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Red fluorescent proteins (RFPs) have found widespread application in chemical and biological research due
to their longer emission wavelengths. Here, we use computational protein design to increase the quantum
yield and thereby brightness of a dim monomeric RFP (mRojoA, quantum yield = 0.02) by optimizing
chromophore packing with aliphatic residues, which we hypothesized would reduce torsional motions
causing non-radiative decay. Experimental characterization of the top 10 designed sequences yielded
mSandyl (Aem = 609 nm, quantum yield = 0.26), a variant with equivalent brightness to mCherry,
a widely used RFP. We next used directed evolution to further increase brightness, resulting in mSandy2
(Aem = 606 nm, quantum yield = 0.35), the brightest Discosoma sp. derived monomeric RFP with an
emission maximum above 600 nm reported to date. Crystallographic analysis of mSandy2 showed that

the chromophore p-hydroxybenzylidene moiety is sandwiched between the side chains of Leu63 and
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Accepted 7th January 2022 Ile197, a structural motif that has not previously been observed in RFPs, and confirms that aliphatic

packing leads to chromophore rigidification. Our results demonstrate that computational protein design
DOI: 10.1039/d1sc05088e can be used to generate bright monomeric RFPs, which can serve as templates for the evolution of

rsc.li/chemical-science novel far-red fluorescent proteins.
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Introduction

Red fluorescent proteins (RFPs) are genetically-encoded fluo-
rophores that have found widespread application in chemical
and biological research due to their longer emission wave-
lengths that allow deeper tissue imaging' and multicolor
experiments.>® For most applications, bright monomeric RFPs
are desirable. RFP brightness is typically improved by directed
evolution involving multiple rounds of random mutagenesis
followed by high-throughput screening of mutant libraries.**
Although directed evolution has successfully yielded many
monomeric RFPs displaying enhanced brightness, it requires
screening of large mutant libraries (=10’ sequences per round)
due to its low-frequency and random sampling of sequence
space, as well as its propensity to get trapped in local fitness
optima.®” Thus, a computational methodology for increasing
RFP brightness that can sample sequence space combinatori-
ally could help to escape local optima and generate bright
variants without the need for screening large mutant libraries,
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while yielding novel templates for directed evolution of brighter
variants.

Brightness of fluorescent proteins is defined as the product
of their molar extinction coefficient and quantum yield, which
are the ability of their chromophore to absorb light and its
efficiency to convert the absorbed light into emitted light,
respectively. Although increasing either of these two properties
will proportionally increase brightness, it is not well understood
how changes to the RFP structure can beneficially impact their
extinction coefficient, complicating the prediction of beneficial
mutations by rational design. On the other hand, it is known
that the quantum yield of fluorophores is directly related to
their conformational flexibility,* ' as motions can dissipate the
absorbed energy as heat instead of as photons. In the case of
fluorescent proteins, it has been shown that twisting of the
chromophore p-hydroxybenzylidene moiety via torsions in the
methine bridge causes non-radiative decay.'®'* Therefore, it
should be possible to enhance RFP brightness by designing
mutations to restrict the conformational flexibility of the p-
hydroxybenzylidene moiety, resulting in higher quantum yield.

Here, we used computational protein design with the Triad
software'” to optimize packing of the chromophore pocket in
the dim monomeric RFP mRojoA (quantum yield = 0.02), which
we hypothesized would rigidify the chromophore and thereby
enhance quantum yield. To do so, residues surrounding the p-
hydroxybenzylidene moiety of the chromophore were mutated

© 2022 The Author(s). Published by the Royal Society of Chemistry
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in silico to various combinations of aliphatic amino acids. The
best mutant identified, mSandy1, contains six mutations that
together cause an 11-fold enhancement to quantum yield rela-
tive to mRojoA, including the P63L mutation that has not
previously been observed in natural RFPs or their engineered
monomeric variants. We next used directed evolution to further
increase brightness, which yielded mSandy2 (quantum yield =
0.35), the brightest Discosoma sp. derived monomeric RFP with
an emission maximum greater than 600 nm reported to date.
Crystallographic analysis confirmed that the chromophore p-
hydroxybenzylidene moiety of mSandy2 was rigidified due to
tight packing by aliphatic residues. Our results demonstrate the
utility of computational protein design for increasing RFP
quantum yield by enhancing chromophore packing, and
generating novel templates for directed evolution of brighter
variants. The approach developed here could be applied to
other fluorescent proteins in order to increase their quantum
yield and overall brightness.

Results
Computational design of enhanced chromophore packing

Algorithms for computational protein design (CPD) optimize
amino-acid side-chain rotamers on a backbone template to
stabilize a protein fold by improving non-bonding interactions
such as van der Waals, hydrogen bonding, and electrostatic
interactions,*'* leading to increased atomic packing.' These
methods can therefore be used to predict amino-acid combi-
nations to enhance packing of the chromophore p-hydrox-
ybenzylidene moiety without destabilizing the protein fold,
which we hypothesize will restrict its conformational flexibility
and thereby increase quantum yield. CPD has successfully been
used to design RFPs displaying red-shifted emission wave-
lengths,’® and create monomeric variants from oligomeric
ones."””*® CPD has also been used to repack the core of the blue

Table 1 Spectral properties of red fluorescent proteins
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fluorescent protein,*® yielding a brighter variant called Azurite.*®
However, this required the high-throughput screening of a large
computationally-designed combinatorial library comprising 3.3
x 10° sequences. Here, we build on this study and use CPD to
repack the RFP chromophore pocket for enhanced quantum
yield.

