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Abstract: This paper describes a method that combines a microfluidic
device and self-assembled monolayers for matrix-assisted laser
desorption/ionization mass spectrometry (SAMDI) mass spectrometry
to calculate the cooperativity in binding of calcium ions to
peptidylarginine deiminase type 2 (PAD2). This example uses only
120 pL of enzyme solution and three fluidic inputs. This microfluidic
device incorporates a self-assembled monolayer that is functionalized
with a peptide substrate for PAD2. The enzyme and different
concentrations of calcium ions are flowed through each of eight
channels, where the position along the channel corresponds to
reaction time and position across the channel corresponds to the
concentration of Ca?'. Imaging SAMDI (iSAMDI) is then used to
determine the yield for the enzyme reaction at each 200 ym pixel on
the monolayer, providing a time course for the reactions. Analysis of
the peptide conversion as a function of position and time gives the
degree of cooperativity (n) and the concentration of ligand required for

half maximal activity (Ko.s) for the Ca®* — dependent activation of PAD2.

This work establishes a high-throughput and label-free method for
studying enzyme-ligand binding interactions and widens the
applicability = of  microfluidics and  matrix-assisted laser
desorption/ionization mass spectrometry (MALDI) imaging mass
spectrometry.

Introduction

Cooperative binding interactions are important in enzyme activity,
metabolic regulation, and cellular signaling. Binding of a metal or
ligand to multiple sites in a protein is described by the Hill
coefficient (n) which represents the degree of cooperativity and
where Ko.s describes the ligand concentration required for half
maximal activity. Various methods — including X-ray
crystallography,['l isothermal titration calorimetry (ITC)?,
fluorescence polarization,®! fluorescence resonance energy
transfer (FRET),™ and surface plasmon resonance (SPR)®¢l —
have been used to determine these parameters, but these
methods remain challenging to adapt to particular enzyme
reactions in biological samples due to low sensitivity and low-
throughput.! Here, we demonstrate how the combination of
microfluidic networks and iISAMDI-MS (imaging self-assembled

monolayers for matrix-assisted laser desorption/ionization mass
spectrometry) can be used to determine the Hill coefficient (n) and
ligand concentration required for half-maximal activity (Ko.s) using
iSAMDI-MS. This method allows us to perform and analyze
thousands of reactions in a single experiment for calculating the
Michaelis constant and rate of a chemical reaction.®

In this work, we characterize the CaZ-induced activation of
peptidylarginine deiminase type 2 (PAD2), which catalyzes the
hydrolysis of an arginine guanidinium group to the corresponding
urea to give citrulline. PAD2 is involved in the progression of
several diseases, including breast cancer,' rheumatoid
arthritis,['" and macular degeneration.l'? PAD2 is present in the
cytoplasml™ but requires calcium concentrations nearly 10-fold
greater than intracellular levels for maximal activity.['! Therefore,
biochemical assays that measure PAD2 activation are important
for studying its function and possible roles in disease progression.
Several techniques have been developed to detect PAD-
mediated citrullination and are important to our understanding of
this enzyme family,'"*""1 but rely on labels and secondary
reporters, or are difficult to adapt towards high-throughput
assays.["® In the work that follows, we describe the development
of high-throughput, low-volume assay with iISAMDI-MS to
simultaneously analyze several hundred reaction conditions on
one chip and show that PAD2 binds Ca?* cooperatively with a n
and Kos value in agreement with established results from a prior
study.['!
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Figure 1. Assay for detecting PAD2 citrullination. The PAD2 peptide substrate
(Ac-GYNRGC) is immobilized onto a self-assembled monolayer. The monolayer
is treated with PAD2 and Ca?*. Subsequent treatment of the monolayer with
trypsin reveals peaks representing the un-citrullinated, proteolyzed peptide (P2)
and citrullinated peptide (P1).

Results and Discussion

We measured PAD2 activity using a peptide having an arginine
residue in an optimal sequence context. The peptide is
immobilized to a maleimide-terminated self-assembled
monolayer (SAM) by way of reaction of a terminal cysteine
residue with the maleimide group. PAD2 converts arginine to
citrulline, which results in a mass increase of 0.98 Da in the
citrulline product. This mass difference is challenging to reliably
detect on a matrix-assisted laser desorption/ionization mass
spectrometry (MALDI) mass spectrometer due to the generation
of proton adducts of the peptide in the instrument. Thus, we first
developed a quantitative assay to measure PAD2 enzyme activity
that uses the serine protease trypsin to cleave the immobilized
peptides at the arginine residue. In this way, when a peptide is
treated with PAD2 followed by trypsin, only the unreacted peptide
will be cleaved, leading to a significant mass difference with the
(uncleaved) product (Figure 1).'1 To determine the peptide
sequence for use in the assay, we generated a peptide library with
the sequence Ac-GXZRGC (X and Z denote all amino acids
except cysteine, lysine, and arginine). We prepared an array from

the 361 peptides and treated the array with PAD2 and then trypsin.

