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ABSTRACT: We describe a novel isoelectric point photo- Bright V Dark Bright —
switching phenomenon in both wild-type Aequorea victoria 1 / ©E

(av) GFP and the amino acid 222 E-to-G mutant Aequorea ' ° @7 P & N
coerulescens (ac) GFP. A combination of time-resolved Bluemml L

microfluidic isoelectric focusing (IEF) and in situ antibody
blotting IEF was employed to monitor dark (nonfluorescent) and bright (fluorescent) GFP populations. Through IEF, each
population was observed to exhibit distinct isoelectric points (pI) and, thus, distinct formal electrostatic charges. Experimentally
observed interconversion between the dark, higher pI and bright, lower pI GFP populations is tightly controlled by differential
UV and blue light exposure. The stoichiometry and kinetics of charge transfer tied to this reversible photobleaching process are
deduced. In concert with a reaction-transport model of bistable reversible charge and fluorescence photoswitching, the on-chip
measurements of population interconversion rates suggest the potential for both rheostatic and discrete switch-like modulation of
the electrostatic charge of GFPs depending on the illumination profile. We estimate that 3—4 formal charges distinguish the
bright and dark populations of avGFP, as compared to one charge for those of acGFP. Given the proposed role of E222 as a
bridge between internal and exit hydrogen-bond clusters within the GFP S-barrel, the difference in charge switching magnitude
between the two mutants provides intriguing evidence for the proton wire hypothesis of proton transport within the GFP
structure, and of proton exchange with the bulk solvent. Our facile dynamic and probed IEF assays should find widespread use in
analytical screening and quantitative kinetic analysis of photoswitching and other charge switching processes in response to
stimuli including light, temperature, or binding/cleavage events.

B INTRODUCTION

Benchtop separations are central to preparative and analytical
advances in protein characterization."” However, the use of end
point-measurement gel electrophoresis methods places practical
limitations on the observation of protein band dynamics during
separations. While capillary electrophoresis technologies have
been employed for kinetic characterization of aptamer—ligand®
and enzyme reactions,*® the methods typically rely on single-
point detection that prevents real-time observation of dynamic
analyte band interaction, formation, or decay processes.’ The
planar, compact form factor of microfluidic devices lowers
practical barriers to electrophoretic separations operated with
wide-field and whole-channel imaging.”® In this way, micro-
fluidic methods are well suited to facile measurement of
dynamic protein reaction processes in real time. Augmenting
dynamic readouts, miniaturized electrophoretic separations also
offer high analytical performance, due to reduced migration
time scales and high electric field operation.””™"" Such
quantitative and time-resolved analytical methods may enhance
our understanding of dynamic protein processes, including the
photophysics of fluorescent proteins.

While of fundamental interest, the diverse photophysical
properties of the fluorescent proteins have also driven
important practical advances spanning the life and engineering
sciences.'” Originally extracted from bioluminescent jellyfish
and corals, development of protein variants with novel spectral
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(specifically far-red emitting'”> and switchable variants) and
physicochemical properties has impacted applications as wide-
ranging as cellular tramsport,14 high-resolution imaging,15 and
biological information storage.'® To uncover the structural
underpinnings of photophysical fluorescent protein behaviors,
conventional characterization methods combine spectroscopic
tools (including time-resolved fluorescence correlation) with
molecular dynamics modeling and crystallography.'”'® A
challenging and ongoing area of study is the complex proton
dynamics of photoswitchable fluorescent proteins, in analogy to
well-studied proton shuttling processes (e.g., bacteriorhodop-
sin, cytochrome ¢ oxidase'*?°). Importantly, fluorescent protein
chromophore emission properties are tightly coupled to the
electrostatic environment of the chromophore pocket™ and to
internal and longer-range proton transport influenced by the
bulk solvent.”>**
are needed to determine how specific protein mutations impact
the coupled electrostatic and photophysical properties of the
fluorescent proteins. Such tools will inform rational engineering

Consequently, advanced analytical methods

of extreme and tunable properties across the fluorescent
proteins.

In this study, we use microfluidic isoelectric focusing (IEF)
to study a photoswitching phenomenon observed in both wild-
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Figure 1. Immunoprobed isoelectric focusing allows dynamic and immunoreactivity-verified monitoring of GFP isoform dynamics during reversible
photobleaching. (A) Reversible photobleaching upon UV illumination creates dark GFP isoforms with increased pI’s relative to their bright
“parents”. (B) Microfluidic chip with three parallel channels between each pair of access wells. Dynamic isoelectric photoswitching processes can be
monitored in real time, or isoforms can be captured by the light-activated, volume accessible separation gel (LAVA; el) matrix and probed in situ with
fluorescently labeled anti-GFP antibody. (C) A sketch of avGFP chromophore and proton wire dynamics.””***"* Hydrogen-bond networks allow
proton exchange of the chromophore pocket with the external solvent. Glu222 is involved in excited-state proton transfer (ESPT) with the
chromophore Tyr66. The E222G mutation in acGFP inhibits ESPT and perhaps proton exchange with the internal wire proposed by Agmon et
al.*"*% The dependence of reversible photobleaching magnitude on pH suggests involvement of a titratable residue, X, in the chromophore vicinity
that affects chromophore protonation state by hydrogen bonding® (see text for details).
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Figure 2. Probed isoelectric focusing of avGFP and acGFP reveals base-shifted reversibly photobleached isoforms. (A) Static LAVAgel fluorescence
images and electropherograms of immobilized avGFP isoforms (bright, a, f, y; dark, @’ and f'; ¥’ is below the assay limit of detection) within the
microchannel (black; excitation 445—49S nm, emission S08—583 nm) after focusing under (top) nil light exposure conditions, and (bottom) 150 ms
pre-exposure to 100% UV (270 mW cm™2, 300—380 nm). Isoform capture was initiated immediately after the indicated pre-exposure protocol by
15 s UV irradiation of the LAVAgel under nonfocusing conditions. Red fluorescence (excitation 525—555 nm, emission >575 nm) gel images and
electropherograms are produced following pH gradient washout and LAVAgel probing with 600 nM Texas Red-labeled anti-GFP antibody (Ab*) for
immobilized isoforms. N.B. fluorescence of captured dark isoforms is switched on during imaging under blue illumination. (B) The corresponding
micrographs and electropherograms for immobilized acGFP isoforms (bright, 8, ¢, {; dark, &, ¢/, {) probed with the same anti-GFP antibody.

