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f Institute of Molecular Enzyme Technology, Faculty of Mathematics and Natural Sciences, Heinrich Heine University Düsseldorf, Forschungszentrum Jülich GmbH, Jülich, 
Germany
g Department of Drug and Health Sciences, University of Catania, Catania, Italy
h NEST, CNR-Istituto Nanoscienze and Scuola Normale Superiore, Pisa, Italy

A B S T R A C T

Fluorescent protein (FP) variants have recently emerged as promising intracellular nitric oxide (NO) sensors based on NO-induced fluorescence loss due to cysteine S- 
nitrosylation - the covalent addition of a nitroso group to a cysteine thiol within a protein to form an S-nitrosothiol. Here, we investigate the mechanisms underlying 
this fluorescence loss using a combined experimental and computational approach. We focus on mTagBFP2, a blue fluorescent protein that undergoes a 70% 
reduction in fluorescence quantum yield and lifetime upon exposure to micromolar NO concentrations. We discriminate, through mutagenesis, the contributions of 
two key cysteine residues and propose an unprecedented excitation energy transfer (EET) from the mTagBFP2 chromophore to the S-nitroso groups as a potential 
quenching mechanism. Our EET efficiency calculations incorporate full couplings, the effects of the surrounding protein and solvent, and molecular dynamics-based 
configurational flexibility. The computed EET efficiencies broadly align with experimental observations, with remaining discrepancies for which we advance po
tential explanations. Our findings establish a mechanistic basis for NO-induced fluorescence loss in mTagBFP2, providing guidelines for the rational design of next- 
generation NO-sensitive FPs. Moreover, they suggest that analogous S-nitrosylation–driven quenching mechanisms could be operative in other FPs with exposed 
cysteine residues, underscoring the risk of artefacts in cellular imaging under physiological NO levels.

1. Introduction

Nitric oxide (NO) is a small, diffusible free radical produced by nitric 
oxide synthases. NO is a critical cell signaling molecule that plays 
fundamental roles in both cell physiology and pathology. Understanding 
the NO dynamics in cells has always been considered fundamental to 
fully comprehend the underlying molecular mechanisms of NO action 
[1–5].

Despite the relevance of this messenger, only a limited number of 

methods are available to monitor intracellular NO, mostly because the 
development of suitable sensors has been impeded by the low concen
tration of the analyte, its short lifetime, and its reactivity.

In recent years, genetically encoded fluorescent sensors have been 
proposed to address this issue [6]. These molecular probes, generally 
multi-domain fusion proteins, have been designed to respond to changes 
in NO concentration through variations in their fluorescence emission 
properties, and allow for the direct or indirect visualization of NO for
mation and distribution in real time, with subcellular spatial resolution.
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For instance, the so-called geNOps probes consist of different FP 
variants fused to a bacteria-derived NO-binding domain. This domain, 
referred to as GAF, selectively binds NO via a non-heme iron (II) center. 
The NO-binding GAF domain brings the radical in close proximity to the 
chromophore of FPs, resulting in a rapid loss of fluorescence. The 
mechanism is fully reversible [7,8]. More recently, a different construct, 
termed GefiNO, was proposed as a ratiometric NO probe [9].

We recently reported a simple fluorescent structure, the blue fluo
rescent protein mTagBFP2 [10], able to sense NO through the changes 
induced in fluorescence emission intensity and lifetime [11]. Upon 
exposure to NO, emission intensity and lifetime undergo a parallel 
decrease, without any detectable spectral changes. Fig. 1 reports the 
absorption, fluorescence excitation, and fluorescence emission spectra 
for mTagBFP2 in PBS. The absorption spectrum (Fig. 1A, cyan solid 
curve) shows a distinct peak at 401 nm, which is coincident with the 
fluorescence excitation peak (Fig. 1A, blue dotted curve), whereas 
emission shows a peak at 454 nm (Fig. 1A, blue solid curve). Fig. 1B 
reports the fluorescence decay collected at 454 nm upon pulsed exci
tation at 380 nm. Analysis of the decay is obtained with a double- 
exponential function, yielding an average lifetime of 2.46 ns.

The small size of the protein (26.7 kDa), the lack of pH sensitivity of 
the absorption spectrum and of the fluorescence emission intensity and 
lifetime in the physiological range and further down to pH ~ 4, the 
improved photostability, the high extinction coefficient (50,600 ± 800 
M1− cm− 1), and the high fluorescence quantum yield (0.64), altogether 
contribute to an excellent performance of this reliable genetically 
encoded fluorescent probe [10].

