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Figures and figure supplements

The acidic domain of the endothelial membrane protein GPIHBP1 stabilizes
lipoprotein lipase activity by preventing unfolding of its catalytic domain
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Figure 1. Model of human GPIHBP1. Panel A shows a cartoon representation for glycolipid-anchored human
GPIHBP1. Predicted B-sheets are shown in cyan; acidic amino acid residues in the N-terminal domain are
highlighted by red sticks; and the consensus disulfide bonds are shown in yellow. Panel B shows a “disorder
prediction” for human GPIHBP1 sequence based on the IUPred algorithm. Locations of the six strands of the
three-fingered-fold of the LU domain are highlighted by boxes (A-F); strands predicted to form B-sheets are
colored cyan. Panel C documents the homogeneity and monomer status of purified GPIHBP1'7137/R38G (#A) and
GPIHBP13+"3VR38G (4p) by analytical size-exclusion chromatography with a Superdex HR75 column operated with
20 mM NaH,PO,4 and 150 mM NaCl (pH 7.2) and SDS-PAGE (inset). Elution positions of the calibration standards
are indicated by blue arrows: ovalbumin (43 kDa), carbonic anhydrase (29 kDa), ribonuclease (13 kDa), and
aprotenin (6.5 kDa). Panel D provides a heat map representation of the relative deuterium uptakes (relative to a
fully exchanged control) in peptic peptides from free and LPL-occupied GPIHBP1'~"3" as assessed by HDX-MS.
Deuterium uptake was measured after 10, 100, and 1000 s incubations in D,0O, and relative deuterium uptake is

Figure 1 continued on next page
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Figure 1 continued

assigned according to the color code (ranging from blue, no deuterium uptake, to red, full deuterium uptake). A
cartoon representation of the differential deuterium uptake for the LU domain between free and LPL-occupied
GPIHBP1 after a 10-s exchange is shown in panel E. Shown as sticks are the positions of Thr®®, Ser®, and Trp® in
B-strand D of GPIHBP1. Raw deuterium uptake values for peptides 1-21 and 83-109 are shown for free and LPL-
occupied GPIHBP1 (blue and red solid lines, respectively). The dashed line represents a “full deuteration” control.
GPlI, glycosylphosphatidylinositol; MS, hydrogen—deuterium exchange mass spectrometry; LU, Ly6/uPAR; SDS-
PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis

DOI: 10.7554/eLife.12095.003
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Figure 1—figure supplement 1. Constructs encoding soluble DIll-ent-hGPIHBP1'-"3V/R%G and Dill-ent-hLPL3"*%, Schematic representation of the
vectors used for Drosophila 52 cell expression of a soluble, secreted human GPIHBP1'™"®" (panel A) and the CTD?*'** of human LPL (panel B). Both

constructs use the third LU domain from human uPAR (DI11'7%-283)

enterokinase cleavage site used to excise the recombinant protein (and remove the uPAR tag) is highlighted in black. pMT and BiP represent the

as an N-terminal purification tag as described (Gardsvoll et al., 2013). The

Drosophila metallothionein promoter and secretion signals, respectively. To optimize enterokinase-mediated excision of GPIHBP1, two mutations
(DINR?®1S and GPIHBP1R38%) were introduced to silence two undesired cleavage sites for enterokinase. In the GPIHBP1 construct, the N-terminal signal
peptide and the C-terminal hydrophobic peptide required for glycolipid anchoring have been omitted.

DOI: 10.7554/eLife.12095.004
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Figure 1—figure supplement 2. Purification of recombinant soluble human GPIHBP1'"'31/R38G 4nd GPIHBP13*
131/R38G panel A shows a cation-exchange chromatography elution profile for 30 mg of purified Dlll-ent-GPIHBP1'~
131/R38G 4fter enterokinase cleavage. We used a 5 ml HiTrap SP FF column and a 35-ml linear gradient from 0 to
1.0 M NaCl in 50 mM CH3;COOH, pH 4.5. The peaks correspond to: intact GPIHBP1'-'31/R38G (4 GPIHBP13+"3V/
R38G #B), uncleaved fusion protein (#C) and the excised uPAR DI tag (#D), as judged by SDS-PAGE of reduced
and alkylated samples (panel B) and mass spectrometry (not shown). SDS-PAGE, sodium dodecyl sulfate
polyacrylamide gel electrophoresis.

