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ABSTRACT: Leave-one-out green fluorescent protein (LOOn-GFP) is a
circularly permuted and truncated GFP lacking the nth f-strand element.
LOO7-GFP derived from the wild-type sequence (LOO7-WT) folds and
reconstitutes fluorescence upon addition of -strand 7 (S7) as an exogenous
peptide. Computational protein design may be used to modify the sequence
of LOO7-GFP to fit a different peptide sequence, while retaining the
reconstitution activity. Here we present a computationally designed leave-
one-out GFP in which wild-type strand 7 has been replaced by a 12-residue
peptide (HA) from the HS antigenic region of the Thailand strain of HSN1
influenza virus hemagglutinin. The DEEdesign software was used to
generate a sequence library with mutations at 13 positions around the
peptide, coding for approximately 3 X 10° sequence combinations. The
library was coexpressed with the HA peptide in E. coli and colonies were
screened for in vivo fluorescence. Glowing colonies were sequenced, and

+ 4

Left-out peptide

+

Sensing target

LOO-GFP

Reprogrammed
LOO-GFP

one (LOO7-HA4) with 7 mutations was purified and characterized. LOO7-HA4 folds, fluoresces in vivo and in vitro, and binds
HA. However, binding results in a decrease in fluorescence instead of the expected increase, caused by the peptide-induced
dissociation of a novel, glowing oligomeric complex instead of the reconstitution of the native structure. Efforts to improve
binding and recover reconstitution using in vitro evolution produced colonies that glowed brighter and matured faster. Two of
these were characterized. One lost all affinity for the HA peptide but glowed more brightly in the unbound oligomeric state. The
other increased in affinity to the HA peptide but still did not reconstitute the fully folded state. Despite failing to fold completely,
peptide binding by computational design was observed and was improved by directed evolution. The ratio of HA to S7 binding
increased from 0.0 for the wild-type sequence (no binding) to 0.01 after computational design (weak binding) and to 0.48
(comparable binding) after in vitro evolution. The novel oligomeric state is composed of an open barrel.

G reen fluorescent protein (GFP) has been shown to
reconstitute its structure and fluorescent function after
being split in a variety of ways, including short truncations," two
pieces of roughly equal size,” and truncated circular
permutants.”* This ability has found utilities in screening for
solubility," in protein complementation assays,” and in signaling
conformational changes.” And since GFP requires no cofactors
and may be expressed in diverse organisms, either as one piece
or two, split-GFP is bound to find many additional applications.

GFP is an 11 stranded, closed f barrel enclosing a distorted o
helix. A three-residue segment of the helix spontaneously
matures via cyclization of the backbone, dehydration, and
oxidation®” to form a p-hydroxybenzylidene-imidazolidone
moiety, the chromophore (CRO). The strand order, clockwise
as seen from the termini end of the barrel, is 3—2—1—6—5—4—
9—8—7-10—11, with all § pairings antiparalle]l except for
strands 1—6. A consensus of evidence, including hydrogen/
deuterium exchange,8 in vivo solubilities,’ folding kinetics,”
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: 10,11 . .
circular permutants, "' and noncircular (rewired) permu-

tants,"’ suggests that the N-terminal segment, strands 1—6, and
the central helix fold to their native state first. GFP folding
kinetics are multiphasic, havin§ three to five folding rates,
ranging from 10 to 0.01 s7L.' Not included among these
phases is an observed, non-native trapped state that is related to
the conformation of CRO' and a slow cis/trans backbone
isomerization event at Pro89.'”'* Once folded, GFP is
extremely kinetically stable, unfolding with an estimated half-
life greater than 1 month in water at neutral pH, standard
temperature and pressure.” However, GFP unfolds rapidly at
low pH. CRO maturation has a half-life in the range 19—83
min, *'° depending on the variant and the conditions. The
chromophore retains its chemical structure after chemical,
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thermal, or pH-induced unfolding. Fluorescence is quenched in
the unfolded state via hula-twist motions in the excited state of
the liberated CRO."”

Truncated or split GFPs exist in an unfolded or partially
folded state until reconstitution, and are therefore weakly
fluorescent or nonfluorescent. The rate of binding of circularly
permuted GFP with strand 7 left out (LOO7-WT) to the
exogenous strand 7 peptide was found to be limited by the rate
of folding,3 showing that LOO7-WT indeed exists in the
unfolded state. The high solubility of LOO7-WT, as well as
LOO-GFPs missing strands 4, 6, and 8 through 117° suggests
that it is not fully unfolded but exists in a near native
intermediate conformation. Truncated superfolder GFP OPT
with strand 11 removed was optimized for solubility in the
truncated state," and is also highly soluble in the unbound state.
On the other hand, LOO-GFPs missing one of the f strands 1,
2, 3, or 5 are highly insoluble.

Since GFP folding is thousands of times faster than CRO
maturation, the onset of fluorescence after reconstitution is
much faster when CRO is already mature. Allowing the
chromophore to mature before splitting would generate a
faster-acting biosensor. Two methods have been demonstrated
for separating the native state into split pieces after CRO
maturation. (1) The two parts may be coexpressed as separate
genes. The pieces spontaneously assemble upon folding and are
then separated by unfolding, chromatographic separation, and
refolding” (2) The construct may be expressed as a single
chain, with one strategically placed protease cut site. The two
pieces are then separated by protease digestion followed by
unfolding, chromatographic separation, and refolding.'® Strat-
egy (1) was used in the present work.

