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The serum retinol-binding protein solubilizes the lipophilic vitamin A alcohol and plays an
important physiological role in the transport of this compound. The monomeric single-
domain protein, the three-dimensional structure of which is known, constitutes a well-
characterized member of the lipocalin family of proteins, We report here the functional
expression of the apo-protein in Escherichia coli by secretion to the periplasm. The
recombinant protein, purified in a single step by metal chelate affinity chromatography,
exhibits the same ligand binding characteristics as described for the natural protein.
Guanidinium chloride-induced unfolding and refolding experiments suggest that the
recombinant retinol-binding protein adopts a stable conformation despite being expressed
and purified in the absence of the large hydrophobic ligand. The expression system described
here should also be useful for the recombinant production of other {ipocalin proteins, thus
permitting the elucidation of the structure—function relationships of ligand binding by
protein engineering.
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The serum retinol-binding protein (RBPI) is
regponsible for the transport of vitamin A from the
site of its storage in the liver to various peripheral
target tissues (Blomhoff et al., 1990). RBP serves
both to solubilize the lipophilic aleohol retinol and
protect this oxygen-sensitive compound against
chemical degradation. RBP is synthesized in the
liver hepatocyte from which it is, after uptake of the
ligand, secreted to the plasma. While circulating in
the blood stream, the holo-RBP is found bound to
transthyretin. After delivery of retinol, this complex
dissociates and the RBP becomes filtered through
the kidney glomeruli and finally degraded.

Serum RBP is a monomeric protein with a
mo ecular mass of approximately 21,000 Da and
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possesses a single binding site for its physiological
ligand retinol. It is found in the blood plasma of all
mammals (Goodman, 1984) and of various lower
vertebrate species, as well (Shidoji & Muto, 1977,
McKearing et al., 1987; Berni ef al., 1992). Due to its
important physiological role in the transport of the
vitamin A aleohol, particularly the retinol-binding
protein from mammalian sources has been subject
to extensive biochemical studies (reviewed by
Goodman, 1984). The ¢DDNAs for the RBPs from
man (Colantuoni et al., 1983), pig (Trout et al.,
1991), and rat (Sundelin ef al., 1985) have been
deacribed.

The X-ray structure of the human serum RBP
with bound vitamin A was solved and refined to
high resolution (Newcomer ef al., 1984; Cowan et al.,
1990). RBP essentially consists of an eight-stranded
antiparallel f-barrel which forms a central hydro-
phobic binding pocket for the ligand protruding
deeply into the core of the protein structure. RBP
represents the first member of a novel class of
proteins termed the lipocelin family (Pervaiz &
Brew, 1987). Although the proteins belonging to
this family are only distantly related at the amino
acid sequence level, it was established by several
independent X-ray analyses that they share the
highly conserved f-barrel folding motif (Papiz et al.,
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Figure 1. Construction of an expression vector for the retinol-binding protein. (a) Cloning of the ¢cDNA from pig. The
previously described ¢cDNA regions (Trout ef al., 1991) encoding the amine terminus and the carboxy terminus of the
porcine RBP are shown together with the two PCR primers used for amplification of the structural gene (indicated above
or below the corresponding ¢DNA sequence; with deviating nucleotides indicated an otherwise perfect match}). The first
primer anneals to the coding region for the amino terminus of the mature protein, thereby introducing a Pvull
restriction site. The blunt end obtained after restriction digest of the PCR product is compatible to the Stul-generated
blunt end at the 3’ terminus of the coding sequence for the OmpA signal peptide on the vector (shown above, blunt end
after AGG). Thus, the original leader peptide of RBP is precisely replaced by the bacterial signal sequence. The second
PCR primer anneals to the 3’ end of the RBP coding region, introducing 6 carboxy-terminal histidine residues followed
by a stop codon and a HindIIl restriction site for unidirectional cloning into the expression vector. Since the primer was
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1946; Holden et al., 1987; Huber ¢t al., 1987; Cowan
et ¢d., 1990; Bicskei et al., 1992) and that they have
the common property of binding small water-
insoluble ligand molecules (Godovae-Zimmermann,
1948).