DOI: 10.7554/eLife.12095.005
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Figure 1—figure supplement 3. Comparison of the dynamics in GPIHBP13*"3" and GPIHBP1'~"*" in HDX-MS
experiments. Differential deuterium uptake between intact GPIHBP1'™"3" and GPIHBP13*"3" (a truncated GPIHBP1
lacking the N-terminal acidic domain) measured by HDX-MS at 25°C is shown as a butterfly plot. Deuterium
uptake was traced for 10- (orange), 100- (black), and 1000-sec (blue). The shaded gray area corresponds to the
largest standard deviation of the data sets recorded for each peptide. Data points represent the mean of triplicate
measurements.

DOI: 10.7554/eLife.12095.006
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Figure 1—figure supplement 4. Peptide list for pepsin-treated GPIHBP1. Peptides recovered after HDX and pepsin cleavage of recombinant human
GPIHBP1 are shown as blue bars. HDX, hydrogen-deuterium exchange.
DOI: 10.7554/elife.12095.007
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Figure 2. Mapping GPIHBP1 interaction sites on LPL. Differential deuterium uptake values for free LPL and LPL occupied with intact GPIHBP
(panel A) or the acidic domain peptide GPIHBP1'* (panel B) are shown as butterfly representations. The butterfly plot in panel C compares LPL

occupied with GPIHBP1'™"3" or GPIHBP1', Due to inherent instability of LPL homodimers, the deuterium uptake was only examined at 10- (orange)
and 100-s (black) incubations. The data points represent the mean of triplicate measurements, and the shaded gray area corresponds to the largest
standard deviation in the data sets recorded for each peptide. A total of 92 peptides were recovered from LPL, and they are numbered consecutively
from the N-terminus. The sequences of the individual peptides are found in Figure 2—figure supplement 1B. The transparent red and cyan colors on
the left in panel A localize peptides to either the NTD or the CTD domains of LPL, respectively. Panel D shows a cartoon representation of human LPL.
Two regions having the most pronounced changes in deuterium uptake with GPIHBP1 binding are highlighted in green (residues 279-293) and blue

(residues 402-419); basic residues are shown as sticks. CTD, C-terminal domain; LPL, lipoprotein lipase; NTD, N-terminal domain.

DOI: 10.7554/eLife.12095.008
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Peptide Peptide
no. Start End Sequence no. Start End Sequence

* 1 1 16 DRITGGKDFRDIESKF % 47 180 195 FVDVLHTFTRGSPGRS

B * 2 9 16 FRDIESKF % 48 181 195 VDVLHTFTRGSPGRS

3 16 26 FALRTPEDTAE % 49 180 197 FVDVLHTFTRGSPGRSIG
4 17 26 ALRTPEDTAE % 50 181 197 VDVLHTFTRGSPGRSIG
5 17 27 ALRTPEDTAED % 51 185 197 HTFTRGSPGRSIG
6 17 36 ALRTPEDTAEDTCHLIPGVT 52 187 195 FTRGSPGRS

x 7 17 42 ALRTPEDTAEDTCHLIPGVTESVANC % 53 187 197 FTRGSPGRSIG
8 27 36 DTCHLPGVT % 54 180 219 FVDVLHTFTRGSPGRSIGIQKPVGHVDIYPNGGTFQPGCN
9 27 37 DTCHLPGVTE % 55 181 219 VDWU QPGCN
10 27 38 DTCHLIPGVTES % 56 185 219 HTFTRGSPGRSIGIQKPVGHVDIYPNGGTFQPGCN

* 11 27 40 DTCHLIPGVTESVA % 57 187 219 FTRGSPGRSIGIQKPVGHVDIYPNGGTFQPGCN
12 27 42 DTCHLIPGVTESVANC * 58 196 219 IGIQKPVGHVDIYPNGGTFQPGCN
13 51 62 FVWIHGWTVIGM * 59 198 219 IQKPVGHVDIYPNGGTFQPGCN
14 52 62 VVIHGWTVIGM 60 224 238 LRVIAERGLGDVDQL

