Impact of binding to the Multidrug Resistant Regulator protein LmrR
on the photo-physics and -chemistry of photosensitizers
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Light activated photosensitizers generate reactive oxygen species (ROS) that interfere with cellular components and can induce

cell death, e.g., in photodynamic therapy (PDT). The effect of cellular components and especially proteins on the photochemistry

and photophysics of the sensitizers is a key aspect in drug design and the correlating cellular response with the generation of

specific ROS species. Here, we show the complex range of effects of binding of photosensitizer to a multidrug resistance protein,

produced by bacteria, on the formers reactivity. We show that recruitment of drug like molecules by LmrR (Lactococcal multidrug

resistance Regulator) modifies their photophysical properties and their capacity to induce oxidative stress especially in 102

generation, including rose bengal (RB), protoporphyrin IX (PpIX), bodipy, eosin Y (EY), riboflavin (RBF), and rhodamine (Rh6G). The

range of neutral and charged dyes with different exited redox potentials, are broadly representative of the dyes used in PDT.

Introduction

Photosensitizers (PS) that generate reactive oxygen species
(ROS), primarily singlet oxygen (10,) by triplet energy transfer,
but also superoxide and hydroxyl radicals, are key tools in the
study of damage to cellular components such as proteins,
nucleic acids, or/and lipids caused by ROS,1* as well as, in
photodynamic therapy (PDT).5-2 A challenge encountered in the
use of especially singlet oxygen photosensitizers in biological
environments is the effect that cellular components have on
their activity and the type and fate of the ROS species
generated, especially in comparison to their photochemistry in,
e.g., aqueous or organic media.

Organisms respond to reactive oxygen species (ROS) using
redox active proteins through a set of reversible, e.g., with
methionine (Met) and cysteine (Cys) and irreversible, oxidation
of tryptophan (Trp) and tyrosine (Tyr) residues and the protein
backbone.? In addition to passive interference, bacterial cells
trap ‘drug-like’ molecules for transport out of the cell using so
called multidrug resistant (MDR) transporters. MDRs regulate
removal of a wide variety of chemically distinct compounds
from the cell, reducing the efficacy of drugs.’® The LmrR
(Lactococcal multidrug resistance Regulator) protein, for
example, is primarily responsible for the multidrug resistance
in Lactococcus lactis bacteria.11'13 The LmrR protein used in this
study is a drug resistance regulator in bacterial415, and although
responsible for sensing foreign molecules and stimulating the
transport system, the mechanism for transport out of cells
involves binding of the foreign species within protein
environments such as in LmrR.11.1617

It is a homodimeric protein, which binds with relatively high
affinities to, e.g., the DNA-binding compounds Hoechst 33342,
daunomycin, ethidium bromide, and rhodamine 6G, by
sandwiching them between the tryptophan residues present
within its hydrophobic pocket (Figure 1).11.1819 | mrR’s structure
provides for a broad and shallow conformational energy surface
in which the conformation can shift readily to accommodate
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structurally unrelated compounds.1? Interaction of the protein
LmrR with photoactive compounds, allows exploration of the
effect of inclusion within proteins through, e.g., transition

dipolee moments and energetics of bound molecules through
the electric fields produced by charged amino acids and/or non-
photophysical

specific interactions,2-22  on their and

photochemical properties.
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Figure 1. (A) Left, space filled representation of dimeric LmrR (pdb 3F8B) with an
expansion of the throphobic pocket; right, same representation but with the
organic dye filling the pocket. Organic dye is represented as three orange rings.
(B%Cartoon representation of the LmrR_W96 pocket with a tryptophan in the 96
position, left, and LmrR_A96 pocket with alanine at 96 position, right. (C) Zooming
of the d&/e filled LmrR_pocket. (D) Photosenzitisers used in the current study with
their reduction (E*.q) and oxidation (E*,y) potential of the photoexcited state.

Here we make use the promiscuity of LmrR to bind small
molecules to provide a platform on which to establish the effect
of binding on the photophysical and photochemical properties
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of a wide range of commonly used 30; sensitizers, including rose
bengal (RB), protoporphyrin IX (PplX), bodipy, eosin Y (EY),
riboflavin (RBF), and rhodamine (Rh6G) (Figure 1D).2430 The
selected dyes are neutral or charged dyes with different exited
state redox potentials and intersystem crossing quantum yields
as a broad representation of the dyes used in PDT. The
photophysical and chemical properties of the selected dyes are
known to be strongly influenced by their environment.31-37
Predicting the changes that occur in the hydrophobic pocket of
LmrRis challenging as changes in aromatic interactions (e.g., the
interaction with tryptophans), the local environment, nature of
the fluorophore (including the singlet and triplet lifetimes,
redox potentials, photochemistry) each influence excited state
properties. Hence, the range of dyes chosen reflects as much as
possible the broad range of structures employed as 10,
generators. The affinity of LmrR for binding planar organic dyes
(Figure 1C) and the effect that binding has on the photophysics
including photostability of the dyes under conditions of
continuous irradiation with visible light is explored. The
generation of singlet oxygen is of particular interest. We show
that the singlet oxygen generated in proximity of the protein
undergoes rapid reaction with it, and that tryptophan provides
sacrificial protection for the bound dye, extending the life of the
dyes, in many cases, substantially.

Results and discussion

Design, synthesis and characterization of LmrR-fluorophore
complex.

LmrR is homodimeric protein (molecular weight around 15 kDa)
that contains a large hydrophobic pocket at its dimer interface
and its conformation can shift readily to accommodate planar
molecules (Figure 1A).11.1219.38-40 |ts high affinity for planar
drugs is ascribed to two tryptophans at its dimer interface,
position 96 (and 96’on the dimer partner).11,1219,38-40 Ty
variants of LmrR are used in the present study (Figure 1B, S1 and
S2): LmrR_A96 where the tryptophans within the cavity
(position 96) are substituted with alanine and LmrR_W96 where
the tryptophans are retained. For both variants the other
tryptophans present at positions 67 and 124 (on the strep tag)
are substituted for alanine to avoid interference.
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Figure 2. Left: UV-Vis absorption spectra of the dyes (red straight lines),
LmrR_A96-dye assemblies (green dashed lines) and LmrR_W96-dye (black dotted
line). Right: the red shift in absorbance maxima of the dyes used (indicated in the
figure) upon serial addition of LmrR_W96A (green circles) and LmrR_W96 (black
squares). Fitting curves are shown in green and black for LmrR_A96 and
LmrR_WO96, respectively.

