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Abstract Angiopoietin-like (ANGPTL) 8 is a secreted inhibitor
of LPL, a key enzyme in plasma triglyceride metabolism. It
was previously reported that ANGPTL8 requires another
member of the ANGPTL family, ANGPTLS3, to act on LPL.
ANGPTL3, much like ANGPTILA, is a physiologically relevant
regulator of LPL activity, which causes irreversible inactiva-
tion of the enzyme. Here, we show that ANGPTLS can form
complexes with either ANGPTL3 or ANGPTL4 when the
proteins are refolded together from their denatured states. In
contrast to the augmented inhibitory effect of the ANGPTL3/
ANGPTLS complex on LPL activity, the ANGPTL4/ANGPTLS8
complex is less active compared with ANGPTL4 alone. In
our experiments, all three members of the ANGPTL family
use the same mechanism to inactivate LPL, which involves
dissociation of active dimeric LPL to monomers. This inac-
tivation can be counteracted by the presence of glyco-
sylphosphatidylinositol-anchored HDL binding protein 1,
the endothelial LPL transport protein previously known to
protect LPL from spontaneous and ANGPTL4-catalyzed in-
activation.ll Our data demonstrate that ANGPTLS may func-
tion as an important metabolic switch, by forming complexes
with ANGPTL3, or with ANGPTL4, in order to direct the
flow of energy from triglycerides in blood according to the
needs of the body.—Kovrov, O., K. K. Kristensen, E. Larsson,
M. Ploug, and G. Olivecrona. On the mechanism of angiopoi-
etin-like protein 8 for control of lipoprotein lipase activity.
J- Lipid Res. 2019. 60: 783-793.
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LPL (EC 3.1.1.34) is a key enzyme for plasma triglyceride
(TG) hydrolysis. Its activity is tightly regulated by posttrans-
lational mechanisms, which help to direct the hydrolysis
products to tissues for energy production or storage. Three
proteins from the angiopoietin-like (ANGPTL) family,
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ANGPTL3, ANGPTL4, and ANGPTLS, are known to func-
tion as negative regulators of LPL activity in white adipose
tissue (WAT), brown adipose tissue, and oxidative tissues
(1-7). ANGPTLA4, the moststudied family member, is ex-
pressed at various sites in the body (8). ANGPTL4 consists
of an N-terminal coiled-coil domain (ccd) and a C-terminal,
fibrinogen-like domain. The N-terminal ccd of ANGPTL4
inactivates LPL. by promoting dissociation of the active
LPL dimer into inactive monomers (9, 10). In this way,
ANGPTL4 acts as a potent energy homeostasis switch caus-
ing reduced uptake of FAs from TG-rich lipoproteins in
WAT during fasting (11, 12). During physical activity or ex-
ercise, ANGPTL4 is upregulated in resting muscles, where
it lowers LPL activity and thereby helps to direct FAs to-
ward the contracting muscle tissue for energy production
(13). In contrast to ANGPTL4, ANGPTL3 is mainly pro-
duced in the liver. It was previously demonstrated that the
N-terminal ccd of ANGPTL3 reduces the activity of LPL in
oxidative tissues in the fed state, thus directing the flow of
lipoprotein-derived FAs to WAT for storage (14). In molar
terms, ANGPTLS3 is a relatively weak regulator of LPL in
comparison to ANGPTL4 (10, 15, 16). Recent studies have
shown, however, that the effect of ANGPTL3 on LPL is
greatly enhanced by ANGPTLS (15, 17, 18). ANGPTLS is
mostly produced in the liver and WAT and consists of a
ccd, which is similar to those of ANGPTL3 and ANGPTL4,
but ANGPTLS is lacking a C-terminal, fibrinogen-like do-
main (6, 7). By itself, ANGPTLS has no detectable effect on
the activity of LPL. Reduction of LPL activity by ANGPTLS
occurs only in the presence of ANGPTL3 (15, 18). It was
recently demonstrated that ANGPTLS8 needs to be coex-
pressed with ANGPTLS3, by the same host cell, in order to
have an effect on LPL activity (18).

In this report, we show that recombinant ANGPTLS pro-
duced in Escherichia coli has to be refolded together with

Abbreviations: ANGPTL, angiopoietin-like; ccd, coiled-coil do-
main; GPIHBPI, glycosylphosphatidylinositol-anchored HDL binding
protein 1; TG, triglyceride; WAT, white adipose tissue.
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ANGPTLS3 to inhibit LPL activity under in vitro conditions.
Refolded ANGPTLS3 alone was able to inactivate LPL, but
ANGPTLS3 refolded in the presence of ANGPTLS led up to
a 3-fold increase in the molar inhibitory capacity. We also
demonstrate that ANGPTL4 and ANGPTLS form a com-
plex when refolded together and that ANGPTL4 in that
complex loses its ability to inactivate LPL. We have ob-
served that the C-terminal helix of ANGPTLS is important
for complex formation with ANGPTL3 or ANGPTLA4,
rather than for covering the functional site of the protein,
as was previously proposed (15).

