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The sequence information available for homeodomains
reveals that salt bridges connecting pairs 19/30, 31/42, and
17/52 are frequent, whereas aliphatic residues at these sites are
rare and mainly restricted to proteins from homeotherms. We
have analyzed the influence of salt and hydrophobic bridges at
these sites on the stability and DNA binding properties of
human Hesx-1 homeodomain. Regarding the protein stability,
our analysis shows that hydrophobic side chains are clearly pre-
ferred at positions 19/30 and 31/42. This stabilizing influence
results from the more favorable packing of the aliphatic side
chains with the protein core, as illustrated by the three-dimen-
sional solution structure of a thermostable variant, herein
reported. In contrast only polar side chains seem to be tolerated
at positions 17/52. Interestingly, despite the significant influ-
ence of pairs 19/30 and 31/42 on the stability of the homeodo-
main, their effect on DNA binding ranges from modest to neg-
ligible. The observed lack of correlation between binding
strength and conformational stability in the analyzed variants
suggests that salt/hydrophobic bridges at these specific posi-
tions might have been employed by evolution to independently
modulate both properties.

Homeodomain proteins are transcription factors present in
all eukaryotes and play key roles in cellular differentiation dur-
ing development (1, 2). The homeodomain encodes a 60-resi-
due DNA binding domain composed of a disordered N-termi-
nal arm, three helical segments (herein referred as I, II, and III)
connected by short loops, and a disordered C-terminal region.
The secondary and tertiary structures are stabilized by the for-
mation of a well defined hydrophobic core, which results from
the packing of the three helices (3, 4).
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Presently, the largest searchable collection of information for
the homeodomain protein family is the Homeodomain
Resource Data Base (5-7). It contains around 1056 full-length
protein sequences isolated from 112 different species. Inspec-
tion of these data shows that helices I/11, I/1I1, and II/III can be
connected by three salt bridges involving pairs 19/30, 31/42,
and 17/52, respectively, which in addition can exhibit different
polarities. In contrast, hydrophobic bridges at these sites are
present only in a minor fraction of sequences (and mainly
restricted to homeodomains from warm-blooded animals).
This predominance of salt versus hydrophobic bridges suggests
arole for the former in homeodomain function and/or stability.

Here we analyze the relative effect of salt and hydrophobic
bridges on the homeodomain stability and DNA binding prop-
erties, employing the human Hesx-1 DNA binding domain as
model system. Our approach involves the extensive use of site-
directed mutagenesis experiments together with CD, NMR,
and isothermal titration microcalorimetry (ITC)* measure-
ments. Thus, as a first step, the hydrophobic pair Val'®/Ile®,
present in the wild-type polypeptide, was replaced by salt
bridges of different polarities, either isolated or networked. A
previous statistical analysis of the information stored in the
homeodomain resource data base (8, 9) revealed an intriguing
correlation between the nature of pair 19/30 and the loop resi-
due 26 (proline or a branched aliphatic amino acid in all cases).
Considering this, both salt bridges and aliphatic residues con-
necting 19/30 were also considered in the context of either pro-
line or leucine in 26. Finally, conserved salt bridges 31/42 and
17/52 were substituted by hydrophobic pairs observed in other
natural sequences.

The work reported here implied the production of 33 home-
odomain variants, including single, double, triple, and quadru-
ple mutations. All of them were subjected to careful thermal
and chemical denaturation experiments, employing circular
dichroism. This analysis allowed the identification of a thermo-
philic variant of the Hesx-1 homeodomain. Its three-dimen-
sional solution structure was determined by NMR methods to
provide a detailed structural framework for elucidating the ori-
gin of the enhanced thermal stability. In addition, the pK, val-
ues for carboxyl groups in some selected variants were meas-

“The abbreviations used are: ITC, isothermal titration microcalorimetry;
NOESY, nuclear Overhauser effect spectroscopy; DTT, dithiothreitol; DQF-
COSY, double guantum-filtered correlation spectroscopy; PDB, Protein
Data Bank; GdmCl, guanidinium chloride; TOCSY, total correlation
spectroscopy.
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ured by NMR spectroscopy to further test the role of conserved
salt bridges on the homeodomain stability. As a final step, the
DNA binding properties of selected mutants, together with
their temperature dependence, were analyzed employing
microcalorimetry. The results obtained provide new insights
into the sequence, structure, stability, and function relation-
ships within this important family of DNA-binding proteins.

EXPERIMENTAL PROCEDURES

Site-directed Mutagenesis of Hesx-1—Mutations were incor-
porated into the wild-type Hesx-1 homeobox located on plas-
mid pT7-7 using the QuikChange mutagenesis kit (Stratagene,
La Jolla, CA) and the appropriate mutagenic primers. The
mutant plasmids were transformed into CaCl,-competent
Escherichia coli DH5a cells. The sequences of all constructs
were confirmed by DNA sequencing.

Protein Expression and Purification—Transformed E. coli
BL21(DE3) cells were grown to Ay, = 0.6 at 37°C in LB
medium. Then cultures were induced with 0.5 mm isopropyl
1-thio-B-p-galactopyranoside. Induction times and tempera-
tures were optimized for every mutant being typically 13-24 h
at 22-28 °C. Cells were harvested and lysed followed by clarifi-
cation and removal of nucleic acids by polyethyleneimine pre-
cipitation. The nucleic acid-free extracts were dialyzed against
50 mM sodium phosphate buffer, pH 7.5, 2 mMm -mercaptoeth-
anol (Buffer A), and then loaded onto Bio-Rex A-70 (Bio-Rad)
column equilibrated in the same buffer. The column was exten-
sively washed with Buffer A, and then the protein was eluted
with a linear gradient of 0-300 mm NaCl. As the next step,
ammonium sulfate precipitation was employed to further
purify and concentrate the homeodomain variants. Ammo-
nium sulfate was increased stepwise from 45% saturation to
100%, and the precipitated protein was separated by centrifu-
gation (20 min at 12,000 X g) at every stage. The precipitated
protein obtained in the last step (100% saturation of ammo-
nium sulfate) was collected, resuspended in 5 ml of 20 mm
sodium phosphate buffer, 100 mm NaCl, 2 mMm 3-mercaptoeth-
anol, pH 7.0 (Buffer B), and loaded onto FPLC Superdex-75
HiLoad 26/60 (Amersham Biosciences) column previously
equilibrated in the same buffer. The protein was then eluted
employing a flow rate of 2.5 ml/min. The pure homeodomain
fractions were pooled and desalted by dialysis against 2 mm
sodium phosphate, 5 mm NaCl, 2 mm B-mercaptoethanol, pH
6.0, and then lyophilized. At the end of the procedure, the
purity of the proteins was shown to be greater than 95% by
SDS-PAGE. The protein concentrations were determined
spectrophotometrically.

CD Spectroscopy—Circular dichroism experiments were
recorded in a Jasco J-810 spectropolarimeter, fitted with a Pel-
tier temperature control accessory.

GdmCl and urea denaturation data were obtained at 20 °C
from samples containing 18 um protein in 10 mm phosphate,
100 mMm NaCl, 0.5 mm DTT, pH 6, employing an autotitrator
and 1-cm path length quartz cells provided with a magnetic
stirrer. Urea and GdmCl stock solutions were also prepared in
the same buffer. Chemical denaturations were followed by
monitoring the CD ellipticity at 222 nm. Data were collected
every 0.2 M from 0 to 9.4 M urea or from 0 to 8.5 M GdmCL. The
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initial and final denaturant concentrations were confirmed by
refractometry. AG (the free energy of folding) and m values (the
dependence of the free energy of folding on the denaturant
concentration) were determined from the chemical denatur-
ation data assuming a two-state transition and using the linear
extrapolation method (10). Nonlinear regression calculations
were performed employing Origin 5.0. The errors in the AG
values derived from the fitting procedure were in all cases
smaller than 0.1 kcal/mol.

Thermal unfolding transitions were measured employing
1-cm path length quartz cells from samples containing 3 um
protein in 10 mm phosphate, 0.5 mm DTT, pH 6, and five dif-
ferent NaCl concentrations (0, 0.1, 0.4, 1.0, and 2.0 M). The
transitions were monitored by the decrease of the CD signal at
222 nm using a 2-nm bandwidth. Heating rates were 20 °C/h.
Transitions were evaluated using a nonlinear least squares fit
assuming a two-state model with sloping pre- and post-transi-
tional base lines. AG values at a common temperature (55 or
77 °C depending on the particular set of protein variants, see
Table 1) were derived from the thermal denaturation data. In
this procedure, a constant value of —0.7 kcal/(mol-K) was used
for the change in heat capacity upon folding (ACp). It repre-
sents the average of all the values found in the analyses of the
individual thermal transitions. In addition, it is consistent with
the denaturant m values measured for the different protein
variants and also with the decrease in the accessible surface area
estimated for the homeodomain upon folding (11). The fact
that m values exhibit very low variations for the different
mutants (in all cases it is in the 0.8 -1 kcal/(mol'm) range for
denaturation experiments with urea and in the 1.4-1.7 kcal/
(mol-m) range for those with guanidinium chloride) supports
the employment of a common ACp for all of them (11). Com-
parable ACp values have been described for the Engrailed (—0.7
kcal/(mol‘K)) (9) and VndK2 (—0.52 kcal/(mol-K)) (12) home-
odomains. In addition, it has to be considered that most vari-
ants showed denaturation midpoints relatively close to 55 or
77 °C (depending on the set of mutants), and therefore large
extrapolations were not necessary for determining AG at these
temperatures.

