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Abstract

While the specificity of protein-lipid interactions is a key feature in the function of biological
membranes, studying the specifics of these interactions is challenging because most membrane
proteins are insoluble in water due to the hydrophobic nature of their transmembrane domains
(TMDs). Here, we introduce a method that overcomes this solubility limitation and identifies the
affinity profile of protein TMDs to specific lipid formulations. Using 5 human TMDs as a sample
group, our results demonstrate that TMDs are highly selective and that these specific lipid-TMD

interactions depend not only on the presence of a single lipid, but on a combination of a few lipids.
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Introduction

In most species, about a quarter of the genes encode for membrane proteins.(1) These proteins
participate in many cellular processes on the membrane, and the unique protein composition
determines the structure and function of each membrane type.(2-5) Membranes also differ in the
variety of lipids that compose them, and there is a strong correlation between protein and lipid
composition.(6-8) Membrane proteins are anchored to the lipids by their hydrophobic
Transmembrane Domains (TMDs), which span through the lipid bilayer. The hydrophobic TMDs
can be lipid specific, suggesting that TMD specificity to the composition of the local lipid
environment is a key component in membrane architecture.(9, 10) TMDs can, therefore, serve as
a good model system for studying the specificity of protein-lipid interactions. Studying TMD-lipid
specificity is challenging, however, because the TMDs are water insoluble, and any detergents
used to solubilize the hydrophobic TMDs would get incorporated in a non-specific manner into
the membrane and alter its structure. Nevertheless, determining the specificity of TMDs to lipids
is essential to our basic understanding of membrane function, and may be an important step for
designing drugs that target specific cell membranes or tissues. While the identification of lipids to
which each TMD is in contact is essential for structural studies of membrane proteins(8, 11, 12),
current crystallization attempts and in vitro or in silico studies of membrane proteins are usually
performed without prior knowledge of the lipid environment each protein requires. There is,
therefore, a need to overcome the solubility limitation of TMDs for the identification of these lipid-

specific interactions.

In the present study, we present a methodology to identify the lipid compositions that
TMDs require for membrane incorporation. We show that these specific TMD-lipid interactions
can depend on either the presence of a single lipid, or the combined effect of multiple lipid species.
To determine the TMD-lipid specificity, a membrane library that contained the major classes of
cellular lipids (13-15) was created and incorporated into a microfluidic device. To overcome the
bulk TMD solubility problem, fluorescently tagged TMD constructs (with GFP) were locally
synthesized using a reconstituted cell-free protein synthesis system, via in-vitro Transcription and
Translation (IVTT) (16-18) within the microfluidic channels, and in close proximity to the lipid
membranes. Depending on the lipid composition, each TMD molecule could, in turn, either bind

to and become directly incorporated into the lipid membrane, or remain excluded from the
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membrane and form TMD aggregates in solution (19). In the present study, we used this approach

to investigate the lipid-binding specificity of TMDs from five human proteins.

Results

Experimental

Lipid library: A membrane library was created for studying the specificity of TMDs to different
lipid compositions. To test whether this specificity was a function of one or more lipids, the
membranes that constituted the library were composed of either a single or a combination of
different lipid types. The library contained 120 different formulations, composed of lipids from
both dominant cell membrane lipid classes, the sphingolipids and the glycerolipids. These classes
were further separated into sub-groups of saturated and unsaturated lipids. Since there was little
prior knowledge of the types of lipids that were in contact with a protein’s binding site, the library
included the probable combinations of these groups according to known average membrane lipid
compositions (20). This library design was chosen in an attempt to replicate possible lipid
compositions that surround the different TMDs as they span through the membranes of different
cell types. All lipid formulations consisted of at least 55% unsaturated species to facilitate
spontaneous swelling of the lipid films into free floating membranes. In addition, all lipid
formulations included cholesterol ,a member of the sterol class, which is a common component of
all membranes in human cells.(21) The lipid types that composed the library and the detailed lipid
composition of the full library are described in Table 1 and Supplementary Table 1, respectively.