MATERIALS AND METHODS

Protein expression and purification

The ccds of ANGPTL3 and ANGPTL4 (ccd-ANGPTL3 and ccd-
ANGPTLA4) and the fullength ANGPTLS, as well as ANGPTLS with
truncated C terminus, were expressed in E. coli BL-21 (DE3) strain.
The ccd-ANGPTLA4 (sequence 26—184) with a C-terminal 6x His-tag
was expressed from a pet29a vector, as described previously (19).
The ccd-ANGPTL3 (sequence 17—223) with an N-terminal 6x His-
tag, followed by a thrombin cleavage site, was expressed in a pet28a
vector; the fulllength (sequence 22—198) ANGPTLS protein with
an N-terminal 6x His-tag was expressed in a pet22b vector. All
variants, including the truncated ANGPTLS (sequence 22—171),
were produced following the same protocol as for the ANGPTL4
expression. The truncated ANGPTLS8 was generated using the
QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent), ac-
cording to the protocol from the manufacturer, using the forward
primer ATGGGCTCTTACAGGACATGTAGCATGACAAAGGAGA-
GAGATGGT and the reverse primer ACCATCTCTCTCCTTTGT-
CATGCTACATGTCCTGTAAGAGCCCAT. Mutagenesis substituted
Argl172 with a stop codon and GIn171 with Alal71 to promote the
stability of the C terminus of the protein. These changes were intro-
duced to remove the C-terminal helix of ANGPTLS (20), which was
previously proposed to sterically cover the inhibitory motif in the
N-terminal a-helix of ANGPTLS (15). The mutagenesis was verified
by sequencing of the plasmid and by SDS-PAGE of the purified mu-
tant protein. Bovine LPL was purified from milk, as described previ-
ously (21). For experiments with heparin-sepharose, LPL was
labeled with '*1 using the lactoperoxidase method. The protocol
for the iodination, as well as properties of the iodinated LPL, has
been published previously (22). Glycosylphosphatidylinositol-
anchored HDL binding protein 1 (GPIHBP1) without GPI anchor
was produced in Drosophila S2 cells as described previously (10). The
purity of all proteins was verified using SDS-PAGE, and the protein
concentrations were measured using the Pierce™ BCA Protein As-
say (Thermo Fisher Scientific), performed according to manufac-
turer’s protocol, or by measuring ODgg.

Formation of ANGPTL complexes

Complexes of full-length or C-terminally truncated ANGPTLS
with ANGPTL3 and ANGPTL4 were formed as follows: the pro-
teins were dialyzed and then stored in PBS buffer containing 5 M
guanidine hydrochloride (pH 7.4). For experiments, the stock
solutions of ANGPTLs were mixed in the desired molar ratio in
50 pl of the PBS buffer containing 5 M urea (pH 7.4). The mixed
sample was then diluted to a total volume of 1 ml with PBS, con-
taining 0.01% (v/v) of Triton X-100, so that the final concentra-
tion of protein was 180 nM and the final concentration of urea
was 0.25 M. The samples were then incubated at 23°C for at least
10 min to allow folding. For experiments with LPL, the samples
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with ANGPTLs were further diluted at least 12-fold in the preincu-
bation mixture (see below), so that the final concentration of
urea was reduced to less than 21 mM and the concentration of
ANGPTL was reduced to 15 nM. To ensure that urea did not in-
terfere with the effects of ANGPTL on LPL activity, experiments
with LPL alone were conducted in buffer containing the same
concentration of urea as in the experiments with ANGPTL pro-
teins and their complexes.

Measurement of LPL activity

Inhibition of LPL activity by ANGPTL proteins was measured
in 96-well flat-bottom plates containing a total volume of 60 pl of
15 nM LPL in PBS buffer (pH 7.4) with 0.01% (v/v) of Triton
X-100. LPL was preincubated for 10 min at 23°C on an orbital
shaker (at 600 rpm) in the presence or absence of different
amounts of ANGPTL proteins. The remaining LPL activity was
then determined, as described before, using 20% Intralipid®
(Fresenius Kabi, Germany) as a substrate and by measuring the
amount of FFAs produced by using the NEFA kit from Wako Diag-
nostics (10). To study the protection of LPL activity by the pres-
ence of GPIHBPI1, this protein was added to LPL prior to the
addition of the ANGPTL proteins (10). The final concentration
of GPIHBP1 was 300 nM. All measurements of LPL activity were
performed in triplicate.

Heparin-sepharose chromatography

Heparin-sepharose chromatography was performed using the
AKTA Purifier system (GE Healthcare, UK). A HiTrap Heparin
HP 1 ml column (GE Healthcare) was equilibrated with 50 mM
PBS (pH 7.4), containing 20% (wt/vol) glycerol and 0.01% (v/v)
Triton X-100 at 4°C. For the experiments, 15 nM LPL, containing
a trace amount of '“Ilabeled LPL corresponding to 10,000—
20,000 cpm, was mixed with equimolar concentrations of any of
the ANGPTLs in a total volume of 300 pl of PBS buffer (pH 7.4)
with 0.01% (v/v) Triton X-100 and incubated for 10 min at 23°C.
The inactivation of LPL was stopped after 10 min by the addition
of sodium-taurodeoxycholate to a final concentration of 25 mM,
and the reaction mix was rapidly cooled down to 4°C by placing it
on ice. The sample was then diluted with 2 vol (660 pl) of ice-cold
equilibration buffer and was spun at 12,000 gfor 5 min at 4°Cin a
benchtop centrifuge. The 700 pl of sample was then loaded on
the Heparin HP column at a flow rate of 0.5 ml/min via an injec-
tion loop. The column was washed with equilibration buffer and
was then eluted with a linear gradient of NaCl from 0.15 M to
1.5 M in the same buffer at a flow rate of 1 ml/min. Fractions were
analyzed for -y radiation on a Wallac 1480 Wizard 3”. The recovery
of radioactivity was more than 70% of the loaded sample. Chro-
matography on heparin-sepharose was carried out in triplicate for
each combination of ANGPTL and LPL.

Coimmunoprecipitation of ANGPTL complexes

Coimmunoprecipitation of the ANGPTLs was carried out using
protein G-coupled Dynabeads (Invitrogen), according to the
manufacturer’s protocol. Individual ANGPTL proteins and their
respective complexes, each at a concentration of 36.4 nM, were
diluted in 900 pul PBS (pH 7.4) with 0.02% Tween 20. The pro-
teins and complexes were then captured using 2 pg of the anti-
human ANGPTLA4 capture Ab from the human ANGPTL4 ELISA
kit (catalog no. DY3485, R&D Systems) or 2 pg of the anti-human
ANGPTL8 monoclonal mouse Ab (catalog no. MAB8548, R&D
Systems). To avoid interference from the capture Abs with detec-
tion of the ANGPTL proteins on Western blots, the Abs were first
cross-linked to protein G-coupled Dynabeads using BS’ (Sulfo-
DSS) bis(sulfosuccinimidyl)suberate (Thermo Fisher Scientific),
according to the manufacturer’s protocol. After binding of the



protein samples, the beads were washed three times with 200 pl of
PBS (pH 7.4) with 0.02% Tween 20. The proteins were then
eluted from the Ab beads by the addition of 20 pl of 50 mM gly-
cine (pH 2.8) and 10 pl of 4x reducing loading buffer (Bio-Rad
Laboratories) and by heating to 80°C for 10 min. The eluted sam-
ples were neutralized by the addition of 10 pl of 1 M Tris-HCI (pH
8.0) after the heat treatment.