Our previous studies demonstrated that the reduction in fluorescence 
yield and lifetime readily reports the presence of NO through S-nitro
sylation of Cys residues of the protein [11]. While the decrease in 
fluorescence was found to correlate with S-nitrosylation of Cys residues 
in the amino acid sequence (Fig. 1C), the molecular determinants of the 
effect are yet to be understood. As described in the following, using a 
combination of experimental and theoretical studies, in this work we set 
out to determine the molecular origin of the fluorescence quenching 
observed upon S-nitrosylation of Cys residues in mTagBFP2. Steady- 
state and time-resolved fluorescence spectroscopy, and LC-MS on 
mTagBFP2 variants allow us to identify the residues responsible for the 
observed fluorescence quenching, confirming S-nitrosylation of specific 
Cys residues as the relevant process.

To assess the possible changes in local dynamics upon S-nitrosylation 
of Cys residues that may lead to excited state quenching of the chro
mophore, we simulate the molecular dynamics of mTagBFP2 with either 
non-modified or S-nitrosylated cysteine residues.

We then investigate the possibility of excitation energy transfer from 
the chromophore to the S-nitroso group(s) as a plausible mechanism of 

fluorescence quenching. We use a multiscale approach combining 
quantum chemistry methods for determining electronic couplings, with 
molecular mechanics methods to account for screening effects and to 
model the interplay between conformational motion and energy transfer 
efficiency. Such molecular-simulations-based approaches have reached 
a mature stage allowing for the reliable determination of energy transfer 
rates in biomolecular systems [12].

Finally, we discuss the implications of excitation energy transfer to 
the nitroso group in a wider context. We suggest that this hitherto 
neglected process needs to be considered for its possible interference in 
bioimaging applications involving cysteine-containing fluorescent 
proteins.

2. Results and discussion

2.1. Spectroscopic analysis of NO induced fluorescence loss in mTagBFP2 
and its variants

The fluorescence response of mTagBFP2 upon exposure to NO 
generated by decomposition of MAHMA NONOate is summarized in 
Fig. 2. Steady-state fluorescence emission intensity (Fig. 2A) and time- 
resolved fluorescence emission (Fig. 2B) were collected as a function 
of time after NO was added to the solution (Supporting information 
Fig. S1A), which led to a reduction in both parameters. We estimated the 
extent of quenching from the asymptotic changes when equilibrium was 
reached, which occurred after ca. 1 h at room temperature. Fig. 2A-C 
also show that fluorescence quenching becomes stronger as NO con
centration is increased, resulting in lower fluorescence emission in
tensity and average lifetime. By fitting the plots in Fig. 2C using a simple 
binding model, we conclude that the extent of maximum decrease is the 
same within experimental errors (68 ± 2% for ΔF/F and 65 ± 2% for 
Δτ/τ), with an apparent dissociation constant of 4.5 ± 0.3 μM for both 
fluorescence properties. The value of the apparent dissociation constant 
means that the sensor is suitable for detecting NO concentrations in the 
high-nM to μM range, as may be observed in macrophages in response to 
microbial infections [4,13]. or in vasodilation [14]. mTagBFP2 is not 
sensitive to NO dynamics in the pM to low-nM range, as encountered, e. 
g., in neurotransmission [3,15], and its utility is therefore restricted to 
those cases where NO is produced in sufficiently high concentration.

GSNO is a physiologically relevant NO donor. We determined the 
extent of fluorescence change upon S-nitrosylation of Cys residues by 
replicating the above experiments using GSNO as NO donor. As observed 
for the case of NO generated by MAHMA NONOate, the extent of fluo
rescence emission quenching progressively increases with GSNO con
centration (Supporting Information Fig. S1D and E), although the 
overall time needed to complete the reaction is significantly longer 

