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Human retinol-binding protein (RBP) is a monomeric
21-kDa protein that is currently the subject of numerous
studies owing to its role in the cellular uptake and uti-
lization of retinol. When the RBP gene is overexpressed
in Escherichia coli, inclusion bodies of aggregated RBP
are found in the cells. These inclusion bodies are solubi-
lized in 5.0 M GdmCl containing 10 mM DTT. Refolding
of RBP is carried out in the presence of vitamin A by
diluting denatured and reduced RBP into a redox re-
folding buffer consisting of 3 mM cysteine/0.3 mM cys-
tine at 4°C. Ion exchange chromatography (HPLC) is
utilized to purify refolded RBP to homogeneity as dem-
onstrated by SDS–PAGE and electrospray MS. The na-
tive structure of refolded RBP was established by its
ability to bind to vitamin A and the plasma protein tran-
sthyretin. The reconstitution of RBP outlined within af-
fords a 50–60% overall yield, i.e., 73 mg of pure RBP/L of
E. coli culture. © 1998 Academic Press

The development of recombinant DNA methodology
has led to a revolution in protein production for both
research and industrial applications (1). Through overex-
pression of genes engineered into eukaryotic and pro-
karyotic cells, it is now possible to produce significant
quantities of rare, high-value proteins which are inacces-
sible through conventional purification procedures. How-
ever, it is not unusual for proteins undergoing prokary-
otic expression to aggregate into “inclusion bodies” as a
result of the self-assembly of protein folding intermedi-
ates (2–4). Inclusion body dissociation and solubilization
as well as protein refolding is still a semiempirical pro-
cess, due to the numerous variables that are manipulated
to recover folded proteins (5–12).

Understanding protein folding is by itself a matter of
both intrinsic and practical interest, owing in part to

the dream that someday tertiary structure can be pre-
dicted from sequence data (13). Protein refolding is
generally accepted to be a spontaneous process under
suitable conditions, directed by the protein’s linear
amino acid sequence and the aqueous refolding envi-
ronment (14). Reconstitution is affected by competitive
kinetic processes, whose activation barriers can be ma-
nipulated by changing experimental variables includ-
ing protein concentration, denaturant concentration,
temperature, redox potential, pH, and ligand concen-
tration. Aggregation resulting from the self-assembly
of folding intermediates competes with intramolecular
refolding, and hence it is not surprising that in many
cases protein reconstitution leads to a disappointingly
low yield of active protein (3,15,16). Refolding experi-
ments are typically performed at low protein concen-
trations (mg/mL) to avoid aggregation. However, the
refolding of active proteins from dilute chaotropic so-
lutions is not very practical or cost-effective when large
quantities of a protein are needed. Optimization of the
refolding of human RBP2 is described within, allowing
reconstitution to be carried out at a modest concentra-
tion of 0.25 mg/mL.

Human plasma retinol-binding protein binds to one
equivalent of vitamin A and is one of the major retinol
carriers found in the blood plasma of mammals (17).
Human RBP is a monomeric 21-kDa b-sheet-rich protein
that is stabilized by three disulfide bonds. In plasma,
RBP typically forms a 1:1 complex with tetrameric tran-
sthyretin (TTR, 54 kDa) which prevents RBP from being
removed from the plasma by glomerular filtration. It is
difficult to purify RBP from blood owing to its affinity for
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TTR, and its heterogeneity (18). The genetics of RBP
have been studied extensively and its cDNA sequence
determined, making recombinant expression feasible
(19). An efficient expression system for RBP has been
constructed using the pET3a vector which yields RBP
inclusion bodies (20). Here we report a rational refolding
protocol for recovering functional RBP from inclusion
bodies that consists of two basic steps: (a) solubilization
and reduction of RBP inclusion bodies and (b) redox re-
folding of the denatured/reduced RBP in the presence of
vitamin A. Refolding results in a ;55% yield of properly
folded and biologically active RBP.