We found that the sequence Ac-GYNRGC provided high PAD2
activity and good signal-to-noise with SAMDI-MS (Supplementary
Figure S1). We demonstrated that the trypsin detection strategy
is quantitative by immobilizing known ratios of Ac-GYNRGC and
Ac-GYNCitRGC and treating the surface with trypsin
(Supplementary Figure S3). We then calculated the percent of
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citrullinated peptide in the resulting spectra using the following
equation:

% citrullination= [lcit/(Icit + Ir)] x 100 (1)

where Icit is the intensity for the monoisotopic peak of the
citrullinated peptide conjugated to the maleimide-alkanedisulfide
and Ir is the intensity for the monoisotopic peak of the trypsinized
peptide conjugated to the maleimide-alkanedisulfide. A linear
response is observed with a slope of approximately 1.0 (R? =
0.9961), demonstrating that this method is quantitative. We
observed no proteolysis when the immobilized citrullinated
product was treated with trypsin, while the arginine-containing
substrate underwent complete cleavage, as indicated by a
decrease of 529 Da. Together, this demonstrates a high-
throughput SAMDI-MS method for detecting PAD citrullination.
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Figure 2. Microfluidic device layers and assembly with A) bottom view of both
layers, B) the assembled device, and C) side view. D) Device and clamp
assembly. All scale bars =5 mm.

We next assembled a microfluidic device with two layers to
generate a spatially resolved profile that gives kinetic information
for distinct reaction times and concentrations of the metal cofactor
and enzyme, based on a device that we described in an earlier
report.®l The device consists of two poly(dimethylsiloxane)
(PDMS) fluidic layers. The enzyme is introduced in the top layer
at 2.0 yL min™', where it is partitioned into eight identical and
parallel channels (1.6 pM, in tris(2-carboxyethyl)phosphine
hydrochloride at 200 uM). A buffer containing calcium ion (1.6 mM
CaClzin 100 mM Tris, pH 8.0, 50 mM NaCl) and a second buffer
without calcium ion are introduced into two inlets in the bottom
channel, both at 1.0 uL min', where they go through a series of
mixing steps to generate eight flows, each having a different
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concentration of calcium ion ranging from 0 to 800 uM (Figure 2).
Each of the solutions containing enzyme are then brought into
contact with one of the calcium ion solutions, which are then
flowed down one of the eight channels in the device. The device
was assembled with a monolayer floor, where the peptide was
immobilized to an otherwise protein resistant surface at a density
of approximately 10% against a background of tri(ethylene
glycol)-terminated alkanethiolates. We found in previous work
that a peptide density of 10% maintains inertness towards
nonspecific protein adsorption to the surface and provides a
sufficient amount of peptide for detection by SAMDI-MS.®®9 Upon
mixing of the solutions, the metal cofactor binds and activates the
enzyme, which can then act on the immobilized peptide on the
floor of the channel, leading to a conversion of the arginine
residue to citrulline. Importantly, this device allows us to study the
diffusion of Ca* into the enzyme fluidic channel, which creates a
diffusion-mixing region and yields kinetic information on enzyme-
metal cooperativity. We flowed the enzyme solution through the
channel for one hour, after which the reaction was manually
quenched with a rapid flow of EDTA (3 mM). The quenching was
complete within seconds, and therefore does not impact the
kinetics we measure. In this way, the position on the monolayer
corresponds to a unique reaction time and calcium ion
concentration. We then removed the microfluidic network, treated
the monolayer with trypsin, and analyzed the monolayer with
iSAMDI-MS to generate a spatial map of product yield, which was
used to calculate n and Ko.s.

We acquired iSAMDI spectra in a 6.2 mm x 19.4 mm region on
the chip at a pixel resolution of 200 uym. The resulting map
contains a 31 x 97 array of pixels, where each pixel represents
the yield of citrullinated product for a specific reaction time and
calcium ion concentration (Figure 3A). As expected, in the
absence of Ca?*, no PAD2 activity is observed. Longer reaction
times (i.e., greater distances from the Y-junction) and higher Ca®*
concentrations yield more citrullinated product, indicating a higher
fraction of activated PAD2. No citrullination is observed in
between the channels, indicating that trypsin uniformly cleaves
the unmodified peptide, and that the device did not leak during
operation. We also observe that enzyme activity at the start of the
Y-junction, where the calcium and PAD2 solutions mix, favors the
side of the channel supplying the enzyme. This is expected
because the diffusion coefficients of Ca®* and PAD2 are on the
order of 10°° cm? sec™'® and 107 cm? sec™!,?"l respectively, and
Ca?* diffuses across the fluidic channel significantly faster than
PAD2.

