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N-terminal domain containing LPL’s catalytic triad) (3). 
Nevertheless, 5D2 was shown to block 95% of LPL’s cata-
lytic activity against a triolein substrate (4). That observa-
tion, together with the observation that 5D2 does not block 
LPL’s activity against a soluble substrate, suggested that 5D2 
could bind to lipid-binding sequences in LPL and thereby 
interfere with lipid delivery to LPL’s catalytic domain (4).

Defining the location of 5D2’s epitope has had a topsy-
turvy history. Initially, the laboratory of John Brunzell pro-
posed, based on experiments with a LPL synthetic peptide, 
that 5D2 binds to LPL residues 423–432 (5), but subse-
quent studies cast doubt on that finding. For example, 
Lookene et al. (6) found that mutating two tryptophans 
(Trps) (W420, W421) in a carboxyl-terminal Trp-rich motif 
markedly reduced 5D2 binding as well as LPL’s ability to 
hydrolyze the triglycerides in triglyceride emulsion parti-
cles. Studies by Williams et al. (7) revealed that mutating 
W420 and W421 abolished the ability of the carboxyl termi-
nus of LPL to bind lipoproteins. The importance of the 
Trps for LPL–lipoprotein interactions was confirmed by 
Goulbourne et al. (8). These studies implied that the Trp-
rich loop is relevant to 5D2 binding as well as lipoprotein 
binding—either directly or indirectly by disrupting the 
overall conformation of the enzyme.

Soon after Lookene et al. (6) showed that LPL residues 
W420 and W421 were important for 5D2 binding, Chang 
et al. (2) found, using competitive immunoassays, that 5D2 
bound to a synthetic peptide corresponding to LPL’s Trp-
rich motif (residues 411–423) but not to the sequences 
proposed initially by Brunzell’s group (residues 423–432). 
5D2 did not bind to a synthetic peptide corresponding to 
the Trp-rich motif of mouse LPL, which contained a Ser-to-
Pro substitution at residue 418. Recently, Kristensen et al. 
(9) demonstrated, using synthetic peptides and surface 
plasmon resonance (SPR) studies, that 5D2 binds to LPL’s 
Trp-rich motif, and they went on to quantify the impact of 
each amino acid residue in the Trp-rich loop for 5D2 bind-
ing affinity.

Abstract  For three decades, the LPL–specific monoclonal 
antibody 5D2 has been used to investigate LPL structure/
function and intravascular lipolysis. 5D2 has been used to 
measure LPL levels, block the triglyceride hydrolase activity 
of LPL, and prevent the propensity of concentrated LPL 
preparations to form homodimers. Two early studies on the 
location of the 5D2 epitope reached conflicting conclusions, 
but the more convincing report suggested that 5D2 binds to 
a tryptophan (Trp)-rich loop in the carboxyl terminus of 
LPL. The same loop had been implicated in lipoprotein 
binding. Using surface plasmon resonance, we showed that 
5D2 binds with high affinity to a synthetic LPL peptide con-
taining the Trp-rich loop of human (but not mouse) LPL. We 
also showed, by both fluorescence and UV resonance Raman 
spectroscopy, that the Trp-rich loop binds lipids. Finally, we 
used X-ray crystallography to solve the structure of the Trp-
rich peptide bound to a 5D2 Fab fragment. The Trp-rich 
peptide contains a short -helix, with two Trps projecting 
into the antigen recognition site.  A proline substitution in 
the -helix, found in mouse LPL, is expected to interfere 
with several hydrogen bonds, explaining why 5D2 cannot 
bind to mouse LPL.

Supplementary key words  antibodies  • lipid metabolism  • protein 
structure • triglycerides • X-ray crystallography

The LPL–specific mouse monoclonal antibody 5D2, cre-
ated by the laboratory of John Brunzell (1–3), has been a 
key reagent for investigating LPL for more than 30 years. 
5D2 was generated by immunizing mice with bovine LPL 
but binds LPL from multiple vertebrate species (including 
rat LPL but not mouse LPL) (2, 3). 5D2 was initially used to 
develop immunoassays for LPL in human plasma (1). Sub-
sequently, the epitope for 5D2 was localized to the carboxyl-
terminal domain of LPL (downstream from the larger 
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Studies using 5D2 to probe LPL structure have also had 
a topsy-turvy history. Brunzell’s laboratory reported that 
LPL could be detected with a “single antibody” sandwich 
ELISA in which 5D2 was used both to capture LPL and to 
detect the bound LPL (3). That observation led them to 
infer that LPL must be a homodimer. Additional studies 
with antibody 5D2 led them to infer that LPL’s catalytic 
activity actually depends on the assembly of LPL into ho-
modimers (3). The concept that LPL was a homodimer 
had already been proposed (10–12), but the immuno-
chemical studies by Brunzell and coworkers (3) were cru-
cial for dogmatizing this concept. The notion that LPL is 
active only as a homodimer was universally accepted (4, 
13–15), and newer discoveries in the field were invariably 
interpreted within the framework of LPL being a homodi-
mer (16, 17). In recent years, however, both of the early 
inferences from 5D2-based immunoassays—that LPL is a 
homodimer and that homodimer formation is essential for 
catalytic activity—have proven to be incorrect. Using 5D2-
based ELISAs and density gradient ultracentrifugation 
studies, Beigneux et al. (18) showed that freshly secreted 
catalytically active LPL is monomeric. Detection of fresh 
LPL in a “single-antibody” 5D2 sandwich ELISA was negli-
gible, consistent with LPL being a monomer (18). The fact 
that freshly secreted LPL, as well as low concentrations of 
purified LPL, are monomeric was confirmed by highly 
standardized density gradient ultracentrifugation studies 
(18).

Subsequent small angle X-ray scattering studies and X-ray 
crystallography studies (19) revealed that purified LPL, 
when present at high protein concentrations, assumes a 
head-to-tail homodimer conformation (19). Two partner 
LPL monomers interacted reciprocally at a single site; the 
Trp-rich loop in the carboxyl terminus of one LPL mono-
mer was buried in the catalytic pocket in the N terminus of 
the partner LPL monomer (19). The same head-to-tail LPL 
dimer interactions were observed by cryo-EM in large oligo-
meric helical LPL fibrils (20). This head-to-tail homodimer 
conformation is incompatible with LPL activity, as it would 
not allow interactions of lipoproteins with the Trp-rich mo-
tif, nor would it allow triglyceride hydrolysis by the catalytic 
domain (18, 19).

The fact that 5D2 binds to LPL’s carboxyl-terminal Trp-
rich loop led Kristensen et al. (9) to predict that the bind-
ing of 5D2 to LPL would abolish the LPL–LPL interactions 
observed in the crystal structure and thereby trap LPL in a 
monomeric conformation. Indeed, purified preparations 
of LPL, even at high protein concentrations, were mono-
meric in the presence of 5D2 Fab fragments, and the mo-
nomeric LPL remained catalytically active against a soluble 
substrate (9). Thus, the field’s understanding of LPL struc-
ture had come full-circle. Older studies with 5D2 were in-
terpreted as showing that LPL is a homodimer and that 
homodimers are required for catalytic activity (3). The 
more recent studies with 5D2 revealed that catalytically ac-
tive LPL is actually monomeric (18) and that 5D2 abolishes 
LPL’s propensity for homodimer formation (9).

