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ABSTRACT

This study explores the structural and electronic factors affecting the absorption spectra of 5-carboxy-tetramethylrhodamine

(TAMRA) in water, a widely used fluorophore in imaging and molecular labeling in biophysical studies. Through molecular
dynamics (MD) simulations and density functional theory (DFT) calculations, we examine TAMRA UV absorption spec-
tra together with TAMRA-labeled peptides (Arg,, Arg,, Lys,). We found that DFT calculations with different functionals
underestimate TAMRA maximum UV absorption peak by ~100nm, resulting in the maximum at ca. 450nm instead of the

experimental value of ca. 550 nm. However, incorporating MD simulation snapshots of TAMRA in water, the UV maximum
peak shifts and is in close agreement with the experimental results due to the rotation of TAMRA N(CH,), groups, effectively
captured in MD simulations. The method is used to estimate the UV absorption spectra of TAMR A-labeled peptides, matching

experimental values.

1 | Introduction

Understanding the behavior of fluorescent probes at the molec-
ular level is crucial for their effective application in biophysi-
cal research on model biological systems and living cells [1, 2].
5-Carboxytetramethylrhodamine (TAMRA), a widely used flu-
orophore, plays a significant role in fluorescence imaging, mo-
lecular labeling, and biophysical assays due to its strong UV
absorption and bright fluorescence emission [3]. To maximize
the utility of TAMRA in model biological systems, it is useful
to explore the structural and electronic properties that govern
its absorption spectra. Molecular dynamics (MD) simulations,
combined with density functional theory (DFT) calculations,

provide a powerful approach for investigating these properties at
an atomic level, enabling insights into the relationship between
TAMRA structure and its UV absorption behavior. So far, a de-
tailed structural and computational analysis of TAMRA in cor-
relation with its UV absorption spectra has not been published,
although other probes, such as PRODAN [4] and BODIPY [5],
have been studied in the literature.

TAMRA and TAMRA-labeled molecule UV absorption spectra
are primarily determined by their electronic transitions, which
are influenced by the fluorophore conformation and interac-
tions with its environment. TAMRA is often conjugated in
biological systems to biomolecules such as proteins or nucleic
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acids [6, 7], where solvent effects, binding interactions, and
local molecular conformations may alter its structural dynam-
ics. MD simulations allow for detailed modeling of TAMRA
structural flexibility in different environments, while compu-
tational methods such as time-dependent density functional
theory (TD-DFT) can predict the absorption spectra based on
these structures. Such insights are essential for optimizing
TAMRA use as a probe in various biological contexts, from
fluorescence resonance energy transfer (FRET) [8] to live-cell
imaging [9]. Moreover, understanding how TAMRA absorp-
tion spectrum shifts under different conditions can aid in de-
signing improved fluorophores with enhanced performance in
complex biological systems.

This study combines DFT calculations and MD simulations,
comparing them with experimental UV-vis spectral analy-
sis to elucidate the structural factors that affect TAMRA and
TAMRA-labeled peptides (Arg,, Arg,, and Lys,) UV absorption
characteristics. First, we use TD-DFT calculations of TAMRA
in the PCM continuum water model [10, 11] to establish the op-
timal DFT functional for calculating absorption spectra. In the
next step, instead of PCM geometries, we use snapshots from
MD simulations to compare the results with the experimental
UV-vis spectra and examine in detail the differences between
the two approaches.

2 | Methods
2.1 | Density Functional Theory Calculations

(TD-)DFT calculations of TAMRA and TAMR A-labeled pep-
tides were performed using the Gaussian 16 package, revi-
sion A.03 [12]. The optimized geometries in the ground state
were obtained using a gradient (BP86 [13, 14], BLYP [13, 15]),
meta-gradient (TPSS [16]), meta-hybrid (M06-2X [17], TPSSh
[16, 18]), and hybrid (PBEO [19], B3LYP [20], CAM-B3LYP
[21], wB97XD [22]) functionals. The DFT approach with
Grimme's D3 dispersion scheme and Becke-Johnson BJ damp-
ing (referred to as DFT-D3BJ; D3 for the M06-2X functional
as empirical parameters for a BJ-damped D3 correction are
not available) was also employed [23, 24]. The split-valence
double-¢ and triple-¢ basis sets, including one set of polariza-
tion functions for all atoms or only for non-hydrogen atoms as
well as diffuse functions, were used: 6-31+G(d), 6-311+G(d,p),
6-311G(d,p) [25, 26], and aug-cc-pVDZ [27-29]. Subsequent
TD-DFT calculations of UV-vis absorption spectra were per-
formed at the same level of theory. The absorption calcula-
tions covered 3, 5, and 20 (for confirmation) lowest-energy
singlet excited states, and the corresponding UV-vis spectra
were simulated as the sums of Gaussian functions centered
at the vertical excitation energies and scaled using the com-
puted oscillator strengths with the half-width at half-height
factor set to 0.1eV. Solvent effects were included in all cal-
culations using the polarizable continuum model (PCM) for
water (e=78.3553) [11, 30]. To better assess the accuracy of
the DFT results regarding conformational preferences of
TAMRA, geometry optimization calculations were carried out
at the Moller-Plesset second-order perturbation theory (MP2)
level [31], employing the resolution-of-identity (RI) approxi-
mation for MP2 integrals. The cc-pVTZ basis set [27] and the

