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ABSTRACT: Accurate assignment of protein function from sequence remains a eGBP1 ATy=+25°C woars RS
fascinating and difficult challenge. The periplasmic-binding protein (PBP) superfamily o ‘ o (
present an interesting case of function prediction because they are both ubiquitous in ’

prokaryotes and tend to diversify through gene duplication “explosions” that can lead to Ze,, o = /
large numbers of paralogs in a genome. An engineered version of the moderately Vi O Py O '
thermostable glucose-binding PBP from Escherichia coli has been used successfully as a I. I 30
reagentless fluorescent biosensor both in vitro and in vivo. To develop more robust 100 — c 0
sensors that meet the challenges of real-world applications, we report the discovery of % 040 In ()

Identity (o,
thermostable homologues that retain a glucose-mediated conformationally coupled )

fluorescence response. Accurately identifying a glucose-binding PBP homologue among

closely related paralogs is challenging. We demonstrate that a structure-based method that filters sequences by residues that bind
glucose in an archetype structure is highly effective. Using fully sequenced bacterial genomes, we found that this filter reduced high
paralog numbers to single hits in a genome, consistent with the accurate separation of glucose binding from other functions. We
expressed engineered proteins for eight homologues, chosen to represent different degrees of sequence identity, and tested their
glucose-mediated fluorescence responses. We accurately predicted the presence of glucose binding down to 31% sequence identity.
We have also successfully identified suitable candidates for next-generation robust, fluorescent glucose sensors.

Bl INTRODUCTION coupled organic dyes' """ or dual genetic fusions of green

Engineered Escherichia coli glucose—galactose-binding proteins ﬂuore':sc?él ggprotem vanants at bOtb N-and (;-termlnl O-f the
(ecGBP) can be used as fluorescent biosensors for glucose.' ™’ protein. The fluorescent organic dye conjugates typically

Unlike enzyme-based systems, these glucose sensors are are attached site-specifically to a single cysteine that has been

reagentless in the sense that they do not consume substrates engineered into the protein. Ab initio prediction of the
to report on glucose concentrations. Several such sensors have combination of fluorophores and attachment sites at which
been incorporated into optodes and show significant promise coupling between fluorescence emission and ligand-dependent
as next-generation continuous zglucose monitors for the conformational changes can be established has proven to be
management of diabetes mellitus,” '>"> a disease that afflicts elusive, although a general strategy of introducing cysteine
nearly a half-billion people worldwide with ever-increasing mutations at locations of residues that are located adjacent to
numbers.””~>* ecGBP is a member of the periplasmic solute- the binding site (peristeric), or that contact the ligand
binding protein (PBP) superfamily.”*~>" The protein com- (endosteric), or that are located in distal regions that move
prises two a/ff domains connected by a three-stranded /- in concert with the hinge-bending motions (allosteric)
hinge.”*~** Glucose binds within the interface between the two improves the likelihood of success compared to selecting a
domains (Figure 1). A Ca*'-binding site confers additional random residue.®**

thermostability.”' —>* Glucose binding shifts the equilibrium An acrylodan conjugate endosterically coupled at W183C
between open, 2§£2E?§e—free and closed, glucose-bound switches between blue and green emissive states corresponding
conformations.”**""" These two conformations represent to glucose-free and -bound forms of the protein conjugate,

the extremes of a “bending” motion of the f-hinge, which is a
common conformational coupling event in the PBP super-
family. Fluorescently responsive ecGBP-based glucose sensors
exploit this mechanism by engineering fluorescent conjugates
that link the emission properties of covalently attached
fluorophores to the ligand-mediated protein conformational
changes.***’

Two general classes of ecGBP-based fluorescent glucose
sensors have been developed using either single, covalently

respectively.”’ This glucose-mediated spectral shift enables
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Figure 1. Structure of the E. coli glucose—galactose-binding protein
(ecGBP, PDB identifier 2gbp*'). (a) Glucose (orange) binds at the
interface between N- and C-terminal domains. Calcium (gray) binds
at a surface loop resembling an EF hand. Glucose is intercalated by
van der Waals contacts with the rings of Phel6 and Trp183 (teal).
Trpl83 is replaced by acrylodan in the W183C conjugate. (b)
Residues that form hydrogen bonds with the ring of hydroxyls in the
bound glucose. The automatically identified primary complementary
surface (PCS) comprises these residues and the aromatic sandwich.

glucose concentration to be measured as the ratio of the
emission intensities of blue and green bands.”*** Such
ratiometric sensing takes advantage of the simplicity of
intensity-based measurements while avoiding problems
associated with absolute measurements.”***> Acrylodan
conjugates enable temperature-, glucose-, and Ca**-dependent
multidimensional fluorescent “landscapes” to be collected.
Analysis of these landscapes using statistical thermodynamics
provides a rich source of information on thermostability,
glucose or Ca** binding, osmolyte effects, and conformational
coupling interactions.”

The response midpoint of ecGBP183C-acrylodan corre-
sponds approximately to the euglycemic glucose concentration
without additional mutations, unlike other fluorescent

7,46,47 .
Sensors. Thus far, optodes that incorporate
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ecGBP183C-acrylodan are the only disclosed fluorescent
glucose sensors that have been deployed successfully in animal
and human trials for continuous glucose monitoring.()‘lo"‘g’49
The midpoint thermal denaturation temperatures, T, values,
of ecGBP183C-acrylodan conjugate and its variants vary
between 40 and 50 °C.*>*’ This modest thermostability may
affect the deployment of these sensors in real-world
applications by potentially limiting longevity or complicating
device incorporation, manufacturing processes, and distribu-
tion logistics. We therefore set out to identify ecGBP
homologues that both increase thermostability and preserve
the conformational coupling mechanism of their acrylodan
conjugates attached site-specifically at an endosteric single-
cysteine mutant equivalent to ecGBP183C.

The analysis of enzyme families has shown that overall
sequence identity below ~60% is a weak predictor of function
conservation,”’>” and that below ~35% (the “twilight” zone),
strict conservation of structure as measured by the deviation of
backbone atomic positions becomes increasingly uncertain.””>*
Furthermore, functional assignments based on sequence
homology alone can be challenging in the PBP superfamily
because accurate detection of binding specificity is a
particularly stringent constraint.”>~°" For instance, PBPs that,
by overall sequence identity, are predicted to bind oligopep-
tides were found to bind oligosaccharides.éz’63 Furthermore,
analysis of fully sequenced bacterial genomes has revealed that
some PBPs have undergone massive gene duplications;**° the
resulting 6paralogs are likely to encode a diverse set of
functions.® Enzyme functional assignments are improved
greatly if a sequence selection filter based on conservation of
catalytic residues identified from protein structures is
included.®’

We developed a structure-assisted functional extrapolation
(SAFE) method to measure the degree of conservation of
residues that contact bound glucose in ecGBP (Figure 1), the
primary complementary surface (PCS). Predicted glucose-
binding homologues were selected from a multiple sequence
alignment (MSA) by matching residue positions and identities
to the seed PCS. Conservation of glucose binding does not
contain explicit information about retention of coupling
between ligand binding and response of the conjugated
fluorophore. Homologues that retain both properties therefore
are likely to exhibit a significant degree of local structural
conservation. We identified three homologues from thermo-
philic organisms with 48—51% sequence identities and
conserved PCS residues that fully retained the glucose-
mediated response of their acrylodan conjugate and improved
thermostability by 25-31 °C. The homologue from
Thermoanaerobacter thermosaccharolyticum (ttGBPS) was
selected as the candidate for constructing robust, fluorescently
responsive, ratiometric glucose sensors.

