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The chicken avidin gene belongs to an extended gene family

encoding seven avidin-related genes (AVRs), of which only

avidin is expressed in the chicken. The sequences of AVR4

and AVR5 are identical and the common protein (AVR4) has

been expressed both in insect and bacterial systems. The

recombinant proteins are similarly hyperthermostable and

bind biotin with similarly high affinities. AVR4 was crystal-

lized in the apo and biotin-complexed forms and their

structures were determined at high resolution. Its tertiary

and quaternary structures are very similar to those of avidin

and streptavidin. Its biotin-binding site shows only a few

alterations compared with those of avidin and streptavidin,

which account for the observed differences in binding

affinities. The increased hyperthermostability can be attrib-

uted to the conformation of the critical L3,4 loop and the

extensive network of 1–3 inter-monomeric interactions. The

loop contains a tandem Pro-Gly sequence and an Asp-Arg ion

pair that collectively induce rigidity, thus maintaining its

closed and ordered conformation in both the apo and biotin-

complexed forms. In addition, Tyr115 is present on the AVR4

1–3 monomer–monomer interface, which is absent in avidin

and streptavidin. The interface tyrosine generates inter-

monomeric interactions, i.e. a tyrosine–tyrosine �–� inter-

action and a hydrogen bond with Lys92. The resultant network

of interactions confers a larger 1–3 dimer–dimer contact

surface on AVR4, which correlates nicely with its higher

thermostability compared with avidin and streptavidin.

Several of the proposed thermostability-determining factors

were found to play a role in strengthening the tertiary and

quaternary integrity of AVR4.
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1. Introduction

Chicken egg-white avidin and its bacterial analogue strept-

avidin are homotetrameric proteins that share extremely high

affinities towards the vitamin d-biotin (Green, 1975, 1990).

The tetrameric structure of the proteins is essential for their

high affinity for biotin. The high affinity between these

proteins and biotin has been extensively exploited as a

powerful and indispensable tool in many biotechnological and

biomedical applications (Bayer & Wilchek, 1990; Wilchek &

Bayer, 1990).

Avidin and streptavidin share approximately 30% identity

and 40% similarity in their primary structures and conse-

quently their tertiary fold and quaternary arrangement are

highly similar. The tertiary fold of avidin and streptavidin

consists of an eight-stranded antiparallel �-barrel; the main

difference between the two proteins lies in the size, compo-

sition and conformation of the loops connecting the strands



(Hendrickson et al., 1989; Weber et al., 1989; Livnah et al.,

1993).

Avidin and streptavidin tetramers contain four biotin-

binding sites, one per each monomer, with a highly similar

arrangement of amino-acid residues within the respective

binding pockets (Hendrickson et al., 1989; Weber et al., 1989;

Livnah et al., 1993). A critical tryptophan residue (Trp110 and

Trp120 in avidin and streptavidin, respectively) is contributed

to the biotin-binding site from a neighbouring monomer and

plays an essential role in both biotin binding and oligomeric

stability (Sano et al., 1997; Freitag et al., 1998; Laitinen et al.,

1999).

In the apo forms of avidin and streptavidin, the loop

connecting strands �3 and �4 (L3,4) is disordered (Livnah et

al., 1993; Freitag et al., 1997). Upon binding biotin, the L3,4

loop becomes ordered and forms hydrogen-bonding inter-

actions with the ligand in a lid-like arrangement (Korndorfer

& Skerra, 2002; Pazy et al., 2003). In avidin, the L3,4 loop is

three residues larger than in streptavidin and shows higher

flexibility (Pazy et al., 2002).

The quaternary arrangement of the two proteins consists of

four identical subunits, each monomer in which exhibits three

types of interactions with its adjacent subunits (Hendrickson

et al., 1989; Weber et al., 1989; Livnah et al., 1993). Subunits 1

and 4 (numbered according to Livnah et al., 1993) share the

largest contact area, with numerous accompanying inter-

molecular interactions. The contact area between the two 1–4

dimers consists of the 1–2 and 1–3 monomer–monomer

interactions combined. Despite the similarities, the two

proteins differ in many of their molecular properties. For

example, streptavidin is a neutral nonglycosylated protein, as

opposed to avidin, which is glycosylated and positively

charged (pI ’ 10.5). In addition, because of the differences in

their respective molecular surfaces, the two proteins lack

immunochemical cross-reactivity. Avidin and streptavidin

share high thermal stability, which further increases after the

biotin complex is formed. The observed transition midpoint of

heat denaturation (Tm) for avidin is even higher than that of

streptavidin (Gonzalez et al., 1999;

Waner et al., 2004).