MATERIALS AND METHODS

Chemicals and instrumentation. Cysteine, cystine,
EDTA, and Trizma-base are purchased from Sigma Co.
(St. Louis, MO). Ultrapure guanidinium chloride is
from Schwartz/Mann Biotech of ICN (Cleveland, OH).
NHS-activated Sepharose medium (prepacked) is from
Pharmacia Biotech. The protein assay reagent Coo-
massie Plus is from Pierce Co. Other reagents used are
molecular biology grade.

Expression of RBP in E. coli and solubilization of
RBP. The E. coli expression system for RBP has been
described previously by Wang et al. (20). The culture
volumes were increased in our experiments to 6 3 1.5
L (9 L total). The 1.5-L cultures in LB media were
inoculated with 5 mL of an overnight culture and
grown in shake flasks at 37°C. When the optical den-
sity of the 1.5-L culture increased to an absorbance of
0.6;0.8 at 600 nm, 1.5 mL of 1.0 M IPTG was added to
each shake flask to induce the production of RBP. After
8 h, the cells were harvested at 7500 rpm (15 min) in a
preparative centrifuge at 4°C. The combined pellets
were then washed with 1.0 L of 0.9% NaCl and resus-
pended in 1.0 L of 50 mM Tris, 2 mM EDTA, 2 mM
PMSF, 0.1% Triton X-100 (pH 7.5). The cell suspension
was sonicated for 1 min and freeze-thawed twice. The
resulting suspension was centrifuged at 10,000 rpm
(15 min) in a preparative centrifuge at 4°C. As shown
by SDS–PAGE (Fig. 2), RBP was again found in the
pellet (inclusion bodies). The RBP inclusion bodies
were pooled and suspended (partially dissolved) in 160
mL of 7.5 M GdmCl (7.5 M GdmCl stock solution con-
centration determined with an Abbe refractometer ac-
cording to Nozaki (21)). The final volume of denatured
RBP suspension was diluted to 240 mL with 25 mM
Tris buffer, pH 9.0, to make the final GdmCl concen-
tration 5.0 M (;5 mg/mL RBP in the suspension at this
point of which 2 mg/mL RBP is soluble; Fig. 1). Fifty-
milliliter aliquots of the denatured RBP stock suspen-
sion in 5 M GdmCl are taken and diluted to 200 mL
with 5.0 M GdmCl. To achieve reduction and further
solubilization, 0.308 g of DTT is added to the suspen-
sion and final pH is adjusted to 9.0 for reduction at

25°C with vigorous mechanical stirring (overnight).
The total protein concentration at this point is ;2.5
mg/mL as determined by Coomassie binding (22). Half
of the protein in the denatured and reduced stock so-
lution is RBP (;1.25 mg/mL).

Oxidative refolding. The oxidative refolding of RBP is
carried out by dilution of the denatured and reduced
stock solution of RBP (1.25 mg/mL) into a redox refolding
buffer containing a 10-fold molar excess of vitamin A,
yielding a final RBP concentration of 0.25 mg/mL. To
initiate refolding, 1 vol (typically 100 mL) of ;1.25
mg/mL denatured and reduced RBP in 5.0 M GdmCl is
rapidly mixed with 4 vol of the redox refolding buffer
containing vitamin A, while magnetic stirring the solu-
tion vigorously (final [GdmCl] 5 1.0 M). The refolding
solution should be kept in an ice bath or cold room for 5 h
after refolding is initiated. Refolding RBP in the absence
of vitamin A affords a poor yield of properly folded RBP
(;20%). The redox refolding buffer is composed of 0.3 mM
cystine, 3 mM cysteine, 1 mM EDTA, 25 mM Tris-HCl
buffer (pH 9.0), and is degassed by nitrogen sparging for
20 min. After degassing, 3.2 mL of 15 mM retinol (dis-
solved in ethanol under argon) is added to the redox
diluting buffer right before adding denatured RBP. To
avoid aggregation, all solutions were prechilled in an ice
bath or in cold room before combining the refolding buffer
with denatured RBP at 4°C (23).

