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Chicken avidin is a highly popular tool with countless applications
in the life sciences. In the present study, an efficient method for
producing avidin protein in the periplasmic space of Escherichia
coli in the active form is described. Avidin was produced by
replacing the native signal sequence of the protein with a bacterial
OmpA secretion signal. The yield after a single 2-iminobiotin—
agarose affinity purification step was approx. 10 mg/l of virtually
pure avidin. Purified avidin had 3.7 free biotin-binding sites per
tetramer and showed the same biotin-binding affinity and thermal
stability as egg-white avidin. Avidin crystallized under various
conditions, which will enable X-ray crystallographic studies. Avi-

din produced in E. coli lacks the carbohydrate chains of chicken
avidin and the absence of glycosylation should decrease the non-
specific binding that avidin exhibits towards many materials
[Rosebrough and Hartley (1996) J. Nucl. Med. 37, 1380-1384].
The present method provides a feasible and inexpensive alter-
native for the production of recombinant avidin, avidin mutants
and avidin fusion proteins for novel avidin—biotin technology
applications.

Key words: avidin—biotin technology, bacterial, biotin, chicken
avidin, expression system, signal peptide.

INTRODUCTION

Chicken avidin and bacterial streptavidin are among the most
widely exploited tools in modern biotechnological and biomedical
applications [1]. In addition to their high-affinity ligand binding,
avidin and streptavidin [referred to as (strept)avidin] owe their
popularity to the easy attachment of biotin or its derivatives to
almost any biologically useful molecule without compromising
the activity of the target. Additionally, the tetrameric nature of
(strept)avidin allows for efficient signal amplification. Collect-
ively, the techniques that constitute this methodology are known
as (strept)avidin—biotin technology [2].

Both avidin and streptavidin are proteins secreted in their native
hosts. Chicken avidin is a minor constituent of egg white (approx.
0.05 % of the total protein) [3] and therefore its large-scale puri-
fication requires a large number of eggs. Furthermore, wild-type
avidin is glycosylated. The production of streptavidin in its native
host, Streptomyces avidinii, suffers from a relatively long culti-
vation time (up to 10 days). In addition, the end-product is usually
amixture of heterogeneous molecules that need further processing
to purify biotechnologically compatible core streptavidin [4].
Similarly, avidin suffers from batch-to-batch variations [5].
Therefore it is understandable that much effort has been invested
in producing avidin and streptavidin as well as their mutants and
fusions in heterologous expression systems.

Production of recombinant streptavidin has been most often
reported in bacteria, especially in Escherichia coli [6,7]. The use
of cytoplasmic E. coli overexpression systems leads almost always
to the accumulation of streptavidin as inclusion bodies, thereby
requiring renaturation and further downstream steps to obtain the
active protein. In some studies, streptavidin was produced in a

soluble form within the periplasmic space of E. coli [8] or within
the cytoplasm of baculovirus-infected insect cells [9,10]. For the
production of soluble streptavidin, an efficient expression system
in Bacillus subtilis has been developed [11,12].

Chicken avidin, being a eukaryotic protein, has proven even
more difficult to produce in bacteria when compared with strep-
tavidin. Trials involving cytoplasmic expression in E. coli have
produced low yields of the soluble protein [13] or avidin aggre-
gates as inclusion bodies [14]. In contrast, improved yields have
been achieved using eukaryotic production systems such as bacu-
lovirus-infected insect cells [15], Pichia pastoris [16] and recom-
binant maize [17]. Insect cell culturing, however, is relatively
expensive and requires the use of a special biotin-free medium.
On the other hand, the construction of recombinant corn is time-
consuming and laborious, rendering it unsuitable for routine use,
especially if the aim is to construct and test novel mutated forms of
the target protein. Hence, a cheap and easily modifiable expression
system for the production of avidin, such as E. coli, is highly
desirable.