The considerations for including each lipid specie in the library are as follow; While the average
lipid composition of each cell organelle is known, there is limited knowledge of the local
composition at the binding site of TMD-containing proteins. As a result, choosing which lipids to
include in the library was challenging. Most of the commercially available lipids (Avanti Lipids)
used in this study were cell extracted and therefore contained a mixture of lipids that exhibited
variability in chain length and degree of saturation. The benefits of using such reagents are that
they increase the probability that the required lipid combinations for each TMD is present in the
lipid library. PC, PE, Sphingomyelin, Ganglioside, Cerebroside, Ceramide, and PS lipid products
were chosen for their high abundancy in different cell and organelle membranes, while BMP lipid

is highly abundant in the late endosome organelle. PA, PI and PG are also found in significant
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quantities, and since many biochemical interactions rely on the molecular charge, we also
examined the dependency of binding specificity on the presence of charged lipids. While DGPP is
not particularly abundant in cells, it does have a double charge, and here we investigated this
property on TMD binding affinity. Ceramide is a precursor of sphingolipids, and as such has been
found to be important for protein sorting and cell function. DAG has the same hydroxyl headgroup
as Ceramide and the affinities of Ceramide and DAG are also compared. Lastly, most lipids have
two fatty acid chains, and so to examine the role of double chain versus single chain lipids, we
included N-palmitoylglycine and Lyso PC (which each have a single chain). For the complete list
of lipid products, see Supplementary Table 2.

All 120 lipid mixtures were made, dissolved in chloroform at 2 mg/mL, stored in glass vials at -
20°C, and each well in the microfluidic device was seeded with approximately 5 pL of these lipid
solutions. The recombinant Alexa Fluor® 488-conjugated Cholera toxin subunit B was obtained
from Thermo Fischer Scientific - Life Technologies. The reconstituted cell-free system (IVTT)
was the PURExpress system (New England Biolabs). The water used for third confocal scan,
following the binding measurement, performed to visualize liposomes and compare flows to each

well, was dyed using 0.1 g/L sulforhodamine B (Sigma).

Microfluidic device: Polydimethylsiloxane (PDMS) microfluidic devices were fabricated using
standard soft lithography methods (22) and consisted of a multi-well format (9%12 wells), where
each well was seeded with a different lipid formulation. Outflow from each well led directly to the
outlet of the device and did not pass through other wells to avoid lipid cross-contamination
between wells. The heights of the inlet channels, wells, and outlet channels were 15 um, 50 um,
and 75 pm respectively; this design created high resistance in the inlets and low resistance at the
outlets, which prevented undesired backflow from adjacent wells through the outlet channels. Each
well included PDMS posts with square cross-sections to increase the surface area for liposome
swelling and provided a physical barrier for liposome immobilization. Solutions and reagents were
introduced through source inlets that distributed equal volumes of solutions throughout all of the
micro-wells.

Prior to bonding of the PDMS microchannels to a second flat plasma-treated PDMS sheet,

ca. 5 ug of lipids from the lipid library were deposited into each of the microfluidic wells using a
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glass capillary brush. The lipid solutions were added to a chloroform-based solvent which
evaporated within a few seconds, leaving dry lipid films. To expedite the experimental set up and
to minimize environmental contamination, the capillary brush was designed to collect 12 different
lipid formulations at a time. This process was repeated 9 times for deposition into all 108 wells,
and the PDMS channels were then bonded with a second PDMS layer to form the closed
microfluidic device (Supplementary figure 1). The microfluidic device with the dried lipid films
was stored under vacuum. For the affinity experiments, this device was filled with de-gassed milli-
Q (Millli-pore filtered) water and placed in a 65°C oven for 1 hour to facilitate into liposomes
(spherical membranes). The total volume of the microfluidic chip, channels and wells, was less
than 40 pL, requiring minute volumes of lipids and cell-free IVTT reagents, as compared to those

used in traditional multi-well plate-based set ups. (Figure 1)

