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High-density lipoprotein (HDL) particles are cholesterol and lipid transport containers. Mature HDL particles destined for the
liver develop through the formation of intermediate discoidal HDL particles, which are the primary acceptors for cholesterol.
Here we present the three-dimensional structure of reconstituted discoidal HDL (rdHDL) particles, using a shortened construct
of human apolipoprotein A-1, determined from a combination of nuclear magnetic resonance (NMR), electron paramagnetic
resonance (EPR) and transmission electron microscopy (TEM) data. The rdHDL particles feature a protein double belt surrounding
a lipid bilayer patch in an antiparallel fashion. The integrity of this structure is maintained by up to 28 salt bridges and a zipper-like
pattern of cation-w interactions between helices 4 and 6. To accommodate a hydrophobic interior, a gross ‘right-to-right’ rotation

of the helices after lipidation is necessary. The structure reflects the complexity required for a shuttling container to hold a fluid

lipid or cholesterol interior at a protein:lipid ratio of 1:50.

HDL particles are transport containers in the circulatory system
that receive cellular cholesterol and lipids destined for the liver and
other lipoprotein particles. The metabolism of HDL particles is a
complex process in which proteins, receptors and enzymes function
in a coordinated manner to transport lipids and cholesterol between
cells, tissues, organs and other lipoproteins!. Because low levels of
HDL cholesterol often indicate an increased risk for cardiovascular
diseases, HDL particles are also considered as important pharma-
cological targets for therapeutic strategies? 4. The 243-residue-long
apolipoprotein A-I (apoA-I) is the major protein component in HDL
particles®. Whereas residues 1-43 are postulated to prefer protein-
protein interactions®, the proximate ten tandem 11- or 22-residue
repeats are proposed to represent the lipid-binding region, defining
the diameter of the discoidal HDL particle®-10. Maturation into
spherical HDLs is a two-step process. First, cholesterol and other
lipids are incorporated into lipid-free apoA-I by ATP-binding cassette
transporter A1 (ABCA1) via unknown mechanisms to form discoidal
HDLs that contain two copies of apoA-I'!. Second, binding to apoA-I
and esterification of cholesterol by the enzyme lecithin/cholesterol
acyltransferase (LCAT) transforms discoidal HDLs into mature spher-
ical HDLs!12-14, The transfer of cholesteryl ester and lipids between
lipoprotein particles, however, is mediated by cholesteryl ester transfer
protein (CETP), which also seems to rely on a direct interaction with
apoA-1'>16, Therefore, apoA-I serves not only as a scaffold for shut-
tling lipids and cholesterol in a hydrophilic environment, but also as a
binding hub facilitating maturation and interparticle communication.
Notably, the structural organization of reconstituted and plasma-
derived HDL particles is similar!"17. Whereas a flattened structure

for each of the two apoA-I molecules is proposed for discoidal HDL
particles, bending of apoA-I of 60° or more with inflection points at
helices 5 and 10 is proposed for spherical HDL particles'117.

Although discoidal HDL particles are of high biophysical and medi-
cal importance?*18-20, heterogeneity in their density, size, shape, and
protein and lipid composition, as well as their large size of ~160 kDa
(ref. 18), has prohibited detailed molecular and structural description
with standard techniques such as X-ray crystallography and solution-
state NMR spectroscopy”. Here we present the three-dimensional (3D)
solution structure of rdHDLs assembled from MSPAHS5, a shortened
version of apoA-I lacking the non-lipid-binding residues 1-54
(refs. 6,10) and 121-142 (proposed to form helix 5)!8, and the lipid
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC). Furthermore,
we show by chemical shift comparison and lipid paramagnetic relaxa-
tion enhancement experiments that rdHDLs with and without helix
5 are structurally similar (Supplementary Fig. 1).

RESULTS

NMR spectroscopy assignment and secondary structure of rdHDL
rdHDLs assembled from MSPAHS5 and the lipid DMPC via an estab-
lished procedure (Online Methods)!81° behaved well as determined
by size-exclusion chromatography and blue native PAGE (Supplementary
Fig. 1f), possessed the typical discoidal form as shown by negative-
stain TEM (Fig. 1 and Supplementary Fig. 2) and showed high-quality
2D ['°N,'H]-TROSY spectra. However, initial attempts toward
complete sequential assignment of uniformly labeled 2H,'3C,
I5N-MSPAH5 rdHDLs by TROSY-HNCA (tr-HNCA), tr-HN(CO)
CA, tr-HNCACB?! and ['H,'H]-NOESY-[!5N,!H]-HMQC failed.
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We attributed this to the helical character of the majority of residues
yielding strong signal overlap (Supplementary Fig. 3), as well as the
large size of the rdHDLs, which had a molecular weight of ~108 kDa
and, concomitantly, a rotational tumbling time of approximately 34 ns
(Supplementary Fig. 4g)'8. Thus the sequential assignment analysis
was limited to tr-HNCA, tr-HNCO and ['H,'H]-NOESY-[!°N,'H]-
HMQC spectra.