The affinity of the dyes for each of the proteins was estimated
by UV-Vis absorption spectroscopy. Their interaction with the
LmrR proteins (W96 and A96) is manifested typically in a red
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shift in their visible absorbance compared to that in buffer
(Figure 2, S4 and table S1), which is consistent with localization
within the hydrophobic environment of the protein pocket
(solvatochromism). 31,3235 The shift is greater when tryptophan
is present indicating additional interactions with the tryptophan
residues, e.g., through m-mt stacking.144 The shift in absorption
maximum (AAmax) as the protein-dye ratio was varied was fitted
(Figure 2) using a saturation growth model (equation 1) or Hill
model (equation 2) where it provided a better fit to the data
obtained. Equation 1 is used satisfactorily for rose bengal,
protoporphyrin IX, and bodipy, while equation 2 was used for
eosin Y, riboflavin and rhodamine 6G to yield the dissociation
constant (Kq) (table 1).

— AAmaxX H

AA = ks (Equation 1)
_ AApaxxn H

AA = XKD (Equation 2)

Table 1. Ky, Adnmax @and n values for LmrR-dye interaction.

Ka (LM) Ahmax (nm) n

A96 | W96 | A96 | W96 A96 W96

Protoporphyrin IX 0.10 | 0.03 26 40 1 1
Rose bengal 0.15 | 0.12 13 15 1 1
Bodipy 13.7 | 0.59 0.1 0.1 1 1
Eosin'Y 0.99 | 0.94 8 13 35 3.2
Riboflavin 0 0.51 0 10 34.6
Rhodamine 6G 0 1.59 11.5 0 2.2

Protoporphyrin IX shows the greatest affinity for the LmrR
pocket with a K4 of 30 nM and 100 nM for LmrR_W96 and
LmrR_A96, respectively. Rose bengal and eosin Y show similar
affinity for both LmrR_W96 and LmrR_A96 indicating that they
bind within the pocket due mainly to hydrophobic interactions.
However, rose bengal binding can be fit well with a saturation
model and binds more tightly (Kq of ca. 0.2 uM) to the pocket
than eosin Y (Kq of ca. 1 pM), which showed Hill type binding.
Bodipy shows only a minor shift in its maximum absorbance (3
nm), consistent with the minor solvatochromic shift expected
for bodipy dyes.*> Thus, the binding affinity was determined
from the decrease in absorbance at 537 nm assigned to
absorbance by bodipy aggregates in the absence of the protein.
The binding affinity of bodipy to LmrR_W96 is much greater
than to LmrR_A96 with a Kg of 0.59 UM for LmrR_W96 vs Ky of
13.7 UM for LmrR_A96 indicating that aromatic interactions are
important for this dye. Riboflavin and rhodamine 6G show
changes in their spectra upon addition of LmrR_W96, but not
with LmrR_W96A, indicating either that binding relies on
interaction with the tryptophans or that the pocket itself has
only a negligible electronic effect on the bound dyes.*® The
absorption bands of the riboflavin bound to LmrR_W96 are
slightly shifted and show more pronounced vibronic structure
consistent with confinement of the photosensitizer within the
protein pocket in the presence of tryptophan*748 showing a Kq
of 0.5 M. Rhodamine 6G binds more weakly to LmrR_W96 with
a Kg of 1.59 pM. The structural stability of LmrR-dye complex
was verified by circular dichroism (Figure S5), which confirms

structure and thermal stability of LmrR is not affected upon
binding of the dyes (Tm = 50 °C).

Overall, although the tryptophan is not essential for dye
binding, for most of the dyes the tryptophan residues increase
binding affinity. Eosin Y, riboflavin and rhodamine show a Hill
type response which indicates that a critical amount of protein
is required to observe dye binding. Hence an excess of protein
is required to ensure that essentially all dye is bound within the
pocket of the LmrR protein and in the studies described below
a 4:1 stoichiometry of protein:dye is used, unless stated
otherwise.

Influence of LmrR on dye luminescence.

The photoluminescence of the dyes used here is sensitive to the
hydrophobicity of their environment, conformational changes
induced by binding and the presence of quenchers (of singlet
and/or triplet excited states via electron or energy
transfer).31.323449 The effect of the hydrophobic environment
and, moreover, tryptophan moieties on the emission is
therefore useful in studying protein dye interactions (Figure 3,
see also ESI Tables S9 and S10).

For rose bengal, the increase in emission upon binding either of
the protein mutants is substantial and is consistent with the
increase in lifetime observed typically in apolar and non-
hydrogen bonding media.?%%1 For eosin Y, rhodamine 6G,
protoporphyrin IX and bodipy, the increase in emission upon
binding to the protein is more pronounced with LmrR_W96
than with LmrR_W96A. Protoporphyrin IX aggregates in
solution, which reduces the lifetime of the singlet-excited state
and hence reduces its quantum vyield of emission.5233 Its
emission increases slightly when bound to LmrR_A96, while a
notable increase is observed with LmrR_W96, indicating that
tryptophan units assist in breaking up of homo-aggregates. For
bodipy the observed increase is attributed to a loss of rotational
freedom at the meso position which is expected to contribute
to the increase in emission.>*35-57 In contrast to the other dyes,
riboflavin emission is heavily quenched by LmrR_W96,
consistent with electron transfer between tryptophan and
riboflavin.>860 For all dyes, the Stokes shift is less with
LmrR_A96 and LmrR_W96 than in buffer alone, which is
consistent with confinement in the hydrophobic environment
of the protein cavity and differences in solvent reorganization
kinetics.

