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(GPCRs) (1–3). Many physiological processes, such as cell 
growth, differentiation, survival, motility, and angiogene-
sis (3), and pathophysiological processes, such as cancer, 
cardiovascular disease, multiple sclerosis, neuropathic 
pain, and fibrosis (4, 5), involve S1P or LPA signaling. The 
S1P and LPA pathways are validated therapeutic targets; 
many drugs and pharmacological agents have been devel-
oped to modulate the activity of receptors and enzymes in 
these pathways (1, 4, 6). Many of these compounds block 
circulating S1P and LPA from binding and activating cog-
nate membrane-bound receptors.

Circulating S1P exists primarily bound to carrier mole-
cules, including HDL, LDL, and serum albumin. HDL is a 
protein-rich lipoprotein containing multiple protein con-
stituents (7) and reportedly binds 50–70% of plasma S1P, 
whereas serum albumin reportedly binds 30% or more 
(8–10). apoM represents the main protein component in 
HDL responsible for binding S1P, and the X-ray cocrystal 
structure of recombinant human apoM in complex with 
S1P has been solved (11). Human plasma contains approxi-
mately 0.9 M apoM (11, 12), where >95% of the total 
apoM occupies 5% of the HDL (apoM-HDL) and <2%  
of the LDL (apoM-LDL) in plasma (13, 14); this stoichiome-
try results in less than 1 mol of S1P per mole of HDL in hu-
man plasma (15). S1P-associated HDL stimulates cellular 
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The method described in this report uses monoclonal 
antibodies (mAbs) to compete with purified serum albu-
min or isolated lipoprotein particles for binding S1P and 
LPA in solution (see cartoon schematic in Fig. 1B). The 
production and characterization of the two humanized 
IgG1k mAbs, LT1009 and LT3015,3 which specifically rec-
ognize S1P and LPA, respectively, and the structural basis 
for lipid recognition are described elsewhere (28, 29). 
These antibodies directly compete with carrier proteins for 
binding target lipids in vitro; the equilibrium binding curve 
for LT3015 binding LPA shifts toward weaker apparent af-
finity as the concentration of fatty acid-free (FAF)-BSA is 
increased (Fig. 1C). During competition binding, the equi-
librium dissociation constants (Kd) for the antibody-lipid 
and protein-lipid interactions govern the concentration of 
antigen-free binding site on the antibody. Therefore, mea-
suring the free antibody enables the Kd for both the anti-
body (Kd1) and the serum protein (Kd2) binding S1P or 
LPA to be determined.

The Kinetic Exclusion Assay (KinExA®) is a technique 
for measuring the Kd of protein-ligand interactions through 

pathways that promote endothelial barrier function, sug-
gesting that S1P mediates the protective effects of HDL 
against atherosclerosis (16). While S1P bound apoM-HDL 
suppresses vascular inflammation, S1P delivered using albu-
min did not show this effect in vitro, suggesting divergent 
roles for S1P chaperones in maintaining the vasculature 
and other physiological processes (17, 18).

In blood, LPA also exists bound to carrier proteins, pri-
marily serum albumin (19, 20). Total LPA in plasma com-
prises several distinct species, which contain esterified fatty 
acids with varying numbers of carbon atoms and cis double 
bonds (Fig. 1A) capable of activating cognate GPCRs with 
varying potencies (21, 22). Although albumin is the most 
abundant protein in human plasma and LPA is one of 
the first bioactive lipids identified, the stoichiometry and 
mechanism of interaction between these two molecules is 
poorly understood. As with fatty acids, serum albumin has 
the capacity to bind multiple LPA molecules per protein 
molecule (23–25). Studies suggest that albumin contains 
three strong affinity long-chain fatty acid binding sites, and 
these are the same sites occupied by LPA (26, 27).

Fig. 1. Equilibrium competition binding with native lysophospholipids in solution. A: Chemical structures of the lysophospholipids used 
in this study. From top to bottom: LPA(16:0), LPA(18:0), LPA(18:1), LPA(18:2), LPA(20:4), and S1P. B: Illustration showing the components 
in the equilibrium competition binding experiments: the lysophospholipid (olive green, orange, and red; LPA or S1P), mAb (light blue; 
anti-LPA, LT3015; anti-S1P, LT1009), and chaperone protein (purple; LPA, albumin; S1P, albumin and apoM-HDL/LDL). The labels printed 
above the picture denote components that compete for LPA binding, while the labels below the picture represent components that compete 
for S1P binding. Kd1 and Kd2 are the equilibrium dissociation constants for the antibody-lipid and chaperone-lipid interactions, respectively. 
C: Albumin competes with LT3015 for binding LPA(18:1) in vitro. Overlay of four KinExA equilibrium affinity experiments with constant 
antibody (1 nM) and varying concentrations of FAF-BSA: blue 3 M, green 30 M, orange 150 M, and pink 300 M show the response 
curves shifting toward higher lipid concentrations in response to the BSA sequestering LPA(18:1). Naively fitting any of these curves would 
result in an incorrect estimation of the LT3015-LPA(18:1) Kd value.
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of PMMA beads (Sapidyne Instruments Inc.). The slurry was 
rocked for 1 h at 37°C to adsorb the conjugate onto the beads. 
After coating, the beads were blocked with 150 M Fraction V 
FAF-BSA (Calbiochem) in PBS. The concentrations of the protein 
stock solutions were determined by measuring the absorbance at 
280 nm and using an extinction coefficient of 1.4 ml/mg for 
LT1009 and LT3015 and 0.66 ml/mg for FAF-BSA and FAF-HSA 
(Sigma-Aldrich) (38–41).

