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Abstract

Red fluorescent proteins (RFPs) are used extensively in biological research because their
longer emission wavelengths are less phototoxic and allow deeper imaging of animal
tissue. However, fared RFPs generally display low brightness, emphasizing tretoee
develop brighter variants. Hergje investigate three approaches to rigidify the RFP
chromophore to increase the quantum vyield, and thereby brightness. We first used
computational protein desigin a maturatiorefficient mRojeVHSV variant previously
engineered in our lab to introduceSaiperdeckemotif, a parallel pistack comprising
aromatic residue side chains and the phenolate moiety of the chromopharie we
hypothesized wodl enhance chromophore packing and reduceradiative decayThe

beg mutants identified showed up to fdld higher quantum yield at pH 9, relative to
their parent protein. We next postulated that brightness could be further increased by
rigidifying the chromophore via branched aliphatic residues. Computational preségmd

was performed on a dim mCherry variant, mRojoA, followed by directed evolution on the
brightest mutant. The combination of these methodologies yiei&=hdy, the brightest
Discosomaderived monomeric RFP with an emission maximum above 600Fmaly,

we aimed to incread@ightnessdy focusing orpositions where residue rigidity correlated

to quantum yield in mChersselated RFPaccording to NMR data that had been previously
acquired in our labCombinatorial sitesaturation mutagenesis was pemfied on two
different surface patches of mCherry at positions 144/145/198 and 194/196/220. Our
results demonstrated that surface residues may not be adequate targets for this approach.
Altogether, the work herein presents unique rational design methoemtbgit can be used

to increase brightness in RFPs.
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Chapter 1: Introduction
1.1. Origin and Applications of Red Fluorescent Proteins

The human body is composed of ménan ten trillion cellsthat work in harmony
to ensure proper bodily function and survival. However, in some cases, abnormalities may
arise from mutations in the genetic code occasionally leading to cellular malfunction or
dysregulation which give rise to disease. In order tmeap with cures or therapies,
scientists must identify the misregulated elements responsible for the disease phenotype.
One of many important research tools for this purpose is fluoresbasee cellular
imaging. In particular, fluorescence microscofeghniquesthat rely on fluorescent
proteins (FPs) allowsto detect and analyze cells, organelles or molecules with different
temporal and spatial resolutions and play an important role in drug discovery, for example

to screen for cancer therapeutiés

The first isolated FP, the green fluorescent protein (GFP), was discovered in 1962
from theAequorea victorigellyfish?, was cloned in 1994 in bacterial and mpjotic cells
from isolated complementary DNA, and was highlighted as a valuable cefactor
independent, geneticatgncoded imaging tool to monitor gene expression and track
proteins in living organisms Soon after, Tsieret al. (1996) provided insight on the
chromophore fluorescence, reported the first engineering of FPs to increase brightness,
expanded the color palette by generating the blue fluorescent protein (BFP), and
highlighted the benefit of FP engineering for multiplemaging as well ag=6rster
resonance energy transfer (FRB¥tween FPs that possess oveltgiween emission
excitation spectfa The great impact of these initial findings has been widely recognized,

and the Nobel Prize in Chemistry 2008 was award€xssmu Shimomura, 8tin Chalfie
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and Roger Y. Tsien for their respective contributions described atfo\&ince then,
scientists have identified and engineered a variety of FPs with emission wavelengths that
span the entire visible spectréidne example of these was the engineeringeafuorea

based red fluorescent proteins (RFPs) usiagnlmnatorial sitesaturation mutagenesis
followed by several rounds of random mutagerisidowever, these efforts have been
unsuccessful as only a small portion-3%) of the proteins matured to the red

chromophore.

One important finding following the isolation of thequoreaVictoria GFP was the
discovery of the first isolated RFP DsRed in 1999, a tetrameric protein from the red
mushroom coraDiscosoma spshown to be useful foin vivo labeling of Xenopus
embryos!. Other RFPs were isolated from theubbletip anemone Entacmaea
quadricolor. the tetrameric eqFP6%1 and the dimeric eqFP5¥8 However, the
oligomeric state of these RFPs are undesirable for multiple applications as their tendency
to form oligomers in solution ay favor aggregation and negatively impact imaging results.
Moreover, monomeric RFPs and thereby smaller fusion consthetter facilitate
experimental manipulation. Engineering of DsRedFP578and eqFP611gave rise to
various useful monomeric RFPEaple 1.1). For examplegreation of a monomeric variant
of DsRed yielded mRFP4which provided a template fahe engineering of a series of
yellow to farred FPs known as the family of mFrdits8 from which emanated the most
widely used RFP mCher¥ In turn, engineering of eqFP578 and eqFP611 respectively
yielded the bright RFPs mKafeand mRub3?, which were subsequently further developed
into brighter versions (mKaté2 mRuby2° and mRuby3) and into the most reshifted

but dim RFPs mNepne6842 and mGarnet2, respectively. Firlly, the brightest RFP to



date, mScarlet, was evolved using a synthetic gene temgdaiiaining previously
identified beneficial mutations from various engineered RFPs including those mentioned

above“.

Table 1.1. Spectroscopic charmderistics of various representative red fluorescent
proteins. This table compares the spectroscopic characteristics of bright RFPs originating
from the three different wildype parent proteins available DsRed, eqFP578 and eqFP611,
as well as the brighteRFP mScarlet engineered from a synthetic gene template.

Protein lex(MM) lem(hm) Fe  e(mM?icm?) BrightnesymMZcm?') Ref.
Origin: Discosoma sp.

DsRed 558 583 0.68 72.5 49.30 11
mMRFP1 584 607 0.25 50 12.50 14
mCherry 587 610 0.22 72 15.84 15
Origin: Entacmaea quadricolor

eqFP578 552 578 0.54 102 55.08 13
mKate 588 635 0.33 45 14.85 17
mKate2 588 633 0.40 62.5 25.00 19
eqFP611 559 611 0.45 78 35.10 12
mRuby 558 605 0.35 112 39.20 18

Origin: Synthetic gene template

mScarlet 569 594 0.70 100 70.00 24
| exandl emcorrespond to the excitation aathission maxima.
The brightness is the product of the quantum yiElg) and the extinction coefficielfe).
Data taken from the Fluorescence Protein Datalfiplsase.org

Engineered RFRsan be useds acceptoris FRET-based cellular prob&sas fusion
constructsto track proteins within cel$ 26 and as geneticallgncoded biosensors for
detection of signal transducti®nor ion sensin§ 2° Furthermore, RFPs possess
advantages relative to other FPs and therefore have been of particular interest in the field.
Primarily, their longer excitation wavelengthis %58 nnil) allow for reduced cellular
phototoxicity due to their lovenergy fluorescence, as described by the inverse correlation

between energy and wavelength in the following equation:

E = hcl eq. [1]
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whereEistheenergyhi s P 1 a n c kidthe speedoslighd, antls the wavelength.

In addition, their reeshifted excitation wavelengtlalows for deeper tissue peraton®

and lower background auftuorescence, which result from reduced tissghtlscattering

and tissue absorptiéh Because of this, RFPs are not only useful for less photoitoxic
cellulo imaging purposes Iare also advantageous for Aorasivein vivo imaging of

deep tissue in wholanimal research modéls3? 33 For all applications, bright andde
shifted RFPs are hence desirabitowever, as evidenced iRigure 1.1, redshfted
monomeric RFPs generally display low brightness relative to other widely used green and
yellow monomeric FPs, as well as often lower brightness than their natural parent proteins
(as shown inrable 1.1). Moreover, as the wavelength is increased, Biightnesseands

to decrease substantially. This observation
discussed in section 1.3 below, amdphasiesthe need to develop brighter variants. The
work herein tackles this problem by investigatdifferent ratonal design approaches to

increaseRFP brightness.
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Figure 1.1. Redshifted fluorescent proteins generally display low brightness relative

to other fluorescent proteins.Overall, RFPs display lower brightness relative to other
green and yellow FPs. Rhermore, RFP brightness tends to be inversely correlated with
emission wavelength. Each dot represents a monomeric fluorescent proteinocadr

with respect to its emission wavelength. (Data used to create this figure was taken from the

Fluorescent Ptein Database, fpbase.org.)

1.2. Structural Overview of RFPs

Despite originating from different organisms, the RFPs discussed in this work are

members of the GFRke superfamily of FPs who all share a similar fold. They are
composed of a-barrel consisting of 11-strands surrounding arthelix which contains

the chromophore 4{(p-hydroxybenzylideneb-imidazolinong¢ responsible for

fluorescence Rigure 1.2). In RFPs, the chromophore is autogenically formed by the
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cyclization of the Xaa6dyr67-Gly68 tripeptide in the protein core (where Xaa is any
amino acid at position 66, and the numbering is based on the sequence of mCherry),
catalyzed via Glu215 and Arg96 catalytic resid@:€8 The main ditinction of the RFP
chromophore is the additional oxidation step in the chromophore maturation pathway
which leads to the formation of &hacylimine group on the peptide backbone, responsible

for the extended conjugation and the-sidfted fluorescenc@rigure 1.2b).

~510 nm

N-acylimine

Figure 1.2. Structural characteristics of FP monomers(a) Structure overview of the
similar folds of GFPs (GFP, PDB ID: 1IEMA and RFPs (mCherry, PDB ID: 2H5()

shown in green and red cartoons respectively. On each structure, the buried chromophore
is shown in black sticks(b) Comparison of the green and red chromophores. The
conjugated systems responsible for the emission wavekefgtim = 510 nml em2 583

nm) are highlighted in green and red, respectively. The extended conjugated system in the
RFP chromophore is caused by the presence df-dwylimine group, circled with a dotted

line.



As described bystracket al. (2010),t he f or mati on of At he red
occurs by a b¥ &oguwer 3l Simpilarly howthey@FP chromophore
maturatiod®, initial steps involve the backbone cyclization of the tripeptide via
nucleophilic attack of the nitrogen amide of Gly68 on the carbonyl of the X&aééing
a heterocycle which then gets oxidized. These steps are fadiliig the catalytic residue
Arg96 side chain whose guanidinium group forms a hydrogen bond with the oxygen of the
Tyr67 carbonyl thereby lowering the pKa value of the Gly68 nitréitgerd by the catalytic
residue Glu215 which plays the role of a general base facilitating deprotonation of the
Gly67 amide nitrogeli. The resultinghydroxylated cyclic iminéntermediate can either
irreversibly undergo dehydration and reversible deprotonation to form the green
chromophore species which absorb around 390 nm and 510 nm respectively or, can
reversibly | ose a hydroxyl moiet yY(Fgmeonstitut
1.3, step5). This branching point represents a kinetic competition between formation of
the green species and formation of a blue intermediate towards the red chromophore. At
this point, if Q access to the chromophore is not restricted and red chromophore maturation
is efficient, the reaction is shifted in the direction of the loss of a hydroxyl moiety and the
irreversible oxidation step forming tieacylimine on the peptide backbone andlihes
species. This intermediate is further hydroxylated and dehydrated, and a final
deprotonation yields the fluorescent red chromophore which absorbs around 590 nm in the

case of most DsRederived RFPs known as the mFruit family, such as mCherry.
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Figure 1.3. Branched chromophore maturation pathway in RFPsExample of the
mCherry chromophore formed bihe Met66Tyr67-Gly68 tripeptide Chromophore
maturation follows these reaction steps: cyclizatgtag ) of the tripeptide, oxidatiorg],
dehydration(3) forming the neutral green chromophore, and reversible deprotondlion (
forming the anionic green chromophore. After the first oxidation S2gpeficient red
chromophore maturation leads to the loss of a hydroxyl group (branchf)antthe path

to a second irreversible oxidation st&) {0 form theN-acylimine group (circled with a
dotted line) and the blue intermediate which then undergoes hydroxylaioand
dehydration §) to form the neutral red chromophore, further deprotonated to fagm th
fluorescent anionic red chromopho(€igure adapted from Moot al (2012§°.)

There can be competing requirements between the chromophore maturation and
other RFRproperties, complicating their engineering. For examplgdoess is critical for
chromophore maturation as it is required for two steps in the formation pathway. However,
too much Qaccess has also been shown to cause faster photoblé&chinaddition,
engineering of a tighter chromophore environment has often been exploited to enhance
RFP brightness, as will be discussed below. On the other hand, a too compact core filled
with rigid bulky residues may result in maturation deficieficue to restriction of the
motions required by the peptide backbone to undergo the initial cyclization step in the
chromophore maturation pathway. For these reasons, ilmgrone property can often

impact others and needs to be taken into account when engineering RFPs depending on

their desired end application. However, in the case of this thesis, we will interrogate



different methodologies to exclusively improve RFP bmngiss and will therefore mainly

focus on our understanding of how fluorescence can be enhanced.

1.3. Fluorescence and Brightness in RFPs

The RFP chromophore is responsible for fluorescence and its properties are directly
linked to brightness. The brigigss is the product of the extinction coefficient\-1cnmt)
which is the ability of the chromophore to absorb light and the quantum vyield of
fluorescence Kr) which is its ability to convert the light absorbed into fluorescence

emission, as depicted llye equations below:

Brightness == OF ¢ eq. [2]
BeeFLamberteﬁzs—OLaw: eq.[3]

whereA is the absorbance of the chromophore at a particular wavelé&hghhe molar
concentration of chromophore in solution (in M), &mglthe length of the path traveled by

light in solution (in cm).

Fr= eq. [4]

where the quantum yield value thereby ranges between 0 and 1.

The quantum yield can also be calculated usingdateon below which specifies
that it is the proportion of fluorescence relative to the sum of all other processes undergone

by the excited molecule as showrFigure 1.4



Fr=

= eq.[5]

wherekr is the rate constant of fluorescenke,is the rate constant of internal conversion

(from a higher electronic state to a high vibrational level of a lower electronic state without

photodecompositionkec of external conversion (energy transfer with the solvemiy pf

intersystem crossing (crossover between electronic states with different multipkisity),

of dissociation (bond rupture resulting from excitation to a high enough vibrational level),

and kepi of pre-dissociation (internal conversion that occurs prior to bond ruptdfe)n

eq. [5], ke represents the radiative pathway ofenest and all other rate constants

correspond to neradiative pathways.

@
Vibrational (©)
Relaxation Internal
- — Conversion @

[ Excited 82 - (Ic) Intersystem ———————————
Singlet T o Crossing ————
States S1 - - - (Isc) —_—_—————

> 1 51 | § 4

D Higher 11 — Triplet T

@ Vibrational 111 1 State = 1 T

Lﬁ Levels 111 || - H
. HE Nl HE L 2 S
Singlet 111 — L 2 —§ %

Ground g _ 11 1 1] L 2N i
State @ ® Fluorescence (® Phosphorescence

Figure 1.4. Jablonski diagram illustrating the different processes undertaken by an
excited moleculelrradiation of the molecule can excite an electron from the ground state
to anexcited singlet statel). When it is excited to higher vibrational levelsa higher
order excited singlet state %%, the molecule undergoes vibrational relaxation to the
lowest vibrational level of that electronic sta2. (t can then undergaternal conversion
(IC) to reach the first excited singlet stad® From S, the molecule can either release the
absorbed energy via fluorescendg Er internal conversion, to the ground stageF8om

Sy, it can also undergo intersystem crossing jI8Cthe triplet state 1(5) from which,
phosphorescence can be emitt®d Note: ISC(nstimescale) is generally slow relative to
fluorescence lifetime (ns timescale) and is not usually observed ifRER®rlabeled
processes are radiative means, whereas {ddeted processegpresent nomadiative

decay.
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In the case of the RFP chromophore, the extinction coefficient (also termed molar
absorptivity) translates to the ability of the red chromophore to absorb light at its absorption
maximum (around 58®%90 nm for most RFPs)Since this value depends on the
concentration of red chromophore in a RFP population, it is partially influenced by the
efficiency of red chromophore maturation described earlier. Most RFPs display extinction
coefficient values ranging from ~ 30 mint? to ~ 100 mMt cnrt which is corresponds
to what is observed in other PP, In addition, itis not weltknown how structural
changes to the protein structure can beneficially impact the extinction coefficient which is
why most efforts to increase it have been made using random mutaffeoesige

saturation mutagenesis i@&sidues surrounding the chromopHare

On the other hand, the quantum yjekhich is the ability of the chromophore to
convert the light absorbed into fluorescernieads to be lower in monome RFPs with an
emission maximumbove 600 nm (0.02 to 0.47, mRojf8And cgfmKate?) compared to
that of monomeric yellow or green FPs (0.12 to more than 0.80, mHon®ydad
mNeonGreetf). As shown by eq. [5], the quantum yield can be improved by disfavouring
nonradiative decay pathways. There are two major pathways by which the red
chromophorean undergo neradiative decay and limit fluorescence emission: the energy
gap law and twisted intramolecular charge traf3{@iCT). The energy gap law is true
for most reashifted molecules and, in this case, reflects the facilitatedramtiative
relaxation pathway that the red chromophore can undergo due to overlap between the
ground and excited statds.brief, he RFFc hr omophor eds | onger exci't
wavelengths result from a lower energy difference (as described earlier in this chapter by

the eq. [1]) between the ground and excited electronic s&tés,S1. Because of these
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Asmall e ner gybegweraps etween theelowest vibi@ational level paisd

the higher vibrational levels &. This leads to fastenternalconversion and vibrational

relaxation to the ground state®$>4 This explains why the quantum yield tends to deereas

with the longer wavelengths. On the other hand, TICT is not dependent of the wavelength

but is rather influenced by conformational f
t wistingo of 1its phe BaffolrAweah ana ZimrheydD04)mms des cr i
the case of the GFP chromopHSrés illustrated inFigure 1.5, this motion corresponds

to the rotation of the phenol ring, or torsion of the dihedral apdkfined by atoms CA

CB-CG-CD, and to the torsion of the dihedral anfgldefined by N1CA-CB-CG due to

isomerizatiof®. According to Drobizheet al.(2021), twisting of the RFP chromophore is
predominantly due to torsions of the dihedyaind leads to an intersection of the excited

and ground statesd6 potenti al eenckrongphores ur f ac e s

thereby leading to rapid nenadiative loss of ener§¥

Y CB /IL j/‘
\(}3
Nl'_"

1
/CD
O —N

Figure 1.5. Hulatwist motion in the RFP chromophae. The twisted state of the RFP
chromophore responsible for noadiative decay is caused by torsions of the dihedral
angleswen a me @ Dileedralb is defined by the atoms N@ZA-CB-CG, and dihedral
gis defined by CACB-CG-CD, resulting in a dim noeplanar chromophore.
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Altogether, the more flexible the RFP chromophore, the more its energy will be
released via nomadiative TICT resulting in low quantum yield. In contrast, the more rigid
the chromophie, the less likely it will undergo nemadiative decay and so the more its
energy will be released via fluorescence, resulting in higher quantum kiglda¢ 1.6).
Because reduced conformational dynamics of the chromophore phenolate moiety can be
engineeed via enhanced packing, this determinant of the quantum yield is an attractive
target for engineering RFP brightness and has been previously exploited in the field, as will

be discussed in the section below.