Imaging: Experimental data were collected as a z-stack of images from all wells on the device
using a confocal microscope (Leica TSC SP5) equipped with a 10x air objective (numerical
aperture of 0.3), and bright field and fluorescence images were sequentially acquired at each
experimental time point. To measure the bound GFP signal, we used an argon (488 nm) laser as
an excitation source and fluorescence emission was collected by a photomultiplier tube through a
bandpass filter between 525 and 570 nm. All xyz scans were performed at room temperature at a
z-slice step size of 7um. Scans were performed three times per experiment, with the first scan as
a control after liposome swelling, but prior to TMD embedding. After the fluorescent GFP-labeled
TMDs were introduced to the membranes, the wells were flushed with 40 times their volume of
milli-Q water to exclude unbound proteins, and then second scan was performed. For the third
scan, the wells were filled with sulforhodamine-dyed water (100 mg/L) to measure the flow that
passed through each well. While the wells were designed to have equal flow, differential liposome
dwelling could restrict flow and thus lead to uneven flow over the course of the experiment. The
third scan allowed, if necessary, compensation by normalizing the fluorescence data from wells
with flow variances. The use of sulforhodamine-dyed water was also beneficial for detecting low
light scattering uni-lamellar liposomes that were difficult to detect by transmitted light microscopy.
(Supplementary figure 2, Video 1)

The liposome swelling processes in this study were highly variable and resulted in multi-
lamellar membranes of different sizes. While there are alternative methods for liposome

production, which can lead to a more uniform size distribution of uni-lamellar liposomes, working

5



Lab on a Chip

with the multi-lamellar liposomes offered an advantage as these liposomes have proven to be more
robust and able to withstand exposure to varying environments, including those required by the
IVTT reagents. In contrast, attempts to repeat these experiments using giant uni-lamellar
liposomes (23) with similar formulations were difficult because of their fragility, which resulted
in liposome collapse during protein synthesis.

Image processing: Large liposomes with sizes above 10 pm were identified by image processing
of either the transmitted light images or the negative images of the sulforhodamine-dyed water,
which could reveal liposomes unrecognized in the transmittance images, (Supplementary figure
2). Once identified, the estimated surface areas of the liposomes were used to normalize the
fluorescence signals. Fluorescence signals originating from smaller liposomes or tubular micelles,
which were too small to be identified during image processing, were normalized by the number of
fluorescent pixels in each of the image stacks. Each experiment was reproduced 3 to 5 times, and
after image processing, the standard deviation for each well was 15-35% of its mean value. Control
scans of the liposome library, performed prior to the introduction of the GFP-labeled TMDs, were
subtracted from the scans performed with the TMDs, and then normalized to the volume of
sulforhodamine-dyed water that flowed through each well (Supplementary figure 1). In some
cases, non-specific labeling of the PDMS surfaces occurred, and so to eliminate these false-
positives, PDMS surfaces of the wells and posts were identified through image processing, and

any overlapping fluorescence originating from PDMS surfaces was subtracted.

To evaluate the performance of the microfluidic setup, we measured the liposome selectivity
profile of Cholera Toxin subunit B (CTb). CTb is one of the few proteins whose selectivity for
lipids is well characterized (24), and unlike TMDs, toxins such as CTb easily solubilize in aqueous
solutions and are therefore ideal for membrane labeling experiments. Previous studies have shown
that CTb co-purifies with ganglioside (GM1) lipids from cell cultures (25), demonstrating a strong
affinity between these two molecules. CTb has since been widely used for GM1 labeling in cells,
and here, we use 0.1 uM of fluorescently labeled CTb to evaluate the efficacy of our microfluidic
device and the composition of its liposome library. Data obtained from the resulting confocal
microscopy measurements were analyzed with custom image processing software designed in

MatLab. Using this software, and as described above, fluorescence originating from PDMS
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surfaces, which may have non-specifically labeled, was identified and subtracted. The results from
this affinity control study clearly demonstrated that the CTb labeled all the liposomes containing
GM1, and that there was negligible signal from wells with liposomes lacking GM1 (Figures 2 and

3). A summarizing video of the experimental setup is available in online (Video 1).

