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Summary

The chicken genome encodes several biotin-binding
proteins, including avidin and avidin-related protein
4 (AVRA4). In addition to D-biotin, avidin binds an azo
dye compound, 4-hydroxyazobenzene-2-carboxylic
acid (HABA), but the HABA-binding properties of
AVR4 are not yet known. Differential scanning calo-
rimetry, UV/visible spectroscopy, and molecular mod-
eling were used to analyze the binding of 15 azo
molecules to avidin and AVR4. Significant differences
are seen in azo compound preferences for the two pro-
teins, emphasizing the importance of the loop between
strands 3 and B4 for azo ligand recognition; informa-
tion on these loops is provided by the high-resolution
1.5 i\) X-ray structure for avidin reported here. These
results may be valuable in designing improved tools
for avidin-based life science and nanobiotechnology
applications.

Introduction

Avidin, a basic glycoprotein from egg white, and strepta-
vidin, the bacterial relative of avidin, bind a small vitamin
molecule, D-biotin, with extremely high affinity (Kp =
10~"3t0 107 "° M) [1, 2]. The nature of the specific, strong
protein-ligand interaction has been extensively studied
in order to identify the structural determinants of the
high-affinity binding [3-5] and to engineer novel features
in the development of more sophisticated tools for
biotechnology applications [6-8]. Although the three-
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dimensional (3D) structures of both avidin and streptavi-
din in complex with D-biotin have been solved [9, 10],
understanding the details of the biotin-binding process
remains challenging [11].

Avidin belongs to a gene family that contains several
avidin-related genes (AVRs) [12, 13] whose biological
function is unknown. Previously, we produced AVRs in
recombinant forms in both E. coli [14] and insect cells
by utilizing a baculovirus expression system [15, 16].
AVRs possess fascinating properties: despite their
lower biotin-binding affinity compared with avidin [15,
16], some AVRs have higher thermal stability than avidin
[16, 17]. The 3D structures of AVR2 [17] and AVR4 [18]
have been solved to high resolution.

Avidin has a moderate level of affinity for a small mol-
ecule, an azo dye called HABA (4-hydroxyazobenzene-
2-carboxylic acid, also called 2-(4’-hydroxybenzene)
azobenzoic acid; see the structure in Table 1) [19].
Avidin-HABA binding is accompanied by a change in
the spectral properties of the dye from yellow to red,
a property used to measure the number of biotin-
binding sites of avidin derivatives; the reaction is easily
reversed by D-biotin. The spectroscopic features of
HABA in avidin-based applications would obviate the
need for radioactive labels; however, because the disso-
ciation constant of the avidin-HABA interaction is only
6 x 1078 M [19], HABA derivatives with higher affinity
for avidin are needed for improved sensitivity. The 3D
structure of the avidin-HABA complex has been solved:
HABA binds to avidin as a hydrazone tautomer, planarity
is thus lost, and an intramolecular hydrogen bond is
formed [20]. Streptavidin also binds HABA as the hydra-
zone tautomer [21], although the affinity is lower (1 x
10~% M) than that of avidin [2]. The 3D structure of the
streptavidin-HABA complex has been solved [21].

Biotin binding to (strept)avidin leads to changes in the
conformation [9, 10], stability [22], and rigidity [23] of the
proteins. The most flexible part of avidin that interacts
with biotin is a loop located between 8 strands 3 and 4
(L3,4 loop). In the X-ray structure of apo-avidin, the
L3,4 loop is disordered [24]. The electron density maps
of the avidin-biotin complex structure are clearly inter-
pretable, and the L3,4 loop has a defined conformation
[10]. Similarly for streptavidin, the corresponding loop is
disordered in the absence of ligand [25]. Two states of
the L3,4 loop, “open” and “closed,” that are partially de-
termined by the properties of the bound ligand have been
observed in streptavidin [25]. In AVR4, the L3,4 loop
adopts nearly identical conformations with and without
bound biotin [18]. The L3,4 loop is disordered in the avi-
din-HABA structure [20], while the L3,4 loop adopts the
“closed” conformation in structures of streptavidin
complexed with HABA and HABA derivatives [21, 26].

We have used various techniques to improve our
understanding of the binding process of azo com-
pounds to avidin and AVR4. We synthesized a set of
15 azo compounds (see Experimental Procedures and
Supplemental Data [available with this article online])
and studied their interactions with the biotin-binding
proteins by using differential scanning calorimetry
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Table 1. Functional Groups of the Synthesized Ligands

Table 2. Structure Determination Statistics for Avidin

R2

"= N OH
G
RI
Compound -COO™ Position R1 R2
HABA ortho H H
1b meta H H
1c para H H
2b meta H NO,
2c para H NO,
4a ortho CHj3 CH3
4b meta CHs CH3
4c para CHs CH3
5a ortho H OH
5b meta H OH
5¢ para H OH
6b meta OH CHs3
6¢c para OH CH;
"= N O OH
'/
P< >—N O
Compound -COO™ Position
3a ortho
3b meta
3c para

(DSC), UV/visible spectroscopy, and molecular model-
ing. Morecgver, to our knowledge, we present the first
high (1.48 A)-resolution X-ray structure of chicken avidin.

Results

High-Resolution Crystal Structure of Avidin

To our knowledge, we report the first high-resolution
X-ray structure of avidin at 1.48 A resolution. The struc-
ture-determination statistics are in Table 2. The fold of
the two monomers in the asymmetric unit and tetrameric
assembly are nearly identical to the known avidin struc-
tures [20, 24, 27-31]: eight antiparallel  strands form
a classic B barrel, with one open end serving as the
biotin-binding site.

