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Abstract: Allylation of aromatic aldehydes 1a-m with allyl- and crotyl-trichlorosilanes 2-4, 
catalyzed by the chiral N-oxide Quinox (9), has been found to exhibit a significant dependence 
on the electronics of the aldehyde, with p-(trifluomethyl)benzaldehyde 1g and its p-methoxy 
counterpart 1h affording the corresponding homoallylic alcohols 6g,h of 96 and 16% ee, 
respectively, at -40 oC. The kinetic and computational data indicate that the reaction is likely to 
proceed via an associative pathway involving neutral, octahedral silicon complex 12 with only 
one molecule of the catalyst involved in the rate- and selectivity-determining step. The 
crotylation with (E) and (Z)-crotyltrichlorosilanes 3 and 4 is highly diastereoselective, 
suggesting the chair-like transition state 5, which is supported by computational data. High-level 
quantum chemical calculations further suggest that attractive aromatic interactions between the 
catalyst 9 and the aldehyde 1 play an important role in the enantiodifferentiation and that the 
dramatic drop in enantioselectivity, observed with the electron-rich aldehyde 1h, originates from 
narrowing the energy gap between the (R)- and (S)-reaction channels in the associative 
mechanism (12). Overall, a good agreement between the theoretically predicted 
enantioselectivities for 1a and 1h and the experimental data allowed to understand the specific 
aspects of the reaction mechanism. 
 
 
Introduction 
 

Allyltrialkylsilanes1 and stannanes1,2 react readily at low temperature with aldehydes 
upon activation of the carbonyl group by a Lewis acid.1-3 By contrast, allyltrichlorosilane (2) and 
related reagents require activation with a Lewis base that coordinates to the silicon (Scheme 
1).1,4-7 Provided the Lewis base dissociates from the silicon at a sufficient rate, it can act as a 
catalyst (rather than a stoichiometric reagent). Typical Lewis bases that promote the allylation 
reaction are the common dipolar aprotic solvents, such as DMF,4,8 DMSO,4,5 and HMPA,5,9 and 
other substances possessing a strongly Lewis basic oxygen, such as formamides,4,10,11 urea 
derivatives,12 catecholates,6a and their chiral modifications;1 the allylation with 
allyltrifluorosilane can also be promoted by fluoride.6a,c,e Analogous allyl boranes and boronates 
are more reactive than their Si and Sn counterparts and do not require an activator.13 Similarly, 
the chelates, generated from allyltrichlorosilane and a stoichiometric amount of an amino 
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 2

alcohol, such as pseudoephedrine, do not require further activation and have been shown to 
produce the corresponding homoallylic alcohols 6 with high enantioselectivity.14  
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Scheme 1. Allylation of aldehydes 1 with allyl and crotyl trichlorosilanes 2-4.a

aFor a-m, see Table 1.  
 

Asymmetric allylation of aldehydes 1 with allyl- and crotyltrichlorosilanes 2-4, catalyzed 
by chiral Lewis bases (Scheme 1), in particular phosphoramides 10 and 11,5,16,17 bipyridine N,N-
bisoxides (e.g., 12),18-20 and terpyridine N,N,N-trisoxides21 (Chart 1) has evolved into an efficient 
method for the synthesis of enantiomerically enriched homoallylic alcohols 6-8 (Scheme 1).1,7 In 
general, the reaction displays an excellent diastereocontrol in the case of trans- and cis-
crotylsilanes (3/4), suggesting the cyclic transition state (TS) 5. In a detailed investigation into 
the mechanism of allylation catalyzed by chiral phosphoramides, Denmark has found that the 
reaction follows a first order kinetics in both silane and aldehyde and a second order in the 
monodentate phosphoramide promoter (10).16a,22,23 Hence, not surprisingly, bidentate Lewis 
bases, such as bisphosphoramides (11)16a,22 and bipyridine N,N’-dioxides (12),18,19 proved to be 
superior in reactivity and selectivity compared to monodentate catalysts.7  

In parallel, we have introduced a family of chiral pyridine N-monooxides, such as 9 and 
13, acting as remarkably efficient monodentate catalysts in the allylation reaction (Scheme 1) 
with up to 98% ee.24,25 In a preliminary communication,25 we have demonstrated that, in spite of 
the structural similarity across the whole series, Quinox (9) displayed an unusual reactivity 
pattern, for which a mechanistic rationale is presented herein.  
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Results and Discussion 
 

In the past few years, we have developed a series of chiral pyridine N-oxide 
organocatalysts for the enantioselective allylation of aromatic aldehydes 1 with 
allyltrichlorosilane 2-4 (Scheme 1). Thus, for instance, the terpene-derived Methox (13) and its 
congeners have been shown by us to work generally very well and to tolerate a wide range of 
electron-poor and electron-rich benzaldehydes, exhibiting little dependence of the reaction rate 
and enantioselectivity on the nature of the Ar group in 1 (96 and 93% ee for  4-MeOC6H4CHO 
and 4-CF3C6H4CHO, respectively, with 13 as catalyst).24d However, in contrast to most of the 
catalysts reported to date, Quinox (9), another member of the N-oxide family, exhibited a 
significant preference towards electron-poor aldehydes (96% ee with 4-CF3C6H4CHO), whereas 
electron-rich substrates reacted much slower and were characterized by dramatically lower 
selectivities (16% ee for 4-MeOC6H4CHO!).25 This intriguing behavior suggests that two 
fundamentally different mechanisms operate in these reactions as a function of the catalyst 
structure, which prompted us to embark on a detailed mechanistic study. 
 

Synthesis of Quinox (9) and its Methyl Analogue (19). The synthesis of Quinox 9, 
briefly described in our preliminary communication (Scheme 2),25,26 was inspired by the initial 
steps toward QUINAP.27 Thus, the Suzuki-Miyaura coupling of 1-chloro-isoquinoline (14)27b 
with boronic acid 15,27b,28 carried out in refluxing DME in the presence of Cs2CO3 and (Ph3P)4Pd 
(3 mol%) overnight, afforded the biaryl derivative 1727 (95%), whose treatment with m-
chloroperoxybenzoic acid provided the racemic N-oxide (±)-9 (99%). The latter racemate was 
resolved by co-crystallization with (S)-(–)-2,2’-dihydroxy-1,1’-binaphthyl (BINOL),29 which 
gave the crystalline material containing (S)-(–)-BINOL and (+)-9 in a 1:1 ratio, while (–)-9 
remained in the solution. This co-crystallization, followed by a chromatographic separation of 
(+)-9 from (S)-BINOL, furnished pure (+)-9 of 98% ee (as revealed by chiral HPLC) in 89% 
isolated yield.26 The absolute configuration of 9 was found to be (R)-(+)-9 by crystallographic 
analysis of the molecular crystal of (S)-(–)-BINOL•(+)-9 (Figure 1, A).25  
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To asses the electronic role of the methoxy group in Quinox (9), we have now 
synthesized its methyl analogue 19 (Scheme 2). The synthesis was carried out in the same way 
as that of Quinox: the Suzuki-Miyaura coupling of 1-chloroisoquinoline (14)27b with boronic 
acid 16, prepared from 1-bromo-2-methyl naphthalene by lithiation with n-BuLi in THF, 
followed by a reaction with (MeO)3B and subsequent hydrolysis of the intermediate boronate 
ester with HCl.25,27b,30 The coupling itself was carried out by refluxing a mixture of 14 and 16 in 
DME with aqueous K2CO3 and (Ph3P)4Pd as catalyst (3 mol%) for 48 h to afford 18 (71%). 
Oxidation of the latter derivative with MCPBA gave rise to the racemic N-oxide 19 (81%), 
which was resolved by co-crystallization with (R)-(+)-BINOL from CH2Cl2.29 The crystals 
contained the molecular compound (R)-BINOL•(R)-19, as revealed by single crystal X-ray 
analysis (Figure 1, B). Flash chromatography of the latter material gave (R)-(-)-19 (33%; 
≥99.5% ee) and the recovered (R)-(+)-BINOL. The mother liquor provided the enantiomerically 
enriched (S)-19, which was purified by co-crystallization with (S)-(-)-BINOL to produce 
(S)-(+)-19 (19%; ≥99.8% ee). 
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   A      B 
 
Figure 1. A: Disposition of the molecules in the crystal containing (R)-(+)-9 (right) and 
(S)-(-)-BINOL (left) as shown by X-ray crystallography. B: Molecules in the crystal of (R)-(-)-
19 (right) with (R)-(+)-BINOL (left). Both diagrams illustrate the N–O....H–O hydrogen 
bonding.   
 

Allylation of Aldehydes 1a-m Catalyzed by Quinox (9). Addition of allyltrichlorosilane (2) 
to benzaldehyde (1a) (Scheme 1), carried out in the presence of (R)-(+)-9 (5 mol%) at -40 oC for 
12 h, produced (R)-(+)-6a of 87% ee (Table 1, entry 1). Lowering the catalyst load to 1 mol% 
slowed the reaction but had no effect on the enantioselectivity (entry 2).  