Having established that leave-one-out green fluorescent
proteins (LOO-GFPs) bind their missing pieces and recon-
stitute fluorescence, a next goal is to design LOO-GFP so that it
binds a different peptide, especially a peptide that is unique to a
desired target, such as a virus. In this paper, we use
computational methods to design a LOO-GFP to bind a
peptide from HSN1 influenza virus hemagglutinin (HA) into its
structure (Figure 1). The successful design should bind the HA
peptide and signal the binding by green fluorescence.
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Figure 1. Leave-one-out method for biosensor design. Omitting a
secondary structural element eliminates ths signal. Adding back the
left-out piece recovers the signal. Designing the site to bind a different
sequence creates a biosensor.
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Both computational protein design and in vitro evolution
were used in this study. Computational protein design finds the
lowest energy amino acid sequence given the backbone
conformation and other structural constraints. The design
algorithm searches sequence space within a defined range of
allowed side chain substitutions, using a rotamer (side chain
conformation) library.'””® The best energy score identifies the
sequence most likely to fold into the targeted structure with the
desired function. Computational protein design has been
implemented in several laboratories and has produced, among
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many results, a hyper-thermophilic protein,”" two small
molecule biosensor proteins,22 two novel enzymes,23 24 and a
novel protein fold.”> In this work, we used DEEde51gn, Wthh
uses a parallel and distributed computational strategy.”® The
energy function for DEEdesign was optimized for rotamer
recovery in a large data set of high resolution structures.”

This paper describes progress toward making LOO-GFP
biosensors “programmable.” LOO7-WT has been altered
computationally so that it reconstitutes its structure and its
function in response to the presence of the new targeted
peptide analyte. The results show that the designed biosensors
fold and glow in the presence of the targeted peptide, both in
vivo and in vitro. However, problems were also encountered
including autofluorescence in the unbound state, weak peptide
binding, and low specificity. With improvements in these areas,
LOO-GFP biosensors could be computationally designed to
bind a wide variety of short peptides, enabling the creation of
customizable molecular sensors that do not depend on
antibodies.

B MATERIALS AND METHODS

Protein Design. To engineer customized LOO-GFP
biosensors, we developed a software suite called DEEdesign.
DEEdesign uses a combination of physics-based functions and
knowledge-based functions to energetically evaluate the fitness
of side chain rotamers in protein structures. The parameters
used in the fitness scoring system were trained by a machine
learning technique to reproduce the true 51de chain
conformations in high-resolution crystal structures.”

The space of all possible sequences may be determined
manually or by surveying the sequences in a deep multiple
sequence alignment. Sequence space is searched using either
Monte Carlo (MC)*® or the dead-end elimination algorithm
(DEE).” DEEdesign employs an array of DEE criteria for
rotamer ehmlnatlon 1nc1ud1ng Orlgmal Singles, * Goldstein
Singles,” Simple Split Singles,”’ Magic Bullet Split Singles,>
Original Doubles,” Full Goldstein Doubles,*® and Magic Bullet
Goldstein Doubles.” “Singles” refers to eliminations of single
rotamers, while “Doubles” refers to eliminations of rotamer
pairs.

Protein design using DEEdesign consists of three stages.
First, the rotamer search space is reduced by running DEE
using only the van der Waals repulsion energy term. Second,
DEE is applied using the full energy function.”” Third, the set
of remaining rotamers is augmented to include slightly
perturbed side chain chi angles, or “child” rotamers, and a
MC search is carried out using the full energy function. The
sequence upon convergence of this third step is deemed the
minimum energy configuration (MEC). Starting with the MEC,
a library of similar low-energy sequences is generated by
running MC with a gradually increasing temperature, a process
called “simulated melting”, and keepmg the desired number of
unique sequences, typically 2000.”

Water Rotamers. Crystallographic waters were included as
additional rotamers to model the unique buried polar
environment of the GFP chromophore. Dummy atoms were
placed around a central oxygen atom at points corresponding to
the ideal tetrahedral arrangement of hydrogen bond donor and
acceptor atoms. One hundred evenly spaced points on a sphere
were generated by gradient descent maximization of nearest
neighbor distances as described in ref 53. Three hundred and
six tetrahedrals were randomly sampled from these 100 points,
corresponding to three points of ideal H-bond geometry per A>
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at 2.8 A. One of the 307 water rotamers is the null set,
consisting of no atoms. Template-based hydrogen bonding and
non-hydro%en bonding energy terms were applied as previously
described.”

Gene Library Assembly, Screening, and in Vitro
Evolution. Using in-house software, the designed sequence
library was encoded to a gene library having degenerate codons
for the variable positions. Bases were selected to avoid stop
codons and to favor high frequency codons. The sequence was
divided into overlapping forward and reverse 60bp degenerate
oligonucleotides using DNAWorks.*® Oligos were synthesized
by IDT. Two rounds of PCR were performed to assemble the
designed gene library as described previously.” Amplified
LOO7 gene variants were cloned into Ncol and EcoRI sites
of pCDFDuet-1 (Novagen) also carrying the gene for the HA
or S7 peptide fused to Ssp-DnaB mini-intein (GL: 222435775).
Ligated plasmids were transformed into Acella cells (Edge
BioSystems). Transformed cells were plated on nitrocellulose
membranes over selective LB agar plates and cultured at 37 °C
overnight. Protein expression was induced by transferring
membranes to plates containing 0.5 mM IPTG at 25 °C and
green fluorescence was monitored for 24 h.

Clones that showed the highest in vivo fluorescence were
selected and subjected to affinity maturation by four rounds of
iterative error-prone PCR> and one round of DNA shuffling.*®
Randomly mutated and shuffled LOO7-HA variants were
cloned and plate-screened as described above. After each round
of error-prone PCR, the clone that showed the highest
fluorescence intensity was used as the parent PCR template
for the next round. The resulting sequences were labeled EPxn-
m, for which n is the round of error-prone PCR and m is the
clone number. See Figure S1.

Purified plasmids from all EP clones were pooled in
equimolar amounts and subjected to partial digestion using
0.15 U/uL DNasel at 25 °C for S min. Partially digested gene
fragments ranging from 150 to 300 bp were recovered and used
for gene assembly as described above. The resulting sequences
were labeled DSn, where n is clone number.