As a starting template for design, we selected mROjoA,
a variant of the widely-used monomeric RFP mCherry that we
previously engineered for red-shifted fluorescence.’® mRojoA
contains the V16T, R125H, Q163L, V1954, 1197Y, and A217C
mutations (numbering according to the mCherry structure, PDB
ID: 2H5Q*) that together cause a 23 nm emission wavelength
bathochromic shift that is accompanied by a 10-fold decrease in
quantum yield (Table 1). We selected mRojoA as our design
template because it is dim and its crystal structure is available
(PDB ID: 3NEZ'). In mRojoA, the chromophore is sandwiched
between the side chains of Tyr197, an aromatic residue that we
introduced to red-shift the emission wavelength via pi-stacking
interaction with the p-hydroxybenzylidene moiety, and Pro63,
aresidue that is conserved among all RFPs evolved from DsRed,*
the original RFP isolated from Discosoma sp.** Presence of Pro63
results in suboptimal chromophore packing due to its
conformationally-restricted cyclic side chain, which cannot adopt
a rotamer able to form tight packing interactions against the
planar p-hydroxybenzylidene moiety, resulting in a small cavity
directly above the chromophore (Fig. 1a, ESI Fig. 11). Therefore, it
should be possible to enhance chromophore packing for efficient
rigidification by mutating Pro63 and other residues surrounding
the p-hydroxybenzylidene moiety to non-cyclic aliphatic amino
acids (e.g., Val, Leu, Ile, and Met), whose bulky and/or branched
aliphatic side chains could adopt rotameric configurations able
to tightly pack the chromophore pocket.

Using multistate design with an ensemble of four mRojoA
templates to approximate backbone flexibility (Methods), which

Extinction Mutations relative to mRojoA

Aex Aem Quantum coefficient  Brightness”
Protein®  (nm) (nm) yield (MM ' em ™) (mM ' em ') T16 P63 H125 W143 1161 L163 L165 D174 N194 A195 Y197 L199 C217
mROjoA 596 & 2 632 £ 2 0.023 & 0.001 68 £ 9 2 - - - - - - - - = = = =
mRojoA- 587 + 1 618 + 1 0.076 & 0.003 75 + 2 6 - - - - - - - - - — 1 — -
Y1971
mSandy0.1 585 608 0.13 — — V L R S Vv — — — — — vV — —
mSandy0.7 584 612 0.16 94 15 V L R S - - - - - — VvV — -
mSandy0.9 585 608 0.13 — — V L R S vV V. — — — — vV — —
mSandyl 584 + 1 609 + 2 0.26 + 0.02 81+ 5 21 vV L R S Vv — — - — — 1 — -
mSandy2 581+ 1606 +10.35+0.03 79+9 28 vV L — S vV V F V Y — I M —
mSandyl- 580 606 0.28 — — V L R S vV Vv - - — 1 M —
L163V/
L199M
mCherry 586 + 2 609 1 0.23 £ 0.01 87 + 3 20 V — R — — Q — — — V 1 — A

“ n = 3 independent experiments for mRojoA, mR0joA-Y1971, mSandy1, mSandy2, and mCherry (mean =+ s.d). n = 1 independent experiment for all
other variants. Each independent experiment consists of triplicate measurements performed on an individual protein batch. ? Brightness is the

product of the quantum yield and extinction coefficient mean values.
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Fig. 1 RFP chromophore pocket. (a) The chromophore pocket in mRojoA (chain A, PDB ID: 3NEZ) contains a small cavity above the chro-
mophore p-hydroxybenzylidene moiety (indicated by an asterisk) due to the cyclic structure of P63. (b) This cavity is filled in mSandy?2 (chain H,
PDB ID: 7RY2) by aliphatic residue L63 when it adopts the mp but not pt rotamer. Occupancy of the mp rotamer varies between 34-53% in the 8
molecules of the crystal asymmetric unit. All images generated using PyMOL 2.5.0.

has been shown to increase prediction accuracy compared to
single-state design with a single fixed backbone template,*** we
designed six first-shell residues surrounding the chromophore
(ESI Fig. 2at) and allowed only aliphatic amino acids at these
positions with the exception of position 143, where we also
allowed Ser because this amino acid has been shown to
contribute to enhanced brightness in related RFPs.*
reverted the V16T mutation of mRojoA because polar residues at
this position have been shown to hinder red chromophore
maturation,” and the R125H surface mutation to enhance solu-
bility in the monomeric state.* In contrast with the previous
computational design of Azurite, which applied a library design
algorithm to construct a large combinatorial library (>10° mutant
sequences) based on optimal degenerate codons computed for
each designed residue position, we directly analyzed the top-
ranked individual sequences output by Triad. Our approach
has the benefit of focusing exclusively on sequences predicted to
be stable, in contrast with the Azurite library design approach
where sequences were generated by combining design-specified
degenerate codons, which can yield destabilized sequences if
mutations are incompatible together. The top 10 designed
sequences (ESI Fig. 2b¥) contained between 4 and 7 mutations,
including P63L directly on top of the chromophore, and W143S,
which is likely required to accommodate the bulky Leu63 side
chain since Ser is the smallest amino acid that we allowed at this
position during design. At the other four design positions,
various combinations of aliphatic residues were observed in the
top 10 ranked sequences, which were selected for experimental
characterization.