type avGFP and the E222G mutant acGFP (Figure 1). IEF is a applied along the axis of a stable pH gradient (formed by
powerful electrophoresis technique that separates proteins polyprotic amphoteric buffers).” During IEF, a native protein
according to isoelectric point (pI) when an electric field is focuses at the channel position where the local pH equals the
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protein pl. Proteins focus into a stationary zone at this location
because the species have a net zero electrostatic charge and thus
no net electrophoretic mobility.**** The IEF pH gradient can
be generated in free solution or in a sieving matrix, such as
polyacrylamide gel. Protein pl is a physicochemical property
determined by amino acid composition, three-dimensional
conformation, and modifying chemical groups affecting protein
charge. Protein isoforms are common and important. Isoforms
are versions of a protein having slight differences in pI. These
pl differences are generally attributable to post-translational
modifications including enzymatic glycosylation or primary
sequence cleavage processes occurring within cells.”® TEF can
resolve a single electrostatic charge difference between protein
isoforms,”” making IEF a powerful tool for the study of
biophysical phenomena. IEF is particularly suited to the study
of proton dynamics, which impact pI but have little impact on
other measurable protein properties (i.e., molecular weight).

Using dynamic IEF, we observe and characterize dark
(nonfluorescent) and bright (fluorescent) populations of
avGFP and acGFP by measuring changes in protein
fluorescence and pl. After IEF, we integrate an immunoblotting
step to extend our analytical tool to nonfluorescent analytes.
Incubation of fluorescently labeled antibodies with IEF-resolved
and immobilized proteins yields pI and mass distribution for
each target, including nonfluorescent forms of GFP. To
immobilize proteins, we conduct IEF in a light responsive,
benzophenone-decorated polyacrylamide gel (light-activated
volume-accessible separation gel or LAVAgel). Brief exposure
of the LAVAgel to UV light covalently attaches proteins to the
LAVAgel matrix,” allowing subsequent protein probing via
introduction of fluorescently labeled antibodies. The ability to
blot and probe proteins with near-lithographic spatial control in
direct series with controlled light pre-exposure sequences
enables quantitation in the absence of an endogenous
fluorescence signal from the protein target.” In the case of
GFP, immunoblotting corroborates pl photoswitching meas-
urements inferred from intrinsic fluorescence data. The GFP
fluorescence signals have complex dependencies on light
exposure historyzs’29 and chemical environment*>*! and, thus,
can confound the true protein mass distribution in the
microchannel. These dependences make an independent
fluorescence probing readout essential.

B RESULTS

We first applied the microfluidic IEF assay to analysis of two
GFP species of interest, avGFP and acGFP (Figure 2). IEF
analysis yielded three predominant isoforms for each variant in
the pI 4.8—5.5 range under continuous blue light excitation
(isoforms are denoted a, f3, and y for avGFP; and 6, &, and { for
acGFP; see Figure 2). These heterogeneous isoform patterns
have been ascribed to differential C-terminal cleavage by
nonspecific proteases during bacterial expression of the
recombinant proteins.31 Random terminal cleavage of the tail,
which contains two basic (His and Lys, pK, 6.6 = 1.0 and 10.5
+ 1.1) and two acidic (Asp and Glu, pK, 3.5 + 1.2 and 4.2 +
0.9) residues,®"** should produce isoforms differing by roughly
one formal charge if the pK.s of the differentially cleaved
residues are distinct by at least ~1 pH unit from the isoform
pIl’s. High-resolution intact-mass spectrometry of purified
recombinant avGFP revealed a 128 Da mass difference between
two major peaks (Figure S1). This difference is consistent with
cleavage of the C-terminal lysine in the a isoform of avGFP.
Given that the cleaved lysine residue contributes a full positive

charge, the pI shift attributable to a single electrostatic charge
can be estimated at roughly 0.12—0.15 pH units from the
relative bright isoform displacements in the pH axis of Figure 2,
and from further computational estimation of the expected
isoform pI's resulting from differential C-terminal cleavage
(data not shown).*® Thus, the magnitudes of isoelectric point
photoswitching can be calibrated using a ruler of electrostatic
charge to allow direct inference of the stoichiometry of charge
transfer events at single-charge resolution.’* The effect of
charge transfer on the pl of a protein via its titration behavior
has complex dependencies on, for example, the pl itself, and the
molecular weight and amino acid composition of the
protein.*>*® Thus, we adopt this “charge ruler” approximation
under the assumption that the pI range over which charge shifts
are estimated is narrow enough to assume a constant local slope
in the charge versus pH titration curve of the isoforms
considered.”>”

