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Abstract 

The surface properties of transfer RNA (tRNA) were analyzed using a poly(ethylene gly-
col)/dextran aqueous two-phase system (ATPS), where the surface net hydrophobicity (HFS) 
and the local hydrophobicity (LH) were evaluated based on the partition coefficient of tRNA 
in the ATPS. According to the evaluated HFS values, the surface of the tRNA molecule was 
hydrophilic at 20° –40 °C, and it became hydrophobic at 50° –80 °C because of the exposure 
of the intrinsic nucleobases of tRNA. In contrast, the LH values were found to be maximal at 
20° –40 °C. The conformation of tRNA was investigated by Raman and circular dichroism 
(CD) spectroscopies, corroborating the results with the calculated prediction of its secondary 
structure (Mfold). It was shown that 66% of A-form structure existed at room temperature; 
the base stacking (θ265) was gradually decreased, and the A-form structure (θ208) was dena-
tured along with a sigmoid curve against the temperature increase; the denatured secondary 
structures were observed above 50° C by Mfold prediction. The HFS value of the DNA du-
plex was found to be hydrophilic, compared to that of the single-stranded DNA, indicating 
that the exposure of nucleobases is a key factor of the hydrophobic properties of nucleotides. 
We conclude that the hydrophobic property of the tRNA surface was directly affected by its 
conformational transition. 
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Introduction 
The various types of functional nucleic acids 

play important roles in biological events. RNA is a 
polynucleotide which carries genetic information 
such as DNA, and it also possesses a catalyst function, 
which is known as the "ribozyme." The conformation 
of RNA is a key to the regulation of its functions: the 
recognition of amino acids or aminoacyl tRNA syn-
thetase, the reading of genetic information on mRNA, 
the peptidyl transfer of ribosomal RNA, etc. [1, 2]. 
Transfer RNA (tRNA) is one of the well-studied ri-
bonucleotides (ribozymes) that transfers amino acids 
to the ribosome. Such molecular recognition requires 

several possible driving forces: (i) electrostatic and (ii) 
hydrophobic interaction, or (iii) hydrogen bond. 
These attracting forces may depend on the surface 
properties of the biomacromolecule, which are likely 
related to its conformation. The physiochemical 
properties of the surface of the biomacromolecule are 
likely to have an important role in the molecular 
recognition, however, the relationship between the 
surface properties and the conformation in the nucleic 
acids has not yet been fully determined. 

The interaction of supermolecular assemblies 
(i.e., the liposome) with various types of nucleic acids 
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has been reported [3-5]. In order to understand the 
interaction mechanism between the assemblies and 
the nucleic acids, analyses of the surface properties of 
nucleic acids are necessary. However, there are few 
reports on the methodology for evaluating the surface 
properties of nucleic acids [6]. Some chromatographic 
techniques — such as ion exchange chromatography 
(IEX), high-performance liquid chromatography 
(HIG-HPLC), and reverse-phase chromatography 
(RV-HPLC) — could be useful for the evaluation of 
biomolecules. However, there are some limitations in 
analyzing the biomacromolecules that could induce 
their conformational change, due mainly to the sol-
id-based stationary phase in a column. In contrast, an 
aqueous two-phase system (ATPS) is a biocompatible 
system that can be applied to the partitioning of var-
ious biomacromolecules and biomaterials, such as 
amino acids, (poly)peptides, proteins (enzymes), and 
cells. The ATPS has been used in a systematic ap-
proach to evaluating the surface properties of biom-
acromolecules [7-10]. The system's biocompatibility, 
ease of operation, and designability allow the 
above-mentioned characteristics to be evaluated in the 
designed ATPS simply by measuring the partition 
coefficient of standard biomolecules, of which the 
characteristics are well known. Among the various 
types of ATPS available, the poly(ethylene glycol) 
(PEG)/dextran (Dex) ATPS has been used to analyze 
the surface hydrophobicity of biomolecules, because 
the partition of biomolecules in the PEG/Dex ATPS 
depends on their hydrophobicities in the pI and low 
ionic strength condition [11]. In addition, the 
PEG/Dex ATPS has a "mild" interface and can be 
used under metal ion-free conditions, and thus the 
PEG/Dex ATPS provides a desirable partition meth-
od for evaluations of the surface properties of nucleic 
acids. 