S1P, LPA(16:0), LPA(18:0), LPA(18:1), and LPA(20:4) (Avanti 
Polar Lipids) and LPA(18:2) (Echelon Biosciences) were resus-
pended in methanol by repeated sonication and vortex mixing. 
The lysophospholipid concentration in each stock solution was 
determined using a colorimetric total phosphorus assay using a 
protocol from Avanti Polar Lipids, which was based on work by 
Chen, Toribara, and Huber (42) and Fiske and Subbarow (43). 
Aliquots of the resuspended lipid stocks were transferred to glass 
vials via a glass syringe and the solvent was evaporated under a dry 
argon stream.

Kinetic exclusion determination
In order to demonstrate that the experiments described below 

were conducted in the so-called “KinExA mode,” i.e., dissociation 
of antibody-lipid complexes in solution does not significantly con-
tribute to the antibody captured on the solid phase, we monitored 
the percentage of free antibody while systematically increasing 
the flow rate (32). The percentage of free antibody is calculated 
by dividing the signal (voltage) of the antibody in the presence of 
the target lipid by the signal of the antibody in the absence of the 
lipid (signal at 100% free antibody) after correcting for nonspe-
cific binding. At equilibrium, samples containing the following 
antibody/lipid/albumin concentrations yielded approximately 
50% free antibody signal at the slowest flow rate (0.25 ml/min): 
1) 10 nM LT3015, 13 nM LPA(16:0), and 13 nM FAF-BSA; 2) 10 nM 
LT3015, 65 nM LPA(20:4), and 13 nM FAF-BSA; and 3) 10 nM 
LT1009, 14 nM S1P, and 1 M FAF-BSA. As the flow rate in-
creased, the percentage of free antibody in these solutions does 
not change significantly (supplemental Fig. S1), demonstrating 
that the fraction of antibody in complex with the lipid does not 
contribute to the free antibody measurements in the equilibrium 
affinity experiments.

Serum albumin affinity experiments
Dried aliquots of S1P were resuspended in S1P running buffer 

[10 mM HEPES, 150 mM NaCl, 2.5 mM CaCl2, 0.005% polysor-
bate 20, 0.02 NaN3 (pH 7.4)] containing 100 M FAF-BSA by soni-
cation and vortex mixing to yield a 0.1 mM S1P stock solution. 
Calcium was included in the running buffer because divalent 
metal ions bridge the antibody-S1P interface and are required for 
strong affinity binding (28). A series of 2-fold S1P dilutions were 
prepared in glass vials using a glass syringe using the running buf-
fer above with 100 M FAF-BSA. For LPA experiments, dried LPA 
aliquots were resuspended in PBS containing 15 M FAF-BSA  
by sonication and vortex mixing to yield LPA stock solutions of  
0.5 mM [LPA(16:0), LPA(18:0), LPA(18:1), LPA(18:2)] or 5 mM 
[LPA(20:4)], and a series of 2-fold dilutions were prepared using 
a glass syringe with PBS plus 15 M FAF-BSA. During all these 
preparations, extra precautions were taken to minimize lipid ma-
terial loss, and the syringes were washed several times between ti-
trations to minimize lipid carry-over.

For each equilibrium affinity experiment, the antibody and se-
rum albumin concentrations were constant. For S1P experiments, 
samples containing either 1 or 10 nM LT1009 and 1 or 500 M 
FAF-BSA (dependent on experiment) in S1P running buffer were 
prepared in silanized glass tubes (Thermo Scientific). For each of 
the LPA species, samples containing either 0.5 or 10 nM LT3015 
IgG and 13 nM or 10 M FAF-BSA (dependent on experiment) in 

direct detection of the ligand-free binding sites in a sam-
ple. This technique is compatible with a variety of biologi-
cal systems and has several advantages over other methods 
(30–33). KinExA is particularly attractive to study protein-
lipid interactions because native untagged molecules bind-
ing entirely in solution can be investigated. Using modified 
(non-native) lipid molecules or covalently attaching bulky 
tags or fluorophores may significantly alter the solubility 
properties of the lipids or the mechanisms of protein rec-
ognition. To overcome these issues, we developed a label-
free method for determining the Kd for S1P and LPA 
binding carrier proteins in solution.

