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Abstract

Directed evolution has proven to be an invaluable tool for protein engineering; however, there is
still a need for developing new approaches to continue to improve the efficiency and efficacy of
these methods. Here, we demonstrate a new method for library design that applies a previously
developed bioinformatic method, Statistical Coupling Analysis (SCA). SCA uses homologous
enzymes to identify amino acid positions that are mutable, functionally important, and engage in
synergistic interactions between amino acids. We use SCA to guide a library of the protein
luciferase and demonstrate that, in a single round of selection, we can identify luciferase mutants
with several valuable properties. Specifically, we identify luciferase mutants that possess both red-
shifted emission spectra and improved stability relative to the wild type enzyme. We also identify
luciferase mutants that possess a >50-fold change in specificity for modified luciferins. To
understand the mutational origin of these improved mutants, we demonstrate the role of mutations
at N229, S239, and G246 in altered function. These studies show that SCA can be used to guide
library design and rapidly identify synergistic amino acid mutations from a small library.
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INTRODUCTION

Directed evolution has proven to be a powerful approach to engineering novel protein
function.1=3 Inspired by Nature, proteins can be engineered using iterative cycles of
diversification and selection to identify mutant proteins with novel or improved function.
While directed evolution is a highly effective approach, it is labor and resource intensive.

The encoding of genetic diversity (/.¢. library design) is defined by both the amino acid
positions and the identity of the amino acid changes. Library design is typically limited by
the fact that i.) most mutations have neutral or negative impact on the property of interest,
ii.) even mutations that do improve the property of interest often diminish one or more
secondary enzyme parameters such as stability, dynamics, substrate recognition, or catalysis,
and iii.) many mutations have a larger, nonadditive impact in the presence of a second
mutation (i.e. the mutations are synergistic), which can be statistically unlikely to find via
random mutagenesis. For enzymes that are not amenable to higher throughput selection
based approaches, library sizes are often limited to 103-104 mutants, which is only a small
fraction of the total sequence space.

The design of highly functional libraries can help maximize the probability of identifying a
valuable mutant in a small library. DNA shuffling amongst homologous enzymes was the
first attempt to gain a high quality library by only using natural diversity.# In the natural
context, these mutations do not disrupt secondary properties, ensuring a larger proportion of
functional mutants within the library. Many other methods, including, but not limited to, the
use of neutral mutation,> 8 SCHEMA,": 8 and evolutionary consensus approaches,9 have
similarly used purifying selection (either by Nature or by the experimenter) to remove
mutations that disrupt secondary properties. While these approaches are effective at creating
functional libraries by using minimally disruptive mutations, they do not, at least by design,
focus on identifying positions that are most likely to be functionally important and/or behave
synergistically. Currently, most researchers rely on empirical structural or biochemical data
to identify mutable and functionally important amino acids; however, new methods that do
not rely on prior knowledge could substantially improve library design.

The growing quantity of sequence data and the concomitant development of new and
exciting bioinformatic methods to analyze that data increases opportunities to use
computational bioinformatic approaches to identify key amino acids for library design. Here,
we use a previously described bioinformatic approach, Statistical Coupling Analysis (SCA),
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to guide library design. SCA is a computational technique that uses sequencing data from
hundreds to thousands of homologs to identify networks (e.g. sectors) of co-evolving,
functionally important amino acids.19 By definition, these identified amino acids are
mutable, are functionally important, and likely possess synergistic interactions with other
amino acids in the sector; these properties are all extremely valuable for library design. SCA
has previously been used to study protein folding dynamics, structure, and allostery.10-12 |t
has further been used to identify minimal amino acid motifs for changing biochemical
functions found in Nature.13: 14 However, to date, there has been little effort to develop SCA
as a tool to be used for engineering non-natural function. To date, we know of only a single
example where SCA was used to guide directed evolution of a nonnatural activity.® In this
case, SCA was used to identify co-varying amino acids within 5A of an amino acid position
that had been identified through other methods; these mutations were used to mitigate loss of
secondary properties that occurred during selection. However, to our knowledge, SCA has
not been used to create libraries to identify proteins with entirely new function.