In contrast to other avidin structures, both the open
and closed conformations of the L3,4 loop are observed
in the electron density maps of this high-resolution
structure (Figure 1A). In the closed conformation, the
12 residue-long L3,4 loop seals the ligand-binding
pocket similarly to one of the avidin-biotin complexes
(PDB code 1AVD [31]). In the 1.48 A resolution structure,
all residues within the L3,4 loop of the closed conforma-
tion could be traced in the electron density maps. The
open conformation of the L3,4 loop diverges from
the closed loop conformation at 134 and reunites with
the closed loop conformation at K45. V37-S41 of the
open loop conformation could not be traced through
the electron density map. Thus, T35-A36, at the start
of the L3,4 loop, and N42-K45, at the loop’s end, could
be built into the electron density of the open loop confor-
mation (Figure 2A).

Before data collection, an avidin crystal was soaked
with compound 3a. Despite the color change observed

Data Collection®

Wavelength (A) 0.804
Beamline X13
Detector CCDh
Resolution (/:\) 20-1.48 (1.58-1.48)
Unique observations 41,811 (7320)
/o 10.4 (2.9)
R factor® (%) 7.3 (47.0)
Completeness 99.3 (99.1)
Redundancy 4.0 (4.1)
Refinement
Space group P2,2,2
Unit cell
a, b, c(A) 72.9,78.8,43.0
o, By v (°) 90, 90, 90
Monomers per asymmetric unit 2
Resolution (A) 20-1.48
Rwork (%) 16.5
Riree (%) 19.0
Protein atoms 2,066
Heterogen atoms 36
Solvent atoms 149
Rmsd
Bond lengths (&) 0.013
Bond angles (°) 1.5
Ramachandran plot
Residues in most favored regions 92.5%
Residues in additional 7.5%

allowed regions

The PDB code for avidin is 1VYO.
2The numbers in parentheses refer to the highest-resolution bin.
® Observed R factor was taken from XDS [38].

after the soaking experiment, compound 3a was not ob-
served in the solved structure, but, instead, two glycerol
molecules are in the ligand-binding pocket. The lack of
detection of compound 3a in the binding pocket may
be explained by the low occupancy of the ligand in the
binding sites. Thus, the ligand might be “invisible” in
the crystal structure even though it might have bound
to some protein molecules in the soaking experiment.

DSC Analysis

The effect of the azo compounds on the stability of avi-
din and AVR4 was studied by using DSC (Table 3). Since
increases in protein thermal stability upon ligand bind-
ing depends on the binding affinity, we have calculated
the apparent binding constants at the temperature of
protein unfolding, K,(T,,). Calculations are based on
the temperature of protein unfolding in the absence
and presence of ligand as well as on the change in
enthalpy and heat capacity upon unfolding of the protein
in the absence of ligand [32]. HABA, Kp =7 x 1075 M at
pH 7 at room temperature [33], and 2,6-ANS, Kp = 2 x
10~* M [34], which have moderate binding affinity for
chicken avidin, were used as the control ligands. We
also measured the stabilizing effect of the extreme affin-
ity ligand, D-biotin, for avidin (Kp = 10~'° M) and AVR4
(Ko = 107" M) [1, 16].

Of the 18 ligand molecules that were analyzed, bio-
tin produced the largest increase in avidin stability,
ATy, = 34.5°C with Ky(T) (M™") = 3.1 x 10", and in
AVR4 increased stability AT,, = 17.2°C with Ky(T,,)
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Figure 1. The L3,4 Loop and the Suggested
Binding Mode of Some Azo Compounds

(A) The weighted 2F, — F. (blue) and F, — F.
(red) electron density maps of avidin show-
ing the branch site for the two alternative
L3,4 loops. The maps were calculated in
the absence of the amino acids of the L3,4
loop (residues 34-45) and are shown here
(a 2.2 A radius around the atoms) along
with the residues Y33, 134, T35, and A36
of the final structure of avidin (PDB code
1VYO). Contours are shown at 1.0c and
3.0c for the 2F, — F; and F, — F; maps, re-
spectively. Carbon atoms of residues from
the “closed” (a) and “open” (b) conformation
of the L3,4 loop are colored yellow and blue,
respectively.

(B-E) The secondary structure of the protein
in question is shown as a gray coil. Amino
acids are represented as sticks; carbon
atoms are shown in gray, oxygen atoms are
shown in red, and nitrogen atoms are shown
in blue. Putative hydrogen bonds are shown
as dashed, yellow lines. (B) The suggested
binding mode of HABA (orange) and 3a
(cyan) to avidin with the open L3,4 loop con-
formation. HABA (with light-gray carbon
atoms) was also docked into the closed
loop conformation of avidin. (C) The sug-
gested binding mode of 2b (yellow) to avidin.
(D) The suggested binding mode of 3a (cyan)
to AVRA4. (E) The suggested binding mode of
1c (orange), 2c (green), 4c (purple), and 6¢
(pink) to AVR4. For details on the suggested
binding modes, see the main text.
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Figure 2. Two Conformations of the L3,4 Loop in Avidin, Structure-Based Sequence Alignment, and Comparison of the L3,4 Loop in Avidin and
AVR4

(A) The high-resolution crystal structure of avidin (PDB code 1VYO). The secondary structure is shown in gray, and the amino acids in the L3,4
loop (I134-E46) are shown as sticks. The closed L3,4 loop conformation is in gray, and the open conformation is in orange. The arrows indicate
the ends of the peptide chain in the open loop conformation.