corresponding cc-pVTZ/C RI-C auxiliary basis set [32] were
used alongside the conductor-like PCM model (CPCM) for
water [11]. MP2 calculations were performed using the ORCA
software (version 5.0.4) [33].

2.2 | Molecular Dynamics Simulations

Simulations of TAMRA and TAMRA-labeled peptides in water
were conducted using classical MD simulations. The param-
eters for the TAMRA residue were obtained from CGenFF
[34]. The charges were adjusted to ensure the symmetric dis-
tribution throughout the tricyclic segment due to its resonant
properties, as seen in Refs [35, 36] and the total charge of
TAMRA was —1. The amino acid parameters were taken from
the CHARMM36m force field [37], and the TIP3P model was
used for water [38]. The simulation boxes contained one mol-
ecule of either TAMRA-Arg,, TAMRA-Arg,, TAMRA-Lys,, or
TAMRA alone, solvated with 4105, 9668, 9855, or 1925 waters,
respectively. Nat or Cl~ ions were added to ensure neutrality.
Following minimization, the systems were heated to 298K
for 200ps in the NVT ensemble. The production was run for
20ns in the NpT ensemble with the Nosé-Hoover thermostat
(coupling constant of 1ps), and the pressure was kept at 1bar
with the Parrinello-Rahman barostat (coupling constant of
2ps). Long-range electrostatic interactions were handled by
the particle mesh Ewald (PME) method. The interaction cutoff
was 1.2nm, with the switching function employed after 1 nm.
LINCS was used to constrain the bonds involving hydrogen,
allowing for the 2fs time step. 3D periodic boundary condi-
tions were used throughout. All simulations were conducted in
GROMACS 2020 [39].

20ps of MD simulations of a simplified TAMRA model,
3-(dimethylamino)phenolate with charge —1, and solvated with
50 water molecules were performed using Born-Oppenheimer
molecular dynamics (BOMD) at the B3LYP/6-31G(d) level of
theory and a 1fs time step. Spherical boundary conditions were
applied, keeping constant density in the system of 1kgdm™3 and
a force constant of 1.0kcalmol~ A2 needed to prevent water
evaporation. The temperature was maintained at 300K using
a velocity-rescale thermostat [40] with a rescaling frequency
of every 10fs. The BOMD simulations were performed using
Terachem 1.9.3 software [41, 42].

2.3 | Experiments

TAMRA was purchased from Sigma-Aldrich. 5(6)-Carboxytetr
amethylrhodamine-(Lys)9-OH (or TAMRA-Lys,), 5(6)-carboxyt
etramethylrhodamine (Arg)4-OH (or TAMRA-Arg,) and 5(6)-c
arboxytetramethylrhodamine-(Arg)9-OH (TAMRA-Arg,) were
synthesized according to the published protocol.

Absorption spectra were recorded on a Shimadzu UV2600
spectrometer at room temperature. The selected compounds
were prepared as 5uM solutions in phosphate-buffered saline
(PBS). PBS was prepared by dissolving 1x PBS tablets (Merck,
Darmstadt, Germany) in Milli-Q (MQ) water, filtered, at pH7.4.
All the spectra were measured in 1mL quartz cuvettes (path
length 10mm) and collected in 1 nm steps.
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3 | Results and Discussion
3.1 | Optimized Geometry in the Ground State

To establish a computationally efficient yet reliable protocol for
describing the absorption properties of TAMRA-labeled pep-
tides, initial test calculations were performed on the TAMRA
dye. The key aspects addressed include (i) the choice of DFT
functional, (ii) the size of the basis set and the necessity of dif-
fuse functions, (iii) the need for dispersion correction, and (iv)
the number of excited states considered.

The DFT geometry optimization calculations for TAMRA in
the ground state, considering different orientations of the di-
carboxyphenyl and dimethylamine groups with respect to the
xanthene fragment, resulted in a similar structure, regardless of
the computational details used (DFT functional, basis set, dis-
persion correction), where the planar dicarboxyphenyl unit is
nearly perpendicular to the planar 3-N,3-N,6-N,6-N-tetrameth
yl-9H-xanthene-3,6-diamine moiety (Figure 1). The correspond-
ing dihedral angle value varies from 91° to 99°. An exception
is observed with the M06-2X functional, where it is somewhat
lower: 73° with D3 correction and 82° without. MP2 calculations
confirmed conformational preferences. See Table 1 for the full
set of data.