Next, we sought to investigate the effect of UV and blue light
illumination on avGFP and acGFP isoform distributions during
dynamic IEF. For both avGFP and acGFP, isoforms exhibited
dynamic changes in isoelectric point distributions upon
exposure of the focused proteins to sequences of UV and
blue light illumination (Figures 3, S2). To summarize the
observed photoswitching phenomena, brief exposure of the
focused fluorescent isoform bands to UV light induced
formation of dark (reversibly bleached) isoform populations
with increased pl as compared to bright isoforms (Figures
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Figure 3. Real-time observation of isoelectric point photoswitching in
avGFP. (A—C) Log-transformed fluorescence micrographs corrected
for cathodic pH gradient drift showing dynamic isoelectric point
evolution of avGFP isoforms during isoelectric focusing over time
(100 ms streamed exposures, E = 300 V cm™). Initial and final
electropherograms in linear relative fluorescence units accompany each
time-lapse micrograph. The three panels show typical behavior upon
applying a sequence of microchannel exposure conditions: (A) nil-to-
blue light exposure, (B) 100% UV exposure (excitation 300—380 nm,
emission >410 nm), and (C) blue light exposure. Delay between
micrographs due to filter cube exchange is ~2 s.
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Figure 4. Isoelectric photoswitching kinetics. (A) Fluorescence photoswitching in avGFP and acGFP. Ten consecutive illumination cycles of 100%
UV (1 s per cycle) and blue light (S s per cycle) were conducted via 10X objective and total isoform fluorescence plotted over time for 10 ms frames.
(B) Fast reversible bleaching of isoforms under UV illumination. Left: Dark isoforms of avGFP were generated by pre-exposure of bands to 100%
UV light for the indicated exposure times y, followed by a focusing equilibration period of 7 s under nil illumination. Focusing field was then halted
and dark isoforms converted to the bright state by 3 s blue light exposure and quantified by measuring peak areas. Electropherograms show increase
in dark isoform (&’ and /') representation as a function of UV preillumination period. Right: Growth of dark state isoform peak areas in pI 5.25—5.6
range determined from electropherogram data at left (black) and inferred by direct observation of bleaching under 100% UV (purple, from the first
exposure cycle of (A)), both fit to RFU = a(1 — ¢™%) + b. (C) Slow isoform fluorescence recovery under nil illumination. Left: Dark isoforms of
avGFP were generated by 10 s pre-exposure of bands to 100% UV light via 10X objective, followed by a nil illumination period z of between 10 and
170 s. Focusing field was then halted and remaining dark molecules converted to the bright state by 3 s blue light exposure. Electropherograms show
decay in the representation of dark isoform (@’ and ') peak areas in the pI 5.25—5.6 range as a function of nil illumination period. Right: Dark

isoform peak areas fit to a single exponential of the form RFU = RFU_ e

=7 (+SD, n = 3, error bar heights smaller than marker size).

2—4). Following UV exposure, application of blue illumination
initiated a dynamic “switch-on” of the fluorescence of the dark
isoforms with first-order time constants of 700 ms for avGFP
and 720 ms for acGFP (Figures 44, S3). Concomitantly, we
observed migration of the switched-on isoforms to the pI's of
their “parent” bright isoforms on the ~5—10 s time scale. More
prolonged exposure to UV on the focusing time scale caused a
transient increase in the apparent pI's of bright isoforms to
values intermediate between the static bright and dark isoform
pI’s. This apparent bright isoform pl increase reversed when
UV illumination was halted (Figure 3), while dark isoforms
assumed their higher pI's until blue light was applied (or until
the dark isoforms relaxed back to the bright state during
prolonged nil illumination).

Measurement of the dark isoform peak areas as a function of
UV pre-exposure time revealed single-exponential switch-off
kinetics with a time constant of 67 ms (Figure 4B). This kinetic
approximately matches the fast bleaching time constant of 56
ms under direct UV exposure of avGFP. These results suggest
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reversible bleaching of bright GFP isoforms by UV exposure as
the trigger for formation of dark state isoforms with alkaline-
shifted pI's. The dark isoform populations, constituting ~25%
of the total mass for avGFP after 2150 ms UV exposure, also
decayed back to the bright state under nil illumination
conditions (Figure 4C). The relatively short ~S—10 s focusing
time scale (as compared to the characteristic time of dark
population decay) enabled resolution of dark from bright
populations, an observation that would be impossible in longer
separation-length capillary or slab gel systems. This decay
process was again described by single-exponential kinetics, with
a time constant of 42.2 s for avGFP, which is similar to those of
58 and 54 s measured by Sinnecker et al. in mammalian cells for
ECFP and EYFP, respectively (see Discussion).*® Thus, blue
photon absorption reduced the fluorescence switch-on time of
reversibly bleached dark isoforms by a factor of ~60-fold (from
42 to 0.7 s) under the experimental conditions employed.

