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ABSTRACT

Nickel-chelating lipids are general tools for anchoring polyhistidine-tagged proteins to supported lipid
bilayers (SLBs), but controversy exists over the stability of the protein-lipid attachment. Here, we show
that chelator lipids are suitable anchors for building stable, biologically active surfaces, but that a simple
Langmuirian model is insufficient to describe their behavior. Desorption kinetics from chelator lipids
are governed by the valency of surface binding: monovalently-bound proteins desorb within minutes
(ti2 ~ 6 min), whereas polyvalently-bound species remain bound for hours (t;» ~ 12 hr). Evolution
between surface states is slow, so equilibrium is unlikely to be reached on experimental timescales.

However, by tuning incubation conditions the populations of each species can be kinetically controlled,



providing a wide range of protein densities on SLBs with a single concentration of chelator lipid. We
propose guidelines for the assembly of SLB surfaces functionalized with specific protein densities, and

demonstrate their utility in the formation of hybrid immunological synapses.

INTRODUCTION

As our understanding of biological membranes and membrane-associated proteins grows, new
experimental techniques become necessary to probe quantitatively their dynamic role in cellular reaction
networks. The silica-supported lipid bilayer (SLB) is an experimental platform uniquely well-suited for
these challenges'. SLBs provide the framework for building well-controlled, biofunctional surfaces
while maintaining the hallmark two-dimensional fluidity of cellular membranes. Spatial reorganization
of membrane components is emerging as a critical aspect of cell signaling events. Examples include
micron-scale pattern formation at cell-cell junctions®, pore assembly of antimicrobial peptides’ and
oligomerization of neuronal surface receptors’. The SLB provides a controllable, mechanically stable
substrate for experimentation with such protein networks using optical microscopy and surface sensitive
spectroscopies.  Recent applications include the use of SLBs to probe protein dynamics during
immunological synapse formation™, to measure reaction-diffusion kinetics of interferon protein

networks®’ and in the controlled display of cadherins for mechanical manipulation®.
play p

There are limited chemistries available for incorporating recombinant proteins into SLBs with
controlled orientation, while maintaining lateral fluidity. A general solution remains elusive, thus
limiting SLBs’ experimental flexibility. Nickel-chelating lipids are promising candidates for this task,
as they can reversibly tether soluble protein to a fluid lipid layer using histidine tags, an effective and
widely-applied affinity handle’. However, disparity exists as to the reported nature of the interaction

between chelator lipids and histidine-tagged proteins. Several groups have described stable adsorption



of proteins to SLBs containing chelator lipids, and have successfully used such systems for cell-based'”
or electrochemical'' experiments. Others have shown transient surface binding, with rapid desorption

12,13

of the protein layer ~°, and have sought to counteract these effects by dramatically increasing chelator

4

lipid concentration™'?, lengthening the polyhistidine tail'’, or synthesizing multidentate chelator

15,16 17,18

headgroups The ease of preparing histidine-tagged proteins make chelator lipids an appealing

tool for SLB-functionalization, but a stable surface anchor is necessary for quantitative experimental

design. Therefore it is of great interest to understand the reasons for the observed discrepancy.

Here, we systematically study the desorption kinetics of decahistidine-tagged Green Fluorescent
Protein (H10-GFP) from SLBs containing nickel-chelating lipids (Ni**-NTA-DOGS), and show that
even low concentrations of chelator lipid (1 mol%) are sufficient for building stable protein-
functionalized surfaces and that a range of protein surface densities are obtainable with a single
concentration of chelator lipid. We show that SLB-bound species exist in multiple association states,
from monovalently-bound to polyvalently-bound. Desorption can be described with two steps: a slow
transition from poly- to monovalently-bound species, followed by rapid desorption of the monovalently-
bound species from the surface. Our results suggest that thermodynamic equilibrium is unlikely to be
reached on experimental timescales, so adsorption conditions (incubation time, bulk concentration) can
strongly influence the relative populations of poly- and monovalently-bound protein. Thus, SLBs with a
single concentration of chelator lipid can be kinetically controlled to exhibit several protein states: stable
binding with constant protein density, transient binding in which surfaces undergo rapid protein loss, or
a combination of the two. The different unbinding regimes lead to sharply contrasting observations.