3.2 | UV-Vis Spectra

As shown in Figure 2, in the low energy range, the experi-
mental spectrum of the TAMRA dye exhibits a strong absorp-
tion band centered at 550 nm, followed by a less intense band
around 510 nm, with non-zero absorption intensity extending up
to approximately 400nm. The best reproduction of the spectral
features in the low-energy range was achieved with B3LYP, de-
spite a 90 nm blue shift compared to the experimental spectrum
(Figure 2). However, a hypsochromic shift of the lowest-energy
band is observed for all tested functionals, the most significant

\
\

FIGURE1 | Optimized ground-state structure of TAMRA (B3LYP/6-
31+G(d)/PCM(H,0)) with the relevant dihedral angles marked (see
Table 1 for the values).

for the long-range corrected functionals due to their range-
separated exact-exchange contribution. Among the GGA and
meta-GGA functionals, the intense absorption band is closest to
the experimental results; however, the first excitation with low
oscillator strength occurs beyond 600nm or even 700nm in the
case of GGA functionals (see Table 2).

Table 2 indicates that, for B3LYP calculations, the lowest-
energy band in the absorption spectrum originates from
Excitation 1, which can be assigned to a m-7* transition
from the highest-occupied molecular orbital (HOMO) to
the lowest-unoccupied molecular orbital (LUMO), localized
within the 3-N,3-N,6-N,6-N-tetramethyl-9H-xanthene-3,6-dia
mine fragment (see Figure 3). The second band is dominated
by Excitation 2, which can be described as a HOMO-1-to-
LUMO transition, involving charge transfer (CT) from the car-
boxylate group to the xanthene moiety. The assignments are
consistent for the other DFT functionals (Figure S1); namely,
the most intense excitation exhibits a pure n-7* character,

TABLE 1 | Selected dihedral angle values (in °) for optimized
structures of TAMRA using different DFT functionals.

Functional d d d d d

Ph €00 €00’ NMe2 NMe2’
6-31+G(d)/PCM(H,0)
BPS6 9.9 -03 -18  —0.1 -0.1
BLYP 96.2 —0.7 —24 0.5 -0.2
TPSS 967 -03 -17  —0.0 -0.1
B3LYP 91.5 3.6 -0.7 0.1 -0.3
PBEO 98.4  —26 1.6 0.0 -0.2
TPSSh 96.5 -0.8 -16 0.0 -0.2
M06-2X 821 117 0.6 0.2 -0.3
CAM- 955 -17  -16 0.1 -0.3
B3LYP
wB97XD 91.2 39  -038 0.1 -0.2
D3(BJ)/6-311+G(d,p)/ PCM(H,0)
BP86 976  -0.6  —2.0 0.1 -0.2
BLYP 979 -2.5  -31 0.3 -0.4
TPSS 972  —05  -17 0.1 -0.2
B3LYP 98.5  —3.5 1.6 0.2 —0.4
PBEO 987 -28 1.5 0.1 -0.2
TPSSh 99.3 24 1.7 0.1 -0.2
MO06-2X 727 232 1.2 0.3 —0.4
CAM- 97.5 -3 1.6 0.2 -0.3
B3LYP
MP2/cc-pVTZ/CPCM(H,0)
975  -3.2 1.6 0.2 -0.3

Note: For clarity, only results with the 6-31+G(d) basis set (without dispersion
correction) and for 6-311+G(d,p) (with D3BJ correction, D3 for M06-2X) are
shown. For comparison, the results from MP2 are presented. See Figure 1 for the
dihedral angle designation.
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FIGURE 2 | TD-DFT simulated UV-vis spectra for TAMRA calcu-
lated at different functionals (6-31+G(d)/PCM(H,0); five excited states)
along with the experimental spectrum in PBS. Calculated excitation en-
ergies and oscillator strengths are represented as stick spectra.

while the remaining excitations are characterized as either CT
or partial CT (pCT).

To investigate the sensitivity of the calculated absorption
spectrum of the dye to the size of the basis set and the in-
troduction of dispersion correction, additional test compu-
tations were performed using B3LYP with various basis sets
and with/without dispersion correction. The spectra obtained
with the split-valence double-{ basis set, 6-31+G(d), are nearly
indistinguishable from those based on calculations using
the larger triple-¢ 6-311+G(d,p) basis set as well as Dunning
aug-cc-pVDZ (Figure 4). Similarly, applying the D3BJ dis-
persion correction during geometry optimization has only
a minor impact on the spectrum, resulting in a blue shift of
the lowest-energy band by approximately 5nm. As expected,
diffuse functions are necessary, as simulations without them
result in the two excitations being too close in energy, with the
higher-energy excitation having too low oscillator strength to
be distinguished as separate bands in the spectrum (Figure 4,
Table 3).

