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ABSTRACT. The ovine corticotropin-releasing factor (CRF), a peptide hormone of 41 residues stimulating
the secretion of adrenocorticotropic hormone, was thermodynamically investigated. By means of size
exclusion chromatography and/or ultrafiltration, the CRF solution could be separated into random coil
monomers and highlg-helical tetramers, which seem to have amphipathic helix bundle structure. Circular
dichroism measurements along with diluting or concentrating the CRF solution revealed that there exists
the micelle state above the concentration of 0.1 mM, which would be the critical micelle concentration
(cmc). The micelle state was also proved by binding ability for 8-anilino-1-naphthalenesulfonate and
endothermic change by dilution across the cmc. The tetramer showed the cooperative thermal transition
at about 55°C in the buffer solution (pH 7.5), so that it would have native-protein-like folding. On the
other hand, the micelle undergoes gradual change to dissociated state by heating, regardless of the similar
a-helicity to the tetramer. Above the cmc the equilibrium between the tetramer and the micelle takes
place as well as that between the monomer and the micelle. Whereas, the direct conversion between the
tetramer and the monomer scarcely occurred below the cmc. The titration experiment with 2,2,2-
trifluoroethanol (TFE) revealed that the cmc decreases with increasing the concentration of TFE. This
tendency is the same as that of general surfactants. Most of experimental results can be well explained
by this three-phase model involving the monomer, the tetramer, and the micelle. The lack of the equilibrium
between the monomer and the tetramer indicates that the folding pathway of the tetramer is the
transformation only through the micelle state and not from the monomer. This pathway resembles the
collapse model among the phenomenological models for thermodynamic protein folding. By the
mathematical consideration for the dissociation of micelle, we have demonstrated that the expected content
of undegradabl&-mer is 2/k + 1), which agreed well with the observed tetramer content of CRF (40%).

Corticotropin-releasing factor (CRHF} a peptide hormone  compact secondary structure in the presence of lipid vesicles
of 41 residues produced by the hypothalamus. CRF stimu-or at the airwater interface (Lau et al., 1983). These
lates the secretion of adrenocorticotropic hormghendor- structural features are related to the potential amphipathic
phin, and other proopiomelanocortin-derived products from region (8-23) (Pallai et al., 1983). The Chetrasman
the pituitary. Their physiological roles in mediating stress prediction of secondary structure (Chou et al., 1978) shows
response have been investigated in detail (Guillemin et al., that the region (8:32) (Pallai et al., 1983), or (1431) (Dathe
1955; Gillies et al., 1979; Sayers et al., 1980; Spiess et al., et al., 1996), isu-helical and the others are not. Circular
1981). Ovine CRF was isolated, and the sequence wasdichroism spectra in aqueous TFE, which is known as an

identified by Vale et al. (1981). a-helical structure-inducing solvent, showed that CRF can
The amino acid sequence of CRF has potentiakelical form highly o-helical conformation. Thet-helical regions

amphipathy. However, the secondary structure in aqueousin aqueous TFE was determined by NMR to be{32)

solution is predominantly random coil with very lowhe- (Romier et al., 1993).

licity (about 10% or 20%) (Lau et al,, 1983; Pallai et al.,  onpe of the most interesting phenomena is the formation

1983). On the other hand, ovine CRF was found to form s gjigomers. It has been reported that two bands bearing
ACTH-releasing activity appear in gel filtration experiments
*This work was supported by grants-in-aid from the Agency of Of CRF (Schally et al., 1960; Gillies et al., 1979; Sayers et

Industrial Science and Technology, MITI. al., 1980; Vale et al., 1981). The larger molecular weight
*To whom correspondence should be addressed. Fe81-298-

54-6184. Fax:+81-298-54-6194. species of CRF elicited higher secretory activity (Vale et
* National Institute of Bioscience and Human-Technology. al., 1981). The ultracentrifugation experiment indicated that
¢ Sagami Chemical Research Center. ovine CRF formed the tetramer and that the molecular weight
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! Abbreviations: CD, circular dichroism; CRF, corticotropin-releas- of oligomers gradually increased to that of the octamer

ing factor; Fmoc, 9-fluorenylmethoxycarbonyl; TFA, trifluoroacetic ~ depending on concentration (Lau eF al., 1983). Dynami?
acid; HPLC, high-performance liquid chromatography; ESI-MS, elec- laser scattering study showed that ovine CRF associated with