Expression, Purification, and Monomerization. Pro-
teins used in this study were expressed and purified as
previously described.’

The following protocol was adopted for monomerizing
LOO7s. N-Terminal polyhistidine tagged protein was dena-
tured by buffer exchange into TN buffer (50 mM Tris-Cl, 100
mM NaCl at pH 8.0) with 6 M guanidinium chloride (GuHCl).
A centrifugal filter with a 3 kDa cutoff was used for this
purpose. The denatured protein solution was then batch-
adsorbed onto pre-equilibrated Ni-NTA agarose beads stored
in 1.7 mL microtubes.

The guanidinium chloride was gradually diluted out in 0.6 M
steps and two washes per step, with 10 bed volumes of buffer,
to refold the immobilized protein. The protein-coated beads
were then imaged by fluorescence microscopy using a Nikon
inverted microscope and a SPOT Imaging solutions camera. A
positive control, with a circularly permuted, disulfide-
engineered GFP"* was tested for successful refolding and
associated reconstitution of fluorescence. Uncoated beads were
used as a negative control.

Size Exclusion Chromatography. LOO7-HA4 was
equilibrated with equimolar amounts of target peptide
overnight and concentrated by diafiltration using a 3 kDa
filter. The product was then run on a Superose 12 GL300 size
exclusion column, with a bed volume of 24 mL at a flow rate of
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0.5 mL/min using TN buffer as the mobile phase. Elusion was
monitored by absorbance at 280 nm. Protein that was not
equilibrated with the target peptide was run using the same
procedure, for comparison. Molecular weights for elusion peaks
were estimated by retention times, comparing to Biorad’s Gel
Filtration standard (catalog number: 151-1901).

Binding Affinity. Peptide binding affinities were deter-
mined by measuring the timecourse of green fluorescence
intensity upon manual mixing of LOO-GFP with synthetic
target peptide (>95% pure, Genscript) over a range of
concentrations, using up to 100-fold molar excess. Triplicate-
based averages of the signal amplitude of the least-squares fit of
the fluorescence time traces were plotted as a function of
peptide concentration. Single exponential fits gave low residual,
and therefore higher order kinetic fits were not tried. The
dissociation constant K was determined by fitting data to (a) a
Langmuir isotherm or (b) an Eadie—Hofstee plot.

Modeling. An open barrel model for LOO7-HA4 (Figure
S12) was generated for demonstrative purposes only, using the
molecular modeling suite MOE (CCG, Montreal). The LOO7-
HA4 structure derived from DEEdesign was energy minimized
with 7 removed and no distance restraints (atoms did not
move significantly from their template positions), and then with
“pushing” restraints applied between a carbons of 8 and S10.
CaCa distances could be increased from template distances of
approximately 9 A to approximately 18 A without introducing
Ramachandran outliers and without disturbing R96 and E22
positions with respect to the chromophore. Coordinates for the
LOO7-HA4 model and its “open barrel” form are available in
the Supporting Information.

B RESULTS

Programming of Leave-One-Out GFP Binding. Several
researchers have shown that truncated GFP binds the missin:
secondary elements and reconstitutes fluorescence.”””' %>~
The left-out parts can range from single or two elements™ to
half of the /3 barrel.’" For example, the term “LOO7-WT” refers
to the circularly permuted sequence of the template OPT-GFP'
truncated to remove strand 7, also containing an N-to-C linker
and an N-terminal His-tag (Figure S1). LOO7-WT binds to
strand 7 with submicromolar affinity.” We will use the
shortened term “LOO7” to refer to all GFP constructs with
strand 7 removed, generically.

Knowing that the reconstitution can occur with most of the
individually left-out f strands’ and can be optimized by
directed evolution,' we postulate that for a given peptide there
should exist leave-one-out GFP sequences that bind to the
peptide and reconstitute fluorescence. However, the massive
search space will pose a challenge to finding those sequences in
an efficient way.

Here we propose a hybrid strategy to program LOO?7 by first
computationally designing its sequences to accommodate a
selected peptide and then in vitro evolving the sequences to
improve the binding. For our proof-of-concept design, the
target peptide is derived from HSN1 influenza hemagglutinin.
The abbreviation HA is used herein to refer to the 12-residue
peptide from hemagglutinin. LOO7-HA refers to all truncated,
permuted, computationally designed GFP sequences that bind
HA in the strand 7 position. LOO7-HA4 is one of these.
LOO7-DS1 and LOO7-DS2 are two in vitro evolved variants of
LOO7-HA4.

To preserve the native residue numbering for circular
permuted and/or split GFP constructs, we used the sequence
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Table 1. Results of Design and Selection for Designable Positions of LOO7-GFP*

DEEdesign
position wild-type residue input output degenerate codon library LOO7-HA4

83 F AFILMVW FW TKS FLCW w
84 F AFILMVW FM WTK MILF F
161 I AFILMVW ILV VTA ILV 1
163 A AFILMVW 1 ATC 1 1
164 N NST NST AVY NST T
165 F AFILMVW F TTT F F
167 A% AFILMVW MV RTN MV A%
168 R RNST NST AVY NST T
200 Y YKHR HKR MRS HKR H
201 L LEMW FM WTK MILF L
202 S SKHR HKR MRS HKR K
204 Q QNST NST AVY NST T
224 v AFILMVW v RTK v A%

“Position numbers refer to the unpermuted superfolder GFP OPT sequence as shown in Figure S1. LOO7-HA4, a specific design with 7 mutations
(bold), was one of approximately 7S glowing colonies. Degenerate codons are shown using ITUPAC nucleotide notation.

numbering of the unpermuted superfolder GFP structure (PDB
ID 2B3P). Therefore, regardless of permutation, the
chromophore is residue 66, replacing residues 65—67 in the
translated sequence. In this paper residues 65—67 refer to TYG
sequence numbering before chromophore maturation. The
LOO7 sequences additionally contain an N-terminal His-tag
(MTHHHHHHSSG) and a linker connecting the original C
and N-termini (GGTGGS). The numbering for all GFP
variants discussed here is provided in Figure SI.

