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Towards a Tunable Tautomeric Switch in Azobenzene Biomimetics:
Implications for the Binding Affinity of 2-(4'-Hydroxyphenylazo)benzoic

Acid to Streptavidin

Joan-Antoni Farrera,*'*! Ivan Canal,'” Pedro Hidalgo-Fernandez,
M. Lluisa Pérez-Garcia,*”! Oscar Huertas,'! and F. Javier Luque*!*

Abstract: The tautomeric equilibria of
2-(4-hydroxyphenylazo)benzoic  acid
(HABA) and 2-(3',5-dimethyl-4'-hy-
droxyphenylazo)benzoic acid (3',5'-di-
methyl-HABA) have been studied by a
combination of spectroscopic and com-
putational methods. For neutral HABA
in solvents of different polarity (tolu-
ene, chloroform, DMSO, DMF, buta-
nol, and ethanol) the azo tautomer
(AT) is largely predominant. For mon-
oanionic HABA, the hydrazone tauto-
mer (HT) is the only detected species
in apolar solvents such as toluene and

chloroform, while the AT is the only
detected species in water and a mixture
of both tautomers is detected in etha-
nol. Comparison of the results obtained
for HABA and its 3',5'-dimethylated
derivative shows that dimethylation of
the hydroxybenzene ring shifts the tau-
tomeric preferences towards the hydra-
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zone species. These findings have been
used to examine the differences in
binding affinity to streptavidin, as the
lower affinity of HABA can be ex-
plained in terms of the larger energetic
cost associated with the tautomeric
shift to the bioactive hydrazone spe-
cies. Overall, these results suggest that
a balanced choice of chemical substitu-
ents, embedding environment, and pH
can be valuable for exploitation of the
azo-hydrazone tautomerism of HABA
biomimetics in biotechnological appli-
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cations.

Introduction

During the past decade the photoisomerization properties of
azobenzene derivatives have stimulated research efforts di-
rected towards exploration of their use as materials for digi-
tal data storage,'”! as central building blocks in molecular
rotors,[®” and as molecular on—off switches in nanomolecu-
lar devices®™ and in ion channels.”'”! Accordingly, several
studies have assessed the structural and spectral properties
of cis and trans isomers of azobenzene compounds and their
isomerization mechanism.['""") Azobenzene dyes have also
been used as biomarkers, due to their ability to undergo
azo-hydrazone tautomerism.!'>?! One of the most interest-
ing azobenzene dyes is 2-(4'-hydroxyphenylazo)benzoic acid
(HABA), which can bind to proteins such as avidin®! and
streptavidin®2"! at the same binding site as the natural
ligand, biotin,””! in spite of the structural dissimilarity of
these compounds (Scheme 1). At neutral pH, at which
HABA exists as a monoanion (HB™), binding to avidin or
streptavidin shifts the absorption band from 347 nm in the
free state to 500 nm in the complexed state, which has been
interpreted in terms of a change between azo (AT) and hy-
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drazone (HT) tautomers in the

HO@N\N free and bonded  states

(Scheme 2).2)  HABA also

HO binds albumin with a shift of

the absorption band to 480 nm,

which has also been ascribed to

the predominance of the HT in

the bound state.>? This spec-

tral change forms the basis for

a spectrophotometric assay for

measuring the ligand-binding

activities of avidin and strepta-
vidin solutions.[*]

Scheme 1. Representation  of
HABA (top) and biotin
(bottom).
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Scheme 2. Acid-base and tautomeric equilibria of HABA.

Understanding of the tautomeric preferences of HABA is
important not only for identifying the factors that modulate
its binding to proteins, but also for the design of biomimetic
compounds with potential biotechnological applications.?*!
Accordingly, a detailed knowledge of the tautomeric de-
pendence of HABA on both pH and solvation is necessary.
However, the available experimental data are controversial.
Thus, even though the AT of the neutral species (H,B) pre-
dominates in a variety of organic solvents of different polar-
ity, the main absorption band at 506 nm in DMF has been
ascribed to the HT.”Y Moreover, the low solubility of neu-
tral HABA in water precludes the study of its tautomeric
equilibration, though this problem can be alleviated by
means of co-solvents,®*¥ or by the addition of an acid or a
base.®! However, it is clear that the predominant tautomer
of the cationic (H;B*) or anionic (HB™) species might not
necessarily be the same for the neutral form.