Now, three decades after antibody 5D2 was created, two 
issues require clarification. First, the structural basis for 

5D2 binding to the Trp-rich loop in LPL has never been 
defined, nor have there been insights into why 5D2 fails to 
bind to mouse LPL. A second issue requiring attention is 
the role of LPL’s Trp-rich loop in binding lipids. The Trp-
rich loop is clearly important for lipoprotein binding and 
triglyceride hydrolysis in the context of full-length LPL (6), 
but evidence that the Trps are directly involved in lipid 
binding has been lacking. In the current study, we investi-
gated both issues.

MATERIALS AND METHODS

Production of monoclonal antibody 5D2
The hybridoma for 5D2 was a gift from Dr. John Brunzell (Uni-

versity of Washington). The cells were adapted and cultured in a 
50:50 mixture of PFHM II (Gibco) and DMEM (Gibco) media 
containing 10% FBS (GE Healthcare), 5% l-glutamine, 5% peni-
cillin/streptomycin, and 5% sodium pyruvate. Medium from four 
T175 flasks (Corning) was harvested every 3–4 days, centrifuged 
to remove detached cells, and filtered through a 0.22 m Stericup 
filter (MilliporeSigma). Antibodies in the medium were concen-
trated by precipitation with 50% ammonium sulfate and centrifu-
gation (4,000 g for 30 min); the pellet was resuspended and 
dialyzed against 20 mM sodium phosphate buffer (pH 7.0). After 
centrifugation (4,000 g for 10 min) to remove insoluble material, 
the supernatant was loaded onto a Protein G–agarose (Sigma Al-
drich) column. The column was washed with a minimum of 10 
column volumes of 20 mM sodium phosphate buffer (pH 7.0), 
and antibodies eluted with 100 mM glycine buffer (pH 2.8). The 
eluate (containing 5D2) was immediately neutralized with 1 M 
Tris (pH 9.0). The purity of the antibody was established by SDS-
PAGE and Coomassie Blue staining; the binding of the antibody 
to human LPL was established by Western blotting. Protein con-
centration of the 5D2 antibody was determined by the Bradford 
protein assay.

Mammalian expression vectors
The complete coding sequence (including the native signal 

peptide) of human (h), mouse (m), chicken (ck), zebrafish 
(z), and frog (x) LPL were cloned in frame with a carboxyl-
terminus V5 tag into the pcDNA6/V5-His vector (Thermo 
Fisher Scientific) for expression in mammalian cells under  
a CMV promoter (21). All plasmids were sequence verified  
after cloning, and the LPL amino acid sequences started and 
ended as follows: h, NH2–MESKALLVLT..//..HDKSLNKKSG–
COOH; m, NH2–MESKALLLVV..//..CHDKSLKKSG–COOH; 
ck, NH2–MERGRGMGKT..//..SKENSAHESA–COOH; z, NH2– 
MMFNKGRVSS..//..HGSSFKQNNE–COOH; and x, NH2– 
MSSGEFLTLF..//..NEHAKKKQEW–COOH.

Western blot studies of 5D2 binding to LPL
CHO cells (5 × 106) were electroporated with an expression 

vector for V5-tagged human, mouse, chicken, zebrafish, and frog 
(Xenopus tropicalis) LPL and then seeded in a 6-well plate. On the 
next day, total cell lysates were prepared in a buffer [150 mM 
NaCl, 1.0% IPEGAL CA-630, 0.5% sodium deoxycholate, 0.1% 
SDS, 50 mM Tris (pH 8.0)]. Proteins were separated by SDS-PAGE 
and then transferred to a sheet of nitrocellulose membrane. LPL 
proteins were detected with an IRDye800-conjugated monoclonal 
antibody against the V5 tag (Thermo Fisher Scientific, 2 g/ml) 
and IRDye680-conjugated 5D2 (4 g/ml). The signal for each anti-
body was quantified with an Odyssey infrared scanner (LI-COR).
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Generating 5D2 Fab fragments
5D2 Fab fragments were prepared using the mouse IgG1 Fab 

and F(ab′)2 fragmentation kit (Thermo Fisher Scientific). Briefly, 
5D2 (8 mg/ml) was passed through a Zeba Spin desalting column 
that was preequilibrated with digestion buffer and incubated in 
the presence of 25 mM cysteine with Ficin-agarose at 37°C for 5 h 
to create Fab fragments. The Ficin-agarose was removed by cen-
trifugation and nondigested IgG1 and Fc fragments were removed 
with a Protein A-agarose spin column. Fab fragments were con-
centrated with a 3K centrifugal filter (Amicon) and further puri-
fied by size-exclusion chromatography with a Superdex 200 
10/300 column (GE Healthcare) equilibrated with PBS on an 
ÄKTA Pure HPLC (GE Healthcare) at a flow rate of 0.4 ml/min. 
The size-exclusion fractions corresponding to the Fab fragments 
were collected, pooled, and purity verified by SDS-PAGE. The 
protein concentration of the purified Fab fragments was deter-
mined with the BCA protein assay (Thermo Fisher Scientific).

The ability of purified 5D2 Fab fragments to bind to glycosylphos-
phatidylinositol-anchored HDL binding protein 1 (GPIHBP1)-
bound LPL was verified with an LPL–GPIHBP1 “co-plating 
assay” (21). RJ-1 cells (CHO pgsA-745 cells in which the ham-
ster gene for LPL had been knocked out) (5 × 105 cells) were 
electroporated with either 0.5 g of a plasmid for S-protein–
tagged versions of wild-type human GPIHBP1 or GPIHBP1-W109S. 
These cells were then mixed with RJ-1 cells (5 × 105) that had 
been electroporated with 0.5 g of a plasmid for V5-tagged hu-
man LPL and plated on coverslips in a 24-well plate. After 24 h, 
the cells were cooled on ice for 10 min and washed twice with 
PBS/Ca2+/Mg2+. Cells were then incubated with 20 g/ml 5D2 
Fab fragments in PBS/Ca2+/Mg2+ for 1 h at 4°C. A control set of 
cells was incubated with PBS/Ca2+/Mg2+. The cells were then 
washed twice with PBS/Ca2+/Mg2+ and processed for immunocy-
tochemistry. Cells were fixed with 3% paraformaldehyde (PFA) 
for 15 min, permeabilized with 0.2% Triton X-100 for 5 min, and 
blocked with 10% donkey serum in PBS/Ca2+/Mg2+ for 1 h. Cells 
were then incubated overnight at 4°C with a goat polyclonal anti-
body against the S-protein tag (Abcam, 1:800). The control set of 
cells that were not incubated with 5D2 Fab fragments were incu-
bated overnight at 4°C with a mouse monoclonal antibody against 
the V5 tag (Thermo Fisher Scientific, 1:50). Cells were then incu-
bated for 30 min with an Alexa 488-conjugated donkey anti–mouse 
IgG (LI-COR Biosciences, 1:800) and an Alexa 568-conjugated 
donkey anti–goat IgG (LI-COR Biosciences, 1:800). After wash-
ing, the cells were fixed with 3% PFA for 15 min and stained with 
DAPI to visualize DNA. Images were recorded with an LSM 700 
confocal microscope on an Axiovert 200M stand and processed 
with Zen 2010 software (all from Zeiss). The exposure conditions 
for each construct were identical. These studies (supplemental 
Fig. S1) showed binding of the 5D2 Fab fragments to GPIHBP1-
bound LPL on the surface of cells.