Using KinExA and simultaneously fitting several com-
petitive curves (competition n-curve analysis), we mea-
sured the Kd values for FAF-BSA and FAF-human serum 
albumin (HSA) binding S1P and five predominant indi-
vidual LPA species: palmitic (16:0), stearic (18:0), oleic 
(18:1), linoleic (18:2), and arachidonic (20:4). Because 
only the Kd value for LPA(18:1) binding albumin has been 
reported (34, 35), we were encouraged to measure the Kd 
values for other biologically active LPA species to investi-
gate whether LPA species with different numbers of carbon 
atoms or unsaturated bonds in the acyl chain show differ-
ent affinities for serum albumin. Indeed, we observed an 
70-fold difference in Kd values between LPA(16:0) and 
LPA(20:4) binding FAF-HSA. We also used this method, 
along with a published apoM ELISA (36), to investigate 
S1P binding apoM in the context of isolated human HDL 
and LDL particles. Sevvana et al. (37) showed that S1P 
quenched the intrinsic fluorescence of purified recombi-
nant human apoM with an IC50 value of 0.9 M. This value 
is 45-fold and 375-fold higher (weaker binding) than 
the Kd values reported here for S1P binding to apoM-HDL 
and apoM-LDL, respectively. In addition, S1P appears to 
bind apoM-LDL with significantly stronger affinity com-
pared with apoM-HDL, suggesting mechanistic differences 
in the apoM-S1P interaction between these lipoprotein 
particles. Finally, the Kd values for LT1009 and LT3015 
binding their cognate lipid antigens absent the effects of 
the carrier proteins used to deliver the lipids have been 
determined. The use of carrier proteins to deliver lyso-
phospholipids is ubiquitous in lipid research. Here, we 
demonstrate that the binding affinities of certain carrier 
proteins (or chaperones) for S1P or LPA are significant, 
and these interactions likely influence the bioavailability of 
the lipid and activation of their cognate receptors.

MATERIALS AND METHODS

Reagents and lipid preparations
The antigen-free binding sites on LT1009 and LT3015 were 

measured using a KinExA 3200 equipped with an autosampler. 
The antibody was captured using modified S1P and LPA, which 
contain a mercapto group covalently attached to the omega car-
bon atom and cross-linked to maleimide-activated BSA (Thermo 
Scientific) (3). The purified S1P-BSA and LPA-BSA conjugates 
were diluted (30 g/ml) with PBS without calcium and magne-
sium (PBS, Cellgro), and 1 ml of the solution was added to 0.2 g 
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variables. The concentration of free antibody, [Ab], was mea-
sured using the KinExA instrument. The Kd values and total lipid 
concentration, [L]T, were varied to minimize the least squared 
error to the measured data.

Uniqueness of fit was assessed by construction of error curves 
for the fitted parameters. After optimum values of the parameters 
had been determined, one parameter at a time was moved away 
from its optimum value and the remaining parameters were reop-
timized; the residual error was plotted versus the varying parame-
ter. Presence of a distinct minima in the resulting error graph is 
treated as evidence that the optimized value was unique (i.e., all 
other values of this parameter resulted in a worse fit to the mea-
sured data). Achieving unique fits for the parameters required 
that measurements be made at multiple values of the indepen-
dent variables, [Ab] and [P].

The most complicated cases analyzed involved LT1009 binding 
S1P in the presence of apoM-HDL or apoM-LDL. The complica-
tion here is that neither lipoprotein particle was available in a 
form that was both active as a chaperone protein and free of S1P. 
Consequently, adding apoM-HDL or apoM-LDL to an experimen-
tal mixture introduces an unknown quantity of S1P. For analysis, 
the presence of endogenous ligand was accommodated by adding 
a parameter to the model to express the fraction of the apoM car-
rying an S1P molecule. This parameter was varied to fit the data 
and evaluated for uniqueness by construction of an error graph.

Confidence intervals (CIs) for the various parameters were 
constructed using a Monte Carlo method, as described by Straume 
and Johnson (46). Briefly, the optimal fitted parameters were 
used to construct a noise-free “data” set. Pseudo random noise was 
added to the simulated data and then analyzed for best fit param-
eters using the same algorithms used for analysis of the measured 
data. The magnitude of noise added was chosen such that the re-
sidual error at best fit was close to the residual for the correspond-
ing measured data set. The addition of pseudo random noise and 
subsequent analysis was repeated one thousand times and the re-
sultant one thousand best fit values of the various parameters 
were recorded. The 95% CI was then taken as the range from the 
25th smallest parameter value to the 25th largest parameter value.

A molecular mass of 66 kDa for FAF-BSA and FAF-HSA was 
used for molarity calculations and was based on the manufac-
turer-provided molecular masses. The total HDL and LDL pro-
tein concentrations were determined using the bicinchoninic 
acid assay (HDL, 14.9 mg/ml; LDL, 6.56 mg/ml) and are in good 
agreement with concentrations provided by the manufacturer 
(HDL, 13.7 mg/ml; LDL, 6.39 mg/ml). apoM concentration 
measurements were carried out in the laboratory of C. Christof-
fersen by C. Wandel, as previously described (36). All data were 
exported to GraphPad Prism software for visualization (Graph-
Pad Software, Inc.).

RESULTS

The competition binding between carrier proteins and 
mAbs that specifically bind S1P and LPA has been investi-
gated using KinExA. The equilibrium dissociation con-
stants for BSA and HSA binding the predominant LPA 
species [palmitic (16:0), stearic (18:0), oleic (18:1), linoleic 
(18:2), and arachidonic (20:4)] and S1P are reported, 
along with the Kd values for S1P binding apoM within iso-
lated human HDL and LDL particles. These values repre-
sent interactions between unmodified protein and lipid 
components in solution, without using any separation pro-
cedures or molecular tags.

PBS were prepared in silanized glass tubes. S1P or LPA was added 
to the antibody and FAF-BSA-containing tubes from the titrated 
lipid stocks described above using a glass syringe from low to high 
lipid concentration to minimize lipid carry-over. FAF-HSA was 
used in place of FAF-BSA for the 10 nM LT1009, 500 M FAF-
HSA and the 10 nM LT3015, 10 M FAF-HSA experiments.

