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分子夾雑環境中の DNA 二重鎖構造の安定性を DNA 配列から予測できる 
最近接塩基対パラメータの開発に成功 

 
概要 
甲南大学先端生命工学研究所（FIBER）の杉本直己 所長・教授、高橋俊太郎 講師、GHOSH Saptarshi

博士研究員らの研究グループは、細胞内のような分子で混雑した環境（分子夾雑環境）における DNA
二重鎖構造の安定性を予測する手法を開発しました。 

生体内で遺伝子として用いられる核酸（DNA:デオキシリボ核酸、RNA:リボ核酸）の標準的な構造

は、二重らせん構造です。DNA はアデニン、チミン、グアニン、シトシンの四種類の塩基を持つヌ

クレオチドからなる鎖状高分子で、アデニンとチミン、グアニンとシトシンがそれぞれ Watson-Crick
型の塩基対を形成します。二重鎖構造の安定性は塩基対の組み合わせとその直近の塩基対の影響に

よって決まる最近接塩基（Nearest-Neighbor）モデルが広く受け入れられており（図 1）、配列情報か

ら安定性を予測することができます。しかし、細胞内のような分子夾雑環境では DNA の安定性は大

きく変化することから、そのような環境下においては二重鎖構造の安定性を予測することはできま

せんでした。 

図 1 DNA 二重鎖の安定性を決定する Nearest-Neigbor モデル。 

 
 今回、杉本所長らのグループは、平均分子量 200 の

ポリエチレングリコール（PEG200）を 40%含んだ水溶

液中での分子夾雑環境において、DNA 二重鎖の安定性

を網羅的に解析しました。その結果、配列は異なるが

同じ最近接塩基対の組をもつ DNA 二重鎖の安定性が

一致することを見出しました（図 2）。それにより、

Nearest-Neighbor モデルが分子クラウディング環境に

おいても成り立つことを見出しました。また、ポリエチ

レングリコール以外の水溶性高分子を用いた異なる分

子夾雑環境においても、Nearest-Neighbor モデルが成り

立つことも確認しました。さらに、今回解析した全 28
の配列データを統合し、既存の希薄溶液条件で成り立

つ Nearest-Neighbor パラメータを単純な一次関数で処

理することで、分子夾雑環境で成り立つ Nearest-
Neighbor パラメータが得られることを見出しました

（表 1）。実際に新たに提案した Nearest-Neighbor パラ

メータを使用し、PEG200 中の分子夾雑環境下での任意

図 2 同じ最近接塩基対の組み合わせを持っ
た自己相補的な DNA 配列（6a と 6b、および
7aと 7b）の PEG200 による分子夾雑環境下に
おける UV融解曲線。 
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の DNA 配列の安定性が正確に予測できることも証明しました（図 3）。 
 

 
  

 
 

 
 
 

 

 
本研究成果は、細胞内で DNA が二重鎖構造を形成したり解離したりする DNA 複製や転写反応の

メカニズム解明や、遺伝子発現を制御する核酸医薬の開発において、非常に有用であると考えられ

ます。 
この研究成果は、2019 年 4 月 23 日号の Nucleic Acids Research 誌の表紙に選定され（図 4）、論文

が当該号に掲載されました。 
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表 1 本研究から得られた細胞擬似環境（0.1 
M NaCl および 40wt% PEG200 を含む溶液）で
成り立つ Nearest-Neighborパラメータ 
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Table 4. Comparison between measured and predicted values of !G◦
37 and Tm along with the calculated !G◦

37 values in the crowding condition (40 wt%
PEG200)

Measured Predicted Calculated

No. Sequence !G◦
37 (kcal mol− 1) Tm (◦C) !G◦

37 (kcal mol− 1) Tm (◦C) !G◦
37 (kcal mol− 1)

1a d(CCGCGG) − 5.7 36.0 − 4.2 35.3 − 4.7a

1b d(CGGCCG) − 5.7 36.9 − 4.2 35.3
2a d(GGACGTCC) − 5.3 35.4 − 5.1 35.4 − 5.5a

2b d(GACCGGTC) − 5.4 35.6 − 5.1 35.4
3a d(CGTCGACG) − 6.1 39.0 − 5.5 39.5 − 5.9a

3b d(CGACGTCG) − 6.2 39.3 − 5.5 39.5
4a d(CAAGCTTG) − 3.6 28.9 − 3.8 28.3 − 4.1a

4b d(CTTGCAAG) − 3.9 29.6 − 3.8 28.3
5a d(CGGTACCG) − 4.6 32.3 − 5.2 33.3 − 5.3a

5b d(CCGTACGG) − 5.4 34.7 − 5.2 33.3
6a d(GATCCGGATC) − 5.7 37.3 − 6.0 40.4 − 6.2a