Selection of the Target Sequence for Sensing. A
signature sequence pattern was created that defined the
minimum sequence requirements for a peptide to replace the
S7 peptide in the OPT-GFP structure. The pattern describes
the periodicity of hydrophobic/hydrophilic residues in f# strand
7, residues 146—157, as follows: 146-{C}{PC}[GANDTEHK-
SVW]{C}[EAYFILMWV]{PC}[AYFILMWV]{PC}{PC}-
{PC}HPC}{PC}-157, where {} indicates excluded and []
allowed amino acids. The periodicity of polar and nonpolar
groups is maintained so that the peptide in solution will tend
toward a beta strand structure.”” Note that cysteine was
excluded sequence because its presence might cause
complications in the purification process. Proline was
prohibited because it would interfere with f sheet hydrogen-
bond formation. Otherwise, only three inward facing side chain
positions (residues 148, 150, and 152) were regarded as
constrained by hydrophobicity or by proximity to the
chromophore.

Hemagglutinin was selected as the detection target because it
is the most abundant surface protein in the influenza viral
coat.” The hemagglutinin sequence had 38 matches to the
signature pattern above. Of these, we selected the target
sequence SSHEVSLGVSSA (HA) because it occurs only in the
HS subtype of influenza strains and is unique to the two
Thailand strains (A/Thailand/16/2004, GI:145284476). In
most other strains of the HS subtype, the valine at position 5 of
the selected peptide is an alanine. In LOO7-WT, position S is
an inward facing position, making it a potential specificity
determining position. Thus, by choosing this target sequence, a
successful biosensor would distinguish the two Thailand strains
from other HS strains.

Computational Design of LOO7-GFP. To design a
LOO7 to receive HA in the S7 site, we first modeled the HA
sequence in place of the wild type sequence S7, changing 146-
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NSHNVYITADKQ-157 (S7) to 146-SSHEVSLGVSSA-157
(HA), a change of 9 out of 12 sequence positions. On visual
inspection it appeared that all of the changes could be
accommodated by rotameric changes in neighboring side chains
and none would require large backbone shifts. Of the 12 S7 side
chains, only V150 and 1152 are completely buried in the core.
V150 is conserved in HA, while 1152 is changed to a leucine.
Most of the sequence changes are located on the surface and
are expected to contribute less to the binding specificity.
Despite this similarity, the HA has no detectable binding to
LOO7-WT.

Computational designs were based on the coordinates of
OPT-GFP, which was modeled on superfolder GFP** (PDB ID
2B3P). Thirteen side chains within 7 A of S7 were allowed to
explore different amino acids from a predefined design space, as
shown in Table 1. The predefined design space expresses the
hydrophobic and hydrophilic patterning observed in a multiple
sequence alignments of GFP homologues and it helps to ensure
the generation of GFP-like sequences. In addition, ordered
water molecules surrounding the chromophore are thought to
be involved in the proton relay that facilitates the chromophore
maturation.'®*® To preserve this property, water molecules
adjacent to the chromophore were included in the design
process using water rotamers (Figure S2). Computational
design, as described in Materials and Methods, resulted in a
library of candidate sequences for LOO7-HA.

Gene Library Synthesis and Plate Screening. The
sequence library was generated by creating degenerate codons
to cover sequence variable positions in the expression (Table
1). The unavoidable inclusion of unwanted amino acids in three
positions increased the theoretical number of sequences in the
library by 8-fold, giving a total complexity of ~3 X 10°. The
nucleotide sequence expression, containing degenerate codons,
was divided into overlapping forward and reverse 60-based
oligonucleotides using the DNAworks software.”® Degenerate
oligos were purchased (IDT DNA) and assembled using
assembly PCR”” to form the gene library.

The library was cloned into MCS1 of vector pCDFDuet-
1(Novagen), while the gene for the HA peptide N-terminally
fused to Ssp-DnaB mini-intein (GI: 222435775) was cloned
into MCS2. The two genes were coexpressed anticipating that
reconstitution of structure and chromophore maturation would
occur in vivo. Transformed E. coli were first plated on
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nitrocellulose membranes over selective media. Protein
expression was then induced by transferring membranes to
plates containing 0.5 mM IPTG and antibiotics.

About 10% of the 3 X 10° possible sequences were visually
screened for fluorescence on plates, 24 h after induction of the
coexpressed genes. Approximately 75 out of the 2500 total
colonies showed green fluorescence upon blue light excitation
(Figure S3). One colony that exhibited a high fluorescence
intensity was selected for the further studies, herein called
“LOO7-HA4". Sequencing confirmed that LOO7-HA4 con-
tained seven mutations near the binding site of the HA peptide,
while the other six designed positions retained the wild type
amino acid. All of the mutations were derived from the
computationally designed library.

Inspection of the modeled mutations revealed new potential
sources of binding affinity and specificity for HA. Buried
mutation I152L is accommodated by A163I, which blocks the
position of the 1152’s second gamma carbon but allows L152
(Figure S4). On the surface, redesigning 199-HYLSTQ-204 to
199-HHLKTT-204 accommodates outward facing peptide side
chain changes NI149E, Y151S and TI153G by removing
hydrophobic packing, adding a salt bridge, and shape
complementarity (Figure SS).

