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ABSTRACT The association of a molecular chaperone, gp57A, of bacteriophage T4, which facilitates formation of the long
and short tail ﬁbers, was investigated by analytical ultracentrifugation, differential scanning microcalorimetry, and stopped-ﬂow
circular dichroism (CD) to establish the association scheme of the protein. Gp57A is an oligomeric a-helix protein with 79 amino
acids. Analysis of the sedimentation velocity data by direct boundary modeling with Lamm equation solutions together with
a more detailed boundary analysis incorporating association schemes led us to conclude that at least three oligomeric species
of gp57A are in reversible and fast association equilibria and that a 3mer-6mer-12mer model described the data best. On the other
hand, differential scanning microcalorimetry revealed a highly reversible two-step transition of dissociation/denaturation, both of
which accompanied decrease in CD at 222 nm. The melting curve analysis revealed that it is consistent with a 6mer-3mer-1mer
model. The refolding/association kinetics of gp57A measured by stopped-ﬂow CD was consistent with the interpretation that the
bimolecular reaction from trimer to hexamer was preceded by a fast a-helix formation in the dead-time. Trimer or hexamer is
likely the functional oligomeric state of gp57A.

INTRODUCTION
There are a number of gene products of phage T4, which are
essential for the assembly, but are not incorporated into the
mature virion. Gp57A is one of them, which facilitates the
long and short tail ﬁber formation (Dickson, 1973). The long
tail ﬁbers, encoded by genes 34–37 (King and Laemmli,
1971; Wood and Bishop, 1973; Bishop et al., 1974; Wood
et al., 1994), are the sensor for the host bacterial cell, that
attach reversibly to the glucose residues on the outer core of
lipopolysaccharide on the outer membrane in the case of BE
strains (Prehm et al., 1976a) and to OmpC in the case of
K-12 strains (Mutoh et al., 1978; Henning and Jann, 1979).
After the conformational change of the baseplate, which is
triggered by the signal from the long tail ﬁbers via gp9,
another baseplate component, the short tail ﬁbers encoded by
gene 12 (Kells and Haselkorn, 1974; Mason and Haselkorn,
1972) that had been retracted beneath the baseplate are
ejected and irreversibly bind to the heptose part of the inner
core of lipopolysaccharide (Riede, 1987). The conformational change of the baseplate induces the sheath contraction
and, concomitantly, the tail tube protrudes from the bottom
of the baseplate and penetrates into the outer membrane.
After the tail tube reaches the inner membrane with the aid of
the tail lysozyme, gp5, the injection of the phage genomic
DNA into the host cell through the tail tube follows (Simon
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and Anderson, 1967). A partial high resolution structure of
trimeric gp12 that includes the C-terminal head and part of
the long shaft has been reported (van Raaij et al., 2001). The
shaft part contains a beta-spiral and a short triple-stranded
a-helix.
Gp57A is a small protein, containing 79 amino acid
residues with the molecular weight of 8,613, where the
N-terminal Met is removed. It has an unusual amino acid
composition in that it neither contains the aromatic amino
acids Trp, Tyr, and Phe nor has His, Pro, and Cys. More than
90% of the polypeptide assumes a-helix based on the far
ultraviolet circular dichroism (CD) spectrum (Matsui et al.,
1997). Previous studies indicated that the functionally
essential part of gp57A resides in the N-terminal region
(Hashemolhosseini et al., 1996). It was later shown that
gp57A facilitates folding of gp12 in vitro (Burda and Miller,
1999). On the other hand, a temperature-sensitive bypassmutant of Escherichia coli was isolated which does not
require gp57A for phage growth, indicating that there is
some E. coli co-chaperone for the full function of gp57A
(Revel et al., 1976).
Gp57A exhibits a highly reversible dissociation and
denaturation by heat and denaturing reagents such as urea
and guanidine hydrochloride (Gdn-HCl). This high reversibility prompted us to undertake an investigation of the
detailed association equilibrium of gp57A. Previously, two
of the present authors and co-workers have reported that
gp57A is a tetramer (Matsui et al., 1997). This conclusion
was based on the weight-average molecular weight which
was measured in a limited range of concentrations. However,
further studies indicated that the weight-average molecular
weight is temperature dependent and the protein is actually in
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equilibrium between different oligomeric species. The
identiﬁcation of the oligomeric species was difﬁcult due to
the fact that the protein tends to associate to higher molecular
weight oligomers at higher protein concentrations.
In the present study, the association equilibrium of gp57A
was studied by analytical ultracentrifugation (AUC) to
establish the stoichiometry and the scheme of oligomerization. Both sedimentation equilibrium and sedimentation
velocity experiments were carried out. The velocity data
were analyzed by direct modeling of the sedimentation
boundary by ﬁnite element solutions of the Lamm equation,
using two independent approaches. First, a distribution
function of species with different sedimentation coefﬁcients,
c(s) (Schuck, 2000; Schuck et al., 2002), was determined.
Although this method provides only an apparent sedimentation coefﬁcient distribution for proteins with rapid reversible self-association kinetics, it deconvolutes the effects
of diffusion and allows assessment of the heterogeneity of
the protein populations and the precise determination of
the isotherm of weight-average sedimentation coefﬁcients
(Schuck, 2003). Second, solutions of the Lamm equations
incorporating speciﬁc self-association models were ﬁtted to
the data (Schuck, 2003, 1998). Combination of both approaches resulted in a self-association model that is consistent with the observed hydrodynamic behavior of gp57A
as well as the thermal-dissociation/denaturation observed
by differential scanning micro-calorimetry (DSC) and the
refolding/association kinetics observed by stopped-ﬂow
circular dichroism (CD). The resultant model of association
equilibrium and its implication are discussed.
MATERIALS AND METHODS
Bacteria and plasmid
Plasmid pTB5 contains gene 57A in pT7-5, which expresses genes under T7
promoter. The plasmid was transformed into E. coli BL21 (DE3), which
carries T7 RNA polymerase on lDE3 integrated into the chromosome of
BL21 (Studier and Moffatt, 1986).

