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Abstract:  

 

 
 
Detection of anions in complex aqueous media is a fundamental challenge with practical utility that can 
be addressed by supramolecular chemistry. Biomolecular hosts such as proteins can be used and 
adapted as an alternative to synthetic hosts. Here, we report how the mutagenesis of the β-bulge 
residues (D137 and W138) in mNeonGreen, a bright, monomeric fluorescent protein, unlocks and tunes 
the anion preference at physiological pH for sulfate, resulting in the turn-off sensor SulfOFF-1. This 
unprecedented sensing arises from an enhancement in the kinetics of binding, largely driven by position 
138. In line with these data, molecular dynamics (MD) simulations capture how the coordinated entry 
and gating of sulfate into the β-barrel is eliminated upon mutagenesis to facilitate binding and 
fluorescence quenching. 
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Main Text 

Halides and oxyanions are omnipresent in the environment and biology.[1–4] Synthetic hosts can be used 
to recognize, transport, and transform anionic guests in aqueous media for basic research and practical 
applications.[5–9] However, these remain underdeveloped for operation in pure water primarily due to the 
physical challenge of anion dehydration.[10–13] In this context, biomolecular hosts such as proteins 
typically inspire new synthetic designs but can in fact be used and adapted to achieve supramolecular 
functions.[5] On a molecular level, proteins are ideal because they combine cooperative, patterned 
interactions and the hydrophobic effect for aqueous anion detection.[14–18] Moreover, protein engineering 
can be used to rapidly diversify the encoding sequence space and enrich for hosts with desired properties 
(e.g., selectivity, affinity).[19–21] To decode these supramolecular principles, we are actively investigating, 
engineering, and applying protein-based hosts for anions.[22–28] Along these lines, we have a growing 
program focused on anion sensors derived from the green fluorescent protein (GFP) family.  
 
GFP family members adopt a β-barrel structure and have a built-in chromophore derived from the 
cyclization and oxidation of a tripeptide that is typically based on tyrosine.[29,30] The chromophore can be 
sensitive to factors (e.g., pH, molecular oxygen, and ions) in the external and internal environments. [31–

34] In 2019 we reported the identification and characterization of mNeonGreen (mNG) as a bright, 
monomeric, anion-sensitive fluorescent protein.[23,35] This discovery relied on a previously reported X-ray 
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crystal structure of mNG bound to chloride at pH 4.5.[36] The anion binding pocket consists of H62, R88, 
S153, T173 and Y175 and is near the tyrosine-based chromophore (Figure 1A).[27] The binding of halides 
and oxyanions shifts the chromophore equilibrium from the phenol to the phenolate state, generating a 
turn-on fluorescence response (Figure 1B).[23]  Interestingly, the opposite is observed with sulfate.[23] 
However, these spectral changes only occur at acidic pH.[23] Nonetheless, in the context of anion-
sensitive fluorescent proteins, mNG stands out because it recognizes an expanded set of anions and 
can access different sensing mechanisms.[23] To explore and develop the sensing potential of this 
platform, we are applying a structure-guided approach to identify positions for rational protein 
engineering .[27]  
 
Along these lines, the gate post (A136/C139) and β-bulge (D137/W138) region is an attractive starting 
point because it is spatially near the chromophore and can readily be mutated to tune the photophysical 
features without significant perturbation to protein folding or chromophore maturation (Figure S1). [37] 
Closer inspection of this region in mNG reveals that the side chains of A136 and C139 are buried inward, 
whereas the main chains form hydrogen bonds with the β10 strand (avGFP notation) to stabilize the 
structure (Figure S1).[29,36] Interestingly, the sidechain of D137 is solvent exposed, while W138 adopts 
two different conformations, in and out of the β-barrel.[36] Based on these observations, the β-bulge could 
have a more pronounced impact on anion binding through electrostatic repulsion and/or steric gating. To 
test this hypothesis, here, we investigate the effect of glycine mutations at both positions by integrating 
photophysical measurements with molecular dynamics (MD) simulations.  
 