Fluorescence Decreases upon Peptide Binding.
LOO7-HA4 was coexpressed with intein-HA and purified
using a His-tag and Ni-NTA agarose beads. Under the
conditions used, the HA peptide would be cleaved from the
intein-HA fusion by the natural action of intein, leaving the free
peptide, HA. The bound HA was removed by denaturing and
refolding the protein on Ni-NTA agarose beads followed by
elution using imidazole, as previously described.” Purified,
unbound LOO7-HA4 was soluble and contained a mature
chromophore, as determined by UV absorption (Figure S6).
The chromophore maturation efficiency, defined as

Ayq5(L007-HA4)
A, (LO07-HA4)

Ayes(OPT-GFP)
A,g,(OPT-GFP)

was 70%, much higher than corresponding efficiency for
LOO7-WT at 40%.

After elution from Ni-NTA agarose beads, LOO7-HA4 was
autofluorescent, having approximately 3% of the molar
quantum yield of OPT-GFP. This is qualitatively similar to
the level of autofluorescence in unbound LOO7-WT.’
Autofluorescence also occurs in all five other unbound
LOOn-GFPs that glow and reconstitute fluorescence, where n
=4,7,8,9, 10, and 11, corresponding to the number of the -
strand omitted (ref 9 and unpublished data).

Although evidence for fluorescence reconstitution was
observed when LOO7-HA4 was coexpressed with HA peptide
in vivo, the addition of synthetic HA peptide (Genscript) to
purified LOO7-HA4 in solution produced a 50% decrease in
the fluorescent signal instead of the expected increase (Figure 2
shows the kinetic trace for LOO7-DS2, which behaves similarly
to LOO7-HA4). In the control experiment, the addition of the
strand 7 peptide (S7) to purified LOO7-WT produced the
expected 1.7-fold increase in fluorescence as previously shown.’
Concentrations of HA up to 1 mM had no effect on the
fluorescence of LOO7-WT. However, submicromolar concen-
trations of S7 produced a 50% decrease in the signal of LOO7-
HA4. To explain the peptide-induced decrease in fluorescence,
we hypothesized that purified unbound LOO7-HA4 was
forming a fluorescent oligomeric complex.
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Figure 2. Fluorescence trajectory upon adding peptide in solution to
LOO7-WT and LOO7-DS2. Lines are least-squares fits to the data.
Flat residual (lower lines) shows the quality of the fit.

Peptide Binding Shifts Oligomer Equilibrium. The
presence of approximately equal amounts of monomers and
low order oligomers (dimers, trimers, tetramers) in solutions of
pure, unbound LOO7-HA4 was observed in size exclusion
chromatograms (SEC) (Figure 3). Higher molecular weight

(a) LOO7-WT. Green: + S7 peptide. Purple: no peptide.

' ' 1760 '
670kD 180 ko 1.35kD

(b) LOO7-HA4. Green: + HA peptide. Purple: no peptide.

/\-k‘

170 1.35kD

158kb 440

670150
Figure 3. SEC traces for LOO7-WT and LOO7-HA4. (a) Purified
LOO7-WT with (green) and without (purple) the addition the S7
peptide. Gray trace are the molecular weight standards, marked by kD.
(b) Purified LOO7-HA4 with (green) and without (purple) addition
of synthetic HA peptide. The sharp peak at approximate 27kD
corresponds to monomers. The broad peaks at higher MW correspond
to nonmonodisperse mixtures of oligomeric states which are in slow
equilibrium with monomer. LOO7-WT forms higher order and a
greater fraction of oligomers than LOO7-HA4.

fractions were fluorescent while monomer-sized fractions were
not initially fluorescent. However, the low molecular weight
fraction recovered fluorescence upon incubation at RT.
Addition of the synthetic HA peptide to LOO7-HA4 shifted
the ratio of oligomers to monomers from approximately 1:1 to
approximately 1:3 in the SEC. The results were different for the
parent construct LOO7-WT, which exhibited a broader
spectrum of somewhat higher order oligomers. Adding S7 to
LOO7-WT shifted the oligomer/monomer ratio from around
4:1 to approximately 1:10. Since the addition of peptide clearly
shifts the equilibrium away from oligomeric species and toward
the monomer, and since the shift correlates with shifts in
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Figure 4. Peptide binding assay. (a) Example of fluorescent traces for varying concentrations of S7 peptide (0.12—15 M) added at time zero to
LOO7-DS2. Kinetic traces all fit single exponential decays. Residuals of the Excel/Solver fits are shown along the bottom of the plot. Data were
logarithmically downsampled for better behavior in Solver. (b, c) Eadie—Hofstee plots for S7 peptide binding to each of the three variants discussed.
Data plotted are relative amplitude of fluorescence signal (positive or negative) over peptide concentration, versus relative amplitude of signal in
arbitrary units. Error bars are standard deviations for triplicate measurements. Linear fits are shown. Slopes represent dissociation constants, K.

fluorescence intensity of opposite sign, we conclude that the
monomeric state binds the peptide more tightly than the
oligomeric state, and that the bound, monomeric state of
LOO7-WT is natively folded while that of LOO7-HA4 is not.

To confirm the relative lack of fluorescence of unbound
monomers relative to oligomers, we created a persistent
monomeric state by refolding the protein in the immobilized
state. His-tagged LOO7-WT and LOO7-HA4 were each
refolded on Ni-NTA agarose beads as described in Materials
and Methods. The fluorescence was lost upon unfolding in 6 M
GuHC], and did not return upon bringing the beads back to
folding conditions by washing with pH 7.5 buffer, confirming
that oligomers glow and unbound monomers do not. Note that
GuHCl unfolding causes no chemical change to the
chromophore structure.

Unfortunately, addition of up to 1 mM HA peptide to
monomerized LOO7-HA4 on beads did not produce a
detectable increase in fluorescence (Figure S7a—d), whereas
stepwise addition of S7 peptide to monomerized LOO7-WT
produced a positive signal with the expected saturation
behavior and peptide concentration-independent (i.e., folding)
kinetics (Figure S8).