Since the two lowest-energy excited states account for the
longest-wavelength part of the spectrum in the case of B3LYP,
we investigated whether higher-energy states influence this
spectral range. To test this, calculations involving 3 and 20 ex-
citations were performed. The results are presented in Figure 5.
We show that reproducing the spectral features above 450nm
requires including only the three lowest-lying excited states,

which should significantly reduce the computational cost for
TAMRA-labeled peptides.

Based on the series of tests, BALYP with the 6-31+G(d) basis
set, without dispersion correction, and involving only the three
lowest-lying excited states, provides an optimal balance of com-
putational efficiency and accuracy in reproducing the spectral
characteristics of TAMRA. Larger basis sets and dispersion cor-
rections, as well as including more excited states, did not im-
prove the results. Therefore, this computational protocol will be
used in further studies.

Given that the experimental spectra were measured in water,
the impact of explicit solvent molecules on the UV-vis spec-
trum was investigated. To this end, 10 clusters consisting of
the fluorophore and four water molecules each were prepared.
These clusters were selected from snapshots of MD simula-
tions where the water molecules were in close proximity to
the amine groups of TAMRA. Geometry optimizations of
each cluster resulted in structures consistent with those ob-
tained from continuum solvent calculations, specifically fea-
turing a planar 3-N,3-N,6-N,6-N-tetramethyl-9H-xanthene-3,
6-diamine moiety. In the studied clusters, although the water
molecules engage in hydrogen bonding with the carboxylate
groups and form weak contacts with the aromatic xanthene
rings (Figure S2), these interactions do not influence the
lowest-energy band of the UV-vis spectrum or the frontier
MOs (Figure S3).

3.3 | UV-Vis Spectra Averaged for Selected MD
Snapshots

In Figure 6, the simulated UV-vis absorption spectra for
TAMRA averaged over 10, 20, and 100 randomly selected snap-
shots from MD simulation are shown. As expected, the lowest-
energy band broadens compared to the spectrum obtained for
the DFT-optimized structure, and the two bands are not dis-
tinctly separated. Additionally, there is some absorption in-
tensity at longer wavelengths than the main absorption peak,
indicating that certain conformations exhibit lower-lying exci-
tations with non-negligible oscillator strengths. However, the
position of the maximum shifts for the spectrum averaged over
10 snapshots is closer to the experimental data and even more so
for 20 snapshots. Notably, neither selection of a different set of
snapshots nor increasing their number to 100 results in further
improvement (Figures 6 and S4).

To elucidate the origins of the absorption response, we an-
alyzed the deviations in dihedral angles between the dicar-
boxylate phenyl moiety and xanthene, dimethylamine and
xanthene, as well as between the carboxylate group and phenyl
(see Figure 1 for the definition of dihedral angles) across 100
MD snapshots, comparing them to the values obtained from
the optimized B3LYP structure. The results are presented in
Figure 7. As shown in Figure 7, for the phenyl group, the ma-
jority of conformations are nearly perpendicular to xanthene,
similar to the DFT-optimized structure, with deviations of up
to 20°. In the case of the carboxylate group, most conforma-
tions exhibit a twist of approximately 10°-15° relative to the
phenyl ring. For the dimethylamine moiety, a wider variety
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TABLE 2 | Selected excitations and corresponding occupied — unoccupied molecular orbital (MO)-pair contributions (> 10%) for TAMRA.

Functional Excit. no. E (eV) A (nm) f Occ no. Unocc. no. (%) Character
BP86 1 1.73 718 0.0055 113 114 99.9 CT
2 2.13 581 0.0016 110 114 94.9 CT
3 2.17 571 0.0508 111 114 73.0 CT
109 114 18.1 pCT
4 2.38 521 0.6351 112 114 95.2 —7*
BLYP 1 1.70 730 0.0054 113 114 99.9 CT
2 2.04 607 0.0340 111 114 75.3 CT
110 114 15.1 CT
3 213 582 0.0208 110 114 82.8 CT
4 2.35 527 0.6099 112 114 91.2 -7*
TPSS 1 1.88 659 0.0048 113 114 99.9 CT
2 2.27 547 0.0016 110 114 98.7 CT
3 2.30 538 0.0554 111 114 75.8 CT
109 114 18.5 pCT
4 2.47 502 0.6713 112 114 95.7 —m*
B3LYP 1 2.69 461 0.8692 113 114 98.6 —1*
2 2.92 424 0.1259 112 114 95.1 pCT
PBEO 1 2.79 445 0.8993 113 114 98.5 T-7*
2 3.15 393 0.1809 112 114 95.2 pCT
TPSSh 1 2.54 489 0.0028 112 114 99.6 —7*
2 2.63 471 0.7810 113 114 97.9 CT
Mo06-2X 1 291 426 1.0537 113 114 97.1 -7*
2 3.74 332 0.0598 112 114 77.4 —m*
3 3.91 317 0.1513 111 114 73.1 pCT
CAM-B3LYP 1 297 417 1.0384 113 114 96.3 —7*
2 3.74 332 0.1898 112 114 90.4 pCT
wB97XD 1 3.00 413 1.0368 113 114 95.1 —7*
2 3.73 332 0.2229 112 114 84.4 pCT