To determine the outcome of our proposed rational design, we first expressed and purified mNG-D137G-
W138G from E. coli and confirmed its monomeric oligomerization state (Figure S2–S3; Table S1). The 
absorbance and fluorescence response of mNG-D137G-W138G to halides and oxyanions of varying 
size, shape, and charge was screened at pH 7 (Figure 2A, 2B; Figure S4–S18). Consistent with the mNG 
parent, apo-mNG-D137G-W138G has an absorption maximum at 505 nm (ε = 94,511 ± 766 M-1·cm-1) 
with a shoulder at 480 nm (Figure S19). These two absorption peaks arise from the phenolate 
chromophore.[23,36,38] Excitation of this state at 485 nm results in a single emission maximum at 520 nm 

( = 0.69 ± 0.02) (Figure S20). No dramatic spectral changes are observed even in the presence of up 

to 100 mM chloride, bromide, iodide, nitrate, phosphate, and gluconate (Figure 2C; Figure S4–S18). 
However, the titration of sulfate triggers an immediate shift in the chromophore equilibrium from the 
phenolate (ε = 26,466 ± 831 M-1·cm-1) to phenol state at 400 nm, resulting in fluorescence quenching 

(~69%,  = 0.59 ± 0.03) (Figure 2A, 2B; Table 1; Figure S19–S22). This fluorescence response data 

was fitted to a single site binding model to calculate the affinity (apparent dissociation constant, Kd) for 
sulfate to be 0.20 ± 0.01 (10-3) M (Table 1; Figure S19–S20). Of the anions tested, sulfate has the most 
dramatic effect on the chromophore and stabilizes it in the phenol state as indicated by the shift in the 
pKa from 5.65 ± 0.03 to 7.66 ± 0.09 (Table 1; Figure S23–S24). Given that mNG-D137G-W138G has a 
remarkable preference for sulfate, from here it will be referred to as SulfOFF-1 – the first intrinsic 
fluorescent protein-based sensor for sulfate at physiological pH. 
 
With these results, we sought to understand the effect of each glycine mutation on sulfate sensing. For 
this, the mNG parent, mNG-D137G, and mNG-W138G were prepared and characterized like SulfOFF-
1 (Table 1; Figure S2–S3; Table S1; Figure S25–S87). However, unlike SulfOFF-1, all three proteins 
required overnight incubation for the spectra to equilibrate. The overall absorbance and emission profiles 
of each apo protein remain unchanged. To our surprise, the mNG parent and both mutants maintain a 
preference for sulfate with comparable degrees of fluorescence quenching (~69–74%). However, clear 
differences are observed in the sulfate binding affinities: mNG < mNG-W138G < mNG-D137G < 
SulfOFF-1. Interestingly, both single-point mutations lower the Kd and increase the affinity relative to the 
parent mNG, with a more pronounced effect at position 137. Because the latter is solvent exposed in the 
crystal structure, removal of the aspartate side chain could minimize electrostatic interactions (attractive 
or repulsive) with sulfate in the bulk solution. Closer inspection of the photophysical properties reveals 
subtle differences between the molar extinction coefficients, quantum yields, and pKa values for all four 
proteins in the apo and sulfate-bound forms (Table 1). Notably, the extinction coefficient increases with 
the mutation at position 138. This points to the fact that the chromophore environment is perturbed and 
likely experiences a change in solvent accessibility.[39] 
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To further probe the observed time-dependence of sulfate binding, the kinetics of fluorescence 
quenching were measured for each protein under pseudo-first order conditions (Figure S88–S91).[40] All 
kinetic traces were fitted to a single exponential model to directly determine the on-rates of binding (kon). 
These can be ranked as follows from slowest to fastest: mNG < mNG-D137G < mNG-W138G < SulfOFF-
1 (Table 1; Figure S92). The off-rates of binding (koff) were extrapolated using the Kd and kon for each 
protein and are comparable in magnitude (10-3 s-1). Considering the data on the extreme ends, sulfate 
binding to SulfOFF-1 is accelerated by 70-fold relative to the mNG parent. While both single-point 
mutations influence the kon, position 138 plays a larger role likely due to the loss in steric hindrance 
imposed by the tryptophan side chain. 
 
To dissect the individual and synergistic contributions of the β-bulge residues observed experimentally, 
we turned to a theoretical approach to build a molecular level picture.[41–43] Constant pH MD simulations 
at pH 7 were carried out for apo, apo with free diffusion of sulfates into mNG, and sulfate-bound forms 
of each protein (mNG, mNG-D137G, mNG-W138G, and SulfOFF-1) (Table S2).[44] For the diffusion 
simulations, free sulfate ions were added to the apo mNG system to capture the possible sulfate entry 
pathway. During the trajectories, sulfate ions are associated with three key regions on the surface of the 
protein composed of R103 (on the opposite side of the bulge region), R140 (close to the bulge region), 
and R172 (on the side of the beta barrel between them) (Figure 3). Of these, R140 is notably both near 
the β-beta bulge residues that are exposed to the bulk solvent and close to a nearby R195 residue 
located within the barrel, creating an outer and inner region of high positive charge. The passage of 
sulfate into the β-barrel is coordinated through a network of side chain interactions with W138 and R195 
(Supporting Movie; Figure 4, apo and phase 1). Following this, R140 rotates into the protein and forms 
a new interaction, bringing sulfate closer to the chromophore (Figure 4, phases 2 and 3). The resulting 
coordination complex triggers a change in the chromophore orientation and restores the orientation of 
W138 (Figure 4, phase 3). This observation indicates that W138 undergoes a gating motion, providing 
an explanation for the relatively slower kinetics of sulfate binding to mNG. 
 