In the present study, we demonstrate the successful production
of soluble active avidin in the periplasmic space of E. coli. The
protein produced by this method contained 3.7 free biotin-binding
sites per tetramer. To obtain efficient avidin secretion, the bacterial
Bordetella avium OmpA secretion signal [18] was cloned in front
of the avidin sequence (OS-avidin, where OS represents the signal
peptide of OmpA protein), whereas utilization of the natural se-
cretion signal of chicken avidin (NS-avidin, where NS represents
native avidin signal peptide) [19] led to poor yields. This novel
system provides a fast, easy and cheap alternative for the produc-
tion of recombinant avidins. The advantage of the system is the
fact that the avidin produced lacks the carbohydrate chains that

Abbreviations used: AVR, avidin-related protein; NS, native avidin signal peptide; OS, signal peptide of OmpA protein; PEG, poly(ethylene glycal).
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Table 1  Oligonucleotides used in the present study

Oligonucleotide Sequence (5-3')

5-AVD

3'-AVD
5-AVD2
J-UNIV
5-UNIV
5'-AVD-attl-sig

CGCTCTGGCGCTTGCCTTCGCCGCCGTTACGGCCTCTGGTGTTGCCTCGGCTCAGACCGTGGCCAGAAAGTGCTCGCTGAC
TGCTTTCTTATAATGCCAACTTTGTACAAGAAAGCTGGGTATTACTCCTTCTGTGTGCGCAGG
GCTTTTTTATAATGCCAACTTTGTACAAAAAAGCAGGCTATGAACAAACCCTCCAAATTCGCTCTGGCGCTTGCCTTCG
CAAATAATGATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTCTTATAATGCCAAC
CAAATAATGATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTTTTATAATGCCAACTTTGT
TTATAATGCCAACTTTGTACAAAAAAGCAGGCTATGGTGCACGCAACCTC

create problems in certain applications of avidin—biotin techno-
logy. In addition, the produced avidin crystallized under various
conditions, thereby laying an improved foundation for structural
studies of avidin in the future.

EXPERIMENTAL

Construction of the expression vector

Avidin cDNA [19] was extended by stepwise elongation PCR [20]
to include the OmpA signal peptide-encoding region and attL-
recombination sites (Gateway; Invitrogen) in the constructs. The
oligonucleotide sequences are shown in Table 1.

The expression construct pBVboostFG + OS-AVD: primers
5’-AVD and 3'-AVD were used in the first PCR. The resulting PCR
product (488 bp) was extracted from 1% agarose gel and sub-
jected to a second PCR with primers 5'-AVD2 and 3'-UNIV. The
PCR product (607 bp) was again isolated from an agarose gel and
subjected to a final PCR with primers 5'-UNIV and 3’-UNIV.

The expression construct pBVboostFG + NS-AVD: primers
5’-AVD-attl-sig and 3'-AVD were used in the first PCR. The result-
ing PCR product (532 bp) was extracted from the agarose gel and
subjected to a second PCR with the primers 5'-UNIV and 3'-
UNIV.

The resulting PCR products were cloned into pBVboostFG
(O. H. Laitinen, K. J. Airenne, V. P. Hytonen, E. Peltomaa, A. J.
Maihonen, T. Wirth, M. M. Lind, K. A. Mikeli, P. 1. Toivanen,
D. Schenkwein, T. Heikura, H. R. Nordlund, M. S. Kulomaa and
S. Yla-Herttuala, unpublished work) using the Gateway LR-clon-
ing reaction (Invitrogen) and subsequently confirmed by sequen-
cing. In the resulting vectors, the constructs were cloned under
the control of the strong T7 promoter [21] that can be induced
in T7 system-compatible bacterial strains.

Production

Fresh transformants of E. coli BL21-Al (Invitrogen) harbour-
ing pBVboostFG 4 OS-AVD or pBVboostFG + NS-AVD were
cultured in Luria-Bertani medium supplemented with 7 pg/ml
gentamicin (Sigma) at 30 °C (250 rev./min). When the culture
density reached an absorbance Asps 0.4-0.6, 0.2 % L-arabinose
was added to induce the avidin expression and the cultivation was
continued at 30 °C for an additional 16 h. The cells were collected
by centrifugation [1500 g, room temperature (23 & 1 °C), 10 min]
and frozen until analysed.