Fig. 1. Spectral properties of mTagBFP2 and its three-dimensional structure. A. Normalized absorption spectrum (solid cyan, λmax = 401 nm), fluorescence excitation 
(dotted blue) and emission (solid blue, λmax = 454 nm) spectra for a 0.4 μM solution of mTagBFP2 in PBS, pH = 7.4. The fluorescence excitation spectrum was 
collected through emission at 454 nm. Fluorescence emission was excited at 401 nm. B. Fluorescence decay for mTagBFP2. Excitation was at 380 nm, emission was 
collected at 454 nm. Average lifetime is 2.46 ± 0.05 ns (IRF = instrument response function). C. Cartoon representation of the modelled structure for mTagBFP2 (see 
Methods section in Supporting Information), where the Cys residues are drawn in yellow sticks and the chromophore in blue sticks.
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(Fig. S1B), an indication that the reaction with GSNO has a higher free 
energy barrier to cross. While the corresponding plots for ΔF/F and Δτ/τ 
(Supporting Information Fig. S1F) are quite similar to those in Fig. 2C, 
the apparent dissociation constant has a slightly lower value. For the S- 
nitrosylation reaction induced by GSNO, we estimate a maximum drop 
in fluorescence intensity of 61 ± 2% with Kd = 1.0 ± 0.2 μM. Fitting of 
Δτ/τ afforded similar values (58 ± 2%), with a slightly higher dissoci
ation constant Kd = 1.5 ± 0.2 μM. We emphasize that the overall change 
in fluorescence emission intensity and lifetime observed at saturating 
NO concentrations is remarkably large. However, we note that the full 
dynamic range in response to exposure of NO donors (Figs. 2C and S1F) 
refers to equilibrium conditions, that are attained after at least 30 min. 
Nevertheless, while the response time of the sensor to NO concentration 
changes is admittedly slow, it should be emphasized that a sizeable 
signal is observed already after a few seconds of exposure to NO (a ~ 
10% change in fluorescence emission intensity and lifetime is observed 
for mTagBFP2 after 10 s of exposure to 100 μM NO, Fig. S1A-C). We note 
that the reactivity and the observed rate of S-nitrosylation reactions are 
remarkably sensitive to the environment where the Cys residue is found, 
and may become much faster in special cases [16–18].

To identify the Cys residues subject to S-nitrosylation, we generated 
single-Cys-containing variants. In the developed mutants, the solvent- 
exposed C114 and C222 were replaced through conservative muta
tions by polar Ser residues, whereas C26, pointing to the interior of the 
barrel, was substituted by the more hydrophobic Ala. These variants do 
not show significant changes in absorption and fluorescence emission 
spectra (Supporting Information, Fig. S2), and only minor changes in 
fluorescence lifetime and quantum yield (Supporting Information, 

Table S1). We exposed each variant to a saturating GSNO concentration 
(100 μM). After reaching equilibrium, we determined the overall 
changes in fluorescence emission intensity and lifetime.

Fig. 2D compares the change in fluorescence emission intensity and 
lifetime for wt mTagBFP2 and the variants C114S C222S (c26), C26A 
C222S (c114), and C26A C114S (c222) after exposure to 100 μM GSNO. 
For comparison we also show the signal measured for the variant C26A 
C114S C222S (Cys-free), and the signal observed for wt mTagBFP2 in 
the absence of GSNO. Representative kinetics are shown in Fig. S1C. The 
fluorescence of variants containing Cys114 or Cys222 was found to be 
quite sensitive to NO. On the other hand, exposure of c26 variant to 100 
μM GSNO results in barely detectable changes in fluorescence intensity 
and lifetime. The observed change is comparable to that shown by the 
Cys-free variant, suggesting that Cys26 is not reactive, possibly because 
of its topological position in the mTagBFP2 barrel (see Fig. 1C). Anal
ogous experiments on c26 with the donor MAHMA NONOate afforded 
similar results (i.e. no change in fluorescence emission was observed, 
data not shown). Importantly, the small change observed for Cys-free 
and c26 variants is almost identical to the change observed for wt 
mTagBFP2 in the absence of NO, a change which can be interpreted as a 
result of minor bleaching of the mTagBFP2 chromophore during 
collection of experimental data. This leads us to conclude that NO has 
negligible effects on the fluorescence emission in Cys-free and c26 var
iants, in keeping with the idea that NO does not bind to the protein, 
either because there are no Cys residues (Cys-free) or because the Cys is 
not reactive (c26).

We note that the quenching of fluorescence in response to exposure 
to NO was observed also in cellular environment. Wide-field images 

Fig. 2. Changes in fluorescence emission by mTagBFP2 in the presence of NO. A. Representative fluorescence emission spectra by mTagBFP2 at selected NO 
concentrations measured 1 h after addition of NO. The emission spectrum in the absence of NO is shown as the magenta curve. B. Representative fluorescence decays 
for mTagBFP2 at selected NO concentrations measured 1 h after addition of the concentrated NO solution. Excitation was at 380 nm, emission was detected at 454 
nm. The fluorescence decay in the absence of NO is shown as the magenta curve. C. Percent change in Fluorescence intensity (open circles) and in average lifetime 
(filled circles) as a function of [NO]. The blue lines represent the best fits (solid for ΔF/F and dotted for Δτ/τ) to a simple binding model (A+ B→

