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The family of periplasmic binding proteins (PBPs) is believed to have arisen from a
common ancestor and to have differentiated into two types. At first approximation,
both types of PBPs have the same fold pattern, reflecting their common origin. How-
ever, the connection between the main chains of a type 2 PBP is more complicated
than a type 1 PBP’s. We have been interested in the possibility that such structural
changes affect the folding of PBPs. In this study, we have characterized the folding
pathways of MgIB (a type 1 PBP) and ArgT (a type 2 PBP) by using urea gradient gel
electrophoresis, fast protein size-exclusion liquid chromatography and hydrophobic
dye ANS binding assay. We found a distinct difference in folding between these two
proteins. The folding of MglB followed a simple two-state transition model, whereas
the folding of ArgT was more complicated.

Key words: evolution of protein folding, periplasmic binding protein, protein folding,
urea gradient gel electrophoresis.

Abbreviations: ANS, 8-anilino-1-naphthalenesulfonic acid; Carb, carbenicillin; PBP, periplasmic binding protein;

UGGE, urea gradient gel electrophoresis.

In general, the tertiary structures of proteins are more
conserved than the primary structures. For example,
human hemoglobin o-chain and insect (Chironomus
thummi thummi) larval hemoglobin share only 12.4%
sequence identity, but their tertiary structures are super-
imposable to within 2.08 A r.m.s (7). This apparent con-
servation of tertiary structure may be explained by the
neutrality of amino acid substitutions with respect to the
folding integrity (2). Still, protein folding does change
through evolution. One mechanism for the change of fold-
ing pattern is 3D domain swapping, whereby protein
folding evolves through sequence changes, insertions and
deletions (3). Secondary structures have been shown to
alter by the substitution of amino acid residues (4).

We have been interested in the evolution of the family
of periplasmic binding proteins (PBPs), which play a piv-
otal role in the transport of numerous low molecular
weight compounds from the extracellular milieu into the
cytoplasm of bacterial cells. Forty-nine PBPs are pre-
dicted to be encoded in the E. coli genome (5), each of
which recognizes specific ligands in the periplasmic space
and passes them to its cognate ATP-Binding Cassette
(ABC) transporter protein in the inner membrane (6).

PBPs consist of two symmetrical domains, each of
which possesses a CheY-like fold (7, 8) comprised of five
o/B units (Fig. 1a), and it has been proposed that the pro-
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tein ancestor of the PBP family evolved through duplica-
tion and subsequent fusion of a parental CheY-like
domain (9, 10) (Fig. 1b). This hypothesis is supported by
the observation that the N-terminal domain of Spo0OA
forms either a monomeric CheY fold or a dimeric strand-
swapping fold depending on the crystallization conditions
(10), though the latter appears to be an artificial state
occurring at low pH (11). Moreover, Fukami-Kobayashi et
al. (9) showed that PBP proteins can be classified into
two types based on the topologies of their folding, and
that this classification is consistent with the evolutionary
history inferred from phylogenic analysis of ABC pro-
teins, which along with PBPs make up the operon. From
these and other observations, they concluded that type-2
PBPs evolved from type-1 PBPs by exchanging segments
of B-strand between two symmetrical domains (Fig. 1, ¢
and d).

We are interested in the possibility that such struc-
tural changes affect the folding of PBPs. In this study,
therefore, we used urea gradient gel electrophoresis
(UGGE) , fast protein size-exclusion liquid chromatogra-
phy and hydrophobic dye (ANS, 8-anilino-1-naphthale-
nesulfonic acid) binding assay to characterize the folding
of MglB, a type-1 PBP involved in the transport of glu-
cose and galactose (12), and ArgT, a type-2 PBP involved
in the transport of lysine, arginine and ornithine (13).
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PBP Type I ancestor
(Fused Dimer)

PBP Type II ancestor
(Strand Dislocated)

Fig. 1. Topological diagram showing the evolution of PBP
folding. The secondary structural elements are drawn as triangles
(B-strands) and circles (a-helixes). (a) CheY-like protein monomer.
(b) Ancestral domain-swapped dimer. (¢c) PBP Typel ancestor. (d)
PBP Type2 ancestor (strand dislocated). The respective domains
are colored light blue and yellow; red arrows show the secondary
structural elements swapped between dimers or domains.

