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Analysis of Protein-Protein Interactions by Using Droplet-Based

Microfluidics

Monpichar Srisa-Art,””’ Dong-Ku Kang,™ Jongin Hong,” Hyun Park,™ Robin J. Leatherbarrow,”
Joshua B. Edel,”™ 9 Soo-lk Chang,*® and Andrew J. deMello*®

One of the primary goals of current proteomics research is to
understand the physiological and metabolic pathways of cells
and thereby establish molecular diagnostic tools that are able
to identify the proteins associated with disease states. More
specifically, protein—protein interactions are critical for many
biological functions. For example, signal mediation between
the exterior and interior of a cell is normally a result of pro-
tein—protein interactions. Such signal transduction plays an ele-
mentary role in many biological processes and in many diseas-
es (such as cancer). Accordingly, the ability to probe protein-
protein interactions in a high-throughput manner is recognised
to be important in developing effective diagnostic techniques,
cultivating disease therapies and discovering new small-mole-
cule drug candidates.

To date, two-dimensional gel electrophoresis and mass spec-
troscopy have been the workhorses of proteomics research.
However, the difficulties associated with the analysis and quan-
titation of low-abundance, high-molecular-weight and hydro-
phobic proteins expressed in cells have hindered attempts at
high-throughput protein analysis. Over the past decade pro-
tein-microarray technology has been developed to address
these limitations. Protein microarrays allow the simultaneous
analysis of thousands of different binding events including
DNA-protein, protein-protein,”” receptor-ligand,** enzyme-
substrate®” and protein-drug® interactions within a single ex-
periment, and additionally facilitate the evaluation of a large
number of biochemical structures against hundreds of biologi-
cal targets. The main advantage of array-based technologies
over conventional analysis methods is the ability to perform
massively parallel analyses with reduced sample and reagent
volumes. Nevertheless, in array-based systems, capture pro-
teins must be immobilized onto a surface. This can lead to a
heterogeneity in the immobilized protein activity. Additionally,
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protein-immobilization strategies might not be perfectly suited
to probing protein-protein interactions under physiological
conditions, since obstruction or deformation of the protein
binding sites through interaction with a solid surface can sig-
nificantly interfere with specific protein-protein interactions.
Furthermore, extended incubation times, repetition of washing
stages and the involvement of blocking proteins have been
shown to compromise the activities of target proteins, the
accurate determination of protein—protein interactions and
analysis times.

Recently, the manipulation of multiphase flows in microflui-
dic systems has been introduced as a fundamental experimen-
tal platform for high-throughput experimentation.”'® These
systems enable the generation and manipulation of monodis-
perse bubbles or liquid droplets in an immiscible carrier fluid.
Such encapsulated droplets can be used to mimic artificial
cells or isolated reaction vessels. Indeed, droplet-based micro-
fluidic systems have been applied to a range of chemical and
biological problems including enzymatic assays,” protein crys-
tallization,”” nanomaterial ~synthesis,">"® high-throughput
binding assays,!'¥ real-time binding kinetics"™ and cell-based
assays.'®"”! Compared to conventional, single-phase microflui-
dic systems, the localization of reagents within discrete and
isolated droplets has been shown to be an extremely effective
way of enhancing the reaction yields for diffusion-limited reac-
tions and eliminating residence time distributions.”'® More-
over, the ability to generate controllably droplets with change-
able reagent composition and at rates in excess of 1kHz
means, in theory, that millions of individual reactions or assays
can be processed in very short times. However, before this
system can become a core instrumental platform in chemistry
and biology, the significant challenge of on-line droplet detec-
tion with high sensitivity and speed must be overcome. In this
communication, we apply FRET measurements in a segment-
ed-flow microfluidic platform to the analysis of protein—protein
interactions.

