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Cardiovascular disease (CVD) is the leading cause of death globally and its major risk factor is cholesterol. Even though
statins are often prescribed to lower blood levels of low-density lipoprotein cholesterol (LDL-C), not all the high-risk
patients were able to achieve a targeted level of LDL-C. PCSK9 protein plays a major role in LDL receptor degradation and
is a prominent modulator in LDL-C metabolism. Two monoclonal antibodies inhibiting PCSK9, evolocumab and alirocumab,
are approved by the US FDA in 2015. Anti-PCSK9 antibody drugs could lead to a substantial decrement in LDL-C plasma
level, either as a monotherapy or combination with statins. Moreover, PCSK9 inhibitors do not appear to increase the
risk of hepatic and muscle-related side effects. Here, the Fab fragment of evolocumab was overexpressed, purified, and
crystallized. The crystal diffracted to 2.00 Å resolution and belonged to the space group R 32, with unit cell parameters a =
b = 107.09, and c = 182.39 Å. An asymmetric unit of the crystal contains one Fab molecule of evolocumab with a V M of 2.32
Å3 Da-1 and a solvent content of 47.00%.
INTRODUCTION
Cholesterol is synthesized by all animal cells, especially liver
and intestinal cells, and HMG CoA reductase regulates the
rate-limiting and irreversible step in cholesterol biosynthesis.
Cholesterol is incorporated into the cell membrane and it plays
a major role in membrane fluidity (Gordon et al., 1977). It is also
used as a precursor for the biosynthesis of many important
biomolecules, including steroid hormones, bile acids, and
vitamin D. Due to its low water-solubility, cholesterol should be
carried via the formation of lipoprotein complexes, not being
transported freely in the bloodstream. Cholesterol in the blood
is mainly found within low-density and high-density lipoproteins
(LDL and HDL, respectively). LDL transports cholesterol to
peripheral tissues, and HDL returns excess cholesterol to the
liver. Therefore, a high level of LDL cholesterol (LDL-C) increases
the risk of cardiovascular disease, while a high level of HDL
cholesterol decreases this risk (Androulakis et al., 2017; Packard,
2018; Alali, 2019).
Hypercholesterolemia is a major risk factor for the development
of cardiovascular disease (CVD) through atherosclerosis and
consequent plaque deposition within blood vessels (Bentzon
et al., 2014). The primary treatment for hypercholesterolemia is
statin therapy, which reduces LDL-C levels by inhibiting HMG
CoA reductase. For most patients, statin therapy with lifestyle
modification is sufficient to control the level of LDL-C. However,
there is an increasing number of patients, specifically those
with an intolerance to statin therapy and those with familial
hypercholesterolemia, for whom statin therapy alone is not
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enough to control LDL-C levels (Ott et al., 2015; Waters et al.,
2016). Terefore, there is a pressing need to think beyond statin in
such patients.
Proprotein convertase subtilisin/kexin type-9 (PCSK9)
is an enzyme involved in the breakdown of LDL receptors
prior to incorporation in the cell membranes of liver cells
(Blanchard et al., 2019). The binding of the PCSK9 to the LDL
receptor promotes lysosomal breakdown of the LDL receptor,
thereby decreasing the overall number of LDL receptors on
hepatocyte surfaces as well as the amount of cholesterol taken
up by hepatocytes from the peripheral blood. This leads to
excess LDL-C in the peripheral blood increasing the risk of
atherosclerotic plaque formation and CVD. Several studies have
identified novel loss-of-function mutation in the PCSK9 gene in
a human cohort with low plasma levels of LDL-C (Cohen et al.,
2006; Fasano et al., 2007). Many clinical trials have revealed that
PCSK9 inhibitors have reduced all causes of mortality including
cardiovascular mortality with less adverse effects like myopathy
and hepatotoxicity (Sabatine et al., 2017). PCSK9 inhibitors are
monoclonal antibodies which bind to the PCSK9 protein and
regulate LDL-C level in blood. Alirocumab (Praluent™, by SanofiAventis) and evolocumab (Repatha™, by Amgen Inc.) have been
approved by US FDA in July and August 2015, respectively.
Evolocumab is a fully human IgG2 antibody with lambda light
chain, whereas alirocumab is an IgG1 antibody with kappa
light chain. The discovery of PCSK9 proteins has changed
the dynamics of lipid control in hypercholesterolemic patients
and the antibody drugs of PCSK9 inhibitors have achieved
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an extremely low plasma level of LDL-C and have shown to
reduce lifetime risk for cardiovascular disease. However, it is still
unknown how these antibodies specifically recognize PCSK9. To
elucidate the molecular mechanism and epitope of evolocumab,
we expressed, purified, and crystallized the Fab fragments of
evolocumab.