Assessing the impact of a serine–proline interchange at 
LPL amino acid 418 on 5D2 binding

A point mutation (p.S418P) was introduced into a V5-tagged 
human LPL expression vector with the QuikChange site-directed 
mutagenesis kit (Agilent Technologies). The primer sequences 
were: 5′–TTCATACTTCAGTTGGCCTGACTGGTGGAGCAGT–3′ 
and 5′–ACTGCTCCACCAGTCAGGCCAACTGAAGTATGAA–3′ 
[underlined nucleotides indicate the location of the missense 
mutation; bolded nucleotides show sites where several changes 
were introduced (without changing the amino acid sequence) 
to optimize oligonucleotide melting temperature]. Using the 
same methods, a p.P418S point mutation was introduced into 
an expression vector for V5-tagged mouse LPL. The primer 
sequences were: 5′–ACTCCTACTTCAGCTGGTCAGACTGGTG-
GAGCAG–3′ and 5′–CTGCTCCACCAGTCTGACCAGCTGAAG-

TAGGAGT–3′ (underlined nucleotides indicate the location of 
the missense mutation). Transfected cells were plated onto glass 
cover slips and were grown in Ham’s F-12 medium (Thermo 
Fisher Scientific) containing 2 mM l-glutamine and 10% (v/v) 
FBS (HyClone). After 24 h, cells were washed three times (10 min 
each) with PBS/Ca2+/Mg2+ and fixed for 15 min in PBS/Ca2+/
Mg2+ containing 3% (w/v) PFA. Cells were permeabilized with 
0.2% Triton X-100 in PBS/Ca2+/Mg2+ for 5 min. After blocking 
with 10% donkey serum in PBS/Ca2+/Mg2+ for 1 h, cells were in-
cubated for 1 h at room temperature with an Alexa 647-conju-
gated antibody against the V5 tag (11.6 g/ml) and Alexa 
488–5D2 (20 g/ml) in PBS/Ca2+/Mg2+ containing 3% donkey 
serum and 0.2% Triton X-100. After washing three times in PBS/
Ca2+/Mg2+ (10 min each), cells were fixed with 3% (w/v) PFA in 
PBS/Ca2+/Mg2+ for 15 min and then stained with 10 g/ml DAPI 
in PBS/Ca2+/Mg2+ for 5 min. Cells were then rinsed with PBS/
Ca2+/Mg2+ three times and mounted with ProLong gold antifade 
mounting media (Thermo Fisher Scientific). Images were re-
corded with an LSM700 confocal fluorescence microscope (Zeiss) 
and processed with Zen 2010 software (Zeiss).

Analysis of 5D2–LPL binding by SPR
To define the species selectivity of 5D2, we used a Biacore T200 

(GE Healthcare) to measure the real-time binding kinetics of syn-
thetic 14-mer LPL peptides spanning the Trp-rich lipid-binding 
sequences from six vertebrate species. We immobilized 5D2  
(5 g/ml in 10 mM NaOAc, pH 5.0) on a CM5 sensor chip 
(GE Healthcare) with N-hydroxysuccinimide and N-ethyl-N-(3-
(diethylamino)propyl)-carbodiimide, which yielded a surface 
density of 1,548 resonance units (RU), corresponding to 10.3 
fmol of 5D2/mm2. Kinetic rate constants for the LPL synthetic 
peptides were determined with single-cycle protocols (22); five 
2-fold dilutions of the peptide were injected for 200 s without in-
tervening regeneration and followed by a dissociation phase of 
2,500 s. Interactions were measured at 40 l/min in 10 mM 
HEPES, 150 mM NaCl, 3 mM EDTA, and 0.05% (v/v) surfactant 
P-20 at pH 7.4 at 20°C. Two consecutive injections with 10 l of 20 
mM H3PO4 at the end of each single cycle were used to regenerate 
the chip. Double blank-referenced data were fit by nonlinear re-
gression to a simple bimolecular interaction model with Biacore 
T200 Evaluation 3.0 software (22). Association (kon) and dissocia-
tion (koff) rate constants, the KD (koff/kon), as well as the binding 
capacity (Rmax) were generated assuming pseudo first-order reac-
tion conditions.

Crystallization of 5D2 Fab with and without an LPL peptide
The apo 5D2 Fab (13 mg/ml) was crystallized in the space 

group C2 at 18°C by vapor diffusion by mixing 0.1 l of protein 
with 0.1 l of reservoir solution containing 100 mM 2-(N-morpho-
lino) ethanesulfonic acid (pH 6.5), 150 mM ammonium sulfate, 
and 20–24% PEG 4000. The LPL14 peptide (human LPL residues 
410–423; KSDSYFSWSDWWSS) was synthesized and purified 
(Tufts University Core Facility). A complex of LPL14 and 5D2 Fab 
was formed by mixing the peptide (10 mM in DMSO) and 5D2 
Fab at a 2:1 molar ratio. Crystals in the space group P21 were 
grown by vapor diffusion at 18°C using a well solution containing 
16–22% PEG 3350 and 250 mM sodium thiocyanate. Apo and 
Fab–LPL14 crystals were cryocooled by immersion in liquid nitro-
gen after a brief soak in the crystallization solutions supplemented 
with 25% ethylene glycol.

Data collection, structure determination, and refinement
X-ray diffraction data were collected on the Apo 5D2 Fab crys-

tal to a maximum resolution of 2.25 Å at synchrotron beamline 
I24 at Diamond Light Source (Dicot, UK). Strong anisotropy and 
elongated diffraction spots limited the effective resolution to 2.85 Å. 
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The dataset was processed with XDS (23) and Staraniso (24) in 
the AutoPROC suite (25) in space group C2. The structure was 
solved by molecular replacement using Phaser (26) with Protein 
Data Bank identification number (PDB ID) 5D8J (27) as the 
search model. The asymmetric unit contained one copy of 5D2 
Fab, and the structure was refined using Phenix (28) to an Rwork 
and Rfree of 25.3% and 30.8%, respectively.

Data for the 5D2 Fab–LPL14 complex was collected at the 17-
ID-1 beamline at NSLS II (Brookhaven National Laboratory, NY). 
After analyzing a single crystal by rastering, X-ray diffraction data 
to 2.74 Å were collected along a screw axis and processed in space 
group P21 with HKL2000 (29). Using Phaser (26), the first of two 
Fab molecules in the asymmetric unit was found by molecular re-
placement using the structure of the apo 5D2 Fab as the model. 
Two of the IgG domains of the second copy were placed in a sub-
sequent round of molecular replacement with the first solution 
fixed. However, due to the difference in elbow angles, the remain-
ing two Ig domains did not fit the electron density map. Attempts 
to identify a molecular replacement solution for the remaining 
two Ig domains (constant) using Phaser and MolRep (30) failed, 
possibly due to weaker electron density for these domains. As den-
sity for several -strands was apparent in the electron density 
maps, Buccaneer (31) was used to autobuild several -strand frag-
ments into the electron density map. The complete structural 
model was built using COOT (32) and refined with REFMAC5 
(33) at 2.71 Å resolution to an Rwork of 20.8% and an Rfree of 
24.3% (Table 2). Validation of the models was carried out using 
MolProbity (34).