To evaluate the efficacy of our approach to incorporating SCA into library design, we have
used the methodology to identify mutants of Firefly luciferase (Fluc), the luciferase enzyme
from the North American firefly (Photinus pyralis). Fluc is the most commonly used enzyme
for bioluminescence imaging (BLI), a non-invasive method for monitoring diverse processes
in living systems, which relies on coupling the presence and/or function of Fluc and/or the
presence of its substrate luciferin (D-luc) to /n vitroand in vivo biological events.18 The
potential detection limit, versatility, and temporal and spatial resolution of BLI assays often
exceeds fluorescence-based methods for /77 vivo work;1’ however, much like green
fluorescent protein required significant optimization through directed evolution to reach full
utility,28 Fluc will require additional engineering to reach its full potential.

Two of the most commonly pursued altered Fluc properties are red-shifted emission
spectrum? 20 and altered recognition of modified luciferins?l: 22. A more red-shifted
emission spectrum would result in a lower signal-to-noise, as less of the light would be
absorbed by endogenous biomolecules,23 and enable more effective multi-color experiments.
20 Altered substrate recognition enables the use of modified luciferins and has the potential
to improve BLI by enabling use of luciferins with improved pharmacokinetic and
pharmacodynamic properties24 25 as well as to enable orthogonal luciferases, 2} 22 which
could be used in multi-component imaging applications.

To date, engineering these properties has largely relied on mutations generated by either
random mutagenesis or mutations at positions determined by past structural studies. To
obtain altered properties, these studies have often required multiple rounds of diversification
and screening and have resulted in diminished secondary properties, such as decreased
stability, decreased substrate affinity, and decreased brightness.19 While some researchers
have been able to later engineer improved secondary properties through separate
experiments,9 this type of approach is labor and resource intensive with no guarantee of
success.

Here, we test the hypothesis that using SCA as a guide for library design will lead to the
rapid identification of high-value enzymes in a single round of screening. We performed
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multiple screens for different properties and show, for each, a single round of selection can
identify useful luciferase mutants, which can expand the capabilities of bioluminescent
imaging.

MATERIALS AND METHODS
SCA.

The amino acid sequences of 38 luciferase and 245 acetyl CoA synthetase (Acs) homologs
were collected from the NCBI non-redundant database using NCBI BLASTp (Table S1).
Luciferase and Acs sequences were combined (283 sequences total) and aligned using CLC
Sequence Viewer 6 (Table S2). The SCA version 5.0 MATLAB toolbox was downloaded
(http://systems.swmed.edu/rr_lab/sca.html) and applied in MATLAB 2015b to the alignment
to define four independent components with a cut-off stringency of 90%. Four final sectors
were defined and evaluated individually by visual inspection of physical continuity and
proximity to the enzyme active site when mapped onto the structure of Luciola cruciata
luciferase (PDB 2D1S) as well as sector size and inclusion of literature-identified residues;
sector 1 was selected for library generation. For full SCA5 parameters see Table S3.

Library design.

The 14 top-weighted amino acids of sector 1 were considered as potential positions to
encode diversity in the library. From the 38 known luciferases in our MSA (Figure S1), we
identified natural genetic diversity at each of these positions. Four amino acids (53, 243,
253, 435) showed no natural diversity amongst the panel of known luciferases and were
removed. Three amino acids (120, 191, 477) were removed to aid in assembly of the library;
because they are distant in primary sequence space, they would have considerably increased
the cost and experimental difficulty of generating the library. Amino acid substituions found
in the panel of luciferases occurring at the remaining nine amino acids (Figure S1) were
encoded into primers bearing degenerate codons (Table S4).

Red-shift and Substrate Selectivity assays.

Cultures were resuspended in 150 pL lysis buffer. Each lysate was assayed with three
substrates. For each, 15 pL of lysate was added to 15 puL of 3 mM ATP in lysis buffer and 15
pL of either 450 uM D-luciferin in lysis buffer, 300 pM 4’-bromo luciferin, or 900 pM 7°-
pyridone luciferin, and 15 uL of cell lysate. Cells were shaken at room temperature for 30
seconds, followed by a 2 minute wait period. Luminescence emissions were recorded with a
528 nM (x 10 nM) filter, a 620 nM (x 20 nM) filter, and no filter. Reported color scores
were the ratio of the luciferase’s emission using D-luciferin in the 620 nM filter divided by
the emission in the 528 nM filter. Reported selectivity scores were the ratio of the
luciferase’s emission without a filter with 4’-bromo luciferin divided by the emission
without a filter with 7°-pyridone luciferin.

