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Abstract

Activation of small GTPases of the Ras superfamily by guanine nucleotide exchange factors
(GEFs) is a key step in numerous cell signaling processes. Unveiling the detailed molecular
mechanisms of GEF-GTPase signaling interactions is of great importance due to their central roles
in cell biology, including critical disease states, and their potential as therapeutic targets. Here we
present an assay to monitor individual Ras activation events catalyzed by single molecules of the
GEF Son of Sevenless (SOS) in the natural membrane environment. The assay employs zero-mode
waveguide (ZMW) nanostructures containing a single Ras-functionalized liposome. The ZMWs
facilitate highly localized excitation of fluorophores in the vicinity of the liposome membrane,
allowing direct observation of individual Ras activation events as single SOS enzymes catalyze
exchange of unlabeled nucleotides bound to Ras with fluorescently labeled nucleotides from
solution. The system is compatible with continuous recording of long sequences of individual
enzymatic turnover events over hour-long time scales. The single turnover waiting time sequence
is a molecular footprint that details the temporal characteristics of the system. Data reported here
reveal long-lived activity states that correspond to well-defined conformers of SOS at the
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membrane. Liposome functionalized ZMWs allow for studies of nucleotide exchange reactions at
single GTPase resolution, providing a platform to gauge the mechanisms of these processes.
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Membrane-bound small GTPases of the Ras superfamily function as regulatory toggle
switches in many signal transduction pathways and are implicated in a number of severe
pathologies, including cancer.1~3 GTPases shuttle between an inactive GDP-bound state and
a GTP-bound state that promotes downstream signaling. Guanine nucleotide exchange
factors (GEFs) activate their target GTPases by facilitating release of GDP from the
nucleotide binding cleft, which is followed by uptake of a GTP nucleotide from the cell’s
cytosol. Activation of Ras by the GEF Son of Sevenless (SOS) relays signals from
transmembrane receptors downstream to the mitogen-activated protein kinase (MAPK)
cascade.# In the cell, Ras is anchored to the inner leaflet of the plasma membrane through
palmitoyl and farnesyl moieties® whereas SOS resides in the cytosol and gets recruited to the
membrane upon activation of transmembrane receptors.5.” At the membrane, SOS catalyzes
the exchange of Ras-bound GDP with GTP, thus activating Ras and triggering downstream
signaling.8:9 Pathological mutations in Ras map to more than 30% of human cancers,10.11
whereas several mutations in Son of Sevenless (SOS) are implicated in the developmental
disorders Noonan’s'213 and CFC syndrome.14 For this reason, extensive resources have
been invested in developing inhibitors of Ras activation'®16 and toward blocking the Ras-
SOS interaction.1-19 However, clinical success to this end has been limited. Shedding light
on the molecular scale functional properties of Ras activation by SOS can provide insights
into this problem, possibly exposing new pharmacalogical strategies.
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Here we present a fluorescence microscopy assay that enables detection of single GEF-
catalyzed Ras GTPase activation events reconstituted at a lipid membrane surface. Single
turnover recording is the ultimate resolution limit in enzyme activity assays and has radically
widened our view of enzyme kinetics, most prominently by uncovering the mechanistically
important concept of memory effects,20-22 that is, dynamic spontaneous fluctuations
between distinct active conformers. In addition, studies of single enzyme turnover statistics
have provided a means for inferring complex enzyme reaction landscapes that cannot be
mapped from ensemble experiments.2923 Single turnover assays have been established for a
number of enzyme classes (e.g., cholesterol oxidase,2* lysozyme,2° and metabolic lipases?1)
but at this stage no such method is available for the broad class of GEF-mediated activation
of small GTPases, including Ras.

We recently reported that Ras binding to the allosteric pocket within the catalytic module of
SOS (SOSCa) s sufficient for recruiting SOS to lipid bilayers in a sustained manner.26:27
This finding enables isolation of single molecules of SOS using micropatterned supported
lipid bilayers and subsequent assay of their time-averaged nucleotide exchange activity.2%
These studies revealed that Ras activation by SOS does not occur at a constant pace; SOS
activity fluctuates between discrete long-lived (up to minutes) activity states with lifetimes
comparable to that of cellular signaling responses. A key insight from these experiments was
that alteration of the activity fluctuation pattern of SOS has the capacity to alter the
integrated output of an entire signaling pathway. Most importantly, this modulation exists in
the time sequence of activity and is not detectable in the averaged behavior of SOS.
However, due to the limited temporal resolution in the supported bilayer assay it is unclear
whether fast (second scale) activity fluctuations are also present in the system or if the
observed states correspond to discrete structures with well-defined catalytic rates. Here, by
monitoring the time sequence of single GTPase activation events we show that there are no
systematic rapid fluctuations in the kinetics of Ras activation by SOS, thus demonstrating
the observed long-lived activity states of SOS correspond to well-defined conformations of
the enzyme at the membrane surface.