RBP purification. After refolding, the RBP solution
was desalted by ultrafiltration employing an Amicon
concentrator ( PM10 membrane) by several additions
of the 25 mM Tris-HCl buffer, pH 8.0 (final volume
80;100 mL). A Waters 8HR15 DEAE ion exchange
column was used to purify the refolded RBP protein.
Because of minor protease contamination, the separa-
tion should be done as soon as desalting is completed to
avoid RBP degradation (alternatively 2 mM PMSF was
added). Typically, 25 mL of concentrated refolded RBP
(containing about 25 mg of total protein) is loaded onto
the Waters 8HR15 DEAE column, in 25 mM Tris-HCl
buffer, pH 8.0. RBP is eluted from the column by a
NaCl gradient at 0.12 M (0 to 0.30 M gradient em-
ployed over 40 min). The UV detector was set at 330
nm (retinol absorbance to allow the collection of only
correctly refolded RBP bound to one molecule of retinol
(extinction coefficient of RBP at 280 nm 5 2.02 and
1.74 mL z mg21 z cm21 for RBP:retinol and apoRBP,
respectively (24)).

Affinity chromatography. An RBP affinity column
was prepared by covalently linking transthyretin (ex-
tinction coefficient at 280 nm 5 1.34 mL z mg21 z cm21

in 10 mM phosphate buffer, 150 mM KCl, pH 7.5 (18))
to a Pharmacia NHS-activated Sepharose prepacked
column according to the instructions from Pierce Co.
Pure recombinant TTR (10 mg), prepared and purified
as described by McCutchen et al. (25), was used for the
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preparation of this column. To demonstrate that re-
folded RBP would bind to Sepharose-linked TTR with
high affinity, 400 mL of HPLC-purified RBP (1.0 mg/
mL) was injected onto the TTR affinity column in 10
mM phosphate, 150 mM KCl, pH 7.5 buffer (330 nm
detection (RBP–vitamin A complex)). After washing
the column with copious quantities of injection buffer
(10 mM phosphate, 150 mM KCl, pH 7.5), it was clear
that RBP was bound to the TTR column. The mobile
phase was then changed to 1 mM CAPS buffer (pH 10)
which eluted RBP, as was the case for RBP isolated
from plasma.

Analytical ultracentrifugation analysis of RBP-TTR
binding. In a typical experiment, a sample solution
containing 0.38 mg/mL RBP and 1.01 mg/mL TTR in
PBS buffer is preincubated overnight. The sample (400
mL) was then subjected to sedimentation velocity ex-
periments with pure RBP and TTR protein solutions
being used as controls. Sedimentation velocity data
were collected on a temperature-controlled Beckman
XL-A analytical ultracentrifuge with a An60Ti rotor
and photoelectric scanner. A double sector cell
equipped with a 12-mm Epon centerpiece and Sapphire
windows was loaded with 400;420 mL of solution us-
ing a blunt-end microsyringe. Data were collected in a
continuous mode at 20°C, employing a step size of
0.005 cm, an average of four scans/point, and at a rotor
speed of 3000–60,000 rpm. The data were analyzed
using both the second moment boundary sedimenta-
tion analysis and the dc/dt time derivative analysis for
calculating the apparent sedimentation coefficient dis-
tribution (g(s*)) for sedimenting species (26,27).