In the present study, the surface properties of 
various nucleic acids including DNA or RNA were 
successfully evaluated by using the PEG/Dex ATPS, 
focusing on the surface "hydrophobicity." The surface 
net hydrophobicity (HFS) and the local hydrophobi-
city (LH) were quantitatively characterized using the 
designed PEG/Dex ATPS. The dynamics of the 
transfer RNA (tRNA) conformation were analyzed 
under heat stress conditions, by using Raman and 
circular dichroism (CD) spectroscopy together with 
Mfold prediction. The relationship between the hy-
drophobic properties and the tRNA conformation was 
discussed by comparing its conformation with the 
hydrophobic properties of nucleotide monophosphate 
(NMP), single-stranded DNA (ssDNA), and dou-
ble-stranded DNA (duplex). 

2. Materials and Methods 
2.1. Materials 

Transfer RNA (tRNA) originating from E. coli 
tRNA and nucleotide monophosphate (NMP; AMP, 
UMP, CMP, and GMP) were purchased from Sig-
ma-Aldrich (St. Louis, MO, USA). Cus-
tom-synthesized poly-(dA) and poly-(dT) were pur-
chased from Life Technologies Japan Ltd. (Tokyo, 
Japan). Poly(ethylene glycol) (PEG 1540, 4000, and 
6000; Mw 1.5 kDa, 3 kDa and 7 kDa, respectively), 
dextran (Dex 90-210k; Mw 90-210 kDa), and other 
chemicals were purchased from Wako Pure Chemical 
Industries, Ltd. (Osaka, Japan) and were used without 
further purification. Chemical structure of materials is 
shown in the supplementary information (Supple-
mentary Material: Fig. S1). 

2.2. Preparation of aqueous two-phase system: 
ATPS with a variety of hydrophobicities was 

prepared according to previous reports [8, 9]. The 
basic composition of the systems (the total weight is 
1.4 g) for the partitioning of biomolecules was 9-13 
wt% PEG 1540, 4000, 6000 and 7-9 wt% Dex 90-210k. 
The ATPSs were prepared by mixing the stock solu-
tions of 30 wt% PEG and 30 wt% Dex with the tRNA 
solution. After overnight-incubation of the tRNA so-
lution at 30-80 oC, the upper PEG-rich phase and the 
bottom Dex-rich phase of the ATPS were carefully 
separated at room temperature. The concentration of 
tRNA was quantitatively analyzed by the fluores-
cence intensity of a RNA-specific probe SYBR Green II 
[12].The amount of NMPs or DNAs was analyzed by 
UV absorbance at 258 nm. The partition coefficient, K, 
was defined as follows: 

K = CPEG/CDex 

where CPEG and CDex are the concentration of nucleic 
acids in PEG phase and Dex phase, respectively.  

2.3. Definition of the hydrophobicity of ATPS 
The surface properties of various kinds of bio-

molecules have previously been evaluated in our 
previous works [8-10]. The partition coefficient of 
molecules in ATPS is defined as follows: 

ln K = Kelctrostatic + Khydrophobic + Ksalt + Kligand + … 

where Kelctrostatic, Khydrophobic, Ksalt, Kligand represent the 
contribution by electrostatic, hydrophobic, salt, and 
ligand effect, respectively. Under the pI and low ionic 
strength condition, the values of Khydrophobic and Ksalt 
can be ignored [11], thus the partition of biomolecules 
is simply dependent on the hydrophobicity: 

ln K = Khydrophobic 



Int. J. Biol. Sci. 2012, 8 

 
http://www.biolsci.org 

1190 

The hydrophobicity of ATPS was determined 
based on the partitioning behaviors of amino acids. 
The relationship of the partition coefficient of amino 
acids and their hydrophobicity has already been ana-
lyzed in the previous reports [7, 8, 13]. The hydro-
phobicity differences between two phases in ATPS 
can herewith be defined as hydrophobicity factor, HF:  