We also

Spectral characterization of designs

Four of the 10 designed sequences showed strong fluorescence
with emission maxima around 610 nm (ESI Fig. 3), which
represent hypsochromic shifts of approximately 20 nm relative
to mRojoA. These results can be partially ascribed to reversion
of the V16T and I197Y mutations that are known to cause
emission wavelength bathochromic shifts of 4 and 7 nm,
respectively, when introduced into mCherry.'® These variants,
which we call mSandys (Table 1 and Fig. 2, ESI Fig. 47), all
display quantum yield increases of 6-11-fold relative to mRojoA,
representing absolute quantum yield increases of 0.11-0.24.
The brightest variant, mSandy1, is as bright as mCherry with

1410 | Chem. Sci., 2022, 13, 1408-1418
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a quantum yield of 0.26 and a brightness of 21 mM ™"
mSandy1 also displays efficient red chromophore maturation,
with no apparent green chromophore peak (A = 510 nm, ESI
Fig. 51) in its absorption spectrum (Fig. 2), similar to what is
observed for the efficiently-maturing mCherry. This is not the
case for the other variants, which all display strong absorption
peaks corresponding to the green chromophore (ESI Fig. 47).
These results indicate that aliphatic packing of the chromo-
phore pocket can be detrimental to efficient chromophore
maturation, possibly due to a trade-off between tight chromo-
phore packing and maturation efficiency, since maturation
requires sufficient flexibility for the chromophore-forming tri-
peptide to cyclize, oxidize, and dehydrate.*”*®* Importantly, the
comparable properties of mSandy1 and mCherry are not simply
due to high sequence similarity between these two RFPs. As
shown on Table 1, mSandy1 is as different from mCherry as it is
from mRojoA, containing 6 mutations relative to either RFP.
This result demonstrates how different sequence changes can
produce similar functional effects in RFPs, and highlights the
benefit of using CPD to identify improved sequences containing
many mutations, which is an outcome that is difficult to achieve
in a single round of directed evolution.

Of the bright mSandy variants, mSandy1 is the only one that
contains the Y1971 mutation, which reverts the Tyr found at this
position in mRojoA to the corresponding Ile found in mCherry.
Since the single point mutation I197Y causes a large quantum
yield decrease of 0.19 when introduced by itself into mCherry,*®
we verified whether the Y1971 reversion present in mSandy1 was
primarily responsible for the large quantum yield increase
observed in this variant. As shown on Table 1, the single point
mutant mRo0joA-Y1971 displays an absolute quantum yield
increase relative to mRojoA of approximately 0.05, less than
a quarter of the increase obtained with mSandy1 (0.24). This
result confirms that presence of the Y1971 mutation alone is not
sufficient to account for the high quantum yield of mSandy1,
and that the other computationally-designed mutations
contribute synergistically to enhance this property.

Evolution of mSandy2

Given that mSandy1 is as bright as mCherry but contains an
amino acid at position 63 (Leu63) that has never been observed
in natural fluorescent proteins and their engineered

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Fluorescence and absorption spectra. (a) mRojoA, (b) mSandyl, (c) mCherry, and (d) mSandy2. Absorption, excitation, and emission

spectra are shown as solid, dotted, and dashed lines, respectively.

monomeric variants (ESI File 1), we postulated that it could
serve as a good starting template for the directed evolution of
brighter monomeric RFPs by helping to escape the local fitness
optimum of Discosoma-derived RFPs such as mCherry. We
therefore subjected mSandy1 to random mutagenesis followed
by high-throughput screening for enhanced brightness. After
three rounds of directed evolution (Methods), we isolated
mSandy2 (Table 1 and Fig. 2), a variant whose emission wave-
length is not significantly altered but that displays an absolute
quantum yield increase of 0.09 relative to mSandy1, making it
approximately 33% brighter than its parent. mSandy2 is also
40% brighter than mCherry, an RFP that emits at a similar
wavelength. However, chromophore maturation in mSandy?2 is
less efficient than in either mSandy1 or mCherry, as evidenced
by the peaks at approximately 390 and 510 nm in its absorption
spectrum (Fig. 2d) that correspond to neutral and anionic green
chromophores (ESI Fig. 51), respectively.?”?® Presence of these
absorption peaks indicates a substantial amount of green
chromophore-containing molecules in the RFP population in
solution.

mSandy?2 contains six mutations from mSandy1, including
two that occurred at designed positions (L163V and L199M). To
evaluate whether these two mutations were sufficient to account
for the large quantum yield increase in this variant, we gener-
ated the mSandy1-L163V/L199M double mutant. These two
mutations together do not significantly improve the quantum
yield of mSandy1 (Table 1), and are detrimental to chromophore

© 2022 The Author(s). Published by the Royal Society of Chemistry

maturation, as evidenced by the low overall absorbance of the
red chromophore peak in the absorption spectrum (ESI Fig. 47).
The other four mutations are therefore responsible for
increasing the quantum yield and compensating for the matu-
ration deficiency caused by the L163V/L199M combination.
Interestingly, three of the remaining four mutations occur on
the RFP B-barrel surface, including a reversion of the H125R
mutation that we introduced to favor monomer solubility.
Nevertheless, these surface mutations do not cause oligomeri-
zation of mSandy2, which remains a monomer in solution (ESI
Fig. 67).