(Consequently, RBP constitutes a protein which is
noi only relevant from the physiological point of
view but also is of interest in respect to its struc-
tural properties and binding functions. We describe
hete the expression and periplasmic secretion of the
porcine serum RBP in Escherichia coli in the
absence of its natural ligand retinol. By determining
the ligand binding and folding characteristics of the
purified recombinant protein we demonstrate that it
is «irectly obtained in a functional form and can
therefore serve as a valuable source for elucidating
the structure—function relationships of RBP.

Ifor cloning and expression of the RBP structural
gere in K. coli the general expression and secretion
vector pASK40 (Skerra et al,, 1991) was chosen,
Th s plasmid encodes the bacterial gignal peptide of
the outer membrane protein A (OmpA) followed by
a polylinker. Gene expression is tightly regulated by
the lac promoter/operator in conjunction with the
lac repressor gene. Serumn RBP possesses three
int -amolecular disulfide bonds. Therefore, our
strategy for its expression in the functional state
relied on the secretion of the recombinant protein
inty the periplasm of the &. coli cell, mediated by
the OmpA4 signal peptide, in order to ensure disul-
fide bond formation under the oxidizing conditions
in “his cell compartment.

“he structural gene for the mature RBP was
amplified by polymerase chain reaction (PCR) after
first-strand ¢cDNA synthesis from porcine liver RNA
(Fiz. l{a)}). The expression plasmid carrying the

precise fusion of this gene to the DNA sequence
encoding the OmpA leader peptide was termed
pHNM1 (Fig. 1(b)). The DNA sequence of the
cloned cDNA fragment was confirmed by dideoxy
sequencing and proven to be identical to the
sequence from pig (Trout e al., 1991). There was
only one exception, the codon for residue 116 of the
mature protein was in our case GTG in contrast to
GCG, thus, leading to the amino acid Val instead of
Ala in this position. Residue 116 is also a Val in the
closely related human serum RBP (Colantuoni et al.,
1983). The flanking regions contributed by the PCR
primers were also found to be correct, and for the
purpose of expression a clone was chosen which
coded for an Arg residue in the partially degenerate
codon number 177 (Fig. 1{a})).

The published protein sequences of the RBPs
from pig and man differ by just 13 amino acid
substitutions, most of which are conservative.
Taking into account the substitution observed in
our cDNA compared to the published sequence, the
number of different amino acid side-chains is
reduced to 12. Inspection of the X-ray structure of
human RBP (Cowan et al., 1990) revealed that ali of
these amino acids are located on the surface of the
protein, so that the pig RBP is a suitable model for
the study of ligand binding on the basis of the three-
dimensional structure of the human protein. In
order to reduce further the number of residues in the
recombinant protein differing from the human
RBP, two substitutions were introduced at posi-
tions 177 and 182 by means of the second PCR
primer during cloning of the ecDNA (Fig. I{a)). The
remaining ten differing amino acids of the RBP
encoded on pHNM1 are (with the corresponding
residues of the human RBP in parentheses): Asn50