(B) The structure-based sequence alignment of avidin (PDB code 1VYO), AVR4 (PDB code 1Y55), and streptavidin (PDB code 1SWE). The sec-
ondary structure elements of avidin are indicated, and the L3,4 loop of avidin, AVR4, and streptavidin is boxed. The key residues for azo com-
pound binding in avidin and AVR4 are in bold (and when conserved, they are also in bold for streptavidin). The shaded residues indicate the
most important differences (for details, see the text) between avidin and AVR4 sequences in the L3,4 loop. The alignment was performed with
Vertaa implemented in Bodil [51], and the picture was produced with Alscript [54].

(C) The L3,4 loop of avidin (PDB code 1VYO, green) and of AVR4 (PDB code 1Y55, yellow). The structures were superimposed with Vertaa in
Bodil [51]. Biotin, docked into the 1VYO structure with GOLD 2.2 [49], is shown in gray. Amino acids of the L3,4 loop, together with a conserved
arginine residue from (8, are labeled and shown as sticks.
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Table 3. The Transition Melting Temperature, T,,, of Avidin and AVR4 Determined in the Presence of Different Ligands

Protein: Avidin AVR4

Ligand Tm (°C) AT (°C) Kp(Tm)? (M~ Tm (°C) ATy, (°C) Kp(Tm) (M~
— 82.5 — NDP 109.9 — NDP
HABA 92.8 10.3 2.9 x 10° 110.9 1.0 3.2x10°
1b 91.3 8.8 1.8 x 10° 110.9 1.0 3.2 x 10°
1c 86.3 3.8 2.0 x 10* 114.9 5.0 4.2 x 10*
2b 95.3 12.8 1.0 x 108 113.9 4.0 2.6 x 10*
2c 87.1 4.6 2.6 x 10* 115.6 5.7 5.8 x 10*
3a 98.4 15.9 5.0 x 10° 116.9 7.0 1.0 x 10°
3b 91.5 9.0 1.8 x 10° 1111 1.2 4.0 x 10°
3c 93.0 10.5 3.6 x 10° 113.0 3.1 1.6 x 10*
4a 95.6 13.1 1.2 x 108 113.6 3.7 2.2 x 10*
4b 87.9 5.4 3.8 x 10* 109.8 -0.1 NDP

4c 84.3 1.8 5.4 x 10° 114.9 5.0 4.2 x 10*
5a 94.5 12.0 7.0 x 10° 112.2 2.3 9.8 x 10°
5b 90.4 7.9 1.1 x 10° 1121 2.2 9.2 x 10°
5¢ 86.5 4.0 2.0 x 10* 114.5 4.6 3.5 x 10*
6b 86.5 4.0 2.1 x 10* 111.5 1.6 5.9 x 10°
6c 84.1 1.6 4.9 x 10° 115.2 5.3 4.8 x 10*
2,6-ANS 84.6 2.1 6.8 x 10° 114.8 4.9 4.0 x 10*
D-biotin 117.0° 34.5 3.1 x 10" 1271 17.2 1.3 x 107

2The apparent binding constant (Ky) is calculated from data obtained at the T,,, as described in Brandts et al. [32].

®Not determinable.
°From Hyt6nen et al. [16].

(M~") = 1.3 x 10”. HABA significantly increased avidin
stability (AT, = 10.3°C, and K,[T,] [M~'] = 2.9 x 10°),
as did the five other azo compounds (AT, > +10.0°C).
Three molecules are ortho-derivatives of HABA (3a, 4a,
and 5a), one is a meta-derivative (2b), and one is
a para-derivative (3c). Overall, the stabilizing effect of
the ortho-derivatives of HABA was largest: on average,
AT, = 12.8°C and Ky(T,) (M™") = 1.8 x 10°. The meta-
derivatives showed somewhat poorer stabilization of
avidin (average ATy, = 8.0°C; Ky[Tr] [M™'] = 2.5 x 10),
while the para-derivatives were the least effective in
terms of stabilizing the avidin complex (average AT, =
4.4°C; Kp[Tm] [M™'] = 7.3 x 10%. The control ligand,
2,6-ANS, stabilized avidin rather poorly, with AT,, =
2.1°C and Ky(T,) (M™") = 6.8 x 10°.

In comparison to avidin, AVR4 showed somewhat dif-
ferent behavior in the presence of the azo compounds.
HABA was relatively inefficient in stabilizing AVR4
(ATm = 1.0°C and Ky[T,] [M~"] = 3.2 x 10°), as were
the other ortho-derivatives (average AT, = 3.5°C;
Ko[Tm] [M~"] = 3.4 x 10%, in contrast to the para-deriva-
tives with, on average, a ATy, 0f 4.8°C and Ky(Ty) (M) =
4.0 x 10*. The meta-derivatives were the least effective
in stabilizing AVR4: with, on average, a AT,, = 1.7°C
and Kp(Tm) (M™7) = 9.7 x 102 Interestingly, 2,6-ANS
stabilized AVR4 with a AT, = 4.9°C and Ky(T,) (M) =
4.0 x 10% similar to the average values for the para-
derivatives.

Altogether, the DSC analyses suggest that avidin and
AVR4 do not have similar binding affinities for the azo
compounds. Avidin exhibits stronger binding for the
ortho-forms, whereas AVR4 binds the para-forms
more strongly. Furthermore, AVR4-2,6-ANS binding
appears to be stronger than that of avidin.

