, Lipid-nanodiscs

formed by paramagnetic metal chelated polymer for fast NMR data acquisition, BBA Biomembranes,
1862, 9, 09/2020, 183332
DOI: 10.1016/.bbamem.2020.183332
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Figure S1. T1 measurements for DMPC: SMA-EA 1:1 (w/w) macro-nanodiscs. a) the stacking of 1D 'H-NMR spectra

in the presence of different concentrations of [Gd*'] ions. b), ¢), d), and €) inversion recovery fitting plots of data for the

selected 'H peaks at various [Gd**] concentrations.

'H Peaks

[Gd*] (mM) Aromatic (s) v (s) 4-13 (s) 14 (s)
0 1.68 0.58 0.74 0.80
0.0005 1.20 0.58 0.72 0.81
0.025 0.80 0.48 0.67 0.76
0.05 0.82 0.40 0.65 0.56
0.125 0.64 0.27 0.56 0.62
0.25 N/D N/D N/D N/D
0.5 N/D N/D N/D N/D
1.25 N/D N/D N/D N/D
2.5 N/D N/D N/D N/D

Table S1. T: values measured from DMPC:SMA-EA 1:1 (w/w) macro-nanodiscs for varying [Gd>']. Values marked

as N/D are data not determined due to significant line-broadening due to the presence of paramagnetic ions.
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a) DMPC:SMAEA-DOTA 1:1 (wiw)vs [Dy*]
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Figure S2. T: measurements for DMPC: SMA-EA-DOTA 1:1 (w/w) macro-nanodiscs. a) the stacking of 1D 'H-

NMR spectra in the presence of different concentrations of [Dy>'] ions. b), c), d), and €) inversion recovery plots for the

selected 'H peaks at various [Dy>*] concentrations

'H Peaks
[Dy**] (mM) Aromatic (s) v (s) 4-13 (s) 14 (s)
0 1.65 0.59 0.70 0.80
0.0005 1.69 0.60 0.74 0.80
0.025 1.67 0.55 0.74 0.80
0.05 1.44 0.55 0.73 0.80
0.125 1.51 0.55 0.70 0.69
0.25 1.48 0.54 0.70 0.68
0.5 1.18 0.52 0.70 0.70
1.25 1.05 0.48 0.68 0.72
2.5 N/D N/D N/D N/D

Table S2. T: values of DMPC: SMA-EA-DOTA 1:1 (w/w) macro nanodiscs for varying [Dy**]. Values marked as

N/D are data not determined due to significant line-broadening due to the presence of paramagnetic ions.
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Figure S3. T: measurements for DMPC: SMA-EA-DOTA 1:1 (w/w) macro-nanodiscs. a) the stacking of 1D 'H-

NMR spectra in the presence of different concentrations of [Er**] ions. b), c), d), and ) inversion recovery plots for the

selected 'H peaks at various [Er**] concentrations.

'H Peaks
[Er**] (mM) Aromatic (s) v (s) 4-13 (s) 14 (s)
0 1.65 0.59 0.70 0.80
0.0005 1.48 0.56 0.73 0.77
0.025 0.88 0.56 0.66 0.78
0.05 1.46 0.56 0.72 0.77
0.125 1.00 0.56 0.66 0.78
0.25 1.42 0.56 0.60 0.78
0.5 1.10 0.55 0.70 0.77
1.25 0.62 0.52 0.68 0.75
2.5 N/D N/D N/D N/D

Table S3. Ti values of DMPC: SMA-EA-DOTA 1:1 (w/w) macro nanodiscs for varying [Er*']. Values marked as

N/D are data not determined due to significant line-broadening due to the presence of paramagnetic ions.
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Figure S4. T: measurements for DMPC

: SMA-EA-DOTA 1:1 (w/w) macro-nanodiscs. a) the stacking of 1D 'H-

NMR spectra in the presence of different concentrations of [Eu®'] ions. b), ¢), d), and €) inversion recovery fitting plots

for the selected 'H peaks at various [Eu®*] concentrations.

'H Peaks
[Eu*'] (mM) Aromatic (s) v (s) 4-13 (s) 14 (s)
0 1.65 0.59 0.70 0.80
0.0005 1.85 0.66 0.72 0.78
0.025 1.90 0.60 0.72 0.76
0.05 1.76 0.58 0.74 0.80
0.125 1.68 0.58 0.74 0.80
0.25 1.70 0.60 0.74 0.80
0.5 1.70 0.58 0.73 0.80
1.25 1.64 0.60 0.74 0.80
2.5 N/D N/D N/D N/D

Table S4. T1 values of DMPC:SMA-EA-DOTA 1:1 (w/w) macro nanodiscs for varying [Eu’']. Values marked as

N/D are data not determined due to significant line-broadening due to the presence of paramagnetic ions.
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Figure S5. T: measurements for DMPC: SMA-EA-DOTA 1:1 (w/w) macro-nanodiscs. a) the stacking of 1D 'H-

NMR spectra in the presence of different concentrations of [Yb3'] ions. b), c), d), and €) inversion recovery plots for the

selected 'H peaks at various [Yb*"] concentrations.

'H Peaks
[Yb**] (mM) Aromatic (s) v (s) 4-13 (s) 14 (s)
0 1.65 0.59 0.70 0.80
0.0005 1.78 0.58 0.73 0.78
0.025 1.78 0.58 0.73 0.78
0.05 1.74 0.58 0.73 0.80
0.125 1.72 0.58 0.72 0.80
0.25 1.72 0.57 0.73 0.78
0.5 1.67 0.57 0.72 0.79
1.25 1.66 0.54 0.71 0.77
2.5 N/D N/D N/D N/D

Table S5. T1 values of DMPC:SMA-EA-DOTA 1:1 (w/w) macro nanodiscs for varying [Yb?']. Values marked as

N/D are data not determined due to significant line-broadening due to the presence of paramagnetic ions.
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Figure S6. NMR spectra of SMA-EA-DOTA in the presence of paramagnetic metals. Stacking of 1D 'H-NMR of
DMPC:SMA-EA-DOTA 1:1 (w/w) macro-nanodiscs in the presence of different Ln>" ions. Lanthanide trivalent ions such
as Eu®*, Gd*", Dy**, Er*", Yb*" are respectively shown in a), b), ¢), d), and e).
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Figure S7. Normalized fitting (left panel) and normalized T1 values (right panel) for DMPC: SMA-EA-DOTA 1:1
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