The standard errors for 7,, and AH determined from the
analysis of the individual melting profiles were typically not
higher than 0.1 °C and 1 kcal/mol, respectively. The accuracy in
the AG values at 55 or 77 °C is obviously correlated with the T,,,.
To estimate the errors in the folding free energies, their values
were also derived considering a variation of 2 kcal/mol in AH
(AH *= 2 kcal/mol), 0.2°Cin T, (T,, = 0.2°C), and 0.2 kcal/
(mol K) in ACp (ACp = 0.2 kcal/(mol K)). In every case, the
maximum difference between the calculated free energies was
taken as the error (see supplemental Fig. S1).

Finally, the contributions to stability still present in 2 M NaCl
were assumed to reflect primarily packing and hydrophobic
interactions (herein referred as AG, y; nac1)> Whereas those that
could be screened by adding 2 M NaCl were attributed to cou-
lombic interactions (AG_,yoms)- They were calculated from
the difference AG_, omb = AGo M nact — AG, v nact @and

the corresponding errors estimated from E,
2)1/2

Gcoulomb

((EAGO M NaCl)2 + (EAGZ M NaCl)
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NMR Structure Determination of the Thermostable Variant
R31L/E42L—"H NMR spectra were recorded in 85:15 "H,O:
*H,0 and in *H,O on Bruker Avance 800, Bruker Avance 600,
and Varian Unity 500-MHz spectrometers. NMR samples
included 400 — 800 uMm protein concentration in 100 mm NaCl,
10 mM sodium phosphate buffer, and 2 mm DTT, pH 6.0. Pro-
tein assignments were obtained using a set of two-dimensional
NOESY (13), TOCSY (14) and DQF-COSY (15) experiments.
The TOCSY, NOESY, and DQF-COSY experiments were car-
ried out in the phase-sensitive mode using the TPPI method
(15) for quadrature detection in the indirect dimension. Typi-
cally, a data matrix of 512*2048 points was used to digitize a
spectral width of 8000 — 6000 Hz. 80 scans were used per incre-
ment with a relaxation delay of 1 s. Prior to Fourier transforma-
tion, zero filling was used in the indirect dimension to expand
the data to 1K*2K. Base-line correction was applied in both
dimensions. The TOCSY spectra were acquired using 60 ms of
isotropic mixing period. The NOESY experiments were per-
formed with mixing times from 50 to 200 ms.

Upper limits for proton-proton distances were obtained
from NOESY cross-peak intensities at three mixing times, 50,
150, and 200 ms. Cross-peaks were classified as strong,
medium, and weak corresponding to upper limits of 2.5, 3.5,
and 5.0 A. The lower limit for proton/proton distances was set
as the sum of the van der Waals radii of the protons. Distance
geometry calculations were performed on a Silicon Graphics
02 computer using the program DYANA (16). A set of 703
constraints was used in the final round of calculations.

The 30 best DYANA structures in terms of target function
were submitted to a simulated annealing protocol (17) with the
AMBER 5.0 package and the parameters described by Kollman
and co-workers (18). To prevent nonrealistic interactions
between disordered regions of the protein and the structured
helical core, explicit TIP3P (18) water molecules and periodic
boundary conditions were employed in these calculations (19).

pK, Measurements—NMR experiments were performed at
5 °C on a Bruker Avance 800 spectrometer in 85:15 'H,0:*H,O.
NMR samples were prepared in 100 mm NaCl, 10 mm sodium
phosphate, and 2 mm DTT at 400 — 600 uM protein concentra-
tions. Resonances for all the glutamate and aspartate side
chains were assigned employing a set of two-dimensional
NOESY (13), TOCSY (14), and DQF-COSY (15) experiments.
Changes in chemical shift for the side-chain Hy/Hf protons in
glutamates and Hf protons in aspartates were monitored as a
function of pH. The pK values were obtained from nonlinear
least squares fitting employing the Henderson-Hasselbach
equation with Hill coefficients set to 1.

DNA Binding Experiments—Binding studies were performed
at 15, 25, and 35 °C, in 150 mm NaCl, 20 mM phosphate, 5 mm
MgCl,, pH 6.0, using a VP-ITC titration calorimeter (MicroCal,
LLC) with a reaction cell volume of 1.467 ml. Both the protein
and duplex DNA (5'-GTCTAATTGACGCG-3' and its com-
plementary 5'-CGCGTCAATTAGAC-3') solutions were dia-
lyzed against the same buffer prior to ITC experiments to
ensure chemical equilibration. Typically, 4.0-14.0 um duplex
DNA in the reaction cell was titrated with a 100 -200 um solu-
tion of the different Hesx-1 variants contained in a 300-ul
syringe. At least 30 consecutive injections of 5-10 ul were

AUGUST 28, 2009+VOLUME 284 -NUMBER 35

applied at 5-min intervals, whereas the DNA solution was
stirred at a constant speed of 300 rpm. Dilution heats of protein
into DNA solutions (which agreed with those obtained by injec-
tions of proteins into the same volume of buffer) were sub-
tracted from measured heats of binding. Titration curves were
analyzed with Origin, provided with the instrument by Micro-
Cal LLC, using a one-site binding model to fit the curves. For
every single protein variant, thermodynamic parameters were
derived from two independent experiments and averaged.

RESULTS

Occurrence of Salt Bridges within the Homeodomain Family—
As a first step, the relative occurrence of both salt bridges and
hydrophobic pairs at positions 19/30, 31/42, and 17/52 was
determined from the information stored in the Homeodomain
Resource Data Base (1056 nonredundant full-length and
domain sequences). For our analysis, a data set of 754 proteins,
including the canonical 60-residue homeodomain sequence
with no insertions or deletions, was considered. The results
obtained are represented schematically in Fig. 1, a—c. It can be
observed that positions 19/30 are connected by salt bridge
interactions of both polarities in 52.5% of the cases (396
sequences) with a clear preference for those combinations with
a positively charged residue in 30 (Fig. 1a). In contrast, aliphatic
residues at these sites are relatively rare (2.5%).

In some cases, residues 19/30 can establish a cooperative net-
work with positions 15/37, as that observed in the x-ray struc-
ture of the Engrailed homeodomain (9, 20). An equivalent pat-
tern of interactions involving pairs 19/30 and 15/37 would be
feasible in only 2.7% of the sequences stored in the Homeodo-
main Resource Data Bank (see Fig. 1b). In fact, an alternative
network involving the triad 19/30/33 (typically Glu'®/Arg’/
Glu®®) seems to be much more frequent within this family of
proteins.

From a statistical analysis of homeodomain sequences,
Clarke (8) identified a dominating pattern of pairwise co-vari-
ation centered on residue 26. Using the co-varying network,
homeodomains were divided into two classes. One class has
branched aliphatic residues at position 26, whereas the second
contains proline. Previous analysis of a reduced data set of rep-
resentative human homeodomain sequences (9) found that the
branched aliphatic subgroup usually has a salt bridge connect-
ing residues 19 and 30 (92% of cases). Strikingly, none of the
Pro® subgroup, with more than 60 members, had this potential
interaction. Based on this observation, it was suggested that salt
bridge 19/30 in presence of Leu®® could contribute to the con-
formational variability of the loop between helices I and II. This
could affect the ability of the homeodomain for induced fit on
binding to DNA.

Our analysis of an extended data set with 754 sequences
reveals a slightly more complex situation (Fig. 1c). For home-
odomains with a salt bridge connecting 19/30, 26 can either be
a branched aliphatic residue (usually leucine) or proline,
depending on the salt bridge polarity. If the positive charge is at
30, 26 is a branched aliphatic amino acid in >96% of the cases.
On the other hand, if position 30 is negatively charged, then 26
can be either leucine or proline, although leucine is clearly pre-
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-/+IP 0.1%
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h/h/P 2.5%
h/h/h 0.0%

FIGURE 1. g, representation of the Engrailed (upper panel) and Hesx-1 (middle and bottom panels) homeodomain structures. Salt bridge interactions, conserved
within this family of proteins, connecting positions 19/30 (upper panel), 31/42 (middle panel), and 17/52 (bottom panel) are indicated. In addition, frequencies
for salt versus hydrophobic bridges at these sites, within a data set of 754 homeodomain sequences, are shown on the right. Symbols h, +, and — stand for
aliphatic (Val, Leu, and lle), positively (His, Arg, and Lys), and negatively (Glu and Asp) charged residues, respectively. b, schematic representation of the salt
bridge networks involving residues 19/30 most commonly found in homeodomains. Populations for each pattern of interactions are represented on the right.
¢, observed correlation between positions 19/30 and the loop residue 26 in homeodomains (h stands for aliphatic and P stands for proline).

ferred. Interestingly, if residues 19 and 30 are aliphatic, 26 is
always proline (see Fig. 1¢).

