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ABSTRACT 
   
The Photinus pyralis luciferase (FLuc) has proven a valuable tool for bioluminescence imaging, 
but much of the light emitted from the native enzyme is absorbed by endogenous biomolecules. 

Thus, luciferases displaying red-shifted emission enable higher resolution during deep-tissue 
imaging. A robust model of how protein structure determines emission color would greatly aid the 
engineering of red-shifted mutants, but no consensus has been reached to date. In this work, we 
apply deep mutational scanning to systematically assess twenty functionally important amino acid 
positions on FLuc for red-shifting mutations, predicting that an unbiased approach would enable 
novel contributions to this debate. We report dozens of red-shifting mutations as a result, a large 
majority of which have not been previously identified. Further characterization revealed that 
mutations L286V and T352M, in particular, cause pure red emission with much of the light being 
>600 nm. The red-shifting mutations identified by this high-throughput approach provide strong 
biochemical evidence for the multiple-emitter mechanism of color determination, and point to the 
importance of a water network in the enzyme binding pocket for altering the emitter ratio. This 
work provides a broadly applicable mutational data set tying FLuc structure to emission color that 
informs our mechanistic understanding of emission color determination and should facilitate the 
further engineering of improved probes for deep-tissue imaging. 
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ABBREVIATIONS 

BLI  Bioluminescence imaging 

D-luc  D-luciferin 

FLuc  Firefly luciferase from P. pyralis 

HT-Seq High-throughput sequencing 

SCA  Statistical coupling analysis 

WT  Wild-type 

λmax  Wavelength of maximum emission intensity 
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INTRODUCTION  
 Luciferase enzymes catalyze a multi-step chemical reaction using a substrate, luciferin, 
that generates visible light as a byproduct. They are found in a diverse array of organisms, 
including fungi, fireflies, and an estimated 80% of deep sea eukaryotes.1,2 Different species possess 
varying luciferase and luciferin structures which, in turn, emit light of varying wavelengths.  
 Bioluminescence, defined as the emission of visible light from cells or organisms, is not 
only important in nature, but is also a powerful biomedical research tool for tracking a range of 
biological molecules, such as viruses and tumor cells, and biological events such as cell movement 
and enzymatic activity.3,4 The most commonly used reporter in bioluminescent imaging (BLI) is 
firefly luciferase from Photinus pyralis (FLuc); it is one of the most biostable luciferases, displays 
rapid turnover, and its cognate luciferin (D-luciferin) has high bioavailability.3 FLuc achieves 
bioluminescence by deploying Mg-ATP and molecular oxygen to oxidize D-luciferin, producing 
an excited oxyluciferin product that emits a photon of around 560 nm upon relaxation to the ground 
state.5 One limitation of wild-type FLuc for biomedical imaging applications is that the enzyme’s 
natural emission peaks in the yellow-green range of the visible spectrum.4 During in vivo imaging, 
this light can be absorbed by the endogenous molecules such as hemoglobin, myoglobin, and 
melanin, which predominantly absorb all visible wavelengths except for red light.6 Thus, deep 
tissue imaging can be improved by red-shifting the wavelength of FLuc emission beyond 600 nm.6 

Various protein engineering strategies have been applied to red-shift FLuc emission for 
this purpose. Other beetle luciferases homologous to FLuc, by oxidizing the same D-luciferin 
substrate, emit wavelengths ranging from 538 nm (Amydetes vivianii) to 628 nm (Phrixothrix 
hirtus).3,7 Introducing mutations conserved among red-shifted homologs to FLuc has enabled the 
red-shifting of its natural emission spectrum, but has simultaneously impaired protein stability, 
thus resulting in reduced photon output. Random mutagenesis and directed evolution of FLuc and 
homologous enzymes, meanwhile, have also yielded strongly red-shifted mutants including 
F247A, S284T, and E455K (P. pyralis numbering used throughout).8,9 However, these approaches 
also tend to yield reduced photon output.  These prior studies also tend to yield a small number of 
mutant enzymes;  thus, they have provided little biochemical information on the complex structural 
and mechanistic factors affecting emission wavelength. 