Preparation of small unilamellar vesicles
To generate small unilamellar vesicles (SUVs), a 25 mg ali-

quot of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC from 
Avanti Polar Lipids) dissolved in chloroform was dried under ni-
trogen gas for at least 4 h. The dried lipid was resuspended in 5 ml 
of 20 mM potassium phosphate (KPi) buffer (pH 8.0), yielding a 
lipid concentration of 5 mg/ml. The lipid solution was sonicated 
with an ultrasonic microtip probe at 50% duty cycle with 30% 
maximum amplitude for 30 min. The SUVs (50 nm diameter) 
were passed through a 0.22 m filter and equilibrated overnight 
at 40°C before use in experiments. A 5 mg/ml solution served as 
the stock SUV solution and was further diluted for experiments.

Samples for optical spectroscopy
LPL14 peptide was dissolved in 20 mM KPi buffer at pH 8.0 to 

create solutions of 10 M peptide in the absence and presence of 
1 mg/ml SUVs; the total volume of each sample was 3.6 ml. Sam-
ple solutions of the model compound N-acetyl tryptophanamide 
(NATA) were also prepared. These NATA solutions contained 30 
M NATA in KPi buffer (pH 8.0) in the presence and absence of 
1 mg/ml SUVs. A blank solution of 1 mg/ml SUVs in KPi buffer 
was also generated. This SUV-only solution was used for back-
ground subtraction of the absorbance, fluorescence, and UV reso-
nance Raman (UVRR) spectra. All samples containing SUVs 
(peptide + SUVs, NATA + SUVs, and SUVs-only) were allowed to 
equilibrate at 37°C for at least 1 h prior to collection of measure-
ments. Peptide and NATA samples that did not contain SUVs 
were incubated at room temperature for at least 30 min prior to 
measurements. All reagents (NATA and buffer salts) were pur-
chased from Sigma-Aldrich and Thermo Fisher Scientific.

UV-Vis absorption spectroscopy
The absorption spectra of LPL14 and NATA samples were ac-

quired using an Agilent 8453 UV-Visible absorption spectrometer. 
The absorption features from LPL14 and NATA were isolated by 
subtraction of an SUV-only spectrum from the raw spectra of pep-

tide and NATA. The concentrations were determined using the 
280 nm molar absorption coefficient, 280, for Trp (5,500 M–1cm–1) 
and tyrosine (1,490 M–1cm–1) (35) The calculated value of 280 for 
LPL14 was 17,990 M–1cm–1 based on the presence of one tyrosine 
and three Trp residues. All absorption spectra were acquired using 
a 1 cm path length.

Steady-state fluorescence spectroscopy
The fluorescence spectra were acquired using a Jobin Yvon-

SPEX Fluorolog FL3-11 spectrofluorometer (Horiba). All samples 
were held in a quartz cuvette sealed with a Teflon cap and main-
tained at 37°C during collection of the spectra. The samples were 
excited with 290 nm light along the 2 mm path, and emission was 
collected along the 10 mm path from 305 to 550 nm. The excita-
tion and emission bandpasses were set to 2 nm. Spectra were col-
lected at 1 nm increments with 0.8 s integration time. Fluorescence 
spectra of SUV-only and buffer-only samples were also collected, 
and these background spectra were subtracted from the raw fluo-
rescence spectra of peptide and NATA to eliminate signal from 
buffer and SUV scattering.

UVRR spectroscopy
The UVRR Ti:Sapphire laser apparatus has been described pre-

viously (36). UVRR spectra of LPL14 and NATA were acquired 
with a 228 nm UV excitation beam. The concentrations of LPL14 
were 11 M and 9 M in the presence and absence of SUVs, re-
spectively. NATA concentrations were 33 M and 32 M in the 
presence and absence of SUVs, respectively. To isolate signal from 
LPL14 and NATA, UVRR spectra of SUVs-only and buffer-only 
were also acquired and subtracted to remove contributions from 
vesicle and buffer scattering. All UVRR spectra were collected for 
20 min. The UV power at the sample was 1.2 mW and the flow rate 
was set to 0.16 ml/min to ensure fresh sample with each laser 
pulse and avoid sample degradation.

Peptide folding
The LPL14 peptide sequence was submitted to the PEP-

FOLD3 server (http://bioserv.rpbs.univ-paris-diderot.fr/services/
PEP-FOLD3/) using default parameters (number of simulations = 
100; sort by sOPEP). The top five models were superimposed 
by secondary structure matching (37) and analyzed in COOT 
(32).

RESULTS

Binding of 5D2 to LPL
We analyzed, by SPR, the binding affinity of immobi-

lized 5D2 to LPL14 and 14-mer peptides corresponding 
to the same Trp-rich loop in mouse, bovine, rat, chicken, 
and megabat (“flying fox,” Pteropus vampyrus) LPL. The 
binding affinity of 5D2 to the human and bovine LPL 
peptides was very high (KD of 0.19 and 0.78 nM, respec-
tively) (Table 1, Fig. 1). The binding affinity of 5D2 for 
the chicken LPL peptide was also very high, despite the 
fact that 5 of 14 residues differed from the human se-
quence (Table 1). The binding affinity for the rat LPL 
peptide was modestly reduced, likely due to a Ser-to-Arg 
substitution in the Trp-rich loop (Table 1). In an earlier 
study (9), changing that serine in human LPL (Ser-416) 
to Ala reduced the binding affinity for 5D2. By SPR, 5D2 
did not bind to the Trp-rich peptide from mouse LPL, 
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where Ser-418 is replaced with a Pro (Table 1, Fig. 1). 
5D2 also did not bind to the Trp-rich LPL peptide from 
megabat (Table 1, Fig. 1), which has the same Ser-to-
Pro substitution. In earlier SPR studies (9), replacing 
Ser-418 in human LPL with Ala reduced the affinity of 
5D2 binding to a synthetic LPL peptide.

We used Western blotting to assess 5D2 binding to 
V5-tagged full-length human, mouse, chicken, zebrafish, 
and frog LPL (Fig. 2). We observed avid 5D2 binding 

(relative to the binding of a V5 antibody) to human 
LPL, but there was no binding of 5D2 to mouse, zebraf-
ish, or frog LPL (Fig. 2). All three of those species  
contain substitutions in the WSDWW motif (residues 
417–421) that is important for 5D2 binding (2, 9).  
We did detect 5D2 binding to full-length chicken LPL 
(Fig. 2), but the binding was lower than we would have 
expected from the SPR studies (Table 1, Fig. 1). This 
discrepancy suggests that the strength of 5D2 binding to 
full-length LPL differs from the LPL14 peptide. Such a 
conclusion is consistent with findings from Kristensen 
et al. (9), who observed that 5D2 binds to the properly 
folded carboxyl-terminal domain of human LPL (resi-
dues 340–475) with greater affinity than to the LPL14 
peptide.