RESULTS

The solubilization of inclusion bodies is usually car-
ried out by adding concentrated GdmCl to the pellets,
resulting in a final GdmCl concentration of 5.0 ; 6.0
M. However, a large portion of the RBP inclusion bod-
ies remains insoluble in 5.0 M GdmCl even after pro-
longed stirring. After centrifugation at 12,000 rpm for
15 min, the soluble denatured RBP concentration was
determined to be 40% of the total RBP present in the
suspension (Fig. 1). A nonreducing SDS gel experiment
(no reducing agent in sample buffer) demonstrates that
approximately 60% of RBP stays in the bottom of
the sample well, incapable of entering the gel, consis-
tent with a misfolded intermolecular S–S-linked ag-
gregate (data not shown). The solubilization of RBP
was improved 2.5-fold by adding 10 mM DTT to the
5.0 M GdmCl, 25 mM Tris-HCl buffer, pH 9, solubili-
zation solution. As a result of reduction and denatur-
ation, the majority of the RBP inclusion bodies were
dissolved, increasing the reduced and denatured RBP
concentration by 250% relative to simply employing
5.0 M GdmCl (Fig. 1).

The pioneering work of Saxena and Wetlaufer (28)
and Wetlaufer et al. (29) was adapted to make an
effective redox buffer composed of 3 mM cysteine, 0.3
mM cystine, 1 mM EDTA to facilitate the formation of
the three native disulfide bonds. The RBP concentra-
tion during refolding was optimized to be 0.25 mg/mL,
giving a satisfactory refolding yield of 50;60% in the
presence of a 10-fold excess of vitamin A. To control the
aggregation of refolding RBP, the reduced and dena-
tured RBP solution as well as the oxidative refolding/
dilution buffer must be prechilled to 4°C in an ice-bath,
or preequilibrated in a cold room before refolding com-
mences (23). The refolding solution was kept at 4°C for
5 h, allowing refolding and disulfide formation/reshuf-
fling to proceed to completion before the RBP solution
is desalted for purification. A desalting procedure em-
ploying ultrafiltration using an Amicon concentrator is
preferred for its speed which minimizes degradation of
RBP presumably caused by protease contamination.
The presence of vitamin A (the physiological ligand of
RBP) in the refolding buffer is very important to help
RBP achieve its native structure through refolding. In
the absence of vitamin A, properly folded apoRBP could
be obtained after purification, but only in a low yield
('20%), making purification difficult. Typically, the
yield of this refolding procedure is 50;60% for a
100-mg scale RBP preparation in the presence of vita-
min A (Table 1).

After desalting, refolded RBP reconstituted in the pres-
ence of vitamin A is purified on a DEAE-column (HPLC),
eluting with 25 mM Tris-HCl buffer, pH 8.0, with a NaCl

FIG. 1. The solubilization of RBP inclusion bodies with and with-
out DTT reduction. The upper curve represents the 2.5-fold increase
in RBP concentration afforded when reduction and denaturation are
employed. The lower curve represents the lower solubilization ef-
fected by denaturant in the absence of a reducing agent. The UV
spectra were obtained by 20-fold dilution of 1.0 mL of suspension of
the inclusion bodies in 5.0 M GdmCl using 5.0 M GdmCl in 25 mM
Tris buffer, pH 9. Solid DTT is added to half the samples yielding a
final DTT concentration of 10 mM. Aliquots from the reduced and
nonreduced samples were spin filtered using 0.45-mm microfiltration
tubes yielding the samples used to record the UV spectra. Represen-
tative spectra are shown in Figure 1.
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salt gradient. The RBP protein was purified to homogene-
ity, as discerned by SDS–PAGE (Fig. 2). The UV spectrum
of the RBP–vitamin A complex gives the characteristic
double maximum at 280 and 330 nm, with a ratio of peak
heights of ca. 1:1 (Fig. 3). The RBP–vitamin A UV spec-
trum suggests that refolded RBP has gained the native
structure, as RBP refolded without vitamin A afforded
only a weak maximum at 330 nm, reflecting the fact that
most of the apoRBP could not bind vitamin A. N-terminal
amino acid sequencing of purified RBP yields the ex-
pected sequence, MERDXRVSSF. The molecular weight
determined by electrospray mass spectrometry reveals a
molecular mass of 21,202.8, which matches exactly with
the calculated value from the RBP sequence assuming
three disulfide bonds (21,202.8; Fig. 4). These data pro-
vide strong evidence that the refolded RBP has the intact
sequence and the three expected disulfide linkages.