UV/Visible Spectroscopy
The spectral characteristics of the azo compounds in
aqueous solution were characterized by UV/visible

spectroscopy. Between 300 and 650 nm, two peaks
were found at 350.7 nm and 457.9 nm (average values)
in the absorption spectrum for most compounds. Avidin
is known to affect the absorption spectrum of HABA dra-
matically [33]. Consequently, we examined the spectral
properties of HABA derivatives in the presence of avidin
and AVRA4. In general, changes in the absorbance spec-
trum reflect alterations in the physicochemical environ-
ment surrounding the ligand in the protein-bound form
as well as any changes in double bond conjugation
that result from binding. We mainly observed batho-
chromic shifts of the absorption maximum; however, in
some instances, hypsochromic shifts of the absorption
maximum were also observed. In the case of HABA,
there are two peaks, at 346 nm and 439 nm in the absor-
bance spectrum. These peaks are due to the two tauto-
meric conformations of HABA; upon binding avidin, the
conformation absorbing near 500 nm is favored. It has
been shown that HABA bound to avidin forms the hydra-
zone tautomer [20]. Thus, there are two simultaneous
changes that result from interactions with azo ligands:
(1) the accumulation of a specific ligand conformation,
which leads to absorption intensity differences between
peaks; and (2) spectral shifts that are the result of inter-
and intramolecular hydrogen bond formation and rear-
rangement of double bonds. Here, the spectral shifts
are most informative, since they provide information
on the relative strength of the avidin and AVR4 com-
plexes with the azo compounds. The measured absor-
bance peak maxima (Amax) are listed in Table 4.
Similarly to HABA, the presence of avidin caused the
longer-wavelength peak of the ortho-derivatives to
move toward longer wavelengths (the average AA .« =
34 nm). This increase in the maximum absorption wave-
length probably results from the formation of an intra-
molecular hydrogen bond in the ortho-derivatives of
the azo compounds [33]. Such radical changes were
not seen in the absorbance spectra of the meta- and
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Table 4. Spectral Analysis of the Azo Molecules in the Absence
and Presence of Avidin and AVR4

+Avidin +AVR4
Ligand Amax(1)? Amax(®  Amax(1) Amax(  Amax(1)  Amax(2)
HABA 346 439 343 496 339 494
1b 348 431 343 432 332 413
1c 354 438 357 441 393 NDP
2b 37 419 364 431 351 422
2c 378 430 389 456 382 452
3a 325 493 329 522 335 518
3b 324 482 331° 499 330¢ 488
3c 327 481 340 511 357 519
4a 350 477 323 500 325 497
4b 354 444 349 444 343 447
4c 360 456 360 457 358 469
5a 360 474 ND® 501 ND® 499
5b 359 454 375 442 363 453
5¢c 367 461 362 470 NDP 479
6b 343 472 340 477 318 446
6c 347 474 347 474 343 470

2The measured spectra of the azo molecules was analyzed by fitting
two Gaussian peaks to the data, and the absorption maxima (in nm)
were determined from the fitted curves.

® Only one peak was observed in the spectrum.

°A new peak with A« at 405 nm also appeared.

9 A new peak with A,.x at 411 nm also appeared.

°The lower-wavelength peak was negligible.

the para-forms (average AAax =3.8 nmand 11.5nm, re-
spectively). Compounds 3a, 3c, 4a, and 5a with avidin
result in the largest spectral changes, suggesting that
the compounds have high affinity for avidin, while com-
pounds 1c¢, 3b, and 5c¢c led to moderate spectral
changes. Compounds 1b, 4b, 4¢, and 5b with avidin pro-
duced only negligible changes in the spectra. The spec-
troscopic data for compounds 2b and 2c is unclear, and
the affinity of these compounds for avidin cannot be
inferred from the data.

Like avidin, the presence of AVR4 induced similar
spectral changes in the maximum peak found at longer
wavelengths for the ortho-compounds (average AA,ax =
31.3 nm). For the meta-forms, AVR4 induced a slight de-
crease in Anax at longer wavelengths (average AAax =
—5.5 nm), while the A,ax of the para-forms increased
by 14.5 nm in the presence of AVR4. According to the
spectroscopic studies, compounds 1c, 3a, 4a, 5a, and
5¢c seem to produce the most significant spectral
changes, which is indicative of high affinity for AVR4,
while HABA and compound 3b lead to moderate spec-
tral changes; compounds 1b, 2¢, 3c, 4b, 4c, 5b, 6b,
and 6¢ produced only negligible changes to spectra in
the presence of AVR4, suggesting that AVR4 has a low
binding affinity for each compound.

In this analysis, the most interesting difference be-
tween avidin and AVR4 was found with compounds 1¢
and 5c¢ (Figure 3). In the presence of avidin, the spectral
changes of these compounds were negligible. The pres-
ence of AVR4, however, introduced a single peak cen-
tered at 393 nm in the case of 1c (Figure 3A) and at
479 nm in the case of 5¢ (Figure 3B). The induction of
a single peak upon protein-ligand interaction suggests
that a single tautomer of both 1¢ and 5c¢ binds to AVR4
with higher affinity than for the corresponding avidin
complexes. Based on the available data, however, we

h-J
o o
=3 @ -
A 5

Absorbance
o
~

Absorbance

A (nm)

Figure 3. UV/Visible Spectra of 1c and 5¢

(A) The UV/visible spectra of 4-hydroxyazobenzene-4-carboxylic
acid (1c; black) with avidin (gray) and AVR4 (containing the muta-
tion C122S; red).

(B) The UV/visible spectra of 3',4-dihydroxyazobenzene-4-carbox-
ylic acid (5c; black) in the presence of avidin (gray) and AVR4
(C122S; red).

are not able to determine which tautomer of 1¢ and 5¢
is in question. Heavy computational calculations or
high-resolution crystal structures would be needed to
answer that question. With 3b, a unique peak with an
Amax of ~410 nm appeared with both avidin and
AVRA4. This peak emerges at a wavelength between the
shorter (~300 nm)- and the longer (~500 nm)-wave-
length peaks seen for 3b and the other azo compounds.
This is an interesting observation requiring further study.
Overall, compared with avidin, AVR4 induced larger
changes in the spectra of the para-derivatives of the
azo compounds (average AAnax = 11.5 nm for avidin
and 14.5 nm for AVR4).