B MATERIALS AND METHODS

Bioinformatics. All calculations were executed using the
Biomolecular Computing (BMC) package developed by us.
Original data, scripts used for analysis, and the calculation
results can be downloaded from https:/doi.org/10.5061/
dryad.ttdz08mOf. Fully sequenced 39 781 bacterial genomes
comprising 139 034 346 protein open reading frames (ORF)
were downloaded from the National Center for Biotechnology
Information (June 3, 2020; www.ncbi.nlm.nih.gov) and
assimilated into the Bioinformatics Environment component
of the BMC. The BMC environment constructed an internal
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database from the downloaded GenBank flat files to separate
out DNA and protein sequences, their annotations, and
positional information. Homology searches were carried out
using BLAST®® in our multiprocessor environment (Parallel
Machine Queue, PMQ). Hits were collated and a multiple
sequence alignment (MSA) constructed with ClustalO®
divided into “chunks” that were executed on the PMQ_for
large data sets, from which a single alignment was collated.
BMC scripts were used to calculate a positional filter encoding
the primary complementary surface (PCS) using the structure
of the ecGBP—glucose complex (2gbp)."" BMC scripts were
used to select hits from the MSA, which satisfied the PCS
alignment criteria. The degree of alignment is measured as the
number of mismatches between amino acids in the seed and
homologue sequence at the subset of (discontinuous) locations
defined by the PCS in the MSA. This “Hamming distance,” H,
can be based on 20 amino acids, identity Hamming distance,
H;, or on a reduced alphabet that combines groups of
functionally similar amino acids, functional Hamming distance,
Hp. (see main text). Both alphabets include insertion—deletions
(“gaps”) as a member. A “hit” is scored if the Hamming
distance is less than or equal to an upper threshold (H; = 0 and
Hp = 0 are the most stringent conditions: the two PCS
sequences are identical or functionally equivalent, respec-
tively).

The resulting hit list was used to calculate paralogs. Hit
statistics were calculated from the MSA to determine fractional
sequence identities relative to the entire ecGBP seed sequence,
or its PCS, using full or functional alphabets. We used the
average diversity of a hit set as a descriptive statistic to evaluate
the efficacy of our filters. At any residue position, i, the
normalized Shannon sequence entropy, S, is

M
§ = o Z-ﬁzz Inf,,
a=1

M (1)
where M is the number of amino acids (21 for identity; 8 for
reduced alphabet, counting insertion—deletions as a mutation)
and f,; is the frequency of residue a in M at position i. The
average diversity of N residues is the average normalized
Shannon entropy

1 N
D=—Y's
N§ @)

Gene Synthesis and Mutagenesis. The amino acid
sequences for the GBP homologues identified in the
bioinformatic search were edited using BMC scripts to
construct a mature polypeptide with a single cysteine that
replaces the equivalent of W183 in ecGBP for site-specific
labeling with acrylodan; all other cysteines were changed to
alanine. A hexahistidine tag was placed behind a GGS linker at
the C-terminus of the mature protein to enable metal-mediated
affinity purification.”’ The final amino acid sequence was back-
translated into a DNA sequence encoding the open reading
frame (ORF), which was placed in a construct behind an
efficient Shine—Dalgarno ribosome-binding site, and flanked
by a T7 promoter and terminator at the 5§’ and 3’ ends,
respectively.”' The resulting ORF sequence was optimized in
context by OrfOpt,”> a program designed to predict highly
expressed mRNA sequences in E. coli. This program identifies
isocodon combinations that minimize mRNA secondary
structure, set average AT nucleotide compositions to
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correspond to that of E. coli (48%), and also introduce
high(er) AT levels within the first 100 bases of the S’ end of
the ORF while preferentially using codons that are used at high
frequency in E. coli gene. The optimized DNA sequences were
synthesized by oligonucleotide assembly and cloned into
pUCS7 by GeneWiz, Inc. (South Plainfield, New Jersey).
Subsequent single- and multiple point mutations were
constructed by preparing mutant sequences of the synthetic
ORF using the most prevalent codon in E. coli for an amino
acid, followed by total gene synthesis.

Protein Expression, Purification, and Fluorescent
Conjugate Preparation. Plasmids carrying the expression
constructs (see above) were transformed into KRX competent
cells (Promega) and grown overnight at 37 °C on Luria broth
(LB) agar plates (100 mg/mL ampicillin). A single colony was
picked and grown overnight at 37 °C in Terrific Broth (TB;
Research Products International). The overnight cultures were
diluted 1:20 in 500 mL of TB (100 mg/mL ampicillin, 1 mM
CaCl,), grown to an optical density of Agy = 0.5 at 37 °C in
vigorously aerated shaker flasks, induced by the addition of 2.5
mL of thamnose (20% w/v), and grown for a further 3—4 h.
The cells were harvested by centrifugation (5000 rpm, 10
min). After decanting the supernatant, the cell pellets were
stored at —80 °C. The cell pellets were thawed, resuspended in
8 mL of binding buffer (10 mM imadozole, 20 mM 3-(N-
morpholino)propanesulfonic acid (MOPS), 500 mM NaCl, 1
mM CaCl,, pH 7.8). Following resuspension, 3 mL of
BugBuster HT (EMD Millipore) was added. After incubation
(20 min, 25 °C), the cells were lysed on ice by sonication (2
min of 1 s on/off pulses, 20—30% power). A clarified lysate was
prepared by centrifugation (15000 rpm, 20 min, 4 °C), from
which recombinant protein was purified by batch immobilized
metal-affinity chromatography (IMAC). Resuspended IMAC
agarose beads (S mL; Sigma-Aldrich, P6611) were added to
the lysate. After incubation at 4 °C in a Mini LabRoller
(Labnet International) for 1 h, the beads were washed at least
five times with binding buffer. The immobilized protein beads
were resuspended in labeling buffer (20 mM MOPS, 100 mM
NaCl, 1 mM CaCl,, pH 6.9) and labeled overnight (4 °C,
rotating end-over-end) with the thiol-reactive fluorophore
acrylodan (S-fold stoichiometric excess over protein). Follow-
ing two rinses with labeling buffer to remove unincorporated
label, the proteins were eluted from the beads. To elute labeled
protein from the IMAC beads, 6 mL of elution buffer (400
mM imidazole, 500 mM NaCl, 1 mM CaCl,, 20 mM MOPS,
pH 7.8) was added, incubated for 30 min (4 °C, rotating end-
over-end), and the beads removed by centrifugation. Following
dialysis of the eluate against three changes of assay buffer (20
mM MOPS, 20 mM KCl, 1 mM CaCl,, pH 7.4), using 10 kDa
semipermeable membrane (Snakeskin tubing, Thermo Scien-
tific), fluorescent conjugates were concentrated in a 10 kDa
cutoff spin concentrator (Vivaspin, GE Healthcare). Protein
purity was assessed by sodium dodecyl sulfate/polyacrylamide
gel electrophoresis (SDS/PAGE). Protein concentrations were
determined by a Nanodrop1000 at 280 nm (using extinction
coefficients calculated from their sequence’”’*) or at the
fluorophore absorbance peak (acrylodan, 391 nm).

Emission Spectra. Acrylodan fluorescence emission
spectra were recorded at room temperature on a Nano-
drop3300 spectrofluorimeter using the UV excitation diode
(365 nm), which matches the acrylodan 391 nm absorbance
peak.”” We define the barychrome wavelength, 4y, for each
emission spectrum as

https://doi.org/10.1021/acs.biochem.1c00738
Biochemistry 2022, 61, 276—293


pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.1c00738?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biochemistry

pubs.acs.org/biochemistry

/1 _ Zi Iilli
B= —
Z,‘ Ii (3)

where I, is the emission intensity recorded at wavelength A,

A ratiometric signal at a given point t in a titration series,
Ry,,(1), is given by the ratio of intensities at two wavelengths,
I, and I,, measured at that point

12,

(4)

where g, is an attenuation factor that describes the effect of
variations in sample size (ie, the amount of observable
fluorophore) in sample t on the wavelength-independent
intensity of the entire emission spectrum. Ratiometry removes
wavelength-independent emission intensity attenuation effects
due to variations in conjugate concentration, photobleaching,
fluctuations in excitation source intensities, and detection
efficiency.”™* It is a key aspect for high-precision sensing using
the reagentless fluorescently responsive sensors described here.
Ratiometric signal at wavelengths 4, and 4,, R},, was obtained
as the ratio of the integrated intensities over the integration

band with half-width &
A=A,+6
ﬂ=ﬂi—§ L
I=1,+06
1:12—5 L

Ry, =
(5)

Fluorescence Landscapes. Fluorescence emission inten-
sities were recorded as a function of temperature and ligand
concentrations (glucose or Ca®*) in 384-well plates using a
Roche LightCycler, as described.*> The acrylodan conjugate
was excited at 440 + 35 nm within the tail of the absorbance
spectrum. Emission intensities were recorded using 488 + 20
and 510 + 20 nm band-pass filters from which the ratiometric
signal, Rygq 510, was calculated as the ratio of the blue divided by
the green emission intensities. Landscapes were plotted and
analyzed with scripts that use data-handling components of the
BMC package.