←AB, where A =
mTagBFP2 and B = NO). D. Percent change in fluorescence intensity (hatched bars) and in average lifetime (bars) for mTagBFP2 (wt), the single-Cys-containing 
variants (c26, c114, c222), and the Cys-free triple variant (C26A C114S C222S). The histogram also shows the extent of bleaching observed during the experi
ment for mTagBFP2 in the absence of NO.
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collected on mTagBFP2-overexpressing E. coli (Fig. 3A, transmitted; 
Fig. 3B, wide-field) revealed mTagBFP2 present throughout the bacteria, 
where some cells had higher mTagBFP2 accumulation at the cell pole(s). 
Fluorescence lifetime of intracellular mTagBFP2 was obtained by time- 
correlated single-photon counting (TCSPC) analysis of photon bursts in 
Fluorescence Correlation Spectroscopy experiments. Fig. 3C reports a 
representative photon burst for which the TCSPC analysis afforded the 
fluorescence decay reported in Fig. 3D (magenta trace). Exposure of 
bacteria to NO released from MAHMA NONOate (1 mM) resulted in a 
detectable decrease in lifetime (Δτ/τ ~ -13%). Based on the calibration 
plot in Fig. 2C, we estimate that the effective average NO concentration 
inside bacteria was about 1.3 μM at equilibrium with 1 mM NO in 
extracellular solution. The smaller change in fluorescence lifetime 
observed in bacteria can be rationalized by considering that the 
reducing power of the cellular environment, with reported values of the 
cytoplasmic redox potential in E. coli ranging between − 260 and − 280 
mV [19] [20], will decrease the amount of nitrosylated Cys residues, 
even in the presence of mM NO concentration in the buffer solution 
where cells are immersed.

2.2. Mass Spectrometry (LC-MS) of mTagBFP2 and its Variants

To support the interpretation of the findings of the fluorescence 
spectroscopy measurements, LC-MS was applied to wt mTagBFP2, the 
Cys-free and the single-Cys-containing variants, respectively. The mass 
of the proteins was determined before (MWmeas without GSNO) and after 
(MWmeas with GSNO) a 2-h exposure to GSNO (saturating concentration 
100 μM) (Table 1). The expected value, MWtheor, based on the amino 

acid sequence, is reported for comparison. While for mTagBFP2 the mass 
difference corresponds to the addition of two nitroso groups, as reported 
in our previous work [11], the Cys-free variant and the single Cys 
variant c26 showed no mass difference. Consistently, single Cys variants 
c114 and c222 both showed a mass increase corresponding to one added 
NO molecule upon S-nitrosylation in the presence of GSNO.

2.3. Modelling the fluorescence quenching by S-nitrosylated Cys

The results shown above demonstrate that Cys S-nitrosylation of 
Cys114 and Cys222 leads to a decrease in fluorescence lifetime, a clear 
indication that the interaction leading to fluorescence quenching is 
dynamic in nature and occurs between the excited state of the 

Fig. 3. Changes in fluorescence lifetime in E. coli (BL21(DE3)) expressing mTagBFP2 upon exposure to NO. A. Bright-field image of E. coli (BL21(DE3)) expressing 
mTagBFP2. Wells were pre-treated with poly-L-lysine to immobilize bacteria. B. Corresponding wide-field image of E. coli expressing mTagBFP2. Scale bar = 5 μm. 
Excitation wavelength = 405 nm. C. Representative time trace (1 ms binning) for the fluorescence emission collected with a confocal microscope for a suspension of 
mTagBFP2 expressing E. coli (BL21(DE3)) cells showing fluorescence bursts connected to single bacteria passing the confocal volume. Excitation at 405 nm, emission 
at 438/25 nm. From the analysis of the cross-correlation curves, we retrieved a diffusion coefficient D = 0.35 μm2/s (τD = 63 ms), consistent with diffusion of freely 
floating E. coli cells. D. Fluorescence decays retrieved from the bursts (a representative burst is shown in panel C), collected for an mTagBFP2-expressing E. coli 
suspension in the absence (magenta, average lifetime 2.35 ± 0.06 ns, 19 bursts) and in the presence of 1 mM NO (blue, average lifetime 2.04 ± 0.13 ns, 10 bursts). 
Inset to panel D reports a box plot for the lifetimes associated with the analyzed bursts, in the absence and in the presence of NO.

