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研究成果の概要（和文）：凝縮相の励起反応を調べる理論的方法としていわゆるQM/MM法があるが、実際の応用では2つ
の問題が生じる事が知られている。一つは電子状態理論の精度と計算コストの兼ね合いの問題であり、もう一つは統計
サンプリングの問題である。本研究ではこの問題に対処するため以下の方法を研究した: (1)溶液などのMM環境の応答
を動的平均場近似で扱う方法、(2)励起状態から基底状態に復帰する電子緩和のダイナミクスを出来るだけ少ない計算
量で追跡するための近似的方法、(3)溶液中の非断熱電子移動反応を反応系の構造と溶媒の静電場を集団座標に取って
記述するQM/MM法の研究。

研究成果の概要（英文）：Excited state dynamics in condensed phases can be studied by QM/MM methods; 
however, there exist two major problems related to the accuracy of electronic structure theory and a 
sufficient sampling of system trajectories. In this study we investigated three methods for dealing with 
this problem: (1) Application of dynamical mean-field method to the solvent dynamics; (2) Approximate way 
to describe electronic relaxation from excited states based on chain-of-replicas methods; and (3) 
Efficient QM/MM method based on solute coordinate R and solvent potential V.

研究分野：理論化学
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１．研究開始当初の背景 
計算機性能の進歩と電子状態理論の発展に
伴って、凝縮相反応を直接シミュレートする
研究が可能になってきている。凝縮相中では
非常に沢山の自由度が存在するため、反応系
を量子化学で記述し、溶媒などを経験的なポ
テンシャル関数で記述する QM/MM 法がよ
く用いられる。QM/MM 法は励起状態反応に
も適用可能であるが、その場合、2 つの大き
な技術的問題が生じることが知られている。 
1 つ目の問題は、励起状態ダイナミクスの計
算が基底状態に比べて非常に計算コストが
高い点である。このため、より計算負荷の低
い方法を使うのが一般的であるが、ポテンシ
ャル面の信頼性の低さから、定性的に誤った
結論に導くことがある(特に状態間交差や相
対エネルギーが重要な場合)。2つ目の問題は、
凝縮相反応の場合、実験と対応する反応の描
像を得るには、系の熱分布に対して統計平均
を取らないといけない事である。例えば、溶
液中の光励起反応の場合、励起後の反応ダイ
ナミクスは溶媒の配置に依存する。しかし、
溶媒の様々な配置について励起トラジェク
トリーを計算すると、計算コストは溶媒配置
の数だけ単純に増加する。このような問題か
ら、凝縮相反応のシミュレーションではごく
少数のトラジェクトリーで定性的な議論が
行われることも多い。 
 
２．研究の目的 
上記 2つの問題に対して有効な方法論および
関連する計算技術を開発することが本研究
の目的である。上の背景で述べたように、凝
縮相中の励起状態ダイナミクスを QM/MM 
法で取り扱うには 2 つの問題点(電子状態理
論の信頼性と統計サンプリングの問題)が存
在する。そこで本研究では、必要な電子状態
計算の回数を大幅に削減するための新規な 
QM/MM 計算手法を開発し、それを通じて信
頼性の高い電子状態理論の使用を可能にす
ることを目的とする。また、得られた方法を
ベンチマーク系に適用し、参照結果と比較す
ることで方法の妥当性を検証する。 
 
３．研究の方法 
本研究ではこの問題に対処するため次の 3つ
の方法を研究した:	
 (1)	
 溶液などの MM 環境
の応答を動的平均場近似で扱うことで、電子
状態計算の回数を出来るだけ減らすための
方法(反応系と環境のカップリングに対する
時間依存ハートリー近似)。(2)励起状態から
基底状態に復帰する電子緩和のダイナミク
スを出来るだけ少ない計算量で追跡するた
めの近似的方法。(3)溶液中の非断熱電子移
動反応を反応系の構造と溶媒の静電場を集
団座標に取って記述する QM/MM 法の研究。	
 
	
 
４．研究成果	
 
	
 