Given that affinity of 5D2 binding to synthetic peptides 
and properly folded LPL can differ, we examined 5D2 
binding to full-length mouse and human LPL. We trans-
fected CHO cells with a V5-tagged full-length mouse LPL 
vector or with a mutant vector in which Pro-418 had been 
changed to Ser (the residue found in human LPL). By im-
munocytochemistry, 5D2 failed to bind to full-length wild-
type mouse LPL but bound avidly to the mutant mouse 
LPL with the p.Pro418Ser substitution (mLPL-P418S) 
(Fig. 3). In parallel, we tested 5D2 binding to full-length 
human LPL and a mutant human LPL containing a 
p.Ser418Pro substitution. 5D2 bound avidly to the wild-
type human LPL, but there was no binding to the mutant 
human LPL with the p.Ser418Pro substitution (hLPL-S418P) 
(Fig. 3).

Structure of the 5D2 Fab fragment bound to the human 
LPL14 peptide

We purified Fab fragments of 5D2, verified that they 
bound GPIHBP1-bound LPL (supplemental Fig. S1), and 
then used X-ray crystallography to solve the Fab structure, 
both in the presence and absence of LPL14. The structure 
revealed a typical Fab tertiary fold comprised of four Ig 
domains, two from the light chain and two from the heavy 

TABLE  1.  Species selectivity of 5D2 by SPR

Kinetic rate constants for the binding of LPL14 peptides to immobilized 5D2 (1,548 resonance units (RU), corresponding to 10.3 fmol/mm2) 
was determined by single-cycle protocols with a Biacore T200 (Fig. 1). We examined 5D2 binding to 14-amino acid peptides of multiple vertebrate 
species [human, bovine (cow), rat, mouse, chicken, and megabat (Pteropus vampyrus)]. The stoichiometry of binding represents the ratio between 
immobilized 5D2 and the calculated Rmax for analyte binding (femtomoles per square millimeter) by fitting the data to a 1:1 binding model. NA 
signifies “non-applicable” because no binding of the mouse or megabat peptides could be observed at concentrations up to 128 nM. The hot-spot 
residues for 5D2 binding to human LPL are bolded and underlined (>1,000-fold increase in KD); other important residues (>50-fold increase in KD) 
are underlined (9). Bolded red letters depict amino acid residues that differ from the human sequence.

Fig.  1.  Species selectivity of 5D2 binding to LPL peptides, as 
judged by SPR. Shown here are sensorgrams displaying the real-
time binding profile of five 14–amino acid LPL peptides to 5D2. 
The five peptides correspond to the Trp-rich loop in the LPL from 
different mammalian species. Shown here are the sensorgrams re-
corded by single-cycle kinetics for 2-fold dilutions (0.5–8 nM) of 
synthetic peptides for human LPL (cyan), cow LPL (green), and rat 
LPL (gray), along with the corresponding kinetic fits to the experi-
mental data (thin black lines). Also shown are the sensorgrams for 
mouse LPL (blue) and megabat (Pteropus vampyrus) LPL (red) mea-
sured for 2-fold dilutions spanning from 8 to 128 nM. We omitted 
the sensorgram for chicken LPL because the data were recorded at 
higher peptide concentrations, complicating direct comparisons to 
the data generated with human, bovine, and rat LPL.
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chain and contained one Fab molecule per crystallo-
graphic asymmetric unit. Indexing and scaling of diffrac-
tion images for the apo 5D2 structure were complicated 
by anisotropic diffraction and elongated spots leading to 
elevated Rwork and Rfree factors (Table 2); however, the 
electron density maps were easily interpretable and al-
lowed for an unambiguous assignment of main-chain 
and side-chain atoms. Interestingly, the electron density 
maps for the Apo 5D2 structure showed evidence for 
two conformations in the side chain of W69 of the heavy 
chain (part of the antigen binding site) (supplemental 
Fig. S2). Apart from differences in the IgG hinge angle, the 
Apo and LPL14-bound 5D2 structures were very similar; 

the variable domains superimpose with a root-mean-
square (RMS) deviation of 0.61 Å in main-chain atom po-
sitions (supplemental Fig. S3). The 5D2–LPL14 complex 
contained two molecules per crystallographic asymmet-
ric unit that were almost identical to each other, with a 
RMS deviation of 0.31 Å in main-chain atom positions 
within the variable domains. LPL14 was located in the 
canonical antigen-binding site at the interface between 
the heavy and light chains and shaped at its periphery 
by residues from the complement-determining region 
(CDR) loops (Fig. 4). The LPL14 peptide was located 
parallel to the axis of the antigen recognition site, with a 
hydrophobic face comprised of side chains from F415, 
W417, W420, and W421 oriented toward the light chain 
and a polar face (comprised of side chains from S416, 
S418, D419, and S422) oriented toward the heavy chain 
(Fig. 5). The N terminus of LPL14 arches over the top of 

Fig.  2.  Binding of 5D2 to LPL from five different vertebrate spe-
cies. A: Multiple sequence alignment of the Trp-rich loop in LPL 
from human (h), mouse (m), chicken (ck), zebrafish (z), and frog 
(Xenopus tropicalis, x). Residues highlighted in red differ from the 
human LPL sequence. B, C: CHO cells were transfected with ex-
pression vectors for V5-tag versions of hLPL (21), mLPL, ckLPL, 
zLPL, and xLPL. On the following day, total cell extracts were pre-
pared from the transfected cells for Western blot analysis (B). After 
probing the blot with an IR800-labeled anti-V5 antibody (21) and 
IRDye680-labeled 5D2 (B), the signal for each antibody was quanti-
fied with an Odyssey infrared scanner (LI-COR). The ratio of the 
5D2 signal to the V5 antibody signal was plotted in the bar graph 
shown in panel C.

Fig.  3.  Introducing a p.S418P mutation into human LPL (hLPL) 
abolished 5D2 binding, whereas introducing a p.P418S mutation 
into mouse LPL (mLPL) makes it possible for the protein to bind 
5D2. CHO cells were transfected with expression vectors for wild-
type mLPL, mLPL-P418S, wild-type hLPL, or hLPL-S418P; all LPL 
proteins contained a carboxyl-terminal V5 epitope tag. Cells were 
plated onto glass cover slips. After 24 h, cells were washed three 
times (10 min each) with PBS/Ca2+/Mg2+; fixed with 3% PFA; and 
permeabilized with 0.2% Triton X-100. Cells were then incubated 
for 1 h with an Alexa 647–conjugated antibody against the V5 tag 
(red) and Alexa 488–conjugated 5D2 (green). After washing the 
cells, they were fixed with 3% PFA, stained with DAPI (blue), and 
mounted onto slides. Images were recorded with an LSM 700 confo-
cal fluorescence microscope (Zeiss). Scale bar, 50 m.
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the heavy chain CDR-H3 loop, with the side chain of 
D412 in LPL14 folding back to form a hydrogen bond 
with the guanidinium group of the R121 side chain in the 
5D2 heavy chain. A C-terminal -helical turn in LPL14 
(residues 416–421) was nestled into the base of the anti-
gen binding site (Fig. 5).

The interaction of LPL14 with 5D2 is biased toward 
heavy chain contacts. A total of 193 intermolecular interac-
tions between LPL14 and the heavy chain were identified 
within a 4.5 Å limit by CONTACT from the CCP4 suite 
(38), whereas only 37 interactions were identified between 
LPL14 and the light chain. In addition, 454 Å2 of the pep-
tide surface area were buried by the heavy chain, whereas 
only 131 Å2 were buried by the light chain, as determined 
by the PISA server (39). Electron densities for LPL14 resi-
dues K410, S411, and S423 were absent and were not in-
cluded in the model.