Table 1 
Protein masses determined for different mTagBFP2 variants with and without 
exposure to GSNO.

mTagBFP2 
variant

MWtheor 

(Da)
MWmeas (Da) 
without GSNO

MWmeas (Da) 
with GSNO

Mass 
difference 
(Da)

WT 27,479 27,480 27,538 + 58
Cys-free (C26A 

C114S C222S)
27,416 27,415 27,415 0

c222 (C26A 
C114S)

27,432 27,431 27,460 + 29

c114 (C26A 
C222S)

27,432 27,431 27,460 + 29

c26 (C114S 
C222S)

27,448 27,447 27,447 0
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mTagBFP2 chromophore and the protein scaffold with S-nitrosylated 
Cys residues [21]. We therefore explore possible dynamic couplings 
between the chromophore excited state and S-nitrosylated Cys residues. 
Having identified a correlation between the observed fluorescence 
quenching and S-nitrosylation of Cys114 and Cys222, it remains to un
derstand the physical mechanism underlying the quenching. As 
described below, our approach considers two different types of dynamic 
coupling: i) influence of S-nitrosylation on mTagBFP2 protein structure 
and dynamics; ii) excitation energy transfer from mTagBFP2 chromo
phore to S-nitrosylated Cys residues.

2.3.1. Influence of S-nitrosylation on mTagBFP2 protein structure and 
dynamics

S-nitrosylation may lead to changes in protein dynamics around the 
chromophore, which could potentially perturb the excited state, as hy
pothesized in our previous work [11]. We performed molecular dy
namics (MD) simulations on the μs timescale of mTagBFP2 with S- 
nitrosylated Cys (CysNO) at positions 114 and 222. For comparison, we 
also simulated the unmodified, i.e. not nitrosylated, case. Our simula
tions uncover no significant change in structure or dynamics in the 
β-barrel and/or in the chromophore environment, as revealed by the 
root mean square deviation (RMSD) between the MD average structures, 
and the root mean square fluctuations (RMSF) of the β-barrel and of the 
chromophore in particular (Fig. S3). The two Cys residues are in both 
cases solvent-exposed and in rather peripheral positions, and in partic
ular 222 is located at the beginning of the flexible C-terminus. They do 
not seem to engage in stable interactions with any of the surrounding 
residues, both in the unmodified and S-nitrosylated case, though nitro
sylation has some effects on the gyration radius of the C-terminus, which 
becomes slightly more extended (Fig. S4). Thus, no conclusive evidence 
could be found supporting a role for protein dynamics in the quenching 
of the excited state upon Cys S-nitrosylation. Consequently, alternative 
processes have to be considered.

2.3.2. Excitations of the S-nitroso group, spectral overlap and Förster radius
A possible source of interaction between the excited state of the 

mTagBFP2 chromophore and the environment may arise from the for
mation of the chromophoric group SNO upon Cys S-nitrosylation. The 
spectral overlap between mTagBFP2 fluorescence and S-nitroso group 
absorption in GSNO (Fig. 4) suggests the possibility of excitation energy 
transfer (EET, also known as resonance energy transfer or electronic 
energy transfer) from the chromophore to the CysNO upon excitation of 
the fluorescent protein. Indeed, GSNO contains the S-nitrosylated Cys 

side chain (C-CH2-SNO) and can therefore serve as a model for the ab
sorption of the CysNO. Determining the efficiency of this EET for each 
nitrosylated Cys is essential to establish its potential contribution to the 
observed mTagBFP2 quenching. The efficiency of a relaxation channel c, 
defined as the ratio of its rate to the sum of all possible concurrent decay 
rates, i.e. E = kc/

∑
k, is in turn equal, in absolute value, to the ensuing 

relative variation of fluorescence ΔF/F and lifetime Δτ/τ.
From the spectral overlap integral and taking into account the 

chromophore-CysNO distances it is straightforward to give a first esti
mate of EET efficiency using Förster theory [22,23] (EF

EET), whereby 

EF
EET =

R6
0

R6 + R6
0

(1) 

Here R is the distance between donor and acceptor, and R0 is the 
Förster radius, which depends on the overlap integral of the donor 
emission and acceptor absorption spectra and on the orientation of 
donor and acceptor transition dipole moments (TDM). Considering a 
random orientation of the TDMs (see methods section in the SI), we get 
values of R0 of 1.40 nm or 1.29 nm depending on whether the refractive 
index of water (n = 1.33) or a more appropriate one for the inside of 
proteins (n = 1.5) is used (see discussion in ref. [24]) (Table 2).

This preliminary estimation of EET efficiency shows that it can give a 
non-vanishing contribution to the observed fluorescence quenching. 
However, while the efficiency is similar to the experimental value of Δ 
F/F for CysNO 114, the estimate is much lower than the observed values 
in the case of the c222 variant (the one containing a single Cys at 222). 
We note that, though in our simulations both Cys residues are present, 
their effects can be treated independently, as they are spatially rather 
separated and do not influence each other.