Stability assay.

Luciferases were expressed as described above. Colonies were lysed in 250 pL lysis buffer.
Cell lysates were divided into 9 microcentrifuge tubes, each containing 20 pL of lysate.
Lysate divisions were differentially temperature treated for 2 minutes at the follow
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temperatures, 25 °C, 30 °C, 32 °C, 35.2 °C, 39.3 °C, 44.9 °C, 51.9 °C, and 54 °C. 15 pL of
each heat-treated lysate was added to 15 uL of 3 mM ATP, 15 L of 450 uM D-luciferin.
Lysate divisions were shaken at room temperature for 30 seconds, followed by a 3 minute
wait period. Luminescence emissions were recorded without a filter. Thermostability curves

¢ +xb
temperature, y is luciferase emission at temperature x, and a, b, and ¢ are constants. The
constants were then used to calculate a 75q by calculating the temperature at which

luminescence is 50% of the maximum luminescence.

were non-linearly fitted according to the equation y = a — , Where X is

SCAI library design and construction.

We performed SCA version 5.0 using a multiple sequence alignment consisting of 38
luciferase homologs and 245 homologs from the CoA synthetase family (for multiple
sequence alignment, see Figure S1), a highly homologous family that catalyzes a similar
reaction, possesses a similar fold, and has been shown to be possess latent luciferase activity.
26 From this SCA, we identified several potential sectors. Each protein sector, generated by
SCA, is a group of residues that tend to mutate in a coordinated fashion among homologs,
and, based on previous demonstrations of SCA, are highly likely to be functionally related.
We chose one sector of 14 amino acids, primarily focused in and around the active site of the
enzyme, to guide our library (Figure 1).

To incorporate diversity at these positions in a manner that is not disruptive to function, we
only encoded amino acid residues found at the SCA-identified amino acid positions in 38
known luciferases. Of the 14 amino acids identified through SCA, 4 showed no variance
among the native luciferases (amino acids 53, 243, 253, 435, P, pyralis numbering) and, thus,
were removed from the library. Further, three amino acids (120, 191, 477) were removed due
to their distance from the remainder of the mutations in primary sequence space and
constraints of library size; due to this distance in primary sequence space, encoding the
amino acid changes is difficult. To simplify library construction, they were removed.

The observed natural variation at the remaining 9 SCA-identified amino acids was
synthetically shuffled using degenerate oligonucleotides to create a library of genes using
previously described techniques.2” We used synthetic shuffling to enable recombination
independent of sequence space distance, which was necessary since the library is distributed
across less than 200 bp of primary sequence. The library included 15 amino acid changes
found in Nature, seven amino acid changes included to ease library synthesis, and nine
wildtype amino acids (Figure S2). The library was cloned into F-luc using Gibson
Assembly, and transformed into E. coli. Based on the number of transformants, we estimate
the library contains 1x10% unique members. To validate that the encoded diversity was
successfully shuffled, we sequenced nine randomly chosen mutants from the library and
observed 28 of the 31 possible mutations in the library (Figure S3). Further, we observed
that each mutant enzyme has 5.8+ 1.5 mutations on average.
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Screen for red-shifted mutants without loss of stability.

Previous efforts to engineer red-shifted luciferases have employed single-property screens,
resulting in novel, red-shifted enzymes that, unfortunately, typically diminished one or more
secondary biochemical properties, such as stability, luciferin affinity, or brightness. We
sought to design a screen that could probe multiple parameters concurrently; specifically, we
sought to develop a screen that could, with minimal labor, assess both emission color and
stability. While selecting for multiple properties in a single screen step, especially from a
small library, is challenging, we felt that our approach is well-suited for this challenge since
interacting amino acids often are needed for improved stability. Thus, we developed a plate-
based screen that could simultaneously measure emission color and stability (for a
description of the development of the screen, see Supporting Results).