These findings may account for inconsistencies found in the literature.

We also outline strategies for the preparation of synthetic membrane surfaces with predetermined

densities of two different proteins, and show that such surfaces remain functional as artificial antigen



presenting cells for immunological synapse formation with living T-cells.

RESULTS
PREPARING SLBS WITH NICKEL-CHELATING LIPIDS

All experiments were performed with Egg Phosphatidylcholine (EggPC) bilayers containing 1 mol%
Ni*"-NTA-DOGS (Figure 1, panel b), which displays 14,000 chelator lipids per pm” (assuming a lipid
cross-sectional area of 72 A* '), which is well below the two-dimensional packing limit of GFP (80,000

and 200,000 proteins per pm?’, depending on orientation®’). Concentrations of up to 10 mol% chelator

lipid can be used to form SLBs without noticeable loss of bilayer quality (data not shown). However,

Ni**-NTA-DOGS can have undesirable interactions with proteins and other biological molecules, thus a

minimum concentration should be used.

HISTIDINE-TAGGED PROTEIN DESORPTION OCCURS IN TWO STEPS

To measure the desorption kinetics of histidine-tagged proteins from nickel-chelating lipids, SLBs
were incubated with H10-GFP at 2.5 uM in Tris buffer for 1, 15 and 45 minutes. After washing away
unbound protein, surfaces were monitored using fluorescence microscopy under continuous rinsing.
Absolute protein densities were calculated by comparing fluorescence intensities to known standards

(see Methods), and H10-GFP surface densities were plotted as functions of time (Figure 1).

At short times (< 1 hr), unbinding traces are well-fit by a single exponential with a vertical offset
(Figure 1, panel c), suggesting the presence of two distinct surface species: a transiently-bound species
which desorbs with a first-order rate constant of 0.12 + 0.02 min™', and another which remains stable on
the surface for at least one hour. Altering the incubation time changes the relative populations of each

species, suggesting that protein surface density can be kinetically controlled by altering incubation



parameters. Incubating SLBs with 100 mM EDTA in Tris buffer strips the nickel ion from the chelator
lipid, causing complete loss of GFP fluorescence, confirming that both populations are specifically
bound through nickel-histidine interactions. Monitoring the H10-GFP surface density of an identically-
prepared bilayer for one day shows the slow desorption of the long-lived surface species over the course
of hours (Figure 1, panel d). Fitting these data to a biexponential decay gives a desorption rate constant

0f9.8 x 10 min™ for the tightly-bound species.

To explain these observations, we propose a quasi-two-step adsorption process (Figure 1, panel a).
First, free protein in solution binds to a chelator lipid through a single histidine residue.  This
monovalently-adsorbed species can then bind additional lipids through other histidines, forming a
polyvalent protein-lipid complex, greatly stabilizing the surface species. Bilayer fluidity ensures that
even at low chelator lipid densities, each histidine frequently interacts with potential binding sites, and
thus the transition from poly- to monovalent binding is slow. After the initial, rapid desorption of
monovalently-bound protein, polyvalently-bound protein remains stable on the SLB surface for hours,
despite the modest bond energy of a single nickel-histidine interaction. Fluorescence Recovery After
Photobleaching (FRAP) experiments with Marina Blue-DHPE tracer lipids showed no significant

reduction in bilayer fluidity upon protein adsorption (data not shown).