des gned also to anneal to the human RBP c¢DNA, it contained 3 twofold degenerate nucleotides. Two of them
cor espond to wobble positions, cne leads either to a lysine codon (pig) or an arginine codon (man) for amine acid 177.
Furthermore, another base exchange results in leucine (man) instead of isoleneine (pig) for amino acid 182 of RBP. For
PC 2 cloning of the RBP structural gene, the total RNA was prepared from fresh poreine liver (Davis et al., 1986) and
firs -strand synthesis was carried out with d(pT), 4 5, (Sigma} and Moloney murine leukemia virus RNase H™ reverse
transeriptase {Gibco BRL) as recommended by the manufacturer, The resulting mixture was used directly as a template
for PCR with the 2 primers shown (synthesized with an Applied Biosystems automated DNA synthesizer) and Tag DNA
pol ymerase (Promega) according to a standard protocol (Sambrook et al., 1989). A single PCR product with the expected
size was obtained. Tt was purified on an agarose gel, digested with HindIII and Poull and ligated to the
Stul/HindIlI-cut vector fragment of a derivative of pASK40 (Skerra ef al., 1991) containing the unique Stul restriction
site (kindly provided by R. Glockshuber), E. coli K12 strain JM83 (ara, A(lac-proAB), rpsL {=strA), ¢80, lacZAM15)
(Yenisch-Perron et al., 1985) cells were transformed with the ligation products and positive clones were identified by
resiriction analysis of the isolated plasmid DNA, followed by dideoxy sequencing of the cloned gene (Tabor &
Richardson, 1987). One plasmid carrying the error-free gene with an arginine codon in position 177 was designated
pHYML DNA and RNA manipulations were performed aceording to standard methodology (Sambrook ef al., 1989}, and
restriction enzymes were purchased from Boehringer-Mannheim and New England Biolabs. (b) The RBP expression
plasmid pHNM]1 and the helper plasmid pASK61. pHNM1 carries the modified porcine RBP structural gene, fused to the
E. coli ompA signal sequence as described above, under transcriptional control of the IPTG-inducible lac promoter/
operator. Transeription is terminated by the strong rho-independent lipoprotein terminator (¢;,,). The plasmid consists
of en origin of replication from the pUC family of plasmids (ori), an ampicillin resistance gene (bla), an f1 origin of
rep ication (f1-1G) for the preparation of single-stranded plasmid DNA, and the lac repressor gene (lacl). pASK61 was
der ved from the pBR322-compatible vector pACYC184 (Rose, 1988) with the plba origin of replication (ori) and the
chloramphenicol resistance gene (cat) and carries the genes for the periplasmic E. coli enzymes peptidyl-prolyl cisftrans
isorierase (ppi) (Liu & Walsh, 1990, Hayano ef al., 1991) and pretein disulfide isomerase (pdi) (Bardwell et al., 1991;
Kamitani et al., 1992). Both genes are under the control of their own promoters, thus leading to the simultaneous and
constitutive over-expression of the two proteins by a gene-dosage effect. pASK61 was designed as a general helper
plasmid promoting the catalysis of rate-limiting steps during the folding of foreign proteins in the periplasm of E. coli
(A.S., unpublished results).
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Figure 2. Bacterial expression and purification of the
recombinant RBP. SDS/PAGE 159%, of the total cell
protein (lane 2) as well ag the periplasmic cell fraction
(lane 3) from an induced culture of E. coli JM83 harboring
both pHNM1 and pASK®61. The bands in lane 3 corre-
sponding to PPI and PDI appear at approximate
molecular masses of 20 kDa (calculated: 18,077 Da) and
22 kDa (calculated: 21,118 Da), respectively. For com-
parison, lane 1 shows the periplasmic cell fraction
prepared under identical conditions from Z. coli JM83
harboring the cloning vector pASK40 (Skerra et al., 1991).
The recombinant RBP purified by metal chelate affinity
chromatography is shown in lane 4. The same protein
preparation was loaded onto the protein gel without
previous reduction of the disulfide bonds in lane 5.
M denotes the molecular mass standard. For expression of
the recombinant RBP, E. coli JM83 cells cotransformed
with pHNM1 and pASK61 were grown in LB medium
containing 100 pg ampicillin/ml and 30 ug chlor-
amphenicol/ml at 22°C to an 4,5, of approximately 0-5.
Then, expression was induced by addition of 1 mm (final
concentration)-IPTG (Biomol) in the presence of 5 mm
{final concentration)-N-acetyl-L-cysteine {Merck}).
Induction was continued by shaking for 3 h and the cells
were collected by centrifugation. For periplasmic cell
fractionation the cells were resuspended in 1 mM-Na(l,
1 mM-EDTA, 40 mm-sodium phosphate (pH 7-53) and kept
ont ice for 30 min. The spheroplasts formed during this
step were separated by centrifugation and the super-
natant was dialyzed overnight against 1 M-NaCl,
40 mm-sedium phosphate {(pH 7:5) in order to remove the
EDTA. The resulting protein solution was directly
applied to a column of iminodiacetic acid Sepharose
{Chelating Sepharose Fast Flow, Pharmacia) charged with
Zn?* and the pure recombinant RBP was specifically
eluted by a gradient of imidazole in the same buffer
essentially as described (Skerra ef al., 1991). The concen-
tration of the purified recombinant RBP was determined
using a molar absorption coefficient of 40,400 M~ em ™!
at 280 nm (Cogan et al., 1976). SDS/PAGE was performed
according to standard slab gel methodology using the
buffer system of Fling & Gregerson (1986), followed by
staining with Coomassie brilliant blue.

{Thr), His52 (Gln), Ilel07 (Val), GInl23 (Leu),
Alal38 (Ser), His142 (Asn), Pheld4 {Leu), Serl45
(Pro), Vall48 (Ala), Thr169 (Val).