Prior to our plate-based screen, we pre-screened our library for functional mutants on agar
plates containing D-luc (Figure S4C). Of 2,666 mutants assayed, 330 (12%) emitted light in
the presence of D-luc; considering that our average mutant possesses 5.8 mutations, this is a
high proportion of functional mutants. Each of the 330 active colonies was used to create a
new culture that was screened for emission color and stability in a single assay using our
plate-based screen.

We isolated the five mutants predicted to have the largest red-shifted emission (Figure 2A).
After validating that the observed red-shift score was reproducible, we sequenced the five
mutants (Figure 2B). Gratifyingly, by comparing our sequencing before selection (Figures
S3) to our sequencing after selection, we observed substantial sequence convergence
amongst the mutants, indicating a successful selection. All five mutants possessed N229T,
and four of the five mutants also possess S239T. Further, we observed convergence back to
the wild type amino acid residue at F250 and T251 in the recovered mutants.

To evaluate the stability of these five mutants, we measured the 75q after two-minute
incubation at varying temperatures (Figure 2C). Three of the five mutants possessed
improved thermal stability relative to Fluc, possessing an increase in the 75. Most notably,
COL4 (750 =47.1° C) possesses a 3.3° C increase in the Tgq relative to Fluc (759 = 43.8°
C). We also observed that COL2 (750 = 45.2° C) and COL3 (750 = 44.5° C) possess
increased temperatures while COL1 (759 = 40.4° C) and COL5 (75 = 40.3° C) possess
decreased temperatures. Each mutant has four or more mutations; considering that mutations
are typically destabilizing, the presence of highly mutated stable mutants with four or
greater mutations indicates the efficacy of our library design approach.

To verify that our most stable mutants possess a genuine shift in their emission spectrum, we
observed the emission spectrum of COL2 and COL4, the two most stable mutants. Protein
was expressed in culture using autoinduction, and the lysate was incubated with 1mM D-luc
and 1mM ATP and observed using a FluoroLog3 fluorometer at room temperature. While
wildtype luciferase has an emission maximum of 555nm, which is in good agreement with
past literature precedent,28 both COL2 and COL4 possess emission maxima at 605nm,
displaying a significant 50nm shift in emission at room temperature (Figure 2D, 2E). These
data show that the wavelength emission score did accurately predict that these mutants are
red-shifted.
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Screen for substrate preference.

Having shown that the SCAL library could identify interesting red-shifted mutants quickly
from a small number of screened mutants, we wondered if the library could be screened for
other high value luciferase properties. Another important area for Fluc engineering is the
development of orthogonal luciferase/luciferin pairs, which would enable development of
multicomponent imaging techniques.22 29 Thus, we examined whether our SCAL1 library
could be used to identify luciferases with altered modified luciferin specificity. 4’Br-Luc
(Figure S6) has been previously shown to be uniquely suited for orthogonal probe
development likely due to the size and polarizability of the Br atom. Like our identification
of red-shifted mutants, we performed a multiple stage screen to first identify active mutants
and then identify selective mutants (for a detailed description of the screen, see Supporting
Results).

From 3375 transformants, we identified 101 active mutant enzymes that can luminesce using
4’Br-Luc as a substrate. While only approximately 3% of the mutants were functional on
4’Br-Luc, compared to approximately 12% for D-luc, that is to be expected considering that
Fluc displays 3% of the luminescence when using 4’Br-Luc than with D-luc.30

The 101 mutant enzymes showing measurable luminescence using 4’Br-Luc were then
screened to identify mutants with altered selectivity for luciferin analogs; specifically, we
examined the relative luminescence using 4’Br-Luc relative to 7’Me-Luc. We observed that
13 of the mutants possessed >10-fold changes in specificity relative to the wild-type enzyme
for these two luciferins (Figure S7). These mutants were then screened against a panel of 11
luciferin analogs displaying substitutions of variable steric and electronic properties at either
the 4°, 57, and 7’ positions (Figure S8). Of all of the compounds, the most significant
changes in recognition were for 4’Br-Luc relative to 7’Pyr-Luc; thus, we focused on six
mutant enzymes and their recognition of these two luciferin analogs. While these
compounds are chemically quite different, it is not clear, on first inspection, why 7’Pyr-Luc
is discriminated against better than other 7’-substituted analogs, displaying the value of the
luciferin screening based approach.