Transmembrane Domains

Historically, protein-lipid binding specificity has been generally attributed to the hydrophilic and
chemically complex lipid headgroup, as the contribution of the length and saturation variation in
the fatty acid chains has seemed minor, by comparison. Nevertheless, X-ray diffraction studies of
model membranes have revealed that the hydrophobic cores can be structurally ordered, with
strong dependence on the organization of the lipid fatty acid chains (26-29). To add complexity to
this story, studies on human transmembrane emp24 domain-containing protein 2 (P24), which has
a single a-helix spanning through the membrane, demonstrated lipid specificity to sphingomyelin
(SM), even though the TMD was mostly in contact with the fatty acid chains. In comparison, the
human transmembrane emp23 domain-containing protein 10 (P23) does not show affinity to
SM.(10) However, for this protein, its single « -helix is in contact with more than one lipid
molecule, suggesting that TMD specificity to membranes may not only depend on the presence of
a single lipid but on a combination of multiple lipid species. Together, these observations illustrate
the complexity of protein-lipid interactions and suggest that both head group and fatty acid chain
chemistries likely play key roles in this observed specificity. To test the potential specificity of
TMDs to an ensemble of multiple lipid species, we investigated the binding selectivity profiles of
the TMDs of P24 and P23 to our liposome library.

In contrast to our CTb studies, the hydrophobic TMDs can frequently aggregate in aqueous
solution, and as a result, binding studies on these TMDs could not simply be performed by injecting
them directly into our microfluidic device. Instead, to measure TMD-lipid binding profiles in an
aqueous environment, a synthetic protein consisting of each TMD fused to green fluorescent
protein (GFP) was constructed. The GFP-TMD fusion proteins were produced through a
reconstituted cell-free protein synthesis system, via in-vitro Transcription and Translation (IVTT)
(16). Once the lipid films swelled into liposomes, the microfluidic device was filled with the IVTT
reagents along with DNA that encoded for each of the GFP-TMD constructs, and protein synthesis
was initiated by incubating the microfluidic device at 37°C for 2-3 hours (17). Under these
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conditions, the GFP-TMDs were expressed in the vicinity of the liposomes and either embeded
into the lipid membrane, or aggregated with other GFP-TMDs to form micelles (30). Following
initial incubation, the non-bound aggregates of GFP-TMDs were washed away by passing a
constant flow of water through the microfluidic device.

Comparison of the affinity profiles of P23 and P24 confirmed that P24 bound well to SM-
containing lipid formulations, whereas P23 did not (Fig SI, Tablel). P24 binding was, however,
dependent on the presence of additional lipid species comprising the liposomes. For example, it
exhibited a strong affinity to SM:DAG:cholesterol and SM:cer:cholesterol, yet demonstrated
negligible binding to the parts of these compositions, SM:cholesterol, DAG:cholesterol, and
Cer:cholesterol. The results from these binding studies suggest that the affinity of P24 is a function
of a combination of different lipid species. The highest P24 binding to SM-containing lipid
formulations were for those that included Lyso-PC, DAG, Cermide and Cerebroside. While the
SM used in the library was composed mostly of chain length SM 16:0, it also included SM 18:0,
to which P24 was found previously to bind (10). Notably, P24 also exhibited high affinities to
additional lipid formulations that did not include SM, highlighting the complexity of these
interactions. The relative affinity values of selected formulations are shown in Table 2, and the full

profiles are available in the Supplementary Materials, Table 1.

In our microfluidic assay, the TMDs of tumor necrosis factor receptor superfamily member 5
(CD40) and receptor type tyrosine-protein phosphatase C (CD45) also exhibited lipid specificity.
Previously, it has been shown that the TMD of the CD40 membrane protein was selective to
specific lipid domains, which were mainly composed of cholesterol and sphingolipids (5).
Comparison of the affinity profiles of the CD40 and CD45 TMDs obtained from our present study
demonstrated that although the two exhibited some general trends (e.g. lipid formulations that
exhibited >20% labeling included some type of sphingolipid) and did share affinities for a few
lipid formulations, generally, each TMD exhibited a distinct affinity profile. (Figure 4 and
Supplementary Materials, Table 1).