To rationalize the structural state of the unbound LOO7-
HA4 in solution, we considered the rapid kinetics of HA
peptide binding, contrasting it to the slow binding of S7 to
LOO7-WT (Figure 2). The fast peptide binding signifies that
folding, a much slower process, is not occurring. As expected,
the rate of peptide binding was found to be peptide
concentration dependent (Figure 4), consistent with binding
being the rate limiting step. The HA peptide binding kinetics
were least-squares fit to a single exponential for all
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concentrations studied (0.18—15.0 uM), suggesting a single
binding site and binding mode. We conclude that LOO7-HA4
exists in a partially unfolded state that binds the HA peptide.

Increased in Vivo Fluorescence by in Vitro Evolution.
An effort was made to improve the binding affinity and recover
fluorescence reconstitution by random mutagenesis and high-
throughput screening. DNA shuffling®® and error-prone PCR*”
were performed on the LOO7-HA4 gene to generate mutants.
The mutated sequences were cloned into E. coli that coexpress
the intein-HA gene and plate-screened for green fluorescence.
Plates were visualized using a Dark Reader transilluminator
with long-pass filter (Clare Chemical). Green colonies were
selected and sequenced. Qualitatively brighter clones were used
as the source of template DNA for further rounds of in vitro
evolution. Figure S1 shows the sequences of randomly selected
glowing variants of LOO7-HA4.

Several glowing colonies were picked and streaked on a plate
for side-by-side comparison (Figure S9). After coinduction of
protein and target peptide, fluorescence of the streaks was
monitored for 24 h. Differences in the rate of growth of the
fluorescence intensity were interpreted as differences in the
stability and peptide binding ability of the mutants. Two clones
were selected for further study because they produced earlier
chromophore maturation (LOO7-DS1) or elevated fluores-
cence intensity (LOO7-DS2) when coexpressed with the HA
peptide (Figure S10). LOO7-DS1 and LOO7-DS2 had nine
and 16 mutations, respectively. All three biosensor candidates
were further characterized, as described below.

Peptide-Dependent in Vivo Chromophore Maturation
Rate. To assess chromophore maturation rates, we imaged
Petri plates at time points after induction, and compared the
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Table 2. Chromophore Maturation Efficiency (CRO,,) and Dissociation Constants (Ky) for LOO7-WT (WT) and LOO7-HA4
after Computational Design (HA4) and after Additional Optimization by in Vitro Evolution (DS1, DS2) for Peptides from
Hemagglutinin, SSHEVSLGVSSA (HA), and from Strand 7 of GFP, NSHNVYITADKQ (S87)“

Ky
LOO7-GEP variant CRO,, HA SD s7 SD 7o SD K,(S7)/Ky(HA)
WT 40% >1 mM 570 oM 1 50 30.5 oM 1 12 <6 % 1077
HA4 70% 9.0 uM | 1.26 85 nM | 20.4 351 nM | 18 0.0094
DS1 40% >1 mM 28 uM | 1.23 1.80 uM | 0.233 <3 x107¢
DS2 80% 600 nM | 299 289 nM | 63.7 25.8 nM | 2.71 0.48

“The S7 peptide was extended by two residues to NFNSHNVYITADKQ to make S7.,, and WT for this peptide is truncated by four C-terminal
residues (EYNF). |: Signal decreases upon binding. 1: Signal increases upon binding. Specificity for HA versus S7 peptides is expressed as the ratio

of Ky’s, K4(S7)/K4(HA). SD: standard deviation.

dual-expressed (pCDFDuet-1) construct to another construct
with the peptide target gene in MCS2 removed by cloning.
Chromophore maturation levels were assessed qualitatively by
green fluorescence. LOO7-DS1 showed fluorescence within 4 h
of induction in the presence of the HA peptide, but almost no
fluorescence at 4 h in the absence of the HA peptide. However,
after 24 h LOO7-DS1 showed fluorescence with and without
the HA peptide (Figure S10). LOO7-DS2 exhibited maturation
of chromophore within 24 h in the presence of the coexpressed
HA peptide, while the same sequence in the absence of the
peptide showed barely detectable fluorescence after 24 h. This
suggests a specific interaction between LOO7-DS2 mutant and
the HA peptide in vivo leading to faster chromophore
maturation.

LOO7-WT also exhibits very slow maturation of the
chromophore in the absence of S7, on the time scale of
weeks to months for purified protein stored at 4 °C. LOO7-
DS1 catalyzes chromophore formation in the absence of a
complete and native 8 barrel structure, possibly aided by the
stabilizing forces of oligomerization. Chromophore formation
in LOO7-DS2 showed a greater dependency on the presence of
the HA peptide than LOO7-DS1, implying that the oligomeric
form of unbound LOO7-DS2 is less well folded than that of
LOO7-DS1. All LOO7 constructs were less efficient than OPT-
GFP at chromophore maturation (Table 2), but LOO7-DS2
achieved 80% of the wild-type rate.

Affinity and Specificity. LOO7-HA4, LOO7-DS1, and
LOO7-DS2 were analyzed to determine the affinity for
synthetic HA and S7 peptide (Table 2). Affinity measurements
were done by plotting the equilibrium amplitude of the signal
change as a function of peptide concentration, using either the
gain or loss of fluorescence as appropriate (Figure 4).

No change in fluorescence was observed upon addition of
HA to LOO7-DS1. This was surprising, since the in vivo
fluorescence was perceptibly increased relative to LOO7-HA4.
From this, we conclude that the increased fluorescence was due
to a greater tendency to glow without the peptide present, a
negative but nonetheless informative result. Increased auto-
fluorescence due to an increased tendency to dimerize in the
unbound state may have fooled our screen.

Fluorescence intensity loss of 50% was observed upon
addition of HA to LOO7-DS2, similar in magnitude to the
effect of the peptide on LOO7-HA4. The kinetics of peptide
binding to LOO7-DS2 was single-exponential and peptide
concentration dependent.