The chicken avidin gene (AVD)

belongs to an extended gene family that

encodes seven avidin-related genes

(AVR1–AVR7; Keinanen et al., 1994;

Laitinen et al., 2002). Two of the genes,

AVR4 and AVR5, are identical in their

coding sequences, exhibiting only a

single nucleotide difference in their 50-

flanking region, whereas the others are

94–99% identical to each other

(Keinanen et al., 1994). It has not yet

been fully established whether or not

the AVR genes are expressed as viable

proteins in the chicken. The AVR

proteins have previously been

expressed artificially in various host-cell

systems and their properties have been

examined (Laitinen et al., 2002; Hytönen et al., 2004). Only the

AVR4 and AVR5 (previously denoted as AVR4/5 and

henceforth as AVR4) gene products have been shown to

exhibit binding affinities towards biotin and 2-iminobiotin that

are comparable to those of streptavidin yet somewhat weaker

than those observed for avidin (Hytönen et al., 2004). The

amino-acid sequence of AVR4 shows 79 and 43% similarity

(77 and 35% identity) to avidin and streptavidin, respectively

(Fig. 1). In addition, AVR4 has shown increased thermal

stability compared with avidin and streptavidin in both the

apo and biotin-complexed forms (Hytönen et al., 2004).

In the present study, we have determined the three-

dimensional structures of AVR4 in the apo and the biotin-

complexed forms and have compared them with the

homologous structures in avidin and streptavidin. Based on

detailed comparative analyses of the hydrogen-bonding

interactions and the alterations in size and conformation of

the critical L3,4 loop, we have interpreted the differences in

the biotin-binding affinities between AVR4, avidin and

streptavidin. In addition, we provide insight into the hyper-

thermostable properties of the three proteins regarding the

exceptionally high stability of AVR4 with respect to avidin and

streptavidin. In this context, differences in the structural

determinants were identified that stabilize the tetrameric

assembly of the protein and have a causative impact on

thermostability. The results suggest that the phenomenon of

thermostability may bear relevance not only to proteins

derived from thermophilic microorganisms but can also be

extended to higher order eukaryotic systems (i.e. vertebrates).

2. Materials and methods

2.1. Expression and purification of AVR4

Unlike the other AVR genes, the product of the AVR4 gene

contains a cysteine residue at position 122, which was

converted to a serine in this work in order to avoid formation

of undesired intermonomeric disulfide bridges. The resultant
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Figure 1
Structure-based sequence alignment of avidin, AVR4 and streptavidin. The position of the C122S
mutation is highlighted in black. The secondary-structure �-strand elements are indicated by arrows
and labelled and positions of the interconnecting loops are designated. Amino-acid residues that
participate in biotin binding are shown in bold and residues that participate in the 1–3 monomer–
monomer interaction are displayed in bold and highlighted in light grey.



C122S mutant displays near-identical biotin-binding and high

thermal stability properties compared with those of the wild-

type protein (Hytönen et al., 2004). Thus, the C122S mutant

protein served as the experimental model in this work and,

unless otherwise stated, reference to AVR4 henceforth in the

article represents this mutant. AVR4 was expressed in two

different host-cell systems. In one, the AVR4 protein was

produced using the Bac-To-Bac baculovirus expression system

(Invitrogen) in Sf9 insect cells using biotin-free medium as

described previously (Laitinen et al., 2002). The expressed

protein was purified by affinity chromatography using a

2-iminobiotin column as reported previously (Laitinen et al.,

2001). For the purposes of the present communication, this

form of the protein is termed baculovirus-expressed AVR4. In

another approach, AVR4 was expressed in an Escherichia coli

host-cell system and purified by 2-iminobiotin affinity chro-

matography as previously reported (Hytönen et al., 2004). The

latter form is here termed bacteria-expressed AVR4.

2.2. Crystallization and data collection of
baculovirus-expressed AVR4–biotin
complex

Crystals of baculovirus-expressed

AVR4–biotin complex were obtained by the

hanging-drop vapour-diffusion method at

293 K. d-Biotin (Sigma B4501) was

complexed with AVR4 prior to crystal-

lization assays. A 4 ml drop containing equal

volumes of protein solution (7.5 mg ml�1)

and reservoir solution (2 M ammonium

sulfate, 0.1 M sodium acetate pH 4.6 with or

without 10% glycerol) was used. The crys-

tals were initially soaked in a cryoprotectant

solution containing 2.0 M ammonium

sulfate, 0.1 M sodium acetate pH 4.6 and

25% glycerol. Crystallographic data were

collected at 100 K using an Oxford Cryo-

systems Cryostream cooling device from a

single crystal on an ADSC Quantum 4R

CCD detector with an oscillation range of

0.5� at beamline ID14-2 (� = 0.933 Å) at the

European Synchrotron Radiation Facility

(ESRF), Grenoble, France. The crystal

belonged to the tetragonal space group

P41212, with unit-cell parameters a = 80.96,

c = 140.70 Å. Data were integrated, reduced

and scaled using the HKL suite (Otwi-

nowski & Minor, 1997).