For the efficient and even rational alteration of FLuc emission color, a robust model of the 
color tuning mechanism is needed. It is well established that D-luciferin as a luminophore is highly 
sensitive to its local environment; solvent studies,10 mutational evidence,9,11 and the existence of 
natural red- and blue-shifted homologs12,13 that process the same substrate have clearly 
demonstrated that the protein environment plays a key role in the emission wavelength. Despite 
significant research efforts, which have led to diverse theories regarding color determination, a 
conclusive model remains elusive. Some evidence suggests that the tautomeric and charge state of 
the oxyluciferin emitter, where each form displays a characteristic wavelength, determines the 
color.8,14 Other studies have found that various ‘microenvironment’ effects attributed to the 
enzyme, such as tightness of the binding pocket, hydrogen-bond networks, active site polarity, and 
local charge distribution alter the emission color as well.7,15 To further complicate matters, many 
residues that affect emission color are distributed all throughout the protein tertiary structure, and 
many mutations may support multiple hypotheses.7 Biochemical studies have often focused on a 
limited number of mutations in search of relevant interactions, while others have focused on the 
electronic properties of oxyluciferin with little regard for the enzyme’s role. Unsurprisingly, these 
disparate approaches have led to conflicting conclusions about the relative contribution of each 
factor to emission wavelength, undermining any consensus on the overall mechanism. 
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As a novel approach to addressing this challenging question, we hypothesized that 
screening many amino acid positions with an unbiased and systematic approach may rapidly 
produce a large amount of biochemical information which, in turn, may help to elucidate the 
mechanism of color tuning. Modern innovations in DNA sequencing and molecular cloning have 
enabled the high-throughput discovery of novel mutations from large pools of mutant enzymes. 
For example, deep mutational scanning assigns function to many mutations in parallel with a single 
experiment by leveraging screening and selection methods combined with high-throughput 
sequencing (HT-Seq).16 Specifically, this approach enables the systematic assessment of every 
possible amino acid permutation at positions of interest, and thus the evaluation of many more 
mutants for functional changes than traditional hypothesis-based mutagenesis allows. This 
technique has enabled the discovery of impactful new mutations across multiple fields, from 
identifying thermodynamically stabilizing mutations for pharmaceutical purposes to hyperactive 
mutations in ubiquitin that provided biochemical insights.16,17 While deep mutational scanning is 
clearly effective in identifying novel mutations to shed new light on complex catalytic 
mechanisms, it has not yet been applied to luciferase to study the color tuning mechanism.  
 Here, we apply deep mutational scanning to twenty amino acid positions identified using 
a bioinformatic method, statistical coupling analysis (SCA). SCA identifies functionally important 
amino acids regardless of spatial location or their role in catalysis by identifying networks of 
functionally coupled amino acids.18 SCA has proven valuable in research on protein folding, 
structure, and allostery, as well as to identify minimal amino acid motifs for changing biochemical 
functions.19,20 Previously, we applied SCA to identify functionally important residues and 
surveyed a small number of mutations at those sites to find luciferases with increased 
thermostability and red-shifted emission.21 In this work, we systematically evaluate all 380 amino 
acid changes at 20 SCA-identified positions on FLuc for red-shifted emission properties. We report 
novel FLuc mutants with emission maxima above 600 nm, as well as a rich data set that ties 
hundreds of amino acid changes to protein activity and emission color.  This study both informs 
our understanding of the mechanistic basis of color determination and provides a broadly 
applicable resource for both mechanistic biochemists and protein engineers.  
 
RESULTS 
 
SCA and library construction 

While deep mutational scanning is a powerful method to evaluate all possible permutations, 
established luciferase screening methods make it operationally impractical to scan all or even much 
of the FLuc protein—even as single mutants. Thus, the choice of positions to mutate was an 
extremely important initial consideration. To prioritize protein residues likely to alter FLuc 
luminescence upon nonsynonymous mutation, we applied the SCA algorithm.18 Briefly, SCA 
performs feature extraction and clustering to identify residues that are hypothesized to share 
functional or evolutionary properties, termed ‘sectors’. We applied SCA to a multiple sequence 
alignment of 284 evolutionarily conserved luciferases and CoA ligases and identified 4 protein 
sectors of sizes 23, 37, 7 and 38 amino acid residues (Table S1). The sector of size 37 was 
significantly enriched for residues previously implicated in modulating the bioluminescence 
wavelength of firefly luciferases (χ2 test, p = 0.0004, q = 0.004). Spatially, residues of this sector 
were tightly co-located at and adjacent to the catalytic site (Figure S1). Residues in this sector 
were significantly more likely to physically contact each other on the three-dimensional free FLuc 
structure (PDB: 5DV9) than random sets of equivalent size (permutation test, p = 0.01). We 
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therefore hypothesized that novel mutations to residues in this cluster would be likely to modulate 
FLuc function.  

To systematically evaluate all possible mutations at the 20 SCA-identified positions that 
contribute most to the sector, we constructed individual libraries at each position by joining 
synthetic inserts containing degenerate NNK codons at the position of interest with a PCR-
generated vector using Gibson assembly. Successful library construction was confirmed following 
cloning by sequencing, which confirmed that mutations had been introduced at the intended 
positions. Having created a diverse set of 20 libraries encoding 380 total nonsynonymous FLuc 
mutations, we were ready to comprehensively survey each library to glean biochemical insights 
and identify red-shifted enzymes.  
 
Identification of active FLuc mutants 

We developed and validated a high-throughput workflow to assess these mutations (Figure 
1). Briefly, all libraries were first subjected to a primary screen which identified active mutants. 
Then, active mutants were subjected to a secondary screen for emission wavelength. To connect 
function changes to genotypes, mutants were collected to create enriched populations for specific 
functions and subjected to high-throughput DNA sequencing (HT-Seq), where initial data 
processing was aided by the EasyDIVER pipeline.22 Then, by comparing the abundance of 
mutations in different populations, we can assign likely function changes to specific mutations.  