trospray ionization mass spectroscopy; SEC, size exclusion chroma-5 dimeric Stokes radius at the concentration of 1 mM (Dathe
tography; Da, dalton; ITC, isothermal titration calorimetry; DSC,

differential scanning calorimetry; TFE, 2,2 2-trifluoroethanol; ANS, €t al., 1996). It seems to be true at a glance that CRF
8-anilino-1-naphthalenesulfonic acid; cmc, critical micelle concentration. undergoes the concentration-dependent association. How-
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ever, the change of CD spectra dependent on the peptidemM and 95% of the solution volume was filtrated, while to
concentration has not yet been elucidated on the basis ofconcentrate the CRF solution, a Centri/Por (cutoff, 3.5 kDa)
association equilibrium between monomer and oligomer. In (Spectrum Medical Ind., USA) filter was used.

contrast with CRF, several amphipathic designed peptides ) )

were shown to undergo monomssligomer association  Circular Dichroism Measurement

depending on the co_ncentration (Hp etal., 1987; Betzetal,, cp spectra were measured with Jasco J-600 spectropo-
1996). The quite different behavior of CRF from these |5rimeter in quartz cuvettes equipped with water jacket to
peptides is strange and interesting. control the temperature. The cuvettes with the path lengths
Thus in this work we focused on the mysterious oligomer of 0.2, 0.5, 1, 2, 5, and 10 mm were used, depending on the
formation of ovine CRF. Using size-exclusion chromatog- peptide concentrations. Thermal transition was measured by
raphy (SEC), CD, fluorescence, isothermal titration calo- sjmultaneously monitoring the temperature of circulating
rimetry (ITC), and differential scanning calorimetry (DSC), water and the molar ellipticity at 222 nm, which is the typical
the isolated monomeric and oligomeric species of ovine CRF hand of a-helix. The temperature, thus measured, was
were investigated in detail. Thermodynamic studies enabledconfirmed to be identical to that of sample solution within
us to prove that three states of ovine CRF, i.e., monomer,the error of 0.5 K by the other experiments. The titration
oligomer, and micelle, can be recognized. As described Iater,by the addition of 2,2,2-trifluoroethanol (TFE) was manually
the oligomeric CRF was composed of the tetramer alone. carried out with pipettes at 2.
From the viewpoint of protein folding, CRF provides the
interesting case that the folding course is not simply Calorimetry

dependent on the concentration. Differential scanning calorimetry (DSC) measurements

EXPERIMENTAL PROCEDURES were performed with MicroCal MCS microcalorimeter. The
same sodium phosphate buffer solution was used in its
Materials reference cell. The heating rate was 1.0 K min The

) _ ) ) observed heat capacity curves were analyzed by the method
Ovine CRF with an amide-type C-terminus was synthe- developed by Kidokoro et al. (1987, 1988).
sized by a usual solid phase method using Fmoc-strategy |sothermal titration calorimetry (ITC) was carried out for
with ABI-430A peptide synthesizer (Applied Biosystems, measuring dilution heat effect with ITC unit of the same
USA). The peptide was cleaved from the resin using mjcrocalorimetry system. The small portions of CRF
trifluoroacetic acid (TFA) containing 1,2-ethanedithiol and so|ytion in the buffer were added stepwise into the cell filled
water as cation scavengers and then purified by reversed-yith the same buffer at 25C. The peaks of the obtained

phase HPLC using watercetonitrile eluent system contain-  hermograms were integrated with the ORIGIN software.
ing TFA (Ohashi et al., 1983). Purified CRF was lyophilized

twice from aqueous solution to remove excess TFA. By the Fluorescence
analysis of ESI-MS with API-IIl (Perkin-Elmer Sciex Instru-
ments, USA) the molecular weight was shown to be 4670.0,
which proved the correct product (theoretical molecular
weight: 4670.4). The peptide concentration was determined
with the result of quantitative amino acid analysis, from
which the extinction coefficient was estimated to be 1050
M~t cm™t at 220 nm and used for further studies. ) - X

CRF was dissolved in 10 mM sodium phosphate buffer spectra were recorded at 20 with the emission band width
(pH 7.5) just before use, because the peptide is easily to beOf 5 nm.
concentrated at the aiwater interface (Lau etal., 1983) or RESULTS AND DISCUSSION
the surface of vessels on prolonged keeping in a solution.