Regarding positions 31/42, they form a salt bridge in the
majority of homeodomains (61.7%). For a minor fraction of
sequences, an aliphatic residue can be found either in 31
(14.7%) or 42 (3.8%). Finally, both are aliphatic in just five
sequences (0.7%) of our data set (Fig. 1a).

The most conserved salt bridge interaction within the home-
odomain family is that connecting positions 17/52, present in
75.1% of the sequences. Hydrophobic residues at either posi-
tion, 17 or 52, can be found in 0.8 and 0.1% of the cases, respec-
tively. However, a hydrophobic pair at this site is not present in
any single protein within our data set (Fig. 1a). A selection of
representative homeodomain structures with salt bridges
19/30, 31/42, and 17/52 is shown in supplemental Fig. S2.

Salt Versus Hydrophobic Bridges as Determinants of Home-
odomain Stability, Methodological Aspects—To analyze the rel-
ative efficacy of salt versus hydrophobic bridges at positions
19/30, 31/42, and 17/52 in the stabilization of the homeodo-
main fold, several single, double, triple, and quadruple mutants
of Hesx-1 homeodomain were produced. The obtained variants
(1-33 in Table 1) were subjected to both heat and chemically
induced denaturation experiments.

To gain further insights into the different contributions to
the observed changes in stability, thermal denaturation profiles
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were collected at five different NaCl concentrations (0, 0.1, 0.4,
1.0, and 2.0 M), and the dependence of AG with the ionic
strength at a common temperature (55 or 77 °C, see Table 1)
was analyzed.

Typical thermal and chemical denaturation profiles collected
for Hesx-1 mutants are shown in Fig. 2a and supplemental Figs.
S3 and S4. It can be observed that the obtained variants are
strongly stabilized by increasing NaCl concentrations. More-
over, in all cases, AG exhibits a linear dependence with the
square root of the ionic strength suggesting that the electro-
static screening of unfavorable interactions is the dominant
mechanism for the observed salt stabilization (21).

Free energies derived at 0 and 2 M NaCl are referred as
AG, \ nac1 and AG,, ,, nac Tespectively. Following the meth-
odology described by Schmid and co-workers (22-25), the
contributions to stability still present in 2 M NaCl were
assumed to reflect primarily packing and hydrophobic inter-
actions. Other effects, such as desolvation penalties, the
intrinsic helix propensities of the different residues, or their
conformational entropies, might also contribute to this
term. On the other hand, those contributions that could be
screened by adding 2 m NaCl were attributed to coulombic
interactions (AG.,,omp)- Throughout this paper, residues
relevant for the discussion in the different protein variants
are indicated in parentheses.
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TABLE 1

Stability data measured for wild-type Hesx-1 and variants 1-33 from chemical (left) and thermal (right) denaturation experiments (employing

urea or guanidinium chloride as indicated)

Mutants are numbered according to their thermal stability at 0 M NaCl. For all variants a proline residue is present at the loop position 26 unless explicitly stated (in

parentheses, variants 1 and 17).
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Chemlca.l Thermal Denaturation
Denaturation
. AG b AG® (keal/mol) at 55 °C
Variant | Residues (keal/mol) | m* Tn” (C) 0MNaCl 12 MNaCl I ml?
Urea total non-polar
1 V/LV/K™? - - - - - - -
2 D/R, V/K -2.01 0.8 36.2/53.6 2.53+0.27 | 0.19+0.04 | 2.34+0.27 | -1.7
3 R/, E/R -2.14 0.9 37.5/54.7 2.04+£0.24 | 0.03+0.03 | 2.01+£0.24 | -1.5
4 R/I, VIK -2.01 0.9 37.7/58.4 2.14+0.24 | -0.39+0.04 | 2.53+0.24 | -1.9
5 V/R, RIE -2.52 0.8 38.3/62.8 2.184+0.23 | -1.00+0.09 | 3.18+0.25 | -2.3
6 E/I, R/E -3.18 0.8 41.0/60.8 1.77+0.18 | -0.76+£0.07 | 2.53+0.19 | -1.9
7 E/R, R/K -2.54 0.9 41.2/58.6 1.89+0.18 | -0.50+0.05 | 2.39+0.19 | -1.7
8 V/R, VIK -2.59 0.8 41.5/64.3 1.50+0.17 | -1.01+0.10 | 2.51+0.20 | -1.8
9 E/R V/IE -3.39 0.8 41.8/64.8 2.18+0.18 | -1.44+0.11 | 3.62+0.21 | -2.6
10 v/, VIE -3.84 0.8 43.7/69.9 1.93+0.15 | -1.63+0.17 | 3.56+0.23 | -2.7
11 R/E, E/K -3.12 0.9 43.7/58.7 1.50+0.14 | -0.46+0.05 | 1.96+0.15 | -1.4
12 R/E, E/R -3.14 0.9 44.0/58.5 1.45+0.14 | -0.43+£0.05 | 1.88+0.15 | -1.4
13 R/E, V/R -3.23 0.9 44.3/62.2 1.39+0.14 | -0.92+0.08 | 2.31+0.16 | -1.7
14 E/I, V/IK -3.23 0.8 44.8/63.5 1.33£0.13 | -1.05+0.09 | 2.38+0.16 | -1.7
15 E/R, R/E -3.57 0.9 45.2/62.8 1.45+0.13 | -1.06+£0.09 | 2.51+0.16 | -1.8
16 R/E, V/K -3.32 0.9 46.0/63.1 1.28+0.12 | -1.09+0.09 | 2.37+0.15 | -1.7
17 | E/R, VK™Y -3.53 0.8 | 46.3/65.0 | 1.1120.11 | -1.80+0.12 | 2.91+0.16 | -2.1
18 V/I, R/K -3.56 1.0 47.1/64.3 1.02+0.10 | -1.05+£0.10 | 2.07+0.14 | -1.5
19 E/R, V/K -3.69 0.9 48.4/66.6 0.89+0.09 | -1.50+0.13 | 2.39+0.16 | -1.7
20 V/I, RIE -3.80 0.8 48.6/67.9 0.88+0.09 | -1.51+0.15 | 2.39+0.17 | -1.7
21 v/ V/L -4.60 0.8 48.9/70.8 0.64+0.07 | -1.46+0.18 | 2.10+0.19 | -1.5
22 V/E, E/R -3.75 0.8 49.2/66.6 0.77+0.08 | -1.43+0.13 | 2.20+0.15 | -1.6
23 V/I, E/K -4.17 0.9 52.3/68.8 0.33+0.05 | -1.70+£0.16 | 2.03+0.17 | -1.4
24 V/I, E/R -4.38 0.9 53.1/68.9 0.23+0.04 | -1.53+0.16 | 1.76+0.17 | -1.3
25 V/E, V/IK -4.20 0.9 53.2/70.2 0.23+0.04 | -1.83+0.17 | 2.06+0.17 | -1.5
26 V/I, V/R -5.11 1.0 56.1/72.9 | -0.13+0.03 | -2.05+0.22 | 1.92+0.22 | -1.4
wt v/ VIK -4.43 0.9 56.3/72.0 | -0.16+0.03 | -1.94+0.20 | 1.78+0.20 | -1.3
. AG b AG® (kcal/mol) at 55 °C
Variant Residues (kcal/mol) | m“ T’ (°C) 0 M NaCl |2 M NaCl mEs
31/42 0/2 M NaCl Coulombic
Urea total non-polar
27 R/D -3.70 0.9 50,1/66.1 0.56+0.06 | -1.28+0.12 | 1.84+0.13 | -1.3
wt R/E -4.43 0.9 56.3/72.0 | -0.16+£0.03 | -1.94+0.20 | 1.78+0.20 | -1.3
. AG b o AG® (kcal/mol) at 77 °C
Variant | Residues (keal/mol) | m* T’ (°C) 0MNaCl 12 MNaCl I ml?
31/42 0/2 MNaCl Coulomblc
GdmCl total non-polar
wt R/E -4.71 1.5 56.3/72.0 3.00+£0.29 | 0.68+0.07 | 2.32+0.30 | -1.7
28 R/L -5.03 1.4 58.2/75.8 2.57£0.25 | 0.21+0.04 | 2.36+0.25 | -1.7
29 L/E -6.52 1.5 71.7/85.2 0.68+0.07 | -1.04+0.09 | 1.72+0.11 | -1.3
30 /L -8.44 1.7 82.8/91.6 | -0.75+0.07 | -1.91+0.16 | 1.16+0.17 | -0.8
31 L/L -9.48 1.6 88.7/95.9 | -1.26+0.12 | -2.43+0.22 | 1.17+0.25 | -0.8
. AG b AGS (keal/mol) at 55 °C
Variant |  Residues (keal/mol) | m* Tm'('C) 0 M NaCl |2 M NaCl | ml’
17/52 Urea 0 MNaCl Coulomblc
total non-polar
wt E/R -4.43 0.9 56.3 -0.16+0.03 | -1.94+0.20 | 1.78+0.20 | -1.3
32 LY - - - - - - -
33 YY - - 41.3 - - - -

“ m (kcal/(mol m)) slope of AG versus denaturant concentration plots.
b T, is the midpoint of the thermal unfolding transition. Values measured at 0 and at 2 M NaCl concentration are shown.

