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Abstract

Classical molecular dynamics (MD) simulations are carried out for the recently
developed TagRFP675 fluorescent protein (FP), which is specifically designed to fully
absorb and emit in the near infrared (NIR) region of the electromagnetic spectrum.
Since the X-ray data of TagRFP675 reveals that the chromophore exists in both the cis
and frans configuration and it can also be neutral (protonated) or anionic (deprotonated)
depending on the pH of the media, a total of 8 molecular dynamic simulations have
been run to simulate all the possible states of the chromophore. Time-dependent DFT
(TDDFT) single point calculations are performed at selected points along the simulation
to theoretically mimic the absorption spectrum of the protein. Our simulations compare
well (within the expected error of the computational method) with the experimental
results. Our theoretical procedure allows for an analysis of the molecular orbitals
involved in the lowest energy electronic excitations of the chromophore and, more
interestingly, for a full analysis of the H-bond interactions between the chromophore
and its surrounding residues and solvent (water) molecules. This study does not support
the hypothesis, exclusively based on the analysis of X-ray data, that isomerization of
nearby residues provokes the rearrangement of the hydrogen bonds in the
chromophore’s immediate environment leading to the observed red shift of the
absorption bands at higher pHs. Instead, we attribute this shift mainly to the
superposition of bands of the neutral and anionic chromophore that are expected to
coexist at almost the full range of pHs experimentally analyzed. An additional factor
that could contribute to this shift is the experimentally observed increase of the cis
configuration of the chromophore at higher pHs.
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Introduction

A wide variety of fluorescent proteins (FPs) are nowadays used in bioimaging to track
localization and activity of proteins, organelles and cells of living organisms in real
time.'” Some of them are of natural origin, mainly found in marine organisms, but the
majority of FPs are artificially designed by introducing mutations in order to have a
particular property, usually a specific absorption/emission wavelength. The most
popular and extensively studied family of FPs is the one derived from naturally
occurring green fluorescent protein (GFP) whose structure consists of a chromophore
deeply buried inside a protein barrel made of beta sheets.* > Even if the colors of FPs
extend now over the entire visible electromagnetic spectrum, red FPs (RFPs) have risen
in the last years as the most studied ones®™® because the red emission spectrum has lower
signal from cellular autofluorescence and light-scattering intensity drops off at longer
wavelengths. Furthermore, the less energetic red light causes less damage to tissues of
living beings. An even more challenging task has recently been proposed to the experts
in bioengineering as hemoglobin strongly absorbs below 600 nm’ so most of the FPs are
impractical in mammalian tissues as they are opaque to almost all the wavelengths of
visible light. However there exist a so called optical window between 600 and 1350 nm,
where infrared absorption by water begins, in which mammalian cells are relatively
transparent to light.'” This fact has focused the recent research in engineering FPs
absorbing and emitting in the near infrared part of the electromagnetic spectrum.'" '

Piatkevich et al. have recently reported on a new FP called TagRFP675" that promises
to be a major breakthrough in the search for FPs absorbing in the optical window (here
and below we refer to the range of wavelengths from 600 to 1350 nm). This protein was
derived from the red FP mKate by the introduction of seven point mutations.
TagRFP675 absorbs at 598 nm and emits at 675 nm at physiological pH, which makes it
the most red-shifted protein of the GFP family known to date. The spectroscopic study
under different conditions also revealed strong pH dependence of the absorption and
emission maxima. Along with the reddest emission maximum, TagRFP675 is
characterized by the Stokes shift, which is 30 nm extended comparing to that of its
parental protein. Quite surprisingly, the relatively large Stokes shift reported of ca. 77
nm was not ascribed to an excited state proton transfer (ESPT) reaction between the
chromophore and a side chain carboxylate group of the aspartic or glutamic amino acids
close by, as is the typical case for other GFP-like red FPs with a large Stokes shift, such
as LSSmKates'* and mKeima."> '° An extensive network of hydrogen bond interactions
between the DsRed-like chromophore and the surrounding protein matrix has been
revealed through X-ray diffraction analysis of TagRFP675. Modification of this
surrounding upon electronic excitation has been suggested to be responsible for the
unusual TagRFP675 spectral properties.