2.3. Crystallization and data collection of
bacteria-expressed AVR4

The bacteria-expressed AVR4 was crys-

tallized in the native and biotin-complexed

forms via the hanging-drop vapour-

diffusion method with the reservoir solution

containing 25–30% PEG 400, 0.1 M Tris

buffer pH 8.5 and 0.2 M sodium citrate. The diamond-shaped

crystals reached a size of 0.5 mm in the long dimension within

2 d but exhibited poor diffraction (8–10 Å maximal resolu-

tion). Better diffracting crystals with similar morphology were

obtained using different crystallization conditions in which the

reservoir solution contained 1.7–2.3 M sodium formate, 0.1 M

sodium acetate pH 4.2. Biotin was complexed to AVR4 prior

to crystallization by adding a saturated solution of the vitamin

to the protein solution. Crystals of the native and biotin-

complexed AVR4s were obtained within 2 d and reached final

dimensions of 0.4–0.6 mm within 4 d. Diffraction data of both

the native and biotin-complexed crystals were collected from a

single crystal at 100 K on an ADSC Quantum 4R CCD

detector with an oscillation range of 0.5� at beamline ID14-4 at

the ESRF (� = 0.9393 Å) using an Oxford Cryosystems

Cryostream cooling device. The cryoprotectant solution

contained 2.2 M sodium formate, 0.1 M sodium acetate buffer

pH 4.6 and 25–30% glycerol. Data were integrated and scaled

research papers

530 Eisenberg-Domovich et al. � Avidin-related protein Acta Cryst. (2005). D61, 528–538

Figure 2
Electron-density maps of the baculovirus-expressed (a) and bacteria-expressed (b) AVR4–
biotin complexes. (a) Stereoview of the Fo � Fc electron-density map calculated at a resolution
of 40.0–1.7 Å after the initial stage of refinement, displaying a segment of the L3,4 loop centred
on the glycosylation site Asn43. All maps were constructed at 2.0� with superimposed
coordinates from the final models. (b) Difference map of the AVR4 biotin-binding site
calculated in the resolution range 40–1.0 Å after the initial stage of refinement with no ligand in
the model.



using the HKL suite (Otwinowski & Minor, 1997). The crys-

tals belonged to space group P41212, with unit-cell parameters

a = 78.04, c = 110.8 Å, and a = 78.04, c = 110.03 Å for the native

and the biotin complex, respectively, with two monomers in

the asymmetric unit. The values for the c axis were substan-

tially shorter than that of the baculovirus-expressed

glycosylated AVR4 (see x3.2).

3. Results

3.1. Structure determination of baculovirus-expressed AVR4

The structure of AVR4 was solved via the molecular-

replacement method using AMoRe (Navaza, 1994) as imple-

mented in the CCP4 suite (Dodson et al., 1997) using avidin

(PDB code 2avi) as the search model. The solution in AMoRe

resulted in an R value of 40.0% and a correlation coefficient of

58.2% at a resolution range of 15.0–4.0 Å. There are 26

differences in the sequence between avidin and AVR4 (Fig. 1).

These mutations were inserted into the model using the

graphics program O (Jones & Kjeldgaard, 1997). The structure

was further refined using REFMAC5 (Murshudov et al., 1997)

as implemented in CCP4i (Potterton et al., 2003) using the

rigid-body protocol followed by restrained refinement with

the maximum-likelihood option in the resolution range 40.0–

1.7 Å. The initial electron-density maps calculated after the

first five cycles of restrained refinement

indicated the presence of biotin mole-

cules in the binding sites. There are

three possible glycosylation sites on

AVR4 (Laitinen et al., 2002), two of

which, Asn43 and Asn117, could be

assigned based on the electron-density

map (Fig. 2a). In addition, there was a

clear indication that the L3,4 loop has a

different conformation compared with

that observed in the avidin–biotin

complex; the loop residues were thus

removed prior to the next cycle of

refinement. The resultant electron-

density maps

(Fo � Fc and 2Fo � Fc) were extremely

clear and all of the L3,4 residues were

traced successfully. The carbohydrate

moieties of the baculovirus-expressed

AVR4 were not analyzed and the

asparagine-linked residue was assigned

as N-acetyl glucosamine (GlcNAc).

The structure was further refined in

the resolution range 40–1.7 Å using

REFMAC5 and solvent molecules were

added utilizing ARP/wARP (Lamzin &

Wilson, 1993) (Table 1). The structure

was fitted into electron-density maps

using the graphics program O (Jones &

Kjeldgaard, 1997). The model of the

baculovirus-expressed biotin–AVR4

complex consists of residues 3–122 for monomers 1 and 2, with

two biotin molecules, four GlcNAc molecules and 121 solvent

molecules. The coordinates and structure factors (PDB code

1y52) have been deposited in the PDB (Berman et al., 2002).

3.2. Structure determination of bacteria-expressed AVR4

The structure of the AVR4–biotin complex was solved via

molecular-replacement methods using AMoRe (Navaza, 1994)

as implemented in the CCP4 suite (Dodson et al., 1997), with

the refined baculovirus-expressed AVR4 as the search model

after removing solvent, ligand and carbohydrate molecules.

The solution in AMoRe resulted in an R value of 40.8% and a

correlation coefficient of 52.8% in the resolution range 15.0–

4.0 Å. The initial (Fo � Fc) and (2Fo � Fc) electron-density

maps calculated after the first five cycles of restrained

refinement indicated the presence of biotin molecules in the

binding sites (Fig. 2b). The structure was further refined in the

resolution range 50–1.0 Å using REFMAC5 and solvent

molecules were added utilizing ARP/wARP (Lamzin &

Wilson, 1993). The structure was built into electron-density

maps using the graphics program O (Jones & Kjeldgaard,

1997). The AVR4–biotin complex consists of residues 3–122

for both monomers, two biotin molecules, 240 solvent and four

formate molecules (Table 1).
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Table 1
Data-collection and refinement statistics.

