Article

The structure of apolipoprotein B100 from
humanlow-density lipoprotein

https://doi.org/10.1038/s41586-024-08467-w

Received: 31 January 2024

Zachary T. Berndsen'™ & C. Keith Cassidy?*

Accepted: 28 November 2024

Published online: 11 December 2024

Open access

M Check for updates

Low-density lipoprotein (LDL) has acentral role inlipid and cholesterol metabolism
andis akey agent in the development and progression of atherosclerosis, the leading
cause of mortality worldwide?. Apolipoprotein B100 (apoB100), one of the largest
proteinsinthe genome, is the primary structural and functional component of LDL,
yetits size and complex lipid associations have posed major challenges for structural

studies®. Here we present the structure of apoB100 resolved to subnanometre
resolutionin most regions using an integrative approach of cryo-electron microscopy,
AlphaFold2*and molecular-dynamics-based refinement®. The structure consists

of alarge globular N-terminal domain and an approximately 61-nm-long continuous
amphipathic 3-sheet that wraps around the LDL particle like a belt. Distributed
quasi-symmetrically across the two sides of the 3-belt are nine strategically located
interstrand inserts that extend across the lipid surface to provide additional structural
support through a network of long-range interactions. We further compare our
structure to acomprehensive list of more than 200 intramolecular cross-links and
find close agreement between the two. These results suggest amechanism for how
the various domains of apoB100 act in concert to maintain LDL shape and cohesion
across arange of particle sizes. More generally, they advance our fundamental
understanding of LDL synthesis, form and function, and will help to accelerate the
design of potential therapeutics.

Lipoproteins (LPs) are complex and heterogeneous macromolecular
nanoparticles that facilitate the transport of fat-soluble molecules
through aqueous extracellular fluids*®. They consist of amonolayer of
phospholipid and free cholesterol with embedded apolipoproteins,
all surrounding a core of primarily triglycerides (TGs) and cholesteryl
esters (CE). ApoB100, an approximately 550 kDa glycoprotein, is the
main structural and functional component of all non-high-density LPs,
including very-low-density lipoprotein (VLDL), intermediate density
lipoprotein (IDL), LDL and lipoprotein(a)*’. Most apoB100 is secreted
by the liver bound to large (around 30-80 nm) TG-rich VLDLs, which
contain other exchangeable apolipoproteins such as apoE and apoC'.
Once secreted, VLDL undergoes a dynamic catabolic journey, deliver-
ingits TG, CE and apolipoprotein cargo to peripheral tissue and other
LPs. Itis sequentially catabolized first to IDL and then to small (around
18-30 nm), TG-poor, CE-rich LDL, which is cleared from circulation
by LDL receptor (LDLR)-mediated endocytosis'. During this catabolic
conversion, asingle copy of apoB100 remains boundto the LP particle to
coordinate key intermolecular interactions and maintain LP structure,
requiring apoB100 to be both mechanically robust and conformation-
ally dynamic.

Beyond their metabolic functions, apoB100-containing LPs, par-
ticularly LDL, are key agents in the development and progression of
atherosclerosis, the leading cause of mortality worldwide?. According
to the cumulative exposure hypothesis, the progression of atheroscle-
rosisis proportional to the circulating LDL concentration and duration
of exposure, making LDL reduction a therapeutic focus®. Although

diet and lifestyle are the primary drivers of dyslipidaemia, there are
numerous mutationsin the APOB gene that candisrupt proper LP syn-
thesis and metabolism, with some leading to early-onset disease and
mortality®. Determining the structure of apoB100 promises to reveal
important insights in the molecular mechanisms of these disorders
while providing afoundation for the development of novel lipid modu-
lating therapeutics.

Despite its importance, apoB100 has long resisted structural char-
acterization owing to its size and complexity as well as the extensive
heterogeneity in LP preparations'®¢, The past decade has seen the
emergence of cryo-electron microscopy (cryo-EM) asaviable approach
for solving high-resolution membrane protein structures”. In recent
years, it has alsobecome possible to extend the molecular details avail-
able from mid-resolution cryo-EM maps using the artificial intelligence
encoded in programs such as AlphaFold*, which are often applied in
tandem with structural refinement techniques involving molecular
dynamics (MD) simulation'®”. Thus, with improvements in sample
preparation and extensive computational sorting and classification
of cryo-EM images, along with a robust modelling and flexible refine-
ment protocol, a detailed understanding of the apoB100 molecular
structure has now been achieved.

Cryo-EMreconstruction of humanLDL

In preparation for structural characterization, LDL isolated from
human serum by ultracentrifugation was purchased from acommercial
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Fig.1|Cryo-EMreconstruction ofhumanLDL. a, Representative cryo-
electronmicrograph showing LDL particles. Scale bar, 80 nm. b, Representative
2D class averages showing a mixture of classes with clear apoB100 density
around the particle exterior (blue) and particles with ordered CE cores
(orange).c, LDL particle diameter and eccentricity for 200 2D class averages.
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vendor and further purified by size-exclusion chromatography (SEC)
(Extended Data Fig. 1a). In addition to apoB100, gel electrophore-
sis revealed several smaller bands possibly corresponding to other
exchangeable apolipoproteins as well as albumin, most of which were
excluded by the SEC step (Extended DataFig.1b,c). The slowest eluting
approximate quarter of the LDL peak was pooled and prepared for
cryo-EMimaging (Extended Data Fig.1a). The rationale for selecting the
smallest apoB100-containing LP particles from the tail end of the LDL
sizerange was fourfold: (1) the initial set of particle images is more uni-
form, requiring less computational sorting; (2) smaller particles have
ahigher protein-to-lipid ratio; (3) the smaller diameter and lower lipid
content results in less signal attenuation through the particle; and
(4) apoB100 willbe more compact on the surface, presumably leading to
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d, Three-dimensional reconstruction of the LDL particle with the globular
domainandbeltdomain highlighted in green and blue, respectively, viewed
fromssix different directions ata high contour level. e, Low-contour-level
cryo-EM map viewed from the ‘front’along with a central cross-section.
Particle dimensions and spacingbetween the CE planes areindicated.