This study pursues the examination of the tautomeric
equilibria of several 4'-hydroxyphenylazo derivatives
(Scheme 3) in order to understand the influence of pH and
solvation on the tautomerism of HABA (3) and related
compounds. The results, which provide a detailed descrip-
tion of the tautomeric preferences of neutral and mono-

2278 — www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

RZ

R1OON_N—R‘

R3
. R'=R?=R’=H, R*=CH,
© R'=R’=R°=H, R*=C¢H,
R'=R*=R%=H, R*=0-C4H,-CO,H
R'=R?=R%zH, R*=p-CsH,-CO,H
R'=CH,, R?=R%=H, R*=0-C¢H,-CO,H
. R'=H, R*=R®=CH,, R*=0-C;H,-CO,H

o g kN2

Scheme 3.

anionic species of HABA derivatives, should be valuable for
tuning of the biotechnological properties of these com-
pounds.

Results and Discussion

Neutral HABA species (H,B): To clarify the assignment of
the spectroscopic signals of HABA (3) to either the AT or
the HT, compound §, which can only exist in the AT form,
was used as reference. The wavelengths of the absorption
maxima of 3 and 5 in different media are summarized in
Table 1.

Table 1. Wavelengths of the absorption maxima of HABA (3) and com-
pounds 5 and 6 in different media.

Solvent Base/pH UV/Vis absorption maxima [nm]
5 HABA (3) 6

toluene - 376 372 391 (450 sh)

1 equiv DBU 330 471 473
CHCl, - 378 373 388 (450 sh)

1 equiv DBU 337 481 479
DMSO - 342 354 359 and 487
BuOH - 345 364 480
EtOH - 350 355 471

1 equiv DBU 343 350 and 481 481

70 equiv DBU 343 406 481
H,0 pH 7.0 345 3471 352 and 476"

pH 10.0 345 400 444

Without added base, the UV/Vis spectra of HABA in tol-
uene, chloroform, DMSO, butanol, and ethanol each have
an absorption maximum similar to that of § in the same sol-
vent, showing that the predominant species in both com-
pounds is the AT. The hypsochromic shift experienced by 3
and 5 on going from apolar solvents (1,,,,=372-378 nm) to
polar ones (A, =342-364 nm) could be explained by in-
creased conjugation of 3 and 5 in apolar solvents, due to an
intramolecular hydrogen bond between the carboxylic acid
O—H group and the proximal nitrogen atom of the azo
group, as noticed in the crystal structure of HABA (3).5%
Polar solvents, however, should weaken such a hydrogen
bond and possibly favor a more twisted conformation with
reduced conjugation.

Chem. Eur. J. 2008, 14, 22772285
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The data shown in Table 1 cast doubt on the previously
reported predominance of the HT of HABA in DMF in the
absence of added base.’*! However, since DMF usually con-
tains small amounts of dimethylamine as an impurity, the re-
ported spectrum of HABA in DMF might correspond to the
monoanion (HB™) instead of the neutral species (H,B). To
check this hypothesis, the UV/Vis absorption spectrum of
HABA in analytical grade DMF was recorded, and a main
absorption band at 352nm and a less intense band at
506 nm were observed. Addition of triethylamine to this so-
lution increased the 506 nm band at the expense of the
352 nm one, while addition of acetic acid had the reverse
effect. These results therefore point to the AT (A=
352 nm) being the predominant species of neutral HABA in
DMEF, and so the absorption band at 506 nm should be as-
signed to the HT of the monoanion (HB;).

To gain further insight into the tautomerism of neutral
HABA, theoretical calculations were first performed to de-
termine the intrinsic tautomeric preferences of 1, 2, and 4,
in which the relative stabilities between the ATs and the
HTs are simply modulated by the natures of the R* substitu-
ent (CH; in 1, C4Hs in 2, p-C,H5-CO,H in 4; see Scheme 4

Scheme 4. Representation of the azo (AT) and hydrazone (HT) tauto-
mers in compounds 1, 2, and 4.

and Table 2). In the case of 1 the AT is nearly planar, but in
the HT the methyl group is twisted around 15 degrees due
to the pyramidalization of the nitrogen atom bonded to the
methyl group, which thus minimizes the steric repulsion be-
tween the hydrazone N—H group and the benzene C—H unit
ortho to the azo group (H--H distance of 2.02 A). In con-
trast, both the ATs and the HTs adopt planar geometries in
2 and 4, which reflects the stabilizing effects due to the ex-
tended conjugation of the mole-
cules. In the case of compound
1, the AT is around
13 kcalmol™! more stable than