When RBP is injected onto an affinity column with
transthyretin covalently attached and washed with PBS
buffer, RBP exhibits strong binding to the TTR column
(Fig. 5). Retinol-binding protein is eluted upon changing

the buffer to 1 mM CAPS, pH 10, identical to the results
obtained with RBP isolated from human plasma. To fur-
ther investigate the TTR-binding properties of refolded
RBP, analytical ultracentrifugation was employed to
characterize the solution behavior of the RBP–TTR com-
plex. Pure RBP and TTR solutions exhibit sedimentation
coefficients of 2.0 and 4.2 s, consistent with their molec-
ular weights of 21,000 and 54,000, respectively. However,
analysis of the RBP–TTR complex reveals a predominant
species with a sedimentation coefficient of 5.6 s (MW
75,000), consistent with the mass of the RBP–TTR com-
plex (Figs. 6A, 6B).

DISCUSSION

Protein refolding is still regarded as challenging and
difficult, particularly for many multidomain or highly

TABLE 1

Yield for the Solubilization, Refolding, and Purification of 125 mg/1200 mg of RBP Inclusion Bodies

Purification step Total protein (mg) RBP (mg) RBP purity (%) RBP yield (%)

RBP inclusion body solubilizationa 250 125 50 100b

DEAE chromatography after RBP refolding c 86 69 99 55d

a Total protein concentrations were determined by Coomassie binding. Approximately 1200 mg of RBP inclusion bodies was obtained from
9 L of cell culture (;30 g of cells, wet weight); however, only a 125-mg portion was used in each refolding experiment due to the volume of
solution required for reconstitution.

b The percentage of RBP was calculated based on the amount of soluble monomeric RBP recovered after each step. Reduction is required
to get complete solubilization of RBP (see text).

c Total protein concentrations were determined by Coomassie binding and RBP concentrations were determined by UV absorbance at 280
nm after purification.

d Refolding RBP in the absence of vitamin A affords a poor yield (;20%) of properly folded RBP, which is very difficult to separate from
improperly folded protein.

FIG. 2. SDS–PAGE of RBP samples stained with Coomassie blue
G-250. Lane 1, molecular weight standard; lane 2, cell lysate; lane 3,
solubilized and reduced inclusion bodies; lane 4, refolded RBP after
HPLC purification. Each lane was loaded with 10 mg total protein.

FIG. 3. UV spectrum of the human retinol binding protein:retinol
complex. The sample was prepared by refolding the denatured and
reduced RBP from 5.0 M GdmCl, in the presence of 10-fold excess of
vitamin A (see Materials and Methods for details). The UV spectrum
of RBP:retinol complex was obtained after purification, with a pro-
tein concentration of 0.23 mg/mL in PBS.
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disulfide-crosslinked proteins. The expression of hu-
man proteins in E. coli often results in inclusion body
formation. Inclusion bodies are typically dissolved un-
der strongly denaturing conditions (GdmCl, urea), and
the denaturant diluted to allow protein refolding to
occur. However, this traditional approach is problem-
atic due to aggregation stabilized by intermolecular
disulfide bonds between folding intermediates. In this
study, we utilized denaturation and reduction followed
by refolding facilitated by dilution into a redox buffer
in the presence of RBP’s native ligand to promote effi-
cient refolding. This paper and previous studies dem-
onstrate that a number of factors can be varied to
achieve refolding at higher protein concentrations
(0.25 mg/mL) and in high yields by varying the dena-
turant concentration, redox buffer composition, tem-
perature, and ligand concentration (2).