Values in parentheses are for the outer shell.

Baculovirus-expressed
AVR4–biotin complex

Bacteria-expressed
AVR4–biotin complex

Bacteria-expressed
AVR4

Space group P41212 P41212 P41212
Unit-cell parameters (Å) a = 80.96, c = 140.70 a = 78.04, c = 110.80 a = 78.04, c = 110.03
Resolution range (Å) 40–1.7 (1.73–1.7) 40–1.0 (1.02–1.0) 40–1.2 (1.22–1.2)
Unique reflections 51814 183076 107239
Redundancy 5.5 8.4 6.6
Rsym(I)† 4.6 (43.1) 5.4 (43.6) 6.5 (48.1)
Completeness 99.5 (99.9) 98.5 (88.1) 99.8 (99.6)
I/�(I) 22.6 (1.8) 32.5 (1.3) 25.53 (3.66)
No. of protein atoms 1895 1976 1897
No. of ligand atoms 32 32 0
No. of carbohydrate atoms 56 0 0
No. of solvent atoms 121 240 water +

12 formate
171 water +

18 formate
R factor (%) 19.2 16.6 17.7
Rfree‡ 20.0 17.7 18.5
Average B factor (Å2)

Protein 32.5 11.9 14.3
Ligand 25.1 8.7 0
Carbohydrate 55.8 — —
Solvent 39.2 23.1 (water)/

15.9 (formate)
22.1 (water)/

20.5 (formate)
R.m.s.d. from ideality

Bond length (Å) 0.014 0.014 0.011
Bond angle (�) 1.65 1.72 1.4

Ramachandran plot (PROCHECK)
Favoured (%) 93.3 94.3 93.8
Allowed (%) 6.7 5.7 6.2
Generously allowed (%) 0.0 0.0 0.0
Disallowed (%) 0.0 0.0 0.0

† Rsym(I) =
P
jI � hIij=

P
I. ‡ Test set is 5% for all data.



The space group and unit-cell parameters of the apo-AVR4

were virtually identical to those of the biotin complex and the

structure was refined using the rigid-body protocol in

REFMAC5 (Murshudov et al., 1997). The initial difference

electron-density maps indicated that the binding site contains

two formate anions and two solvent molecules in the respec-

tive asymmetric unit monomers. The structure was further

refined using REFMAC5 restrained refinement with the

maximum-likelihood option and solvent molecules were

added utilizing ARP/wARP (Lamzin & Wilson, 1993). The

model of apo-AVR4 consists of residues 3–122 for monomers

1 and 2, with four formate molecules and 171 solvent mole-

cules (Table 1). The models of the apo and biotin-complexed

AVR4 (PDB codes 1y53 and 1y55, respectively) are available

from the PDB (Berman et al., 2002).

3.3. Structure of AVR4

The overall tertiary and quaternary structures of AVR4

show high similarity to those of avidin and streptavidin

(Hendrickson et al., 1989; Weber et al., 1989; Livnah et al.,

1993). The tertiary structure consists of eight antiparallel

�-strands that form a �-barrel. The quaternary structure

comprises a dimer of dimers as previously proposed for avidin

and streptavidin (Kurzban et al., 1991). The tertiary structures

of both the baculovirus-expressed and bacteria-expressed

research papers

532 Eisenberg-Domovich et al. � Avidin-related protein Acta Cryst. (2005). D61, 528–538

Figure 3
(a) Tube representation of the monomeric structure of avidin (magenta), AVR4 (cyan) and streptavidin (gold). The L3,4 loop is coloured blue, indicating
its different size and conformation in the three proteins. Biotin is shown in black in the respective binding site. (b) Superposition of avidin and AVR4 in
the L3,4 loop region. One can clearly observe the entirely different conformation of the respective loop (labelled) despite the identical length. (c) Biotin-
binding site of apo-AVR4. The two water and two formate molecules in the site emulate the structure of biotin (superimposed in semi-transparent light
grey). Selected aromatic residues are shown in gold and labelled. (d) Surface presentation of the biotin-binding region of AVR4. The adjacent monomer
forming the 1–2 interaction is shown in dark blue and the surface formed by the amino-acid residues of the L3,4 loop is rendered in magenta. The
carboxylate moiety of biotin (shown in yellow) is completely exposed to solvent and the portal cavity formed by the conformation of the L3,4 loop is
indicated by an arrow.



AVR4–biotin complexes are highly similar, with no significant

differences in the conformations of the hairpin-loop regions

and the biotin-binding site. Superposition of monomers 1 and

2 of the baculovirus-expressed and bacteria-expressed AVR4–

biotin complexes resulted in low r.m.s.d.s of 0.14 and 0.18 Å,

respectively (for 114 C� pairs). The N-linked carbohydrate

moieties in the baculovirus-expressed AVR4 at positions

Asn43 (L3,4 loop) and Asn117 (�8 strand) have no apparent

effect on the protein structure. Thus, owing to the high reso-

lution of the bacteria-derived crystals, the subsequent struc-

tural analysis and comparison of the AVR4 model are based

on the bacteria-expressed protein.

