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Molecular origins of the multi-donor strategy
in inducing bathochromic shifts and enlarging
Stokes shifts of fluorescent proteins†

Xia Wu,a Davin Tan,a Qinglong Qiao,b Wenting Yin,b Zhaochao Xu *b and
Xiaogang Liu *a

Long-wavelength fluorescent proteins (LWFPs) and LWFP-based sensors are indispensable tools for

bioimaging and biosensing applications. However, it remains challenging to develop LWFPs with

outstanding brightness and/or sensitivities, largely due to the lack of simple and effective molecular

design strategies. Herein, we rationalized the molecular origins of a multi-donor strategy that affords

significant bathochromic shifts and large Stokes shifts with minimal structural changes in the resulting

protein fluorophores. We analyzed three key factors that affect the spectral properties of these

fluorophores, including the (1) substituent position, (2) electron-donating strength, and (3) number of

electron-donating groups. We further demonstrated that this simple design strategy is generalizable to

various fluorophore families. We expect that this work can provide rational guidelines for developing

fluorescent proteins (and small-molecule fluorophores) with long emission wavelengths and large Stokes

shifts.

1 Introduction

The availability of a platter of fluorescent proteins of different
colours is vital for biological research.1–3 Among various colours,
long-wavelength fluorescent proteins (LWFPs) are particularly
attractive due to their reduced phototoxicity, decreased auto-
fluorescence background, and enhanced penetration depths in
tissues.4–6 However, the limited choices of residue moieties
in natural amino acids and highly constrained inner cavities in
proteins place a tight restriction on the length of p-conju-
gations. The development of LWFPs and associated probes
thus becomes a significant challenge.

To address this challenge, extensive efforts have been direc-
ted to the rational design of fluorescent proteins, through a
deep understanding of their formation processes and fluores-
cence mechanisms.7–9 Yet, predicting the folding of proteins
and in particular the reactions and rearrangement of the
residues is a difficult task. To date, the performance of LWFPs
is still outshined by a green fluorescent protein (GFP) in terms

of both the brightness and hue. Most LWFPs have undesirable
photophysical properties, such as slow maturation rates and
reduced photostability.10,11 Moreover, many LWFP-based bio-
sensors exhibit small dynamic ranges, undesired photoconver-
sion, and mislocalization; the variety of these sensors is also
highly limited, in comparison to their GFP analogues.12,13

To circumvent these challenges, one may adopt a hybridization
method by attaching synthetic dyes to proteins via various tags
(such as SNAP-tag14/CLIP-tag,15 and Halo-tag16), thus generating
distinct colours of fluorescence.17–20 Unfortunately, introducing
extrinsic dyes in live systems faces many limitations in comparison
to genetically encoded fluorescent proteins that are produced
in situ. Notably, the cotranslational incorporation of unnatural
amino acids (UAAs) has gained considerable progress in recent
years.21,22 UAAs greatly expanded the choice of residue structures,
creating exciting opportunities for developing fluorescent proteins
of novel structures and distinct properties. However, the chromo-
phores in these proteins are still subjected to limited cavity sizes.
Accordingly, the large expansion of p-conjugation, a popular
strategy for producing long-wavelength small-molecule dyes, is
inherently incompatible with LWFPs.

Instead of the expansion of p-conjugation, incorporating
additional electron-donating groups at judiciously chosen posi-
tions of fluorophores affords greatly enlarged Stokes shifts (Dl)
and leads to significant bathochromic shifts in the fluorescence
spectra via minimal structural changes. We have first demon-
strated that this multi-donor strategy is generalizable to a wide
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range of small-molecule fluorophores, such as rhodamine,
rhodol, fluorescein, naphthalimide, and naphthalene (Fig. 1,
the left panel and Fig. S1, ESI†).23–27 This multi-donor strategy
has also been adopted by several research groups for develop-
ing small-molecule fluorophores and probes with long emis-
sion wavelengths and large Stokes shifts (Fig. S1, ESI†).28–31

Notably, in a landmark study, Ai and co-workers have recently
introduced a genetically encoded artificial amino acid, 3-amino-
tyrosine, to the fluorophore of GFP-like proteins and biosensors
for ‘‘spontaneous and efficient green-to-red conversion’’ (Fig. 1,
the right panel).32 Their designs of fluorescent proteins employed
one additional amino group and utilized the multi-donor design
strategy. However, the mechanistic underpinnings of how these
fluorescent proteins can exhibit significant red shifts and Stokes
shifts remain unclear. Molecular design guidelines on enhancing
these shifts are also lacking. Understanding these molecular
origins and design rules, however, is critical for the rational
deployment of Ai’s method to other families of fluorescent
proteins, to realize enhanced bathochromic shifts and enlarged
Stokes shifts with minimal structural changes in protein cavities.