Size Separation of CRF

The fluorescence of 8-anilino-1-naphthalenesulfonic acid
(ANS) was measured in the presence of various concentra-
tions of CRF with a Shimadzu RF-5000 spectrofluorometer.
The concentration of ANS was 1M, and a cuvette
with 1 mm path length was used to detect even weak affinity.
Using the excitation wavelength at 350 nm, the fluorescence

Size Exclusion Chromatography and Ultrafiltration ) ) )
The size exclusion chromatography (SEC) of the chemi-

Size exclusion chromatography was performed on a cally synthesized CRF gave two major peaks as shown in
Superdex 200 (prep. grade, Pharmacia) column (.50 Figure 1. This result is similar to that for CRF extracted
cm), a Sephadex G50 (fine grade, Pharmacia) column (1.5from natural source (Vale et al., 1981). This means that the
x 110 cm), and TSKgel G3000PW HPLC column (Toso, oligomerization occurs even in non-natural systems. The
Japan) (0.7560 cm). CRF was dissolved in sodium first peak eluting faster was found to be the molecular weight
phosphate buffer (pH 7.5) and loaded onto each column, of 11-mer of CRF, using linear calibration with the molecular
which was eluted with the same buffer solution at room weight standards (Figure 1). However, by means of sedi-
temperature. The eluted peptide was monitored by the mentation equilibrium, it was already reported that the
absorption at 220 nm. Lactate dehydrogenase, albumin,oligomeric species would be a tetramer and its larger
ovalbumin, chymotrypsinogen A, trypsin inhibitor, and associates (Lau et al., 1983). The difference in the oligo-
ribonuclease were used as the molecular weight standardsmeric numbers by sedimentation and our SEC measurements
which were purchased from Pharmacia. can be explained as that the molecular form of oligomeric

To separate the monomer and oligomer of CRF conve- CRF is not a sphere but rod-like shape. This behavior is
niently, a Centricon 30 ultrafiltration filter (Amicon, USA)  known for longitudinal molecules such as coiled-coil peptides
with a molecular cutoff mass of 30 kDa was used. For this (Lau et al., 1984). The second peak shows the molecular
purpose, the concentration of loaded solution was about 0.01weight of monomeric CRF. The widths of both peaks were
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§ Ficure 2: Circular dichroism spectra of the monomer (dotted line)
£ and the tetramer (solid line) of CRF. CD spectra of 0.007 mM
= monomer and 0.0013 mM (monomer unit) tetramer, which were
2 0.005 4 isolated by means of size exclusion chromatography with Superdex
3 200, were measured at 2C in cuvettes with path lengths of 5
‘é and 10 mm, respectively. The buffer solution of 10 mM sodium
®) phosphate (pH 7.5) was used for a series of experiments.
0.000 . . . .
: T : ; - , , possible interface denaturation, the variety of the tetramer
03 04 05 06 07 08 09 content (26-35%) may be attributed to this instability of
Elution volume, V/V, (normalized) the CRF solution. A tetramer content higher than the range

Ficure 1: (A) Calibration curve for molecular weight in the size above was never observed. The essential tetramer content
exclusion chromatography with Superdex 200 column. The calibra- of the simply dissolved CRF solution may be determiaed
tion curve was obtained by the least-squares method for the elutionyiori .

volumes of the standard proteins, which are lactate dehydrogenas Th ks of . d tet ic CRE I
(molecular weight, 139 900), albumin (67 000), ovalbumin (43 000), € peaks of monomeric and tetrameric are we

and trypsin inhibitor (20 100). The data were plotted for these apart, and no intermediate elution band was observed. Also,
standard proteins (closed triangles), CRF composed of the monomethe fractionated solution containing either monomer or

and the tetramer (open circles), and the imaginary 11.3-mer of CRFtetramer caused no conversion between the monomer and
(open triangle)Ve andV; represent the elution volume of samples o tatramer. This means that the equilibrium between the

and the column volume, respectively. (B) Comparison of the elution d th ) v sl I
profiles of size exclusion chromatography at room temperature. The MONomMer and the tetramer is extremely slow or actually

chromatograms were recorded by detecting the absorbance at 22megligible in the course of passing through the column.
nm and converted to CRF concentration as shown. The chroma- The small peak at 0.39 of SEC with Superdex 200
tography was performed on Superdex 200 (solid), TSKgel G3000PW ¢orresponds to the exclusion limit of the column (Figure 1).