Superposition of the tertiary structures of AVR4 and avidin

results in a relatively low r.m.s.d. of 0.36 Å (for 103 C� pairs).

The entire �-barrel scaffold is highly similar in both proteins

and the largest differences between the structures occur in

several of the loop regions. The loop connecting �4 and �5

(L4,5) is two residues shorter in AVR4 with a different amino-
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Figure 4
Schematic representation of the hydrogen-bonding network in the avidin, AVR4 and streptavidin complexes with biotin. In all three proteins, the fused
biotin-ring system forms an identical network of hydrogen-bonding interactions. In addition, the L3,4 loop forms a single hydrogen-bonding interaction
with one of the biotin ureido N atoms. In contrast, there are differences in the interactions of the biotin carboxylate with the respective proteins. In the
avidin–biotin complex, one of the carboxylate O atoms forms three hydrogen bonds with Thr38 O�, Ala39 N and Thr40 N and the other forms two
hydrogen bonds with Ser73 O� and Ser75 O�. In AVR4, the L3,4 loop is the same length as in avidin, yet a different conformation is displayed owing to its
altered amino-acid composition. Consequently, one of the biotin carboxylate O atoms interacts with one hydrogen bond and the other forms a hydrogen
bond with Ser71 O� (analogous to Ser73 of avidin). In streptavidin, there are also two hydrogen-bonding interactions between the biotin carboxylate O
atoms and the protein, such that one forms a hydrogen bond with Asp49 N and the other with Ser88 O� (analogous to Ser75 of avidin).

acid composition (Fig. 1) and the loop assumes an entirely

different conformation. The respective L6,7 loops of avidin

and AVR4 also exhibit different conformations, although the

sequences of both proteins are identical in this vicinity. In this

context, L6,7 has been shown to be of high flexibility in many

avidin structures and in some cases is partially disordered

(Pazy et al., 2002).

In both the avidin–biotin and AVR4–biotin complexes, the

crucial lid-like L3,4 loops (residues 35–46) are in a closed and

ordered conformation but adopt an entirely different structure

(Fig. 3a). Although the respective L3,4 loops are of the same

length in both proteins, differences in amino-acid composition

dictate the variation in the corresponding loop conformation

(Figs. 1 and 3a). In AVR4, the presence of a distinctive

proline-glycine tandem pair at positions 41 and 42 (respective

’,  values of �64, �21� and �64, �16�) induces rigidity in

the loop and forms a ‘kink’ resembling a short helical segment

(Fig. 3b). In addition, Asp39 forms an intramonomeric salt-

bridge interaction with Arg112 from �8 (not shown), thereby

enhancing the conformational stability of L3,4. In the apo-

AVR4 structure, two solvent and two formate molecules

(originating from the crystallization solution) occupy the

biotin-binding pocket. These molecules emulate the biotin

contour and also form similar interactions with the protein

(Fig. 3c). Interestingly, one of the formate molecules assumes a

position almost identical to that of the biotin carboxylate

group and forms similar hydrogen-bonding interactions.

Notably, unlike the disordered conformation of the L3,4 loop

in both apo-streptavidin and apo-avidin, the corresponding

loop in the apo-AVR4 form is in the closed and ordered

conformation, similar to that observed in the AVR4–biotin

complex. In both the apo and biotin-complexed AVR4 struc-

tures the L3,4 loop forms a ‘portal’ cavity at the entrance of



the biotin-binding site. This cavity is sufficiently spacious to

permit biotin binding without any alterations in the loop

conformation. In the AVR4–biotin complex, the carboxylate

moiety of biotin is thus completely exposed to solvent, as

shown in Fig. 3(d).

The overall polar and hydrophobic interactions of biotin

with avidin, streptavidin and AVR4 are quite similar. In

AVR4, the five hydrophobic core residues (two Phe and three

Trp residues) which accommodate biotin are identical to those

in avidin (Livnah et al., 1993). In streptavidin, the composition

of the hydrophobic core residues is somewhat different,

comprising four Trp residues (Hendrickson et al., 1989; Weber

et al., 1989). The biotin bicyclic ring system forms an identical

hydrogen-bonding network with all three proteins (Fig. 4). In

contrast to these similarities, the hydrogen-bonding interac-

tions of the biotin carboxylate are different for the three

proteins. As reported earlier (Livnah et al., 1993), a total of

five hydrogen bonds are formed between the biotin carbox-

ylate and avidin, compared with only two in the complex with

streptavidin. Subtler differences are observed for the inter-

action of the biotin carboxylate O atoms with AVR4. Two

hydrogen bonds are formed, similar to the interaction with

streptavidin, but the hydrogen bond with Ser71 O� is

equivalent to that of Ser73 of avidin instead of Ser88 of

streptavidin (Fig. 4).