A more precise description of EET requires an in-depth analysis of the 
structural and electronic properties of the S-nitrosylated Cys side chain. 
Due to the interplay between various resonance structures, the S-nitroso 

Fig. 4. Overlap between mTagBFP2 fluorescence emission and S-nitrosylated Cys absorption spectra. Left. Absorption spectrum of GSNO (magenta curve) and 
emission spectrum of mTagBFP2 (blue curve). The inset shows a zoom of the n→π* band. GSNO structure is reported at the top, and the shaded area corresponds to 
the whole S-nitrosylated Cys (CysNO). The shaded area corresponds to the overlap between the two spectra (see also Fig. S5 in the supporting information). The 
structure of the mTagBFP2 chromophore (NRP) and of CysNO in the two syn and anti conformations are shown on the right, together with the transition dipole 
moments (colored arrows) of the relevant electronic transitions. With respect to NRP, the transition dipole moments for CysNO π→π* and n→π* are scaled up by a 
factor of 3 and 30 respectively (the calculated values are reported in the supporting information Tables S3 and S4). Atoms are colored according to the usual 
convention, with carbon atoms in grey, oxygen in red, nitrogen in blue and sulphur in yellow.

Table 2 
EET efficiency estimated according to Förster theory assuming κ2 = 0.66.

Ra (nm) EF
EET(%) EF

EET (%) Exp

n = 1.33 n = 1.5

CysNO 114 1.6 31 21 27–32
CysNO 222 2.3 5 3 45–47

a Average values from the MD simulations, taking the centers of the π-conju
gated systems
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group exhibits a complex chemistry, in terms of structure, stability and 
reactivity [25]. The SN bond has a partial double-bond character, which 
separates the two syn and anti (or cis and trans) isomers. Several 
experimental [26,27] and theoretical [27–30] studies point to a higher 
stability of the syn configuration in primary S-nitrosothiols, such as 
GSNO and CysNO. Furthermore, the two bands in the GSNO absorption 
spectrum (Fig. 4) arise from two distinct excitations of the S-nitroso 
group, a weak n→π* transition (peaking at 545 nm with ε = 16.3 M− 1 

cm− 1) and a stronger π→π* transition (peaking at 335 nm with ε =

904.8 M− 1 cm− 1). High-level quantum chemistry studies of methyl- 
thionitrite (CH3SNO) [29] confirm this assignment and also show that 
the two configurations, syn and anti, have slightly different excitation 
energies and strengths, the syn configuration having both excitations 
blue-shifted by 1000–1500 cm− 1 and with enhanced dipole strengths 
(by a factor of 1.5–2). Hence, two EET channels (nπ* and ππ*) exist for 
each CysNO acceptor, each modulated by the syn/anti configuration.

2.3.3. Efficiency of excitation energy transfer from molecular simulations
We summarize in Table 3 the results of two different approaches to 

calculate EET rates and efficiencies, applied to the configurations from 
MD simulations. Both methods and in-depth analysis of the results are 
detailed in the SI (Section S3). The first method is the classic Förster 
theory averaged over the conformations from the MD trajectory, by 
taking into account the instantaneous donor-acceptor distances and 
TDM orientations for each of the two transitions. The second method, 
TrEsp–MMPol [12,31,32], evaluates the full Coulomb coupling of donor 
and acceptor electronic transition densities, approximated with suitably 
placed “transition charges”. The contribution of the surrounding me
dium is modelled by polarizable dipoles responding to these transition 
densities. With respect to Förster theory, TrEsp-MMPol accounts for 
terms beyond the dipole-dipole approximation and can be applied in the 
case of anisotropic media such as that in the present case, where the 
donor is located inside the protein and the CysNO acceptor(s) are 
partially or completely solvent-exposed. In Förster theory these effects 
are accounted for by the refractive index, the choice of which is not 
obvious in the present case, as mentioned above.

The two methods lead to similar average EET efficiencies. Förster 
theory, however, significantly underestimates the EET rate in the case of 
the n→π* transition, in particular for CysNO 222. The two approaches 
also yield different distributions of EET efficiencies during the MD tra
jectory, as apparent from Fig. 5. Notably, for CysNO 222, the high-EEET 
tails extend to larger values in TrEsp-MMPol (up to 45% vs 30% in 
Förster theory).

