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ABSTRACT

Extradenticle (EXD) is a partner protein of the HOX transcription factors and plays an important role in the
development of Drosophila. It confers increased affinity and specificity of DNA-binding to the HOX proteins.
However, the DNA-binding homeodomain of EXD has a significantly weaker affinity to DNA compared to the
HOX homeodomains. Here, we show that a glycine residue (G290) in the middle of the EXD DNA-binding helix
primarily results in this weaker binding. Glycine destabilizes helices. To probe its role in the stability and
function of the protein, G290 was mutated to alanine. The intrinsic stability of the DNA-binding helix increased
in the G290A mutant as observed by NMR studies and molecular dynamics (MD) simulation. Also, NMR dy-
namics and MD simulation show that dynamic motions present in the wild-type protein are quenched in the
mutant. This in turn resulted in increased stability of the entire homeodomain (AAGg_a of —2.6 kcal/mol).
Increased protein stability resulted in three-fold better DNA-binding affinity of the mutant as compared to the
wild-type protein. Molecular mechanics with generalized Born and surface area solvation (MMGBSA) analysis of
our MD simulation on DNA-bound models of both wild-type and mutant proteins shows that the contribution to
binding is enhanced for most of the interface residues in the mutant compared to the wild-type. Interestingly, the
flexible N-terminal arm makes more stable contact with the DNA minor groove in the mutant. We found that the
two interaction sites i.e. the DNA-binding helix and the unstructured N-terminal arm influence each other via the
bound DNA. These results provide an interesting conundrum: alanine at position 290 enhances both the stability
and the DNA-binding affinity of the protein, however, evolution prefers glycine at this position. We have pro-
vided several plausible explanations for this apparent conundrum. The function of the EXD as a HOX co-factor
requires its ability to discriminate similar DNA sequences, which is most likely comprom

1. Introduction

other features, such as the presence of other domains,
homeodomain-containing proteins have been grouped into various

Homeodomain proteins play important roles in the development of
multicellular organisms (Gehring et al., 1994; Scott et al., 1989). Most
vertebrates have almost 250 homeodomain-containing transcription
factors (Holland, 2013), which account for 15-30% of all transcription
factors in an organism (De Mendoza et al., 2013). Homeodomains are
formed of 60 amino acids, which contain three a-helices and an N-ter-
minal unstructured arm. The second and third helices form a
helix-turn-helix motif. The third helix is the DNA-recognition helix and
inserts into the DNA major groove (Laughon, 1991). The unstructured
N-terminal arm interacts with the DNA minor groove and modulates
binding specificity (Joshi et al., 2007). Based on sequence similarity and
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classes (Biirglin and Affolter, 2016). Here we have studied the
Drosophila transcription factor Extradenticle (EXD), which belongs to
the TALE superclass of homeodomains (Mann and Chan, 1996; Biirglin
and Affolter, 2016). These homeodomains have a three amino acid loop
extension (TALE) between the first and the second helices. The TALE
superclass consists of MKX, IRO, TGIF, PREP, MEIS and PBC subclasses
(Biirglin and Affolter, 2016). EXD belongs to the PBC subclass of TALE
homeodomains.

EXD performs its functions in association with its partner proteins,
especially the HOX transcription factors (van Dijk and Murre, 1994;
Mann and Chan, 1996). Hox genes play important roles in
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anterior-posterior (AP) axis determination during the development of all
bilateral animals from insects to vertebrates (Pearson et al., 2005; Mann
et al, 2009). However, HOX proteins have highly conserved
DNA-binding homeodomains that bind very similar DNA sequences in
vitro (Mann et al., 2009). EXD helps the HOX proteins achieve
DNA-binding specificity in vivo (Pearson et al., 2005; Joshi et al., 2007;
Slattery et al., 2011) and also modulates their regulatory properties of
transcriptional activation or repression (Joshi et al., 2010). EXD in-
teracts with HOX proteins via a hexapeptide motif, often termed as
YPWM motif, appended to the N-terminus of the HOX homeodomain
(Foos et al., 2015; Maiti et al., 2019). The EXD homeodomain has a
hydrophobic pocket formed by the loop between the first and the second
helices that interact with the YPWM motif. This interaction enables the
HOX and EXD proteins to cooperatively bind cognate DNA more tightly,
which typically have half sites for binding both homeodomains (Joshi
etal., 2007; Chang et al., 1995). It is important to note that HOX proteins
can bind their cognate DNA with nanomolar affinity, which is enhanced
in the presence of EXD (Pellerin et al., 1994; Pinsonneault et al., 1997).
Interestingly, most studies report almost no binding for EXD under the
same conditions, thus indicating much weaker binding of EXD to
cognate DNA (van Dijk and Murre, 1994). The same has been observed
for the homologous human protein PBX1 (Van Dijk et al., 1995; Beslu
et al., 2004), which has an almost identical homeodomain sequence as
EXD (Fig. 1). This is surprising as homeodomains are known to bind
cognate DNA with high affinity. Inspection of homeodomain sequences
revealed the presence of a glycine residue in the middle of the
DNA-binding helix of the PBC subclass of the TALE transcription factors
(Fig. 1). Glycine is known to destabilize alpha helices. Here we have
investigated the role of this glycine in modulating the stability, dy-
namics and function of EXD.