We postulate that the distributions of the photoswitched
isoforms carry key information about the charge transfer events

dx.doi.org/10.1021/ja3064292 | J. Am. Chem. Soc. 2012, 134, 17582—17591
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Figure 5. Two-state convection—diffusion—reaction model predicts focusing dynamics during perturbation of avGFP with UV light. (A) At left,
sketch of concentration distributions from 1D model of focusing of bright () and dark (§’) states of the major avGFP isoform over a range of
interconversion rates; x-axes are pl 4.8—5.5, y-axes are arbitrary fluorescence units. k/Pe compares reaction to focusing speeds, governing the
observed morphology of the f§ peak during focusing. Concentration distributions of the bright and dark states can be distinct (x/Pe < 1) or
overlapping (k/Pe > 1) depending on the UV intensity, even for the same equilibrium constant y. Right-hand column, least-squares fits of model
distributions of  to experiment data for the indicated UV intensities. Fits from 10% to 100% UV were global optima, while that at 2% assumed an
average y value from the other fits (square brackets and dashed lines denote this here and in (B) and (C)). (B) Interconversion rates between f and
B’ states and their ratio, y, from fits in (A). (C) Intensity plots of pl mean and standard deviation for the sum of § and ' distributions.
Interconversion rates determined from experimental data in (B) are overlaid. Best-fit slope of 0.94 reflects approximately constant ¥ and mean pl

across the UV range.

underlying the changes in isoelectric point. Two mutant-
specific differences in these focusing behaviors were observed
for avGFP and acGFP. First, prolonged application of UV light
caused apparent pl shifts of 0.12 and 0.10 units for all bright
avGFP and acGFP isoforms, respectively, as well as broadening
of the focused zone band widths (46) by 2.47- and 1.24-fold,
respectively (as measured for the major 8 and & isoforms,
Figures 3B and S2). Second, the final pI shifts of each of the
dark isoforms (e.g.,, #') from their parent bright bands (e.g., /)
after halting illumination were 0.45 and 0.15 pI units for avGFP
and acGFP, respectively (~3—4 and ~1 charge units, Figure 2).
The fact that these bright-to-dark pI shifts were discrete, rather
than spread over a distribution, points to an all-or-nothing
conversion process. Thus, these GFPs are hypothesized to
exhibit a bistable switch with respect to pl (at least on the
fluorescence time scale) that is coupled to fluorescence
emission.

We explored the GFP bistable switching hypothesis by
modeling the isoelectric photoswitching of the predominant
avGFP isoform between bright () and dark (/') states having
distinct pI's. GFP molecules interconvert between these states
according to an equilibrium reaction of the form f = f’ with
forward and backward rate constants of ks and ky_g
respectively. The rate constants were determined by least-
squares fitting of the equilibrium bright population distributions
obtained from the model to experimentally measured
distributions. Focused avGFP isoform distribution fits were
made across a range of UV illumination intensities. Governing
equations for this model considered focusing and diffusive
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spreading of peaks (terms 1 and 2 on the right-hand side of
each equation), as well as first-order interconversion of bright
and dark populations (terms 3 and 4):

dc, dc &c

5 b (x - xpl,ﬁ)Exd_xﬂ + Dﬂ?zﬁ — kspGp

+ kg 4Cp (1)
dC dcﬂ’ dZCﬂ
v By (x xPI,ﬁ’)ExE + Dy 2 kg pCy

+ ks pCy (2)

where C is concentration, t is time, x is distance along the
separation axis, ps & py = p is slope in analyte mobility with
respect to x, E is applied electric field, and Dy =~ Dy = D is the
diffusivity of GFP in the separation gel. Nondimensionalization
of the model with respect to the characteristic diffusion time
AxPIZ/D between population peaks separated by a pl difference
of Ax, yielded three parameters: (1) a Peclet number Pe =
pAx,'E,/D, the ratio of diffusive and convective (focusing)
time scales, (2) a Damkohler number k = ky_pAxyy /D, the
ratio of diffusive and forward reaction time scales, and (3) an
equilibrium constant y = kg_,5/ks_ 4, the ratio of backward and
forward reaction rates (see Supporting Information).

The dimensional analysis in Figure 5A captures the diverse
behavior of this convection—diffusion—reaction model. The
reaction:focusing speed ratio x/Pe and the equilibrium constant
y divide the (ks_jp, ky_,) parameter space into several

dx.doi.org/10.1021/ja3064292 | J. Am. Chem. Soc. 2012, 134, 17582—17591
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behavioral regimes that were directly mapped onto exper-
imental data. At low UV intensities (k/Pe < 1), the bright and
dark populations interchange slowly enough as compared to the
focusing time scale that distinct bright and dark peaks are
formed, producing a wide overall concentration distribution in
the pI axis. Notably, as the UV intensity increases, the
populations interchanged more rapidly, and the rate constants
kg5 and kg_, 5 increase at an approximately fixed ratio over the
intensity range studied (y =~ 2.9, Figure SB,C). Rapid
interconversion causes the observed bright and dark distribu-
tions of the major avGFP isoform to converge along the plI axis
at a weighted mean pH of 5.12 at (ply — ply)/(1 +7) = 0.12
pH units from pl; = 5.00, because y = C;/Cy at equilibrium.
Simply put, the 5—270 mW cm™ range in UV intensity we
studied produced an intensity-independent equilibrium™ in
which each GFP molecule was bright with pI 5.00 ~74% of the
time, and dark with pI 545 ~26% of the time. Increasing the
UV intensity reduced the average time spent by a molecule in
each state between switching events. Increases in each rate
constant, and thus k/Pe, explain the transitions in shape (wide
to narrow) and position (lower pl to higher pI) of the observed
bright isoform distributions, because the ability to resolve the
bright and dark populations by focusing is eroded as
populations interconvert more and more rapidly.