MATERIALS AND METHODS

Construction of Expression Vectors—Chromosomal DNA
fragments coding for MglB (12) and ArgT (I4) were
amplified by PCR from Kohara A clones 365 and 406,
which carry the E. coli mgIlB and argT loci (15). The fol-
lowing oligonucleotide PCR primers were designed so
that (i) the regions that encode the signal sequences of
these proteins were deleted in the amplified DNAs; (ii)
the Ndel sites were introduced at the first codons of the
amplified genes; and (iii) Xhol sites were introduced at 3’
non-coding regions of the genes for expression of a C-ter-
minal His-tag fusion protein: for mgiB, KY-1259 (5'-GCA
CAA CAT ATG GAT ACT CGC ATT GGT-3') and KY-1238
(5'-G CTC GAG ACT AGT TTT CTT GCT GAA TTC AGC
CAG GT-3"; for argT, KY-1261 (5'-TCC AGC CAT ATG
GCG CTA CCG GAG ACG-3) and KY-1252 (5'-G CTC
GAG ACT AGT GTC ACC GTA GAC ATT AAA GTC G-
3'). Reactions were run in a GeneAmp 9600 temperature
cycler (Perkin Elmer, Norwalk); the cycling protocol con-
sisted of 30 cycles of 30 s at 94°C, 30 s at 60°C and 60 s at
72°C. The amplified DNA fragments were purified using
a Gene Clean II Kit (Qbiogene, Carlsbad), digested with
Ndel and Xhol restriction endonucleases, and separated
by 1.0% agarose gel electrophoresis. DNA fragments of
expected size were recovered from the gel and purified
using a Gene Clean II Kit, then ligated into the Ndel—
Xhol sites of pET20b(+) expression vector (Novagen,
Madison), which contains a T7 promoter (16). DNA
sequencing confirmed that no unexpected mutations
were incorporated into the clones during the amplifica-
tions, and the resultant expression plasmids, pKK031

K. Kashiwagi et al.

and pKKO030, respectively produced mature forms of
MglB and ArgT under the control of the T7 promoter.

Protein Expression and Purification—E. coli BL21
(DE3)pLysS cells (17) harboring a given expression vec-
tor were cultured for 16 h at 37°C in 5 ml of Luria-Ber-
tani (LB) medium (I18) containing 50 pg/ml carbenicillin
(Carb). The cells were then harvested by centrifugation,
resuspended in the same amount of LB medium, and
inoculated into 500 mLl of LB (Carb*) medium. The cells
were incubated at 37°C with vigorous shaking until the
ODgq reached 0.4, then protein expression was induced
by adding IPTG (isopropyl-p-D-thiogalactoside) to a final
concentration of 0.1 mM. The cells were incubated for an
additional 2 h, then harvested by centrifugation at 3,000
xg for 15 m and stored at —80°C.

MglB and ArgT proteins were purified by gently stir-
ring frozen bacterial cells on ice for 1 h in 5 ml of 10 mM
Tris HCI1 (pH 8.0) containing 350 units of DNasel (Takara
Bio, Shiga) and 50 pg of lysozyme (Sigma Chemical, St.
Louis). Insoluble proteins were removed from the result-
ant lysate by centrifugation at 20,000 xg for 15 min. Sol-
uble proteins were further purified using Ni-NTA Agar-
ose (QIAGEN, Hilden) under non-denaturing conditions
according to a manufacturer’s instructions. Protein
bound to the column was eluted with 500 mM imidazole,
and the eluate was dialyzed against 10 mM sodium phos-
phate (pH 7.5), concentrated to 3—6 mg/ml using a CEN-
TRIPREP 10 (Amicon, Beverly), and stored at —20°C.