¢ AG is the change in Gibbs free energy of folding at 55 or 77 °C (as indicated); AG at 0 M NaCl is the total change, AG at 2 M NaCl represents the nonpolar contribution, and the

difference between 0 and 2 M NaCl represents the Coulombic contribution to AG.
% m1 (kcal/(mol m'/?)) slope of AG versus [NaCl]'/? determined as described by Rios and Plaxco (21). This parameter is proportional to the AG_jomp, term.

AUGUST 28, 2009+VOLUME 284 -NUMBER 35

JOURNAL OF BIOLOGICAL CHEMISTRY 23769




Salt Versus Hydrophobic Bridges in Stability and DNA Binding

a) - b) phobic core than the charged side
8 10 Residus pairs chains. Even variants 11 (Arg'®/
2 ’ Glu®*’, Glu'/Lys*), 12 (Arg'®/
S 08 Glu®, Glu'®/Arg®’), and 15 (Glu®/
;% 0 / ~  Arg®, Arg"®/Glu*), in which a
2 — ! = = " E1E K Rt 2;5 R e ,5R - W\III;:I’,-\t)/’Re Tletwo‘rk of ‘ .polar interactions

[Urea] (M) . ; I involving positions 15, 19, 30, and

100 2 40 60 80 100 37 (similar to that observed in the

"l 24 viERR < Engrailed homeodomain) might be

05 e /; . 2 feasible, are severely destabilized

‘ px =K with respect to the wild-type

?jg . cwok E?Z; s polypeptide, as a result of the unfa-

T |RVEER o wEEx zsE n\:n\f; ws >>gs vorable salt-independent contribu-
Dos €5 _igujg:ﬁ%iggggg”” tions of the mutations.

b= 00 = <ESF Lo Finally, the obtained results indi-

210 40 cate a clear preference for the Glu'®/

S | 3RIER Arg®® combination. Indeed, variants

& o 1 o/ 19 (Glu™/Arg®, Val'®*/Lys*’) and

w 0o o 01@;, 8‘ O"‘:‘;’ 0e0c® & "\o.oo\oo o0 15 (Glu'®/Arg™, Arng/G111;37) are

112 RIE,EIR 3 -1 .!’. .\‘\ 0%sa0eg more stable than 16 (Arg'”/Glu*”,

05 2 & ® .\./'\":'R. 2 Val'®/Lys*”) and 12 (Arg"®/Glu®,

3 ¢ Glu'®/Arg®’), respectively (see

00 ® AAG (55°C 0 M NaCl) Table 1). It is likely that this partic-

0 20 40 60 80 100
Temperature (OC) + AAG (20 °C 0.1 M NaCl)

FIGURE 2. Stability analysis of Hesx-1 mutants with different combinations of aliphatic and charged side
chains at positions 19/30 and 15/37 (indicated for every mutant). Residues at these positions in wild-type
Hesx-1 are Val'?/lle®® and Val'®/Lys*”. g, chemical denaturation curves measured for variants 24, 22, 3, and 12
at20°Cin 0.1 mNaCl, 10 mm phosphate, 0.5 mm DTT, pH 6.0. The corresponding thermal denaturation curves in
presence of 0,0.1,0.4, 1, and 2 M NaCl are represented in the lower panel. In all cases, salt increases the thermal
stability. b, thermodynamic parameters derived for the analyzed variants. Melting temperatures together with
free energy increments (with respect to the more unstable mutant, 2) derived from the chemical (at 20 °C) and
thermal (at 55 °Cin the presence of 0 and 2 m NaCl) denaturation experiments are represented. Differences in
the AG ouiomb term (AAG, g 1omp) are also represented. Those variants with a potential network of salt bridges
involving 19/30 and 15/37, together with the wild-type protein, are schematically represented above.

Salt Bridges Versus Hydrophobic Pairs at Positions 19/30—
First, the influence of pair 19/30 on the stability of Hesx-1 was
analyzed. It is well established that formation of extensive coop-
erative networks can greatly enhance the stabilizing effect of
salt bridges in proteins (26). Pair 19/30 has been shown to be
involved in a polar network with residues 15/37 in the Engrailed
homeodomain (Fig. 1b). Taking this into account, variants,
including different combinations of charged/aliphatic side
chains at these four positions, were considered. The obtained
results are represented in Table 1 and summarized in Fig. 2b
and supplemental Figs. S4-S7.

It can be observed that the single or double replacement of
residues Val'®/1le®® (present in the wild-type polypeptide) by
charged side chains to build salt bridges of different polarities
results, in all cases, in a clear destabilization of the homeodo-
main fold. Interestingly, this effect seems relatively independ-
ent on the context provided by pair 15/37. The salt dependence
exhibited by AG at 55 °C provides a possible explanation for this
behavior. Thus, although the unfavorable influences of the
mutations are, in most cases, slightly attenuated at 2 m NaCl
(indicating a less optimized electrostatic balance in the
mutants), to a large extent they are maintained at such ionic
strength (see AGy v nacy AGs v nacy a0 AG g o, terms in
Table 1 and Fig. 2b), suggesting that Val'® and Ile® establish
more optimized packing interactions with the protein hydro-
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® AAG (55°C 2 M NaCl)

ular distribution of amino acids
AAGcoulomb

allows a better packing of the side-
chain methylene groups with the
protein hydrophobic core, and/
or a more optimized interaction
between position 30 and the loop
connecting helices I and II. Interest-
ingly, the observed preference is
reflected in the relative abundance
of both types of contacts in the
homeodomain resource data base (salt bridges of equivalent
polarity to those present in mutants 19 and 16 are present in
33.8 and 18.7% of the sequences, respectively, see Fig. 1a). In
conclusion, simple hydrophobic interactions established by ali-
phatic residues at positions 19 and 30 provide a more effective
stabilization of the Hesx-1 fold than salt bridges of any polarity
either isolated or networked.

Interaction between Pair 19/30 and the Loop Residue 26,
Influence on Homeodomain Stability—As indicated under
“Occurrence of Salt Bridges within the Homeodomain Family,”
the homeodomain resource data base reveals an intriguing cor-
relation between pair 19/30 and residue 26, located on the loop
between helices I and II.

Wild-type Hesx-1 includes a proline at position 26, and res-
idues 19/30 are both aliphatic (Val'?/11e*°, see Fig. 3). This pair
was replaced by a salt bridge Glu'®/Arg® in the previously ana-
lyzed mutants 19 and 15, resulting in a rather unusual combi-
nation (Glu'®/Pro®®/Arg®). To assess the relative effect of ali-
phatic versus salt bridges connecting sites 19/30 on the protein
stability, in the context of both proline or leucine at position 26,
two additional protein variants were produced and analyzed
(Fig. 3a). First, the triple mutant 17 (Glu'®/Leu?®/Arg>°), which
contains the triad more frequently found in homeodomains,
was obtained. Second, Pro®® was replaced by a leucine in the
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FIGURE 3. g, schematic representation of wild-type Hesx-1 together with variants 1, 19,and 17, characterized by different natural and non-natural combinations
of residues at positions 19, 30, and 26. AG values at 20 °C measured from chemical denaturation experiments are represented in black. In addition,
AGq pNac/ AGs pmnac/ AGcouioms terms at 55 °C, derived from thermal unfolding experiments, are shown in gray. For variant 1, stability could not be analyzed due
to strong aggregation and precipitation of the protein. Free energy contributions are given in kcal/mol. b, one-dimensional NMR spectra measured for

wild-type Hesx-1 and variants 17 and 19.

wild-type protein to produce mutant 1 characterized by the
unnatural triad Val'®/Leu®/11e.