Sample sets containing antibody, serum albumin, and titrated 
lipid were allowed to equilibrate (6–24 h depending on experi-
ment) prior to data collection. Flow rates of 2.25 ml/min and 0.25 
ml/min for LPA and S1P experiments, respectively, were used 
and shown to kinetically exclude dissociation of antibody-lipid 
complexes during capture of the free antibody. The captured an-
tibody was detected using a goat anti-human Alexa Fluor or Dy-
Light secondary (Jackson ImmunoResearch). The free antibody 
in each sample was measured in duplicate. Data were analyzed 
using drift correction in the competition n-curve software (Sapi-
dyne Instruments); see details in the Data analysis procedures 
section.

HDL/LDL affinity experiments
HDL (d 1.063–1.21 g/ml) and LDL (d 1.019–1.063 g/ml) iso-

lated from a single normal human male donor using KBr ultra-
centrifugation and gel filtration chromatography (HDL only) 
were purchased from EMD Millipore and used as lipoprotein 
stock solutions without further purification. Two equilibrium af-
finity experiments were set up where endogenous S1P in the HDL 
and LDL stock solutions served as the sole ligand/antigen source. 
Here, 2-fold serial dilutions of the HDL or LDL stocks (starting at 
1:10 HDL or 1:6.1 LDL) containing either 1 or 10 nM LT1009 
were prepared in S1P running buffer supplemented with 1 M 
FAF-BSA.

Three additional sample sets containing a constant amount of 
HDL or LDL and a 2-fold serial titration of exogenous S1P were 
prepared. Again, S1P was delivered via glass syringe from low to 
high lipid concentration to samples containing either 1 or 10 nM 
LT1009 and a fixed dilution of the lipoprotein stock (HDL, 1:80, 
1:450, and 1:1,200; LDL, 1:40, 1:225, and 1:600). The free LT1009 
in each fraction was measured in duplicate, and the data were 
analyzed using drift correction in the competition n-curve soft-
ware as detailed in Data analysis procedures below.

Data analysis procedures
The binding experiments described here involved a carrier 

protein (FAF-BSA, FAF-HSA, apoM-HDL, or apoM-LDL) in the 
reaction mixture. Generally, the Kd for the binding of the lipid to 
the carrier protein is more than an order of magnitude weaker 
than the antibody binding, however experimental conditions of-
ten dictate the carrier protein be present at concentrations more 
than an order of magnitude higher than the antibody. This results 
in a situation where the antibody and carrier protein compete for 
the lipid, an effect which must be taken into account when mea-
suring the Kd values of the antibody-lipid and carrier protein-lipid 
interactions.

The mathematics of competitive binding is well-known and 
both exact and implicit solutions to the fundamental equations of 
binding and conservation of mass have been described (44, 45).

In the present case, we implemented an implicit solution of the 
following set of equations: Kd1 = [Ab][L]/[AbL], Kd2 = [P][L]/
[PL], [Ab]T = [Ab] + [AbL], [P]T = [P] + [PL], and [L]T = [L] + 
[AbL] + [PL]; where Kd1 and Kd2 are the equilibrium binding con-
stants of lipid (L) for antibody (Ab) and carrier protein (P), re-
spectively. The final three equations express conservation of mass 
requirements for binding.

In the present analyses, the total concentrations of the antibody, 
[Ab]T, and the carrier protein, [P]T, were treated as independent 
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activities, and curve fitting errors are reported in Tables 1, 
2. An overlay of the individual 10 M FAF-BSA affinity 
curves for the five LPA species in Fig. 2 shows the same rela-
tive LT3015 binding affinities as isotherms generated us-
ing a competition ELISA assay (supplemental Fig. S4): 
LPA(16:0) = LPA(18:2) > LPA(18:1) > LPA(20:4) > 
LPA(18:0). The difference between this rank order of ap-
parent LPA binding affinities and the actual Kd1 values 
reported in Table 1 illustrates the effect of using FAF-
BSA to deliver LPA in these types of equilibrium binding 
experiments.

Serum albumin and LT3015 binding the major LPA 
species

Serum albumin contains three high-affinity long-chain 
fatty acid binding sites (27, 47, 48), which can be occupied 
by LPA (26). Using this stoichiometry [3:1 LPA:albumin 
(49)], the Kd1 values for LT3015 binding LPA(16:0), 
LPA(18:1), LPA(18:2), and LPA(20:4) are 100 pM, 560 
pM, 470 pM, and 4.2 nM, respectively, and the Kd2 values 
for FAF-BSA binding LPA(16:0), LPA(18:1), LPA(18:2), 
and LPA(20:4) are 68 nM, 130 nM, 350 nM, and 2.2 M, 

The simultaneous determination of the equilibrium dis-
sociation constants for S1P or LPA binding the antibody 
(Kd1) or serum albumin (Kd2) is calculated by fitting three 
equilibrium affinity experiments, where the antibody or 
the albumin concentration is systematically altered. The 
first experiment (Fig. 2, blue curves) uses relatively low an-
tibody and albumin concentrations, which should be near 
or below the Kd for each interaction. In the second experi-
ment (Fig. 2, green curves), the albumin concentration 
remains unchanged, while the antibody concentration is 
increased such that the ratio of the antibody concentration 
to the Kd is sufficiently high to yield information about the 
titrant concentration. In these experiments, the nominal 
antibody concentration was 10 nM (20 nM antigen binding 
sites). The antibody concentration in the third experiment 
(Fig. 2, orange curves) remains unchanged at 10 nM, while 
the albumin concentration is increased to reshape the 
equilibrium binding curve, where the Kd2 parameter gov-
erns the change in curve shape and position observed be-
tween the second (green) and third (orange) curves in Fig. 
2. Figure 3 shows the best fit Kd values for the albumin ex-
periments, and the calculated Kd1 and Kd2 values, ligand 