Isothermal Ligand-Binding Curves. Glucose-dependent
signals, S (single-wavelength intensities, barychromes, or
ratiometric), obtained at constant temperature were fit to a
single-site Langmuir binding curve®’

S=a(l-7y)+py (6)

where ¥ is the binding polynomial for a single ligand-binding
site

KL

y=—2"

1+KL )

with K, is the association constant (reporting disassociation
constants Ky = 1/K,), L is the ligand concentration, « is a
constant corresponding to the signal in the absence of the
ligand (i.e., the apoprotein), and /3 is the signal of the ligand
complex, which can be constant or a baseline that is linearly
dependent on ligand concentration

p=a+bL (8)

Fits used least-squares minimization with simplex and
. . . . . . 43
conjugate gradient algorithms in succession, as described.
We developed a dual-wavelength method in which the
ratiometric signal, the two single-wavelength intensities, and a
vector, a, describing attenuation values at each titration point
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(see eq 4) were fit to the data. We minimized the following
least-squares differences at all of the points ¢ in a titration series

2 b 1 2 b 1 2
Af = (ato SIl,t - Cacll,t) + (ato SIz,t - CIZ,t)
2
obs calc
I I
+ —
obsI cach
2 Lt )
where obs; and calc; (i = 1, 2) were the observed and

calculated intensities at the two-wavelength intervals, respec-
tively. The third term in the sum contains the ratiometric
information. The calc;, and calc; intensities were calculated

with the same K, value, and four individual baselines (two
constants for the apo-state baseline, and two linear baselines,
eq 8, for the glucose complex at each wavelength), using eq 6.
The K, and six baseline parameters were fit by least-squares
minimization using constant values for the individual a;
elements in a. Upon completion of a least-squares fit, a, values
were updated by taking the average comparison of the
observed and calculated intensities at the two wavelengths

calc T calc T

2,t
obs T

1 Lt

obs
2 I 1Lt

a, =
2t

(10)

The least-squares minimization was then repeated, keeping the
updated a constant. The minimization/update cycles were
iterated until a converged. Following convergence, the a, value
was applied to all wavelengths A of the emission spectra to
construct corrected spectra at each titration point

corr
I

obsI (11)
The corrected spectra were used to identify isosbestic points.

Thermal Stabilities. The apoprotein thermal melts were
obtained from the fluorescent landscapes of the acrylodan
conjugates by extracting the temperature dependence of the
signal in the absence of glucose. The resulting ratiometric
signals, Rygg 510, Were fit with a quadratic Savitzky—Golay filter
from which the first derivative of the signal with respect to
temperature, dR,gq5,0/dT, was calculated directly.76 The
largest peak was identified automatically in this first derivative
and 11 data points comprising the maximum and five flanking
values were fit using a least-squares conjugate gradient
minimization to the van’t Hoff equation for a two-state
thermal equilibrium, K, to obtain the midpoint transition
temperature, T, and enthalpy of unfolding, AH,, at that
temperature with

a4 Ay

dR 5,510 2
—qr LT -f)A (12)
with the fraction of unfolded protein, f,
K,
W= TR (13)
and
K, = o~ (AH(1/T=1/T,))/RT (14)

SYPRO Analysis. Thermostability was also measured by
the differential binding of the fluorescent SYPRO dye to the
unfolded state.”””® Glucose affinity was determined by

measuring the effect of glucose on the T, values as
described.™

https://doi.org/10.1021/acs.biochem.1c00738
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Figure 2. Identification of sequence homologues by bioinformatics. (a) Cumulative counts of sequence homologues (black: total number of hits,
50696, N1) and subsets of glucose-binding proteins predicted using identity, H; = O (blue: total number of homologues, 2382), or functional
similarity, H; = 0 (green: total number of homologues, 4925) filters. f(Identity), f}, is the fraction of identical residues relative to the ecGBP
sequence measured in the full multiple sequence alignment. Each data set was binned into 20 intervals (f;; = [0,0.05],, .., [0.95,1]5), and the
subtotal number of homologues whose f; value exceeded the lower limit of the f;; was recorded, N, and plotted for each bin i. (b) Cumulative
frequency distribution of the incidence of sequence homologues that are predicted not to bind glucose, f(not homologue), identified as sequences
with H; > 0 (blue) or Hg > 0 (green). For each bin i, f,(not homologue) = N;(not homologue)/Ny = (N,(sequence homologue) — N,(H = 0))/Nr.
(c) Cumulative distribution of the excess of PCS sequences identified by the functional filter, E(Hg = 0) relative to the identity filter, as used in the
SAFE method. For each bin i, E(Hg = 0) = N;(Hy = 0)/N,(H; = 0). (d) Cumulative frequency distribution of the number of paralogs. (Black, all
sequence homologues; blue, PCS identity homologues with H; = 0; green, PCS functional similarity homologues with Hg = 0.) (e) Cumulative
frequency distribution of the average number of paralogs per genome (coloring as in (d)). By definition, the minimum value of y(paralogs) = 1. (f)
Cumulative frequency distribution of the maximum number of ecGBP paralogs detected in the collection of genomes.

B RESULTS AND DISCUSSION 2a). An MSA of this SHS was constructed (step 2) using
Clustal 0.

The primary complementary surface (PCS) was identified
automatically (step 3) using the structure of the ecGBP—
glucose complex (2gbp).*" The PCS was defined as the set of
residues with side chains that contact the bound ligand. Such
contacts comprised both hydrogen bonds and van der Waals
contacts between “heavy” atoms using implicit protons. A
hydrogen bond was present if the pairwise distance between
nitrogen or oxygen atoms located on the residue and the ligand
was less than a maximum (set to 3.5 A). A van der Waals
contact between atoms i in the residue and j in the ligand was
present if the interatomic distance between them, r;, was less

ij
than the sum of the van der Waals radii of each atom, R; and R,

SAFE mining of sequence databases for novel ecGBP
homologues consisted of seven steps: (1) identification of an
ecGBP sequence homologue set (SHS) within a large
collection of sequences, (2) multiple sequence alignment
(MSA) of the SHS, (3) identification of the PCS sequence
using the ecGBP structure, (4) prediction of true homologues
within the SHS by applying the PCS conservation filter to the
MSA, (S) selection of representative homologues for
experimental verification, (6) construction of synthetic genes
of single-cysteine mutants with mRNA sequences optimized
for heterologous expression in E. coli, (7) experimental testing
for conservation of the coupling between protein and

fluorophore by determination of fluorescence and glucose- and an adjustable layer distance, R, (set to 0.4 A). A van
binding properties of their acrylodan conjugates. The der Waals contact between residue i and the ligand was present
numerical analysis methods used to execute this strategy are if the number of interatomic van der Waals contacts exceeded a
described in the Materials and Methods section. Equations are minimum, Ny, (set to 3). For residues that satisfied these
numbered in the order of their development. contact constraints, an angular constraint was applied such that
Steps 1—4: Identification of a Family of Periplasmic the angle between the C, and Cj atoms on the residue and all
Glucose-Binding Protein Homologues Using SAFE. The atoms L, in the ligand, C,—C;—L, exceeded a minimum, 0,
initial SHS was identified (step 1) using 39781 publicly (set to 90°). This procedure identified 10 residues in the PCS,
available fully sequenced bacterial genomes, comprising comprising eight residues forming a ring that binds the sugar
139034346 open reading frames (ORFs). The BLAST hydroxyls (Figure 1b) and two aromatic residues that
sequence alignment tool”” with the ecGBP sequence as a intercalate the pyranose ring. The secondary contact surface
seed identified 50697 sequence homologues with sequence (SCS) was identified as the residues not in the PCS that
identities >20 and 70% matching of the seed length (Figure contact one or more PCS residues. Contact criteria were
280 https://doi.org/10.1021/acs.biochem.1c00738
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identical to interactions described above, substituting a PCS
residue for ligand.