In this paper we present a theoretical study on the TagRFP675 structure and its
absorption spectra. Departing from the recently published X-ray structures of
TagRFP675 (entries 4KGE and 4KGF in the Protein Data Bank for the structures at
pH=4.5 and 8.0 respectively)'” we perform MD simulations of the protein in solution at
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different pHs in order to analyze how the surrounding media affects the structure of its
DsRed-like chromophore and the amino acid residues close by. Given that the X-ray
data indicates that the chromophore adopts a mix of cis and trans configurations (with a
proportion variable as a function of the pH) we performed MD simulations for both
configurations at any given pH using a protocol previously applied with success to the
mKeima and LSSmKate2 proteins.'” '® From the full MD results we are able to
theoretically reproduce the absorption spectra of TagRFP675 at three different pHs (4.5,
7.5 and 10) that roughly cover the experimental range (from 3.5 to 10.5). This study will
provide a considerable insight at a molecular level into the intricate chemistry operating
in these kinds of FPs. We finally propose that this study could be a corner stone in a
quite ambitious project of rational design of novel FPs with fluorescence spectra fully
extending within the optical window.

Method of Calculation

Our methodology is based on two main blocks: classical MD simulations and electronic
excited state TD/DFT calculations.

Classical MD Simulations

In order to thoroughly reproduce the electronic absorption spectra of TagRFP675, it is
necessary to explore a wide set of representative structures of the protein that simulate
the thermal fluctuations that the protein undergoes in a physiological environment.
Therefore, the use of classical dynamic simulations is compulsory to furnish this
ensemble of representative structures. To begin with, we used the two crystallographic
protein structures available on the Protein Data Bank (4KGE at pH 4.5 and 4KGF at pH
8.0) as our starting point. Although these crystallographic structures are two possible
conformations of energy minima, it is only a tiny fraction of the total conformational
space of the protein. Using classical MD we will also observe the dynamical stability of
these structures.

Both crystal structures show two subunits, A and B. Subunit A presents only the cis
conformation of the chromophore. However, subunit B presents both the cis and trans
chromophore conformations in a 50/50 cis/tfrans ratio in the acidic structure and 60/40
ratio in the near-neutral structure.”® For our work, we have chosen the B subunit as it
contains both the cis and trans structures and have created two individual versions of
TagRFP675; one with the cis isomer and the other with the frans isomer. Near the
chromophore, residue Argl97 also shows two possible conformations in a
complementary ratio with regard to the chromophore. We have chosen the
corresponding side chain position of Argl97 according to the selected chromophore
conformation to avoid nearby atoms to be placed unphysically close.

Since the low X-ray resolution does not detect hydrogen atoms, the protonation states of
these amino acid residues in these systems were predicted theoretically using the
PROPKA program,"” * estimating the corresponding pK, of each amino acid at any
given pH (4.5, 7.5 and 10). As for the chromophore, we used a slightly different
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procedure because it is not a standard amino acid and the PROPKA program does not
recognize it. Therefore, its protonation state at a given pH was determined based on the
protonation states of the DsRed-like chromophores in other FPs. It has to be taken into
account that at pH equal to 4.5, the chromophore is protonated to a larger extent as the
pK. of the chromophore equals 5.7."° All the previous steps generated 8 different
systems. MD simulations have been carried out for each of these 8 systems as itemized
in Table 1.

To adapt the systems to physiological conditions, the CHARMM package software
(c35b1 version)*"” ** has been used together with the CHARMM-22 force field.>*
Special care has been paid to choose the chromophore parameters that have been
utilized from the GFP parameterization done by W. Thiel and co-workers*® and adapted
by Lluch and co-workers to DS-red proteins’ chromophores.'” The crystallographic
structures have been solvated and neutralized, introducing water solvent molecules
forming a cubic box of 72 A of length of the edge and the necessary ions to cancel out
the excess charge. The MD simulations of the full system consist of roughly 40,000
atoms. After solvation and neutralization, short minimizations of about 400 picoseconds
(ps) using Adapted Basis Newton-Raphson algorithm were carried out to eliminate bad
atom contacts between the protein and the recently added water molecules. Afterwards,
the temperature of the system was increased, using the Velocity Verlet integrator
algorithm with an integration step of 1 femtosecond for 120 ps, raising the temperature
25 K every 10 ps up to 300K and applying structural harmonic forces at the protein
backbone. At this point, an equilibration process is carried out gradually freeing the
restricted harmonic forces applied during 320 ps. 680 ps more have been run without
any harmonic constraint. Finally, 10 nanoseconds of production time have been
obtained for each simulation.