Western blot

Samples obtained from coimmunoprecipitation were run un-
der reducing conditions on Mini-PROTEAN TGX stain-free gels
(Bio-Rad Laboratories), a 20 sample per well, and were then trans-
ferred overnight at 4°C onto a BioTrace™ NT Nitrocellulose
Transfer Membrane (Pall Corporation). After transfer, the mem-
branes were washed once for 15 min and twice for 5 min with
TTBS buffer [20 mM Tris-HCI, 0.5 M NaCl, and 0.05% (v/v)
Tween 20, pH 7.5]. Membranes containing samples of ANGPTL3
and ANGPTL4 were blocked with 2% Amersham ECL Prime
Blocking Reagent (GE Healthcare Life Sciences) in TTBS at
room temperature. Membranes containing full-length and trun-
cated ANGPTL8 were blocked with 10% FCS (Gibco, Thermo
Fisher Scientific) in TTBS for at least 1 h at room temperature.
Then, the membranes were incubated for 1 h at room tempera-
ture with the primary Abs for the respective target protein, diluted
in blocking solution. For ANGPTL3, a 1:1,000 dilution of anti-
human ANGPTL3 capture Ab from the human ANGPTL3 ELISA
kit (catalog no. DY3829, R&D Systems) was used. For ANGPTL4,
a 1:1,000 dilution of anti-human ANGPTL4 capture Ab from the
human ANGPTL4 ELISA kit (catalog no. DY3485, R&D Systems)
was used. ANGPTLS was detected with a 1:2,500 dilution of an
anti-human ANGPTL8 monoclonal mouse Ab (catalog no.
MAB8548, R&D Systems). After incubation with the Abs for 1 h at
room temperature, the membranes were washed once for 15 min
and twice for 5 min with TTBS buffer. After wash, the membranes
were incubated with secondary Abs: for ANGPTL3 with a 1:30,000
dilution of HRP-conjugated goat-anti-rat Abs (catalog no.
AS09618, Agisera, Sweden), for ANGPTL4 with a 1:50,000 dilu-
tion of HRP-conjugated rabbit-anti-goat Abs (catalog no. P0449,
Dako, Agilent), and for ANGPTLS8 with a 1:50,000 dilution of
HRP-conjugated goat-anti-mouse Abs (catalog no. PK-AB718-9720,
PromoKine, Germany). The membranes were washed once for 15
min and twice for 5 min with TTBS buffer and were then visual-
ized using SuperSignal West Femto Maximum Sensitivity Sub-
strate (Thermo Fisher Scientific), according to manufacturer’s
protocols on a Bio-Rad Gel Doc system and analyzed with Bio-Rad
Image Lab software (Bio-Rad Laboratories).

Statistics

Data were analyzed using an unpaired #test in GraphPad Prism
7 (GraphPad Software). Values used in figures are as follows: ns,
P>0.05; % P< 0.05; ** P=< 0.01; *** P< 0.001; **** P< (0.0001.

RESULTS

ANGPTLS3 folded together with ANGPTLS yields
increased capacity for LPL inhibition

Both ANGPTL3 and ANGPTL4 demonstrated a concen-
tration-dependent inhibition of LPL activity (Fig. 1A). Un-
der our experimental conditions, roughly twice as high
protein concentration of ANGPTL3 as of ANGPTL4 was
required to reach the same degree of inhibition of LPL
activity. ANGPTLS, on the other hand, had no effect on

LPL activity on its own. This was in line with previously
reported observations (15). We decided to remove the
C-terminal helix of ANGPTLS that was previously proposed
to cover and inactivate the inhibitory motif of the ANGPTLS
protein (15). Like the full-length ANGPTLS, the truncated
form showed no effect on LPL activity, even at high con-
centrations (Fig. 1A). To demonstrate that ANGPTLS re-
quires ANGPTL3 to inhibit LPL, we mixed ANGPTL3
with full-length ANGPTLS, as well as with the truncated
ANGPTLS8 mutant, in PBS. We observed no additional effect
of any of the forms of ANGPTLS8 on LPL activity over that
already present due to ANGPTL3 (Fig. 1B, E). To investigate
whether the proteins needed to be folded together to form
a functional complex, we mixed them in their fully dena-
tured states in 5 M urea and then folded them under mild
refolding conditions. We observed a dramatic effect on the
inhibition of LPL activity from cofolding ANGPTL3 with
ANGPTLS (Fig. 1B, E). The titration profile for LPL inhibi-
tion by 15 nM ANGPTLS3, refolded with increasing concen-
trations of ANGPTLS, reached maximal inhibition at
substoichiometric ANGTPLS levels (3.7 nM). This led us to
suspect that ANGPTL3/ANGPTLS8 complexes are very ef-
ficient inhibitors of LPL and that a complex concentration
of 5 nM would be sufficient to cause complete depletion of
LPL activity. To investigate this, we repeated the experi-
ments with 5, 10, and 15 nM ANGPTL3. Lowering the
amount of ANGPTL3 revealed that the maximal inhibition
of LPL activity was indeed obtained at close to 1:1 stoichi-
ometry between ANGPTL8 and ANGPTLS3 in the refolded
complex (Fig. 1C). This is in line with previous observa-
tions, which suggest that ANGPTLS is a potent regulator of
LPL and that it plays a key role in the ANGPTL3/ANGPTLS-
mediated effect on LPL (15, 18). In contrast to the full-
length ANGPTLS, the truncated ANGPTLS failed to have
any additional effect on LPL activity over that of ANGPTL3
alone, even when the two proteins were refolded together
(Fig. 1B, E).