FULL PAPER

The tautomerism in HABA was explored by consideration
of eight different azo-hydrazone species, shown in
Scheme 5. In contrast with the results obtained for 4, the
structure of HABA deviates significantly from planarity,
even though twisting of the chemical skeleton varies be-
tween the different tautomers (Table 3). The repulsion be-
tween the lone pairs of the N,,, and O¢gon atoms in AT I
and AT III provides grounds for the deviation of the o-car-
boxybenzene ring from planarity, while the twisting in
ATV is related to the formation of the seven-membered
hydrogen-bonded ring. In AT II, the small twisting observed
in the azo unit can be attributed, at least in part, to the
N,,o"H=Ocoon hydrogen bond (N--O distance: 2.66 A). As
a result, AT II is found to be the most stable azo tautomer,
being favored by more than 2 kcalmol™ relative to the
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Scheme 5. Representation of the azo and hydrazone species considered
in the tautomeric equilibrium of HABA (3).

Table 2. Selected geometrical parameters for the azo and hydrazone tautomers of compounds 1, 2, and 4, and
free energy differences!® (at 298 K; kcalmol ™) in the gas phase and in solution.

. Compound Tautomer  Geometrical parameters!®! Relative stability!
the HT bOth. in the gas phase T 7, 73 Gas CCl, HCCIl; Octanol Water
and in solution (Table2). Re- - 10
placement of methyl (1) by Ho@{N:N—CHS HOOL:E N
phenyl (2) reduces the relative 4 9 a\ /1 o\ /
stability gap between AT and
HT by 3 keal b h 1 AT —-179.9 180.0 - 0.0 0.0 0.0 0.0 0.0
y 3kecalmol™, but the (R*=CHj) HT 1791 1642 - 134 139 133 132 128
latter species is still disfavored 2 AT 180.0 180.0 0.0 00 00 0.0 0.0 0.0
(by ca. 10 kcalmol™). Finally, (R*=C¢Hs) HT 180.0 180.0 00 105 110 103 10.1 9.3
addition of a carboxylic group 4 AT 18.0 1800 00 00 00 00 0.0 0.0
(R*=p-CsHs—CO,H) HT 180.0 180.0 0.0 10.0 105 9.5 9.3 8.2

at the para position of the ben-
zene ring (4) leads to a very
slight stabilization (by 0.5-
1.1 kcalmol ™) of the hydrazone
species (Table 2).

Chem. Eur. J. 2008, 14, 2277 -2285
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[a] See Scheme 4 for nomenclature. The most stable trans orientation of the substituent R* (relative to the
benzene ring) was considered in computations. [b] Dihedral angles (degrees) are defined as 7,: N8-N7-C1-C2;
7,0 C9-N8-N7-C1; 75: C10-C9-N8-N7. [c] Values determined from MP2/aug-cc-pVDZ+[CCSD-MP2/6-31G(d)]
calculations in the gas phase, and combined with the relative solvation free energies to estimate the relative
stability in solution. In all cases the azo tautomer is used as reference.
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Table 3. Selected geometrical parameters for the azo and hydrazone tautomers of HABA (3), and free energy differences (at 298 K; kcalmol ™) in the
gas phase and in solution.

Tautomer!®! Geometrical parameters!”! Relative stability!
7 7, 73 Ty dyyldyx Gas CcCl, HCCl, Octanol Water
OH
0=\ 10
7 8 )=
HO N=—/N
4 C >1 o\ /

ATI —170.6 178.5 323 148.5 - 2.4 2.8 2.8 2.7 1.5
AT II -165.0 —178.2 22 —175.1 1.75/2.66 0.0 0.0 0.0 0.0 0.0
AT III 174.2 177.3 —30.7 135.1 - 2.3 2.5 24 2.3 1.0
ATIV 173.7 179.0 29.1 147.7 1.70/2.63 7.8 7.7 7.6 7.5 7.3
HTI 180.0 180.0 0.0 180.0 1.88/2.66 6.1 7.6 7.6 8.0 8.0
HTII 180.0 180.0 0.0 180.0 1.86/2.68 32 5.1 55 6.2 6.6
HT I 175.7 179.9 329 136.5 - 13.6 14.5 13.6 134 11.4
HTIV —179.6 —163.9 60.2 144.2 1.78/2.70 16.7 17.1 16.2 159 14.8

[a] See Scheme 5 for nomenclature. [b] Dihedral angles (degrees) are defined as 7;: N8-N7-C1-C2; 7,: C9-N8-N7-C1; 73: C10-C9-N8-N7; 7,: O(=C)-C-

C10-C9. Lengths (A) of the intramolecular X—H-Y hydrogen bonds (left: H--Y; right: X--Y). [c] Values determined from MP2/aug-cc-pVDZ + [CCSD-
MP2/6-31G(d)] calculations in the gas phase, and combined with the relative solvation free energies to estimate the relative stability in solution.

other azo species in the gas phase, even though the relative
stabilities between tautomers with (AT II) and without
(AT T and AT III) intramolecular hydrogen bonds decrease
as the polarity of the solvent is increased. For the hydrazone
forms, while HT III and HT IV strongly deviate from pla-
narity, the most favored species—HTI and HT II—are
planar, due to the NyyyroneH"Ocoon hydrogen bond
(Table 3), which also explains the higher stability of these
forms.