(dashed), and Sephadex G50 (dotted) columns, to which the CRF.; . L .
solutions were loaded at the concentrations of 0.74, 0.03, and 0.05° €€ the concentration of the eluted solution is fairly lower

mM, respectively. The scale of abscissa was that for Superdex 200than 0.1 mM, which is the critical micelle concentration
The elution profiles were normalized horizontally to have the same (cmc) as discussed below, this peak would be due to
elution volumes of the monomer and the tetramer despite the nonequilibrium micelles including some contamination.
difference in the columns applied. Because the apparent molecular mass of CRF tetramer is
o0 kDa as shown in Figure 1, an ultrafiltration membrane
used as standard. Therefore, the oligomeric CRF is a uniqueVith the cutoff molecular mass of 30 kDa was conveniently
employed to separate the monomer and the tetramer. The

species and is not a mixture of oligomers with different = , . oo
association numbers. Thus, we assume that the oIigomericf'ltrate and the remained solution after ultrafiltration gave

CRF is a tetramer according to the result of sedimentation tN€ CD spectra consistent with those of monomeric and
equilibrium as above. tetrameric CRF solutions fractionated by SEC, respectively.

The contents of tetrameric CRF estimated from the peak This result shows the availability of ultrafiltration membrane
areas for several runs gave various values in the range offor the separation of these species. Also, it was again proved

20—35%. There seemed to be little correlation between the that the tetramerization of CRF was not a usual equilibrium
tetramer contents and the initial CRF concentrations in the Pheénomenon between monomer and tetramer.

loaded solutions when the CRF concentrations were below . :

0.1 mM in the eluted solution. Even in the experiments with CD Spectra of CRF in Buffer Solution

the other columns described in Experimental Procedures, the The CD spectrum of CRF monomer exhibited a relatively
similar tetramer contents (285%) were obtained. Thus large negative band at 208 nm and a small negative band at
the abundance of tetrameric species seems to be irrespectivé22 nm 7000 deg cridmol™?) (Figure 2). The helicity

of SEC conditions. Since the standing experiments revealedof monomeric CRF seems to be about 20% on the basis of
that the highly diluted CRF solution is quite susceptible to the intensity at 222 nm, roughly estimated by the method of

equally narrow and were as sharp as those of the protein
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222 nm of CRF solutions at 2. The molar ellipticities of simply
dissolved CRF solutions (closed circles) were measured along the CRF concentration / mM
dilution. Those of the isolated monomer (open squares) and tetramef, o jre 4:  Fluorescence of ANS in the presence of various

(open triangles) were measured along concentration by ultrafiltra- ooncentrations of CRF. The fluorescent intensities at 464 nm of
tion. CD spectra were measured in the quartz cuvettes with yhe gimply dissolved CRF solutions (closed circles) and the isolated
appropriate path lengths from 0.2 to 20 mm. tetramer solution (open circle) containing 0.01 mM ANS in each
were plotted against CRF concentrations. The inlet represents the
Chen et al. (1974). The monomer would be mainly random fluorescence spectra of 0.28 mM CRF solution and the control.
coil structure. The sample solutions were incubated for about 20 min after mixing

On the other hand, the tetramer gave the CD spectrum Ofthe CRF solutions and 0.1 mM ANS stock solution. Fluorescence
- et ' X - measurements were carried out at 20 with the excitation
typical a-helix-rich structure (Figure 2). The molar ellipticity wavelength at 350 nm.
at 222 nm was-20 000 deg crhdmol™. Assuming that
the peptide has ng-structure, thea-helix content was  tion as mentioned above. On the other hand, when the
estimated to be 60%. This higtrhelicity can be attributed  splution of CRF monomer was concentrated to over 0.05
to potential amphipathy of the sequence as suggestedmM, the molar ellipticity increased and coincided with the
previously (Pallai et al., 1983). The amphipathic helix would |ine of simply dissolved CRF solution. This concentration
cause oligomerization, which is probably a helix-bundle dependent change is likely to be due to the appearance of
formation. Theo-helix content of 60% corresponds to 25 some associated species. The concentrated solution of the
residues of the helical chain length. While, this is somewhat monomer once above 0.1 mM underwent the similar change
larger than potential amphipathic sequence, which is pre-in diluting as the simply dissolved solution.
sumed to be the region {22) by the estimation method | detail, the turning point of the simply dissolved solution
for amphipathic helical propensity (Morii et al., 1997). The s not consistent with that of the separated monomer solution.
additionala-helix may be formed at the neighboring region  Thjs may be attributed to the heterogeneity in the separation
(23—32), which is proposed to be-helical by Chou- tube because the ultrafiltration causes somewhat high
Fasman method (Pallai et al., 1983). concentration locally near the membrane. Even at an average
The CD spectrum of c.a. 0.01mM CRF solution prepared concentration below 0.1 mM, the monomer solution after
by dissolving the peptide powder showed the intermediate concentration would contain the portion once raised over 0.1
pattern of those for the monomer and the tetramer. The mM, which resulted in the solution containing both monomer
spectrum could be well fitted with the linear combination and tetramer. Thus, the molar ellipticity of the monomer
of these. Taking into account the results of SEC experimentssolution increased with concentration even at the concentra-
as well, it is obvious that the simply dissolved CRF solution tion below 0.1 mM.