Flexible Chromophore Rigid Chromophore

" s b

=
Higher o N
Vibrational PR
Levels \
> Y - =
o Excited §, - — 1
[0} —1 11 3 —
c — 111 | Y — 11|
w — 111 3‘5 111
— kY I
111 1 Y 111 1 \ 2
— 11 H‘\ 1T 1] 4 3 x“:
Ground §, " — 3 i1 v ‘x )
Non-radiative decay Fluorescence

Figure 1.6. Major relaxation pathways undetaken by flexible or rigid chromophores.

In the case of a flexible chromophore (specifically, torsions of dihedral @mgleagy) tbe
energy absorbed after irradiation to the excited electronic state (yellow arrows) will mainly
be released vianonradiative decay represented by vibrational relaxation between
vibrational levels (small black arrows). Whereas, a rigid chromophore will most likely
release the energy via radiative means, in this case fluorescence (red arrows).
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1.4. Previously Reported Engineering of Brightness in RFPs

The problem of low RFP brightness has been addressed in the past and various
successful case studies of bright RFP engineering have been previously reported, using two

main approaches: directed evadut and rational design.
Directed evolution

Directed evolution has recently been the talk of the field because of its great impact
on the manufacturing of biofuels and pharmaceuticals in industry, leading to the award of
the Nobel Prize in Chemistry 2018 Frances Arnold, George Smith and Sir Gregory
Winter for its use in evolving enzymes, peptides and antibddfesThis meéhodology
relies on random mutagenesis of the gene of interest to yield large libraries of mutant genes
(often > 1@ sequences) and is made to mimic natural selection. More specifically, it mainly
depends on errgerone polymerasehain reaction (PCR) by a low fidelity polymerase,
albeit some also use DNA rep4jrfollowed by screening for enhanced propertiés
interest which should be amenable to kilgroughput screening methods. For example,
variants withincreased quantum yields can lentified by screening for enhanced
brightness using fluorescenaetivated cell sorting (FACS) since quantum yield and
brightness are correlated. Many iterative rounds of random mutagenesis and screening are
usually required to increase the amount of beneficial mutations and obtain significantly
improved variants. Directed evolution is an attractive approach because théhas
advantage of finding unpredictable beneficial mutations, some of which are distal from the

active site of the protein or in our case outside of the first shell of the RFP chromophore,
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without a priori knowledge of the protein structure and has herssn lwidely used to
engineer bright RFPs with various spectroscopic characteristics.

For example, most if not all RFPs from the mFruits superfamily have been evolved
using this approachShaneret al. (2004) subjected mRFP1.5, an evolved variant of
mRFP1, to multiple rounds of directed evolution to produce two brighter RFPs:
mStrawberry and mCherf/ These variants are- 2and 1.3fold brighter than mRFP1
respectively and mStrawberry displays an absolute 0.04 increase in quantum yield. Another
case study that had a great impact in thel fiethe engineering of mScarlet, the brightest
monomeric RFP with a high quantum yield of 0.70. mScarlet was identified after several
rounds of random mutagenesis and screening for enhanced brightness and efficient
maturation starting from a synthetic telate which was designed based on multiple
beneficial mutations that had been previously identified in different RFPs to be responsible
for efficient red chromophore maturation, monomerization and high quantum?§ields
Although the lenefit of directed evolution in identifying unpredictable beneficial mutations
has been particularly useful in these aforementioned case studies, it remains expensive in
terms of resources, time and effort since large amounts of mutants ranging fromdisousa

to millions need to be tested.
Rational design

In contrast, rational design is an alternate approach that requires experimental testing
of fewer mutants  10°) as the library is focused using design hypotheses that base
themselves on knowledge of the protein structure. For example, mRuby3 was identified
using combinatorial mutagenesis at specific positions on the protein surface of mRuby?2 to

improve protein faling and positions near the chromophore that the authors hypothesized
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would enhance dApacking of resi duestatene ar
vibrations that could lead to nena d i a t i?%Yy similatlete vehgt &ve discussed earlier.
Using this method, they were able to increasétightness of mRuby2 by more than-1.3

fold and the quantum yield by an absolute value of 0.07. Another interesting rational design
strategy was performed Wyandelievaet al. (2016) and will serve as the basis of our
hypotheses in the next two chaptersho$ thesis. In this study, the authors rigidified the
chromophore by sandwiching the chromophore phenolate moiety between two aromatic
residues and introducing additional beneficial first shell mutations, which increased the
quantum yield and the brigrgas of mRojoA, a dim reshifted mCherry variaft, by 2

fold®0. Rational design is especiallyafsl when crystal structures of the FPs of interest are
available since the introduction of beneficial mutations require knowledge of the system.
However, this can also serve as a limitation to this approach since not all RFPs are available
in the ProteinData Bank (PDB). Moreover, using this type of rational design can
encounter epistasis issuediere beneficial mutations on one protein backbone can be

detrimental on another.
Computational protein design

Another rational design methodology is computational protein design (CHHD).
enables théesign of aminecid sequences that can stabilizargét protein scaffold and
create a novel functiott can be usetb predictwhether different combinations of residues
would result in stable protein foldshereby yielding stable sequences to test
experimentallyCPD relies oroptimizationalgorithmsthatcan efficientlysearchthrough
largeprotein sequence spader combinations ohmincacidresidues that result in stable

mutants. The method requires a backbone template (structure obtaineeralgy x
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crystallography or protein NMR) on which residugsinterest are designed at specific
positions by sidehain placement. Each of these residaespresented by collection of
discretesidechain rotamers, named rotamer library, which correspond to low energy
conformations of aminacid side chainsbserved in known protein structurebhis step
allows tiesamping of different side chain conformations during the simulation to find the
combinations that result inthe lowesn er gy on t he chosen backbon
mentioned here is the calculdteutput of arenergy functiorthat contains norbonded
interaction (for examplelectrostati@and Van der Waalisteractiony and solvation energy
terms used to compute a potential energy valiss potential energyaluereflects the
predicted stabilityfor different sequeaceson the backbone templatghere the best ranked
sequences (predicted to be most stable) are those with wstipredicted potential
energy. In contrast with the rational design approaches discussed in the previous paragraph,
CPD has the advantage gfedicting combinations of mutations thsthould benon
detrimental to protein stabilita nd i s t her efsocrreeeai ngéf ulechpi ¢
eliminating mutant proteins that would not be stable

CPD was performed by Chieaal.(2010) on the mCherry scaffold on which thirteen
residues with side chains pointing towards the chromophore were designed in order to
identify combinations of mutations that together could interact with the chromophore to
red-shift its emission wavelength thiout hindering protein stability: Using this approach,
the authors identified mRojoA, a variant displaying eng2 bathochromic shift relative to
mCherry. CPD simulations have also been usext¢ate monomeriRFPs as shown by
Wannieret al.(2015, 2018¥%- 62 The authors performed CPD on a tetrameric RFP on which

they targetedsurface residues at positions found onphe ot ei n6s ol i gomer i c
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Evaluation & the 96 designed sequences with the lowest computed energy yielded 93
variants with the desired monomeric structéiréhese past results highlight the utility of
CPD as a powerfuh silico pre-screenig strategy. Although this methodology has been
useful for engineering reshifted or monomeric RFPs, it has not, to the best of our
knowledge, been used to explicitly increase RFP brightness unlike directed evolution and
rational design. Since it has preusly been successfully used to enhance packing of
protein core¥, this may provide anovel approach to enhance packing of RFP
chromophores and therefore their quantum yigdsngineer brighter variants, as we will
demonstrate in later chapters.

As evidenced in this section, various approaches with different advantages and
limitations can be used to engineer RFPs with desired charactefistids (.2. However,
as showrthroughout this Chapter, it remains difficult to engineer RFPs that possess all
desired properties combined. As a result, protein engineers focus on improving what is
most important for their end applications of interest. Notably, for the majority of these
applications, one of the most important properties remains RFP brightness. In this thesis,
we will therefore focus our efforts on investigating new rational design methodologies to

create bright RFPs.
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Table 1.2.Advantages and limitations different protein engineering approaches.

Approach Advantages Limitations
Directed 1 No required knowledge of protein structure { Large libraries (> 1%) require that
Evolution or function desired properties be amenable to
high-throughput screening
1 Identifies beneficial mutations across the
protein structure whose functional effects Expensive (time, resources, effort:
would be mpossible to predict a priori
Rational 1 Fewer mutants to test (<30 9 Requires irdepth knowledge of
Design protein structure and function
1 Epistasis makes it challenging to
accurately predict the functional
effect of mutation combinations
CPD 9 Can computationally search through large { Requires large computational

sequence spaces (>°Hgquences) to identify
mutation combinations that would have bee
difficult to predict rationally or to obtain
through random mutagenesis

1 Predicts stability of mutants

resources

9 Does not always find the global
minimumenergy conformation

9 No direct relationship between
computed energy and protein
function

1.5. Brief Description of Projects

As we discussed in Chapter 1, RFPs generally display low brightness relative to

other widely used green and yellow FPs and their brightness tends to decreasethe

emission wavelength is increased. Therefore, the development of methods that increase

RFP brightness is desired. One way to go about engineering brighter RFPs is through the

rigidification of the chromophore phenolate moiety to limit twisting motionsthe

chromophore that are responsible for releasing its absorbed energy-vadradive decay,

thus favoring its radiative fluorescence pathway. Herein, we will investigate different

rational design strategies based on rigidifying the chromophoreiteaise brightness in
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RFPs. Chapters 2 and 3 will interrogate RFP brightness by introducing mutations directly
next to the chromophore, whereas Chapter 4 will focus on distal mutafiguse 1.7).
Finally, we will discuss the advantages and limitationseath approach and their
contribution to the field. Please note that Chapter 3 will be presented in form of a
manuscript to be sent for review to theurnal of the American Chemical Socieaynd the
Amat erials and met hods onbefeundatteemn ofthisthes€hapt er

I n Chapter 2, we hypethkesiozeft haartomiaah e c
engineered by Pandelieea al. (2016%° onto the mRojoA scaffold comprising aromatic
side chains sandwiching the chromophore phenolate moiety could be improved since the
aromatic side chain at position 63 in their construct is oriented-tecfgee with the
chromophore. W propose that the quantum yield can therefore be increased by creating a
parallelp-st acked ASuperdeckero motif comprising R
moiety and Y197. We used CPD and molecular dynamics simulations to identify stable
mutants thatcontain this motif. Our best variants showed up to-fal@ enhanced
brightness relative to their parent protein and displayedgatsitivity in the alkaline range,
potentially making them useful for studying the mitochondrial matrix. We will provide
insights on the presence of tBeiperdeckemotif in these protein folds and will discuss
how the motif can be further engineered to createshifted RFPs.

In Chapter 3, we propose an alternate approach to further increase RFP brightness
by enhancing chromdyre phenolate packing using aliphatic residues instead of aromatic
ones and emphasize their ability to create a compact environment. Using CPD, we were
able to identify a mutant with ifbld enhanced brightness from which directed evolution

yielded the hightest Discosomderived monomeric RFP with an emission maximum
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above 600 nm reported to date. We will highlight the benefit of combining CPD and
directed evolution to identify improved variants from novel starting points.

In Chapter 4, we test a hypo#iiepreviously developed in our laBhereby RFP
brightness can be increased by introducing mutations away from the chromophore
environment based on NMé&ata that revealed @rrelation between residue rigidity and
RFP quantum yief}. We aimed to do so using combinatorial mutagenesis at two different
surface patches of three residue positions each on the mCherry template for which the
correlation is observed, and whose side chain rotamers are thoughketthbaability to
interact @istancec ac o¢ 8 A) . We will also discuss whether these fiosis are appropriate

targets for this approach and why other positions should also be considered.

Chapter 2
Superdecker motif

Chapter 4
Engineering of
structural dynamics

Chapter 3
Aliphatic packing

Figure 1.7. Overview of the project objectivesChapters 2 and 3 focus on engineering

RFP brightness by introducing mutations near the chromophore, whereas Chapter 4 relies

on mutating distal positions located on the protein surface. The goals of Chapters 2 and 3

are to enhance packing of the chromoghorp henol at e moi ety via a A0
(green) or aliphatic residues (cyan), respectively. The goal of Chapter 4 is to identify
beneficial distal mutations where rigidity correlates to the quantum yield using
combinatorial mutagenesis of two surfgagches (shown in dark blue).
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2.2. Introduction

Red fluorescent proteins (RFPae geneticallyencoded fluorophores that have
found widespread application in chemical andldgaal research due to their longer
emission wavelengths that allow deeper tissue imagimgy multicolor experiments’. For
most applications, bright RFPs are desiralitowever, most RFPs display lower

brightness relative to other widely used greegadiow fluorescent proteins, emphasizing
the need to develop methods to increase RFP brightR#B brightness is typically

improved by directed evolution involving multiple rounds of random mutagenesis followed
by highthroughput screening of large mota | i b r3zsequeaces per@durds.
Although directed evolution has successfully yielded many RFPs displaying enhanced
brightness, a rational methodology to increase brightness would be useful to generate novel
bright variants without the need fecreening large mutant libraries, while allowing us to
test our understanding of the structural basis of high brightness in these proteins

As discussed in Chaptdr, brightness of fluorescent proteins is defined as the
product of their molar extinction efficient 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 brighess, it is not well understood how changes to the RFP
structure can beneficially impaits extinction coefficient, complicating the prediction of
beneficial mutations by rational desigdn the other hand, it is known that the quantum
yield of fluorophaes is directly related to conformational flexibifify as torsional motions
can dissipate the absorbed energy as heat instead of as pAtisrgrocess is knowrsa

twisting intramolecular charge transf¢fICT). In the case of fluorescent proteins, it has
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been shown that twisting of the chromophore phenolate moiety via torsions of the CB2
CG2 bond causes noadiative decdy®. Therefore, it should be possible to enhance RFP
brightness by designing mutations to restrict the conformational flexibility of the phenolate
moiety, resulting in higher quantum yield.

Here, we propose that introduction of a motif comprising a gh@ktacking of
the chromophore phenolate moiety between aromatic side chains has the ability to rigidify
the chromophore and increase the brightness of a previously engineered RFR, mRojo
VHSVS. This RFP contains aromatic residpestacked with the chromophore in an edge
to-face arrangement that we hypothesize is not optimaréwening phenol ring twisting
In order to introduce a fage-face orientation, we aim to engineer a motif comprising the
chromophore phenolate moigiystacked between a tyrosine and a histidine that is oriented
in a parallel orientation via a catigninteraction with the guanidiumgroup of an arginine
side chain, which we name8uperdecke(Figure 2.1c). Using computational protein
design on a fast@nd efficientlymaturing mRojeVHSYV variant we were able to identify
sequences in which our motif was predicted to be stable. Thergants identified,
mSD1.1 and mSD1.5, display up to -fofld increases in quantum yield resulting in a
modest 1.Fold enhanced brightness at pH 9.0. They also display higlvalkes of 8.1
and 8.3, respectivelyCrystallography of mSDL1.5 is currentinderway to confirm the
presence of the Superdecker motvhich we found by MD simulations to be relatively

more stable in mSD1.5 than the other designed variants.
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2.3. Results
Previous work, rationale and design hypothesis

Previous work in our lademonstrated that the quantum yidtd) of the dim red
shifted mCherry variant mRojoAFE = 0.024) can be increased by sandwiching the
chomophore phenolate moiety between the side chain of Y197, which is already present in
mMRojoA, and of another aromatiesidue at position 63 above the chromophore (P63Y,
P63H or P63F), creatingtaple-deckemotifé. The brightest triplelecker vaiant, mRoje
VHSV, which is named based on its mutations relative to mRojoA (V16, H63, S143,
V163), displays more thanfdld increased brightness and -fofd increased quantum
yield (F r = 0.040). However, similar to the othteiple-deckermutants, the die chain of
the aromatic residue above the chromophore, in this case H63, points in the same direction
as the chromophore phenolate but is not stacked in a parallel orientation relative to the
chromophore unlike Y197F{gure 2.1a).

We hypothesized thalhe edgeto-face orientation of H63 in mRojgHSV results
in suboptimal packing and allows twisting of the phenol ring of the chromophore resulting
in nonradiative decay Therefore, we proposed that quantum yield and brightness could
be further increased by engineering a parglistacked motif to enhance packing of the
chromophore phenolate moiety. A similar motif is obsérivethe Copepod GFP, which
contains a parallel histidine thatisstacked above the green chromophdrethis protein,
the histidine is oriented via catigminteractions with an arginine, which itself is stabilized

via hydrogerbonding with a glutamatd-{gure 2.1b).

29



a mRojo-VHSV b Copepod GFP
"/ M7 ’ Na
L165 \/\'\7 1

3
vies & r — v éﬁzs H52
Y |

—aarsds SISy
Chromophore < Chromophore

Y197 R192
c d .
Superdecker Model mRojo-SD1
E97

E97 @

He3
R163 f

Chromophore

P

Y197 Y197

Figure 2.1. Rational design of &Superdeckemotif. (2) mRojeVHSV (adapted from
mRojo-THSL PDB ID: 5H87?, in which T16V and L163V were introduced using the
mutation wizard in PyMOL), (b) Copepod GFP (PDB ID: 2DP7c) hypothetical
Superdeckemodel, (d) mRojeSD1 (not published). The residues and the chromophore
phenolate moity comprising the Superdecker motif are shown as green sticks, the
hydrogen bonds as white dotted lines, and the packing interactions are represented by gray
spheres.

To create an RFP containing a trijolecker motif in which the aromatic plane of
the H63side chain is parallel to that of the chromophore phenolate moiety, we first
introduced homologous mutations to the Copepod GFP (M97E and V163R) into mRo0jo4.3,

a fast and efficientmaturing variant of mMRo¥HSV that was previously evolved in our

30



lab. Wenamed this motif &uperdecke(Figure 2.1c). However, crystallographic data
showed that the parallel motif was not present in our construct which we named mRojo
SD1, where SD1 refers tBupemDecker mutantl (Figure 2.1d). This suggested that
residues surrounding the motif should also be considered in the design to allow the desired
geometry as some first shell residue conformers may participate in steric hindrance of
residues of the motif or may disturb necessary elsttic interactions, for example E97

was shown to make a hydrogen bond with Y165 instead of R163 in rRERdjpthereby

not allowing them to adopt a parallel arrangement.