Crystal structure of mSandy2

We next solved the crystal structure of mSandy2 to evaluate the
structural factors contributing to its high quantum yield. Crys-
tals of mSandy2 were obtained at pH 8.5, and these diffracted at
a resolution of 2.05 A (Table 2). The unit cell corresponded to
space group P2,2,2; with eight molecules in the asymmetric
unit. In all eight of these molecules, the p-hydroxybenzylidene
moiety of the chromophore is sandwiched between the side
chains of Leu63 and Ile197 (Fig. 3), a structural motif that has
not been previously observed in fluorescent proteins. In these
structures, the Leu63 side chain adopts two distinct rotamers
(Fig. 1b). The mp rotamer (y,; = gauche), y, = gauche™), which
is found at this position in our computational model of
mSandyl (ESI Fig. 71), fills the cavity above the p-hydrox-
ybenzylidene moiety of the chromophore by packing tightly

Chem. Sci., 2022, 13, 1408-1418 | 1411
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Table 2 Data collection and refinement statistics

mSandy?2

PDB ID
Crystallization conditions

Data collection”
Resolution (A)
Space group

Cell params.

a, b, c(A)

a, 8,7 (%)
Molecules per asymm. unit
Rpim

CCip2

Ijal

Completeness (%)
Multiplicity

# unique reflections

Refinement

R work/free

No. atoms

Protein

Chromophore

Water

RMSD

Bond lengths (A)

Bond angles (°)

Molprobity statistics
All-atom clashscore
Ramachandran outliers (%)
Ramachandran allowed (%)
Ramachandran favored (%)
Rotamer outliers (%)

7RY2

100 mM Tris buffer (pH 8.5)
100 mM NacCl

20% PEG-3350

34 mg mL~" protein

80.31-2.05
P2,2424

59.68, 147.21, 240.94
90, 90, 90

8

0.052 (0.890)

0.999 (0.396)

11.9 (1.0)

99.9 (97.3)

13.0 (10.9)

133 939 (6432)

0.1897/0.2227

13 901
184
652

0.003
0.665

1.47
0.00
2.02
97.98
0.13

¢ Highest resolution shell is shown in parentheses.

NRQ66

View Article Online

Edge Article

against it. In contrast, the alternate pt rotamer (y; = gauche“),
%2 = trans), does not (ESI Fig. 17). Interestingly, the mp rotamer
of Leu63 is the minor conformer in all but two of the mSandy2
molecules in the crystal asymmetric unit, with occupancies
between 34% and 53% (ESI Fig. 8t). Nevertheless, the Leu63 mp
rotamer likely contributes to reduce non-radiative torsional
motions within the chromophore p-hydroxybenzylidene moiety,
leading to enhanced quantum yield.

To verify whether aliphatic packing mutations increase
chromophore rigidity, we analyzed B-factors of individual
chromophore atoms, which correspond to their average
displacement in the crystal. Since both conformational flexi-
bility and crystalline disorder can contribute to atomic B-
factors, we calculated their Z-scores to account for variations
between different crystal forms or different molecules in the
asymmetric unit, and compared those of mSandy2 with those of
mRojoA. B-Factor Z-scores for the chromophore p-hydrox-
ybenzylidene moiety are lower in mSandy2 than in its dim
parent mRojoA (Fig. 4, ESI Fig. 91), confirming that this chro-
mophore moiety is more rigid in mSandy2. This result confirms
that the computationally-designed aliphatic packing mutations,
in combination with those found by directed evolution, cause p-
hydroxybenzylidene rigidification leading to quantum yield
increases.

Discussion

In this work, we used CPD to optimize packing of the RFP
chromophore with aliphatic residues to reduce its conforma-
tional flexibility and thereby enhance its quantum yield and
overall brightness. In the brightest computationally designed
variant, mSandy1, aliphatic packing of the chromophore causes
an absolute quantum yield increase of 0.24 relative to the
mRojoA parent without significantly affecting the molar
extinction coefficient. This results in a brightness increase of
approximately one order of magnitude. The quantum yield

/ L63

SV163 w
NRQ66 / Qw v\

f @ s143

T~
90°

$146
1197

Fig. 3 Crystal structure of mSandy2. The p-hydroxybenzylidene moiety of the mSandy2 chromophore (NRQ66) is sandwiched between the
aliphatic side chains of Leu63 and Ile197. Omit maps (green) for the chromophore, Leu63, and 1le197 are contoured at 3.0¢. The Leu63 side chain
adopts two conformations. H-Bonds are indicated by dashed lines and a crystallographic water is shown as a red sphere. All images generated

using PyMOL 2.5.0.
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mRojoA
QY =0.02

mSandy2
QY =0.35

1.70A 2.05A
—1.0 ———— 2.0
B-factor
Z-score

Fig. 4 Chromophore rigidity. The red chromophores of mRojoA
(chain A, PDB ID: 3NEZ) and mSandy?2 (chain H, PDB ID: 7RY2) are
shown as sticks with individual atoms colored according to their B-
factor Z-score. The 2F, — F. map is shown in volume representation at
two contour levels: 0.5 and 1.5 e A=3 in light and dark blue, respec-
tively. The crystal structure resolution and quantum yield (QY) are
indicated for each protein.