The azo form ATII is more stable than the hydrazone
species HT II by 3.2 kcalmol ' in the gas phase. Comparison
with the results obtained for 4 (Table 2) shows that moving
the carboxylic group from the para position (4) to the ortho
position (3) has a dramatic effect on the tautomerism, since
the azo form is destabilized by around 6 kcalmol . Howev-
er, solvation tends to stabilize the azo form of neutral
HABA (see Table 3), and the population of the hydrazone
species can be expected to decrease significantly as the po-
larity of the solvent is increased. Overall, in agreement with
the spectroscopic data, these results indicate that the neutral
form of HABA should mainly exist as the azo tautomer
AT IL

Monoanionic species of HABA (HB"): Since the second
pK, value of HABA in water is 8.2,°" at neutral pH HABA
exists as a monoanion. The similarity between the spectra
found for 3 and 5 in water at neutral pH (A, =345-347 nm;
Table 1) indicates that the predominant species of the mono-
anionic HABA is the AT

In contrast, a completely different tautomeric scenario is
seen in chloroform or toluene. When 1 equiv of DBU was
added to a solution of 5, the absorption maximum at 337
(chloroform) or 330 nm (toluene) revealed the formation of
a new species, which corresponds to the AT of the monoan-
ion (Table 1). In contrast, when 1 equiv of DBU was added
to a chloroform solution of HABA, the absorption band was
shifted to 481 nm (Figure 1), a wavelength similar to that of

2280 —— www.chemeurj.org
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HABA complexed to avidin or albumin, which was assigned
to the HT. A similar absorption band (4, =471 nm) ap-
peared after addition of DBU to a solution of HABA in tol-
uene. Addition of large excesses (1000 equiv) of DBU to
solutions of 3 and § in chloroform did not cause any further
change in the UV/Vis spectra, which means that DBU is not
basic enough to generate the dianionic species of HABA.
Likewise, addition of 5 equiv of a weak base such as imida-
zole led only to a small decrease in absorbance, without any
shift in the absorption band, which indicates that imidazole
is not basic enough to deprotonate the carboxylic acid group
and generate the monoanionic species.

To confirm that the 481 nm absorption band was due to
the HT of monoanionic HABA, the Raman spectra of 3 and
5 under similar experimental conditions were recorded. As
expected, the Raman spectrum of the anion of 5 contained a
band at 1416 cm™! assigned to the N=N stretching,® while
no significant bands were found near 1615 cm™. However,
the Raman spectrum of the monoanion of HABA featured
an intense band at 1624 cm™!, which can be attributed to the
HT, but no band was detected near 1400 cm™' (Figure 1).
Opverall, these findings support the supposition that the HT
is the predominant tautomer of the monoanionic HABA in
chloroform and toluene.

The different tautomeric behavior observed for HABA in
chloroform (or toluene) and in water, where the HT and the
AT predominate, respectively, led us to investigate its tauto-
meric preferences in ethanol, which has an intermediate po-
larity. DBU was therefore added to an ethanolic solution of
5 to generate its anion, which can only exist as the AT, and
the absorption maximum (343 nm) was similar to that of the
anion in water and after addition of DBU to a chloroform
solution (Table 1). Nevertheless, when either 1equiv of
DBU or a large excess of DABCO were added to an etha-
nolic solution of HABA, the absorption band split into two
bands at 350 and 481 nm, which should be attributable to
the AT and the HT, respectively (Figure 2). The monoanion

Chem. Eur. J. 2008, 14, 22772285
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HABA/DBU to the repulsion between the
1:0 lone pairs of nitrogen (azo) and
oxygen (carboxy) atoms.