The emission from the tryptophan decreases concomitant
with addition of the dyes with almost complete quenching with
less than a 10-fold excess of each dye (Figure 4C, and S6).
However, although the residual emission is weak, the emission
lifetime does not change significantly compared to that of
LmrR_W296 in the absence of the dye (Figure S7 and table S9 and
$10), indicating static quenching.

The emission decay lifetimes of the dyes in the absence and
presence of the LmrR_W96 compared with that in non-aqueous
solvents are consistent with incorporation with the
hydrophobic pocket of the protein. For example, the
fluorescence lifetime of protoporphyrin IX and bodipy increases
in the presence of the protein when compared with the lifetime
in water, consistent with the break-up of aggregates in the
presence of the protein. For eosin Y and rhodamine the
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fluorescence lifetime does not change significantly, while the
emission intensity does which suggests amino acids increase
fluorescence quantum vyields. For riboflavin, measured lifetime
is similar in the absence and presence of protein, while
fluorescence intensity is decreased consistent with static
quenching.
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Figure 3. Absorbance corrected emission spectra of the photosensitizers
(indicated in each figure) in buffer (red solid line), and in the presence of a fourfold
excess of LmrR_W96A (green dashed line), or LmrR_W96 (black dotted line).

Singlet oxygen (10;) emission.

The near-IR phosphorescence of 0, upon irradiation of
riboflavin in D,0 is substantially diminished in the presence of
LmrR_A96 and it is not detectable in the presence of the
LmrR_W96 mutant (Figure 4A). Furthermore, continuous
irradiation of riboflavin in D,0, in the absence of protein, results
in a decrease in 10, emission intensity over time (ca. 20% over
5 min, Figure 4B), due to attack of the 10, generated on the dye.
The loss of 10, emission indicates that both LmrR variants either
inhibit 30, sensitization by quenching the triplet state of the
riboflavin and/or the 10, produced reacts rapidly, with the
amino acids, such as the tyrosine residues present in the
protein, and hence emission is quenched.61-%4 Notably, 10,
emission in the presence of [Ru(bpy)s]?* is quenched completely
in the presence of either protein (Figure S8.B). Since the
dication [Ru(bpy)s]?* is unlikely to bind within the pocket, but
instead to the anionically charged surface of the protein, its
emission (at 610 nm) is relatively unaffected by the proteins
(Figure S8A). Hence it is clear that 10,, if formed, is in sufficient
proximity to react rapidly with the protein. Hence, the absence
of 10, emission in the presence of the LmrR variants cannot be
taken as a conclusive evidence for inhibition of 10, generation.
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Figure 4. (A) NIR phosphorescence from 10, generated upon irradiation of
riboflavin in D,O (phosphate buffer pD 8) (red straight line), in the presence of
LmrR_WO96A (green dashed line), and in the presence of LmrR_W96 (black dotted
line). (B) Change in NIR phosphorescence over time under constant excitation S?\m
= 455 nm) of riboflavin in D,0 (phosphate buffer pD 8). 0 s (red straight line) to
300 s (red dotted line). (C) Tryptophan fluorescence (Aex 280 nm) of 1 uM
LmrR_W96 with increasing concentration of rose bengal (0 uM — thick line, to 10
UM —dotted line).

Photochemical stability of dyes.

The bleaching of most of the dyes upon irradiation in the
presence of O, follows first order decay with rates of
24 x1073,2.7 x 1073, and 3.6 x 1073 for rose bengal,
bodipy and eosin Y, respectively (table 2). Riboflavin shows
biexponential decay with a fast and slow component (3.7 X
1072 and 8.1 x 1074, respectively), which indicates several
degradation pathways in the presence of oxygen.
Protoporphyrin IX and rhodamine 6G are stable under
irradiation due to absence of ROS generation, attributed to
formation of dye aggregates that quench the excited state (vide
supra) of the dye for protoporphyrin IX%66 and a low
intersystem crossing quantum vyield for rhodamine 6G.57.68 |n
the absence of oxygen, generally bleaching is slower (table 2).
Excited state reduction (E;,;) and oxidation (E;,) potentials
(Figure 1 and table S3) were calculated using the equation for
Gibbs free energy of photoinduced electron transfer (see
methods for details).®® The redox potential for tryptophan (1.09
V)70 is sufficiently low to allow for oxidation by the dyes. Most
of the dyes show photobleaching in the absence of protein due
to ROS generation (vide supra), and hence the observed
behaviour of the dyes in the presence of protein is a
combination of several interactions between dye-protein-ROS,
the net result of which is determined by the thermodynamics
and the kinetics of the interactions. Hence prediction of the
behaviour of each dye in the presence of the LmrR is difficult
and each dye needs to be studied separately. The effect of
protein hydrophobicity and tryptophan on the photostability of
the dyes was explored by monitoring their visible absorbance
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over time during extended irradiation in the presence and
absence of protein and O, (Figure 5 to Figure 7 and Figure S9 to
S11). An increase in absorbance between 300 to 350 nm in the
presence of both O, and LmrR protein is attributed to the
oxidation of amino acids (e.g., tyrosine and tryptophan) upon
reaction with 10,.61-64,71-73

In all cases, oxidative damage to the protein is not significant
in the absence of O, and hence excited state electron transfer
(photoredox chemistry) from or to the dyes can be excluded.
The time dependence of the changes in visible absorbance of
each dye and LmrR-dye assemblies in the presence and absence
of oxygen were fitted to decay models that fit best the data
obtained, and hence these models do not, a priori, have physical
meaning. It should be noted that in all cases the irradiation
wavelength and intensity (ca. 300 mW) was identical, and hence
the photokinetic factors are comparable and all rate constants
described below are relative and allow for broad comparison of
the behaviours of the different classes of dye.

Table 2. Dye photobleaching kinetics.