Dynamic analysis over lower intensity ranges was limited by
detection sensitivity, given that the GFP stimulation and
imaging conditions were one and the same. Under nil
illumination conditions, only the bright isoform populations
exist (Figure 2), predicting a transition to the y,gep & 2.9
equilibrium over the 0—5 mW cm™ UV intensity range and the
ability to manipulate the mean avGFP pl from 5.00 to 5.12 in a
rheostatic fashion. Similar fitting of experimental data for
acGFP was confounded due to a low fluorescence signal-to-
noise ratio caused by the heavily reduced UV absorbance in
E222G mutants.”> However, assuming that the simple two-state
model also holds for acGFP, the equilibrium bright distribution
pl shift of 0.1 units at 100% UV yields y,.gpp & 0.5 at most,
meaning that at least 67% of the acGFP was in the dark state at
equilibrium.

B DISCUSSION

The photophysics of the family of green fluorescent proteins
derived from Aequorea sp. are characterized by a rich
interconnection between spectral properties and short- and
long-ran%e groton dynamics involving their chromo-
phores.*”**™* The diversity of photophysical phenomena of
the fluorescent proteins reflects complex dynamics involving
pH-dependent and -independent protonation equili-
bria,2%2%394243 proton exchange with the bulk solvent,'®*14
chromophore and pocket residue conformation,”*~* electro-
static interactions between the chromophore and surrounding
residues in the chromophore pocket,B’29 and irreversible
chemical reactions at the chromophore or surrounding
residues,"**® all of which contribute to the divergent
absorption, emission, photoactivation, and reversibility aspects
of the fluorescence of GFP family members.>

Here, we sought to reconcile the unusual UV intensity-
dependent IEF focusing behavior of GFP isoforms at the
ensemble level by recognizing the interplay between reaction
and transport time scales. Specific to the GFP studies
conducted here, the wild-type Aequorea victoria avGFP, a f-
barrel structure containing a buried tripeptide chromophore
formed autocatalytically from Ser65, Tyr66, and Gly67, exhibits

robust fluorescence with absorption bands at both ~400 and
~475 nm.”* These absorption bands are comprised of two
subpopulations A and B having, respectively, neutral (proto-
nated) and anionic (deprotonated) char%e at the hydroxyl
group of Tyr66 of the buried chromophore.”” While the neutral
A form dominates B by 6:1 in wild-type avGFP, S65T (e.g,
EGFP) and E222G (e.g, acGFP*") mutants favor the anionic B
state in the physiological pH range, thus suppressing the 404
nm absorption peak and simplifying their photophysical
behavior.””** Picosecond spectroscopy studies have detailed
an excited-state proton transfer (ESPT) process that occurs
upon excitation of the protonated A state, which causes the
phenolic proton at Tyr66 to delocalize and transfer to Glu222
via a network of hydro§en bonds due to a drop in the pK, of
the tyrosyl phenol.”***

This ESPT process is usually reversible, but prolonged, high-
intensity exposure of wild-type avGFP to UV or blue light can
cause nearly permanent (time scale ~ hours) photoisomeriza-
tion to the anionic B state.”**** S65T and E222G mutants
favor the anionic chromophore state by suppressing ionization
of, and deleting altogether, the glutamate 222 side chain central
to the ESPT process.”” This conventional picosecond-scale
proton transfer phenomenon accounts for short-range migra-
tion of the photodissociated proton between Tyr66 and Glu222
within the chromophore cavity. Additionally, nano- to milli-
second-scale proton transfer to and from the external solution
via a set of “proton wires” consisting of hydrogen bond
networks spanning the GFP f-barrel has been hypothesized on
the basis of crystallographic, fluorescence autocorrelation, and
“pH-jump” spectroscopic evidence.*"*>>*>* Proton escape to
the bulk solution can occur via at least two proposed exit
points, for example, by rotation of Thr203 via His148 to the
protein surface. Additionally, longer-range proton migration
along a wire connecting a negatively charged patch of the
avGFP surface at GluS through Glu222 to its chromophore is
expected to allow replenishment of the proton lost by escape to
the bulk solvent,*' suggesting a proton pumping function.*®
This hypothesis is to first order compatible with the
aforementioned effect of the E222G mutation in acGFP in
encouraging chromophore deprotonation, as the proton wire
serving as a replenishing proton conduit is likely compro-
mised.*! It is important to recognize, however, that in EGFP
(in which this conduit is also bisected at Thr65), chromophore
protonation to form a nonfluorescent population proceeds at
acidic solution pH with an apparent pK, of 5.8 (similarly in
wild-type avGFP with a pK, = §), indicating further
redundancy in proton exchan§e with the bulk solvent, especially
at subphysiological pH.*"*"**5¢ Indeed, the prevailing view of
the effect of mutations targeting E222 in inducing the B
chromophore state is that the existence of two negative charges
(from E222 and Tyr66 in the excited state) within the spatially
confined chromophore pocket is thermodynamically unfavor-
able, meaning that mutations at E222 that eliminate its charge
tend to stabilize the ionized B state chromophore.