 
Table 1. The allylation of aldehydes 1a-m with allylsilane 2, catalyzed by 9 and 19 (Scheme 1).a

entry catalyst aldehyde Ar solvent time (h) t (°C) yield (%)b ee (%)c,d

1 (R)-(+)-9 1a Ph CH2Cl2 12 -40 68 87 (R) 
2 (R)-(+)-9 1a Ph  CH2Cl2

e 12 -40 55 87 (R)  
3 (R)-(+)-9 1a Ph CH2Cl2 12 -20 76 84 (R) 
4 (R)-(+)-9 1a Ph CH2Cl2   2  18 40 65 (R) 
5 (R)-(+)-9 1a Ph MeCN 12 -40 60 72 (R) 
6 (R)-(+)-9 1a Ph CHCl3     0.5 -40 79 63 (R) 
7 (R)-(+)-9 1a Ph Toluene 12 -40 <5 61 (R) 
8 (R)-(+)-9 1b 4-NO2-C6H4 CH2Cl2   2 -40 73 89 (R) 
9 (R)-(+)-9 1c 4-Cl-C6H4 CH2Cl2   2 -40 65 93 (R) 

10 (R)-(+)-9 1d 2-Cl-C6H4 CH2Cl2   2 -40 72 91 (R) 
11 (R)-(+)-9 1e 3-Cl-C6H4 CH2Cl2   2 -40 49 95 (R) 
12 (R)-(+)-9 1f 4-F-C6H4 CH2Cl2   2 -40 79 91 (R) 
13 (R)-(+)-9 1g 4-CF3-C6H4 CH2Cl2   2 -40 85 96 (R) 
14 (R)-(+)-9 1g 4-CF3-C6H4 CH2Cl2   2 -20 88 91 (R) 
15 (R)-(+)-9 1g 4-CF3-C6H4 CH2Cl2   2 0 65 89 (R) 
16 (S)-(–)-9 1h 4-MeO-C6H4 CH2Cl2 18 -40 70 16 (S)f

17 (S)-(–)-9 1h 4-MeO-C6H4 CH2Cl2 18 -20 45 72 (S)f

18 (S)-(–)-9 1h 4-MeO-C6H4 CH2Cl2 18 0 10 45 (S)f

19 (R)-(+)-9 1i 2-MeO-C6H4 CH2Cl2 12 -40 73 37 (R) 
20 (R)-(+)-9 1j 3-MeO-C6H4 CH2Cl2 12 -40 40 80 (R) 
21 (R)-(+)-9 1k 3,5-Me2-C6H3 CH2Cl2 16 -40 68 81 (R) 
22 (R)-(+)-9 1l PhCH=CH CH2Cl2 12 -40 86 51 (R) 
23 (R)-(+)-9 1m PhCH=C(Me) CH2Cl2 12 -40 71 55 (R) 
24 (R)-(–)-19g 1a Ph CH2Cl2 12 -40 19 64 (S) 
25 (R)-(–)-19g 1g 4-CF3-C6H4 CH2Cl2 12 -40 26 71 (S) 
26 (R)-(–)-19g 1h 4-MeO-C6H4 CH2Cl2 12 -40  7 7 (S) 

aThe reaction was carried out at 0.4 mmol scale with 1.1 equiv of 2, in the presence of 9 (5 mol%, ≥98% 
ee) or 19 (5 mol%, ≥99% ee) as catalyst, and (i-Pr)2NEt (1 equiv) as base, unless stated otherwise. 
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 6

bIsolated yield. cDetermined by chiral HPLC or GC. dThe configuration of the products 6 was established 
by the comparison of their optical rotations (measured in CHCl3) and their GC and HPLC retention times 
with the literature data and with the behavior of authentic samples (ref. 24,25). eWith 1 mol% of the 
catalyst. fNote that this experiment was carried out with (S)-(-)-9. gNote that due to the change of 
substituent preferences in the CIP nomenclature, (R)-19 actually corresponds to (S)-9.  

 
The solvent effect was investigated briefly. In MeCN, the reaction was slower and rather 

less enantioselective than that in CH2Cl2 (compare entries 1 and 5). Further decrease of 
enantioselectivity was observed for CHCl3 (63% ee, entry 6) but the reaction proved to be much 
faster (30 min at -40 oC). On the other hand, in toluene, the reaction became very sluggish (entry 
7), although moderate asymmetric induction (61% ee) was still observed. 

Introduction of electron-withdrawing substituents into the aromatic ring of the aldehyde 
resulted in a notable increase in both reactivity and enantioselectivity. Thus, 
p-nitrobenzaldehyde 1b afforded the corresponding product in better yield and with slightly 
higher ee than benzaldehyde (compare entries 1 and 8); the halo derivatives 1c-f gave >90% ee 
(entries 9-12). The highest conversion and enantioselectivity (96% ee) was attained with the 
p-trifluoromethyl derivative 1g (entry 13). 

By contrast, the electron-rich p-methoxybenzaldehyde (1h) afforded an almost racemic 
product (entry 16) and its o-isomer 1i also showed low selectivity (entry 19); deceleration was 
observed in both cases. On the other hand, m-methoxybenzaldehyde 1j (entry 20), where the 
methoxy group serves as a weak acceptor, again showed a good level of selectivity (80% ee), 
although the reaction was still quite slow. 3,5-Dimethylbenzaldehyde 1k exhibited good 
reactivity and enantioslelectivity (entry 21), while cinnamyl derivatives 1l and 1m produced 
modest results (entries 22 and 23).  

Investigation of the effects of temperature on the enantioselectivity of allylation 
catalyzed by Quinox (9) revealed that benzaldehyde 1a and its electron poor p-trifluoromethyl 
derivative 1g behaved in an ordinary fashion, showing a slight erosion of the ee at increased 
temperatures (entries 1, 3, and 4 for 1a and 13-15 for 1g). At the same time, the electron-rich 
p-methoxybenzaldehyde 1h exhibited a significant temperature dependence (entries 16-18), 
known as isoinversion effect,31 where the highest value of 72% ee was achieved at -20 oC. 
Furthermore, the increase in temperature had a significant deceleration effect in the case of 1h 
(entries 16-18), reflected in a decreased yield (and an increased amount of the unreacted 
aldehyde recovered).  
 

Allylation Catalyzed by Methyl--Quinox (19). The reactivity of the N-oxide 19, a methyl 
analogue of Quinox, was explored with the aid of three representative aldehydes 1a,g,h (Table 1, 
entries 24-26). Compared to Quinox, the reactions turned out to be much slower and the 
enantioselectivities lower. Nevertheless, the same trend was observed, i.e., the electron-poor 1g 
was the most reactive of the series, while the worst results were obtained with the electron-rich 
aldehyde 1h. This behavior clearly shows that the methoxy group in Quinox (9) not only serves 
as steric element preventing the rotation about the chiral axis but also must play an additional, 
presumably electronic, role. 
 

Crotylation Catalyzed by Quinox (9). The crotylation reaction was found by us to be 
highly diastereoselective,25 which is consistent with the cyclic chair-like transition state 5. 
Previously, we reported that addition of crotyltrichlorosilane 3 (trans/cis ratio 87:13) to 
benzaldehyde (1a), catalyzed by Quinox (9), produced a ~70:30 mixture of 7a and 8a, 
suggesting a partial loss of diastereoselectivity.25 We have now repeated these experiments with 
the isomerically pure 3 (trans/cis ≥98:2)32 and 4 (trans/cis ≤2:98)32 and found that the reaction, 
in fact, was highly diastereoselective for both 1a and 1g (Table 2, entries 1, 2, 4, and 5);16b,33 
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 7

only with the electron-rich 1h (entries 3 and 6) it was less stereo-convergent. Significantly, cis-
crotylsilane 4 exhibited higher rate of allylation compared to the trans isomer 3, which 
represents a reversal of the trend commonly observed with other N-oxide catalysts,24 in 
particular Methox.24d Based on these results, the seeming loss of diastereocontrol, reported by us 
previously for 3 with the 87:13 trans/cis ratio,25 can now be attributed to a higher reactivity of 
the minor cis isomer 4, thus showing kinetic preference of Quinox (9) towards cis-crotylsilane 
(in the excess of the geometrically impure reagent). Erosion of diastereoselectivity in the case of 
1h was accompanied by low enantioselectivities (entries 3 and 6). Furthermore, the absolute 
configuration at C(1) of the minor product proved to be opposite to that of the major 
diastereoisomer (entries 3 and 6), demonstrating an inversion of the facial attack at the C=O 
bond from si to re, which may originate from participation of a twisted boat-like transition 
structure.34  

 
Table 2. The allylation of aldehydes 1a,g,h with allylsilanes 3 (E/Z ≥ 98:2) and 4 (E/Z ≤ 2:98) 
catalyzed by (S)-(–)-9 (Scheme 1).a

entry aldehyde Ar silane yield 
 %b

7 : 8 
(anti : syn) 

%ee (configuration)c,d

anti,  syn 
1 1g 4-CF3-C6H4 3 75   96  :  4 92 (1S,2S),  90 (1S,2R) 
2 1a Ph 3 65   95  :  5 66 (1S,2S),  77 (1S,2R) 
3 1h 4-MeO-C6H4 3 40   83  :  17 25 (1S,2S),  12 (1R,2S) 
4 1g 4-CF3-C6H4 4 85     1  :  99              nd,  94 (1S,2R) 
5 1a Ph 4 78     1  :  99 69 (1S,2S),  79 (1S,2R) 
6 1h 4-MeO-C6H4 4 50     4  :  96 40 (1R,2R),  60 (1S,2R) 

aThe reaction was carried out at 0.4 mmol scale with 1.1 equiv of 3/4, in the presence of (S)-(−)-9 (5 
mol%, 98% ee) as catalyst and (i-Pr)2NEt (1 equiv) as base in CH2Cl2 at -40 oC for 24 h. bIsolated yield. 
cDetermined by chiral GC. dThe absolute configuration of 7/8 was determined by comparison of their 
optical rotations (measured in CHCl3) and their GC retention times with the literature data (ref. 16b,33) 
and with the behavior of authentic samples.  
 