Aggregation in some cases competes efficiently with
intramolecular folding (30,31), particularly at higher
protein concentration. Significant effort has been de-
voted to reducing aggregation during refolding with
some success utilizing various surfactants and addi-
tives like arginine in the refolding solution (32).
Through numerous experiments, it is now widely ac-
cepted that the early folding intermediates aggregate
largely through hydrophobic interactions. By taking
advantage of low temperature to attenuate the hydro-
phobic effect, a rational method of “temperature mod-
ulation” has been used for controlling aggregation and
achieving good reconstitution yields (23). The refolding
strategy for a given protein should be designed on the
basis of its folding kinetics, where the conditions are
optimized experimentally. For RBP refolding, the pro-
tein concentration was optimized to be 0.25 mg/mL,

with a GdmCl concentration of 1.0 M in 25 mM Tris-
HCl buffer, pH 9.0.

When recombinant proteins with multidisulfide
bonds are expressed in inclusion bodies, the formation
of intermolecular (interchain) disulfide bonds makes
the inclusion body pellets largely insoluble even in
strong denaturant solutions (see Fig. 1) (33). For effi-
cient solubilization of recombinant RBP, it is necessary
to reduce these intermolecular disulfide bonds employ-
ing the reducing reagent dithiothreitol (DTT) (34). The
pH of denatured protein solution is typically adjusted
to 9.0 to increase the thiol/disulfide exchange rate by
raising the concentration of thiolate anions (pKa 8–10).
It has been shown that the inclusion of 10 mM DDT in
GdmCl solution is sufficient to reduce the RBP inclu-
sion bodies under slightly alkaline conditions, result-
ing in a 2.5-fold increase in dissolved reduced and
denatured RBP (Fig. 1).

The folding pathway exhibited by a denatured and
reduced protein is typically complex and sometimes
difficult to decipher in detail (35–40). It is well-known
that the refolding of denatured/reduced proteins can be
accomplished by employing a so-called “redox shuf-
fling” buffer (28,41–44). These oxidative refolding sys-
tems usually consist of low-molecular-weight thiols
and disulfides, such as GSH/GSSG or cysteine/cystine,
and have been used extensively for controlling protein
disulfide formation. These systems offer several advan-
tages over air auto-oxidation as they increase the yield
of renaturation and re-oxidation by facilitating rapid
reshuffling of incorrect disulfide bonds ultimately
yielding in many cases native disulfides (45). In the
preparative scale refolding of RBP, a cysteine/cystine

FIG. 5. Affinity chromatography of refolded RBP on TTR column
prepared by coupling 10 mg TTR to a 1-mL NHS-activated Sepharose
medium. A refolded RBP sample (;400 mg purified by HPLC) was
applied to the TTR affinity column, in 10 mM phosphate, 150 mM
KCl buffer, pH 7.5. RBP was eluted by a 1 mM CAPS buffer, pH 10,
after washing the column with 20 mL of PBS to elute the unbound
proteins.

FIG. 4. Electrospray mass spectrum of refolded RBP. A solution of
0.5 mg/mL refolded RBP (in PBS) was rapidly desalted using a
Sephadex G-25 column (prepacked from Pharmacia). The RBP was
sent for electrospray mass spectrometry measurement within a few
hours after desalting.
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system is preferred owing to its efficacy and cost-
effectiveness.

The characteristic UV spectrum of the RBP–vitamin
A complex (double maximum at 280 and 330 nm with
approx. 1:1 intensity), in combination with the mass
spectrometry data inidcating that the three disulfide
bonds are intact, suggests that the native three-dimen-
sional structure has formed. More importantly, re-
folded RBP is biologically active as demonstrated by its
ability to bind vitamin A and transthyretin with prop-
erties strictly analogous to RBP isolated from human
plasma. These results strongly support our contention
that this method is effective for RBP refolding and
native disulfide bond formation. The reconstitution of
RBP outlined within affords a 50–60% overall yield,
i.e., '69 mg of pure RBP out of '125 mg of RBP
inclusion bodies derived from 0.94 L of E. coli culture
(Table 1).
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