The conservation of the glycine residue in the middle of the DNA-
binding helix H3 in the PBC subclass of the TALE transcription factors
raises important questions regarding its function. Typically, conserved
residues are required for one or more of the following reasons: fast and
correct folding of the protein (Chikunova et al., 2021); structural
integrity of a folded protein (Bellanger et al., 2023); and correct function
of the protein (Bellanger et al., 2023; Dulebohn et al., 2006). Mutating
such residues results in reduced or complete loss of function. To
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determine the role of the glycine at position 290, we mutated it to
alanine, which is the next smallest residue and hence, should result in
minimal structural perturbation. Also, alanine is the most
helix-stabilizing amino acid (Pace and Scholtz, 1998). Our NMR studies
showed very similar structures of the wild-type (EXD"T) and the mutant
(EXDC?%%% proteins. Backbone NMR dynamics experiments showed no
difference in the fast ps-ns timescale motions between both proteins.
However, slower ps-ms timescale motions were observed in the
wild-type protein that was quenched in the mutant. Also, NMR-based
hydrogen exchange experiments showed increased stability of the
mutant than the wild-type protein. DNA-binding experiments showed
that the EXD%?°%2 mutant binds three-fold tighter to DNA in comparison
to the wild-type protein. Furthermore, 1.5 ps molecular dynamics (MD)
simulations were performed on the structural models of free and
DNA-bound EXD"T and EXD®?°°A, which further support our observa-
tions and provide important insights into the underlying reasons for
enhanced stability and function of EXD®2%04,

2. Materials and methods
2.1. Cloning, mutagenesis, protein expression and purification

The minimal homeodomain (residues Ala238—Ile300) of Extra-
denticle (EXD) (UniProtKB P40427) from D. melanogaster was cloned
into the pET28a(+) vector. Glycine 290 was mutated to alanine by site-
directed mutagenesis using non-overlapping primers (Boral et al., 2023).
The methylated template DNA was digested with Dpnl. The 5’ end of the
PCR product was phosphorylated by T4 polynucleotide kinase enzyme
(PNK). The PCR product was ligated by T4 DNA ligase to generate the
circular plasmids and transformed into Escherichia coli DH5a competent
cells. Mutation was confirmed by DNA sequencing. The plasmids were
transformed into the E. coli BL21(ADE3) strain for protein expression.
For the 1®N/13C -labelled protein sample, 1 L of M9 minimal medium
was supplemented with 1 gm of >N ammonium chloride and 3 gm of }3C
glucose as the sole nitrogen and carbon sources, respectively. The cul-
ture was grown at 37 °C until cell density (ODgoo) reached ~0.7. After
induction with 1 mM Isopropyl-p-D-thiogalactopyranoside (IPTG) for 5
h at 37 °C, cells were harvested and lysed. The lysate was centrifuged to
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Fig. 1. Multiple sequence alignment of homeodomain containing proteins. The conserved amino acids in all the proteins are marked as star and colored in orange.
The glycine in middle of helix H3 of PBC subclass is marked in red. Amino acids other than glycine at same position in other families of homeodomain are

colored blue.
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precipitate the cell debris and the clear supernatant was filtered and
passed through Nickel-nitrilotriacetic acid (Ni-NTA) resins for purifi-
cation. Finally, size exclusion chromatography (HiLoad 16/600 Super-
dex 200 column) was performed using phosphate buffer (20 mM sodium
phosphate, 50 mM NaCl and pH 5.5) to obtain highly pure proteins. The
affinity tag (Hisg) was removed by thrombin cleavage. The protein
concentration was determined by Ajgy using the predicted molar ab-
sorptivity (¢280) ie., 11460 M 'cm !, which was determined by
expasy protparam (Gasteiger et al., 2005). The protein purity was
determined by SDS-PAGE. The NMR experiments were performed on
highly purified proteins and phosphate buffer (20 mM sodium phos-
phate, 50 mM NaCl and pH 5.5) was used to make the 500 pl NMR
samples in 5 mm tube. For EMSA experiments highly purified protein
samples were prepared in 1X binding buffer (10 mM Tris (pH 7.8), 100
mM KCl, 6 mM MgCly, 1 mM EDTA, 50% glycerol, 2 mM BME, 0.02%
NP-40 and 0.01 mg/ml BSA).

2.2. NMR experiments and backbone assignment

NMR experiments were performed in a 600 MHz Bruker Avance III
spectrometer equipped with a triple-resonance cryogenic probe head at
25 °C. The protein concentrations were 0.6-0.8 mM with 8% D0 for
spin lock. For the long-term stability of the proteins, 0.8 mM PMSF, 2 pl
of protease inhibitor cocktail, and 0.04% sodium azide were also added
to the final sample. For the sequential backbone assignment, 15N, 13¢
double-labelled EXDY" was used. Backbone resonances were manually
assigned in NMRFAM-SPARKY 1.470 (Lee et al., 2015) using
two-dimensional >N-'H HSQC and three-dimensional NMR experi-
ments such as CBCA(CO)NH, HNCACB, HNCO, and HN(CA)CO (Sattler
et al., 1999). The chemical shift assignments are submitted in BMRB
with code 51157. The mutant EXD%2% was assigned using 1°N-NOESY
and '°N-TOCSY experiments (Sattler, Schleucher and Griesinger, 1999).
These spectra were processed and analyzed using NMRPipe (Delaglio
et al., 1995) and Sparky (Lee et al., 2009), respectively. The secondary
structure propensity was determined from the secondary chemical shifts
(Mielke and Krishnan, 2009) as follows:

AACS= (C* — CY) — (cgbs _ CEC>

where C* and Cgbs are the experimentally determined chemical shifts
for the a and p carbons of a residue, respectively, and Ci and Cff are the
random coil chemical shifts for the o and f carbons of the same amino
acid type, respectively.

The chemical shift perturbation (CSP) for each residue was calcu-
lated as follows.