Fig. 2. Competition affinity experiments with FAF-BSA. Global curve fitting of the three affinity experi-
ments used to determine the equilibrium dissociation constants for the individual LPA species (A–E) or S1P 
(F) binding the antibody or FAF-BSA in solution. The percentage of antigen-free binding sites on the anti-
body (in duplicate) is plotted as a function of the lysophospholipid concentration in each sample. The LT3015 
and FAF-BSA concentrations used in each LPA experiment are as follows: blue curve, 0.5 nM LT3015 and 13 
nM FAF-BSA; green, 10 nM LT3015 and 13 nM FAF-BSA; orange, 10 nM LT3015 and 10 M FAF-BSA. For the 
S1P, the LT1009 and FAF-BSA concentrations are as follows: blue, 1 nM LT1009 and 1 M FAF-BSA; green  
10 nM LT1009 and 1 M FAF-BSA; orange, 10 nM LT1009 and 500 M FAF-BSA.
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LPA species; and 3) as the number of double bonds in 
the LPA species increase, the affinity for serum albumin 
weakens (higher Kd2 value).

In this analysis, the antibody concentration is used as a 
reference, which assumes the antibody preparation is fully 
active. The advantage of fixing the antibody concentration 
as the reference is that we could float a parameter that rep-
resents the amount of ligand (S1P or LPA) present in the 
sample sets as a percent of the nominal lipid concentra-
tion. Including this parameter is informative when hydro-
phobic lipids are titrated in aqueous solution and the loss 
or carry-over of lipid material due to pipetting is pre-
sumed. The calculated lipid concentration is the highest 
for LPA(18:1) across the three affinity experiments at 94% 
nominal and lowest for LPA(18:0) and LPA(20:4) at 34 
and 29% nominal, respectively. We believe these values re-
flect the solubility of these species in their stock solutions; 
LPA(18:0) has a relatively low critical micelle concentra-
tion (CMC) value (50), and the LPA(20:4) stock solution 
was prepared at a 10-fold higher concentration (see Materials 

respectively (Table 1; Figs. 2A, C–E; 3A, C–E). For 
LPA(18:0), the upper 95% CI is 93 pM for Kd1 and 11 nM 
for Kd2, and the lower 95% CI is unresolved (Figs. 2B, 3B). 
We also analyzed these data using 2:1 and 1:1 LPA:albumin 
ratios (supplemental Table S1). For 1:1 LPA:albumin, the 
Kd2 value is precisely one-third the value reported in Table 
1, while the other parameters do not significantly change. 
This direct proportional relationship between the concen-
tration of ligand binding sites on albumin and the Kd2 value 
was observed for all LPA:albumin ratios analyzed.

In the competition n-curve analysis, Kd2 is overwhelmingly 
based on the 10 M albumin experiment (orange curve, 
Fig. 2). Separate competition n-curve analyses using 10 M 
FAF-HSA instead of FAF-BSA provides Kd2 values for FAF-
HSA binding each of the individual LPA species (Table 2; 
supplemental Figs. S2A–E, S3A–E). A comparison of the 
Kd2 values between FAF-BSA (Table 1) and FAF-HSA (Ta-
ble 2) suggests that: 1) FAF-BSA and FAF-HSA bind each 
LPA species with similar affinities; 2) both FAF-BSA and 
FAF-HSA bind stronger (lower Kd2 value) to fully saturated 

Fig. 3. Error curves for FAF-BSA experiments. Competition n-curve error curves for the experiments in Fig. 
2. The Kd values for LPA (A–E) and S1P (F) binding either the antibody (Kd1, red dotted curve) or FAF-BSA 
(Kd2, black dotted curve) correspond to the position the solid black vertical line intersects the x axis, and the 
shaded red and black bars span the 95% CI for the Kd1 and Kd2 value, respectively, except for LPA(18:0) (B), 
where the lower bound did not resolve. All values are reported in Table 1.
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using a published ELISA method (36). The concentration of 
apoM in our human HDL and LDL preparations measured 
21.0 M and 0.83 M, respectively, which equates to 1.41 
mol apoM per gram total protein and 0.13 mol apoM per 
gram total protein for HDL and LDL, respectively.