Ligand Docking Studies

All 15 azo compounds that were synthesized (Table 1),
as well as HABA and 2,6-ANS, were docked into 3 differ-
ent structures: the avidin structure (PDB code 1VYO) in
both the closed and open conformations and the AVR4
structure (PDB code 1Y55). The sequences of avidin
and AVR4 are 77% identical [18], and the major differ-
ences that could affect ligand binding are located along
the L3,4 loop (residues 35-46). The sequence alignment
between avidin and AVR4 is shown in Figure 2B. The
L3,4 loop in avidin and AVR4 is 12 amino acids long,
but there are several large differences in the properties
of residues forming the loop in each protein: a salt
bridge is formed in AVR4 between D39 (A39 in avidin)
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and R112 (R114 in avidin, see Figure 2C), and a proline
residue at position 41 is S41 in avidin.

Altogether, the experimental studies identified five
azo compounds with affinities for avidin that are similar
to (3c) or larger (2b, 3a, 4a, and 5a) than the affinity of
HABA for avidin. According to the docking studies, the
benzoate group of the three best ortho-compounds,
3a, 4a, and 5a, would form interactions identical to those
observed in the avidin-HABA complex structure [20]. An
oxygen atom in the benzoate group of 3a, 4a, and 5a is
positioned so that it could hydrogen bond with S16
and T35 (unless specified otherwise, interactions are
with the side chain of the indicated residue), while a sec-
ond oxygen atom would form up to three hydrogen
bonds with N12, S16, and Y33 (Figure 1B). In addition,
the benzoate ring would interact with F79, W97, and
W110 from the adjoining monomer. The docking studies
indicate that the additional phenyl ring of 3a fully oc-
cupies a pocket formed by W70, F72, S73, S75, and
L99. Similarly, one of the methyl groups found in 4a
and the additional hydroxyl group of 5a are also docked
into this pocket (the hydroxyl group hydrogen bonding
with S73), but the methyl and the hydroxyl groups on
their own are not bulky enough to fill the pocket.

Compound 2b is a meta-derivative of HABA and has
an additional NO, group. As docked, the meta-carboxyl-
ate group would be buried deeper within the binding
pocket of avidin compared to the ortho-derivative.
According to the docking results, it appears likely that
there is a hydrogen bond between one of the carboxyl-
ate oxygens of the ligand and S16, as well as two hydro-
gen bonds between the other carboxylate oxygen and
N12 and Y33 (Figure 1C). Upon avidin binding, the NO,
group of 2b is most likely accommodated at a solvent-
accessible site next to S75, S101, and R114, where the
NO, group would be positioned to form hydrogen bonds
with R114.

The para-compound 3c has a similar affinity to avidin
as HABA. The interactions of 3¢, at the bottom of the
ligand-binding pocket, include possible hydrogen
bonds with N12 and N118 and hydrophobic interactions
with F79, W97, and W110 from the adjoining monomer.
3c is longer than the ortho-compound 3a; as a conse-
quence, 3¢ would extend further out of the binding
pocket.

Experimental results show that 2,6-ANS binds to
AVR4 with a significantly higher affinity than to avidin,
in good agreement with our docking studies that
showed that 2,6-ANS fits nicely into the binding pocket
of AVR4 and that the phenyl ring of 2,6-ANS would stack
with W68 and F70. In addition, the interaction of the SO3;
group of 2,6-ANS with AVR4 appears more favorable
than with avidin: the SO3; group could hydrogen bond
to N12, S16, Y33, and N116 of AVR4. When docked to
avidin, the phenyl ring of 2,6-ANS would clash with res-
idues of the L3,4 loop, especially with T40.

Interestingly, the experimental studies indicate that all
but two of the HABA derivatives (1b and 4b) have affini-
ties for AVR4 that are higher than the affinity of HABA for
AVR4. The docking studies indicate that regardless of
the closed conformation of the L3,4 loop of AVR4, the
azo compound with the highest affinity for AVR4 (and
for avidin), 3a, can fit into the binding pocket of AVR4.
The naphthalene group of 3a is capable of forming -7

stacking interactions with W68. In addition, a hydrogen
bond could form between S71 (Figure 1D) and the hy-
droxyl group of 3a. Interactions with the benzoate group
of 3a in the docked complexes are identical to those
observed for the avidin-HABA complex [20].

The para-derivatives of HABA, 1c¢, 2c¢, 4c, 5¢, and 6c¢,
have very similar affinity for AVR4, and according to the
docking studies, the binding mode of these compounds
to AVR4 is also similar to each other. The benzoate group
of the para-compounds is positioned where it could form
hydrogen bonds with N12 and N116, at the bottom of the
ligand-binding pocket of AVR4 (Figure 1E), as well as hy-
drophobic interactions with Y33, F77, W95, and W108
from the adjacent monomer. In addition, the phenolic
part of the compounds is nicely docked between the hy-
drophobic side chains of A38, W68, F70, and L97, and
a hydrogen bond can be positioned to link the phenolic
hydroxyl group and the hydroxyl group of S71. The
para-compound with the highest affinity for AVR4, 2c,
has an NO, group attached to the phenol ring. The dock-
ing studies show that this polar group could hydrogen
bond with S73 and R112 (Figure 1E). The additional hy-
droxyl group of 6¢ seems capable of hydrogen bonding
with D39 and S73, while the additional methyl group is
docked between the side chains of W68 and F70. Com-
pounds 1c and 4c show equal affinity for AVR4. 1c
more closely resembles HABA in that no additional
groups are attached to the phenol ring, whereas 4c¢ has
two additional methyl groups on the ring. One of the
methyl groups is docked between the side chains of
W68 and F70, and the other methyl group is accommo-
dated within aregion formed by D39, S73, L97,and R112.