CSP = \/(AH)® + (0.154 x AN)?

where AH and AN are the chemical shift differences of the amide pro-
tons and nitrogens, respectively, between the EXDVT and EXD%290A,

2.3. Backbone amide 1°N relaxation experiments

Amide °N Ry, R, and steady-state heteronuclear {'H}-!°N NOE ex-
periments were collected at 25 °C for both the proteins. Spectra for Ry
(50, 100, 150, 200, 400, 600, 900 and 1200 ms) and R, (25, 50, 75, 100,
150, 200, 250, and 300 ms) time series were collected in random order
to minimize any systematic error. Relaxation rate constants R; and Ry
were computed using in-house Matlab (MathWorks) codes by fitting the
peak intensities (I) to single exponential decay

I = Ipe(-tR;)

where I is the Initial intensity, ‘t’ is the relaxation delay, and R; is either
R; or Ry (Maiti and De, 2022). Errors of the rate constants were deter-
mined by Monte Carlo simulation. The heteronuclear {*H}-'°N-NOE for
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every residue was calculated as a ratio of the peak heights obtained with
and without 'H saturation. The recycle delay was set to 5 s. The spectral
noise is used to assess the errors in {"H}-'°N NOE values by following
the error propagation method and by using the given formula

ANOE = {[(1/Irer)8lnoE]” + [(—Inok /Ter)dlrer]> 17>

Here, ANOE is the propagation of error in the heteronuclear
{IH}—lsN—NOE, Irgr, and Iyog are the peak heights of the reference and
NOE spectra respectively. SIrgr and Slyog are the spectral noise of the
reference and NOE spectra respectively.

2.4. Amide hydrogen exchange experiments

Amide protium-deuterium exchange rates of both the proteins were
measured at 25 °C and pH 5.5. The protein samples were lyophilized and
dissolved in 100% D50, and a series of °N-'H HSQC spectra were
collected over a period of time to monitor the decay of the amide signals
as the protium is exchanged by deuterium. The pseudo-first-order rate
constants for exchange, kex, were calculated using in-house MATLAB
codes by nonlinear least-squares fitting of the peak intensities, I; (nor-
malised by the number of transients) to the equation I; = (I — Ipg) X exp
(—kext) + Ing, where t is the midpoint time of each spectrum, Ij is the
initial peak intensity, and Ipy accounts for the intensity coming from
residual water (Boral et al., 2020; De et al., 2016). The time points for
each experiment were measured from the time of dissolution of the
protein in D0. The time between the dissolution of the protein and the
start of the first >N-'H HSQC experiment was 3 min and 2 min 10 s for
EXDYT and EXD®?°%A, respectively. The error in kex was determined by
Monte Carlo simulation. For the calculations of key, a corrected pD was
used by adding 0.4 to the measured pH of the protein solution (Bai et al.,
1993).

Amide protium-protium fast exchange rates for EX were
measured at pH 5.5, 7.0, and 8.0 and for EXDC2%04 gt pH 5.5, 6.5, and
7.5 by the CLEANEX-PM method (Hwang et al., 1998 ) at 25 °C. At each
PH, a series of spectra with 10, 20, 30, 40, 50, 60, 80 and 100 ms transfer
periods and a reference spectrum using a recycle delay of 12.0 s were
collected. The pseudo-first-order rate constants for chemical exchange,
kex, were calculated by nonlinear least-squares fitting of the peak in-
tensities versus transfer time using in-house MATLAB codes. A scaling
factor of 0.7 was used to correct for the steady-state water
magnetization.

The protection factors (PFs) for each amide proton were calculated as
the ratio of the predicted intrinsic exchange rate constant (kin) for an
unstructured polypeptide with the same amino acid sequence versus the
experimentally calculated exchange rate constant (kex). The ki values
were calculated as described by Englander and co-workers (Zhang,
1995) Here an EX2 mechanism is assumed, where the exchange rate
constants (kex) have a first-order dependence on sample pH and tem-
perature. Also, protein stability is assumed to be independent of pH and
temperature.

DWT

2.5. Electrophoretic mobility shift assays

The equilibrium dissociation constants (Kp) of EXDWT and EXDC90A
for a 25-bp Forkhead 250 double-stranded DNA containing the sequence
5'- CAGCTGGCGATTAATCTTGACATTG ~ was measured by EMSA (De
et al., 2014). One of the oligonucleotides in the duplex had a fluorescein
tag attached to their 5" end. The lyophilized single strands of DNA were
purchased from Integrated DNA Technologies (IDT). The strands were
mixed in equimolar concentration, heated to 95 °C for 5 min and slowly
cooled down to 4 °C in a thermocycler. For the binding studies, reactions
were carried out in 10 mM Tris (pH 7.8), 100 mM KCl, 6 mM MgCly, 1
mM EDTA, 50% glycerol, 2 mM BME, 0.02% NP-40 and 0.01 mg/ml
BSA. The reactions, containing 3 nM DNA and 4 nM to 2 pM protein
(EXDVT or EXDGgOA), were incubated on ice for 30 min and subjected to
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electrophoresis on an 8% native polyacrylamide gel under ice-cold
conditions using a BioRad mini-gel system in 0.5X TBE buffer. Gels
were scanned with a BioRad ChemiDoc™ MP imaging system. The band
intensities of the free DNA were quantified by using the software ImageJ
(NIH) (Schneider et al., 2012 ) and used to calculate the fraction of
bound DNA as below.

0 = 1-([DNAfree]/[DNA¢ot])

where [DNA] is the band intensity of the unbound DNA in the free
DNA lane, and [DNAgec] is the band intensity of the unbound DNA in
lanes with proteins. The dissociation constant (Kp) is calculated from a
nonlinear curve fitting of total protein concentration P at each titration
point versus the fraction of bound DNA to the following equation
assuming.

single-site binding. The nonlinear curve fitting was done using Solver
(Microsoft Excel).