(1)	
 MM環境を動的平均場近似で扱う研究をま

ず行った。厳密な結果と比較しやすいよう、
system-bath	
 model を用い、反応系のダイナ
ミクスを bath の時間依存平均場とカップル
させて動かすテストを行った。その結果、
bath の時間発展が反応系に及ぼす影響（ミク
ロな摩擦に相当するもの）が妥当な結果を与
えるよう、bath の時間発展に適切な修正を加
える必要がある事などが分かった。現在、得
られた結果を元にし、溶液中の励起緩和ダイ
ナミクスを時間依存平均場近似で扱うテス
トを行っている。	
 
	
 
(2)	
 溶液中の非断熱電子移動反応を QM/MM 法
の枠内で効率的に扱う方法として、溶質の構
造 R と溶媒の静電場 V を集団座標に取る
RV-QM/MM 法を定式化し、そのプログラム開発
を行った。この方法では電子移動反応の活性
化エネルギーを直接遷移状態として求める
ことを目的にしているため、QM/MM 自由エネ
ルギーの解析的微分（特に Vに関するもの）
を分子動力学法で効率的に求めることが重
要になる。そのための効率的な評価法をプロ
グラムとして実装するとともに、異なる表式
の統計エラーについて比較検討した。得られ
た方法を用いて、溶質の構造変化を伴う溶液
内電子移動反応の遷移状態を直接決定する
計算を現在行っている。	
 
	
 
(3)	
 [電子分極の寄与を取り入れた QM/MM 自
由エネルギーの計算法開発と応用]	
 
溶媒やタンパク質などを記述する分子力場
として、事前に計算された固定の部分電荷モ
デルが使われることが多い。このようなモデ
ルは計算コストが少なくて済む反面、静電的
にヘテロな環境下（イオンの周りや表面・界
面など）を扱う場合には、電子分極の効果を
記述出来ないという制限から不十分な結果
を与えることがある。ここでは、このような
環境分子の電子分極の効果を QM/MM 自由エネ
ルギー計算に取り込むための方法の開発と
応用を行った。分極モデルとしては charge	
 
response	
 kernel	
 (CRK)モデルを用い、平均
場近似の QM/MM 自由エネルギー計算に CRK モ
デルを組み込むための変分的な定式化を行
い、それに従ってプログラムを作成した。	
 

得られた方法を水中や様々な有機溶媒中の
化学反応に適用し、溶媒の電子分極を含める
場合と含めない場合の比較を行った。その結
果、水中やメタノール中の反応では電子分極
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TABLE IV. Dielectric constants and molecular polarizability of water,
methanol (MeOH), acetonitrile (MeCN), acetone, N,N-dimethylformamide
(DMF), and cyclohexane (CHX).

Water MeOH MeCN Acetone DMF CHX

ε 78.5 32.7 36.0 21.4 37.1 2.0
α (Å3) 1.5 3.3 4.4 6.4 11.5 10.9

B. Menshutkin reaction

We next study the Type-II SN2 (Menshutkin) reaction

NH3 + CH3Cl −→ NH3CH3
+ + Cl−. (43)

This reaction is known to exhibit significantly enhanced
rates in polar solvents due to strong electrostatic stabiliza-
tion of the products.64 This is in contrast to the Finkel-
stein reaction discussed in Sec. IV A, which are deceler-
ated by the electrostatic stabilization of the reactants. Be-
cause of this, a number of theoretical studies25, 34, 60, 86–97

have been performed for the model reaction in Eq. (43).
Those studies suggest the free energy of activation in aque-
ous solution to be around 20–30 kcal/mol and the free energy
of reaction to be −20 to −35 kcal/mol (including solute ther-
mal correction),98 although the results depend significantly
on the detail of calculation. To our knowledge, no experi-
mental result is available for the activation free energy, while
the free energy of reaction in aqueous solution is known to
be −34 ± 10 kcal/mol.60