ln K = HF x (RH + B) 

where RH is the relative hydrophobicity determined 
based on the Nozaki-Tanford value [13] and B is the 
normalization constant defined as the ratio of the 
partition coefficient and the hydrophobicity of gly-
cine, ln KGly/∆GGly (Supplementary Material: Fig. 
S2(A)). The HF values of various kinds of ATPS, de-
termined based on partitioning behaviors of amino 
acids, are shown in Supplementary Material: Figure 
S2(B) and Table 1.  

 
 

Table 1 Composition of ATPS and the hydrophobicity 
factor (HF) 

PEG (w/w %) Dex (w/w %) HF [mol/kJ]* 
PEG1540 (10.8) Dex90-210k (7) 0.0032 
PEG4000 (10.8) Dex90-210k (9) 0.0070 
PEG1540 (13) Dex90-210k (9) 0.0093 
PEG4000 (9) Dex60-90k (9) 0.0098 
PEG4000 (9) Dex90-210k (9) 0.0126 
PEG6000 (9) Dex60-90k (9) 0.0195 
PEG6000 (9) Dex90-210k (9) 0.0201 

* reported previously [7, 8] 
 
 

2.4. Evaluation of the surface net hydrophobi-
city (HFS) and the local hydrophobicity (LH) 

The hydrophobicity of nucleic acids was deter-
mined by studying the partition behaviors in ATPS. It 
has been previously reported that a liner relationship 
can be obtained between HF and ln K, where the sur-
face net hydrophobicity (HFS) of biomolecules can be 
defined as follows [7, 8]: 

ln K = HFS x HF 

 The local hydrophobicity (LH) was further de-
termined by investigating the partitioning behaviors 
in ATPSs with and without a hydrophobic lig-
and-modified PEG, Triton X-405, and can be defined 
as follows:  

LH = ∆ln K = ln K(+)Triton – ln K(-)Triton 

where ln K(+)Triton and ln K(-)Triton are the partition coef-
ficients in the presence and absence of 1 mM Triton 
X-405 in PEG6000/Dex ATPS, respectively. The total 
concentration of tRNA in ATPS was 1.4 µM. All 
measurements were performed at least 3 times and 
the data was integrated. No aggregates or precipita-
tion were observed in ATPS, in the presence of tRNA 
or DNA (data not shown). 

2.5. CD spectroscopy analysis 
The conformation of RNA was analyzed by us-

ing a JASCO J-820 SFU spectropolarimeter (JASCO, 
Tokyo) [3]. The CD spectrum from 300 to 200nm was 
measured with a quartz cell (0.1 cm path length) at a 
scan speed of 50 nm min-1 and a width of 2 nm. Five 
scans excluding buffer background signals were ac-
cumulated, and the obtained data was calculated as 
molar ellipticity. The sample was prepared with 2.2 
mM of tRNA with 10mM Tris–HCl at pH7.8. 
2.6. Raman spectroscopy analysis 

The Raman spectra of tRNA were measured by 
using confocal Raman microscopy LabRAM HR-800 
(HORIBA, Ltd., Kyoto, Japan), at a wavelength of 533 
nm, laser power at the sample of 100 mW and total 
data accumulation time of 90 sec. For each sample, the 
background signal of the solution was removed, and 
then the baseline was corrected. The corrected Raman 
spectra were normalized according to the previous 
report [14], whereas the peak at 1098 cm-1 is invariant 
of the base composition. The final concentration of 
tRNA was 1 mM.  

2.7. Prediction of secondary structure of nu-
cleic acids 

The prediction of the secondary structure of the 
nucleic acid was attempted based on the thermody-
namic algorithm to minimize the free energy of the 
nucleotide sequences algorithm (Mfold web server) 
[15]. The nucleotide sequences used in this study are 
shown in Table 2: tRNAPhe , tRNAGly [16], tRNALeu 
[17], poly-(dA), and poly-(dT). 

