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A simple method to estimate the pK, values of four fluorescent
proteins based on measuring their pH-dependent absorbance

spectra

Thi Yen Hang Bui", The Nga Tran

ABSTRACT

Introduction: The Nobel Prize in Chemistry 2014 greatly recognized the application of fluores-
cent proteins (FPs) in superresolution imaging techniques. Subsequently, there has been a sig-
nificant surge in FP-related investigations. Reversibly photoswitchable fluorescent proteins (rsFPs)
are currently attracting much interest from scientists worldwide because of their unique ability
to switch between bright and dark states. The pH-dependent photophysical behavior of rsFPs
is mostly controlled by the equilibrium between four distinct states of the chromophores in FPs:
trans-protonated, trans-deprotonated, cis-protonated, and trans-deprotonated. Thus, the pK, val-
ues of rsFP in general and its chromophore, in particular, are crucial factors in determining the
fluorescence output of the settings containing rsFPs in different environments. Methods: Here,
we measured the absorbance spectra of four rsFPs in various buffers with different pH values to
estimate their chromophore pK,s. The relationship between the absorbance peak values for the
anionic chromophore and pH is plotted, resulting in a sigmoid curve. Then, the apparent pK, of the
chromophore is obtained by determining the inflection point of this curve. Results: The pK, val-
ues for the cis-chromophores of two rsFPs (GMarsQ and Skylan-S) were obtained. Specifically, the
pK, values for the trans-state of the chromophore in three rsFPs (Dronpa, GMarsQ, and rsEGFP2)
were also estimated; these values have rarely been published. Conclusions: This approach is quite
straightforward but effective, enabling us to quickly estimate the pK, values of FPs generally and
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rsFPs specifically.
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INTRODUCTION

Green fluorescent protein (GFP) from Aequorea vic-
toria was the first fluorescent protein discovered in
19621, After successful cloning of the GFP gene in
1992, GFP-like proteins or fluorescent proteins (FPs)
have been widely used as “smart labels” in many
biology-related studies?~. As FPs are genetically en-
coded fluorophores, they are highly specific for label-
ing and tracking cellular structures or proteins within
living cells by using superresolution microscopy tech-
niques®®. In general, all FPs share a typical architec-
ture motif with the shape of a -can, which is con-
structed of 11 f3-strands surrounding an o-helix (Fig-
ure 1A). The chromophore located at the center of
the «-helix is the most important part, creating the
unique dynamic behavior of FPs. The chromophore is
formed autocatalytically from three amino acids po-
sitioned from 65-67 (numbered Thr65-Tyr66-Gly67
in avGFP2) through a series of chemical modifica-
tions>°. Due to the presence of a large polarized elec-
tron conjugation system, the chromophore can ab-

sorb a particular wavelength of light and emit fluores-
cent light in the visible range.

Among the many types of FPs, reversibly photo-
switchable fluorescent proteins (rsFPs) have attracted
much attention from scientists due to their abil-
ity to be photoswitched multiple times in a re-
verse manner between fluorescent and nonfluores-

cent states 10,11 .

Reversible photoswitching mecha-
nisms in such FPs are thought to be primarily re-
lated to cis-/trans-isomerization along with the pro-
tonation/deprotonation of the chromophore (Fig-
ure 1)'1"13. Among GFP-like proteins, three amino
acids (from 65-67) forming the chromophore can
vary, but most FPs consist of Tyr66-Gly67 in this
triad sequence. The hydroxyl group originating from
residue Tyr66 in the chromophore structure has a
notable impact on the photophysical characteristics
of GFP-like proteins. Depending on various factors,
such as the microenvironment of the chromophore,
interactions between the chromophore and nearby
residues, or the pH of the external environment,
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Figure 1: Representation of two fluorescent states in Dronpa - a green reversibly photoswitchable fluo-
rescent protein (A) and four different forms of their chromophores with their conjugate acid—base groups
circled (B). The PDB codes for fluorescent and nonfluorescent structures are 210V (17) and 2POX (18), respectively.
The chemical structures of the chromophores were created with the ChemDraw online tool.