We first present the potential energy profile in the gas
phase at various QM levels (Fig. 6). The CCSD(T) and MP2
results agree well with each other, and thus they can be uti-
lized as the reference. In comparison, the DFT methods un-
derestimate the reaction barrier by 5–10 kcal/mol, and the HF
method underestimates the potential energy at ξ = 2.0 Å by
10 kcal/mol. Since the BHHLYP method gives a well-
balanced description of the entire profile, we will utilize the
latter for the QM/MM calculation. The use of the BHHLYP
method is also motivated by the previous studies that employ
the same functional.34, 90, 94 It should be noted, however, that
the free energy barrier obtained with the CCSD(T) or MP2
theory would be greater by ∼5 kcal/mol than that obtained
with the BHHLYP method.
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FIG. 6. Potential energy profile of the Menshutkin reaction NH3 + CH3Cl
→ NH3CH3

+ + Cl− in the gas phase. The basis sets are 6-311++G(3df,3p)
for CCSD(T) and MP2 methods and 6-31+G(d,p) otherwise.
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FIG. 7. PMF of the Menshutkin reaction NH3 + CH3Cl → NH3CH3
+

+ Cl− in water, DMF, and cyclohexane solutions calculated with the mean-
field QM/MM method. Solvents are described with the TIP3P and OPLS
models in the nonpolarizable case (dashed lines) and with the CRK model
in the polarizable case (solid line). The QM calculation is performed at the
BHHLYP/6-31+G(d,p) level.

Figure 7 displays the PMF in water, DMF, and cyclohex-
ane solutions obtained with the mean-field QM/MM method.
In aqueous solution, the PMF obtained with the CRK and
TIP3P models are almost identical, as observed for the Finkel-
stein reaction. With the CRK model, the free energy of reac-
tion (including solute thermal correction)98 is calculated to be
–36.5 + 7.5 = –29.0 kcal/mol, which falls within the error bar
of the experimental result (−34 ± 10 kcal/mol).60 In contrast,
in DMF and cyclohexane solutions the PMF obtained with the
CRK and OPLS models are rather different. In DMF, the free
energy barrier $A‡ and the reaction free energy $Ar [calcu-
lated as AMF(ξ = 2.0) − AMF(ξ = −2.0)] decrease by 3 and
12 kcal/mol when using the polarizable model. In cyclohex-
ane, the $A‡ and $Ar decrease by 6 and 18 kcal/mol when
using the polarizable model. The significant decrease in the
PMF suggests that the product ion pair is solvated more
strongly by the polarizable model. Figure 8 depicts the sol-
vent ESP for the Menshutkin reaction. In aqueous solution,
the ESP profile is essentially identical between the CRK and
TIP3P models, implying that the TIP3P model is doing a
rather good job for describing the ionic solvation. On the other
hand, in DMF and cyclohexane the ESP value increases by
up to 1.0 V in the product region, which leads to a sizable
(negative) increase in the solvation free energy [Fig. 8(d)]. A
closer look at Fig. 8 also reveals that in aqueous solution the
ESP acting on the chloride ion is greater (in magnitude) than
that acting on the NH3 moiety, while the opposite is true for
DMF and cyclohexane solutions (that is, the ESP acting on
NH3 is greater than that acting on Cl−). This is a reflection
of the fact that water is a good solvator of anions due to hy-
drogen bonds, while aprotic solvents favor cations due to lone
pairs/π -electrons in the solvent molecules.64

There are two likely reasons why the PMF in aqueous so-
lution is not much different between polarizable and nonpo-
larizable models, while the PMF in nonaqueous solutions is
modified significantly by explicit polarization. First, as noted
in Sec. IV A, the polarizability of water is much smaller
than organic solvents (see Table IV). The latter is thus ex-
pected to exhibit larger induced dipole in the vicinity of sol-
vated ions. The second likely reason is that the empirical
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の効果を含めなくても従来の分子力場で十
分正確に自由エネルギープロファイルが計
算出来ることに対し、より低い誘電率を持つ
有機溶媒（アセトンやシクロヘキサンなど）
では従来の力場を用いると相当に大きなエ
ラーを生じうることが分かった。これは、従
来の力場が一様なバルク液体の物性に基づ
いてパラメタ化されているためであり、従来
の力場の本質的な限界と言える。電子分極を
取り入れた QM/MM 自由エネルギー計算では、
得られた結果は従来の非分極力場を使う計
算に比べて実験との一致が系統的に改善さ
れる事が分かった。	
 