Protein expression and puriﬁcation
Luria broth was used to grow E. coli. Luria broth medium contained 10 g
Bacto Tryptone, 5 g yeast extract (Difco, Detroit, MI), and 10 g NaCl per
liter of distilled water. Buffers A and B were used to purify gp57A. Buffer A
is 100 mM Tris, adjusted with HCl to pH 8.0 and buffer B has the same
composition as buffer A and supplemented with 100 mM NaCl. Overexpression and puriﬁcation of gp57A was done as previously described
(Matsui et al., 1997).

Analytical ultracentrifugation
Sedimentation velocity and equilibrium experiments were conducted with
an Optima XLI (Beckman-Couter, Fullerton, CA), using a 4-hole An60Ti
rotor at 208C (unless noted otherwise). Protein was brought into the
experimental buffers (100 mM Tris-HCl, 50 mM NaCl, at pH 8.0, unless
otherwise noted) by dialysis, and the dialysate was used as an optical
reference. Because gp57A does not possess any aromatic amino acids, the
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concentration proﬁles were monitored by their peptide backbone absorbance, using wavelengths of 230–235 nm, and 12-mm or 3-mm pathlength
centerpieces, dependent on loading concentration. The extinction coefﬁcient
at 230 and 235 nm were determined to be 16,518 and 7633 M1 cm1,
respectively, using BCA protein assay protocol by Pierce Chemical
(Rockford, IL) with BSA as a standard. Because of limitations in the
wavelength accuracy of the absorption optical detection system in the
analytical ultracentrifuge, apparent extinction coefﬁcients were estimated
based on the known loading concentration of the protein. Only the
sedimentation equilibrium experiments with the highest loading concentrations were observed with the refractometric Rayleigh optics. Sedimentation equilibrium data were acquired at rotor speeds of 12,000, 15,000, and
18,000 rpm, and sedimentation velocity at 50,000 rpm with time intervals of
5 min. The protein partial speciﬁc volume (v) is 0.718 cm3/g, as determined
previously (Matsui et al., 1997), and buffer densities and viscosities were
calculated from composition, using the software SEDNTERP (kindly
provided by Dr. J. Philo). Sedimentation equilibrium data were edited with
the program xlaedit5, to remove data points of the raw XLA data ﬁle which
are apparently not signals but noise, and and with larger absorption than 1.5.
The program MWAVCALC3 is then used to calculate the signal-average
buoyant molar mass from a linear plot of the natural logarithm of the
absorbance as a function of the square of the radius. By selecting the region
which appears a straight line, a best-ﬁt straight line is drawn through that
region, and the average concentration and calculated best-ﬁt average
buoyant molar mass are displayed. Both programs are kindly provided by
Dr. A. Minton. The isotherm of buoyant molar mass Mb(c) was ﬁtted to
3mer-6mer-12mer model using the software f_mw8 (kindly provided by
Dr. A. Minton).

Hydrodynamic modeling of the sedimentation
velocity data
Sedimentation velocity analysis was based on direct modeling of the
sedimentation boundary, using ﬁnite-element solutions of the Lamm
equation



@x 1 @
@x
2 2
¼
rD
 sv r x ;
@t
r @r
@r

(1)

where x (r, t) describes the evolution of the spatial concentration distribution
of a single sedimenting species in the centrifugal ﬁeld, with r denoting the
distance from the center of rotation, v the rotor angular velocity, and s and D
the macromolecular sedimentation and diffusion coefﬁcient, respectively
(Schuck, 1998; Lamm, 1929). For the sedimentation coefﬁcient distribution
c(s), the data were modeled as a superposition of solutions to Eq. 1,

aðr; tÞ ﬃ

ð smax

cðsÞxðs; DðsÞ; r; tÞds;

(2)

smin

which was calculated with maximum entropy regularization, as implemented in the software SEDFIT (www.analyticalultracentrifugation.com)
and described previously (Schuck, 2000). A conﬁdence level of 0.95 was
used to scale the regularization. The analysis was combined with algebraic
decomposition of the systematic time-invariant noise (Schuck and Delemer,
1999), and the meniscus position and the weight-average frictional ratio f/f0
were optimized in a nonlinear regression (Schuck et al., 2002; Dam and
Schuck, 2003).
For the sedimentation analysis with different explicit self-association
schemes, the Lamm equation was solved with locally concentrationdependent sedimentation and diffusion coefﬁcients
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where s(x) and D(x) are the isotherms of the weight-average sedimentation
coefﬁcient and the gradient-average diffusion coefﬁcient as a function of
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total local protein concentration, respectively (Schuck, 1998; Cox, 1969).
These are standard isotherms calculated based on mass action and mass
conservation laws for different self-association schemes, and their use for the
sedimentation analysis assumes that self-association is fast on the timescale
of sedimentation. Several sedimentation velocity data sets obtained at
different loading concentration were modeled globally with the software
SEDPHAT (www.analyticalultracentrifugation.com) as described in Schuck
(2003), using the monomer and oligomer s-values and the binding constants
as global parameters, and meniscus position, concentrations, and timeinvariant noise as local parameters for each experiment.