Protein purification

Bacterial cells (from 100 ml culture) were suspended in 4 ml of
GET (0.5 M glucose, 1 mM EDTA and 200 mM Tris, pH 7.4) and
0.15 mg/ml lysozyme was added. The suspension was incubated
on ice for 20 min, after which 20 ml of 2 mM EDTA, 150 mM
NaCl, 1% (v/v) Triton X-100 and 50 mM Tris, pH 8.0 (Hillol)
was added and the suspension was sonicated for 3 min (1 s on/3 s
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off, 30 % amplitude) with a Branson digital sonifier® 450. The
resulting crude extract was clarified by centrifugation (15000 g,
4°C, 15 min). An equal volume of 50 mM sodium carbonate
(pH 11) containing 1 M NaCl was added to the supernatant and the
pH was adjusted to 10.5 using 1 M NaOH. Affinity chromato-
graphy on a 2-iminobiotin column (Affiland, Li¢ge, Belgium)
was used to isolate the active avidin, as described previously [15].
The avidin concentration was measured using a molar absorption
coefficient of 24280 M~!. cm™" at 280 nm [22].

Cell fractionation

Bacterial cells suspended in lysozyme-containing GET buffer as
described above were centrifuged (15000 g and 5 min) and the
periplasmic fraction was obtained from the supernatant [23].
The resulting pellet was suspended in Hillol buffer, sonicated
as above and centrifuged (15000g and 15min). The cyto-
plasmic fraction was obtained from the supernatant and the
insoluble fraction from the pellet.

Gel-filtration chromatography

The quality of the purified proteins as well as the molecular mass
of their tetrameric forms were assayed by FPLC gel filtration using
Shimadzu HPLC liquid chromatography equipped with a Super-
dex 200 HR 10/30 column (Amersham Biosciences, Uppsala,
Sweden). The column was calibrated by using the gel-filtration
mixture (thyroglobulin, IgG, ovalbumin, myoglobin and vitamin
B,,; Bio-Rad Laboratories, Hercules, CA, U.S.A.) and BSA
(Roche Diagnostics, Mannheim, Germany) as the molecular-mass
standards. Sodium carbonate buffer (50 mM, pH 11) with 150 mM
NaCl was used as the liquid phase. Protein samples of 5 ug in a
volume of 10 ul were used in the analysis.

N-terminal sequencing

Automated N-terminal sequencing of OS-avidin was performed
on an Applied Biosystems Procise 494 protein sequencer using
Edman degradation chemistry.

MS

Micromass LCT electrospray time-of-flight MS was used for the
measurements. A sample of OS-avidin (1 ml, 0.2 mg/ml) was
dialysed against water and diluted 1:1 with acetonitrile. The
instrument was operated with a source temperature of 100 °C,
desolvation temperature of 180 °C, RF lens voltage of 937V,
extraction cone voltage of 6 V, sample cone voltage of 78 V and
capillary voltage of 3677 V. The sample was injected at the rate
of 25 pl/min.

Biotin-bhinding analyses

The number of free binding sites in the purified OS-avidin sample
was measured as described by Green [24]. For the analysis,
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0.25 mM HABA [2-(4'-hydroxyazobenzene) benzoic acid] was
added to the protein solution (10 M) in 50 mM sodium acetate
(pH 4.0), and A5y, was measured at 23 °C using a Beckman DU640
spectrophotometer. Excess (0.2 mM) biotin was then added to
the solution and Asy, was again measured. The concentration of
biotin-binding sites in the sample was calculated according to the
following equation: ¢ (binding sites) = AAsy/34 mM [24]. The af-
finity of OS-avidin for 2-iminobiotin was determined with an
IAsys optical biosensor as reported previously [25].

The binding of labelled biotin to OS-avidin and control avidin
was analysed by a method based on the quenching, owing to
the binding to avidin, of the biotin-coupled fluorescent probe
ArcDia™ BF560 (ArcDia, Turku, Finland). Measurements were
performed using a PerkinElmer LS55 luminometer. Briefly,
50 nM biotin-BF560 was measured in 50 mM sodium phosphate
buffer (pH 7) containing 650 mM NaCl using excitation at 560 nm
(2.5 nm slit) and the emission was collected at 578 nm (5 nm
slit). Continuous stirring was performed throughout the analysis.
After recording the emission for 100s, OS-avidin (or control
avidin) was added to a final biotin-binding subunit concentration
of 50 nM and the measurements were continued for 500 s. After
that, free biotin was added to a final concentration of 5 uM
and the signal was measured for 3600 s at room temperature.
A one-phase dissociation model was used to analyse the data.
The dissociation rate constant kg, was determined by fitting the
following equation to the data: kgt = In(B/B,) + constant. B, is
the maximum binding measured and B is the value determined as
a function of time. The first 500 s were omitted from the analysis
to prevent the effect of the fast initial phase [22]. Fluorescent
biotin release after measurement for 1 h was determined from the
actual data.