	
 
(4)	
 [部分電荷演算子に電荷分布の広がり効
果を近似的に入れる方法の開発]	
 
溶液内反応の QM/MM 計算や積分方程式理論に
よる計算では、溶質と溶媒の静電相互作用を
部分電荷演算子で記述するのが便利である。

部分電荷演算子はこれまで様々な理論で利
用され成功を収めてきたが、一方で分極の強
いイオン系や電子的異方性の強い原子（ロー
ンペアを持つ窒素など）を含む系では、計算
の収束に度々問題が出ることが知られてい
た。この問題は溶質が周囲に作る静電場を最
小二乗フィットに基づく部分電荷で近似し
ていることに由来している。この難点を軽減
するため、ここでは溶質の電荷分布の広がり
を取り込むための新しい演算子の形を考案
し、その有用性を様々な系でテストした。具
体的には、スレーター型の電荷分布を部分電
荷演算子に与え、含まれるパラメタを最小二
乗フィットで同時に決定するようにした。こ
の結果、従来の演算子では取り扱いが困難だ
った系（水酸基イオンなど）でも問題なく計
算が収束するようになるとともに、このよう
な演算子を使わない直接的な QM/MM 計算とも
非常に良い一致が見られた。このことから、
従来の部分電荷演算子の簡便さを損なうこ
となく、連続な電子分布を近似的に良く再現
出来る QM/MM 相互作用演算子を作ることが可
能であることが分かった。	
 
	
 
(5)	
 [連続な溶質電荷分布を用いる平均場
QM/MM 自由エネルギー法の開発と応用]	
 
上に述べたように、これまでの QM/MM 自由エ
ネルギー計算では溶質・溶媒間の静電相互作
用を表すために部分電荷演算子を用いてい

た。これはプログラムを簡便にする一方、短
距離の静電相互作用を過大評価する欠点が
あった。この欠点は、電荷広がりの効果を組
み込んだ演算子（上記)を用いて近似的に	
 
対処出来るが、ここでは近似なしで溶質電荷
分布を直接扱うための方法論の開発とプロ
グラム開発を行った。この結果、従来の部分
電荷演算子では収束が難しかった不安定な
分子を含む系などがきちんと収束するよう
になるとともに、結果も実験と良く一致する
ようになった。さらに、多価イオンを含む系
をより安定に扱えるよう、連続な電荷分布を
含む全系をエワルド法で周期的に扱えるよ
うにした。またグリッドを導入することで計
算コストを抑える工夫を行った。これらの結
果、多価イオンを含むリン酸加水分解反応を
非常に安定に取り扱えるようになった。	
 

	
 
(6)	
 [QM/MM および 3D-RISM 法を用いた同符号
イオン実効引力相互作用の解析]	
 
これまでに開発した QM/MM 自由エネルギー法
の応用として、溶液中の同符号分子イオン間
に働く実効相互作用の解析を行った。気相中
の同符号イオンペアは一般に反発的な相互
作用を持つ。一方、溶液中やタンパク質中で
は周囲の分子の静電相互作用によって、同符
号イオン間に実効的な引力相互作用が働く
ことがある。特に、タンパク複合体の接合面
などにある荷電したアルギニン側鎖の間に
このような同符号イオン間の実効引力が働
いていることが最近のデータベース解析か
ら示唆されており、複合体の構造安定化に寄
与していると考えられている。ここではその
性質を調べるため、アルギニン側鎖を含む
様々な分子イオンペアについて、水中の会合
自由エネルギープロファイルを QM/MM 法で計