Differential scanning calorimetry
The apparent heat capacity was evaluated using the ﬁrst scanning data of the
sample solution and the data of buffer solution just before and after the
sample scanning by differential scanning calorimeter, MCS-DSC and VPDSC (MicroCal, Studio City, CA). The 50 mM sodium phosphate was used
for the buffer at pH 7.5 and 8.0, and 20 mM glycine/HCl buffer was used at
pH 2.8. The protein stock solution was dialyzed extensively against a large
volume of buffer solution. The concentration of the stock solution after the
dialysis was evaluated by the absorbance as mentioned above and the sample
solution at various protein concentrations was prepared by mixing the stock
solution and the dialyzed buffer solution. The scanning rate was 1 K/min for
all the measurements except for the scan to check the scanning rate
dependence of the transition. The apparent heat capacity obtained by 0.5-K/
min scanning rate was found to agree completely with that by 1-K/min at all
the pH conditions studied in this article. The reversibility was also checked
by the second scanning of the sample solution at all conditions and the peak
of the second scanning was almost the same as the ﬁrst scanning.
The two-state analysis and double deconvolution method for the system
with self-dissociation/association process (Kidokoro et al., 1988) were
applied to the apparent heat capacity function with the assumption that the
heat capacity functions of native and denatured state were described as the
linear function of temperature. The rough values for the thermodynamic
parameters of the transition were obtained by these methods. The nonlinear
least-squares method was used to reﬁne the parameters as described
previously (Kidokoro et al., 1988). The global ﬁtting to determine the
common thermodynamic parameters among the various protein concentrations at the same pH was developed to determine the model and
thermodynamic parameters ﬁnally. The apparent Gibbs free energy change
from ith state to jth state at various protein concentrations M, DGapp
ij ðT; MÞ
was described as

DHij (Tm,ij), are used in practice as the ﬁtting parameters instead of the two
parameters, Dbij and Dcij, which have the following relationships to other
parameters, respectively.

Dbij ¼ 2Daij Tm;ij 1 DCp;ij ðTm;ij Þ;

(7)

Dcij ¼ Daij Tm;ij  DCp;ij ðTm;ij ÞTm;ij 1 DHij ðTm;ij Þ:

(8)

2

DCp,ij (Tm,ij) and DHij (Tm,ij) are the heat capacity change and enthalpy
change between ith and jth states at the transition temperature.
In this method, the statistical weight of the molar heat capacity was set to
be proportional to the protein concentration where the heat capacity function
was obtained because the signal-to-noise ratio was normally expected to be
proportional to the protein concentration in DSC measurement. The program
for this global ﬁtting was written in FORTRAN and used the nonlinear leastsquares method program package, SALS (Nakagawa and Oyanagi, 1980).

CD and secondary structure estimation
The far-UV CD spectrum of gp57A, pre-equilibrated with pH 8.0, 50 mM
sodium phosphate buffer, between 190 and 240 nm, was measured as
a function of temperature on a J-720 spectropolarimeter (JASCO, Tokyo,
Japan) in a 1-mm pathlength cell. The spectrum at different peptide
concentrations were used to estimate the secondary structure by CONTIN
(Provencher and Glockner, 1981).

Kinetic refolding measurement
Kinetic refolding/association measurements were carried out on a Jasco
J-720 spectropolarimeter. The stopped-ﬂow apparatus attached to the
spectropolarimeter was specially designed and constructed by Unisoku
(Hirakata, Osaka, Japan). (Kuwajima et al., 1987; Arai and Kuwajima,
1996). The pathlength of the cuvette was 1 mm, and the dead-time was 15
ms. The refolding reaction was initiated by a Gdn-HCl concentration jump
from 2.6 to 0.23 M. Final protein concentration was 0.0085 ;0.085 mg/ml
(0.987 ;9.87 mM in a monomer concentration). The solutions contained 0.1
M sodium phosphate (pH 8.0). The experiments were performed at 208C.
The kinetic refolding curves of gp57A were analyzed assuming the
bimolecular, trimolecular, and tetramolecular reactions and were ﬁt to the
following equations:
1. A bimolecular reaction (2A ! B):

DG ðT; MÞ ¼ DG ðT; M0 Þ 1 RTðmj  mi ÞlnðM=M0 Þ; (4)
app
ij

0
ij

where DG0ij ðT; M0 Þ is the standard Gibbs free energy change at the standard
concentration, M0; mi and mj are the stoichiometry coefﬁcients of ith and jth
state, respectively; R is the gas constant; and T is absolute temperature. By
this relationship, the Gibbs free energy change at each protein concentration
was calculated using the common standard Gibbs free energy change whose
thermodynamic parameters were adjusted to ﬁt the data in the global ﬁtting
method. The standard Gibbs free energy change, DG0ij ðT; M0 Þ, was the
function of temperature and was described in the following equation in
principle as discussed previously (Kidokoro et al, 1988),

DGij ðT; M0 Þ ¼  Daij TðT  Tm;ij Þ  Dbij T
0

lnðT=Tm;ij Þ

1 Dcij ð1  T=Tm;ij Þ;

(5)

where Tm,ij is the midpoint temperature of the thermal transition between ith
and jth state, and Daij, Dbij, and Dcij are the ﬁtting parameters to determine
the enthalpy function of temperature as shown in Eq. 6:

DHij ðTÞ ¼ Daij T 1 Dbij T 1 Dcij :
2

(6)

To decrease the dependency among the parameters and to decrease the
estimation error for the parameters, two ﬁtting parameters, DCp,ij (Tm,ij) and
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(10)

uobs ¼ uB 1
2. A trimolecular reaction (3A ! B):

uobs ¼ uB 1

3. A tetramolecular reaction (4A ! B):

uobs ¼ uB 1

ðuA  uB Þ
1=3 ;
ð1 1 kapp tÞ

(11)

where uobs is the observed ellipticity; uA and uB are the ellipticities of the
species A and B, respectively; and kapp is the apparent rate constant of the
reaction (Steinfeld et al., 1989; Milla and Sauer, 1994). kapp (s1) for
the bimolecular reaction corresponds to 2A0kf, where A0 (M) is the initial
concentration of the species A, and kf (M1 s1) is the actual second-order
rate constant of the 2A ! B reaction.