First, to differentiate active mutants from inactive ones, we employed a previously 
developed top-plating method to screen all mutants for bioluminescent activity.21 Individual SCA 
libraries were embedded in a thin layer of top agar containing transformants, isopropyl β-d-1-
thiogalactopyranoside (IPTG) to induce protein expression, and D-luciferin. Under these 
conditions, active mutants emit light, allowing for their identification using a CCD camera. For 
each individual library, at least 200 library members were assessed and active mutants were 
identified and collected into enriched populations.  This essential initial step allows the efficient 
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Figure 1. Scheme detailing our combination of bioinformatics-guided library design (selected positions show in 
magenta at left) with deep mutational scanning to identify novel red-shifting mutations. 
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separation of active from inactive members, facilitating screening for function changes 
downstream. 

Beyond identifying individual active colonies, this general activity screen also revealed the 
percentage of active mutants in each library and, by extension, the relative mutability of each 
native amino acid (Figure 2A). To assess reproducibility of this mutability value, we re-screened 
ten libraries that spanned a range of activities, and found this method to be highly reproducible 
(Figure S2). Importantly, amino acid positions that are mutable, but that still contribute to 
function, are particularly valuable for engineering efforts.23 Libraries containing the highest 
percentages of active colonies, such as I120X (65%), H431X (81%), and A477X (76%), suggest 
wild-type residues that are highly mutable. Conversely, amino acid positions that are highly 
immutable often reveal valuable information about protein mechanisms. Positions Y53 (8%), T191 
(14%), and T346 (3%) were found to be largely immutable, implying an important functional role 
for these positions despite their varied distribution throughout the tertiary structure and, in some 
cases, significant distance from the active site of the protein. Thus, we have been able to assess 
mutability, a valuable piece of biochemical information, for these twenty amino acid residues. 

Oftentimes, the mutability of amino acids is inferred from either natural sequence 
conservation patterns or the spatial position of the residues within the protein structure.  Thus, we 
wondered if our data could be predicted by either of these biochemical parameters. Interestingly, 
there is little correlation between mutability as determined by the top-plating screen and natural 
variability among the 39 luciferase homologs used as inputs for SCA (Figure S3). For example, 
as one might expect, Y53 is 100% conserved across luciferase homologs and the Y53X library is 
only 8% mutable. On the other hand, A477 is 98% conserved in nature, yet less than a quarter of 
the mutations at that position inactivated the protein. We also compared the distance between the 
side-chain of each amino acid and the nearest atom on D-luciferin to mutability, once again finding 
no apparent correlation (Figure S4). These results reaffirm the complexity of the bioluminescence 
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Figure 2. (A) Mutability of 20 SCA-identified amino acid positions as determined from a top-plating activity 
screen. Each library was transformed into bacteria and embedded in a thin layer of top agar containing IPTG and 
D-luc. After overnight incubation, dark- and bright-field images of each plate were captured, which were digitally 
superimposed. The number of total and light-emitting (active) colonies were counted, and the ratio of these values 
was taken to give the percent active proteins in each library. 200 total colonies were assessed per library. (B) SCA-
identified positions were mapped onto the FLuc protein structure (PDB: 4G36, visualized with PyMol), where 
color corresponds to the mutability of that residue, and in cyan is shown the luciferyl adenylate intermediate analog 
5′-O-[(N-dehydroluciferyl)-sulfamoyl]adenosine (DLSA). 
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mechanism, giving us confidence that our decision to screen saturation libraries was a suitably 
unbiased way to investigate this system. Collectively, we have generated a data set of the 
mutability of twenty amino acid residues that may facilitate engineering studies as well as the 
investigation of understudied regions of the protein; these positions demonstrate the utility of SCA 
as many of these sites would likely have not been identified using traditional approaches.   
 While the top-plating screen gives valuable information about the relative mutability of 
each position, it does not reveal which specific mutations inactivate the protein. To determine 
which specific mutations are inactivating, we used HT-Seq to count all mutants in both the active 
population and a pre-screen population. We considered mutations that are at least three-fold de-
enriched in the active population relative to the pre-screen population to be likely inactivating 
mutations. By this measure, we found that 172 out of 380 library mutants (45%) are predicted to 
be inactive. We found that amino acid positions 53 and 346 were among the most de-enriched for 
activity, corroborating our finding from the activity screen that these two positions were the least 
mutable (8% and 3%, respectively). Y53 appears to favor mutations to other aromatic amino acids, 
implying a functional role for this aromatic side chain that is distant from the active site. T346 
only tolerates mutation to cysteine, implying a need for hydrophobic character as well as a 
hydrogen bond donor in this amino acid that is near the substrate.  On the other hand, the protein 
seems to tolerate a wide range of mutations at a number of positions such as N229, H431, and 
A477. Overall, these results enhance the utility of our activity screen on its own by revealing which 
specific amino acid sidechains, not simply which mutant positions, are more or less likely to impair 
catalysis. Although beyond the scope of this study, these data make for an exciting entry point to 
many novel biochemical hypotheses to further explore FLuc. 
 
Identification of red-shifting mutations 

This approach allowed us to take only the 208 active mutants forward to a secondary color 
screen. To assess emission wavelength, we used a previously reported screen which we have used 
to isolate mutants with red-shifted emission spectra in medium to high-throughput formats.21 
Briefly, by comparing the filtered luminescence intensity at 620 nm (± 20 nm, ‘red’) and 528 nm 
(± 10 nm, ‘green’), we can easily screen thousands of mutants for red-shifting while controlling 
for variations in protein expression and enzyme turnover; this ratio, or ‘color score’ has been 
previously shown to be an effective proxy for emission wavelength.21 We screened all active-
enriched populations using this method. 