As a preliminary analysis, high resolution one- and two-di-
mensional NMR spectra were collected for mutants 17 (Glu'®/
Leu®®/Arg®®) and 19 (Glu'®/Pro**/Arg®*’) and compared with
that corresponding to the wild-type polypeptide (Fig. 3b). All
spectra exhibit sharp signals with a similar dispersion. More-
over, distinct chemical shifts and key long range NOEs, which
are hallmarkers of this family of proteins, could also be identi-
fied for the two mutants, which rule out the existence of major
structural differences between the three homeodomains. Next,
both 17 (Glu'?/Leu®®/Arg®) and 19 (GIu'®/Pro>*/Arg®®) were
subjected to denaturation studies. The results obtained are
shown schematically in Fig. 3a. It can be observed that the P26L
substitution in 19 (Glu'®/Pro®®/Arg™), to give 17 (Glu'®/Leu®/
Arg®®), has a minor effect on the homeodomain stability. In fact,
17 (Glu'®/Leu®/Arg™) is slightly less stable, according to both
chemical and thermal denaturation experiments, mainly
reflecting a less optimized electrostatic balance (see AG ., 10mp
terms in Table 1). A speculative but plausible explanation for
this result is that the P26L mutation induces minor conforma-
tional differences in the loop between helices I and II (a flexible
region in homeodomains), which in turn might lead to a poorer
electrostatic interaction between charged residues Glu'® and
Arg®.

A different behavior was observed for variant 1 (Val'®/Leu®®/
11e®°). Strikingly, the P26L substitution in the wild-type protein
strongly promoted the formation of inclusion bodies under all
the expression conditions tested. In addition, the minor frac-
tion of protein expressed, which was soluble, showed a strong
tendency to aggregate and precipitate and was lost during the
purification in all attempts. Therefore, this mutant could not be
subjected to a detailed thermodynamic analysis. However, tak-
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ing into account that residue 26 is not solvent-exposed in the
native protein (and therefore it is not likely to significantly
affect the protein solubility), this behavior suggests that the
P26L mutation strongly destabilizes the protein. This conclu-
sion might seem surprising considering that it appears conserv-
ative at first glance. However, it would be in agreement with
previous studies on protein design (27-30). More specifically, it
has been shown that although some variations in the buried
positions of a protein are allowed, there are limits on the
sequences that result in stable native-like folds (27-30). Taking
this into account, specific packing between residues 19/26/30
seems critical for the stability of the homeodomain fold.

Salt Bridges Versus Hydrophobic Pairs at Positions 31/42,
Three-dimensional Solution Structure of a Thermostable
Homeodomain Variant—To determine the influence of pair
31/42 on the homeodomain structure and stability, additional
single and double mutants were prepared and analyzed. The
results obtained are schematically shown in Fig. 4a. It can be
observed that the single replacement E42L (variant 28 (Arg>'/
Leu®?)) slightly increases the protein stability (see Table 1 and
Fig. 4a). This result was unexpected given the exposed location
of residue 42 and considering that the E42L substitution dis-
rupts the salt bridge present in the wild-type polypeptide (and
observed in most homeodomain structures). A much larger sta-
bilization (up to 2.32 kcal/mol at 77 °C) is achieved by the single
mutation R31L (variant 29 (Leu®'/Glu*?)). Finally, the double
substitution R31L/E42L leads to variant 31 (Leu®'/Leu?), a
thermophilic version of Hesx-1 homeodomain, stabilized more
than 4 kcal/mol with respect to the wild-type polypeptide (see
Table 1 and Fig. 4a) and characterized by melting temperatures
in the 89-95 °C range. The origin of this effect can be under-
stood by examining the thermodynamic data in detail. Thus,
despite the disruption of the Arg®'/Glu*? interaction, replace-
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FIGURE 4. g, schematic representation of wild-type Hesx-1 together with variants 28, 29, 30, and 31 with substitutions at positions 31/42. For every variant, AG
values at 20 °C, measured from chemical denaturation experiments, are represented in black. In addition, AGy p nacti/AG2 m nact/ AGcouioms terms at 77 °C, derived
from thermal unfolding experiments, are shown in gray. b, thermal denaturation experiments for the wild-type polypeptide and the thermostable variant 31

monitored by one-dimensional NMR.

ment of both side chains by aliphatic residues results in an
improvement of the homeodomain electrostatic balance (as
deduced from the AG_, ;... term). In addition, these substitu-
tions lead to a very favorable AG, ; a1 term, suggesting a
more optimized packing or hydrophobic contacts in the
mutated proteins. Indeed, energy differences at 0 M NaCl are to
a large extent maintained in the presence of very high ionic
strength (2 M NaCl, see Fig. 4a). In principle, AG,  nacy Should
be rather sensitive to the packing of the aliphatic side chain at
position 31. To test this point, the leucine residue present in
variant 31 (Leu®'/Leu®?) was replaced by an isoleucine to give
mutant 30 (Ile*'/Leu®?). As expected, 30 (Ile*'/Leu*?) and 31
(Leu®!/Leu*?) present identical coulombic contributions to AG
at 77 °C. In contrast, the salt-independent contribution is
slightly reduced in variant 30 (Ile*'/Leu*?). The observed desta-
bilization might reflect partially the lower intrinsic helix pro-
pensity of the isoleucine with respect to that of leucine. How-
ever, it also suggests that a leucine side chain establishes more
optimized packing interactions within the protein hydrophobic
core than an isoleucine.

As a next step, one-dimensional NMR spectra were collected
for the wild-type protein and variant 31 (Leu®'/Leu®?) at differ-
ent temperatures (Fig. 4b). It can be observed that the thermo-
philic polypeptide exhibits good dispersion in the proton one-
dimensional spectra, a characteristic of well folded proteins.
Moreover, the lack of significant broadening of the signals rules
out the existence of aggregation under the experimental condi-
tions employed. Finally, the NMR data are in agreement with
the CD denaturation experiments confirming the enhanced
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stability of 31 (as revealed by the persistence of its proton NH
signals at high temperatures). To determine the influence of
pair Leu®!/Leu® on the homeodomain conformation, its solu-
tion structure was solved by employing NMR methods. An
ensemble of 30 structures was calculated on the basis of 703
unambiguous nuclear Overhauser effects. The structures have
very small deviations from ideal geometry and reasonable non-
bonded contacts (supplemental Tables S1 and S2). A schematic
illustration of the 25 simulated annealed structures is depicted
in Fig. 5 and supplemental Fig. S8.

It can be observed that, despite the mutations, the global
structure of 31(Leu®'/Leu*?) is very similar to that reported for
wild-type Hesx-1 (backbone pairwise root mean square devia-
tion of 0.51 A between residues 8 and 55). According to the
NMR data, Leu® is buried, presenting clear contacts with side
chains of Leu*?, Pro?®, and Phe*® (Fig. 5,  and b). Minor struc-
tural differences between the two polypeptides are located on
the loop between helices I and II (Fig. 5¢). For example, in the
wild-type protein, Pro®® stacks on the aromatic ring of Phe*. As
a result of this interaction Pro*® Hy protons present unusual
chemical shifts (1.04/0.12 ppm). For variant 31 (Leu®'/Leu??),
the Leu®'/Phe*® contact induces a slight displacement in the
loop residue Pro®®, which is clearly reflected in its side-chain
resonances (i.e. the proton Hy2 is shifted downfield 0.85 ppm
with respect to wild-type Hesx-1). The refined structure of the
thermophilic polypeptide conclusively shows that the interac-
tion between Pro®® and Phe®® (present in the wild-type home-
odomain) is partially disrupted in 31 by the burial of Leu®" side
chain in the hydrophobic core. In contrast to residue 31, the
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FIGURE 5. g, two different regions of a homonuclear two-dimensional NOESY spectrum measured for the thermostable variant 31. Key contacts between side
chain of Leu®' and residues Phe*, Pro®%, and Leu*? are represented in red. b, ensemble of 25 NMR structures (right) obtained for variant 31. A single
representative structure is shown on the eft for clarity. In all cases, side chains of residues 31/42 are represented in red and those of the core residues 20, 26, 34,
48, and 49 are shown in green. ¢, ensemble of 25 NMR structures of variant 31 (backbone is represented in gray and key side chains in yellow) superimposed on
the average structure of wild-type Hesx-1 (backbone and side chains are shown in green and red, respectively). The Pro®®/Phe*® interaction, observed in the
wild-type homeodomain, is partially disrupted in 31 by the burial of Leu®' side chain in the hydrophobic core.

leucine at position 42 is exposed to the solvent. However, this
residue contributes significantly to protein stabilization
through its contact with Leu®'. The close proximity between
both side chains is evidenced by several nuclear Overhauser
effect cross-peaks. In fact, the three-dimensional structure
obtained shows that Leu® aliphatic side chain significantly
reduces the solvent-accessible surface of Leu®!, which is almost
totally buried in mutant 31.

In conclusion, aliphatic side chains at positions 31 and 42
provide a more efficient stabilization of the homeodomain fold
than the highly conserved Arg®'/Glu*? contact. This is achieved
without promoting significant aggregation of the polypeptide
even at high concentrations. The NMR data are consistent with
a local repacking of the hydrophobic core in the thermophilic
protein, which is in agreement with the stabilizing AG, y; naci
terms measured for variants 30 (Ile*'/Leu*?) and 31
(Leu®'/Leu®?).