While the wild-type enzyme possesses a slight preference for 4’Br-Luc, generating 3-fold
more light using 4’Br-Luc than 7°Pyr-Luc, the six most selective enzymes possess a 19- to
222-fold preference for 4’Br-Luc over 7°Pyr-Luc (Figure 3A). Interestingly, the selectivity
gains were largely achieved through decrease in 7°Pyr activity; all six mutants showed
greater than 10-fold decreases in 7°Pyr activity, but none of the mutants showed significant
increases in luminescence when using 4’Br-Luc. For several mutants (4B3, 4B4, 4B5), the
7’Pyr signal possessed similar luminescence signal to a control in the absence of luciferin
analog.

We sequenced the six most active mutants (Figure 3B). We observed significant sequence
convergence relative to the pre-selection library; the four most selective mutants all had
N229T, a mutation at F250 to either A or C, and mutation at G246A. We also observed
convergence to the wildtype at T251 and M249. Further, the two most selective mutants,
4B3 and 4B4, differ only by a single mutation, S239T. The strong sequence convergence
indicates a successful enrichment of active mutants.
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Mutational origins of altered activity.

Both our red-shift screen and our screen for substrate specificity revealed that several amino
acids (F250, N229, G246, S239) were frequently mutated (or not mutated) in the most
promising recovered mutants from each screen, strongly suggesting that these positions are
important for function. To understand the roles of the specific mutations on color, substrate
specificity, and protein stability, we created single point mutants at these positions (Table
S5) and further biochemically evaluated these enzymes for each property. To gain further
sequence-function information, we also evaluated each mutant recovered in the original
screens for emission color, stability, and specificity for 4’Br-Luc over 7°Pyr-Luc.

In our color and stability screen, we saw strong sequence convergence to N229T (5 of 5
mutants observed possessed this mutation) and S239T (4 of 5 mutants observed possessed
this mutation). We also did not observe mutations in F250 (0 of 5 mutants observed
possessed this mutation). To further understand the determinants of red-shifting, we
measured the emission color using the 620:528 ratio for a panel of commonly observed
mutants, N229T, S239T, G246A, F250A, F250C, and F250G (Figure 4A). Of these
mutations, only N229T significantly red-shifts the emission color. Interestingly, several
mutants that are frequently observed in the red-shift mutants, S239T and G246A, appear to
slightly blue-shift the light, showing a decrease in the ratio of light at 620:528. Mutations at
F250, which were observed in selectivity-altering mutants, but not in red-shifted mutants, do
not appear to impact color. From these data, it appears that only N229T results in a
significant shift in emission color. The importance of N229T was corroborated by examining
the emission color of mutants identified in the selectivity screen (Figure S9); all mutants
containing N229T were significantly red-shifted while the mutants that did not have the
mutation did not show a red shift.

To further examine whether only N229 results in red-shifting, we also mutated each amino
acid position in the library to alanine and evaluated these mutants for emission color (Figure
S9). Of these mutants, N229A had the largest change in the emission wavelength; however,
the red:green ratio observed (620:528 ratio = 68) was lower than both N229T (620:528 ratio
= 140) and the red-shifted mutants (620:528 ratio ranged from 93-141). Other than N229A,
only 1237A (620:528 ratio = 7) had an appreciable change in the color of light emitted,
although the effect was small compared to mutations at N229. Collectively, these data
suggest that N229T alone is likely responsible for the red-shift that was observed.