Hence, we applied an alternative approach by following a recent,
thorough investigation on the scrambling of selectively unlabeled
amino acids produced in the common Escherichia coli strain
BL21(DE3)?2. On the basis of published data and by taking into con-
sideration the exposed scrambling pathways?2, we developed a ‘three-

steps-iterative’ unlabeling strategy accompanied by the measurement
and analysis of 2D [1°N,'H]-TROSY, 3D tr-HNCO and 3D-NOESY-
HMQC spectra (explained in detail in Supplementary Note 1). This
approach enabled unambiguous sequential assignment to a complete-
ness of 95% (i.e., 1H, 15N, 13C% and 13CO of 158 (out of 167) residues
were assigned, whereas only 90 CP resonances could be assigned).
The resonance assignment allows the determination of second-
ary structure elements. The positive 13C* secondary chemical shifts
showed the presence of a fully formed o.-helical secondary structure
for residues 58-240 (Fig. 1d and Supplementary Fig. 4a)?3?4, in
accordance with recent EPR experiments2°. The nine helices formed,
referred to as helices 1-10 (excluding helix 5), are S58-Q63 (helix 1),
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Figure 1 NMR, TEM and EPR analyses of rdHDL. (a) [13C,1H] plane of the 3D HNCO spectrum of uniformly 15N,13C,2H-labeled rdHDL with
sequential assignments at a 15N chemical shift of 120.2 p.p.m. (b) Corresponding [13C,1H] plane for Lys-nonlabeled, otherwise 15N,13C,2H-labeled
rdHDL. (c) Corresponding [13C,1H] plane for Lys/Leu/Arg-nonlabeled, otherwise 1°N,13C,2H-labeled rdHDL. (d) Residue-specific 13C% secondary
chemical shift (SA13C®). Positive SA13C® values indicate an o-helical conformation. (e) Intermolecular paramagnetic relaxation NMR spectroscopy

data for rdHDL composed of 15N-labeled MSPAH5 and !4N-labeled MSPA

H5, the latter having a paramagnetic MTSL at residue 100. The reduced

cross-peak intensity ratios for residues 150-180 are due to the spatial intermolecular neighborhoods of residue 100 and residues 150-180.
Error bars (s.e.m.) were calculated with Gaussian error propagation using the noise-to-signal ratios from the dia- and paramagnetic sample; one sample
was used for each experiment. /yara, paramagnetic intensity; /qi5, diamagnetic intensity. (f) Refined negative-stain TEM pictures of rdHDLs. Scale bar,

220 A. (g) Secondary amide chemical shifts SALHN versus the amino acid
to the curvature of the helices, allowing the solvent- and lipid-facing sides

sequences of helices 4, 6 and 7 of rdHDL. The wave pattern is attributed
of the helices to be determined. (h) Normalized phase-corrected primary

electron paramagnetic DEER data versus time for rdHDL with MTSL at residue 100. The primary DEER time trace shows well-defined dipolar

oscillations corresponding to a compact distance distribution.
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V67-K77 (helix 2), E80-V93 (helix 3), L101-Q117 (helix 4), L144-
T164 (helix 6), S167-E183 (helix 7), R188-E207 (helix 8), A210-1L219
(helix 9), and V221-K239 (helix 10). They are interrupted by Pro
and/or Gly residues that exhibit greater flexibility and/or small 13C*
secondary chemical shifts (Supplementary Fig. 4).

Helix bending of rdHDL particles

The secondary amide chemical shifts (ASHN) observed in NMR
spectroscopy experiments revealed bending of the helices, as they
showed a helical-wheel-typical wave-like pattern (Fig. 1g and
Supplementary Fig. 5). This interpretation is based on the ration-
ale that bending should result in shorter hydrogen bonds at the
concave side of the helices and longer hydrogen bonds at the con-
vex, solvent-facing side of the helices. Because amides involved
in shorter hydrogen bonds show greater deshielding effects from
the hydrogen bond carbonyl partner than amides involved in
longer hydrogen bonds do, it is expected that the concave side of
the helices may show positive secondary amide chemical shifts,
whereas deshielding effects should be reduced on the convex side
of the helices owing to the presence of longer hydrogen bonds,
resulting in negative secondary chemical shifts?°. For helices 3-9,
a clear periodicity of three or four is found, which is usually inter-
preted as related to curvature?’-2°. For helix 1 the wave pattern is less
obvious, highlighting the fact that helix 1 deviates somewhat in its
properties (i.e., different relaxation and secondary chemical shifts)
from the other helical segments. The lack of the wave pattern in helix 2
is attributed to potential ring-current shifts induced by F71 and
W?72. Furthermore, residues following prolines have strongly nega-
tive ASHN throughout the entire protein, although their hydrophobic
character and wave pattern would lead one to predict a positive ASHN
(Supplementary Fig. 5).

Finally, chemical shift analysis of rdHDLs with and without
helix 5 showed similar chemical shifts, strongly indicating that the
overall structure of rdHDL is preserved in the shortened construct
(Supplementary Fig. 1). Similarly, the chemical shifts between rdHDL
particles composed of MSPAHS5 and the lipid POPC (1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine) and those consisting of
MSPAH5 and DMPC were similar, indicating that the 3D structure
is preserved in both lipid systems (Supplementary Fig. 5¢).

Dynamics of rdHDL particles

To assess the dynamical properties of rdHDLs in a more detailed way,
we carried out five different NMR spectroscopy relaxation experi-
ments3%31. Overall, the relaxation data are consistent with the notion of
a well-defined structure, with [!H]-1>N heteronuclear NOE (hetNOE)
values of ~0.85 (Supplementary Fig. 4b), R1 values between 0.25 and
0.5 s7! (Supplementary Fig. 4c), and order parameters S? in the range
of 0.9 (Supplementary Fig. 4e). R2g;, and R2g, reporting on slower
timescale motions, had values between 60-80 s~! and 20-30 s™!, both
reflecting the large size of the complex (Supplementary Fig. 4d.e).
We observed deviations from the overall relaxation values for the
N-terminal segment until Glu70. The relatively high R1 and low
R2p,, values suggest that the N-terminal helix (helix 1) is undergoing
large-amplitude rigid-body motions. Additionally, strong drops in
the ['H]-'5N hetNOE, R2g,, $*and 1, values (Supplementary Fig. 4g)
and, conversely, a strong increase in the R1 values indicated that the
four C-terminal residues are highly flexible and unstructured.