METHODS
Expression and purification of the Fab fragment of evolocumab
The DNA sequence for the Fab fragment of evolocumab was
synthesized after codon-optimization for expression in E. coli
(Bioneer, Inc). The sequence contains heavy and light chains
with the STII signal sequence in each chain for periplasmic
secretion and a C-terminal 6xHis-tag in heavy chain (Lee et

RESULTS AND DISCUSSION
The Fab fragment of evolocumab was overexpressed in
the periplasmic region of Escherichia coli and purified to
homogeneity by affinity and gel-filtration chromatography (Figure
1A). Rod-shaped crystals of the evolocumab Fab fragment
were obtained by a hanging-drop method with a well solution
containing 0.2 M ammonium citrate tribasic, pH 7.0, and 20%
(w /v ) PEG 3,350 at 20°C and their approximate dimensions
were 600 × 100 × 100 µm (Figure 1B). X-ray diffraction data
were collected to 2.00 Å resolution and the crystals belonged to
space group R 32, with unit cell parameters a = b = 107.09, and
c = 182.39 Å. Data collection statistics are provided in Table 1.
The Matthews coefficient was calculated to be 2.32 Å3 Da-1 with
a solvent content of 47.00% (Matthews, 1968), assuming one
Fab molecule in an asymmetric unit. As a result of phasing by
molecular replacement (MR), we could find that the structure
solution contains one Fab molecule in an asymmetric unit with
clear electron density (Figure 2). Further studies to determine
the structure of evolocumab in complex with PCSK9 would
elucidate the precise epitope and the molecular mechanism of
this antibody-drug for the treatment of cardiovascular diseaserelated to hypercholesterolemia.

TABLE 1 I Data collection statistics
X-ray source

PLS 5C

Wavelength (Å)

1.0000

Temperature (K)

100

Rotation range per image (°)

1

Total rotation range (°)

180

Exposure time per image (s)

1

Space group

R 32

a , b , c (Å)

107.09, 107.09, 182.39

α, β, γ (˚)

90, 90, 120

Resolution range (Å)

50.00–2.00 (2.03–2.00)*

Total No. of reflections

27038

R sym (%)

8.5 (40.1)*

I /σI

15.2 (2.9)*

CC1/2

0.981 (0.949)*

Completeness (%)

99.0 (97.5)*

Redundancy

9.5 (6.5)*

* Values in parentheses are for the outer resolution shell.

FIGURE 1 I Expression and crystallization of the evolocumab Fab. (A) SDS–PAGE analysis of the puriﬁed Fab fragment of evolocumab containing the heavy and
light chains. The lane M contains molecular-weight marker. The lane R is the reducing SDS-PAGE of the purified evolocumab Fab. The lane NR is the non-reducing
SDS-PAGE of the protein. (B) Crystals of the Fab fragment of evolocumab.
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Crystallization of the evolocumab Fab

FIGURE 2 I Stereoscopic view of the Fab fragment of evolocumab in an asymmetric unit. Structure determination by molecular replacement revealed that one
evolocumab fragment Fab exists in an asymmetric unit of the crystals, yielding R /R free = 0.35/0.41 at 2.00 Å resolution. The 2f of c map (black) is shown on the Fab
molecule (blue and purple for heavy and light chains, respectively) at 1.8 σ contour level.