To investigate the role of the C-terminal helix of
ANGPTLS for inhibition of LPL activity, we ran coimmu-
noprecipitation experiments with ANGPTL3 and either
full-length or truncated ANGPTLS. On its own, ANGPTL3
did not bind to the monoclonal anti-ANGPTLS8 Ab-coated
protein G beads (Fig. 2A). When folded together with
ANGPTLS8, ANGPTL3 coeluted with ANGPTLS from the
beads, similar to what was shown before (18) (Fig. 2B).
This indicates that the proteins form a relatively stable het-
erooligomer. Truncated ANGPTLS8 was, however, incapa-
ble of forming complexes with ANGPTL3 (Fig. 2C). This
suggests that the C-terminal helix of ANGPTLS is impor-
tant for complex formation with ANGPTL3.

Inhibition of LPL by ANGPTL4 is diminished when it
forms a complex with ANGPTLS

There are many structural and functional similarities be-
tween ANGPTL3 and ANGPTL4. ANGPTL4 is produced in
WAT, where ANGPTLS is also expressed (6, 7). This raised the
hypothesis that ANGPTLS8 might be able to form hetero-
oligomers with ANGPTL4, similar to what was found with
ANGPTL3. We wanted to examine whether such complexes
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Fig. 1. Effect of ANGPTL proteins on LPL activity in vitro. A: Effects of single ANGPTL proteins on LPL activity. LPL (final concentration
15 nM) was mixed with the indicated concentrations of ccd-ANGPTL3 (filled circles), ccd-ANGPTL4 (filled squares), full-length ANGPTLS
(filled triangles), or ANGPTLS with truncated C terminus (open triangles) and was incubated for 10 min at 23°C. B: Effect of ANGPTL8 in a
complex with ANGPTL3 on LPL activity. LPL (final concentration 15 nM) was mixed with an equimolar concentration of prefolded ANGPTLS3,
which was mixed with prefolded full-length ANGPTLS (filled squares) or with prefolded truncated ANGPTLS8 (open squares). Results are also
shown for the experiments in which LPL was mixed with refolded complexes between ANGPTL3 and full-length ANGPTLS (filled circles) or
between ANGPTL3 and truncated ANGPTLS (open circles). C: Effect of ANGPTLS in complex with different concentrations of ANGPTL3
on LPL activity. LPL (final concentration 15 nM) was mixed with refolded complexes between ANGPTL3 and full-length ANGPTLS with
ANGPTLS3 at concentrations of 5 nM (triangles), 10 nM (squares), or 15 nM (circles). Asterisks denote the equimolar levels of ANGPTL3 and
ANGPTLS. D: Effect of ANGPTLS in complex with ANGPTL4 on LPL activity. LPL (final concentration 15 nM) was incubated for 10 min
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Fig. 2. Coimmunoprecipitation of ANGPTL complexes. Western blot of fractions obtained from coimmunoprecipitation of refolded
ANGPTL complexes by protein G beads coated with an anti-ANGPTLS Ab for ANGPTL3/ANGPTLS8 complexes or with anti-ANGPT4 Ab for
ANGPTL4/ANGPTLS complexes. ANGPTLST stands for the truncated ANGPTLS protein with residues 172-198 removed. Fractions were
as follows: E, elution; S, starting material; U, unbound material; W, washes 1-3. A: A control experiment with the individual proteins and
anti-ANGPTLS protein G beads. B: Complexes between ANGPTL3 and full-length ANGPTLS captured on anti-ANGPTLS protein G beads.
C: Complexes between ANGPTL3 and truncated ANGPTLS captured on anti-ANGPTLS protein G beads. D: Control experiment with the
individual proteins and anti-ANGPTL4 protein G beads. E: Complexes between ANGPTL4 and full-length ANGPTLS8 on anti-ANGPTL4

protein G beads. F: Complexes between ANGPTL4 and truncated ANGPTLS on anti-ANGPTL4 protein G beads.

formed and, if so, what their impact was on LPL activity in
vitro. When mixed with prefolded ANGPTL4, neither full-
length ANGPTLS nor truncated ANGPTLS had any effect
on LPL activity (Fig. 1D, E). As in the case with ANGPTL3,
full-length ANGPTLS or truncated ANGPTLS were active
only when they were mixed with ANGPTL4 in 5 M urea and
then diluted in PBS to allow refolding under mild condi-
tions. To our surprise, full-length ANGPTLS8 diminished
the inhibitory effect of ANGPTL4 on LPL (Fig. 1D, E). The
activity of LPL increased with increasing concentrations of
ANGPTLS. The truncated form of ANGPTLS8 had a similar
effect on the inhibition with ANGPTL4, but this effect oc-
curred at 5-fold higher concentrations of ANGPTLS8 than
with full-length ANGPTLS (Fig. 1D, E). We then used co-
immunoprecipitation to verify complex formation between
ANGPTL4 and ANGPTLS. Protein G beads with anti-
ANGPTL4 Ab were unable to bind full-length or truncated
ANGPTLS on their own (Fig. 2D). As in the case with
ANGPTLS3, full-length ANGPTLS formed a stable complex
with ANGPTL4 (Fig. 2E). Truncated ANGPTLS8 was also able
to bind to ANGPTLA4, but this interaction was diminished in

comparison to that of the full-length ANGPTLS protein
(Fig. 2F). This observation was in line with results from
measurements of LPL activity in the presence of ANGPTLA4,
demonstrating that truncated ANGPTLS reduced the inhi-
bition of LPL, but that much higher concentrations were
required of the truncated ANGPTLS than of the full-length
ANGPTLS protein (Fig. 1D, E).