increase obtained by aliphatic packing described here is larger
than those obtained by aromatic packing in triple-decker RFPs,
mRoOjoA variants whose chromophore p-hydroxybenzylidene
moiety is sandwiched between the side chains of an aromatic
amino acid at position 63 (e.g., His, Phe, Tyr), and Tyr197.”® For
example, the brightest triple-decker RFP, mRojo-VYGV, displays
a modest absolute quantum yield increase of 0.03 and a 2-fold
increase in brightness relative to mRojoA at pH 7.4.>° The
approximately 5-fold higher quantum yield of mSandy1 (0.26)
compared to mRojo-VYGV (0.05) suggests that aliphatic packing
is a more efficient strategy for increasing RFP brightness than
aromatic packing, possibly due to quenching by photoinduced
electron transfer that could occur between the chromophore
and neighboring aromatic residues in the triple-decker RFPs.*

The aliphatic packing approach described here compares
favorably with the computational core repacking procedure
used to generate Azurite.”® Although the quantum yield
increases obtained by these two CPD methods are similar
(absolute quantum yield increases of 0.22 and 0.24 for Azurite
and mSandy1, respectively), our aliphatic packing approach
required the experimental screening of a total of 10 mutant
sequences, a number several orders of magnitude smaller than
those used to obtain Azurite (10° sequences). Furthermore, the
V224R mutation that was largely responsible for the brightness
increase in Azurite was not specified by the design procedure
and was instead found due to the unintended incorporation of
a more inclusive codon at position 224. We propose that our
aliphatic packing procedure based on multistate design is more
accurate than the single-state design protocol that yielded
Azurite because it uses an ensemble of backbone templates to
approximate conformational flexibility, which has been shown
to result in greater prediction accuracy by reducing the number
of false negative predictions.”** In addition, the library design
algorithm used to create Azurite predicted an optimum
degenerate codon at each designed residue position, but did not
evaluate the energies of resulting individual sequences made
from these combinations of amino acids. It is thus likely that

© 2022 The Author(s). Published by the Royal Society of Chemistry
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many of these designed sequences were destabilized due to
incompatible combinations of mutations that would be other-
wise stabilizing in a different context. In contrast, we evaluated
the top-ranked individual sequences to ensure that those
mutation combinations were able to tightly pack the chromo-
phore without destabilizing the protein fold. Importantly, our
computational design approach also required the testing of
a number of sequences that is many orders of magnitude lower
than the number of sequences that are typically required to
achieve comparable increases in quantum yield by directed
evolution.*® These results highlight the advantage of CPD,
which is to facilitate the identification of beneficial combina-
tions of mutations that would have been difficult to predict
from sequence comparison or to obtain through random
mutagenesis."’

Directed evolution on the computationally designed
mSandy1 yielded mSandy2, which is, to the best of our knowl-
edge, the brightest Discosoma sp. derived monomeric RFP with
an emission maximum above 600 nm reported to date. The
quantum yield of mSandy2 (0.35) is comparable to those of
mRuby (0.35) and mKate2 (0.40), two monomeric RFPs that
have been used in many imaging applications.**> mRuby emits
at the same wavelength as mSandy2 but is 40% brighter (39.2
mM " em ') due to a higher reported extinction coefficient. On
the other hand, mKate2 is red-shifted by 27 nm but is approx-
imately 10% less bright than mSandy2 (25 mM ' cm ™). Inter-
estingly, mRuby and mKate2 were engineered from natural
RFPs isolated from the Entacmaea quadricolor sea anemone
(eqFP611 and eqFP578, respectively), and both contain a Thr
residue at position 63. In the crystal structures of these proteins
(PDB ID: 3BXB* and 3UON*!), the Thr63 side-chain methyl
group packs against the chromophore p-hydroxybenzylidene
moiety, likely contributing to chromophore rigidification.
While several monomeric far-red fluorescent proteins (Aep, > 650
nm) with quantum yields =0.10 have been evolved from
eqFP578 and eqFP611 (e.g,, mKelly1,"* mMaroon1,”* and
mGarnet®), to our knowledge, none have been successfully
engineered from either DsRed* or HcRed,*” and only relatively
dim variants (quantum yield = 0.10) with emission maxima
<650 nm have been produced (e.g,, mRouge,'* mPlum,*
mGinger1 *®). Presence of Thr at position 63 could partially
explain why RFPs from Entacmaea quadricolor have been better
templates for evolving far-red fluorescent proteins than those
from Discosoma sp. (DsRed) or Heteractis crispa (HcRed), which
instead contain a Pro residue at the corresponding position.
Since RFP quantum yield tends to decrease as emission wave-
length increases, we propose that the engineering of novel far-
red fluorescent proteins could be initiated from a template
where the chromophore p-hydroxybenzylidene moiety is already
tightly packed. Our mSandy variants could be useful for this
purpose.