the hydroxyl group from Tyr66 in the chromophore-
forming triad can be deprotonated or protonated,
which creates an equilibrium between the neutral
(protonated/acidic) and anionic (deprotonated/basic)
states of the chromophore. In addition, the methyli-
dene bridge between the p-hydroxyphenyl and im-
idazolinone rings has a double bond, which allows
the chromophore to occupy two distinct configu-
rations (cis-/trans-). Therefore, the chromophore
can theoretically exist in one of four states: cis-

protonated, cis-deprotonated, trans-protonated and

trans-deprotonated (Figure 1B) 14 The fluorescent
state of rsFPs typically has a cis-deprotonated chro-
mophore, whereas numerous nonfluorescent states
of rsFPs primarily comprise trans-protonated chro-
mophores %1115, The pK,, of rsFPs and the pH of the
external environment strongly affect the photobehav-
ior of such proteins by controlling the ratio between
the fluorescent and nonfluorescent states'®. There-
fore, the pK,, is one of the crucial parameters for eval-
uating how effectively a rsFP can be used in specific

experiments. Based on their pK, values, scientists can

3287



Science & Technology Development Journal 2024, 27(1):3286-3293

select appropriate rsFPs to study processes in acidic
or alkaline environments. Determining the pK, of
the rsFP chromophore is essential for characterizing
any rsFP. Most of the reported pK, values thus far are
for the cis-configuration of rsFPs’ chromophores, and
very few pKys of trans-chromophores have been pub-
lished.

To date, many analytical methods, including po-
tentiometry, conductometry, voltammetry, UV/Vis
spectrometry and chromatography, have been applied

to determine pKa values!”!8

. However, depending
on the characteristics of specific substances, some an-
alytical methods are used more frequently than oth-
ers '8, For example, potentiometry can be used to de-
termine the aqueous pK, of a substance if the sub-
stance is sufficiently soluble in water at an appropri-
ate pH between 2 and 12. For substances with a chro-
mophore that is close to the acid/base group, pK,s can
be estimated in highly diluted solutions by using the

d!718  Therefore, to determine

spectrometry metho
the pKs of FPs, a special class of proteins with unique
chromophores in the center, UV-Vis spectroscopy is
one of the most commonly used methods.

In our report, the UV/Vis spectrometry method
was applied to estimate the pK, of the cis- and/or
trans-chromophores of four green rsFPs, namely,
GMarsQ19, Skylan—SZO, Dronpa21 and rsEGFP222,
We were able to obtain pK, values for the cis-
chromophores of GMarsQ and Skylan-S. In partic-
ular, the pK, values for the trans-state of the chro-
mophore in three rsFPs (Dronpa, GMarsQ, rsEGFP2)
were also estimated, which is typically not reported in
previous studies. This method is simple but efficient,
which allows us to quickly obtain the pK, values of
FPs in general and rsFPs in particular.

MATERIALS AND METHODS

Protein expression and purification

The pRSETb plasmid containing the desired FPs was
transformed into E. coli JM109(DE3) cells (Promega).
Leak expression based on the T7 promoter control-
ling the inserted gene was used for this protein expres-
sion. A single colony was picked and inoculated in
11 of LB (Lysogeny broth - Merck) medium supple-
mented with 100 pg/ml ampicillin. The culture was
vigorously shaken for 72 hours at a constant temper-
ature until it was strongly colored (21°C). After be-
ing harvested, the cells were dissolved in TN 100/300
buffer (100 mM Tris-HCl pH 7.4, 300 mM NaCl) and
then lysed by a French press. After that, the mixture
was centrifuged for 20 min at high speed to separate
the resultant cellular debris and the supernatant. The

resulting supernatant was then incubated with Ni-
NTA agarose (Qiagen) for 40 min at 4°C. A Thermo
Fisher Scientific Pierce polypropylene 5 ml disposable
column was used for His-tag purification; the wash
buffer and elution buffer used were TNi 100/300/20
(100 mM Tris-HCI pH 7.4, 300 mM NaCl, 20 mM im-
idazole) and TNi 100/300/250 (100 mM Tris-HCl pH
7.4, 300 mM NaCl, 250 mM imidazole), respectively.
PD-10 columns (Cytiva) were used to remove high
concentrations of imidazole, and the proteins were fi-
nally stored in TN 100/300 buffer for further experi-
ments.