CONTROLLING SLB PROTEIN DENSITY

The implications of two-state binding on the design of protein-functionalized SLBs were explored
experimentally and with quantitative kinetic modeling. Figure 1, panel ¢ indicates that different, stable
surface densities of H10-GFP are obtainable on identical SLBs. To fully explore the range of densities
achievable with a single chelator lipid concentration, SLBs were incubated with H10-GFP over a wide
range of concentrations and times. Bilayers were washed with buffer to remove unbound protein, and

surface-bound species were allowed to desorb for one hour before imaging to determine the remaining



density of polyvalently-bound protein (Figure 2, panel a). The results indicate that stable protein
density increases monotonically with increasing incubation time and concentration. The rate of increase
was dramatically higher for intermediate protein concentrations, and notably, 100-minute incubations at

1.5 uM H10-GFP create SLBs with higher protein densities than incubations at 8.0 uM.

To explain this observation within the context of the two-step adsorption process outlined above,

protein binding was modeled using standard first-order kinetic rate equations as follows.

% = K [AIL]+ k(AL T- (k,+ K [LDIAL]

d[AL,]
Ty KIALL- KAL)

[A] represents bulk protein concentration (assumed to be constant), [L] ligand density, [AL]
monovalently-bound protein and [AL,] polyvalently-bound protein, including all species adsorbed

through two or more histidine residues.

Plotting the fractional coverage of polyvalently-bound protein as a function of incubation time for a
series of incubation concentrations (Figure 2, panel b) reveals qualitative agreement with the data in
Figure 2, panel a: protein surface density increases with increasing incubation time and concentration.
However, high protein concentrations quickly saturate surface binding sites, preventing subsequent
binding of additional lipids and the formation of multidentate complexes. Incubating at intermediate
protein concentrations bypasses this kinetic trap, allowing for the transition to polyvalently-bound
surface species, creating bilayers with higher stable protein densities. Surface reorganization continues
between 10 and 100 minute incubations for all protein concentrations, indicating that thermodynamic

equilibrium is unlikely to be achieved under most experimental conditions. A consequence of this non-



equilibrium behavior is that despite rapid saturation of binding sites, long incubations are necessary to
achieve surfaces with stable protein densities. Moreover, the density of polyvalently-bound protein can
be maximized by incubating at intermediate protein concentrations; increasing protein concentration in

the bulk does not necessarily increase protein density on the surface.

This observed cross-over in protein density is more pronounced if the model explicitly includes
higher-order complexes (proteins bound through three histidines, four histidines, etc.) using developed
models for polyvalent binding®'. All ten histidine residues are capable of interacting with chelator
lipids, though they may be sterically hindered from doing so, both by packing constraints from other
adsorbed proteins, and by conformational constraints within the polyhistidine tag itself. The actual
molecule likely exists as an ensemble of many bound states; however the simplification of combining
all higher-order complexes into one species sufficiently recapitulates the observed phenomena, and is

useful in guiding experimental design.

DESIGNING SYNTHETIC MEMBRANE SYSTEMS: THE HYBRID T-CELL SYNAPSE

A well-established application of protein-functionalized SLBs is in the formation of hybrid
immunological synapses, in which live T-cells interface with synthetic membrane surfaces displaying
adhesion and signaling molecules from an Antigen Presenting Cell (APC)*. Such SLBs require that
multiple proteins be tethered to the model APC surface for 60 minutes or more at 37°C, so a strong
surface attachment is necessary. To demonstrate the utility of the nickel-histidine anchoring system, we
engineered SLBs simultaneously displaying two histidine-tagged protein variants: major
histocompatibility complex (MHC) and intercellular adhesion molecule 1 (ICAM) through chelator
lipids. The two-state binding model predicts that surfaces with a specific protein density can be
prepared in several ways: incubating SLBs at high protein concentrations for short periods of time, or

low protein concentrations for long periods of time. SLBs with identical densities of a decahistidine-



tagged fusion of ICAM and the yellow fluorescent protein (ICAM-YFP-H10) were prepared via two
methods. SLBs containing 1 mol% Ni*’-NTA-DOGS were incubated with ICAM-YFP-H10 for 10
minutes at 100 nM or for 100 minutes at 20 nM in Tris buffer. Excess protein was washed away and
surface densities were monitored with fluorescence microscopy (Figure 3). The two sets of incubation
conditions lead to similar protein surface densities, but one SLB required five times more protein to

prepare.