As a first step to understanding emission color, we compared the color score of all mutants 
surveyed from each amino acid position (Figure 3A).  By comparing the average color scores of 
all active members from each library, we can infer the general impact of mutations at specific 
amino acids on emission wavelength. While the wild-type enzyme consistently showed a mean 
color score of about 2.0, we found that libraries N229X (11.6), I237X (3.5), L286X (4.1), T352X 
(18.4), and H431X (6.6) displayed significantly increased mean color scores with respect to WT, 
implying many of the mutants at these positions possess red-shifted emission. These data are 
corroborated by the fact that prior studies have also found the mutations N229S/T, I237A, and 
H431Y to red-shift luminescence.5,24 On the other hand, L286 and T352 have not been shown to 
impact color previously. Further, 17 of the 20 libraries screened revealed higher median color 
scores than WT, which at once affirms the sensitivity of the luminophore to its protein environment 
and indicates that many mutations may lead to small red-shifts in FLuc emission. Notably, we find 
that the most red-shifting residues tightly clustered near the benzothiazole binding pocket on the 
FLuc tertiary structure (Figure 3B). In particular, the proximity of the side-chains from N229, 
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L286, and T352 to the 6’ phenolate suggests that a wide range of point mutations at these positions 
may disrupt local stabilization of the oxyanion and lead to increased red emission (Figure 3C). 
Following screening, we collected all individual mutants possessing statistically significantly 
increased color scores relative to WT into a new red-shifted enriched population. For ease of 
analysis, we combined the mutants for groups of two or three amino acid positions together; we 
refer to these enriched populations from multiple amino acid positions as “pools”. Collectively, 
this approach has identified populations of likely novel mutations that alter the emission 
wavelength of FLuc towards the red region. 

To validate that our screen effectively enriched the population for red-shifted mutants, we 
assayed the all active and red-shifted populations for color score (Figure S5). Gratifyingly, with 
the exception of pool 4, the red-shifted populations showed significantly higher color scores than 
the corresponding active populations (p < 0.05), indicating successful enrichment of red-shifted 
mutants (Table S2). These data demonstrate that our mutants reproducibly display a significant 
change in emission color. 
 Next, we sought to understand the specific mutations responsible for the red-shifted 
enzymes observed in the color screen.  To do so, we used HT-Seq to compare the distribution of 
mutations in the active population relative to the red-shifted population.  This allows us to calculate 

Figure 3. Color scores of each library from a screen for red-shifted mutants. (A) Active mutants were expressed 
in a 96-well format. The cells were lysed and combined with D-luc and ATP, then screened for luminescence using 
620/40 nm and 528/20 nm optical filters. The ratio of these values is the color score, corresponding to red-shifted 
emission. Each plate contained WT FLuc and COL2 (a known red-shifted mutant) as internal controls; all 
experiments and controls are shown here. (B) The FLuc protein structure (PDB: 4G37, visualized with Chimera) 
is shown, with libraries displaying the five highest median color scores in red (N229, T352) and orange (I237, 
L286, H431), all other SCA-identified positions shown in gold, and DLSA (a luciferyl adenylate intermediate 
analog) shown in cyan. Also shown is the numbered phenol-enol form of oxyluciferin. (C) The boxed region in B 
is enlarged to illustrate the proximity of strongly red-shifting positions N229 and T352 (red) and moderately red-
shifting positions I237, L286, and H431 (orange) to the 6’OH on DLSA (white, colored by heteroatom).  
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an enrichment score for each mutant, which predicts which mutations cause a red-shift in the 
emission. Collectively, of the amino acid changes that are predicted to be active mutant proteins, 
70 distinct amino acid changes are enriched in the red-shifted population (Figure 4). While 
mutations that red-shift emission are historically well-studied, an overwhelming majority of these 
mutations are novel and this work constitutes a large expansion in the total number of known red-
shifting mutants.   

Unsurprisingly, the amino acid 
positions that displayed high average color 
scores were also frequently broadly enriched in 
the red-shifted population. For example, T352, 
a position not previously known to impact 
emission color, showed enrichment when 
mutated to all 13 of the amino acids that were 
not inactivating, demonstrating that any 
mutation at this position appears to red-shift 
emission. These data imply that the threonine 
sidechain is likely taking part in some key 
interaction that, when disrupted, decreases the 
emission energy. L286 also reveals broad 
mutability with a large effect on emission 
wavelength, showing enrichment for mutation 
to 6 different amino acids, while H431 is 
enriched for 11 different amino acids and D531 
for nine. On the other hand, some positions are 
enriched only for a subset of substitutions. 
Examples include Y53F/W, I120L/F, and 
I237V/A; at these positions, small steric 
alterations alone may suffice to red-shift 
emission in certain cases. Collectively, these 
data highlight a set of novel and important 
interactions at certain amino acid positions that 
red-shift the FLuc emission spectra.   