x 15 63 72 YESWVPKLVA 61 225 237 RVIAERGLGDVDQ

* 16 63 73 YESWVPKLVAA 62 225 238 RVIAERGLGDVDQL

* 17 3 83 ALYKREPDSNV 63 227 237 IAERGLGDVDQ

* 18 75 83 YKREPDSNV 64 227 238 IAERGLGDVDQL

* 19 84 99 IVVDWLSRAQQHYPVS 65 230 238 RGLGDVDQL

* 20 83 101 VIVVDWLSRAQQHYPVSAG 66 225 249 RVIAERGLGDVDQLVKCSHERSVHL

* 21 84 101 IVVDWLSRAQQHYPVSAG 67 238 249 LVKCSHERSVHL

x 22 84 102 IVVDWLSRAQQHYPVSAGY 68 239 249 VKCSHERSVHL

x 23 86 101 VDWLSRAQQHYPVSAG % 69 256 272 NEENPSKAYRCNSKEAF
2 88 101 WLSRAQQHYPVSAG % 70 256 278 NEENPSKAYRCNSKEAFEKGLCL
25 89 101 LSRAQQHYPVSAG 71 264 272 YRCNSKEAF
26 90 101 SRAQQHYPVSAG * 72 264 275 YRCNSKEAFEKG

* 27 102 109 YTKLVGQD x 73 264 277 YRCNSKEAFEKGLC

x 28 102 113 YTKLVGQDVAKF % 74 271 278 AFEKGLCL

x 29 102 116 YTKLVGQDVAKFMNW 75 279 290 SCRKNRCNNMGY

* 30 106 113 VGQDVAKF * 76 279 293 SCRKNRCNNMGYEIN

* 31 106 116 VGQDVAKFMNW 77 290 303 YEINKVRAKRSSKM

% 32 117 130 MADEFNYPLGNVHL % 78 304 318 YLKTRSQMPYKVFHY

x 33 117 132 MADEFNYPLGNVHLLG 79 342 355 YGTVAESENIPFIL

% 3¢ 121 130 FNYPLGNVHL 80 348 355 SENIPFTL

* 35 121 132 FNYPLGNVHLLG 81 369 377 YTEVDIGEL

% 36 131 165 LGYSLGAHAAGIAGSLTNKKVNRITGLOPAGPNFE 82 378 389 LMLKLKWISDSY

% 37 133 164 YSLGAHAAGIAGSLTNKKVNRITGLDPAGPNF 83 379 389 MLKLKWISDSY

% 38 133 165 YSLGAHAAGIAGSLTNKKVNRITGLDPAGPNFE 84 380 389 LKLKWISDSY

% 30 138 165 HAAGIAGSLTNKKVNRITGLOPAGPNFE 85 383 389 KWISDSY

* 40 142 165 IAGSLTNKKVNRITGLDPAGPNFE 8 396 419 WSSPGFDIGKIRVKAGETQKKVIF

x 41 147 165 TNKKVNRITGLDPAGPNFE 87 402 419 DIGKIRVKAGETQKKVIF

% 42 159 165 PAGPNFE 88 403 419 IGKIRVKAGETQKKVIF

% 43 166 173 YAEAPSRL 89 420 427 CSREKMSY

% 44 165 179 EYAEAPSRLSPDDAD 90 420 437 CSREKMSYLQKGKSPVIF

x 45 166 179 YAEAPSRLSPDDAD 91 428 437 LQKGKSPVIF

% 46 166 180 YAEAPSRLSPDDADF 92 438 450 VKCHDKSLNRKSG

Figure 2—figure supplement 1. Peptide list for pepsin-treated bovine LPL. Panel A shows peptides recovered in
the HDX-MS studies. Peptides recovered from bovine LPL after pepsin cleavage are shown as blue bars. The CTD
is highlighted by the transparent light green box; N-linked glycosylation sites are shown (CHO); residues forming
the catalytic triad are indicated by blue asterisks; heparin-binding sequences are shown by green asterisks. Panel B
shows the inventory of 92 peptides recovered from LPL. Peptides designated with an asterisk display a bimodality
of their isotopic envelopes after a 45-min incubation in H,O-buffers followed by 10 and 100 s incubations in D,O
buffers (as illustrated for the peptic peptide 131-165 in Figure 6A). CHO, carbohydrate; CTD, C-terminal

domain; HDX-MS, hydrogen—deuterium exchange mass spectrometry; LPL, lipoprotein lipase.