Herein, we systematically studied the mechanism of creating
LWFPs by introducing additional electron-donating groups to
fluorophores (as did by the Ai group). By using density functional
theory (DFT) and time-dependent density functional theory (TD-
DFT) calculations, we analysed three important factors in this
multi-donor design strategy: (1) the substitution positions, (2) the
electron-donating strength of the additional donors, and (3) the
number of donors. Moreover, we demonstrate that this molecular
design strategy is generalizable to other fluorescent protein
systems. We foresee that our results along with the rapid evolu-
tion of UAA techniques will afford a broad range of LWFPs with
minimal structural changes whilst still retaining the desirable
photophysical properties of their predecessors.

2 Computational methods

Geometry optimizations were carried out at the oB97XD/
Def2svp level, unless stated otherwise.33 Solvation effects (in water)
were taken into account using the SMD model.34 The excitation

and emission energies of all molecules were calculated using state-
specific equilibrium solvation. Frequency calculations were per-
formed to verify that the obtained structures are stable, without
containing any imaginary vibration frequencies. All DFT and
TD-DFT calculations were carried out using the Gaussian 16A
suite of programs.35 The molecular excitation properties were
also investigated by hole–electron analysis using Multiwfn 3.6.36

3 Results and discussion

As we mentioned vide supra, Ai and co-workers introduced
3-aminotyrosine to the fluorophore of the green fluorescent
protein-like sfGFP to obtain red fluorescent protein aY-sfGFP.32

Essentially, the hydroxyl group in the sfGFP acts as the first
electron-donating group, and the introduced amino group
serves as the second donor, which led to a red-shift of the
UV-vis absorption and emission peaks, and a large Stokes shift
in the resulting aY-sfGFP. To elucidate the roles of this addi-
tional donor group, we performed DFT and TD-DFT calcula-
tions at the ground state (S0) and the first excited state (S1) of
GFP fluorophore analogues in water.

3.1 The impact of linking an additional amino group on the
NGFP

To this end, S0–S1 photoexcitation/-deexcitation typically corre-
sponds to electronic transitions between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO). Accordingly, the electronic structures of the
HOMO and LUMO, along with the HOMO–LUMO energy gap,
can be used to predict the UV-vis absorption and emission
wavelengths of fluorescent proteins. Indeed, the S0–S1 photo-
excitation/de-excitation of all studied molecules in this work are
mainly composed of the HOMO to LUMO transitions.

We note that the atomic contribution to the electron density
at the 5-position in the NGFP is very high in the HOMO (0.12)
but decreases considerably in the LUMO (0.02) (Fig. 2 and
Fig. S2, ESI†). Therefore, introducing an electron-donating
group at the 5-position can greatly destabilize the HOMO, but
has little effect on the LUMO, thereby reducing the electronic

Fig. 1 Chemical structures and experimental peak UV-vis absorption wavelength (labs), peak emission wavelength (lem), and Stokes shifts (Dl) of RhB,
RDM3A and RDM4A (in ethanol) and sfGFP and aY-sfGFP.

Paper PCCP

Pu
bl

is
he

d 
on

 0
8 

Ju
ne

 2
02

2.
 D

ow
nl

oa
de

d 
by

 D
al

ia
n 

In
st

itu
te

 o
f 

C
he

m
ic

al
 P

hy
si

cs
, C

A
S 

on
 8

/1
7/

20
22

 8
:0

5:
19

 A
M

. 
View Article Online

https://doi.org/10.1039/d2cp00759b


This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 15937–15944 |  15939

gap of the NGFP. Indeed, our calculations show that the
NaYGFP, which bears an additional amino donor at the
5-position, has a higher HOMO energy level (0.359 eV) and a
smaller electronic gap (DELUMO–HOMO = 6.035 eV) compared
with the NGFP. In parallel with this reduced electronic gap,
the NaYGFP demonstrates considerable red shifts in both the
UV-vis absorption and fluorescence spectra with respect to
the NGFP.