0 = P1/(Pt + Kp)

For EXDWT protein, the reported values are average and standard
deviation from 4 EMSA experiments. For EXD®°?? protein, the reported
values are average and standard deviation from 5 EMSA experiments.

2.6. Molecular dynamics simulations and analysis

The model for EXD was extracted from the x-ray structure with PDB
code 2R5Z (Joshi et al., 2007). Four residues (A238, R239, R240 and
K241) in the N-terminal arm and the loop between H1 and H2 were
modeled using Swiss-Model (Waterhouse et al., 2018) with the 2R5Z
structure as a template. The G290 was mutated to alanine using the
mutagenesis tool in PyMOL (Schrodinger and DeLano, 2020). Both the
wild-type and mutant models were validated using the Ramachandran
plot and other metrics provided by the MolProbity server (Williams
et al., 2018). The structural models of EXDVT-DNA and EXD%2°°A.DNA
complexes were generated by HADDOCK (Van Zundert et al., 2016)
using the 2R5Z structure as a template. The structures with the best
HADDOCK score and lowest Z-score were selected for molecular dy-
namics (MD) simulations.

MD simulation was performed as described before (Roy et al., 2022).
The simulation was performed using the GROMACS software suite (Van
Der Spoel et al., 2005). The topologies for free protein models were built
employing Charmm36 all-atom force field (March 2019) and solvated by
TIP3P water molecules in a cubic box extending 1.0 nm away from the
protein in all directions (Jorgensen et al., 1983). Solvation was followed
by the addition of 8 CI” ions for neutralization. The topology files for the
protein-DNA complexes were generated using the AMBER99SB force
field, solvated by the TIP3P water molecules and neutralized with 12
Na™ ions. Energy minimization was done using the steepest descent al-
gorithm with convergence criteria of <1000.0 kJ/mol/nm. The
energy-minimized systems were then equilibrated under NVT and NPT
ensemble sequentially for 500 ps each. Initial velocities were assigned
from a Maxwell distribution during NVT equilibration using velocity
rescale thermostat for simulating constant temperature at 300 K.
Isotropic pressure coupling was employed with Parrinello-Rahman
barostat used to maintain a constant pressure of 1 bar with time constant
2.0 ps (Bussi et al., 2007 ; Parrinello and Rahman, 1981). Production
simulations for the free and DNA-bound wild-type and mutant proteins
were then performed for 1500 ns using a leapfrog dynamics integrator
with an integration step size of 2 fs. The coordinates and velocities were
saved at every 10 ps and periodic boundary conditions (PBC) were
considered throughout the simulation in all three dimensions. Particle
Mesh Ewald algorithm was used to compute long-range electrostatic
interactions with 1.2 nm C cutoff distance. Verlet cutoff scheme was
used for short-range neighbour search with a cutoff of 1.2 nm. The PBC
corrected trajectory was used for analysis after completion of the pro-
duction simulation using modules available in GROMACS and in-house
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Python and Matlab scripts. For analysis, RMSD and RMSF plots were
generated using the Python-based software Biotite (Kunzmann and
Hamacher, 2018). Secondary structure analysis to study the change in
the length of the helices in the free and DNA-bound protein (EXD"! and
EXD%%%%4) complexes over the course of the simulation was performed
using the DSSP application of Biotite.

Molecular mechanics Generalized-Born surface-area solvation (MM/
GBSA) method (Genheden and Ryde, 2015; Miller, 2012) was employed
to estimate the free energy of binding between the proteins (EXD"T or
EXD%??9%) with DNA as described (Saha et al., 2023). The snapshots
taken from each nanosecond of the protein-DNA complex trajectories
were analyzed using the tool gmx MMPBSA (Valdés-Tresanco et al.,
2021) to investigate the effects of the alanine mutation on the change in
free energy of binding (AGpinding) Which is the difference between the
free energy of the complex and that of the receptor and ligand, ie.,
AGbinding = Geomplex — (Gprotein + Gpna) (Weng et al., 2019). The cal-
culations were performed with parameters “igb” and salt concentration
as 5 and 150 mM, respectively. AGpinding is the total free energy of
binding comprising contributions from Van Der Waals and electrostatic
interactions, free energy of solvation and solute-dependent entropic
terms (Miller, 2012). Residue-wise free energy decomposition was car-
ried out to evaluate the energy contributions of individual residues in
the proteins (EXDWT and EXDG290A) and nucleotides in DNA in the
binding interaction. Default parameters with idecomp set as 2 were
used. DELTA values or energy contributions obtained by decomposition
of the total AGpinding Of the respective amino acids of the EXD"T and
EXD%2%9A protein with DNA were analyzed. The same was carried out for
every nucleotide in the 2 chains of DNA to study the free energy of the
interaction with the EXD"T and EXD%?°°? proteins.

3. Results
3.1. G290 is an unusual residue in the DNA-recognition helix of EXD

Glycine is the smallest amino acid. Lack of a sidechain allows glycine
to adopt backbone torsion angles that are not accessible to other amino
acids. This is reflected in the larger ®-W space occupied by glycine in the
Ramachandran plot of proteins. As a consequence, glycine promotes
disorder in proteins (Williams et al., 2001), has the least helical pro-
pensity among the 19 non-proline amino acids (Pace and Scholtz, 1998)
and often results in the termination of alpha helices (Aurora et al., 1994
). In the homeodomain of EXD, the DNA-recognition helix H3 is 19
residues long and extends from T281 to N299 (2R5Z, Joshi et al., 2007).
Interestingly, there is a glycine residue (G290) in the middle of helix H3.
Inspection of homeodomains from other proteins reveal the absence of
glycine residues in the DNA-recognition helix H3 (Fig. 1). Thus, the
presence of glycine in H3 appears to be a unique feature of the home-
odomain in the PBC subclass of TALE proteins.