contains both monomeric and tetrameric species of CRF.
ANS Binding Experiment

Concentration Dependence of CD Spectra ) )
The fluorescence intensity of ANS at 464 nm was plotted

The lyophilized peptide was dissolved in the buffer at various concentrations of CRF as shown in Figure 4. At
solution and the CD spectra were measured at the severah concentration below 0.03 mM the fluorescent enhancement
diluted concentrations. As shown in Figure 3 the molar was not observed. However, above 0.1 mM the steep
ellipticity at 222 nm decreased with dilutions down to 0.1 increase in fluorescence occurred with the blue shift of
mM, while, at concentrations below 0.1 mM it became nearly maximum emission wavelength. The intensity change is not
constant about-12 000 deg crhdmoll. The monomeric linear for the CRF concentration, and the turning point
and tetrameric CRF solutions prepared by ultrafiltration gave calculated by extrapolation (about 0.05 mM) is a little smaller
both constant molar ellipticities below 0.02 mM. The than the result of CD. ANS molecules may induce the
tetramer did not change to the monomer even by further micelle formation even below 0.1 mM. The strong fluores-
dilution. This means that the equilibrium does not exist cence at the higher concentration than 0.05 mM is due to
among the monomer and the tetramer at the low concentra-the incorporation of ANS into hydrophobic environment,
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(A)

which would be provided by the micelle formation. The
wavelength of maximum emission was 464 nm at 0.28 mM.
Therefore, the micelle has molten globular characteristics,
because molten globule proteins give emission maxima
between 470 and 492 nm (Handel et al., 1993). The slope
at the region below 0.03 mM is almost level, so that the
affinity of the tetramer for ANS is negligibly low. The result
of the isolated tetramer solution is in line with this. Thus,
the tetramer exhibits quite different feature from the micelle
in spite of their similara-helicity. The tetramer seems to
be rigid enough to prevent ANS from binding. This means

that the folding type of the tetramer is not molten globular S A
but native-protein-like. " Temperature | °C
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ITC Measurement of Dilution

80
The direct measurement of enthalpy change in dilution (B)
by ITC also enabled us to distinguish the micelle state from
the tetramer. Dilution from 1.3 to 0.610.04 mM was an
endothermic course\H = 10 kJ mot?). On the other hand,
dilution from 0.04 to 0.00050.002 mM showed exothermic
changesAH = —40 to—25 kJ mot?), of which the enthalpy
changed depending on the dilution ratios. The former, i.e.,
the dilution across 0.1 mM, can be attributed to the hydration
of hydrophobic moiety, which would be most probably
caused by the dissociation of CRF micelles. The latter is 50
analogous to the simple dilution of general solutes, which 7 -6 5 4 3 2
involves no dissociation change. Concentration / log (M)

Ficure 5: (A) Temperature dependence of the molar ellipticities
Temperature-Scanning CD Measurement of CRF for various CRF solutions at 222 nm. The molar ellipticity at 222

) ) nm was monitored with increasing the temperature at the rate of
The thermal denaturation behaviors were measured for1.0 K min-%. The CRF concentrations were 0.005 (a), 0.07 (b),

various concentrations of CRF by means of temperature-0.30 (c), and 1.2 mM (d). The data for the isolated CRF tetramer
scanning CD and DSC. The CRF solutions were prepared(€) at 0.02 mM were superimposed. (B) Dependence of apparent