We reconstituted SOS-mediated activation of membrane-coupled H-Ras (henceforth simply
Ras) at the surface of liposomes that have been incorporated within arrays of zero-mode
waveguides (ZMWs) (Figure 1a). ZMWs are nanoscopic apertures (g ~ 100 nm) in thin
metal films (Supplementary Figure 1) that upon illumination with light produce a highly
confined evanescent field with an effective focal volume in the atto- to zeptoliter range
(10718-10721 ).28 We exploit this property to minimize background signal from
fluorescently labeled nucleotide analogs, distributed in solution and functioning as reporters
of single Ras activation events (Figure 1a). The good match between the physical size of
individual ZMWs and small unilamellar liposomes?® facilitates stoichiometric 1:1 loading of
these two components simply by incubation and spontaneous adsorption (Figure 1b).

The highly confined excitation volume inside a ZMW allows for single molecule imaging at
UM concentration of fluorescently labeled reactants in solution, a concentration range
relevant for numerous protein—protein and protein-ligand interactions natively occurring in
cells.3% ZMW technology has enabled a number of single enzyme applications, including
DNA sequencing by tracing of polymerase activity,3! real-time monitoring of protein
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translation by the ribosome32 and probing the lifetime of protein—protein interactions in the
GroEIl-GroES chaperonin system.33 A fundamental requirement in these experiments is that
the enzyme of interest is tethered at the floor of the ZMWs, thus confining a single enzyme
to a single waveguide. However, this strategy is incompatible with studying enzymes that
either are embedded in or functionally coupled to lipid membranes. Our use of surface
supported liposomes3* as the reconstitution scaffold circumvents this issue. A crucial
strength of this approach is that proteins and ligands bound to the liposome membrane retain
lateral fluidity, and thus their ability to collide and react, while being confined to individual
ZMWs. We note that continuous supported lipid bilayers can be formed on glass surfaces3®
and have previously been interfaced with arrays of ZMWs to study diffusion of membrane
associated fluorescent molecules.38:37 In those studies, however, proteins and ligands were
not trapped within the ZMW and as such that configuration is incompatible with extended
single molecule observation. While supported membranes could conceivably be formed in
confined ZMWs in combination with membrane-patterning methods26:38:39 we chose to
work with whole liposomes as a simpler approach. Liposomes have the additional advantage
of accommodating transmembrane proteins, which are notoriously problematic in the
supported membrane configuration.40

The evanescent field inside a ZMW exhibits a nontrivial decay profile, which potentially
could complicate observation of fluorescence from dyes diffusing at the membrane of
immobilized liposomes. We performed finite element simulations of electromagnetic wave
propagation in ZMWs3? to illuminate this aspect (see Methods in the Supporting
Information). Figure 1c shows the result of a simulation where a liposome (dashed line) was
situated at the center of a ZMW. The excitation field intensity at the membrane varies with
approximately a factor of 2 between the top and the bottom of the liposome (see also world
map representation in Figure 1d). However, molecules at the membrane are not fixed but
undergo Brownian motion in the course of a camera exposure at the microscope. A direct
consequence is that fluorophores sample an ensemble of excitation intensities during each
exposure. Indeed, for the imaging settings used in the reported work (20 ms per frame), we
find that Brownian motion is sufficient to average out any experimentally relevant
heterogeneity in the excitation field (see Methods in the Supporting Information and
Supplementary Figure 2). This is a critical feature, because it allows the detection of single
fluorophore binding and bleaching events as, respectively, abrupt step increases and step
decreases in fluorescence intensity.