6b d(GGATCGATCC) − 6.0 38.2 − 6.0 40.4
7a d(ATGAGCTCAT) − 5.0 34.3 − 5.2 34.9 − 4.7a

7b d(ATCAGCTGAT) − 4.9 34.0 − 5.2 34.9
8a d(TGCCGCGGCA) − 9.4 53.9 − 7.9 49.8 − 8.5a

8b d(TGGCGCGCCA) − 9.3 54.8 − 7.9 49.8
9a d(CATAGGCCTATG) − 6.5 39.8 − 6.4 40.3 − 6.4a

9b d(CTATGGCCATAG) − 6.8 40.5 − 6.4 40.3
10 d(AGTCATGACT) − 4.5 32.3 − 4.5 31.0 − 4.7
11 d(GCGAATTCGC) − 7.0 43.1 − 7.0 43.1 − 7.2
12 d(ATCGCTAGCGAT) − 6.7 43.1 − 7.4 41.9 − 7.4
13 d(GACGACGTCGTC) − 9.1 48.2 − 9.1 50.1 − 9.3
14 d(GCAAGCCGGCTTGC) − 12.2 58.5 − 11.6 57.2 − 11.7
15 d(CGATCGGCCGATCG) − 11.5 56.9 − 11.3 48.2 − 11.5
16 d(CATATGGCCATATG) − 7.2 40.7 − 7.6 44.3 − 7.4
17 d(CAAGATCGATCTTG) − 8.2 44.6 − 8.3 44.1 − 8.1
18 d(CGCGTACGCGTACGCG) − 13.6 57.9 − 14.4 59.4 − 14.4
19 d(CGCAAGCCGGCTTGCG) − 14.8 64.2 − 14.2 61.6 − 14.3

aFor the numerical calculation, the measured !G◦
37 of the sequence of a and b were averaged.

Table 5. Calculated nearest-neighbor parameters for !G◦
37 in the pres-

ence of 0.1 M NaCl and 40 wt% PEG200

Nearest-neighbor set Calculated !G◦
37 (kcal mol− 1)

dAA/dTT − 0.56 ± 0.03
dAT/dTA − 0.37 ± 0.03
dTA/dAT − 0.28 ± 0.03
dCA/dGT − 0.80 ± 0.04
dGT/dCA − 0.84 ± 0.03
dCT/dGA − 0.66 ± 0.05
dGA/dCT − 0.86 ± 0.03
dCG/dGC − 1.27 ± 0.05
dGC/dCG − 1.40 ± 0.05
dGG/dCC − 1.06 ± 0.04
Initiation GC 1.33 ± 0.16
Initiation AT 1.98 ± 0.67

rors for those parameters in dilute solution by SantaLucia
et al. (14), following the standard procedure of error analy-
sis. The calculated !G◦

37 values of each sequence are shown
in Table 4.

DISCUSSION

In the present study, we verified the applicability of the
nearest-neighbor model for self-complementary DNA du-
plexes in the molecular crowding condition induced by 40
wt% PEG 200. The similarity in the thermodynamic param-
eters (!H◦, T!S◦ and !G◦

37) and melting temperatures
(Tms) for different pairs of oligonucleotides with identical
nearest-neighbors confirmed the validity of the model in

the molecular crowding conditions. Stability of the DNA
duplexes in the crowding condition is mainly explained by
water activity and excluded volume effect (38,40). Coso-
lutes with low molecular weights, such as ethylene glycol,
1,3-propanediol, 1,2-dimethoxyethane and PEG 200, re-
duce the stability of the duplexes due to the lowered wa-
ter activity (36,38). On the other hand, large cosolutes like
PEG 8000, dextran and Ficoll enhance the duplex stabil-
ity through the excluded volume effect (32,49). Our exper-
imental results also followed the same trend. The valid-
ity of the model in the crowding condition suggested that
all the parameters depending on 10 nearest-neighbor pairs
should be affected in a similar manner, although to differ-
ent extents. To have precise quantification about the effect of
crowding condition on the nearest-neighbor parameters, we
will have to evaluate the thermodynamic parameters for the
10 nearest-neighbors in the molecular crowding condition.
The nearest-neighbor model predicts nucleic acid stabilities
by considering the major interactions in a nucleic acid du-
plex formation, i.e., stacking interaction between nearest-
neighbor bases and hydrogen bonding interaction in a base
pair. As these interactions are conserved to different extents
in crowding conditions, the model also remains valid in the
crowding condition. Similar thermodynamic values for the
pairs of oligonucleotides (pairs 1–9) having nucleotide chain
length of 6 to 12 in the crowding condition (Table 2) indicate
that validity of the model in the crowding condition does
not depend on the length of the oligonucleotides, at least for
shorter duplexes. Our results also suggest that the model is
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図 3 細胞擬似環境（0.1 M NaCl および 40wt% 
PEG200 を含む溶液）における DNA 二重鎖の安定性
（-∆G°37）の実測値と予測値の関係性。実測値と予
測値がよく一致している事を示している。 
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Figure 4. Calculation by numeric approach of !G◦
37 (crowding) to de-

termine the nearest-neighbor parameters in the crowding condition from
established nearest-neighbor parameters. (A) Schematic illustration of the
analysis and (B) the best found correlation between the calculated and
measured !G◦

37 (crowding).

valid even in the presence of dextran and Ficoll having large
differences in molecular weights from PEG 200.