Association Equilibria of gp57A

RESULTS
Concentration dependence of the weight average
buoyant molecular weight of gp57A
The weight average buoyant molecular weight, M(1  vr) or
Mb, of gp57A was measured at a concentration range
between 0.02 mg/ml and 7 mg/ml to characterize the
association equilibrium. In Fig. 1, Mb is plotted against the
logarithm of the protein concentration. The buoyant molecular weight of monomeric gp57A is 2429. Except for
a number of data points at the lowest buoyant molecular
weights, the Mb increases from ;10,000 up to 30,000 as the
concentration increases, which corresponds to tetramer and
dodecamer. The molecular weight appears to increase further
when the concentration is further increased. In this situation,
it is not simple to determine the association scheme by curveﬁtting to the Mb isotherm. The solid line in the graph is
calculated according to the 3mer-6mer-12mer model using
a software, f_mw8, kindly provided by A. Minton, but other
models, such as 4mer-8mer-16mer, also ﬁt reasonably well
(data not shown), and it was not possible to unambiguously

FIGURE 1 Dependence of the weight average buoyant molar mass (Mb)
upon the weight concentration of gp57A, determined from sedimentation
equilibrium experiments using a range of loading concentrations from 0.02
to 7.0 mg/ml, at 208C at rotor speeds of 12,000, 15,000, and 18,000 rpm.
Absorbance and Rayleigh optics as well as different optical pathlength
centerpieces are used to cover the whole range of concentration as indicated
by the different symbols, and at each concentration global modeling was
used to calculate the best-ﬁt buoyant molar mass. The whole data sets are
globally ﬁtted to the trimer-hexamer-dodecamer model (solid line). The
binding constants, K3–6 and K6–12, are (2.17 6 0.10) 3 104 M1 and (2.63 6
0.10) 3 104 M1, respectively.
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choose one best-ﬁt model. However, when the 3mer-6mer12mer model was used to ﬁt the data, the obtained values for
K3–6 and K6–12 coincided with those obtained from the
sedimentation velocity analysis in the next section within
experimental errors.

Analysis of the association scheme by
sedimentation velocity
Sedimentation velocity experiments were carried out at
a number of loading concentrations in the range from 0.1 to
2.1 mg/ml, and the data were analyzed ﬁrst by modeling the
sedimentation boundaries as superpositions of ﬁnite element
solutions of the Lamm equation for noninteractions species.
The obtained distribution functions of sedimentation coefﬁcients, c(s), are shown for each loading concentration as
indicated in Fig. 2. There are several peaks, indicating the
existence of multiple oligomeric species. However, it is
noted that the peaks of c(s) are broader than those expected
for discrete noninteracting components and the apparent
peak sedimentation coefﬁcients are highly concentrationdependent, shifting the s-values to higher values at higher
loading concentrations. This indicated that the boundaries
are ‘‘reaction boundaries,’’ in which the sedimenting species
interconvert on the timescale of sedimentation or faster, and

FIGURE 2 Sedimentation coefﬁcient distribution c(s) derived from
sedimentation velocity data at 50,000 rpm and 208C. Loading concentrations
were 0.1, 0.31, 0.52, 0.84, 1.05, and 2.1 mg/ml. The c(s) distribution was
derived with the frictional ratio ( f/f0) and the base line offset as a ﬂoating
parameters, and with maximum entropy regularization with a conﬁdence
limit of p ¼ 0.95.
Biophysical Journal 85(4) 2606–2618
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as a consequence the observed peaks do not correspond to
any particular individual oligomeric species but instead
reﬂect some weight-average of the sedimenting species. All
the velocity data at different loading concentrations are then
globally ﬁtted to ﬁnite element Lamm equation solutions that
incorporate explicitly different models for the self-association scheme (Schuck, 2003, 1998). First, two-state models,
2mer-6mer, 3mer-6mer, and 4mer-8mer, were tested, but no
satisfactory results were obtained. The values for the sum of
squared deviations (SOSQ) for these models were 4.028,
3.686, and 3.567, respectively. We then proceeded to ﬁt the
data to three-state models, 2mer-6mer-12mer, 3mer-6mer-12mer,
and 4mer-8mer-16mer. The SOSQ values for these models were
3.492, 3.511, and 3.562, respectively. We may statistically
exclude any model with a SOSQ value larger than 3.521 with
95.4% conﬁdence. The 4mer-8mer-16mer model is thus excluded. The remaining two models, 2mer-6mer-12mer and 3mer6mer-12mer, both ﬁt the data reasonably well. However, from
the following criteria, the 3mer-6mer-12mer model was
unambiguously selected. The best-ﬁt sedimentation coefﬁcients, frictional ratios ( f/f0), and axial ratios (a/b) of the
hydrodynamically equivalent prolate ellipsoid for the
different oligomers are listed in Table 1. The frictional ratios
f/f0 and the axial ratios a/b are calculated where 0.3 g/g
estimate for hydration is included. It should be noted that the
axial ratios of the hydrodynamically equivalent prolate
ellipsoids are a measure of the compactness or shape
asymmetry of the protein, but may not represent well the
actual shape of the protein. For the 3mer-6mer-12mer model, all
the s-, f/f0-, and a/b-values appear reasonable. On the other
hand, for the 2mer-6mer-12mer model, the best-ﬁt value for s2
is larger than the possible sedimentation coefﬁcient of
a hydrated molecule in the most compact spherical form, and
accordingly f/f0 for the dimer is unphysically small for
a hydrated molecule. On the other hand, s6 is too small and
f/f0 value is too large, corresponding to an unreasonably
extended hexamer. We, therefore, concluded that the 3mer6mer-12mer model is the right one. A subset of sedimentation
velocity data and the boundary ﬁts leading to this model is
shown in Fig. 3.