In our color and stability screen, we saw strong convergence to N229T and S239T. We also
observed that the most stable mutants recovered from the screen also possessed G246A.
Specifically, the three stable mutants (COL2, COL3, COL4) all possess both S239T and
G246A while the less stable mutants (COL1, COLS5) have either S239T only or neither
position mutated, implying that one or both of these mutations might be largely responsible
for stability. To understand the determinants of stability, we examined the impact of the
commonly observed mutations on enzyme stability (Figure 5). S239T and G246A both show
increases of 75 relative to Fluc by 0.7 °C and 2.0 °C, respectively. Interestingly, although
N229T has the beneficial property of shifting the emission wavelength, on its own, the
mutation is fairly destabilizing, decreasing 75q by 2.7 °C. Similarly, despite their frequent
selection in selectivity-altered mutants, F250 mutations were destabilizing as well,
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decreasing 7gg between 3.8 °C and 7.0 °C. Collectively, these data effectively explain the
relative stability of the three most stable color-shifted mutants, which all possess the
stabilizing mutations S239T and G246A. These data were corroborated by examining the
stability of the mutant enzymes identified for their altered stability (Figure S10); the most
stable of these enzymes all possess S239T, indicating the role of this mutation in stabilizing
the enzyme.

In our selectivity screen, we observed recurring mutations at N229T (5 of 6 mutants
possessed this mutation), G246A (6 of 6 mutants), and F250 (all mutants had a mutation at
this position althought the identity of the mutation varied). To understand the determinants
of specificity, we measured the luminescence using 4’Br-Luc and 7°Pyr-Luc from the
previously described six point mutants (Figure 6). Perhaps unsurprisingly, G246A had the
largest effect; this mutation was found in all of the isolated selective mutants and in the three
most selective red-shifted mutants. Surprisingly, the selectivity gain of G246A was relatively
modest; G246A has only a 6-fold increase in preference for 4’Br-Luc relative to Fluc, which
is less selective than nearly all of the selectivity-altered mutants. Although all of the
selectivity-altered mutants observed had a mutation at F250, in isolation, the three mutants
observed (F250A, F250C, and F250G) showed only modest changes in selectivity. Further,
N229T was found in the five most selective hit mutants, but, similarly, this mutation on its
own does not show a significant change in selectivity. These data imply that, for these
mutations to alter selectivity, they may require secondary synergistic mutations. Collectively,
the relatively large differences between the specificity of the most active mutants and the
point mutants suggest that synergistic interactions between mutliple mutations are likely
necessary to see large shifts in specificity for these luciferin analogs. To further examine
these effects, we also looked at the specificity of the red-shifted mutants (Figure S11);
generally, the specificity of these mutants is significantly less, which we hypothesize is
caused by the lack of mutations at F250.

DISCUSSION
SCA as a guide for library design.

SCA is a particularly attractive starting point for library design since it identifies amino acid
positions that are i.) mutable ii.) functional and iii.) likely to engage in synergistic
interactions. These are all important characteristics of mutant library design. Considering the
results of our selection and biochemical experiments, we see evidence of all three of these
features in our mutations, validating our use of SCA and natural diversity in library design.

It is important that mutations in a library are mutable without severely disrupting protein
function. Our library possesses 5.8 mutations on average. If a library were created using
either random mutagenesis or structure-guided mutations that possessed an average of 5.8
mutations, the overwhelming majority of the library (>99%) would be expected to be
nonfunctional. Here, when tested for functional mutants, 12% of the library was found to be
active, which is an impressively high amount considering the number of mutations per clone
in the library. This strongly suggests that the library design approach identifies positions that
are mutable.

Biochemistry. Author manuscript; available in PMC 2019 February 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

Page 10

Further, amongst our eleven sequenced post-selection mutants, we observe mutations at all
positions except for T251, showing that nearly every individual amino acid position is
mutable. Notably, T251 mutants have been identified in other selection experiments,?!
suggesting that this position is mutable; however, in our screens, it appears that there was
strong selective pressure against mutating at this residue. It is unclear whether T251 is not
mutable in general in our screens or whether the specific mutation in our library, T2511, is
particularly disruptive. However, overall, it is clear that all nine SCA-identified positions are,
indeed, mutable.