SLBs functionalized through chelator lipids are biologically active and can serve as model APC
membranes, as illustrated by the formation of hybrid immune synapses. SLBs displaying histidine-
tagged MHC and ICAM-YFP-H10 activate T-cells and trigger the formation of mature immunological
synapses (Figure 4), in which surface proteins form patterns of concentric rings across the T-cell
surface. ICAM and its ligand, leukocyte function associated protein 1 (LFA), form an outer ring several
microns in diameter, while MHC and its ligand, T-cell receptor (TCR) migrate towards the center. T-
cell activation was also confirmed by monitoring intracellular calcium flux with fura-2 (data not

shown).

DISCUSSION

Nickel-chelating lipids are promising anchors for the attachment of proteins to synthetic lipid
membranes with controlled orientation, while maintaining two-dimensional fluidity. The interaction
provides a framework by which many histidine-tagged proteins can be bound in parallel to SLBs,
opening a wealth of experimental possibilities for studying surface-based reaction networks.
Controversy exists, however, regarding the reversible nature of the interaction. Several groups have
reported significant rates of desorption of histidine-tagged proteins from surfaces decorated with

15,22,23

chelator lipids, with measured Kp values in the 0.1 — 1 uM range , which would preclude their use



in most quantitative experiments. = Conversely, others have used such surfaces for a variety of

81011 implying that surface density remains constant over the

applications without addressing desorption
experimental timecourse.  Growing interest in membrane-mediated biochemical systems, and the
potential of nickel-chelating lipids as a general tool for attaching proteins to SLBs makes this an

important disparity. How can an adsorption reaction with a micromolar Kp be a suitable anchor for

SLB-based experiments?

Here, we show that simple, Langmuirian binding is insufficient to explain the interaction between
histidine-tagged proteins and SLBs containing chelator lipids. Adsorption can be adequately described
by an idealized two-step binding model, although a higher degree of multivalent binding may occur.
Initially, free protein in solution binds to a chelator lipid through a single histidine residue. Due to
fluidity of the bilayer, this monovalently-bound species can then bind additional lipids through other
histidines, forming a tightly-bound protein-lipid complex. This reorganization of surface species is slow
compared to incubation times commonly used in the laboratory, which are often less than 10 min'®**,
Previous analyses have assumed thermodynamic equilibrium of surface-bound species, and although the
chelator lipid binding sites are quickly saturated by monovalently-bound protein, our results suggest that
true equilibrium occurs on the timescale of hours to days. Thus over experimentally-relevant

timescales, the slow evolution to and from multivalent states must be taken into consideration to fully

understand the kinetic behavior of these systems.

The quasi-two-state binding model supports the argument that chelator lipids are suitable anchors for
the functionalization of SLBs with histidine-tagged proteins, but with the important caveat that surfaces
must be allowed to shed the bulk of the monovalently-bound protein before experimentation begins. At
room temperature, this desorption occurs from bilayers containing 1 mol% Ni*’-NTA-DOGS with a

half-time of 6 = 1 min. After the period of initial unbinding is complete — 10 to 20 minutes — surface



densities remain essentially constant for several hours, due to the slow transition from poly- to
monovalent binding. We believe this phenomenon to be the source of confusion in previously reported
desorption rates: surfaces exhibit rapid desorption at short times, especially after short incubations (less
than 10 minutes) of high protein concentrations (greater than 10 puM). Fitting this desorption to a
Langmuirian binding model indeed gives a high Kp, however this fails to account for the more stably-

bound polyvalent fraction, which has significantly slower desorption.