Computational protein design

In order to create th®uperdeckemotif, we turned to computational protein design
(CPD). We first generated a backbone ensemble of mDjbusingnolealar dynamics
restrained by thdiffraction data, also known as ensemble refinemsseg.1. Materials
and Methodsg. This procedure pduced an ensemble of 63 templates approximating the
conformational flexibility of the mRoy$D1 scaffold. Using this ensemble, we designed
six residues (99, 143, 161, 165, 177 and 199) in order to stabilize the Superdecker motif

comprising Y197, the phetaie moiety of the chromophore, H63, and R168\re 2.2a).
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Figure 2.2. Computational design oSuperdeckemutant mSD1.1.(a) Computational

design model of mutant mSD1_1. Designed residues are shown as magenta sticks and the
hydrogen bond between E97 and R163 is shown as a white dotted line. NRQ indicates the
RFP chromophore. (b) CPD results. Asterisks, letters and dashegértie chromophore,
mutations, or wiletype residues, respectively. The sequences shown correspond to the top
8 sequences, ranked according to their Boltzmaeighted average energy (T = 300K)
across the backbone template ensemble, that were pradiet@opt th&Superdeckemotif

as their most stable conformation. The designed sequence of mSD1.1 is highlighted in gray.

From the top ranked 100 designed sequences, 8 were predictatbpbthe
Superdeckem their most stable predicted structure. Thesguencewere named based
on their ranking from the CPD calculatidfor example, mSD1.0 refers to the mR§jp1
mutant with the lowest calculated potential energy value, mSD1.1 refers the second ranked

mutant, etc. These sequences contain between & isudiations relative to mRoj8D1: a
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leucine at position 199, whose branched side chain (isobutyl moiety) may contribute to
enhanced packing, and various combinations of residues at the other five design positions,
including hydrophobic residues at positid65 which should not interfere with the
hydrogen bonding between E97 and R163 since they cannot act as competing hydrogen
bond donors or acceptor&igure 2.2b). In addition, the R125H surface mutation found

in mRojoA and derivatives was also revertex dnhance solubility and favadhe
monomeric stateof our mutant$ (Supplementay Figure S2.1). These designed

sequences were selected for experimental characterization.

Experimental screening and spectroscopic characterization

Only three of the eight computationally designed mutants displayed fluorescence
distinguishable from theébackground noisgSupplementary Figure S2.2. Mutant
mSD1.0 exhibited enhanced fluorescence intensity relative to the parent-8IRbjwith
a similar emission maximum at approximately 613 nm. Interestingly, the emission spectra
of mutants mSD1.1 and mSD1displayed emission peakisat were blueshifted by 17
and 7 nm, respectively. Presence of this {sloited emission suggests a change in the
electronic environment of the chromophore, which could potentially be caused by the
presence of th&uperdeckerin support of this assumption, Khrenoea al (2020)
predicted by quantum mechanical calculations that a 0.10 eV (approximateiy)30
hypsochromic shift in emission wavelength would result from acHismophore motif in
which the aromatic rings adopt rpdlel orientations relative to each otheAll other

variants displayed poor fluorescence, potentially resulting from hindered red chromophore
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maturation.Therefore, to facilitateexperimental manipulation, thiaree mutantswith
enhanced fluorescence intensitgre chosendr further characterization.

All three mutants displayed efficient red chromophore formation, similar to their
parent protein mRoy®D1. This is evidenced by the lack of green chromophore pleaks (

= 390 nm and 510 ni¥)in all absorption spectraigure 2.3).
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Figure 2.3. Fluorescence and absorption spectra @uperdeckerRFPs. Absorption

(solid lines), excitation (dotted lines) and emission (dashed lines) spectra of purified (a)
mRojo-VHSV, (b) Mutant4.3, (c) mRoysD1, (d) mSD1.0, (e) mSD1.1 and (f) mSD1.5

in 1X phosphatduffered saling137 mM sodium chloride, 2.7 mM potassitchloride,

10 mM disodium phosphate, 1.8 mM monopotassium phosphate, pH 7.4). Spectra were
measured at room temperature using an Infinite M1000 (Tecan) or Spectramax i3
(Molecular Devices) plate reader
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At physiological pH, the briglest variant mSD1.1 displayed an absolute increase
in quantum yield of 0.012 (120%) relative to the parent mf&@)d (Table 2.1) whereas
thequantum yields omSD1.0 and mSD1.were considerably loweHowever, the lower
extinction coefficient of mSD1.1 dichot result in enhanced overall brightness.
Interestingly, these three designed mutants all displayed altered pH profiles relative to
mMRojo-VHSV and mRojeSD1 Supplementary Figure S2.3. All mutants displayed
single pka value between 8.1 and 8.7, whiale higher than what is usually observed in
RFPs (reported p s f or mo st R F6F5srange)t. 8ecause ofttHe @H 4 . 0
sensitivity in the alkaline ramg identified in the Superdeckervariants, spectral
characterization was also performed at pH 9.0. At this pH, mSD1.1 and mSD1.5 exhibited
1.7- and 1.4fold increases in quantum yield relative to mR8J01, respectively, resulting

in approximately 1.3old enhanced brightness.
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Table 2.1.Spectralproperties oSuperdeckeRFPs.

Mutations Relative to mRojyHSV

I I I t Extinction Brightness
Protein abs ex em Quantum Coefficient S a 97 125 150 161 163 165 177 194 199 217
(nm) (nm) (nm) Yield i1 (mM cm’)
(mM le)
MROjo-VHSV* ; 592+ 1 622+2 0.040+0.004 117+ 13 4.7 43,95 M H M I V L V N L cC
Mutant4.3 586+1 591+1 617+1 0.047+0.001 73+ 6 3.4 ] - L - - Y - Y - s
. 585+1 585+1 612+3 0.073+0.002 6.8
mRojo-SD1 565 (570 (610) (0.083) 93+ 4 o7 45,86 E - L - R Y - Y M s
583 575 613 0.034 2.9
mSD1.0 G50)  (350)  (605) ©.076) 84 ©.4) 8.7 E R L M R - I Y - s
565 555 595 0.085 5.6
mSD1.1 G45)  (345)  (309) ©.14) 66 ©.2) 8.1 E R L - R - M Y - s
580 560 605 0.050 4.2
mSD1.5 G45) (345  (399) ©.12) 83 (10) 8.2 E R L L R - M Y - s

| ans | exandl emcorrespond to thabsorption, excitation, and emissiaraxima respectively.
Values in parentheses are at pH @02 M sodium phosphatrffer).

All othervalues are at pH 7i#h 1X phosphatduffered saline{37 mM sodium chloride, 2.7 mM potassium chloride, 10 mM disodium phosphate, 1rBandpotassium phosphate
Brightness is the product of the quantum yield and the extinction coefficient.
The pkais the pH value at which 50% of the maximal fluorescence is obtained. AVRERY and mRojeSD1 have two pKvalues Supplementary Figure S2.3.
n = 2independent experiments fvtutant4.3 and mRoj&D1 n = 1 independent experiment for all other variaBech independent experiment consisted of triplicate measurements
performed on a single protein batch.
*Data from Pandelievat al. (2016}.
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Structural analysis

To evaluate the relative stability of tBeperdeckemotif in the designs of mSD1.0,
mSD1.1 and mSD1.5 variants, we performed molecular dynamics (MD) simulations over
a period of 20 ns on each computational model. MD is a computational tool that simulates
the movement of atoms in ret@ine to evaluate the evolution of molecular interactions
within the protein over a chosen timescale. We chose a period in the short nanosecond
range ashis timescale allows us to visualize side chain motfolse expect that a stable
Superdeckemotif would preserve the parallel orientation of side chain rotamers during
this simulation time, whereas an unstable one would not. Our results demonktgted t
Superdeckemotif was preserved in mSD1.bigure 2.4), whereas the residues involved
in the motif in mSD1.0 and mSD1.1 shifted to conformations similar to those seen in the
crystal structure of mRoj&D1 Figure 2.1d), which are not parallel.

In addition to visual inspection of the MD trajectory, we performed a more
guantitative analysis of the paraljeistacking between H63 and the phenolate moiety of
the chromophore by plotting the distance between the ring centroids, as well as the angle
betwe=n the aromatic planes, in function of the simulation time co@spplementary
Figure S2.43. From the simulations, we observed that the H63 and the chromophore
phenolate in mSD1.5 were in the desired geometry, where their centroid distance varied
around4 . 0 , which is cl pséeacéi ngei nteamdacdi ®nhan
the aromatic rings maintained their parallel arrangement with an angle between the
aromatic planes that did not exceed 25 degr&mplementary Figure S2.4h. In

contrast, the angle between aromatic planes in mSD1.0 and mSD1.1 fluctuated between 20
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and 90 degrees over the course of the simulation, suggesting that the Sagslelecker

motif is relatively less stable in these variants.

Chromophore \§

E97

Chromophore

Figure 2.4. Molecular dynamic simulation snapshot of mSD1.5MD simulation of

mSD1.5 were performed using the using the Amber 2018 software (see Chapter 5,
Materials and Methods). At the end of the si
along the production trajectory wereti@cted. Snapshots of the design model of mSD1.5

revealed that the parallel stacking of Beperdeckemotif (shown as green sticks) was

retained over the course of the 200 ns simulation. The model structure shown here
corresponds to snapshot 625 oul000.
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The blueshifted emission, high pKa values, and higher brightness at pH 9.0
observed for theSuperdeckewariants suggest that we have significantly altered the
stereoelectronic environment of the chromophore due to the designed mutations. Molecular
dynamics simulations suggest that 8wgerdeckemotif is more stable in some mutants
than others. This observation, coupled with the observed hypsochromic shift by Khrenova
et al. (2020), supports the hypothesis that the motif may be present in saamésvdio
evaluate the presence of the tarf§aperdeckemotif, we purified mSD1.0, mSD1.1 and
mSD1.5 and sent them to our collaborator Michael C. Thompson (UC Merced) for

crystallography, which is currently underway.

2.4. Discussion

In this work, we used CPD as a rational design approach to identify RFP sequences
predicted to contain uperdeckemotif composed of a parallel side chain stacking of
Y197, the chromophore phenolate moiétg3 and R163, designed to enhance packing of
the chromophore and thereby increase RFP brightness. Using this methodology, we were
able to identify three efficientlynaturing mutants: mSD1.0, mSD1.1 and mSD1.5.
mSD1.0 was dimmer than the parent mR8[@1 and displayed similar excitation and
emission waelengths. In contrast, mSD1.1 exhibited an increased quantum yield of 1.2
fold at physiological pH. However, its lowektinction coefficientwhich may result from
a mixture of protonated and deprotonated chromophores in the RFP population, did not
resultin improved overall brightness. On the other hand, at pH 9.0, mSD1.1 and mSD1.5
displayed quantum vyields up to ifald higher than mRoysD1, which successfully

yielded 1.3fold enhanced brightness. These brighter andsefkitive variants also
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displayedl5 nm blueshifted emission maxima, and 20 nm bikefted absorption maxima
at pH 9.0, relative to mRoj8D1. Similarhypsochromicshifts were also observed at pH

7.4.

A shift in wavelength is indicative of a change in the electronic environment of the
chromophore. For RFP applicationshahochromicshift is usually desired and we will
discuss in the conclusion how our motif can be engineered for this purpose. Hawever,
the case of the work herein, thgpsochromicshifts may suggest the presence of the
desiredSuperdeckein which H63p-stacks with the chromophore phenolate moiety in a
faceto-face orientation. This is supported by quantum chemistry simulationgsresul
obtained by Khrenovat al.(2020) where they developed a quantitative strugbhuoperty
relationship model to predict spectral tuning in FPs and demonstrated that garallel
stacking interactions between the DsHikd RFP chromophore and a histidinehich
they substituted as an imidazole, results in a hypsochromic shift in the absorption

spectrurf.

In addition, we used MD simulations on the design structure models of mSD1.0
and mSD1.5 obtained by CPD to evaluaerelative stability of the Superdecker motif in
mSD1.0,mSD1.1 and mSD1.6omputational modeld=rom a structural standpoint, the
goal of engineering th8uperdeckewas to force H63 in a parallel orientation relative to
the chromophore phenolate moiety so as to enhance its packing and restrict twisting
motionsresulting in TCIT.Therefore, we evaluated both the possibility of interactions
between the two rings by verifying that the distance between the ring centroids was ~ 3.5

and the parallel arrangement by verifying that the angle value between the aromatic
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planes wagess than 259%e observed that the criteria and therefore the motif was retained

in mSD1.5 over the course of the simulation, but not in mSBrlOSD1.1

Ther is a discrepancy between the results obtained by CPD calculations which
predicted the presence of tBaperdeckein the design sequences including mSD1.0 and
what was obtained using MD simulations. This is due to the fact that the advantage of CPD
is toidentify stable conformations by finding the best combination of rotameexeat
MD takes into account protein dynamansd calculates the forces on each atom in order to
predict their movement in retime. In other words, th&uperdeckelin mSD10 is
predicted to be stable (as shown by CPD results) but intinealthe atoms of the
Superdeckeresidues may also be subjected to forces such that the structural motif may
escape the local minimum of its energy well and so may only be present duringéleegli

amount of time (as shown in MD results).

Apart from structural insights, an interesting spectral characteristic that was
observed in the mutants is their highapélues ranging from 8.1 to 8.7 and which confers
mSD1.1 and mSD1.5 their significantiantum vyield increases and thereby brightness
enhancement at pH 9.0. MRSV and its derivative mRo}{&D1 both possess two pK
values, one around 4 which is typically within the range reported for'R&fRsrepresents
the ioniable phenol of the chromophore and the secondapdnd 9. The nature of this
second pKis not well understood but is thought to represent an additional ionisable group
on the chromophore, potentially the secondary amine of the imidazolinone which may
participate in hydrogen bonding with the carboxylate of the conserved Glu215 side chain
in some RFPY. The single high pKvalues in theSuperdeckemutants seem to indicate

that their edctrostatic chromophore environments have been affected such that the phenol
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moiety is less acidic and thus more resistant to deprotonation. As illustréiepie 1.3

of Chapter 1, the fluorescent RFP chromophore is the deprotonated form which would
expain why the Superdecker mutants are dimmer at physiological pH relative to their
parent mRojeSD1 which has a pKof 4.5. Nevertheless, the unusually highai the
ionisable chromophore phenol moiety of tBaperdeckemutants could be useful to

monitor processes that oar at pH in the alkaline range.
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2.5. Conclusions and Perspectives

Using CPD, we generatédliperdeckevariants that are brightéinan their parent
proteinat pH 9.0. The pkkensitivity of our mutants in the alkaline range, not usually
observed in RFPs, could potentially render them useful for studying the dynamics of the

mitochondrial matrix (pH ~ 8.5).

To validate the presence aofur designedparallel structuralSuperdeckemotif
comprising Y197, the chromophore phenolate moidB3 and R163¢rystallography of
mSD1.0, mSD1.1 and mSD1.5 mutaigscurrently underway. MD was also used to
evaluatethe relative stability of the motif imu t a eomputational modelsThe motif
was observed for the majority of the simulations for mSD1.5 but nomf&D1.0or
mSD1.1, suggestinghat the Superdeckemotif is more stable irsome mutantsThis
observation, coupled with the observed hypsochromic shift by Khreetoah (2020),
supports the hypothesis that the motif is present in some variants. However, a crystal

structure is required to confirm this.

Finally, Khrenovaet al. (2020) also predicted thagt-stacking of the RFP
chromophore with a tyrosine or a benzene sulestt yields 9nm or up to 2dnm
bathochromic shifts, respectivély®. For most applications, rezhifted RFP variants are
desired. In this work, we based our design ligesis on the parall@kstacking interaction
found between the chromophore and a histidine in the Copepod GFP. Hereafter, future
work should focus on engineerigyperdeckemotifs that instead contain a tyrosine or a

phenylalanine at position 63 to creaedshifted RFPs.
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2.6. Supplementary Information

Supplementary Information includes four figures.
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Supplementary Figure S2.1. Fast protein liquid size&xclusion chromatography
(FPLC) profiles of monomeric mCherry and mRojo-SD1. mRojo-SD1 Q0 mg/mL)

(solid line) is a monomer, with an overlapping FPLC elution profile to that of the
monomeric RFP mCherry2(mg/mL) @otted line). Because the mReds1-derived
design mutants contain mutations focused in the protein core and not the protein surface
aside from H125R which is known to favor monomerization, we assume that these do not
affect their oligomerization state and therefore are also monarReoieins were purified

by gel filtration into 20 mM sodium phosphate buffer pH 7.4 using an AKT /A& §GE
Healthcare) fast protein liquid chromatography system equipped with a Superdex 75 (GE
Healthcare) column.
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Supplementary Figure S2.2. Experimental screening of designe@uperdecker
sequences.Emission spectral & = 535 nm) of purified SuperdeckerRFPsin 1X
phosphatéuffered saline (137 mM sodium chloride, 2.7 mM potassium chloride, 10 mM
disodium phosphate, 1.8 mMomopotassium phosphate, pH 7shpw that two sequences
display blueshifted emission wavelengths relative to mR8j01. The inset shows the
emission spectra of mSD1.5 and mSD1.1 in more detail, and low brightness variants not
selected for characterization. The gray vertical lines indicate the emission maximum of
mMRojo-SD1 (612 nm). The spectrum of mSD1.0 is shown in a ldali line, mRojeSD1

a black dashed line, mSD1.5 a black dashed and dotted line, mSD1.1 a black dotted line,
and all other designed sequences are shown as solid graySiieetta were measured at
room temperature usingSpectramax i3 (Molecular Deviseplate reader
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Supplementary Figure S2.3. pH profiles oSuperdeckeiRFPs.pH profiles ofpurified
(a) mR0jeSD1 (1.0 pM), (b) mSD1.0(1.0 uM), (c) mSD1.1(0.55 pM)and(d) mSD1.5

(1.0 uM) in a series oBritton-Robinson bufferat various pH ThepKa is the pH value at

which 50% of the maximal fluorescence is obtajned a n d

Fluorescence intensities were measured at room temperature using a Spectramax i3

n

(Molecular Devices) plate read®ata is shown as @an of triplicate + sd.
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Supplementary Figure S2.4. Molecular dynamics simulation analysis of mSD1.0,
mSD1.1 and mSD1.55uperdeckegeometry.(a) Geometry requirements of a paragiel
stacking interaction between H63 and the phenolate moiety of the chromophore (shown as

sticks). The distance

bet ween the

ri

ng

the aromatic planes should be no higher than 25 degrees. (b) MD analyis of
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measurements describexver the time course of the simulatioAt the end of the

simulation, 10 0 s napshots separ at edion lragjectddy. werens al or
extracted. MD analysishows that mSD1.0 does not possess a parallel arrangement with a
centroidc ent roi d di stance around 5.5 and a var
seems to fluctuate around 90 degrees, where H63 is interestingly not in ato-éaige

orientation but is rather pointing away from the chromophore as shokigure 2.1 d).

In contrast, mSD1.1 and mSD1.5 design models meet the requirements for a parallel H63
chromophore stacking with a distance around
majority of the simulations. Of note, mSD1.5 seems to be the variant ah wie motif

may be the most stable as it retained the motif over the entire course of the simulation. The
frames (xaxis) correspond to snapshots of the structure during the simulation taking at

equal time intervals.