GPIHBP1 protects LPL from the inhibitory effects of
ANGPTL proteins

Itis well established that GPIHBP1 preserves LPL activity
from decay by spontaneous, irreversible inactivation due to
the unfolding of the catalytic domain and that GPIHBP1 is
also capable of counteracting the inhibitory effects of
ANGPTL4 and ANGPTL3 on LPL activity (10, 16, 23, 24).
The proteins from the ANGPTL family share a similar LPL
inhibitory motif in the N-terminal o-helix (15). We wanted
to test whether the effects of the refolded complexes of
ANGPTLS with ANGPTL3 or ANGPTL4 were prevented by
GPIHBPI1. To test this, a 20-fold molar excess of purified
GPIHBP1 was preincubated with LPL prior to the addition

with an equimolar concentration of prefolded ANGPTL4, either premixed with prefolded full-length ANGPTLS (filled squares) or prefolded
truncated ANGPTLS (open squares). Results are also shown for the experiment in which LPL was incubated with refolded complexes between
ANGPTLA4 and full-length ANGPTLS (filled circles) or between ANGPTL4 and truncated ANGPTLS (open circles). E: Summary of the effects
of different ANGPTL proteins and their complexes on LPL activity. Data shown correspond to ANGPTL concentrations that were equal to the
concentration of LPL. Asterisks above bars represent statistical significance in comparison with the activity of LPL alone, which was set to 100%
and is not shown on the graph. Asterisks under the lines represent statistical significance in comparison to ccd-ANGPTL3 and ccd-ANGPTL4.
All activity experiments were run in triplicate. ns, P> 0.05; ** P < 0.01; *** P< (0.001; **** P< (0.0001.
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of equimolar concentrations (compared with LPL) of the
different combinations of the ANGPTL proteins. LPL ac-
tivity was measured after a 10 min incubation with the
ANGPTL proteins at room temperature. Already at this time,
25% of the activity of LPL alone was spontaneously lost in
comparison with LPL incubated with GPIHBPI, recapitu-
lating the intrinsically unstable nature of the LPL protein
(23). ANGPTL3 inhibited 31% of the LPL activity when
compared with LPL alone, but had no effect on LPL activ-
ity in the presence of GPIHBP1. ANGPTL4 alone and the
refolded ANGPTL3/ANGPTLS8 complex caused roughly
80% loss of LPL activity compared with the control level.
GPIHBPI1 completely counteracted the inhibitory effect of
the ANGPTL3/ANGPTLS8 complex on LPL. In the case
of ANGPTLA4, the presence of GPIHBP1 reduced the loss
of LPL activity to 42%. Also shown is that the ANGPTL4/
ANGPTLS complex was less potent than ANGPTL4 alone.
The complex inactivated only one-third of the LPL. In this
case, the presence of GPIHBPI preserved all of the LPL
activity (Fig. 3).

Dissociation of LPL dimers by ANGPTL proteins and
their complexes

We next studied the potential mechanisms responsible
for the inhibition of LPL activity by the ANGPTLs. It was
previously concluded that ANGPTL4 acts as an unfolding
chaperon for LPL because ANGPTL4 promotes dissocia-
tion of the intrinsically unstable LPL dimer to inactive
monomers (9, 10). Because all three ANGPTLs share a
similar inhibitory motif, we suspected that the effects of
complexes with ANGPTLS on the LPL molecule would be
similar to that of ANGPTL4. We, therefore, performed
chromatography on heparin-sepharose, as was previously
done to study the effect of ANGPTL4 on LPL (9). It is well
established that monomers and dimers of LPL interact
with heparin with a different affinity (25-27). Therefore,
LPL can be separated on a heparin-sepharose column into
inactive LPL. monomers and active LPL dimers (Fig. 4A).
As demonstrated previously, ANGPTL4 promoted dissocia-
tion of LPL dimers to monomers. After 10 min of preincu-
bation of 180 nM LPL with an equimolar concentration of
ANGPTLA4, there was only 30.6 + 2.5% of active dimers

150+

remaining (Fig. 4B) (9). In contrast, when 180 nM LPL
alone was incubated for 10 min at room temperature, there
was 68.5 + 1.6% of active dimers remaining (Fig. 4A). With
180 nM ANGPTLS3, 51.7 + 2.0% of LPL maintained its di-
meric status (Fig. 4D). This was in line with the differences
in effects on LPL activity (Fig. 1A). In the presence of the
complexes of 180 nM ANGPTL3 with equimolar amounts
of ANGPTLS, 36.4 + 3.8% of LPL remained in the dimer
state. Based on these observations, we conclude that the
ANGPTL3/ANGPTLS8 complex is more efficient than
ANGPTLS3 alone in catalyzing the dissociating of LPL dimers.
These results are in line with the loss of LPL activity (Fig.
1E), demonstrating that the ANGPTL3/ANGPTL8 com-
plex inactivates LPL as efficiently as ANGPTL4 (Fig. 4G).
In the presence of complexes formed between 180 nM
ANGPTL4 and equimolar concentrations of ANGPTLS, the
dissociation of LPL was significantly attenuated; 48.9 +
4.5% of LPL remained as dimers, compared with 30.6 +
2.5% with ANGPTL4 alone (Fig. 4E). This observation is
again well aligned with measurements of LPL activity,
where the effect of the ANGPTL4/ANGPTLS8 complex on
LPL was comparable to the effect of ANGPTL3 (Fig. 1E).
ANGPTLS alone had no effect on the amount of LPL di-
mers (Fig. 4F), a result that was in line with the LPL activity
measurements (Fig. 1A).

DISCUSSION

In this study, we have analyzed the effects of purified hu-
man ANGPTL proteins expressed in E. coli on LPL in order
to investigate the mode of action of the ANGPTLS pro-
tein. We used only the N-terminal ccds of ANGPTL3 and
ANGPTLA4, because previous observations had shown that
the ccd-ANGPTLs have similar effects on LPL activity as
full-length analogs expressed in eukaryotic cells (10, 19).
Additionally, ANGPTL3 and ANGPTL4 are found both in
full-length and cleaved states in human plasma (28-31).
The C-terminal, fibrinogen-like domain of ANGPTL4 stim-
ulates intracellular lipolysis in adipose tissue and is also in-
volved in the regulation of angiogenesis (32). There is,
however, no evidence for direct effects of the C-terminal

Fek® wkkk
L % *hkKk =
T T
o £ 1004
g2 ek Fig. 3. GPIHBPI protects LPL from inactivation by
E z B no GPIHBP1 ANGPTL proteins. LPL (final concentration 15 nM)
= was incubated for 10 min at 23°C with equimolar con-
& S
= 3 501 = GPIHBP1 centrations of ANGPTL3, ANGPTL4, or ANGPTL3
= refolded with ANGPTL8 or ANGPTLA4 refolded with
ANGPTLS (filled bars). In parallel, experiments were
ol . e performed in the presence of 300 nM GPIHBP1 (open
" . 5 o - bars). Activity experiments were performed in tripli-
(S,é‘ & & & Q\é" & Q\®+ cate. ¥¥¥ P< 0.001; **** P< (0.0001.
& & & S SS
N N
N N v F o E
& @ g g
& &
% ?