The MSA was used to identify glucose-binding homologues
by filtering on conservation of residue identity at positions that
correspond to the discontinuous PCS positions (step 4).
Conservation of the glucose-binding function was inferred for
each sequence homologue by measuring the Hamming
distance, H (number of nonidentical residues), of the PCS
sequence relative to that of ecGBP. Two types of Hamming
distances were calculated. The first, H, used the identities of all
20 amino acids and is a measure of strict functional
conservation. The second, Hy, used a reduced alphabet of
seven letters by grouping functionally similar amino acids into
one letter (Table 1) and is based on the premise that

Table 1. Relationship between Functional and Identity
Alphabets

alphabets
name functional identity”

structural s AV, LM
flexibility f G, P
acid/base a E,D,QNH
cationic [ KR
aromatic r W, FY
hydroxyl h S, T
thiol t C
insertion/deletion

“Single-letter amino acids.

chemically similar residues are likely to retain functional
equivalence. Glucose-binding homologues (Figure 2a) were
extracted from the 50 697-membered SHS by identifying hits
with H; = 0 (identity conservation, 2382 homologues) or Hg =
0 (functional similarity conservation, 4925 homologues). The
fraction of nonhomologous hits (H; > 0 or Hg > 0) increased
below ~60% fractional sequence identity, f;, of the entire
sequence relative to ecGBP, exceeding >10% for f; < 40%, and
>50% for f; < 35% (Figure 2b). For sequences f; < 50%, the
less stringent functional similarity filter identified more
predicted homologues than the identity filter (Figure 2c), as
would be expected.

The unfiltered SHS had a high degree of diversity at the PCS
positions for both functional (Figure 3a) and identity alphabets
(Figure 3d), as indicated by their average diversities, D (eq 2).
As intended, filtering removed PCS functional alphabet
diversity of the homologue set, D = 0 (Figure 3b) but retained
some level of identity alphabet diversity in their PCS, D = 0.15
(Figure 3c). We also examined the diversity of the residue layer
that contacts the PCS residues, but not the ligand, the
secondary complementary surface (SCS, Figure 3e—h). This
residue layer retained some degree of diversity in the selected
hits for both alphabets (Figure 3f,g) but at a lower level than
the unfiltered hits, indicating that the SCS also contains some
degree of information for ligand binding.

The number of paralogs that were identified within each set
assesses how likely it is that true homologues were selected by
SAFE. A sequence is paralogous if one or more additional
homologues are identified within the same genome (i.e., two or
more homologues in a genome). It is postulated that paralogs
typically encode different but related functions.”° Conse-
quently, it would be expected that the application of the PCS
filter limits the number of paralogs by eliminating all sequence
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Figure 3. Effect of SAFE filtering on the diversity of the residues in
the primary (PCS) and secondary (SCS) complementary surfaces. In
each panel, the fraction of different amino acids is shown at each
position of the complementary surface (left column: PCS; right
column: SCS), with sequence numbers along the abscissa referring to
ecGBP. Within each, the fractional representation of an amino acid
within all of the sequences in a collection (top and bottom rows:
unfiltered SHS; middle two rows: filtered glucose-binding homo-
logues) at that position is given by the height of the colored bar (all
bars sum to 1). Color choice is arbitrary but consistent (top two rows:
functional alphabet; bottom two rows: identity alphabet) with letters
showing the amino acid identity (see Table 1 for functional alphabet);
asterisk indicates amino acid found in ecGBP at that position. At each
position, the amino acids are displayed in ranked order; each column
sums to 1, but amino acids with frequencies less than 0.01 are not
shown. The average diversity, D (eq 2), is shown for each panel.

homologues with different ligand-binding specificities. The
number of paralogs in the unfiltered SHS was high, whereas
PCS filtering reduced this count by 2—3 orders of magnitude
(Figure 2c). The average number of glucose-binding paralogs
per genome was limited to 1 for Hy = 0 and slightly above 1 for
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R ettt = fi protein H;y H; Glc
MNKKVLTLSAVMA-----—============— SMLFGAAAHAADTRIGVTIYKYDDNE’MSVVRKAIEQ ----- DAKAAPDVQLLMNDSQNDQ ecGBP1 0 0 +

10 20 30 40
MKKILTYLVLVVLVLSALLTGCGNSNTT )OSDKTASSDSGKQLNIGVAI¥KFDYTEMTGVRNAMTA - - - - - EAQGK--AKLNMVDSQNSQ 0.49 ttGBP5 0 0 +
MFNKKKFWVVLVSMVLIISLVLVGCGKKSTNDSSNGT--~--------- SEENKPYIGVAIYKFDDTEMTGVRNAIAK- - ---EGEGK--AKLDFVDCQNSQ 0.48 chGBP6 0 0 +
MLNKKKFWVVLVSIVLAISLVLVGCGKKSTNENSGGT -SEDNKPYIGVAIYKFDDTEMTGVRNAIAK-----EGEGK--AKLDFVDCQNSQ 0.48 coGBP4 0 0 +
MKGRMKWISLVV-LLFSFSLLFGCNKQQETA-QSG- -DKPGKIVIGAALPDFDDKWLSYLODGMKEYAK- - ---TQKDVEVIYVDAMNDA 0.35 gkGBP3 1 3 w
MKIQKKWISFTLLLLLSFAMLVGCSGKQETAQTSG----—-==---=-- DKSGKIVIGAALPDFDDKRLSYLODGMKEYEK- -~~~ TQKDVEVIYVDAMNDA 0.34 gsGBP2 1 3 w
MKRLRKGIFLFFF- IVWTAFPLYGCAPMEQKKDVGESAT - -SEAGTEGVPEETGPKIGVS I¥RYDDTEMKLYRQELKQYLEETYH- -~~~ AEVIMRNAGGDQ 0.33 csGBP10 0 1 +
MGNN- - --HMIRKITTCL-LTAVLVGSSIIGCSSNTASSGGGG-~ SAGSSKILFMMTDVDDNERATLTDAIMAAAKSQ- -~ -~ GVAIDYVETGGNA 0.31 bpGBP8 1 4 w
MSHRTRRRIVAAA--VLATASAVLP - FSVAHAQNAPAHKPKVALVMKS LANEEFLTMETGAKDYQKONPAKF - -DLITNGIKDETDT 0.30 bsGBP7 1 6 -
a2 Bs Ba Bs m Qs EF Bs
SKQNDQTDVLLAKGVKALATNLVDPAAAGTVIEKARGONVEVVFFNREPSRKALDSYDKA - - - YYVGTDEKESGT TQGDL T AKHWAANQGHDLNKDGOIQFVLLKGEPGHPBAEARTTY ecGBP1 0 0 +
50 60 70 80 90 100 110 120 130 140 150 160
PTONDQVDLFITKKMNALAINPVDRTAAGT I IDKAKQANI PVVFFNREPLPEDMKKWDKV - - - - Y YVGAKAEQSGI LQGQIMAD YWKAH PEADKNHDGVMQYVMLMGQPGHOBATLRTQY 0.49 ttGBP5 0 0 +
STONDKIDLFITKKVDALAINPVDRTAAGVLIDKAKQANI PVVFFNREPLPEDMKKWDKV - - - - Y YVGAKAEQSGTLQGE IMAE YWKSHPEADKNHGIMiYVMITGEPGHODATLRTEY 0.48 chGBP6 0 0 +
STONDKIDLFITKKVDALAINPVDRTAAGVLIDKAKQANI PVVFFNREPLPEDMKKWDKV- - - - YYVGAKAEQSGTLQGE IMAE YWKSHPEADKNHDGIMQYVMITGEPGHODATLRTEY 0.48 coGBP4 0 0 +
NKQLSQVENFIQQKVDAIVIIPVDTVSAPQMVEKANQANIPIVVVNRI------—- FDGVDKATAYVGSESIKSGIMQMEEVAKM-— HrEcBen-B1aTMNGOMGHEBOIKRTEG 0.35 gkGBP3 1 3 w
SKQLSQVENFIQQOKVDAIVLIPVDTVSAPEMVDKANQANIPIVVVNRI BLNGEGK-B1ATMNGOMGHEBOIKRTEG 0.34 gsGBP2 1 3 w
KEQDKQVNQFISDGCDGI IVNPVEIPAAQELADACSRAGI PLVFINREPKEEEQKRWREKQMAVSCVGTDSRQAGTYQGEI ILET - - - LNKGDFNGDGVVEYVMLMGEKGNEDSQYRTEY 0.33 csGBP10 0 1 +
ETEANLITSAKASGYTAIILRPGDASTALOM--NVASNDLPIVYVENQPSDSHLEGGKY----- IFVGSDEYQAGQYQAEYVLKQ BLENBxTLRVIIFEGEIGHSETIGRTKS 0.31 bpGBP8 1 4 w
ANQIRIVEQMIVSKVDAIVLAPADSKALVPVVKKAVDAGI IVVNIFNRLDQDVLKS - - -KDLNVPFVGPDNRKGARLVGDYLAKRLKSGD- -[§-B-B- - -VGILEGVSTETRACORTAG 0.30 bsGBP7 1 6 -
ae(ct’d) B+ Bs Bs
VIKELNDKGIKTEQLQ-LDTAMRDTAQAKDKMDAWLSGPNANKIEVVIANND VEALKAH- - - -NKSSIPVFGVDALPEALALVKSGALAGTVLNDANNQAKATFDLAKNQADGK ecGBP1 0 0 +
170 180 190 200 210 220 230 240 250 260 270
SIQTVKDAGIKVQELA-KDYANRDRVTAHDKMAAWLSSF-GDKIEAVFCNNDDMALGAIEALKSAGYFTGNKY I PVVGVDATAPGIQAIKDGTLLGTVLNDAKNOAKATFNIAYELAQGI 0.49 ttGBP5 0 0 +
SIKAVEAAGIKTKALA-QDTAMRDRVKGQEKMOAFLASF-GDRIEAVFCNNDDMALGAIEALKAAGYFKNGKY I PVVGVDATTPGLOALEEGTLLGTVLNDAKAQGKATFNLAYVLAKGE 0.48 chGBP6 0 0 +
SIKAVEAAGIRVKCLA-QDTAMRDRVKGQEKMOAFLASF-GDKIEAVFCNNDDMALGAIEALKAAGY FKDGKYVPVVGVDATTPGLOALEEGTLLGTVLNDAKAQGKATFNLAYVLAKGE 0.48 coGBP4 0 0 +
NKQVIKKYP-GMKV-VLEGTAEWDRAKGMS LMENWLQS - -GKKI[JAVVANNDEMAIGAIMALEAAGKLN- - -DVIVAGIDATPDALE YVKQGKLKVTVFONAKGQGOGGLEVAIKAAKGE 0.35 gkGBP3 1 3 w
NKQVIKKYP-DMKV-VLEGTAEWDRAKGMS LMENWLQS - -GKKI[JAVVCNNDEMATIGA IMALEDEGKLD - - -DVIVAGVDATPDALE YVKEGKLKVTVF@NAKGQGOLGLEVAIKAAKGE 0.34 gsGBP2 1 3 w
SIKALEEGGMKTEEL- FSGNGNWNKDEGKKLAKQALASW-GNRIEVFFCNNDSMANGALEAVEEAGRI P-GKDI YLVGVDALQDTVTY IKEGRMTGTVLNDHEGOSQMAADTLKKMIDGE 0.33 csGBP10 0 1 +
VKETLRANGCAANYV-FVDTANWSDVEARSKFAIFMKT - -GONVJJATI FCNND TMALGAVQGLKDFGLDY - - SKI PVAGVDATADGCAS I LAGEMAFTVLEDAKGQGAAAVEAAKVLGSGG 0.31 bpGBP8 1 4 w
FKDAMQTVGAKIVS---VQSGEWEIDKGNAVASAMLNEY - - PNLEALLAGNDNMA I GAVSAVRAAGKQG- - ~-KVLVVGYDNINATHPMLKDGRVLATADGFAAKQAVFGIDTALKALSEN 0.30 bsGBP7 1 6 -
h! ﬁll
GAAD-GTNWK- IDNKVVRVPY¥VGVDKDNLAEFSKK ecGBP1 0 0 +
280 290 300
TPTKDNIGYDITDGKYVWIPYKKITKDNISDAEQ 0.49 ttGBP5 0 0 +
KPTKENVGFDITDGKYIWVPY¥QOKVTKDNLEEMKKYVNEQ 0.48 chGBP6 0 0 +
KPTKENVGFEITDGKY IWVPYQKVTKDNLEEMKKYVNEQ 0.48 CoGBP4 0 0 +
KFNWIPYELVTKDNVDEY IKKWQ 0.35 gkGBP3 1 3 w
KFNWIPYELVTKDNVEEY IKKWQ 0.34 gsGBP2 1 3 w
TRYQVDY IKVTAISTFQTLKGED 0.33 csGBP10 0 1 +
DLS--SVEGASEDKKYVWVPFSPVDKSNAASIN 0.31 bpGBP8 1 4 w
RKQS------- ELSGVVETPVVLVTKETLK 0.30 gsGBP7 1 5 -