A probe into the possible non-linear effect in the allylation of 1a with 2, catalyzed by 
(R)-(+)-9 of 29%, 50%, and 75% ee, respectively, has demonstrated a fully linear relationship 
between the enantiopurity of the catalyst and the product. In these experiments, the resulting 
alcohol 6a was of 27%, 45%, and 71% ee, respectively. 
 

Kinetic Experiments. To shed light on the mechanism, a series of kinetic experiments 
were carried out. The order in each component was determined by using the method of initial 
rates. A sampling technique was employed, in which the aliquots taken at certain intervals were 
analyzed by GC to monitor the product formation. Although the high sensitivity of the reaction 
to traces of moisture complicated the data collection, acceptable reproducibility was achieved up 
to the 20% conversion. The reaction followed first-order kinetics in aldehyde (1.12 for 1g), 
whereas the order in silane exhibited an unusual behavior, irrespective of the nature of the 
aldehyde. The lg/lg plot of the initial rates (vo) vs the [silane]/[catalyst] ratio (Figure 2) consists 
of two distinct areas. At the silane/catalyst ratio up to 15:1 (lg value 1.18), the order in silane is 
unity (1.02 for both 1g and 1h), whereas above that point the reaction slows down and the order 
in silane turns negative. At low silane-to-catalyst ratios, the kinetic data obtained for aldehyde 1g 
and silane 2 mirror those reported by Denmark for phosphoramides.16a,22 However, the order in 
Quinox (9), determined at 10-25 mol% loadings (with 1 equiv of 1g and 1.5 equiv of 2), was 
found close to unity (0.82), which contrast with the second order observed for monodentate 
phosphoramides. Taking into account the reversible nature of coordination of Quinox (9) to 
silane 2 and absence of a non-linear effect (in the case of 9), combined with the observations that 
enantioselectivity is not affected by catalyst loading in the range of 1-10 mol%,6 it appears very 
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likely that only one molecule of the catalyst is involved in the rate and selectivity determining 
step.  

y = 1.02x - 3.82
R2 = 0.99

y = 1.02x - 3.92
R2 = 0.97

-3.5

-3.3

-3.1

-2.9

-2.7

-2.5

-2.3

0.4 0.9 1.4 1.9
lg{[silane]/[quinox]}

lg
(v

o)

1g

1h

 
Figure 2. Reaction order in 2.  
 

The rate limiting step (RLS) was elucidated by using Hammett correlation. The plot in 
Figure 3 shows that electron-withdrawing substituents accelerated the reaction (ρ = 1.18), 
consistent with the rate determining C-C bond formation rather than pre-equilibration.35 This ρ 
value also suggests that the reaction center in the TS is non-ionic, weakly polar,36 implying that 
Lewis acidity of the silicon in 5 is just sufficient to bind aromatic aldehydes but without 
affecting their electrophilicity. At higher σ values, deviation from linearity was observed,37,38 
indicating a gradual shift in the RLS towards pre-coordination. These data were corroborated by 
the measurement of the secondary isotope effect (SIE), namely by comparing the relative 
reactivities of ArCD=O vs ArCH=O. In the case of 1h, the SIE value of 0.70 indicates a late 
transition state, closely resembling the sp3 hybridized product. The sp2-character in the TS 
gradually increased to 0.81 (for 1a) and further to 0.86 (for 1g), confirming a shift towards pre-
coordination RLS, which is reflected in the first order kinetics in 1g.  

Based on the kinetic data, the following mechanistic scenario can be proposed (Scheme 
3). Allyltrichlorosilane (2) and Quinox (9) reversibly form the reactive complex 10, which is 
deactivated by a large excess of the silane, presumably via binding a second molecule of 2 to 
generate a catalytically inactive complex, such as 11 (vide infra). The negative order in silane 2 
at higher concentrations arises from the need to release the extra silane molecule to return to 10. 
The next reaction step, binding the aldehyde, can proceed via associative (12) or dissociative 
(13) mechanisms.22a Note that the octahedral complex 12 is more crowded than the trigonal 
bipyramidal 13. Therefore, participation of the tightly packed transitions state 12 may lead to 
higher selectivities. The low ρ value, together with the observed higher reaction rates and better 
selectivities attained in non-polar solvents, are consistent with the reaction pathway via the 
neutral, octahedral transition state 12. The observed maximum on the plot of enantioselectivity 
vs reaction temperature in the case of p-methoxybenzaldehyde (the inversion effect) is indicative 
of either a temperature-dependent shift in the RLS (from pre-equilibrium to C-C-bond 
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 9

formation) or competition between different mechanism;31 however at this point the kinetic data 
do not provide a definite answer. 
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Figure 3. Hammett plot for the allylation of 1 with 2 catalyzed by 9.  
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Scheme 3. Allylation of benzaldehyde 1a catalyzed by Quinox (9).

 
 

To obtain further insight into the deactivation of Quinox (9) by a large excess of 
allyltrichlorosilane (2), for which coordination of Si to the MeO group could be suggested (11 in 
Scheme 3), we have investigated the methyl catalyst 19, where the latter interaction cannot exist. 
Indeed, in the allylation of p-trifluomethylbenzaldehyde (1g), increasing the silane/catalyst ratio 
from 10:1 to 50:1 (while the concentration of aldehyde 1g was kept constant) resulted in the 
proportional (~4-fold) increase in the reaction rate; i.e., no catalyst deactivation was taking 
place. However, it is pertinent to note that at the silane/catalyst ratio 10:1, Quinox (9) reacted 
nearly 3.5 times faster than its methyl analogue 19. Hence, the MeO group of Quinox can be 
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 10

regarded as the key feature to attain sufficient reaction rates and high enantioselectivities (with 
the exception of electron-rich aldehydes, such as 1h). 
 

Quantum Chemical Calculations. To get a better insight into the mechanism of the 
allylation catalyzed by Quinox (9), a computational analysis of the reaction coordinate and the 
transition states (TS) was carried out using benzaldehydes 1a and 1h as model substrates.  

Computational Details. All density functional theory (DFT) calculations were carried out 
using the program Turbomole 5.7.39 The Perdew-Burke-Ernzerhof (PBE) functional40 has been 
used throughout. The calculations were expedited by expanding the Coulomb integrals in an 
auxiliary basis set, the resolution-of-identity (RI-J) approximation.41,42 All geometry 
optimizations were carried out using the 6-31G(d) basis set,43 whereas the single point energies 
were recomputed using the TZVP basis set.44 To account for the description of dispersion forces 
(which are not described by the currently used DFT functionals), the empirical dispersion 
parameters were added to both the energy and gradients during geometry optimization and the 
calculations of the single point energies [DFT(+D) method].45,46 Here, default parameters46 were 
used, except for the C6 parameters for Si, where the values for P were used, and Cl, where we 
used the values of Neumann and Perrin.47 This method has been shown to essentially yield the 
data with ~1 kcal.mol-1 acuracy in comparison with the reference CCSD(T) values.46

To account for solvation effects, the conductor-like screening model (COSMO)48,49 was 
employed with the dielectric constant corresponding to acetonitrile (εr = 36.6). Gibbs free energy 
was then calculated as the sum of these contributions (equation 1): 

 
G = Eel(+D) + Gsolv + EZPE – RT ln(qtrans qrot qvib)  (1) 

 
where ∆Eel(+D) is the in vacuo energy of the system [at the RI-PBE(+D)/TZVPP level, with the 
geometry optimized at the RI-PBE(+D)/6-31G(d) level (vide supra)], ∆Gsolv is the solvation free 
energy [at the RI-PBE(+D)/6-31G(d) level] and the EZPE – RT ln(qtrans qrot qvib) term is the zero-
point energy, thermal corrections to the Gibbs free energy, and entropic term (obtained from a 
frequency calculation with the same method and software as for the geometry optimizations at 
the RI-PBE/6-31G(d) level, 298 K and 1 atm pressure, using an ideal-gas approximation50).51  

Transition state (TS) optimizations were performed as follows: first, the TS initial 
geometry was obtained by the restricted geometry optimization on the interpolated reaction 
coordinate, defined by Si(1)-C(2) and C(4)-C(5) distances (Figure 4), which were assumed to 
attain the discrete values between the reactant and product with all the remaining internal 
coordinates optimized. The maximum on this approximate reaction coordinate was then taken as 
the initial guess for the saddle point optimization along the eigenvector corresponding to the 
vibration with the imaginary frequency. Due to the lack of the analytic second derivatives in 
both DFT(+D) and COSMO solvation methods, the approximate method was used to obtain the 
TS’s in solution: (1) in vacuo optimization of transition state according to the above procedure; 
(2) constraining Si(1)-C(2) and C(4)-C(5) distances to the values corresponding to the TS 
acquired in step 1 and optimizing all other degrees of freedom by the DFT(+D)/COSMO 
method. The difference between the DFT(+D)/COSMO energy at the in vacuo TS geometry and 
the relaxed geometry is denoted as the solvent relaxation term and is regarded to represent an 
accurate approximation to the true transition state in solution, calculated with the DFT(+D) 
method.. 