In order to allow for the facile purification of the
recombinant RBP by metal chelate affinity
chromatography (reviewed by Arnold, 1991) we
introduced a stretch of six histidine residues at its
carboxy terminus. The carboxy terminug of the
human serum RBP is far away from the retinol-
binding site in the three-dimensional structure and

not part of the B-barrel (Cowan et al., 1990). The last
few residues are not even defined in the X-ray
structure so that these additional amino acid
residues were not expected to interfere with the
ligand-binding by RBP.

For recombinant gene expression, the K. coli cells
harboring pHINM1 were grown at ambient tempera-
ture to a mid-log phase density and induced by
addition of IPTG overnight. The recombinant RBP
expressed by these cells was found to be secreted to
the periplasm from which it was liberated by mild
osmotic shock. However, the cells tended to lyse
under these conditions and seemed to suffer from
toxic effects caused by the expression of RBP. In
addition, recombinant RBP isolated from these cells
by metal chelate affinity chromatography was
found to be contaminated by disulfide bond isomers
which showed reduced mobility during SDS/PAGE
under non-reducing conditions (not shown). These
isomers could not be readily separated from the
correctly folded protein using standard chromato-
graphic procedures.

Both the toxicity effect and protein inhomo-
geneity were completely avoided when expression of
the recombinant RBP was performed, under other-
wise identical conditions, in the presence of a second
plasmid, pASK#61 (Fig. 1(b)), and with the addition
of the thiol-reagent N-acetyl-L-cysteine during
induction. pASK61 leads to the over-expression of
the two periplasmic E. coli enzymes peptidyl-prolyl
cisftrans isomerase (PPI: Liu & Walsh, 1990,
Hayano et al., 1991) and protein disulfide isomerase
(PDI: Bardwell et al., 1991; Kamitani et al., 1992)
and was constructed as a general helper plasmid to
enhance the folding of foreign proteins in the peri-
plasm of FE.coli (A.8., unpublished results).
N-Acetyl-L-cysteine, which is small enough to
diffuse through the outer membrane porins of . coli
(Hancock, 1987), served as a co-substrate for PDI
(M. Wunderlich & R. Glockshuber, unpublished
results).

Figure 2 shows SDS/PAGE of the total cell pro-
tein as well ag the periplasmic cell fraction from an
induced culture of E. coli K12 JM83 harboring both
pHNM]1 and pASK®61. The cell fractionation carried
out with the induced cells is specific and the recom-
binant RBP is present as a visible band in the
periplasmic fraction. In addition, the over-
expression of PPI and PDI encoded on pASK61 can
be seen.

The recombinant RBP was purified from the peri-
plasmic eell fraction in a single step using metal
chelate affinity chromatography as described earlier
(Skerra ef al., 1991). The protein thus obtained is
also shown on SDS/PAGE in Figure 2, both in the
reduced and in the non-reduced state. The recombi-
nant RBP appears as a single band on the gel with a
size corresponding to the calculated molecular mass
of the correctly processed protein. The preparation
of the recombinant RBP is completely homogeneous
without any additional purification steps. In parti-
cular, the protein migrates significantly faster on
the SDS-containing gel if not previously reduced,
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Figure 3. Fluorescence titration of the recombinant
RB ? with retinoic acid. Fluorescence measurements were
carried out with a Perkin Elmer L850 fluorimeter and a
100 gl Hellma quartz cuvette (path lengths: 10 mm and
2 mm in the directions of excitation and emission, respec-
tively) in a thermostatted cuvette holder at 22°C.
Tryptophan fluorescence was excited at 295nm and
dete cted (averaged over 1 8} at the emission maximum of
340 nm (excitation and emission slit widths both set to
5n11). The solution of the purified recombinant RBP in
100 mm-NaCl, 1 mm-EDTA, 50 mM-sodium phosphate
(pH 7-0) was previously cieared from particles by sterile
filtration (022 gy, Millex-GV4, Millipore) and always
pipetted with pre-lubricated tips {Roth). A stock solution
of 1etinoic acid (Sigma) in DMF was gravimetrically
prepared and then further diluted with DMF as required.
For each measurement, 200 ul of the solution of RBP at a
concentration of 1-0 um was added to 2 ul of the appro-
priately diluted solution of retinoic acid in DMF and
mix:d by re-pipetting once. The solutions were incubated
for 30 min at 22°C and the tryptophan fluorescence was
measured. The values were corrected by a blank value
measured for buffer containing 19 (v/v) DMF. A correc-
tion for the inner fluorescence filter effect caused by the
chrecmophore of retinoic acid {Cogan et al., 1978) was
fourd not to be necessary, due to the cuvette dimensions
and ligand concentrations used here. The experimental
data points were fitted by non-linear regression according
to the theory of bimolecular complex formation with the
resu ting curve shown. The calculated dissociation
constant was K} = 0-21(£0-03) um.