算した。また、結果を 3D-RISM-SCF 法や
PCM/SMD 法と比較した。その結果、実際に Gdm
イオン（アルギニンのヘッドグループ）が水
中で安定なペアを形成しうることや、それが
イオン間の静電反発や電荷分布、水由来の間
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figure shows the results obtained from (i) the direct QM/MM calcu-
lation, (ii) MF-QM/MM calculation based on the point charge
approximation (labeled as ‘‘MF-QM/MM(pc)’’), and (iii) MF-QM/
MM calculation based on the screened charge approximation (la-
beled as ‘‘MF-QM/MM (sc)’’). Figure 1 shows that the MF-QM/
MM (pc) method slightly overestimates the height of the first peak
as compared to the direct QM/MM calculation, while the screened
MF-QM/MM method gives more accurate peak heights. This indi-
cates that charge penetration effects are present even for this neu-
tral molecule and they are appropriately taken into account by the
screened charge model. We also note that the present calculation
somewhat overestimates the height of the first peak as compared
to experiment (2.8 for O-OW RDF and 1.2 for O-HW RDF [28]). This
is partly because of the present use of HF method for the QM mol-

ecule, which tends to overpolarize the QM wave function, and
partly because of the use of TIP3P model for water molecules
(see Section 5).

Penetration effects become stronger for negatively charged
ions. Figure 2 displays the RDF obtained for the chloride ion (Cl!)
in water. As seen, there is a clear discrepancy between the direct
QM/MM and MF-QM/MM(pc) results, while the discrepancy is al-
most eliminated in the screened MF-QM/MM calculation. To obtain
more insight, we depict in Figure 2(c) the ESP generated by the
chloride ion. This figure shows that the ESP calculated with a point
charge (labeled as ‘‘pc’’) deviates considerably from the ab initio
ESP (labeled as ‘‘QM’’) at short distances (r < 2:4 Å). Note that
the latter distance is within 1.4 times the vdW radius of the chlo-
ride atom (which equals 2.5 Å, see Table 1), and that the standard
ESP fitting protocol [27] spans the ESP grid for r P 2:5 Å. Since the
first peak of Cl-HW RDF appears at r " 2:4 Å, it is affected by the
insufficient accuracy of the (raw) ESP charge operator at short
range. On the other hand, the screened ESP function uðxÞ in Eq.
(20) (labeled as ‘‘sc’’) almost coincides with the ab initio ESP in
the entire region, and as a result the obtained RDF is in much better
agreement with the direct QM/MM calculation.

The discrepancy between the direct andMF-QM/MM(pc) results
becomes more significant for different anions. Figure 3 displays the
RDF obtained for a hydroxide ion (OH!) in water. A previous study
suggests that the point charge approximation is not sufficiently
accurate for modeling the hydroxide ion in water [29]. Indeed,
Figure 3 reveals that the discrepancy between the direct and MF-
QM/MM(pc) results is substantial. Nevertheless, we see that the
discrepancy is almost eliminated by the screened charge model,
which demonstrates the importance of charge penetration effects
for the hydroxide ion. Figure 4 illustrates the ESP contour map of
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Figure 2. RDFs of solvent water molecules around the chloride ion (Cl!) obtained
from QM/MM calculations. Panel (c) depicts the electrostatic potential (ESP) of the
chloride ion calculated with several different methods (see the main text). The
vertical line in panel (c) indicates 1.4 times the vdW radius of the chloride atom (see
Table 1).
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Figure 3. RDFs of solvent water molecules around a hydroxide ion (OH!).
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QM level is chosen as the MP2/6-31+G(d,p) level, which is
sufficiently accurate compared to the CCSD(T) result (see the
Supporting Information). As expected, the density-based
calculation exhibited no divergence problem, providing a
well-defined PMF. The SC model also converged successfully
and provided the PMF similar to the density-based result
(Figure 7). On the other hand, the PC model exhibited a
divergence problem and failed to obtain the corresponding
PMF. These results confirm that explicit inclusion of charge
penetration effects is crucial for describing the reaction in eq 51.
The barrier height thus obtained from the density-based
calculation is ΔA‡ = 50.9 kcal/mol, and the reaction free energy
(as estimated from the right edge of the PMF profile) is ΔAr =
48.3 kcal/mol. We can compare these values with experiment
by adding solute thermal correction, ΔAslt, which was again
estimated using the separable rotation/vibration approximation
at the BHHLYP/6-31+G(d,p)/COSMO level.80 The resulting
estimate of activation free energy is ΔG‡ = 50.9 − 5.4 = 45.5
kcal/mol, and the reaction free energy is ΔGr = 48.3−13.0 =
35.3 kcal/mol. The experimental reaction free energy is known
to be 37 ± 3 kcal/mol (ref 79), which agrees well with the