TABLE 2 I Macromolecule production
Source organism

Evolocumab (Repatha™)

DNA source

Gene synthesis (Bioneer, Inc)

Restriction enzyme Nhe I and Sal I
Cloning vector

pBAD

Expression vector

pBAD

Expression host

E. coli Top10F

<Heavy chain>
EVQLVQSGAEVKKPGASVKVSCKASGYTLTSYGISW
VRQAPGQGLEWMGWVSFYNGNTNYAQKLQGRGT
MTTDPSTSTAYMELRSLRSDDTAVYYCARGYGMDV
WGQGTTVTVSSASTKGPSVFPLAPSSKSTSGGTAAL
GCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGL
Complete aminoYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVE
acid sequence
PKSCDKTHHHHHH
of the construct
<Light chain>
produced
ESALTQPASVSGSPGQSITISCTGTSSDVGGYNSVSW
YQQHPGKAPKLMIYEVSNRPSGVSNRFSGSKSGNTA
SLTISGLQAEDEADYYCNSYTSTSMVFGGGTKLTVLG
QPKAAPSVTLFPPSSEELQANKATLVCLISDFYPGAVT
VAWKADSSPVKAGVETTTPSKQSNNKYAASSYLSLT
PEQWKSHRSYSCQVTHEGSTVEKTVAPTECS

al., 2016). The synthesized gene was cloned into a modified
pBAD vector using Nhe I and Apa I restriction sites (Table 2). The
plasmid pBAD-evolocumab Fab was transformed into E. coli
Top10F (Invitrogen). The cells were grown at 37°C in LB medium
supplemented with 50 μg ml-1 ampicillin. When the OD600 of the
culture reached 1.0, the protein expression was induced with
0.2% arabinose and cells were grown at 30°C for 15 h. The cells
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were harvested by centrifugation, re-suspended in lysis buffer (20
mM Tris, pH 8.0, 200 mM NaCl) and lysed by sonication on ice.
After removing cell debris by centrifugation (25,000 × g for 0.5 h
at 4°C), the supernatant containing soluble protein was applied
to HisTrap HP column (GE Healthcare Life Sciences) and washed
with five column volumes of wash buffer (20 mM Tris, pH 8.0,
300 mM NaCl, 50 mM imidazole). The protein was then eluted
with elution buffer (20 mM Tris, pH 8.0, 300 mM NaCl, 400 mM
imidazole). The eluted protein was concentrated for gel filtration
chromatography using a HiLoad 16/60 Superdex 200 pg column
(GE Healthcare Life Sciences). The column had previously been
equilibrated with gel filtration buffer (20 mM Tris, pH 8.0, 300 mM
NaCl). The elution profile of the protein showed a single major
peak and the protein quality was evaluated by reducing and
nonreducing SDS-PAGE.
Crystallization, data collection, and structure determination
Gel-filtration fractions containing the evolocumab Fab were
concentrated to 10 mg ml-1 in 20 mM Tris, pH 8.0, and 300 mM
NaCl. Initial crystallization of the protein was performed with
commercially available screening solutions (Hampton Research)
by the hanging-drop vapor-diffusion method at 20°C. In the initial
crystallization screening experiments, 0.8 μl of protein solution
was mixed with 0.8 μl of reservoir solution and equilibrated
against 300 μl of the reservoir solution. Crystals were grown
with a reservoir solution containing 0.2 M ammonium citrate
tribasic, pH 7.0, and 20% (w /v ) PEG 3,350 at 20°C within 15
days. Crystals were cryoprotected by brief immersion in well
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solution supplemented with 20% glycerol and flash frozen in
liquid nitrogen. X-ray diffraction data were collected at 100 K on
beamline 5C of the Pohang Light Source (PLS) to a resolution of
2.00 Å, integrated and scaled using HKL2000 (HKL Research).
The structure was solved by molecular replacement using Phaser
with a structure of Fab that has high sequence identities with the
evolocumab Fab (PDB code 4hcr, chains H and L) as a search
model (McCoy et al., 2007). Because of the intrinsic flexibility
of the Fab elbow within an antibody, the variable and constant
regions of the Fab were separated during MR search. After MR
phasing, the electron density corresponding the evolocumab
Fab was prominent in the asymmetric unit. Preliminary structure
refinement is currently in progress using PHENIX with manual
inspection using COOT (Adams et al., 2010; Emsley and Cowtan,
2004).
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