In contrast to the binding profiles of P23, P24, CD40, and CD45, the TMD of programmed
cell death proteinl (PD1) was not lipid-specific. The affinity profile of PD1 showed significant
labeling of most lipid formulations, where 40% of all liposomes in our library exhibited labeling

intensities of over 25%, and 70% of the library had labeling intensities above 10%. This high
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affinity to most liposomes was observed despite the fact that competitor TMDs were used in this
study; specificity studies (26), unlike affinity studies, utilize non-labeled molecules to compete
with the molecule of interest for the available binding sites (competitors thus reduce labeling of
non-specific sites, to which a target molecule may have limited affinity). Here, competitor TMDs
were used to eliminate binding of the GFP-TMD to low affinity lipids. In all of the TMD
experiments, we used SNAP-TMDs with varying sequences of TMDs as competitors. SNAP (31)
was chosen since it is a non-fluorescent protein, with a similar size as the GFP protein, and hence,
was expected to be expressed at similar levels as the GFP-TMD constructs. The competitor
addition was performed by including SNAP-TMD DNA along with the GFP-TMD DNA with the
IVTT reagents. To favor the competitor, the ratio between the SNAP-TMD and GFP-TMD DNAs
was 2:1. The competitors used in each experiment are detailed in the affinity Table 2 and
Supplementary Materials, Table 1.

It should be noted that the IVTT reagents used in our approach contain many proteins and
other biological molecules necessary for the expression of TMDs, which could have also interacted
to some degree with the various components of our lipid library. Despite this possibility,
considering the fact that the same [VTT reagents were used in all of the experiment and that each
TMD exhibited a unique lipid-binding profile, it is unlikely that the IVTT reagents resulted in a
significant number of false positive signals. In addition, very few lipid formulations exhibited
negligible binding signals for all TMDs, suggesting that the IVTT reagents did not likely result in
an appreciable number of false negatives, either. Nevertheless, it is possible that the use of different
cell-free expression reagents could potentially influence the observed affinity profiles, and as such,
future research aimed at optimizing the approach presented here should include such parallel
studies.

To demonstrate the necessity of our experimental approach, a series of validation
experiments were also preformed. For example, when GFP-TMDs were expressed in the absence
of the liposome library, the proteins aggregated. When these aggregates were added back to the
liposome library, a negligible amount of membrane fluorescence was detected, demonstrating that
GFP-TMD aggregation prevented subsequent membrane incorporation. In addition, the liposome
fluorescence measured in our experiments remained unchanged for at least 6 hours, indicating that
once incorporated into the lipid membrane, the GFP-TMDs remained incorporated and were

unlikely to equilibrate with the bulk solution during the subsequent washing stages. These results
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therefore demonstrate that our IVTT approach is required for the expression of the GFP-TMD

constructs in the vicinity of the membrane for investigating free TMD-lipid interactions.

To determine whether the liposome-bound TMDs remained inclined on the lipid surface or
embedded in the membrane, a protease protection assay was employed (32). Liposomes composed
of SM:DAG:cholesterol and SM:Cer:cholesterol, detailed in Table 2, were prepared in a tube,
along with the IVTT reagents for expression the PD1, P24, and P23 GFP-TMDs. After membrane
insertion of the TMDs, proteinase K was added, which degraded all exposed proteins, including
the linked GFP; the proteinase cannot access peptides, which are embedded in the membrane.
(Supplementary figure 3) Mass spectrometry analysis of these samples revealed 17-20 amino acid
long peptides belonging to the PD1 and P24 TMDs, demonstrating that these peptides were in fact
embedded in the hydrophobic cores of the membranes. In contrast, no peptides belonging to P23
were detected by mass spectrometry, demonstrating that the p23 TMD was not membrane-
embedded, as suggested from the P23 affinity profiles in Table 2 and Supplementary Materials,
Table 1.

Discussion

While diluted detergents are commonly used to embed insoluble proteins into lipid membranes
(33), they can negatively affect the biochemistry of embedding, since the detergent molecules coat
the proteins’ hydrophobic lipid-binding sites. Because of these complications, the approach
described here was developed as a detergent-free alternative for investigating the specificity of

protein-lipid interactions.