Using these concentrations and 1:1 S1P:apoM stoichi-
ometry, the Kd values for S1P binding apoM-HDL and 
apoM-LDL, the ligand activity (percent nominal S1P con-
centration), and the concentrations of S1P in the HDL and 
LDL stock solutions were determined. Five equilibrium af-
finity experiments were used to resolve these parameters; 
three experiments maintained a fixed concentration of 
apoM-HDL or apoM-LDL while titrating exogenous S1P 
(Fig. 4; red, black, and orange curves) and two experi-
ments titrated the HDL/LDL component without adding 
exogenous S1P (Fig. 4; blue and green curves). Competi-
tion n-curve analysis yielded Kd2 values of 21 nM (95% CI 
11–33 nM) and 2.4 nM (95% CI 2.0–3.2 nM) for S1P bind-
ing apoM-HDL and apoM-LDL, respectively, and Kd1 values 
of 500 pM (95% CI 350–610 pM) and 430 pM (95% CI 
370–510 pM), respectively. These Kd1 values for S1P-LT1009 
interactions determined from the apoM-HDL/LDL analy-
sis are in good agreement with the values determined when 
S1P is delivered using FAF-BSA/HSA (Tables 1, 2). The 
activity of the titrated S1P was 74% (95% CI 57–103%) and 
83% (95% CI 69–99%) for apoM-HDL and apoM-LDL ex-
periments, respectively, which is also similar to the percent 
S1P activity in the FAF-BSA/HSA experiments.

The concentration of endogenous S1P in the HDL and 
LDL preparations was calculated using a parameter that 
represents the S1P concentration in the stock solutions as a 

and Methods). The apparent loss of LPA(18:0) and 
LPA(20:4) likely occurred during sample preparations 
even though extensive precautions and measures were 
taken to minimize this effect. One strength of this analysis 
is that all Kd values reported depend on the antibody and 
competitive protein (FAF-BSA, FAF-HSA, apoM-HDL, or 
apoM-LDL) concentrations rather than the lipid concen-
tration, which is difficult to accurately control. The nearly 
100% activity of the LPA(18:1) supports the assumption 
that the LT3015 antibody is 100% active.

Serum albumin and LT1009 binding S1P
We also investigated competition between the anti-S1P 

antibody, LT1009, and FAF-BSA for S1P binding using the 
same approach described for LPA above. A competition n-
curve analysis of two 1 M FAF-BSA experiments (one with 
1 nM and the other with 10 nM LT1009) along with a 10 
nM LT1009, 500 M FAF-BSA experiment results in Kd1 
and Kd2 values of 350 pM (95% CI 290–430 pM) and 41 M 
(95% CI 34–52 M) for S1P binding LT1009 and FAF-BSA, 
respectively (Table 1; Figs. 2F, 3F). Substituting the 500 M 
FAF-HSA experiment yielded a Kd2 value of 22 M (95% CI 
18–27 M) (Table 2; supplemental Figs. S2F, S3F) for the 
S1P-HSA interaction.

apoM-HDL and apoM-LDL binding S1P
As mentioned above, the total concentration of ligand 

binding sites for the chaperone protein must be defined to 
resolve the Kd2 value using the competition n-curve analysis. 
To gain this information, the concentration of apoM in 
pooled human HDL and LDL preparations was measured 

TABLE 1. Results of competition affinity analysis for LPA and S1P binding mAbs and BSA in solution

Lysophospholipid Kd1 Antibodya Kd2 FAF-BSAb Active Ligandc (%) Errord (%)

LPA(16:0) 100 pM (86–130 pM) 68 nM (56–87 nM) 73 (71–75) 1.3
LPA(18:0) UD (UD–93 pM) UD (UD–11 nM) 34 (32–36) 2.4
LPA(18:1) 560 pM (440–710 pM) 130 nM (98–170 nM) 94 (88–100) 2.2
LPA(18:2) 470 pM (400–580 pM) 350 nM (290–430 nM) 57 (55–60) 1.9
LPA(20:4) 4.2 nM (3.3–5.8 nM) 2.2 M (1.8–2.8 M) 29 (25–35) 2.5
S1P 350 pM (290–430 pM) 41 M (34–52 M) 83 (70–98) 2.0

UD, undefined.
a Anti-LPA, LT3015; anti-S1P, LT1009.
b 3:1 LPA:BSA and 1:1 S1P:BSA stoichiometry (see text for discussion of alternate stoichiometries).
c Fit parameter describing the amount of active ligand, expressed as a percent of the nominal LPA or S1P 

concentration, determined for each set of experiments in Fig. 2.
d Residual error between the data points and the theoretical curves.

TABLE 2. Results of competition affinity analysis for LPA and S1P binding mAbs and HSA in solution

Lysophospholipid Kd1 Antibodya Kd2 FAF-HSAb Active Ligandc (%) Errord (%)

LPA(16:0) 74 pM (56–100 pM) 31 nM (23–42 nM) 73 (71–75) 1.4
LPA(18:0) UD (UD–88 pM) UD (UD–8.7 nM) 34 (33–37) 2.4
LPA(18:1) 560 pM (430–710 pM) 130 nM (99–170 nM) 94 (88–100) 2.2
LPA(18:2) 470 pM (410–580 pM) 320 nM (270–400 nM) 57 (55–60) 1.8
LPA(20:4) 4.1 nM (3.2–5.9 nM) 1.7 M (1.3–2.1 M) 29 (25–35) 2.6
S1P 330 pM (280–410 pM) 22 M (18–27 M) 82 (69–97) 1.9

UD, undefined.
a Anti-LPA, LT3015; anti-S1P, LT1009.
b 3:1 LPA:HSA and 1:1 S1P:HSA stoichiometry (see text for discussion of alternate stoichiometries).
c Fit parameter describing the amount of active ligand, expressed as a percent of the nominal LPA or S1P 

concentration, determined for each set of experiments in supplemental Fig. S2.
d Residual error between the data points and the theoretical curves.
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described above. We were not able to determine from this 
work whether there was additional lipid present on the apoM 
or not; however, our fitting of the model to the data suggests 
that any lipid present is not significantly affecting the bind-
ing. We were able to find fits equivalent to the simpler model 
with either vanishingly small quantities of additional lipid 
with relatively strong/low Kd binding or large quantities of a 
very weak binding lipid. Forcing the fit to use a significant 
quantity of additional lipid with a Kd in the range of the S1P-
apoM Kd resulted in large residual errors and clear systematic 
deviations in fit from the measured data.