Our calculations also reveal that the additional donor group
in the NaYGFP has a significant impact on the Stokes shifts by

enhancing intramolecular charge transfer (ICT) upon photo-
excitation.37,38 Given that the S1 photoexcitation of the fluor-
ophores (investigated in our study) is dominated by HOMO–
LUMO transitions, the degree of ICT can be quantified via
evaluating the spatial overlap between these two frontier mole-
cular orbitals. Attaching an electron-donating group at the
substituent position where a significant reduction in the elec-
tron density occurs upon the HOMO–LUMO transition could
greatly enhance ICT.39 In the NaYGFP, the HOMO–LUMO
transition is accompanied by a considerable decrease of the
electron density around the amino group at the 5-position,
whereby the corresponding atomic contribution declines from
0.09 to almost 0. This large decrease indicates that the sub-
stantial ICT occurs in the NaYGFP upon photoexcitation.

To quantify the degree of ICT, we conducted electron–hole
analysis using the Multiwfn program, by obtaining and com-
paring the t index (ESI† part 1).36,40,41 The t index represents the
degree of separation between the holes and electrons during
charge transfer, whereby a larger t index corresponds to a
higher degree of ICT. As shown in Table 1, our calculations
revealed that the t index of the NaYGFP (�0.868 Å) was larger
than that of the NGFP (�1.933 Å). Given the large extent of ICT
and its associated geometry relaxation upon excitation, our
calculations show that the NaYGFP exhibits a larger Dl of
76 nm than the NGFP (30 nm; Table 1). This prediction is in
good agreement with experimental observations.

To verify the accuracy of our computational results using
oB97XD/Def2svp, we further calculated the NGFP and NaYGFP
using different functionals and basis sets (Fig. S3, S4 and
Tables S2, S3, ESI†). The results consistently showed that the
additional donor group leads to red-shifts of labs and lem as
well as the increase of Dl, in agreement with the results
obtained using the oB97XD functional and the Def2svp basis
set. Moreover, our results showed that the NaYGFP had longer
labs and lem as well as larger Dl than the NGFP under various
polarities (Fig. S5 and Table S4, ESI†).

These results reveal the molecular origins of the additional
donor group in altering the electronic structures of the parent
fluorophores, thus leading to significant red-shifts in both labs

and lem, and the enlargement of Dl.
It is of note that many molecular design strategies could

enhance the Stokes shifts, such as incorporating a rotary
substituent,39 introducing excited-state intramolecular proton
transfer (ESIPT),42 and enhancing the push–pull effects in
organic fluorophores.43 Stokes shifts are correlated with the
degree of geometry relaxation between the Franck–Condon (FC)
state and the adiabatic excited state. Such a geometry relaxation
(or the change of nuclear coordinates) is essentially caused by
intramolecular charge transfer. In fluorescent proteins, while
the rotation of the chromophore is constrained and ESIPT is
not applicable (to our systems), enhancing ICT (or increasing
the push–pull effect) is an effective method to enlarge the
geometrical relaxation and enhance the Stokes shift.

Inspired by the success in rationalizing the photophysical
properties of fluorophores adopting the multi-donor strategy,
we investigated various factors that correlate the donor groups

Fig. 2 (a) Illustration of the multi-donor strategy based on the NGFP.
(b) Molecular frontier orbitals and electronic transitions and calculated
(c) UV-vis absorption and normalized emission of the NGFP and NaYGFP in
water.
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with the fluorescence properties of the resulting fluorescent
proteins (Fig. 3).

3.2 The impact of the substituent position on the spectral
properties of fluorescent proteins

First, we analysed the available positions in which the donors
could be attached to the molecular scaffold of the proteins for
achieving the largest red-shifts (Fig. 3(a)). In the phenol ring of
the NGFP, four positions are available for substitution, includ-
ing 2-, 3-, 5-, and 6-positions (Fig. 2(a)). We noted that, due to
structural symmetry, the 2- and 6-positions possess similar
electronic structures; so are 3- and 5-positions. Since we have
analysed the 5-position substitutions in the NaYGFP, our sub-
sequent discussion will focus on the 6-position substitution.