Angiogenin (ANG), a small polypeptide implicated in angio-
genesis and in tumour growth, has a unique ribonucleolytic
activity and undergoes nuclear translocalization in proliferating
endothelial cells."®' |t was selected as a model protein to
confirm the efficacy of our experimental approach. Specifically,
an anti-ANG antibody (anti-ANG Ab) and an ANG antigen were
labelled with fluorophores to act as donor and acceptor, re-
spectively, in the FRET measurements. The acceptor (Alexa
Fluor 647; AF647) was linked with the donor (Alexa Fluor 488;
AF488) by antigen-antibody binding (Figure 1A). FRET can
occur since the fluorescence emission spectrum of AF488 over-
laps with the absorption spectrum of AF647. Figure 1B shows
fluorescence emission spectra of a mixture of anti-ANG Ab-
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Figure 1. A) Schematic of FRET facilitated by protein-protein binding. B) Flu-
orescence emission spectra of a mixture of anti-ANG Ab-AF488 and ANG-
AF647. The anti-ANG Ab-AF488 concentration was fixed at 10 nm, whilst the
ANG-AF647 concentration was varied (0, 50 and 200 nm). C) Image of drop-
lets generated within the microfluidic device. D) A schematic of the optical
setup used for fluorescence measurements.
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AF488 and ANG-AF647. The peak at 519 nm corresponds to
AF488 emission, with the peak at 669 nm corresponding to
emission from AF647. As the concentration of ANG-AF647 in-
creases, the intensity at 519 nm decreases whilst that at
669 nm increases.

Droplet-based binding experiments were performed by
using a polydimethylsiloxane (PDMS) microfluidic device con-
taining three aqueous inlets, one oil inlet and a single outlet. A
schematic of the microfluidic device is shown in Figure 1C.
Here, anti-ANG Ab-AF488 is delivered through the left inlet,
while ANG-AF647 is delivered through the right inlet. A central
buffer stream is introduced through the middle inlet to pre-
vent mixing of the sample streams prior to droplet formation.
This arrangement ensures that binding and subsequent FRET
occur only after the sample has been encapsulated inside a
droplet. Droplets have an average volume of approximately
350 pL and were generated at 20 Hz. A two-colour fluores-
cence-detection system was used to simultaneously record
green and red fluorescence emission from the donor (AF488)
and the acceptor (AF647) moieties, respectively (Figure 1D).

Typical FRET fluorescence burst scans over a time interval of
1s are presented in Figure 2. Significantly, green (light grey
trace) and red (dark grey trace) signals, corresponding to
AF488 and AF647 emission, respectively, are coincident due to
FRET. Inspection of Figure 2 demonstrates that the red signal
increases as a function of ANG-AF647 concentration; this indi-
cates that more ANG molecules are binding to the anti-ANG
Ab. Conversely, the green droplet signature essentially decreas-
es because of energy transfer. Nevertheless, it must also be re-
alised that the red fluorescence signal is a convolution of fluo-
rescence from FRET and a background contribution due to
direct excitation of the acceptor fluorophore by the excitation
source and detector crosstalk (leakage of donor emission into
the acceptor or red detector). We have previously established
that crosstalk for this particular FRET pair is only 1.2%," and is
thus negligible. Accordingly, for precise determination of fluo-
rescence intensities, photon counts from the acceptor detector
were corrected by using the following relationship [Eq. (1)]:

. _ G
IA?IA_(IAQXTM) (1)

Here I, and [, are photon counts from the energy acceptor
(red) detector before and after correction. I, represents the
photon counts measured by the energy-acceptor detector
when analysing only ANG-AF647 at a concentration of C,,, and
C, defines the concentration of ANG-AF647 in each experi-
ment. FRET efficiency (Ewger) is given by ref. [14] [Eq. (2)]:

A

A 2
I+ 1o (2)

FRET —

Here I, defines photon counts originating from the energy
donor (green) detector. Eqgr is plotted as a function of the con-
centration of ANG-AF647 in Figure 3A. The Egger value reflects
binding of ANG to the anti-ANG Ab and follows a saturation
binding model® [Eq. (3)]:
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Figure 2. Example fluorescence burst scans recorded over a time period of
1 s with a 50 s bin time. The concentration of the anti-angiogenin antibody
labelled with Alexa Fluor 488 (anti-ANG Ab-AF488; light grey trace) was
fixed at 10 nm, while the concentration of angiogenin labelled with Alexa
Fluor 647 (ANG-AF647; dark grey trace) was varied from A) 0.6 nm to

B) 3.0 nm to C) 6.6 nm.