While a wide-ranging analysis of all irreversibly (photo-
activatable) and reversibly (photochromic) photoswitchable
fluorescent proteins is beyond the scope of the present study,
several relevant and intriguing phenomena have been recently
described and are germane to the present study. Reversible
photoswitching processes have been described for green,
yellow, and cyan avGFP mutants with a range of switching
yields.***”*® Random “blinking” behaviors observed in single
molecule studies of fluorescent proteins result from thermody-
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namic sampling of several chromophore states within individual
fluorescent proteins, where at least one is a nonemissive dark
state with respect to the excitation wavelength employed.*
Several varieties of more directed photoswitching have also
been described, in which a given state can be favored through
the application of different wavelengths of light. Nonreversible
examples necessarily involve permanent biochemical changes to
the amino acid scaffold in the vicinity of the chromophore.
Examples include UV-induced “photoconversion” of dark wild-
type avGFP and PA-GFP to a fluorescent B chromophore state
by decarboxylation of E222'*%" and “redding” processes caused
by as-yet unknown chromophore conversion processes either in
the absence of oxygen60 or in the presence of oxidizing
algents.30

With these reported phenomena in mind, we hypothesize
that the well-known decarboxylation-driven photoconversion
process described for wild-type avGFP is likely only a minor
contributor to our observations, due to a known irreversibility
and to the relatively low illumination intensities applied in this
work."** Similarly, a contribution from GFP molecules with
incorrectly formed chromophores is unlikely, as these species
have been observed to remain nonfluorescent even upon
successive denaturation and renaturation cycles.”® Important
here is the immunoprobing functionality, as the confirmatory
fluorescent antibody readout enables detection of nonfluor-
escent GFP species and other prospective photoactive proteins
that lack appreciable fluorescence at their pI's. Thus,
immunoblotting allows independent verification of isoelectric
points due to in situ binding of fluorescently labeled antibody
to the target of interest.

Examples of both “negative” and “positive” reversible
photobleaching have been discovered. Directly relevant to our
dynamic IEF observations, Sinnecker et al. characterized a
model of positive “reversible photobleaching” in EGFP, EYFP,
Citrine, and ECFP. The model included a switch-off transition
from a protonated P state to a reversibly bleached form, B,
upon apglication of blue 460 nm light (for ECFP) in bulk
solution.”>*® Decay of the reversibly bleached population to the
bright state occurred in the dark on a ~60 s time scale. This
“kindling” effect was accelerated by application of lower energy
green 500 nm light (again, for ECFP). Importantly, reversible
bleaching was more efficient under acidic conditions,
implicating protonation of a titratable residue in the vicinity
of the chromophore in the P state as a prerequisite for
transition to the dark state. Likely candidates include Glu222
and His148,* but not the Tyr66 phenol itself, as ECFP (which
carries a nontitratable indole ring instead) is also subject to
reversible bleaching.”® Thus, although the P and B, states likely
fall within the canonical A/B/I state framework put forward by
Chattoraj et al,* their properties reflect a more complex
involvement of proton dynamics linking the chromophore, its
surrounding pocket residues, and the bulk solvent.

We hypothesize that the isoelectric point photoswitching
phenomenon in avGFP is consistent with the reversible
bleaching observations of Sinnecker et al.** The arrangement
of the switching wavelengths (higher energy light shifts
equilibrium toward dark state; lower energy light hastens
fluorescence recovery), kinetic parameters, and GFP variants
studied are most consistent with our observations. Adding to
these observations, we observed that the P and B, fluorescence
states are characterized by distinct electrostatic charge states at
the whole molecule level via direct physicochemical measure-
ment with dynamic IEF. We hypothesize that these distinct

electrostatic charge states corroborate proton exchange with the
bulk solvent.*" The polarity of the observed pl shifts further
implies that the transition of GFPs to the dark state involves
proton uptake into their structures (causing increased pI), and
vice versa, that the return to the bright state involves expulsion
of protons (causing decreased pI). More generally, our single-
charge resolution pI observations recapitulate the necessity for
at least one proton uptake event for the P to B, transition,”>**
although the specific residue(s) involved in this process cannot
be identified via our whole molecule-level measurements of
electrostatic charge. However, the observed difference in
protonation stoichiometry between avGFP and acGFP may
hold important insights into the structural rearrangements
underlying the reversible bleaching process.

Specifically, the all-or-nothing uptake of 3—4 protons by
avGFP isoforms during fluorescence switch-off may reflect a
cascade of rearrangements in the proposed internal hydrogen-
bonding network buried within the avGFP structure extending
from the chromophore pocket beyond the E222 bridge.*"*¥%!
Indeed, several authors have pointed out the potential for
multiple proton storage within the GFP structure at buried
hydronium ions and titratable residues.*">* Given that proton
travel between the proposed internal and exit hydrogen-bond
clusters is expected to be restricted or rerouted (if not fully
severed) by the E222G mutation in acGFP,*" the single-charge
shift between bright and dark states observed for the acGFP
isoforms may stem from titration dynamics restricted to the
chromophore pocket that are facilitated by acid-induced
protonation of the unknown pocket residue prescribed by
Sinnecker et al.>® (among others®**) that governs transition
between the bright P and dark B, states. While the details of the
structural mechanism underlying coupling of photochromism
and long-range charge transfer in the GFPs are yet to be
elucidated, further study of key GFP mutants targeted at
proposed proton wire pathways is a promising avenue.
Specifically, our assay could complement crystallographic and
spectroscopic characterization of mutants differing at key
hydrogen-bonding residues along the proposed internal proton
wire that are distant from the chromophore pocket, such as
s72.4