. : : . transition temperatures on the CRF concentrations. The transition
by simply dissolving as above. At the concentration of 0.005 temperatures obtained by temperature-scanning CD and DSC were

mM, the sharp transition in molar ellipticity at 222 nnik,) shown with closed circles and closed triangles, respectively. The
was observed (Figure 5A). In the folded state below@0 transition temperature was defined as the position with half-native
the molar ellipticity decreased slowly in magnitude with fraction for sharp transition in temperature-scanning CD. For DSC
increasing the temperature, while in the denatured state abov heecgfszk é?rgﬁﬁéitlt’;ein"":ﬁa?fs?sptefh gstrg‘r?sitt'gggs;g%‘péergﬁregagfjre
65 °C, it had little c_hange _a_nd became constant-6000 isolated tetramer (open circle) determined by CD was also plotted.
deg cnt dmol1. This transition behavior resembles that of
a-helical coiled-coil peptides (Morii et al., 1997). On the temperature was observed. This non-cooperative change
other hand, the transition curve at 0.3 mM was much different would be attributed to the partial dissociation of CRF
from that at 0.005 mM. The apparent transition temperature micelles. Another possibility, i.e., that there occurs intra-
changed up to 63C at 0.3 mM. Additionally, the values  micelle conversion such as-helix to random structure, is
of [6]22> decreased in magnitude in both folded and denatured|ess probable because the intramicelle change could easily
states. These two types of transition curves bordered at aboutause some cooperative transition. The gradual decrease in
0.1 mM, which can be well recognized in the plots of the molar ellipticity occurred even above the temperature of the
concentration dependence of transition temperature (Figurepartial sharp transition, e.g., 7& for 1.2 mM CRF solution.
5B). The border concentration is in accord with that for Thus, the micelle species generated above 0.1 mM gave a
molar ellipticity as described in the previous section. characteristic change along the wide temperature range, so
The transition at the concentration below 0.1 mM is due it is explicitly distinguished from the tetramer.
to that of the tetramer alone, because the monomer hardly Also at the concentration above 0.1 mM, the partial sharp
undergoes the thermal transition (data not shown). This is transition occurred at higher temperature than that below 0.1
also supported by the facts that the transition temperaturesmM, which can be attributed to the unfolding of the tetramer
are constant irrespective of the CRF concentrations and thafco-existing with micelles. Apparent transition temperatures
the transition curve of the isolated tetramer solution closely increased as the CRF concentration increased. The tetramer
resembled that of the solution below 0.1 mM except for the may be stabilized by the aid of the micelles because the
intensity. This constancy of transition temperature means micelles are generally formed by the amphiphilic interactions
that the transition is not reversible, because the reversibleand often interact with amphiphiles. The equilibrium
transition between tetramer and monomer generally showsbetween the tetramer and the micelles would contribute this.
concentration-dependent transition temperature. These results revealed that there exist two equilibria. One
While, at the higher concentration than 0.1 mM, the is the equilibrium between the monomer and the micelle,
gradual decrease inf].2. intensity with increasing the  and another is between the tetramer and the micelle.
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Ficure 6: Concentration dependence of the molar fraction of the
non-monomeric species (closed circles) at’20and the tetramer
(open squares) at the transition temperature. All the plots are for
simply dissolved CRF solutions. The molar fraction of non-
monomeric species, i.e., the tetramer and the micelle, was calculated
on the basis of the molar ellipticity at 222 nm at 20 on the
assumption that the molar ellipticity of the micelle is the same as
the tetramer. The molar fraction of the tetramer was determined at
each transition temperature using the relative amount of the step
height corresponding to the sharp transition in CD measurement.
At concentrations below 0.1 mM, the difference in the molar
fractions obtained by both methods is mainly attributed to the 0
temperature difference. 30 40 50 60 70 80
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. . . Temperature / °C
Since the apparent sharp transition is caused by theFIGURE 7. (A) Excess heat capacity of CRF solutions. The DSC

tetramer, it is reasonable to estimate that the step height inyas measured for the CRF solutions at the concentrations of 0.51
molar ellipticity of this thermal transition corresponds to the (a), 0.31 (b), 0.17 (c), and 0.08 mM (d), using a heating rate of 1.0
molar fraction of the tetramer (see Figure 6). When the K min™*. Because the CRF monomer gave no transition in CD
slopes at both sides of the transition are extrapolated, thevnaifﬁjgtr?g(?r?é’ itnhti Z’é‘égﬁi thtehae} ggﬁgg%;"’t%i e?é’)rfﬁ:%gg?\feg
step height can be evaluated. At 20, the d'fferences, and the calculated DSC curves for 0.08 rﬁM CRF solution.
between these two extrapolated lines for the data at variousassuming that the content of the tetramer is 40% below the
concentrations roughly agreed with one another. Itis likely concentration of 0.1 mM, the observed DSC data (open circles)
that the potential content of the tetramer is almost consistentwere corrected so as to be the heat capacity per net tetramer. The
irespective of the concentration. This tetramer content CUrves for dimer (dotted), tetramer (solid), and octamer (semi-