One advantage of our mutational scanning approach is that these data can also serve as a 
guide to which positions do not appear to red-shift FLuc emission regardless of the new amino 
acid; residues M249, T346, and A482 show strong de-enrichment in all cases for red-shifting. 
While it’s possible that other residues in those pools could have overshadowed any red-shifting 
mutations at these positions and led to the appearance of de-enrichment,  these results nonetheless 
imply that universally de-enriched positions likely have minor effects on emission energy. In 
contrast to arguments that wholly attribute color to the polarity and openness of an exquisitely 
sensitive ‘microenvironment’ which, upon any perturbation, results in energy loss and red-shifting, 
these data suggest that some residues are irrelevant to this property and the phenomenon may not 
be quite so general. Thus, beyond identifying novel red-emitting luciferases, our broad and high-
throughput approach allows us to localize color shifting effects to a concrete group of residues. 
Altogether, these results provide a novel set of red-shifting mutations that may expand our 
understanding of the complex mechanisms determining emission color. 
 

R H K D E S T N Q C M A V I L F Y W G P
53 2 3 wt 2 53
120 0 0 0 1 1 1 wt 2 4 4 120
191 2 0 1 wt 0 0 2 0 1 2 1 1 0 0 191
229 1 3 1 3 1 1 wt 0 1 1 1 0 1 1 2 229
237 1 1 1 1 0 2 2 wt 0 1 1 237
243 1 1 1 1 1 1 wt 1 2 243
246 wt 246
250 0 2 1 3 0 2 wt 4 250
249 1 0 0 0 wt 0 0 1 0 249
253 1 4 wt 253
286 1 # 0 3 7 # 4 7 wt 286
346 wt 0 346
352 2 1 2 5 3 wt 2 2 2 3 4 3 2 2 352
372 0 wt 0 0 0 0 372
431 2 wt 1 1 1 1 1 3 2 3 2 1 3 1 3 2 431
477 1 3 0 1 1 1 1 1 wt 1 1 0 3 3 477
482 0 0 0 0 wt 1 0 0 1 482
502 0 0 0 0 wt 502
519 1 0 5 1 0 0 wt 0 0 0 1 519
531 0 0 wt 0 6 0 2 5 5 5 3 8 2 0 3 531
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Figure 4. Sequence-function map of FLuc mutations at 
20 SCA-identified positions. Mutants displaying 
visible bioluminescence in a top-plating screen were 
collected into an active population, and those 
displaying a color score at least two standard deviations 
above the WT mean were collected into a population 
enriched for red-shifted enzymes. The populations 
were quantified by HT-Seq. Mutants that were at least 
two-fold de-enriched in the active population with 
respect to the pre-screen population are shown in grey 
(“inactive”). Mutants predicted to be active are sorted 
by enrichment in the red-shifted population with 
respect to the active population, as white (de-enriched), 
pink (enriched), and red (at least two-fold enriched).  
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Characterization of strongly red-shifted mutants reveals multiple emitters 
         While our workflow identifies mutations that significantly red-shift emission relative to 
FLuc WT, it does not reflect the magnitude of that change. To identify the mutants with the most 
red-shifted emission among the enriched population, we rescreened the red-shifted population for 
color and isolated and sequenced the five mutants with the highest color scores. The most red-
shifted mutants showed strong sequence convergence, indicating that the recovered mutants did 
not emerge due to chance and rather lead to a reproducible effect on emission color by the mutation 
(Table S3). Importantly, all the mutations that showed convergence also showed enrichment in 
our high-throughput sequencing data. From among the isolated enzymes, mutations I120Y, 
G246S, F250S/Y, L286V/T, H431R, and D531G/A resulted in moderate color scores ranging from 
2-12, while mutations T352M/Q and N229T/V/H gave color scores of 50 to well over 100, 
respectively, and possessed minimal green emission. Furthermore, the positions which displayed 
red-shifting enrichment for the greatest number of amino acids (L286, T352, H431, D531) were 
found to comprise all the recovered mutants from pools 4 through 7, affirming the success of the 
enrichment process. Thus, the sequence identity of these mutants strongly corroborates our prior 
population level HT-Seq data. 
         To confirm that these recovered mutants display authentically red-shifted emission, we 
collected full bioluminescence spectra of six red-shifted mutants from different pools: I120Y, 
N229T, L286V, T352M, H431R, and D531G (Figure 5A). Luciferase mutants were expressed in 
culture by autoinduction, lysed, and briefly incubated with ATP and D-luciferin, after which their 
full luminescence emission spectra were observed. Gratifyingly, the recovered mutants all display 
red-shifted emission spectra, indicating that the color scoring method successfully selected for red-
shifted mutants during screening. To further quantify the red-shift, we calculated the portion of 
photons emitted above 600 nm in each bioluminescence spectrum, finding a clear correlation to 
the previously determined color score (Figure S6). Of the samples, the WT enzyme displays the 

Figure 5. Bioluminescence emission s of red-shifted mutants. (A) Mutants displaying the highest color score from 
each red-enriched population were isolated and expressed. The cells were lysed and briefly incubated with D-luc 
and ATP, then the emission was recorded from 450–700 nm at room temperature and pH 7.5. (B) To quantify the 
red-shift displayed by each mutant enzyme, two Gaussian curves were fit to each spectrum corresponding to red 
(~605 nm, red dotted line) and green (~555 nm, green dotted line) oxyluciferin emitters. Color scores were 
determined in an independent screen of the recovered mutants (12 replicates per mutant).  
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lowest color score and the lowest percentage of red light emitted, while mutant N229T displayed 
the highest value by both heuristics (Figure 5B).  