788 Journal of Lipid Research Volume 60, 2019



LPL

>
o

= ™ N
o o a
n
@

=)

% of 129 labeled
LPL in fractions 10-30

o o
(=]

% of "2 labeled
LPL in fractions 10-30

LA

LPL with ANGPTL4

0 10 20 30 40 0 10 20
Fraction number

C LPL with ANGPTL4/ANGPTLS D

N
2

25

n
=3

20

@

o

% of 129 labeled
LPL in fractions 10-30
% of '2% labeled
LPL in fractions 10-30

2}

o
(=R

Fraction number

LPL with ANGPTL3

Fig. 4. Separation of active and inactive forms of
LPL by chromatography on heparin-sepharose after
incubation with ANGPTL3 or ANGPTL4 or their re-
folded complexes with ANGPTLS. Heparin-sepharose
chromatograms of LPL after a 10 min incubation with
or without ANGPTL proteins. Results are presented as
percent of eluted 127 Jabeled LPL, which serves as a
tracer for the total LPL protein. The gradient started
at 0.15 M [NaCl] from fraction 5 and ended at 2.00 M
[NaCl] at fraction 35. According to previously pub-

10 20 30 40 0 10 20
Fraction number

o

LPL with ANGPTL3/ANGPTL8

m

G

Fraction number

40 lished experiments, the early peaks to the left corre-
sponds to unbound LPL, the peak in fractions 10-19
corresponds to inactive LPL. monomers, and the peak
in fractions 20-30 corresponds to active LPL dimers

2.5

2.0

% of 15 labeled
LPL in fractions 10-30

0 10 20 30 40
Fraction number 05]

Ratio of active LPL dimer
to inactive LPL monomer

LPL with ANGPTL8 0.0

T

% of '2°| labeled
LPL in fractions 10-30

0 10 20 30 40
Fraction number

domains of ANGPTL proteins on LPL. We have avoided
the full-length proteins in the present study because pre-
liminary experiments showed that they would be even
more challenging to keep in solution during the refolding
process.

Previous studies proposed that ANGPTL3 has weak
effects on LPL on its own and that only the complex of
ANGPTL3 with ANGPTLS acts as a regulator of LPL activ-
ity (15, 17, 18). Our present results, together with our pre-
vious observations, demonstrate that the N-terminal ccd of
ANGPTLS3 is capable of inactivating LPL, even at substoi-
chiometric concentrations, by catalyzing the unfolding of
large parts of the catalytic domain (10, 33). The levels of
ANGPTL3 in human plasma are the highest among all
three ANGPTLs studied here, and this level should be high
enough to enforce LPL inhibition on its own (33, 34).
Nonetheless, no correlation between plasma levels of
ANGPTL3 and plasma TG or LPL activity in tissues has yet
been established. This may be explained by observations
demonstrating that LPL is strongly stabilized by the presence
of plasma lipoproteins and by GPIHBP1 (10, 35). The

ok whk KEAK kk ns

(9). A: LPL alone. B: LPL incubated with ANGPTLA4.
C: LPL incubated with the ANGPTL4/ANGPTLS8 com-
plex. D: LPL incubated with ANGPTL3. E: LPL incu-
bated with the ANGPTL3/ANGPTLS8 complex. F: LPL
incubated with ANGPTLS8. G: Ratios for areas under
the curve from the experiments in A-E. Bars represent
the ratio of active dimeric LPL (fractions 20-30) to in-
active monomeric LPL (fractions 10-19). All chroma-
tography experiments were performed in triplicate.
ns, P> 0.05; #* P < 0.01; *** P < 0.001; **** P <
0.0001.

molecular mechanism for the action of ANGPTL3 on LPL
remains unclear as well. Some authors concluded that
ANGPTL3 reduces LPL activity by reversible inhibition
(36), whereas others reported that ANGPTL3 catalyzes in-
hibition of LPL by inducing a similar irreversible unfolding
of the hydrolase domain in LPL, as does ANGPTL4 (10).
Our data strongly favor the second model—the effect of
ANGPTL3 on LPL activity is weaker, but the mechanism is
nonetheless similar to that of ANGPTL4. Heparin-sepharose
experiments demonstrated that treatment of LPL with
ANGPTLS3 resulted in increased amounts of inactive mono-
mers compared with untreated LPL.

Our observations confirm that, on its own, ANGPTLS
has no effect on LPL (15, 18). Only when ANGPTLS8 and
ANGPTL3 were mixed from their denatured states, and
then refolded together under nondenaturing conditions,
the complexes of ANGPTL3/ANGPTL8 became more
potent than ANGPTL3 alone. Our observations match pre-
viously published data, demonstrating that a peptide rep-
resenting the inhibitory motif of ANGPTLS was a far more
potent inhibitor of LPL activity than was the corresponding
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Fig. 5. Proposed mechanism for the action of the ANGPTL3-4-8 inhibitory triad. In the fasted state, WAT produces large amounts of
ANGPTLA4 that inactivate LPL locally, intracellularly, or in the subendothelial space. In this situation, little or no active LPL can reach the
luminal surface of capillaries in WAT. Therefore, hydrolysis of VLDLs will preferentially occur in metabolically active tissues instead of in
WAT. In the fasted state, liver produces ANGPTL3 and ANGPTL4 that could potentially act on LPL in the bloodstream. However, the average
concentration of ANGPTL4 in human plasma is too low to have any effect on the LPL activity in the presence of TG-rich lipoproteins (33, 35).
In the fed state, the production of ANGPTL4 in WAT is reduced, and ANGPTL4 may form inactive complexes with ANGPTLS, whose expres-
sion is greatly increased in the fed state both in WAT and in the liver. The result is that large amounts of active LPL may reach the luminal
surface of the blood capillaries in WAT, so that TGs from VLDLs and chylomicrons (Chy) can be hydrolyzed and TG storage in WAT is pro-
moted. In the fed state, the production of ANGPTLS is upregulated in the liver. ANGPTLS forms potent complexes with ANGPTL3, which
inactivates LPL on the surface of oxidative tissues. In the fed state, the expression of ANGPTL4 is decreased in the liver, and the newly syn-

thesized ANGPTL4 may form inactive complexes with ANGPTLS. The figure was adapted from the work of Wang et al. (14).

peptide representing the inhibitory motif of ANGPTL3
(15). Titration experiments revealed that the highest ca-
pacity to inhibit LPL is formed at a nearly 1:1 ratio between
ANGPTLS8 and ANGPTLS3.