Air equilibrated Argon purged
Y= Arexp(-kix)+Azexp(-kax)+Yo Y= Aexp(-kx) +Yo
k1 ka A1 Az Yo k Yo
(s") (s1) (s1) A
x1073 x1073 x1073
R
ose 2.4 - |os| - |o2]| 26 |o06] 03
bengal
Bodipy 2.7 - 1 - 0 - - -
EosinY 3.6 - 0.9 - 0.1 16 0.8 0.2
Riboflavin 37 0.81 06 | 04 0 140 0.9 | 0.08

The five arbitrary models used for fitting the bleaching data:
linear decay (equation 3), mono exponential decay (equation 4),
biexponential decay (equation 5), algebraic decay (equation 6)

and stretched algebraic decay (equation 7).
Y=Y,—Kx (equation 3)
Y=17Y, + Ae7** (equation 4)

Y=Y, + Aje "% + AjeFeX (equation 5)

Y=Y,+ 1:? (equation 6)
A .
Y=Y, + 0P (equation 7)

Fitting of the data (table S4 to table S9) provides apparent rate
constants (k) allowing comparison of the effect of the protein
hydrophobicity and the tryptophans on dye photobleaching on
the decay of absorbance. Overall, dye photobleaching is
influenced by tryptophan except for rose bengal and rhodamine
6G. Hence the dyes can be divided into three broad classes
according to the effect of the LmrR protein: 1. photobleaching
is affected by protein hydrophobicity but tryptophan does not
influence the decay rate; 2. photobleaching is affected by the
presence of tryptophan; 3. photobleaching is essentially
unaffected by the protein.
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Figure 5. (Right) Change in absorbance upon irradiation of rose bengal over 600 s
in the presence (red) and in absence (black) of O, in solution (A), in the presence
of LmrR_A96 (B) andin theJaresence of LmrR_W96 (C). Initial spectrum is a straight
line, final spectrum is a dashed line. Grey lines are spectra recorded at 30 s
intervals. (Left) Absorbance at the visible absorbance maximum over time relative
to initial absorbance in the presence (red) and absence of O, (black). Straight line
Lblack and red) is the fitting of the used model (see text). Conditions: 6 UM rose

engal in 50 mM potassium phosphate buffer at pD 8 prepared in D,0. LmrR_A96
and LmrR_W96 were both 24 uM (1:4 dye:protein ratio).

Rose bengal (Figure 5) represents the first class as its
absorbance undergoes monoexponential decay upon
irradiation that is unaffected by O, k = 2.4x103 s’ and 2.6 x10"
3 571, respectively. In the absence of oxygen, the presence of
LmrR_A96 or W96, results in a large reduction in the rate of
decay, and a change to linear decay (k = 2.8x10* s* and 9.3x10"
5 51, respectively). The large decrease in rate suggests the
protein shuts down the pathway observed when the dye is in
solution in the absence of oxygen. Possibly, the protein’s
hydrophobic pocket limits the formation of hydroxyl radicals
that are otherwise formed in water upon photoexcitation of
rose bengal,’47> and is consistent with the increase in the
fluorescence observed also (vide supra). When oxygen is
present, the protein-dye complex shows faster photobleaching
than with the dye alone in solution. For both proteins, the decay
can only be fit by a combination of linear and algebraic decay
models (equation 3 and 6). For the algebraic part, the decay rate
is 0.9 s’ with LmrR_A96 and slower, 0.1 s, for LmrR_W96. A
second linear decay component is required to fit the decay fully
with a rate similar to that observed in the absence of oxygen
(Figure 5 and table S4).
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Figure 6. (Right) Change in absorbance upon irradiation of bodipy over 600 s in
the presence (red) and in absence (black) of O, in solution (A), in the presence of
LmrR_A96 (B) and in the presence of LmrR_W96 (C). Initial spectrum is a straight
line, final spectrum is a dashed line. Grey lines are spectra recorded at 30 s
intervals. (Left) Absorbance at the visible absorbance maximum over time relative
to initial absorbance in the presence (red) and absence of O, (black). Straight line
(black and red) is the fitting of the used model (see text). Conditions: 10 UM bodipy
in 50 mM potassium phosphate buffer at pD 8 prepared in D,0. LmrR_A96 and
LmrR_W96 were both 40 UM (1:4 dye:protein ratio).

The second class includes most of the dyes, bodipy (Figure 6),
eosinY (Figure S9), protoporphyrin IX (Figure S10) and riboflavin
(Figure S11). For these dyes, the hydrophobicity of the protein
pocket has little influence on the decay observed, in contrast to
the effect of the tryptophan. Notably each dye is affected by
LmrR_W96 in a different manner, which is discussed below.
Bodipy shows monoexponential decay upon visible
irradiation in the presence of oxygen (2.7x10-3 s'1) (Figure 6). In
absence of oxygen, a change in spectral shape is observed
indicating changes in the bodipy probably due to ROS, however
the change in aggregation state may also be a contributing
factor. Similar changes are observed in the presence of
LmrR_A96: exponential decay (2.7x10-3 s'1) in the presence of
oxygen and a spectral shift in the absence of oxygen. The
presence of tryptophan inhibits the photodegradation
substantially even in the presence of oxygen, however it is
notable that protein degradation occurs instead (manifested in
an increase in absorbance at ca. 350 nm, Figure 6 and table S5).
The rate of decay of the visible absorbance of eosin Y (Figure S9
and table S6) is similar to that of bodipy, but surprisingly, the
decay rate in the absence of oxygen 16x10-3 s'1is faster than in
the presence of oxygen (3.6x103 s1), indicating interaction of
the dye with oxygen (quenching) is competing with an
intramolecular decay pathway. The same trend is observed in

the presence of LmrR_A96, (5.6x103 s and 1.1x102 s7?,
respectively). With LmrR_W96 monoexponential decay (5.3x10"
3s1)is observed in presence of oxygen, however, in its absence,
the decay follows an algebraic stretched decay (3.3x10-3 s1),
which indicates, as for rose bengal, several pathways to dye
degradation.