The double-belt structure of rdHDL particles
We determined the 3D structure of rdHDL by using NOE-derived
distance restraints for distances up to 10 A, and paramagnetic
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Table 1 NMR and refinement statistics for rdHDL
Protein (PDB 2N5E)

NMR distance and dihedral constraints
Distance constraints

Total NOE 856
Intraresidue 152
Inter-residue 704
Sequential (Ii— 1=1) 338
Medium-range (2 <li— 1< 4) 310
Long-range (Ii — jl = 5) 14
Intermolecular 42
Hydrogen bonds 490
Total dihedral-angle restraints

[} 284
b4 284
Total dipolar coupling restraints

HN-N 222
N()-CO(i - 1) 188
Q-factor (Qfee)? 14.93 (19.6)
Total PRE restraints

Intramolecular 26
Intermolecular 224
Lower-distance bounds 1,794
Total EPR restraints

Intramolecular

Intermolecular 6
Structure statistics®

Violations (mean +s.d.) 0
Distance constraints (A)

Dihedral-angle constraints (°)

Maximum dihedral-angle violation (°)

Maximum distance-constraint violation (A)

Deviations from idealized geometry

Bond lengths (A) 0.001

Bond angles (°) 0.2
Impropers (°)

Average pairwise r.m.s. deviation (A)c

Heavy 1.7
Backbone 1.17

aQsee Was calculated according to ref. 43. PRamachandran statistics can be found in the
Online Methods. cPairwise r.m.s. deviation was calculated among ten refined structures for
residues 70-240.

relaxation enhancement (PRE)-derived and double electron-
electron resonance (DEER)-derived distance restraints using MTSL
(S-(1-o0xyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl
methanesulfonothioate)-labeled rdHDL for distance restraints up to
65 A, in combination with negative-stain TEM (Fig. 1, Supplementary
Figs. 2 and 6-8, Table 1 and Online Methods). The resulting 3D
structure is represented by a bundle of ten conformers (Fig. 2a,b).
It has an r.m.s. deviation of 1.17 A for the backbone atoms of
residues 70-240.

The 3D structure of rdHDL showed that two MSPAHS5 molecules
encircle the DMPC bilayer in an antiparallel fashion to form a dou-
ble belt, each using eight bent helices (Fig. 2a,b (DMPC bilayer not
shown)). This dimeric arrangement supports the originally proposed
double-belt model32. The helices are interrupted by short, sometimes
dynamic, kinks and/or loops that contain Pro and/or Gly residues (Fig. 2
(yellow residues) and Supplementary Fig. 4). Within the calculated ten
conformers, the orientation of the N-terminal helix 1 varied (Fig. 2a,b).
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Helix 8

Figure 2 The double-belt 3D structure of rdHDL. (a,b) Top (a) and side
(b) views of the ten conformers of rdHDL. Two antiparallel MSPAH5
molecules encircle a lipid bilayer patch (not shown) to form a structure
with two-fold symmetry. The nine helices of each monomer are
individually color-coded and labeled. Pro or Gly residues (yellow) usually
separate individual helices. The following helices are juxtaposed in the
dimer: helix 4 with helix 6; helices 2 and 3 with helix 7; and helices 8
and 9 with helix 10. Helix 1, residues 58-63; helix 2, residues 67-77;
helix 3, residues 80-93; helix 4, residues 101-117; helix 6, residues
144-164; helix 7, residues 167-183; helix 8, residues 188-207; helix
9, resides 210-219; and helix 10, residues 221-239. (c) Van der Waals
surface representation of rdHDL cut in half to reveal the lipid-oriented
interior, with hydrophobic residues colored in green. (d) Presentation of
the solvent-exposed surface, which is removed in c.

This is in accordance with the relaxation measurements, which
showed large-amplitude motions for helix 1 (Supplementary Fig. 4),
as discussed above. In the disc region, helix 4 of one MSPAH5 mol-
ecule is juxtaposed against helix 6 of the other. Similarly, helices 2
and 3 are juxtaposed with helix 7, and helices 8 and 9 with helix 10.
Furthermore, prolines and glycines of both molecules are often nearby
(Fig. 2, yellow residues), allowing for intermolecular alignment
of the helices. The presented arrangement, called 5/5 registry, has
been found for reconstituted and human plasma discoidal and
spherical HDLs!117:33:34 underpinning the biological relevance of
the reconstituted discoidal MSPAH5-DMPC complex.

Helix rotation after lipidation

Within the ten NMR conformers, up to 28 intra- and intermolecu-
lar salt bridges are formed simultaneously and distributed along the
MSPAHS5 sequence (Fig. 3a,b). In contrast, intermolecular cation-m
interactions are localized at the interface of helices 6 and 4 (Fig. 3¢)
in an arginine-zipper-like arrangement in which the side chains of
Argl149, Arg153 and Argl60 of helix 6 of one MSPAHS5 molecule are
located between the aromatic rings of Tyr115, Trp108, Phel04 and
Tyr100 from helix 4 of the other MSPAH5 molecule. Because negli-
gible chemical shift changes are found for these residues in rdHDLs
containing helix 5 (Supplementary Fig. 1b), it is assumed that the
cation-T zipper is preserved in both rdHDL constructs. As a result of
symmetry, the same patch is found twice, juxtaposed because of the
missing segment denoted helix 5.

As expected, the lipid-oriented interior of rdHDL is hydrophobic
in nature (Fig. 2¢), in contrast to the hydrophilic solvent-exposed
face (Fig. 2d). This arrangement finds independent support from
the secondary amide chemical shifts ASHN discussed above, which
are most positive for lipid-facing amide moieties because of the
shorter hydrogen bonds at the concave lipid-facing side of the bent hel-
ices (Fig. 1g and Supplementary Fig. 5a). The amphiphilic character

Figure 3 Salt bridges and cation-rt interaction networks that determine
the 3D structure of rdHDL. (a,b) Proposed intramolecular (a) and
intermolecular (b) salt bridges (dashed lines). (c) Intermolecular cation-n
interactions. Helical ribbons indicate backbones of both MSPAH5
molecules. Stick representations show side chains of the labeled
(one-letter code) residues of interest. Red, oxygen; blue, nitrogen;

white, protons; gray, carbon atoms.

of the helices can be described by the modified canonical heptad
repeat, originally documented for soluble a-helical coiled-coil pro-
teins3>-37. This heptad repeat, denoted by (abc[c’]defg),,, starts with
Thr68 and continues until Leu219 for apoA-13>-37 (Supplementary
Fig. 5b). In coiled-coil structures, @’ and ‘d’ are nonpolar residues
at the dimer interface stabilizing the structure (Fig. 4a). Notably,
the dimerization interface for the crystal structure of dimeric lipid-
free apoA-I (PDB 3R2P) corresponds exactly to the mentioned
coiled-coil interface with residues @ and ‘d’ buried at the dimer
interface38 (Fig. 4b).