less dynamic motion and heterogeneity. We collected around 3.6 x 10*
micrographs and selected about 600,000 LDL particles for further
processing (Fig.1a, Extended Data Fig. 2a and Extended Data Table 1).
The particle diameters ranged from16.2 nmto 22.4 nm (mean,19.3 nm),
suggesting thatthelarger LDL species were successfully excluded, and
their mean eccentricity was 0.48 (Fig. 1c and Extended Data Fig. 3). Of
these particles, around 30% contained ordered stacks of high-density
features in their core corresponding to the liquid crystalline phase
of CE'*?° (Fig. 1b and Extended Data Fig. 2a). These particles were
excluded from the dataset after two-dimensional (2D) classification
asthey biased the alignment unfavourably towards the core and away
from the weaker peripheral features. A subset of particles that showed
high-intensity features on their surface, interpreted asapoB100, were
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selected for further processing (Fig. 1b and Extended Data Fig. 2a).
Extensive 2D and three-dimensional (3D) classification resulted ina
final reconstruction of the entire LDL particle resolved around 6-14 A
(global resolution of about 9 A) from around 53,000 particle images
(Fig.1d, Extended Data Figs.2a,b and 4a and Supplementary Video 1).
Athigh contour levels, the map reveals awell-resolved (Extended Data
Fig.4a) globular protein domain connected to a continuous belt of high
density that wraps around the particle’s circumference (Fig. 1d). This
beltdividesthe particleinto two sides that when viewed from the ‘front’
canbelabelled theleft (L) and right (R) faces (Fig. 1d). At lower contours,
additional features appear on the surface, until ultimately most of the
exterior and interior are fully occupied (Fig. 1e). The large-scale mor-
phology of the particle is semi-discoidal with polygonal features and
dimensions of around 17 nm x 20 nm (mean diameter, 18.5 nm) (Fig.1e),
placingitwithin the small dense LDL subclass®, near the smallest LDL
particle size recorded (Fig. 1c and Extended Data Fig. 3). The core is
mostly disordered but retains a hint of liquid-crystalline CE packing,
with the planar stacks oriented perpendicular to the curved face of
the particle (Fig. 1e). Alternative reconstructions without ordered
CE were also obtained, yet no appreciable differences in peripheral
density features were observed (Extended Data Fig. 2d). Lastly, we
generated a soft mask around the globular domain for focused clas-
sificationand refinement, achieving areconstruction with aresolution
of around 5-7 A (global resolution of 5.8 A) in this region (Extended
Data Figs.2cand 4c).

Atomic model of apoB100

We next endeavoured to construct an all-atom model of full-length
apoB100 guided by our cryo-EM data. Given the lack of existing
structural data, AlphaFold2 (AF2)* was used to predict the complete
4,536-residue structure as three contiguous fragments, which each
exhibited reasonably high predicted local distance difference test
(pLDDT) confidence scores overall (Extended Data Fig. 5b,d). When
combined, the structure could be divided grossly into two sections:
(1) a globular N-terminal domain (NTD) around 1,000 residues in
size; and (2) alarge C-terminal domain (CTD) consisting of a continu-
ous [3-sheet (approximately 61 nmin length by 4 nm width) that we
term the B-belt, interspersed with nine interstrand inserts ranging
in length from around 30 to 700 residues (Fig. 2a,b and Extended
DataFig. 6). The overall topology of the NTD and [3-belt structures
clearly matched the well-resolved regions of density in the cryo-EM
map (Fig. 1d and Extended Data Fig. 7a,b). However, in the absence
of the lipid particle, the predicted AF2 models were collapsed into
compact structures inconsistent with our cryo-EM data (Extended
Data Fig. 5¢). We therefore used MD flexible fitting® (MDFF) to refine
the fragment conformations sequentially using a cascading approach
starting from lower-resolution Gaussian-filtered maps followed by
progressive refinement into higher-resolution maps, beginning with
the NTD and then extending the model from the N to C terminus into
the B-belt density (Supplementary Video 2). These targeted regions
matched our data very well as evidenced by a high corresponding
map-to-model cross-correlation (Extended Data Fig. 7a,b) and pro-
vided a solid basis for interpreting the nine more sparsely resolved
inserts. Of these, the smallinserts, 3, 5 and 7 (around 30-40 residues
inlength), which are predicted to be mostly unstructured, required
little modification to account for the surrounding density, and the
intermediate-sized inserts, 1,2, 6 and 8 (around 90-170 residues in
length), primarily required the use of MDFF to ‘flatten’ them out onto
the particle surface. The two largestinserts, 4 and 9, which are 695 and
493 residues long, respectively, required amore sophisticated fitting
strategy. Both are predicted to form primarily strings of amphipathic
helices that fold back on themselves into pairs separated by flexible
loops, akin to the helical apolipoproteins such as apoA-1 (refs. 22,23)
(Extended Data Figs. 6a and 8a,b). Despite the helical bundles being
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largely folded in on themselves in the AF2 predictions, several promi-
nent regions of density in the cryo-EM map suggested that bothinserts
extend along the particle faces to potentially mediate long-range
interactions (Extended Data Fig. 7c,d). We therefore used a series of
distance-based biasing potentials to guide inserts 4 and 9 along the
distinctive paths observed in our map, followed by local MDFF refine-
ment. This enabled the systematic fitting of these extended inserts
while preserving their overall topology and predicted secondary struc-
ture (Fig. 2b and Extended Data Fig. 6b). Owing to reduced resolution
in certain regions of the map (Extended Data Fig. 4a), only truncated
fragments ofinserts 2,4, 6 and 9 are displayed in Fig. 2b; however, the
results of our full modelling efforts are presented in Extended Data
Fig. 6 and discussed in the Supplementary Information. To further
validate our model, we compared it to an extensive list of more than
200intramolecular cross-links and observed close agreement between
the two (Supplementary Information, Supplementary Tables 1-8 and
Supplementary Figs. 2-4). Our results confirm much of the previous
research while substantially expanding upon the prevailing consensus
models (Supplementary Information), establishing the quintessential
structural characteristics of full-length apoB100 in its native LP envi-
ronment (Fig. 2b and Extended Data Fig. 6b).

The apoB100NTD

The NTD can be divided into three subdomains that we term (1) the
B-barrel (residues 28-319); (2) the helical bundle (residues 320-634);
and (3) the baseplate (residues 635-1010) (Fig. 2a-c). Residue 1010
was chosen to mark the end of the NTD because it corresponds to a
small loop that separates the baseplate from the C-terminal 3-belt.
The first 27 residues correspond to a signal peptide that is cleaved
from the mature protein’; however, these residues are still included
inour numbering. The 3-barrel, which projects away from the surface
of the particle at around 35°, is composed of 11 strands and 3 helices,
with one plugging the core of the -barrel and another contacting the
lipid surface (Fig.2d). The helical bundle is composed of 17 short helices
andits arrangement can be described as asuper-helical right-handed
coiled-coil with a two-helix repeating unit*. It lies partially on top of
the baseplate with only the central section contacting the lipid surface
(Fig.2d). The baseplateliesunderneath the 3-barrel and helical bundle
and is composed of two amphipathic 3-sheets separated by an amphi-
pathic helix (Fig.2d). Thefirst -sheet hasa 75-residue insert between
strands 4 and 5 composed of 3 amphipathic helices that project down
fromthe baseplate. The NTD contains seven out of the eight disulfide
bonds in apoB100: four in the -barrel, two in the helical bundle and
oneinthe baseplate (Extended Data Fig. 9a).