Protoporphyrin IX (Figure S10 and table S7), in the presence of
oxygen, shows similar behaviour as bodipy in that upon
irradiation in the presence of LmrR_A96 a shift in absorbance is
observed with a monoexponential decay (1.8x103 s1).
However, in contrast to bodipy, tryptophan accelerates the
photodegradation of protoporphyrin IX in the presence of
oxygen and required fitting with a biexponential model (5.8x10-
2and 4.1x103 s1). In the absence of oxygen, photobleaching is
not observed in presence of both LmrR_A96 and LmrR_W296. In
the absence of protein protoporphyrin does not undergo
photodegradation upon irradiation which is consistent with
aggregation induced excited state quenching (vide supra).”®
Riboflavin (Figure S11 and table S8) is the only dye which shows
quenching of its emission in the presence of tryptophan. The
photodegradation pathways of riboflavin have been studied
elsewhere.”’-80 The photoreactivity of riboflavin arises from its
triplet excited state. The absorbance of riboflavin decays
monoexponentially (0.14 s) when irradiated in absence of
oxygen. LmrR_A96 does not affect the decay substantially (0.08
s'1). By contrast, oxygen reduces the rate of bleaching with a
biexponential decay observed (3.7x102 sland 8.1x10% s'1),
ascribed to additional reaction pathways including 'O,
generation. In the presence of oxygen and LmrR_A96, a single
exponential decay (5.1x1072 s1) is observed, indicating that the
protein interferes with the riboflavin 10, decay pathway,
consistent with the increase in absorbance at ca. 310 nm
attributed to irreversible amino acid oxidation. LmrR_W96
inhibits all photobleaching in the absence of oxygen, ascribed to
electron transfer deactivation between the riboflavin anion
radical (RF-) and tryptophan cation radical (Trp(H)*).81 O, can
compete with this pathway to form O, which reacts with the
tryptophan radical irreversibly manifested again in an increase
in absorbance at ca. 310 nm. For rhodamine 6G (Figure 7 and
table S9), which does not generate 10, neither the protein and
the presence of tryptophan affect significantly the decay trend
or rate. Rhodamine 6G is photostable even in the presence of
oxygen, consistent with its low triplet state quantum yield.82
Thus, neither degradation or oxidation is observed in the
absence and the presence of the protein or oxygen.
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presence of LmrR_A96 (B) and in the presence of LmrR_W96 (C). Initial spectrum
is a straight line, final spectrum is a dashed line. Grey lines are spectra recorded at
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Straight line (black and red) is the fitting of the used model (see text). Conditions:
6 UM rhodamine 6G in 50 mM potassium phosphate buffer at pD 8 prepared in
D,0. LmrR_A96 and LmrR_W96 were both 24 uM (1:4 dye:protein ratio).

Figure 7. (Right) Chan?e in absorbance upon irradiation of rhodamine 6G over

Summary. The hydrophobic pocket of the LmrR protein is used
to study the effect of protein hydrophobicity and tryptophan on
the photostability of organic dyes under extended irradiation in
the presence and absence of oxygen. LmrR shows high
promiscuity for planar organic dyes with different structures
and wide range of redox potentials. The dyes show high affinity
for binding to the LmrR pocket with Kq from nano to micro-
molar range. Upon interaction with LmrR, most of the dyes
show changes in the absorption spectrum consistent with
changes in the hydrophobicity due to the protein pocket and
further changes in the presence of tryptophan that suggest
additional electronic interactions between tryptophan and
fluorophores. The selected dyes can sensitize the ROS (e.g., 103)
generation that leads to photodegradation of the dyes in
solution. For example, with riboflavin 10, emission decays over
time due to dye bleaching. The presence of both LmrR_A96 or
LmrR_W96, results in a near complete quenching of the 10,
emission, indicating that either the protein quenches the triplet
state of the dye preventing 10, generation or protein amino
acids react with 10, and hence preventing 10, emission (Figure
8). Interestingly, tryptophan offers sacrificial protection to
oxidation for most of the dyes, and in the case of bodipy
prevents any degradation even in the presence of oxygen.

0,’

k1 3 : #
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| \ 0,
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B transfer Reaction with
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Figure 8. Potential pathways for dye photodegradation and amino acid oxidation
induced by dye photoreactions. The triplet state of the dye (Dye3) can either form
singlet oxygen (10,) by energy transfer or abstract an electron from susceptible
amino acids producing amino acid radical (AA*) and dye anion radical (Dye~).
Amino acid and dye radicals can react with oxygen radicals (O,) or hydroxyl
radicals (OH’) to form dye and amino acid oxidized products represented here as
Dye-O and AA-OOH. Singlet oxygen can oxidize neutral amino acids or dyes
directly also (right pathway).

Conclusions

LmrR is a transcription factor that controls the expression of the
heterodimeric ABC transporter LmrCD, which is a major
multidrug transporter in Lactococcus lactis bacteria.?4'> LmrCD
transporters act as efflux pumps for antibiotics which is one of
the mechanism for bacterial drug resistance. Recently, it has
been shown that some toxic compounds such as the DNA-
binding drugs Hoechst 33342 (H33342) interact directly with
LmrR and its presence in the growth medium induces a
significant upregulation of the ImrCD genes and higher
resistance to antibiotics.83

The present study shows that LmrR, and especially the
tryptophan residue, has a major impact on the photochemistry
and photobleaching of dyes. The variation in behaviour
observed in the present study indicates that the behaviour of
dyes in general cannot be easily assumed based on their
properties in aqueous or organic solvents. The rates of
photodegradation observed here, although relative, may be
general to other protein systems as the photostability and
photochemistry of dyes embedded in LmrR strongly depends on
protein-dye interactions and the relative susceptibility of the
protein itself to react with 10, among others. Finally, the
complex interaction of 'O, with the protein observed in this
study holds implications for of how
photochemically active dyes will behave when moving from
solution studies to in vivo applications.
protein dye interactions need to be considered in the dyes
overall activity, not least in PDT antibacterial applications. The
efficiency of the photodynamic therapy relies on the generation
of ROS as superoxide anions, hydrogen peroxide (H,0,), free
hydroxyl radicals (OH’), and singlet oxygen (10;) by the drugs
inside the cell.8% These ROS oxidize various biomolecules
causing damage in the cell. In spite of the multitarget approach
of photodynamic therapy, bacteria can developed defence to

our expectations

In the latter case,
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oxidative stress generated by ROS by specific enzymatic
pathways.8>-87 However, it is not clear how bacterial
mechanisms deal with singlet oxygen.8 Our work shows a
potentially important pathway in bacterial resistance to singlet
oxygen by preventing its formation in the first place.