Crystallization

The initial crystallization conditions for avidin were based either
on conditions described earlier for avidins [26,27] or on a sparse
matrix protein crystallization screen (Minimal Screen 12 [28,29]).
The vapour diffusion method was used employing hanging drops
of 2 ul with equal volumes of protein and well solution. For cry-
stallization, purified avidin was concentrated to approx. 0.5 mg/ml
with a Centricon Plus-20 concentrator (Millipore) using a buffer
containing 50 mM sodium acetate (pH4) and 20 mM sodium
chloride. The protein concentration of the samples was deter-
mined by the Bradford assay (Bio-Rad Laboratories) [30]. Within
2 weeks, bar-like crystals with a typical size of 0.4 x 0.05 x
0.05 mm appeared. Crystals were obtained under several con-
ditions using the following reservoir solutions: (i) 0.1 M sodium
citrate (pH4.6) and 15-20% (w/v) PEG 2000 [poly(ethylene
glycol)]; (ii) 0.1 M sodium acetate (pH 4.6), 25 % PEG 8000 and
0.2 M ammonium acetate; (iii) 0.1 M sodium acetate (pH 5.6),
20% PEG 8000 and 0.2 M ammonium acetate; (iv) 0.1 M Mes
(pH 6.6), 20-26% PEG 8000 and 0.2 M magnesium acetate;
(v) 0.1 M Hepes (pH7.5), 10% (v/v) 2-propanol and 18-26 %
PEG 4000; and (vi) 0.1 M Tris (pH 8.0-8.6) and 20-29 % PEG
1000. Diffraction data up to 1.5 A resolution (1 A=0.1nm)
were collected at the beam line X13, EMBL/DESY (Deutsches
Elektronen Synchrotron), Hamburg, Germany (T. T. Airenne, V. P.
Hytonen, T. A. Salminen, H. Kidron, M. S. Johnson and M. S.
Kulomaa, unpublished work). Determination and analysis of the
crystal structure is currently in progress.

RESULTS AND DISCUSSION

There are two main approaches to the successful production
of heterologous proteins in E. coli, each leading to a different

| attL1 H MVHATSPLLLLLLLSLALVAPGLSARKC... ... TQKEH attL2|

| attL1 H MNKPSKFALALAFAAVTASGVASAQTVARKC... ... TQKE H attL2|

Figure 1  Schematic representation of the expression cassettes used in the
present study

The upper Figure represents the natural avidin signal construct (NS-avidin) and the lower Figure
shows the OmpA signal construct (0S-avidin). The most distal termini correspond to attL nucleic
acid sequences that allow recombinational cloning of these constructs to compatible expression
vectors [40]. The N-terminal amino acid residues, recognized as signal peptides in their natural
context, are underlined and they are followed by the mature avidin sequence (truncated in the
Figure). For the OmpA signal, the first three amino acid residues of the mature OmpA protein
(QTV) were also included to confirm correct cleavage of the signal.

outcome: in one case, the expressed proteins are in soluble form
and, in the other, in the insoluble form of the so-called inclusion
bodies [31,32]. Approaches utilizing inclusion bodies have
certain advantages, e.g. protection of the produced proteins from
proteolysis and partial purification by centrifugation. However,
usually the preferred method is to begin working directly with
material that is soluble and active since this is especially beneficial
with regard to different high-throughput strategies. Therefore our
aim was to adapt the flexible and easily scaleable E. coli
expression system to produce a high yield of soluble active
chicken avidin. Since previous attempts to produce avidin in the
cytoplasm of E. coli have led to the formation of inclusion bodies
[14] or low yields of the soluble protein [13], we decided to
express avidin within the periplasmic space of E. coli.

Two alternative constructs were created. In the first, the native
secretion signal of avidin was retained, whereas in the other, a bac-
terial signal sequence from the OmpA protein from B. avium [18]
was cloned in front of the mature avidin peptide (Figure 1). The
latter was performed to study whether it was possible to increase
the production and secretion efficiency of avidin by utilizing a
genuine bacterial secretion signal. To ensure the correct cleavage
of the product, the construct included the first three amino acids
of the native OmpA protein. The end-products encoded by these
two constructs were named NS-avidin (native signal avidin) and
OS-avidin (OmpA signal avidin). Both constructs were cloned
under the strong T7 promoter in a novel pBVboostFG vector
that allows easy recombinational cloning [40] and simultaneous
production of recombinant proteins in bacterial, insect and ver-
tebrate cells (O. H. Laitinen et al., unpublished work).