Transverse Urea Gradient Gel Electrophoresis (UGGE)—
Transverse liner urea gradient polyacrylamide gels were
prepared essentially as described by Creighton (19), with
slight modifications. Briefly, slab gels (74 mm x 100 mm x
1 mm) comprised of a vertical linear gradient of 0—-8 M
urea and a compensating 11-7% (w/v) gradient of acryla-
mide were prepared using a Daiichi gradient maker (Dai-
ichi Pure Chemicals, Tokyo). After polymerization, the
gels were turned 90° and fitted to the electrophoresis
chamber (Daiichi Pure Chemicals). In this configuration,
the gels have a transverse urea gradient so that when a
uniform sample is applied over the top of the gel, differ-
ent portions of the protein band migrate in different con-
centrations of urea.

Both native and denatured samples were subjected to
transverse UGGE. For native samples, the proteins were
diluted in electrophoresis buffer (0.192 M Tris glycine,
pH 8.8) containing 10% glycerol and 0.02% bromophenol
blue; for unfolded samples, proteins were diluted in the
same buffer containing 8 M urea. Electrophoreses were
carried out at 20 mA for 2 h at 4°C. After electrophoreses,
the gels were stained with Phast Gel Blue R Coomassie R
350 dye (Pharmacia Biotech, Uppsala).

Size-Exclusion Chromatography—Size exclusion chro-
matography was carried out using an FPLC system
(Pharmacia Biotech) equipped with a Superosel2 10/30
column, a UV-MII detector and a zinc lamp. The column
was equilibrated with 50 mM sodium phosphate (pH 7.5)
containing 150 mM NaCl and the indicated concentration
of urea. Chromatograms were recorded at 4°C and a flow
rate of 0.3 ml/min by measuring the absorbance at 214
nm. Samples were prepared in the same buffer at low
concentration (approximately 100 pg/ml) to avoid the
influence of protein association, and incubated at ambi-
ent temperature for 30 min prior to application. Stokes
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radii were determined by calibrating the column with
thyroglobulin, catalase, albumin, ovalbumin, chymot-
rypsinogen, and ribonuclease A (Pharmacia Biotech).

ANS Binding Assay—Fluorescence of 8-anilino-1-naph-
thalenesulfonic acid (ANS) was recorded with an FP-6500
fluorescence spectrophotometer (Japan Spectroscopic,
Tokyo) by using a 3-mm path length microcuvette. Sam-
ples that contained 3.3 pM protein, 50 pM ANS, 50 mM
sodium phosphate pH 7.5, 150 mM sodium chloride, and
various concentrations of urea were equilibrated for 16 h
at room temperature before measurement. Emission at
483 nm was recorded with excitation at 375 nm (band
width = 5 nm).

RESULTS

Urea Gradient Gel Electrophoresis of MglB and ArgT—
To determine whether MglB and ArgT follow distinct
folding pathways, we first analyzed the kinetics of their
folding using UGGE (19). The hydrodynamic volumes of
proteins reflect the state of their folding; consequently,
tightly folded proteins migrate relatively rapidly in a
polyacrylamide gel, whereas unfolded (denatured) pro-
teins migrate more slowly (20). UGGE enables one to
obtain a continuous measure of hydrodynamic volume as
a function of urea concentration—folded proteins pre-
dominate at low urea concentrations, with the proportion
of unfolded protein increasing as the concentration of
urea increases—which provides insight into the kinetics
of the transition between the folded and unfolded states.

Figure 2a shows the result obtained when the native
(folded) form of MglB was analyzed by UGGE. Note that
there were two clear bands. The one migrating rapidly in
the low urea area represents the compact, native form of
MglB, and the other more slowly migrating band in the
high urea area represents the denatured (unfolded) form
of MglB. These two bands are connected by a smeared
band, resulting in a sigmoidal transition between the
folded and unfolded states of the protein. A similar sig-
moidal pattern with a smeared connecting curve was also
obtained when urea-unfolded MglB was applied to the gel
(Fig. 2b). These smeared bands indicate that the rates of
unfolding and refolding of MglB were apparently slow,
comparable to the period of electrophoresis (2 h in these
experiments). The slow rates of folding and refolding
were confirmed by the finding that the transition mid-
points of the sigmoidal curves were different for native
and denatured MglB (approximately 3.0 and 2.0 M urea,
respectively). If the rates of unfolding and refolding had
been rapid enough, smooth sigmoidal curves with identi-
cal transition midpoints would have been obtained (19).