For assembled lipid-containing rdHDLs, however, the hydropho-
bic residues with the assigned heptad letters @ and ‘d’ are rotated
toward the hydrophobic lipid bilayer, placing residues at position €
at the intermolecular helix-helix interface (Fig. 4). This orientation is
known as ‘right-to-right’ (RR). Notably, this orientation fundamen-
tally contradicts the computationally derived and currently accepted
‘left-to-left’ (LL) rotation, which places residues at position ‘g at the
intermolecular helix-helix interface (see Supplementary Fig. 9 for a
detailed explanation of these differences using the simplified coloring
for R residues and L residues)32.
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Figure 4 Structural reorganization of apoA-I from its soluble to its lipid-
containing state upon RR rotation and rdHDL formation. (a) Helical

wheel representation of two antiparallel coiled-coil helices using the
canonical heptad repeat sequence (abcdefg) ,: nonpolar residues ‘a’ and
‘d" are located at the interface of two helices and mediate hydrophobic
interactions; polar residues ‘e’ and ‘g’ further stabilize the structure
through electrostatic interactions. (b) Crystal structure of lipid-free dimeric
apoA-I (PDB 3R2P). Hydrophobic residues (color-coded according to a)
are found at the dimerization interface and stabilize the soluble dimeric
form of apoA-I. This results in a distribution of ‘e’ residues on one side and
‘g’ residues on the other side as found for a-helical coiled-coil structures.
(c) As indicated in a, after lipidation and assembly into discoidal HDL
particles, both helices can undergo either RR rotation, positioning residue
‘e’ at the dimer interface, or LL rotation, positioning residue ‘g’ at the
dimer interface, to expose the hydrophobic residues to the lipid bilayer.
(d) In rdHDLs, the helices rotate RR so that hydrophobic residues at
positions ‘a’ and ‘d’ can face the lipid bilayer (bottom structure, showing
the lipid-containing interior of the rdHDL particle). The RR rotation of the
protein after rdHDL formation places the ‘e’ residues (green) at the

dimer interface (upper structure; the outside part of the rdHDL particle,
which is removed in the lower structure, is shown). The ‘g’ residues

are solvent-exposed and oriented toward the lipid head groups.

We obtained independent corroboration for the RR rotation from
lipid PRE experiments (Fig. 5a—c) and from rigid-body docking on
the basis of EPR restraints (Fig. 5d; see Supplementary Note 1 for
further information regarding the rigid-body docking). Furthermore,
lipid PRE experiments for HDL particles with and without helix 5
showed a similar broadening pattern (Supplementary Fig. le),
underpinning the fact that the rotational state of rdHDLs is preserved
in both constructs and does not depend on the presence of helix 5.

DISCUSSION

The presented 3D structure of the rdHDL (Figs. 2 and 3) with its two
antiparallel-oriented bent helical apoA-I molecules, which embrace
the lipid bilayer with a hydrophobic face and which interact by a set of
salt bridges and a cation- zipper motifs, sheds light on the formation

ARTICLES

Y100

®N: 116.5 p.p.m.

Figure 5 Experimental verification of the proposed RR rotation. (a) 1D
trace of 2D [15N,!H]-TROSY-HSQC at 116.5 p.p.m. (12N frequency),
demonstrating the selective signal broadening for the lipid PRE
experiment. The spectrum represented by the black trace does not
contain any gadolinium-tagged PE-DTPA, whereas the spectrum shown
by the red trace does. (b) Representation of the used lipid, PE-DTPA,
containing a gadolinium ion that is bound to the head group. (c) Lipid
PRE experiments underpin the RR rotation. Lipids with a gadolinium-
containing head group reduce signal intensities of residues close to the
lipid head groups. Residues located farther away—for example, at the
dimer interface—should be affected only slightly or not at all. Residues
that show significant broadening are colored in red, whereas residues with
no or little broadening are colored in green (for residues colored white,
no intensity ratio could be assigned). (d) Rigid-body docking using an
unrestricted grid search results in the RR rotation when only the six EPR
long-range restraints are used. For docking, no NMR restraints between
the two apoA-I protomers were included (see Supplementary Note 1 for
more information). Color-coded according to the RR and LL color-coding
from ref. 32, which shows an 11-mer helical wheel representation in
which residues at positions 2, 9 and 5 are designated as ‘left’ (L, colored
pink), and residues at positions 1, 4 and 7 are designated as ‘right’

(R, colored green) (see Supplementary Fig. 9 for more information).
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and function of HDL as a container for shuttling cholesterol and lip-
ids. In particular, the structural comparison between the X-ray crystal
structure of soluble apoA-I and the presented rdHDL structure (Fig.
4b,d) shows that the required structural rearrangement from a soluble
lipid-free protein dimer into a membrane container includes rotation
of the helices such that the hydrophobic side chains at positions ‘@’ and
‘d; buried in the protein-protein interface in the soluble lipid-free state,
face the lipid bilayer in the rdHDL particle. In contrast to findings
from earlier studies based on molecular dynamics simulation32, an RR
rotation is thus necessary (Fig. 4 and Supplementary Fig. 9) so that
the hydrophobic residues at positions @’ and ‘d’ can accommodate the
lipid bilayer, while intermolecular helix-helix interactions are stabilized
via contacts through residues at position ‘€. In particular, up to 28 salt
bridges and the above-mentioned cation- interactions between helices
6 and 4 stabilize this structural arrangement, which seems to be inde-
pendent of helix 5. Notably, the amino acid sequence with its extensive
amphiphilic character also enables the lipid-free apoA-I dimers to be
water soluble. The extraordinary cation-m-stacking zipper between heli-
ces 4 and 6, whose participating residues are highly conserved in mam-
mals and birds??, is the most notable unique feature of the structure.