A
Kot A ®)

Erper = (EFRET)max :

Here K; is the dissociation constant, and [A] is the concen-
tration of the ANG-AF647 that remains unbound. If the con-
centration of antibody, [Ab], is low relative to [A], then the
total concentration of A can be taken to be the same as the
unbound concentration, and the data in Figure 3A can be
fitted directly to the above model. A nonlinear least-squares fit
of the data yields Kp=16.6+2.5 nM and (Eeger)max=1.20 £0.07.

High-affinity interactions often display the complication of
tight binding kinetics, which occurs when the total concentra-
tion of the binding partner cannot be assumed to be equal to
the unbound concentration. In this case, inspection of Fig-
ure 3 A shows that, at [A]=10 nm, close to 50% of the material
is bound. In these experiments, the initial concentration of an-
tibody was 10 nm, and therefore it is necessary to take into ac-
count the concentration of antibody, [Ab],, by using the tight-
binding Equation (4), that is:

ChemBioChem 2009, 10, 1605-1611

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

COMMUNICATIONS

A)
10f

08

EFRET

04}

0.2}

00}

0O 10 20 30 40 50 60 70
[ANG-AF647] / nm

200

=

180 | Q

160 |-

Polarization / mP

140

120F O

n i i i i i "

0 10 20 30 40 50 60 70
[Anti-ANG Ab] / nm

Figure 3. Binding of angiogenin (ANG) with anti-angiogenin antibody (anti-
ANG Ab) by A) droplet-based microfluidic experiments and B) bulk fluores-
cence polarization measurements (grey line: non-tight binding fit, black
dotted line: tight binding).

Erper = (EFRET)max

([AbJ, + [A] + Ko)—+/([Ab], + [A] + Kp)—4[AbJ[A] ] (4)
2 [Ab],

A nonlinear least-squares fit to this equation, for [Ab]l,=
10nMm, vyields Ky=64+1.6nM and (Egper)max=1.04£0.05.
Under the conditions used, the data are well modelled by the
tight-binding equation. Moreover, this model also gives an
(Errer)max Value that is close to the expected maximum of 1.0.

The results from the droplet-based microfluidic device were
compared to values obtained by using more conventional
measurements performed in solution. Bulk fluorescence polari-
zation (FP) measurements were performed on a Beacon 2000
polarization spectrometer (Panvera, Madison, WI, USA). Fig-
ure 3B illustrates the binding of fluorescein-labelled angioge-
nin (ANG-FITC) with anti-ANG Ab by fluorescence polarization
(mP) plotted as a function of the total concentration of anti-
ANG Ab. Data were modelled by using Equation (5):2"

[anti-ANG Ab]

P = Poin - AP G Tanti-ANG AB]

(5)

Here P, AP and [anti-ANG Ab] are the measured polarization,
the total change in polarization and the total concentration of
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anti-ANG Ab, respectively. A nonlinear least-squares fit of the
data yields K;=9.0£15nMm, P,,=123.6+13mP and AP=
744433 mP. These experiments utilized 1.3 nm ANG-FITC,
which is low enough not to deplete the concentration of anti-
ANG Ab significantly. Importantly, it can be seen that the Kj
values extracted from the droplet-based binding experiments
are comparable with data generated from the bulk-fluores-
cence polarization measurements, thus confirming that drop-
let-based measurements reach equilibrium prior to the acquisi-
tion of fluorescence data.

The obtained data points in Figure 3B were also fitted to a
Hill equation so as to assess the existence of multiple binding
sites”?” [Eq. (6)]:

[anti-ANG Ab]" 6
(Ko)" + [anti-ANG Ab]" (6)

P =P+ AP

A Hill coefficient (n) of 1.0 indicates a single binding site and
a value significantly different from 1.0 indicates either coopera-
tivity or multiple binding modes. The nonlinear least-squares
fit yields K,=87+2.0nM, P,,=123.9+1.6mP, AP=73.0+
6.7 mP and n=1.04+0.18, thus showing that the data are con-
sistent with a single class of binding site.

AF488 labelling sites in the anti-ANG Ab were determined
by pepsinolysis or disulfide bond cleavage of the anti-ANG Ab-
AF488. Pepsin was used to digest the Fc portion of whole IgG
to yield F(ab’), fragments.”” Figure 4B and C shows SDS-PAGE
images of anti-ANG Ab-AF488 after incubation with a reducing
agent (2-mercaptoethanol) or after digestion with pepsin. The
results suggest that the AF488 labelling sites in the anti-ANG
Ab are in the heavy chain of F(ab’), fragments. The protein-to-
dye ratios for ANG-AF647, anti-ANG Ab-AF488 and ANG-FITC
were also calculated to be 0.35, 2.0 and 0.28, respectively.