Discussion

In egg white, biotin binding is virtually irreversible and is
needed to protect the growing embryo from infection by
microbes. For applications in biotechnology, however,
such irreversible binding is not always useful. While
there is no need, and it is probably not even possible,
to design any ligands with affinity better than that of
D-biotin, research has focused on finding compounds
with high, but reversible, affinity for avidin. The organic
dye compound HABA (4-hydroxyazobenzene-2-carbox-
ylic acid), with moderate affinity for avidin, is a good
starting point for the design of novel avidin-binding
compounds. Due to the spectroscopic features of
HABA and its derivatives, their use in avidin-based
applications would be safer than assays employing
radioactive labels.

The formation of the complex between HABA and
avidin is accompanied with a change in the spectral
properties of HABA [33]. In the original paper, Green
also reported that a meta-derivative of HABA bound to
the avidin biotin-binding site, although the spectral
changes were less dramatic. Similar spectral changes
were observed for the complex of HABA and streptavi-
din, but the affinity of HABA for streptavidin (Kp =
100 x 10~® M) is less than for avidin (Kp =6 x 107® M)
[19, 33]. Green has also reported the specific binding
of other similar dye compounds to the biotin-binding
site of avidin [33]. Much later, Weber et al. [26] success-
fully developed derivatives of HABA that show higher
affinity toward streptavidin.
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Avidin has been reported to have pseudocatalytic
activity, meaning that avidin is capable of enhancing the
hydrolysis of biotinyl ester derivatives, whereas strepta-
vidin efficiently protects the same derivatives from
hydrolysis [27]. This and other studies on the pseudoca-
talytic activity of avidin and streptavidin demonstrate the
importance of the L3,4 loop as a molecular regulator in
constraining the binding of biotin and biotin derivatives
and in converting the protein into a pseudoenzyme [18,
35]. Comparisons of the crystal structures of streptavidin
have shown that the L3,4 loop can adopt two structural
states depending on the bound ligand [25]. In the case
of avidin, the corresponding loop is disordered in the
apo form [24], but biotin binding stabilizes the conforma-
tion of the loop and “locks” it into the closed state [10].

According to the experimental studies presented
here, the ortho-derivatives of HABA bind better to avi-
din, whereas the para-derivatives bind better to AVR4.
The avidin and AVR4 sequences are very similar
throughout the secondary structure elements, except
for the L3,4 loop (Figure 2B). Based on the docking stud-
ies, we suggest that the ortho-derivatives of HABA bind
avidin with a conformation of the L3,4 loop that is more
open. The results previously reported by Ellison et al.
[36] also support this hypothesis. They have shown
that HABA increases the affinity of proteinase K for
avidin, and that, as a result, the L3,4 loop of avidin is
cleaved. Furthermore, in the crystal structure of the
avidin-HABA complex the L3,4 loop is not visible [20],
suggesting that it is mobile. According to the docking
results, if the benzoate group of HABA is docked into
the closed loop conformation of avidin, it is not able to
maintain hydrogen-bonding interactions with residues
(N12, 816, T35, and Y33) along the “bottom” of the bind-
ing pocket (Figure 1B). Taken together, the current ex-
perimental data and docking studies support a model
for HABA binding to avidin in which HABA increases
the mobility of the L3,4 loop.

In the AVR4 structure, the conformation and flexibility
of the L3,4 loop is constrained by the salt bridge formed
between the side chains of D39 and R112 [18]. In con-
trast, the L3,4 loop of avidin is not constrained by
a salt bridge, resulting in more conformational flexibility.
Consequently, the ortho-compounds cannot be accom-
modated within the AVR4-binding pocket as well as in
avidin. Due to the proline residue (P41) in the L3,4 loop
of AVR4, the loop also becomes somewhat “shorter”
than the L3,4 loop in avidin. As a result, the mouth of
the binding pocket of AVR4 is wider than in the avidin
structure (Figure 2C). Since the para-derivatives of
HABA are more elongated than the ortho- and meta-
derivatives, they extend further out from the binding
pocket. In avidin, the para-derivatives collide with T40,
but, in AVR4, there is sufficient space to accommodate
the longer para-derivatives (Figure 2C). These docking
studies are in good agreement with our DSC studies,
which show that AVR4 binds the the para-compounds
more strongly, while avidin has stronger binding affinity
for the ortho-compounds.

The exception from the previous pattern is naphthyl-
HABA, compound 3a, which, according to the DSC stud-
ies, has the highest affinity for both avidin and AVR4.
According to the docking studies, avidin would bind
this ortho-compound with the open conformation of the

L3,4 loop, in contrast to AVR4 with the added salt bridge
that suggests binding might involve the closed loop
conformation. The crystal structure of the streptavidin
complex and compound 3a shows that 3a is bound
to a closed loop conformation [26]. It seems that the
shorter length of the L3,4 loop of streptavidin (Figure 2B)
is the reason it adopts the closed loop conformation. Al-
though the L3,4 loop of AVR4 also appears to be some-
what shorter than that of avidin (due to a kink in the loop
introduced by P41), there are other features of the loop
contributing to the mode of ligand binding. First of all,
the salt bridge between the L3,4 loop and the 8 strand
holds the loop tightly in its position. Second, in the L3,4
loop of AVR4, the methyl group of A38 would form a
hydrophobic interaction with the two-ring system of
compound 3a. The corresponding residue in avidin is
threonine (T38), which, due to its larger volume and polar
hydroxyl group, hinders the binding of compound 3a to
the closed L3,4 loop conformation of avidin.