DISCUSSION

The KinExA, along with mAbs and the competition n-
curve analysis package, enables researchers to measure the 
equilibrium binding constants for plasma proteins binding 
native LPA and S1P in solution. In our experience, chemi-
cally modifying LPA or S1P with molecular tags or protein 
conjugation significantly changes their biochemical prop-
erties (hydrophobicity, solubility, conformational dynam-
ics) and, therefore, the Kd values determined using these 
derivatives are not necessarily representative of native 

fraction of the total S1P binding sites on the chaperone, or 
the total apoM concentration in this analysis. The multi-
plier values were determined to be 0.10 (95% CI 0.096–
0.11) and 0.25 (95% CI 0.22–0.28) for apoM-HDL and 
apoM-LDL, respectively, which calculates to 2.1 M and 
0.21 M S1P in the HDL and LDL preparations, respec-
tively. By comparison, the total S1P (S1P + dihydroS1P) in 
these preparations measured 1.7 M and 0.11 M, respec-
tively, using HPLC-MS/MS. The S1P content in these HDL 
and LDL preparations (normalized for total protein) is 140 
pmol/mg (95% CI 134–154 pmol/mg) and 32 pmol/mg 
(95% CI 27–35 pmol/mg), respectively. These levels are 
consistent with previous reports describing the S1P content 
in analogous lipoprotein preparations (51, 52).

Lipids other than S1P, such as myristic acid and oxidized 
phospholipids, have been reported to associate with apoM 
(13). In order to address the effect of additional lipids com-
peting with S1P for binding apoM, we carried out a series of 
simulations using our data and introducing an additional 
lipid and Kd. For this work, we expanded the model to in-
clude a second lipid that competed with S1P for apoM bind-
ing sites, but did not bind to the antibody. Here, again, we 
looked for uniqueness of fit by calculating error curves as 

Fig. 4. Competition affinity experiments and error curves for S1P binding apoM-HDL and apoM-LDL. 
Competition n-curve global fitting and error curves for the five equilibrium affinity experiments used to de-
termine the Kd2 value for S1P binding isolated HDL (A, B) and LDL (C, D) particles in solution. A, C: Two 
affinity experiments (blue and green curves) used a constant concentration of the anti-S1P antibody (blue, 1 
nM LT1009; green, 10 nM LT1009), and the lipoprotein particles were titrated starting at 1:10 and 1:6.1 dilu-
tions of the neat HDL and LDL preparations, respectively. The decrease in the percent of antigen-free bind-
ing sites on LT1009 is due to binding the endogenous S1P in the lipoprotein preparations. The three 
additional affinity experiments (black, red, and orange curves) used constant antibody concentrations (or-
ange, 1 nM LT1009; red, 10 nM LT1009; black, 10 nM LT1009) and a constant dilution of neat HDL (orange, 
1:1,200; red 1:450; black, 1:80) or LDL (orange, 1:600; red, 1:225; black 1:40) preparations. In these three 
experiments, exogenous S1P was titrated using 1 M FAF-BSA to deliver the ligand. Error curves showing the 
best fit Kd parameters for S1P binding to LT1009 [Kd1 (B, D)], apoM-HDL [Kd2 (B)], and apoM-LDL [Kd2 
(D)]. The shaded red and black bars span the 95% CIs for the Kd1 and Kd2 values, respectively, and the re-
ported value is represented as a vertical black line.
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The weaker affinity of LT3015 for LPA(20:4) may be due 
to the C5-C6 cis double bond in the acyl chain of LPA(20:4), 
which is not present in the other LPA species (Fig. 1A). Based 
on the LT3015 fragment antigen-binding LPA(14:0) and 
fragment antigen-binding LPA(18:2) crystal structures, the 
LPA epitope consists of the glycerolphosphate group plus the 
juxtaposed C1-C8 carbon atoms of the acyl chain (29). As vi-
sualized in both cocrystal structures, this portion of the bound 
LPA hydrocarbon chain is fully extended and forms extensive 
intermolecular hydrophobic contacts with the antibody. The 
C5-C6 cis double bond in LPA(20:4) may introduce a kink 
in this region of the hydrocarbon chain, precluding the 
extended conformation and the hydrophobic interactions 
that may promote stronger binding of the other LPA species.

In human plasma, the serum albumin concentration 
ranges from 0.5 to 0.8 mM, and the total LPA concentration 
is on the order of 107 M (21, 53, 54). Gelsolin, a protein 
that regulates actin filament structure, reportedly binds 
LPA [likely LPA(18:1)] with a Kd of 6 nM (34) and is present 
in human plasma at a concentration of 1–3 M (55). 
Although the affinity of LPA(18:1) for serum albumin is 
20-fold weaker than the reported affinity for gelsolin, 
the concentration of LPA-binding sites offered on serum 
albumin is approximately 600-fold higher, assuming three 
binding sites per molecule. These concentrations and Kd 
values support early observations that serum LPA is mostly 
associated with albumin (20) and FAF-BSA demonstrates 
inhibitory effects on LPA-induced platelet activation and 
receptor activation in vitro (49, 56, 57), possibly through 
direct competition with the receptors for binding LPA.