calculated result (35.3 kcal/mol). The experimental activation
free energy for the hydrolysis of methyl monophosphate
dianion (MMP2−) is known to be ΔG‡ = 44 kcal/mol (ref 81),
which compares favorably with the present MF-QM/MM result
(45.5 kcal/mol). However, the latter comparison should be
regarded as qualitative, because the mechanism of the
hydrolysis reaction of MMP2− has not been elucidated
experimentally. A previous theoretical study using the
COSMO solvation model82 indicates that the hydrolysis of
MMP2− proceeds via the associative mechanism rather than the
dissociative one. On the other hand, a recent study at the QM/
MM level suggests that the free energy surface is rather flat
around the transition state and consequently the two
mechanisms are virtually indistinguishable.83 If the latter is
the case, the relatively good agreement of ΔG‡ between the
present and experimental results may be reasonable.
Figure 8 displays the SDF of water molecules around the

solute molecule. The corresponding RDFs are shown in the
Supporting Information. In the reactant state, the solute has a
net charge of −2e and is strongly solvated by water molecules.
As the reaction proceeds, the solute molecule separates into the
methoxide (CH3O

−) and metaphosphate (PO3
−) ions. Since the

net charge of the reactant is greater than that of product ions,
the solvation of the former is stronger than the latter, which is
reflected in the greater excess population of solvent in the
reactant state. In the product state, the excess distribution of
water is much more evident around the methoxide ion than the
metaphosphate ion. This is because the net charge of the
methoxide ion is essentially localized on the terminal oxygen
atom, while the charge of the metaphosphate ion is delocalized
over three oxygen atoms. Regarding the comparison between
different charge models, we see that the SC model slightly
underestimates the solvation as compared to the density-based
model, although their difference is rather small.

IV.D. Hydroxide Attack on Phosphate Diester Mono-
anion. Finally, we consider the hydrolysis of phosphate diester
monoanions by the attack of a hydroxide ion in water,

Figure 7. PMF profile of the phosphoryl dissociation reaction
CH3OPO3

2− → CH3O
− + PO3

− in aqueous solution obtained from
the mean-field QM/MM calculation. The PMF for the MF-QM/
MM(pc) calculation is not available because of the divergent behavior
of ESP derived charges in the PC model. The QM calculation is
performed at the MP2/6-31+G(d,p) level.

Figure 8. SDFs of water hydrogen around the solute molecule of the phosphoryl dissociation reaction in aqueous solution. The isosurfaces are
plotted for the number density of 0.50 Å−3, which is equivalent to 7.7 times the average number density of water hydrogen. “dens” and “sc” indicate
the results obtained from the MF-QM/MM(dens) and MF-QM/MM(sc) calculations, respectively.
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between Interionic Interactions and Ionic Solvation Effect
Taichi Inagaki,† Shinji Aono,‡ Hiroshi Nakano,§ and Takeshi Yamamoto*,†

†Department of Chemistry, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan
‡Fukui Institute for Fundamental Chemistry, Kyoto University, Kyoto 606-8103, Japan
§Department of Molecular Engineering, Graduate School of Engineering, Kyoto University, Kyoto 615-8510, Japan

*S Supporting Information

ABSTRACT: Despite strong electrostatic repulsion, like-
charged ions in aqueous solution can effectively attract each
other via ion−water interactions. In this paper we investigate
such an effective interaction of like-charged ions in water by
using the 3D-RISM-SCF method (i.e., electronic structure
theory combined with three-dimensional integral equation
theory for molecular solvents). Free energy profiles are
calculated at the CCSD(T) level for a series of molecular
ions including guanidinium (Gdm+), alkyl-substituted ammo-
nium, and aromatic amine cations. Polarizable continuum
model (PCM) and mean-field QM/MM free energy calculations are also performed for comparison. The results show that the
stability of like-charged ion pairs in aqueous solution is determined by a very subtle balance between interionic interactions
(including dispersion and π-stacking interactions) and ionic solvation/hydrophobic effects and that the Gdm+ ion has a rather
favorable character for like-charge association among all the cations studied. Furthermore, we investigate the like-charge pairing
in Arg-Ala-Arg and Lys-Ala-Lys tripeptides in water and show that the Arg-Arg pair has a contact free-energy minimum of about
−6 kcal/mol. This result indicates that arginine pairing observed on protein surfaces and interfaces is stabilized considerably by
solvation effects.