W417 and W421 of LPL14 (within the -helical turn) ex-
tend into a cleft in the antigen-recognition site, with the 
LPL14 side chains forming edge-to-face -stacking interac-
tions with light chain W112 (Fig. 6) and additional hydro-
phobic interactions with the side chains of H54, W69, and 
H118 of the heavy chain (Fig. 6) and L117 of the light 

chain. The indole nitrogen of LPL W417 forms a hydrogen 
bond with the main-chain carbonyl of heavy chain N122, 
and the indole nitrogen of LPL W421 forms a hydrogen 
bond with the backbone carbonyl of W112 of the light 
chain (Fig. 5). S418 in LPL14 is located within the -helical 
turn of the peptide (Fig. 6), and both the main-chain nitro-
gen and side-chain hydroxyl are within hydrogen bonding 
distance of the side-chain carboxylate of heavy chain D120 
(Fig. 5).

Finding a short -helix in LPL14 was in line with predic-
tions regarding the structure of the peptide. We submitted 
the sequence of the LPL14 peptide to the PEP-FOLD3 
server (40), and five models were returned. All five had an 
N-terminal region of undefined secondary structure and a 
carboxyl-terminal -helix similar to that observed in the 
LPL14–5D2 crystal structure (supplemental Fig. S4). The 
top model was very similar to the crystal structure, with an 
RMS deviation for backbone atoms of residues in the 
-helical region (residues 416–421) of 0.13 Å (supplemen-
tal Fig. S4). While the side chains of F415, W417, and W421 
were observed as different conformers in the crystal structure 
and the PEP-FOLD3 models, the- carbons were nearly 
identical.

TABLE  2.  Data collection and refinement statistics

5D2 5D2-LPL

PDB ID 6WT3 6WN4
Wavelength (Å) 0.9686 0.9201
Beamline DLS, I24 NSLS2, 17-ID-1
Detector Pilatus3 6M Eiger 9M
Space group C2 P21
Cell dimensions
  a, b, c (Å) 138.7, 37.1, 107.9 51.5, 67.6, 129.7
  , , , (°) 90, 126.2, 90 90, 94.4, 90
Resolution (Å) 43.56 – 2.85 (2.91 – 2.85) 29.17 – 2.74 (2.84 – 2.74)
Observed reflections 29,666 120,125
Unique reflections 10,492 23,348
Completeness (%) 97.7 (80.3) 99.3 (93.7)
Redundancy 3.7 (3.6) 5.2 (5.1)
Overall <I/(I)> 2.8 (2.1) 10.4 (1.9)
CC1/2 0.976 (0.617) 0.995 (0.729)
Rpim (%)a 11.6 (40.7) 5.7 (33.0)
Rwork/Rfree

b (%) 25.3/30.8 20.8/24.3
Bond lengthsc (Å) 0.003 0.003
Bond anglesc (°) 0.689 1.263
Ramachandran plot (%) 

favored/allowed/outliers
90.0/9.3/0.7 96.0/3.7/0.3

Values in parentheses are for the highest resolution shell. The coordinates for APO 5D2 (PDB ID 6WT3) and 
5D2-LPL11 (PDB ID 6WN4) have been deposited in the PDB.

a 1

1
pim

I I
R

n I

−
=

−
∑
∑

 

Where I is the observed integrated intensity, <I> is the average integrated intensity obtained from multiple 
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Fo and Fc are the observed and calculated structure factors, respectively, and k is a scaling factor. The summation 
is over all measurements. Rfree is calculated as Rwork using 5% of the reflections chosen randomly and omitted from 
the refinement calculations.

c Bond lengths and angles are RMS deviations from ideal values.
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There are eight atom pairs in LPL14 and 5D2 common 
to both molecules in the asymmetric unit that are within 
hydrogen bonding distance of each other (supplemental 
Table S1). Of the polar atoms within hydrogen bonding 
distance, only one pair is found between the LPL peptide 
and the light chain (LPL W421 indole nitrogen with light 
chain W112 carbonyl). One pair includes LPL14 main 
chain atoms and 5D2 side chain atoms, and three pairs in-
clude LPL14 side chain atoms and 5D2 main chain atoms. 
There is one hydrogen bond between backbone atoms of 

both chains—heavy chain D120 carbonyl oxygen to LPL 
W417 amide nitrogen. The remaining three potential hy-
drogen bonds are found between pairs of side chain atoms. 
The network of hydrogen bonds extends across the span of 
the peptide that was visualized, with the exception of 
LPL14 residues Y414, D419, and W420 (where the side 
chains point away from the binding site) and F415 (which 
cannot form a side-chain hydrogen bond). Of note, frame-
work residue I52 of the heavy chain, which is present in 
only 0.74% of Kabat database IgG sequences (www.bioinf.
org.uk/abs/seqtest.html), forms extensive van der Waals 
contacts with several LPL14 residues (W417, S418, W421) 
(Fig. 6). Electron densities for LPL residues K410, S411, 
and S423 were absent, suggesting that they are not particu-
larly important for 5D2 binding.

Earlier SPR studies found that converting F415, W417, 
or W421 to an Ala reduced 5D2 binding affinity by more 
than three orders of magnitude (9). All three aromatic side 
chains contribute significantly to both the intermolecular 
hydrophobic packing interactions in the antigen recogni-
tion site (Figs. 5, 6) as well as to intramolecular hydropho-
bic packing that shapes the aromatic face of the peptide. In 
the same SPR study (9), changing LPL S418 or W420 to Ala 
decreased binding by 50-fold. The p.Ser418Ala substitution 

Fig.  4.  The crystal structure of the 5D2 Fab–LPL14 complex. 
-Helices are depicted as coils; -strands are depicted as arrows. Heavy 
chain, purple; light chain, khaki. The LPL14 peptide (KSDSYFSW
SDWWSS) is green. This figure was generated using Povscript+ (48) 
and ray-traced with POVRAY (http://www.povray.com).

Fig.  5.  Antigen binding site of the 5D2 Fab fragment (heavy 
chain, purple; light chain, khaki) showing hydrogen bonds (dashed 
cyan lines) between the Fab fragment and the LPL14 peptide (de-
picted as sticks and colored by atom; C, colored according to chain; 
O, red; N, blue). The side chains of LPL residues D412, S413, and 
S416 in the unstructured region of LPL14 and S418 in the -helical 
region form a polar interface that is oriented toward the heavy 
chain (purple ribbons). The N-terminal region of the LPL14 pep-
tide points out of the antigen binding site and arches over the CDR-
H3 loop, with LPL D412 forming a hydrogen bond with the R121 
side-chain guanidinium of the heavy chain. N1 in the five-mem-
bered pyrrole ring of W417 and W421 forms hydrogen bonds with 
the main chain carbonyl groups of N122 (heavy chain) and W112 
(light chain), respectively.
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would eliminate a hydrogen bond between the side-chain 
hydroxyl of Ser-418 and the side-chain carboxylate of heavy 
chain D120 (Fig. 5). The W420A substitution would elimi-
nate hydrophobic packing with the phenyl group of F415.