d d the t t . d and ?&shed) models, which relate to 0.016 mM dimer, 0.008 mM
ecreased as the temperature was Increased and seems {Qramer, and 0.004 mM octamer, respectively, were calculated

disappear at over 10TC. according to the equations of two-state transition. The difference
Assuming that the molar ellipticity at 222 nm of CRF in heat capacity between the folded and the unfolded states was
micelle is the same as that of the tetrame®20 000 deg set to be zero, because it was difficult to estimate due to probable

cn? dmol at 20°C), it is possible to evaluate the sum of interference of the micelles. The actual vertical scale for the dimer

. . . model is one-half of the apparent scale, and that for the octamer
molar fractions for the tetramer and the micelle. This mogel is twice that of the apparent scale. The calculated calorimetric
assumption would be valid to some extent because the molarenthalpy was 258, 362, and 509 kJ midlor the dimer, tetramer,

ellipticity at 222 nm in 50% aqueous TFE 125 000 deg  and octamer models, respectively.
cn? dmol ! and seems potentially maximal. Using the S _ )
extrapolation of the slope for the folded state of the isolated the thermal transition is highly reversible. This was shown
tetramer, the molar ratios of the tetramer and the monomerPY not only CD but also DSC. The tetramer would be
were calculated (Figure 6). Below the concentration of 0.1 formed only through the dissociation of the micelles.
mM the CRF solution consists of its monomer and tetramer. .
- o DSC Analysis

The negligible equilibrium between monomer and tetramer
results in their constant molar fractions regardless of the DSC measurements of simply dissolved CRF solutions
concentrations. Above 0.1 mM, the molar fraction of the were performed in the concentration range from 0.08 to 0.51
micelle state increased remarkably; nevertheless, the molamM (Figure 7A). The temperatures of transition peaks
ratio of monomer and tetramer does not change so muchincreased with increasing the CRF concentration. The
even in the presence of the micelles. feature of the thermal transition was compatible with the

Below the concentration of 0.1 mM, the molar ellipticity results of temperature-scanning CD measurements. The CRF
was not recovered at all even when the heat-treated CRFconcentrations used for DSC are near or above 0.1 mM, so
solution was cooled to room temperature. Similarly to above that the solutions would contain the micelles at least in the
discussions, the monomer cannot form the tetramer in thecases above 0.1 mM. When the observed DSC curves were
absence of the micelles. On the other hand, above 0.1 mMcorrected with the total concentration of CRF, each major
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0 solvated and independent without forming bundle structures.
The CD spectrum of CRF monomer at 30% TFE exhibited
a larger band ratio at 26822 nm, comparing with the CD

of tetramer solution without TFE. Therefore, in 30% TFE
solution CRF seems to exist as independeanhtelices.
Summarizing the results, it is concluded that the isolated
monomer of CRF undergoes three-state change in the TFE
concentration range from null to 30%. For example, 0.006
mM CRF monomers form the micelle at about 8% TFE,
where the micelle system would contain the monomer and

MQA\ the tetramer as well, and they change to independent

a 5.;;‘-.'\%% a-helical monomers at about 25% TFE.
T
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The TFE concentration, at which the micelles emerge, is