Utilization of the native secretion signal of avidin produced only
modest quantities of NS-avidin within the periplasm and the yield
after 2-iminobiotin—agarose affinity purification was less than
1 mg/l. In addition, the E. coli signal peptidase showed poor recog-
nition of the signal peptide of NS-avidin, since the purified prep-
aration contained both the processed and non-processed forms
of the protein (Figure 2B). It is a known fact that codon usage,
especially at the 5’-end of the transcript, can have a major effect
on heterologous protein production and secretion efficiency in
E. coli [33]. We found previously that changing the codon usage
in the N-terminal part of avidin according to the codon preferences
of E. coli had a positive effect on the efficiency of avidin pro-
duction [13]. Since the NS-avidin secretion signal and the whole
avidin coding region of the NS-avidin construct were cloned from
native avidin cDNA [19] and therefore do not necessarily follow
an optimal E. coli codon usage, this may partially explain the poor
production efficacy of NS-avidin. However, codon analysis of the
avidin signal sequence did not reveal major bias against the E. coli
codon preference (E. coli preference taken from www.kazusa.or.jp
[33]). Two leucine-encoding CTC triplets were found in the signal
sequence of NS-avidin. The CTC triplets occur rarely in E. coli
mRNAs (1.01 % of codons). Furthermore, a rarely occurring
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Figure 2 Expression and purification of bacterial avidin

(A) Immunoblot showing the expression of recombinant OS-avidin within the periplasmic
space of E. coli and the purification of the produced protein. Lane T shows a sample of
the total E. coli lysate and lane S1 shows the soluble fraction after cell lysis. The upper band
represents a non-processed 0S-avidin form that still contains a signal peptide, whereas the lower
band corresponds to a mature peptide without the signal. Lane | corresponds to the
insoluble fraction from cell lysis and lane S2 the flow-through of the soluble fraction after
2-iminabiotin—agarose purification. In lane C, a commercial avidin standard (Belovo) is shown
and, in lanes E1-E3, the 0S-avidin elution fractions released at pH 4 are shown. As the Figure
shows, the processed 0S-avidin represents the active form since it is the only form that is
not present in the flow-through fraction, and becomes eluted. (B) Eluted fraction from the
purification of NS-avidin. The unprocessed and processed forms of avidin are seen. (C) Effect of
biotin treatment on the total cell sample heated at 80 °C. Biotin-treated (+ BTN) and -untreated
samples are shown. Monomeric forms of the processed avidin are not present on the blot in
the presence of biotin, whereas the non-processed form stays monomeric with and without
biotin. The biotin-stabilized avidin tetramers of the processed form are not visible. Locations of
molecular-mass standard bands at 21.5 and 14.4 kDa is shown (Bio-Rad Laboratories).

proline-encoding CCC codon was also found once in the avidin
signal sequence (0.55 % of codons).

Another reason for the low expression and lack of secretion
efficacy of NS-avidin probably derives from the nature of the
avidin signal peptide itself. It is an archetypal eukaryotic signal
sequence that does not contain the positively charged residues
along its outermost N-terminal region characteristic of prokaryo-
tic signal sequences [34]. The central hydrophobic region of the
signal is also occupied almost exclusively by leucine residues
(Figure 1) instead of showing an approximately even distribution
of alanine and leucine residues, as is typically found in prokaryotic
signals [34]. Furthermore, although glycine and serine residues,
in positions — 3 and — 1 upstream of the signal peptidase cleaving
site, are small and neutral residues and therefore formally obey the
(—3, — 1) rule for signal sequences, these positions are almost ex-
clusively occupied by alanine residues in prokaryotic signals [34].
Although it is known that many eukaryotic secretion signals are
recognized in prokaryotic organisms, they often lead to poor

Table 2 Biochemical properties of bacterial avidin compared with those of

secretion yield and cleavage accuracy (see [35] and references
therein). Considering all these results together, it was hardly
surprising that the natural signal sequence of avidin was not
efficiently recognized and cleaved in E. coli.

