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Figure 1. The Shear Free Energies of Fluids as a Function of Pressure at 20 °C (A) and 60 °C (B): 一 口 一 Toluene, Benezene, 一▲一 Chlorobenzene.
As the pressure is raised, the density of a fluid is increased and the intermolecular distance is decreased. Therefore, the free volume of the fluid is diminished and molec

ules get more tightly packed at high pressure. This molecular event manifests as the increment in the shear free energy. The free volume reduction rate of benzene is greater than that of substituted benzenes as the pressure is raised. The slopes of the curves in Figure 1 indicate the trend. At low temperature, the free volume reduction, Le., molecular packing against the viscous flow, is more effectively enhanced for benzene as compared to substituted benzenes. At high temperature, however, increased thermal motion acts against molecular packing. Therefore, favorable packing of benzene does not result in excessive shear free energy over that of chlorobenzene upto 1,000 bar at 60 °C.We can quantitatively understand the molecular interaction potential and molecular kinetic energies by examining the viscosity, a simple bulk property, at the molecular level. A detailed evaluation of molecular interactions can be performed through molecular simulations. A set of molecular dynamics simulations and complementary experiments with a diversity of substituted benzenes under extended pressure and temperature conditions are in progress.
Acknowledgment. The authors wish to acknowledge the financial supports of Hanyang University made in the program year of 1996 and of the Ministry of Education (BSRL97-3428).

References1. Kim, J. R.; Kyong, J. B.; Lew, M. H. J. Korean Chem. 
Soc, 1993, 37(12), 1003.2. Doolittle, A. K. J. AppL Phys. 1951, 22, 1471.3. Doolittle, A. K.; Doolittle, D. B. J. AppL Phys. 1957, 28, 901.4. Brodkey, R. S.; Hershey, H. C. Transport Phenomena} McGraw-Hill: Singapore, 1988; p 135.5. Noggle, J. H. Physical Chemistry', Harper Collins: New York, U. S. A., 1996; chap 9.6. Isaacs, N. S. Liquid Phase High Pressure Chemistry', John Wiley & Sons: New York, U. S. A., 1981; chap 2.

Resonance Energy Transfer in the Equilibrated Unfolding States 
of Human Tumor Necrosis Factor-ex

Joong-Sik Hahn, Heedeok Hong, Woo jin Jeong \ Hang-Cheol Shin', and Yong-Rok Kim*

* Author to whom conespondence should be addressed.

Department of Chemistry, Yonsei University, Seoul 120-749, Korea 
Hanhyo Institute of Technology, Taejon 305-390, Korea 

Received February 10, 1998

The protein folding study has attracted wide attentions in recent years as one of the most puzzling problems in the respect of the intermediates involved in the kinetic and equilibrium folding*  pathways.1 The human Tumor Necrosis Factor-a (hTNF-a), a cytokine which has potent roles in a 
wide range of cell regulatory, immune and, inflammatory functions,2 is ideal for folding studies because of its interesting trimeric native structure and P-sheet property.3 For these reasons, hTNF-a has been extensively investigated with regard to its structure, thermodynamics and kinetics of folding and unfolding.4Resonance energy transfer is widely used in studies of 
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biomolecular structures and dynamics.5,6 It provides information about the interatomic distances on the order of 10-100 A, and thus it is suitable for the investigation of spatial relationship in proteins.5,6 For this purpose, we have investigated the equilibrium unfolding of wild type hTNF-a during denaturation at different guanidine hydrochloride (GdnHCl) concentrations (0-4.2 M) with Forster resonance energy transfer by the steady-state fluorescence spectroscopy.Energy transfer rate, kT, by dipolar interaction is described by the FOEer rate equation as follows,5,6

kT = 1/Td (A/r)6 (1)and the critical transfer distance Ro can be expressed by the following equation.5,6
Ro = 9.79 x 103(%2疽 j ①J严 (in A) (2)where xd is the donor lifetime in the absence of acceptor, r is the donor-acceptor distance, and RQ is the Forster critical distance at which the energy transfer rate is equal to the decay rate. The Forster distance is related to the orient가ion factor, x2> between donor and acceptor, and the spectroscopic properties of the donor and the acceptor. is the quantum yield of the donor in the absence of the acceptor. The index of refraction (n) is generally taken to be 1.4 in aqueous solution.5,6 J is the overlap integral between the donor and acceptor,5,6