Figure 4. Alignment of the selected sequence homologues. Residue positions are numbered according to the ecGBP sequence. The secondary
structure assignment is indicated above the ecGBP sequence (q, a-helix; ff, f-strand; h, hinge strand; EF, EF-hand). Underlined, start of the
heterologous cytoplasmic expression constructs (predicted site of leader peptide cleavage). Green, conserved positions of glucose-binding PCS
residues (dark green, functionally equivalent). Blue, conserved positions of Ca**-binding PCS residues (dark blue, functionally equivalent). Red,
PCS position (glucose or Ca**) not conserved with functional similarity. Gray, conserved SCS positions (dark, identical; light, functionally
equivalent). Yellow, endogenous cysteines mutated to alanine in expression constructs. Vertical arrow, the position of endosteric acrylodan
placement (mutated to cysteine in expression constructs). Annotation columns, protein, identities, and sources of the proteins are detailed in Table
2; fy fractional identity of the aligned sequence relative to ecGBP (excluding leader peptide); Hg, the Hamming distance according to the
functionally similar alphabet; Hj, identity Hamming distance; and Glc, glucose-mediated fluorescence response of the protein acrylodan conjugate
(+, similar to ecGBP; w, measurable but with weaker affinity; —, no binding).

Table 2. Selected Homologues

PCS SCS
NCBI Accession codes Identity’ | sequence’ | Hamming® Sequence’ Hamming®
Name Organism Genome Protein (%) Hry H Hry Hi
ecGGBP | Escherichia coli ATCC 8739 NC 010468 | YP_001724487.1 100 DFNHDRWNDN 0 0 YKMVNKSSEADAMVLAQY 0 0
UGBPS | Thermoanaerobacteritum NC_014410 | YP_003852930.1 49 | DFNHDRWNDN | 0 | 0 | YKMVNraSgADAMVEAQY | 3 | 5
thermosaccharolyticum DSM571
coGBP4 | Caldicellulosiruptor obsidiansis NC 014392 | YP_003839461.1 48 DFNHDRWNDN 0 0 | YKMVNraSEADAMVtAQY 3 4
chGBP6 | Caldicellulosiruptor hydrothermalis NC 014652 | YP_003991244.1 48 DFNHDRWNDN 0 0 | YEMVNraSEADAMVEAQY 3 4
gsGBP2 | Geobacillus sp. Y4.1IMC1 NC 014651 | YP_003989526.1 34 DwNHaRWNDg 1 3 | pdllirSaggDeMVtAQY 7 11
gkGBP3 | Geobacillus kaustophilus® NOZ]*OIB/I(SI;%G WP_041467870.1 35 DwNHaRWNDg 1 3 pdl1lirssqqDeMitAQY 6 11
¢sGBP10 | [Clostridium] saccharolyticum WM1 NC 014376 | YP 003822565.1 33 DFNnDRWNDN 0 1 | YrMyNrSaEsDsMVLhQY 5 7
bpGBP8 | Butyvibrio proteoclasticus B316 NC 014389 | WP_013281503.1 31 DyNHgGRWNDg 1 4 | tdrlrneaEtDtMVtAQY 10 11
bsGBP7 | Burkholderia sp. NC 014117 | YP_003608256.1 30 nFAEnRWNDQ 1 6 | ksfmanngvADnMyiAQf 10 13