pH dependence of the association equilibrium
The association equilibrium of gp57A is highly dependent
on pH. Lower pH favors association (Fig. 4). At pH 9.0, only

one peak with a sedimentation coefﬁcient of 2.6 S is present,
which suggests the presence of mixtures of rapidly interconverting trimers and hexamers. In a boundary model
with explicit incorporation of the 3mer-6mer-12mer model, the
12mer concentration was below the detection limit. As the pH
values are lowered, two reaction boundaries appear and the
peak values shifted toward higher sedimentation coefﬁcients.
At pH 3.8, which is close to the isoelectric point of 4.2, the
protein precipitated and it was not possible to measure the
association equilibrium (data not shown). At pH 2.8, a sharp
peak with the s-value of 1.7 S which is lower than that of the
trimer determined at pH 8.0 appeared, indicating either the
presence of a trimer with more extended conformation, or
the partial dissociation into monomers. This is conﬁrmed
by a Lamm equation model with explicit self-association,
which did not model the data well with oligomeric species of
the s-values previously determined at pH 8.0, but modeled
the data well as a single trimeric species with a small degree of dissociation. Weight average sedimentation coefﬁcients, sw, are plotted against pH in the inset of Fig. 4.

Temperature dependence of association of gp57A
The temperature dependence of association of gp57A was
studied by sedimentation velocity at a number of temperatures between 4 and 378C at pH 8.0. The resultant c(s)
curves obtained by SEDFIT are shown in Fig. 5 a. At low
temperatures, 4 and 128C, the association equilibrium is
shifted to higher association species. At higher temperatures,
the species with higher sedimentation coefﬁcients decreased,
which increased the trimer and hexamer concentrations. At
378C, dodecamer virtually disappeared and some fraction of
the trimer appeared to dissociate further into monomers.
Measurements of sedimentation velocity were carried out at
three loading concentrations, 0.42, 0.52, and 0.63 mg/ml,
and the data were ﬁtted the Lamm equation to 3mer-6mer12mer model, using the s-value of each oligomer as determined above. The observed temperature dependence of
the trimer-hexamer and the hexamer-dodecamer association
constant is shown as the van’t Hoff plot in Fig. 5 b. Again,
we found that lower temperature favors the association of
trimers to hexamers, whereas the formation of dodecamer
appeared relatively constant or slightly decreasing with
lower temperature.

TABLE 1
3mer-6mer-12mer
s3 ¼ 2.16 S
f/f0 ¼ 1.53
a/b ¼ 6.7

s6 ¼ 3.25 S
f/f0 ¼ 1.61
a/b ¼ 8.0

2mer-6mer-12mer
s12 ¼ 4.59 S
f/f0 ¼ 1.81
a/b ¼ 11.3

s2 ¼ 2.3 S
f/f0 ¼ 1.10
—

s6 ¼ 2.71 S
f/f0 ¼ 1.93
a/b ¼ 13.5

s12 ¼ 5.05 S
f/f0 ¼ 1.64
a/b ¼ 8.5

The best-ﬁt sedimentation coefﬁcients (s), frictional ratios (f/f0), and axial ratios (a/b) of the hydrodynamically equivalent prolate ellipsoid for the different
oligomers, including 0.3 g/g as an estimate for hydration.
Biophysical Journal 85(4) 2606–2618
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FIGURE 3 Raw sedimentation velocity data and global
ﬁt incorporating an explicit trimer-hexamer-dodecamer
model. Shown are only every 10th experimental absorbance proﬁle (circles) obtained at a rotor speed of 50,000
rpm at 208C at pH 8.0, at concentrations of 0.1 mg/ml (a),
0.52 mg/ml (c), and 2.1 mg/ml (e). The scans shown are
taken from equivalent timepoints for each loading
concentration. A global ﬁt with a trimer-hexamer-dodecamer model was achieved with a larger set of sedimentation
data at loading concentrations of 0.1, 0.31, 0.52, 1.05, and
2.1 mg/ml which resulted in binding constants of K3–6 ¼
(3.4 6 0.6) 3 104 M1 and K6–12 ¼ (7.62 6 1.3) 3 103
M1, with sedimentation coefﬁcients s3 ¼ 2.16 6 0.09 S,
s6 ¼ 3.25 6 0.04 S, and s12 ¼ 4.59 6 0.08 S. The solid
lines show the best-ﬁt sedimentation distributions (including time-invariant noise components). The residuals of
the ﬁts corresponding to the data in a, c, and e are shown in
b, d, and f, respectively.