The effects of modification of either ANG or anti-ANG Ab by
the fluorescent labels on the biological and enzymatic activi-
ties were examined by nuclear translocation, ribonucleolytic
and Western blot assays. Nuclear translocation of the ANG-
AF647 in human umbilical vein endothelial (HUVE) cells was
observed to be the same as in the native ANG (Figure 5A).
Activity toward poly(C) was determined by measuring the rate
of formation of perchloric acid-soluble products.”? It was ob-
served that the ribonucleolytic activity of ANG-AF647 is also
comparable to that of native ANG (Figure 5B). Both the native
ANG and ANG-AF647 were specifically recognised by either
anti-ANG Ab-AF488 or native anti-ANG Ab, and the activity of
equal amounts of ANG-AF647 and native ANG toward anti-
ANG Ab-AF488 or the native anti-ANG Ab is essentially the
same (Figure 5C). These results indicate that the modification
of ANG by the fluorophore AF647 does not alter its biological
or enzymatic activity and that the modification of anti-ANG Ab
by the fluorophore AF488 does not alter its binding activity or
its recognition of ANG.

In summary, we have successfully demonstrated FRET-based
analysis of protein—protein interactions in thousands of picoli-
tre-sized droplets. Extracted K; values of ANG and anti-ANG Ab
from the droplet-based microfluidic experiments (Kp=6.4+
1.6 nm) are shown to agree closely with data obtained from
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Figure 4. A) Reduction and digestion scheme for preparing F(ab’), and
heavy/light chain fragments from IgG antibodies. B) Coomassie staining and
Q) fluorescence detection of SDS-PAGE of anti-ANG Ab-AF488 after incuba-
tion with 2.9 mm 2-mercaptoethanol (2-ME) or after digestion with pepsin.
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(1.5 mm), and were then incubated for 24 h at 4°C. Once
folding was judged to be complete, the solution was
concentrated by ultrafiltration and then loaded onto a
cation-exchange FPLC column packed with SP-sepharose
Fast Flow (GE Healthcare Life Sciences, USA) and equili-
brated with Tris/HCI (25 mm, pH 8). The collected frac-
tions from the FPLC column were dialysed against water
and lyophilised. The purified ANG was characterized by
various analytical methods, including N-terminal se-
quencing, mass spectrometry, circular dichroism and bio-
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Production and purification of anti-angiogenin anti-
body (anti-ANG Ab): The anti-ANG Ab was purified from
rabbit serum by injecting the rabbit with ANG and wait-
ing for an immune reaction, as previously described.””

Fluorescence labelling: The purified ANG and anti-ANG
Ab were labelled with Alexa Fluor 647 (AF647) and Alexa
Fluor 488 (AF488), respectively, by using an Alexa Fluor
488/647 protein-labelling kit (Invitrogen) according to
the manufacturer’s protocol. The Alexa Fluor-conjugated
proteins were purified by using a Sephadex™ G-25

i [

Figure 5. A) Nuclear translocation of ANG-AF647. i) fluorescein fluorescence, ii) transmis-
sion and iii) merged images. B) Ribonucleolytic activities of ANG (m) and ANG-AF647 (e).
C) i: SDS-PAGE of RNase A, ANG and ANG-AF647 and their Western blot analysis by ii:

anti-ANG Ab and iii: anti-ANG Ab-AF488.

bulk-fluorescence  polarization measurements (K,=9.0+
1.5 nm). Importantly, the use of AF488 and AF647 as acceptor
and donor in FRET analysis, does not affect the biological and
enzymatic activity of ANG or the binding activities of anti-ANG
Ab to ANG. This validates the use of labelled ANG and anti-
ANG Ab for monitoring protein-protein interactions in droplet-
based microfluidic systems. We expect that such an experi-
mental platform will have significant applicability in the high-
throughput analysis of protein—protein interactions. Indeed in
vitro compartmentalization within aqueous microdroplets com-
bined with high-sensitivity fluorescence detection has the ca-
pacity to allow the rapid and facile probing of interactions
between large chemical/peptide libraries and potential targets
under a variety of experimental conditions. Current studies are
exploring the application of this platform technology to the
screening of angiogenin inhibitors, which inhibit interactions
between angiogenin and anti-angiogenin antibodies, together
with large combinatorial peptide libraries.”®