Buffer preparation

To determine the dependence of the absorbance spec-
tra of rsFP on pH, a series of universal buffers with
different pH values were used. A stock of univer-
sal buffers was initially prepared using the following
recipe: 50 mM citric acid, 50 mM glycine, 50 mM
KH,POy4, 50 mM Tris-HCl and 100 mM NaCl. The
buffers were then adjusted to the desired pH (from
4.0 to 12.0) using concentrated HCI and NaOH. Af-
ter that, these buffers were filtered and stored at 4°C.

pK, determination

The concentrated solution of rsFPs was diluted in
a series of buffers with different pH values ranging
from 4.0 to 12.0, and their absorbance spectra were
recorded by a miniature spectrophotometer (Ocean
Optics USB-4000) in a setup described in the study
of Moeyaert. B et al.?3. The absorbance at approxi-
mately 488 nm was measured and normalized to the
absorbance at 280 nm and then plotted against the pH.
Each dataset was fitted to a sigmoid function (by us-
ing Igor Pro, Wavemetrics), and the apparent pK, of
the chromophore was defined as the inflection point
of this curve. By titrating a solution that fully con-
sisted of the cis-chromophore when unirradiated and
asolution that was assumed to be entirely in the trans-
state when irradiated with cyan light (488 nm, 60 mW,
Spectra Physics), we were able to estimate the pK,
values of the cis- and trans-states, respectively. To
determine the irradiation time required to convert
all proteins to the dark state, aliquots of three rsFPs
(Dronpa, rsEGFP2 and GMarsQ) were irradiated with
cyan light for different durations. All these green
rsFPs absorb strongly at approximately 480-510 nm at
pH 7.4 in the initial state. When irradiated with cyan
light, the proteins gradually switched from a fluores-
cent state with a cis-chromophore to a nonfluorescent
state with a trans-chromophore, resulting in decreases
in both the absorbance peak at 480-510 nm and fluo-
rescence emission (excited at 488 nm). The proteins
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were irradiated until there were no more decreases in
their absorbance peaks at 480-510 nm or fluorescence
emission. The green color of these rsFPs also disap-
peared when all proteins were photoswitched off to
the dark state.

RESULTS

UV/Vis spectrometry method to determine
PK,
When an acidic HA is dissolved in water, its dissoci-
ation results in an equilibrium of acidic HA and basic
A~ forms (or protonated and deprotonated forms), as
follows:
HA + H,0 = A~ + H;0F
This acid dissociation is characterized by an equilib-
rium constant called K, which is defined by

x, - [E11A7] )

[HA]

in which [H*], [HA] and [A~] are the concentrations
of the hydronium ion, acidic form and basic form at
equilibrium, respectively. The total concentration Cr
of acidic and basic forms (or protonated and deproto-
nated) in the solution is given by

Cr =[HA]+ [A™] )

From [1] and [2], the relation between K, and the
fraction of protonated/deprotonated forms (fz4 and
fa—) can be represented by

_ 7]
fra = H <K, (€)
and
Kq
WTETR @

In addition, according to the Beer—Lambert law,
UV-visible absorbance is dependent on the extinc-
tion coefficient €, concentration C and pathlength 1
through the following equation:

A=¢e.Cl (5)

Provided that the measured absorbance of the solu-
tion is additive, it can be related to the concentration
of protonated and deprotonated forms via the follow-
ing equation:

A=gps. [HA] I +e4 . [A7] 1 (6)

These above equations [1-6] could be combined to
give an equation representing the total absorbance of

an HA solution as a function of pH, pK, and the ex-
tinction coefficients of its protonated and deproto-
nated forms as follows:

crl
A=—=1 (HT K
1K, (era- [H'] +ea-Ka) 7)
or
Cr.l
A=— 10
10-PH 1 10-PH ®)
(ega.107PH 4 g4 107 PKa)
or
A=Crl(e ! +
= LTI(EHA 1_‘_1(1)];[-]—[71(11 (9)
€A )

As the extinction coefficient (€g4, €4-) and path-
length | are constant, it is possible to use equation [9]
to estimate the pK,, by fitting a series of datasets (mea-
sured absorbance A and pH) to the sigmoid curve
if the concentration Cr is unchanged. Any concen-
tration changes in the total concentration of acidic
and basic forms can be adjusted by using the ratio
of the absorbances at two different wavelengths (A
and A,)'8; then, Aj|/A;, becomes concentration-
independent as follows:

A/ll . SHAvll‘loipH+€A—‘A].107PK”

= 10
AAQ £HA,,12.10*/’H+£A7Y12.10*I’Ka ( )

or

AN Egapr+E 107 PR
Ady  EppsntEa 2, 10PHPK

(11)

In our work, the pK, values were estimated by mea-
suring the absorbance spectra of rsFP in many buffers
with variable pH values. The absorbance of the de-
protonated chromophore (or anionic chromophore)
at A;=488 nm is normalized to the absorbance at
A»=280 nm; then, equation [11] can be written as

€HA 488  €A- 488 _
=22 E oK

€280 €280
1+ 10PH—PK,

Aggg (13)

Azgo

According to equation [13], the relationship between
Ayg8/Az30 and pH is a sigmoid function

Aygs _a+ b.10PH—PKa

1+ 10rH-PK (=

Azgo
in which a, b and pK, are constant. The curve rep-
resenting this function has an inflection point when
pH = pK,. As a result, the pK, of a rsFP can be de-
termined by collecting a series of absorbance spectra
of this protein at different pH values and then plot-
ting the normalized absorbance at 488 nm to 280 nm
(A4g8/A230) against the pH. Fitting this curve to a sig-
moid function would result in an inflection point at
the pK, value.
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Figure 2: The titration curve and sigmoid fitting to estimate the pKa for the cis-chromophores of GMarsQ

(A, B) and Skylan-S (C, D).

Determination of the pK, of four rsFPs

By using this method, we were able to estimate
the pK, of the cis-chromophore for two green
rsFPs, GMarsQ (pK, = 6.5) and Skylan-S (pK, =
5.6) (Figure 2).
pK, values of the trans-chromophores of Dronpa,
GMarsQ and rsEGFP2 (Figure 3). To obtain these
trans-chromophore pK, values, solutions of Dronpa,
rsEGFP2 and GMarsQ were irradiated with cyan light

for 40 min, 5 min and 10 min, respectively, until

We also tried to estimate the

all proteins were switched off to the dark state. The
titration was quickly performed in the dark. The fit-
ting curves of A4g3/Asg) against pH resulted in pK,
values of frans-chromophores in these three rsFPs
of approximately 10. These results demonstrate that
the trans-chromophore is less acidic than the cis-
chromophore and that the deprotonation of the hy-
droxyl group in the trans-chromophore is more diffi-
cult than that in the cis-chromophore. Among the five
pK, values obtained in our work, only the pK, for the
cis-chromophore of GMarsQ has been previously re-
ported. In this work, the pK,, for the cis-chromophore
of GMarsQ was estimated as the pH at which the fluo-
rescence emission reached half of the maximum, with
the obtained pK, being 6.1, which is very similar to
the pK, determined by our method.

DISCUSSION

The pK, values of the four green rsFPs in our study
were estimated based on the UV/Vis spectrometry
method. In this method, two requirements must be
fulfilled. First, Beer’s law needs to be satisfied for
acidic and basic species so that the absorbances of
these species are proportional to their concentration
in solution, as mentioned in equation [5]. Hence, the
dependence of the absorbance on pH is related to the
dependence of the concentration on pH, which allows
us to use absorbance spectra to estimate the pK,. Sec-
ond, an unirradiated solution of a green rsFP in the
thermal state is considered to be fully in the cis-state,
and when irradiated with cyan light, this solution is
switched entirely to the trans-state. Our work was
carried out on the basis of the relationship between
cis-/trans- and fluorescent/nonfluorescent states in
green rsFPs, which has been confirmed in many stud-
ies 101L1415 The physical state of rsFPs can be exam-
ined by determining their X-ray structures. To our
knowledge, the available crystal structures of green
rsFPs, except Padron and Dreiklang, all demonstrate
that green rsFPs in the initial state are “fluorescent”
with cis-chromophores, and when switched to the
“nonfluorescent” state, their chromophore converts

10,11

to a trans-chromophore Currently, the crys-

tal structures of Dronpa and rsEGFP2 (in both on-
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Figure 3: The titration curve and sigmoid fitting to estimate the pKa for the trans-chromophores of Dronpa

(A, B), rsEGFP2 (C, D) and GMarsQ (E, F).

and off-states) have been published>*~?7. The crys-
tal structures of Skylan-S and GMarsQ have not yet
been reported. However, Skylan-S and GMarsQ were
engineered from mEos2 and mTFP1, both of which
consist of cis-chromophores in the fluorescent state.