Furthermore, helix 6 (residues 144-164) has an important role in
HDL metabolism; considerable evidence suggests that helix 6 of apoA-
Lis the major target for LCAT binding, which is crucial for cholesterol
uptake and modification, and concomitantly maturation to spherical
HDLs. Given that spherical HDLs are much longer-lived in blood
plasma than discoidal HDL4041, it is not surprising that in a natu-
rally occurring deletion mutant missing residues 146-160, plasma
HDL levels were reduced ten times%2, or that 12 of 17 mutations
known to reduce plasma HDL concentration are located in helix 6
(Supplementary Fig. 10).

The 3D HDL structure presented here is a fascinating representa-
tion of how nature highly economically solved the problem of effi-
ciently shuttling hydrophobic molecules and lipids between tissues
in a hydrophilic environment. Because of their circular dimerization,
two apoA-I molecules are capable of bundling ~100 lipid molecules at
once in a cargo that is transported in the hydrophilic environment in
its naturally occurring and energetically favorable bilayer state with
immersed hydrophobic molecules as a whole.

METHODS

Methods, including statements of data availability and any associated
accession codes and references, are available in the online version of
the paper.

Note: Any Supplementary Information and Source Data files are available in the online
version of the paper.
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ONLINE METHODS

Expression, purification and formation of rdHDL particles. The plasmid
pET-28a with the coding sequence of truncated apoA-I missing residues 1-54
and 121-142 (MSPAHS5), with an N-terminal tobacco etch virus protease—
cleavable histidine tag, was a generous gift from the Zerbe lab (University of
Zurich) given with permission from Gerhard Wagner (Harvard University).
To obtain the triple-labeled MSPAHS5 required for sequential resonance assign-
ment experiments, we expressed the plasmid in E. coli strain BL21(DE3) Star
(Invitrogen) in Terrific Broth at 37 °C until ODggg = 0.8. Cells were centrifuged
at 5,000g for 10 min at 23 °C and subsequently resuspended in M9 minimal
medium containing 2 g/L >NH,Cl and 3-4 g/L *C-labeled D-glucose and 90%
D,0 (ref. 44). The incubator temperature was changed to 28 °C, and after 1 h
protein overproduction was initiated by the addition of 0.3 mM isopropyl 3-p-1-
thiogalactopyranoside (IPTG; Invitrogen). The cultures were then incubated at
28 °Cfor 8 h.

In addition to uniformly 2H,'3C,!°N-labeled MSPAHS5, ten different selec-
tively unlabeled MSPAHS5 samples were produced, containing the NMR-invisible
isotopes 12C and !N for alanine, arginine, asparagine, glutamine, histidine,
leucine, lysine, threonine and valine, as well as for the combined lysine/leucine/
arginine-unlabeled sample. To obtain selectively unlabeled samples, we added
800 mg/L of the respective H,'2C,!4N amino acid(s) to the isotope-containing
M9 minimal medium the day before cells were grown and dissolved it by shaking
overnight. Cells were harvested by centrifugation at 5,000g for 10 min at 4 °C.
The cell pellet was resuspended in 100 mL of buffer A (20 mM Tris-HCI,
pH 8.0, 0.5 M NaCl) containing 5 mg of DNase I (Sigma) and protease inhibitor
cocktail tablets, and incubated at 4 °C with gentle stirring for 20 min. 1% Triton
X-100 was added to the cell suspension, and the solution was incubated with
gentle stirring for another 20 min at room temperature. Afterward, the cells were
destroyed using a microfluidizer operated at 40,000 p.s.i. The lysate was clarified
by centrifugation at 20,000g for 30 min, applied to 5 mL of Ni?* resin (Qiagen),
and equilibrated with buffer A containing 1% Triton X-100. The column was
sequentially washed with 150 mL of buffer A containing 1% Triton X-100,
150 mL of buffer A containing 50 mM of sodium cholate, 150 mL of buffer A,
and finally 100 mL of buffer A containing 50 mM imidazole. MSPAHS5 was eluted
with buffer A containing 0.5 M imidazole. The buffer solubilizing the purified
MSPAHS5 was changed to 10 mM Tris-HCI, pH 7.4, containing 100 mM NaCl and
1 mM EDTA (NMR buffer) using a PD-10 column. Protein purity was checked
by SDS-PAGE.

The N-terminal His-tag was proteolytically cleaved from MSPAHS5 by
the addition of tobacco etch virus protease and overnight incubation at room
temperature. The solution was applied to a Co?* resin (Talon-resin, Clontech).
The flow-through containing His-tag-free MSPAHS5 (checked by SDS-PAGE)
was collected and subsequently concentrated with an Amicon Ultra-4 10,000-Da
molecular-weight cutoff (MWCO) concentrator (Millipore) to ~550-650 LM.