Finally, for benchmarking purposes on the model uncatalyzed reaction, the CCSD(T) 
method was used52 with the aug-cc-pVDZ basis set.53 These calculations were carried out using 
the MOLPRO program.54,55  

Results of Computational Analysis. Approximately twenty structural variants for each of 
the reaction mechanisms using (R)-(+)-9 were examined. The results covering the most stable 
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structures are summarized in Table 3; the structures of the reactant and product complexes and 
transition states for the (R)- and (S)-reaction channels in the associative mechanism are shown in 
Figure 4. According to this analysis, the reaction commences with the formation of a transient 
reactant complex (RC). For the associative mechanism (12), this complex is higher in energy 
than the assembly of the isolated reactants and the catalyst by 23.4/23.8 kcal.mol-1 (Table 3, 
entries 1 and 2) and for the dissociative mechanism (13) by 19.3/19.8 kcal.mol-1 (entries 3 and 
4); note the greater stability of the RC with cationic trigonal bipyramidal structure formed in the 
dissociative pathway. The calculated transition state barriers are ∆G≠

assoc = 23.9 (R) and 25.9 (S) 
kcal.mol-1; and ∆G≠

dissoc = 26.0 (R) and 24.5 (S) kcal.mol-1 for the associative and dissociative 
mechanism, respectively.56 Significantly, a narrow energy gap between the RC and TS in the 
associative mechanism correlates well with the experimentally observed borderline position of 
the RLS between pre-coordination of the substrate aldehyde and C-C bond formation. The 
overall reaction thermodynamics, after the catalyst has dissociated from the product complex 
(PC), is ∆G = -10.3 kcal.mol-1. The associative mechanism predicts the formation of (R)-6a in 
97% ee (at 233.15 K) for an enantiopure catalyst, which is in a good agreement with the 
experimental value of 87% ee (Table 1, entry 1) attained with the catalyst of 98% ee. 
Significantly, the dissociative route favors the formation of the opposite, i.e., (S)-enantiomer.57 
Assuming that both mechanisms operated concurrently, the calculations would predict the 
formation of (R)-6a in 53% ee. 
  

Table 3. The calculated thermochemical data for the reaction of 1a with 2 catalyzed by 
(R)-(+)-Quinox (9).a

entry mechanism product 
configuration 

∆G, 
reactant 
complex 

∆G≠, 
transition 

state 

∆G, 
product 
complex 

1 associative R 23.4 23.9 1.1 
2 associative S 23.8 25.9 1.4 
3 dissociative R 19.3 26.0 1.1 
4 dissociative S 19.8 24.5 1.4 
a All values are in kcal.mol-1

In the case of p-methoxybenzaldehyde 1h, the associative mechanism is even more favored 
with the TS barriers ∆G≠

assoc = 26.1 (R) and 26.9 (S) kcal.mol-1, while the corresponding values 
for the dissociative pathway are ∆G≠

dissoc = 29.3 (R) and 29.7 (S) kcal.mol-1. Significantly, the 
energy gap between the (R)- and (S)-reaction channels in the associative mechanism for 1h is 
reduced to 0.8 kcal.mol-1 and predicts the formation of (R)-6h in 62% ee (at 273.15 K; in a very 
good agreement with 45% ee observed experimentally at this temperature). Note that a higher TS 
barrier for the formation of (R)-6h compared to (R)-6a correlates well with the experimentally 
observed higher reaction rates of 1a vs 1h.  

The calculations further show that the methoxynaphthalene unit of the Quinox (9) and 
benzaldehyde (1a) in the TS are arranged in a parallel orientation, which makes the TS for 
Quinox lower in energy than that for the simple pyridine N-oxide by 3-5 kcal.mol-1.58 This value 
is comparable with the strength of the aromatic interaction between benzaldehyde and the 
catalyst expected in the TS arrangement. Moreover, the difference in the attractive π-π 
interactions between the (R)- and (S)-transition states also constitutes the largest contribution to 
the enantiodifferentiation since the calculated difference in the dispersion energy stabilizations 
between the (R)- and (S)-enantiomers amounts to 1.1 kcal.mol-1.59
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TS (S) TS (R) 
RC (R) 

2.84 

2.06 2.25 1.98 3.02 

RC (S) 
2.19 2.07 

∆G 
(kcal.mol-1) 

1.99 

 
 
 
Figure 4. The equilibrium geometries of the most stable reactant complexes (RC), transition 

states (TS), and product complexes (PC) along the reaction coordinate for the associative 
pathway of allylation of benzaldehyde (1a) catalyzed by (R)-(+)-Quinox (9). The calculated 
values for ∆G were obtained at the RI-PBE(+D)/TZVP//RI-PBE(+D)/6-31G(d) level; all 
distances are in Å. 
 
Conclusions 
 

The kinetic and computational data indicate that the allylation of aldehydes 1 with 
allyltrichlorosilanes 2-4, catalyzed by Quinox (9), is likely to proceed via an associative pathway 
involving neutral, octahedral silicon complex 12. In contrast to catalysis by chiral monodentate 
phosphoramides, such as 10, only one molecule of Quinox (9) is involved in the rate- and 
selectivity-determining step. The reaction presumably proceeds via a cyclic chair-like60 
transition state 5 and is characterized by high enantio- and diasteroselectivity. Attractive 
aromatic interactions between the catalyst and the substrate aldehyde appear to play an important 
role in the enantiodifferentiation. A drop in enantioselectivity observed in the case of electron-
rich substrates apparently originates from narrowing the energy gap between the (R)- and (S)-
reaction channels in the associative mechanism (12).  
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(60) According to the calculations carried out for 1a and 1h, the chair conformation is 
preferred over the twisted boat for both (R)- and (S)-channels by about 1.5-2.0 kcal.mol-1. 
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<� !� ���� ��7 ���	���� � ���	���7 ���	���� � ��� � ����! 	� 	� ����7 ���	��� � ���� 	�*�� � ������� � 
��� �
�*���� ��� ��	 ����������� �;��� ����������� �� �� ! �������� �=����� � ���� ���� 	����������� �&�� ;� ��� �
������	 ! � �������� � ��� � ������ � ������ ���� � ����� !� � <�� � +�.>���7��7 �%/? � ��������� �
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�� �"7������ ���� �����&�� ������������ �<�� ��� !� ���� ��7 ���	��� �����&��� ��������� ���� ���� ! �	���� �
3����� �@�&��	>� �	4���� �/ ,<7� ��< ���	��	� ����� ��������� ��� ���� ������ ���� ���	� ��
 ����������� �
����� ! � �� � ����� � ������������� �<�� � 	���� � �����	���� ��� � �
 � ��� � ����	�* � ���� ����� � ����� � �� �
���������� ������ ���	! ���� �������� ��� ����� ����� �<�� ���	� ��
 ���� ��! �	 �� ����������� �����	� ���� �� ���
��� � ��	������� 	�� ! � �
 � ���	��� � �� � ������ ��� � ��� � �� � �� � ����	���� � ���� � �		 � ����� � 
������ � ��� �
���������	� � 
�� � ��� �����������	 ! � 	���� � �����	������� � �
 � ��� � ��! �� �����7 ���	��� ����� 	�*� �<�� �
���� �������� 	�
������ ������ ��� ��� ����� �������������� ������ ! ��
� ����� ����	�* ���� ���� 
��� ����� ���� �
� !� 	�� �������� ���� ��
 ����	��� ��		�;� �
�� ���� �	������ ������� ��
 �����	�� ���� ��� ������ �; ����� �
���������� � �������� � ;��� � ��! �� ������ � )��� ����� � ��� � ���	���7 ��! �� ������ � ���	���7
���� !	 �	 �� ���� ���� ����	���7���	��� ����� 	�*�� ������ ��� ����	 �������� ����������� �;� �
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��� �
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)�� ��� �������� ������ ��7 � ��	��� ��� ����� �����	�! � �� ����������� � ���	� ��� ���� ���������� ���� �

������� ��
 ��������� �������� ��
 ���� ������
�� ���������� ��
 ���� ����� ������� �<�� ����������� �������� �
� ! ���� ��! �	 �� ���������� ��
 ����	���A� ����� ������ ������ ����� �������� ��*������� �	 ����
���� �����	 �
������� ! � ������ �� � �� � ����� � ����� � ������ � B��� � 
�	���� � ��� � ������� � ���� � 	���� � 	��� �
���
��� ����� �	 �������! ��;���� ��� ! ��������� �
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<�� ����������	 ���	� ��
 ����	��� ���� ��� ;����� ����		 �� �� ����� ��
 �����������! ���� ��� ��� ���� ! �
��������� ��� ���� ���	����� ������������ ��
 ���� �������� �;����� �� �������� ���� ��� ���� �� ���������� �
������� ����� �<�� � ��� �� �	 ! � ��	� � ������� � �� � ���� � ���	��� � �� � ��� � ���� � ������ � �	���7 ��	�* �
����&��� ��� �	���� ��� ��	���	�� ��������� � � �	��	� ��� ��=����� ������� � '� ���� ��	�� ���� ��� ��� ��	��� �
��	�* ���������� ��� �������� �� ���� ��	��� ���	���� ��
 �������� �������� ��� ��� ���������� �(� ���� �
����� � ����� � � � ����� ��� ����	 � ����! � �! �C�� � ��� � �	� � �����	�� � ���� � ;��� � ���	��� � �� � ��� � 
���� �
������� ��� ���� �D��������� ��
 ��� ��	��� ���	�*� ������ ! ��� �� ������� ���	�* �
����� ����� ��	������ ���� �
���� ��� �� ���	�* ����������� ���� ���� ��	 �����;�� ��� ������ �����! ����� ���� ���	���	 ���������� ! ��
 ����	��� �
;�� ������	 ! ��������� ��� ��� �� ����7 ��� �� �� �������� ����� ���� ����	��� �;�� �
���� ��� ������	��� �
��� ��	���7 ��	���	 ����
�� ������ ���	���� � ��� ��	������ �'� ����� ������ ������ �	 ��������� ����	��� ��� �
�� �� �������	 ����������	 ��	�� ��� ��
 ���	���	 ���� �
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�	������ ����	��� ���� ���	 ! ������ �� � �� ��! ������ ����� ��������� ���� ���� �� �� !� ����� �
���� ������ ���� ��� ���� �	��& ��
 ��! ���� �� ��� ���� ����� � ������� ��� ���� ����� �� ��;� ����� ���� �)7
��	�� �������� ���� ��� �����	��� ��� �)7" �����( �� !� ����� ������ �;��� ���� ������� !	 ������ ��
 ���� �
��������� � ��	���	 � ����� � ���	��� � �	�� � 
��=����	 ! � ������ � �� � ������ � ; ���� � �� ! � �*�	��� � ��� �
���������� �
��������� ��� �� ���� ��
������� �����	������ � ����������� ����������! ��
��� �� �	����7 �*������

<�� � ��	� � �
 � ���	��� � �� � ������� ��� ��� � ��������� � �������� � �� � � �	�� � ���� � �*�������	 ! �
������� ���� ������� ����� ����;� ����� ��� �	��� ��� ������ ���� �
�� �� �������� �������� ���� ������������� �
���	��� � ��� � �	�� � ;��& � �� � � � �����	���� � �� � ��� � 
�	���� � �������� � ������ � ;���� � �� � �
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�	���� ����������� ���� �
�� � ��� � 
���� ���� � �
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 ���� ����! � �� �<��� �����	� �
�� �� ���������� ������������ ���� �
��� ����� ���� ���� �7���� ���� �������� ����� ����� �	��� ����� �������� �
�� ��� ��������	��	 ! �
������	� ��� �������� ���� ��������7 	����� ������������ �<�� �������� ���������� �
���� ����� 	��	 ! ������� ������������ ������ ������ ����;��� ����� !	 �	 ���� � ���� ����	��� ��������� ��� �� �
������� ���� ����� ����� ������ ��	 ���	�� ������7 ������� �������� ����� ���� ����! �	�&�	 ! ��� ����� �� ����7
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 � �������� � � �� � ;���� � ���	��� � ���� � � � � �� � �� ������	 � �	� ��� � � �
 � ����	 �* � ��	��� 	�� �
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 ����������	 ���=����� �7F7�7�7F7�7��
� � ��� �	�� � �*� ��	� � �� � � � ��	 !� �� 	��� � ��=����� � �
 � ��� � ��� � �	 �� � � ����	�� �3+���4 � ������� �
���������� � �! �GG ����� ��� � �
 � ��� � ,�1H � ������� � ���������	� � 
�� � ����� � ����	�� ��� � � ��� �
����� ���� � �� � �� � �� ! 	� �� � ���������� � � � ���	��� � ���� � ��������� � ������ � �� � ��������! � 
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B� �����	 ���; ���� ���	 ! ����� �	���	 ������� ����� �	 �������� ��
 ����	��� ������������� ���� ��� �
�*��		�� ��; ��&� �! �+������� ���� ���� �	���� ! ���� ������ �;��&��
�  �	� ! ���� ��	� �G�� ����� ������	 ! �
������� ����� ������� �	� ��	�� ������	��� ���� ��
 �� ����	 	�����
���� 	�������� �<��I���� �� ���� ��������� �
����� ��� ����	 ��������� �'� ���� ���������� ��
 ����� ���� �������� �;� �������� ��;� ���� ! ������� ����7
����	��� ������������� �����	���� ����	��� ��������� ���� ���� �������	 ���! �� ����� ������ ������ ����� �
�
 ������ ��������� �������� ����� ��
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 ���� �������� ���� ����;��� ����	��� ���� ��� ������� �� ���� �� ! ��� � ���� ����� �
������� ��� ������	� ��� �
��� �"���� ������ ���� �������	 �=�������� ����� ������ ����������� ����� ��! �� ��
 �
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 � G� ! � ��� � ����� � ������������ � �� � ������K � G��� � �� � ��� � ��	� � �
 �
���� ��� ��� ! ��� ������ �������������K �� �� ������ ����	���7 ����� ��� ������������� �����
	 ! �����������	� �
�� � ���������� � 
����� K�<�� � ��	! � ;� ! � �� � ���������� � ��� � ������ � �
 � ����� � ������������ � ��� � �� �
���;�� � ����� � =�������� � �� � ������� � �������� � �� � ������ � ��	��	�� ���� � ���� � ��������	 ! � ����� �
�	������ ������	������ �'� ��� �;�		 �&��;� ����� ������	�� ���>���������� ��� ��������	��	 ! ������
����� �
�� �
������� ����� � ���;��� � ��	��� 	�� � �
 � ���7��	�� � ���������� �<�� � �������� ��	 � �� ����� � ���� � ��&� �
�	������ ������	����� ����� � �������� ���� � ���� ���� ������ ��� ����	 	! � 
�����	� �
�� � ��� � ���� � �
 ���� �
� !�� �� � ��� �
��� � ���� ���� �+ L		��7�	����� �3+�4 ������������� ��� ������ ���� ������� ! �
��������	 �
�� ���� � ������� �� � �! � ��� ����� 	 � ������ � ������ ���� � ����� ! � 3/,<7/4� � ��� � ��� � ������ ! �

��������	 ������! ����� ���� �;��� ��! � �� �� ! �������� ������������� ������ ! �3/ ,<7� ��<4� �'� ��� �
��� ���� ��� ���� ������ �� ������ ��� ����������� � ���� ���������� ��
 ���� �������� ���� ����;��� ����	��� �
��� � �� � ������ �� � ����� ! � ��� � �� � ����� ��� � � ��� � ���� � ����� ���� � ���������	 � ��� � �	������� � �
���������� ��
������� !� � ��
��������� ����
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'�����	 	! �;� ���	����� ��;� �� !� ��� � �
�� ���� ���	��	 ����� ��
 ������� ��7���	��� ��������� ���� �

���� ���&�� �
��� ���� ���������� ��
 �<��7 ���� �3��� ����� �0�.C4� �����	 ! ���� ������ ��
 ��������� �
<��1 7���0@ ���� �<��17���0J �3,����� �04�� '� � ����� � �� � �������� � ��� � ������ � �
 ������	��� ���� � �� �
����� � �;� � ��������� � ;� � ���	� ! �� � ������	 � ����	� � �
 � ��� � ������� ���� � ���� ����� � ������� �
�������� ���������� �	 �;��& �� ���������� ��������� ���� �����	���� ����	��� ����� ��	;� !� ����	���� ���� �
�����* !	 ������ ��
 ���� ������ ������ �;� ��	�� ���� ��� ������� ��� ���; ������ ���� ���� ��������� ��
 �
����� � ��	�� � ��� �� � �� ��� ��� � ����� ��
 ������ ������������� � �� ���� � �����		 � �����	�� ! ��
 �� � ���	���7
�� !� ���� �� ����� 	�*�

'� ���� �
���� �����	 �3��
����� ������� ��� ���� �M	���� �����	N O��
 �)���� �04�;� ������������ �
��� ���	� ��	�� ��� ���� ����� �;�! ��� ��� ���� ��������� ������ ����� �;��� ���� �������� ����� ����;��� �� �
������� ���� ���� ���������� ������ ����� �3;� ���� ���� �������� ����&���� ��� ���� �) 7) a����� ���� ���� �
��� � ����	���� � 
�������� � ;��� � �! ���� ���4 � �� � ��&� � ��� � ���&���� � ��� ��� � ��� � �������		 ! � ��� �
������� � ����� � ���� � �������� �D�*�� � ;� � ������� � ��� � �! ��� � � �� � ��� � ����7 ����� � ��	! �3��
����� �
������ ���� ��� �M���		 �����	N4� ��������� �
��� ���� �) b���� �� �'�� ��� ����� ��
 ����	��� �;� ������������ �
������ � �� !� ��	�� ��� ��� 	���	 � ��� ��������� ���� �� !� 	�� ����������� �'� ������ ��� ����	���� ���� ���	� ��
� ��� �
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 �
���	��� � ;� � ��	��	� �� � ��� � �������� ��� � �� � �� � ��! �	 �� � ���� 	 � ;��� � ��� � ���� � ������ � �
 � ���� ! �
��� �� �I ���� �) a����� 	��
 �	������� �G� ����& ���� ���������� ��
 ���� ��
 ���� �������������� � ��	������ �
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 ���� �<��7��� �������� ���� ���&�� �
��� ���� ��	������� � �������� ��
 ���� ����� ������ ���	��� ��� �;���� �
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<� ����� ��	���	 ! ����������� ���� ���	� ��
 ����	��� ��� �������� ��������� ���� � �������		 !� �;� �
���	�� �� � �� � ������� � ������� � �
 ���� � ������� � ����7)���� � ��	�� �
3����
>>;;;������� �� ��	�� ���&>�� �>��� �������> 4��; ���� ��������� ��		 �8/ ��������� ����;��� ���� �
�� ��� ������ ����� ������� �;����� ���� �&�� ;� �������� ����������� ���&�� �
��� �� /� ����� �G� �������� �
������� ���� � �
 � ���	��� � ;��� � ����! 	� 	� ����� � ���	���� � ��� � ��! �� ������ �<���� � ��� �1� ���������	 �
�	������ �
�� ����� ��
 ���� ���	����� �����7 ;��� ��������� ��� ������ ��� ��	�������� ��� ���� ����	�� �� �
�� �
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���� ��� ��
 ���� ��		 ������������ ������ �
��� ��/� �����	���� ����	���� ��! �����
�		 ! �����&��� �
;� �
���� ����� ���	! �8��	������ ��
 ����7���� �6��	������ ��
 �� ��7���� ���� �H��	������ ��
 ����7<�� �
��������� � ����&���7 	�&� � �������� ���� �G� � ���� � ���	��� �� � ��� � ����������� � �������� � 
�� � ��� �
����&��� �������� ����� ��
������ �����	 �*���

'� ��		 �������� ��! ��� �� �;� �
���� ����
��� �������� ! ������ ���� ���� ��
 ��! ���� �� ������ ���� �
/,<>�8�C�>1780P## �������� �'���������� ��������� �; ��� ����	����� ��� ��;� �	���	�� �,����� ���� �
+�.>��� 7�� 7� %/? ������� � ;�� � ���	���� � '� � �� � ;�		 �&�� ;� � ���� � ��� �+�. � ���������� � ;��� �
���� ���� �;��� ��*������ ������ ������ ���������� ���� ���� ��������� ��� ������ !� ����� ��� ��������		 ! �
���� �
�� �����&��� ��������� ����� �<� ������� ���	���	� ��������� ��� ��������� ������ ��������� ! ��� ����� ��� �
������ � 	���	 � ��	��	� ����� � 3���� � ))�/3<44 � ��� � ��� � Q))� /3<4 � ��������� � +�. � 	���	 � 3��� �
Q))�/3<4 � ���������� � ���� � ���������� � � �� � ��� � ��

������ � ���;��� � ))�/3<4 � ��� � +�. �
������� ���� ��������� �
�� �� ������ ������ ���� ����� ��� ���� ����� ��
 �����&��� ��� ��	;�! � �����	����44� �
G� ����� ���;� ��		����� ��� ��*������� ���� ! ��
 ��������� �� ��������� ����� �+ �.>� ����� ������� ��� �
������� ���� ��������� ���� ��	��� ��� ���� �))� /3<4>�� �� 	��� ������ ���� �	��� ������� �<��� ��� ��������	 ! �
��� � �� � � � �������� ���� � �
 � ����� �� � '� � ��� � 
�		�;��� � ��*� � ;� � � ��� � ��� �+� .>���7 ��7 � %/? �
�� ����� � ;���� � �������� � ��	���	� � ������� ���� � ��������� � '� � ��� � ������ � ���� � ;� � ���	��� � ��� �
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������	 ! ����������� �/ ,<7/><� ��><?%� �������� �" ��� ���� �/,< ������� ��� ������� ��� �� ! ��� �
��� ���� �	 � ���� � ���� � ��������� � ��� � ������ � ������ ���� � ����� !� � <�� � ���� ��� ��� � �� � ��� �
���� ���� ! �� � �������� �
������� �;��� ������ ����� ��� �������� ��������� ������������ ��������� ��
 �
� �� �� ��
 ���	����� ����� 	�*��� �<�� ������� ����� �!� �	 �� �������� ���� ��������� ����� ���� ��	��� ��� �
))�/3<4>���� 	�� � ������ ���� ���	���� �<��� �������=�� �; �� ��	�� ����� �
�� ����� ��� ! ����� �� ������� �
<�� ������� ������ ��
 ���� ��� ���� ��� ���� ������ ��� ����	 ��

������ !� �;���� ��		�;� �
�� ���� ���� ����� �
;��� � �*������ � ����	�* ��� � � G� � ��� � ��� �  ' � ������=�� � �� � � ���� � �� � ��� � ��	��	� ������ �
)�	��	� ����� �; ��� ����
��� �� ����P�������� 28����� <������	 � ���H��������� ����;�		 ���� �����;� �
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���� ��
���������� �������� �� ��� ����� �������������	 ������������ �����������,������ �
���������
����	������ ���� ���������
����� 	�* ������	�� ����� ��������������	� ����������	�� ������! �
������ ����� �������	 ���	������ ���������������� �
��� � '7/ ,<7/ ���	��	 ������� �;���� �!� �	 �� �/,< �
������� ���� ��������� ��������������� ������������������	 ! ��, �		 ������ ! ����������� ��� ��� �
�������� �� ! ���������� �/,<7� ��<��� ����� �;������		�;� �
����������������� ��
�������� ���� �
�������� ����� ���! ��� �		 ! ����� ���
�	 ������� ���� ���������������������� �
��� ������������ �
�	�������� ����� ����������� ������*�������
<�� �� ��<�������� ���� ������ ! ��������� �� �
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dH F � ��� � ��� �� �"������7
,��& ����������� �
�� ������� ������ �������������� ��� ���� ������������ ������! ����� ���� ���� ����	���� �
;����� ���� �������/,<7� ��<���� ���

'� ����� �; ��& �;� ����� ����
����� �/ ,<7�� �< �������� ����� ������ �/������A� ����7��7
�%/? ������ ����� �'� ��� �&��;� ����� �;��� ������ ���	���� �	 ! ����	 	� ������ ���� ��� �� ��	� ! �� ��� ������ �
�!� �� � �
 � ��	��	������ � ��� � ���������� � ������������ � �� � ��� � ����������� � �����! � �� � ������		 ! �
��������� �� ��� � � ! � �����*� ��� �	 ! � 02R7.2R� � '� � ����� � �� � ����� ��� � ��� � �

��� � �
 � ���� �
��������� �� ���� � ;� � ���� � ����	 ! � ��������� � ��� � ����� ���� � �
 � ��� � ���7��7 �%/? ������� ���� �
��� � � � ! � 0HR� 3�� � ��	� ��	� �� � �� � �! � 0�0H4�� <�� � ����� ��� ����	 � �����	� � �
 � ��� � /,<7�� �< �
��	��	� ����� ����
��� �� ���� ����	�������������� ������������ ! �$�������� ��	�
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���� ������	���� ��� ��� ���� �<��7���� ���� �������� �I ���� �<��17���0@ ���� �<��17���0J �3��� �,����� �
04��G� � ����� � �;� � ���� 	� � 
�� � ��� � ����������� � ��������� � ��� �M���		N � ��� �M	����N � ���� 	� �
��������� ��� ���� �+������ ��������� �,�� �� �;� ��*���� � ����� ���� �	���� ���� ����	 	 �����	 ��
 ���� �
<��17� ��0@����� 	�* �3��� �,����� �. ����4� �; ���� �������� �� �����������	�� ��������� ���� �;���� �
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�� ���� ������� ��������� ��� ��������� ��� ���� �	���� ���� �	 ��� ���� ��������� �
�
 ���� � �! ���� �� ������ ��� �;� � ������ ����� ���� � ���&���� �������� ��
 ���� � ��! �� ����� � �� ����� �
����������� ����	���� 	! ��� ���� ��������� ��� ���� ��� ������ ���������� � '� ��� �
������ �� ��� ������ ��� ���� �
���� ��
 �	���� �����	� ���� ������������ ������ ! ����������� �
��� ���� �/ ,< ��������� ��� ������! ���� �
���� ���� ����������� ������ ! ��	�! � ���	! �� �� ���� ���	�� �'� ���� ����� ��
 ����		 �����	 ���� ���������� ��� �
��

����� ���� ��� ; ��		 ������	�� ����� ������ �
��� ������� ���� ������! ��D����� ��	�� ���� ����! ����� �
����� ���� � ���;��� �+ �. � ��� � /,<7/ � ����������� � ��������� � ; ���� � �� � ������������ �� � 
�� � "7
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<�� ���������� ��� ����� ������������ ��� ���� ����� ��
 ���� �<��17���0J �3��� �,����� �. �)� /4 �
�������� � ;���� � ��� � �;� � �� 	���	 �� � ��� � �� � � � M����&��N � �������� ���� � <�� � ����	�� � 
�� � ���� �
���� 	�* � ��� � ���� ��� ��� � �� � <��	� �.� � <���� � �� � �� � " 7���� � ���;��� � ��� � �;� � ����������� �
� !�� �� �� � ���� � �� � ���� � ����� � ��� � ���������� � �
 � ��� � ������ !	 � ����� � 	���� � �� � ��	! � � � ��� ����� �
�������� ��� ���� ��������� ��� ������ !� �<�� �������� ���� ��� ��� �
��� ������� ����7 ������O ���� ����������� �
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	����� �<�� � �������� � �
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Model of Peptide Bond-Aromatic Ring Interaction: Correlated Ab Initio Quantum
Chemical Study
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Aromatic ring-peptide bond interactions (modeled as benzene and formamide, N-methylformamide and
N-methylacetamide) are studied by means of advanced computational chemistry methods: second-order
Möller-Plesset (MP2), coupled-cluster single and double excitation model [CCSD(T)], and density functional
theory with dispersion (DFT-D). The geometrical preferences of these interactions as well as their interaction
energy content, in both parallel and T-shaped arrangements, are investigated. The stabilization energy reaches
a value of over 5 kcal/mol for the N-methylformamide-benzene complex at the CCSD(T)/complete basis set
(CBS) level. Decomposition of interaction energy by the DFT-symmetry-adapted perturbation treatment (SAPT)
technique shows that the parallel and T-shaped arrangements, although similar in their total interaction energies,
differ significantly in the proportion of electrostatic and dispersion terms.