Heat-induced dissociation/denaturation of
gp57A as observed by differential scanning
microcalorimetry (DSC)
The heat capacity of gp57A as a function of temperature was
measured at pH 8.0, 7.5, and 2.8. The heat observed in the
reheating scan just after the ﬁrst scan agreed very well with
that in the ﬁrst scan in all the conditions of this study,
showing the good reversibility of the thermal transition
(data not shown). The heat obtained in the scanning rate of
0.5 K/min also coincided to that in the 1-K/min scan,
indicating the folding/unfolding rate is rapid enough to reach
equilibrium at each temperature in the 1-K/min scan (data
not shown). The good reversibility and equilibrium at each
temperature enable us to analyze the function observed by

DSC with well-established thermodynamic method; twostate analysis, double deconvolution, and least-squares
ﬁtting with theoretical models.
At the neutral pH, the heat capacity function of gp57A had
the two peaks as shown in Fig. 6 (in the case at pH 8.0),
indicating the existence of a stable intermediate state,
whereas the heat capacity function at pH 2.8 showed only
one peak (Fig. 7). It was clear that the shape of all these
peaks was unsymmetrical and the heat capacity changed
more rapidly in the higher temperature side. When the
thermal denaturation accompanies the dissociation process,
the heat capacity should possess such a shape. The peak
temperature of all the peaks observed in this study clearly
increased as the protein concentration increased. This deBiophysical Journal 85(4) 2606–2618
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FIGURE 4 The pH dependence of the self-association of gp57A. The
protein was dialyzed against buffers at different pH and sedimented at
loading concentrations of 0.1, 0.36, 0.63, 1.05, 1.57, and 2.1 mg/ml at a rotor
speed of 50,000 rpm and a temperature of 208C. Shown are the sedimentation coefﬁcient distributions for 0.63 mg/ml at pH values of 2.8, 5.2,
6.2, 7.3, 8.0, and 9.0, respectively. The buffers used are 5 mM NH4-acetate,
100 mM NaCl at pH 2.8; 100 mM Na-acetate, 50 mM NaCl at pH 5.2; 100
mM MES buffer, 50 mM NaCl at pH 6.2; 100 mM Tris-HCl, 50 mM NaCl at
pH 7.3 and pH 8.0; and 100 mM glycine, 50 mM NaCl at pH 9.0,
respectively. (Inset: sw vs. pH.)

pendence also indicated that all the thermal transitions of
gp57A observed in this study accompanied self-dissociation.
By the double-deconvolution analysis for the system
including self-dissociation/association process, the thermodynamic parameters change with the transition; enthalpy
change, DH, heat capacity change, DCp, and transition
temperature, Tm, can be roughly determined with assuming
the stoichiometry coefﬁcients for the three thermodynamic
states—native, intermediate, and denatured. We assumed
that the heat-denatured state of gp57A is monomer so that the
coefﬁcient for that state could be assigned to one when
monomer is used as the unit of molar concentration. All the
combinations of the stoichiometry coefﬁcients for native and
intermediate states from monomer to decamer were tried to
analyze the heat capacity functions at neutral pH. For
example, the heat capacity function at pH 8.0, 2.0 mg/ml
concentration, could be ﬁtted by the theoretical curves with
4mer-3mer-1mer, 5mer-3mer-1mer, and 6mer-3mer-1mer models for
native-intermediate-denatured states from the viewpoint of
very small residual deviation of these models. Although only
the minimum residual deviation for these data were achieved
by the model of 5mer-3mer-1mer, the difference among these
Biophysical Journal 85(4) 2606–2618

FIGURE 5 (a) Temperature dependence of the self-association of gp57A.
Sedimentation velocity experiments were conducted at temperatures of 4,
12, 20, 28, and 378C, at a rotor speed of 50,000 rpm and at pH 8.0. Shown
are the sedimentation coefﬁcient distributions c(s) derived from the data at
a loading concentration of 0.63 mg/ml. A global analysis using a trimerhexamer-dodecamer model was globally ﬁtted to the sedimentation data
from loading concentrations of 0.42, 0.52, and 0.63 mg/ml, using the
predetermined sedimentation coefﬁcients for each oligomer. (b) Shows
a van’t Hoff plot of the temperature dependence of the trimer-hexamer and
the hexamer-dodecamer association step.
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FIGURE 6 Observed heat capacity of gp57A in pH 8.0, 50 mM sodium
phosphate buffer with various protein concentration and theoretical
functions. Open circles are the observed and the solid lines are the bestﬁtted functions by global analysis, with the same thermodynamic parameters
for all the concentrations, represented by thick lines (trimer intermediate
model) and thin lines (dimer intermediate model), respectively. The protein
concentrations are indicated in the ﬁgure.

models were small and it was dangerous to ﬁx the model
only from the data of a protein concentration, as discussed
previously (Kidokoro et al., 1988).
Generally speaking, the transition temperature should
depend on protein concentration more strongly with the large
deviation of the stoichiometry coefﬁcients of these two
states, which indicates that the concentration dependence
of the transition gives additional information to evaluate
the stoichiometry coefﬁcient. The global ﬁtting method is
efﬁcient to use this kind of information by ﬁtting the data of
various protein concentrations at once under the same pH
with the same thermodynamic parameter change above
mentioned. All the combinations of the stoichiometry
coefﬁcients for native and intermediate states are tested for
the global ﬁtting and the best-ﬁtted model was found to be
6mer-3mer-1mer with the ﬁxed stoichiometry coefﬁcient for the
denatured state. Furthermore, all the stoichiometry coefﬁcients were treated as the ﬁtting parameters in the global
ﬁtting, and we calculated their ratios to evaluate the association number for the native and intermediate state. These
numbers for native state were 6.0 and 5.6 and those for the
intermediate state were 3.0 and 3.0 for the data at pH 8.0 and
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FIGURE 7 Observed heat capacity of gp57A in pH 2.8, 20 mM glycine
buffer with different protein concentration and theoretical functions. (Meaning of symbols and lines are the same as in Fig. 6.)