28.8 kDa

18 kDa

10 kDa

Cleaved protein due to hydrolized
N-acylimine upon heat denaturation
of sample before gel loading

Supplementary Figure S2.5.Representative SDSPAGE of purified Superdecker

RFPs. Purified proteins in 1X SDS loading dye (0.1 M THEI pH 6.8, 0.2 M
dithiothreitol, 4% w/v sodium dodecyl sulfate (SDS), 0.2% w/v bromophenol blue, 20%
viv glycerol) were heated at 95°C for 3 minusesl loaded on the gel, along with 3 L of
Unstained Protein Standard Broad RangeZQ0 kDa) ladder (P7717S, NEB). The first

four wells correspond to dilutions of mSD1.5 (28.8 kDa) and the next five wells correspond
to dilutions of mSD1.0 (28.8 kDa) he separate well corresponds to the ladddre
additional two bands around 10 kDa and 18 kDa correspond to cleaved protein products
resulting from hydrolization of the ddcylimine of the chromophore upon hear
denaturation.
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Supplementary Table S21. Crystalography data of mRo}&D1.

mRojo-SD1
PDB ID TBD
0.1 M sodium acetate pH 5.(
Crystallization conditions 0.0050.010 M ZnC#

12% PEG6K

Data collection?

Temperature (K) 277
Resolution (A) 1.557 48.04
Space group P3121
Cell params.

ab c(A) 64.4499 64.4499 94.3407
U b o2 (A) 90.0 90.0 120.0
Molecules per asymm. unit 1

Rpim 0.046 (0.719)
CCu2 0.996 (0.484)
I/ al 7.2 (0.9)
Completeness (%) 100 (99.4)
Multiplicity 19.1 (17.4)

# reflections (total unique) 642151 (33593)
Refinement

R work/free 0.1518/0.1783
No. atoms

Protein 3681
Ligand 1

Water 127
RMSD

bond lengths (A) 0.007
bond angles (°) 1.084
Molprobity statistics

All-atom clashscore 2.97
Ramachandran outliers (% 0.00
Ramachandran allowed (% 1.43
Ramachandrafavored (%) 98.57
Rotamer outliers (%) 0.00

a@Highest resolution shell is shown in parentheses
TBD: to be determined.
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3.2. Abstract

Red fluorescent proteins (RFPs) have found widespread applicatiohemical and
biological researcdue to tleir longer emission wavelengthdere, we use computational
protein design to increase the quantum yield thedeby brightness of a dim monomeric
RFP (mRojoA, quantum yield = 0.02) by optimiziagromophore packing with aliphatic
residues, which we hypothesized would reduce torsional motions causitrgdiative
decay. Experimental characterization of the tdpdésigned sequences yielded mSandyl

( en= 609 nm, quantum yield = 0.26a variant with equivalent brightness to mCheary,
widely used RFP. We next usdirected evolution to further increase brightness, resulting

i n mSa &d 808 nng, guantum yield 0.35, the brightesDiscosomasp. derived
monomeric RFP with an emission maximum above 600 nm reported to date.
Crystallographic analysis of mSarfighowed that the chromophorghenolatemoiety is
sandwiched between the side chains of Leu63 and 11e197, a structural motif that has not
previously been observeth RFPs and confirms that aliphatic packingleads to
chromophore rigidification. Our results demonstrate that computational pdet&gn can

be used tagenerate bright monomeric RFPs, whicbuld serve astemplatesfor the

evolution of novel faredfluorescent proteins
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3.3. Introduction

Our findings in the previous chapter demonstrated that a modest increase in
brightness waachieved (solely under high pH conditions) when enhancing packing of the
chromophore phenolate moiety using aromatic residues. Moreover, a crystal structure is
required to confirm that those observations result from the introduction of the parallel motif
designed. Altogether, this suggests that using aromatic residues to enhance chromophore
packing and greatly improve brightness can be challenging. Instead of aromatics, we
therefore hypothesized that chromophore packing could be optimized using aliphatic
residues given that their side chains can adopt various rotamers that have the ability to pack
tightly within protein cores, thereby having the potential to pack tightly around the
chromophore phenolate. Because the optimal combination of aliphatic residudmnce
RFP quantum yield and brightness would be difficult to predict using standard rational
design methodologies (described in Chapter 1) and experimentally costly using
combinatorial mutagenesis due to the large library size {matants), we deded to use

a computational approach.

Here, we used computatiainprotein design with the Triad softwétéo optimize
packing of the chromophore pocket in the dim mononRREEMR0joA (quantum yield =
0.02), which we hypttesized would rigidify the chromophore and thereby enhance
brightness. To do so, six residues surrounding the phenolate moiety of the chromophore
were mutatedn silico to various combinations of aliphatic amino acidse best mutant
identified mSandyl,displayedan 1Xfold enhancement tguantum yield relative to
mMRojoA. We next used directed evolution to further increase brightness, whicledsield

mSandy2 (quantum yield = 0.85the brightestDiscosomasp. derived RFP with an
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emission maximum greater than 600 nm reported to date. Crystallographic analysis
confirmed that the chromophore phenolate moiety of mSandy2 was rigidified due to tight
packing by aliphatic residues. Our results demonstrate the utility of computatiormh prot
design for increasing RFP brightness by enhancing chromophore packing, and generating
noveltemplates fodirected evolution of brighter varianfshe approach developed here
could be applied to other fluorescent proteins in order to increase quaatdang overall

brightness.

3.4. Results

Computational desigof enhanced chromophore packing

Previously, we used rational design to create RFPs containing adeeigiter motif
of aromatic rings in which the chromophgreenolatanoietyis sandwichedetween the
side chains of two aromatic residtiesCrystallographic analysis of tripldecker RFPs
showed that this motif rigidified the admophore and resulted in modest absduikentum
yield increass of up t00.03 at pH 7.4. Here, we postulate that chromophore packing with
aliphatic (e.g., Val, Leu, lle, and Met) instead of aromeggidueswill lead to greater
guantum yield increases elio the ability of bulky and/or branched aliphatic side chains
to pack tightly within protein cores, which could enhance chromophore packing for more
effective rigidification. However, it is difficult to predict a priori which combination of
aliphatic reglues will be optimal for packing the chromophore pocket, emphasizing the

needfor a computational approach.

56



Algorithms for computationalprotein design (CPD) optimize amhuacid side
chain rotamers on a backbone template to stabilize a protein fold gvimgp non
bonding interactiorid 2 These methods can therefore be used to predict conalig at
aliphatic residues to enhance packing of the chromoppbemolatemoiety without
destabilizing the protein fold. CPD has successfully been used to repack protein cores for
enhanced stability, often with high accurkfc}?. CPD has also beersed to design RFPs
displaying reeshifted emission wavelengfffsand create monomeric variants from
oligomeric one¥’ 18 However, it has not, to the best of our knowledge, been applied to the

repacking of the RFP chromophore pocket for enhanced brightness.

As a startingtemplate fordesign we selected mRojoAa dim and reghifted
variant of the widelyused monomeric RFP nh@rry that weengineeredor redshifted
fluorescencl. mRojoA containsthe V16T, R125H, Q163L, V195A, 1197Y, aW®17C
mutations (numbering accordingtttemCherry structurePDB ID: 2H5Q") that together
cause a 28m emission wavelength bathochromic shift that is accompaniaed h@fold
decrease in quanturyield (Table 3.1). We selected mRojoA as our design template
because it is dim, its crystal structure is available (PDB ID: 3REANd it was the
template used to create the triplecker RFPS, allowing us to compare the structural and
functional effects of aliphatic vs. aromatic packing of the chromophore. Furthermore, the
MROjoA crystal structure shows suboptimal packing around the chronedherto the
presence of a Pro residue at positionfE@gyre 3.1), whose cyclic side chain cannot form
tight packing interactions against the plandryproxybenzylidene moiety. Mutation of
this Pro residue, which is conserved amonB®&tosomap. derved RFP¥, to nonrcyclic

aliphatic amino acids should enable us to test our design hypothesis.
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Using an ensemble of four mRojoA templates &&e Materials and Method3,
we designed six firsshell residues surrounding the chromoph&upplementary Figure
S3.19 and allowed only aliphatic residues (lle, Leu, Met, Val) at these positions with the
exception of position 143, where we also allowed Ser because this amirftaadigen
shown to contribute to enhanced brightness in tdeleker RFPS. We also reverted the
V16T mutation of mRojoA because polar ceses at this position have been shown to
hinder red chromophore maturatt4nand the R125H surface mutation to enhance
solubility in the monomeric steteThe top 10 designed sequencgsgplementary Figure
S3.1h contained between 4 and 7 mutations, including P63L directly on top of the
chronophore, and W143S, which is likely required to accommodate the bulky Leu63 side
chain. At the other four design positionsyious combinations of aliphatic residues were
observed in the top 10 ranked sequences, which were selected for experimental

characgrization.
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Table 3.1.Spectral properties of red fluorescent proteins.

Mutations relative to mRojoA

Protein (:];x]) ('n;") Quantum ggg%g:gr?t (ﬁ:ﬁ*}tcﬂrﬁﬁ)s T16 P63 H125 W143 1161 L163 L165 D174 N194 A195 Y197 L199 C217
(mM'tcm™)
mRojoA 5i926 i322 00002(3)11 68+ 9 2 - - - - - - - - N } } B .
o
mSandy0.1 585 608 0.13 - - \% L R S Y - - - - - \% - -
mSandy0.7 584 612 0.6 94 15 vV L R s . - - - . - v . -
mSandy0.9 585 608 0.13 - - \% L R S Y \% - - - - \% - -
mSandy1 o8t 008 020% 81+5 21 V. L R S V- - . . ! -
mSandy2 o8l 006 035 79+ 9 28 VoL - s v v F v Y - I M -
E‘fgg\‘/‘jﬁgw 580 606  0.28 - - vV L R s v v - - . - | M -
mCherry i826 iof O(fg’li 87+3 20 v oo- R ; ; Q - - ; v | ; A

I ex and em correspond to the excitation and emission maxima, respectively.
e X p er-Yigd, mSandyt, mBandytRang raCherry (mBao i odh n = 1 independent experiment for all other
variants. Each independent experiment consisted of triplicate measurements performed on a single protein batch.

All values are at pH 7.4 in 1X phosphatgffered saline (137 mM sodium chloride, 2.7 mM potassium chloride, 10 mM disodium phosphate, 1.8 mM
monopotassium phosphate).
Brightness is the product of the quantum yield and extinction coefficient.

n0 3

independent
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MROjoA mSandy?2 mSandy?2
major conformer minor conformer

L163 V163 V163
P63 L63 pt L63 mp

ﬂ QA o (“Q o (-“;‘ A ross

= ;f—(r;:
IIRL

= YA

RSO

Figure 3.1. RFP chromophore pocketKey residues forming part the chromophore
(NRQ66) pocket in mRojoAchain A,PDB ID: 3NEZ)andmSandy?2 ¢hain H, PDB ID:
unpublishefl are shown as stickand transparent spheres. Té&e chromophore pocket in
MROjoA containsa cavity &#ove the chromophorghenolatemoiety dwe to the cyclic
structure of B3. Thiscavityis filled in mSandy2 by aliphatic residué8when it adopts
thempbut notpt rotamer. Occupancy of thap rotamer varies between i38% in the 8
molecules of the crystal asymmetric unit. (b) Blue mesh shows cavity surrounding the
chromophorg@henolatenoiety in mRojoA and the mSandy2 major conformer. This cavity

is filled by the L63mprotamer. All images gemated using PyMOL 2.5.0.

Spectral characterization of designs

Four of the 10 designed sequences showed strong fluorescence with emission
maxima around 61@m (Supplementary Figure S3.2, which represent hypsochromic
shifts of approximately 20 nm relaéito mRojoA. These results can be partially ascribed
to reversion of the V16T and 1197Y mutations that are known to cause emission
wavelength bathochromic shifts @ and 7 nm, respectivelywhen introduced into

mCherry®. These variants, which we calnSandys Table 3.1 Figure 3.2
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Supplementary Figure S3.3, all display quantum yield increases 5f6i 11-fold relative

to mRojoA, representing absolute qtian yield increases of 0.10.23 The brightest

variant, mSandyl, is as bright as mCherry with a quantum yiel®26fdhd a brightness

of 21 mM'!t cm’t. mSandy1 also displays efficient red chrommghmaturation, with no
apparent green c¢hr omoSupgplemeatarypFegar&k S3@ s itss 51 0
absorption spectrunf{gure 3.2), similar to what is observed for the efficienthaturing

mCherry. Importantly, these comparable properties of mSandglngCherry are not

simply due to a high sequence similarity between these two RFPs. Asshdahble 3.,

the sequence of mSandyl is more similar to that of its parent mRojoA (6 mutations) than

it is to that of mCherry (7 mutations). This resugihlights how different sequence changes

can produce similar functional effects in RFPs.

Of the bright mSandy variants, mSandyl is the only one that contains the Y1971
mutation, which reverts the Tyr found at this position in mR0joA to the corresporeing |
found in mCherry. Since the single point mutation 1197Y causes a large quantum vyield
decrease of 0.19 when introduced into mCHérwye verified whether the Y1971 reversion
found in mSandyl1 wazrimarily responsibléor the large quantum yield increase observed
in this variant. As shown oifiable 3.1, the single mutant mRojeX197I displays an
absolute quantum yield increase relativenRojoA of approximately 0.0%ess tharthat
observed for mSandyl (0.R3This result confirms that presence of the Y1971 mutation
alone is not sufficient to account for the high brightness of mSandyl, and that the other

five mutations contribute synergistically to its high brightness.

61



=
=
)

o
)
.
o
[
.

=4
=3
e
=
.

o
=

o
B
Fluorescence

=}
N
L

Normalized Absorbance
or Fluorescence
[=]
i

Normalized Absorbance or

0.0

350 450 550 650 750
d Wavelength (nm)

=y
=)
,

o
o
.
e
o
.

o
o
.
2
o
.

o
=~

o
~
Fluorescence

o
N
L

Normalized Absorbance
or Fluorescence
o
o

Normalized Absorbance or

B ; r \ 0.0 S—— T T \
350 450 550 650 750 350 450 550 650 750
Wavelength (nm) Wavelength (nm)

0.0

Figure 3.2. Fluorescence and absorption speat (a) mRojoA, (b) mSandyl, (c)
mCherry, and (dnSandy2 Absorption, excitation, and emission spectra are shown as
solid, dotted, and dashed lines, respectivBpectraof purified proteinsvere measureith

1X phosphatéduffered salind137 mM sodiunchloride, 2.7 mM potassium chloride, 10
mM disodium phosphate, 1.8 mM monopotassium phosphate, pldt#ddm temperate
using an Infinite M1000 (Tecan) or Spectramax i3 (Molecular Devices) plate reader.

Evolution of mSandy2

Given that mSandy1 is as brigds mCherry but contains an amino acid at position
63 (Leu63) that has never been observed in other fluorescent pr@apementary
Data File), we postulated that it could serve as a good starting template for the directed
evolution of brighter monomie RFPs. We therefore subjected mSandyl to random
mutagenesis followed by highroughput screening for enhanced brightness. After three

rounds of directed evolution (s&7. Materials and Methodg, we isolated mSandy2
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(Table 3.1, Figure 3.2), a variantwhose emission wavelength is not significantly altered
but that diplays a quantum yield that is @bhigher than that of mSandyl (abselut
guantum yield increase of 0.09). mSandy?2 is a($ #righter than mCherry, an RFP that
emits at a similar wavelerngt However, chromophore maturation in mSandy2 is less
efficient than in either mSandyl or mCherry, as evidenced by the peaks at approximately
390 and 510 nm in its absorptigpectrum Figure 3.2d) that correspond to neutral and
anionic green chromophoréSupplementary Figure S3.4, respectivel$* 22 Presence of

these absorption peaks indicates a substantial amount of dnesnophorecontaining

moleculedgn theRFP population in solution

mSandy2 contains six mutations from mSandyl, 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 increagkignvariant, we generated the
mSandy1L163V/L199M doublemutant. These two mutations together improve the
guantum yield of mSandyl by 0.Q2able 3.J), less than half of the total quantum yield
increase in mSandy2 relative to mSandyl. Furthermore, theydatrimental to
chromophore maturation, as evidenced by the low overall absorption and strong peaks at
approximately 390 and 510 ni8ypplementary Figure S3.3. The other four mutations
therefore contribute to increase the quantum yield and compensattee fonaturation
deficiency caused by the L163V/L199M combination. Interestingly, three of the remaining
four mutati ons -klamretsaurfaceointludind aerevesioR of the H125R
mutation that we introduced to favor monomer solubility. Nevezslthese surface
mutations do not cause oligomerization of mSandy2, which remains a monomer in solution

(Supplementary Figure S3.3.
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Crystal structureof mSandy?2

We next solved the crystal structure of mSandy?2 to evaluate the structural factors
contributing to its highquantum yield. Crystals of mSandy2 were obtained at pH 8.5, and
these diffracted at a resolution of 2.05Fable 3.2. The unit cell corresponded to space
group P22:2; with eight molecules in the asymmetric unit. Interestingly, only two of these
molecules (chains E and H) contain red chromophores, with all others containing green
chromophores in which thé-acylimine substituent of the chromophore is not formed. This
result is in agreement with the observed mixture of green and red chromaombagning
mSandy2 molecules in solutioRigure 3.2). Nevertheless, in all eight molecules within
the asymmetric unit, thghenolatemoiety of the chromophore is sandwiched betwie
isobutyl andsecbutyl side chains of Leu63 and lle197, a structural motif that has not been
previously observed in fluorescent proteins. In these structures, the Leu63 side chain adopts
two distinct rotamersHigure 3.1). Thempr o t a mregauché ¢ ,»= gauche(+)), which
is found at this position in our computational model of mSan8uplementary Figure
S3.9, fills the cavity above thephenolatemoiety of the chromophoreytpacking tightly
against it.In contrast the alternateptr ot a mer g @ @ c h= ttans) does @ot.
Interestingly, themp rotamer of Leu63 is the minor conformer in all but one of the
mSandy2 molecules in the crystal asymmetric unit, with occupancies between 30% and
53%. Nevertheless, the Leuf®rotamer likely conibutes to reduce neradiative bond
rotation within the chromophore-tpydroxybenzylidene moiety, leading to enhanced

guantum vyield.
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Table 3.2.Crystallographic data and refinement statistics

mSandy2

PDB ID

Crystallization conditions

Data collection?