which is in agreement with a more compaet struc-
ture of the 8DS-denatured protein due to the pre-
sence of disulfide bonds. Gas-phase sequencing of
the purified recombinant RBP revealed the amino
acid sequence Glu-Arg-Asp-Cys-Arg for its amino
terminus, which is identical to the sequence
expected for the mature protein, Thus, the OmpA
signl peptide was properly cleaved off. The yield of
the purified RBP was approximately 0-15 mg/l of
E. coli culture (4555 = 1'3).

Ir order to test the functionality of the recombi-
nant RBP, ligand binding studies with vitamin A
acid were performed. It was previously shown that
the serum retinol-binding proteins from various
spec:es do not only bind their natural ligand retinol
but also closely related compounds, e.g. retinoic

acid and retinoyl acetate, with very similar affini-
ties (Cogan et of., 1976). Apart from effects on the
fluorescence properties of the ligand itself, as for
retinol, the binding of these ligands always leads to
& significant decrease in the intrinsic protein fluores-
cence of RBP due to energy transfer from excited
tryptophan residues. Therefore, the ligand-binding
characteristics of the seruom RBP can be easily
studied by fluorescence titration.

For our purpose, all-trars retinoic acid was chosen
as the ligand molecule, which is more soluble in
water than retinol (Szuts & Harosi, 1991) and
chemically more stable, but possesses essentially the
same apparent (i.e. neglecting the capacity for
micelle-formation of the lipid-like molecule) affinity
for RBP (Cogan et al., 1976). Figure 3 shows the
fluorescence data from an experiment in which the
purified recombinant RBP was titrated with reti-
noic acid in & physiological buffer. By addition of
inereasing amounts of the ligand, the protein
fluorescence dropped sharply, leading to an overall
fluorescence quench of 779, (ig, = 295 nm, Ag, =
340 nm) upon saturation of the binding sites with
no change of gy wa,. For the natural human serum
RBP a smaller quench of 389 was described with
retinoic acid as the ligand (Cogan et al., 1976),
however, at Ay, = 296 nm and Ag, = 310 nm. Since
the number of tyrosine and tryptophan residues,
and in particular the amino acids aligning the ligand
binding pocket, are highly conserved between the
human and our recombinant protein, the possibly
more efficient energy transfer to the bound ligand
remains to be explained in this case.

The data points obtained from the fluorescence
titration experiment were fitted by non-linear
regression according to the theory of bimolecular
complex formation and with the assumption of one
ligand binding site per protein molecule. Figure 3
reveals an excellent fit of the experimental data
points to the curve over the whole range of the
titration, thus, demonstrating the functional homo-
geneity of the protein preparation. The dissociation
conatant derived from the mathematical analysis
was K= 21(£03)x 10" " M, which is completely
identical to the value for the human protein (Ky =
2:1 x 10~ 7 M) reported earlier (Cogan et al., 1976).

Finally, the folding stabilities both of the apo-
RBP directly isolated from the bacterial expression
host and of the RBP-retinoic acid complex reconsti-
tuted in vitro were investigated in the presence of
Gdn-HCl as denaturing agent (Pace, 1986). The
uncomplexed recombinant RBP showed a single
unfolding transition at a midpoint concentration of
20m-Gdn-HCl (Fig. 4(a)), accompanied by a
marked decrease of about 66%, in tryptophan
fluorescence (Ag, = 295 nm, Agy, = 320 nin) with a
change of Ap, Mo, from 340nm to 355 nm. The
superposition of the data from the corresponding
refolding experiment starting with the protein
denatured in the presence of 5M-Gdn-HCI (Fig.
4(a)) revealed that the unfolding transition of the
apo-protein was completely reversible. Unfolding of
the RBP-retinoic acid complex also resulted in a
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Figure 4. Gdn- HCl-induced unfolding and refolding of
the recombinant RBP. (a) Fluorescence curve for
unfolding (open circles) and refolding transitions (filled
circles) of the apo-RBP. Solvent denaturation studies
were conducted using the intrinsic tryptophan fluores-
cence emisgion of the recombinant RBP to monitor the
ratio of native and denatured protein (Pace, 1986).
Fluorescence measurements were essentially performed as
described for Fig. 3, except that emission was measured at
a wavelength of 320 nm (with A, = 205 nm), the maxi-
mum of the difference spectrum between native and
denatured apo-RBP. The emission values were corrected
by the fluorescence intensities measured for the buffer