The binding of HA to LOO7-WT was undetectable, while
HA binding to LOO7-HA4 was measured to be 9.0 uM,
representing the appearance of a binding site where there had
been none. However, binding of S7 was paradoxically tighter in
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LOO7-HA4 than in the LOO7-WT. We propose a measure of
success in design to be the binding affinity ratio, K4(S7)/
K3(HA), which measures the improvement in binding of the
target peptide over the original, native ligand. By this measure,
LOO7-HA4 shows improvement at K4(S7)/Ky(HA) = 0.0094
as compared to <6 X 1077 for LOO7-WT. LOO7-DS2 showed
further improvement, with 15-fold tighter binding to HA and 3-
fold weaker binding to S7 to give K4(S7)/Ky4(HA) = 0.48.

The reason for the lack of fluorescence reconstitution in the
LOO7-HA variants, even in the face of submicromolar peptide
binding, may have been that the energetic impetus provided by
binding was insufficient to overcome the barrier to the closing
the S barrel to form the fully native state. This would explain
why fluorescence was observed in vivo, where the proteins had
hours to associate and fold, but not in vitro where experiments
were cut off after 250 s. To follow up on this hypothesis, we
extended the S7 peptide N-terminally by 4 residues and
truncated the C-terminus by 2 residues (EYNF added at N
terminus and KQ_truncated at C-terminus; target is now 142—
155 instead of 146—157). Synthetic 14-residue “S7,,” peptide
binding was assayed to each construct, LOO7-WT, LOO7-
HA4, LOO7-DS1 and LOO7-DS2. The extension, which adds a
single buried hydrophobic side chain, did increase the affinity
by 10-fold for all constructs except LOO7-HA4, where no
difference was seen. But once again only fluorescence
quenching was observed for each of the three LOO7-HA
variants. No increase in brightness was observed despite a Kj of
25.8 nM in the case of LOO7-DS2. Only a slight increase in
fluorescence at long time-scales (800 s) suggests that the high
folding barrier theory has any merit. More likely, folding is
impaired by one or more of the mutations.

B DISCUSSION

Our view of the nature of the fluorescent state of GFP has
changed radically. Previously, we thought that leaving out the
seventh strand would quench fluorescence by exposing the
chromophore to bulk solvent* or altering the ionic state of the
chromophore.41 However, our new view and the broader
understanding of GFP quenching is that solvent exposure is
irrelevant; rather, folding is required to stabilize the planar
conformation of the excited state of the chromophore by
blocking the “asynchronous hula twist” rotation of the p-
hydroxybenzylidene moiety that leads to overlap of the ground
state and excited state energy landscapes and triggers
nonradiative decay.'” We note in retrospect that computation-
ally designed sequence libraries were screened for fluorescence,
not directly for peptide binding, on the assumption that
fluorescence would correlate with peptide binding. That
assumption turned out to be wrong. Instead we were screening

DOI: 10.1021/acs.biochem.5b00786
Biochemistry 2015, 54, 6263—6273


http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00786/suppl_file/bi5b00786_si_002.pdf
http://dx.doi.org/10.1021/acs.biochem.5b00786

Biochemistry

for a more ordered chromophore microenvironment, attainable
by any means including oligomerization. A better screen for a
peptide biosensor library would be one that detected binding
directly, along with and independent of fluorescence.

A Model for LOO7-GFP Dynamics. The results show that
computational design coupled with in vitro evolution can
produce a protein-peptide pair that bind with submicromolar
affinity. However, the results fall short of demonstrating the
reconstitution of the native, functional state upon binding the
peptide, as originally intended. To better understand the
sources of this failure, we here build a working model of the
system that is consistent with all of the data (Figure S). In the
context of this model, we hope to explain the differences
between the expected and the observed behavior of the
designed biosensor.

b
044 (/ QY=0
2 6\‘41 "‘\\ Ad slow eA
O =
QY=1.0 x‘\\ ¢ *Z’@ Q=17

Figure S. Proposed working model for LOO7-GFP oligomerization,
binding, barrel closing, and nonproductive binding. Open arcs
represent LOO7-GFPs in open f barrel configuration. Triangles are
peptides (S7 or HA). QY = quantum yield relative to (a) the unbound,
oligomeric state. Peptide binding (a—c, b—d) is followed by (e) barrel
closing to form a more fluorescent state.

The decreased fluorescence of LOO7-HA4 in the presence of
the HA peptide suggests that the bound state chromophore
environment is less ordered than the unbound state
chromophore environment, contrary to expectations. At the
same time, no folding or unfolding transitions are observed in
the peptide binding kinetics. Therefore, the increased order that
leads to increased fluorescence must be provided by
oligomerization of a partially folded state.

The less folded state in all LOO7-GFPs must be near-native
because the protein binds the peptide. If it were not near-native,
then peptide binding would not have been observed. A near-
native folding intermediate of GFP has been previously
described, consisting of an open barrel”” whose kinetics of
closing are sensitive to specific engineered disulfide bonds. The
proposed openings in the barrel are at the 7/ 8 cleft and at
the f4/f9 cleft. The 7/ 8 location is the most likely site of
barrel opening for LOO7-HA4, since the omission of f7
eliminates several of the interactions that close the barrel at that
site. The existence of an opening between $7 and 8 in wild-
type GFP is supported by a high degree of solvent exposure in
H/D exchange NMR studies”™ and relatively high mobility of
the atoms in this region in molecular dynamics simulations.* It
therefore seems reasonable to model unbound, monomeric
LOO?7 as an open barrel having some degree of additional
space between f strands f8 and $10, such that binding a
peptide to either the 8 or the 10 surface would not be
sufficient to complete and close the barrel.