In contrast to the decrease of atomic contributions at the
5-position upon the HOMO–LUMO transition, the electron
density at the 6-position exhibits an opposite trend in the NGFP
(Fig. 3(b)). The atomic contribution is small in the HOMO (B0)
but becomes higher in the LUMO (0.08). Therefore, attaching a
donor group at the 6-position does not affect the HOMO much,
but could largely destabilize the LUMO. Indeed, the resulting
NbYGFP has a similar HOMO level to the NGFP, but a much
higher LUMO than the NGFP. The DELUMO–HOMO of 6.453 eV in
the NbYGFP is larger than that of the NGFP (6.378 eV), causing
a blue-shift in the predicted UV-vis absorption and emission
peaks of the NbYGFP (in comparison to those of the NGFP and
NaYGFP; Fig. 3(c)–(e) and Table 1).

The substituent position also has a significant impact on the
degree of ICT and the associated Stokes shifts.37 While the
amino group at the 5-position greatly enhances the ICT of
the NaYGFP, the atomic contributions of the additional amino
group at the 6-position in the NbYGFP remained almost
unchanged (from 0.02 in HOMO to 0.03 in LUMO), indicating
a small extent of ICT.

As shown in Table 1, our calculations revealed that the t
index of the NbYGFP (�2.259 Å) is much smaller than that of
the NaYGFP (�0.868 Å). Given the small extent of ICT and its
associated geometry relaxation upon excitation, our calcula-
tions show that the NbYGFP exhibits a smaller Stokes shift
(27 nm) than the NaYGFP does (76 nm; Table 1).

These results demonstrate the importance of the position in
which the donor group is located as it can directly affect the
electronic structures and alter the UV-vis absorption and
fluorescence properties of the proteins. To induce the maxi-
mum red-shifts, the positions to an electron-donating group

are only optimal when they possess large electron density in the
HOMO and small electron density in the LUMO.

3.3 The impact of the electron-donating strength of the
attached donors on the spectral properties of fluorescent
proteins

We next explored how the electron-donating strength of donors
can affect the photophysical properties of the fluorescent
proteins. Based on our previous analysis, we attached these
donors at the 5-position to achieve large red shifts. In these
donor groups, the electron-donating strength can be described
by the Hammett value, in which the donating strength
increases in this order: methyl (�0.170) o methoxy (�0.268) o
amino (�0.660).44,45

Analysis of the frontier orbitals of the NMGFP, NMOGFP,
and NaYGFP revealed a trend in the increasing HOMO energy
levels as the strength of the donor increases with a decrease in
DELUMO–HOMO (Fig. 3(b)). Nevertheless, the difference between
the HOMO of the NGFP, NMGFP, and NMOGFP is almost
negligible, due to the weak electron-donating strength of the
methyl and methoxy groups. As a result, the NMGFP exhibits
only a B5 nm red shift in its UV-vis absorption and emission
wavelengths compared to the NGFP, with a relatively small ICT
(and a small t index; Table 1). The same trend was also observed
for the NMOGFP. Hence, NGFP, NMGFP, and NMOGFP have
similar spectral properties.

However, with a strong electron-donating group (i.e., the
amino group), the HOMO energy level of the NaYGFP increases
by B0.3 eV compared to the rest of fluorophores in this series
(Fig. 2). Moreover, during the HOMO–LUMO transition, the
change of the atomic contribution around the amino group
amounts to 0.09, which is 9 times greater than that of the
NMOGFP, indicating a significant ICT effect in the NaYGFP.
This change means that the NaYGFP exhibits a large Stokes
shift with a great t index (�0.868 Å). Conversely, NGFP, NMGFP,
and NMOGFP have small Stokes shifts with similar t indexes
(around �1.9 Å). As a result, the NaYGFP displays a greater red-
shift in labs (398 nm) and especially in lem (474 nm) with a
larger Dl (76 nm) than those of NGFP, NMGFP, and NMOGFP
(Table 1 and Fig. 3).