HT V is the most stable form
in the gas phase, the azo species
being destabilized by around
15 kcalmol™" (see Table 4). Sol-
vation, however, has an enor-
mous influence on the tauto-
merism, since the preference
for the hydrazone species is
drastically reduced as the polar-
ity of the solvent increases, and

BN
- =~ o o
g o o=

280 330 380 430 480

Intensity

ATV is then predicted to be
slightly more stable (by
0.7 kcalmol ) in aqueous solu-
tion. This latter finding was cor-
roborated by additional cluster-
continuum computations® in
which two water molecules
were specifically placed around
the carboxylate group (data not
shown), thus providing support-
ing evidence for the reversal of
the tautomeric preference in
water, which agrees with the ex-
perimental data reported in

1170 1270 1370 1470 1570
Wavenumber/ cm™’

Figure 1. Top) UV/Vis titration of HABA (4.0x10°m in chloroform) with DBU. Bottom) Raman spectra of
equimolar mixtures of a) 5 and DBU in chloroform (c=1.6x10"*m), and b) HABA (3) and DBU in chloro-

form (c=8.0x10~*m). Excitation wavelength: 488 nm.

of HABA in ethanol thus exists as a mixture of both tauto-
mers, an intermediate situation between that found in
chloroform and in water.

Unlike in chloroform, DBU (but not DABCO) in etha-
nolic medium is basic enough to generate the dianion of
HABA. Thus, on addition of an excess of DBU to the mono-
anion of HABA in ethanol, the absorption bands of the two
tautomers (350 and 481 nm) were transformed into a single
band at 406 nm corresponding to the dianion (Figure 2).
This assignment is supported by the similar wavelength of
the absorption maximum of HABA in water at pH 10
(Amax=400 nm), in which the dianion should be the main
species.

To explore the main tautomers of monoanionic HABA
further, the relative stabilities of azo and hydrazone species
(Scheme 6) were determined by theoretical computations.
For the HT, however, only one hydrazone form (HT V) was
considered, since geometry optimization of HT VI yielded
HT V, as would be expected in view of the stabilizing contri-
bution due to the hydrogen bond between the hydrazone
N—H group and the carboxylic oxygen, which favors a
planar structure (see Table 4). In contrast, the optimized
structure of the azo tautomers exhibits a large twisting due

Chem. Eur. J. 2008, 14, 2277 -2285
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Table 1.

In summary, both experimen-
tal and theoretical results agree
in predicting that the monoa-
nionic form of HABA mainly
populates the hydrazone species
HT V except in the most polar
solvent (water), in which the azo species ATV is the main
tautomeric form.

Neutral and monoanionic species of the 3,5'-dimethylated
derivative 6: The tautomeric equilibrium of 6 is more favor-
able than that of HABA to the HT (see Table 1). Thus, for
the neutral species, whereas the AT is still the predominant
form in apolar solvents, the HT is also detectable as a
shoulder around 450 nm. Moreover, single absorption bands
at 471-480 nm are observed for 6 in polar solvents, and
should be assigned to the HT form.

The tautomerism of the monoanionic form of 6 is also
more favorable to the HT than in the case of HABA. Thus,
single absorption bands between 473 and 481 nm were
found in toluene, chloroform, and ethanol, and should be as-
signed to the HT. Only in water at pH values between 5 and
8 were mixtures of both AT (4,,,,=352 nm) and HT (A,,,,=
476 nm) found.’ On increasing the pH, these two bands
were transformed into a single band with A, =444 nm,
which should correspond to the dianion (Figure 3). In etha-
nol solution, a very large excess of DBU was required to
generate a similar absorption band (4,,,, =454 nm) attributa-
ble to the dianion of 6.

www.chemeurj.org — 2281
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0.9 A

Absorbance

in the most polar solvents. In
fact, the azo species ATV is
the main tautomeric form in
aqueous solution (see Table 1),
A which can be explained by
water-induced destabilization of
the intramolecular hydrogen
bond formed between the N—H
group and the carboxylate
1 anion in the hydrazone tauto-
mer. Accordingly, in addition to
the switching strategies that
rely on the photochemical cis =

HABA/DBU

o O O © o o

N W N

280 330 380 430 480

Absorbance

T i trans isomerization of azoben-
530 580

zene derivatives, these com-
pounds could also be exploita-
ble as molecular switches by
HABA/DBU triggering azo = hydrazone tau-

tomerism through a simple
chemical effector such as (de)-
protonation under suitable en-
vironmental conditions.
Chemical modification also
exerts a notable influence on
the azo-hydrazone tautomer-
ism. Though the results ob-
tained for the neutral HABA
and its isomeric compound 4 in-
dicate that the AT is the main
tautomer in the two cases, the
intrinsic (gas-phase) tautomeric

280 330 380 430 480
Alnm

Figure 2. UV/Vis titration of HABA (3.6 x10°m in ethanol) with DBU.

Scheme 6. Representation of the azo and hydrazone species considered
in the tautomeric equilibrium of monoanionic HABA (3).