We monitored successive single Ras activation events by observing SOS mediated exchange
of unlabeled nucleotides bound to Ras with a fluorescent nucleotide analog (GTP-
ATTOA488) from solution (Figure 1a). Ras was chemically linked to the liposome bilayer via
coupling of a C-terminal cysteine to maleimide functionalized lipids2’ (see Methods in the
Supporting Information). Prior to immobilization, the Ras decorated liposomes were
incubated with SOS, resulting in stable anchoring of SOS to the liposome upon binding of
Ras to the allosteric pocket.26 The liposomes serve as a vector for docking the reactant
complex in the ZMWs and provide an authentic membrane environment reminiscent of the
native signaling platform of these enzymes.
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The experimental design allows direct imaging of the location of ZMWs (bright field),
liposomes (via a membrane marker), and SOS (labeled with a single dye molecule) (Figure
1e). Experiments were run under conditions where each active liposome is likely to bind
only a single molecule of SOS, which was confirmed by step-photobleaching of the SOS
label (Figure 1f). Control experiments in which fluorescent nucleotide is incubated on the
same ZMW array before and after immobilization of Ras liposomes and, ultimately, in the
presence of SOS verify that nucleotide exchange activity (observed as increased
fluorescence intensity) is evident only in the presence of SOS (Figure 1g and Supplementary
Figure 3).

Upon activation of single Ras proteins, the fluorescence intensity recorded from individual
ZMWs exhibits an abrupt increase, followed by a plateau, and finally step photobleaching of
the nucleotide label (Figure 2a,b). Following bleaching, the fluorescence intensity remains at
baseline level until the next Ras activation event, resulting in telegram-type sequence of
activation events, as shown in Figure 2b. We fit entire hour-long trajectories with hundreds
of activation events, employing a change point algorithm and a set of level assignment
criteria to sort the trace into “on” (corresponding to the scenario where a fluorescing
nucleotide is bound to Ras at the liposome) and “off” (no fluorescing nucleotide bound)
states (Figure 2b,c see also Methods in the Supporting Information). In this way, the waiting
times between consecutive Ras activation events are extracted (Figure 2b). The resulting
single turnover waiting time sequence is a molecular footprint that details the temporal
characteristics of the system comprised by a single SOS enzyme catalyzing Ras activation at
a particular liposome.

Figure 3a,d illustrates cumulated nucleotide exchange events as a function of time for a
SOSCat (construct containing only the catalytic core of the protein, comprised by the CDC25
and REM domains) and a SOSPPC enzyme (construct that, in addition to the catalytic core,
has a DH-PH module). For each trace, the associated histogram of waiting times
(respectively, Figure 3 panel b and e) and the autocorrelation function of the waiting times
(respectively, Figure 3 pane ¢ and ) are calculated. The SOSPPC trace exhibits slightly
longer average waiting times (corresponding to slower catalysis) that is in qualitative
agreement with previous results showing that the domains N-terminal to the catalytic
module of SOS dampens the nucleotide exchange activity26:2741 (Supplementary Figure 4).
Under the conditions of these measurements, the observed nucleotide exchange kinetics in
the ZMW were slower compared to our previous study with planar supported membranes2®
(see also Supplementary Figure 4). While this effect could conceivably be due to membrane
curvature, other differences in the assay format, such as nucleotide concentration (10 1M in
the ZMW versus 120 M in the planar supported bilayer measurements), cannot be ruled
out. However, we do observe distinct features among the recorded traces indicating kinetics
in the lipsome—ZMW system are not dominated by limited diffusion.

An enzyme working at a fixed catalytic rate (characteristic of a well-defined protein
conformation) throughout a finite time interval exhibits no correlation between consecutive
waiting times20 (see also Supplementary Figure 5). On the contrary, dynamic fluctuations in
enzyme catalytic rate manifests as a nonzero autocorrelation function with a decay time
characteristic to the time scale of the underlying fluctuations.2% Extremely long time scale
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(e.g., hundreds to thousands of seconds) dynamic heterogeneity in the catalytic rate of Ras
activation by SOS have been observed directly in single molecule membrane assays.28
Those earlier studies, however, lack the temporal resolution to determine if faster dynamic
heterogeneity exists, as would be expected if the structure of SOS on the membrane is very
flexible, or if the long-lived activity states correspond to well-defined structures. Data
reported in Figure 3 exhibit no indication of systematic fluctuations in SOS activity on
shorter time scales. Thus, we conclude that individual SOS catalytic states exist in well-
defined conformations with highly regular catalytic cycles on the membrane. We did also
observe the extremely long time scale state transitions, 26 as illustrated by a trace from
SOSPPC with correlated waiting times at time scales of #1300 s. (Figure 4a,b).