For the side chain resonance assignment of Val and Leu methyl resonances,
triple-labeled MSPAHS5 was grown in minimal medium with 90% D,0O overnight
at 37 °C. 1 h before induction (at OD of approximately 0.7), 100 mg/L ketoisova-
leric acid (CDLM-8100, Cambridge Isotope Labs) was added. For experiments
regarding methyl-NOEs, 2H,2C,'°N-labeled MSPAH5 was prepared by the
addition of 100 mg/L ketoisovaleric acid (CDLM-7317, Cambridge Isotope Labs)
1 h before induction. For the stereospecific assignment of the methyl groups,
ethyl-2-hydroxy-2-methyl-13C-3-oxobutanoate (Sigma-Aldrich, Switzerland)
was purchased and used to obtain 2-!3C-methyl-4-2H;-acetolactate as described
previously*®; we monitored the reaction by recording 1D NMR spectra. The
2-13C-methyl-4-2H;-acetolactate was added to the cell culture (in M9 mini-
mal medium) 1 h before induction in the same way as the other additives*.
The samples had a concentration of ~550-650 M.

Deuterated ds,-DMPC (FBReagents) was solubilized in sodium cholate
(cholate:DMPC concentration, 200:100 mM) in a glass vial. MSPAH5 in NMR
buffer was mixed with the cholate:DMPC solution at a ratio of 1:50 (MSPAHS5:
DMPC) and incubated with shaking for 1-2 h at 27 °C. Formation of rdHDL
particles was initiated by the addition of 1 mg of BioBeads SM2 (Bio-Rad) per
1 mL of solution. After 2-4 h the solution was separated from the BioBeads
by gentle centrifugation. The formed particles were purified by size-exclusion
chromatography at a flow rate of 0.5 mL/min on a Superdex 200 10/300GL
gel filtration column (GE Healthcare) equilibrated with NMR buffer, and
concentrated using a 10-kDa MWCO concentrator. For MSP1, expression,

purification, formation and concentration were similar to those for MSPAHS5,
except that the MSP1:lipid ratio was changed to 1:80.

Sample preparation for PRE and EPR experiments. To attach paramagnetic
MTSL and its diamagnetic analog (Toronto Research Chemicals), we introduced
cysteine mutations into the cysteine-free wild-type MSPAH5 at positions 67,
100, 148, 166, 192, 213 and 235 using either the QuickChange site-directed
mutagenesis kit (Agilent Technologies) or a standard site-directed mutagenesis
protocol. Oligomers were purchased from Microsynth (Switzerland). All muta-
tions were confirmed by sequencing. 1°N,2H-Cys-containing MSPAHS5 proteins
were produced as described above. Corresponding !N,'H-Cys-containing
MSPAHS5 proteins were produced in Terrific Broth medium as described previ-
ously!?, and purified as described above. MTSL was dissolved in DMSO, and
a ten-fold excess of MTSL or its diamagnetic analog relative to the protein con-
centration was used for para- or diamagnetic sample preparations, respectively.
The highest (90-95%) labeling efficiency was achieved when Cys-containing
MSPAH5 was dripped from a PD10 desalting column into buffer contain-
ing a ten-fold excess of MTSL. The solution was left overnight at room tem-
perature with agitation. The next day, the remaining free MTSL was removed
with a PD10 column. We achieved rdHDL assembly by mixing '°N,?H-MTSL-
containing MSPAHS5 with N-1H-wild-type MSPAHS5 at a ratio of 1:4 to inves-
tigate intramolecular PRE effects. The 1:4 ratio was used to reduce significant
perturbation from intermolecular PRE effects. We investigated intermolecular
PRE effects by assembling rdHDL in the presence of a 3:1 N,!H-MTSL-
containing MSPAH5:1°N,2H-wild-type MSPAH5 mixture. Para- and diamagnetic
MTSL-containing MSPAHS5 were produced in parallel using the same batch.
The final NMR spectroscopy samples contained ~60 UM NMR-visible 1°N,?H-
labeled MSPAHS5 within rdHDLs, corresponding to an MTSL-labeled MSPAH5
concentration of ~60 UM for the ‘intramolecular PRE’ samples and 150 uM
MTSL-labeled MSPAHS for the ‘intermolecular PRE’ samples. This approach is
a compromise between reducing inter-HDL particle interactions (i.e., reducing
paramagnetic broadening) and recording good-quality spectra in a reasonable
amount of time. For EPR, pure N,'H-MTSL-containing MSPAH5 rdHDLs were
assembled as described above. All the samples were purified by size-exclusion
chromatography at a flow rate of 0.5 mL/min on a Superdex 200 10/300GL gel
filtration column (GE Healthcare) equilibrated with NMR bulffer, and concen-
trated using a 10-kDa MWCO concentrator.

For lipid-PRE experiments, gadolinium-tagged PE-DTPA (1,2-dimyristoyl-
sn-glycero-3-phosphoethanolamine-N-diethylenetriaminepentaacetic acid, from
Avanti Polar Lipids) was mixed with deuterated ds,-DMPC at a ratio of 1:100.
Assembly for MSPAHS5 and MSP1 was done as described above. The samples
were concentrated to 100 M.

NMR spectroscopy experiments. All experiments were recorded at 316 K.
All TROSY-based (tr) HNCO experiments were recorded on a Bruker DRX
600-MHz spectrometer with a cryogenic probe head. We adjusted the number of
scans for each sample individually to achieve a satisfactory signal-to-noise ratio.
In general, the experimental time for each tr-HNCO was between 2 and 3 d. The
tr-HNCA, tr-HNCACB and ['H,'H]-NOESY-['°N,'H]-HMQC for the uniformly
labeled and selectively lysine/leucine/arginine-unlabeled rdHDL samples were
recorded on a 900-MHz Bruker Avance IIT HD spectrometer equipped with
a cryogenic probe head. The NOESY mixing time was set to 150 ms and 210 ms
for the uniformly labeled and selectively lysine/leucine/arginine-unlabeled
rdHDL samples, respectively.