丿=J■& ("d("4d2 (3)where F/X) is the peak-normalized fluorescence spectrum of the donor. efl(k) is the molar absorption coefficient of the acceptor.The efficiency of energy transfer between donor-acceptor pair is another important physical quantity which is defined as 디, where I血 and Id are donor's fluorescence intensities in the presence and the absence of the acceptor, respectively, e becomes one half when r is Ro and 
r may be obtained from Ro and e using the following expression which is derived by substituting Eq. (1) into above equation of the transfer efficiency.5,6r =A0(e-M)^ (in A) (4)The hTNF-a contains the intrinsic fluorescence probe of two tryptophan residues and seven tyrosine residues per monomer, therefore tryptophans were used as acceptor and tyrosines as donor in this measurement. That is, we could use the phenomena that the absorption spectra of the tryptophan residues extensively overlap with the fluorescence emission of the tyrosine residues resulting in possible resonance energy transfer between excited tyrosines and tryptophans in this protein. In applying Forster energy transfer theory to this protein, however, there is a problem that we cannot spectroscopically separate the donor-acceptor pair. In other words, since tryptophan absorbs light at any wavelength where tyrosine absorbs, tyrosine as a donor cannot be excited selectively. To circumvent these difficulties, the method suggested by Josef Eisinger was used in order to evaluate the parameters of Forster resonance energy transfer.7 The core of this method lies in the procedure of extracting the fluorescence spectrum of the only Tyr resi

dues by subtracting the factored fluorescence spectrum of the Trp residues excited at 295 nm from the fluorescence spectrum of the Tyr and the Trp residues simultaneously excited at 280 nm. In this procedure, the former excited at 295 nm was factored to be equal to the red edge of the latter excited at 280 nm. This procedure is reasonable because the fluorescence spectrum of the tyrosine residues contributes little to the red edge of the fluorescence spectrum excited at 280 nm. This conected spectrum was used to obtain the fluorescence quantum yield of the Tyr residues in the absence of the Trp residues indirectly from Eq. (5).
&肝 = /由(280 nm) (1 - 阳 鱼啊) ⑸

Atrp [ftrp (280 nm)+e(yr ftyr (280 nm)]争rp

ATyr and ATrp are the areas of the deconvoluted fluorescence spectra of the Tyr and the Trp residues excited at 280 nm, respectively. In Eq. (5), energy transfer efficiency(eryr) was obtained from Eq. (6).
^TNF-a=<^Trp [扁(시+ 奴 扁(人)] (6)