Relevant to future study, the coral fluorescent protein
Dronpa'® offers a remarkable example of negative reversible
photobleaching processes. Dronpa exhibits distinct and stable
dark (nonfluorescent, triggered by blue light irradiation) and
bright (fluorescent, triggered by violet light) subpopula-
tions."®?" Despite widespread use of Dronpa in high-resolution
microscopy, the structural and biophysical mechanisms under-
pinning photoswitching of Dronpa (and other reversible
fluorescent proteins) are still in debate. Cis—trans chromo-
phore isomerization, changes in chromophore protonation state
with proton transfer to the bulk solution, and changes in the
structural flexibility of the chromophore pocket have all been
implicated."®*"*** Chromophore isomerization and proto-
nation have also been identified in the positive reversible
fluorescent protein Padron0.9, in which violet light induces the
dark state and blue/green light induces the bright state'” (the
opposite of Dronpa, and similar to asFP595"). Still other
switching mechanisms have been described, including an
unusual chromophore hydration/dehydration process for the
Citrine derivative Dreiklang.é2 The dynamic IEF assay
introduced here may prove useful for detailed study of a
range of switching mechanisms.
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B CONCLUSIONS

Microfluidic dynamic IEF brings the advances in separation
time scale and resolution necessary for real-time modulation
and readout of protein reaction processes, of which photo-
switching is an intriguing example explored here. Dynamic IEF
analysis reveals a rich diversity in GFP focused band
morphology in a relatively simple two-state system. Our ability
to resolve and track fluorescent protein populations through
physicochemical properties rather than by traditional fluo-
rescence or static crystallographic measurements opens the
door to a range of dynamic perturbation analyses. Such
dynamic analyses should continue to find use in probing the
chemical and structural nature of conformational photo-
switching processes. We see this analytical capability as relevant
to a range of fluorescent and other light-reactive proteins. For
example, the ability to characterize GFP constructs genetically
encoded with light-switchable charge could benefit a broad
range of applications from the study of cellular membrane
transport processes to the rational engineering of electrostatic
aggregation in signaling molecule or metabolic networks.%>%*
The fact that reversible fluorescence (and thus isoelectric
point) photoswitching is amplified at g)H values in the vicinity
of the fluorescence pK,’s of GFPs® suggests that mutants
developed as sensitive pH indicators in the physiologic
range®®® would be attractive candidates for achieving
maximum charge switching in biological systems. Further, the
more radical photochromism of photoactivatable GEPs (e.g.,
Dronpa,16 Padron0.9,"” and PA-GEFP,** among otherslz’ls) may
engender additional benefits in the magnitude and temporal
stability of charge conversion, as is currently under study.
Beyond studies in cell biology, charge-switchable proteins could
be useful in the engineering of biomimetic smart materials with
light-actuated transitions in zeta potential, }?fdrophilicity/
wetting behavior, and adhesion properties.”*”®® The rapid,
high-resolution dynamic IEF approaches we describe could also
be used in high-throughput screening for rational or directed
tuning of photoactivatable protein phenomena, from reversible
ph0t06c4hromism13 to light-induced protein—protein interac-
tions.

B EXPERIMENTAL PROCEDURES

Reagents and Materials. N-[3-[(4-Benzoylphenyl)formamido]-
propyl] methacrylamide (BPMAC, C,H,,N,0; 3502 g mol™")
monomer was synthesized via reaction of the succinimidyl ester of 4-
benzoylbenzoic acid (323.3 g mol™'; B1577, Invitrogen) with N-(3-
aminopropyl)methacrylamide hydrochloride (178.7 g mol™'; 21200,
Polysciences, Warrington, PA) in the presence of catalytic triethyl-
amine in dimethylformamide, purified, and characterized by "H NMR
and mass spectrometry as previously described.” The monomer was
added to BPMAC+ LAVAgel precursor solutions at 4.5 mM (~1 mol
% with respect to acrylamide) from a 100 mM stock in
dimethylsulfoxide (DMSO) to imbue UV-induced protein photo-
capture functionality.” BPMAC- precursors were used in dynamic
focusing experiments in which protein photocapture was not required
and contained an equivalent volume of DMSO lacking BPMAC.

Purified recombinant wild-type GFP from Aequorea victoria
(avGFP) and the Aequorea coerulescens E222G mutant (acGFP)
were from Clontech (632373 and 632502, Mountain View, CA).
Intact mass analysis of GFP isoforms was performed by high-
resolution electrospray-ionization liquid chromatography—mass spec-
trometry in a Thermo LTQ Orbitrap XL instrument at the QB3 Mass
Spectrometry Facility at UC Berkeley. The primary goat polyclonal
antibody to GFP was prelabeled with Texas Red by the manufacturer
(dye:protein molar ratio = 2.9; ab6660, Abcam, Boston, MA). Equal
volumes of a set of fluorescent IEF pI markers with absorption maxima

in the near-UV (pl 4.0, 4.5, 5.5, 6.2) were mixed in a cocktail and
added to GFP samples at 20X dilution (89827 and related products,
Sigma).