Homology with the LLTP superfamily

ApoB100 belongsto thelarge lipid transfer protein (LLTP) superfamily
along with vitellogenin/lipovitellin, which is the main apolipoprotein
of egg yolk, and the chaperone microsomal triglyceride transfer pro-
tein (MTP), among others®?¢, Both lipovitellin and MTP share around
30-40% sequence similarity with the NTD and both have been pre-
viously crystallized, displaying similar conformations®**"%, At the
domainlevel, our structure largely confirms previous homology models
of the NTD based on these crystal structures®**°; however, it exhibits
aunique conformation not yet seenin this class of proteins. Compari-
son of the relaxed NTD structure with lipovitellinand MTP yielded
root mean squared deviation values of around 35 A (Extended Data
Fig.9b), withthe largest deviations occurringinthe helical bundle and
baseplate (Fig. 2e).Inbothlipovitellinand MTP, these regions exhibit a
much tighter radius of curvature, which creates alipid-binding cavity
thatis critical to their function. Consistent with this observation, the
initial AF2 prediction also exhibited a tighter radius of curvature, which
relaxed intoamore planar conformation during refinement (Fig.2e and
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tothegenediagramina. Truncated domains are marked by green pseudobonds.  unrelaxed AF2 predicted structure and the crystal structures of lipovitellin

¢, Focusedrefinement ofthe NTD with relaxed atomic model viewed from the (PDB:1LSH) and MTP (PDB: 617S).

front.d, Atomicsurface of the NTD viewed from the back and coloured by

Nature | Vol 638 | 20 February 2025 | 839


https://doi.org/10.2210/pdb1LSH/pdb
https://doi.org/10.2210/pdb6I7S/pdb

Article

Helical
bundle

B-Barrel

B NTD

Fig.3|ApoB100 C-terminalinserts. a, Reproduction of the apoB100 gene
diagram from Fig.1showing the NTDin dark grey, C-terminal B-beltinlight grey
and eachinterstrandinsert coloured separately. b, Protein topology diagram
ofthe CTD showing the continuous120-strand B-belt and interstrand inserts
with the L-and R-faces of the particle indicated. ¢, View of the particle L-face
withinsert 9 displayed asribbons andinserts1,3,5and 7 asropes. The black
arrows pointinthe Nto C direction of the protein chains. The location of
thetruncationinarm2ofinsert9isindicated by apseudobond.d, Insert 4

Extended Data Fig. 9b). This predicted flexibility is further illustrated
when the structure is segmented by the AF2 predicted aligned error
(PAE) matrix*, which divides the NTD down the centre of the helical
bundle and baseplate (Extended Data Fig. 9¢). Closer inspection of
3D classification results revealed some flexion in the NTD about this
axis (Supplementary Video 3), and anisotropic network modelling
produced alowest-energy mode corresponding precisely to this same
motion (Extended DataFig. 9d), suggesting that this motionis intrinsic
tothestructure. Itis therefore plausible that the NTD of apoB100 could
also adopt a more curved conformation with a lipid-binding cavity,
for example, during the early stages of protein synthesis and particle
formation, as previously recognized®?**?, but which can flatten out
asthe particle matures.
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depictedasribbonsandinsert2 depictedasaropewith thedomaintruncations
indicated by pseudobonds. e, Gaussian-filtered cryo-EM map showing the
particle R-face. Map density corresponding to the 3-beltis coloured light blue,
the NTDis coloured dark grey and the R-faceinsertsare colouredasinaandb.
Thearrowsindicate lower-resolution density corresponding to the truncated
segmentsofinsert4.f, Thetruncated structure of insert 6 and the full structure
ofinsert8aredepicted asropes with the proline residues and disulfide bond
coloured maroon andyellow, respectively.

The -belt

The CTD of apoB100 can be subdivided into the -belt (1,774 residues)
and 9 interstrand inserts (1,779 residues) (Fig. 3a,b). The B-belt is the
largest domain and is highly conserved (Extended Data Fig. 10). It is
composed of 120 strands between 3 and 16 residues long (mean, 11),
with an average width of around 4 nm (Fig. 3b). After looping around
the particle, the B-belt passes behind the NTD on the L-face (Fig. 2b).
Although afew potential interactions are observed between the NTD
and B-belt, aswell asbetween the NTD and insert 8, these regions do not
mesh tightly together and appear largely distinct within our cryo-EM
map (Extended Data Fig. 7e). Inlight of this, we propose amechanism
whereby the -belt can either tighten or loosen around the particle



surface, sliding past the NTD when the end-to-end length of apoB100
exceeds the circumference of the particle. In addition to possessing
this necessary flexibility, the amphipathic 3-sheets of apoB100 are
known to be critical structural domains that function as sites for lipid
incorporation during particle synthesis®*** and are strongly associ-
ated with the hydrophobic core of particle**. This is consistent with
the approximately 55,720 A2 of buried surface area observed in our
structure. Alongthese lines, our cryo-EM data contain some evidence
of coordinated lipids on the inner face of the 3-belt (Extended Data
Fig. 2d). Taken together, these results suggest that the 3-belt is the
primary structural domain of apoB100 responsible for maintaining
LP shape and cohesion.

The CT inserts are arranged in pairs

Interspersed within the B-belt are the 9 interstrand inserts, which are
composed of approximately 60% amphipathic a-helices, 30% coils
and 10% amphipathic 3-sheets (Fig. 3b). They are on average less con-
served thanthe other domainsinapoB100 (Extended DataFig.10). The
smallestinserts, 3,5and 7, are mostly unstructured, inserts1and 9 are
predominantly helical, inserts 2 and 8 are predominantly 3-sheets, and
inserts 4 and 6 are a mixture of both. Five of the inserts project onto
the L-face of the particle and four project onto the R-face (Fig. 3b), and
both faces contain one large helical insert (inserts 4 and 9) along with
several smaller ones. Moreover, the first eight inserts are arranged in
relatively evenly spaced pairs separated by a single 3-strand such that
they project onto opposite faces (Fig.3b), suggesting a possible prefer-
ence for symmetry across the two faces. Despite this paired arrange-
ment, there exists a relative imbalance in both the size and structure
of the inserts, suggesting that the two faces of the particle may have
unique properties.