3.4. Comparative quaternary structure of AVR4

The quaternary assembly of AVR4 essentially reflects the

previously suggested dimer-of-dimers arrangement (Kurzban

et al., 1991) of avidin and streptavidin (Fig. 5a). Each dimer is

composed of the tight 1–4 monomer–monomer interaction

(Livnah et al., 1993), wherein the two AVR4 monomers form a

sandwich-like structural dimer with a substantial contact

surface (Table 2). The contrasting dimer–dimer interface

comprises the combined contribution of the 1–2 and 1–3

monomer–monomer interactions. The functional 1–2 inter-

action in AVR4 is similar to that of avidin and streptavidin,

consisting mainly of the contribution of Trp108 (equivalent to

Trp110 and Trp120 in avidin and streptavidin, respectively;

Fig. 1). As in avidin and streptavidin, Trp108 is donated from

an adjacent subunit to the biotin-binding pocket, which

explains why the tetrameric assembly of AVR4 is further

stabilized upon biotin binding (Table 2).

The 1–3 monomer–monomer interface appears to be part of

a ‘weak link’ in the quaternary structures of both avidin and

streptavidin, since only three residues of each subunit parti-

cipate in this intermonomer interaction. In contrast, the

equivalent interface of AVR4 reflects the contribution of four

residues, three of which occur in equivalent positions to those

of avidin and streptavidin, i.e. Met94 from strand �7 of AVR4

and Val113 and Tyr115 from strand �8 (Fig. 5). In AVR4, the

two Tyr115 side chains stack together (3.85 Å) to form a ���
(charge-transfer) interaction. In addition, Lys92 N� (the fourth

residue) from strand �7 crosses over from one monomer and

forms a hydrogen-bonding interaction with the adjacent

Tyr115 O� (3.09 and 3.34 Å for the biotin complex and apo

structures, respectively). Lysine is known to serve as a donor

of three potential hydrogen-bonding interactions, while the

tyrosine hydroxyl group can exhibit both donor and/or

acceptor potential (Ippolito et al., 1990). The 1–3 interface is

further stabilized by an intricate network of interactions

involving water molecules, which collectively appear to miti-

gate the interaction between two potential electron donors

(Fig. 5). In this context, Lys92 also forms an intramonomeric

hydrogen-bonding interaction with Asn117 O	, thus stabilizing

the conformation of its side chain, and with a water molecule,

forming a total of three hydrogen-bonding interactions. In

addition, Tyr115 contains an additional hydrogen-bonding

interaction with a water molecule (Fig. 5). Although in avidin

the corresponding lysine residue (Lys94) is conserved, such an

intricate network of interactions is absent, since a hydrogen-

bonding counterpart (i.e. a Tyr115 equivalent) is lacking. As a

consequence of Tyr115 and Lys92, the dimer–dimer interface

in AVR4 is significantly larger than those calculated for avidin

and streptavidin (Table 2).

4. Discussion

The avidin gene represents one of a family of avidin-related

genes in the chicken genome. Interestingly, only the protein

derived from the avidin gene is so far known to be expressed

under normal conditions. The function of the other avidin-

related genes remains an enigma and it is interesting to

speculate whether they may carry an innate disadvantage that

prevents their expression. In this work, we describe the high-

resolution structures of the avidin-related protein AVR4 in

the apo and biotin-complexed forms. Comparison of the latter

AVR4 structures with those of streptavidin and avidin reveals

the basis for the observed differences in both their binding

affinities towards biotin and their thermostability properties.

The primary structure of AVR4 is highly homologous to

those of streptavidin and particularly avidin (Fig. 1) and most

of the biotin-binding residues are conserved in the three

proteins. The binding affinities of AVR4 for biotin and

2-iminobiotin are somewhat lower than avidin but similar to

those of streptavidin (Table 2; Hytönen et al., 2004). The

relatively lower affinity of AVR4 towards biotin compared

with avidin can be attributed both to the number of interacting

residues and to the conformation of the L3,4 loop. For avidin

and AVR4, the hydrophobic ‘cage’ comprising five aromatic

residues is identical; the major difference in the biotin-binding

pocket reflects the number of hydrogen-bonding interactions

between the biotin carboxylate (Fig. 4). In AVR4 and strept-

avidin, there are only two hydrogen-bonding interactions with

the biotin carboxylate as opposed to five in avidin. The

number of the respective hydrogen-bonding interactions is a

function of both the length and the conformation of the L3,4

loop. In streptavidin, for example, the shorter L3,4 loop

contributes only a single hydrogen-bonding interaction with

the biotin carboxylate (Fig. 4). This lid-like L3,4 loop has been

shown to play a crucial role in the high binding affinity towards

biotin; removal of the loop in streptavidin by circular

permutation resulted in a substantial decrease in Ka to a value
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of 107 M�1 (Chu et al., 1998), indicating that in the native

biotin-complexed structure the closed conformation of the

loop also shields much of the ligand in the binding site from

solvent. However, owing to the relatively small size of the L3,4

loop in streptavidin, the closed conformation leaves the

carboxylate portion of biotin completely exposed to solvent.

Although the L3,4 loop of the avidin–biotin complex also

assumes a closed conformation, the ligand is almost comple-

tely buried in the binding pocket, in which three hydrogen-

bonding interactions are formed with one of the biotin

carboxylate O atoms (Fig. 4). In contrast to both avidin and

streptavidin, the L3,4 loop of AVR4 exhibits an alternative

conformation. The loop is the same length as in avidin and

three residues longer than streptavidin. Nevertheless, owing to

its divergent conformation the ligand is exposed to solvent and

only a single hydrogen bond is formed with the biotin

carboxylate moiety (Figs. 3d and 4).