single transition (Fig. 4(b}), however, with an
elevated midpoint concentration of 24 M-Gdn-HCI
and a significant increase in tryptophan fluorescence
{(Adgy = 295 nm, Ag, =360nm with a change of
ABm. Max from 340 nm to 355 nm). The lower fluores-
cence of the native complex compared to the

containing the respective concentration of Gdn-HCL The
buffer used for all unfolding and refolding experiments
was 100 mm-NaCl, 1 mmM-EDTA, 50 mm-sodium phos-
phate (pH 7-0). A stock solution of 7 M-Gdn-HCI (Sigma
or USB) in this buffer was gravimetrically prepared and
the concentration was confirmed by measuring the refrac-
tive index with an Abbe refractometer (Zeiss) according
to Pace (1986). This stock solution was diluted with buffer
to the required working coneentration by use of calibrated
burettes. The unfolding transition was initiated by
diluting 15 gl of a 10 um solution of ape-RBP with 135 ul
of the appropriate solution of Gdn-HC] so that the final
protein concentration was 1 um. After mixing, the
resulting solution was incubated at 22°C for 24 h until
equilibrium was reached and fluorescence was measured.
In order to meonitor the refolding transition, first a
concentrated solution of apo-RBP was mixed with the
Gnd - HCI stock solution so that final concentrations of
5 M-Gdn*-HCl and 10 um-protein were obtained. After
incubation for 24 h at 22°C the resulting solution of the
unfolded RBP was mixed with diluted solutions of
Gdn'HCI to obtain varying end concentrations of the
denaturing agent. After incubation for additional 24 h at
22°C, tryptophan fluorescence of the solntion with a final
protein coneentration of 1 pM was measured as before.
{b) Fluorescence curve for unfolding of the RBP-retinoic
acid complex. For reconstitution of the holo-protein,
750 gl of a 10 pm solution of apo-RBP in the buffer
mentioned before was mixed with 7-5 ul retinoic acid
{3 mm) dissolved in DMF and incubated for 30 min in the
dark. The unfolding transition was essentially performed
as described for {a). After incubation at 22°C for 6 days,
tryptophan fluorescence of the solution with a final pro-
tein concentration of 1 um was measured at a wavelength
of 360 nm (with Ag, = 295 nm), the maximum of the
difference spectrum between native and denatured holo-
RBP. The emisgion values were corrected by the fluores-
cence intensities measured for the buffer containing the
respective concentration of Gdn-HC], DMF and retinoic
acid. (¢} Fraction unfolded wersus concentration of
Gdn-HCl both for apo- (open circles) and for holo-RBP
(filled circles}. The fraction unfolded for each data point
from the unfolding transitions in {a) and (b} were calcu-
lated using the best-fit parameters found for the pre- and
post-transitional lines using a non-linear regression
method described by Santoro & Bolen (1988). The con-
tinuous line represents the corresponding least-squares fit
through all the data points expressed in terms of fraction
unfolded. The midpoint concentrations of Gdn-HCI for
the unfolding transitions of the apo- and holo-protein
were calculated to be 20 M and 24 M and the numerical
results for the free energy changes of unfolding in the
absence of denaturant were AG]_, = 31'4(+2-5) kJ/mol
and AGY_, = 41-3(£+ 2-7) kJ/mol, respectively. It has to be
considered that, due to the low binding affinity and poor
solubility of the ligand, RBP was not present at 1009, in
its holo-form during the unfolding experiment. Therefore,
the AG value calculated for the reconstituted RBP-
retinoic acid complex probably represents only a lower
approximation for the actual unfolding stability of
holo-RBP.
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denatured RBP was due to the fluorescence quench
effect of the bound ligand described above.
Un’olding of the apo- and of the holo-protein thus
foliows a simple two-state model demonstrating
hign cooperativity for the native to unfolded transi-
tion both in the absence and presence of the ligand.