Next, the trajectories for the apo and sulfate-bound forms of the proteins were analyzed. All systems 
showed equilibrated alpha carbon (Cα) root mean square deviations (RMSD) (less than 2.5 Å) after less 
than 10 ns of production, indicating overall stable structures (Figure S93). Upon examining the global 
protein conformations, no strong differences are found between the solvent-accessible surface areas 
(SASAs) (Figure S94–S95).[45]  
 
There are subtle shifts (less than 500 Å2) upon sulfate binding, particularly for the mNG-W138G and 
SulfOFF-1, which we associate with the loss of steric bulk from the mutation along with an overall 
tightening of hydrophobic residues in the active site (Table S3). However, the gap between the β7 and 
β10 strands (avGFP notation) widens as a function of the mutations.[29] Notably, the 137, 138, and 140 
positions are on the β7 strand. To quantify the differences between each apo protein, the average 
distance (d) was measured between the alpha carbons of the residues at positions 140 and 198 (Figure 
5; Figure S96). Comparatively, this opening is 2–5 Å wider in SulfOFF-1 (d > 18 Å). The root mean 
square fluctuation (RMSF) of residues 137–140 in mNG varies by less than 0.5 Å between apo and 
sulfate bound trajectories but shows a very large increase of up to 3 Å in apo SulfOFF-1, 1.5 Å in mNG-
W138G, and a small increase of 1.0 Å in mNG-D137G (Figure S97). This is consistent with an overall 
increase of flexibility in this region.  Together, these effects likely facilitate and accelerate the binding of 
sulfate.  
 
By comparing the binding pocket in all four proteins, we observed that at any given time, there were 
always two charged residues (R88 and K143) and at least four polar residues within 4 Å to coordinate 
with the sulfate ion (Figure 6; Figure S98–S99; Table S4–S11). More notable differences are observed 
in the chromophore orientations upon sulfate binding within and between each system. The RMSF of 
the chromophore increases with sulfate and tracks with the experimentally measured binding affinity on 
the extreme ends: SulfOFF-1 > mNG (Figure S100). Given this, we speculate that the increased 
chromophore movement is correlated with a higher probability of fluorescence quenching via 
nonradiative decay. To fully explore this effect, additional computational work with electronic structure 
methods will be required and the subject of our future investigation.[46] 
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In summary, we have presented how the design of the β-bulge region in mNeonGreen serendipitously 
generates SulfOFF-1, a selective intrinsic fluorescent protein-based sensor for sulfate. The D137G and 
W138G mutations synergistically give rise to this function through a dramatic enhancement in the kinetics 
of binding. Furthermore, MD simulations provide a plausible explanation for these results by revealing 
how the β-bulge residues gate sulfate entry and coordination near the chromophore. To our knowledge, 
SulfOFF-1 is a unique example of a fluorescent sulfate sensor that holds promise for sulfate detection in 
complex aqueous applications ranging from environmental samples, biological fluids, and even living 
cells.[47–51] Together our data provides a rare glimpse of an intrinsic fluorescent protein sensor 
mechanism that could be generalized to other systems, warranting further exploration. Looking forward, 
we are excited by the possible outcomes from our collaborative approach to guide the design of protein-
based hosts for anions to achieve supramolecular functions in aqueous environments. 
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Figures  

 

Figure 1. (A) X-ray crystal structure of mNeonGreen (mNG) with the chromophore (CRO) (PDB ID: 
5LTP). The residues in the anion binding pocket and β-bulge are highlighted. Each residue is labeled 
with the single letter amino acid code and position number. (B) The chromophore equilibrium of mNG 
can be tuned between the non-fluorescent phenol and fluorescent phenolate states by anions at pH 4.5.  
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Figure 2. SulfOFF-1 (mNG-D137G-W138G) is a turn-off fluorescent sensor for sulfate. (A) Absorption 
and (B) emission spectra of SulfOFF-1 in the presence of 0 (black), 0.025, 0.05, 0.075, 0.125, 0.25, 0.5, 
0.75, 1, 2, 5, and 10 mM (red) sulfate. The inset shows the normalized emission response at 520 nm as 
a function of increasing sulfate concentrations. (C) The fluorescence response (F f / Fi) at 520 nm of 
SulfOFF-1 (apo, Fi) in the presence of 10 mM (Ff) sodium chloride (Cl-), bromide (Br-), iodide (I-), nitrate 