Experimental Section

Expression and purification of angiogenin (ANG): E. coli strain Ro-
setta (DE3)pLysS, carrying the ANG gene, was used for expression
of angiogenin.? Isolated inclusion bodies were dissolved in guani-
dine hydrochloride (GdnHCI; 6m), Tris/HCl (100 mm, pH 8), EDTA
(1 mm), NaCl (100 mm) and reduced DTT (DTTred; 10 mm). Solu-
tions of inclusion bodies were diluted for refolding to 0.2 mg pro-
tein per mL in a Tris/HCl buffer (100 mm, pH 8) containing DTTred
(0.5 mm), GdnHCI (0.3m), EDTA (1 mm), GSSG (0.3 mm) and GSH
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column (GE Healthcare). For FP experiments, ANG was la-
belled with fluorescein by using a Fluorotag™ FITC con-
jugation kit (Sigma). Protein solutions were assessed for
labelling efficiency by using predetermined extinction
coefficients for the fluorophores at their respective ab-
sorbance maxima and 280 nm, as described in the tech-
nical bulletin (Invitrogen, Sigma).

Pepsinolysis: The anti-ANG Ab-AF488 (5 ug) was incu-

bated with pepsin (4 pL of 1 mgmL™") in sodium acetate
buffer (0.1m, pH 4.0) for 6 h at 37°C. The reaction was terminated
by adding nondenaturing condition sample buffer (Tris-HCI
(63 mm), glycerol (10%) and Bromophenol blue (0.01%), pH 6.8). F-
(ab’), fragments from IgG after pepsinolysis were size-separated by
electrophoresis on SDS-poly acrylamide gels (12%) and stained
with Coomassie Blue. The locations of AF488 in IgG were also
visualized by fluorescence.

Nuclear translocation of ANG-AF647 in HUVE cells: Human um-
bilical vein endothelial (HUVE) cells were trypsinized, seeded at 5 x
10 cells per cm? on a 18 x 18 mm cover glass placed in six-well cul-
ture plates, and cultured in EGM-2 (Lonza, Basel, Switzerland) for
24 h. After being washed with prewarmed PBS, HUVE cells were
cultured in EBM-2 (Lonza) supplemented with fetal bovine serum
(FBS; 1%) for 12 h. The cells were washed three times with pre-
warmed (37°C) EBM-2 (Lonza) supplemented with FBS (1%). A
washed cover glass was mounted in a modified chamber posi-
tioned on the platform of a inverted-laser confocal microscope
(TCS SP2 AOBS, Leica). To incubate cells in prewarmed (37 °C) EBM-
2 with AF647 (1 uigmL™") conjugated angiogenin (ANG-AF647), ex-
change of the 0.5 mL chamber volume was achieved with manual
volume replacement by pipetting from the above. After 30 min,
the chamber was washed with prewarmed (37 °C) EBM-2, and then
fluorescence was observed with a confocal-laser scanning micro-
scope (TCS SP2 AOBS).

Enzymatic assay: The ribonucleolytic activities of the native ANG
and ANG-AF647 were determined by measuring the rate of forma-
tion of perchloric acid-soluble products in poly(C) precipitation
assay.”® Briefly, serial dilutions of ANG or ANG-AF647 were incubat-
ed with poly(C) (60 uL of 2 mgmL™") in HEPES (30 mm, pH 7) for
4 h at 37°C. The reaction was terminated by chilling the mixture
on ice and adding cold perchloric acid (3.4%, 700 pL). After 10 min
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on ice, the samples were separated in a centrifuge at 22000g for
10 min at 4°C. The supernatant of each sample was measured at
an absorbance of 280 nm. All readings were corrected for the ab-
sorbance of blanks that lacked ANG or ANG-AF647. The assays
were carried out in duplicate.