Significance

The avidin family of biotin-binding proteins is widely
exploited in biotechnological applications and, more
recently, in nanobiotechnology. There are obvious ad-
vantages to using a high-affinity ligand that alters its
spectral characteristics when bound to an avidin pro-
tein, allowing one to measure spectrophotometrically
the degree of successful complexation that has oc-
curred. The organic azo dye, HABA (4-hydroxyazoben-
zene-2-carboxylic acid), does undergo such spectral
changes when the avidin-HABA complex is formed,
but the binding affinity of avidin for HABA is much
less than the extremely tight binding that occurs with
biotin. Thus, in order for a HABA-type molecule to be
of use, the affinity must be substantially improved or
another avidin-like molecule with tighter binding for
a HABA compound should be identified. Here, we syn-
thesized 15 derivatives of HABA, and we analyzed their
binding characteristics with avidin and with a related
protein, AVR4, by using DSC and UV/visible spectros-
copy. We show that a number of these derivatives do
have higher affinity for avidin, but that some com-
pounds prefer to bind to AVR4. To our knowledge,
we have solved the first high-resolution 1.5 A structure
of avidin that reveals novel structural details about the
L3,4 loop, a loop that appears to be a major determi-
nant defining the binding preferences of avidin and
AVR4 for the HABA compounds. Molecular modeling
was used to help position the compounds within the
ligand-binding sites in the 3D structures of avidin and
AVRA4. These studies reveal the molecular basis for dif-
ferences in ligand binding and provide firm details that
can be used to determine how to proceed with the pro-
tein structure-based approach used to modify azo
compounds to achieve higher affinity and selectivity
for avidin or AVR4.

Experimental Procedures

Chemicals

2-aminobenzoic acid, 2-nitrophenol, and 1,2-dihydroxybenzene
were purchased from Fluka (Buchs, Switzerland), and 4-aminoben-
zoic acid, 2,6-dimethylphenol, and 1-napthol were purchased from
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Merck (Darmstadt, Germany). 1,2-dihydroxy-3-methylbenzene was
purchased from Aldrich Chemical Company. 2-anilinonaphthalene-
6-sulfonic acid (2,6-ANS) was from Invitrogen. D-biotin was
purchased from Sigma, and chicken avidin was a generous gift
from Belovo S.A., Bastogne, Belgium.

Synthesis and Characterization of Azo Molecules

HABA derivatives (for a table of the molecular structures, see Table 1)
were synthesized by coupling diazotized aminobenzoic acid to
the phenol and naphthol derivatives [26]. Ice-cooled aqueous
NaNO, (7.3 mmol) was slowly poured into a stirred solution of
ortho-/meta-/para-aminobenzoate (7.3 mmol) in hydrochloric acid
(18%) while the temperature was kept below 5°C. The mixture con-
taining the diazonium salt was cautiously poured into an ice-cooled
aqueous solution of the phenol/naphthol derivatives (14.0 mmol)
and NaOH (16.8 mmol). The reaction mixture was stirred at 5°C for
1 hr and neutralized with hydrochloric acid/sodium acetate. The
resulting precipitates were collected, washed with water, and dried
in vacuo. The product was recrystallized from the ethanol-water
mixture and dried.

In the synthesis of 1,2-dihydroxyazobenzene carboxylic acid,
1,2,3-dihydroxyazobenzene carboxylic acid, and 1,2-dihydroxy-3-
methylazobenzene carboxylic acid, the reactions were slightly dif-
ferent because the hydroxyl groups were protected by aluminium
sulfate. Ice-cooled aqueous NaNO, (26 mmol) was poured into
a stirred solution of ortho-/meta-/para-aminobenzoate (25 mmol)
in hydrochloric acid (4.5%) while the temperature was kept below
5°C. 1,2-dihydroxybenzene/1,2,3-dihydroxybenzene/1,2-dihydroxy-
3-methylbenzene (25 mmol) was diluted with aqueous Alx(SO,4)3 (14
mmol), and the diazonium salt solution was poured cautiously into
this ice-cooled solution. The reaction mixture was stirred at 5°C
for 40 min, and 25 ml CH3;COONa (20%) was added to the reaction
mixture. The solution was acidified by adding 10 ml concentrated
HCI, and the resulting reddish precipitates were collected, washed
with water, and dried in vacuo. The products were recrystallized
from an ethanol-water mixture and dried in vacuo.

The final products were confirmed by "H-NMR (Bruker Avance
DPX 250 FT), '*C-NMR (Bruker Avance DPX 500), and by MS. The
TH-NMR spectra were recorded at 250 MHz, and 3¢ spectra were
recorded at 500 MHz in d-DMSO at 30°C. The detailed list of synthe-
sized compounds with confirmed compound characteristics is in
Supplemental Data.