The relaxation measurements3®3! were recorded on a 900-MHz Bruker
Avance III HD spectrometer or on a Bruker AVIII 700-MHz spectrometer, both
equipped with a cryogenic probe head. All relaxation experiments were recorded
in an interleaved manner. For the R1 and R1p experiments, the relaxation decay
was sampled for eight different delay durations, which were pseudorandomized
(R1 delays, 0, 1,000 ms, 600 ms, 1,400 ms, 400 ms, 1,200 ms, 1,600 ms, 800 ms;
R1p delays, 1 ms, 15 ms, 30 ms, 6 ms, 25 ms, 10 ms, 20 ms, 8 ms) with a recovery
delay of 3 s for R1 and 1.5 s for R1p, respectively. The strength of the spin-lock
field during the R1p measurement was 2,000 Hz. We calculated R2 rates from the
R1p measurement by correcting the off-resonance tilted field using the relation
R2 = R1p/sin20 — R1/tan26, with 6 = tan~!(w/€2), where  is the spin-lock field
strength and Q is the offset from the !N carrier frequency. To study transverse
relaxation of the slowly relaxing component (R2), we sampled four delays (0 ms,
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50 ms, 20 ms and 30 ms) with a recovery delay of 3 s, whereas for the fast-relaxing
component (R2,) we sampled two delays (0 and 10 ms), resulting in an intensity
reduction to approximately e”! (i.e., 36%). The residue-specific tumbling time T,
was calculated according to ref. 46; 1y, was obtained from the difference between
R2,, and R2p. The ["H]'*N-hetNOE and reference spectra were recorded with
a 10-s 'H saturation time for the NOE experiment and the equivalent recovery
time for the reference experiment, each preceded by an additional 1-s recovery
time. Random coil chemical shifts were calculated for a perdeuterated protein at
a temperature of 42 °C and a pH of 7.4, using the database from the University
of Copenhagen (http://www]1.bio.ku.dk/english/research/bms/research/sbinlab/
groups/mak/randomcoil/script/).

Temperatures on all used spectrometers were calibrated using the same 99.8%
methanol-d4 sample. Chemical shift corrections were made using DSS. We used
TALOS-N#7 to predict secondary structure, using the 'HN, 15N, 13CO and 13C%
chemical shifts.

For PRE broadening profiles, we recorded 2D [°N,'H]-TROSY experiments
with samples containing either paramagnetic MTSL or its diamagnetic analog as
the reference. Every experiment took 24-36 h because of the low concentration of
the isotope-labeled samples. Intensity ratios (Iyara/Lsia) Were calculated. The error
was estimated using Gaussian error propagation. We converted intensity ratios
to distances using the approach from Battiste and Wagner*$. More specifically,
paramagnetic R2 (R2P31?) was calculated in the following way:

_Rzpara t

Ipara _R2xe

Igia R2 + R2P2

where R2 is the measured residue-specific exchange-free transverse relaxation
rate (R1p), and tis the INEPT delay. The equation was solved with Mathematica 7.
The obtained R2P2™ was used to calculate the distance r:

37
=9 ara 47 + ZC 2
R2P 1+ g * 77

using residue-specific 7 (obtained from 1), the proton Larmor frequency ®,
and 1.23 x 10723 cm® s72 for the constant K. These distances were defined to be
between amide protons and the C* dummy atom representing the N-O nitroxide
moiety using the rotamer approach (see “EPR experiments, data processing and
restraint determination”).

For the lipid-PRE broadening, we recorded 2D ['°N,'H]-TROSY experiments
with samples either containing gadolinium-tagged PE-DTPA with deuterated
ds4-DMPC or without gadolinium-tagged PE-DTPA. The interscan delay was
set to 8 s. Every experiment took 48-72 h because of the low concentration of
the isotope-labeled samples (~130 uM) and the long interscan delay. Intensity
ratios (Iy/Ipg.prpa) Were calculated.

For the presaturation experiments, a standard ['°N,!H]-TROSY pulse sequence
was modified to include presaturation during the interscan delay of 1 s. The pre-
saturation power used was 60 Hz on the 900-MHz spectrometer and 40 Hz on
the 600-MHz spectrometer. The protein concentration was 350 M. The intensity
oresat was divided by I presat (same sequence but with the presaturation power
reduced by 120 dB).

The following experiments were carried out to allow sequence-specific
assignment of the methyl resonances of rdHDL: The H®C™[CG]CBCA was
recorded with 768 x 50 x 120 points (H x C™ x C%/B) and 32 scans,and the
HMCM[CGCBCA]CO was recorded with 768 x 72 x 50 points (H x C™ x CO)
and 64 scans. The H"[CmCGCBCA]NH and [H™]Cm[CGCBCA]NH were
recorded with 768 x 64 x 64 points (HN x C™ x H™) and 128 scans. All experi-
ments were recorded on a 600-MHz Avance III HD spectrometer. To investigate
possible 13CH;-13CH;3 NOEs, we recorded a 3D !3C,13C-separated HMQC-
NOESY-HMQC (48 increments in both indirect carbon dimensions) with a
mixing time of 400 ms and 64 scans. For 'HN-13CH; NOEs, we recorded a 3D
I5N,13C-separated HMQC-NOESY-HSQC (76 increments for C™ and 58 incre-
ments for 1°N; number of scans: 40) with a 500-ms mixing time, as well as a
3D !°N-separated NOESY-HMQC with a 250-ms mixing time, 2,048 x 512 x
80 points and 4 scans.

AlINMR spectra were processed with either TopSpin 3.2 (Bruker) or NMRPipe
and were analyzed with SPARKY or NMRPipe.