2.8. Statistical analysis 
The results are expressed as mean ± standard 

derivation (SD). All experiments were performed at 
least in triplicate. The data distribution was analyzed, 
and statistical differences were evaluated using the 
Student’s t-test. A P-value of <0.05%was considered 
significant. 
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Table 2 Library of nucleic acids and their HFS values 

Nucleic acids HFS 
[kJ/mol]** 

Sequence 

AMP 
CMA 
GMP 
UMP 

-23.4 
-20.3 
-34.2 
-20.5 

Adenosine monophosphate 
Cytidine monophosphate 
Guanosine monophosphate 
Uridine monophosphate 

poly-(dA) -140.7 5’-GAAATAATACGACTCACTATAGGGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAA-3’ 

poly-(dT) -131.2 5’-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCCCTATAGTGAGTCGTATTATTTC-3’ 
duplex* 
(poly-(dA) 
and 
poly-(dT)) 

-168.8 5’-GAAATAATACGACTCACTATAGGGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAA-3’and 
5’-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCCCTATAGTGAGTCGTATTATTTC-3’ 

tRNA Phe 14 -191.7*** 
(at 30 oC) 

5’-GCGGAUUUAGCUCAGUUGGGAGAGCGCCAGACUGAAGAUCUGGAGGUCCUGUGUUCGAUCCACA
GAAUUCGCACCA-3’ 

tRNA Leu 15 -100.5*** 
(at 50 oC) 

5’-GCGAAGGUGGCGGAADDGGDAGACGCGCUAGCUUCAGGΨGΨUAGUGUCCUUACGGACGUGGGGG
TΨCAAGUCCCCCCCCUCGCACCA-3’ 

tRNA Gly 14 -66.6*** 
(at 70 oC) 

5’-GCGGGAGUAGCUCAGUCGGUAGAGCACGACCUUGCCAAGGUCGGGGUCGCGGGGUUCAAGUCCC
GUCUCCCGCUCCA-3’ 

* duplex: poly-(dA) and poly-(dT) were annealed in 70 oC for 5 min, then theduplex was cooled gradiently. 
** The HFS values were measured at 30 oC. 
*** tRNA used in this study was a mixture of 15 kinds of tRNA including tRNAPhe , tRNALeu, and tRNAGly. 

 
 

3. Results and Discussion 
Single-stranded RNA is known to possess a 

flexible structure [4] that can form various intramo-
lecular base pairs such as the Watson-Crick type, etc. 
The secondary structure of tRNA (known as a "clo-
verleaf") is common to almost all tRNAs, independent 
of type, sequences, or host cells. In the present study, 
the surface properties of tRNA from E. coli were in-
vestigated by using the PEG/Dex ATPS method un-
der metal ion-free conditions, and the conformational 
changes of tRNA were also investigated. 

3.1. Analysis of the surface net hydrophobicity 
(HFS) of the tRNA 

The values of both HFS and LH have been de-
fined as indicators of the surface hydrophobicity of 
biomolecules with the use of the PEG/Dex ATPS 
method [7]. Figure 1 shows a typical example of the 
dependence of the tRNA partition coefficient, K, on 
the hydrophobicity (HF) of the ATPS. Herein, the HF 
value can be defined based on the Nozaki-Tanford 
value of amino acid hydrophobicity and can be re-
garded as the difference in 'hydrophobicity' between 
the PEG and Dex phases. As shown in Figure 1, a 
linear relationship can be obtained between HF and ln 
K, clearly showing that the surface hydrophobicity of 
tRNA can be evaluated by using an ATPS, in the same 
way as the hydrophobicity of proteins or enzymes [8, 
9, 18, 19]. The slope of the lines in Figure 1 can here-

with be defined as the surface net hydrophobicity 
(HFS), where the HFS values vary with the tempera-
ture. 