7.5, respectively. The concentration dependence of all the
peak temperatures in Fig. 6 seemed to be completely explained by the 6mer-3mer-1mer transition model. These results
strongly indicate that the thermal transition at neutral pH
around these protein concentrations was 3-state transition,
with hexamer-native, trimer-intermediate, and monomerdenatured states.
At pH 2.8, the heat capacity function was analyzed by
two-state analysis and was found to be explained by the 3mer1mer two-state model. In this case also, the stoichiometry
coefﬁcient of the denatured state was ﬁrst assumed to be one
and that of the native state was tested in the range from
monomer to decamer. Two models, the 2mer-1mer and 3mer1mer models, were found to ﬁt the data of 1.0 mg/ml
concentration very well and the residual deviations of these
models were almost the same. To use the information on
concentration dependence even at this pH, the global ﬁtting
was applied with various native association numbers from
1–10. Among these models, the 3mer-1mer model was found
to have the smallest residual deviation. Finally, all the
stoichiometry coefﬁcients were ﬁtted in the analysis, and
the association number of the native state, as the ratio of
Biophysical Journal 85(4) 2606–2618
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the coefﬁcients of denatured and native states, was calculated
as 3.0. This result indicates that the observed thermal transition at acidic region was the transition from trimer to monomer state.
The thermodynamic parameter changes obtained from the
global ﬁtting were summarized in Table 2. At neutral pH, the
native and intermediate states are more stable at pH 7.5 than
at pH 8.0, judging from the pH dependence of transition
temperature. At acidic pH, the hexamer native state is
considered to have become too unstable to exist, so that the
initial trimer of the acidic condition may be assigned to be
the same as the trimer intermediate at neutral pH. Therefore,
the thermodynamic parameter change at pH 2.8 is categorized to the transition from intermediate to denatured state in
this table.
Heat denaturation as observed by CD
Under the same condition as in Fig. 6, the thermal transition
was also monitored by CD at 222 nm (Fig. 8, a and b).
Although the dissociation appears a single transition, the
derivative with respective to temperature revealed two peaks
corresponding approximately to the same Tm values as in
DSC, indicating that both transitions at 324 K and 337 K are
accompanied by a decrease in a-helix content.
Measurement of refolding/association kinetics of
gp57A by stopped-ﬂow CD
Gp57A was completely denatured in 2.6 M Gdn-HCl and the
refolding/ association kinetics was observed by diluting the
solution down to 0.23 M of Gdn-HCl. The dead-time of
the measurement was 15 ms. The stopped-ﬂow CD data
were modeled by three different association models, including a monomer-dimer, monomer-trimer, and monomer-tetramer association (see Materials and Methods). Only the
dimerization model could describe the data well (Fig. 9 a).
The stopped-ﬂow CD measurements were carried out at
TABLE 2

1
6

N6  13 I3

1
6

N6 D
I D

1
3 3

a concentration range between 0.0085 and 0.085 mg/ml. All
the data sets were modeled well by an apparent dimerization
or bimolecular reaction scheme and the obtained apparent
dimerization rate constants were plotted against the protein
concentration (Fig. 9 b). The apparent refolding rate was
a linear function of the protein concentration, as expected for
a bimolecular reaction. Apparently, some decrease in CD
at 222 nm with the residue ellipticity of ;75008 cm2
dmol1 had already taken place (Fig. 9 c), and the
association of 1mer into 3mer has likely already taken place
within the dead-time of the stopped-ﬂow experiment. We
interpret the bimolecular reaction as the association of 3mer to
6mer, which is consistent with all the other data described
above. Furthermore, the fact that almost no change in
ellipticity is observed after several seconds suggests that the
oligomerization reaction is much faster than the order of time
for performing sedimentation velocity experiments, justifying the use of the rapid equilibrium assumption in the direct
boundary modeling with the Lamm equation.
DISCUSSION
Combinations of different physical techniques are extremely
useful for fully elucidating the molecular mechanisms of
folding and self-association of proteins. In the present study,
thermodynamic, kinetic, and hydrodynamic methods were
employed to unambiguously determine the reaction scheme
of unfolding/dissociation and folding/association of gp57A
of bacteriophage T4. The analysis of the sedimentation
boundaries observed in analytical ultracentrifugation experiments gave rise to the overall reaction scheme. Changes in
thermodynamic functions associated with the folding and
oligomerization reactions were directly assessed by the
calorimetric technique. The stopped-ﬂow CD in the peptide
secondary-structure region enabled us to analyze the kinetics
of conformational changes during the reactions, and was
particularly useful for gp57A that does not have aromatic
residues.
Oligomeric states of gp57A

pH

Tm/ K

DH/ kJ mol1

DCp/ kJK1 mol1

7.5
8.0
7.5
8.0
2.8
7.5
8.0

324.2
323.6
329.6
327.7
328.7
334.4
331.4

88
77
204
177
126
116
98

2.0
2.2
3.4
3.8
0.9
1.8
1.7

Thermodynamic parameters of thermal transition between the thermodynamic states observed by differential scanning calorimetry with the model
of native hexamer, denatured monomer and the trimer intermediate state;
ð1=6ÞN6 ð1=3ÞI3 D: Tm is the midpoint temperature of the transition
where the Gibbs free energy change between the two states becomes zero at
the protein concentration, 1.0 mg/ml. DH and DCp are the enthalpy and heat
capacity difference between the thermodynamic states. In this table,
monomer is considered as a unit of mol.
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Gp57A which facilitates formation of the long and short tail
ﬁbers is a unique protein in its highly reversible dissociation/
unfolding property and the unusual amino acid composition,
where no Trp, Tyr, Phe, His, Cys, or Pro is present. The
determination of the association scheme is usually not so
complicated if the upper limit of the oligomeric state is
clearly deﬁned. However, some proteins such as tubulin tend
to associate higher and higher oligomeric states at higher
concentration, and in this situation determination of the
association scheme is not simple (Rivas et al., 1999). Gp57A
is such a protein. We have carried out sedimentation
equilibrium, light scattering, chemical crosslinking, and
mass spectrometry to resolve the association scheme without
success (data not shown). It was the sedimentation velocity
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FIGURE 8 (a) Temperature dependence of the residue
ellipticity, [u222], of gp57A at 222 nm in 50 mM sodium
phosphate buffer, pH 8.0. (b) Derivative of the [u222] in a,
with respective to temperature reveals two peaks corresponding approximately to the two Tm values in DSC,
indicating that both transitions accompany a decrease in
a-helicity.