Interestingly, many of the mutants (I120Y, L286V, H431R, D531G) display emission 
spectra with two clear and distinct emission peaks, revealing one emitting species at approximately 
555 nm (“green emitter”) and another at approximately 605 nm (“red emitter”).  The other mutants 
(N229T, T352M) display pure unimodal emission corresponding to the red emitter only. This 
model agrees with recent arguments that attribute the differing luciferase emission wavelengths to 
combinations of multiple chemical states of oxyluciferin.7,25,26 Interestingly, we found that varying 
pH also affected the relative distribution of emitter states; the yellow-green emitter is highly 
destabilized under acidic conditions, while the λmax of each emitter remained pH-insensitive 
(Figure S7). To quantify the relative contribution of each emitter to total luminescence, we 
modeled the normalized spectra as the sum of two Gaussians (Figure S8, Table S4), and compared 
the separate curves (Table S5). Mutations N229T and T352M appear to completely destabilize the 
green emitter, displaying 65- and 18-fold greater integrated luminescence from the red emitter, 
respectively (Figure 5B). In all cases, the amount of red light emitted by the enzymes corresponds 
to the relative abundance of the red- and green-emitting states rather than a significant shift in the 
λmax, which appears to be delimited by unique emitters. Thus, the most red-shifting mutations 
which emerged from the color screen stabilize a distinct chemical form of oxyluciferin to varying 
degrees. The proportion of total luminescence in the red region can be enhanced by promoting this 
emitting species through mutagenesis.  