 

 
Figure 1 Partition behaviors of tRNA in PEG/Dex ATPS. The HF 
values of ATPSs are summarized in Table 1. Temperature: 20 oC 
(closed circle: black line), 30 oC (open diamond: 2-dot-dash line), 
and 60 oC [open triangle: dot line]. The total concentration of 
tRNA in ATPS was 1.4 µM. ATPS: (i) PEG1540(10.8 
w/w%)/Dex90-210k(7 w/w%), (ii) PEG1540(10.8 w/w%)/Dex90- 
210k(9 w/w%), (iii) PEG1540 (9 w/w%)/Dex90-210k( 9 w/w%), (iv) 
PEG4000(9 w/w%)/Dex90-210k(9 w/w%), (v) PEG6000(9 
w/w%)/Dex90-210k(9 w/w%). 
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Figure 2a shows the dependence on temperature 
of the HFS values of the tRNA. The surface of the 
tRNA molecule was hydrophilic at physiological 
temperatures (20°–40°C), whereas at 60°–80°C it be-
came hydrophobic. The melting temperature (Tm) was 
reported as 52°C in metal ion-free conditions [4]. 
tRNA is denatured at higher temperatures [3, 4], 
suggesting that its surface hydrophobicity can be af-
fected by its conformation. One possible mechanism 
of the increase in surface hydrophobicity is exposure 
of hydrophobic nucleobases: the phosphate backbone 
structure of nucleic acid is known to be hydrophilic, 
whereas the moiety of nucleobase is rather hydro-
phobic [20]. It has been reported that tRNA and DNA 
interact with PEG and PAMAM-G4 dendrimers, re-
sulting in the conformational change of nucleic acids 
[21–25]. Although no aggregates were observed in the 
present study, the surface hydrophobicities (HFS and 
LH) of tRNA and DNA play an important role in the 
interaction between PEG, dendrimers, and liposomes 
[3, 4]. 

In general, the surface of DNA is shielded by 
phosphate backbones, where hydrophobic nucleo-
bases form complementary base pairs and are then 
packed inside the DNA molecule in order to exclude 
the intrinsic water molecules [6]. The HFS values 
of NMPs (AMP, GMP, CMP, and UMP) that were 
determined by the ATPS method are also shown in 
Table 2. The values of the NMPs were approx. 
−20 kJ/mol, which is much more hydrophobic than in 
the case of tRNA (−192 kJ/mol). The difference in the 
free energies (∆G) of nucleic acid bases of guanine and 
adenine has been reported as −16.2 kJ/mol in the 
transfer from water to cyclohexane [20]. Our use of 
the PEG/Dex ATPS revealed that the difference in the 
HFS values of AMP and GMP was −10.6 kJ/mol. This 
result implies that there is a correlation between the 
surface free energy and the surface net hydrophobi-
city. The HFS value should be discussed in future 
studies as an indicator of the surface hydrophobicity. 

3.2. Analysis of the local hydrophobicity (LH) 
of the tRNA 

The local hydrophobicity (LH) of the tRNA was 
also analyzed at various temperatures (Fig. 2b). Triton 
X-405 is known to be partitioned in the PEG-rich 
phase of ATPSs, due to the poly(ethylene glycol) 
moiety in its structure. Since hydrophobic pockets 
exposed on the tRNA surface can be bound with the 
t-octylphenyl group of Triton X-405 through hydro-
phobic interaction, the partition coefficient of tRNA is 
thus increased in the PEG/Dex ATPS by adding Tri-
ton-X 405 to the system. The LH value indicates the 
intensity of the hydrophobicity of the pockets on the 

local domain of the molecule surface, and their num-
ber [9, 18, 19]. The LH value of tRNA was maximal 
within the temperature range of 20°–40°C, indicating 
that the tRNA has a larger number of clustered hy-
drophobicity pockets than at 50°–80°C. According to 
previous reports [9, 18, 19], a protein (or enzyme) in a 
partly denatured state known as the "molten-globule" 
state shows a higher LH value, and it has high affinity 
with molecular assemblies such as the molecular 
chaperone (e.g., GroES) or liposome; both types of 
assemblies have the ability to assist the conforma-
tional change of the protein [25, 26]. It is possible that 
tRNA with a higher LH value can easily interact with 
other biomolecules or liposomes [3]. 