(NO3
-
), phosphate (H2PO4

-
/HPO4

2-), sulfate (SO4
2-), and gluconate (Gluc). Data was collected in triplicate 

from two protein preparations and is reported as the average with standard error of the mean. All 
experiments were carried out at room temperature (23–25 °C) with 4 μM protein in 50 mM MOPS and 1 

mM NaCl buffer at pH 7 (ex = 485 nm, em = 500–650 nm). 
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Table 1. Summary of thermodynamic, kinetic, and photophysical parameters derived from steady state 
and time-resolved spectroscopic measurements for mNG, mNG-D137G, mNG-W138G, and SulfOFF-1 
with sulfate. Data was collected in triplicate from two protein preparations and is reported as the average 
with standard error of the mean. All experiments were carried out at room temperature (23–25 °C) with 
4 μM protein in 50 mM MOPS and 1 mM NaCl buffer at pH 7. 
 

 

  

  
mNG mNG-D137G mNG-W138G SulfOFF-1 

Kd (× 10-3 M) 1.37 ± 0.22 0.34 ± 0.03 0.57 ± 0.04 0.20 ± 0.01 

kon (M-1·s-1) 0.02 ± 0.01 0.06 ± 0.01 0.14 ± 0.01 1.06 ± 0.04 

koff (×10-3 s-1) 0.02 ± 0.01 0.02 ± 0.00 0.08 ± 0.01 0.22 ± 0.01 

pKa 
 

apo 5.30 ± 0.04 5.61 ± 0.11 5.52 ± 0.01 5.65 ± 0.03 

+ SO4
2– 7.15 ± 0.07 7.61 ± 0.05 7.32 ± 0.04 7.66 ± 0.09 

Molar Extinction 
Coefficient 
(M-1·cm-1) 

apo 87,773 ± 340 84,442 ± 669 96,810 ± 285 94,511 ± 766 

+ SO4
2– 

33,264 ± 277 21,637 ± 318 28,800 ± 295 26,466 ± 831 

Quantum Yield 
apo 0.77 ± 0.00 0.70 ± 0.01 0.73 ± 0.01 0.69 ± 0.02 

+ SO4
2– 0.69 ± 0.00 0.57 ± 0.01 0.71 ± 0.01 0.59 ± 0.03 

Molar Brightness 
apo 67.59 ± 0.37 59.11 ± 0.97 70.67 ± 0.99 65.21 ± 1.96 

+ SO4
2– 22.95 ± 0.20 12.33 ± 0.28 20.45 ± 0.36 15.61 ± 0.93 
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Figure 3. Surface potential map of mNG generated by molecular dynamics (MD) simulations where a 
high density of positive charge is in blue and negative charge is in red. Sulfate binding hotspots are 
associated with the solvent-exposed residues R103, R140 and R172 in the region of positive charge 
density. The key R residues near the β-bulge and the surface-bound sulfate ions prior to entry are shown. 
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Figure 4. MD simulations reveal a pathway for sulfate entry and binding in mNG at the β-bulge gate. 
Representative snapshots are shown for the apo and sulfate-bound phases with possible hydrogen 
bonding and electrostatic interactions within 4 Å (dashed lines). 
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Figure 5. MD simulations indicate that SulfOFF-1 has the widest opening to facilitate the binding of 
sulfate. (A) Representative snapshot of SulfOFF-1 to highlight the opening that is defined as the distance 
(dashed line) between the Cα atoms of residues R140 and E198. (B) Analysis of the distances for mNG 
(purple) and SulfOFF-1 (red) as a function of time for a representative trajectory. 
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Figure 6. MD simulations show how sulfate binding induces a change in the chromophore orientation 
leading to fluorescence quenching in (A) mNG and (B) SulfOFF-1. A snapshot from each sulfate-bound 
trajectory is shown in the top panel. Possible hydrogen bonding or electrostatic interactions within 4 Å of 
sulfate are shown with dashed lines. Comparison of the chromophores in the apo (white) and sulfate-
bound (yellow) trajectories for each protein is shown in the bottom panel. All snapshots are taken from 
the last frame of a representative trajectory. 
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