Resolution (A)

Space group

Cell params.

abc(A)

U b 92 (A)
Molecules per asymm. unit

TBD
100 mM Trisbuffer (pH 8.5)
100 mM NacCl
20% PEG3350
34 mg/mL protein

80.312.05
P212:2;

59.68 147.21 240.94
90 90 90
8

CCu2 0.999 (0.396)
I/ Gl 11.9 (1.0)
Completeness (%) 99.9 (97.3)
Multiplicity 13.0 (10.9)
# unique reflections 133939
Refinement

R work/free 0.1823/0.2255
No. atoms

Protein 14089
Water 641
RMSD

bond lengths (A) 0.007
bond angles (°) 0.958
Molprobity statistics

All -atom clashscore 3.09
Ramachandran outliers (%) 0.00
Ramachandran allowed (%) 1.78
Ramachandran favored (%) 98.22
Rotamer outliers (%) 0.47

a8Highest resolution shell is shown in parentheses.
TBD: to be determined.

To verify whether aliphatic packing mutations increase chromophore rigisty,
analyzed Bfactors ofindividual chromophore atomsvhich correspond tdher average
displacemenin the crystal. Sincéoth conformationallexibility and crystalline disorde

cancontribute to atomic Bactors, we calculated thieZ-scoresto account forvariations
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between different crystaBnd moleculesand compared those of mSandy2 with those of
mRojoA and mCherry. Bactor Zscores for the chromophop&enolatenoiety are lower

in mSandy?2 than in its dim paremRojoA (Figure 3.3 Supplementary Figure S3.7,
confirming that the mSandy2 chromophasemore rigid. The mSandy2 chromophore
phenolatas also more rigid than that of mCherry, which is itself more rigah that of
mMRojoA. Taken together, these results demonstrate that as rigidity of the chromophore
phenolateincreases, so does RFP quantum yield. Overall, our data confirm that the
computationallydesigned aliphatic packing mutations, in combination thitise found by

directed evolution, caugghenolateigidification leading to quantum yield increases.

mSandy2
QY =0.36
2054

1.0 ——— 20

B-factor
Z-score

Figure 3.3. RFP guantum yield increases alongside chromophore rigidityrhe red
chromophores omRojoA (chain A, PDB ID: 3NEY, mCherry (PDB ID: BI5Q), and
mSandy2 ¢hain E,PDB ID: unpublishell are shown as sticks with individual atoms
colored according to their -Bactor Zscore. The 2Féc map is shown in volume
representation acontour leveb f  in.lighttblue.The crystal structure resolution and
guantum yield (QY) are indicated for each protein.
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3.5. Discussion

In this work, we used computational protein design to optimize packing of the RFP
chromophore with aliphatic residues to reduce its conformatitenability and thereby
enhance its quantum yield and overall brightness. In the brightest computationally designed
variant, mSandy1, aliphatic packing of the chromophore causes an atltpentum yield
increase of 0.28elative to the mRojoA parent witho significantly affecting the molar
extinction coefficient. This results in a brightness increase of approximately one order of
magnitude. The quantum yield increase obtained by aliphatic packing described here is
larger than those obtained by aromatickpag in the tripledecker RFPs. For example, the
brightest tripledecker RFP, mRofyYGV, which contains a chromophonghenola¢
moiety sandwiched between the side chains of Tyr63 and Tyrl197, displays an absolute
guantum yield increase of 0.03 and-éoRl increase in brightness relative to mRojoA at
pH 7.4 The approximately£old highe quantum yield of mSandy1 (0.26ompared to
mRojoVY GV (0.05) suggests that aliphatic packing is better suited for increasing RFP
brightness than aromatic packing, in agreement with our design hypothesis. Importantly,
our computational design approach required the testing of only 10 sequences, which is
manyorders of magnitude lower than the number of sequences that are typically required
to achieve comparable increases in quantum yield by directed ev6ldtibnese results
highlight the benefit of CPD, which is to facilitate the identification ofutation
combinatiors that would have been difficult foredict rationally or to dfain through

random mutagenesfs

Directed evolution on the computationally designed mSandyl yielded mSandy?2,

which is, to the best of our knowledge, thwghtestDiscosomasp. derived monomeric
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RFP with an emission maximum above 600 nm reported to @agequantum yield of

mSandy2 (0.3pis comparable to those of mRuby (0.35) and mKate2 (0.40), two
monomeric RFPs that have been used in many imaging appliéattddnsRuly emits at
asimilarwavel engt h as 6061@ hutliy 256 biighter (39.2 mNf cm'?)

due to a higher reported extinction coefficient. On the othed hmKate2 is redhifted by

27 nm but is 1% less bright than mSandy2 (25 miMm'?). Interestingly, mRuby and

mKate2 were engineered from natural RFPs isolated frofantecmaea quadricolosea

anemone (eqFP611 and eqFP578, respectively), and both contain a Thr residue at position

63. In the crystal structures of these proteins, thé&3JIsidechain methyl group packs

against the chromophorg@henolate moiety, likely contributing to chromophore

rigidification. While several monomerictfare d f | uor e sem®B0tnm)oMtiot ei ns
qguantum yields O0.10 have [[FRSeIn(e.ge mKellyl,ed fr on
mMaroonl, and mGarnet), to our knowledge, none have been successfully engineered from
either DsRe#? or HcRed®, and only relatively dim vari ant
emission maxima <650 nm have been produeegl, mRoug¥, mPlunt’, mGinger1&.

Presence of Thr at position 63 instead of a Pro could partially explain why RFPs from
Entacmaea quadricolohave been better templates for evolving-riza fluorescent

proteins than those frofiscosomasp. (DsReé) or Heteractis crispgHcRed®), which

instead contain a Pro residue at the corresponding position. Since RFP quantum yield tends

to decrease as emission wavelength increases, we pritpaddbe engineering of novel

far-red fluorescent proteins could be initiated from a template where the chromophore p
phenolatemoiety is already tightly packed. Our mSandy variants could be useful for this

purpose.
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Although mSandy? is bright, further imgvements to its quantum yield should be
possible. This could be achieved by using CPD to design satmidmutations to
stabilize the Leu63 side chain in tmpconformation that allows it to pack tightly against
the chromophorghenolateln addition 6 helping to rigidify the chromophore, mutations
introduced in the second shell should be less likely to affect the emission wavelength, as
they are not in direct contact with the chromophore. The aliphatic packing approach
described here could also be bgxqb to increase the brightness in other Pro68taining
RFPssucla s mGi Rruwg €637 hm, Guantum yield = 0.02pr mPlum(eem= 649 nm,
quantum yield =0.102%, and in neainfrared fluorescent proteins derived from bacteria
phytochrome® 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 farred or nearinfrared optical window, as well as superigshotostabilityand fast
maturation, are still desired to enabigrious typesf applicationsIn this context, the
approach combining CPD with directed evolution described here has potential to yield

novel templates for funer engineering.
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3.6. Supplementary Information

Supplementary Information includes one data file, seven figures, and two tables.

Supplementary Data File.

https://www.ncbi.nlm.nih.gov/projects/msaviewer/?anchor=0&coloring=diff&key=VebP
POnklj06ytg6GdvuxL5ySugVmRucF50_jCulOaaoq

JDtHMzOMCIVTdOgM_ 9nuXD8d3mtDBytXHO8Hf2u3z0P38wdY,ZtX8DHrXpQ4J
esJKujd941Bak41Pzs6NzwifKgsuGQCIDcLiN
yzfilOzXVINKPpLGINGR1hjA2ZEfFBxVndabGhFVUt5d1M&track config=protein_def
ault&from=30&t0=90&columns=d:120,b:55,x:17,aln,e:55,0:150

The file shows the amino acid sequence of mSandydeitp similar sequences using the
Multiple Sequence Alignment Viewer 1.20.0 (NCBI). The alignment was generated using
Blastp (proteirprotein BLAST), in which mSandy1 was entered as the query sequence and
was fAbl ast e dadundastiprotgn segnces (nmr)aatabase, against a maximum

of 1000 target sequences. The aligned sequences were then filtered to exclusively include
those with accession lengths of 280 amino acids, which correspond to the expected
size of fluorescent proteins from the GBBperfamily. To focus on residue L63 of
mSandyl, the file shows sequences from residue 30 to residue 90. Differences are
highlighted in red. The multiple sequence alignment shows that a Leu at position 63 is not
found in other FPs.
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https://www.ncbi.nlm.nih.gov/projects/msaviewer/?anchor=0&coloring=diff&key=VebPP0nklj06ytg6GdvuxL5ySugVmRucF5o_jCuIOaaoq-JDtHmzOmCfVTdOgM_9nuXD8d3VhtDBytXH08Hf2u3z0P38wdY,ZtX8DHrXpQ4J-esJKujd941Bak41Pzs6NzwfKgsuGQCIDcLllN-yzfjOzXVJNkpLG1NGR1hjA2ZEfFBxVndabGhFVUt5d1M&track_config=protein_default&from=30&to=90&columns=d:120,b:55,x:17,aln,e:55,o:150
https://www.ncbi.nlm.nih.gov/projects/msaviewer/?anchor=0&coloring=diff&key=VebPP0nklj06ytg6GdvuxL5ySugVmRucF5o_jCuIOaaoq-JDtHmzOmCfVTdOgM_9nuXD8d3VhtDBytXH08Hf2u3z0P38wdY,ZtX8DHrXpQ4J-esJKujd941Bak41Pzs6NzwfKgsuGQCIDcLllN-yzfjOzXVJNkpLG1NGR1hjA2ZEfFBxVndabGhFVUt5d1M&track_config=protein_default&from=30&to=90&columns=d:120,b:55,x:17,aln,e:55,o:150
https://www.ncbi.nlm.nih.gov/projects/msaviewer/?anchor=0&coloring=diff&key=VebPP0nklj06ytg6GdvuxL5ySugVmRucF5o_jCuIOaaoq-JDtHmzOmCfVTdOgM_9nuXD8d3VhtDBytXH08Hf2u3z0P38wdY,ZtX8DHrXpQ4J-esJKujd941Bak41Pzs6NzwfKgsuGQCIDcLllN-yzfjOzXVJNkpLG1NGR1hjA2ZEfFBxVndabGhFVUt5d1M&track_config=protein_default&from=30&to=90&columns=d:120,b:55,x:17,aln,e:55,o:150
https://www.ncbi.nlm.nih.gov/projects/msaviewer/?anchor=0&coloring=diff&key=VebPP0nklj06ytg6GdvuxL5ySugVmRucF5o_jCuIOaaoq-JDtHmzOmCfVTdOgM_9nuXD8d3VhtDBytXH08Hf2u3z0P38wdY,ZtX8DHrXpQ4J-esJKujd941Bak41Pzs6NzwfKgsuGQCIDcLllN-yzfjOzXVJNkpLG1NGR1hjA2ZEfFBxVndabGhFVUt5d1M&track_config=protein_default&from=30&to=90&columns=d:120,b:55,x:17,aln,e:55,o:150
https://www.ncbi.nlm.nih.gov/projects/msaviewer/?anchor=0&coloring=diff&key=VebPP0nklj06ytg6GdvuxL5ySugVmRucF5o_jCuIOaaoq-JDtHmzOmCfVTdOgM_9nuXD8d3VhtDBytXH08Hf2u3z0P38wdY,ZtX8DHrXpQ4J-esJKujd941Bak41Pzs6NzwfKgsuGQCIDcLllN-yzfjOzXVJNkpLG1NGR1hjA2ZEfFBxVndabGhFVUt5d1M&track_config=protein_default&from=30&to=90&columns=d:120,b:55,x:17,aln,e:55,o:150
https://www.ncbi.nlm.nih.gov/projects/msaviewer/?anchor=0&coloring=diff&key=VebPP0nklj06ytg6GdvuxL5ySugVmRucF5o_jCuIOaaoq-JDtHmzOmCfVTdOgM_9nuXD8d3VhtDBytXH08Hf2u3z0P38wdY,ZtX8DHrXpQ4J-esJKujd941Bak41Pzs6NzwfKgsuGQCIDcLllN-yzfjOzXVJNkpLG1NGR1hjA2ZEfFBxVndabGhFVUt5d1M&track_config=protein_default&from=30&to=90&columns=d:120,b:55,x:17,aln,e:55,o:150

M
L1657 \U

Mo7 %143
L1 63

o /j& Q b1 99
% ” T16

1y > NRQ66
$Y197
E148
SAR= K70

b Positions
Seq Energy 16 62 63 66 70 97 143 148 161 163 165 177 197 199
WT T

S P HRQK M W E I L L v b 4 L
0 -2342.436566 v - L * - - s - v - - - v
1 -2341.211358 v - L * - - s - v - - - v -
2 -2340.200248 v - L * - - s - v - - - I I
3 -2338.936610 v - L * - - s - v - - - I -
4 -2338.836003 v - L * - - s - v v - - v I
5 -2338.634281 v - L * - - s - v - - - v v
6 -2338.172567 v - L * - - s - - - - - v I
7 -2336.947382 v - L * - - s - - - - - v -
8 -2336.6757922 v - L * - - s - v v - - I I
9 -2336.586172 v - L * - - s - v v - - v -

Supplementary Figure S31. Computational design of mSandyl.(a) Structure of
mRojoA (PDB ID: 3NEZ) with designed residues shown as sticks and identified by their
oneletter code. NRQ indicates the chromophore. Residues whose identify and
conformation were allowed to chamgare colored magenta, while those whose
conformation but not identity was allowed to change are colored white. The T16V mutation
introduced to facilitate chromophore maturation is colored green. (b) Multistate design
results. Asterisks, letters and dashedicate the chromophore, mutations, or wige
residues, respectively. The top 10 sequences, ranked according to their Boltzmann
weighted average energy across the -teamplate ensemble, were experimentally
characterized. Sequence 3 corresponds tothd8a
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3.5E+07 A

— mSandyl
3.0E+07 A = = = mSandy0.1
2.5E+07 A — T msandor

......... mSandy0.9
2.0E+07 A

Other variants

1.5E+07 4

1.0E+07 A

5.0E+06 1/
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1OE+OO s T T T * 1
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Supplementary FigureS32. Screening of designed sequences for bright fluorescence.
Emi s si 0 nes5%nm)opuified samples of the top 10 designed mSaim{X
phosphatéuffered saline (137 mM sodium chloride, 2.7 mM potassibharide, 10 mM
disodium phosphate, 1.8 mM monopotassium phosphate, pHevehled that only four

of these variants displayed high fluoresceigmectra were measured at room temperature
using a Spectramax i3 (Molecular Devices) plate reader.
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Supplementary Figure S3.3. Fluorescence and absorption spectra of mSandy
variants. (a) mSandy0.1, (b) mSandy0.7, (c) mSandy0.9, (d) mSabhtig3V/L199M,

and (e) mRojoAY1971. Absorption, excitation, and emission spectra are shown as solid,
dotted, and dagld lines, respectivel\spectraof purified proteinsvere measureth 1X
phosphatéuffered saling137 mM sodium chloride, 2.7 mM potassium chloride, 10 mM
disodium phosphate, 1.8 mM monopotassium phosphate, pH 7.4) at room temperate using
a Spectramax i@Vlolecular Devices) plate reader.
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Supplementary Figure S3.4. Chromophore structure.The red chromophore differs
from the green one by the presence oMNaacylimine group that extends the size of the
conjugated system. Red, anionic green, and neutedngchromophores absorb at
approximately 590 nm, 510 nm, and 390 nm, respectively. Thamxybenzylidendor

phenolate)noiety of each chromophore is colored blAsk Roberto of need to remove
this figure.

1.0 ~ ”
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Supplementary Figure S3.5. mSandy® a monomeric red fluorescent proteinSize
exclusion chromatography elution profiles monitored by absorbance at 280 nm during the
final purification step show a single predominant peak for mSaf@ty2ng/mL) which

elutes at the same volume as mChéayng/mL) a known moomeric red fluorescent
protein.Proteins were purified by gel filtration into 20 mM sodium phosphate buffer pH
7.4 using an AKTA pure (GE Healthcare) fast protein liquid chromatography system
equipped with a Superdex 75 (GE Healthcamdyimn.
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Supplementary Figure S3.6. mSandyl computational modéfey residues forming part

the chromophore (NRQG66) pocket are shown as sticks and transparent spheres (a) The
designed Leu63 residue adopts the mp rotamer and tightly packs against theptioe
phenolatanoiety. (b) Blue mesh shows chromophore pocket cavity. All images generated
using PyMOL 2.5.0.
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mRojoA

Chain B Chain C

\
mSandy2
Chain B

mSandy2
Chain A

mSandy2
Chain D

mSandy2
Chain F

mSandy2
Chain H

Supplementary Figure S3.7. Chromophore rigidity. The chromophores of mRojoA
(PDB ID: 3nez) and mSandy2 (PDB IDnpublishedl are shown as sticks with atoms
colored according to their -Bactor Zscore. The 2Féc map is shown in volume
representation at mRojo& Ghaih A andnSandy2 €Hain &re

shown n Figure 3.3
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¥ 200
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100
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¥ 10

26.3-28.8kDa |

Cleaved protein due to hydrolized
N-acylimine upon heat denaturation
of sample before gel loading

Supplementary Figure S3.8.Representative SDSPAGE of purified mSandys and
mRaspberry control. Purified proteins in 1X SDS loading dye (0.1 M THEI pH 6.8,

0.2 M dithiothreitol, 4% wi/v sodium dodecyl sulfate (SDS), 0.2% w/v bromophenol blue,
20% v/v glycerol) were heated at 95f@ 3 minutes and loaded on the gel, along with 3
uL of Unstained Protein Standard Broad RangedQ0 kDa) ladder (P7717S, NEBR)ell

#1 correspond to mSandy1(28.8 kD3, well #3 corresponds to mSandy0.7 (28.8 kDa),
well #5 to mSandy2 (28.8 kDa), well #8 mRaspberry{26.3 kDa)and well #9 to the
ladder The additional two bands around 10 kDa and 18 kDa correspond to cleaved protein
products resulting from hydrolization of theadylimine of the chromophore upon hear
denaturationLess hydrolysis is obseed for variants that mature inefficiently, due to a
lower proportion of red chromophore containing RFPs in the population of molecules.
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Supplementary TableS3.1. Amino-acid sequences of red fluorescent proteins.