Salt Bridges Versus Hydrophobic Pairs at Positions 17/52—
The salt bridge 17/52 has been subjected to several studies in the
past. For example, a stabilization of 0.5 kcal/mol has been reported
for the K52E variant of the Engrailed homeodomain (in which a
bridge Lys'’/Glu®*> can be formed) with respect to the single
mutant K52A (9). Moreover, it has been shown that H52R replace-
ment in vind/NK-2 (allowing the electrostatic interaction between
side chains of Glu'” and Arg>®) increases the thermal stability of
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the polypeptide by 7.7 °C at 0 M NaCl (12). Overall, these studies
indicate that a salt bridge connecting 17 and 52 is moderately sta-
bilizing. Interestingly, close inspection of the sequence informa-
tion available for homeodomains reveals a very low occurrence of
hydrophobic residues at sites 17 or 52. Aliphatic (usually Val or
Leu) or aromatic (Tyr in all cases) side chains can be found at
position 17 in less than 2% of the sequences included in our data
set. Although a minor fraction of polypeptides exhibits aromatic
residues (Phe, Trp, or Tyr) at position 52 (<0.5%) aliphatic amino
acids (Val, Leu, or Ile) are totally absent from this site. Finally,
hydrophobic bridges (involving either aliphatic or aromatic resi-
dues) connecting 17/52 were not found in any sequence. This
observation argues against the viability of such interaction in
homeodomains. To test this prediction additional mutants were
designed. Thus, variants 32 and 33, with pairs Leu'”/Tyr>? and
Tyr'”/Tyr®?, respectively, were produced and analyzed. Inspection
of molecular models suggests that both pairs should be sterically
tolerated and could provide stabilizing interactions with the
hydrophobic core of the protein. The obtained results are sche-
matically represented in Fig. 64 and Table 1. A minor amount of
mutant 33 (Tyr'”/Tyr*), insufficient for a detailed thermody-
namic analysis was purified after several attempts. However, the
measured thermal denaturation profiles are consistent with a sig-
nificant decrease in stability (—15 °C at 0 M NaCl). Regarding var-
iant 32 (Leu'”/Tyr>?), this protein was not expressed soluble under
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representation of wild-type Hesx-1 and variant 19 together with variants 2 and 27, with Glu — Asp substitu-
tions at positions 19 and 42, respectively. For every single mutation, AG values at 20 °C measured from chem-
ical denaturation experiments are indicated. In addition, AGg y naci/ AG2 m Nac/ AGcouioms terms at 55 °C, derived
from thermal unfolding experiments, are shown in gray. Free energies are given in kcal/mol.

TABLE 2

Measured pK, values for glutamate and aspartate side chains in
mutants 12 and 15

NMR titrations were performed at 5 °C in 10 mm phosphate, 100 mm NaCl. Esti-
mated errors are indicated.

Residue Variant 12 Variant 15
Glu* 441 £ 0.10 4.25 £ 0.10
Glu*® 3.83 = 0.14
Glu'” 3.75 = 0.10 3.95 = 0.11
Glu®® <3.9
Asp* 3.52 = 0.08 3.45 + 0.09
Glu*® 4.60 £ 0.15
Glu*? 5.13 = 0.12 5.16 = 0.13
Asp®® 3.50 = 0.06 3.65 = 0.07
Glu®” 4.52 £ 0.10
Glu*! 3.52 +0.13 3.47 = 0.11
Glu*? 4.39 £0.10 4.40 * 0.10
Asp™? 3.77 = 0.08 3.67 = 0.10
Glu®? 4.00 £0.11 4.10 £ 0.10
Met®” 3.40 = 0.06 3.50 = 0.08

any of the conditions tested. It seems that the Leu'”/Tyr>* combi-
nation strongly promotes protein aggregation. Altogether, these
observations suggest that the nonpolar side chains connecting
17/52 reduce the protein stability and might also affect its solubil-
ity. In conclusion, only polar residues seem to be tolerated at posi-
tions 17/52.

Stabilizing Influence of Side Chain Packing in Conserved Salt
Bridges—In addition to their electrostatic contribution to the
energy of folding, charged side chains could also contribute to
protein stability by means of packing interactions involving
methylene groups. To analyze this effect, two additional vari-
ants were prepared. In both cases, a glutamic acid involved in a
salt bridge interaction was replaced by the shorter aspartic acid
(see Fig. 6b). Thus, the Glu'?/Arg®® bridge present in variant 19
was replaced by pair Asp'®/Arg®® (variant 2) In a similar way,
residue Glu*?, which is involved in a salt bridge with Arg®' in
the wild-type protein, was substituted by Asp (to give 27, see
Table 1 and Fig. 6b).

According to our analysis, the salt bridge Asp'®/Arg?®’, pres-
ent in 2 is strongly destabilizing, with respect to pair Glu'®/
Arg® present in variant 19 (see Table 1). This remarkable
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between 19 and 30 is not altered sig-
nificantly by the shortening of the
acidic side chain.

In a similar way, the single substi-
tution E42D in the wild-type polypeptide (to give variant 27)
leads to a moderate decrease in stability (around 0.7 kcal/mol at
both 20 and 55 °C; see Table 1). Again, the observed difference
in free energy between the wild-type protein (with pair Arg>'/
Glu*?) and variant 27 (Arg®'/Asp®?) is rather insensitive to the
ionic strength, suggesting that the reduced number of hydro-
phobic and van der Walls contacts established by the shorter
Asp*? side chain is responsible for this effect. In conclusion, our
results indicate that the packing of methylene groups from salt-
bridging side chains provide significant favorable contributions
to the global AG.

NMR Analysis of pK, Values for Selected Multiple Mu-
tants—To further dissect the electrostatic contributions to
homeodomain stability, we measured the pK, values of acid
residues (Glu and Asp) in the folded state for selected protein
variants, employing NMR spectroscopy. By monitoring the
chemical shift dependence of resonances adjacent to the titrat-
ing groups, the degree of stabilization of the charged state may
be estimated (33—36). Our analysis was focused on quadruple
mutants 12 and 15, given that they include all the potential salt
bridge interactions conserved within this family of proteins
(involving pairs Arg'®/Glu*°, Glu'*/Arg®’, Arg®'/Glu*?, and
Glu'”/Arg® in 12 and Glu'®/Arg®, Arg'®/Glu®’, Arg*'/Glu*?,
and Glu'’/Arg®* in 15). The results obtained are represented in
Table 2 and supplemental Fig. S9.

The measured pK, values for Glu'” in both 12 and 15 are 3.75
and 3.95, respectively, which is consistent with a moderate sta-
bilizing effect of the charged residue (in the 0.6 —0.8 kcal/mol
range assuming a pK, = 4.4 in the unfolded state). In contrast,
the side chain of Glu** shows a pK,, close to those typical for
random coils (4.39 and 4.40 for 12 and 15, respectively) sug-
gesting that, overall, a negative charge at this position has a
minor contribution to protein stability.

According to our analysis, negatively charged Glu'® in quad-
ruple mutant 12 is clearly favorable (pK, = 3.83). On the con-
trary, glutamate Glu® has a minor destabilizing influence on
the polypeptide conformation (pK, = 4.60).
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The extreme overlapping of Glu'® proton signals in 15 did
not allow an accurate measurement of the corresponding pK,,.
However, an upper limit of 3.9 could be established. This
reflects the stabilizing electrostatic interaction between Glu*®
and both Arg®® and Arg'®.

Finally, the negative charge of residue 37 in variant 15 seems
to have a minor effect on the homeodomain stability as judged
by the measured pK, value (pK, = 4.52). A plausible explana-
tion is that its favorable contact with Arg'® is counterbalanced
by a repulsive interaction with Asp??.

It should be pointed out that these conclusions are in quali-
tative agreement with those derived from the thermal denatur-
ation studies previously described (a comparison is shown in
supplemental Fig. S10). Thus, the electrostatic influence of a
negatively charged side chain on the protein stability could be
estimated from the effect of neutralizing mutations on the
AG_, 1oms term. For example, the E42L substitution in the wild-
type protein, to give variant 28, entails the removal of a nega-
tively charged residue. As expected from the measured pK|,
value (4.4), this mutation does not alter significantly the elec-
trostatic balance of the homeodomain (AAG,_, om, = 0.04
kcal/mol, see supplemental Fig. S10a). In another example, the
neutralization of Glu'® in 12 by the E15V mutation, to give
variant 13, produces significant changes in the salt-dependent
AG_,uiomb contribution (0.43 kcal/mol), which also is in agree-
ment with the pK, measured for this residue (pK, = 3.8, see
supplemental Fig. S10c¢). Similar conclusions can be obtained
for the other acidic residues analyzed (see supplemental Fig.
$10). Unfortunately, a more quantitative comparison between
the results obtained employing both approaches is not possible
given that the pK, values in the Hesx-1 denatured state are not
known at the moment.