1. INTRODUCTION
Electrostatic interactions between charged species play
important roles in many chemical and biological processes. In
the gas phase, like-charged ions repel each other, while
oppositely charged ions attract each other. In aqueous solution,
the strength of these interactions is weakened significantly by
the dielectric shielding of solvent, and more importantly, they
can be qualitatively different from what is expected in the gas
phase. For example, it is known1 that fluoride ions in aqueous
solution tend to form contact ion pairs despite their
electrostatic repulsion. The effective attraction between fluoride
ions has been attributed to the favorable interaction energy
between the ion pair and water molecules that compensates for
the ion−ion repulsion energy. Another example of like-charge
attraction is that between macroions in solution, which is
considered to arise from the accumulation of multivalent
counterions at the macroion’s surface.2−5

Like-charge attraction has also received considerable
attention regarding the pair formation of positively charged
arginine (Arg) residues in proteins. The ionic groups in
proteins mainly form positive−negative pairs, about 40% of
which involve guanidinium−carboxylate salt bridges. On the
other hand, several statistical surveys of the PDB database6−11

demonstrated that a rather large number of protein structures
contain like-charged Arg-Arg pairs in close contact. An
interesting observation here is that most of the Arg-Arg pairs

are found in the vicinity of protein surfaces, suggesting that
solvation contributes significantly to the Arg-Arg pairing. A
recent analysis of 70 000 protein structures and complexes also
revealed that clusters of four to eight arginine residues
(organized as rings, stacks, or strings of stacked arginines)
exist at the interfaces of oligomeric proteins.12 These results
suggest that the unusual Arg-Arg pairs on protein surfaces may
be among the factors responsible for protein−protein
interactions.
A number of theoretical7,13−22 and experimental23−27 studies

have been performed to obtain a deeper understanding of like-
charge attraction in water with particular focus on the Arg-Arg
pairing. In many of these studies the guanidinium (Gdm+)
cation has been used as a simple model of charged arginine
residues. Boudon et al.13 showed via Monte Carlo calculations
that the Gdm+ ions exhibit an attractive behavior in water with
a deep and broad free energy minimum of 9.5 kcal/mol. Similar
conclusions were obtained by No et al.14 and Sortens et al.,7

although the well depth of the free energy minimum ranged
from ∼3 to 10 kcal/mol depending on the water models used.
The free energy profile for the pairing of charged arginine side
chains was also obtained from classical molecular dynamics
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接的な引力相互作用の微妙なバランスの上
に成り立っていることが分かった（例えば、
アンモニウムイオンは水中でペアを生成出
来ないなど）。またアミノ酸側鎖のモデルと
して水中のトリペプチドを調べた。その結果、
荷電した Lys-Ala-Lys は反発的な実効相互作
用を示し、開いた構造を取るのに比べ、
Arg-Ala-Arg は実効的な引力相互作用を示し、	
 
閉じた構造を取ることが分かった。この際の
安定化エネルギーは約 6	
 kcal であり、熱エ
ネルギーと比べてもかなり大きい。このこと
は、タンパク複合体の接合面で部分的に水に
露出したアルギニンペアが安定なペアを形
成し、複合体の構造安定化に寄与していると
いう実験的な推測を支持している。	
 
	
 
(7)	
 [ユビキノールとビタミン E の抗酸化反
応におけるトンネリング効果の役割の研究]	
 