Methods

Gene construction and cloning. The gene encoding for LmrR is
based on that wused in our previously reported
PET17b_LmrR_LM.3°® The LmrR gene includes the K55D and
K59Q modifications and a modified C-terminal strep-tag (tag
amino acid sequence is ASHPQFEL). LmrR_W96 was generated
by introducing W67A and W124A modifications on the LmrR
gene and LmrR_W96A includes also the W96A modification.
The modification on the plasmids were carried out by quick-
change site-directed mutagenesis protocol.

Expression and purification. The expression of the different
protein variants was performed as described previously with
minor modifications.3? Briefly, protein expression plasmids of
the LmrR constructs were transformed into E. coli BL21
(DE3)_C43. Cells were grown in LB media containing 0.1 mg/mL
ampicillin at 37°C to an OD at 600 nm of 0.6-0.8. The expression
was induced with 1 mM IPTG and the cells were grown
overnight at 30°C.

The proteins were expressed as strep-tagged proteins and
purified using standard affinity chromatography methods.
Briefly, cells were harvested by centrifugation during 15 min at
4700 g and resuspended in buffer (50 mM NaH,PO,, pH 8.0, 150
mM NacCl). Cells were lysed by sonication (75% (200W) for 8 min
(10 s on, 15 s off)) and the lysed cells were incubated with
DNAsel (0.1 mg/mL, containing final concentration 10 mM
MgCl,) for 1 hour at 4°C.

After centrifugation (15000 rpm, JA-17, 1h, 4 °C, Beckman), the
supernatant was equilibrated with 6 mL of pre-equilibrated
Strep-tag Tactin column material for 1 h (mixed at 200 rom on a
rotary shaker) at room temperature. The column was washed
with 3 x 1 CV (column volume) of resuspension buffer (same
buffer as used before), and eluted with 6 x 0.5 CV of
resuspension buffer containing 2.5 mM desthiobiotin. The
impurities were removed from pure LmrR by FPLC using a
Superdex 200 size exclusion column (GE Healthcare) in 50 mM
potassium phosphate pH 8 buffer. The protein size and purity
were analyzed by SDS polyacrylamide gel electrophoresis. The
concentration of LmrR_W96 is determined by using the
calculated molar absorptivities, €230 = 28880 M1 cm-, and
LmrR_W96A €350 = 17880 M1 cm! (calculations were done by
the Expasy
http://web.expasy.org/protpara). Purified proteins were stored
in dark frozen at - 80°C.

Protein-dye binding determination. UV.Vis absorption spectra
were  recorded using a SPECORD S600 UV-vis
spectrophotometer. Binding was monitored by absorbance
peak shift (specified in the figures to each dye) at room
temperature in a 1 cm pathlength quartz cuvette. Stock solutions
of dyes were prepared (800 uM), in 50 mM phosphate buffer pH 8

Protparam on server.

in the case of rose bengal and rhodamine 6G, in methanol in the
case of protoporphyin IX and bodipy, in ethanol in the case of eosin
Y and in 10 % of acetonitrile in the case of riboflavin. 2 ml at 6 uM of
rose bengal, 10 uM of protoporphyin IX, 10 uM of bodipy, 30 uM of
riboflavin, 4 uM of eosin Y and 6 uM rhodamine 6G on 50 mM
phosphate buffer pH 8 was used as starting point. Titration of
protein to dye were carried out in the range of 0.1 to 4 equiv. initial
dye concentration.

Circular dichroism (CD) spectroscopy. CD spectra were
recorded using a JASCO J-810 CD Spectrometer. CD spectra of
LmrR protein in 50 mM phosphate buffer at pH 8 were acquired
in a 1 cm path length quartz cuvettes at a protein concentration
of 1 uM and with or without 10 uM dye. A band-width of 1 nm
and 1 nmincrement were used in all cases. Thermal denaturation
was followed by monitoring the ellipticity at 222 nm at 5 °Cintervals.
Emission spectroscopy. Emission spectra were recorded using a
JASCO_FP6200 spectrophotomer at room temperature in a 1
cm pathlength quartz cuvette and using a 310 nm long-pass
filter at the detector side. 2 ml at 2 uM of rose bengal, 5 uM of
protoporphyrin IX, 0.25 uM of bodipy, 0.5 uM of riboflavin, 0.1 uM
of eosin Y and 0.1 uM rhodamine 6G in 50 mM phosphate buffer pH
8 was measured in the absence of protein and in the presence of a
four-fold excess of LmrR_W96 and LmrR_W96A. Emission spectra
were corrected for instrument response and absorbance.
Quenching of Tryptophan fluorescence. Dye (as a stock
solution) was added to 1 mL of a buffered solution (50 mM
phosphate buffer, pH 8) containing 1 uM LmrR_W96 in a step
wise manner from 0.1 to 10 equiv. with respect to the initial
protein concentration in 1 cm pathlength cuvettes. Emission
spectra were recorded after 3-5 min incubation time at room
temperature with excitation at 280 nm unless stated otherwise.
The spectra were corrected for detector response and
absorbance. The integrated emission from 300-420 nm was
plotted against the concentration of the dye.

Emission lifetimes. A PicoQuant PDL 800-B diode laser driver
connected to a PicoQuant PLS 255 led-head equipped with 250-
350 nm bandpass filter provided excitation light. TCSPC was
carried out using a PicoQuant Tau-SPAD-100 single photon
counting module equipped with 325-385 nm bandpass filter and
connected to a PicoQuant PicoHarp 300 TC-SPC module. The
Tau SPAD was powered by a DSN 102 dual SPAD power supply.
The internal trigger from the PDL was used as input for time
stamping on the PicoHarp and the emitted light was measured
perpendicular to the excitation light. Lifetimes were calculated
using FluoFit with correction for the IRF, obtained by scattering
from BaSO4 at 45° relative to the excitation light.