Our results are in line with the recently published work
by Chi et al. (18), who observed that ANGPTLS has to be
coexpressed with ANGPTLS3 to have an effect on LPL activity.
In a cellular model using coimmunoprecipitation, they
demonstrated that ANGTPL3 and ANGPTLS form a complex.
We performed coimmunoprecipitation of refolded com-
plexes of ANGPTL3 with ANGPTLS using Abs coupled to
protein G beads. When folded together with ANGPTLS,
ANGPTL3 coeluted from beads coated with the anti-
ANGPTLS8 Ab. Neither our data nor data from Chi et al.
(18) are sufficient to deduce the molecular mechanism un-
derlying the synergistic effects of ANGPTL8 and ANGPTL3.
ANGPTLS could affect the conformation of ANGPTL3 so
that it becomes more competent for interaction with LPL,
ANGPTLS could itself attain a conformation in the complex
that is suitable for interaction with LPL, or the effect is depen-
dent on an optimal binding of both proteins to LPL, which
only occurs when ANGPTLS8 is in complex with ANGPTLS3.

Previous studies had suggested that the C-terminal part
of ANGPTLS forms a short helix that covers the inhibitory
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site of ANGPTLS and prevents this protein from having an
effect on LPL on its own (15, 20). Haller et al. (15) pro-
posed that the functional site of ANGPTLS8 opens up when
this protein is in complex with ANGPTL3 and that this al-
lows ANGPTLS to add to the inactivation action on LPL. A
monoclonal Ab against the C-terminal helix of ANGPTL8
counteracted its effect in vivo, which led to the hypothesis
that the Ab covered the functional site of ANGPTLS, as
well as its site for interaction with ANGPTL3 (15). We gen-
erated ANGPTLS8 with a deletion corresponding to the
proposed third helix (residues 172-198) and found that,
on its own, the truncated ANGPTLS had no effect on LPL.
In addition to that, deletion of the third helix of ANGPTLS8
resulted in a blunted effect of the ANGPTL3/ANGPTLS
complex on LPL activity. Coimmunoprecipitation showed
that this was due to the inability of the truncated ANGPTLS8
to form a complex with ANGPTL3. The inhibitory Ab in
the work of Haller et al. (15) was able to disrupt the com-
plex between ANGPTL3 and ANGPTLS, and this resulted
in the loss of the effect of ANGPTLS on LPL activity (18).
The structural similarities between all three ANGPTL
proteins studied here raised the possibility that ANGPTLS8
could also form complexes with ANGPTL4. Both proteins
are expressed in the same cells of several tissues (6-8). In



adipose tissue, ANGPTL4 is upregulated in the fasted state,
resulting in low amounts of active LPL on the capillaries in
adipose tissue, and therefore allows TGs to be taken up
preferentially in oxidative tissues (9, 37). ANGPTLS, on
the other hand, is upregulated in the fed state when there
are low amounts of ANGPTL4 present in adipose tissue. In
brown adipose tissue, ANGPTLS expression is increased on
cold exposure, whereas ANGPTL4 expression is decreased,
resulting in increased LPL activity and TG uptake by the
tissue (38). We found that when the recombinant forms
of ANGPTL4 and ANGPTLS8 were refolded together,
complexes were formed. The complex of ANGPTL4 with
ANGPTLS had less effect on LPL activity compared with
ANGPTLA4 alone. The effect of ANGPTL8 on ANGPTL4
was concentration-dependent, and the titration experi-
ment revealed that a 1:1 stoichiometry of ANGPTL4 to
ANGPTLS8 mirrored the maximal attainable inhibition of
ANGPTL4 activity. This stoichiometry is close to the ratio
between estimated levels of ANGPTL4 and ANGPTLS in
human tissues (8). In WAT, the levels of ANGPTL4 and
ANGPTLS differ quite dramatically, depending on the nu-
tritional state of the body, and the changes occur in the
opposite directions (39). This suggests that formation of an
ANGPTL4/ANGPTLS heterooligomer could neutralize
the effect of ANGPTL4 on LPL activity. Our results shed
light on the observation, made by Wang et al. (39), that
full-body KO of ANGPTLS in mice diminishes the uptake
of radiolabeled palmitate from VLDL in the fed state in
WAT. They speculated that “ANGPTLS spares LPL in this
organ,” (Ref. 39; p. 16113) whereas our data suggest that
ANGPTLS acts as an inhibitor of ANGPTLA4.

A slight inhibitory effect of ANGPTL8 on ANGPTL4 was
observed when the truncated mutant of ANGPTLS was
folded together with ANGPTL4. However, 5-fold higher
concentrations of the mutant were needed in order to
achieve effects comparable with the full-length ANGPTLS.
Experiments with coimmunoprecipitation demonstrated
that the truncated ANGPTLS interacted with ANGPTLA4,
but this interaction was not as strong as the interaction with
full-length ANGPTLS. These results point to the possibility
that the C-terminal helix of ANGPTLS8 may be involved in
the complex formation with ANGPTL4, but other parts of
ANGPTLS may also play a role in this interaction.