3.3. Structural analysis of tRNA by using Ra-
man spectroscopy 

tRNA shows a stereotypic A-form conformation 
[27, 28]. The above results regarding the surface hy-
drophobicities indicate that the tRNA has a stable 
structure in water solution in the temperature range 
of 20°–40°C, but it becomes unstable at 50°–80°C. The 
conformation of tRNA was investigated at various 
temperatures (Fig. 3). The Raman spectra of tRNA at 
30°C and 60°C are shown in Figure 3a, where the peak 
at 810 cm−1 was assigned as the diester OPO stretch-
ing vibration (A-form marker), and the peak at 
1098 cm−1 was assigned as the PO2− symmetric 
stretching vibration (inner reference, invariant to the 
base composition) [29, 30]. In the aqueous solution of 
RNA polynucleotides, the peak value of the intensity 
ratio (R: R = I810/I1098) has been reported to vary from 
0 to 1.64, depending on the percentage of nucleotide 
residue existing inside the segments of ordered 
structure of the A-form [31-33]. The R values obtained 
in the present study were 1.08 for 30°C and 0.87 for 
60°C, showing that 66 % and 53 % of the A-form 
structure of the tRNA were maintained in these con-
ditions. In addition, neither the B-form marker (peak 
at 835 cm−1) nor the Z-form marker (peak at 745 cm−1) 
were observed at 60°C, indicating that the tRNA was 
denatured without any conformational transition to 
B- or Z-form. It was therefore demonstrated that the 
structure of tRNA can be denatured depending on the 
surrounding temperature. 

3.4. Evaluation of the conformational change 
of tRNA by CD spectroscopy and Mfold pre-
diction 

Circular dichroism (CD) spectroscopy is also a 
powerful method for analyzing the conformation of 
biomolecules [34]. Some specific peaks were observed 
in the CD spectrum of tRNA, showing a positive peak 
at 265 nm (θ265: base stacking) and a negative peak at 
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208 nm (θ208: A-form double helix) [4]. The denatura-
tion of tRNA was monitored by CD spectra as shown 
in Figure 3b. The degree of the base stacking (θ265) 
gradually decreased, whereas that of the A-form helix 
structure (θ208) decreased in a sigmoidal manner. 
Since no peak shifts were observed at 208 nm, the 
denatured conformation of tRNA is considered a 
"single strand-rich" structure. 

We herein assumed a two-state transition be-
tween the intact state (under 40°C) and the denatured 
state (over 50°C). The secondary structure of tRNAPhe 
was calculated by using a thermodynamic simulation 
approach, Mfold [15] (Fig. 3c). A stereotypic cloverleaf 
was observed at 20°–50°C, and the 'denatured' struc-
ture was observed at 50°–80°C. With the temperature 
increase, the amount of tRNA moieties that did not 
form base pairs also increased. The same results were 
obtained in the cases of tRNALeu and tRNAGly (data 
not shown). It is therefore suggested that the increase 
of HFS values can be caused by the denaturation of 
the A-form structure with an increase of exposed nu-
cleobases, since the nucleobase part is more hydro-
phobic. 

In fact, a similar process can be observed in the 
temperature dependence of the surface hydrophobi-
cities (Fig. 2a) and conformational changes (Fig. 3a). It 
is considered that the surface properties of tRNA are 
able to reflect the tertial information of the tRNA 
conformation. Therefore, the HFS values are not only 
a parameter of the surface hydrophobicity but also an 
indicator of the tRNA conformation. 

3.5. Relationship between DNA morphology 
and the surface net hydrophobicity (HFS) 

A possible reason for the increase in the HFS 
value under heating conditions is that the nucleobases 

are exposed. The HFS values of nucleic acids are 
summarized in Figure 4, where the HFS values of 
protein and enzyme [8, 9] are shown together. The 
nucleic acids were found to be hydrophilic, and the 
nucleobases were more hydrophobic. 