Finally, the analysis of the pK, values suggests the presence of
additional salt bridges in Hesx-1 not conserved within the
homeodomain family. Thus, Glu*' (pK, = 3.52 and 3.47 for 12
and 15, respectively) seems to participate in a polar intra-helical
contact with Arg**. More interestingly, Asp*® (pK, = 3.77/3.67)
might interact electrostatically with Arg?, located at the disor-
dered N terminus of the homeodomain. Indeed, both residues
are in close proximity according to the NMR structure of wild-
type Hesx-1. This dynamic protein region is known to partici-
pate in DNA recognition. One could speculate that the Asp*?/
Arg?® interaction might contribute to DNA binding by orienting
the N-terminal region and also by reducing its conformational
entropy.

Influence of Conserved Salt Bridges on the Homeodomain
DNA Binding Properties— As a final step, the specific binding of
selected Hesx-1 variants to a 14-bp DNA was analyzed, employ-
ing microcalorimetry. Selected experimental conditions (pH
6.0 in 150 mm NaCl, 20 mMm phosphate, and 5 mm MgCl,) were
proximate to those employed in the stability studies previously
described, to allow a direct correlation between binding and
stability.

First, the influence of pair 31/42 on the thermodynamic
parameters of the association was determined. The structural
data available indicate that residue Arg®! usually participates in
DNA recognition by forming a salt bridge with a DNA phos-
phate. Interestingly, in most cases, such interaction is estab-
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lished without disrupting the previously existing contact Arg>'/

Glu*? (as illustrated by the x-ray structures of the MSX-1 and
Engrailed homeodomains bound to a DNA duplex; see Fig. 7a).
The thermodynamic influence on complex formation of such
pattern of interactions is unclear. On the one hand, it could be
hypothesized that Arg®'/Glu** salt bridge fixes the Arg®' side
chain in the right orientation for DNA binding (pre-organizing
the protein receptor and reducing the entropic cost of the rec-
ognition process). On the other hand, secondary repulsive
interactions between Glu*> and the DNA backbone might
destabilize the complex. However, this side chain is in most
cases relatively far from the phosphates (6.5-9.0 A), and there-
fore, under physiological conditions, its influence would pre-
sumably be small.

ITC titrations performed with the wild-type protein and
variants 28 (Arg®!/Leu*?), 29 (Leu®'/Glu*?), and 31 (Leu®!/
Leu®?) at 25 °C are represented in Fig. 7b, and the derived ther-
modynamic parameters are shown in Table 3. It can be
observed that, in all cases, complex formation is enthalpically
driven, whereas entropy opposes binding. This is in contrast
with the results described for the Nkx-2.5 (37) and vnd-NK-2
(12) homeodomains where entropy was found to also be favor-
able. According to our data, the mutation E42L (to give variant
28) has an almost negligible influence on the homeodomain
binding properties, indicating that the electrostatic interaction
between Glu** side chain and the DNA receptor, in the wild-
type polypeptide, is small. In contrast, the single substitution of
Arg?®! by leucine (to give 29) has a moderate effect on the com-
plex stability. Thus, the affinity constant (K,) is reduced by a
factor of 4.4, corresponding to a free energy increment (AAG)
of 0.9 kcal/mol. This destabilization probably reflects the
absence of the Arg®'/phosphate interaction in the complex
formed by the mutated protein. However, it should be pointed
out that the observed effect is modest in comparison with that
reported for comparable contacts in other homeodomains.
Thus, previous studies have shown that, in Hesx-1, the single
replacement of Arg®® (a highly conserved arginine, also
involved in a salt bridge with the DNA backbone) by a cysteine
decreases binding affinity by more than 2 orders of magnitude
(19). This observation highlights the context-dependent char-
acter of such interactions and their role on DNA binding.

Finally, it should be noticed that the influence of both muta-
tions on the protein-DNA complex stability is almost additive,
i.e. the effect of R31L substitution in the presence and absence
of Glu*? is almost identical (see Fig. 7b). It can be concluded
from these data that the salt bridge Arg®'/Glu*? exerts a minor
influence on the homeodomain DNA binding properties.

As a next step, the role of salt bridges 19/30 and 15/37 on
DNA binding was analyzed. In contrast with pair Arg3'/
Glu*?, none of these sites are involved in direct contacts with
the DNA duplex. In fact, they are all located far from the
protein/DNA interface, as deduced from the inspection of
the homeodomain-DNA complex structures available (see
Fig. 8). However, they might still have an indirect influence
on DNA binding, modulating the dynamic properties of the
polypeptide and its adaptability. The thermodynamic
parameters collected for selected mutants, with different
combinations of charged or hydrophobic residues at these
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TABLE 3

Thermodynamic parameters measured for the binding of different Hesx-1 variants to a 14-mer DNA duplex (5'-GTCTAATTGACGCG-3' and its
complementary 5'-CGCGTCAATTAGAC-3’) at 25 °C and pH 6.0 in 20 mm phosphate, 150 mm NaCl, 5 mm MgCl,, employing microcalorimetry

(ITQ)
Variant 31/42 n K, AG AH TAS
1 kcal/mol kcal/mol kcal/mol
31 Leu/Leu 1.03 1.310° —83*+02 —14.1 = 0.6 —58*+ 0.6
29 Leu/Glu 1.02 1.4.10° —83*+02 —149 = 0.5 —6.5*+ 0.5
28 Arg/Leu 1.02 8.110° —94*+0.2 —13.5*0.5 —4.1+05
Wild-type Arg/Glu 1.02 6.2 10° —9.2*+0.1 —13.7 £ 0.4 —4.5*+ 04
Variant 19/30, 15/37 n K, AG AH TAS
-1 keal/mol kcal/mol keal/mol
21 Val/lle, Val/Leu 1.04 6.510° —9.3*x0.1 —13.8 £ 0.5 —4.5*05
Wild-type Val/lIle, Val/Lys 1.02 6.2 10° —9.2*+0.1 —13.7 = 0.4 —4.5*+ 04
2 Asp/Arg, Val/Lys 1.01 6.7 10° —9.3+02 —153 = 0.6 —6.0 = 0.6
16 Arg/Glu, Val/Lys 1.03 5.8 10° —92*x0.1 —13.6 = 0.6 —4.4* 0.6
17 Glu/Arg, Val/Lys®*e2®) 1.01 4.7 10° —9.1*+02 —14.1 £ 0.5 —50*05
7 Glu/Arg, Arg/Lys 1.02 5.510° —9.2*+0.1 —148 = 0.5 —5.6 0.5
11 Arg/Glu, Glu/Lys 1.02 4.0 10° —9.0*x0.1 —14.1 = 0.4 —51*04
15 Glu/Arg, Arg/Glu 0.92 5.310° —9.1*+0.1 —132*0.5 —4.1*+05

sites, shown in Table 3, do not support this hypothesis. It can
be observed that differences in binding strength (AAGD),
with respect to the wild-type polypeptide, are in the 0-0.2
kcal/mol range. Although somewhat larger differences in
enthalpy were measured, they are partially cancelled by the
entropic contribution (enthalpy/entropy compensation).
Under the employed experimental conditions, neither the
conformational stability of the polypeptide (maximum dif-
ferences in the free energy of folding for the selected mutants
amounts to 2.6 kcal/mol at 20 °C; see Table 1), nor the pro-
tein total charge (that varies from —1 to +1 with respect to
the wild-type homeodomain) seems to have a significant
effect on complex formation.

To further analyze the DNA binding properties of the
mutated homeodomains, the temperature dependence of the
thermodynamic parameters was measured, by performing ITC
titrations at three different temperatures (15, 25, and 35 °C)
with a reduced set of variants (see Table 4 and supplemental
Figs. S11 and S12). It has been shown that the specific interac-
tion of homeodomains with DNA is accompanied by folding of
their intrinsically disordered N- and C-terminal regions. In fact,
coupling of local folding and binding is common between
DNA-binding proteins (38). Considering that all protein vari-
ants included in our analysis present mutations far from these
unstructured regions, it might be anticipated that they would
have a minor influence on the induced fit of the protein upon
binding to DNA. However, it has been shown that the home-
odomain core is dynamic leading to the hypothesis that this
character is essential for the adaptability of the polypeptide. In
addition, it has been suggested that salt bridge 19/30 is part of a
co-varying network of interacting residues that plays a role in
the induced fit of the protein on complex formation (9). The
estimated changes in heat capacity that accompany the specific

binding of the selected variants to DNA (ACp, one of the ther-
modynamic signatures of the induced fit) do not provide sup-
port for this hypothesis. Thus, for the wild-type protein it can
be observed (Table 4 and supplemental Figs. S11 and S12) that
the binding process becomes more exothermic with tempera-
ture. The measured variation in AH is consistent with a nega-
tive ACp value of —0.38 kcal/(mol K). A similar behavior was
deduced for variants 16, 11, and 7 (including salt bridges 19/30
of opposite polarities). Our experimental data suggest a minor
increase in ACp for the mutated homeodomains that might
correlate with their thermal stability. This would be consistent
with a slightly more pronounced adjustment of the polypep-
tides in the more unstable variants. However, the observed dif-
ferences are, in all cases, =0.1 kcal/(mol K). Overall, the
obtained data rule out a major effect of pairs 19/30 and 15/37 on
DNA recognition and suggest that the induced fit of the protein
is mainly restricted to residues in or close to the protein/DNA
interface.