We have established that oligomerization correlates with
increased autofluorescence, and that peptide binding results in
rapid loss of fluorescence. But formation and dissociation of
oligomeric LOO7-HA4 is slow on the time scale of the SEC
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experiment (Figure 3). We hypothesize, therefore, that a
thermodynamic box exists which has two pathways to the
monomeric bound state, a slow pathway that is consistent with
the time scale of the SEC experiment, and a fast pathway in the
presence of the peptide that is consistent with the binding
kinetics (Figure S). We know that the monomeric open barrel
state has negligible fluorescence, therefore peptide-induced
dissociation leads to quenching. Peptide binding could trigger
dissociation through a mechanism such a strand displacement,
where a tight binding strand replaces a weak, intermolecular
strand—strand pairing one hydrogen bond at a time, like a
zipper. The strand displacement mechanism has been observed
in pilus assembly in Gram-negative bacteria."’

The observation of a single exponential phase of HA peptide
binding to LOO7-HA4 is consistent with a single binding site
on the open barrel. Two possible events follow the binding of
the peptide: the barrel may close to form the native fluorescent
state, or a peptide could bind at the second site, preventing
barrel closure. We have no evidence for the doubly bound state.

In the working model (Figure S), all variants of leave-one-out
GFP exist in the oligomeric state “a” before adding peptide.
Upon S7 peptide addition, LOO7-WT shifts to the native state
“e”, but adding HA peptide to LOO7-WT has no consequence.
LOO7-HA4 and LOO7-DS2 both shift to state “d” upon
binding of either HA, S7, or S7,,, but neither protein proceeds
spontaneously to state “e”. LOO7-DS1 does not proceed to
state “d” in the presence of HA, but does so in the presence of
S7 or 87y

Mutations That Affect Barrel Opening. The question
arises of what sequence changes may explain the evidence. If we
can identify such mutations, we may be able to rescue
fluorescence reconstitution. F83W, a computationally designed
mutation that was conserved in all evolved sequences including
LOO7-DS1 and LOO7-DS2, creates a crowded corner around
p7 (Figure 6). W83 is on the central helix, bordering residues

Figure 6. Computationally designed mutation F83W creates clashes
with residues on f strand 4 and 10. Opening the S barrel would
probably relieve these clashes. Reverting W83 to F might result in a
closed barrel.

on f4 and $10. Opening the barrel would likely relieve the
clashes, and thus W83 favors the open barrel state. Reverting to
F83 would test this hypothesis. A163I adds three carbon atoms
to the core. The Ile side chain interacts with the target residue
L149, providing a source of specificity against the wild type
isoleucine at that position. A reversion, I163 to A or an I163G
mutation, combined with mutations of L201 to M or F and of
1161 to A or V may improve packing.

Mutations that conserve or improve in vivo fluorescence
occurred all over the protein, not just near the active site
(Figure S11). Nine of the 19 mutations are on the protein
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surface (e.g, E33D, KSIN, K98T, T229S), and are not
expected to affect the HA peptide binding directly but may
affect oligomer formation. Seven are buried in the core (e.g,
VI15A, T64A, A84T, N118S), and three are in an unstructured
loop (e.g, M230L, E232D). One, T6S5A, was within the
chromophore itself and may have contributed to the slower
chromophore maturation observed in LOO7-DS2, relative to
LOQO7-DSI1. Only one randomly derived mutation was found in
a previously computationally designed position (R168T to A).
It is apparent that the process of in vitro evolution improved
the autofluorescent state in the case of LOO7-DS], rather than
improving the energy of the bound state. The numerous surface
mutations may have had an effect on the oligomerization
tendencies. Note that LOO7-DS1 was found to be relatively
agnostic to the presence of the HA peptide in vivo in
chromophore maturation rate studies, which is consistent with
the absence of binding affinity.

Others have accelerated the folding of GFP by designing a
loop connecting the central helix to $4 to remove a problematic
proline at position 89.'* The cis—trans isomerization of this
residue is known to be the slowest phase in GFP’s folding.
Thus, it is interesting to note that an A87T mutation is
observed in both LOO7-DS1 and LOO7-DS2. This residue is
one before the pre-Pro position of this cis-peptide, and a local
structural distortion caused by this residue could favor the cis
over the trans state, which could explain the increase in
fluorescence of the LOO7-DS1 and LOO7-DS2 with respect to
the original LOO7-HA4.

The observed high degree of chromophore maturation seems
to contradict the open barrel model for the LOO7 designs, but
this is not conflicting evidence. A rigid chromophore
microenvironment is required to stabilize the excited state,
but there is no evidence that rigidity is required for the catalysis
of the backbone cyclization and dehydration reactions that
generate the chromophore. On the contrary, the large atomic
motions observed between the immature state of the protein
and the mature form suggest the need for flexibility in the
core.**"” Localization of R96 and E222 has been shown to be
key to catalysis of the backbone cyclization,” but a mechanical
compression model for the catalysis remains unproven.”” We
have explored the open barrel structure using molecular
dynamics (MOE, CCG, Montreal, Canada) and find that R96
and E222 can retain their native conformations relative to the
chromophore, even as the f8/f10 cleft doubles in width
(Figure S12). The target peptide for this experiment is on an
exposed edge of an exposed domain of hemagglutinin, lending
promise that binding to an open LOO-HA4 barrel may be
possible on the surface of the virus (Figure S13).

B CONCLUSION

An attempt to make a fluorescent biosensor for the influenza
virus using computational design and in vitro evolution led to
some important lessons with regard to the dynamic behavior of
GFP in the leave-one-out state. We find that the truncated
protein can adopt an open barrel conformation, and that this
conformation catalyzes chromophore maturation and fluoresces
without requiring the structural reconstitution that comes with
binding the left-out peptide. The selection for green
fluorescence rather than a direct measure of peptide binding
in the high-throughput screening process set up the discovery
of a novel fluorescent species consisting of low order oligomers
of a partially folded state of GFP. The new species detects the
target peptide, although not in the intended way, by catalyzing
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the dissociation of the fluorescent complex and the
concomitant loss of the fluorescent signal.
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