The conformation of the peptide itself appears to be sta-
bilized by a network of hydrogen bonds, which are con-
served between the two copies in the asymmetric unit, 
except for that formed with the main-chain carbonyl atom 
of Ser-418 (supplemental Table S2). The carboxyl-terminal 
-helical turn is stabilized by main-chain hydrogen bonds 
formed between residues S416 and W420 and between 
W417 and W421. Our experiments demonstrated that 5D2 
does not bind to mouse LPL (which contains a Pro at 
residue 418 rather than a Ser), either in the context of the 
14-mer synthetic LPL peptide or full-length LPL (Figs. 1, 3). 
Also, when Ser-418 in human LPL is replaced with a Pro, 
the binding of 5D2 is abolished (Fig. 3). These observa-
tions are explained by our crystal structure. Both the back-
bone nitrogen and side-chain hydroxyl of Ser-418 in human 
LPL14 are within hydrogen bonding distance of the side-

chain carboxylate of heavy chain D120 (Fig. 5). Substitu-
tion of Ser-418 with a Pro would eliminate crucial hydrogen 
bonds and introduce a hydrophobic side chain, which 
would clash with the side chain of D120. Also, the side-
chain hydroxyl of Ser-418 is within hydrogen bonding 
distance to the side-chain hydroxyl of Ser-416, thereby con-
tributing to the internal order of the bound LPL14 struc-
ture (Fig. 5). While the Pro at residue 418 interferes with 
5D2 binding, there is no reason to suspect that it would 
interfere with the role of the Trp-rich loop in enzyme func-
tion. Interestingly, the PEP-FOLD3 server (40) predicted a 
short -helix in the mouse 14-mer LPL peptide, with one 
side enriched in hydrophobic amino acids (similar to the 
crystal structure and the PEP-FOLD3 prediction for human 
LPL14) (supplemental Fig. S5).

The Trp-rich 5D2 peptide (LPL14) interacts directly with 
lipids

Spectroscopy revealed Trp–lipid interactions between 
LPL14 and SUV bilayers. The absorption spectrum of 
LPL14 at 250–320 nm primarily reflects LPL14’s three Trp 
residues. In the presence of SUVs, the absorption spectrum 
exhibited a 1 nm red shift from 280 to 281 nm, relative to 
LPL14 in buffer (Fig. 7). This shift was only observed in 
LPL14, and not the model Trp compound NATA. This 1 nm 
shift for LPL14 indicates that the Trp residue(s) are in a 
more hydrophobic environment in the presence of SUVs 
(41). This change in environment from aqueous to lipid 
bilayer is corroborated by fluorescence spectra. The Trp 
residues in LPL14 exhibited a fluorescence maximum at 
358 nm in buffer and shifted to 347 nm in the presence of 
SUVs, and there was a concomitant increase in the fluores-
cence intensity (i.e., quantum yield) (Fig. 8). This 11 nm 

Fig.  6.  Hydrophobic interactions of LPL14 residues F415, W417, 
S418, W421, and S422 (green) with the 5D2 Fab (heavy chain, pur-
ple; light chain, khaki). Side chains are represented as sticks and 
colored by atom (O, red; N, blue; C, colored according to chain). 
The LPL14 peptide is oriented parallel to the axis of antibody bind-
ing. The side chains of F415, W417, S418, and W421 are directed 
toward the antigen binding site and make hydrophobic contacts 
predominantly with the 5D2 heavy chain. LPL-S418 makes a hydro-
phobic contact with W69 and Y71 of the heavy chain, and LPL-S422 
interacts with heavy chain K78. There is a minor interaction be-
tween LPL W421 and N115 of the light chain. W112 of the light 
chain interacts with LPL W421 and W417. L117 of the light chain 
also interacts with LPL W421. The side chain of I52 forms hydro-
phobic interactions with the side chains of LPL W417 and W421.

Fig.  7.  Absorption spectra of LPL14 in buffer with and without 
SUVs. Also included are spectra of the model compound NATA in 
buffer with and without SUVs. Spectra were normalized to equal 
absorbance at the peak wavelengths of 280 or 281 nm. The spectra 
of NATA with and without SUVs overlap. Concentrations for LPL14 
were 9 M (buffer) and 11 M (SUVs); concentrations for NATA 
were 32 M (buffer) and 33 M (SUVs). The cuvette pathlength 
was 1 cm. The 1 nm shift in absorption maximum from 280 to 281 
nm for LPL14 in the presence of SUVs is consistent with interaction 
of LPL14 with the lipid bilayer.
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blue shift and increase in the quantum yield upon incuba-
tion with SUVs indicates that the Trp residues are in a more 
hydrophobic lipid environment (42).

Vibrational spectroscopy in the form of UVRR sup-
ported the absorption and fluorescence findings. UVRR 
is an ideal tool because excitation at 228 nm enhances 
the signal from Trp without obfuscation from other resi-
dues or buffer. The UVRR bands reflect different prop-
erties of the indole side chain. The Trp W7 Fermi doublet 
band at 1,300–1,400 cm–1 is particularly informative be-
cause it is a sensitive marker for local hydrophobicity, 
and the ratio of the peak intensities of 1,366–1,345 cm–1 
(RFD) increases when Trp is in a hydrophobic environ-
ment (36). The RFD value for LPL14 in the presence of 
SUVs is 1.6, which is significantly larger than the values 
in buffer and for NATA (Fig. 9). This finding supports 
the notion that the Trp residue(s) in LPL14 directly in-
teract with the more hydrophobic environment of the 
lipid bilayer.

DISCUSSION

We defined the structure of 5D2 bound to a 14-mer pep-
tide (LPL14) corresponding to the Trp-rich loop within 
the carboxyl terminus of human LPL. Eleven of the 14 LPL 
residues were identified in the electron density map. The 
carboxyl-terminal portion of the peptide formed a short 
amphipathic -helix that was positioned in the cleft of the 
antigen recognition site, with the hydrophobic face (three  

tryptophans and a phenylalanine) oriented toward the 
light chain and a polar face (three serines and an aspartic 
acid) pointing toward the heavy chain. In our crystal struc-
ture, a short -helix was observed in the LPL14 peptide 
bound to 5D2. However, at this point, it is unclear whether 
this -helix is an invariant feature in native LPL or whether 
it simply represents one of several transient conformations 
that is detected and then trapped by 5D2 binding. Favoring 
the latter possibility is the observation that this segment in 
native LPL (specifically, the peptide FSWSNW) is not pro-
tected from deuterium uptake in hydrogen–deuterium  
exchange studies unless the LPL is bound to Fab 5D2 (9). 
If the -helical conformation were an invariant feature of 

Fig.  8.  Fluorescence spectra of Trp residues in LPL14 in buffer 
with and without SUVs, and the model compound NATA in buffer 
with and without SUVs. Spectra were normalized to concentrations 
of LPL14 (9 M in buffer; 11 M in the presence of SUVs), and for 
NATA (32 M in buffer; 33 M in the presence of SUVs). The excita-
tion wavelength was 290 nm and was incident on a 0.2 cm pathlength 
of the cuvette; the emission was collected from 305 to 550 nm along 
the 1 cm pathlength. The wavelengths of maximum emissions are 
indicated. The spectra of NATA with SUVs (emission maximum 359 
nm) and without SUVs (emission maximum 360) overlap com-
pletely. The 11 nm shift from 358 to 347 nm and increase in quan-
tum yield of the Trp fluorescence spectrum of LPL14 in the presence 
of SUVs indicates that the Trp residue(s) are transferred to the more 
hydrophobic environment of the bilayer in the presence of SUVs.