To estimate the relationship between the hy-
drophobicity and the nucleic acid conformation, the 
HFS values of ssDNA [poly-(dA), poly-(dT)] and 
double-stranded DNA [duplex of poly-(dA) and 
poly-(dT)] were also determined: the HFS values of 
poly-(dA), poly-(dT), and duplex were −141 kJ/mol, 
−131 kJ/mol, and −168.8 kJ/mol, respectively (Ta-
ble 2). The duplex of poly-(dA) and poly-(dT) was 
found to be more hydrophilic than the ssDNA be-
cause the hydrophobic nucleobases wrapped by 
phosphate backbones were isolated from the sur-
rounding water molecules [6]. It was thus demon-
strated that the morphology of DNA also affected the 
surface hydrophobic properties. 

The difference in HFS values between the duplex 
and ssDNA was approx. −30 kJ/mol, and was the 
same as the HFS values of the NMPs (i.e., 
HFSduplex ≈ HFSssDNA + HFSNMP). Therefore, we con-
clude that the exposed nucleobases in the nucleic ac-
ids resulted in an increase in the HFS value. The 
function of nucleic acids is regulated by their con-
formation [1-3, 5, 35]. The possible driving forces that 
achieve molecular recognition or interaction with 
biomolecules are hydrophobic interaction, electro-
static interaction, and hydrogen bond interaction. The 
present results indicate that the hydrophobic proper-
ties of nucleic acids were markedly affected by their 
conformational transition. The conformational transi-
tion of biomolecules is expected to play an important 
role in molecular recognition. 

 

 
Figure 2 Temperature dependence of the HFS values (a) and the LH values (b) of tRNA. The total concentration of tRNA in ATPS was 
1.4 µM. 
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Figure 3 Conformational analysis of tRNA. (a) Raman spectrum of tRNA with different temperatures: black line for 30 oC, and dot line 
for 60 oC. Peaks at 810 cm-1 and 1098 cm-1 show diester OPO stretching vib. (A-form marker) and PO2- symmetric stretching vib. (inner 
reference), respectively. The concentration of tRNA was 1 mM. (b) Peak intensities of CD spectra at θ265 (closed up-triangle) and θ208 
(closed down-triangle). The concentration of tRNA was 2.2 µM. (c) Predicted secondary structure of tRNAPhe using Mfold web server 
[15].  

 
Figure 4 Ladder of the surface net hydrophobicity (HFS) obtained in this study. The HFS values of protein or enzyme (shown with 
asterisk) have been previously reported [8, 9]. 
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4. Conclusion 
We successfully characterized the surface net 

hydrophobicity (HFS) and the local hydrophobicity 
(LH) of tRNA by using the PEG/Dex ATPS method. 
The HFS value and the LH value were found to vary 
depending on the conformational change of tRNA in 
high-temperature conditions, clearly demonstrating 
that the hydrophobic properties of polynucleotides 
are deeply related to their conformation (i.e., HFS and 
the exposure of nucleobases, LH and A-form struc-
ture). HFS and LH are the possible driving forces in 
molecular recognition or interaction with biomole-
cules and lipid membranes [3, 4]. Since the morpho-
logical changes of polynucleotides in biological sys-
tems play an important role [5, 35], the evaluation of 
hydrophobicity by using the ATPS method can offer a 
better understanding of the nature of nucleic acids. 

Although nucleic acids are sensitive to the sur-
rounding solution (pH, ionic strength, temperature, 
the presence of metal cations), the PEG/Dex ATPS, 
which has a "mild" hydrophobic interface, can be used 
to analyze their surface hydrophobicity in the "intact" 
condition. The obtained information (HFS and LH) 
can be used to investigate the conformation and in-
teraction mechanism of nucleic acids with protein, 
enzyme, cell membrane and other supermacromole-
cules. 

Supplementary Material 
Fig.S1 - Chemical structure of materials.  
Fig.S2 - (a) Relationship between the partition coeffi-
cients of amino acids and their hydrophobicity; (b) 
Hydrophobicity factor of ATPS.   
http://www.biolsci.org/v08p1188s1.pdf 
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