These calculations showed that it is possible to achieve
larger Stokes shifts and red-shifted UV-vis absorption and
emission spectra when attaching additional strong electron-
donating groups onto the fluorophore scaffold at the selected
position (i.e., the 5-position for the NGFP). Indeed, the

Table 1 Calculated/experimental peak UV-vis absorption wavelength (labs), peak emission wavelength (lem), Stokes shifts (Dl), oscillator strength (f) of
S1, and t-index of the GFP fluorophore analogues in water

Fluorophore analogues labs (nm) labs
a (nm) lem (nm) lem

a (nm) Dl (nm) Dla (nm) f t index (Å)

NGFP 371 485 400 510 30 25 0.9810 �1.933
NaYGFP 398 541 474 605 76 64 0.6093 �0.868
NbYGFP 368 395 27 0.7859 �2.259
NMGFP 376 404 29 0.9888 �1.897
NMOGFP 375 406 31 0.9935 �1.934
N2aYGFP 422 462 41 0.8375 �1.391

a Experimental data are extracted from the literature.32
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experimental data also show that increasing the electron-
donating strength/decreasing the electron-withdrawing strength
of the 5-position substituent leads to a red shift.46

3.4 The impact of the number of donors on the spectral
properties of fluorescent proteins

Based on the results and discussion vide supra, we wondered if
the incorporation of additional donor groups onto the main
molecular scaffold can induce even greater red shifts. To this
end, we designed and modelled a new compound N2aYGFP
that contains two amino groups that are ortho to the phenol
moiety (a total of three electron-donating groups; Fig. 3).

Our calculations revealed that the N2aYGFP has a higher
HOMO energy level (�5.910 eV) than NGFP (�6.538 eV) and
NaYGFP (�6.179 eV) and had a smaller HOMO–LUMO gap
(5.755 eV) than NGFP (6.378 eV) and NaYGFP (6.035 eV). The
reduced electronic gap corresponds to a red shift of labs (51 nm
longer than that of NGFP and 24 nm longer than that of
NaYGFP; Fig. 3).

It is interesting to note that an additional electron-donating
group in the N2aYGFP compared to that in the NaYGFP does
not induce further red shifts in lem. Our computational results
revealed that the N2aYGFP had a blue-shifted lem, owing to a
reduced Stokes shift when compared with the NaYGFP. To gain

Fig. 3 (a) Chemical structures, (b) atomic contributions to the charge densities of the LUMO and HOMO, the energy levels of the HOMO and LUMO and
the corresponding electronic gaps (DE), calculated (c) UV-vis spectra, (d) normalized emission spectra, and (f) Stokes shifts as a function of the t index in
the NGFP analogues in water.
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further understanding, we analysed the charge distributions in
the frontier molecular orbitals of both N2aYGFP and NaYGFP.
The t index of the N2aYGFP is about �1.39 Å, vs. �0.87 Å for the
NaYGFP. This difference means that the N2aYGFP experiences
a smaller extent of ICT than the NaYGFP, upon photoexcitation.
As a result, although it has an additional donor group, the
N2aYGFP exhibits a smaller Stokes shift than the NaYGFP.
These results suggest that equipping three donor groups
(i.e., in N2aYGFP) could lead to a more substantial red shift
in labs. However, having more donors does not always afford a
longer lem than their double-donor analogues (i.e., NaYGFP).
The large degree of ICT and the associated Stokes shift play
a crucial role in the long peak emission wavelength of
the NaYGFP. Nevertheless, it is worth mentioning that the
N2aYGFP still exhibits enhanced red shifts in both labs and
lem, as well as the enlarged Dl, in comparison to the NGFP
(a single-donor fluorophore).

Our conclusion is supported by the experimental data
reported on small-molecule fluorophores (Fig. 1(a)). For example,
Zhang et al. also synthesized RDM4A that contained four amino
donor groups,47 while Xu et al. developed a rhodamine derivative
RDM3A bearing three amino donor groups (Fig. 1).24 The peak

UV-vis absorption/emission wavelengths and the Stokes shift of
RDM4A in ethanol are 597 nm/644 nm and 47 nm, respectively.
In comparison, these values of RDM3A are 580 nm/666 nm
and 86 nm, respectively. RDM4A possesses a longer labs but a
shorter lem than RDM3A. This difference in lem is caused by their
different Stokes shifts. Note that the asymmetric molecular
structure of RDM3A enhances ICT (in comparison to the symme-
trical RDM4A), thus affording a larger Stokes shift than that of
RDM4A. It is thus clear that the Stokes shift of the compound is
independent of the total number of donor groups but is depen-
dent on the extent of ICT.