Thanks to the biased-exchange simulations, both the syn and anti 
configurations of CysNO are sampled during the MD trajectories, and the 
averages within each subpopulation are reported in Table 3. The syn 
conformer generally exhibits higher EET rates, in part due to its larger 
dipole strength. We observe that the lower population of syn vs anti in 

our simulations is not an effect of interactions with the rest of the pro
tein, as this trend also holds for the isolated CysNO (Fig. S11). This 
partitioning is inconsistent with the already discussed higher stability of 
the syn isomer in primary S-nitrosothiol [27,28], highlighting a potential 
limitation of the force field for CysNO [33]. To account for this devia
tion, we also provide in Table 3 reweighed energy transfer estimates 
(
〈
Erew

EET
〉
) based on a syn/anti ratio of 65/35. Using this adjusted popu

lation model and the more accurate TrEsp-MMPol approach, the 
resulting values increase to 26% for CysNO 114, 14% for CysNO 222, 
and 34% for their combined effect. According to the rule of combination 
(see note in Table 3), using the experimental values for the c114 and 
c222 variants yields a combined efficiency (and thus − ΔF/F) of 54–58%, 
which is broadly consistent with the 65–68% measured for wt 
mTagBFP2.

In comparison to the experimental results, the result for CysNO at 
position 114 aligns well with the quenching observed in the c114 variant 
with a single Cys at 114 (30%), while the value for CysNO at position 
222 accounts for only a portion of the quenching measured experi
mentally (40–45%). There are, however, potential shortfalls in our 
calculations that may explain this discrepancy. The GSNO absorption 
spectrum, which we used to calculate the overlap integrals, may not 
accurately represent the case of CysNO side chains of the protein, which, 
though solvent-exposed, may still engage in interactions with sur
rounding residues (among which Arg220 and Asp223 in the case of 
CysNO 222). Interactions with charged and polar residues were shown 
to strongly modify the electronic structure of the S-nitroso group [25], 
potentially leading to shifts in excitation energies and strength. We 

Table 3 
EET efficiencies and rates calculated using various approaches

CysNO pop
〈
knπ

EET
〉 〈

kππ
EET

〉 〈
EF

EET
〉 〈

EF rew
EET

〉a 〈
knπ

EET
〉 〈

kππ
EET

〉
〈EEET〉

〈
Erew

EET
〉a

(%)
(
s− 1 × 106) (%) (%)

(
s− 1 × 106) (%) (%)

Förster Theory (n = 1.33c) TrEsp-MMPol

114 46 77 20 24 77 55 21 26
anti 71 48 57 18 53 47 16
syn 29 43 126 26 136 74 30
222 9 36 10 10 31 35 13 14
anti 70 9 36 9 30 31 12
syn 30 8 38 10 34 43 15
114+222b 27 32 29 34

a Re-evaluated using a 65/35 syn/anti population ratio. See main text
b For two uncoupled acceptors EA1+A2

EET =
(
EA1

EET + EA2
EET − 2EA1

EETEA2
EET

)
/
(
1 − EA1

EETEA2
EET

)

c We should note that the use of water refractive index is not fully justified. However, using the more protein-like n = 1.5 leads to lower efficiencies of 13% and 6% 
for CysNO 114 and CysNO 222, respectively, resulting in a total energy transfer efficiency of 18%.

Fig. 5. Distribution of EEET values calculated with Förster theory and TrEsp- 
MMPol during the simulation. A total of 5000 evenly spaced snapshots 
were analyzed.
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examined the sensitivity of our predictions to excitation energy shifts 
(SI, Section S3.7) and showed that moderate shifts of ~1000 cm− 1 can 
lead to sizable variation of the estimated EET efficiencies (reaching 
values up to 25–30% in the case of CysNO 222). A related issue is the 
presence of potential inaccuracies in describing these interactions – 
especially due to the lack of explicit polarisation in the force field – and 
subsequent misrepresentation of the statistical weight of configurational 
subpopulations. One example is the already discussed syn/anti popula
tion ratio, but the argument might extend to configurations with high 
EET rate not being properly stabilised (see Fig. S13). Future work is 
needed to clarify these effects.

We cannot however exclude the presence of additional quenching 
mechanisms discriminating position 222 over 114. Past studies have 
shown that upon excitation in either of the two absorption bands the S- 
nitroso group can undergo syn-anti (cis-trans) photoisomerization 
around the S–N bond [34], and also photolysis [35,36], which results in 
the detachment of the NO• group. The release of NO• on the surface of 
the beta barrel may promote its entrance into the protein through 
transient channels (SI, Section S4) and eventual interaction with the 
chromophore, possibly leading to quenching of fluorescence through 
radical-induced non-radiative decay pathways.

2.4. A potentially general fluorescence quenching mechanism

The efficiency for EET between the mTagBFP2 chromophore and the 
nitrosylated Cys residues suggests that this mechanism may be operating 
also in other fluorescent proteins and thus have a wider significance. We 
have previously reported that fluorescence quenching is observed upon 
exposure of EGFP, EYFP, and TagRFP-T to nitric oxide [11].