We averaged the product yield along the channel length and fitted
the yield in GraphPad Prism to a Hill cooperative binding modell'!
to obtain maximum reaction rate (Vmax), n, and Ko.s:

Vo = Vinax *[Ca?]" | (Ko + [Ca?'T") @)

where vy is the rate of reaction to form the citrullinated product (%
yield per minute) and [Ca?"] is the concentration of calcium. We
repeated the experiment three times to obtain Vimax=1.9+0.2 %
yield / minute, n = 3.5 £ 1.1 and Ko.5 = 240 + 30 pM, demonstrating
positive cooperativity for binding between calcium and PAD2 in
arginine citrullination (Figure 3B-C). Thompson and coworkers
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previously reported a value of n between 3.3 to 3.8 and Ko.s = 250
+ 15 uM, which agrees with the results of our cooperative binding
model.l" Similar binding kinetics were also observed in a different
study on PAD4, showing convergence within the PAD enzyme

family.?2
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Figure 3. A) lllustration of calcium dispersion into the enzyme-rich fluid regime
and spatial map of PAD2 citrullination at each x,y- coordinate (31 x 97-pixel
array). B) Representative initial rate curves from each channel. The data is
plotted as a function of relative time, or timere, in the channel due to dispersion.
C) Hill plot from 3 experimental replicates, R?= 0.65. The initial rate of reaction,
Vo, is plotted as the percent of citrullinated product over relative time, % min-'.
Error shown as the standard error of the mean (SEM). D) Simulated steady-
state spatial concentration profiles at the Y-junction of the microfluidic device,
as shown in subfigure A. Plots show numerical calculations at three
concentrations of calcium within the x,y- plane of the device. Heat maps
represent concentrations of calcium, enzyme, or the enzyme-metal complex, as
well as citrullinated product in percent yield.

We next used numerical calculations to build a finite element
model to describe the spatiotemporal pattern of reaction yields
within the microfluidic device. Our approach was based on
previous studies that modeled a steady-state reaction-diffusion
network that incorporated the velocity pressure-driven fluid front,
as well as the diffusion of all soluble species for calculating spatial
concentration profiles.®? In this work, we simulated the spatial
concentration profiles of Ca?*, PAD2, the intermediate PAD2-Ca?*
complex, and the citrullinated product in an x,y-plane in the center
of the channel. It is important to note that we neglected the height
of the device, which simplified the transport of fluid to only two
dimensions and assumes no diffusion of the immobilized peptide.

This article is protected by copyright. All rights reserved.
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Using the calculated kinetic parameters and the Hill coefficient,
we calculated spatial-concentration profiles for all species along
a gradient of Ca®* concentrations in the diffusion-mixing region of
the device (Figure 3D). The simulated heatmaps agree well with
the experimentally determined yields of citrullinated product by
iSAMDI-MS, as seen when comparing the maximum citrullinated
yields for each concentration of calcium in Figure 3B and Figure
3D (with approximate yields of 10% at [Ca®*] = 114.3 uM, 60% at
[Ca®*] = 457.1 uM, and 100% at [Ca?*] = 800 uM). Combined with
the quantitative iISAMDI-MS analysis, this modeling approach
presents a simple method for designing, simulating, and
visualizing cofactor-mediated binding kinetics within microfluidic
devices.

Conclusions

In this paper, we describe a high-throughput strategy based on
microfluidics and iSAMDI-MS to characterize the degree of
cooperativity and Kos of a cooperative binding interaction. A
microfluidic device with two layers and just 3 fluidic inputs allows
thousands of discrete experiments to be performed, and that are
sufficient to characterize the cooperativity of Ca?*-PAD2 binding.
In this example only 120 L of the enzyme solution and a reaction
time of one hour were required. The fluid flow rate and iSAMDI-
MS pixel resolution allowed us to calculate the initial rate of
formation before the reaction reached saturation. Faster reactions
can be studied by increasing the fluid flow rate or decreasing the
MALDI pixel resolution.? In this work, 93 data points were
collected from each channel with a 200 um pixel resolution. The
pixel count can be increased using commercial MALDI mass
spectrometers capable of imaging at a pixel resolution of 10 pm
(rapifleX MALDI Tissuetyper, Bruker Daltonics).”® The use of
SAMDI mass spectrometry also has the benefit of providing a
direct readout of enzyme activity. Further, iISAMDI-MS is not
limited to peptides, but can also be used with small molecules,
proteins, and carbohydrate substrates. In comparison to other
cooperativity assays, the flexibility inherent to iISAMDI-MS and the
high-throughput performance of the technique make it particularly
well-suited for parallelization, which may find applications in
enzyme library screening and drug discovery. Finally, our finite
element model agreed well with the experimental data and is
particularly useful in analyzing complex spatiotemporal data. The
high-throughput label-free assay we describe for measuring
PAD2 activity will have broader utility.?®! We envision that this
methodology will have great use in high-throughput screening
applications and will be extended towards other complex methods
of activation in biology such as proteolysis,?”l protein-protein
binding,?® and prodrug activation.?%

Experimental Section

See Supporting Information.
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This paper establishes a high-throughput and label-free method for to characterize
the degree of cooperativity and Kos of a cooperative metal-enzyme binding
interaction using microfluidics and imaging self-assembled monolayers for matrix-
assisted laser desorption/ionization mass spectrometry (iISAMDI). Further, we used
numerical calculations to build a finite element model to describe the spatiotemporal
pattern of reaction yields for each channel within the microfluidic device.
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