For residual dipolar coupling (RDC) experiments, Pfl phages were bought
from Asla Biotech and used as delivered. It was important to thoroughly mix the
protein-phage solution for an extended amount of time (~30 min) to homog-
enize the solution. Samples were measured at 316 K. The final solution contained
10 mg/mL phages in NMR buffer (100 mM NaCl), resulting in a quadrupolar
deuterium splitting of D,0 of 5.7 Hz. 3D tr-HNCO experiments*’ for RDCs
were recorded on a Bruker DRX 600-MHz spectrometer equipped with a cryo-
genically cooled probe head in an interleaved manner with 80 increments in the
nitrogen dimension and 40 increments in the '3C dimension, and split in the
15N dimension with TopSpin 3.1. The 3D experiments allowed the collection of
one-bond 'HN(i)-1°N(i) and *N(i)-1>CO(i - 1) couplings as well as two-bond
THN(i)-13CO(i — 1) couplings. 'HN-1°N and °N-13CO one-bond RDCs ranging
from —6 Hz to +26 Hz and -8 to +6 Hz, respectively, were collected. However,
because of the small magnitude of the two-bond couplings and the large molecu-
lar weight of the rdHDL particle (~100 kDa), the two-bond couplings could not be
determined with sufficient accuracy. The concentration was 550-650 uM. RDCs
were cross-validated according to the method proposed by Clore and Garrett*3.
We randomly removed 10% (testing data set) from the full RDC data set ten times.
We then calculated the structure again ten times with the remaining 90% of the
RDCs (working data set) and calculated from each structure the Q factor between
omitted-but-observed and predicted RDCs (Qfee) by using

pp— (Dmeasured _ Dobserved)

LTS, (Dobserved)

where D denotes dipolar coupling.

EPR experiments, data processing and restraint determination. DEER traces
were collected at Q-band frequencies (~34.4 GHz) and a temperature of 50 K
(ref. 50). A commercial X/Q-band Elexsys E580 spectrometer power-upgraded
to 200 W and equipped with the homebuilt TE102 rectangular resonator>! was
used. The solution contained the NMR buffer and an rdHDL concentration of
approximately 25-35 PM. 10-15 vol.% of deuterated glycerol was added as a
cryoprotectant. The samples were placed into quartz tubes, shock-frozen by
immersion into liquid nitrogen and inserted into the precooled probe head.
All pulses were 12 ns long, the pump frequency was set at the global maximum of
the nitroxide EPR spectrum, and the observer frequency was set 100 MHz lower.
The DEER traces were processed using the open-source DeerAnalysis package>?,
available at http://www.epr.ethz.ch/software.html.

Structure calculation. We used CYANA 3.96 according to a standard protocol®?
for all structure calculations. We used 2 x 205 RDC-derived bond-orientation
restraints, 2 x 1,022 PRE-derived upper and lower distance restraints, 2 x 428
NOE-derived upper limit distance restraints, and 6 EPR-derived lower and upper
distance restraints. 2 x 284 dihedral angle constraints (® and \P') from secondary
chemical shift analysis were derived from TALOS-N¥’. In addition, symmetry
restraints were included on the basis of observation of one single peak per resi-
due in all the NMR spectra. In all, 100 structures were calculated, and the ten
conformers that fulfilled the input data best (i.e., those with the lowest CYANA
target function) were selected (Ramachandran statistics: 99.8% in the most
favored region and 0.2% in additionally allowed region). We considered long-
range EPR distance restraints between spin labels in the CYANA calculations
by using an approach similar in spirit to that recently used to determine the
structure of a protein-RNA complex>*. For each restraint, the lower and the
upper bounds corresponding to the label-to-label distance were derived from the
experimental DEER distance distributions. The distance distributions obtained
by Tikhonov regularization were not directly used because of the uncertainty in
their shape, particularly in the range above 50 A. In the first CYANA pass, the
EPR distance restraints were incorporated as CP-CB distances between the labeled
residues. We then subjected a representative conformer from the preliminary
structure ensemble to rotamer analysis with the open-source package MMM?>®
using the RIA_298K_xray rotamer library°. For each labeling site, the center of
the rotamer cloud was calculated as the population-weighted mean coordinate
of the N-O midpoint of the nitroxide moiety of all spin label rotamers. In the
second CYANA pass, distances between the center of the rotamer cloud and
the backbone N, C’, O and C* atoms of the labeled residue were used to restrain
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a dummy atom (defined as C* of an auxiliary glycine residue) to the center of
the rotamer cloud. The experimental mean distance in each pair of spin-labeled
sites could thus be treated as the distance between the corresponding dummy
atoms, whose position with respect to the backbone was tightly fixed with narrow
upper and lower bounds. The structure ensemble was subject to post-computa-
tional validation. The rotamer analysis with the RIA_298K_xray rotamer library
was performed for all mutation positions for the best ten structures of the final
ensemble. The rotamer distributions obtained were used to compute interspin
distances and predict the primary DEER signals between the corresponding sites.
Figures were prepared using PyMol (Schrodinger). Salt bridges were checked
using CoilCheck+ (http://caps.ncbs.res.in/coilcheckplus/action/coilcheckplus-
form.php), and cation- interactions were checked using the CaPTURE server
(http://capture.caltech.edu/)*”. The 3D structure has no intermolecular contacts
shorter than 4 A that show no cross-peak in the NOESY spectra.

Negative-stain TEM and image processing. rdHDL samples were applied to a
glow-discharged thin carbon film covering a 200-mesh copper electron micros-
copy grid and adsorbed for 1 min. Each grid was blotted, washed with three
drops of water and negatively stained with two drops of 2% uranyl acetate. The
grids were imaged in a Philips CM10 microscope operated at a voltage of 80 kV.
Micrographs were recorded with a CCD (charge-coupled device) camera (Veleta,
Olympus) over a defocus range of 300-500 nm and with a pixel size of 3.7 A.
In total 42,000 rdHDL particles were selected from 100 micrographs and win-
dowed into 50 x 50-pixel boxes using the BOXER/EMAN 2.1 software’$. Image
processing was performed in RELION®’. Particle images were corrected for the
contrast transfer function (CTFFIND3), normalized and classified to give 2D
classes containing approximately 400 images.

Data availability. The assignments for MSPAHS5 have been deposited in the
Biological Magnetic Resonance Data Bank under accession number 25710. The
rdHDL structure has been deposited in the Protein Data Bank under accession
code 2N5E.
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