Fig. 6D compares the experimental values derived from fluorescence 

quenching, with the estimate based on Förster theory, assuming κ2 =

0.66 and n = 1.33. While these values would require a more accurate 
evaluation as proposed for mTagBFP2, it is nevertheless important to 
realize that fluorescence quenching occurs whenever these proteins are 
exposed to appreciable (i.e. μM) NO concentrations. This may result in 
unpredicted spurious signals when fluorescent proteins with exposed 
Cys are used within genetic constructs devised to sense different mo
lecular species [37,38].

On the other hand, to the best of our knowledge, reaction of Cys 
residues with other relevant cellular metabolites does not lead to for
mation of groups with absorption in the visible-near UV [39], thus 
providing a selective physical observable for sensing Cys S-nitrosylation. 
A possible interference with Cys S-nitrosylation by NO may originate 
from reduced glutathione (GSH). GSH may bind to cysteinyl residues in 
proteins by creating reversible disulfide bonds, depending on the 
cysteine position and redox potential [40]. Given the relatively high 
cytosolic concentration of GSH (1–15 mM) [41], this may reduce the 
fraction of S-nitrosylated Cys residues in response to exposure to NO. 
However, the effects of S-nitrosylation of cytoplasmic mTagBFP2 
expressed in mammalian cells [11] and in bacteria (Fig. 2) are clearly 
detectable in any case.

3. Conclusions

By a combined experimental and computational approach, we 
investigated the mechanisms of NO sensitivity of the fluorescent protein 
mTagBFP2, which is linked to the S-nitrosylation of two solvent-exposed 
Cys residues, one at position 114 and the other at 222. Controls on 
mTagBFP2 variants lacking these two Cys confirmed their role. We were 
able to separate the contributions of each Cys, by producing mTagBFP2 

Fig. 6. FRET efficiencies for fluorescent proteins of different colors. A. Overlap between the normalized absorption spectrum of GSNO (purple curve) and the 
normalized emission spectra of mTagBFP2 (cyan curve), EGFP (green curve), EYFP (yellow curve), TagRFP-T (red curve). B. Overlap integrals between absorption 
spectrum of GSNO and mTagBFP2, EGFP, EYFP, and TagRFP-T. C. Förster radius for energy transfer between GSNO and mTagBFP2, EGFP, EYFP, and TagRFP-T. D. 
Comparison between calculated FRET efficiencies (solid bars) and experimentally determined fluorescence quenching (hatched bars) upon Cys S-nitrosylation. EET 
efficiency estimated according to Förster theory assuming κ2 = 0.66 and n = 1.33. For EGFP and EYFP only Cys48 was considered, Cys70 is completely buried in the 
barrel and unlikely to react with NO. For TagRFP-T only Cys114 and Cys222 were considered. Cys172 is buried in the barrel and unlikely to react with NO.
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variants containing only one of the two Cys. At saturating NO concen
tration, the fluorescence was quenched by 30% in the variant containing 
the single Cys114 and by 45% in Cys222, despite the latter being more 
distant from the chromophore. The quenching was accompanied by an 
analogous shortening of fluorescence lifetime. Given the overlap of 
mTagBFP2 emission spectrum with the absorption of the S-nitroso 
group, we speculated that intramolecular excitation/resonance energy 
transfer (EET) is contributing to the observed quenching. A careful 
estimation of EET efficiency by molecular simulations led to the 
conclusion that the quenching by CysNO 114 can be fully explained by 
the energy transfer process, whereas EET accounts only for part of the 
observed quenching in the case of Cys222, unless ad hoc hypotheses are 
formulated regarding the configuration of S-nitrosylated Cys222 and/or 
shifts in its excitation energies. Overall, our findings highlight the role of 
the EET mechanism in the NO sensitivity of fluorescent proteins. The 
reliable predictability of EET makes it particularly promising as a 
guiding principle for the rational design of novel FP-based NO bio
sensors with optimized efficiency. Studies in this direction are currently 
underway. The NO concentration range detectable by mTagBFP2 and 
other Cys containing fluorescent proteins is essentially determined by 
the chemistry supporting its reaction with Cys residues. As such, this 
class of NO sensors will share a similar concentration sensitivity range, 
although with different dynamic ranges depending on the topological 
position of the Cys residues and the spectral overlap between the fluo
rescent protein emission and the SNO absorption spectra. Our findings 
suggest that the same EET mechanism could be at play in other fluo
rescent proteins with solvent-exposed Cys residues and should be care
fully factored into the design and calibration of genetically encoded 
fluorescent sensors. More broadly, EET to NO-bound species will need to 
be taken into account in future investigations of chromophoric systems 
that exhibit NO-induced fluorescence quenching, such as the GeNOps 
sensors.
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