Although mSandy2 is bright, further improvements to its
quantum yield should be possible. This could be achieved by
using CPD to design second-shell mutations to stabilize the
Leu63 side chain in the mp conformation that allows it to pack
tightly against the chromophore p-hydroxybenzylidene. In
addition to helping rigidify the chromophore, mutations
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introduced in the second shell should be less likely to affect the
emission wavelength, as they are not in direct contact with the
chromophore. However, increased chromophore rigidity could
result in lower maturation efficiency, as is the case for mSandy?2,
but this undesirable property could be corrected by applying
a negative screening procedure to eliminate bright RFPs that
also emit high levels of green fluorescence.* The computational
aliphatic packing approach described here could also be
applied to increase the brightness in other Pro63-containing
RFPs such as mGingerl (A, = 637 nm, quantum yield =
0.02)"® and mPlum (A, = 649 nm, quantum yield = 0.10),% and
in near-infrared fluorescent proteins derived from bacterial
phytochromes*® by helping to improve packing of the biliverdin
chromophore for increased rigidity. While many RFPs are now
available, novel variants displaying high brightness in the far-
red or near-infrared optical window are still desired to enable
various types of applications. In this context, the CPD approach
for enhancing quantum yield described here can expedite the
creation of novel bright RFP templates for further engineering.

Methods

Computational protein design

All calculations were performed with the Triad protein design
software (Protabit, Pasadena, CA, USA). The structure of mRo-
joA was obtained from the Protein Data Bank (PDB code:
3NEZ'"). Following extraction of protein heavy-atom coordi-
nates for the highest occupancy conformer, hydrogen atoms
were added and the resulting structure was energy-minimized
within Triad by performing 100 steps of conjugate gradient
energy minimization in Cartesian space using the Phoenix
energy function (see below) with added covalent terms from the
Dreiding force field.* Individual chains of the minimized
mRojoA structure were extracted to generate an ensemble of 4
backbone templates for multistate design.

Multistate design using a Monte Carlo with simulated
annealing search algorithm for rotamer optimization and
a fitness function corresponding to the Boltzmann weighted
average energy (Temperature = 300 K) for sequence scoring was
performed using the multi_design.py app within Triad. The 2002
backbone-dependent Dunbrack rotamer library*> with expan-
sions of +1 standard deviation around y; and y, was used to
provide amino-acid side-chain conformations to be threaded
onto each backbone template. Chromophore rotamers were
generated by allowing all 36 combinations of the following
dihedral angles around the indicated bonds (ESI Fig. 101): CA2-
CB2-CG2-CD1 (—15°, —10°, —5°, 0°, +5°, and +10°), N2-CA2-
CB2-CG2 (-5°, 0°, +5°, +10°, +15°, and +20°). These angles were
selected to encompass the range of values observed in the
crystal structures of mCherry, mRojoA, and other related RFPs.
Side-chain rotamers of first-shell residues surrounding the p-
hydroxybenzylidene moiety of the chromophore (ESI Fig. 2at)
were optimized on each backbone template using the following
amino acids: residue 63 (I, L, V), 143 (I, L, S, V), 161 (I, L, M, V),
163 (I, L, M, V), 197 (I, L, V), and 199 (I, L, M, V). Side-chain
rotamers of second-shell residues S62, K70, M97, L165, V177,
and E148 were also optimized, and the T16V mutation was
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introduced. The searched sequence space thus consisted of
2304 sequences.

Sequences were scored on each backbone template using the
Phoenix energy function,'** which consists of a Lennard-Jones
12-6 van der Waals term from the Dreiding II force field** with
atomic radii scaled by 0.95, a direction-dependent hydrogen
bond term with a well depth of 8.0 kcal mol™* and an equilib-
rium donor-acceptor distance of 2.8 A,* an electrostatic energy
term modelled using Coulomb's law with a distance-dependent
dielectric of 10, an occlusion-based solvation potential with
scale factors of 0.05 for nonpolar burial, 2.5 for nonpolar
exposure, and 1.0 for polar burial,*® and a secondary structural
propensity term with amino acid phi-psi propensities derived
from the method of Shortle.” The top 10 ranked sequences (ESI
Fig. 2bt) were experimentally characterized.

Red fluorescent protein genes

Amino-acid sequences for all RFPs described here are listed on
ESI Table 1. His-tagged (N-terminus) genes for mRojoA and
mCherry cloned into pET-11a (Novagen) were a gift from Ste-
phen Mayo."* Codon-optimized and his-tagged (N-terminus)
genes for mRojoA variants cloned into the pET-29b(+) vector
(Novagen) via Ndel and Xhol were obtained from Twist Biosci-
ence. All plasmids were transformed into E. coli BL21-Gold
(DE3) cells for protein expression. The mSandy2 gene was
prepared as described below. All open-reading frames were
verified by DNA sequencing.