Introduction

The stability of protein tertiary structure is a result of an
interplay between various noncovalent interactions, which
contribute to the overall stability of the protein molecule because
of their frequent occurrence. Besides the long-recognized forces,
for example, H-bonds and salt bridges, there are abundant van
der Waals interactions, among which the aromatic interactions
such as ð-ð stacking and XH-ð H-bonding have been shown
to also play an important role for protein structure,1 as well as
protein-ligand recognition.2

The first to point out the importance of aromatic interactions
in proteins were Burley and Petsko3 in a work on interaction
between phenylalanine residues. The strength of the stabilization
energy in Phe pairs was estimated to be 1-2 kcal/mol4-6 by
gas-phase calculations of benzene and toluene dimer model
systems. In the benzene dimer model, two minima existsparallel
displaced arrangement and T-shaped arrangementsboth stabi-
lized by favorable dispersion and quadrupole-quadrupole
electrostatic interaction.7,8

It is worth mentioning that ð-ð stacking is not strictly
defined as an interaction of aromatic systems; it is a more
general phenomenon that includes interactions of planar systems
with delocalized orbitals, such as peptide bonds. Analogically,
the XH-ð bonding is not limited to aromatic-aromatic
interaction, because the aromatic ring can serve as an acceptor
for nonaromatic H-bond donors.9 It has been shown by gas-
phase calculations10 that both electrostatic and dispersion terms
are important in the XH-ð interaction. The directionality of
the interaction is mainly controlled by the electrostatic term;

however, the potential energy surface is very flat near the
minimum due to the long-range dispersion term.

In proteins, the interactions of an aromatic ring with a
nonaromatic moiety have been subject of an exhaustive Protein
Data Bank (PDB) mining study,11 which revealed a relatively
high occurrence of such interactions (1 per 10.8 aromatic amino
acids). A large fraction of these interactions are NH-ð contacts.
This finding can be attributed to the abundance of potential NH
donors in the protein backbone as well as in the side chains of
some residues. Moreover, the size of the aromatic ring together
with the broad minimum of the potential energy surface makes
it a good substitute in the case where conventional H-bond
acceptors are locally absent. Therefore the aromatic-amide
interaction is one of the most common weak interactions in
proteins. Several studies4,12,13 have shown that the N bearing
groups prefer to lie above the aromatic ring. However, only a
fraction of these contacts can be considered to be H-bonds; the
NH-ð interactions are in fact outnumbered by the aromatic-
amide stacked structures12,14 with the sp2-hybridized N atom.
This finding is in accordance with the higher number of
conventional H bonds the NH group can form in the stacked
orientation.15 The significance of the aromatic-amide interaction
for stabilization of secondary structure and local motifs has been
proved by PDB mining.16 It includes stabilization of R-helix
termini and â-sheet edges as well as regular turns.11 The
aromatic ring-peptide bond interaction has also been shown
to be important in certain biological recognition processes.17

The aromatic-amide interaction has previously been studied
with a benzene-formamide model.18 The authors performed a
restricted optimization and reported counterpoise-corrected
interaction energy values of 4.0 and 2.0 kcal/mol for the
T-shaped and the stacked complex, respectively, at the MP2/
6-311G(2d,2p) gas-phase level. Another study explored the
T-shaped arrangement of the N-methylformamide (NMF)-
benzene complex19 at the MP2/6-31G** level with counterpoise
correction. The maximum gas-phase stabilization energy found
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was 4.4 kcal/mol. In our previous study20 we examined the
interaction between a phenylalanine residue and a peptide bond
(modeled as N-methylformamide) in the crystal structure of the
small protein rubredoxin with high-level ab initio calculations.
The interaction energy determined by use of coupled-cluster
single and double excitation model [CCSD(T)] at the complete
basis set limit (CBS) amounted to -8.2 kcal/mol. Such an
unexpectedly strong interaction motivated us to investigate the
aromatic-amide interaction in more detail. Another reason is
that the above-mentioned studies employed a standard compu-
tational level, which might have affected the quality of the
results.

In this work we investigate spatial preferences of aromatic
ring-peptide bond interaction. We aim at investigating com-
plexes representative of the arrangements found in protein
structure. We optimize geometries and calculate interaction
energies for both parallel and T-shaped arrangements. Further,
we uncover the underlying forces governing the directional
preferences of the interaction using interaction energy decom-
position.

Computational Methods

RI-MP2 Gradient Optimization. We use the RI-MP2/cc-
pVTZ method for optimization of all subsystems [benzene,
formamide (FMA), N-methylformamide (NMF), and N-methy-
lacetamide (NMA)] as well as a reference method for optimiza-
tion of the complexes. The resolution of identity (RI) procedure
is used to make the calculations more economic.

CCSD(T)/CBS Interaction Energy. In the optimized com-
plexes, the CCSD(T)/CBS interaction energy is approximated
as

The former term is determined by use of the two-point Helgaker
extrapolation scheme.21 The Hartree-Fock and correlation MP2
energies necessary for the extrapolation are determined at the
RI-MP2/aug-cc-pVXZ (X ) D, T) level. The CCSD(T) term is
calculated with a smaller basis set, 6-31G*(0.25) (the exponent
of d-functions changed from standard value of 0.8 to a more
diffuse one of 0.25). The difference between the MP2 and
CCSD(T) interaction energies does not strongly depend on basis
set size (unlike the interaction energies themselves); thus the
6-31G*(0.25) basis set already gives satisfactory values for this

difference.22 The deformation energy Edef is determined as the
difference between the energy of isolated subsystems in the
complex geometry and the energy of the supersystem is also
calculated at the RI-MP2/cc-pVTZ level to correct the interac-
tion energy. The total interaction energy is calculated as

All interaction energies are counterpoise-corrected for basis-
set superposition error (BSSE).

Interaction Energy by Use of DFT Functionals. Both the
B3LYP functional,23 which is commonly used for calculating
biopolymers, and the PWB6K functional designed by Zhao and
Truhlar24 are tested for their ability to correctly describe the
interaction in the studied complexes. These two functionals are
used with the 6-31G** basis set on the geometries obtained by
MP2/cc-pVTZ optimization.

RI-DFT-D Optimization. The RI-DFT-D (DFT with an
empirical dispersion term25) optimization is performed with the
TPSS functional and extended Pople-type basis set [6-311++G-
(3df,2pd), denoted as LP]. The interaction energy of the
optimized complexes is calculated at the same level. The BSSE
at this level is negligible due to the large basis set employed,
and it is thus not necessary to correct the interaction energy for
its effect.

Symmetry-Adapted Perturbation Treatment. Components
of the total interaction energies are determined by DFT-
symmetry-adapted perturbation treatment (SAPT).26,27 Calcula-
tions are performed for T-shaped and tilted T-shaped structures
of the NMA-benzene complex optimized by RI-MP2/cc-pVTZ
as well as for a set of stacked structures varying in the NM
distance. PBE0AC exchange-correlation functional with density
fitting and the aug-cc-pVDZ basis set are used. The aug-cc-
pVDZ set is large enough to provide a reliable estimate of the
electrostatic, induction, and exchange components (note that the
SAPT calculations are not burdened with the BSSE). Although
this basis set underestimates the dispersion component by about
10-20%,27 it should nevertheless serve well for the purpose of
comparing relative strengths of this term in different arrange-
ments.

In SAPT, total interaction energy Eint is calculated as a sum
of electrostatic, exchange, induction, and dispersion components,
with the dispersion and induction components also having their
exchange counterparts:

The exponents in eq 2 refer to the intermolecular perturbation
order. E1 is defined as the sum of E1

pol and E1
ex, and E2 is the

sum of E2
ind, E2

ex-ind, E2
disp, and E2

ex-disp energies, respectively.
äHF denotes the estimate for higher-order contributions. In the
present study, we do not use the standard SAPT method (which
is prohibitively expensive for the complexes investigated) but
employ its DFT version,26,27 in which the intramolecular
correlation is treated fully by the DFT, whereas the intermo-
lecular interaction is calculated by perturbational treatment.
Since perturbation theory exploits orbital energies, the inherently

Figure 1. Initial geometries of FMA-benzene complex: (a) T-shaped
arrangement and (b) stacked arrangement. M, center of benzene ring;
ı, angle between the plane of benzene ring and the NCO plane of the
peptide bond moiety.