Electronic Excited State Calculations

The electronic excited state calculations are fundamental in the process of reproducing
the electronic absorption spectrum because the method allows us to calculate the energy
difference between the ground and excited states and thus, the wavelength associated
with this transition.

For each complete MD simulation, a structure has been captured every 0.25 ns of the
production time, gathering 400 frames in total. A sphere of 20 A of radius has been
applied to each one of these structures, taking the chromophore as the center of the
sphere and reducing the number of atoms to 7,100. This highly decreases the
computational cost and the system is still representative because the chromophore and
its close environment remain almost unaffected. Each sphere, in turn, has been divided
into two regions with different methodological approaches: the first one is the
chromophore with the carbonyl group of the previous amino acid (Phe62) and the amino
group of the next amino acid (Ser66). The chromophore is responsible for the radiation
process, so a highly detailed treatment, namely quantum mechanics, has been applied to
this part, working with the Time-Dependent/Density Functional Theory (TDDFT)
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formalism, a useful and adequate method to treat this kind of systems with photo optical
features. The first 15 excited electronic states have been computed for each of the 400
structures. The CAM-B3LYP functional’” which properly describes long-range charge
transfer effects®®>" and the 6-31+G(d,p) basis set complete the set. The second region
consists of the rest of the atoms within the considered sphere and it has been treated
with molecular mechanics, considering all the atoms as point charges according to the
CHARMM-22 force field. This adds a polarization effect to the chromophore.
CHEMSHELL’' and Gaussian 09 software packages> have been used to prepare all the
QM/MM inputs and to compute the QM part, respectively.

The procedure of reproducing the electronic absorption spectrum is similar to that
presented in previous papers.”>>® The full set of 15 calculated electronic excited states
have been sorted out with their corresponding oscillator strength and distributed
according to their wavelength. All the transitions irrespective of their nature have been
included. For the sake of clarity the cumulative results are presented as convoluted
spectra as was already done in our previous works on other red FPs.'”'®

A similar procedure could be used to theoretically reproduce the fluorescence spectrum
of TagRFP675. To do so a long enough MD simulation should be carried out for the
excited electronic state. Unfortunately, as the classical force fields are parametrized for
the ground electronic state, a QM or QM/MM scheme should be adopted and this would
make the calculation of the trajectory unattainable as the computational cost of such a
calculation well exceeds our present computer capabilities. In any case this is a very
important issue (as the more interesting property of FPs is just that: the fluorescence!)
and we are at work in order to be able to simulate fluorescence spectra in the near
future.

Results and Discussion

In order to understand the subtle chemical interactions that operate in the active center
of the FP, we have carried out MD simulations of different structures of TagRFP675 as
explained in the previous section. The first goal of these simulations is to reproduce the
absorption spectra of TagRFP675 at different pHs and compare with the spectra
obtained by Piatkevich et al. at these pHs."” Figure 1 shows the obtained results at
pH=4.5, 7.5 and 10.5 for both cis (left side of the Figure) and trans (right side of the
Figure) configurations of the chromophore. As the experimental results indicate, at
pH=4.5 the chromophore presents an equilibrium between its protonated (neutral) and
deprotonated (anionic) forms. We have therefore performed simulations for both
protonation states. At higher pH the chromophore is expected to be almost exclusively
in its anionic form so at these pHs only the anionic chromophore has been considered.
In order to facilitate the comparison with the experimental results previously reported,'’
Figure 1i depicts the experimental absorption spectra of TagRFP675 at different pHs. In
any case it has to be remarked that a direct comparison with our simulated spectra is not
feasible as the experimental results come from a mix of different conformations (cis and
trans) and protonation states (neutral and anionic) of the chromophore inside the
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protein. What we will do in the following discussion is to compare the position of the
observed bands in each spectrum. In that sense, it is crucial to note that there is a grand
total of three different absorption bands seen in the experimental spectra at the different
pHs: The high energy band (360-390 nm) ascribed to the So=>S; electronic transition,
present in all the protonation states of the chromophore, the low energy bands of the
neutral from of the chromophore (400-500 nm) and the one corresponding to the anionic
form (550-650 nm). To be noted that as we are analyzing pure protonation states of the
chromophore we can only find two of these bands in each simulated spectrum.