An equally important observation is that by altering incubation conditions, (time and concentration),
SLBs with a single concentration of chelator lipid can be tuned to display specific amounts of
polyvalently-bound protein. Thus, a variety of experimental conditions can be obtained with a single
lipid stock. Likewise, there are multiple avenues to a given protein density. Short incubations at high
concentrations lead to surfaces primarily decorated with monovalently-bound species, most of which
desorb within minutes. Long incubations at low protein concentrations create the opposite scenario, in
which adsorbed species are primarily polyvalently-bound, and show little desorption over hours. Both
strategies can be controlled to display identical protein densities at long times, however one uses protein

far more efficiently.

Surfaces functionalized with two proteins simultaneously retain biological activity, which we
demonstrate with the formation of a hybrid immunological synapse. Live T-cells interface with SLBs
decorated with histidine-tagged MHC and ICAM proteins, forming the canonical “bulls-eye” protein

pattern.

The immunological synapse is just one of many intercellular junctions experimentally accessible with
SLB systems. As our understanding of these and other membrane-based reaction networks grows, so

will our need to experiment with more complex, densely-populated synthetic membrane surfaces. The

10



interaction between nickel-chelating lipids and histidine-tagged proteins is a promising strategy for the
parallel incorporation of entire protein reaction networks in a fluid, well-controlled manner. We believe
the insights into the kinetic nature of this binding strategy presented here will aid in the design of such

surfaces.

METHODS
BILAYER PREPARATION

EggPC bilayers containing 1 mol% Ni**-NTA-DOGS (Avanti) and 4 mol% Marina Blue-DHPE
(Invitrogen) were prepared by standard methods. Lipids were mixed in chloroform and dried under
vacuum for several hours. Lipid films were resuspended in deionized water to 2 mg/mL and extruded
through 100 nm pore filters (Whatman) ten times to create small unilamellar vesicles (SUVs). SLBs
were formed over either silica coverslips cleaned in Piranha solution (1:4 mixture of 30% H,O, and
sulfuric acid) or 6M NaOH-cleaned glass-bottomed 96-well plates (Nalg Nunc International). SUVs
were incubated in 10 mM Tris and 153 mM NacCl buffer for 30 minutes before washing away unfused

vesicles with 5 mL Tris buffer.

PROTEIN PREPARATION

Green Fluorescent Protein with a decahistidine tag at its N-terminus (H10-GFP) was expressed in E.
coli”®. Twelve hours after inducing expression with 1 mM IPTG, cells were harvested and lysed, and
H10-GFP recovered on a Sepharose-Ni*'-NTA affinity column. Protein was eluted with an imidazole
gradient and stored in Tris buffer with 10% glycerol. Secreted ICAM-YFP fusion protein with a
decahistidine tag at its C-terminus was expressed in HEK-293T cells grown in DMEM media via
transient transfection with Lipofectamine 2000 (Invitrogen). Three days after transfection, protein was

recovered on an Agarose-Ni*'-NTA affinity column (Invitrogen). Similarly, lines of S2 cells expressing
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MHC Class II I-E* with hexahistidine tags on the C-terminus of both alpha and beta chains (a gift of L.

26,27

Teyton and M. Davis) were grown in Excell 420 media™'. Protein expression was induced with the

addition of 250 mM CuSOs, and after two days the secreted protein was recovered on an Agarose-Ni’'-

NTA affinity column. Both MHC and ICAM-YFP-H10 were eluted with an imidazole gradient and

stored in Tris buffer with 10% glycerol.

DESORPTION EXPERIMENTS

SLBs were formed in Bioptechs flowcells or glass-bottomed 96-well plates, loaded with 100 mM
NiCl, in Tris buffer for 5 minutes, and incubated with protein, washing with 5 mL of Tris buffer
between each step. Unbound protein was rinsed away with an additional 5 mL of buffer and imaged via
epifluorescence with a 0.6 NA 40x objective on a Nikon TE-300 microscope. Exponential fits were

performed using OriginPro 7.