The presence of glycine in the middle of helices are typically
observed due to packing constraints with other side chains of the protein
(Kim et al., 2005) or ligand in the binding interface (Luscombe and
Thornton, 2002). Inspection of the DNA-bound structures of EXD reveals
that neither is the case for G290 (Fig. 2). It is on the surface and is not
packed against any other residue of the protein. In the DNA-bound
structures, glycine can be replaced with other small amino acids.
Modeling an alanine in place of G290 showed no apparent steric hin-
drance to DNA-binding. We chose to mutate glycine 290 with an alanine
and experimentally test its effect on the stability, structure, dynamics
and DNA-binding function of EXD. Glycine to alanine mutation was
chosen as alanine is the next smallest amino acid and should have the
least structural perturbation. Also, alanine has the highest helical pro-
pensity among the natural amino acids (Pace and Scholtz, 1998).
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Alanine

Fig. 2. (A) Crystal structure of EXD bound to DNA (2R5Z). EXD consists of three helices H1, H2 and H3. Helix H3 inserts into the major groove of the DNA. (B) The
crystal structure (2R5Z) is again shown with all heavy atoms of the protein as spheres. Glycine 290 is colored blue. (C) In the same structure glycine 290 is mutated to
alanine using Pymol (Schrodinger and DeLano, 2020) and shown in red. DNA is shown as sticks. Modeling glycine 290 to alanine results in no apparent steric

hindrance in this model.

3.2. Structural characterization of EXD"T and EXD%?°°A by solution
NMR spectroscopy

EXDWT (residues 238 to 300) was prepared as uniformly '°N and '3C
labelled protein. Backbone atoms (*HY, 1°N, 13¢®, 13cP, 'H* HP and
13C0) were sequentially assigned using triple resonance (*H, 1°N, 13C)
experiments. EXDS%?°A was prepared as a'°N-labelled protein. Its
backbone amide N-H were assigned by comparing its 'H-'>N HSQC
spectrum with EXDYV'. Residues with significant chemical shift pertur-
bation were assigned using °N-TOCSY and !SN-NOESY spectra of
EXDY2%%4, Very similar 'H-'°N HSQC spectra (Figure SI 1) indicate that
EXD"T and EXD%?°°* have the same fold and that the structure of the
protein is not perturbed by G290A mutation (Fig. 3A, B, 3C). Elution of
both proteins are at the same volume indicates very similar shape and
hydrodynamic radius of EXDWT and EXD2°°* (Figure SI 2). The ma-
jority of the chemical shift perturbations are observed for the neigh-
boring residues of the mutation site (Fig. 3D).

The secondary structures of EXDW! were determined from the
backbone chemical shifts (Fig. 3E) and NOE cross peaks in 15N-NOESY
spectra (Fig. 4). It has three alpha helices as expected in a homeo-
domain. Helix H1 (residues K247 to S258) and helix H2 (residues E269
to C278) are consistent with the DNA-bound structures of EXD. Inter-
estingly, helix H3 (residues V282 to Y296) is shorter in the free EXDWT
compared to the DNA-bound protein (residues T281 to N299). Similar
shorter helix boundaries were observed for the free form of the homol-
ogous protein PBX1 (Jabet et al., 1999). In EXDngOA, helix H3 also
extends up to Y296. However, more cross peaks are observed in the
NOESY spectra for EXD®?°°A as compared to EXDWVT (Fig. 4). Thus, the
G290A mutation slightly increases the stability of helix H3 but not to the

same extent as the DNA-bound structures.

3.3. G290A mutation enhances the DNA-binding affinity of EXD

The G290A mutation in the DNA-recognition helix results in no
significant change in the EXD structure. In order to test the effect of the
G290A mutation on the DNA-binding function of EXD, an electropho-
retic mobility shift assay (EMSA) was performed. A fluorescently
labelled DNA was used containing the sequence °> CAGCTGGCGAT-
TAATCTTGACATTG® (Fig. 5A, B and 5C) from the Forkhead250 pro-
moter (Ryoo and Mann, 1999). Forkhead promoter regulates the
expression of the Forkhead gene which is involved in the development of
embryonic salivary glands (Ryoo and Mann, 1999). The HOX protein sex
combs reduced (SCR) and EXD cooperatively bind to this promoter and
activate the Forkhead gene (Ryoo and Mann, 1999; Joshi, Sun and
Mann, 2010). The protein concentration ranged from 4 nM to 2 pM. The
DNA concentration was kept constant at 3 nM for all reaction samples.
From several replicate experiments, the dissociation constants (Kp) were
determined as 146 + 13 nM for EXD"! and 38 + 4 nM for EXDngOA,
indicating a 3-fold tighter binding for the mutant (Fig. 5D, Figure SI 3
and 4). Thus, the G290A mutation is not detrimental to the DNA-binding
function of EXD; contrary to that, replacement of glycine with an alanine
in the DNA-recognition helix enhances its DNA-binding affinity.