Disregarding the small absorption band originating from transitions to high excited
states that appears at A < 300 nm and is outside the wavelength zone experimentally
considered, all the spectra shown in Figure 1 present two main absorption bands. In all
the cases but one the most intense band is the most energetic one peaking at 390-410
nm when the chromophore is in its anionic form and 340 nm for the neutral
chromophore. While the position of this band is in quite good agreement with the
experimental spectra, where this band appears at 360-390 nm," in our theoretical
prediction it is also the more intense one whereas in the recorded absorption spectra
(Figure 11) it is, by far the more tenuous one. It is also to be noted that this band is only
experimentally seen at pHs of 6 and higher as at most acidic media the very broad
lowest energy band of the neutral chromophore peaking at 450 nm overlaps with this
band as also seen in Figure 1i.

As for the lowest energy band, it is well known that its position depends on the
protonation state of the chromophore. For GFP-like proteins the protonated (neutral)
form of the chromophore absorbs at much lower wavelengths than the anionic form. In
tagRFP675 the lowest energy band of the neutral chromophore peaks at 460 nm (see
Figure 1i). From the results obtained for the cis structure at pH=4.5 (Figure 1a) this
band appears largely spread between 400 and 500 nm (with the maximum at 450 nm).
Similar results are found for the simulation corresponding to the trans structure (Figure
1b) though the band is now somewhat shifted to the blue with a maximum centered at
420 nm, so again there is a nice agreement between theory and experiment regarding the
position of this band.

As just said above, the experimental spectra suggests that almost exclusively the
anionic form of the chromophore exists at pH > 6. In TagRFP675 the maxima of
absorption of the anionic chromophore is found around 580-602 nm (Figure 1i). Our
theoretical simulations at pH=7.5 (third row in Figure 1) display a very broad band
extending between 500 and 620 nm and peaked at 540 nm for the cis chromophore
(Figure 1e). This indicates that the lowest energy absorption of the chromophore is very
sensitive to the fluctuating environment. Results are similar for the frans structure
(Figure 1f) but again slightly blue-shifted as the maximum is found at 530 nm. The
larger discrepancy between theory and experiment found here is still within the
expected range of error of TDDFT calculations (0.5 eV that at this range of energy
corresponds to ~ 150 nm). Results at the highest considered pH of 10 (Figure 1g and 1h



Physical Chemistry Chemical Physics

for the cis and trans configurations respectively) are almost invariant with respect to the
ones just discussed at pH=7.5.

Our theoretical procedure allows for the identification and analysis of the molecular
orbitals involved in the electronic excitations that are responsible for the absorption
spectra. Figures 2 and 3 depict these orbitals for a set of arbitrarily chosen structures
from the MD simulation of the cis chromophore at pH=4.5 both at its neutral (Figure 2)
and anionic (Figure 3) forms. For each case two structures have been selected along the
whole simulation, one having a maximum value of the oscillator strength contributing to
the low-energy band of the absorption spectrum and the other one mainly contributing
to the high-energy band of the corresponding absorption spectrum. Corresponding
results for the trans chromophore at pH=4.5 are shown in Figures S1 and S2. The
orientation of the chromophore used in depicting the molecular orbitals is seen in panel
(a) of each Figure while panels (b) and (c) depict the shape of the orbitals mainly
responsible of the low- and high-energy absorption bands respectively. Qualitatively the
simulations at other pHs show no significant changes in the shape of the molecular
orbitals responsible of the lowest energy electronic excitations. The electronic excitation
for the low energy band of the absorption spectrum usually involves the HOMO and
LUMO whereas the high energy band mainly originates from an electronic excitation
from the HOMO to either the LUMO, LUMO+1 or LUMO+2, depending on the
randomly chosen structure. At any rate the relative order of the virtual orbital involved
is irrelevant as its position changes along the whole simulation but its shape remains
qualitatively invariant.