鱼tnf_(x and <^Trp which are fluorescence quantum yie서당 of TNF-a and the tryptophan residues in hTNF-a, respectively, are wavelength-independent as obtained experimentally. In addition, to determine the fluorescence quantum yie서 of each residue in this protein, we have utilized the tryptophan as a reference compound of known quantum yield (0=0.14 at 25 °C) by the optically dilute method.8In order to ensure the equilibrium had been reached, protein solutions were incubated for 24 hours at ambient temperature in 50 mM sodium phosphate buffer (pH 7.6) containing the desired concentration (0-4.2 M) of GdnHCl. The protein concentrations were about 0.125 mg/mL (2.40 卩M as trimer) for the steady-state fluorescence spectroscopy. The wild type hTNF-a was supplied by Hanhyo Institute of Technology and all the chemicals used in the experiments were of analytical grade.The steady-state fluorescence spectra excited at 280 nm and at 295 nm were obtained using a fluorescence spectrophotometer (Hitachi F-4500). (data not shown) Some of the light was absorbed by the tyrosine excited at 280 nm, whereas, at 295 nm, tryptophan is the only absorbing chromophore. The excitation and emission bandwidths were both 10 nm. Spectra were collected at ambient temperature.Analysis of the fluorescence spectra showed that, during 0 M-0.9 M [GdnHCl], there were o미y changes in fluorescence intensities without spectral shift at 328 nm and, above 1.2 M [GdnHCl], the spectra were gradually red-shifted to the spectral maximum of 350 nm at 4.2 M [GdnHCl] while the intensities decreased to 40% of that for the native state.10 Since the spectroscopic properties of fluorophores such as spectral shape or maximum peak may change in different environments,5 these results raised the possibility of the environmental change near the aromatic residues above 1.2 M GdnHCl concentration solution.Table 1 presents the result of calculations for Forster energy transfer parameters between the tyrosine residues and the tryptophan residues in the hTNF-a at the different GdnHCl concentrations including the native state. The determined average distances between two kinds of residues were approximately 8-10 A in various GdnHCl concentration solutions. These distance values of the narrow
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Table 1. Parameters for the Forster resonance energy transfer in hTNF-a at the different GdnHCi concentrations[GdnHQ] r (280 nm) u (295 nm) & (280 nm) b rxio16€ (cm3 M-1) (A) (A)0 M 0.031 0.038 0.022 0.533 3.724 9.9 9.70.6 M 0.050 0.062 0.053 0.496 2.308 10.6 10.60.9 M 0.031 0.040 0.035 0.463 1.924 10.3 10.51.2 M 0.031 0.044 0.020 0.228 1.447 8.3 10.21.5 M 0.031 0.042 0.028 0.341 2.471 9.6 10.81.8 M 0.046 0.061 0.038 0.375 1.343 9.2 10.02.1 M 0.057 0.063 0.063 0.633 1.706 10.4 9.54.2 M 0.039 0.046 0.038 0.598 1.559 9.4 8.8fl Q(y) is the fluorescence quantum yield of x residue excited at y wavelength. be is the efficiency of energy transfer from the tyrosine residues to the tryptophan residues. CJ is the spectral overlap integral between the tyrosine fluorescence and the tryptophan absorption. dRq is the Forster distance; f was taken to be two- thirds and II드 14 er is the determined average distance between the tyrosine residues and the tryptophan residues.
range which are insensitive to GdnHCi concentrations can result from the intensity-averaging nature of steady-state fluorescence technique which originates from the distribution of the various donor-acceptor pairs along or between the polypeptide chains.In the native state, however, this average distance between the donor-acceptor pair was significantly smaller than that obtained from the X-ray crystallographic data by about 10 A.3 Therefore, it is plausible to say that the resonance energy transfer between two kinds of fluorophores which are distributed in this solvated protein is not the only effective pathway in the fluorescence quenching processes. According to the previous reports including model studies, tyrosine fluorescence can be absent or minimal in proteins for a variety of reasons such as energy transfer, quenching by nearby groups and besides, peptide quenching has a major influence on the fluorescence lifetime in proteins.5,9 Thus, it is reasonable to suggest that the quenching of the tyrosine fluorescence in hTNF-a was due to not only energy transfer to the tryptophan residues but also quenching by nearby groups on the peptide chain. In addition, we may consider the determined average distances about 8-10 A as the effective distances at which energy transfer can practically occur.Figure 1 shows the curves of the calculated energy transfer efficiencies (e) and Forster critical distances (Ro) at the various GdnHCi concentration solutions. Although the variance of the determined average distances (r) were not articulate, however, on the basis of our results, we could deduce the structural variation near the donor-acceptor pairs using these two parameters (e, R°). From overall respects, both parameters showed the abrupt decrease at about 1.2 M GdnHCi concentration and increased again up to 2.1 M GdnHCi. As mentioned before, since these two parameters are related to the energy transfer efficiency, we could say that the dramatic effect of disturbing the energy transfer between the pairs was found at about 1.2 M GdnHCi concentration solution. Therefore it is plausible to consider that this phenomenon is reflecting the phase transition of internal structure in hTNF-a affected by the different solvent