Interestingly, qualitatively different profiles were
obtained from UGGE analyses of ArgT. When the native
(folded) form of ArgT was run, a sigmoidal curve similar
to that generated with MglB was obtained (Fig. 2¢). On
the other hand, when the unfolded form of ArgT was run,
two bands appeared in the low urea area (Fig. 2d), indi-
cating the presence of two populations of unfolded pro-
teins (19). Moreover, one population of unfolded ArgT
apparently refolds so slowly that it remained completely
unfolded during the period of electrophoresis, resulting
in a straight line across the gel.
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Fig. 2. Transverse urea gradient gel electrophoresis of MglB
and ArgT. (a and c¢) Migration of native MglB and ArgT, respec-
tively. (b and d) Migration of unfolded (in 8 M urea) MglB and ArgT,
respectively.

Size-Exclusion Chromatography of MglB and ArgT—
The observations obtained with UGGE suggest that
whereas the unfolding and refolding of MglB follows a
simple, two-state transition model, the folding of ArgT
follows a more complicated pathway that involves
unfolded proteins existing in two states. We confirmed
these findings using fast protein size-exclusion liquid
chromatography (21). We carried out gel filtration chro-
matography in which MglB or ArgT was applied to the
column in various concentrations of urea (Fig. 3). When
MglB was run through the column without urea or in the
presence of 1.0 M or 1.5 M urea, the protein was eluted at
12.8-13.4 ml, which corresponds to a Stokes radius of
31.8 to 39.7 A. In the presence of a comparatively high
concentration of urea (3, 4, or 8 M), MglB behaved as a
larger protein with a Stokes radius of 61.0 to 71.8 A, indi-
cating that it was unfolded. In the presence of 2.0 or 2.5
M urea, the sample was eluted with two peaks, which are
thought to that should correspond to the unfolded and
folded states of the protein (Fig. 3a). In addition, this
bimodal distribution of retention times indicates that the
transition between the folded and unfolded conforma-
tions of MglB is slow relative to the period of chromatog-
raphy (50 min in these experiments) (22).

When ArgT was run in the presence of high (8 M) and
low (0, 1.0, 2.0, and 2.5 M) concentrations of urea, the
protein was eluted as one peak corresponding to the
unfolded and folded states, respectively. In the presence
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Fig. 3. Size-exclusion chromatography elution profiles show-
ing the unfolding of MglB (a) and ArgT (b). Two separate peaks
were observed at 2-3 M urea with MglB or 3—4 M urea with ArgT.
Stokes radii of unfolded standards in 8 M urea are shown at the top
of each chromatogram.

of 3 or 4 M urea, by contrast, ArgT was eluted in broad
volumes with two peaks. The elution volume of one peak
corresponded to protein that was fully unfolded, which
may represent the population that remained unfolded in
the low concentration of urea in the UGGE experiment
(Fig. 2d). The second peak was located between the folded
and unfolded protein, which is a typical elution profile for
proteins that fold and unfold through a molten globule
state (21).

ANS Binding of MglB and ArgT—The hydrophobic
fluorescent dye ANS has been shown to bind to hydropho-
bic patch of the folding intermediate of proteins, and has
been used to probe folding intermediates of proteins (23).
We have assessed the ANS binding to MglB and ArgT by
monitoring fluorescence intensity of ANS in the presence
of various concentrations of urea. The binding profile of
MglB showed the maximum fluorescence intensity at 2 M
urea (Fig. 4a), which correlates with the observation in
size-exclusion chromatography experiment (Fig. 3a), that
is, the peaks of both folded and unfold states of the pro-
tein appeared at the same time in the presence of 1.5-3
M urea. The ANS binding profile of MglB suggested the
presence of a hydrophobic folding intermediate (24). By
contrast, binding of ANS to ArgT showed two maxima of
fluorescent intensity around 2 and 3 M (Fig. 4b), suggest-
ing the presence of two folding intermediates. This com-
plexes profile of ANS binding showed good agreement
with the existence of more than two peaks in size-exclu-
sion chromatography under 3-4 M urea concentration

K. Kashiwagi et al.
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Fig. 4. ANS binding assay for MglB (a) and ArgT (b). Intensi-
ties of ANS fluorescence are plotted at various concentrations of
urea. The indicated values are corrected for background fluores-
cence (without protein).