Microfluidic Chip Fabrication. Microchannels were wet etched
in optical white soda lime glass by Caliper Life Sciences (Hopkinton,
MA). Each chip contained four straight-channel devices 10.4 mm in
length, each consisting of three parallel channels of 10 ym depth and
70 pm width between two 2 mm diameter access wells providing
fluidic interfacing via 10 yL press-fit pipet tips. Microchannels were
functionalized with acrylate-terminated self-assembled monolayers, as
previously described.” Microfluidic LAVAgels were fabricated via
introduction of a gel precursor solution by capillary action. The
precursor contained 6% total acrylamide (6%T; % concentrations are
w/v unless otherwise noted) with 2.6% of the total as the cross-linker
bisacrylamide (2.6%C), 15% v/v polybuffer 74 ampholytes (P9652,
Sigma, St. Louis, MO), 0.1% v/v Triton X-100 detergent (T8532,
Sigma), and 4.5 mM BPMAC (see Reagents and Materials). The
initiators ammonium persulfate (0.015%, A3678, Sigma), N,N,N',N'-
tetramethylethylenediamine (0.05% v/v, T9281, Sigma), and riboflavin
S' phosphate (0.0006%, F1392, Sigma) were added just before
introduction of degassed precursor to channels. The precursor was
polymerized by 6 min flood exposure of chips to 470 nm blue light
from a collimated LED source (M470L2, Thorlabs, Newton, NJ) with
access wells masked to restrict gelation to the microchannels. The blue
light intensity at a 470 nm probe setting was ~2.2 mW cm™ at the
chip plane, as measured by a LaserCheck light meter (1098293,
Coherent, Santa Clara, CA). Equivalent isoelectric photoswitching
behavior was observed in gels chemically polymerized in the absence
of riboflavin.

Apparatus and Imaging. Chip imaging was conducted using an
Olympus IX71 inverted fluorescence microscope equipped with an
EMCCD camera (iXon3 885, Andor, Belfast, Northern Ireland),
motorized stage (Applied Scientific Instrumentation, Eugene, OR),
and automated filter cube turret controlled through MetaMorph
software (Molecular Devices, Sunnyvale, CA). Ilumination was
provided by a mercury arc lamp mated to an automated shutter and
attenuation system (X-Cite Exacte, Lumen Dynamics, Mississauga,
ON, Canada). Electric field was applied via a custom high voltage
power supply built in-house. LAVAgel photoimmobilization of
proteins was conducted via spot UV exposure through a 10X objective
(Olympus UPlanFl, NA 0.3) and custom UV-long-pass filter cube
(excitation 300—380 nm, emission >410 nm; XF1001, XF3097,
Omega Optical) at ~269 mW cm™ as measured via a 365 nm probe
(UVS513AB meter, General Tools, New York, NY). The same cube was
used to observe GFP under UV illumination along with fluorescent pI
marker peptides, and channel positions were manually scored
(gradient drift between focused-state marker and GFP isoform
imaging steps was assumed to be negligible). Green and red
fluorescence channels were imaged at 10X using Omega Optical filter
cubes optimized for GFP (XF100-3, excitation 445—49S nm at ~89
mW cm™ for a 470 nm probe setting, emission S08—583 nm) and
DsRed2 (XF111-2, excitation 525—555 nm, emission >575 nm).
Whole channel imaging at 10X magnification was conducted via
stitching of adjacent, overlapping CCD images with 4 X 4 pixel
binning in Image] (NIH, Bethesda, MD) to produce full gel channel
images and electropherograms as previously described.” Imaging scans
required ~20 s to complete. Real-time single-point imaging of GFP
isoform dynamics was conducted in burst acquisition mode.

Transformation of fluorescence data via linear fits to pI markers and
associated data processing, including correction for constant cathodic
isoform drift velocities in dynamic focusing experiments was
performed using MATLAB scripts written in-house (MathWorks,
Natick, MA). Least-squares fitting of kinetic data was performed using
gnuplot software.

Chip Operation. After precursor gelation, LAVAgel access wells
were flushed and replaced with gel buffer consisting of precursor
lacking monomers and initiators. Samples were made in gel buffer and
introduced at loading wells (~3 uL per well). Sample injection was
performed at 200 V cm™ for 3 min. Opposing wells were briefly
washed with catholyte (20 mM lysine, 20 mM arginine pH 10.1) and
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anolyte (70 mM phosphoric acid pH 1.4) and subsequently filled.
Focusing was conducted at 200 V cm™ for 2 min followed by 400 V
cm™" for 1 min (focusing typically completed to equilibrium in 3 min
or less). Imaging and UV photocapture steps (where applicable) were
conducted individually for each device in series. UV photocapture was
conducted under floating (halted) electric field for 15 s. Access wells
were washed and filled with pH gradient mobilization/probe buffer
consisting of 25 mM Tris, 192 mM glycine pH 8.3, 0.1% v/v Triton X-
100, and 3% v/v DMSO. Mobilization and washout of pH gradients to
the anodic wells was achieved via a 20 min electrophoretic step.
Fluorescently labeled anti-GFP antibody was diluted in probe buffer,
loaded, and removed from LAVAgels in 20 min electrophoretic steps.
Probe loading and washout were conducted in opposite directions to
minimize nonspecific signal remaining after washout. Finally, gels were
scanned for captured GFP and antibody fluorescence. Removal of the
LAVAgel matrix after use was achieved by overnight incubation of the
chip in a 2:1 solution of 70% perchloric acid and 30% hydrogen
peroxide heated to 75 °C, allowing efficient recycling of glass chips, as
previously described.”

B ASSOCIATED CONTENT

© Supporting Information

Reaction—transport model details and four figures, including
further detail on real-time observation of isoelectric point
photoswitching in acGFP, kinetics of reversible photoswitching,
and total avGFP isoform fluorescence during steady-state
focusing under UV illumination. This material is available free
of charge via the Internet at http://pubs.acs.org.
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