Random mutagenesis

Three rounds of random mutagenesis, starting from the
mSandy1 gene and then on the pooled RFP genes from the top
1% cells obtained after cell sorting (see below), were performed
using the protocol described by McCullum et al.*® Briefly, four
cycles of error-prone polymerase chain reaction using Tag DNA
polymerase (5 U) in 1x standard Taq buffer pH 8.3 (New
England Biolabs) supplemented with MnCl, (0.5 mM) and
a mixture of deoxynucleotides (1 mM dTTP, 1 mM dCTP,
0.2 mM dATP, and 0.2 mM dGTP), were used to introduce
approximately two mutations on the 732-bp RFP open reading
frame. The resulting mutant library was cloned into pET-11a
(Novagen) via Ndel and BamHI. Plasmids were transformed
into E. cloni 10G Elite electrocompetent cells (Lucigen) and
plated onto lysogeny broth (LB) agar supplemented with 100 pg
mL~" ampicillin. Following incubation at 37 °C overnight, all
colonies on the agar plate were collected using 1 mL of LB
supplemented with 100 ug mL™ ' ampicillin, and the plasmid
pool was harvested by DNA extraction (E.Z.N.A. Plasmid DNA
Mini Kit, Omega Bio-tek). Purified plasmid DNA was then
transformed into electrocompetent E. coli BL21-Gold (DE3) cells
(Agilent) for protein expression.

Fluorescence-activated cell sorting

BL21-Gold (DE3) cells containing the mSandy1 random library
obtained as described above were used to inoculate 100 mL of
LB supplemented with 100 pg mL™" ampicillin. Cells were
grown at 37 °C with shaking until they reached an optical

© 2022 The Author(s). Published by the Royal Society of Chemistry
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density of 0.6 at 600 nm. At this point, cells expressing random
mSandyl mutants were harvested by centrifugation. Cells were
washed twice with sterile phosphate buffer (20 mM sodium
phosphate buffer, pH 7.4, 50 mM sodium chloride). Pellets were
stored at 4 °C to allow for chromophore maturation. After two
days, cells were resuspended in sterile phosphate buffer to
a concentration of 107 cells per mL, and filtered using 40 um cell
strainers (Falcon).

Cells were sorted (top 1%) using a MoFlo Astrios EQ cell
sorter (Beckman Coulter) according to fluorescence intensity
(Aex = 561 nm, A, = 614 nm) into sterile flow cytometry test
tubes (Beckman Coulter) containing LB supplemented with 100
ng mL~' ampicillin. Sorted cells were washed twice with sup-
plemented LB and grown overnight in 50 mL cultures at 37 °C
with shaking. 5 mL of this culture was used for extraction of
plasmid DNA. Two additional rounds of random mutagenesis
and cell sorting were performed using the procedures described
above. Cells collected from the third round of sorting were used
to inoculate LB agar plates supplemented with 100 pg mL ™"
ampicillin. Following overnight incubation at 37 °C, 96 indi-
vidual colonies were transferred onto a Nunc MicroWell 96-well
polypropylene plate (Thermo Scientific) containing 250 pL of LB
supplemented with 100 pg mL ™" ampicillin. This plate was
covered with a sterile breathable rayon film membrane (VWR)
and incubated overnight at 37 °C with shaking. Cells included
in this “mother” plate were used to inoculate cultures for
protein expression and purification as described below.

Protein expression and purification in microplates

BL21-Gold (DE3) cells transformed with plasmids containing
computationally-designed or evolved RFP variants were used to
inoculate deep 24-well plates (Whatman) containing 5 mL of
Overnight Express Instant TB medium (Novagen) supplemented
with 100 pg mL™' ampicillin (pET11-a) or kanamycin
(pPET29Db(+)). These plates were sealed with sterile and pierced
silicone sealing mats (Axygen) and incubated overnight at 37 °C
with shaking. Cells were then harvested by centrifugation and
washed twice with phosphate buffer pH 7.4. Pellets were stored
at 4 °C to allow for chromophore maturation. After two days, cell
pellets were resuspended in 400 uL of lysis buffer (50 mM
sodium phosphate buffer, pH 8.0, 300 mM sodium chloride,
2.5 mM imidazole, 1x Bugbuster protein extraction reagent
[Novagen], 1 mg mL ™' hen egg white lysozyme [Sigma], 10 U
Benzonase nuclease [Novagen]) and plates were incubated at
25 °C with gentle shaking for 20 minutes. After incubation,
clarified lysates were collected by centrifugation and proteins
were purified using HisPur Ni-NTA spin plates (Thermo Scien-
tific) according to the manufacturer's protocol. Protein purity
was verified by SDS-PAGE. These proteins were used for initial
spectroscopic characterization (see below).

Protein expression and purification in large batches

RFP variants were expressed in E. coli BL21-Gold (DE3) cells
(Agilent) using LB supplemented with 100 ug mL~" ampicillin
(pET11-a) or 50 ug mL™~ ' kanamycin (pET29b(+)). Cells were
grown at 37 °C with shaking until they reached an optical
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density at 600 nm of 0.6. Protein expression was induced by
adding 1 mM isopropyl B-p-1-thiogalactopyranoside (Thermo
Scientific) and cultures were incubated overnight at 16 °C with
shaking. Cells were then pelleted by centrifugation and resus-
pended in 8 mL lysis buffer (100 mM potassium phosphate
buffer, pH 7.4, 5 mM imidazole, 1 mg mL ™" lysozyme, 50 U
Benzonase nuclease [Novagen]). Cells were lysed using an
EmulsiFlex-B15 cell disruptor (Avestin) and lysates were har-
vested by centrifugation. Proteins were purified by Ni-NTA
affinity chromatography using Econo-Pac chromatography
columns (Bio-Rad) according to the manufacturer's protocol.
Eluted fractions were desalted using Macrosep Advance
centrifugal devices (Pall) into phosphate buffer solution.
Protein samples were stored at 4 °C for two days to allow for
chromophore maturation prior to spectroscopic characteriza-
tion. For crystallography experiments, an additional purifica-
tion step consisting of gel filtration into 20 mM sodium
phosphate buffer pH 7.4 was performed using an AKTA pure
(GE Healthcare) fast protein liquid chromatography system
equipped with a Superdex 75 (GE Healthcare) column. Protein
purity was verified by SDS-PAGE.