Note: DFT/6-31+G(d)/PCM(H,0) calculations involving five lowest-energy excited states.

MO112

FIGURE3 | Isosurfaces(+0.03au)of MOs involved in the dominant
transitions of TAMRA. B3LYP/6-31+G(d)/PCM(H,0) calculations.

of conformations is observed, with deviations from the opti-
mized structure of up to 100°, with a density peak around 40°

MO113 (HOMO)

(see Figure S5 for rotamer populations).

MO114 (LUMO)

3.4 | UV-Vis Spectra for Different Conformations
of TAMRA

To further investigate the influence of structural changes on the
absorption characteristics of the dye, constrained calculations
were performed for the B3LYP-optimized structure by rotating
the phenyl, carboxylate, and amine groups. The results, shown
in Figure 8, reveal that these structural variations have a signif-
icant impact on the spectral lines.

As seen in Figure 8A, the rotation of the dicarboxylate phe-
nyl moiety leads to a gradual exchange of intensity between
the two lowest-energy excitations, accompanied by a notice-
able red shift of the lowest-energy band. While the overall
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assignment of both bands remains unchanged, there is a de-
crease in the CT character of the second excitation (Table 4,
Figure 9). An inspection of the frontier MOs energies (Figure 9)
reveals that the redshift of the first band is primarily due to
a reduction in the HOMO-LUMO gap, driven by increased
destabilization of the HOMO and, to a lesser extent, LUMO
stabilization.

— " o
= aug-cc-pvDZ s
S | with / without D3BJ 3
= | = >
o | .
2 [6-311G(d,p) 2
E 5
(2]
(@)

6-311+G(d,p)

6-31+G(d)
© N
% -
300 350 400 450 500 550

Al nm
FIGURE 4 | TD-DFT simulated UV-vis spectra of TAMRA for the
five lowest-energy excited states, calculated using B3LYP with and
without D3BJ dispersion correction, employing a continuum solvent
model for water and different basis sets.

For the carboxylate group rotation, at a 30° twist, Excitations 1
and 2 are mixed (Figure 8B), showing nearly equal contributions
from HOMO-to-LUMO and HOMO-1-to-LUMO transitions,
with similar intensities (Table 4). As the rotation progresses, the
two low-energy bands switch assignments: Excitation 2 becomes
HOMO-to-LUMO, maintaining the same position and intensity
as Excitation 1 before the exchange, while Excitation 1 shifts to
HOMO-1-to-LUMO with a pure CT character (Figure 10), which
may explain its diminishing intensity. The red shift of the latter
can be attributed to an increase in the HOMO-1 energy, while
the energy of LUMO decreases (as that of HOMO, explaining
why the more intense band position remains unchanged).

In the case of the dimethylamine group rotation, similar be-
havior is observed as with the phenyl moiety rotation—namely,
the exchange of intensities and a redshift of the lowest-energy
band (Figure 8C). When the dimethylamine group is rotated
by 90° relative to the xanthene moiety, the lowest-energy band
disappears as the oscillator strength of Excitation 1 drops to
zero (Table 4). This is due to a change in the electron density
distribution of the HOMO from being delocalized across the
entire 77—electron system to becoming localized on the twisted
dimethylamine group (Figure 11). Consequently, Excitation 1
changes from a pure 7z—7* transition to a CT transition. The red
shift of the lowest-energy band, along with the smaller shift of
the second band, is primarily due to LUMO stabilization.

The discrepancy between the absorption spectra of DFT-
optimized structures and averaged spectra from MD simula-
tions can be explained by differences in the dimethylamine
group orientation. In MD simulations, the most probable
angle of this group is shifted by about 40°-60° relative to the

TABLE 3 | Selected excitations and corresponding occupied — unoccupied MO-pair contributions (>10%) for TAMRA.