Western blot analysis: The native ANG and ANG-AF647 were size-
separated by electrophoresis on SDS-poly acrylamide gels (15 %)
and transferred electrophoretically to a poly(vinylidene difluoride)
membrane. Nonspecific binding was blocked by PBS containing
skimmed milk (5%) for 3 h at 25°C. The membrane was immuno-
blotted with the native anti-ANG Ab or anti-ANG Ab-AF488 for
12 h at 4°C and then exposed to a horseradish peroxidase-conju-
gated secondary antibody (1:2000 dilution in PBS) for 1 h at 25°C.
Immunoreactive spots were visualized by using an enhanced
chemiluminescence (ECL) detection system.

Droplet-based binding experiments: A polydimethylsiloxane
(PDMS) microfluidic device with three aqueous inlets was used in
the protein FRET experiments that conceptual antigen-antibody in-
teractions are superimposed on. The completed microfluidic device
was placed onto a controllable stage (ProScan [I™, Prior Scientific
Instruments Ltd., Cambridge, UK) of the microscope. Precision sy-
ringe pumps (PHD 2000, Harvard Apparatus, Edenbridge, UK) were
used to deliver reagent solutions at flow rates ranging from 0.1 to
1.5 uLmin~" using gas-tight syringes (2.5 mL for oil and 1 mL for
aqueous solutions; SGE Analytical Science, SGE Europe Ltd., Milton
Keynes, UK). Perfluorodecalin/1H,1H,2H,2H-perfluorooctanol (10:1,
v/v) was used as the continuous oil phase for all experiments. All
liquids were filtered by using 0.2 um syringe filters (Pall Corpora-
tion, East Hills, USA) before use. Two protein solutions and PBS
buffer were introduced separately through the three aqueous
inlets. Accordingly, on-line dilution can be performed by changing
the relative flow rates of three aqueous streams (from 0.1 to
1.1 uLmin™"), but keeping the total aqueous flow rate constant to
maintain the droplet size. Fluorescence measurement of droplets
was carried out by using a custom-built confocal laser integrated
with an Olympus IX71 microscope. This confocal setup consists of
a 488 nm diode laser, as an excitation source, and a dual detection
system. The laser beam was aligned into the microscope body by
using beam-steering optic mirrors. The beam was then reflected
by a dichroic mirror (z488rdc, Chroma Technology Corp., Rocking-
ham, USA) into a 60x water immersion objective (Olympus) and
then tightly focused onto the microfluidic channel. The fluores-
cence was collected by the same objective, spectrally filtered from
the excitation light by using an emission filter (z488Lp, Chroma
Technology Corp.), and then passed through a 75 pum pinhole
(Thorlabs, Ely, UK). The fluorescence signal was further separated
by another dichroic mirror (630dcxr, Chroma Technology Corp.) to
be detected simultaneously by two avalanche photodiode detec-
tors (AQR-141, EG&G, Perkin—-Elmer). The reflected light (green fluo-
rescence), filtered by an hq540/80 m emission filter (Chroma Tech-
nology Corp.), was detected by the first (donor) detector. The
transmitted light (red fluorescence), filtered by an hq640Lp emis-
sion filter (Chroma Technology Corp.), was detected by the second
(acceptor) detector. Data were collected from the detectors by
using a multifunction DAQ device for data logging (PCl 6602, Na-
tional Instruments, Newbury, UK), which was controlled by using a
programme written in LabView (National Instruments). Data were
collected over a period of 60s (or 1200 droplets). Binding data
were generated by using measurements from a series of reactions
in which the concentration of the ANG-AF647 was varied, whilst
keeping the anti-ANG Ab-AF488 concentration constant at 10 nm.
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Values of K, were determined through analysis of the binding data
using GraFit (Erithacus Software Ltd., Horley, UK).

Bulk spectroscopic measurements: Fluorescence-emission spec-
trum measurements were performed on a Luminescence Spec-
trometer (Perkin—-Elmer). Anti-ANG Ab-AF488 (10 nm) was titrated
with ANG-AF647 (1-200 nm), and the fluorescence emission (exci-
tation at 488 nm) was monitored. Fluorescence-polarization meas-
urements were performed on a Beacon 2000 polarization spec-
trometer (Panvera, USA). Fluorescein-labelled angiogenin (ANG-
FITC, 1.3 nm) was titrated with anti-ANG Ab (0.01-100 nm), and the
fluorescence polarization was monitored. Values of K, were deter-
mined through analysis of data by using GraFit (Erithacus Soft-
ward).
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