Singlet oxygen measurements.'O, emission generated upon
excitation at 455 nm (50 mW) was detected 1 cm pathlength
quartz cuvettes using a cuvette holder with collimator for
collection of the emitted light (Thorlabs) equipped with a 950
nm long pass filter and delivery by fiber optic to an Andor
Technology Shamrock300i spectrograph equipped with a 75
I/mm (1300 nm blazed) grating and idus-InGaAs 512 pixel diode
array (Andor Technology). Spectral calibration was performed
with the emission lines from a TL light. 30 uM of riboflavin or
[Ru(bpy)s]?* in deuterated 50 mM phosphate buffer pD 8 was
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measure in the absence and presence of 120 uM LmrR_W96 and
LmrR_W96A protein.

Photochemical stability. UV/vis absorption spectra were
typically recorded at 30 s intervals during continuous irradiation
at room temperature in 1 cm pathlength quartz cuvettes. 800
UM dye stock solutions were prepared, prior to experiments, in 50
mM phosphate buffer in D,O pD 8 in the case of rose bengal and
rhodamine 6G, in methanol in the case of protoporphyin IX and
bodipy, in ethanol in the case of eosin Y and in 10 % of acetonitrile
in water in the case of riboflavin. From these solutions 2 ml of 6 uM
rose bengal, 10 pM protoporphyin IX, 10 uM bodipy, 30 uM
riboflavin , 4 uM eosin Y, and 6 uM rhodamine 6G in 50 mM
phosphate buffer in D,O at pD 8 were used both with and without a
4 fold excess of LmrR_W96 or LmrR_W96A. The proteins were
prepared by lyophilisation followed by dissolution in D,0O. Solutions
were irradiated with at 505 or 455 nm using the collimated output
of high power LEDs (Thorlabs) such that the entire output passed
through the cuvette as a 7 mm beam. Oxygen was removed from
the sample by purging with argon for 15 min.

Calculation of excited state redox potential calculation. The
equations for Gibbs free energy of photoinduced electron
transfer (equation 8 and 9)%9:88 were used to calculated excited
state redox potentials. Ground state reduction and oxidation
potentials were obtained from literature values.83-94
Electrostatic work for charge generation and separation is
approximated to 0 and energy gap between zeroth vibrational
levels of the ground and excited state (Eoo) is approximated as
the intercept of the normalized emission and absorption
spectra of the LmrR_W96-dye complex.

E12*"®d = E12™ + Eqo + Wr (equation 8)

E1/2*%% = E1/2%% - Eoo + Wr (equation 9)
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Impact of binding to the Multidrug Resistant Regulator protein LmrR on the photo-
physics and -chemistry of photosensitizers
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Figure S1. SDS-page gels of purified LmrR mutants. Left, LmrR_W296, and right, LmrR_A96.
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recorded at 30 s intervals during continuous irradiation. (b) Absorbance with respect to initial
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and absence (black) of O,. Solid lines (black and red) are the fits using a model. Conditions: 4 uM eosin
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Figure S10. (a) Change in absorbance upon irradiation of protoporphyrin IX from 0 to 600 s in the
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Conditions: 10 uM protoporphyrin IX in 50 mM potassium phosphate buffer pD 8 prepared in D,0.
LmrR_A96 and LmrR_W96 are 40 uM (1:4 dye:protein ratio).
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Figure S11. (a) Change in absorbance upon irradiation of riboflavin from 0 to 600 s in the presence
(red) and absence (black) of O, (left), in the presence of LmrR_A96 (middle) and in the presence of
LmrR_W96 (right). The initial spectrum (solid line); final spectrum (dashed line); grey lines are spectra
recorded at 30 s intervals during continuous irradiation. (b) Absorbance with respect to initial
absorbance at the maximum absorbance in the visible region of riboflavin over time in the presence
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(red) and absence (black) of O,. Solid lines (black and red) are the fits using a model. Conditions: 30
UM riboflavin in 50 mM potassium phosphate buffer pD 8 prepared in D2O. LmrR_A96 and LmrR_W96

are 120 uM (1:4 dye:protein ratio).

Table S1. Absorbance maximum in the visible region, fluorescence maximum and Stokes shift of the
dyes in solution (red), in the presence of LmrR_W96A (green) and in the presence of LmrR_W96

(black).
Absorbance maximum Fluorescence maximum
in the visible region Stokes shift
(nm)
(nm)
water W96A W96 water W96A W96 | water W96A W96

Tryptophan - 280 280 - 312 312 | - 32 32
RB 549 559 563 565 573 572 16 14 9
PpIX 376 398 411 621 637 633 245 230 222
Bodipy 497 501 504 506 507 509 9 6 5
Eosin Y 515 526 531 537 538 539 22 12 8
RBF 444 444 454 526 526 526 82 82 72
Rh6G 527 527 537 551 551 551 24 24 13

Table S2. Fluorescence lifetime data in the presence of the quencher.

Protein Lifetime (ns)
LmrR_W96 3.5
LmrR_W96+PpiX 2.4
LmrR_W96+RB 0.3
LmrR_W96+EY 2.4
LmrR_W96+Rh6G 3.3
LmrR_W96+RBF 3.7
LmrR_W96+Bodipy 2.9

Table S3. Ground state and exited state reduction (Ereq) and oxidation (Eox) potentials of dyes. Eqo is
the energy gap between the zeroth vibrational level of the ground and excited states in the presence

of LmrR_W96.
Eoo Ered E*red oni E*oxi
(eV) (V vs SHE) (V vs SHE) (V vs SHE) (V vs SHE)
Rose bengal 2.18 -0.54 1.64 1.33 -0.85
Protoporphyrin IX 2.00 -0.23 1.77 X X
Bodipy 2.45 -1.20 1.25 1.28 -1.17
EosinY 2.32 -1.06 1.26 0.78 -1.54
Riboflavin 2.49 -1.22 1.27 X X
Rhodamine 6G 2.28 -0.71 1.57 1.63 -0.65
Tryptophan 1.09
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Table S4. Fitting of changes in visible absorbance over time under continuous irradiation for rose
bengal in 50 mM phosphate buffer pD 8, in the presence of LmrR_A96 and in the presence of
LmrR_W96. Models used are indicated in the table. Protein:dye ratio 1:4.