Basis set Dispersion correction Excit. no. E (eV) A (nm) f Occ no. Unocc no. (%)
6-31+G(d) D3BJ 1 2.71 458 0.8659 113 114 98.6
2 2.98 416 0.1413 112 114 94.6

6-311+G(d,p) — 1 2.70 460 0.8733 113 114 98.5
2 2.93 423 0.1296 112 114 95.3

6-311+G(d,p) D3BJ 1 2.71 457 0.8705 113 114 98.5
2 2.98 416 0.1392 112 114 95.1

6-311G(d,p) — 1 2.72 456 0.0013 112 114 99.4
2 2.75 451 0.7715 113 114 96.3

3 2.88 431 0.1131 111 114 65.0

110 114 25.6

6-311G(d,p) D3BJ 1 2.62 474 0.0014 113 114 99.3
2 2.71 458 0.1014 111 114 85.3

3 2.73 454 0.7474 112 114 92.8

aug-cc-pvVDZ — 1 2.68 463 0.8668 113 114 98.5
2 2.92 425 0.1295 112 114 95.3

Note: Calculations involving the five lowest-energy excited states were performed using B3LYP with the PCM solvent model for water, both with and without
dispersion correction, and employing different basis sets. For results from 6-31+G(d) basis set without D3BJ, see Table 2.
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FIGURES5 | TD-DFT (B3LYP/6-31+G(d)/PCM(H,0)) simulated UV-vis spectra for TAMRA, calculated with a varying number of excited states.
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FIGURE 6 | Experimental and simulated (based on B3LYP/6-31+G(d)/PCM(H,0) calculations, averaged over 10, 20, and 100 MD snapshots)

UV-vis spectra for TAMRA.

optimized DFT structure (Figure 7), resulting in a redshift of
nearly 80nm in the peak position (Figure 8C) and significantly
improving agreement with experimental spectra. This shift is
a result mainly of LUMO stabilization (from —2.79€V at planar
geometry to —2.92¢€V at the angle of 45°) rather than destabi-
lization of HOMO orbitals (from —5.74 to —5.73€V at the same
angles) as seen in Figure 11. In contrast, the phenyl and carboxyl
groups (Figure 8A,B) show minimal deviation from the opti-
mized DFT structure, thus having no significant effect on the
simulated UV spectra. The calculated rotational barrier for the
dimethyl group in TAMRA B3LYP PCM calculations is below
12kcal/mol and can be practically overcome at room tempera-
ture, although the vast majority of the conformations remain
planar (Figure S6). Therefore, the rotational flexibility of the di-
methylamine group is effectively captured only in classical MD

simulations, accounting for the improved match of calculated
spectra with experimental data.

To check whether the dihedral angle of the dimethylamine
group is indeed well described in the CGenFF force field used
in classical MD simulations with explicit water molecules, we
performed BOMD simulations at the B3LYP/6-31G(d) level of
theory with a TAMRA model, 3-(dimethylamino)phenolate
(Figure 12A). The analysis of 20 ps of BOMD simulations re-
vealed that the dihedral angle of the dimethylamine group is
not planar, in contrast to PCM simulations without explicit
water molecules or with four explicit water molecules, where
the dihedral angle of the dimethylamine group was planar.
The example of an MD snapshot observed in BOMD simula-
tions is visualized in Figure 12B, whereas the distribution of
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the dihedral angle during the BOMD simulation of the dime-
thylamine group is shown in Figure 12C. The results show
that the dihedral angle of the dimethylamine group is not
planar, and it assumes the most probable value of ca 20°. This

40 4

Ad| /

60
80

100

d Ph d CO0 d NMe2

FIGURE 7 | Visualization of deviations in selected dihedral angles
of TAMRA from 100 MD snapshots relative to the optimized DFT struc-
ture. The violin plots represent data distributions based on kernel densi-
ty estimation using Scott's rule as implemented in OriginPro 2024b [43].

is a consequence of explicit water solvation, which results in
the reorientation of the dimethylamine group to better inter-
act with neighboring water molecules. Also, this group is quite
floppy, assuming values up to 90°. These results further show
that classical MD simulations of TAMRA with explicit water
molecules capture the flexibility of the dihedral angle of the di-
methylamine group quite well. Importantly, the TAMRA model
without explicit water in the PCM continuum model resulted in
the planar structure (Figure 12A).

Taking BOMD simulation results into account, we show that
the force field parameterization of the dihedral angle of the di-
methylamine group in classical MD simulations is qualitatively
(and quantitatively to some level) correct and is the reason for
the existence of non-planar TAMRA structures in explicit water
leading to the experimentally observed red shift in the TAMRA
absorption spectrum compared to DFT PCM calculations of
TAMRA without explicit solvation.