Protein densities were measured by comparing GFP and YFP fluorescence intensities to bilayers
containing known amounts of the fluorescent lipid BODIPY-FL-DHPE (Invitrogen). To account for
spectral differences between the fluorophores, solutions of H10-GFP, ICAM-YFP-H10 and BODIPY-
FL-DHPE were prepared with identical fluorophore concentrations and imaged on the microscope and
in a Varian Cary Eclipse fluorimeter. The ratio of the solutions’ fluorescences was used to map

BODIPY-FL-DHPE surface concentration to that of GFP and YFP (manuscript in preparation).

BINDING MODEL
Numerical modeling was performed using Matlab version 7.1.  Species surface densities were

calculated using the ode45 algorithm for ordinary differential equations.

IMMUNOLOGICAL SYNAPSES

12



Artificial APC-cell surfaces were prepared essentially as described® with the following modification:

GPI-linked MHC and ICAM were replaced with histidine-tagged variants. MHC was loaded with 50
uM MCC antigenic peptide overnight at 37°C in pH 4.5 citrate buffer. SLBs were then incubated with
both proteins at 200 nM for 100 minutes in HEPES buffer. Flowcells were warmed to 37°C and rinsed
with 10 mL buffer. Live murine AND CD4" T-cells were injected 20 minutes later. The T-cell surface
protein, TCR, was labeled with Fap fragments of the non-blocking H57 antibody labeled with Alexa568
dye (Invitrogen). Images were acquired 10 to 30 minutes after T-cells contact with the bilayer using a

1.3 NA 100x oil-immersion objective on a Nikon TE-300 microscope.
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Figure 1. HI10-GFP unbinding from supported lipid bilayers containing 1 mol% Ni*"-NTA-DOGS,
monitored by fluorescent microscopy. a) Schematic illustrating the proposed two-state binding model.
Histidine-tagged proteins initially bind to a single lipid. Due to lateral diffusion of the chelator lipids,
additional nickel-histidine interactions may accumulate, forming long-lived multidentate protein-lipid

complexes. b) Chemical structure of the chelator lipid, Ni*-NTA-DOGS. c¢) H10-GFP unbinding after
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incubations at 2.5 uM for 1, 15 and 45 minutes. Data are fit to a single exponential with a vertical
offset, (k.; ~ 0.12 min™"). d) H10-GFP unbinding after 2.5 pM incubation for 15 minutes showing slow

desorption over 23 hours (k, ~ 9.8 x 10* min™). Yellow arrows (c, d) indicate data points taken after

washing with 100 mM EDTA for 5 minutes to measure nonspecific binding. These points were not

included in exponential fits.
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Figure 2. HI0-GFP surface density as a function of incubation conditions. a) H10-GFP surface
coverage after 60 minutes of unbinding from bilayers containing 1 mol% Ni**-NTA-DOGS as a

function of incubation time and concentration, plotted in protein per pm® (left axis) and fractional

coverage (proteins per nickel-chelating lipid, right axis). Incubations at high protein concentrations
quickly saturate surface binding sites, preventing the formation of polyvalent complexes. Intermediate
concentrations allow this transition to proceed, thus achieving higher surface densities during long
incubations. b) Numerical solutions to the proposed rate equations show qualitative agreement:
coverage of polyvalently-bound protein is maximized at intermediate incubation times and

concentrations.
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Figure 3. ICAM-YFP-H10 surface density as a function of time on supported lipid bilayers containing
1 mol% Ni**-NTA-DOGS. Surfaces with similar protein densities can be created with different bulk

protein concentrations by varying incubation time. Yellow arrow indicates data points taken after

washing with 100 mM EDTA for 5 minutes to measure nonspecific binding.
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Figure 4. T-cell synapses on supported bilayers containing 1 mol% Ni*"-NTA-DOGS functionalized
with histidine-tagged ICAM and MHC, imaged by fluorescence microscopy. Images taken after 10
minutes of incubation at 37°C. a) Brightfield. b) ICAM-YFP-H10. c) anti-TCR-Alexa568. d) Overlay

of ICAM-YFP-H10 (b) and anti-TCR-Alexa568 (c).
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