Both experimental and theoretical results demonstrate
that the tautomeric scenario for HABA is extremely sensi-
tive to the nature of the solvent and to the ionization state
of the compound. In the neutral compound, HABA mainly
exists as the azo tautomer AT II. However, upon deprotona-
tion, the monoanionic form of HABA turns out to populate
the hydrazone species HT V, even though the relative stabil-
ity between azo and hydrazone forms is drastically reduced

2282 —— www.chemeurj.org
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preference of the AT in 4 is di-
minished by around 6 kcalmol
when the carboxylic group is at-
tached to the ortho position in
HABA. This effect can be at-
tributed to the different ener-
getic stabilization originating from the intramolecular hydro-
gen bonds formed in both AT (ATII) and HT (HTII),
where the nitrogen atom of the azo/hydrazone group acts as
hydrogen bond acceptor and donor, respectively (see
Scheme 5). Accordingly, it can be expected that the relative
stability between azo and hydrazone tautomers should be
modulatable by manipulation of the relative strengths of
those hydrogen bonds. At this point, it is worth noting that
the strength of related resonance-assisted hydrogen bond-
ing®*! can be affected not only by altering the nature of
the hydrogen bond donor and acceptor groups, but also
through the aromaticity of the benzene ring,*"*! thus open-
ing the possibility of influencing the tautomeric preference
by chemical modification of the aromatic system with both
donor and acceptor atoms.

Besides chemical modification at the carboxybenzene
unit, here we have also explored the effect of a different
chemical modification, which consists of the dimethylation
of the phenolic ring of HABA. The results indicate that this
apparently minor chemical change has a delicate, but clear,

530 580
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Table 4. Selected geometrical parameters for the azo and hydrazone tautomers of monoanionic HABA (3), and free energy differences (at 298 K; kcal

mol ') in the gas phase and in solution.

Tautomer!® Geometrical parameters®! Relative stability!
7 7, T3 7 dyyldyx Gas CCly, HCCL, Octanol Water
o-
0=\ 10
7 8
HO@N:N
4 1 9
ATV 1521 176.9 19.7 —137.6 - 15.5 10.5 7.3 4.3 —-0.7
AT VI 138.6 —173.8 34.6 38.9 - 18.6 17.9 17.7 16.6 15.3
HTV 180.0 180.0 180.0 0.0 1.53/2.52 0.0 0.0 0.0 0.0 0.0

[a] See Scheme 6 for nomenclature. [b] Dihedral angles (degrees) are defined as 7;: N8-N7-C1-C2; 7,: C9-N8-N7-C1; 73: C10-C9-N8-N7; 7,: O(=C)-C-
C10-C9. Lengths (A) of the intramolecular X—H-Y hydrogen bonds (top: H--Y; bottom: X--Y). [c] Values determined from MP2/aug-cc-pVDZ +
[CCSD-MP2/6-31G(d)] calculations in the gas phase, and combined with the relative solvation free energies to estimate the relative stability in solution.
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Figure 3. UV/Vis spectra of 3',5'-dimethyl-HABA (6) [5.3x107°M in phosphate buffer (0.1m)] at different pH

values.

influence on the azo-hydrazone tautomerism of HABA, as
noted in the fact that both azo and hydrazone tautomers are
detected for the monoanionic form of 6 in aqueous solution,
whereas the monoanion of HABA is found to exist only in
the azo form (see Table 1). This effect can be attributed to
the steric hindrance between the methyl substituents at posi-
tions 3" and 5" and the hydroxy group of the azo tautomer of
HABA. In turn, these findings suggest that the balance be-
tween azo and hydrazone tautomers of azobenzene deriva-
tives can be altered through the incorporation of specific
functional groups into suitably preorganized azobenzene
scaffolds, thus paving the way to tune the biotechnological
applications of these compounds.

On the basis of the preceding discussion, it is worth revis-
iting the differences between HABA and its 3',5'-dimethy-
lated derivative 6 in their binding affinities towards strepta-
vidin in light of their azo-hydrazone tautomerism, as the
subtle, but distinctive, trends in the tautomeric preferences
of these compounds could play a role in modulating their
binding affinities. HABA binds to streptavidin with minimal
alteration of the binding site geometry (see ref. [26] for de-
tails). One of the benzoate oxygen atoms of HABA occu-
pies the same position as the biotin ureido oxygen, and the
carboxylate anion forms several interactions with Asn23,
Ser27, Tyrd3, and Ser45, thus mimicking the network of in-
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residues, but a stacking interac-
tion with the indole ring of
Trp79. These trends might ex-
plain why HABA does not
completely immobilize the loop
comprising residues 46-50, in
contrast with the binding of biotin. A similar interaction pat-
tern has also been reported for the complex formed between
HABA and avidin,”*! and for the binding of 3',5'-dimethyl
HABA to streptavidin.?*>>#!