According to our hypothesis, the use of the OmpA signal
sequence construct improved the secretion efficiency of OS-avidin
by more than one order of magnitude when compared with that of
the NS-avidin construct. The typical yield of purified OS-avidin
after purification by 2-iminobiotin—agarose affinity chromato-
graphy was approx. 10 mg/l (Figures 2A and 3). However, a large
fraction of the produced OS-avidin remained unsecreted. It is pos-
sible, indeed, that a part of this fraction aggregated into inclusion
bodies since the insoluble sample mainly contained the non-
processed form (Figure 2A). The OmpA signal peptide was
efficiently cleaved from the secreted fraction of OS-avidin, since
the purified sample contained only the processed form of the pro-
tein. This made the end-product highly homogeneous (Fig-
ure 2A). The homogeneity was further confirmed by N-terminal
sequencing and MS, which showed that the N-terminal sequence
of purified OS-avidin was as expected. The first three re-
sidues of the mature OmpA protein were found at the N-terminus
and they were followed by the N-terminal sequence of avidin
(Table 2). The activity of the processed form was also checked by
treating the sample containing whole cells with biotin. Only the
processed form withstood the heat treatment as a tetramer after
SDS/PAGE analysis similar to egg-white avidin [5], whereas the
non-processed form failed to form tetramers (Figure 2C).

The periplasmic production approach offers some clear advan-
tages for proteins such as avidin. It allows the formation of a
disulphide bridge and virtually lacks bound biotin, properties that
are essential for the full activity of the produced avidin. Consistent
with this assumption, OS-avidin purified from the periplasm of
E. coli had high specific activity, showing 3.7 free biotin-binding
sites per tetramer (Table 2), and this activity was comparable with
that of commercial avidin, which in fact has a somewhat lower
activity (3.4 free binding sites/tetramer). This result is in good
agreement with the report by Shultz et al. [23], who produced
streptavidin fused to single-chain antibody fragments in the
periplasm of E. coli. Their streptavidin chimaeras had 3.6 free
biotin-binding sites per tetramer.

OS-avidin was selected for further analysis, since it was more
homogeneous and gave markedly better yields than NS-avidin.
The quaternary structure of OS-avidin was studied by FPLC gel-
filtration assay. The results showed that OS-avidin was completely

avidin isolated from chicken egg white (Belovo)

0S-avidin Chicken avidin Method
Molecular mass (Da) 14671.2+04 ~16500* ESI-MS
Mass of tetramer (kDa) 52.6 59.8 FPLC gel filtrationt
Affinity for 2-iminobiotin surface (10~ M) 434241 21+06 IAsys optical biosensors:
No. of biotin-binding sites per tetramer 3.72+0.05 3.44+0.04 UV/Vis spectroscopy with HABA§
Dissociation rate constant for fluorescent biotin (10> s~7) 1.6240.23 2.26+0.08 Fluorescence spectroscopy with biotinylated probe
Release of biotinylated fluorescent probe in 1 h (%) 124450 141+15 Fluorescence spectroscopy with biotinylated probe
Thermal stability T,/T, with biotin (°C) 60/90 60/90 SDS/PAGE-based assay||
N-terminal sequence QTVARKCSLTGKW ARKCSLTGKW Y N-Terminal sequencing
*From [24].

 Bio-Rad gel-filtration standard and BSA (Roche) were used as protein standards.
1 Determined as described in [25].

§ Determined as described in [24].

|| Determined as described in [5].

€ From [39].
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Figure 3 FPLC gel-filtration analysis

FPLC gel-filtration chromatography profiles of purified recombinant avidin (A) and commercial
avidin control (Belovo) (B). The recombinant avidin is seen almost completely as a single sharp
peak corresponding to the tetrameric quaternary structure of avidin, whereas a clear higher
molecular-mass peak (approx. 25 min) is seen in the chromatogram of control avidin. Elution
times of gel-filtration standards are indicated in the chromatograms by arrows: 1gG (158 kDa),
24.6 min; BSA (68 kDa), 27.8 min; ovalbumin (44 kDa), 30.1 min.