Protein

Sequencé

mRojoA

MGHHHHHHGV3KEDNMAIIKEFMRFKTHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLK
GPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQ
GEFIYKVKLHGTNFPSDGPVYMQKKTMGWEASSERMYPEDGALKGEIKLRLKLKDGGHY
TYKAKKPVQLPGAYNANYKLDITSHNEDYTIVEQYERCEGRHSTGGMDELYK

mRojo-Y197

MGHHHHHHGV3KEDNMAIIKEFMRFKTHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLK
GPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQ
GEFIYKVKLHGTNFPSDGPVMQKKTMGWEASSERMYPEDGALKGEIKLRLKLKDGGH)Y
TYKAKKPVQLPGAYNAKLDITSHNEDYTIVEQYERCEGRHSTGGMDELYK

mSandy(lL

MGHHHHHHGV3KEDNMAIIKEFMRFNHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKV
GPLPFAWDILEQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQL
GEFIYKVKIRGTNFPSDGPVMQKKTSEASSERMYPEDGALK@H RLKLKDGGHYDAEVK
TYKAKKPVQLPGAYNAKLDITSHNEDYTIVEQYERCEGRHSTGGMDELYK

mSandyO0.7

MGHHHHHHGVIREDNMAIIKEFMRFMHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKV
GPLPFAWDILEQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQL
GEFIYKVKIRGTNFPSDGPVMQKKTSEASSERMYPEDGALKGEIKLRLKLKDGGHYDAE'
TYKAKKPVQLPGAYNAKLDITSHNEDYTIVEQYERCEGRHSTGGMDELYK

mSandy0.9

MGHHHHHHGVIKEDNMAIIKEFMRFMHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKV
GPLPFAWDILEQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQL
GEFIYKVKIRGTNFPSDGPVMQKKTSEASSERMYPEDGALKEVRLKLKDGGHYDAEVK
TYKAKKPVQLPGAYNAKLDITSHNEDYTIVEQYERCEGRHSTGGMDELYK

mSandyl

MGHHHHHHGV3KEDNMAIIKEFMRFKHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKV
GPLPFAWDILEQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQL
GEFIYKVKIRGTNFPSDGPVMQKKTSEASSERMYPEDGALK@H RLKLKDGGHYDAEVK
TYKAKKPVQLPGAYNAKLDITSHNEDYTIVEQYERCEGRHSTGGMDELYK

mSandy2

MGHHHHHHGV3KEDNMAIIKEFMRFKHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKV
GPLPFAWDILEQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQL
GEFIYKVKLHGTNFPSDGPVMQKKBHMASSERMYPEDGALK@/RFKLKDGGHYAEVKT

TYKAKKPVQLPGAAN KMDITSHNEDYTIVEQYERCEGRHSTGGMDELYK

mSarny1-
L163V/L199M

MGHHHHHHGV3KEDNMAIIKEFMRFKHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKV
GPLPFAWDILEQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQL
GEFIYKVKIRGTNFPSDGPVMQKKTSEBASSERMYPEDGALK@/RLKLKDGGHYDAEVK
TYKAKKPVQLPGAYNAKMDITSHNEDYTIVEQYERCEGRHSTGGMDELYK

mCherry

MGHHHHHHGVIKEDNMAIIKEFMRFMHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKV
GPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQ
GEFIYKVKLIRGTNFPSDGPVMQKKTMGWEASSERMYPEDGAIGREEIKDGGHYDAEVK
TYKAKKPVQLPGAYRI KLDI TSHNEDYTIVEQYEREGRHSTGGMDELYK

aMutations from mRojoA are underlined and highlighted in bold.
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Chapter 4: Engineering of RFP structural dynamics to rigidify the chromophore
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4.1 Statement of Contribution

This chapter is theontinuation of a project startdey Dr. Adam M. Damry a
former graduate student in our ldb the work presented below, experimental design was
done by Dr. Adam M. Damry and Dr. Roberto A. Chica, andd#stificationof clusters

to engineer and all laboratory experiments were performed by Sandrine Legault.

4.2. Introduction

As we discusgup to this point in the thesis, several directed evolution and rational
design approaches have been used to improve RFP brightAd&ssith some otcomes
more successful than others. In addition, our worlprevious chapterg nd ot her sd ha
shown that the introduction of mutations in the first shell of the chromophore pocket often
leads to unwanted bleghifted fluorescendé&'®, This may be due to changes in the
electrostatic environment of the chromophore resulting in perturbation oékbeatized
electrons of ta RFP chromophor¢hereby increasing the energy between the excited and
ground singl et statesd energy |l evels (descr

problem would be to introduce beneficial mutations distal from the first shell of the
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chromophoreHowever, distal mutations that result in enhanced brightness are difficult to
predict and are therefore usually identified by directed evofutidrch is expensive in

terms of resources and effort. A more rational method capabléengiomting distal
mutagenesis hotspots in the RFP structure to increase brightness would be highly

beneficial.

Such an approach has been proposed by Danaly(2019)who performegrotein
nuclear magnetic resonance (NMR) spectroscopy on a set of pCéketed RFPs with
various quantum yields and brightneBgy(ire 4.1) to compare structural dynamics on a
residueby-residue basis Peaks obtained from NMR4-1°N HSQC spectraorrespond to
the backbone amide of a residue aah provideinformation on the dynamics of the
protein backboneMore precisely, pak intensitieprovide information otocal backbone
dynamics fluctuation the microsecontb-millisecond or nanosecoriinescale¥’: 18 In
this analysis, deviation of peak intensities from average values were obtained foothe se
RFPs This analysis identified25 positive correlation between residue rigidity and
brightness, wherpeak intensity deviation wasnallesin RFPs with increasinigrightness

(Supplementary Figure S4.).
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mRouge mRojoA mPlum-E16P mCherry mScarlet

7 Mutations 6 Mutations 13 Mutations 30 Mutations

Brightness —
. Mutations relative to mCherry

Figure 4.1. Selected mCherryrelated RFPs containing different numbers of
mutations and levels of brightnessA total of five related RFPs with increasing brightness
were chosen for protein NMR experiments, shown as gray ribbons: mRouge (PDB ID:
3NED'), mRojoA (FDB ID: 3NEZL9), mPlumE16P (PDB ID: 4H3E%, mCherry (PDB

ID: 2H5@Y), and mScarlet (PDB ID: 5LK). The chromophore is shown as gray sticks
and mutated pmtions relative to the protein of reference, mCherry, are shown as red
spheresAdditional mutations located at the ends of theaNd Gtermini are not shown.
Figure adaptetfom Damryet al.(2019}.

In a similar fashion, relaxation measuremewtsich determine the rate of decay of
the NMR signalwere performed to obtain additional information on backkbyr&amics
that occur on the picosecond to nanosecond timestalése relaxation rate is mainly
influenced by the tumbling rate of the protein in solution directly reflected by the
correlation time valuayhich isdefined as thaverage time for a molecule to rotate by one
radian. A shorter correlation timedicates rapid tumblingnd a longer corration time
indicates slower tumblingVhen locaimotionsoccurat a rate that igaster than the protein
tumbling rate, thiscreats an fAappar gretf |tewmkeldi by raat di@appar
ti meodo value. Therefore, variations in appar
represent local backbone fluctuations. Based on the extrapolated l@hges,correlation

times were obtained for 11 positions RFPs with increasing brightness, thus were
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identified as having a positive correlation between residue rigidity and RFP brightness
(Supplementary Figure S4.). Three of these positions were also identiisdess mobile
in theHSQCspectrumHence, a tal of 33 positions were identified throughout the RFP

scaffold where residue rigidity positively correlated to brightnEggute 4.2).

ﬂ Unassigned residue

Positive correlation between
rigidity and brightness

' Phenolate face '

Phenolate fac

Figure 4.2. Clustering of positions where residue rigidity positively correlates to
brightness.The 33 positions whe positive correlations were observed are shown as cyan
spheres on the mCherry backbone represented by a gray ribbon, and the chromophore is
shown as gray sticks. Positions where correlations could not be assessed (because they
could not be unambiguousigentified by NMR either in both mRojoA and mRouge or in

one other or more of the selected RFPs) are shown as black portions of the ribbon.
Clustering of positive correlations occurs on the phenolate face of the RFP barrel (outlined
by a dotted line).

Basedthe NMR analysis results, we observed clusters of adjacent residue positions
in 3D space showing a similar correlatidterein, wehypothesize thaprotein regions
where residue dynamics were found to positively correlate with quantum yield can be

engineeredo increasérightness in related RFPd@l/e alsopropose thasurface residues
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may be potential engineering targetsdentify beneficial distamutations which possess
the ability to mimic the stabilizing effect of RFP dimerization that has previously been
shown to increase RFP brightn®sg4 without affecting the electronichromophore

environmentThroughstabilizing side chain interactiorsjrface mutationsould rigidify
the dmerization interface of the-barrel,on which they are locate@nd thus indirectly

rigidify the chromophore environment to increase quantum yield.

To test our hypothesis,erperforned combinatorial sg-saturation mutagenesis on
two clustersof residues on the surfacé the mCherry -barrel Figure 4.3 methodology
workflow), each comprising three residue positions (194, 196, 220 and 144, 145, 198).
Theseseparatecombinatorial librarieof 20° variantswere then screened for enhanced
brightress via fluoresceneactivated cell sorting (FACSPur screening resultdid not
yield significantly brighter mCherry variants, despite displaying enhanced fluorescence
intensity during screening@.hus our results remain inconclusive towards bypothesis
that engineering clusters of surface residues where positive correlations between residue
rigidity and RFP brightness were observed by NMR anatgsisncrease RFP brightness
We suggest that conesiduesor a more direct screening method swshfluorescence

lifetime measurementhould be considered future work
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Library 1
mCherry template N194X / N196X / R220X
eoe L]

oo L]
L Library 1

Combinatorial Library 2 Cloning,
mutagenesis of E144X/A144X/K198X  transformation
——————————

surface patches

Culture growth,
protein expression

Library 1
Plate-based Screening Library 2

charcterization Gate by FACS
A—— tOp 1% A——
B Hits

Fluorescence Intensity

Fluorescence
Intensity
Counts

Wavelength (nm)

Figure 4.3. Methodology workflow. Based on the clustering information obtained by
NMR, our goal is to increase the brightness of mCherry (PDB ID: 2H5Q) using
combinatorial sitesaturation mutagenesis of two rigiditprrelated surface patches
(N194X / N196X / R220X and E144X / A145X / K198X) followed by higimoughput
screening for enhanced brightness by FACS and characterization of the best mutants
identified.

4.3. Results
Previous work, rationale and engineering hypothesis

It was previously proposed by Danelyal.(2019) that protein NMR spectroscopy,

a technique used to obtain information about protein structure and dynamics, could be used
to obtain correlations betweenresidue dynamics and RFP brightnessidentifying
engineering hotspots to create brighter RFP vafiarts order to identify these
correlations, Damrgt al.(2019) acquiredH-*>*N HSQC spectra and meastim®rrelation

times on a set of five related RFPs containing between 6 and 30 mutations riedatiee

widely used RFP mCherrynamely, mRouge, mRojoA, mPlurk16P, mCherry and
mScarlet Figure 4.1, Table 4.7). Importantly, these RFPs span a wide rangguaihtum

yields (0.02i 0.76) and brightness valuesi(7 mM?! cnt?!) (Table 4.1). This analysis

revealed 33 positions where residugidity positively correlated tquantum yieldand
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brightnessWhenthese positionarere mapped do the mCherry RFP strtuare, they were
found to clustepn theface of theb-barrelthat isadjacent to the phenolate moiety of the
chromophore, which we wi | [Figure 4.2).@&his pheoolatas t he

face is also known as an RFP dimerization intefface

Table 4.1. Spectroscopic characteristics of selected mChesrglated RFPs spanning awide
range of quantum yields and brightnessRFPs in this table are shown in decreasing order of
brightness, where mScarlet is the brightest and mRouge is the dimmest.

| ex | em e Brightness # Mutations
Protein (nm) (nm) Fr (mMicntl)  (mMZcm?) relativeto mCherry
mScarlet 569+1 592+1 0.75+£0.04 93+14 70 30
mCherry 586+2 6091 0.23+0.01 87+3 20 -
mPIlumEL16P 590+2 621+1 0.13+0.01 82+3 11 13
mMRojoA 506 £2 632+2 0.023+0.001 68+ 9 2 6
mRouge 604 +3 633+3 0.018+0.001 64+ 5 1 7

| exandl emcorrespond to excitation amsnission maxima.

The brightness is the product of the quantum yiElg) and the extinction coefficielfe).

n O 3 i ndepenid&Xnphosphatduibered sale (13¥ mM sodium chloride, 2.7 npidtassium
chloride, 10 mM disodium phosphate, 1.8 mM monopotassium phosphaie4).Each independent experiment
consisted of triplicate measurements performed on a single protein batch.

This dimerization interface has been studied rievipus workby Alford et al.
(2012)who showedhat heterodimerization of a dim monomeric DsRiedived RFP with
another subunit, in which key residues involved in chromophore maturation were mutated
to convert it into a noffluorescent protein, resulted in a Zdd enhanced quantum vyield
and 16fold enhanced brightness with no significant impact on the emission wavéfength
The authors suggested that the increased brightness may result from an indirect
rigidification of the chromophore environment in aythat stabilized the chromophore in
a coplanar conformation thus reducing its loss of energy viaraiative decay. The

benefit of RFP dimerization on brightness has also been demonstra@zarippellet al.
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(2002)by which generation ahonomericRFPfrom its tetrameric precurs@sRed Fr =
0.68) yielded an approximatelyf8ld decrease in quantum yield (MRFFE = 0.25), in
contrast with their dimeric mutant (dimef2r = 0.69) which exhibited a similar quantum

yield value relative to the tetrameparent proteitf.

Based on these findings, we hypothesize that the brightnes€bérry can be
enhanced by targeting residues located on the surface of the protein phenolate face and
whose side chains have the ability to interact and potentially form stabilizing interactions
that mimic the effect of RFP dimerization and indirecttydify the RFP chromophore in
a coplanar conformation. Engineering brighter mCherry variants with no undesired blue

shifted emission maximum could provide useful RFPs. In order to do this, we chose to
mutate two differenpatches of residudscated on thenCherry -barrel for whichsimilar

correlatiors based on the NMR study by Danetyal.(2019) were observeggrigure 4.4a).

For each surface patch, the possibility of side chain interaction was defined as side chains
pointing outside of the RFP barrel witotential rotamers that point in converging
directions, and having asCydistancecub f f of 8 : previously
identify residueresidue contacty between one residue and at least one other residue in
that clustertigure 4.4b). Because it is difficult to preditiow surface residue side chains

may interact and which combination of these residues would be able to mimic dimerization,
we used combinatorial siaturation mutagenesis yielding two surface patch libré2@s
variants each)N194X / N196X / R220Xand E144X /| A145X /| K198XRigure 4.4b). In

the case of the latter library, K198 was not assigned by NMR ladjaentto several

positively correlated residue positiomecause the NMPRH-1N HSQC spectrum and the

89

S h



apparent correlation time provide infioation on a residue and the ones strictly around it,

it is acceptable to include K198 in our mutagenesis targets.

z Unassignedresidue

Positive correlation between
rigidity and brightness

Figure 4.4. Surface patches chosen for combinatorial mutagenesis in mCherig)

Mapping of chosen surface patches (outlined) onto theghditenface of mCherry (PDB

ID: 2H5Q, shown as a ribbon), clustering positions where positive rigdigyhtness

correlations was observed (shown as cyan or blue spheres). Positions where correlations

could not be unambiguously identified by NMR are shewiblack portions of the ribbon.

(b) Two surface patches chosen for combinatoriatdifected mutagenesis, defined as

surface residues (shown as blue sticks)ywhes€d i st ances are | ess thar
using PyMOL and shown as dashed lines), and whose potential mutant rotamers may have

the ability to interact agpgeculated by visual inspection.

Combinatorial sitesaturation mutagenesis

Using mCherry as the startitgmplate, we performed combinatorial sstguration
mutagenesis at surface residue positions 194, 196, 220 and 144, 145, 198, separately, in

order to obtain two distinct libraries of mCherry surface patch mutants. Libraries were

90



generated using overlagxtension polymerase chain reaction (PCBugplementary

Figure S4.2 with respective primers containing degenerate NNS codons, where N
corresponds to any nucleotide (A, T, G and C) and S corresponds to G or C, thereby
encoding all 20 canonical amino acidequencing results revealed that the libraries
contained the desired mixtures of nucleotides at each designed poStipptefnentary

Figure S4.3, thus allowing full coverage of residue combinations for each surface patch

library to be tested experengally.

High-throughput sreening

Full coverage of each library corresponds t¢ pOssible protein sequences,
emphasizing the need for a hitiiroughput prescreening method. In order to screen for
enhanced brightness, we submitted the cells to FACS using an excitation laser (561 nm)
and emission detector (614 nm) adapted for mCheamelengths. The top-10% of cells
of each library were sorted, gated based on highest fluorescence infappiementary
Figure S4.4. Two additional rounds of cell sorting were performed on the cells collected
to reduce the amount of false positivasdaenrich the true positives in the sorted
populations $upplementary Figure S4.%. After the three rounds, FACS analysis
demonstrated that the two sorted populations of the surface patch libraries were globally
brighter than mCherry, as evidenced by thits in the population peaks of the mutants
relative to that of the mCherry contrdligure 4.5). During the third round of FACS, the
top 1% of the cells of each library were sorted into 96 well platesplatebased

characterization.
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Figure 4.5. Brighter surface patch mutant populations after three rounds of FACS.
After three rounds of FACS screening for enhanced fluorescence intesity561 nm,
&m= 614 nm)using aMoFlo Astrios EQ cell sorter (Beckman Coultehe surface patch
mutantlibrariesin E. coli BL21-Gold (DE3) cellswere enriched for brighter populations.
This is shown by the shift of the population peaks of the N194X/N196X/R220X and

E144X/A145X/K198X variants, (shown as cyan and blue curves, respectively) relative to
that ofthe mCherry population (shown as a red curve).

Spectroscopic characterization

Sequencing results of the best mutants revealed that two originated from the surface
patch library 1, mCherrN196A (mCherryA) and mChersfl194Q/N196L/R220V
(mCherryQLV), andone from the surface patch library 2, mChetd451/K198G
(mCherrylG). All three variants displayed similar spectral properties to their parent protein
mCherry, with efficient red chromophore maturation as evidenced by the lack of green
chromophorel( = 510 nm) in their absorption spectra. The mutants also displayed similar

emission wavelength maxima to mCherfjgure 4.6).
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Figure 4.6. Fluorescence and absorption spectra of mCherry surface patch mutants.
Absorption (solid lines), excitation (dotted lines) and emission (dashed lines) spectra of
purified (&) mCherry, (b) mCherryA, (c) mCherryQLV, (d) mCherrylG, ifgherrylAG

and (f) mCherrylQLGVin 1X phosphatduffered saline (137 mM sodium chloride, 2.7

mM potassium chloride, 10 mM disodium phosphate, 1.8 mM monopotassium phosphate,
pH 7.4). Spectra were measured at room temperate using an Infinite M1000 (Tecan) or
Spectramax i3 (Molecular Devices) plate reader.
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However, mCherryA, mCherryQLand mCherrylG displayed quantum yields of
0.24, 0.24 and 0.23, respectively, which are not significantly higher than that of mCherry
(FF=0.23 £ 0.01) Table 4.2. We then aimed to investigate whether combining the
different mutant surface patches wordgult in an increased quantum yield via synergistic
effect of the mutations. In order to do so, we characterized the following mutants: mCherry
A145I/N196A/K198G (mCherrylAG) and mCherA1451/N194Q/N196L/K198G/
R220V (mCherrylQLGV). These variants digpéd quantum yields of 0.21 and 0.22 with
no significant increase in brightnesBable 4.2. However, these observationsmain
inconclusivetowards our hypothesgince only a subset of positiomgre evaluatedall of

which were restricted to surface ichges
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Table 4.2.Spectraproperties of the best mCherry surface patch mutants.