The distribution of S1P among serum proteins (HDL, 
LDL, and HSA) in human plasma has been investigated. 
Most reports cite 60–70% of plasma S1P associates with 
HDL and 30% associates with HSA. By solving simultane-
ous equations using the Kd2 values reported here and previ-
ously reported normal plasma concentrations [0.1–0.4 M 
S1P (58), 0.53–0.76 mM HSA (25), 0.6–1.3 M apoM-HDL 
(11, 12), and 0.01–0.04 M apoM-LDL, which is 2% of total 
serum LDL particle concentration (59, 60)], the calculated 
S1P distribution ranges from 25 to 59% HSA bound, 35 to 
68% apoM-HDL bound, and 1.6 to 16% bound to apoM-
LDL. If the S1P concentration is increased to 1.2 M, the 
percent of S1P associated with apoM-HDL and apoM-LDL 
decreases, while the percent of S1P bound to albumin in-
creases to 70% (supplemental Table S2). This demonstrates 
how normal variability in plasma S1P and chaperone con-
centrations profoundly effects the S1P distribution among 
these carrier proteins. In addition, the fraction of each 
chaperone protein (as percent of total) associated with S1P 
at these concentrations is shown in supplemental Table S3. 
These data suggest that normal plasma levels of apoM-LDL 
are nearly completely bound at 1.2 M S1P. The lipoprotein 
preparations used in this study were collected from a single 
normal male donor. Therefore, the inter-individual varia-
tion in Kd2 values, which also influences the percent distri-
bution of S1P, cannot be addressed, but will be the focus of 
future investigations.

Recent reports suggest that S1P exhibits distinct biologi-
cal effects depending on its chaperone protein (17, 18). 

interactions. However, measuring label-free S1P and LPA 
binding is challenging because these lysophospholipids are 
not traceable by UV/Vis absorption or fluorescence spec-
troscopy, difficult to deliver in aqueous media, and not par-
ticularly amenable to traditional separation processes (i.e., 
chromatography, dialysis membranes, etc.). Competition 
binding with KinExA, which allows for native protein-ligand 
interactions to equilibrate before capturing and detecting 
the free antibody at kinetically excluded flow rates, over-
comes these challenges associated with measuring the equi-
librium binding constants of protein-lipid interactions.

In order to determine Kd2 using this method, the num-
ber of ligand binding sites on the carrier protein must be 
assigned. Thumser, Voysey, and Wilton (26) reported that 
three moles of LPA could bind to one mole of serum albu-
min, and likely occupy the same three high-affinity sites as 
long-chain fatty acids (27, 48). Based on these reports, we 
performed the competition n-curve analysis using three 
LPA binding sites per albumin molecule (3:1 LPA:albumin). 
We also analyzed the data using stoichiometries ranging 
from one to six, and in every case the number of LPA bind-
ing sites on serum albumin directly and proportionally 
modulated the Kd2 value for the interaction. For example, 
the Kd2 for FAF-BSA binding LPA(16:0) reported in Table 
1 is 68 nM using three binding sites per albumin molecule. 
The same analysis using one binding site per albumin mol-
ecule results in a 3-fold lower Kd2 value (23 nM), and the 
other parameters (Kd1, percent active lipid, percent error) 
remain unchanged. Supplemental Table S1 shows the Kd1 
and Kd2 values calculated for the LPA species assuming 
one, two, or three equivalent LPA-binding sites on FAF-
BSA/HSA. Due to the lack of published data on the 
S1P:albumin stoichiometry, one S1P-binding site per se-
rum albumin molecule was used for this analysis.

The equilibrium binding of serum albumin to LPA has 
been studied previously. Goetzl et al. (34) reported a Kd of 
357 ± 64 nM for FAF-BSA binding LPA using a radiometric 
equilibrium binding assay. Although the authors did not 
specify which LPA species was used, we speculate that it 
was LPA(18:1), the most commonly used LPA reagent in 
the literature. Ojala et al. (35) reported an apparent dis-
sociation constant of 606 nM for HSA binding LPA(18:1) 
using a 6-anilinonaphthalene-2-sulfonic acid (ANS) dis-
placement assay. The displacement of ANS from albumin 
generated sigmoidal binding curves, which the authors 
suggest could be due to either positive cooperativity or 
ANS not occupying the highest affinity fatty acid binding 
sites. Neglecting cooperativity, these values and the Kd2 val-
ues for LPA(18:1) reported in Tables 1, 2 are all in the 
hundreds of nanomolar (107 M) range. In addition, 
Ojala et al. (35) report an apparent Kd for HSA binding 
S1P of 1.3 M, which is somewhat stronger than the Kd2 
value of 22 M that we report in Table 2.

The competition binding analysis performed here suggests 
that the affinity of LT3015 is 102–103 times stronger than the 
affinity of serum albumin for these individual LPA species. 
Interestingly, both the Kd1 and Kd2 values for LT3015 and 
serum albumin binding LPA(20:4) are significantly weaker 
compared with the other LPA species tested (Tables 1, 2). 
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