tetrameric, just as native avidin (Figure 3). Quenching of the
biotinylated fluorescent probe showed that biotin binding to
OS-avidin was as tight as for wild-type egg-white avidin (Table 2).
Furthermore, the binding affinity of OS-avidin for 2-iminobiotin
was similar to the affinity shown by the native protein when stu-
died using an IAsys optical biosensor (Table 2). The purified
OS-avidin also tightly bound fluorescent biotin. Both the mea-
sured dissociation rate constant (1.62 x 107> s7!) and the total
quantity of bound ligand released after measurement for 1h
(12.4 %) were close to those measured for control avidin (2.26 x
107 s7', 14.1%). The heat stability of the purified OS-avidin

was studied by an SDS/PAGE-based method [5]. Once again,
the ability of OS-avidin to withstand heat, in this analysis, was
found to be comparable with that of native avidin (Table 2). On
the basis of these biochemical analyses, we can argue that the
purified OS-avidin is equal in quality to natural avidin.

Natural chicken avidin has only one post-translational modi-
fication, asparagine-linked glycosylation in position 17. The
carbohydrate chain is, however, partially responsible for the non-
specific binding that hampers the use of avidin in certain
applications [36,37,41]. The carbohydrate chain is also processed
differently in natural avidins, which furthermore makes native
avidin preparations more heterogeneous. Therefore the absence
of glycosylation from E. coli is an advantage, especially since
it is a known fact that the carbohydrate chain does not affect
the biotin-binding activity of avidin [38]. In addition, the use of
X-ray crystallography in structure—function studies of proteins
often benefits from the absence of carbohydrate units, since they
are often more mobile. Determination of the X-ray structure of
glycosylated avidin, for example, has been found to be extremely
difficult, and well-diffracting avidin crystals have usually been
achieved only from deglycosylated avidin preparations [26]. Our
periplasmic bacterial expression system provides, therefore, a
convenient method by which non-glycosylated avidin mutants of
interest can be prepared without the need for any further mutation
of the glycosylation site(s) or deglycosylation. The suitability of
our novel avidin expression system for crystallization was
proven by the crystallization trials. We were able to crystallize
OS-avidin under many different conditions over the pH range of
4.6-8.6 (Figure 4). The system also enables the production of non-
glycosylated AVRs (avidin-related proteins), an interesting family
of highly glycosylated relatives of avidin from chicken [25]. In
fact, we have already successfully produced some novel avidin
mutants and AVR proteins with this system, obtaining yields
similar to those described for OS-avidin (Table 3).

It is possible to achieve even better expression and secretion
yields by optimizing different parameters in the system. Other
bacterial signal sequences could be tried or beneficial mutations
of the signal could be screened for stronger secretion. It is also
possible to modify the codon usage of the whole avidin sequence
according to the codon preferences of E. coli. One obvious way to
increase protein yields would be to optimize the bioreactor
cultivation procedure for synthesizing OS-avidin, instead of using
the Erlenmeyer bottle cultivation procedure used here. However,
these results prove that it is, in principle, possible to produce
chicken avidin within the periplasm of E. coli in an active and
soluble form. The produced and purified OS-avidin was highly
active, i.e. most of its biotin-binding sites were free, and it
showed quality similar to or even better than that of commercial
avidin in the SDS/PAGE (only monomers) and FPLC gel-
filtration (only tetramers) analyses. By using this novel production
system, it should therefore be possible to overcome batch-to-batch
variations in avidin preparation that, in some cases, hinder the

Figure 4 Typical avidin crystals

Crystals from four different conditions are shown. The following well solutions were used: (A) 0.1 M sodium citrate (pH 4.6) and 15 % PEG 2000, (B) 0.1 M Mes (pH 6.6), 26 % PEG 8000 and
0.2 M magnesium acetate, (C) 0.1 M Hepes (pH 7.5), 10 % 2-propanol and 24 % PEG 4000 and (D) 0.1 M Tris (pH 8.6) and 22 % PEG 1000. Scale bar, 0.2 mm.
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Table 3 Typical yields of avidin proteins produced after affinity purification

Produced protein Ligand in affinity chromatography Pure protein (mg/l)
AVD(V37T) 2-Iminobiotin 2
AVD(N118L) Biotin 10
AVR2 Biotin 5
AVR4/5(C1225) 2-Iminobiotin 20

interpretation of experimental results. Furthermore, no carbo-
hydrate chain is attached to bacterial avidin. It is possible that, in
the future, native avidin preparations will be replaced to a large
extent by recombinant avidin produced in E. coli.
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