Spectroscopic characterization

Absorption, excitation and emission spectra were measured in
phosphate-buffered saline (137 mM sodium chloride, 2.7 mM
potassium chloride, 10 mM disodium phosphate, 1.8 mM
monopotassium phosphate, pH 7.4) using an Infinite M1000
(Tecan) or Spectramax id3 (Molecular Devices) plate reader.
Quantum yields were extrapolated by comparing the integrated
fluorescence intensity of the mutant proteins with that of
equally absorbing samples of mCherry and mRaspberry
(quantum yields of 0.23 and 0.15, respectively) with excitation at
535 nm.

Extinction coefficients were determined using the method
described by Kredel and colleagues,*” which takes into account
the presence of green chromophore in the population of RFP
molecules, giving a more accurate estimate. Briefly, protein
samples were diluted (1 :10) into Britton-Robinson buffers*
pH 11-13 to allow measureable slow denaturation of the native
red chromophore (peak at 568-605 nm, depending on the RFP)
to the green form (452 nm). From the absorption spectrum
recorded at different time intervals, a ratio of extinction coeffi-
cients of the native chromophore species to that of the dena-
tured species (44 000 M~ ecm ™) was calculated, from which the
value for the red chromophore was extrapolated.

Protein crystallization

Purified mSandy2 was concentrated using Amicon Ultra-15 3K
centrifugal devices (Millipore Sigma) to a concentration of
34 mg mL~' in 200 mM sodium phosphate buffer pH 7.4.
Crystallization drops were prepared by mixing 1 pL of protein
solution with 1 pL of the mother liquor and sealed inside
areservoir containing an additional 500 pL of the mother liquor
solution. Crystals used for X-ray data collection were obtained
from mother liquor containing 0.1 M Tris buffer (pH 8.5), 0.1 M
sodium chloride, and 20% PEG-3350 (Table 2).
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X-ray data collection and processing

Prior to X-ray data collection, crystals were harvested and cry-
oprotected by brief soaking in a 1 : 1 mixture of crystallization
mother liquor and 4.0 M trimethylamine-N-oxide, then flash-
cooled by rapid plunging into liquid nitrogen. We collected
single-crystal X-ray diffraction data on beamline 8.3.1 at the
Advanced Light Source. The beamline was equipped with
a Pilatus3 S 6M detector (Dectris), the X-ray energy was set to
11 111 keV, and the crystals were maintained at a cryogenic
temperature (100 K) throughout the course of data collection.

We processed the X-ray data using the Xia2 software,* which
performed indexing, integration, and scaling with XDS and
XSCALE,* followed by merging with Pointless.”* A resolution
cutoff (2.05 A) was taken where the signal-to-noise ratio of the
individual reflection measurements fell to an average value of
1.0.

Structure determination

We obtained initial phase information for calculation of elec-
tron density maps by molecular replacement using the program
Phaser,*” as implemented in v1.17.1.3660 of the PHENIX suite.*
We identified eight copies of the protein in the asymmetric unit
using the coordinates from mCherry (PDB ID: 2H5Q*'), consis-
tent with an analysis of Matthews probabilities for the observed
unit cell and molecular weight of the protein.****

Next, we rebuilt the initial model using the electron density
maps calculated from molecular replacement. We then per-
formed additional, iterative refinement of atomic positions,
individual atomic displacement parameters (B-factors), and
occupancies using a riding hydrogen model and automatic
weight optimization, until the model reached convergence. All
model building was performed using Coot 0.8.9.2°*¢ and
refinement steps were performed with phenix.refine
(v1.17.1.3660) within the PHENIX suite.’**® Restraints for the
red and green chromophores were generated using phenix.-
elbow,” starting from coordinates available in the Protein Data
Bank® (PDB ligand ID: NRQ or CH6 for red or green chromo-
phore, respectively), and manually edited to ensure proper
geometry of covalent bonds between the chromophore and rest
of the protein (restraints available as ESI Filest). For unbiased
comparison of B-factor Z-scores, a similar approach was used to
re-refine the published mRojoA structure (PDB ID: 3NEZ), with
the following modifications. We deleted the minor chromo-
phore conformer, reset all isotropic atomic B-factors to a value
of 20.0 A%, applied random coordinate displacements (o = 0.3 A)
to the atoms, and performed coordinate refinement against the
structure factor data before proceeding to manual model
building. The final mSandy2 model coordinates were deposited
in the Protein Data Bank under accession code 7RY2. Further
information regarding model building and refinement is pre-
sented in Table 2.

Data availability

Structure coordinates for mSandy2 have been deposited in the
RCSB Protein Data Bank with the following accession code:
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7RY2 ([https://doi.org/10.2210/pdb7RY2/pdb]). The plasmid
containing the mSandy2 gene is available from Addgene
(Plasmid #177760).
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