Rose bengal
Air Argon purged
Y = A*exp(-Kx)+Yo | Y = A*exp(-Kx)+Y,
K (s?) 2.4x103 2.6x10°3
A 0.8 0.6
Yo 0.2 0.4
R-Sqr 0.99 0.99
A96_Rose bengal
Air Argon purged
Y = A/(1+k1x)-Kox+Yo Y =Y, - Kix
Ki(s?) 0.9 2.8x10*
Kz (s}) 2.9x10* -
A
Yo 0.8 1
R-Sqr 0.99 0.99
W96_Rose bengal
Air Argon purged
Y = A/(1+k1x)-Kox+Yo Y =Y, - Kix
K1 (s?) 0.05 9.3x10°
Ka (s2) 1.7x10* -
A
Yo 0.5 0.99
R-Sqr 0.99 0.99

Table S5. Fitting of changes in visible absorbance over time under continuous irradiation for bodipy
in 50 mM phosphate buffer pD 8, in the presence of LmrR_A96 and in the presence of LmrR_W96.
Models used are indicated in the table. Protein:dye ratio 1:4.

Bodipy
Air
Y = A*exp(-Kx)+Y,
K (s?) 2.7x103
A 1
Yo 0
R-Sqr 0.99
A96_Bodipy
Air
Y = A*exp(-Kx)+Y,
K (s?) 2.7x103
A 1
Yo 0
R-Sqr 0.99
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Table S6. Protein:dye ratio 1:4. Fitting of changes in visible absorbance over time under continuous
irradiation for Eosin Y in 50 mM phosphate buffer pD 8, in the presence of LmrR_A96 and in the
presence of LmrR_W96. Models used are indicated in the table. Protein:dye ratio 1:4.

Eosin Y
Air Argon purged
Y = A*exp(-Kx)+Y, | Y =A*exp(-Kx)+Yo
K (s?) 3.6x103 1.6x107?
A 0.9 0.8
Yo 0.08 0.24
R-Sqr 0.99 0.99
A96_EosinY
Air Argon purged
Y = A*exp(-Kx)+Yo | Y = A*exp(-Kx)+Y,
K (s?) 5.6x103 1.1x1072
A 0.8 0.9
Yo 0.2 0.1
R-Sqr 0.99 0.99
W96_Eosin Y
Air Argon purged
Y = A*exp(-Kx)+Yo | Y = A/(1+(Kx)*B)+Yo
K (s?) 5.3x10°3 3.3x10°3
A 0.9 0.9
Yo 0.2 0.1
R-Sqr 0.99 0.99

Table S7. Fitting of changes in visible absorbance over time under continuous irradiation for
protoporphyin IXin 50 mM phosphate buffer pD 8, in the presence of LmrR_A96 and in the presence
of LmrR_W96. Models used are indicated in the table. Protein:dye ratio 1:4.

A96_Protoporphyrin IX
Air
Y = A*exp(-Kx)+Y,
K (s?) 1.8x103
A 0.5
Yo 0.5
R-Sqr 0.99
W96_protoporphyin IX
Air
Y = Ar*exp(-Kix)+Ax ¥ exp(-Kax)+Y,
Kq (s?) 5.8 x107
Kz (s7}) 4.1x10°3
Aq 0.6
A; 0.2
Yo 0.2
R-Sqr 0.99
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Table S8. Protein:dye ratio 1:4. Fitting of changes in visible absorbance over time under continuous
irradiation for riboflavin in 50 mM phosphate buffer pD 8, in the presence of LmrR_A96 and in the
presence of LmrR_W96. Models used are indicated in the table. Protein:dye ratio 1:4.

Riboflavin
Air Argon purged
Y = Ar*exp(-Kix) +A2*exp(-Kox)+Yo | Y = A*exp(-Kx)+Yo
Ki (s™) 3.7x10? 1.4x107
Ka (s™) 8.1x10* X
Ay 0.6 0.9
A; 0.4 X
Yo 0 0.1
R-Sqr 0.99 0.99
A96_Riboflavin
Air Argon purged
Y = A*exp(-Kx)+Yo Y = A*¥exp(-Kx)+Y,
K(s?) 5.1x107 7.9x107
A 0.9 0.7
Yo 0.1 0.3
R-Sqr 0.99 0.99

Emission lifetime decay data.

Table S9. Fluorescence decay lifetime of tryptophan in the presence of quencher.

Protein Lifetime (ns)
LmrR_W96 3.5
LmrR_W96+PpIX 2.4
LmrR_W96+RB cross-correlated
LmrR_W96+EY 2.4
LmrR_W96+Rh6G 33
LmrR_W96+RBF 3.7
LmrR_WS96+Bodipy 2.9
LmrR_W96+[Ru(bpy)3}** | 3.1

Table S10. Fluorescence decay lifetime of dyes in solution and in the presence of LmrR_W96.

Fluorescence lifetime
(ns)

Protoporphyrin IX

Water cross-correlated
LmrR_W96 8.2
Methanol 14.2
DMSO 22.9
Rose Bengal
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Water cross-correlated
LmrR_W96 cross-correlated
Methanol* 0.55
Acetonitrile 2.3
Eosin Y
Water 1.12
LmrR_W96 1.8
Ethanol 3.3
DMSO 3.8
Rhodamine 6G
water 41
LmrR_W96 3.8
DMSO 3.8
Riboflavin
Water 4.5
LmrR_W96 4.5
Acetonitrile 4.7
Bodipy
Water 1.7
LmrR_W96 4.7
Methanol 3.7

*D. Huppert, S. D. Rand, A.H. Reynolds and P.M. Rentzepis, J. Chem. Phys. 1982, 77, 1214-1224
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