In the EMSA gels, two supershifts can be observed for both EXDWT
and EXD%2?A, These two shifts arise from the binding of one and two
molecules of EXD protein to the DNA, respectively (Fig. 5B and C). The
Forkhead250 promoter has two binding sites, one for a HOX transcrip-
tion factor and another for EXD (Fig. 5A). At lower protein concentra-
tions, EXD binds to one of these sites and at higher concentrations, a
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Fig. 4. (A) Short and medium range diagnostic NOE patterns for a-helices are shown for EXD"T (blue bars) and for (B) EXD®?°°? (red bars). Unambiguous NOEs
pattern between THN and 'H* are mentioned as dNN(i-1, i), dNN(i-2, i), daN(i-1, i), daN(i-2, i), daN(i-3, i) and daN(i-4, i). More cross peaks are observed in the

NOESY spectra for EXD%2?°A as compared

to EXDWT.
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Fig. 5. (A) The DNA sequence used for the DNA-binding experiments. Nucle-
otides labelled in bold are the DNA binding sites on opposite strands for HOX
and EXD, respectively. DNA-binding affinities were determined by the EMSA
studies are shown for (B) EXDV! and (C) EXD®?°°A. The left panel shows
representative gel images. The right panel shows the data fitting for the cor-
responding proteins. In all the lanes 3 nM Forkhead250 DNA was used. Protein
concentration varies from 4 nM to 2 pM and mentioned on the top of the gel.
Lane labelled as free DNA doesn’t contain any protein. (D) From EMSA ex-
periments the dissociation constants were measured as 146 + 13 nM for EXDVT
and 38 + 4 nM for EXDS2°0A,

second molecule of EXD binds to the remaining site. Thus, for both
EXD"T and EXD®2?°A an apparent dissociation constant is reported here
that accounts for EXD binding at two sites on the Forkhead250 DNA.

3.4. >N relaxation measurements of EXD"T and EXD%?°04

The G290A mutation did not affect the protein structure and
significantly improved the DNA-binding affinity. To investigate its effect
on protein dynamics, we used NMR spectroscopy. Backbone amide *°N
relaxation (Rj;, Rp, and steady-state heteronuclear NOE) experiments
were performed at 25 °C for both EXDWT and EXD®2%°A (Fig. 6). The
heteronuclear {"H}-'>N NOE values are in the range of 0.55-0.77 for the
residues S246 to Y296 for both proteins, indicating the presence of a
well-folded structure with flexible N- and C-terminus (Fig. 6A). The
residues in the loop between helices H1 and H2 have low {'H}-!°N NOE
values, indicating local flexibility. The domain boundaries of S246 to
Y296 are consistent with the secondary structure segments determined
from chemical shift analysis and NOESY experiments, and indicate the
presence of smaller helix H3 in the free proteins.

Transverse relaxation rate constants (Ry) have average values of 8.9
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s~1 and 7.7 s~ for the folded regions of EXD"T and EXD%?°%A, respec-
tively (Fig. 6B). The Ry values drop for the flexible residues in both
termini. The longitudinal relaxation rate constants (R;) have average
values of 1.9 s~ and 2.0 s™! for the folded regions of EXDWT and
EXD®2%0A  respectively (Fig. 6C). Thus, EXDVT and EXD®?°°A have very
similar {"H}-'°N NOE and R; values, however, the R, values for EXDVT
are consistently higher compared to EXD?°’, Higher Ry values may
indicate chemical exchange due to slower motions in the ps-ms time-
scale. The RjR, product can be used to efficiently detect the presence of
chemical exchange (Kneller et al., 2002). The RjRy values for both
proteins were plotted for each residue and compared to the mean value
<R3Ry>, calculated as 10% trimmed mean value after excluding resi-
dues with low NOE values (Fig. 6D). Several residues, such as S283 and
G290 in helix H3, and 1.261 in loop L1 of EXD" show significantly
increased RjRy values compared to the mean <RjRy>, indicating the
presence of chemical exchange in these regions. Slower ps-ms timescale
motions have been reported for the homologous protein PBX1 (Farber
and Mittermaier, 2011). In the mutant, the R;Ry values for these resi-
dues are lowered, indicating quenching to some extent of the ps-ms
timescale motions. To further investigate this, both proteins were sub-
jected to hydrogen exchange studies.

3.5. Amide hydrogen exchange reveals increased stability of EXD®?°%4

The residue-wise stability of both EXDWT and EXD%?°%A was deter-
mined by NMR-based hydrogen exchange (HX) experiments (Saibo
et al., 2023; Maiti, 2024). For both EXDW' and EXDC?%0A
protium-deuterium exchange rates were measured for the backbone
amides at 25 °C and pH 5.5. The pseudo-first-order rate constants for
exchange, key, were obtained for several well-protected residues in both
proteins. Amide protium-protium exchange rates were measured at pH
5.5, 7.0 and 8.0 for EXD"T and pH 5.5, 6.5 and 7.5 for EXD®2°° by
CLEANEX-PM (Hwang, van Zijl and Mori, 1998) at 25 °C. Exchange rates
for most of the remaining residues were obtained from this method. The
protection factors (PF) for amide protons were calculated as the ratio of
the predicted intrinsic exchange rate constant (kiy:) and the experi-
mentally calculated exchange rate constant (Key).

HX measurements of the proteins revealed increased PFs for
EXD®%%4 55 compared to EXDWT (Fig. 7 and Figure SI 5). The PFs for the
residues in the folded domain of EXD"' ranged from 102 to 10*, while
they ranged from 10° to 10° for EXD®2°%A, indicating a 10-fold increase
in PF for most residues throughout the protein due to G290A mutation.

3.6. MD simulation confirms increased stability of DNA-binding helix H3
in EXDC290A

NMR experiments indicate significant changes in the global dy-
namics and stability of EXD upon G290A mutation. To better understand
how the mutation affects the dynamics and stability of the protein 1.5 ps
molecular dynamics (MD) simulations were performed for both EXDWT
and EXD%?%2 proteins.