Compared to other analytical techniques, spectrom-
etry is the most frequently used and most effective
method for estimating the pK, values of FPs for two
reasons. First, the presence of a chromophore con-
taining an acid/base group in the structure of FPs re-
sults in significant differences in the absorbance spec-
tra of the acidic and basic forms. Therefore, the de-
pendence of absorbance on pH in rsFPs can be ap-
plied to estimate pK, values in rsFPs. Second, as men-
tioned above, this method can be independent of pro-
tein concentration since the absorbance at two wave-
lengths is recorded to avoid the effect of concentra-
tion changes during titration. One is the absorbance

at a wavelength of 280 nm, which represents the total
concentration of proteins (FPs) in a solution 28 and
the other is the absorbance peak at approximately 488
nm, which represents the absorbance of the deproto-
nated species. In principle, absorbance at any wave-
length can be used in this method; however, select-
ing the appropriate wavelength would reduce noise
from collected data and increase the accuracy of the
estimation. Furthermore, similar to using the ab-
sorbance spectra, the pK, of rsFPs can also be ob-
tained by measuring their fluorescence intensity at
different pH values and then estimating the pK, as
the pH at which the fluorescence intensity drops by
one-half compared to the maximum value %%, How-
ever, the fluorescence-based method is not suitable for
determining the pK, of trans-chromophores, as most
rsFPs do not emit fluorescence if their chromophores

adopt a trans-configuration.
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Although this method is simple and works efficiently
to estimate the pK, of FPs, some limitations might
affect the titration. As FPs can be denatured under
strongly acidic or basic conditions, it is challenging
to obtain accurate absorbance spectra of rsFPs at ex-
treme pH values. A too low pH (lower than 4.0) or
too high pH (higher than 12.0) can lead to incomplete
titration and incorrect fitting during data processing.
Moreover, issues can also occur when the unirradi-
ated solutions of rsFPs are not fully in the cis-state (for
example, Padron3!), when the irradiated solutions are
not completely in the trans-state due to incomplete
photoswitching, or when the rsFP in the dark state re-
turns to the bright state (by thermal recovery process)
too quickly. In these cases, the titration is not reliable.
In our work, the most interesting is ;5. determi-
nation of the pKa of the trans-configuration of
the chromophore. To date, few pK, values for
trans-chromophores have been reported, and most
previous publications have focused only on cis-
chromophores 32 However, these two values are crit-
ical parameters that provide further understanding of
the equilibrium of the four chromophore states in the
solution of a rsFP. This information would be very
useful for designing FPs with desired properties that
are suitable for specific experimental requirements,
such as generating FPs that are highly acid resistant
and base resistant in both bright and dark states. Nev-
ertheless, some questions related to these pK, values
still exist, such as why the pK, of trans-chromophores
is higher than that of cis-chromophores, which re-
quires further studies in the future.

CONCLUSIONS AND PERSPECTIVES

In our report, the pK, values for the cis-state and es-
pecially for the trans-state of some green rsFPs were
estimated by applying UV/Vis spectroscopy. This ap-
proach is based on the dependence of the absorbance
spectra of rsFPs on pH to estimate the pK,. Itis simple
but relatively effective, which enables rapid estimation
of the pK, values of FPs generally and rsFPs specif-
ically. However, there are still some factors affect-
ing the estimation, and deeper studies are needed. In
the future, large-scale measurements need to be per-
formed to evaluate the accuracy and efficiency of this
method in determining the pK, values of rsFPs.

LIST OF ABBREVIATIONS

avGFP: Aequorea victoria Green Fluorescent Protein
E. coli: Escherichia coli

FP: Fluorescent Protein

GFP: Green Fluorescent Protein

LB: Lysogeny Broth

rsFP: Reversibly photoswitchable Fluorescent Protein
Tris: Tris(hydroxymethyl)aminomethane
UV/Vis: Ultraviolet/Visible
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