It has been well established that lipids are not distributed homogeneously throughout the
cell membrane, but rather are segregated into domains (34, 35) that have distinct lipid
compositions. These domains (often called “lipid domains™ or “lipid rafts”) are hypothesized to be
important for membrane function (3, 5) via their selective interaction with specific proteins. To
investigate the nature of this specificity, a comprehensive lipid library was constructed. It should
be noted, however, that these lipid formulations used in the present study were not an attempt to
reproduce the domains or rafts that exist in specific cell types, nor the global average lipid

composition of human cell membranes. Instead, the liposomes used in our study were chosen to
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include structurally and chemically diverse lipid formulations for directly investigating the
specificity of protein—lipid interactions and subsequent membrane incorporation. While the lipid
compositions at the binding site of cell membrane proteins are currently unknown, the
methodology introduced here is a first step toward providing an experimental toolkit for addressing

such questions.

Several mechanisms have been proposed which partially explain the selective protein
interactions with lipid membranes, which include specific affinities for lipid phases, membrane
curvature, and membrane thickness (36, 37). The results shown here demonstrate that structural
and chemical complementarities must also be considered and suggest that there could be a much
larger variety of selective functional domains, since all five TMDs studied here show affinity for
several different lipid formulations. It is thus likely that the TMD-lipid interactions detected here
depend both on the affinity of the peptide to the lipid head-groups upon contact with the membrane
followed by incorporation, and the thermodynamic preference to certain aliphatic chain
environments, prolonging the TMD presence in the hydrophobic membrane core (38, 39). While
our data cannot distinguish between these two mechanisms, it does provide experimental support
to the hypothesis of lipid function by specificity to proteins and the importance of lipid diversity.

Approximately 60% of today’s drugs target membrane proteins (40 ), yet surprisingly, we
have limited tools to study the structure and local environment of these proteins. To address this
largely unmet need, the liposome library described here can likely play a vital role in understanding
the local lipid environment required for each protein. Identifying this protein-lipid specificity is
essential for understanding protein transport in cells as well as for guiding simulation studies on
membrane proteins, which are currently being performed without knowledge of the actual lipids
for which they are in contact. This methodology may also serve as a tool for identifying the correct
lipid composition to maintain protein structure and function, or for membrane protein
crystallization studies. Lipid membranes have also been suggested to act as organic crystal
nucleation sites (41), and our liposome library may help identify the best lipid composition for
inducing or inhibiting such nucleation events. Just as the “druggable genome” concept includes all
genes that are believed to interact with drugs (42), this methodology may lead to the identification
of'a “druggable lipids” framework, where all peptides will be indentified that interact with specific
lipid compositions, and hence able to differentiate specific membranes, target specific organelles,

cells, or species.
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(a) Microfluidic Chip (b) Micro-well (c) Microscope Image

PDMS PESts

Outlet

10 mm 1 mm 100 pm

Details of the microfluidic device used in this study. (a) Schematics of the microfluidic device with 108 wells,
each containing a different lipid formulation. Colors represent channel depth; Blue-15 pm, Black-50 ym, and
Green-75 pm. (b) Enlarged schematic of a single well and (c) a corresponding photograph of the boxed
region in (b) showing liposomes swelling off the surfaces of the square PDMS posts.
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(a) Bright Field (d) Identified Liposomes

(b) Fluorescence (c) Identified Posts

Confocal microscopy images of membrane labeling by fluorescently-tagged Cholera Toxin subunit B (CTb).
(a) Brightfield image showing vesicles swelled on the surface of the square PDMS posts. (b) Fluorescence
from the CTb. (c) Identification of PDMS surfaces (Blue) by image processing of (a) and fluorescence (Red)
from image (b), and d) Identification of the liposomes (Green) by image processing of (c). All images
measure 600 pm wide.
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[[] sat. Gylcerolipid
[[] Unsat. Gylcerolipid

[[] Sat. Sphingolipid
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PC
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DAG
Sphinogmyelin

Ganglioside

Cerebroside
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Ceramide

N-Palmitoyl

Lyso PC

Cholera Toxin subunit B (CTb) specificity profile to the liposome library. Each square represents the relative
fluorescence intensity as measured from each corresponding lipid formulation, and the lipids are divided to
subgroups represented by colors. The brightness intensity scale (with the highest affinity normalized to
100%) represents the CTb’s fluorescence per unit area found on the liposome surfaces. Lipid formulation
ratios along with relative binding for each formulation can be found in Supplementary Table 1. The rational
for choosing each lipid type is explained in the sub-section Lipid Library in the Experimental section. The
results from this control screening demonstrate that CTb only binds to formulations containing ganglioside
(GM1).