To compare the residue-wise stabilities of EXD"T and EXD%%°%A, we
calculated the root mean square fluctuation (RMSF) of the C-alpha
atoms for the entire simulation trajectory of both proteins. Overall,
EXD%2%%A has decreased residue-wise flexibilities compared to those of
EXDWT (Figure SI 6A), which is consistent with the NMR dynamics re-
sults. On average, the residues of helix H3 had an RMSF of 1.63 A in
EXD"T and an RMSF 0f 1.10 A in EXD%%°%4, indicating a 33% decrease in
RMSF upon the mutation. The effect of increase in residue-wise stability
is also observed through the rest of the protein with decreases in average
RMSF of 22% and 42% for residues in helices H2 and H1 respectively.
These findings confirm that the G290A mutation resulted in significant
increase in stability of the protein by restricting residue-wise
flexibilities.

To get better insight on the effect of G290A mutation on helix H3
stability, we calculated the length of the fully-folded helix H3 by
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performing DSSP helix assignment along the EXD"T and EXD2%%A tra-
jectories. The length of helix H3 varied significantly more for EXDVT
than EXDG290A (Figures SI 6B, 6C, 6D). This again confirms that the

intrinsic stability of the helix H3 is enhanced as a helix destabilizing
residue (glycine) is replaced with a helix stabilizing residue (alanine).
Next, we investigated the relative motion of helix H3 within the protein.
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We computed the RMSD of the helix H3 obtained after superimposing
helices H1 and H2 throughout the trajectories of both proteins (Fig. 8A).
H3 deviates by an average of 4.06 A (std. dev. 1.06) in EXD"" whereas it
deviates by an average of 3.34 A (std. dev. 0.65) in EXD®?%°A  This
implies that the mutation also leads to a noticeable restriction of the
movement of helix H3 within the protein. This is consistent with
observed reduction in Ry relaxation of EXD%?%%A compared to EXD"'".

3.7. MD simulation of DNA-bound EXD"" and EXD%?°%4

Mutation of glycine 290 to alanine resulted in tighter binding of DNA
by the protein. In order to get a better insight into the role of this mu-
tation in DNA-binding, 1.5 ps molecular dynamics (MD) simulations
were performed for the DNA-bound models of EXDVT and EXD®?°04
proteins. Decreased flexibility was observed for EXD%2°°A as compared
to EXDWT (Fig. 8B). Again, the length of helix H3 varied significantly
more for EXDVT than EXD%?°%A in the DNA bound state (Fi gures SI 6E,
6F, 6G). The N-terminal arm (residues A238-5246) is unstructured in
both proteins, interacts with the DNA minor groove and becomes highly
ordered. Again, this unstructured region is more ordered in EXDS2%0A
compared to EXDWT (Figure SI 7).

Furthermore, we estimated the free energy of DNA binding to EX
and EXD%?% proteins using molecular mechanics with generalized

DWT

Born and surface area solvation (MM/GBSA). The same amino acids
were found to interact with DNA for both the proteins. Residue-wise free
energy contributions were determined and found to increase for most of
the interacting residues in EXD®?°°A as compared to EXD"T, which ul-
timately results in tighter binding (Fig. 8C and D). Interestingly, the
residue at the position 290 (glycine or alanine) has negligible contri-
bution in the overall DNA binding by the respective proteins. Thus, the
methyl sidechain of alanine 290 plays no role in enhancing the DNA-
binding affinity of EXD%2°%A  instead the enhanced stability and lower
flexibility of helix H3 enables the protein to bind DNA more tightly.
Also, a major contribution to DNA-binding comes from the unstructured
N-terminal arm, which increases for EXD%?%A as compared to ExDVT,
This is consistent with the more ordered N-terminal arm observed for
EXDG290A (Figure SI 7).

The radius of gyration (Rg) was calculated for the folded domain
(residues 247-300) for both EXDWT and EXDG2%0A proteins (Figure SI
6A). Very similar and constant Ry was observed for both proteins, which
is consistent with our SEC measurements (Figure SI 2). Similarly, Rg was
measured for the DNA-bound complexes of both proteins considering all
residues of both protein and DNA (Figure SI 8B). The Rq of the DNA-
bound complex of EXD%2%A js consistent throughout the trajectory
whereas the Rg of the DNA-bound complex of EXDYT varies along the
trajectory. This indicates the flexible nature of the N-terminal arm in the
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DNA-bound complex of EXDWT compared to EXDS290A,
4. Discussion

Glycine in the middle of the DNA-binding helix H3 in the PBC family
of transcription factors is unusual from a structural biology perspective
in two major ways. First, glycine is known to destabilize helices (Wil-
liams et al., 2001) and any other amino acid (except proline) is more
helix stabilizing (Pace and Scholtz, 1998). Second, glycine in H3 of EXD
is surface exposed and does not contribute to ligand binding due to lack
of a side chain. Consequently, it is not surprising to find other residues,
such as alanine, serine, cysteine, histidine, glutamine, isoleucine and
lysine, in this position in other homeodomains (Fig. 1). Hence, this study
investigated the effect of glycine290 on the structure, stability, dy-
namics and DNA-binding function of EXD.

Glycine290 was mutated to alanine as it is the next smallest amino
acid and is also the most helix stabilizing amino acid (Pace and Scholtz,
1998). Structural and dynamic characterization by NMR spectroscopy
showed both EXDWT and EXD%2°° have an unstructured N-terminal arm
followed by three alpha helices, which is characteristic of a homeo-
domain. Both NMR and MD studies show an increase in intrinsic stability
of helix H3 due to G290A mutation. This is reflected in more NOESY
cross-peaks observed for EXDO290A (Fig. 4). No dgng-4, i) cross-peaks
were observed for EXDWT, whereas several such cross-peaks were
observed for EXD%2°?A, Similarly, in MD simulations the average length
of the helix H3 was shorter and also varied significantly more for EXDWT
than EXDE2904 (Figure SI 6B, 6C and 6D), indicating more intrinsic
stability of the mutant helix H3.