data analyzed by global ﬁtting with numerical solutions of
the Lamm equation that ﬁnally yielded the unambiguous
reaction scheme which is supported by DSC and stoppedﬂow CD. This approach makes use of the differential
migration of the oligomeric species in the centrifugal ﬁeld,
which produces characteristic boundary shapes for different
self-association schemes. It is worthwhile to note that the
boundary shapes from fast and slow reversible systems are
quite different, and no good ﬁt can be expected from a Lamm
equation model that assumes fast reversibility, if in fact the
species are slow. An example of this has been published
(Perugini et al., 2000). In that case, the reaction was slow,
and the article shows how different the best-ﬁt Lamm

equation model with fast kinetics would be. However, we
have shown by stopped-ﬂow CD that the association reaction
of gp57A is completed within 1 second, which is much faster
than the duration of the experiment, i.e., on the order of an
hour or longer.
Oligomeric states as deﬁned in AUC analysis may not be
identical with those of DSC analysis. In fact, the conformation of the monomeric state in the diluted solution at 208C,
for example, may well be different from the monomeric state
at high temperature. This means that the involved intersubunit or interoligomeric interactions deﬁned by the
association constants, K1–3, K3–6, and K6–12, have to be
deﬁned for each experimental condition for each methodolBiophysical Journal 85(4) 2606–2618
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FIGURE 9 (a) A representative kinetic refolding curve of gp57A monitored by stopped-ﬂow CD at 222 nm
(black line). Inset shows the curve
within 0.4 s of the refolding reaction.
Protein concentration was 9.87 mM.
The ﬁtting curves assuming the bimolecular, trimolecular, and tetramolecular reactions (see Materials and
Methods) are also shown by red, blue,
and green lines, respectively. (b) Dependence of the apparent rate constant
(kapp) on the protein concentration. The
straight line is the best ﬁt using the
equation kapp ¼ 2[gp57A]kf with kf ¼
(1.45 6 0.04) 3 106 M1 s1. (c) The
ellipticity value at zero time of the
refolding reaction plotted against the
protein concentration. The straight line
shows the average value of the data
(7560 6 2408 cm2 dmol1).

ogy in a strict sense. However, the fact that the three distinct
approaches gave rise to the same reaction scheme indicates
that the intersubunit or oligomeric interactions such as 1mer1mer interactions in 3mer, 3mer-3mer interactions in 6mer, or
6mer-6mer interactions in 12mer are similar under the different
conditions in the three approaches used in the present study,
namely AUC, DSC, and stopped-ﬂow CD. Although
sedimentation equilibrium did not elucidate the association
scheme unambiguously, now that the association scheme is
known, we could compare the K3–6 and K6–12 as determined
by sedimentation velocity experiments with those from
sedimentation equilibrium. The latter gave the values for
K3–6 and K6–12 as (2.17 6 0.10) 3 104 M1 and (2.63 6
0.10) 3 104 M1, respectively, which is, in fact, in
agreement with the values obtained from sedimentation
velocity—namely, K3–6 ¼ (3.4 6 0.6) 3 104 M1 and K6–12
¼ (7.62 6 1.3) 3 103 M1, respectively.
Prediction of the structure of gp57A based on the
amino acid sequence
Under the physiological or semiphysiological conditions,
more than 90% of the primary structure assumes a-helix
(Matsui et al., 1997). Several empirical rules have been
Biophysical Journal 85(4) 2606–2618

reported concerning the number of helices to form coiledcoils. When the amino acid sequence of gp57A is arranged
according to the helical wheel or heptad repeats (Mclachlan
and Stewart, 1975), the a-positions are occupied by IIASLV
and d-position by LLTLLI. The preference of speciﬁc amino
acids at these core positions for dimeric and trimeric coiledcoils appears to be determined in terms of differences in
packing geometry in these structures. The packing at a- and
d-sites in trimers is more similar than in dimers (Wilson et al.,
1981; Harbury et al., 1993, 1994; Delano and Brünger,
1994). According to earlier observations (Parry, 1982),
a number of polar side chains occur at the a-positions more
often than was expected by chance. In general, lysine (K) and
arginine (R) are favored at the a-positions in dimers, but are
absent in trimers. In addition, asparagines (N) are found three
times more often at the a-sites of dimers than in the
corresponding sites in trimers. In contrast, trimers or trimeric
coiled-coil are enriched in glutamine (Q), serine (S), and
threonine (T) residues at the a-sites and enrichment of polar
side chains at position d is limited to preferences for serine
(S) and threonine (T). In particular, experiments using
synthetic peptides suggest that valine (V) at a-position
speciﬁes dimeric coiled-coils poorly (Harbury et al., 1993;
Zhu et al., 1993). Also, packing in trimers is more permissive
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than in dimers (Harbury et al., 1994). According to all these
previous observations, the heptad structure in gp57A appears
to favor trimers. This is in agreement with our conclusion
that gp57A is in equilibrium among oligomeric species of
3mer-6mer-12mer.
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