3.5 | UV-Vis Spectra for TAMRA With Peptides

Figure 13 presents a comparison of the experimental and TD-
DFT simulated UV-vis absorption spectra, averaged over 20
MD snapshots, for both TAMRA and TAMRA-labeled pep-
tides. As shown in Figure S4, it is not important which set
of 20 configurations, out of 100, are taken to reproduce the

A B C
+30° +90° +90°
+25° +75° +75°
+20° . +60° +60°
N/ | | 5
- o
£ o
2 | +15° +45° +45° =
- /\/N ‘ ‘ :
© L
=) ©
b g
+10° /J‘\ +30° +30° S
) /V‘/\ h /’\ - /V_/\
dPh 91.5 coo_3 6° NMe2 -
w o
p <
350 400 450 500 550 l350 400 450 50 550 350 400 450 500 550 660 650

A/ nm

FIGURE 8 | TD-DFT simulated UV-vis spectra for TAMRA conformations, based on rotations of phenyl (A), carboxyl (B), and dimethylamine
(C) groups by specified dihedral angles (see Figure 1 for the definition of dihedral angles). Calculated excitation energies and oscillator strengths are

represented as stick spectra. B3LYP/6-31+G(d)/PCM(H,0) calculations.
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TABLE 4 | Dominantexcitations and corresponding occupied — unoccupied MO-pair contributions (> 10%) for TAMRA conformations, based on

rotations around phenyl, carboxyl, and dimethylamine groups by a specified dihedral angles (Ad).

Rotated group Ad [°] Excit. no. E (eV) A (nm) f Occ no. Unocc no. %
B3LYP/6-31+G(d) 0 1 2.69 460 0.8695 113 114 98.6
2 2.92 424 0.1257 112 114 95.1
Ph 5 1 2.68 462 0.8498 113 114 97.9
2 2.92 424 0.1456 112 114 94.5
10 1 2.66 466 0.7848 113 114 96.0
2 2.92 425 0.2023 112 114 92.6
15 1 2.62 474 0.6893 113 114 93.5
2 2.91 427 0.2813 112 114 89.9
20 1 2.55 486 0.5837 113 114 91.0
2 2.89 429 0.3631 112 114 87.2
25 1 2.47 502 0.4839 113 114 89.2
2 2.88 431 0.4329 112 114 84.9
30 1 2.37 523 0.4004 113 114 88.2
2 2.86 433 0.4819 112 114 83.5
113 114 10.5
COO~ 15 1 2.65 467 0.7715 113 114 92.7
2 2.83 438 0.1788 112 114 88.5
30 1 2.56 484 0.3733 113 114 58.1
112 114 39.5
2 2.71 457 0.5327 112 114 57.5
113 114 40.4
45 1 2.47 501 0.1101 112 114 73.2
113 114 25.1
2 2.65 468 0.7761 113 114 73.2
112 114 25.5
60 1 2.43 511 0.0308 112 114 90.1
2 2.61 474 0.8521 113 114 89.5
75 1 2.40 516 0.0094 112 114 96.6
2 2.60 477 0.8769 113 114 95.9
90 1 2.40 517 0.0072 112 114 97.5
2 2.59 478 0.8778 113 114 96.7
NMe, 15 1 2.68 463 0.8670 113 114 98.6
2 291 426 0.1267 112 114 94.8
30 1 2.63 471 0.8496 113 114 98.8
2 2.88 431 0.1306 112 114 93.8
45 1 2.55 486 0.7784 113 114 98.9
2 2.81 440 0.1442 112 114 92.1
(Continues)
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TABLE 4 | (Continued)

Rotated group Ad [°] Excit. no. E (eV) A (nm) f Occ no. Unocc no. %

60 1 2.38 522 0.5290 113 114 97.1

2 2.73 454 0.2044 112 114 88.8

75 1 2.04 608 0.1501 113 114 96.3

2 2.66 467 0.3026 112 114 84.8

110 114 10.3

90 1 1.80 691 0 113 114 98.1

2 2.63 472 0.3312 112 114 82.8

110 114 13.2

Note: B3LYP/6-31+G(d)/PCM(H,0) calculations.
dih,, 91.5° +52 +10° +15° +20° +25° +30°
HOMO-1

HOMO

LUMO ~

FIGURE9 | Isosurfaces (£0.03au) of MOs involved in dominated transitions for TAMRA conformations, based on rotations of the phenyl group
(A). The numbers listed are orbital energy values (in eV). B3LYP/6-314+G(d)/PCM(H,0) calculations.

dihgoo

HOMO-1

HOMO

LUMO ~

FIGURE 10 | Isosurfaces (+0.03au) of MOs involved in dominated transitions for TAMRA conformations, based on rotations of the carboxyl
group (B). The numbers listed are orbital energy values (in eV). B3LYP/6-31+G(d)/PCM(H,0) calculations.