It is worth highlighting that the large degree of ICT typically
results in a decrease in the molar extinction coefficient. Enhan-
cing the ICT effectively reduces the spatial overlap between the
HOMO and LUMO, thus reducing the transition probability
between these two molecular orbitals. This change in turn
results in a decrease of the oscillator strength, which is related
to the molar extinction coefficient. Indeed, it is worth high-
lighting that many ‘‘ICT’’ dyes (such as coumarins, naphthal-
imide, and NBD dyes) demonstrated much smaller molar
extinction coefficients than ‘‘resonant’’ dyes (with a small
degree of ICT, a.k.a. locally excited dyes).48 We thus need to

Fig. 4 (a) Chemical structures of various chromophores in fluorescent proteins, fluorogens, and their multi-donor derivatives. Calculated (b) peak
UV-vis absorption wavelengths (labs), peak emission wavelengths (lem), and (c) Stokes shifts of molecules in water.
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carefully select the number of donors to suit the requirements
of a given application.

This multi-donor design strategy can also be extended to
other fluorescent protein families (Fig. 4), such as DsRed2,
EGFP, and mOrange derivatives (Fig. S6–S8 and Tables S5–S7,
ESI†). Additional calculations on these proteins were consistent
with our previous results. That is, the multi-donor strategy can
effectively shift their UV-vis absorption and emission bands
into the long-wavelength region, with enlarged Stokes shifts.
This further highlights the effectiveness and reliability of this
strategy to expand the number of LWFPs, even into the near-
infrared region.

Finally, the multi-donor design strategy can also be extended
to ‘‘fluorogens’’ in tag proteins. Tag proteins could be divided
into two types: (1) self-labelling tags that covalently bind an
extrinsic dye upon a specific reaction, such as SNAP-tag14/CLIP-
tag15 and Halo-tag;16 (2) fluorogenic activation proteins (FAPs)
that non-covalently bind ‘‘fluorogens’’ at their reaction sites.49

The reaction sites of FAPs have fixed cavity sizes and can only
be activated by specific fluorophores.50,51 This condition
severely limits the type and number of available fluorophores
that can be employed, and most used fluorophores can only
emit in the short wavelength range. To overcome these short-
comings, it is important to modify fluorophores that bind to
FAPs with minimal modification (to suit the cavity size) but
maximal spectral shifts.

Our calculations show that the multi-donor strategy is also
applicable to such fluorogens, with significant red shifts and
enlarged Stokes shifts via minor structural modifications (Fig. 4
and Fig. S9, S10, Tables S8, S9, ESI†). To this end, it is worth
noting that Gautier’s group has designed a new fluorogenic
dye by linking two methoxy groups to 4-hydroxybenzylidene-
rhodanine (HBR), which they named HBR-3,5DOM. With
the incorporation of multiple electron-donating groups, HBR-
3,5DOM experiences a significant red shift (450 nm) in com-
parison to HBR and fluoresces red light, while still forming a
tight complex with a fluorescence-activating and absorption-
shifting tag (FAST).52 Their results further corroborate the
generalizability of the multi-donor strategy in LWFPs.

4 Conclusions

In conclusion, we investigated three important factors that
contribute to the molecular origins of the multi-donor strategy
in designing fluorescent proteins with desirable bathochromic
shifts in the absorption and emission peaks and large Stokes
shifts: (1) the substituent positions of the donor group in the
main molecular scaffold of the protein fluorophores (or fluoro-
gens) must have a large electron density in the HOMO and a
small electron density in the LUMO; (2) at this selected posi-
tion, attaching stronger electron-donating groups will enable
larger red shifts and Stokes shifts; (3) the emission wavelengths
and Stokes shifts of fluorescent proteins (fluorogens) are inde-
pendent of the numbers of donors but are dependent on the
extent of ICT. These results provide important guidelines for

engineering fluorescent proteins and protein-based fluorescent
probes with significant red shifts via minimal structural changes.
These guidelines are also applicable to small-molecule fluoro-
phores. We thus believe that this work can provide a useful
platform for dye chemists to expand the family of long-
wavelength fluorophores.
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