The low-dielectric protein environments that define the
binding sites in avidin or streptavidin have been assumed to
bind the hydrazone form of monoanionic HABA,??! which
should correspond to the species HT V. However, as our re-
sults also indicate that the monoanion of HABA in aqueous
solution mainly exists as the azo tautomer AT V, binding to
streptavidin implies an energetic penalty due to a tautomer-
ic change between free (azo) and complexed (hydrazone)
states. This detrimental contribution to the binding affinity
should be less significant for 3',5'-dimethyl HABA (6), due
to the displacement of the tautomeric equilibrium towards
the hydrazone species (see above), thus enhancing binding
to streptavidin. In fact, this conclusion is supported by the
experimentally determined binding affinities of 3 and 6
(=527 and —8.29 kcalmol ', respectively), which indi-
cates that the dimethylated derivative binds to streptavidin
around 160 times better than HABA does (binding con-
stants of 7.3x10°M~" for 3 and 1.2x10°M~"' for 6). Interest-
ingly, this ratio agrees with the difference between the rela-
tive stabilities of azo (AT V) and hydrazone (HT V) species
determined in aqueous solution for the monoanion of

530 580
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HABA (—0.7 kcalmol™'; see Table 4) and of its 3',5'-dime-
thylated derivative 6 (41.9 kcalmol™!; see Table S1 in the
Supporting Information).

The fact that HABA binds to avidin and streptavidin
(binding constants of 1.7x10°mM™" and 7.3x10°m™!, respec-
tively) as the HT prompted us to investigate the binding af-
finity of a HABA derivative that lacked the capability to
tautomerize to HT. For that purpose, compound 5, which
can only exist as the AT, was used. By means of a competi-
tion experiment with HABA, compound 5 was found to
bind to avidin with a binding constant approximately two
orders of magnitude lower than that of HABA (see Sup-
porting Information), which gives support to the biological
implications of the tautomerism between the AT and the
HT in mediating the binding affinities of HABA and related
compounds. According to these results, it is reasonable to
expect that derivatives of HABA with a labile protecting
group on the phenolic hydroxy group—which, like com-
pound 5, could only exist in their azo tautomeric forms—
should have low binding affinities for avidin and streptavi-
din. Deprotection of the phenolic hydroxy group under mild
conditions would then unfreeze the azo-hydrazone tauto-
merism, leading to a ligand with a high binding affinity for
those proteins. In this way, a mild deprotection step could
trigger the azo—hydrazone tautomerism, increasing the in-
terest of these compounds as switches of the binding affinity
towards avidin and streptavidin.

In the context of the preceding discussion, it can be con-
cluded that the introduction of suitable substituents and
labile protecting groups, together with the embedding of
HABA in environments of different polarity and pH, can be
regarded as valuable strategies for modulation of the bal-
ance between azo and hydrazone species, and in turn for
switching of binding affinities to avidin and streptavidin.
These strategies might contribute to exploitation of the bio-
technological applications of HABA biomimetics.

Conclusion

The tautomeric equilibration of 2-(4’-hydroxyphenylazo)-
benzoic acid (HABA) and its derivatives is strongly influ-
enced by the protonation state (neutral vs. monoanionic) of
the compound, the polarity of the medium, and the substitu-
tion pattern on the hydroxyphenyl ring and presumably on
the carboxybenzene moiety. Both spectroscopic and compu-
tational data indicate that the tautomerism behavior of the
monoanion of HABA is more complex than that of the neu-
tral species. Thus, whereas the azo form AT II is found to be
the main species of the neutral HABA in all the solvents, its
monoanion exists predominantly as the hydrazone species
HT V in apolar solvents, but the tautomeric preference
changes to the azo tautomer AT V as the polarity of the sol-
vent is increased. Moreover, these results also indicate that
on increasing the substitution on the hydroxyphenyl ring, as
in 3',5'-dimethyl-HABA (6), there is a tendency to favor the
HT. This trend should explain the better binding affinity of
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this latter compound, which mainly stems from a decrease
in the energy cost required to bind the bioactive tautomer.
In conclusion, the introduction of appropriate substituents
and labile protecting groups, and the embedding of HABA
in environments of different polarity and pH, can be regard-
ed as valuable strategies with which to modulate the bio-
technological applications of azobenzene biomimetics.