The experimental data from the
Gd1 HCl-induced unfolding curves were analyzed
by non-linear regression according to the gix-
patameter fit described by S8antoro & Bolen (1988).

The normalized unfolding curves are shown in.

Figure 4(c). As a result, the free energy changes of
uniolding for the uncomplexed recombinant RBP
and the RBP-retinoic acid complex in the absence
of denaturant were calculated as AG? =
314 +2:5) kJ/mol and AGY_, = 41:3(+2:7} kJ/mol,
resdectively. Thus, binding of the lipophilic ligand
leads to a significant increase in folding stability.
Th's phenomenon, which was similarly observed in
the case of the cellular retinoic acid-binding protein
(Zrang ef al., 1992), clearly supports the function-
ality of the protein isolated from E. coli.

In this contribution we were able to show that it
is possible to express the uncomplexed serum
ret nol-binding protein in a functional and stable
forn in a bacterial host. This was accomplished by
secetion of the recombinant gene product to the
periplasm of K. coli, which, in contrast to the cyto-
plasm, constitutes a cell compartment with
oxidizing redox potential where disulfide bonds can
forn. However, the secretion strategy alone led to
an inhomogeneous protein preparation and caused
lys's of the bacterial cells. These problems could be
circumvented by the co-expression of the peri-
plasmic folding mediators PDI and PPl. Although
thii phenomenon served only for practical use in the
present study, the mechanism of action, particularly
of rotein disulfide isomerage in conjunction with a
thiol-reagent on the recombinant RBP, will be the
suk ject of future investigations.

The recombinant RBP was purified in a single
ste') by metal chelate affinity chromatography from
the periplasmic cell fraction. The protein thus
obtained was shown to possess a ligand affinity
ideatical to that of the natural human protein in
spive of differences in the amino acid sequence
regilting from our cloning strategy for the eDNA.
The: addition of an oligo-histidine tail to the recom-
binant RBP seemed not to interfere with the ligand
binding function and, therefore, no attempts were
made to remove this affinity tag. Consequently, the
me:al chelate affinity purification methodology will
be very useful in the future during investigations
wh ch will involve alterations of the ligand-binding
potket by site-directed mutagenesis.

"*he fact that it was possible to isolate the ligand-
fre:: recombinant RBP from a bacterial host organ-
isr was not entirely to be expected. Up to now
ser1m RBP has only been isolated as a holo-protein
from natural sources. It is known that vitamin A
car be reversibly removed from this native
complex. However, in cell culture studies it was
observed that hepatocytes no longer secreted RBP

during vitamin A deficiency, but accumulated it in
the endoplasmic reticulum (Ronne et al., 1983).
Therefore, it was not quite clear whether serum
RBP could be formed in the periplasm of E. coli as a
correctly folded, soluble, and stable protein in the
absence of the hydrophobic ligand.

In this regard it has to be emphasized that serum
RBP possesses a rather deep and hydrophobic
ligand binding pocket. Neglecting possible confor-
mational changes, an accessible protein surface area
of 251 A% (1A =01nm) becomes buried upon
complex formation with the ligand retinol (Cowan ef
al., 1990). This cavity is located right at the center
of the hydrophobic core of the f-barrel structure
and is most probably filled with water molecules in
the apo-protein. This should constitute an energeti-
cally unfavourable situation for the protein.
Nevertheless, the recombinant protein folds
properly, at least under optimized conditions, and
yields a surprigingly stable protein with the free
energy change of unfolding amounting to
31-4(+2:5) kdJjmol. Deep hydrophobic hinding
pockets occur also in other lipocalins as, e.g. the
bilin-binding protein (Huber ef al., 1987). The funec-
tional expression of serum RBP in E. coli described
here constitutes, to the best of our knowledge, the
first example for a member of the lipocalin family as
a whole. Our findings suggest that other proteins
belonging to this family may be functionally
expressed with the strategy outlined here, as well.
This should open the way to future understanding
of the ligand-binding functions and specificities of
these physiologically important polypeptides on the
molecular level by protein engineering.

The authors thank F. Lottspeich for N-terminal
sequencing and R. Gleckshuber for helpful discussions.
This work was supported by the Deutsche
Forschungsgemeinschaft,
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