L-faceinserts

The L-face of the particle contains the small unstructured inserts, 3,
5and 7, the intermediate-sized helical insert, 1, and the large helical
insert, 9.Insert 9, the second largestinsert, is located at the C-terminal
tip of the B-belt, originating on the third to last strand (Fig. 3b). The
L-face of our cryo-EM maps shows an intermediate-density feature
loosely inthe shape of athree-point star withroughly linear segments
separated by around 120° and large areas of low map density situated
between the segments (Extended DataFig. 7c). AF2 predicts that insert
9foldsintoatrefoil with three arms composed of pairs of amphipathic
helices separated by small breaks; however, the lipophilic surfaces
areerroneously collapsedinto alarger helical bundle (Extended Data
Fig. 8a). Once relaxed into the map, insert 9 clearly fit the distinct
star-shaped density feature just mentioned (Extended Data Fig. 7¢c),
with the three arms meetingin the centre, creating the domed appear-
anceof the L-face (Fig.3c). Arm 1, whichis formed by the first 2 and last 2
helices ofinsert 9, is initially oriented parallel to the -belt, then turns
inward at its ‘elbow’, contacting insert 7 (Fig. 3c and Extended Data
Fig.8a). The conformationadopted by the proximal segment of arm1
and the upstream segment of the 3-belt, including insert 7, fits into
awell-resolved region of the cryo-EM and is predicted with relatively
high confidence by AF2 (Extended Data Figs. 7c and 8a), requiring
minimal adjustment during MDFF refinement, suggesting thatit may
represent alow-energy conformation. Inaddition to contacting insert
7,the bottom edge of arm 1 also contacts insert 1, which is situated
just below the NTD (Fig. 3c). Arm 2 then extends toward the back of
the particle, making potential contact with insert 5, which adopts an
extended loop conformation (Fig. 3c). Owingto the reduced resolution
in this region, the remainder of arm 2 beyond the elbow is excluded
from the model presented in Fig. 3c; however, the full structure of
insert 9 is presented in Extended Data Fig. 11. Finally, arm 3, which
is composed of two continuous helices, extends downward toward

the edge of the B-belt near residue 1719 (Fig. 3c). Taken together, our
structure reveals that insert 9 is the main structural domain of the
L-face,and the smallerinserts are positioned strategically to mediate
long-range interactions with the three arms.

R-faceinserts

The R-face of the particle contains the intermediate-sized inserts,
2,6 and 8, and the largest insert, 4 (Fig. 3b). Insert 4 is predicted by
AF2 to form an extended prong-shaped appendage with two highly
articulated arms (Extended Data Fig. 8b). Arm 1is the longest and is
composed of numerous helical pairs separated by flexible linkers,
whereasarm2isshorter and features alarge B-sheet domain atits tip
(Extended Data Fig. 8b). As withinsert 9, the AF2 predicted structure
ofinsert4isalso erroneously collapsed ontoitself, requiring extensive
tertiary adjustment during MDFF refinement. Owing to the reduced
resolution in this region (Extended Data Fig. 4a), the distal portions
of both arms are excluded the model in Fig. 3d, but we present and
discuss our fullmodelin Extended Data Fig.11and the Supplementary
Information. However, the base of insert 4, where the two arms meet
near the edge of the B-belt, fits well into a prominent density feature
inthe map (Extended Data Fig. 7d). As with the proximal segment of
arm1lininsert9, the conformation of insert 4 in this region is pre-
dicted by AF2 with relatively high confidence and required minimal
adjustment during MDFF refinement (Extended Data Fig. 8b). From
the structure of this segment, we see that both arms project upwards
toward the NTD (Fig. 3d and Extended Data Fig. 11b). The R-face of
the particle features a large flat low-density surface with distinct
higher-density boundaries that differs from the domed shape of the
L-face (Fig. 3e). Our full model suggests that this edge is formed by
arm1ofinsert4, which extends towards the NTD to contact the heli-
cal extension projecting from the bottom of the baseplate (Extended
DataFig.11b), whichis further supported by the chemical cross-linking
data (Supplementary Information). The conformation of insert 2,
which is positioned below the NTD, is also ambiguous; however, our
initial modelling efforts (Extended Data Fig.11b) as well as the chemi-
cal cross-linking data (Supplementary Information) suggest that it
extends into the R-face, perpendicular to the 3-belt, and interacts
extensively with the compact B-sheet domainof arm 2. As withinsert 9
onthe L-face, we propose thatinsert 4 is the main structural domain
of the R-face.

The last two R-face inserts, 6 (156 residues) and 8 (166 residues),
occupy aregion near the NTD in our model (Fig. 3b,f). Overall, they
aresimilarinsize and structure and are composed primarily of amphi-
pathic B-hairpins enriched in proline residues, similar to the 3-sheet
domain of arm 2ininsert 4 (Fig. 3f and Extended Data Fig. 11¢c). Insert
6 contains the only other disulfide bond outside the NTD (Cys3194-
Cys3324), which links the ascending and descending strands near
the base of the domain (Fig. 3f and Extended Data Fig. 9a). Between
the two, insert 8 is better resolved and fits clearly into a high-density
feature positioned directly behind the NTD (Extended Data Fig. 7e).
Its structure roughly matches the shape of the top boundary of the
NTD, suggesting that it may serve as a buffer between the NTD and
B-belt (Fig. 3f). Insert 6 on the other hand is the most poorly resolved
insertin our cryo-EM map (Extended Data Figs. 4a and 7e), implying
that it is dynamic, poorly folded and/or loosely associated with the
lipid surface. Along these lines, this region exhibited lower (around
40-50) pLDDT scores (Extended Data Fig. 5d), alternative conforma-
tions among the top 5 ranking models (Extended Data Fig. 8c) and
extensive intradomain cross-linking (Supplementary Information).
Consistent with our data, the regions corresponding to inserts 6 and
8 were previously identified based on their high proline content and
susceptibility to protease digestion®, suggesting that these regions,
inparticularinsert 6, may form compact structures that are detached
fromthe particle surface.
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Fig.4|Model for apoB100 conformational change. A cartoon representation
of different-sized apoB100-containing LPs drawn roughly to scale, from VLDL/
IDLto LDL, depicting the possible conformational changes that would occur
inapoB100 on the L-face (top) and R-face (bottom) of the particle. Transparent
arrows and protein domains represent possible domain motions and alternative
conformations.

Discussion

ApoB100-containing LPs vary substantially in size, shape and chemical
composition; from the largest VLDLs (approximately 80 nm diam-
eter) to the smallest LDL (approximately 17 nm diameter); however,
the mechanism by which apoB100 accommodates this heterogeneity
is unclear. Our complete model of apoB100 (Extended Data Figs. 6
and 11), along with the supporting chemical cross-linking data (Sup-
plementary Information), suggests a mechanism for how the various
domains might act together to maintain particle shape and cohesion
acrossthe full range of sizes (Fig. 4). We propose that the following four
structural changes occur in unison: (1) the NTD can curl up or flatten
out to match the curvature of the particle surface; (2) the B-belt can
tighten and loosen, sliding past the NTD on the L-face when the parti-
cle circumference is smaller than the end-to-end length of apoB100;
(3) insert 9 on the L-face can expand or compress by bending arms 1
and 2 about their flexible elbows while maintaining additional points
of contact withinserts1, 3,5 or 7; and (4) insert 4 on the R-face can
compress or extend by bending about its numerous flexible linkers
all while maintaining its long-range contacts with the NTD and/or
insert 6. Finally, when modelling the possible conformation of apoB100
onlarger LPs such as VLDL, it is clear apoB100 would have less of an
effect on the overall particle morphology and lose the ability to form
many of the long-range interactions between inserts we observe here
(Fig. 4). In support of this, no long-range chemical cross-links were
observed within apoB100 on VLDL particles®.