The observation that ANGPTLS8 can neutralize the in-
hibitory effect of ANGPTL4 on LPL is novel. Data from Chi
et al. (18) demonstrate that ANGPTLS is not secreted
unless it is in a complex with ANGPTL3. The same might
be true for ANGPTLS in a complex with ANGPTLA4. This,
together with the observations that ANGPTLS is expressed
in the same tissues as ANGPTL4 and that ANGPTLS is up-
regulated under conditions when ANGPTL4 is downregu-
lated, points to the possibility that ANGPTLS8 could be a
physiologically relevant inhibitor of ANGPTL4 (6, 7). The
interaction of ANGPTLS8 with ANGPTL4 can modulate the
effects of ANGPTL4 on LPL. when ANGPTL4 should be
depressed, i.e., when the adipose should store fat rather
than inhibit LPL and stimulate intracellular lipolysis.

GPIHBP1 can protect LPL both from spontaneous and
ANGPTL4- or ANGPTL3-catalyzed inactivation (10, 16,

23). It was previously proposed that ANGPTL4 inhibits
LPL mainly in the subendothelial space, close to the site
where both proteins are produced (40). Recent evidence
suggests, however, that intracellular degradation of LPL
may also be promoted by the ANGPTLA4 protein (41, 42).
This makes ANGPTL4 an autocrine/paracrine regulator of
LPL, which is unable to inactivate LPL when the enzyme
has reached GPIHBP1 on the basal side of the capillary
endothelium (10, 37). What remains unclear is where
ANGPTL3 and the ANGPTL3/ANGPTL8 complexes
might act on LPL. Both ANGPTL proteins are synthesized
in the liver, making them endocrine regulators of LPL ac-
tivity in extrahepatic tissues. Our present results, together
with previous observations, demonstrate that GPIHBP1
protects LPL from inactivation by all three ANGPTL pro-
teins and by their respective complexes (10, 16). The only
ANGPTL protein, which had an effect on LPL when bound
to GPIHBP1, was ANGPTL4, but the inhibitory effect was
still blunted. Our data indicate that if LPL is attached to
GPIHBP1 on the luminal side of capillaries, it will be pro-
tected from inactivation by ANGPTL3 and ANGPTLS. In
addition, interaction with lipoproteins protects LPL both
from spontanecous and ANGPTL4- or ANGPTL3-induced
inactivation (35). This suggests that ANGPTL3 and its com-
plex with ANGPTL8 may have to enter the subendothelial
space, where the concentration of stabilizing lipoproteins
is lower than in the circulating blood, and LPL might not
yet be bound to GPIHBPI1. Another possible window for
the action of ANGPTL3/ANGPTLS8 on LPL is when the
lipoprotein is sufficiently unloaded via TG hydrolysis, caus-
ing LPL to be released from the particle (43).

LPL is relatively stable at 4°C and below but is rapidly
inactivated at higher temperatures. Previous studies had
demonstrated that ANGPTL3 and ANGPTL4 promote the
spontaneous inactivation of LPL at 25°C, possibly by lower-
ing the activation energy needed for the dissociation of di-
mers into inactive monomers (9, 10). Because all three
ANGPTLSs share sequence homology in their putative func-
tional site, we speculated that ANGPTLS and its complexes
with ANGPTL3 and ANGPTL4 should act on LPL by a simi-
lar mechanism. As was shown previously in studies with
ANGPTL4 by Sukonina et al. (9), we observed that treat-
ment of LPL with ANGPTL4 shifted the ratio between di-
mers and monomers toward the inactive monomeric state
of LPL. ANGPTLS3 alone, or in complex with ANGPTLS,
appeared to inactivate LPL by a similar mechanism. The
ANGPTL3/ANGPTLS8 complex was more potent in con-
verting dimers to monomers than ANGPTL3 alone. In con-
trast, ANGPTL4 in complex with ANGPTLS had a reduced
effect on the dissociation of LPL dimers to monomers.
These data supported and explained the results from ex-
periments on LPL activity in the presence of ANGPTL
proteins.

In summary, we propose a revised model for the action
for the ANGPTL3-4-8 triad for control of LPL activity (Fig. 5).
In the fasted state, ANGPTL4 levels increase in WAT,
causing inactivation of LPL locally in an autocrine/para-
crine fashion in the subendothelial space and decreasing
the amounts of active LPL that reaches the luminal side of
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capillaries in WAT. As a result, TGs lodged in circulating
VLDLs are used in other tissues for oxidation and energy
production, instead of for storage in WAT. In addition, the
increased levels of the C-terminal, fibrinogen-like domain
of ANGPTL4 may stimulate the intracellular lipolysis inside
adipocytes, which releases stored TGs into the blood in the
form of FAs and thereby further decreases the lipid con-
tent in WAT (32). The liver produces soluble ANGPTL3
and ANGPTL4, which can act on LPL wherever the enzyme
is exposed to blood. However, the average concentration
of ANGPTL4 in human plasma is too low to have any effect
on LPL (33, 35). In the fed state, or upon cold exposure,
the expression of ANGPTIL4 is reduced in WAT or brown
adipose tissue, respectively. The low levels of ANGPTLA4,
still present in the cells, may form inactive complexes with
ANGPTLS, whose expression is greatly increased (6, 7, 38).
The ANGPTL4/ANGPTLS complex may be unable to pro-
mote the intracellular degradation of LPL and thus allow
more LPL to be secreted by WAT, but the precise mecha-
nism for this process remains unclear (41, 42). Because of
the decreased levels of ANGPTL4 in the subendothelial
space, LPL can reach GPIHBP1 and the luminal side of the
capillaries and hydrolyze TGs from VLDLs and chylomi-
crons. This promotes TG storage in WAT. In the fed
state, the hepatic ANGPTLS expression is increased, and
ANGPTLS8 forms complexes with ANGPTL3. These com-
plexes are secreted for inactivation of LPL on the surface
of capillaries of oxidative tissues, protecting the tissue from
overload by TGs. Although LPL is protected by interactions
with GPIHBP1 and lipoproteins while on the luminal side
of the capillaries, these interactions are transient, and
ANGPTL3/ANGPTLS8 complexes may act on LPL in the
short periods of time when LPL is not bound to either lipo-
proteins or GPIHBP1 (43) Bl
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