 
DISCUSSION 
 In this work, we have rapidly identified a large number of novel red-shifting mutations in 
the P. pyralis luciferase. By comprehensively assessing twenty amino acid positions for red-
shifting effects, we found that at least five of these residues display strongly red-shifted emission 
upon mutation to a variety of amino acids. Thus, N229, I237, L286, T352, and H431 can be easily 
targeted to yield luciferase mutants with emission peaking above 600 nm, and protein engineers 
may select from this variety at each position to maximize protein stability and other properties of 
interest. In addition to highlighting certain positions as important to emission color, we report 70 
specific point mutations that are predicted to red-shift emission based on population-level HTSeq 
analysis. This expansion in the number of known red-emitting luciferases should prove a fruitful 
resource for the bioluminescence imaging community by providing an array of reporters with 
higher effective quantum yields in vivo; the greater percentage of red photons emitted will reduce 
the attenuation of light by tissue. While our focus has been on red-shifting FLuc emission, our 
high-throughput platform has also provided a set of active mutant enzymes that may readily be 
engineered further through screens for additional properties (e.g. thermostability, substrate 
selectivity, turnover). In addition to the applications of these findings to deep-tissue BLI and 
further engineering of the protein, they also provide a wealth of biochemical information about 
FLuc and how emission color is determined.  
 For instance, this large set of mutations with quantifiable effects on emission enables us to 
evaluate some recent hypotheses proposed about the color tuning mechanism among luciferases. 
While most of the saturation libraries we constructed displayed increased median color scores 
compared to the WT enzyme, implying broad and nonspecific red-shifting effects upon disruption 
of the active site environment, in most cases this effect was minor. Indeed, all but five or six of the 
libraries display median color scores that cluster near the WT score, demonstrating that few 
mutations at most sites red-shifted emission, and even those had modest effects (Figure 3A). This 
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observation suggests that the general ‘openness’ of the FLuc tertiary structure surrounding 
oxyluciferin, and the active site polarity more broadly, are not primarily responsible for emission 
color. Our results clearly bear out that not any amino acid mutation, or even the majority, will red-
shift the emission simply by increasing energy loss from excited oxyluciferin to the environment. 
Rather, specific molecular interactions are at play, some of which emerge upon a closer look at the 
mutations that did have large effects on emission.  
 The bioluminescence emission spectra of red-shifted mutants recovered from color 
screening clearly indicate the presence of two distinct emitting species centered around 555 nm 
and 605 nm. It follows that the mechanism of color modulation by these mutations is alteration of 
the ratio of these two emitters, by preferential stabilization of one or the other. However, the 
specific interactions leading to this effect prove more elusive, as the mutations that significantly 
promote the red emitter (~605 nm) cluster on the tertiary structure around the benzothiazole ring 
of the substrate, in close proximity to the 6’ hydroxyl (Figure 3B). This observation is initially 
surprising, as the most commonly proposed candidates for the red and green emitting oxyluciferin 
states are the keto and enol forms of oxyluciferin, yet tautomerization occurs on the opposite side 
of the substrate to the phenolate.14,24,25 That we observe such unambiguous clustering, in spite of 
the random spatial distribution of the positions we investigated, strongly suggests a meaningful 
local set of interactions. Had we set out to investigate a two-emitter hypothesis through deep 
mutational scanning of residues nearer to the site of tautomerization, we would have overlooked 
the functional importance of the benzothiazole binding pocket and related interactions. Indeed, we 
did not observe significant red-shifting from the libraries (e.g. G246, F250) that are nearest to the 
oxyluciferin thiazole ring. Clearly, more complex and delocalized interactions affect the ratio of 
emitting states—and it is precisely our impartiality with respect to any color tuning mechanism 
during library construction, deferring instead to SCA, that enabled us to reach this conclusion.  
 Specifically, these findings suggest a network of solvent-mediated interactions with the 
phenolate that may lead to alteration of the tautomeric ratio. The N229, L286, and T352 sidechains 
are all within 8 Å of the phenolate oxygen but are not within direct hydrogen-bonding distance 
(Figure 3C); while this distance makes direct contact unlikely, it’s notable that the active site 
pocket near the phenolate is densely populated with up to six ordered solvent molecules in various 
crystal structures.27 This implies a potentially crucial network of H-bonds formed between protein 
backbone or sidechain heteroatoms and coordinated waters that may stabilize the green emitter in 
WT FLuc. Notably, our data reveal that mutations to these three residues have broad red-shifting 
effects: at least five mutations at each position are enriched for red-shifting (Figure 4). The 
abundance of mutations near the 6' phenol  strongly implies the loss of a key contact near the 6’ 
oxygen that stabilizes the green emitter through cascading electronic effects on the C5 alpha 
proton—rather than the gain of a new interaction which stabilizes the red one, in which case we 
expect to see convergent enrichment for a single mutation. As deprotonation of the 6’ phenol likely 
occurs in the excited state,8,28 it is possible that the native residues (N229, L286, and T352) 
facilitate deprotonation through the aforementioned water network, and disruption of these 
contacts may hinder proton transfer such that the excited keto-phenolate emitter decays, giving red 
emission, before tautomerization to the yellow-green enol form may occur. Conversely, we 
observe modest red-shifting effects from mutants I120Y, D531G, and H431R (Figure 5A), which 
can be explained by their structural position well outside of the benzothiazole binding pocket in 
the enzyme’s oxidation conformation. In summary, our results suggest that mutations likely to red-
shift emission function by disrupting a solvent network around the key 6’ phenolate on 
oxyluciferin, thus stabilizing a defined red-emitting state of the molecule.  
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 However, additional spectroscopic and computational experiments are needed to further 
explore this theory. In light of this work, and a recent model for color determination proposed by 
the Branchini group that similarly underlines the importance of a water network proximal to the 
phenolate,29 we believe that modeling oxyluciferin interactions with this ordered water network 
would prove a fruitful approach for the theoretical chemistry and structural biology communities. 
We believe the large number of novel mutations identified here should provide a rich and useful 
data set for modeling the role of the protein in the color determination process.  The fact that these 
mutations red-shift emission through solvent interactions in the binding pocket suggests that 
neither spectroscopic/solvent studies with free oxyluciferin, nor modeling of its direct contact with 
nearby residues, are representative of the true emissive behavior when complexed with FLuc. 
Further, our results demonstrate the stark challenges of a rational approach to identifying residues 
important to the complex problem of color determination. Rather, an unbiased search has quite 
organically highlighted a subset of key residues that cluster tightly around the benzothiazole water 
network, and the specific mutations we identified serve as a valuable starting point for the 
computational investigation of local perturbations that result in each case.  

Collectively, these results strongly support the multiple-emitter hypothesis of color tuning, 
which assimilates aspects of the long-standing keto-enol mechanism and various ‘micro-
environment’ hypotheses.8,25 This theory is especially compelling for its reconciliation of 
environmental protein-driven effects, which our mutational evidence demonstrate are clearly 
relevant, with our finding that the red-shifting effects of mutagenesis are discontinuous. 
Meanwhile, these findings conflict with earlier hypotheses such as the ‘open-closed’ model, which 
narrowly ascribes the emission wavelength to active site openness and thus freedom of movement 
of the substrate.30 In this case, we would have observed a dispersed distribution of λmax among the 
red-shifted mutants in proportion to the molecular rigidity of bound oxyluciferin. Thus, the diverse 
array of red-shifting mutations revealed by our high-throughput biochemical approach can shed 
light on problems even as historically well-studied as bioluminescence color tuning. While we 
have assessed all the active proteins at each SCA-identified amino acid position for effects on 
emission wavelength, the mutability values determined for each WT residue could serve as a 
promising starting point to explore other biochemical questions about FLuc, from its pH sensitivity 
to substrate specificity. It is our hope that the catalog of novel red-shifting mutations we have 
identified here are incorporated by the protein engineering community alongside other established 
mutations to evolve luciferases that are at once redder, brighter, and more stable.   