Not surprisingly, all the involved molecular orbitals are of © type and spread over the
whole chromophore. A careful analysis of these orbitals discloses that the low energy
transition involves a certain degree of charge transfer from the phenolate group to the
imidazolinone ring and, more specifically, to the N-acylimine group of the
chromophore. This is in agreement with the (expected) effect of the N-acylimine group
of extending the m system of the chromophore and so lowering the energy of the first
singlet excited electronic state. As for the high-energy transition, it also has a slight
charge transfer character from the phenolate group mainly to the residues directly bound
to the imidazolinone ring.

A more subtle effect amenable to be theoretically analyzed is the pH-dependence of the
low energy band in the absorption spectrum of the anionic chromophore. It has been
experimentally observed that this band undergoes red-shift from 570 nm at pH=3.5 to
602 nm at pH=11. Our results are unable to quantitatively reproduce this shift as its
range lies within the expected error of the theoretical method, as described above. On
the other hand, from the comparison of our theoretical simulations the cis chromophores
have this band displaced to slightly higher (ca. 20 nm) wavelengths at all considered
pHs.

From the direct inspection of the X-ray geometries, this displacement has been
hypothesized to mainly arise from two processes:'® a) protonation-deprotonation of the
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chromophore and, b) isomerization of the Asnl43, Asnl58 and Argl97 residues
resulting in a substantial rearrangement of the hydrogen bonds near the phenolic side of
the chromophore The MD simulations performed here that extend for a 10 ns time
period allows for a deep analysis of the geometrical variations of the whole protein
giving us an opportunity to analyze the H-bond interactions of the chromophore with
the immediate protein environment for each analyzed case and so verify the
rearrangement hypothesis. Generally, we found that the only residues that make stable
H-bonds with the phenolic oxygen of the chromophore (and/or the hydrogen when the
chromophore is neutral) are the two asparagines Asnl143 and Asnl58. Argl97 does not
directly interact with the chromophore (though it is usually nearby) so the role of this
residue has been disregarded at first instance. As noted below, there are always one or
more solvent water molecules making occasional H-bonds with the phenolic side of the
chromophore. Figure 4 depicts the analyzed interactions for both the cis and trans
conformations being the chromophore either neutral or anionic. For all the cases a
randomly chosen configuration along the whole simulation has been picked up. In the
following we will analyze the distance between the donor atom and the acceptor atom of
the considered H-bond interactions along the whole simulation using the criteria that a

H-bond is formed when the distance between the two heavy atoms lies within a range of
23 A

The evolution of the H-bond distances between the chromophore and the Asn143 and/or
Asnl58 residues along the MD simulation at pH=4.5 is given in Figures 5 and 6. In
these Figures, and the following ones dealing with the H-bond distances along the MD
simulations, the different parts of the chromophore that interact with the surrounding
residues and water molecules are indicated at the top of each Figure. The results with
the protonated (neutral) chromophore in either its cis or frans conformations are
analyzed in Figure 5 whereas the simulations with the anionic (deprotonated) cis and
trans conformers are considered in Figure 6. The H-bond interactions with the different
solvation waters are depicted in Figures S3 to S6. In all the cases the interactions
involve the phenolic oxygen of the chromophore (labeled as O(fony In panel (a) of
Figure 2,3, S1 and S2) and its bonded H-atom if the chromophore is neutral. In the
neutral cis conformation there is a quite stable H-bond between O(fonyy and the NH»
fragment of Asnl43 (Figure 5a). This interaction is only shortly disrupted between 5.5
and 6.5 ns. The oxygen of the very same Asnl43 also interacts with the phenolic
hydrogen of the chromophore but this interaction (quite strong and stable at the
beginning of the simulation) breaks down at around 1 ns and it is only recovered for
very short periods of time along the rest of the simulation as seen in Figure 5b. Along
the whole simulation the most habitual interaction of this hydrogen is with a given
solvation water molecule, a molecule that changes along time as seen in Figure S3.
Conversely, the simulation of the trans isomer only features a very stable and strong
interaction between the phenolic hydrogen of the chromophore and the oxygen of
Asnl58 as depicted in Figure 5c. As for Ogony, it is stabilized by different water
molecules that alternate along the whole simulation (Figure S4).
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When the chromophore is deprotonated, the phenolic oxygen is formally negatively
charged so that it should make stronger H-bonds with the surrounding residues. For the
cis isomer the Ogony) has two well-formed hydrogen bonds that are seen along the whole
simulation: One with a solvation water molecule that changes along time (Figure S5)
and the second one with the NH, fragment of Asnl43 (Figure 6a). As for the trans
isomer, O(fonty also interacts with an interchangeable water molecule (Figure S6) and
with the NH, group of an asparagine group, now Asnl58, but curiously enough, at
around 1.5 ns of simulation the two hydrogen atoms of the amino group of Asnl58
interchange their role as seen in Figures 6b and 6c¢.