Interestingly, the increase in stability due to G290A mutation is not
limited to helix H3 but increases the overall stability of the EXD
homeodomain as evident from our hydrogen-exchange studies. The
cooperative effect of the mutation most likely stems from better packing
interactions of the core residues in the stabilized H3, such as W288 and
F289 that precede G290, of the protein, which in turn enhanced the
overall stability of the protein. For the core residues, the protection
factor increased by an average of ~90 fold, which corresponds to
AAGg-,p of —2.6 kcal/mol. The increase in stability is also evident from
the lower RMSF for the entire EXD%2°%* compared to EXDWT (Figure SI
6A) and persistently longer length of helix H1 in addition to helix H3 in
EXDC2904 (Figure SI 6B and 6C) from our MD simulations.

The increase in overall stability resulted in better DNA-binding by
EXD®2%%A (Fig. 5D). In homeodomains, DNA binding is accomplished by
two distinct elements of the domain (Laughon, 1991). The first element
is the helix H3 that inserts into the major groove of the DNA and forms
electrostatic, H-bond and hydrophobic interactions. In EXD, the
conserved N291 in H3 forms two H-bonds with the base of A4’ (Joshi
et al., 2007) of the TAAT motif of the DNA (Fig. 5A). N287 forms a
H-bond with the phosphate group on A4’. 1294 makes hydrophobic
contacts with the base of A2 and the sugar moiety of Al. Typically, other
residues at position equivalent to 290 make contacts to the DNA bases
and add to both affinity and specificity. In EXD, the glycine at this po-
sition makes no base contact due to the lack of a side chain. The second
element is the unstructured N-terminal arm, which is rich in basic res-
idues and inserts into the DNA minor groove. For HOX homeodomain, it
has been shown that the N-terminal unstructured region is able to sense
the variations in the electrostatic potential of the minor groove, which
depends on the minor groove width (Joshi et al., 2007). AT tracts in DNA
form narrower minor grooves and result in tighter interaction with the
positively charged side chains of basic amino acids (Rohs et al., 2009).
Indeed, both interactions play important roles in DNA recognition and
binding by EXD. A cooperative effect of G290A mutation is observed in
enhanced interaction of both elements with DNA. MMGBSA analysis of
our MD simulation on DNA-bound models of both EXDWT and EXD¢2°04
show the relative contribution of each residue in the helix H3 and the
N-terminal arm. Contribution to binding is enhanced for most of these
residues in EXD%2%0A compared to EXDWT (Fig. 8C). More stable helix H3
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of the mutant protein results in better and stable interactions of its
residues with the major groove of the DNA (Fig. 8D). This in turn sta-
bilizes the DNA conformation and quenches its flexibility (Figure SI 9A
and 9B). The nucleotide bases preceding the TAAT motif form a narrow
minor groove (Figure SI 9C). The basic side chains of the unstructured
N-terminal arm are inserted into this minor groove (Figure SI 7). More
stable DNA conformation in the EXD%2°°A bound DNA model results in a
stable minor groove structure and hence stable interactions with the
unstructured N-terminal arm.Thus a stable helix H3 results in better
interaction of the N-terminal arm with the DNA, and this communica-
tion between the two interaction sites is transmitted through the bound
DNA.

Overall, this work demonstrates that glycine to alanine substitution
in helix H3 makes EXD homeodomain a more stable protein and a better
DNA-binding domain. It is important to note that glycine to alanine
substitution is neutral and is not selected against in natural proteins. In
fact, alanine, serine and asparagine are the only three residues with a
substitution score of zero in the BLOSUM62 matrix, and all other amino
acids have negative substitution scores (Henikoff and Henikoff, 1992).
Thus, the presence of glycine290 in the PBC family is surprising, as
evolutionary tinkering optimizes the sequence of a protein for better
function and stability. In view of this, it is important to consider the
function of EXD as well as the PBC family of transcription factors in the
context of their role as co-transcription factors. These proteins primarily
work in partnership with other transcription factors, especially the HOX
family of transcription factors (Ryoo and Mann, 1999). Relatively weak
binding of the EXD ensures its dependence on co-transcription factors
for the regulation of downstream gene expression. Moreover, it has been
shown that the partnership of EXD with HOX transcription factors
modulates their DNA-binding specificity (Slattery et al., 2011). The
DNA-binding specificity by HOX and EXD proteins is driven by their
unstructured N-terminal arm (Joshi et al., 2007; Rohs et al., 2010).
Hence, it can be postulated that tighter binding of the N-terminal arm in
EXD%%°%A may compromise its ability to discriminate between different
DNA sequences i.e. compromise its DNA-binding specificity. Thus, a
more stable EXD®2°°A may compromise the EXD function by affecting
both its partnership with HOX proteins and the specificity of
DNA-binding by the HOX-EXD complexes.

5. Conclusions

Overall, we show that a single mutation of glycine to alanine in the
DNA-binding helix H3 of EXD results in significant enhancement of its
stability and DNA-binding affinity but lowers its flexibility. However,
the presence of glycine in the natural sequence of EXD and other
members of the PBC transcription factors indicates a finer optimization
of the protein sequence by evolution beyond the fitness parameters of
stability and affinity. The function of the PBC proteins as HOX co-
transcription factors requires their ability to discriminate similar DNA
sequences, which is most likely compromised by the quenching of the
flexibility and enhancement of stability and affinity.
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