Number of identical residues shared with the ecGGBP1 sequence according to the multiple sequence alignment (excluding leader peptide).
bResidue identity from the ClustalO alignment at positions 14, 16, 91, 152, 154, 158, 183, 211, 236, and 256 (see Figure 3). Differences from the
ecGGPBI sequence are indicated. Functional similarity: black, conserved; red, mutated. Identlty upper case, conserved; lower case, mutated. The
endosteric acrylodan placement position is 1nd1cated in bold. “PCS Hamming distances: Hj, identity alphabet; Hy, functional similarity alphabet. 0,
identical residues; >0, number of mutations. “Residue identity at positions 10, 11, 17, 20, 66, 92, 112, 115, 149, 155, 212, 213, 214, 235, 238, 258,
261, and 295 (see Figure 3). “Also named Geobacillus proteiniphilus.
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Table 3. Thermostabilities, Fluorescence Emission Maxima, and Glucose Affinities

thermostability” barychromes” bands® glucose affinity”?*
protein wor (°C)  A¥H, (kcal/mol) *°4; (nm) 8% (nm) Adg (om) 1 (om) 2 (om) 3Ky (mM) RK; (mM) PKy (mM) K (mM)

ecGBP 49.1 152 492.5 5124 202 488 510 8.8 7.4 6.5 4.6

ttGBPS 74.0 241 492.3 509.6 17.3 488 510 3.7 27 23 0.54
coGBP4 78.4 192 488.5 516.0 27.5 488 510 11 0.78 0.72 0.41
chGBP6 80.3 206 492.9 513.8 209 488 510 0.93 0.70 0.71 0.63
gsGBP2 74.9 140 501.7 501.4 -0.3 460 550 17.3 82.1 90.8 131
gkGBP3 76.3 166 503.9 499.5 —4.4 460 520 63.9 68.2 68.5 102
csGBP10” 75.9 59 497.8 494.1 -3.7 460 520 92.3 100 24.1 1.1

bpGBP8*® 46.0 121 490.2 479.7 -10.5 480 530 520 513 506 723

“Fit of van’t Hoff equations (eqs 12—14) to thermal melt signal at 0 mM glucose extracted from Roche LightCycler data using the ratio of the
intensities measured with 488 and 510 nm filters (Savitzky—Golay filter window of five temperatures). “At 25 °C. “Wavelengths of the integrated
intensity bands (width 20 nm) extracted from the Nanodrop3300 emission spectra, used to calculate *Ky and PKj. @B, from fit of barychrome
(egs 3 and 6); *Ky, from a fit of intensity ratios (eqs 4 and 6); PKy, from dual-wavelength fit (eqs 9 and 10); and Ky, from fit of isotherm extracted
from Roche LightCycler landscape (eqs 4 and 6). All fits use constant baselines for the apoprotein signal and linear baselines (eqs 8) for the glucose
complex signal, unless indicated otherwise. “The coGBP4, ttGBPS, and chGBP6 homologues also bind galactose, as expected, with “K; values of
2.3, 1.5, and 7.8 mM, respectively. Other homologues were not tested. S Thermostability fits constrained to the [70,85] °C interval corresponding to
the unfolding transition. #Apoprotein and glucose complex signal baselines are both constant.

Hg = 0 (Figure 2d). The maximum number of paralogs in at
least one of the genomes reached 35 in the absence of SAFE
selection (Figure 2e), consistent with massive gene duplication
events observed in other PBPs, which attain functional
diversity.”*% Up to eight paralogs could be observed in the
homologues filtered with Hr = 0, and up to two for the more
restrictively filtered H; = 0.

There are at least three reasons that a genome might possess
multiple copies of a glucose-binding protein. First, PBP
paralogs have been found that differ in their affinities for an
identical ligand, #-mannose, postulated to reflect uptake of this
sugar under different environmental conditions.*® Second,
some PBPs interact with two-component signal-transduction
systems rather than ABC transporters.”* Paralogs therefore
may reflect a multiplicity of protein partners rather than ligand-
binding properties. Finally, the true ligand for ecGBP is not
glucose, but a galactoside, glyceryl—galactopyranoside,” the
PCS for which involves additional residues. Consequently, the
paralogs identified by a PCS derived from ecGBP may retain
the core glucose—galactose-binding properties but diverge in
the galactoside R-group.

Step 5: Selection of Homologues for Experimental
Characterization. Eight sequence homologues with Hg
values of 0 or 1, and Hj values that varied from 0 to 6, with
f1 values ranging from 30 to 49%, were selected (step S) for
experimental characterization (Figure 4 and Table 2). Four
sequence homologues (gsGBP2, gkGBP3, bsGBP7, bpGBP8)
lost the Ca’*-binding EF-hand region that encodes Ca®'-
mediated thermostabilization.”* This small collection of
proteins explored the efficacy of SAFE for selecting glucose-
binding homologues using the Hr = 0 selection criterion at
moderate (f; ~ 50%: chGBP4, ttGBPS, coGBP6) and high (f;
= 33%, csGBP10) degrees of sequence divergence. For these
four proteins, the degree of overall sequence identity no longer
guarantees glucose binding in the absence of additional
information. In a high-divergence interval (f; = [30,35%]),
we also explored the effects of losing functional similarity (Hy
= 0) in the context of various degrees of identity loss (H; = 3:
gsGBP2, gkGBP3; H; = 4: bpGBPS; H; = 6, bsGBP?).

Step 6: Fluorescent Conjugate Construction. To
construct sequences suitable for site-specific attachment of an
endosteric acrylodan conjugate in ecGBP, all endogenous
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cysteines were replaced with alanine, and a single-cysteine
mutation was introduced at the equivalent position of W183C
in ecGBP, as predicted by the MSA (Figure 4). Cytoplasmic
expression constructs were designed by removing putative
leader peptides that mediate anchoring of the periplasmic-
binding protein on the outside of the membrane (Gram-
positive bacteria) or direct secretion into the periplasm (Gram-
negative bacteria) and optimizing the resulting ORF DNA
sequences for heterologous expression in E. coli.”'

Step 7: Experimental Testing of Coupling between
Glucose Binding and Endosterically Conjugated Acryl-
odan Fluorescence. The temperature-dependent glucose-
binding fluorescent landscapes were determined for acrylodan
conjugates of all seven proteins and compared to the ecGBP
landscape by measuring the emission intensities through two
filters centered at 488 nm (I,5) and 510 nm (I),
respectively, using a Roche LightCycler (Figure S).

The folded, glucose-free state of the ecGBP acrylodan
conjugate exhibits a blue emission spectrum, the blue state
(Figure 6a). Consequently, its ratiometric signal, Ryggsio, is
about 1.1 in the absence of glucose at 293 K (Figure Sa).
Glucose binding shifts its emission into a less intense, blue-
green region of the spectrum (bathochromic shift), the green
state (Figure 6a), and Rygg510-07 in the ratiometric landscape
(Figure Sa).

Thermal unfolding shifts the acrylodan conjugate to a
similarly colored green state in ecGBP (Figure Sa). To a first
approximation, the observed thermal landscapes therefore can
be interpreted as glucose- and temperature-dependent shifts
between three states: folded apo (“°F, blue), folded glucose
complex (¢F, green), and the unfolded state (U, green), which
are present at distinct combinations of glucose concentration
and temperature (regions in “phase space”).

Isothermal glucose affinities (Table 3) were determined by
four different methods. The glucose dependence of the
fluorescence emission spectra (Figure 6) was used to extract
barychrometric (intensity-weighted average wavelength, Ag; eq
3), or integrated intensities in two bands (eq S) signals that
were fit to single-site binding isotherms (eqs 6—8 for
barychromes or ratios), or the dual-wavelength treatment
(eqs 9—11). A ratiometric binding isotherm was also extracted
from the fluorescence landscapes at 25 °C (Figure 7). The four
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Figure S. Temperature- and glucose-dependent fluorescent landscapes of acrylodan conjugates. Panels (a)—(i) show the effects of temperature and
glucose concentration on the ratiometric fluorescence signal formed by the ratio of emission intensities measured with 488 and 510 nm filters on a
Roche LightCycler for acrylodan conjugates of nine homologues. Proteins are named by their acronyms, as detailed in Table 2. Each landscape is
dominated by glucose-mediated binding reactions and thermal unfolding (indicated in (a)). The regions in phase space corresponding to the folded
apoprotein, °F, the glucose complex, 8F and the thermally unfolded protein, U, are indicated. The positions of features due to additional
conformational changes are also indicated: r, ridge in the glucose complex; r,, ridge in folded apoprotein; and c,, curvature in folded apoprotein.
csGBP10 (g) exhibits a small ratiometric change at these two wavelengths. bsGBP7 (i) does not bind glucose and transitions between folded, F,
and unfolded, U, states.