Mutations Relative to mCherry

[ [ | Quantum  Extinction Coefficient Brightness

Protein abs ex em . i1 i i1 i1 144 145 194 196 198 220
(nm) (nm)  (nm) Yield (mM cml) (mM cm)
mCherry 586+1 586+2 609+1 0.23+0.01 87+3 20 E A N N K R

Surface patch library 1

mCherryA 585 585 610 0.24 - - - - - A - -

mCherryQLV 585 585 610 0.24 - - - - Q L - \%

Surface patch library 2

mCherrylG 585 585 613 0.23 - - - - - G -

Combined mutations

mCherrylAG 590 585 610 0.21 91 19 - I - A G -

mCherrylQLGV 590 585 610 0.22 98 22 - I Q L G \Y

| abs | ex@andl emcorrespond toéhe absorption, excitation, and emissigraxima,respectively.

Brightness is the product of the quantyigld and the extinction coefficient.

Experiments for mCherry were performed using 3 independent biological replicatémean + sd)n = 1 independent experiment for all other variants. Each
independent experiment consisted of triplicate measurerperftsmed on a single protein batch.

All values are apH 7.4 in 1X phosphatbuffered saline (137 mM sodium chloride, 2.7 mM potassium chloride, 10 mM disodium phosphate, 1.8 mM
monopotassium phosphate).
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4.4, Discussion

In this work, we used combinatorial sgaturation mutagenesis at surface positions
where positive correlations between residue rigidity and RFP brightness were identified by
protein NMR spectroscopy. We speculated that mutating these selected surfaes patch
located on a known dimerization interface would mimic dimerizadiependent enhanced
fluorescence and therefore increase RFP brightness. Our spectroscopic characterization
results demonstrated that the mutants did not display undesired hypsochrdisic shi
supporting the fact that introducing mutations distal from the chromophore pocket does not
perturb the electrostatic environment of the chromophore. However, our results also
showed that none of the mutants exhibited significant increases in quaatdmryverall
brightness, despite displaying enhanced fluorescence intensity by FACS. It is important to
note that the fluorescence intensity observed can be influenced by improved maturation,
solubility, folding or higher protein concentration. Basedanresults, we speculate that
the enhanced fluorescence intensity observed duringthighighput screeningayresult
from improved solubility dbeit further experiments would be required to support this
fact, most engineering efforts focused oe thdesign of protein surfaces have been made
to exclusively enhance protein solubitity®. A more direct screening methodology should
be consideretb avoid discrepancy between results from witaks and pufied samples
For example, highhroughput fluorescence lifetime imagieguld be consideredince

fluorescence lifetime is directly proportional to quantum yield.

In addition, it may not be possible tayidify regions of the RFP dimerization
interfaceby solely mutating surface residues. This could be partly explained by the effect

of protein solvation whereby the strength of electrostatic interactions is weakened in the
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presence of solvett Therefore, surface residues whose side chains have the ability to
interact via salt bridges or hydrogen bonds would be destabilized due to interactions with
the solvent. Thus, local packing and rigidity would not be enhanced. ¢agbeof aliphatic
residues, it has recently been shown that introducing hydrophobic residues in surface loops
can stabilize protein folds by improving local packing and soluBfilitjowever, this could

be limited when applied to hydrophobic surface residues locatddsteet secondary
structures which have fewer degrees of freedom for the protein fold to remain stable. In
addition,such hydrophobic surface patches may destabilize the protein fold due to reduced
entropy when they are exposed to sol¥eNevertheless, in both cases, it would be worth
investigating other residue clusters such aselibat are oriented into the protein core in

which local packing could be more efficiently achiedes to lack of solvent access.

4.5. Conclusionsand Perspectives

Taken altogether, our resuttemonstrated that engineering of the proposed surface
patdies did not lead to improved RFP brightnégthough our results in Chapter 3 suggest
that it is possible to identify surface mutations that contribute to increased quantum yield
as observed in mSandy2, the engineering targets in this chapter did nde greneficial
combinations of mutations. Therefore, prepose that fute work should investigate other
residue positionglistal from the chromophore environmeatich as thosghose side
chains point towards the inside of the RFP barrel. Combinatounclusters of buried
residues, for examplelusters V22X / 56X / 160X and A57XD59X / T140X / L165X
(Figure 4.7, may have greater potential to improve local packing and decrease local
structural dynamics to indirectly rigidify the chromophore pocket and increase RFP
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gquantum yield and brightnesButure experiments of the proposed clusters could be
combined with tkb computation aliphatic packirgpproach described in Chapter 2 and
could also benefit from a more direct screening method such ashinayglghput lifetime

imaging.

2 Unassignedresidue

Positive correlation between
rigidity and brightness

Figure 4.7. Potential core clusters to target to engineer RFP brightnesResidue
positionswhere positive rigiditybrightness correlations were observed are shown as cyan
or blue spheresPositions where correlations could not be unambiguously identified by
NMR are shown as black portions of the ribbeature work should focus ommbinatoral
site-saturation mutagenesat positively correlated residuegitionslocated inside the
protein core (shown as blue stick¥22X / 56X / 160X and A57X/ D59X / T140X /
L165X.
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4.6. Supplementary Information

Supplementary Information contaifwur figures.

. Correlation Time

2 Unassigned residue

Supplementary Figure S4.1. Positive correlations between residue rigidity and RFP
guantum yield and brightness using different NMR measurementsThe 33 positions

where positive correlations were observed are shown as spheres on the mCherry backbone
represented by a gray ribbon, and the chromophore is shown as gray sticks -fiweenty
positions were identified by HSQC analysis (green) and 11 positivere identified by
correlation time measurements (blue), 3 of these 33 positions were identified using both
NMR analyses (cyan). Positions where correlations could not be assessed (because they
could not be unambiguously identified by NMR either inhb@iRojoA and mRouge or in

one other or more of the selected RFPs) are shown as black portions of the ribbon. Of note,
the E144X/A145X/K198 surface patch corresponds to residues whose correlations were
identified by HSQC. In contrast, the N196X/N194X/R228x¢face patch corresponds to
residues whose correlations were identified by correlation time measurements, with
N196X identified using both methods. Figure adapted from Daitnay (2019}.
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Mutagenesis by overlap PCR Combinatorial mutagenesis by overlap PCR

5’ Gene template (ex. mCherry) 3
3 . Similar initial step using multiple primers
Denaturing,
Annealing of primers Extension, Denaturing,
containing 5-NNS-3’ codons Annealing of amplified products
5 3 by complementary overlap
3 ( | B
5 —_— 3
3’ m— —5
e 3
3 5
S — 3
Extension, Denaturing, 3 — 5
Annealing of amplified products
by complementary overlap
5 — 3 5 — — 3
31 — 5: 3’ — — 5’
1 Extension Extension
3 3

5 3 B — — 5

Supplemenary Figure S4.2. General overview of combinatorial sitesaturation
mutagenesis using overlagextension polymerase chain reaction (PCRpurface patch
libraries (N194X / N196X / R220X and E144X / A145X / K198X) were generated by
combinatorial sitesaturaton mutagenesis on the mCherry gene template using
complementary primers containing degenerate NNS codons for each positidnl(see
Materials and Methods).
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Supplementary Figure S4.3. DNA sequencing results of surface patch libraries.
PlasmidDNA of each surface patch library (N194X/N196X/R220X and E144X/A145X/
K198X) was sent for sequencing at the Ottawa Hospital Research Institute and Genome
Quebec. a) Sequencing results of the E144X / A145X / K198X surface patch library,
showing incorporatio of NNS codons at desired sites. b) Sequencing results of the
N194X/N196X/R220X surface patch library showing incorporation of NNS codons at
desired sites. N corresponds to any nucleotide, A (green), T (red), C (blue) or G (black),
and S corresponds to (blue) or G (black). Asterisks represent silent mutations
incorporated into the designed primers to reduce the G/C content and therefore reduce the
primer melting temperature to one that is low enough to permit proper annealingitd

< 72°C). c) Seqgencing results of individual N194X/N196X/R220X library mutants.
Because sequencing results of R220X gave nucleotide signals close to the baseline (which
we assumed was due to that codon being close to the end of the sequencing template thus
less accuratelgequenced), we isolated individual colonies and sent them for sequencing.
Results show the incorporation of the silent mutations expected and variety in codon
sequence as expected from ANNSO usage.
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Supplementary Figure S4.4 Gated mCherry surface match libraries for cell sorting

after the first round of FACS. Parameters used to select stringent gates for cell sorting of
the mCherry surface patch N194X/N196X/R220X and E144X/A145X/K198 libraries
BL21-Gold DE3 cells This figure provides a summary of the FACS data acquired during

the first round.All axes are logarithmicForward and side scatters reflect the size and
granularity of the bacterial cells, respectively. In the first plots, the cells are gated so that
only singular noraggregated cells are selected. In the second plots, the cells are gated
according to their shape so that dying cells or odd particles are excluded. The third plots
are gated to represent the f | uasroesereegint c el
the empty vector (negative control). These fluorescent populations are represented as green
areas on the histograms (on the right). The top 1% and the top 10% of these bright
populations of the N194X/196X/R220X and the E144X/A145X/K198Xaliles were
collected, respectively.
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Supplementary Figure S4.5Enrichment of brighter mCherry surface patch mutants.

During the first round of cell sorting, the N194X/N196X/R220X library (shown as a cyan
curve) seemed to possess variants with highierdscence relative to mCherry (shown as
ared curve). Whereas the E144X/A145X/K198X library (shown as a blue curve) displayed
a dimmer RFP population. This could be due to the fact that the positions mutated in that
surface patch are directly next to tberomophore phenolate, despite being surface
residues. Therefore, slight destabilization could hinder chromophore maturation and
fluorescence emission.

103



KN
~o$ SRS
) @Qq,\ é& N &
> RN N
> EY O O8
v P P &P
g N NY N
(kDa) 1 2 3 4 5
150-200
85-100
60-70
50 RN——
40| ==
30 ... 26.3-28.8kDa

25  —

20
. W 16-18 kDa

Cleaved protein due to hydrolized
N-acylimine upon heat denaturation
of sample before gel loading

) 10 kDa
10—

Supplementary Figure S4.6. Representative SBDBAGE of purified surface patch
mutant mCherry-A1451/K198G (mCherrylG), and mCherry and mRaspberry
controls. Purified proteins in 1X SDS loading dye (0.1 M THEI pH 6.8, 0.2 M
dithiothreitol, 4% w/v sodium dodecyl sulfate (SDS), 0.2% w/v bromophenol blue, 20%
v/v glycerol) were heated 86°C for 3 minutes and loaded on the gel, along with 3 L of
Unstained Protein Standard Broad RangedQ0 kDa) ladder (P7717S, NEB). Well #1
corresponds to the ladder, well #3 corresponds to mRaspberry (26.3 kDa), well #4 to
mCherry (28.8 kDa) and well5#to mCherrylG (28.8 kDa). The additional two bands
around 10 kDa and 18 kDa correspond to cleaved protein products resulting from
hydrolization of the Nacylimine of the chromophore upon hear denaturation.
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Chapter 5: Materials and Methods

Computational protein design of Superdecker RAfalculations were performed with

the Triad protein design software (Protabit, Pasadena, CA, USA) using a Monte Carlo with
simulated annealing search algorithm for rotamer optimizatiba.63member backbone
ensemble of mRoj&D1 prepared as describabdove was used to provide templates for
computational design. Following extraction of protein heatgm coordinates for the
highest occupancy conformer, hydrogen atoms were added usiaddHepyapplication

in Triad, and the resulting structures werergy-minimized 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 Dreidirng fiield?

The 2002 backbordependent Dunbrack rotamiérary? with expansions of + 1
standard deviation around 61 -acgdnsitechair2 was
conformations to be threaded onto each backbone template. Chromophore rotamers were
generated by allowing all 36 combinations of the followingedital angles around the
indicated bonds: CAZB2-CG2-CD1 (1 15°,110°,15°, 0°, +5°, and +10°), NEA2-CB2-

CG2 (5° 0° +5°, +10°, +15°, an#i20°). Sidechain rotamersvere optimized on each
backbone template using the following amino a¢idsnbering baskon the mRojeSD1
crystal structure)residue99 (F, I, L, M), 143 D, 9, 161 (F, I, L, M), 177 (F, I, L, M, V),

165 (F, I, L, M), andl99 (L, M). Sidechain rotamers of secorshell residues S62/63,
E97,R163, and Y197 were also optimizddhe searchesequence space thus consisted of
1,280 sequences$o ensure that the lowest energy rotamer configuration was generated for
each sequence, 1280 individuaigle-state desigrtrajectories (one per sequence) were

performed on each templaising theclean®&quencepy app within Triad.
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Sequences were scored on each backbone template using the Phoenix energy
function#which consists of a Lennattbnes 126 van der Waals term from the Dreiding
Il force field! with atomic radii scaled by 0.95, a directidapendent hydrogen bond term
with a well depth of 8.0 kcal midland an equilibrium donesicceptor distance of@ A5
an electrostatic energy term moedepkendemtd usi ng
dielectric of 10, an occlusiebased solvation potential with scale factors of 0.05 for
nonpolar burial, 2.5 for nonpolar exgure, and 1.0 for polar buriaand asecondary
structural propensity term with amino acid4pisi propensities dited from the method of

Shortle®

Following design, lie top 8 ranked sequenceacross the ensemble that were
predicted to adopt the superdecker structure as their most stable conformeateon

experimentally characterized.

Computational proteimlesignof mSandysAll calculations were performed with the Triad
protein design software (Protabit, Pasadena, CA, USA). The structure of mRojoA was
obtained from the Protein Data Bank (PDB code: 3NHzllowing extraction of protein
heavyatom coordinads for the highest occupancy conformer, hydrogen atoms were added
and the resulting structure was enengiynimized by performindlLO0 steps of conjugate
gradient energy minimization iBartesiarspace using the Phoenix energy function (see
below) with addedatovalent terms from the Dreiding force fiéléhdividual chains of the
minimized mRojoA structure were extracted to generate an ensemble of 4 backbone

templates for multistate design.
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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.pyapp within Triad The 2002 backborgependent Dunbrack rotamer
library® with expansions of + 1 standadde vi at i on a rwaswsedto prdvidaend 6 2
amincacid sidechain conformations to be threaded onto each backbone template.
Chromophore r@mers were generated by allowing all 36 combinations of the following
dihedral angles around the indicated bonds: ©@&82-CG2-CD1 (1 15°,110°,75°, 0°, +5°,
and +10°), N2CA2-CB2-CG2 ({5°, 0°, +5°, +10°, +15°, and +20°). Stdhain rotamers
of first-shell residues surrounding thehenolate moiety of the chromophore
(Supplementary Figure S3.1a 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), aad 199 (I, L, M, V). Sidechain rotamers of secorshell residues S62,
K70, M97, L165, V177, and E148 were also optimized, and the T16V mutation was
introduced. The searched sequence space thus consisted of 2,304 sequences. Sequences
were scored on each dibone template using the Phoenix energy functiéhyhich
consists of a Lennardones 126 van der Waals term from the Dreiding Il force ffekdth
atomic radii scaled by 0.95, a directidapendent hydrogen bond term with a well depth
of 8.0 kcal mdl* and an equilibrium doneacceptor distance of 2.8 A an electrostatic
enery term modell ed usi ng -@epandemt diddedtisc ofl1@ an wi t h &
occlusionbased solvation potential with scale factors of 0.05 for nonpolar burial, 2.5 for

nonpolar exposure, and 1.0 for polar bufiahd a secondary structural propénserm
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with amino acid phjpsi propensities derived from the method of Shéftl€he top 10

ranked sequenceSypplementary Figure S3.1hwere experimentally characterized.

Red fluorescent protein genégnino-acid sequences for all RFPs described here are listed
onTable 5.1 Histagged (Nterminus) genes for mRojoA and mCherry cloned intopET
11a (Novagen) were a gift from Stephen MayBodonroptimized and hisgagged (N
terminus) genes for mRojoAvariarts, mRojo-SD1 variants, mCherrylAG and
mCherrylQLGV cloned into the pE-R9b(+) vector (Novagen) vibldd and Xhd were
obtained from Twist Bioscience. All plasmids were transformed Entooli BL21-Gold
(DE3) cells for protein expression. The mSandy2 geas prepared as describiedthe

Random mutagenesectionbelow.

Random mutagenesi$hree rounds of random mutagenesis, starting from the mSandyl
gene and then on the pooled RFP genes from the top 1% cells obtained after cell sorting
(see below), wer performed using the protocol described by McCulktral 12 Briefly,

four cycles of erreprone polymerase chain reaction usiragiDNA Polymease (5 U) in

1X StandardTaq Buffer pH 8.3 (New England Biolabs) supplemented with Mr(GI5

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 tHep/REP
open reading frame. The resulting mutant library was cloned inteldaT{Novagen) via
Ndd andBanHI. Plasmids were transformed irfocloni10G 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

110



collected using 1 mL of LB supplemented with 100 pg/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 electrocompéteali BL21-Gold

(DE3) cels (Agilent) for protein expression.

Combinatorial sitesaturation mutagenesis of mCherry surface patch libraries.
Combinatorial libraries were generated by -séguration mutagenesis by overlap
extension polymerase chain reactfousing NNS degenerat®dons and mCherry as the
starting template. Libraries were subcloned into {if& (Novagen) vidldd andBanHl
restriction sites and the plasmids were transformed khtccloni 10G ELITE cells
(Lucigen). Introduction of NNS codons at the desired posiiiotise libraries was verified
by DNA sequencing. Plasmids were then transformedBntmli BL21-Gold (DE3) cells

for protein expression.

Fluorescencectivated cell sortingBL21-Gold (DE3) cells containing the mSandyl
random libraryor the mCherry surface patch librarigistained 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 density of 0.6 at 600 nm. At this
point, celb 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 concentratfon of 10

cells/mL, and filtered using 40m cell strainers (Falcon).
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Cells were sorted (top 1%) using a MoFlo Astrios EQ cell sorter (Beckman Coulter)
accordingto fluoresceec i nt exn s b 6 Yem*684 Nmpinto sterile flow cytometry
test tubes (Beckman Coulter) containing LB supplemented with 100 pg/mL ampicillin.
Sorted cells were washed twice with supplemented LB and grown overnightnm. 50
cultures at 37°C withtaking. 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.

Manipulation of sorted cells of the mSandy1 libra@ells collected fom 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 individual colonies were transferred onto a

Nunc MicroWell 96well polypropylene plate (Thermo Scientjficontaining 250 uL 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 fAmot Hopraeingdprassien wer e u

and purification as described below.