A linear relationship existed between the measured values
and those predicted by the nearest-neighbor model (equa-
tions 5 and 6) in dilute solution. However, we found anoma-
lies for some oligonucleotide sequences and all the data
points were not incorporated in Figure 3. Sequences in pair
1 showed large deviation from the fitted straight line. It was
suggested that the G•C base pair is more stable than the
A•T pair in a physiological buffer condition (50). Therefore,
predicted stabilities for the sequences d(CCGCGG) (1a)
and d(CGGCCG) (1b) in the absence of cosolute (!G◦

37

is − 6.6 kcal mol− 1 for both 1a and 1b, Table 2) were con-
siderably higher compared to the 6-mer oligonucleotides
containing both G•C and A•T pairs in dilute condition,
as reported earlier (14). These oligonucleotides also exhib-
ited high stability (!G◦

37 value is − 5.7 kcal mol− 1 for both
1a and 1b, Table 2) in the crowding condition. The relative
smaller effect of destabilization than expected may be due
to the excluded volume effect by PEG200, because the vol-
umetric change of the formation of G•C base pair is larger
than that of A•T pair (51). Thus, the data points of these
two sequences deviate from linearity in Figure 3A; how-
ever, the thermodynamic parameters for these two oligonu-
cleotides (1a and 1b) in the crowding condition were sim-
ilar, confirming the validity of the nearest-neighbor model
in the crowding condition. Sequences d(TGCCGCGGCA)
(8a) and d(TGGCGCGCCA) (8b) also differed from the
linear fits for !G◦

37 (Figure 3A) and Tm (Figure 3B). It
is reported that in the absence of cosolutes terminal fray-
ing of the 5′-T•A-3′ pair enhances the stability of the se-
quences by a favorable entropy change, and the effect is
found to be more prominent in the 5′-T•A-3′ pair com-
pared to the 5′-A•T-3′ pair (52). In the crowding condition,
we found relatively higher stabilities for the sequences 8a
and 8b, and this was due to similar fraying effect. There-
fore, data points corresponding to these sequences devi-
ated from the fitted lines. The !G◦

37 and Tm values for se-
quences d(ATGAGCTCAT) (7a) and d(ATCAGCTGAT)
(7b) containing 5′-A•T-3′ terminal base pair fall in the fit-
ted line, suggesting less terminal fraying effect for 5′-A•T-
3′ terminal pair in the crowding condition. The Tm value
for oligonucleotide d(CGATCGGCCGATCG) (15) devi-
ated largely from the linear fit (Figure 3B). The high Tm for
the sequence in the crowding condition may be due to fa-
vorable entropy change; however, this requires further con-
sideration.

Presently, we used only self-complementary DNA se-
quences. Thus, the use of equations (5) and (6) should
be limited to predict the stabilities of self-complementary
DNA duplexes only, in the crowding environments induced
by small cosolutes. The stability of the DNA duplex de-
pends on the nature of cosolutes as well as the length of the
oligonucleotides (36). Thus, the slope and intercept of the
equations for predicting !G◦

37 and Tm may depend on the
cosolutes and length of the oligonucleotides. In the present
study, we did not consider the length of the oligonucleotides
for the prediction systems. However, we found a good cor-
relation between the measured and predicted values (corre-
lation coefficients of 0.981 and 0.971 for !G◦

37 and Tm, re-
spectively). Therefore, equations (5) and (6) can be applied
to predict the stabilities of short duplexes in crowding envi-
ronments with small cosolutes. Corrections in the size of the
cosolute and the length of the duplex in these equations will
provide a comprehensive prediction of duplex stabilities in
various crowding conditions.

Finally, we determined the nearest-neighbor parameters
in the crowding conditions by the calculation from 19 mea-
sured !G◦

37 values based on the approximation that !G◦
37

(crowding) can be converted from the established !G◦
37 (di-

lute) using a simple linear relation. The correlation coeffi-
cient of the plot of the measured !G◦

37 (crowding) versus
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図 4 掲載された表紙。本研究は細胞核内での遺伝子複製や転写の理解や、遺伝子編集などの技術

への応用が期待できる。 

 