Experimental Section

General: NMR spectra were obtained with a Varian-Gemini spectrome-
ter (200 MHz for 'H and 50.3 MHz for *C) and a Varian-Mercury spec-
trometer (400 MHz for "H and 100 MHz for °C) at 25°C. Chemical shifts
are reported in ppm relative to TMS as internal standard. UV/Vis spectra
were recorded with a Varian CARY 500 spectrophotometer. Infrared
spectra were recorded with a FT-IR Nicolet instrument. Mass spectra
were recorded on a ZQ Micromass instrument for ES spectra, a HP-
5988 A instrument for CI spectra, and a VG-QUATTRO Micromass in-
strument for FAB spectra. Raman spectra were recorded on a Jobin
Yvon T64000 Raman spectrophotometer with use of the 488.0 nm excita-
tion line of a Coherent INNOVA 300 Ar* laser. pH values were mea-
sured on a Cyberscan 510 pH-meter. Melting points were determined on
a Kofler Reichert Thermovar instrument with polarized light and are not
corrected.

Anhydrous chloroform was obtained by distillation from potassium car-
bonate and filtered through activated basic alumina. DMSO was purified
by partial freezing. The water used in UV measurements was purified in
a Millipore system (Milli-Q). All others solvents were dried and purified
by standard procedures described in the literature.*”

Methyl 2-(4'-methoxyphenylazo)benzoate: This compound was synthe-
sized from HABA by a literature procedure!* in 71 % yield. "H NMR as
described; CNMR (50.3 MHz, [D,]DMSO): 6=168.1, 162.9, 151.2,
146.7, 132.5, 130.4, 129.7, 129.0, 125.4, 119.8, 115.3, 56.3, 52.9 ppm; IR
(KBr): #=3070, 2925, 1717, 1252 cm™'; MS-FAB (+): m/z: 271.4 [M+H]*
,239.3 [M-31]".

2-(4-Methoxyphenylazo)benzoic acid (5): This compound was synthe-
sized from methyl 2-(4'-methoxyphenylazo)benzoate by a literature pro-
cedure* in 76 % yield. M.p. 150-153°C (lit.l*! 149-150°C); '"H NMR as
described; CNMR (50.3 MHz, [D(]DMSO): 6=169.0, 163.0, 151.2,
147.0, 132.1, 131.0, 130.4, 123.0, 125.5, 118.5, 115.3, 56.4 ppm; EM-CI (+):
miz:256.0 [M]*, 134.9 [M—CH;0CH,N]*.
2-(4-Hydroxy-3',5'-dimethylphenylazo)benzoic acid (6): This compound
was synthesized by coupling the diazonium salt of 2-aminobenzoic acid
to 2,6-dimethylphenol, by a general method reported in the litera-
ture,”* in 46% yield. M.p. 190-192°C; 'HNMR (200 MHz,
[D¢]DMSO): 6=2.24 (s, 6H; CHj;), 7.48-7.76 ppm (m; 6H); EM-CI (+):
mlz:270.0 [M]*, 149.0 [M—-C.H,CO,H]*, 121.0 [M—N,C.H,(CH,),OH]*.
Computational details: Full geometry optimizations were performed at
the MP2/6-31G(d) level. The natures of the stationary points were veri-
fied by inspection of the vibrational frequencies within the harmonic os-
cillator approximation, which were positive in all cases. Single-point
MP2/aug-cc-pVDZ calculations were subsequently performed to deter-
mine the relative energy differences between tautomers, and the contri-
butions of higher-order electron correlation effects were estimated from
the differences between CCSD and MP2 energies by use of the 6-31G(d)
basis set. The best estimates of the energy differences between stationary
points was determined by combining the relative energies computed at
the MP2/aug-cc-pVDZ level and the differences between the energies
obtained from CCSD and MP2 calculations. Zero point, thermal, and en-
tropic corrections evaluated within the framework of the harmonic oscil-
lator-rigid rotor at 1 atm and 298 K were added to the relative energies
to obtain the free energy differences in the gas phase. To estimate the in-
fluence of solvation, QM SCRF continuum calculations were performed
by using the HF/6-31G(d) (neutral compounds) and HF/6-31+G(d)
(ionic species) optimized versions of the MST model,”-*!! which is based
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on the polarizable continuum model.** The relative stabilities in solu-
tion were estimated by combining the free energy difference in the gas
phase and the differences in free energy of solvation determined from
MST calculations. Gas-phase calculations were carried out with Gaussi-
an 03.°'! MST calculations were performed with a locally modified ver-
sion of Monstergauss.?!!
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