664x384mm (72 x 72 DPI)



Page 19 of 22 Lab on a Chip

(a) Human TMDs: (b)
P23: GFP-gggsgggsESTNTRVLYFSIFSMECLIGLATWQVE
P24: GFP-gggsgggsDNTNSRVVLWSFFEALVLVAMTLGQIY
CDA40: GFP-gggsggg PQDRLRALVVIPIEGILFAILLVLVFI
CD45: GFP-gggsgggTSYNSKALIAFLAFLIIVTSIALLVVLY
PD1: GFP-gggsgggGQFQTLVVGVVGGLLGSLVLLVWVLAVI

Affinity of human protein Transmembrane Domains (TMDs) to our liposome library. a) TMD peptide
sequences used in this study. b) Schematic of a GFP-TMD embedded in a lipid bilayer. c) Affinity profiles of
GFP-TMDs to the liposome library. Each of the matrices is normalized relatively to its highest fluorescence

intensity. Positions of bars A-L and 1-8 correspond with the microfluidic matrix positions. The differences
between the affinity profiles show the unique lipid specificity of each TMD.
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Class Lipid Sat. | Unsat. | Unk.
Hydro PC 99.3 0.7 0
Glycerol PE 56.6 43.4 0
DAG 100 0 0
Lyso PC 93.6 5.4 1
Saturated Sphinogmyelin 69 21 10
Ganglioside 100 0 0
Sphingo
Cerebroside 49 9 42
Ceramide 97 0 3
N-Palmitoylglycine | 100 0 0
DGPP 0 100 0
PC 18.6 80 1.2
PE 20 78 2.2
PG 20 70 10
Unsaturated | Glycerol PS 13 87 0
Pl 38 62 0
PA 45.7 54.3 0
BMP (S,R) 18:1 0 100 0
POPC 0 100 0
Sterol Cholesterol 0 100 0

The lipid types in our membrane library. Due to their method of commercial production, most of the lipids
listed here contained more than one structural varient, differing by either or both, the fatty acid chain length
and degree of saturation as obtained from manufacturer. There are 67 different lipids in total, including
glycerolipids, sphingolipids, and sterols. Lipid ratios of all liposomes in the library are detailed in
Supplementary Table 1.
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Position Lipid Group 1 Lipid Group 2 | Lipid 3 | Lipid 4 TMD
P24 P23
« y _II._ipid x;lo Lipid 2;';'{; CI:OL POPC | Competitors
yPe | T | TYPR | g | OB | 8 [ o3 [ paa
PD1 PD1
C 8 SM 17 DAG 17 15 51 87 2
H 8 SM 29 PS 56 15 4 0
B 8 SM 24 PA 24 15 37 3 0
E 5 SM 17 NPG 17 15 51 14 1
E 2 SM 17 Cer 17 15 51 59 3
B 5 SM 38 15 47 5 8
K 5 SM 70 30 8 7
B 6 Cer 64 36 8 0
F 8 DAG 64 36 4 0

TMD affinity values to selected liposome formulations. Each of the TMD affinity values are normalized
separately as a function of the highest value for that TMD. Values range from 0 to 100, and higher affinity
values are highlighted in darker greens. Positions X and Y correspond to the location in the matrices as they
appear in Figures 3 and 4. Since highly saturated lipid formulations are less likely to swell into liposomes,
POPC was added to these formulations, as a representative phosphocholine lipid. All liposomes included
cholesterol, because both phosphocholines and cholesterol are highly abundant in all human cell

membranes.
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Overcoming solubility of membrane protein transmembrane domains
to study their specificity to lipid compositions.