Differential Scanning Calorimetry Analysis

The thermodynamics of the denaturation process of avidin isolated
from chicken (Belovo S.A., Bastogne, Belgium) and the AVR4 protein
produced in E. coli [14, 37], in the presence of different ligands (3:1
molar ratio), were studied by using a Nano Il differential scanning
calorimeter (Calorimetric Science Corporation, Provo, UT) as previ-
ously described [7]. AVR4 carried a mutation, C122S, that prevents
intermolecular disulfide bridge formation without affecting either li-
gand binding or thermostability [16]. Sodium phosphate buffer
(50 mM, pH 7.0) containing 100 mM NaCl was used in the measure-
ments. Thermograms were analyzed with Origin 6.0 software. The
apparent binding constant at the temperature of protein unfolding
Kp(Tm) was calculated as described in Brandts et al. [32] by using
the following equation:

Ky (Trm) =[exp[ = AH(To)/R(1/Tm = 1/To)
+AC, /R(INT /To+ To /T = V)] =1)/[L]Tm, (1)

where AH(T,) is the change in enthalpy upon unfolding in the ab-
sence of ligand, R is the gas constant, T, is the unfolding tempera-
ture in the presence of ligand, Ty is the unfolding temperature in the
absence of ligand, AC,, is the change in heat capacity upon unfold-
ing, and [L]T, is the free ligand concentration at T,,. It is assumed
that the unfolding process is a two-state transition and that the
ligands bind only to the low-temperature, native conformation. In
the calculation of the binding constants, we used the respective
values for avidin and AVR4: AH(T,), 329 kJ/mol and 460 kJ/mol;
AC,, 15.3 kJ/(K mol) and 9.1 kJ/(K mol) [16]. The value of AC, used
for AVR4 originates from measurements performed on AVR4 protein
produced in insect cells and not in bacteria. Even a significant devi-
ation in the value of AC, would, however, only have a very small

impact on the calculated Ky(T,,)s. Such a deviation would not affect
the relative binding affinities for one protein and several different
ligands.

UV/Visible Spectroscopy

The optical properties of the synthesized azo compounds were
characterized with a PerkinElmer UV/visible spectrometer. Spectra
were obtained for samples in 50 mM Na-phosphate buffer (pH 7.0)
containing 100 mM NaCl. The azo compounds were diluted to a final
concentration of 20 mM, and the spectrum for each compound was
measured at wavelengths between 300 and 650 nm. Furthermore,
the spectrum of each of the azo compounds (20 mM) in the presence
of 1 mg/ml chicken avidin (Belovo S.A., Bastogne, Belgium) or AVR4
(produced in E. coli [14]) was measured. The spectrum for each com-
pound was analyzed by using multipeak analysis (Microcal Origin
7.0), fitting two Gaussian peaks to the data.

Crystal Structure Determination

The recombinant chicken avidin protein used for structure determi-
nation with X-ray crystallography was produced in E. coli, purified,
and crystallized as previously described [14]. Briefly, bar-like crys-
tals were obtained at +22°C by using the hanging drop vapor diffu-
sion method. Equal volumes (1 pl) of protein (0.5 mg/ml) in 50 mM
Na acetate (pH 4) + 20 mM NaCl and well solution of 0.1 M MES
(pH 6.6) + 24% PEG 8000 + 0.2 M Mg acetate were employed. Before
data collection, a crystal was soaked with compound 3a (1 mM in
drop) for several hours at +22°C. Glycerol (23% v/v) was added to
the crystallization drop to serve as a cryoprotectant just prior to flash
freezing in a 100 K nitrogen stream.

Diffraction data were collected at 100 K at the synchrotron beam-
line X13 (EMBL-Hamburg) from a single crystal. The data were in-
dexed, integrated, and scaled with the program package XDS [38].
The structure was solved with the molecular replacement technique
and by applying programs from the CCP4i Suite [39]. An existing
2.7 A avidin structure (PDB code 1AVD [31]) was used as a trial
model in molecular replacement, which was carried out with the pro-
gram AMoRe [40]. The X-ray structure was refined with Refmac5 [41]
by using TLS [42] and was modified and rebuilt with the program O
[43]. Solvent atoms were added to the model with the automatic pro-
cedure of ARP/WARP [44], whereas sulfate ions and glycerol mole-
cules were added manually in O. The final model was analyzed
with the programs PROCHECK [45] and WHATIF [46].

Docking Studies

The 3D structures of 2,6-ANS and the azo compounds (Table 1), in-
cluding two different tautomers for each azo compound, were built
and energy minimized in Sybyl (Tripos, St. Louis, MO). The Conju-
gate Gradient minimization method was used along with the
MMFF94s force field and MMFF94 charges [47, 48]. The termination
gradient was set to 0.05 kcal/mol, and the calculations were iterated
until convergence was reached. The program GOLD 2.2 [49] was
used for docking experiments, and all ligands, including both tauto-
mers of the azo compounds, were docked. The standard default set-
tings of GOLD were used, and the active site radius was set to 15 A
centered on the H, atom of F79 of the avidin structure (PDB code
1VYO) and F81 of the AVR4 structure (PDB code 1Y55) [18]. The
docking studies were performed based on the assumption that avi-
din binds the azo compounds in a manner similar to what has been
observed for the avidin-HABA complex [20, 50]. In the docking stud-
ies, two distance constraints were used; otherwise, the program
GOLD would not have managed to dock the azo compounds into
the assumed conformation. The distance constraints were defined
so that one of the carboxylate oxygens of the azo compounds was
forced to be in the vicinity of the H, atom of S16 and the H,, atom
of Y33 (both in avidin and AVR4). The range of separation was
from1.5At0 3.5 A, with a spring constant of 5.0.

Visualization

The Bodil modeling environment [51] was used for the visualization
of the crystal structures as well as for the visualization of the docking
results. Figures were produced with PyMOL version 0.99 [52], and
labels were added by Gimp 2.2.
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Supplemental Data

Supplemental Data include additional Experimental Procedures,
which contain data on the isolation and characterization of the syn-
thesized azo compounds, and are available at http://www.chembiol.
com/cgi/content/full/13/10/1029/DC1/.
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