(Fig. 3b), and the second band on the upper side of the gel
observed in UGGE in the range of 2-3 M urea concentra-
tion (Fig 2¢).

DISCUSSION

3D Domain Swapping and the Evolution of Protein
Folds—The PBP family of proteins is responsible for
transport of numerous low molecular weight compounds
from the extracellular milieu into the cytoplasm of bacte-
rial cells. Their ligands are, in most cases, bound in a
cleft formed by two CheY-like domains. Upon ligand bind-
ing, the structures of individual domains do not change,
but their configuration does (25). In fact, the movement
of CheY-like domains upon ligand binding has been uti-
lized in the development of biosensors (26—28).

It has been proposed that the first PBP emerged
through tandem duplication and subsequent fusion of a
parental gene—one that might have coded for a CheY-
like fold (7, 10). In addition, the last a-helical element
was exchanged between the two CheY-like folds, either
before or after the gene fusion event (Fig. 1b). Such
domain swapping between monomeric proteins has been
experimentally achieved by deleting amino acids (29, 30),
by alternating the identities of several amino acid resi-
dues (31, 32), or by simply making the pH of protein solu-
tion acidic (10). Given the relative ease with which evolu-
tion of a new fold through exchange of strands between
two similar or identical genetic units can proceed, it
might be expected that domain swapping events have
occurred often during the course of protein evolution and
may thus represent a key mechanism by which new folds
evolve (3, 33).
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The swapped PBP segments correspond to the hinge
region that connects the two CheY-like domains and is
composed of flexible loops that enable the aforemen-
tioned change in domain configuration (8, 34). Thus, lig-
and recognition through configurational changes is prem-
ised on the flexibility of the hinge region that connects
two CheY-like domains, and this flexibility might be an
intrinsic propensity of peptides formed through 3D
strand swapping. Intriguingly, however, the metal-bind-
ing PBP-like protein TroA contains a long stiff helix in
the hinge region instead of a flexible loop so that, in con-
trast to canonical PBPs, the configuration of the two
domains of TroA does not change upon the binding of its
ligand, Zn?* (35, 36).

Type-1 PBPs exchange one a-helix between the two
domains, whereas type-2 PBPs consecutively exchange
one a-helix and then one B-strand. Fukami-Kobayashi et
al. proposed that type-2 PBPs evolved from type-1 PBPs
by exchanging an additional secondary element between
the two domains (9). It is not known for certain whether
this structural evolution is related to the protein’s spe-
cific functional evolution. It is noteworthy, however, that
only small ligands such as amino acids and monosaccha-
rides are recognized by type-1 PBPs, but larger ligands
such as oligopeptides (37), maltodextrin (25) and alginic
acid (38) are recognized by type-2 PBPs. It is, therefore,
possible that evolution from type-1 to type-2 was
required to evolve PBPs that transport larger molecules.

Distinct Folding Kinetics of MglB and ArgT—That fact
type-2 PBPs exchanged two secondary elements gives
them a more convoluted topology than type-1 PBPs (Fig.
1). Whereas MglB exhibits folding kinetics typical of a
simple transition between folded and unfolded states, the
folding kinetics of ArgT are more complex and suggest
the co-existence of an unfolded state and a molten globule
state (Figs. 2 and 3). ANS binding assay has also sug-
gested the distinct folding pathways in these two pro-
teins (Fig. 4). Similarly, previous analysis of MBP,
another type 2 PBP, showed it to assume two intermedi-
ate states during the folding reaction (39).
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Technology of Japan.
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