calculated spectra of TAMRA in water. Therefore, we decided 100 snapshots are computationally prohibitive, especially
to take 20 snapshots to predict the experimental spectra of dif- for nona-peptides labeled with TAMRA. The calculated re-
ferent TAMRA-labeled peptides since the calculations using sults are in agreement with the experimental results, and the
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FIGURE 11 | Isosurfaces (+0.03au) of MOs involved in dominated transitions for TAMRA conformations, based on rotations of the dimethyl-
amine group (C). The numbers listed are orbital energy values (in eV). B3LYP/6-31+G(d)/PCM(H,0) calculations.
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FIGURE 12 | Selected results for the simplified model of TAMRA: (A) the geometry optimized at the B3LYP/6-31G(d)/PCM(H,0) level of theory;
(B) a representative snapshot from the Born-Oppenheimer MD trajectory at B3LYP/6-31G(d); (C) a visualization of deviations from planarity in the

C-N-C-C dihedral angle (see (A)) from the MD snapshots. The violin plots represent data distributions based on kernel density estimation using

Scott's rule as implemented in OriginPro 2024b [43].

attachment of TAMRA to peptides has no significant effect on
the position of the lowest-energy spectral range, although the
calculations do not accurately reproduce the relative intensity.
The similarity between the spectra with and without attached
peptides arises from the fact that the excitations contributing
significant oscillator strength involve 7-7* transitions within
the aromatic region of the dye (Figures 3 and 11), and no

further delocalization across the peptide moiety was observed.
Importantly, our calculations for labeled peptides agree with
the experimental spectra, where no differences in the absorp-
tion peaks are observed as well.

These results are helpful for biophysical studies with TAMRA-
labeled peptides. In particular, TAMRA is often used as a
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covalently labeled fluorescent probe in fluorescence investiga-
tions of cell-penetrating peptide translocation, where polyargi-
nine is one of the main subjects of interest [44]. It is, therefore,
important to know how the UV response of TAMRA-labeled
peptides compares to TAMRA itself. The current results show
that the main contribution to the UV absorption spectrum of
TAMRA is unchanged upon the addition of the peptide to the
carboxyl group of TAMRA, regardless of the peptide structure
or size. These results show that TAMRA can be used reliably
in peptide labeling, especially with peptides with arginine and
lysine residues. In future studies, it will be interesting to find
out how other peptides used in fluorescence experiments, such
as transmembrane proteins rich in tryptophane residues [45],

0.4 =

a, A [\ — TAMRA
§9°9 i) — TAMRA-Arg,
S0l — TAMRA-Argg
< TAMRA-Lys,q
12

Q

< 0.1

Calc.

&/10°M'em™
o
'S

T T T ;S T T
400 450 500 550 600 650 700 750
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FIGURE 13 | Experimental and simulated (based on B3LYP/6-
31+G(d)/PCM(H,0) calculations, averaged over 20 MD snapshots) UV-
vis spectra for TAMRA and TAMRA-labeled peptides (TAMRA-Arg,,
TAMRA-Arg,, TAMRA-Lys,).

HOMO

influence the UV absorption spectra of TAMRA or other fluo-
rescent probes used in the community (Figure 14).

4 | Conclusions

This study of the UV absorption spectra of TAMRA, using MD
simulations and TD-DFT calculations, provides insights into
how structural dynamics impact its spectral properties. Key
findings reveal that the rotational flexibility of the dimethyl-
amine group in TAMRA plays a central role in its calculated
absorption spectrum. MD simulations showed that the most
probable angle of this group varies by 40°-60° from the opti-
mized geometry found with DFT, causing a redshift of nearly
80nm in the absorption peak, closely matching experimental
UV-vis spectra. In contrast, the phenyl and carboxyl groups,
with minimal orientation deviation, contribute little to UV ab-
sorption shifts, emphasizing the influence of the dimethylamine
group in solvated environments. BOMD at the DFT level of the-
ory for the TAMRA model also confirmed that the rotational
flexibility of the dimethylamine group in TAMRA occurs due
to explicit solvation and interaction of the dimethylamine group
with neighboring water molecules.

Additionally, attaching TAMRA to peptides (Arg,, Arg,, and
Lys,) does not significantly change the position of the main UV
absorption peak, a finding consistent in both simulations and
experiments. Peptide conjugation leaves the m—7* transitions
in the aromatic region of the dye unaffected, preserving fun-
damental absorption features, including the peak position and
overall spectral shape. By achieving a close agreement with ex-
perimental spectra through MD simulation snapshots, the study
highlights the potential of this approach to predict fluorophore
absorption behavior in complex biological systems, guiding the
design of optimized probes for diverse research applications.

FIGURE 14 | Representative isosurfaces (+0.03au) of frontier MOs involved in the dominant transition of TAMRA-Arg, obtained with B3LYP/6-

31+G(d)/PCM(H,0) calculations.
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