Qualitatively the same picture arises when analyzing the simulations at pH=7.5 and 10
where only the anionic chromophore situation has been taken into account. Figure 7
shows that for the cis isomers, at both pHs the same (Cro)O---H-N(Asn143) interaction,
even stronger (short O---H distance) than at pH=4.5, is clearly present along the whole
simulation. Also different water molecules make short lived H-bonds with O¢gon) at
these pHs (Figures S7 and S8). As for the trans isomers (Figure 8) there is also a
(Cro)O---H-N(Asn) interaction present all along the simulations but at pH=7.5 the
Asnl43 residue, that is initially involved in such a H-bond, switches role with Asnl58
at t~6.5 ns and this new interaction is maintained until the end of the simulation. On the
other hand, only Asn158 is involved in the H-bond interaction with Ogony at pH=10. As
usual, several solvation waters may occasionally interact with this oxygen. These
interactions are seen in Figures S9 and S10.

The interactions with the surrounding media affecting other parts of the chromophore
are apparently of less interest as no major differences in the H-bond network are seen in
the X-ray analysis of the structures at different pH. In any case, the X-ray structures
reveal that there are two carbonyl groups of the chromophore that are able to form H-
bonds with the surrounding media: the carbonylic group of the acylimine end (formally
the Phe62 group) and the oxygen atom directly bound to the nitrogen atom at the end
the imidazolinone ring (labeled as Opack) in panel (a) of Figures 2,3 S1 and S2). Figure 9
depicts a set of structures randomly chosen from the corresponding MD simulations at
pH=4.5 where these “back™ H-bond interactions are highlighted. The time evolution of
the relevant distances is shown in Figures 10 (neutral) and 11 (anionic). Analogously to
what was obtained for the “front” (the phenolic group) H-bond interactions, several
water molecules appear intermittently making occasional H-bonds with these two
carbonyl groups. These interactions are depicted in Figures S11 to S14. Quite similar
results are obtained at the other considered pHs so that for clarity purposes these
additional results will not be presented here.

In the neutral cis configuration (Figure 10a) the H-bond interaction between Phe62 and
GIn41 groups is clearly seen and is stable over all the simulation time. This interaction
is also present in all the X-ray structures of the TagRFP675 chromophore resolved at
different pHs. Our simulations indicate that an additional H-bond is formed between the
carbonyl group of the chromophore and a water molecule: 7401 at the first half of the
simulation and 8015 for the second half (Figure S11a-b). As for Oack), it only makes

10
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variable H-bonds with different water molecules as indicated in Figure S11lc-g (in the
particular case of the snapshot captured by Figure 9a this carbonyl group interacts with
water 230). For the neutral trans isomer (Figure 10b) the interaction of Phe62 with the
GIn41 is also seen but the O-O distance is now somehow larger in average and another
glutamine (GIn106) is also interacting with Phe62 in this case (Figure 10c). These two
interactions compete with a third one involving a solvent water molecule (W9109). In
what concerns Opack), it displays a quite strong and stable H-bond with Trp90 as shown
in Figure 10d. Additionally, a water molecule (W266) makes a strong H-bond with
O(back) at the first stage (3ns) of the simulation as clearly seen in Figure S12b.