生体膜では様々な抗酸化物質が酸素ラジカ
ルなどによる酸化ダメージを防ぐために働
いている。特にビタミン Eとユビキノールは
脂溶性の抗酸化物質のうちで最も重要なも
のであり、過酸化ラジカルの捕捉やビタミン
E ラジカルの再生反応で協同的に働いている。
この研究では、後者のビタミン Eラジカルの
ユビキノールによる再生反応を理論的に調
べ、量子力学的なトンネリング効果が致命的
に重要な役割を担っていることを示した。具
体的には、水素のトンネリング効果によって
反応が 4000 倍以上も加速されていることや、
プロトン共役電子移動と呼ばれるメカニズ
ムを持つために反応のポテンシャルバリア
が非常に薄くなっていること（よってトンネ
ルングが起こりやすくなっていること）など
を示した。また、これまで理論的に研究され
てきた一連の抗酸化反応のデータを系統的
に解析し、反応熱がゼロに近い抗酸化反応で
は一般に非常にトンネリング効果が大きい
傾向があることを示した。これは生体膜中の
脂質ラジカルの修復でも量子力学的なトン
ネリングが重要な役割を担っていることを
示唆している。	
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ABSTRACT: In biomembranes a variety of antioxidants work to suppress
oxidative damage. Vitamin E and ubiquinol are among the most important
lipid-soluble antioxidants, which trap lipid peroxyl radicals directly or work
cooperatively in the regeneration of vitamin E radicals by ubiquinol. Here,
we investigate the latter regeneration reaction by using variational
transition-state theory with multidimensional tunneling corrections. The
result shows that the system forms a compact H-bonded complex by
significantly rearranging the donor and acceptor moieties, which leads to a
rather narrow potential barrier for H transfer and a very large tunneling
effect with a transmission coefficient >4000. In accord with experiment, the
Arrhenius activation energy is found to be very small (∼1 kcal/mol), which
is interpreted here in terms of mean tunneling energy through the barrier.
Regarding the electronic structure, we demonstrate that the present
reaction proceeds via a proton-coupled electron transfer (PCET) mechanism and suggest that the PCET character also
contributes to the large tunneling effect by sharpening the potential barrier. Finally, a systematic comparison is made among
relevant reactions and it is indicated that the antioxidant defense of biomembranes may benefit rather significantly from quantum
tunneling to enhance the reaction efficiency.

1. INTRODUCTION
Living organisms are exposed to severe oxidative stress due to
free radicals, which may cause damages in biomembranes and
DNA and eventually lead to various diseases.1−4 Living systems
are thus equipped with a variety of antioxidant mechanisms,5

particularly against lipid peroxidation (namely, the oxidative
degradation of biomembranes).6,7 Once a lipid radical (L·) has
been generated by heat, light, metals, or other radicals, lipid
peroxidation proceeds as follows:

· + → ·L O LOO2 (1)

· + → + ·LOO LH LOOH L (2)

where the lipid radical L· reacts extremely rapidly with oxygen
to form a lipid peroxyl radical LOO·, which in turn attacks
another lipid molecule (LH) to produce lipid peroxide
(LOOH) and a new radical L·. The rates of reactions 1 and
2 are typically on the order of 109 and 101 M−1 s−1, respectively,
i.e., reaction 2 is much slower than reaction 1.7 The above chain
reactions transform a number of lipid molecules to lipid
peroxide, causing degradation of lipid membranes.
The above reaction terminates when the chain-propagating

LOO· radicals are trapped (or scavenged) by antioxidants such
as vitamins, ubiquinol, flavonoids, and so on. Among others,
vitamin E is known to be the most important lipid-soluble
antioxidant, with α-tocopherol being the most abundant and
active form in humans (see Figure 1).8−12 Vitamin E
(tocopherol, TocH) stops the chain reaction by reducing the
lipid peroxyl radical as follows:

+ · → · +TocH LOO Toc LOOH (3)

where Toc· is a tocopheroxyl radical. It should be noted that
because TocH is a phenolic compound, the Toc· radical is
relatively stable because of the resonance effect. However, it
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Figure 1. Chemical structure of (a) ubiquinol and (b) vitamin E
(tocopheroxyl) radical. This paper addresses the case R1 = R2 =
isopropyl group (i.e., 5,7-diisopropyl-tocopheroxyl radical) rather than
R1 = R2 = methyl group (i.e., α-tocopheroxyl radical) to make
quantitative comparison with experiment (refs 37 and 38). The
isoprenoid chain of ubiquinol and the phytil chain of tocopherol are
replaced by methyl groups for computational efficiency.
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