Although diet and lifestyle factors are the primary drivers of dys-
lipidaemia, LP levels can also be affected by genetic mutations in the
APOB gene’. Some cause elevated LP levels and early onset athero-
sclerosis, as seen in familial hypercholesterolaemia (FH) and familial
defective apoB100 (FDB), and others lead to abnormally low levels,
as in familial hypobetalipoproteinaemia (FHBL)***%. In the case of FH,
the R3527Q mutation is the most common and widely studied and is
known to reduce the affinity of apoB100 for the LDLR*, As such, it is
widely believed that Arg3527 must either be within or near the receptor
binding site (RBS)>. As a preliminary experiment, we used the newly
released AlphaFold3 (ref. 39) server to model the potential complex
of LDLR and apoB100 in this region, which predicts that Arg3527 is
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indeed part of the binding site, making direct interactions with one
of the ligand-binding modules of LDLR (Supplementary Information
and Supplementary Fig. 5). Moreover, the majority of other FH- and
FDB-associated mutations also fall within this same stretch of -belt’
(Extended DataFig.12). Two other rare FH-associated mutations map
toinsert 9, suggesting that disruption of its structure or long-range
interactions could affect receptor binding by indirectly altering the
conformation of the receptor binding site (Extended Data Fig. 12). In
the case of FHBL, mutations in the APOB gene resultin premature stop
codons that create C-terminally truncated proteins of different sizes*°.
Ithas been shown that LPs containing apoB89,acommon FHBL mutant
resultinginthe loss of most of insert 9 (Extended Data Fig.12), are more
rapidly cleared than wild-type particles, leading to the characteristic
hypolipidaemia*. It was hypothesized that the loss of the C terminus
may lead to enhanced presentation of the RBS**2 Considering our
structure, it is plausible that the loss of insert 9 could affect the con-
formation of the B-beltin away that alters the presentation of the RBS.

There are several limitations of the results presented here. First,
owing to the extreme heterogeneity of LP preparations, the dynamic
nature of apoB100 and its exclusive location on the periphery of the
LP particle, achieving near-atomic resolution of apoB100 is very chal-
lenging. Even with additional biochemical homogenization, our final
reconstruction was derived from less than 10% of the total particle
images due to the need for extensive computational homogenization.
Muchlarger datasets will therefore be necessary toimprove the resolu-
tions we obtained here, although this is not guaranteed. As such, our
modelling, particularly of the C-terminalinserts, relied heavily onthe
assumptionofaccuracyinthe AF2 predictions of secondary and local
tertiary structure. Although AF2 boasts state-of-the-artaccuracy, it may
perform less reliably on proteins that interact extensively with lipids.
ApoB100 is the primary protein component of VLDL, IDL and LDL,
whichvaryintheirlipid composition; we therefore cannot rule out that
structural changes may occur with changes in lipid composition. How-
ever, the strong agreement between our cryo-EM map (Extended Data
Fig.7a,b), particularly within the well-resolved NTD and -belt domains
(Extended Data Fig. 4a), as well as the close agreement between the
predicted local tertiary structure and chemical cross-linking data (Sup-
plementary Information), lends strong support to the accuracy of the
AF2 predictions.

Theresults presented here will enable highly precise genetic, struc-
tural, functional and computational studies of apoB100-containting
LPs. This newly acquired knowledge will not only advance our under-
standing of LP synthesis and metabolismbut also accelerate the design
of potential next-generation LDL-modulating therapies for the treat-
ment and prevention of atherosclerosis, such as monoclonal antibod-
ies that can target LDL, or even specific subclasses of LDL directly, to
achieve more controlled treatment with potentially fewer side effects.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-024-08467-w.

1. Feingold, K. R. Endotext: Introduction to Lipids and Lipoproteins (eds Feingold K. R. et al.)
(MDText, 2024).

2. Linton, M. F. et al. Endotext: The Role of Lipids and Lipoproteins in Atherosclerosis
(eds Feingold, K. R. et al.) (MDText, 2019).

3.  Segrest, J. P. et al. Structure of apolipoprotein B-100 in low density lipoproteins. J. Lipid
Res. 42,1346-1367 (2001).

4. Jumper, J. et al. Highly accurate protein structure prediction with AlphaFold. Nature 596,
583-589 (2021).

5. Trabuco, L. G. et al. Flexible fitting of atomic structures into electron microscopy maps
using molecular dynamics. Structure 16, 673-683 (2008).

6. Berneis, K. K. &Krauss, R. M. Metabolic origins and clinical significance of LDL heterogeneity.
J. Lipid Res. 43,1363-1379 (2002).


https://doi.org/10.1038/s41586-024-08467-w

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

Chen, S. H. et al. The complete cDNA and amino acid sequence of human apolipoprotein
B-100. J. Biol. Chem. 261, 12918-12921 (1986).

Ference, B. A., Braunwald, E. & Catapano, A. L. The LDL cumulative exposure hypothesis:
evidence and practical applications. Nat. Rev. Cardiol. 21, 701-716 (2024).

Burnett, J. R. & Hooper, A. J. Common and rare gene variants affecting plasma LDL
cholesterol. Clin. Biochem. Rev. 29, 11-26 (2008).

Orlova, E. V. et al. Three-dimensional structure of low density lipoproteins by electron
cryomicroscopy. Proc. Natl Acad. Sci. USA 96, 8420-8425 (1999).

Sherman, M. B. et al. Structure of triglyceride-rich human low-density lipoproteins
according to cryoelectron microscopy. Biochemistry 42,14988-14993 (2003).

Ren, G. et al. Model of human low-density lipoprotein and bound receptor based on
cryoEM. Proc. Natl Acad. Sci. USA 107, 1059-1064 (2010).

Kumar, V. et al. Three-dimensional cryoEM reconstruction of native LDL particles to 16 A
resolution at physiological body temperature. PLoS ONE 6, €18841(2011).

Yu, Y. et al. Polyhedral 3D structure of human plasma very low density lipoproteins by
individual particle cryo-electron tomography. J. Lipid Res. 57, 1879-1888 (2016).

Lei, D. et al. Single-molecule 3D imaging of human plasma intermediate-density

lipoproteins reveals a polyhedral structure. Biochim. Biophys. Acta 1864, 260-270 (2019).

Cisse, A. et al. Targeting structural flexibility in low density lipoprotein by integrating

cryo-electron microscopy and high-speed atomic force microscopy. Int. J. Biol. Macromol.

252, 126345 (2023).

Kihlbrandt, W. Forty years in cryoEM of membrane proteins. Microscopy 71, i30-i50
(2022).