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Figure 1. The variations of both energy transfer efficiency (e) and Forster critical distance (Rq) depending on the GdnHCi concentration.
environment. In addition, these observations are also consistent with the previous results for the existence of the partially folded structure showing the internal mobility from 1.2 M GdnHCi concentration which was investigated by the iodide quenching experiments and the time-resolved fluorescence anisotropy study.10 Furthermore we can consider that the variable values of the orientation factor (%2) affected by the relative motion of the donor-acceptor pair may change transfer efficiency.As a rule the three dimensional structure of a protein is fully determined by its amino acid sequence and the solvent environments containing both local next-neighbor (short- range) interactions between the groups closed in the primary structure and nonlocal through-space (long-range) interactions determining the tertiary structure.1 Although our data do not provide all the detailed equilibrium unfolding behaviour in hTNF-a, we can suggest that the abrupt decrease of the energy transfer efficiency at about 1.2 M GdnHCi presents the possibility of the beginning region of internal structure change in the spatial relationship to the secondary and the tertiary structure induced by the variance of both the short-range and the long-range interaction. Particularly, it is worthwhile to note that such Forster resonance energy transfer study of protein dynamics can show the possibility of understanding about the internal structure changes as well as the usual distance information between the donor-acceptor paiisFuthermore, the mutated hTNF-a which includes the phenylalanine in the position of the tryptophan (W114) is being investigated for the unfolding and refolding dynamics with the fluorescence kinetic study.
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Recently, organic reactions on polymer supports have gained great attention as tools for generating diverse compounds.1'5 A key strength of the solid phase organic synthesis is the restively easy work-up and purification steps: simple filtration allows separation of reagents, starting materials, and solvents from the desired products. We have been interested in designing efficient and inexpensive polymer catalysts which participate in photoinduced electron transfer process. We have, especially, focused on developing cross-linked polymer systems which are insoluble in common organic solvents so that we can easily remove the polymer catalysts by filtering. As preliminary results, we now report the preparation of cross-linked polymers having anthraquinone group and their application to photoinduced oxidation of benzylamine.The anthraquinone-containing dimethacrylated quinizarin monomer QDMA 1 used in this study was prepared in a high yield from commercially available quinizarin by treatment with methacryloyl chloride (Scheme 1). The presence of methacryloyl moieties in the monomer 1 was evidenced by the appearance of NMR resonances for the vinyl protons at 5.89 and 6.42 ppm. The pale-yellow solid, QDMA 1 (70%, mp 110-112 °C) was stable over months at room temperature: IR (KBr) v(cm-1) 2978 (aliphatic C-H), 1745, 1676 (C=O), 1322, 1132 (C-O); XH NMR (200 MHz, CDC13) 5 2.18 (s, 6H, 2CH3), 5.89 (s, 1H, C=CH2), 6.42 (s, 1H, C= CH2), 7.48 (s, 2H, Ar-H), 7.25 (q, 2H, Ar-H), 8.16 (q, 2H, Ar-H).Polymerization of the monomer 1 in the presence of N,Nr-

Scheme 1azobisisobutyronitrile (AIBN) in 1,4-dioxane for 12h at 60 °C provided the cross-linked p이ymer Px in 75% yield. The monomer 1 was also copolymerized with an equivalent molar ratio of methyl methacrylate (MMA) to give polymer P2 in 91% yield (Scheme 2). The cross-linked polymer 略 and P2 were insoluble in organic solvents. IR (KBr) v (cm-1): polymer P1? 2929 (aliphatic C-H), 1743, 1677 (C=O), 1321, 1116 (C-O); p이ymer P2, 2953 (aliphatic C-H), 1738, 1679 (C=O), 1321, 1113 (C-O).The polymers were ground in a crucible and sieved through 15(시丄m sieve. The powders which passed the sieve were collected and further ground using a ball-mill machine. The resulting solid polymers were subjected to extensive ex- tra거ion with hot MeCN in a soxhlet apparatus to remove unreacted monomers, oligomers and soluble impurities. The average size of the particle obtained was ca. 10 gm.In order to investigate photochemical reactions of the po-