The rate of association in the avidin–biotin complex is

similar to that of many other protein–ligand interactions and

the crucial factor for the high affinity constant appears to

mainly reflect the extremely slow rate of dissociation (Green,

1990). Taken together, the number of hydrogen-bonding

interactions and the availability of the ligand to solvent can

account for the observed differences in binding affinities.

Examination of the amino-acid sequences of other members

of the AVR family reveals that the L3,4 is highly conserved as

is the presence of the Pro-Gly pair (Laitinen et al., 2002). In

this context, it may be concluded that the unique structural

features of the L3,4 loop in all AVR family members are

highly similar and, consequently, the interactions of the L3,4

loop with the biotin carboxylate and its availability to solvent

would be identical to those observed in the model for AVR4.

Avidin and streptavidin are regarded as hyperthermostable

in their apo forms and the proteins display an increase in their

Tm when bound to biotin (Table 2; Gonzalez et al., 1999;

Waner et al., 2004). Unlike avidin and streptavidin, however,

AVR4 displays hyperthermostable properties even in its apo

form and exhibits exceptional stability upon biotin binding

(Table 2; Hytönen et al., 2004, 2005). The factors and structural

determinants that induce thermostability in proteins have

been subjected to extensive investigation and it is achieved by

subtle differences residing over the entire molecule without

substantial alterations in the protein fold (Matthews et al.,

1974; Perutz & Raidt, 1975; Zuber, 1988; Scandurra et al.,

1998; Criswell et al., 2003). The latter studies have indicated

that features such as better or tighter atom packing, the ratio

between the polar surface and buried hydrophobic surface

areas, salt-bridge formation and higher content of proline

residues are all considered to influence the thermostability of

a protein (Scandurra et al., 1998; Kumar & Nussinov, 1999,

2001; Vieille & Zeikus, 2001). Despite these general obser-

vations, each case of a thermostable protein must be evaluated

individually in reference to biochemical and structural data.

Salt-bridge interactions are considered to be a prominent

factor that can enhance thermostability in proteins (Vetriani et

al., 1998; Yip et al., 1998; Bogin et al., 2002). In the case of

AVR4, avidin and streptavidin, it is quite evident that the

number of salt-bridge interactions does not play a significant

role in heightened thermostability, since AVR4, the most

thermostable protein of the three (Table 2), has the lowest

number of salt-bridge interactions (three) per subunit

compared with avidin (seven) and streptavidin (four).

Proline, which can adopt only a limited number of confor-

mations in a polypeptide chain, has the lowest conformational

entropy. The presence of proline residues in loop regions of a

protein is considered to induce rigidity and to thus contribute

to protein thermostability (Delboni et al., 1995; Bogin et al.,

1998; Vieille & Zeikus, 2001). In avidin and streptavidin there

are two proline residues, one of which is in the loop region of

L4,5 (Fig. 1). In AVR4, however, there is an additional

exposed proline residue in the L3,4 loop which contributes to

its stable conformation. In addition, as described in x3, the

L3,4 loop is further stabilized by a salt bridge (between Asp39

and Arg112). In this context, loop rigidity has also been shown

to contribute to the thermal properties of proteins (Russell et

al., 1997; Vieille & Zeikus, 2001). Unlike avidin and strepta-

vidin, the L3,4 loop of AVR4 maintains its conformation in

both the apo and biotin-complexed forms and L3,4 stability

may partially account for the differences in the respective Tm

values of the three proteins (Table 2). Thus, the L3,4 loops of

avidin and streptavidin are highly flexible in their apo forms

and the differences in Tm are 30 K higher in the biotin-

complexed forms in which the loops are closed. In contrast,

the L3,4 loop of apo-AVR4 is already in the closed confor-

mation; the Tm is already very high and the difference between

the apo and biotin-complexed forms is only 292 K (Table 2).
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Table 2
Comparative binding, thermal stability and contact-surface data of AVR4, avidin and streptavidin.

Ligand binding (M) Stability Contact surface area† (Å2)

Kd,
biotin

Kd,
2-iminobiotin‡

Tm without
biotin§ (K)

Tm with
biotin§ (K)

Dimer–
dimer

1–3 monomer–
monomer

1–4 monomer–
monomer

1–2/3/4 monomer–
trimer

AVR4(C122S) 3.6 � 10�14 1.1 � 10�7 379.5 398.5 1531 235 1620 2400
Avidin 1.1 � 10�16 2.2 � 10�8 356.6 390.1 1414 158 1850 2561
Streptavidin 4.0 � 10�14 1.7 � 10�7§ 348.6/355.4} 385.8 1344 186 1536 2222

† All contact surfaces were calculated for the corresponding biotin complexes using the protein–protein interaction server (Jones & Thornton, 1996). The values indicate the contact
surface of a single partner. The values in parentheses represent the polar to hydrophobic ratio of the contact surfaces. ‡ Affinity to 2-iminobiotin surface calculated from equilibrium
response data (Hytönen et al., 2004). § Laitinen (personal communication). } The differences in these results are suggested to be related to the differences in the quality of
commercial streptavidin according to Waner et al. (2004). However, the conditions used in the experiments are not fully identical.