Manipulation of sorted cells of the mSandy1 libra@ells collected from the third round

of sorting were sorted into Nunc MicroWell 9¢ll polypropylene plates (Nalgene) (two
plates per libray) containing 250 pL of LB broth supplemented with 100 pg/mL
ampicillin. Plates were covered with sterile breathable rayon film membranes (VWR) and

incubated overnight at 37°C with shaking.
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Protein expression and purification in microplat&t.21-Gold (DE3) cells transformed

with plasmids containingomputationally designed sortedRFP variants were used to
inoculate deep 24vell plates (Whatman) containing 5 mL of Overnight Express Instant
TB medium (Novagen) supplemented with 100 pg/mL ampidipieT11a) or kanamycin
(PET-29b(+)). 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 &HletB were stored at 4°C

to allow for chromophore maturation. After two days, cell pellets were resuspended in 400
pL of lysis buffer (50 mM sodium phosphate buffer, pH 8.0, 300 mM sodiioride, 2.5

mM imidazole, 1XBugbuster protein extraction reag¢hovagen], 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 purifiechgidilisPur NiNTA spin plates
(Thermo Scientific) according to the manuf ac

by SDSPAGE.

Protein expression and purification in large batchB&P variants were expressedEn

coli BL21-Gold (DE3) cells (Agilet) usingLB supplemented with 100 pg/mL ampicillin
(PET1%a) or 50 pg/mL (pET29b(+)). Cells were grown at 37°C with shaking until they
reached an optical density at 600 nm of 0.6. Protein expression was induced by adding 1
mM i s o p Dd-phpdalactbpyanoside (Thermo Scientific) and cultures were
incubated overnight at 16°C with shaking. Cells were then pelleted by centrifugation and

resuspended in 8 mL lysis buffer (100 mM potassium phosphate buffer, pH 7.4, 5 mM
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imidazole, 1 mg/mL lysozyme, 50 U bem&se nuclease [Novagen]). Cells were lysed

using an EmulsiFleB15 cell disruptor (Avestin) and lysates were harvested by
centrifugation. Proteins were purified by-NiTA affinity chromatography using Econo

Pac chromatography columns (BRad) accordingtdo he manuf acturer 6s pro
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 chasaization. For crystallography experiments, an

additional purification 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 withup&dex 75 (GE Healthcare) column.

Protein quantificationAbsorbance of 1:10 purified protein:8 M guanidine hydrochloride

in a quartz cuvette was measured at 280 nm using a Spectramax Plus 384 Microplate
Reader (Molecular Devices) at room temperaturetefh concentration was calculated
using the Beer 0scid thenwproeig coacentration, (in Mfhie thee
absorbance at 280 niQis the dilution factoreis the extinction coefficient of the protein

as obtained from the EXPASy ProtParam online tool (Swiss Institute of Bioinformatics) (in

M-1cnrl), andl is the path length of the cuvette of 1 cm:

Spectroscopic characterizationAbsorption, excitation and emission spectra were

measured il X phosphatéuffered saline (137 mM sodium chloride, 2.7 mM potassium
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chloride, 10 mM disodium phosphate, 1.8 mM monopotassium phosphate, pbt ih4)
sodium phosphate buffer pH 9 (sing aninfinite M1000 (Tecan) or SpectramaX |
(Molecular Devices) plate readat room temperatur€uantum yields were extrapolated

by comparing the integrated fluorescence intensity of the mutant proteins with that of
equally absorbing samples of mCherry arRRlaspberry (quantum yields of 0.23 and (15

respectively) with excitation at 535 n#n example is shown below:

mCherry mRojoA-Y197I
1.2E+11 | 3E+10 -
y =60 022 725 825.99x y =20 256 143 112.75x
R?*=1.00 R*=1.00

8E+10 - 2E+10 A

4E+10 1E+10 -

Integrated Fluorescence Intensity

Integrated Fluorescence Intensity

0 0.5 1 1.5 2 0 0.5 1 15
Absorbance at 535 nm Absorbance at 535 nm

F mRojoA Y1971 = (F mCherry (standaraiymRojoA—Y197I)/YmCherry
F mrojoav1971 = (0.22)(20256 143 112.75)/60 02225825.99
F mRrojoay1971= 0.074
Measurement of the quantum yield is not impacted byflummescent impurities in the

sample since only the reshromophorecontaining molecules contribute to the absorbance

and emission values (respectively 535 nm and BBDnm) usedh the calculation.

Extinction coefficientge) were determined using the method described by Kredel
and colleague¥, 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 BrittofRobinson buffers pH 11i 13 to allow measureable slow
denaturation of the native red chromophore (peak at@&Enm, depending on the RFP)

to the green form (452 nm). Frometlabsorbance spectrum recorded at different time
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intervals, a ratio of extinction coefficients of the native chromophore species to that of the
denatured species (44,000 Mm'1) was calculated, from which the value for the red
chromophore wasxtrapolatedAbsorbance spectra were also measured at pH 7.4, pH 11
and pH 13 to correct for absorbance peak variation under denaturing adémaiaring
conditions at different pH. A general example is shown below, wheretbghdark curves

representadto-green chromophore denaturation overtime:

mSandy1

350 450 550 650
Wavelength (nm)

8
€ed chromophore= 44,000 Mt cnrt 3 vy 3 3

Similarly to the quantum yield measurememtotein impurities should not impact the
extinction coefficient. This is because the method developed by Kredel and colléagues
strictly measures the absorbance of the red and denatured green chromophores at their
respective wavelength (respectively ard’b50600 nm and around 455 nm). This avoids
underestimation of the extinction coefficient that could be due to presence -of non

fluorescent impurities.

pH profiles and pKmeasurement®roteins were diluted to a final concentration ofi0.5

1.0 uM into a series of BritteRobinson buffers titrated with sodiumydroxideat various
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pH (271 12). Full emission spectra at different pH were measured in blackeB6
microplates (Greiner Bi®ne) with excitation at the appropriate wavelength (b&25

nm, depending on the RFP). pH profiles were obtained by plotting the integrated
fluorescence as a function of pH. pkalues were extrapolated using a sigmoidal curve (1
apparent pK or a biphasi curve (2 apparent p& s ) equations, sol ved

squares method until F* = F for each point :

Fr=——— 0,

or F* = O

whereF is the normalized integrated fluorescence intensity at a givehripid,the

baselineH: the first plateaut> the second plateau, andandn; the Hill coefficients.

Protein crystallizationof mRojeSD1 Purified mRojeSD1 was concentrated using
Amicon Ultral5 3K centrifugal devices (Millipore Sigma) to a concentration of 34 mg
mL'tin 200 mM sodium phosphate buffer pH 7.4. Crystallization drops were prepared by
mixing 1 pL of protein solution with 1 pbf the mother liquor and sealed inside a reservoir
containing an additional 500 pL of the mother liquor solution. Crystals usedray Hata
collection were obtained from mother liquor containing 0.1 M Tris buffer (pH 8.5), 0.1 M

sodium chloride, and 20REG 3350 Supplementary Table S2.1

Protein crystallizationof mSandy2Purified mSandy2 was concentrated using Amicon
Ultra-15 3K centrifugal devices (Millipore Sigma) to a concentration of 34 mg imi200

mM sodium phosphate buffer pH 7.4. Crystallization drops were prepared by mixing 1 pL
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of protein solution with 1 pL of the mother liquor and sealed inside a reservoir containing
an additional 500 pL of the mother liquor solution. Crystals usel fiay data collection
were obtained from mother liquor containing 0.1 M Tris buffer (pH 8.5), 0.1 M sodium

chloride, and 20% PEG350 {Table 3.2.

X-ray data collection and processindPrior to Xray data collection, crystals were
harvested and cryopratied by brief soaking in a 1:1 mixture of crystallization mother
liquor and 4.0 M trimethylamindl-oxide, then flasttooled by rapid plunging into liquid
nitrogen. We collected singlaystal Xray diffraction data on beamline 8.3.1 at the
Advanced Light Surce. The beamline was equipped with a Pilatus3 S 6M detector
(Dectris), the Xray energy was set to 11111 keV, and the crystals were maintained at a

cryogenic temperature (100 K) throughout the course of data collection.

We processed the-Kay data usinghe Xia2 softwaré® which performed indexing,
integration, and scaling with XDS and XSCAE&ollowed by merging with Pointless.
A resolution cutoff (2.05 A) was taken where the sigoatoise ratio of the individual

reflection measurements fell to an average value of 1.0.

Structue determinationWe obtained initial phase information for calculation of electron
density maps by molecular replacement using the program Phasemnmplemented in
v1.17.1.3660 of the PHENIX suité.We identified eight copies of the protein in the

asymmetric unit using the coordinates from mCherry (PDB ID: 2){5@nsistent with an
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analysis of Matthews probabilities for the observed unit cell and molecular weight of the

protein?3 24

Next, we rebuilt the initial model using the electron density maps calculated from
molecular replacement. We then performed additional, iterative refinement of atomic
positions, individual atomic displacemeguarameters (Bactors), and occupancies, 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?? 25Restraints for the red and green chromophores were generated using
phenix.elbow?® starting from coordinates available in the Protein Data B4RIB ligand
ID: NRQ or CH6 for red or green chromophore, respectively). Further information
regarding model building and refinemaitmSandy2s presented iTable 3.2 and that
of mRojo-SD1 is presented iBSupplementary Table S2.1In the case of mRo}8D1,a
time-averaged ensemble wgsnerated with phenix.ensemble_refinement implemented in
PHENIX.?28 To prepare the structures for ensemble refinementoosupancy conformers
were removed, and occupancies adjusted to 100% using phenix.pdbtools. Hydrogen atoms
were then added using phenix.ready_set. This procedure yielded an ensemble containing

63 templats.

Molecular dynamicsAll simulations were performed usitige Amber 2018oftwarewith
theff14sbforcefield®. Longr ange el ectr ost at i c shepartifle i) wer ¢
mesh Ewald methéfl and the SHAKE® 32algorithm was used to trealt bonds involving
hydrogens as constraints, allowing a time st

conformer from chain A were extracted frame computational mot¢lef eachSuperdecker

119



RFPgenerated by TriadChromophore parameters were generated within the Antechamber
module.Following coordinate extraction, hydragatoms were added using Redétand

the resulting protein molecule was placed in an octahédva with periodic boundary

conditions where the distance between the protein surface and the box edges was set to

10 j. After add?% wdteo moleauleschargep onipmtein atot® Were

neutralized with Naand Cl counterions.Next, we performed energy minimization of the

molecular system itwo stages. In the first stage, we minimized water molecules and ions

while keeping the protein fixed using 1000 steps of steepest désdt@mmed by1000 steps

of conjugate gradient. Inéhsecond stage, we minimized the entire system using 2000 steps

of conjugate gradientThen the systerwasheated from 0 to 300 Ksing the Langevin
thermostat®Thesyst m was equi li brated under an NVT ens:s
of 300 the¢Berendsen goupling algoritffnto maintain constant temperatuse

second equilibration step under an NPT enser
pressur e atémperatubed3 0 Quusitig the Berendsen barostaFollowing

removal of the position restraints, a02@s production run undéne Langevin thermostat

was initiated from the final snapshot of the NPT equilibraftiiEMD (Duke RE,

Pedersen LG (2003) PMEMD 3 UniversityNérth Carolina Chapel Hill).At the end of

the simulation, 1000 snapshots separated bypaong the productiotrajectory were

extractedor further analysis
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Table 5.1.Amino-acid sequences of red fluorescent proteins.

Protein

Sequence

mRojo-VHSV

MGHHHHHHGVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTA
GPLPFAWDILSHQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQG
GEFIYKVKLHGTNFPSDGPVYMQKKTMGSEASSERMYPEDGALKGEIKVRLKLKDGGHY
TYKAKKPVQLPGAYNANYKLDITSHNEDYTIVEQYERCEGRHSTGGMDELYK

Mutant4.3

MGHHHHHHGVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTA
GPLPFAWDILSHQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQC
GEFIYKVKLHGTNFPSDGPVMQKKTMGSEASSERDGALKGEIKVRKLKDGGHYDAEVK
TYKAKKPVQLPGAYANYKLDITSHNEDYTIVEQYEREGRHSTGGMDELYK

mRojo-SD1

MGHHHHHHGVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTA
GPLPFAWDILSHQFMYGSKAYVKHPADIPDYLKLSFPEGFKBENERDGGVVTVTQDSSLC
GEFIYKVKLHGTNFPSDGPVMQKKTMGSEASSERDGALKGEIRRYKLKDGGHYDAEVK
TYKAKKPVQLPGAXNYHKWDITSHNEDYTIVEQYEBEGRHSTGGMDELYK

mSD1.0

MGHHHHHHGVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTA
GPLPFAWDILSHQFMYGSKAYVKHPADIPDYLKLSFPEGFKBENERDGGVVTVTQDSSLC
GEFIYKVKIRGTNFPSDGPVMQKKTMGSEASSHEDGALKGEKRRLKLKDGGHYDAKT
TYKAKKPVQLPGAMYNYKLDITSHNEDYTIVEQYEREGRHSTGGMDELYK

mSD1.1

MGHHHHHGVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAK
GPLPFAWDILSHQFMYGSKAYVKHPADIPDYLKLSFPEGFKBNERADGGVVTVTQDSSLC
GEFIYKVKIRGTNFPSDGPVMQKKTMGSEASSHEDGALKGEIRRLKLKDGGHYDAKT
TYKAKKPVQLPGAYNYKLDITSHNEDYTIVEQYEREGRHSTGGMDELYK

mSD1.5

MGHHHHHGVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKI
GPLPFAWDILSHQFMYGSKAYVKHPADIPDYLKLSFPEGFKBNERADGGVVTVTQDSSLC
GEFIYKVKIRGTNFPSDGPVMQKKTMGSEASSHEDGALKGEKRRLKLKDGGHYDAKT
TYKAKKPVQLPGAYANYKLDITSHNEDYTIVEQYEREGRHSTGGMDELYK

mRojoA

MGHHHHHHGV3KEDNMAIIKEFMRFKTHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLK
GPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQ
GEFIYKVKLHGTNFPSDGPVMQKKTMGWEASSERMYPEDGALKGEIKLRLKLKDGGH)Y
TYKAKKPVQLPGAYNANYKLDITSHNEDYTIVEQYERCEGRHSTGGMDELYK

mRojo- Y197

MGHHHHHHGVIKEDNMAIIKEFMRFKTHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLK
GPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQ
GEFIYKVKLHGTNFPSDGPVMQKKTMGWEASSERMYPEDGALKGEIKLRLKLKDGGHY
TYKAKKPVQLPGAYNAKLDITSHNEDYTIVEQYERCEGRHSTGGMDELYK

mSandy0.1

MGHHHHHHGVSKEDNMAIIKEFMRFKHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKV
GPLPFAWDILEQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQCL
GEFIYKVKIRGTNFPSDGPVMQKKTSEASSERMYPEDGALK@H RLKLKDGGHYDAEVK
TYKAKKPVQLPGAYNAKLDITSHNEDYTIVEQYERCEGRHSTGGMDELYK

mSandy0.7

MGHHHHHHGVIKEDNMAIIKEFMRFMHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKV
GPLPFAWDILEQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQCL
GEFIYKVKIRGTNFPSDGPVMQKKTSEBSSERMYPEDGALKGEIKLRLKLKDGGHYDAE'
TYKAKKPVQLPGAYNAKLDITSHNEDYTIVEQYERCEGRHSTGGMDELYK
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mSandy0.9

MGHHHHHHGV3KEDNMAIIKEFMRFKHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKV
GPLPFAWDILEQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQL
GEFIYKVKIRGTNFPSDGPVMQKKTSEASSERMYPEDGALK@/RLKLKDGGHYDAEVK
TYKAKKPVQLPGAYNAKLDITSHNEDYTIVEQYERCEGRHSTGGMDELYK

mSandyl

MGHHHHHHGVIKEDNMAIIKEFMRFMHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKV
GPLPFAWDILEQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQL
GEFIYKVKIRGTNFPSDGPVMQKKTSEASSERMYPEDGALK@H RLKLKDGGHYDAEVK
TYKAKKPVQLPGAYNAKLDITSHNEDYTIVEQYERCEGRHSTGGMDELYK

mSandy?2

MGHHHHHHGV3KEDNMAIIKEFMRFMHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKV
GPLPFAWDILEQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQL
GEFIYKVKLHGTNFPSDGPVMQKKBHESSERMYPEDGALK@YRFKLKDGGHYAEVKT

TYKAKKPVQLPGAAN KMDITSHNEDYTIVEQYERCEGRHSTGGMDELYK

mSandyt
L163V/L199M

MGHHHHHHGV3REDNMAIIKEFMRFKHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKV
GPLPFAWDILEQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQL
GEFIYKVKIRGTNFPSDGPVMQKKTSEASSERMYPEDGALK@/RLKLKDGGHYDAEVK
TYKAKKPVQLPGAYNAKMDITSHNEDYTIVEQYERCEGRHSTRBELYK

mCherry

mCherry

MGHHHHHHGV3REDNMAIIKEFMRFKHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKV
GPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQ
GEFIYKVKIRGTNFPSDGPVMQKKTMGWEASSERMYPEDGAIGREKIKDGGHYDAEVK
TYKAKKPVQLPGAYMI KLDITSHNEDYTIVEQYEREGRHSTGGMDELYK

MGHHHHHHGVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTA
GPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQ
GEFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPEDGALKGEIKQRLKLKDGGH
TYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQYERARHSTGGMDELYK

mCherryA

MGHHHHHHGVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTA
GPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQ
GEFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPEDGALKGEIKQRLKLKDGGH
TYKAKKPVQLPGAYMIKLDITSHNEDYTIVEQYERAEGRHSTGGMDELYK

mCherryQLV

MGHHHHHHGVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTA
GPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQ
GEFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPEDGALKGEIKQRLKLKDGGH'
TYKAKKPVQLPGAYLIKLDITSHNEDYTIVEQYERAEGHSTGGMDELYK

mCherrylG

MGHHHHHHGVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTA
GPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQ
GEFIYKVKLRGTNFPSDGPVMQKKTMGBERMYPEDGALKGEIKQRLKLKDGGHYDAE
TYKAKKPVQLPGAYNNG.DITSHNEDYTIVEQYERAEGRHSTGGMDELYK

mCherrylAG

MGHHHHHHGVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTA
GPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQ
GEFIYKVKLRGTNFPSDGPVMQKKTMGBERMYPEDGALKGEIKQRLKLKDGGHYDAE
TYKAKKPVQLPGAYMYV G DITSHNEDYTIVEQYERAEGRHSTGGMDELYK
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MGHHHHHHGVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTA
mCherrylQLGV GPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQ

GEFIYKVKLRGTNFPSDGPVMQKKTWEKSSERMYPEDGALKGEIKQRLKLKDGGHYDAE

TYKAKKPVQLPGAYLI G_.DITSHNEDYTIVEQYERAEGISTGGMDELYK

Mutations from mRojeVHSV, from mRojoAor from mCherry are underlined and highlighted in bold.
The sequences corresponding to their respective chapter are sepwithield lines in the table.
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