 
CONCLUSIONS AND LIMITATIONS 
 Here, we have employed screening to thoroughly assess twenty amino acid positions of 
firefly luciferase for their effects on emission color. By selecting residues predicted to be important 
for function broadly, we were able to identify a variety of novel, red-shifting mutations which 
display clear patterns in their emission characteristics and position in the protein structure. 
Through an unbiased search through a large number of mutations, this study both aids our 
biochemical understanding of the factors impacting the emission and enables ongoing efforts to 
develop improved biomolecular probes for in vivo imaging. Further work is needed to model and 
further elucidate the mechanistic basis of how these mutations stabilize the green and red emitting 
states via the local water network. Future work may help to confirm whether these mutations also 
cause red-shifting in homologous enzymes and recombine these and other mutations for 
biochemical insight.  
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MATERIALS AND METHODS 
 
No unexpected or unusually high safety hazards were encountered. 
 
Activity screen. 200 mutants per library were assessed for functional protein. Each library was 
transformed into chemically competent Escherichia coli BL21(DE3) cells (New England Biolabs). 
Following recovery, varying volumes of transformants were combined in culture tubes with 1 mL 
of a solution containing 20 µg mL-1 kanamycin (Kan, Research Products International), 1 mM 
isopropyl β-d-1-thiogalactopyranoside (RPI), 200 µM D-luciferin (Gold Bio), and 1 mL of a 
solution containing 7 mg mL-1 agar (Acrōs Organics) and 40 mg mL-1 Luria Broth (LB, RPI), each 
prewarmed to 48 °C. The combined mixture was briefly mixed and immediately poured onto 
gridded square petri dishes (Fisher) containing LB-Kan agar (25 mL), then swirled to form an even 
layer and allowed to set prior to overnight incubation. Following 16–18 hours incubation at 37°C, 
each top-plated library was imaged in a dark room using an Andor i-Kon 936 charge-coupled 
device (CCD) camera that was pre-cooled to –70 °C and mounted on top of a custom dark box 
(Logemann Visualization Products). Following imaging (details in the supplemental methods), the 
number of light-emitting colonies was divided by the total number of colonies to determine the 
mutability of each library.  

Color screen. Active mutants from each library were expressed as 500-µL autoinduction 
cultures31 in 96-well deep-well plates. Three WT FLuc, two COL2 samples (a positive control for 
red-shifting), and three blank cultures (no inoculate), were used as screening controls for each 
plate. Following 22–24 hours incubation at 25 °C and 225 rpm, the cells were pelleted by 
centrifugation and the supernatant removed. Each cell pellet was resuspended in 250 µL lysis 
buffer (75 mM Tris•HCl, 1.5% Triton-X, 3% glycerol, and 3 mg mL-1 lysozyme, pH 7.4). 25 µL 
of each lysate was transferred to individual wells of a white 96-well screening plate (Eppendorf) 
containing 50 µL 1.5 mM ATP and 225 µM D-luciferin in 100 mM sodium phosphate buffer (pH 
7.8). The plate was immediately added to a Biotek H4 Synergy plate reader set to 37 °C and shaken 
for 30 s. The plate was incubated at 37 °C for 5 min and the luminescence was read with a 528/20 
nm filter and 620/40 nm filter (1 mg mL-1 lysozyme, 150 µM D-luc, 1 mM ATP final 
concentration). The color score was determined for each mutant by dividing the luminescence at 
620 nm by that at 528 nm;  those displaying a color score at least two standard deviations above 
the WT average were classified as red-shifted.  

Bioluminescence emission spectra. Red-shifted mutants recovered from the color screen were 
expressed as 1-mL autoinduction cultures in a 96-well deep-well plate. Following 24.5 hours 
incubation at 25 °C and 225 rpm, the cells were pelleted by centrifugation and the supernatant 
removed. Immediately before each assay, the cell pellets were resuspended in 1 mL lysis buffer 
(75 mM Tris•HCl, 1.5% Triton-X, 3% glycerol, 3 mg mL-1 lysozyme, pH 7.8) and transferred to a 
1-cm quartz cuvette. To each lysate was added 1 mL 3 mM ATP and 1 mL 3 mM D-luc in 100 
mM sodium phosphate (pH 7.8), and the mixture was incubated for 5 min (1 mg mL-1 lysozyme, 
1 mM D-luc, 1 mM ATP final concentration). Bioluminescence spectra were recorded at room 
temperature using a FluoroLog-3 Spectrofluorometer (Horiba Scientific) operating without 
excitation. The emission was detected from 450–700 nm in 5 nm intervals with a slit width of 5 
nm and 10 s integration. A blank spectrum was used to correct for baseline drift; this was similarly 
recorded by combining 1 mL lysis buffer with 1 mL each of D-luc and ATP. 
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SUPPLEMENTAL INFORMATION DESCRIPTION  
 Full experimental procedures and materials used, including oligonucleotide sequences and 
SCA computational details. Full luciferase sectors generated by SCA, curve fitting parameters, 
reproducibility of screens, comparison of mutability to conservation and substrate proximity, 
analysis and color scores of enriched populations, identity and additional emission characteristics 
of red-shifted mutants. Code for analyzing HT-Seq data is freely available here: 
https://github.com/Leconte-Group/ColeeOberlagSimonetal2023. 
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Synopsis  
We report dozens of novel amino acid mutations that red-shift Firefly Luciferase emission. The 
most red-shifting mutations reveal mechanistic insights about the basis of emission color and 
improve the enzyme’s sensitivity in bioluminescence imaging.  
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