Recent studies have shown that trans-

ferring the L3,4 loop from AVR4 into

avidin resulted in a substantial increase

in Tm values of the mutants (Hytönen

et al., 2005).

Finally, in oligomeric proteins the

chemical nature and the extent of the

subunit–subunit interfaces may have a

pronounced effect on thermostability

(Korkhin et al., 1999; Gerk et al., 2000).

Analysis of the contact-surface inter-

action shows that the monomers of

each of the three proteins exhibit a

substantial contact surface with the

other three subunits (Table 2). In

addition, the contact surface of each

subunit of the 1–4 structural dimer is

larger than the complementary dimer–

dimer interface contributed by the

combined 1–2 and 1–3 interactions.

Based on these data, it appears un-

likely that a single monomer will

dissociate directly from the tetrameric
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Figure 5
Intersubunit interactions of AVR4. (a) Sche-
matic presentation of the quaternary structure
of avidin, AVR4 and streptavidin. The ribbon
diagram (top) is depicted from the avidin
coordinates and the cartoon (bottom) repre-
sents the relative arrangement of the mono-
mers (numbered) in all three proteins. The
tetramer on the right is rotated clockwise by
90� along the vertical axis. The intimate
interaction of the 1–4 (and 2–3) monomer–
monomer interface is clearly visible in the
figure on the left. The contact surface of the
alternative interface, comprising the dimer–
dimer interaction (right), is much less exten-
sive. (b) The 1–3 interface of avidin
(magenta), AVR4 (cyan) and streptavidin
(gold). The intersubunit interactions involve
only three residues in avidin and streptavidin,
although their character is somewhat different
(e.g. the interaction in avidin is more hydro-
phobic than that of streptavidin). In contrast,
the 1–3 contact surface of AVR4 contains the
additional contribution of a fourth amino-acid
side chain (Lys92), which crosses over from
one monomer and forms a hydrogen-bonding
interaction with Tyr115 of the other. (c) Close-
up stereoview of the intricate hydrogen-
bonding network between Lys92 and Tyr115
in the 1–3 monomer–monomer interface. The
different subunits are coloured cyan and blue,
respectively. The two Tyr115 from the
different monomers form a ��� charge-
transfer interaction with an angle of rotation
of �60� between the two rings. Lys92 of the
neighbouring subunit forms a hydrogen-
bonding interaction with Tyr115, which
increases the 1–3 contact surface. In addition,
Lys92 forms two additional hydrogen-bonding
interactions with Asn117 and a solvent
molecule.



assembly and the dissociation into subunits would presumably

involve a discrete step in which the structure initially under-

goes separation into the two 1–4 structural dimers. This

phenomenon, combined with the relatively few residues that

characterize the 1–3 interface in all three proteins, would

presumably reflect a ‘weak link’ in the dimer–dimer arrange-

ment (Table 2). Nonetheless, the 1–3 interface in AVR4

involves more extensive interactions compared with those of

avidin and streptavidin and the correspondingly larger dimer–

dimer contact surface correlates nicely with the respective Tm

values (Table 2). The combined presence of the tyrosine–

tyrosine charge-transfer and lysine–tyrosine hydrogen-

bonding interactions largely accounts for this difference in the

contact surfaces. It has been suggested that strategic place-

ment of structural determinants at positions that enhance

subunit interface is a significant promoter of enhanced ther-

mostability (Korkhin et al., 1999). In addition, aromatic

stacking has been shown to play a significant role in enhancing

the thermostability of proteins (Kannan & Vishveshwara,

2000; Park et al., 2002). These data indicate that the increase

and chemical nature of the dimer–dimer interactions are likely

to make a substantial contribution to thermostability of

AVR4. These findings have been recently substantiated

experimentally by transferring Tyr115 from AVR4 into avidin,

thus increasing the Tm (Hytönen et al., 2005). Similarly, high

thermostability properties would also be expected for other

members of the AVR family (AVR3, AVR6 and AVR7), which

also contain a tyrosine residue at position 115 (Laitinen et al.,

2002). Since all members of the AVR family contain a lysine

residue at position 92, we would thus anticipate a similar

network of 1–3 interactions in the latter AVRs as observed for

AVR4 (Fig. 5b). Conversely, AVR1 and AVR2 both have an

asparagine residue at position 115 which, based on preliminary

modelling (not shown), would not be expected to contribute to

the 1–3 contact surface as the tyrosine and these two members

of the family would presumably exhibit reduced thermo-

stability properties.

In conclusion, we have demonstrated that AVR4 is a

hyperthermostable protein that indeed exhibits many of the

features that characterize such proteins. The outstanding

question is why would nature choose not to express the avidin-

related proteins but instead chooses to express avidin, even

though the AVR genes are present on the genome. Perhaps

this phenomenon reflects an important role for the increased

stability of a protein upon ligand binding (such as that

observed for avidin upon binding biotin) and that expression

of the AVRs may be induced under certain conditions (e.g.

stress-related). In any case, our results provide new insight

into the intramolecular forces that contribute to the thermo-

stability of multimeric proteins. This information can extend

the applications of the (strept)avidin–biotin system and can

further contribute to the general design of hyperthermostable

multimeric proteins.
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