DOI: 10.7554/elife.12095.009
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Figure 3. Real-time binding kinetics for the interaction between GPIHBP1 and the CTD of human LPL. Panel A
shows repeat binding of 100 nM of recombinant CTD*'**48 from human LPL to immobilized mAb 5D2 followed by
multi-cycle injections of twofold dilutions of GPIHBP1'~"3" (black lines). The green line represents a buffer control;
the blue line represents a repeat injection of 250 nM GPIHBP1 at the end of the experiment to demonstrate
reproducibility. Panel B shows equilibrium binding isotherms for the interactions between the immobilized CTD of
LPL and GPIHBP1™"3" (blue), GPIHBP13*"3 (red), and GPIHBP1'~'3""W8%S (green) with the SPR signal at 380 s in
panel A as equilibrium binding level. Panel C shows a kinetic evaluation of the double-referenced SPR data for
GPIHBP1'""3" with a global fit to a 1:1 binding model (fits shown in red). Note there is a slight decay of the
binding signal at equilibrium due to a weak ligand-induced dissociation of the CTD from mAb 5D2; this effect
translates into dissociation below baseline for the higher concentration of GPIHBP1'™"3". These effects were not
observed for GPIHBP13*'3". CTD, C-terminal domain; LPL, lipoprotein lipase; SPR, surface plasmon resonance.
DOI: 10.7554/eLife.12095.011
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Figure 4. Kinetic assessment of the GPIHBP1eLPL interaction by single-cycle titration SPR. The basic principles in
the single-cycle kinetic titration are illustrated in panel A. Initially, LPL is captured in a noncovalent fashion on the
CM4 sensor surface after a 150 s injection of 200 nM of purified LPL across the flow cell containing immobilized
mAb 5D2. After a 600 s stabilization period, a series of five 90 s pulses with increasing analyte concentration are
injected without intervening regeneration. The following concentrations of either mAb 4-1a (A), mAb 5D2 (A),
GPIHBP1'-"3" (B), or GPIHBP13* '3 (C) were analyzed: 12.5, 25, 50, 100, and 200 nM. Panels B and C shows the
buffer referenced sensorgrams recorded for GPIHBP1'"3" and GPIHBP13*'¥, respectively. The mathematical
fitting to a simple 1:1 binding model are superimposed as red lines and the residuals are shown in green. LPL,

lipoprotein lipase; SPR, surface plasmon resonance.
DOI: 10.7554/elife.12095.012
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Figure 5. Equilibrium binding constants of the GPIHBP1sLPL interaction by microscale thermophoresis. The
microscale thermophoresis signals for the interaction of LPL with 5 nM Alexa Flour-647-labeled GPIHBP1'-131/R%8G
(panel A) and GPIHBP13+131/R38G (panel B) were recorded in quadruplicates for two-fold dilution series of
unlabeled LPL, (10 pM to 350 nM). The mean values and standard deviation for the thermophoresis are shown as
well as a fitting to a 1:1 binding model (software supplied with Monolith NT.115). LPL, lipoprotein lipase.

DOI: 10.7554/eLife.12095.013
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Figure 6. Progressive unfolding of LPL as determined by HDX-MS. Panel A shows the unfolding of the catalytic domain of LPL when incubated at 25°C.
The unfolding is evident from the appearance of a bimodal isotopic envelope for the peptide 131-165, which contains Ser'* and Asp'®® of the catalytic
triad. Panel B shows the global distribution of peptides in the catalytic domain that undergo unfolding (in red). The peptide 131-165 is highlighted in
yellow. Peptides that are not exhibiting bimodal isotope envelopes are colored light blue; segments of LPL not recovered by the HDX-MS are colored
gray. The impact of GPIHBP1'™"3" and the N-terminal acidic peptide GPIHBP1'~3 on LPL unfolding is shown in panel C. In these studies, equimolar
amounts of GPIHBP1™"3" or GPIHBP1'33 (relative to the LPL,) inhibited unfolding of the NTD of LPL. The progressive unfolding of LPL was quantified
by fitting two Gaussian distributions to the isotopic envelopes of peptide 131-165 representing the folded and unfolded states (panel A) and is shown
in panel D (black circles). Unfolding at the 45-min incubation time point was measured in triplicates with and without equimolar amounts of GPIHBP1'~
131 (green circle) or GPIHBP1'"2 (red circle). The progressive loss of triolein hydrolase and esterase activities of LPL were recorded in parallel as a time-
dependent function of pre-incubating 2 uM LPL; under identical conditions and is shown by the yellow squares and blue triangles, respectively. LPL,
lipoprotein lipase; HDX-MS, hydrogen—deuterium exchange mass spectrometry; NTD, N-terminal domain