Fontana, P. et al. Structure of cytoplasmic ring of nuclear pore complex by integrative
cryo-EM and AlphaFold. Science 376, eabm9326 (2022).

McGreevy, R. et al. Advances in the molecular dynamics flexible fitting method for
cryo-EM modeling. Methods 100, 50-60 (2016).

Deckelbaum, R. J. et al. Thermal transitions in human plasma low density lipoproteins.
Science 190, 392-394 (1975).

Ivanova, E. A. et al. Small dense low-density lipoprotein as biomarker for atherosclerotic
diseases. Oxid. Med. Cell. Longev. 2017, 1273042 (2017).

Frank, P. G. & Marcel, Y. L. Apolipoprotein A-l: structure-function relationships. J. Lipid Res.

41, 853-872 (2000).

Li, L. et al. Double belt structure of discoidal high density lipoproteins: molecular basis
for size heterogeneity. J. Mol. Biol. 343, 1293-1311 (2004).

Raag, R. et al. Structure of the lamprey yolk lipid-protein complex lipovitellin-phosvitin at
2.8 A resolution. J. Mol. Biol. 200, 553-569 (1988).

Baker, M. E. Is vitellogenin an ancestor of apolipoprotein B-100 of human low-density
lipoprotein and human lipoprotein lipase? Biochem. J. 255, 1057-1060 (1988).

Shelness, G. S. & Ledford, A. S. Evolution and mechanism of apolipoprotein B-containing
lipoprotein assembly. Curr. Opin. Lipidol. 16, 325-332 (2005).

Segrest, J. P., Jones, M. K. & Dashti, N. N-terminal domain of apolipoprotein B has
structural homology to lipovitellin and microsomal triglyceride transfer protein: a “lipid
pocket” model for self-assembly of apob-containing lipoprotein particles. J. Lipid Res.
40, 1401-1416 (1999).

Biterova, E. I. et al. The crystal structure of human microsomal triglyceride transfer
protein. Proc. Natl Acad. Sci. USA 116, 17251-17260 (2019).

Richardson, P. E. et al. Assembly of lipoprotein particles containing apolipoprotein-B:
structural model for the nascent lipoprotein particle. Biophys. J. 88, 2789-2800 (2005).

30. Jeiran, K. et al. A new structural model of apolipoprotein B100 based on computational
modeling and cross linking. Int. J. Mol. Sci. 23, 11480 (2022).

31.  Manchekar, M. et al. Apolipoprotein B-containing lipoprotein particle assembly: lipid
capacity of the nascent lipoprotein particle. J. Biol. Chem. 279, 39757-39766 (2004).

32. Dashti, N. et al. The N-terminal 1000 residues of apolipoprotein B associate with
microsomal triglyceride transfer protein to create a lipid transfer pocket required for
lipoprotein assembly. Biochemistry 41, 6978-6987 (2002).

33. Spring, D. J. et al. Lipoprotein assembly. Apolipoprotein B size determines lipoprotein
core circumference. J. Biol. Chem. 267, 14839-14845 (1992).

34. Mcleod, R. S. et al. Apolipoprotein B sequence requirements for hepatic very low density
lipoprotein assembly. Evidence that hydrophobic sequences within apolipoprotein B48
mediate lipid recruitment. J. Biol. Chem. 271, 18445-18455 (1996).

35. Wang, L., Walsh, M. T. & Small, D. M. Apolipoprotein B is conformationally flexible but
anchored at a triolein/water interface: a possible model for lipoprotein surfaces. Proc.
Natl Acad. Sci. USA 103, 6871-6876 (2006).

36. Forgez, P. et al. Identification of surface-exposed segments of apolipoprotein B-100 in the
LDL particle. Biochem. Biophys. Res. Commun. 140, 250-257 (1986).

37.  Whitfield, A. J. et al. Lipid disorders and mutations in the APOB gene. Clin. Chem. 50,
1725-1732 (2004).

38. Bruikman, C.S., Hovingh, G. K. & Kastelein, J. J. P. Molecular basis of familial
hypercholesterolemia. Curr. Opin. Cardiol. 32, 262-266 (2017).

39. Abramson, J. et al. Accurate structure prediction of biomolecular interactions with
AlphaFold 3. Nature 630, 493-500 (2024).

40. Schonfeld, G. Familial hypobetalipoproteinemia: a review. J. Lipid Res. 44, 878-883
(2003).

41.  Parhofer, K. G. et al. Lipoproteins containing the truncated apolipoprotein, Apo B-89, are
cleared from human plasma more rapidly than Apo B-100-containing lipoproteins in vivo.
J. Clin. Invest. 89, 1931-1937 (1992).

42. Parhofer, K. G. et al. Positive linear correlation between the length of truncated
apolipoprotein B and its secretion rate: in vivo studies in human apoB-89, apoB-75,
apoB-54.8, and apoB-31 heterozygotes. J. Lipid Res. 37, 844-852 (1996).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

@@@@ Open Access This article is licensed under a Creative Commons Attribution-
BY NC ND

NonCommercial-NoDerivatives 4.0 International License, which permits any

non-commercial use, sharing, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material.
You do not have permission under this licence to share adapted material derived from this
article or parts of it. The images or other third party material in this article are included in the
article’s Creative Commons licence, unless indicated otherwise in a credit line to the material.
If material is not included in the article’s Creative Commons licence and your intended use is
not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2024

Nature | Vol 638 | 20 February 2025 | 843


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Article

Methods

SDS-PAGE
SDS-PAGE was performed in the Bio-Rad Mini-Protean Tetra Cell cham-
ber using 4-20% gradient precast Tris-glycine gels.

Cryo-electron microscopy

Sample preparation. Around 500 pg of human LDL purified by den-
sity gradient ultracentrifugation was purchased from Thermo Fisher
Scientific (L3486) and further purified by SEC using the Superose 6
Increase column (Cytiva) and Akta Pure 25L system (Cytiva). Toreduce
heterogeneity in LDL size before cryo-EM, fractions corresponding to
the slowest-eluting approximate quarter of the LDL peak (rightmost
tail) were pooled and concentrated to around 1 mg ml™ (Extended
Data Fig. 1a). Four microlitres of this sample was then applied to
plasma-cleaned holey carbon grids (1.2/1.3, 300 mesh, Quantifoil)
without the addition of detergent and plunge-frozen using the FEI
Vitrobot mark IV at 4 °C and 100% humidity using ablot force of 0 and
blottime of 4 s.

Data collection. Imaging was performed on the FEI Titan Krios G4
Cryo-TEM (Thermo Fisher Scientific) equipped with the Gatan K3
direct detector operated in counting mode and a Gatan BioQuantum
Imaging Filter. Automated data collection was controlled using
SerialEM*. Video micrographs were collected with a frame rate of
100 ms until a total dose of approximately 50 e” A2 was achieved.
Detailed imaging parameters and data statistics are provided in
Extended Data Table 1.