While there are many methods to identify mutable positions, typically employing natural
diversity, there are relatively few methods that identify amino acids that are both mutable
and functionally important. Here, even from a small library and a single round of selection,
we have identified mutants with dramatically altered functions, suggesting that this library
approach has selected functionally important mutations. Through our biochemical analysis,
we were able to show that, for four of the eight mutable positions in our experiments, the
mutations are functionally important. While some of these amino acids have been studied
previously, in most cases, we would not have been likely to predict their effects based on
past studies alone. G246A, which has been previously only observed in blue-shifted
mutants,3! here has been shown to both stabilize luciferase structure and to alter recognition
of modified luciferin substrates. N229T has been previously identified to result in red-shifted
emissions;32 however, as we observe here, this mutation also destabilizes the enzyme.
Unlike previous work, in our case, its coselection with other mutations helps to mitigate the
unfavorable characteristics of this amino acid mutation. S239T has not been identified
previously in past studies; here, this mutation was frequently identified in our screens and
appears to improve stability. Lastly, F250 also seems to be under strong selective pressure;
although prior studies have identified F250 mutants that alter color,31 we saw strong
convergence to the wild-type amino acid in our red-shift screen. This might be due to the
observed destabilization that appears to occur with this mutation. F250M was recently
observed to improve recognition of a 4’ morpholino substituted luciferin.22 While we do not
observe substantial changes for selectivity of the F250A/C/G in isolation, their recurrent
mutation in our most promising mutants, as well as observation in past studies, points to a
functionally important role in modified luciferin recognition. Collectively, our sequencing
data and biochemical analysis show that mutations at nearly half of the amino acid positions
have a key role in imparting altered function in Fluc. The relatively large number of
mutations observed to be functionally important, even from a relatively small number of
possible mutations (there are only 22 point mutations in the library), points to the efficacy of
SCA as a tool in library design.

Finally, identification of interacting amino acids, especially those that are synergistic, can
substantially improve the probability of identifying mutant enzymes with improved
properties. Since SCA identifies co-evolving amino acid positons, it is possible that this can
be used to identify synergistic interactions. We do observe interacting, synergistic amino
acid changes here. In the case of the red-shifted mutants, secondary mutations such as
S239T and G246A appear to directly offset the loss of stability of N229T in a nonadditive
fashion, making the lead mutants useful for future study.
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We see stronger synergistic interactions for the selectivity-altered mutants. The change in
selectivity observed in the lead mutants (>50-fold change relative to Fluc wt for 4B4) is
substantially greater than the increase in selectivity observed in the recurring mutations
N229T (<2-fold), F250A/C (<3-fold), or G246A (6-fold). F250A/C/G and N229T are both
found in all recovered specificity-altered mutants, but, in isolation, they do not substantially
change specificity. Considering the strong convergence on these mutations, it seems likely
that these mutations do functionally contribute to altered substrate recognition, but might
require secondary mutations to impart function. We created double mutants containing just
N229T and F250A/C/G mutations; however, these enzymes are inactive (unpublished
results), likely due to the resultant instability of the protein, implying that, perhaps, these
mutations require G246A to impart altered function. Although further studies are required, it
is likely that synergistic interactions are responsible for the improved function seen here.

To further understand the interactions between these amino acids, we observed these amino
acid positions in the context of the known crystal structure of the homologous enzyme, L.
cruciata, bound to a high energy intermediate analog of D-luc (Figure 7). Observing the
structure highlights both the challenges of protein design and the utility of this SCA-guided
approach. While T251 is 3A from the 4’ position of the native luciferin, and thus might be
reasonably selected for mutagenesis for 4’Br-Luc recognition using traditional library design
methods, we do not observe this amino acid mutated in our studies. However, the frequently
mutated F250 and G246 pack on each other in the active site and, considering their
proximity in primary sequence, they likely impact positioning of T251. Likewise, we
observe N229 mutations in all selectivity-altered mutants; while this amino acid does not
directly contact either the modified luciferin or T251, it does appear to contact another SCA-
identified residue, 1237, which makes contacts with T251. These interactions highlight the
complexity of interactions in the active site of proteins and the inherent challenges of
structure-based design. If choosing only based on structural knowledge, G246, F250, and
N229T would be unlikely to have been chosen; however, they are identified in all of our
most selective mutants.

Implications for library design.