DOI: 10.7554/elife.12095.014
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Figure 7. Zero-length cross-linking of GPIHBP1'™"*" and GPIHBP1'~*3 to bovine LPL. Panel A, left shows a
Coomassie Blue—stained 12% polyacrylamide gel after SDS-PAGE analysis of reduced and alkylated samples
representing various combinations of 1.5 uM LPL, and 7 uM GPIHBP1 variants subjected to EDC cross-linking.
Lane 2 shows LPL GPIHBP1'~"®" before cross-linking. Lanes 3-6 show samples after EDC cross-linking: GPIHBP1'~
31 (lane 3); LPL (lane 4), LPL GPIHBP1'~"3" (lane 5), and LPL GPIHBP13*"3" (lane 6). The covalently bound
conjugate representing LPLéGPIHBP1'"3" is marked by an asterisk. Right panel shows a Coomassie Blue—stained
4-12% gradient polyacrylamide gel after analysis of EDC cross-linked 3 uM LPL; alone (lane 8) or in the presence
of 15 uM GPIHBP1'"* (lane 9); 15 uM GPIHBP13*"3" (lane 10); and 15 uM GPIHBP1'~"3" (lane 11). The covalent
conjugates representing LPLeGPIHBP1'~"%" and LPLeGPIHBP1'> are indicated by an asterisk and a solid dot,
respectively. Molecular weight markers are shown in lanes 1, 7 & 12. Panel B shows a model of human LPL
highlighting the cross-linking sites in GPIHBP1 that were identified by MS (asterisks). Areas that have been
assigned as potential interaction sites for GPIHBP1 by HDX-MS are shown in green (for the acidic domain of
GPIHBP1) and blue (for the LU domain of GPIHBP1). The position of the interdomain interface in LPL between the
NTD and CTD is marked by a dashed line, and three residues within this interface linked to familial

Figure 7 continued on next page
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Figure 7 continued

chylomicronemia when mutated (5259R, G409R, and E410V) are shown by gray numbers. Basic residues of the
heparin-binding site in the catalytic domain of LPL (R279, K280, R282) are shown as sticks. Note, bovine LPL
contains two additional residues compared with human LPL, for example Lys?”® in human LPL is equivalent to
Lys298 in bovine LPL. CTD, C-terminal domain; EDC, N-ethyl-N'-[3-diethylamino)propyl]-carbodiimide; HDX-MS,
hydrogen—deuterium exchange mass spectrometry; LPL, lipoprotein lipase; MS, mass spectrometry; NTD, N-
terminal domain; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis.
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Figure 7—figure supplement 1. Fragment spectra identifying EDC-mediated inter-domain cross-links in mature LPLsGPIHBP1'"*! complexes. Panel
A shows the fragment spectra produced for the EDC cross-linked peptide between residues 1-33 in GPIHBP1 and residues 295-299 (VARKR) in bovine
LPL. Panel B shows the fragment spectra produced for the cross-linked peptide between residues 1-33 in GPIHBP1 and residues 416422 (KVIFCSR) in
bovine LPL. Fragments derived from residues 1-33 of GPIHBP1 are designated (A) and peptides from LPL are designated (B). The blue peaks
correspond to y-fragment ions from either peptide; green peaks correspond to b-fragments ions from either peptide; red peaks represent unassigned
peaks; purple peaks correspond to loss of NH3 or H,O (not labeled) or ions that have undergone two fragmentation reactions. Peaks corresponding to
cross-linked peptide fragments are assigned by an x along with the two peptide fragments (e.g. DEDHxKR). EDC, N-ethyl-N’-[3-diethylamino)propyl]-
carbodiimide; LPL, lipoprotein lipase.
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Figure 7—figure supplement 2. SDS-PAGE analysis of EDC/NHS cross-linked LPLeGPIHBP1 complexes. The
cross-linking efficiencies between LPL and GPIHBP1**"3! or GPIHBP1'""*! are revealed by a Coomassie Blue—
stained 12% SDS-polyacrylamide gel. The samples were cross-linked for 4 hr by 5 mM EDC and NHS in the
following format: 3 uM LPL, alone (lane 3) or in the presence of 15 uM GPIHBP13* "3 (Jane 4) or 15 uM GPIHBP1'~
31 (lane 5). LPL without EDC/NHS is shown in lane 2. Molecular mass markers are in lane 1. The asterisk shows a
covalent LPLsGPIHBP13*"3" conjugate. Using these cross-linking conditions, we observe a low level of covalently-
linked LPL dimers (lane 3); the amount of these LPL dimers is reduced by the presence of GPIHBP13+ ™31 or
GPIHBP1'""¥" (lane 4 & lane 5), likely reflecting the engagement of LPL in interactions with these ligands.

EDC, N-ethyl-N'-[3-diethylamino)propyl]-carbodiimide; LPL, lipoprotein lipase; NHS, N-
hydroxysuccinimide; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis.
DOI: 10.7554/elife.12095.018
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