DISCUSSION

According to our analysis, of the three salt bridges conserved in
homeodomains, two (19/30 and 31/42) are clearly destabilizing
with respect to aliphatic pairs found in a minor fraction of
sequences. Thus, we have shown that replacement of the highly
conserved salt bridge 31/42 by an aliphatic pair (in variants 30 and
31) leads to a thermophilic version of the Hesx-1 homeodomain.
Moreover, for sites 19/30 the stabilizing influence of the aliphatic
side chains is maintained even in those cases in which a polar net-
work involving tetrad 15/19/30/37 could be established. Our anal-
ysis shows that stabilization by the aliphatic residues reflects, in all
cases, the improvement in packing interactions with the protein
hydrophobic core (as judged from the AG, ,; nacy terms). The

FIGURE 7. g, representation of the protein-DNA contacts involving pair Arg®'/Glu*? in MSX-1 (PDB code 11G7) and Engrailed (PDB code 1DUO) homeodomains
according to x-ray studies. The shorter distance between the acidic side chain and the phosphate backbone is shown in both cases (in A). The salt bridge
Arg®'/Glu*? is also present in wild-type Hesx-1. b, ITC profiles for the titration of Hesx-1 variants with single or double substitutions at positions 31/42, into
solutions containing duplex DNA (5'-GTCTAATTGACGCG-3’ and its complementary 5'-CGCGTCAATTAGAC-3') at 25 °C, pH 6.0, in 20 mm phosphate, 150 mm
NaCl, 5 mm MgCl,. The upper panel shows in all cases the raw data (thermal power) corresponding to the injection of the proteins into the DNA solution. The
integrated signal, after subtraction of the dilution heat, yielded the heat per mol of protein injected, which is plotted against the protein/DNA molar ratio in the
lower panel. The solid line in bottom panels represents the least squares fitting of the data assuming a 1:1 complex. The estimated thermodynamic parameters
are shown (see also Table 3).
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FIGURE 8. g, representation of side chains at positions 19/30 and 15/37 in the specific complex between the Engrailed homeodomain and DNA, according to
x-ray data (PDB code 1DUO0). Residues at these positions in wild-type Hesx-1 are Val'®/lle®® and Val'®/Lys*’. b, ITC profiles for the titration of Hesx-1 variants 21
and 11, with hydrophobic or charged side chains at these sites into solutions containing duplex DNA (at 25 °C, pH 6.0, in 20 mm phosphate, 150 mm NaCl, 5 mm
MgCl,). The estimated thermodynamic parameters are shown (see also Table 3).

TABLE 4

Thermodynamic parameters for the binding of wild-type Hesx-1 and
variants 7, 11, and 16 to a 14-mer DNA duplex at 15, 25, and 35 °C
and pH 6.0 in 20 mm phosphate, 150 mm NaCl, 5 mm MgCl,
employing microcalorimetry (ITC)

Variant 19/30,15/37  Temperature n K, AH
°C m! keal/mol
Wild-type  Val/lle, Val/Lys 15 1.04 17107 —10.3 =03
25 1.02 6210° —13.7 =04
35 0.99 2.610° —18.0=*0.6
16 Arg/Glu, Val/Lys 15 092 16107 —10.0*=0.3
25 1.03 5.810° —13.6 = 0.6
35 1.01 3.010° —19.7 0.6
11 Arg/Glu, Glu/Lys 15 1.02 12107 —10.6 =03
25 1.02 4.010° —14.1 04
35 1.02 2.010° —193 *+0.6
7 Glu/Arg, Arg/Lys 15 099 13107 —10.5*0.3
25 1.02 5510° —14.8 = 0.5
35 0.99 2.710° —20.7 = 0.8

three-dimensional NMR structure obtained for thermophilic
mutant 31 is consistent with this view.

Despite the observed influence of salt versus hydrophobic
bridges, charged side chains at positions 19, 30, 31, and 42 con-
tribute to the stability of the homeodomain fold, through pack-
ing interactions between the side-chain methylene groups and
the protein hydrophobic core. The destabilization induced by
single Glu/Asp substitutions in protein variants 2 and 27 is
illustrative of this effect.

In addition, our work provides clues about the correlation
between triad 19/26/30, deduced from the statistical analysis of
homeodomain sequences. Thus, a proline at position 26 is com-
patible with both aliphatic and polar (neutral or charged) resi-
dues at 19/30. In contrast, the sterically larger and conforma-
tionally more mobile leucine is incompatible with aliphatic side
chains at positions 19/30. Violations of this rule lead to a severe
destabilization and/or aggregation of the protein, which is in
agreement with the absence of this particular combination
from any natural sequence.

It should be emphasized that, apart from position 26, the
hydrophobic environment of residues 19/30 is highly conserved
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and shows no relevant differences in homeodomains with salt
or hydrophobic bridges connecting these sites (supplemental
Fig. S13). Taking this into account, the observed preference for
aliphatic residues at positions 19/30 is likely to be general for
those polypeptides with a proline in 26.

Overall, the results obtained are in agreement with those
reported by other groups for different systems (39) and corre-
spond well with theoretical predictions by Hendsch and Tidor
(31).

In contrast with sites 19/30 and 31/42, only polar residues
seem to be tolerated at positions 17 and 52. This particular
behavior might have its origin in the dynamic properties of the
polypeptide. Whereas sites 19, 30, 31, and 42 are located in well
structured regions, residue 52 is located close to the end of helix
III. This segment of the protein (especially from residue 55),
although not totally disordered in solution, is characterized by a
low helical content that might increase solvent exposure of pair
17/52. Thus, a hydrophobic pair at these sites is likely to affect
the protein stability and promote aggregation.

Finally, the influence of positions 15, 19, 30, 31, 37, and 42 on
the homeodomain DNA binding properties has been tested
employing microcalorimetry. First, our analyses confirm the
participation of Arg®! in the recognition of DNA. However, its
effect on the binding strength (only a factor of 4.4 in K,) is
relatively small in comparison with that reported for other
comparable contacts in homeodomains. In contrast, the influ-
ence of positions 15, 19, 30, 37, and 42 on the DNA binding
properties of the polypeptide is almost negligible. Interestingly,
the thermodynamic parameters derived seem almost inde-
pendent on the protein conformational stability. Indeed, fold-
ing free energies of the analyzed homeodomains range from
—2.01 to —4.60 kcal/mol (at 20 °C, see Table 1). Despite this
fact, all of them exhibit similar affinities for DNA (AAGbH = 0.3
kcal/mol). Moreover, binding enthalpies (AH) and the changes
in heat capacity (ACp) are also comparable. It has been hypoth-
esized that the dynamic character of the homeodomain hydro-
phobic core plays a role in the induced fit of the protein upon
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complex formation. Considering that protein stability and
dynamics are usually strongly correlated, the observed lack of
influence of the former on DNA binding argues against this
proposal. Instead, it strongly suggests that the homeodomain
core does not play a significant role in the induced fit mecha-
nism, which is probably restricted to the protein/DNA inter-
face. This conclusion is probably meaningful in the context of
evolution. Thus, if the dynamics of the homeodomain hydro-
phobic core was important for complex formation, many of the
mutations affecting the conformational stability of the polypep-
tide would also have an effect on DNA binding. In contrast, the
observed lack of correlation between binding and stability
allows an independent modulation of both properties by evolu-
tion. In this context, it should be considered that homeodo-
mains are present in both cold-blooded and warm-blooded or-
ganisms, under different environments, and therefore should
be able to satisfy different stability requirements. Rapid protein
turnover ensures that some regulatory proteins are degraded so
that the cell can respond to constantly changing conditions.
Such proteins usually have evolved to be relatively unstable
under physiological conditions. We propose that salt/hydro-
phobic bridges at positions 19/30, 15/37, and 31/42 probably
contribute to adjust the thermal stability of the polypeptide for
a particular environment while maintaining binding affinity
and specificity. In agreement with this hypothesis, an analysis of
the sequence information available reveals that stabilizing
hydrophobic pairs at positions 31/42 in homeodomains can be
found exclusively in warm-blooded animals. Moreover, these
sequences exhibit also a significantly greater abundance of
hydrophobic bridges connecting sites 19 and 30 (3.5% versus 1%
in sequences from cold-blooded animals).

In summary, the studies presented herein provide a detailed
description of the role of conserved salt bridge interactions on
the homeodomain stability and DNA binding properties
together with new insights into the relationship between
sequence, structure, stability, and function within this impor-
tant family of proteins.

Accession Number—The coordinates corresponding to the
NMR structure of the thermostable Hesx-1 homeodomain
R31L/E42L double mutant have been deposited in the Protein
Data Bank (PDB) under code 2k40.
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