Data processing. All data processing was performed with CryoSparc
(v.4.0)**installed on the University of Missouri high-performance com-
puting cluster and a custom GPU workstation following a standard
workflow (Extended DataFig.2a,b). Inbrief, after frame alignment, dose-
weighting and contrast transfer function (CTF) estimation, micrograph
curation was performed to remove images with poor CTF resolution
estimates, thickice and high drift. Next, around 600,000 LDL particles
were picked using the blob picker algorithm and extracted as 2x binned
particles. Numerous rounds of 2D classification followed by subset
selection were performed, selecting for homogeneous particles based
onsize and particle integrity. In the initial round of 2D classification,
the number of classes was kept at the default of 50 and a default class
uncertainty factor of 0.2 was applied. For subsequent rounds of 2D clas-
sification, the number of classes was increased to either 100 or 200, the
classuncertainty factor wasincreased to 0.6-0.8, the number of parti-
clesperbatchwasincreased to200-400, the number of EMiterations to
30-40 and the number of final full iterations to 5-10. These subsequent
rounds of 2D classification were crucial for achieving better alignment
and resolution of weak peripheral density features corresponding
to apoB100 and for improved selection of only the highest-quality
particles. Particles with ordered CE stacks in their core were excluded
fromfurther processing at this stage as they were found to bias the 3D
alignment towards the core of the particle, thereby preventing align-
menton peripheral protein features of interest. Numerous rounds of 3D
classification, firstincluding the entire particle, then with a soft mask
around the globular NTD, were performed using different algorithms
followed by subset selection. The general strategy adopted during 3D
classification was to focus on selecting classes with the highest qual-
ity and most homogeneous density in the NTD and 3-belt domain, as
these are the most prominent and homogeneous protein features in
the structure. Abinitio classification into four classes was performed
first, followed by homogeneous refinement of any classes that showed
hints of NTD density. After the initial round(s) of refinement, the 3D
classification algorithm was used to sortinto alarge number of classes
(30-50). This allowed for particles with a poorly ordered NTD/-belt
density to be removed. Three-dimensional variability analysis was

also useful, primarily when focused on the NTD, to remove residual
heterogeneity from continuous flexibility about the curved axis (Sup-
plementary Video 3). After 3D classification, afinal set of around 52,000
homogeneous particles was re-extracted as unbinned particles and
refined toaround 9 A resolution with local resolutions of around 6-14 A
(Extended DataFigs. 2b and 4a). All final 3D refinement was performed
with the non-uniform refinement algorithm without per-particle or
global CTF refinement enabled. Lastly, the same soft mask around the
NTD used for classification was used for local refinement of this domain,
resulting in an approximately 6 A-resolution local reconstruction of the
NTD with local resolutions of around 4.5-6 A (Extended Data Figs. 2c
and 4c). Numerous alternative processing pipelines were explored,
either including or excluding particles with ordered cores, and using
different 3D classification strategies, all of which resulted in either
worse or roughly equivalent final map quality (Extended DataFig. 2d).
Local-resolution analysis was performed in CryoSparc. All map and
model visualizations were generated with ChimeraX*“¢,

Morphological analysis. Morphological analysis of 2D cryo-EM
and negative-stain EM class averages was performed in MATLAB
v.9.12.0.2009381 (R2022a) equipped with the Image Processing Tool-
box v.11.5 (MathWorks) using a custom script.

Model building, refinement and analysis

The apoB100 structure predictions presented in the main body of
this work were performed using AF2 (ref. 4) as implemented through
ColabFold¥. Owing to current single-prediction-size limitations, the
apoB100 sequence (UniProt: P04114) was divided into three fragments
(residues 1-1820, residues 1681-3500 and residues 3361-4563) with
140-residue overlaps to assist with subsequent model concatenation
(Extended Data Fig. 5a-d). For each fragment, we chose from the top
two predictions the one with the least compact tertiary structure.
Together, these structures formed the basis of our atomic modelling.
Note that, since initiating our study, AlphaFold3 (AF3) and an accom-
panying webserver has been released®, which is capable of folding
full-length apoB100 in a single run. However, the resulting structures
are severely collapsed and considerably more entangled than the AF2
fragment predictions, displaying numerous severe clashes (Supple-
mentary Fig.1). Given that no significant differences were observedin
the average pLDDT score or secondary structure content between the
AF2 and AF3 predictions, we deemed it most appropriate to maintain
AF2 as the basis for structure prediction.

The full-length apoB100 model was constructed progressively
through aseries of MD-based structural refinement simulations, using
particularly the MDFF methodology*®. We began by flexibly fitting
the first AF2 fragment to our NTD-focused refined map, after which
we sequentially attached fragments 2 and 3 and fit them to our global
map using only the B-belt atoms and restraining the previously fit por-
tion of the structure (Supplementary Video 2). We then refined each
insert structure in turn where necessary. We note that, for all inserts,
clear density was present where the insert was attached to the -belt,
demonstrating that our sequential MDFF protocol had appropriately
threaded the 3-belt throughits density. When modellinginserts 4 and
9, the collective variables (colvars) module* was used to create addi-
tional attractive harmonic potentials between distant regions of the
apoB100 structure within the simulation. Such potentials enabled us
to roughly guide the positions of the various arms of inserts 4 and 9
according to the distinctive regions observed in our map, which were
thenlocally fit using MDFF. Note that no cross-linking information was
used during the modelling procedure, and it was compared only with
the final refined atomic model. To refine the model stereochemistry,
theentire apoB100 structure was first subjected to aseries of restrained
equilibration simulations and conjugate gradient energy minimiza-
tions in explicit solvent, followed by real-space refinement in Phenix
(v.1.20)*° and, finally, manual refinement using ISOLDE®',


https://www.uniprot.org/uniprot/P04114

Modelbuilding and visualization were performed using a combina-
tion of VMD (v.1.9.4)** and ChimeraX (v.1.6.1)*%, All simulations were
performed using NAMD (v.2.14)%*% and the CHARMM236 force field*®.
All MDFF simulations were performed using standard settings*® with
acoupling factor of 0.3 applied to subsets of the protein backbone. To
help to overcome regions of heterogeneous resolutionin the cryo-EM
data, we used a cascade approach in each MDFF simulation®, first fit-
ting the target region to four Gaussian-blurred maps (more blurred
progressing to less blurred) before finally fitting to the sharpened
map. Harmonic restraints were applied during all fittings to maintain
the AF2-predicted secondary structure and to prevent the formation of
cis-peptide bonds and chirality errors. Before fitting, the density from
the particle centre was manually removed, preventing the potential for
erroneous attraction to the CE stacks.

Normal mode analysis. The relaxed atomic model of the NTD of
apoB100 (residues 28-1010) was loaded into ProDy**® and an aniso-
tropic network model was created from all backbone atoms, which
was then used to calculate the ten lowest-energy normal modes. The
normal mode wizard” implemented through VMD*?was used to visual-
ize theresults.