We have introduced a liposome-interfaced ZMW assay employed here to measure time
sequences of single Ras activation events catalyzed by SOS on a lipid membrane surface. To
the best of our knowledge, this is the first example of continuously resolving single GTPase
activation kinetics mediated by an individual GEF enzyme. The assay principle with Ras and
SOS can be readily generalized to study a multitude of biologically important GEF-GTPase
signaling reactions at lipid membranes. We anticipate that studies of single GTPase
activation kinetics will make important contributions toward deciphering the detailed
molecular mechanisms of GEF-GTPase interactions. The introduced single molecule assay
based on liposome-interfaced ZMW nanostructures enables experimental assessment of the
fundamental kinetic properties of these critically important regulatory enzymes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

ZI\g/IWs functionalized with Ras-SOS decorated liposomes. (a) ZMWSs with diameters of
~100 nm loaded with liposomes of compatible dimensions (average @ ~ 30 nm, see Methods
in the Supporting Information). H-Ras is chemically anchored via a lipid to the liposome
surface. The liposomes also bear a single copy of the Ras-GEF SOS, which is stably
associated with the lipid membrane via binding of Ras at an allosteric binding pocket. SOS-
catalyzed nucleotide exchange on Ras is observed by following the acquisition of
fluorescently labeled GTP from solution. (b) Micrograph of a ZMW array (red, imaged in
bright field) and colocalized liposomes (green, fluorescence image of membrane marker).
(c) Simulation of the electromagnetic excitation field inside a ZMW with a liposome bound
at the glass interface. Dashed line indicates the position of the liposome. (d) World map
representation of the excitation field on the surface of the liposome. (e) Micrographs
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showing a ZMW and the associated liposome and SOS signal. (f) Bleaching of the SOS
label (ATTO647N) in a single step signifies that the liposome harbors a single SOS molecule
(trace corresponding to the micrographs in (e)). (g) Intensity trace of ATTO488-GTP from a
single ZMW. The first part of the trace reflects the signal from a single ZMW without a Ras
decorated liposome present. In the second part of the trace, a Ras loaded liposome was
immobilized in the same ZMW. Finally, SOS was added from solution, resulting in apparent
recruitment of fluorescent nucleotides (observed as a marked signal increase). The
fluorescent nucleotide, ATTO488-GTP, was incubated at the ZMW grid at 10 xM. See also
Supplementary Figure 3.
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Figure2.

Single turnover recording of reconstituted Ras activation by SOS. (a) Assay principle: SOS
exchanges unlabeled nucleotide on Ras for ATTO488-GTP. Shortly after binding of the
nucleotide to Ras, ATTO488 bleaches and the fluorescence signal reverses to baseline before
the next insertion event. This gives rise to telegram-like kinetic traces, where individual
insertion events stand out as transient step increases of the fluorescence nucleotide signal.
(b) Nucleotide exchange activity trace (green) showing single Ras activation events
characterized by abrupt step increases in ATTO488-GTP fluorescence intensity followed by
single step bleaching of the nucleotide label. To quantify waiting times, steps were located
using a change point detection algorithm (black trace) and then fitted to a two-state on/off
model (red trace). (c) Full nucleotide exchange trace from a single ZMW before and after
immobilization of a Ras-SOS liposome. Same trace coloring as in (b).
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Single turnover analysis reveals that SOS catalytic states correspond to well-defined
conformations of the enzyme. (a) Cumulated Ras activation events as a function of time for
an activity trace acquired with the catalytic core of SOS (SOSC), (b) Waiting time
histogram corresponding to data in a. (c) Autocorrelation (G(8) = {AH(0)A=(m)) | {A72),
At(m) = o(m) - {£)20) of the waiting times corresponding to data shown in a. (d—f) Same
data format as in a—c but for an activity trace acquired with SOSPPC, a construct containing
the N-terminal DH-PH domains of SOS in addition to the catalytic core. It should be noted
that this type of data are intrinsically stochastic and therefore no two traces are the same.
Importantly, the overall method is reproducible in its ability to capture these long sequences
of Ras activation events.
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Evidence for long time scale state transition in SOS activity. (a) Cumulated Ras activation
events as a function of time (trace acquired with SOSPPC). Note the decreased turnover
activity toward the end of the trace. (b) Normalized autocorrelation of waiting times for a
SOSPPC trace exhibiting a nonzero G(#), indicative of dynamically disordered enzymatic
activity.
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