affinity values (emission barychromes, Ky ratiometric and 6a): the ttGBPS landscape is nearly identical (Figures Sb
emission spectrum intensities, RKy; dual-wavelength emission and 6b), and chGBP6 and coGBP4 landscapes are similar
spectrum fits, DK ; ratiometric fluorescent landscape, LK) are (Figures Sc,d and 6¢,d). These three homologues each retain
not the same because each is affected by different weights of the switch from a blue (Rygg510 & 1) to a green (Ryggs10 & 0.8)
the two end state contributions to the signal (apoprotein, and state upon glucose binding (AAz 17—28 nm, Table 3). The
glucose complex). The ratiometric affinities (“Kj, RKj) are formation of green thermally unfolded states is also retained
dependent on the choice of wavelengths and the width over but with more variation in color: ttGBPS is similarly green to
which each is integrated,“’45 the effects of which vary for each ecGBP (Rygg510 ~ 0.7), but the unfolded states of chGBP6 and
emission spectrum. The barychrometric affinity, *Kg, is not coGBP4 retain more blue character (Ryggs,0 &~ 0.8). The
dependent on such choices and therefore is the least subjective glucose-binding affinities of the acrylodan conjugates of the
measure of apparent glucose affinities. three homologues were similar to or stronger than ecGBP
The thermal titration landscapes of the three moderately (Table 3). Therefore, in these three homologues, both glucose
divergent homologues in which the identity of the PCS is binding and conformational coupling between the fluorophore

conserved exhibit the closest similarities to ecGBP (Figures Sa and ligand-mediated conformational changes were retained.
284 https://doi.org/10.1021/acs.biochem.1c00738
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Figure 6. Glucose dependence of emission spectra. The acronym of each protein is shown for individual rows (see Table 2 for naming). Isothermal
(room temperature) emission intensity spectra (arbitrary units) were recorded on a Nanodrop3300 spectrophotometer at different glucose
concentrations. Dual ratiometric fits were used to calculate the corrected spectra displayed here (eqs 9—11).

The W186C-acrylodan conjugate of the low-identity
csGBP10 protein, which has functionally conserved PCS (Hp
= 0) with one identity change (H152N), exhibits only a small
ratiometric signal using Rygg 510 (Figure Sg). The magnitude of
the ratiometric responses is enhanced by monitoring Rygg g0
(Figure 8a). This landscape exhibits a direct glucose response
that, unlike the other responsive homologues, is limited to a
narrow, elevated temperature range. Extraction of glucose-
binding isotherms from this landscape shows that an optimal
glucose affinity of ~9 mM is reached at 42 °C (Figure 8b),
whereas at 25 °C, barely any binding is observed, consistent
with the minimal shift observed in the glucose-mediated
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change in fluorescence emission spectra (Ady = —3.7 nm;
Table 3) measured at room temperature (Figure 8c). Glucose-
mediated thermal shifts of the wild-type protein monitored
with SYPRO (Figure 8d)”””* reveal that the protein is a high-
affinity glucose-binding homologue (Figure 8f); this affinity is
diminished in the W186C-acrylodan conjugate (Figure 8e) due
to either the W186C mutation or attachment of the acrylodan,
or both. This protein therefore is a bona fide homologue of
ecGBP, as would be expected from the conservation of the
PCS. Despite this conservation, conformational coupling
between glucose binding and the acrylodan response is largely
lost, leaving the conjugate mostly “stuck” in its blue state. This
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Figure 7. Glucose-binding isotherms extracted from fluorescent emission spectra. Proteins are named by their acronyms, as detailed in Table 2.
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lines, (eqs 6—8) to the glucose dependence of the barychromes; and circles, calculated from the emission spectra (eqs 3), using a baseline for the
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binding glucose, whereas gsGBP2, gkGBP3, bpGBPS8, and csGBP10 undergo a hypsochromic shift. Middle and right columns, dual-wavelength
ratiometric fit (eqs 9 and 10). Middle column, fits (lines) to the two intensity bands (circles) corrected by their attenuation values. Right column,
fits (lines) to the intensity ratio (circles).
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Figure 8. Glucose-binding behavior of csGBP10. (a) Thermal glucose titration landscape using the ratio of 488 and 580 nm. A weak direct
response to glucose binding is observed over a narrow temperature range (arrow, ***%%R decreases). (b) Ratiometric isotherm extracted at 315 K
(42 °C) from the fluorescent landscape exhibits a glucose affinity of 8.9 mM. (c) At 25 °C, emission spectra recorded on the Nanodrop3300 barely
exhibit a glucose-dependent response. (d) Thermal stability of the wild-protein (cysteine-free) apoprotein was determined by fitting a two-state
unfolding equilibrium (black line) to the fluorescence of the SYPRO complex (gray line). (e) Thermal stability of the apoprotein acrylodan
conjugate was determined to fitting the van’t Hoff two-state approximation (gray line) to the peak (gray dots) of the first derivative (blue line) of a
second-order Savitzky—Golay filter (green line) fit to the acrylodan fluorescence (black circles). (f) Fits of the glucose dependence of the thermal
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apoprotein T, values.

homologue therefore represents a case in which the SAFE filter information necessary to conserve the conformational coupling

accurately predicts ligand binding but does not capture the mechanism.
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Figure 9. Thermostabilities of the apoprotein acrylodan conjugates. Proteins are named by their acronyms, as detailed in Table 2. Ratiometric
intensities, ***%!°R (black circles), as a function of temperature, T, in the absence of glucose were extracted from the landscapes shown in Figure 5
and fit with a quadratic Savitzky—Golay filter (green lines) that enabled direct calculation of first derivatives, d****'°R/dT (blue lines), within which
peaks spanning the two-state folded transition between folded F and unfolded states, U, were identified (gray circles). The van’t Hoff
approximation for the thermal two-state equilibrium, F = U, was fit to these peaks using eqs 12—14 (gray lines) to obtain values for **°T,, and AH,

(Table 3).

Three distant homologues that have partially lost both
functional similarity and identity in their PCS, gsGBP2,
gkGBP3, and bpGBPS8, retain some degree of coupling
between glucose binding and fluorophore behavior; their
glucose affinities were considerably weaker than ecGBP (Table
3). In gkGBP3 glucose, binding switches colored states in the
opposite direction (hypsochromic shift), from green in the
apo-state to a blue glucose complex (Figures Se,fh and 6e—g).
This effect is barely present in the closely related gsGBP2
homologue, further emphasizing that small sequence changes
can affect coupling. All three proteins exhibit green thermally
unfolded states as observed in ecGBP. These three
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homologues therefore illustrate both that partial loss of a
PCS is accompanied by weakening of the ligand-binding
properties associated with that PCS and that the coupling
mechanism of the conjugated fluorophore with glucose binding
can exhibit a reversed color pattern.

The most distant homologue, bsGBP7, has also the largest
loss in PCS identity. It does not exhibit conformational
coupling between glucose binding and the acrylodan response.
Furthermore, the colors of the folded and unfolded states are
reversed in bsGBP7 (Figure 5i). This homologue therefore
illustrates that if the PCS conservation falls below a certain
threshold, all semblance of ligand-binding properties is lost.
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Table 4. Thermostabilities, Fluorescence Emission Maxima, and Glucose Affinities”

thermostability barychromes glucose affinity

woT AT°H, wop N Al BK, RE, PR, LK,

protein mutations (°C) (kcal/mol) (nm) (nm) (nm) (mM) (mM (mM (mM
gkGBP3 76.3 166 503.9 499.5 —4.4 63.9 68.2 68.5 102
gkGBP3.6 A140D 76.2 243 503.8 496.6 —=7.2 60.6 63.5 90.2 77.4
ngBP?ﬁ.lOIJ Q240N 74.4 183 507.4 498.9 —-8.5 14.8 16.6 23.4 21.5
ngBP3.l4b A140D, Q240N 76.7 208 507.7 490.7 -17.0 134 18.3 28.1 43.3
ngBPS.le W16F 77.3 228 506.5 500.2 —4.7 40.5 45.4 52.8 47.4
ngBP3A19b W16F, A140D 76.8 194 504.9 496.9 —-8.0 85.1 88.7 134 13§
ngBP3.20b W16F, Q240N 76.5 180 510.0 500.7 -9.3 21.6 23.9 58.9 42.1
ngBP&Zlb WI16F, A140D, Q240N 79.0 507.0 496.6 —10.4 91.7 110 203 112

“See Table 3 footnotes. Integrated intensity bands for calculating ®K, and PK, were extracted from the Nanodrop3300 emission spectra at 460 and
520 nm (20 nm width). ®Thermostability fits constrained to the [70,85] °C interval corresponding to the unfolding transition.
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Figure 10. Effects of installing the ecGBP hydrogen-bonding PCS residues in gkGBP3. The fluorescence landscape (a), determination of the **°T,,
in the absence of glucose (b), corrected glucose-dependent fluorescent emission spectra (c), and barychrome glucose titration (d) are shown for

gkGBP3.14 (Table 4).