AF2 PAE-matrix-based model segmentation. Automatic seg-
mentation of the NTD structure by clustering of the AF2 PAE matrix
as seen in Extended Data Fig. 9c was performed and visualized in
UCSFChimeraX*.

Sequence analysis
The apoB100 multiple sequence alignment was calculated using Uni-
Prot BLAST*® and visualized with Jalview®°.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All cryo-EM maps and refined atomic models have been deposited
into the Electron Microscopy Data Bank (EMDB) and the Protein Data
Bank (PDB), respectively, under the following accession codes: EMDB-
47801 (primary 3D reconstruction of the full LDL particle, alternative 3D
reconstruction and focused refinement of the NTD), PDB 9E9R (trun-
cated atomic model of apoB100), PDB 9EA7 (primary full-length model
ofapoB100) and PDB 9EAG (alternative full-length model of apoB100).

Code availability

All custom data processing and analysis code is available at GitHub
(https://github.com/ZTBioPhysics/The_Structure_of ApoB100_From_
Human_Low-Density_Lipoprotein).
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Extended DataFig.1|SDS-PAGE and SEC of purified LDL subfractions. ultracentrifugation (purchased from commercial vendor) with the LDL peak

A.Sodiumdodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel (A)  indicated as well as the fractions collected for cryo-EM imaging. C. SDS-PAGE
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A morphological analysis of LDL particle 2-D class averages (n=200)
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Extended DataFig. 3 | Morphological analysis of cryo-EM 2D class averages.
A.2002D class averages of LDL particles used for morphological analysis.

B. Histogram of particle diameters and eccentricities. C. Scatter plot showing

ccentrctg =0.75 diameter = 225 A eccentrct= = 0.66

particle diameter vs. mean eccentricity and (D) major vs. minor axis length.
E.Representative class averages from different extremes of the distribution.
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A Gaussian filtered map (sd = 3), FSC cutoff = 0.143 Gaussian filtered map (sd = 3), FSC cutoff = 0.5
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Extended DataFig.4|Cryo-EMlocal and map-to-model resolution clarity. B. Map-to-model FSC for the fullapoB100 structure using the soft mask
estimates. A. “Gold-standard” FSClocal resolution estimates for the full LDL shownontheleft.C.Local FSCresolution estimates for the focused refinement
reconstructionusingboth the 0.143 and 0.5 FSC cutoffs. The map shown has ofthe NTD of apoB100 using the soft mask shown on the left.
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Extended DataFig. 5| AlphaFold2 structural modelling of apoB100. A. AF2 another. D. Per-residue sequence coverage, pLDDT score, and PAE score for
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A @ C-terminal inserts

Extended DataFig. 6 | Atomic model of full-length apoB100. A. Gene diagram of apoB100. B. Atomic model of full-length apoB100 viewed from six different
directions and coloured accordingto the gene diagramin panel A.
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A = C-terminal inserts
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Extended DataFig.7|Map-to-modelfits. A. Per-residue map-to-model cross-correlation plot. Map to model fit of just the NTD and B-belt (B), L-face inserts (C),
and R-faceinserts (D-E). Red arrows point to regions without any high-density map featuresindicative of protein-free surface.



A annotated PAE matrix showing the region around insert 9 arm 1

IR LR LS 2 4

arm 1:
beta-belt

~insert 7

'. :::fﬁ
. &

(8

v,

Iﬂ'"{ i

long-range contacts
appear further from
the diagonal

arm 2 :
betel-belt

fork base compact
ot domain
C predicted structural variability of insert 6
section of fragment 2 alternative fragment prediction IMF fi/

““\uuw i éﬂﬂ/
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A L-face inserts ~ C Inserts 6 and 8

Extended DataFig.11|Atomic model of full-length apoB100 C-terminal insert4 depicted asribbonsandinserts2and O (NTD baseplate helical
inserts. A. View of the particle L-face with full-length insert 9 displayed as extensions) depicted asropes. C. Structure of full-lengthinserts 6and 8
ribbonsandinserts1,3,5,and 7 asropes. Black arrows pointin the Nto C depicted asropes with the proline residues (maroon) and disulfide bond

direction of the protein chains. B. View of the particle R-face with full-length (yellow) highlighted. All colours correspond to the gene diagramin Fig. 3.



A Disease causing mutations

Extended DataFig.12| ApoB100 disease-causing mutations. A. Common and rare disease-causing mutations and truncations mapped to the apoB100
atomic model.
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Extended Data Table 1| Statistics for cryo-EM data and refined atomic models

Full LDL particle
primary map
(EMDB-47801)
apoB100 -
truncated
(PDBID:9E9R)

apoB100 — full —

primary
(PDBID:9EAT)

apoB100- full -
secondary
(PDBID: 9EAG)

Local NTD
refinement
(EMDB-47801)

Data collection and
processing

Magnification 85,0000 N/A N/A 85,0000
Voltage (kV) 300 N/A N/A 300
Iil\ectron exposure (e— | ~50 N/A N/A ~50
1A?)
Defocus range (um) -0.8:-2.8um N/A N/A -0.8:-2.8um
Pixel size (A) 1.09A N/A N/A 1.09A
Symmetry imposed none N/A N/A none
Initial particle images | 814,463 N/A N/A 814,463
(no.)
Final particle images | 52,843 N/A N/A 60,333
(no.)
Map resolution (A) 9.06A N/A 5.85A

FSC threshold 0.143 0.143
Map resolution range | 5.8-13.7A N/A N/A ~4.8-8.4A
(A)
Refinement
Initial model used (PDB | AlphaFold2 AlphaFold2 AlphaFold2 AlphaFold2
code) prediction prediction prediction prediction
Model resolution (A) N/A N/A N/A N/A

FSC threshold
l\g\odel resolution range | N/A N/A N/A N/A
(A)
Map sharpening B | 972.2 N/A N/A 380.4
factor (A?)
Model composition

Non-hydrogen atoms | 29417 36083 36083

Protein residues 3715 4526 4526

Ligands N/A N/A N/A
B factors (A?) N/A N/A

Protein

Ligand
R.m.s. deviations N/A N/A N/A

Bond lengths (A) 0.009 0.004 0.004

Bond angles (°) 0.939 0.924 0.964
Validation

MolProbity score 1.8 1.74 21

Clashscore 9.4 8.43 17.92

Poor rotamers (%) 0.0 0.0 0.1

Cp-outliers (%) 0.0 0.0 0.0

CaBLAM outliers (%) | 2.06 1.99 3.07
Ramachandran plot

Favored (%) 95.68 95.89 94.98

Allowed (%) 4.21 4.02 4.84

Outliers (%) 0.11 0.09 0.18

Imaging and validation statistics for all cryo-EM maps and apoB100 atomic models.
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