> 2.5% for 0.057 mM CRF monomer. In other words, the

, , critical micelle concentrations are 0.1, 0.05, and 0.005 mM
0 10 20 30 of the monomer in 0%, 2.5%, and 8% TFE solutions,
TFE Concetration / %(vol) respectively. This tendency that the addition of alcohol
FiGURE 8. TFE titration curves of CRF solutions determined by lowers the critical micelle concentration is the same phe-
molar ellipticity at 222 nm. TFE was added stepwise to the isolated nomenon as generally observed in surfactants (Herzfeld et
0.007 mM tetramer (open circles), 0.006 mM monomer (closed 3| 1950).
squares), and 0.057 mM monomer (closed triangles) solutions. TFE
concentration was defined as the volume % of TFE to the sum of Statistical Model for Dissociation to the Tetramer
the buffer and TFE volumes. The CRF concentration at each TFE In order to elucidate the specific formation of the tetramer
content was corrected by the total volume of the mixed solvent. e p =~
at the stage of dilution, we have assumed the statistical model
transition showed an apparent transition enthalpy-20— as follows: (i) the micelle consisting of the monomers
40 kJ (monomer mot}, which was roughly estimated. This dissociates stepwise at random positions; (ii) each monomer
enthalpy value is fairly small in comparison with the van't can be conveniently numbered as in the one-dimensional
Hoff enthalpy calculated for the data of temperature-scanning array; and (iii) the dissociation proceeds until giving mon-
CD measurements, which ranged from 310 to 390 kI ol omeric species except for forming tetramer, which causes
at several CRF concentrations. This result can be explainedno more dissociation. Here, we introduce the functar
by the intermolecular cooperativity in the transition as well which represents the statistically expected molar fraction of
as by the low content of the tetramer. undegradablé&-mer generated by the dissociationrefmer
Because the main transition corresponds to the unfolding micelle. In this expression the unit of mole is defined as
of the tetramer, the excess heat capacity curve at 0.08 mMthe amount of the monomer. In considering the concrete
was analyzed by the use of thermodynamic equationscase, for example, of = 6 andk = 4, the first dissociation
(Kidokoro et al., 1987, 1988). Assuming the tetramer content results in the paired fragments}s, 2+4, 3+3, 4+2, and
to be 40%, the theoretical curves of two-state transition with 5+1, with the same probability. Among these two, 4-mers
2-to-2, 4-to-4, and 8-to-8 stoichiometry were calculated and are obtained as the molar fraction @/46-5). The remaining
superimposed on Figure 7B. The 4-to-4 model, which two 5-mers are susceptible to further dissociation potential
represents the transition from a folded tetramer to a random-to form 4-mers, so that the expected molar fraction of this
coil tetramer, well elucidates the observed transition curve. course can be calculated by multiplyify 4 by the molar
The transition enthalpy was evaluated to be 360 kJ (netfraction of tetramer, &/(65). Therefore, we obtain the
tetramer mol)! on the assumption that the tetramer content equation,Pss = 42/(65) + Ps+52/(65). In a similar
is 40%. This enthalpy agreed with that by temperature- manner, the general equation can be expressed as the
scanning CD, and the 4-to-1 model also fit. It was unclear following:
whether the denatured state was the tetramer or the monomer. ok ne1
However, we can certainly conclude that the oligomeric P =— 4 m
species is the tetramer and that the main transition is due to nk
its unfolding. The apparent van't Hoff enthalpies are . . o .
consistent in spite of the CRF concentrations as mentionedT.hIS equatlonl can be _S|mp|I|f|e|d t% the tf)orrlzmli; Pn-1k
above, so that the broadening of the endothermic peak atS.m(.:e the va ueP.k“’k IS caicu atg to be .{ ( + 1}
the higher CRF concentrations suggests that there exists non§|m|IarIy as described above, the final equation is represented

cooperative intermolecular interaction, which would be the aslfg'rk E eZ/ E:ka:el())f CRE. which was proved to form the
equilibrium between the tetramer and the micelle. ’ P .
tetramer, the molar fraction of the tetramer is expected to

Structural Changes by the Addition of Trifluoroethanol ~ be 2(4 + 1) = 0.4 using the above equation. The expected

o i o value is fairly in harmony with the experimental values as
Thea-helicity of the isolated monomer solution increased shown in Figure 6. This statistical model may be somewhat
by the addition of TFE (Figure 8). Interestingly, the steep jgealized, however, and it may be concluded that the tetramer

increases ina-helicity of 0.006 and 0.057 mM CRF  formation is based on the random dissociation mechanism.
monomer solutions occurred at the different TFE concentra-

tions. Such concentration dependence can usually be at-CONCLUSION
tributed to the association of the monomer, while TFE is  The spectrometric and thermodynamic measurements
known as a solvent inducirg-helix, which is generally well revealed that CRF forms the micelle above 0.1 mM which

P

= ( —
nn—1) &5 nin— 1)
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co-exists with the monomer and the tetramer. In the micelle to the thermodynamical behavior of CRF as revealed in this
state CRF has highlg-helical structure. By dilution of the  study, the molecular mechanism of expressing physiological
CRF micelles, both the monomer and the tetramer emergedfunctions would become much more interesting and signifi-
at once with a constant molar ratio. The tetramer content cant.

below the concentration of 0.1 mM was not changed even

by the further dilution. This means that the tetramer is not ACKNOWLEDGMENT
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