Furthermore, it shows that the color pattern of fluorophore
states of the folded and unfolded states can also vary.
Thermostabilities. The apoprotein thermostabilities were
extracted from fluorescence landscapes by fitting a two-state
van’t Hoff thermal unfolding equilibrium to the thermal melt
determined in the absence of glucose (eqs 12—14; Figure 9).
The *°T,, values (Table 3) revealed that six of the seven
glucose-binding proteins are thermophilic, as intended.
Other Conformational Coupling Effects. Previously, we
established that each of the three regions in the fluorescent
landscape of thermal glucose titrations exhibits further subtle
variations in emission color due to the presence of additional
conformational states, the distribution of which can be
analyzed by statistical thermodynamics.43 For instance, the
presence of a “ridge” in the glucose-bound form of ecGBP (ry,
Figure Sa) was interpreted as a thermal transition between two
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conformations in the glucose complex.*’ This feature appeared
to be absent in the three close homologues ttGBPS, chGBP6,
and coGBP4. In chGBP6 and coGBP4, a ridge was observed in
the folded apoprotein, r,, which revealed the presence of a
conformational transition that is not present in ecGBP (Figure
Sc,d). In the more distant homologues gsGBP2, gkGBP3, and
bpGBPS, an equivalent ridge was observed in their (blue)
folded apoprotein state. In gkGBP3, the plane corresponding
to the apoprotein appeared more curved (c,) than observed in
ecGBP (Figure 5f). Analysis of these conformational exchange
reactions by more detailed landscape fits with statistical
thermodynamics™ is beyond the scope of this paper.
Installation of the ecGBP PCS into gkGBP3. If the
ligand-binding properties (specificity, affinity) of the PCS are
independent of the surrounding residues (i.e., the SCS), then it
should be possible to convert a partial homologue into a
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high(er) affinity glucose-binding protein by the full installation
of a known PCS. To test this hypothesis, we built various
degrees of ecGBP PCS identity reconstructions in gkGBP3.
The predicted hydrogen-bonding interactions with bound
glucose have undergone two changes in gkGBP3, removing
one hydrogen bond altogether (A140, equivalent to 154D in
ecGBP) and replacing another with a functionally equivalent
residue (Q240, equivalent to N256 in ecGBP). F16 in the
aromatic sandwich has been replaced with W16. We mutated
these three residues singly and in combination and determined
the effects of the mutations (Table 4) on the thermal
landscape, apoprotein thermostability (*°T,,), barychrometric
glucose affinity (°Ky), and acrylodan coupling (AAg). The
glucose affinity was improved significantly only by installation
of Q240N singly (gkGBP3.10) or in combination (gkGBP3.14,
gkGBP3.20, gkGBP3.21). Hypsochromic coupling to acryl-
odan became as effective as the bathochromic effect in ecGBP
only if both A140D and Q240N were installed (gkGBP3.14,
Figure 10; Adz = —17 nm, Table 4). The A140D Q240N
double mutant exhibited a glucose response that was
comparable to ecGBP (gkGBP3.14) but was adversely
impacted by the W16F installation (gkGBP3.21).

Improvements in thermostability were largely observed upon
installation of W16F. Installation of the complete PCS resulted
in a 2.7 K increase in thermostability but at the expense of
improvements in signaling and glucose affinity observed for the
installation of the two hydrogen-bonding residues
(gkGBP3.21). These results are consistent with the hypothesis
that the PCS encodes significant functional information but
that the SCS also contributes.

B CONCLUSIONS

Accurate prediction of protein function from sequence remains
a formidable challenge for the periplasmic-binding pro-
teins.”>"®' We show that structure-based techniques accurately
identify a subset of specific ligand-binding PBPs within a large
collection of closely related sequence homologues. We used
fully sequenced bacterial genomes to search for sequence
homologues because the effectiveness of the filters used to
predict functional conservation could be evaluated by
calculating their effect on the number of paralogs. Consistent
with previous studies which established that periplasmic-
bindin% é)roteins can undergo massive gene duplication
events,""® we found that paralogs were prevalent in the
unfiltered glucose-binding protein sequence family. We applied
a structure-based sequence filter that selects homologues in
which the residues encoding the direct interactions between
protein and glucose (primary complementary surface, PCS)
are conserved, using ecGBP as the structural archetype.”” Two
levels of stringency were applied: absolute and functionally
equivalent conservation. Both filters drastically reduced the
number of paralagous sequences, indicating that glucose-
binding homologues were predicted accurately, with the few
remaining paralogs representing either differences in pyrano-
side specificity (glucose is not the true cognate ligand of
ecGBP®) or biological system effects such as multiple
response concentration regimes80 or multiple protein partners
for different transport and signal-transduction networks.

We selected eight homologues for the experimental study of
their acrylodan conjugates placed at positions equivalent to
W183 in ecGBP. These eight homologues were chosen to span
different degrees of predictive certainty, ranging from full to
partial functional or absolute conservation of the PCS residues.
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Furthermore, we favored thermophilic over mesophilic
homologues to meet our biotechnological goal of identifying
a robust fluorescently responsive sensor that retained the
excellent signaling features found in ecGBP183C-acrylodan.
Within this experimentally evaluated data set, we identified
three homologues (ttGBPS, chGBP6, coGBP4) from thermo-
philic organisms with moderate sequence conservation (48—
51% sequence identities) but fully absolutely conserved PCS
residues (H; = 0). These homologues fully retained both
glucose binding and the glucose-mediated response of their
acrylodan conjugate. In another homologue with complete
functional conservation of the PCS (Hg = 0), but low overall
sequence conservation (33%) and loss of one absolutely
conserved residue (H; = 1), csGBP10, we found that glucose
binding was retained, but the response of the Acrylodan
conjugate was severely compromised. In four homologues with
sequence identities in the 30—34% twilight range and loss of
one functional residue (Hp = 1; gkGBP2, gkGBP3, bsGBP7,
bpGBP8), both glucose binding and the fluorescence response
were compromised. These results illustrate that the values of
the SAFE filters successfully predict ligand-binding properties
of a distant sequence homologue even within the twilight zone.

Function prediction is particularly challenging in the cases
presented here because we also require conservation of
coupling of the fluorescence properties of the covalently
attached acrylodan and glucose-mediated conformational
changes. A systematic study indicated that the probability of
establishing linkage between ligand binding and fluorophore
response in engineered fluorescent biosensors is relatively low
(~4%), even if attachment positions are placed in regions that
are known to undergo local conformational changes in
response to ligand binding.é’42 It is therefore an open question
to what extent equivalently positioned fluorophore conjugates
to retain coupling to ligand binding in homologues.
Deterioration of coupling between ligand-mediated protein
motions and the acrylodan response correlates with the degree
of loss of absolute PCS conservation. Furthermore, the
retention of glucose and loss of fluorescent signaling in
csGBP10 showed that the information required for the
coupling mechanism is not fully encoded within the PCS.
Even so, in the partial homologue gkGBP3, we demonstrated
that “installation” of a subset of conserved residues
(gkGBP3.10 and gkGBP3.14, Table 4) in a partially retained
PCS largely restores the acrylodan response and improves
glucose affinity but with a color change that is the reverse
(green apoprotein — blue glucose complex; Adg < 0) of the
other responsive homologues (blue — green; Ay > 0). These
results suggest that the coupling of the fluorescence response
to protein conformational changes is critically dependent on
detailed local interactions involving one or more residues, the
identity of which is as yet unknown. Retention of coupling
therefore is uncertain even in true homologues, consistent with
the challenges encountered in predicting ligand-responsive
fluorescent conjugates ab initio.

Three homologues are excellent candidates for fulfilling the
technological goal of constructing a robust version of the
ecGBP183C-acrylodan conjugate: ttGBPS, coGBP4, and
chGBP6. These proteins retained high-affinity glucose binding,
blue — green coupling between conjugate fluorescence
properties and glucose-mediated conformational change, and
improved thermostability by 25—31 °C. Of these, we selected
ttGBPS because it expressed most easily and bore the closest
resemblance to the ecGBP thermal glucose binding and folding
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fluorescent landscape. We anticipate that this protein will be
incorporated into the next-generation robust, fluorescently
responsive, ratiometric glucose sensors.
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