As the change in the protonation state of the chromophore does not affect these two
carbonyl groups, one should not expect large modifications in the interaction pattern for
the anionic chromophore simulations and, in fact the strong interaction between Phe62
and GIn41 is clearly present also in the cis and frans anionic chromophore simulations
(depicted in Figures 11a and d respectively). Again in the trans structure this interaction
is weaker and GIn106 (Figure 11e) and one solvation water molecule (Figure S14a)
have also noticeable interactions with the Phe62 part of the chromophore. As for the
interaction of Ogpacky With the Trp90 residue, now it appears in both cis and trans
isomers (Figures llc and f respectively). Curiously enough, for the cis anionic
chromophore the GIn106 residue also strongly interacts (at the end of the simulation
time) with this carbonyl group as shown in Figure 11b.

All these results are in agreement with the analysis of the X-ray structures previously
performed by Piatkevich et al."’> Generally we found larger distances for the H-bond
interactions but this is to be expected when comparing the “frozen” X-ray interatomic
distances with data in solution. It is clear that the very subtle differences just noticed for
the simulations at different pHs do not give explicit support to the previously suggested
hypothesis that these rearrangements are the main reason behind the measured red-shift
of the anionic absorption band at progressively more basic pHs. At this point some
important remarks are in order:

1) The interactions of residues Asnl43 and/or Asnl158 with the phenolic oxygen of
the anionic chromophore are not substantially modified at the different analyzed
pHs (see Figures 6 to 8) so that these interactions may not be held responsible
for the observed displacements in the absorption spectrum of TagRFP675 upon
changes in the pH of the surrounding media.

2) At a given pH, the experimentally obtained absorption spectrum is the result of a
combination of the neutral and anionic absorption bands and so, it cannot be
directly compared with our simulations of “pure” protonated or deprotonated
chromophore. The superposition of the two species at intermediate pHs might
produce bands that are actually a combination of the pure neutral and anionic
bands that overlap somehow by means of their respective queues. This overlap
may produce a shift of the observed anionic band to higher wavelengths at
higher pHs (as the protonated chromophore becomes less abundant). This would
also explain in theoretical grounds why experimentally the red-shift of the
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anionic band stops beyond pH=9 as the protonated chromophore would cease to
be present at such basic solutions.

3) Invoking the superposition of the absorption bands of the different species
present at a given pH, the experimentally measured slight increase of the cis
chromophore at higher pHs could also contribute to the observed red-shift of the
anionic band.

Conclusions

Classical MD simulations have been carried out for the recently developed NIR FP
TagRFP675. TagRFP675 is an important step in engineering FPs that absorb and emit
in the so called “optical window” (from 650 to 1350 nm). Our extensive MD
simulations allows for a realistic simulation of the absorption spectra of this protein.
The X-ray analysis has revealed that the chromophore of TagRFP675 may exist in both
cis and trans configurations. Therefore we have performed MD simulations for both
configurations. Also, as the change of the pH modifies the protonation state of the
chromophore, we have had to consider both the neutral (protonated) and anionic
(deprotonated) states in our simulations. Taking all this into account 8 MD runs have
been obtained. Each MD simulation has been followed up to 10 ns. The first goal of
these simulations was to theoretically reproduce (using a methodology previously
applied to other RFPs) the absorption spectrum of TagRFP675. Results are in agreement
with the actual spectra of TagRFP675 within the expected error bar of the TDDFT
methodology employed to calculate the energy of the excited states.

Our theoretical calculation has allowed for a detailed analysis of the molecular orbitals
involved in the lowest energy electronic excitations clearly pointing to an active role of
the N-acylimine group of the chromophore in lowering the energy of the first singlet
excited electronic state. A very extensive analysis of the H-bond interactions between
the chromophore and the surrounding residues and solvent (water) molecules has been
carried out in order to analyze the hypothesis (exclusively suggested from the analysis
of the X-ray data) that isomerization of the Asnl43, Asnl58 and Argl97 residues
provokes a substantial rearrangement of the hydrogen bonds in the phenolic region of
the chromophore leading to the red shift of the absorption bands at higher pHs. Our
results do not explicitly provide support to this rearrangement hypothesis, but we are
able to explain the experimental results by assuming that at intermediate pHs the neutral
and anionic forms of the chromophore will coexist and the measured absorption
spectrum in fact will be the result of a superposition of the different bands of the two
species that will overlap so that the shift of the maximum of absorption to higher
wavelengths at higher pHs may mainly arise because the protonated chromophore
becomes less abundant as the pH increases. A factor that additionally may contribute to
this shift is the slight increase (seen experimentally) of the cis chromophore at higher
pHs.