Compared to traditional diversification techniques, such as error-prone PCR or site-directed
mutagenesis, SCA-guided library design appears to be capable of identifying high-value
mutants in fewer rounds of evolution and from smaller libraries. While prior studies have
identified mutants with similar characteristics (see Supplementary Discussion), these prior
studies have required multiple rounds of selection and even multiple studies to identify
mutants with characteristics similar to those we describe here. Thus, considering our
relatively rapid identification of these mutants, we can conclude that SCA-guided library
design can improve the efficiency of directed evolution compared to more traditional
approaches.

While we think SCA is a particularly useful bioinformatic method to guide library design,
there are many bioinformatics approaches that also identify co-varying amino acids that
could similarly be used.33: 3* We hope our work here will inspire further efforts to apply
bioinformatics, especially methods identifying co-varying amino acids, in library design
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and, in time, comparative studies shou be performed to determine the most effective
approach.

CONCLUSIONS.

Here, we have described a method that uses the bioinformatic method Statistical Coupling
Analysis to identify mutant luciferase enzymes. In a single library, using a single round of
screening, we have identified valuable lead mutants that possess characteristics similar to the
most exciting mutants in the literature identified to date. Further, we have examined the
mutational origins of key amino acid changes, both contributing to the known function of
luciferase mutations and validating that our SCA-guided library contains mutable,
functional, synergistically interacting amino acid changes. The methods here should be
broadly applicable to other enzymes and other luciferase properties, and should find broad
use in the protein engineering community.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
SCA-identified amino acids used to encode library. The crystal structure of the homologous

Luciola cruciata luciferase (PDB 2D1S) is shown with D-luciferin shown in goldenrod with
surface. Amino acid positions included in the library (dark blue), amino acid positions
removed due to lack of natural diversity in luciferases (light blue) or removed due to
difficulty in coding amino acids (gray) are highlighted in the structure.
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Figure 2.

Identified mutant luciferases with red-shifted emission spectra. (A) 620:528 emission ratio
of wildtype and isolated mutants (/7=3). For each mutant, individual lysates were incubated
with D-luc for two minutes and luminescence recorded using either a 528nm filter or a
620nm filter and 1s integrations (B) Genotype of identified active mutants. Only amino acid
positions mutated in the library are shown (mutations highlighted in red); no mutations
outside of those encoded by the library were observed. (C) Thermal stability of Fluc
wildtype and isolated mutants (7=3). For each replicate, a single lysate was split and
portions were incubated at varying temperatures for 2 minutes and immediately assayed for
luminescence using D-luc. (D) Emission spectrum of COL2. (E) Emission spectrum of
coL4.
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Figure 3.

Selective luciferases identified in this study. (A) Relative luminescence units for emission in
the presence of 4’Br-Luc and 7’Pyr-Luc. A single lysate was split and incubated with either
modified luciferin and unfiltered emission was recorded for 10s. (B) Genotypes of isolated
mutants at library-encoded positions. Only amino acid positions mutated in the library are
shown (mutations highlighted in red); no mutations outside of those encoded by the library
were observed.
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incubated with D-luc for two minutes and luminescence recorded using either a 528nm filter
or a 620nm filter and 1s integrations. Each mutant was assayed in triplicate.
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750 values for frequently observed mutations. For each replicate, a single lysate was split
and portions were incubated at varying temperatures for 2 minutes and immediately assayed
for luminescence using D-luc. Each luciferase was assayed in triplicate.
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Selectivity of frequently occurring mutants. For each replicate, a single lysate was split and
incubated with either modified luciferin and unfiltered emission was recorded for 10s.
Enzymes indicated with an asterisk indicate no 7°Pyr-Luc activity was observed; thus, the
observed ratio is a lower limit on selectivity. All mutants were assayed in triplicate.
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Figure7.
Positions of frequently observed mutations. Active site of homologous enzyme L. cruciata

(PDB ID: 2D1S) with luciferin analog shown in goldenrod with surface, key mutated amino
acids shown in red, and other SCA-identified positions shown in blue. Although T251 is
most proximal to the 4’ position of luciferin, it is not observed to be mutated in our studies
while other amino acid positions (G246, F250, N229T) are observed to be mutated in all
recovered mutants.
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