Fig.  9.   UVRR spectra of Trp residues in LPL14 in buffer with (A) 
and without SUVS (B) and model compound NATA in buffer with 
(C) and without SUVs (D). Spectra were normalized to match the 
intensity of the W16 band. Concentrations for LPL14 were 9 M (in 
buffer) and 11 M (with SUVs), and for NATA were 32 M (in buf-
fer) and 33 M (with SUVs). The excitation wavelength was 228 nm 
(1.2 mW at the sample). Data were collected for 20 min for each 
spectrum. Prominent Trp UVRR peaks, including their energies, 
are labeled. Expanded view of the Fermi doublet region from 1,300 
to 1,400 cm–1 and the calculated ratio (RFD) of the 1,366 to 1,345 
cm–1 bands are shown above each spectrum. Gaussian fits to the 
doublet are shown as red and blue curves, and the sum of the Gauss-
ians is shown as the dashed overlay. The high value of RFD = 1.6 for 
LPL14 in the presence of SUVs indicates the Trp residue(s) interact 
with the bilayer.
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native LPL, we would have expected to find that the back-
bone LPL amide hydrogens were protected from deuterium 
uptake (even in the absence of bound 5D2). The Trp-rich 
loop in full-length LPL was visualized in a recent cryo-EM 
LPL structure (20) and appeared to show an -helical con-
formation. However, that conformation was presumably a 
consequence of the repetitive head-to-tail homodimer LPL 
configuration in the cryo-EM structure, where the Trp-rich 
loop is buried in the catalytic pocket of a partner LPL mol-
ecule. In our X-ray crystal structure of the LPL–GPIHBP1 
complex (19), LPL’s Trp-rich loop was also buried in the 
catalytic pocket of a partner LPL molecule and not clearly 
visualized. In considering the latter structure, there is little 
reason to believe that GPIHBP1 binding would have 
changed conformation of the LPL’s Trp-rich loop, simply 
because the Trp-rich loop and the binding site for GPI-
HBP1 are located on opposite sides of the LPL molecule 
(19). 5D2 binds avidly to GPIHBP1-bound LPL, as shown 
in earlier studies (9, 43) and in supplemental Fig. S1 of the 
current study.

Our studies demonstrated that LPL’s Trp-rich loop is 
a crucial part of the 5D2 epitope, but it is possible that 
other LPL sequences influence, either directly or indi-
rectly, the strength of 5D2 binding. First, by SPR, 5D2 
bound with higher affinity to the carboxyl-terminal re-
gion of human LPL (residues 340–475) than to the 
LPL14 synthetic peptide (9). Second, by SPR, the KD for 
5D2 binding to the human and chicken 14-mer peptides 
was similar, but by Western blotting, 5D2 binds more 
avidly to full-length human LPL than to full-length chicken 
LPL.

Studies by Williams et al. (7) revealed that mutating 
W420 and W421 in the carboxyl terminus of LPL mark-
edly reduced LPL’s ability to bind lipoproteins. Subse-
quent studies by Lookene et al. (6) revealed that mutating 
W420 and W421 markedly reduced triglyceride hydroly-
sis, suggesting that the Trps were either directly involved 
in binding lipids or that the Trp mutations had simply 
disrupted LPL conformation. Our current studies sup-
port the former possibility. When we incubated LPL14 
with SUVs, the peak emission spectra by fluorescence 
spectroscopy shifted from 358 to 347 nm, whereas no 
shift occurred when SUVs were added to the model com-
pound NATA. These findings implied direct interactions 
of the hydrophobic Trp-rich loop with lipids, which is 
consistent with the fact that Trps often participate in the 
binding of proteins to membrane bilayers (44). More-
over, UVRR spectra indicated that the Trps in LPL14 in-
teracted directly with lipids. The hydrophobicity of LPL’s 
Trp-rich loop also underlies the propensity of LPL, at 
high concentrations, to form head-to-tail homodimers 
(19). In those homodimers, the interaction of the Trp-
rich loop with the catalytic pocket shields the hydropho-
bic Trps from the aqueous environment (19). The 
binding of 5D2 to LPL also shields the Trp-rich loop and 
thereby prevents the formation of homodimers (9).

5D2 was generated by immunizing laboratory mice 
(Mus musculus) with bovine LPL. For that reason, it is not 
particularly surprising that 5D2 does not detect mouse 

LPL. Studies of 5D2 binding to LPL peptides indicated 
that the substitution of a Pro for Ser in the Trp-rich loop 
of mouse LPL played a role in the absence of 5D2 bind-
ing to mouse LPL (2), but it was not clear that this substi-
tution was solely responsible, particularly in the setting of 
full-length LPL. Our studies settled that issue. When Pro-
418 in full-length mouse LPL was changed to Ser, 5D2 
bound to mouse LPL avidly, and when Ser-418 in human 
LPL was replaced with Pro, 5D2 binding to human LPL 
was abolished. The crystal structure allowed us to make 
sense of these observations. Replacing Ser-418 with Pro 
would eliminate the hydrogen bonds and introduce a hy-
drophobic side chain, which would clash with the side 
chain of D120 of the 5D2 heavy chain. Interestingly, the 
Ser-to-Pro substitution in the Trp-rich loop of LPL is 
found in multiple mouse species (Mus pahari, Mus caroli, 
Mus spicilegus, and Mus spretus) and in the megabat (Ptero-
pus vampyrus). By SPR, there was no binding of 5D2 to a 
synthetic peptide corresponding to the Trp-rich loop 
from megabat LPL. The appearance of a Pro in the Trp-
rich loop in the megabat LPL likely appeared indepen-
dently during mammalian evolution, as phylogenetic 
analyses have revealed that bats are more closely related 
to horses than to mice or humans (45). Interestingly, 
mice and megabats are both voracious eaters, consuming 
a large percentage of their body weight each day in food, 
mainly in the form of carbohydrates. The carbohydrates 
are likely transformed into triglycerides and used for 
fuel, but plasma triglyceride levels are low in both mice 
and the megabat (46, 47). There is no reason to believe 
that the Pro in the Trp-rich loop interferes with triglycer-
ide hydrolysis. Whether the proline residue in mouse 
and megabat LPL might actually improve LPL function 
(e.g., by optimizing LPL’s capacity to bind lipids and hy-
drolyze triglycerides) is unknown.

Data availability
Data are contained in the article. If there are ques-

tions, please contact the corresponding authors, Stephen 
G. Young (e-mail: sgyoung@mednet.ucla.edu; phone: 
310-825-4934) and Gabriel Birrane (e-mail: gbirrane@
bidmc.harvard.edu; phone: 617-667-0025). As noted in 
Table 2, the coordinates for APO 5D2 (PDB ID 6WT3) 
and 5D2-LPL11 (PDB ID 6WN4) have been deposited in 
the PDB.
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