We believe that the quite exhaustive theoretical analysis of TagRFP675 is just the first
step in a more ambitious project aiming for a fully computer based (or “in silico”)
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Page 12 of 26



Page 13 of 26

Physical Chemistry Chemical Physics

engineering of novel FPs possessing desired spectral and biochemical characteristics.
One of the holy grails of mutagenesis applied to FPs is the design of new proteins fully
absorbing and emitting in the NIR region of the electromagnetic spectrum. The usually
long path to such an achievement can be paved down by the theoretical procedures such
as the ones used in this paper so that random mutagenesis can be replaced by a kind of
“theoretically assisted” mutagenesis.
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cis trans
protonated protonated

4.5

deprotonated deprotonated

pH

7.5 deprotonated deprotonated
10 deprotonated deprotonated

Table 1: Scheme of the analyzed structures at any considered pH.
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FIGURE CAPTIONS

Figure 1: Representation of the simulated absorption spectra of TagRFP675 in its cis
(left) and trans (right) conformation (as indicated in the Figure) at different pHs. In all
cases a convoluting Gaussian function of ¢ = 15 nm has been used to smooth the
statistical noise. (a) and (b) in yellow background stand for the neutral chromophore at
pH=4.5. The rest of the depicted spectra in green background correspond to the anionic
chromophore at different pHs: 4.5 for (c) and (d); 7.5 for (e) and (f) and 10 for (g) and
(h). These pHs are also indicated in the Figure. Finally panel (i) depicts the
experimental absorption spectra of TagRFP675 at different pHs (the color code is
indicated in the Figure).

Figure 2: Shape of the molecular orbitals involved in the relevant electronic transitions
of the TagRFP675 protein as obtained from the simulation of the cis neutral
chromophore. (a) Geometry of the chromophore. (b) Molecular orbitals mainly involved
in the low energy absorption band of the absorption spectrum. (c) Molecular orbitals
mainly involved in the high energy absorption band of the absorption spectrum.

Figure 3: Shape of the molecular orbitals involved in the relevant electronic transitions
of the TagRFP675 protein as obtained from the simulation of the cis anionic
chromophore. (a) Geometry of the chromophore. (b) Molecular orbitals mainly involved
in the low energy absorption band of the absorption spectrum. (c) Molecular orbitals
mainly involved in the high energy absorption band of the absorption spectrum.

Figure 4: Molecular scheme of the H-bond interactions between the phenolic region of
the chromophore (Osonr)) and the depicted residues. (a): neutral cis, (b): neutral trans,
(¢): anionic cis, (d): anionic trans.

Figure 5: Evolution of the considered distances involving the hydroxy phenolic group
(O(front)) of the neutral chromophore simulations at pH=4.5. (a) and (b) are for the cis
conformer whereas (c) corresponds to the trans isomer.

Figure 6: Evolution of the considered distances involving the phenolic oxygen atom
(O(front)) of the anionic chromophore simulations at pH=4.5. (a) corresponds to the cis
conformer whereas (b) and (c¢) corresponds to the #rans isomer.

Figure 7: Evolution of the considered distances involving the phenolic oxygen atom
(O(tront)) of the cis anionic chromophore simulations at pH=7.5 (a) and pH=10 (b).

Figure 8: Evolution of the considered distances involving the phenolic oxygen atom
(O(front)) of the trans anionic chromophore simulations at pH=7.5 (a) and (b) and pH=10

().
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Figure 9: Molecular scheme of the H-bond interactions between the imidazolinone
ring region of the chromophore and the depicted residues. (a): neutral cis, (b): neutral
trans, (c): anionic cis, (d): anionic trans.

Figure 10: Evolution of the considered distances involving the imidazolinone ring
region of the chromophore (Oack) and Phe62) for the neutral chromophore simulations
at pH=4.5. (a) stands for the cis conformer whereas (b) to (d) correspond to the trans
isomer.

Figure 11: Evolution of the considered distances involving the imidazolinone ring
region of the chromophore (Oack) and Phe62) for the anionic chromophore simulations
at pH=4.5. (a) to (c) refer to the cis conformer whereas (d) to (f) correspond to the trans
isomer.
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