CHART 1: Systems Studied in Interaction with Benzene

¢ECCSD(T)
CBS ) ¢EMP2

CBS

+ (¢ECCSD(T) - ¢EMP2)
small basis set (1)

¢Etotal ) ¢ECCSD(T)
CBS + ¢Edef

Eint ) E1
pol + E1

ex + E2
ind

+ E2
ex-ind + E2

disp + E2
ex-disp + äHF (2)
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incorrect DFT orbitals are corrected by gradient-controlled shift
procedure,26,27 with the difference (shift) between the vertical
ionization potential (IP) and highest occupied molecular orbital
(HOMO) energy of the DFT method employed as an input.
Herein the IPs are calculated at the PBE0/TZVP level while
the HOMO values are taken from the aug-cc-pVDZ calculation.
Our shift values are 0.0715 and 0.0855 Eh for benzene and
NMA, respectively.

We use Gaussian 03,28 Turbomole,29 and MOLPRO30 codes
as well as our own code for RI-DFT-D calculations.25

Results and Discussion

We use three models for the peptide bond moiety: formamide
(FMA), N-methylformamide (NMF), and N-methylacetamide
(NMA) (see Chart 1). Two main geometrical arrangements are
possible for aromatic ring-peptide bond interactions: parallel
and T-shaped, shown in Figure 1 for FMA and benzene. For
the T-shaped arrangement, the angle between the plane of the
benzene ring and the NCO plane of the peptide bond moiety ı
) 90° (the planes are perpendicular) and the NH bond is directed
toward the center of the benzene ring. For the parallel arrange-
ment, the angle ı ) 0° (the planes are mutually parallel) and
the N atom lies in the C6 axis of benzene. We use the annotation
_T and _S for T-shaped and stacked starting geometries,
respectively.

Geometries of optimized complexes are shown in Figure 2,
and the results of the geometry optimization are summarized
in Table 1. The interacting complexes are characterized by the
NM distance between the amide nitrogen N and the center of
the benzene ring M. In geometry optimizations starting from
the T-shape arrangement we observe only moderate differences
between initial and final geometries in all three models. On the
other hand, when starting from the parallel arrangement, the
geometries undergo profound changes. The ı angle changes
from the initial value of 0 degrees to values of about 50-70
degrees. (Hereafter, we term the structures characterized by ı
angle values in the range of 20-70 degrees as tilted-T-shaped
ones, discerning them from both strictly parallel with ı angle
0-20 degrees and strictly T-shaped with ı angle of 70-90
degrees.) The changes are similar for NMA and NMF complexes
while being less profound for FMA. Although all three model
systems pass from parallel arrangements to tilted-T-shaped ones,
methylation evidently disfavors T-shape arrangement and favors
the tilted-T-shape. Given the shallowness of the PES, the RI-
DFT-D and MP2/cc-pVTZ results agree reasonably well,
although the distances are slightly larger for DFT-D optimized
complexes.

Table 2 shows energy characteristics for the optimized
complexes. Columns 2-4 show MP2 interaction energies
determined with the aug-cc-pVDZ and aug-cc-pVTZ basis sets
and at the CBS limit, respectively. Passing to a larger basis set
yields a substantial stabilization energy increase (�0.6 kcal/
mol), and extrapolation to CBS limit yields even larger
stabilization energies (the highest being 6.4 kcal/mol for NMA-
benzene). However, it is known22 that the MP2/CBS stabilization
energies are overestimated and that the CCSD(T) correction term
should be included. This term is positive, that is, of a repulsive
character for all systems, being similar for both structures of
NMA and NMF (�1 kcal/mol) and slightly smaller for both
structures of FMA (�0.6 kcal/mol).

The final stabilization energies, Etotal, including the deforma-
tion energy, are shown in column 8. Evidently, these energies

Figure 2. Geometries of optimized complexes: (a) FMA-benzene
starting from T-shaped arrangement; (b) FMA-benzene starting from
stacked arrangement; (c) NMF-benzene starting from T-shaped
arrangement; (d) NMF-benzene starting from stacked arrangement;
(e) NMA-benzene starting from T-shaped arrangement; (f) NMA-
benzene starting from stacked arrangement.

TABLE 1: Geometrical Parameters of Optimized
X-Benzene Complexesa

MP2/cc-pVTZ RI-DFT-D

system NM,b � ı,c deg NM,b � ı,c deg

NMA_T 3.221 89 3.569 88
NMA_S 3.188 52 3.422 58
NMF_T 3.210 74 3.420 83
NMF_S 3.144 55 3.374 56
FMA_T 3.274 83 3.524 86
FMA_S 3.259 68 3.342 31

a X ) NMA, NMF, and FMA. b Distance between the amide nitrogen
of X and the benzene ring center (M). c Interplanar angle.
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are similar to those obtained at the MP2/aug-cc-pVDZ level.
This is due to a partial compensation of the stabilization energy
increase between the aug-cc-pVDZ and the CBS level and the
decrease brought by the CCSD(T) correction term. However,
this compensation cannot be relied upon, as for some complexes
the MP2/aug-cc-pVDZ method may yield substantially incorrect
stabilization energies. We may conclude that the total stabiliza-
tion energies are relatively high, varying from 4.6 kcal/mol for
FMA-benzene to 5.2 kcal/mol for NMA-benzene. The mag-
nitude of these interactions is comparable to classical H-bonding.

Columns 9 and 10 in Table 2 show DFT interaction energies
determined with the recently introduced PWB6K functional and
with the widely used B3LYP functional, respectively. The
limited performance of the DFT procedure for stacked com-
plexes caused by a lack of London dispersion energy in DFT
methods is well-known. Evidently, the B3LYP functional
completely fails and stabilization energies are strongly under-
estimated. The performance of the PWB6K functional is more
promising. However, the PWB6K stabilization energies are
systematically underestimated and do not reflect the effect of
system size. The last column of Table 2 shows the RI-DFT-D
stabilization energies for structures optimized at the same level.
These results are very similar to the CCSD(T)/CBS ones; the
effect of methylation is described correctly. This is in accord
with the fact that the RI-DFT-D method is parametrized toward
CCSD(T)/CBS values and therefore it is supposed to yield very
accurate energies as well as geometries.25 An interesting fact is
that, for all models, the final interaction energies for T-shaped
and tilted T-shaped arrangements do not differ too much. This
suggests that the interaction hypersurface of these two systems
is quite shallow and that no significant barrier exists between
different local minima.

To elucidate the nature of these interactions in more detail,
we determined the energy components using the perturbation
DFT-SAPT technique. Table 3 shows the interaction energy
components for NMA-benzene complexes in different arrange-
ments. The interaction energies of T-shaped and tilted T-shaped
structures are very similar and their components differ only
moderately. The electrostatic energy (E1

pol) is more attractive
for the tilted T-shaped arrangement, but this growth is com-
pensated by an increase of the exchange-repulsion term. The
effective induction energy (E2*

ind) is small for both arrange-
ments. The effective dispersion term (E2*

disp), which constitutes

a major contribution to the overall stabilization, is larger for
the tilted T-shaped structure, but again the difference is not
significant.

Although no stacked arrangement minimum has been found
by geometry optimizations, this arrangement is found in protein
structures.11 Therefore it would be interesting to see whether
the described trends remain valid for this arrangement. Upon
changing from the T-shaped to a parallel arrangement while
the NM distance is kept constant, the interaction energy becomes
much smaller (-2.5 vs -7.1 kcal/ mol). This is due to the
enhanced repulsion between the methyl group(s) and benzene,
reflected by a large exchange-repulsion term. To reduce this
repulsion we optimize the position of methyl hydrogens and
perform a scan along the NM axis. Table 3 shows that the
optimal distance in the stacked arrangement is larger, with a
value of 3.5 �. The electrostatic energy is considerably less
attractive in the parallel arrangement than in both the T-shaped
and tilted T-shaped arrangements; also, the exchange-repulsion
term is notably smaller. Effective induction energy is rather
small, with the majority of the stabilization originating from
effective dispersion energy, which, despite the larger distance
in the stacked complex, is comparable for all three arrangements.
The ratio E2*

disp/E1
pol is, however, significantly higher in the

stacked arrangement than in both the T-shaped and tilted
T-shaped ones (2.71 comparing to 1.45).

We have to conclude that similar interaction energies in the
T-shaped and parallel arrangements arise from the complemen-
tarity of a repulsive E1 term (the sum of E1

pol and E1
ex) and an

attractive E2 term (the sum of E2
ind, E2

ex-ind, E2
disp, and E2

ex-disp)
energies. The E1 term is more favorable (less repulsive) for the
parallel arrangement, while the attractive E2 energy is more
favorable for the T-shaped arrangement.

Conclusions

The most stable arrangements found in optimizations of all
three studied model systems are either T-shaped or tilted
T-shaped; the energetic difference between these two arrange-
ments is small, and no substantial barrier exists between these
two minima. The interaction energies in both arrangements are
large [up to -5.3 kcal/mol in NMA-benzene at the CCSD-
(T)/CBS level] and comparable to a classic H-bond. Such
arrangements exist in proteins and, consequently, their contribu-

TABLE 2: Interaction Energiesa for MP2/cc-pVTZ and RI-DFT-D Optimized Structures

system aDZ aTZ CBS ¢CCSD(T) CCSD(T)/CBS Edef Etotal PWB6K B3LYP RI-DFT-D

NMA_T -5.3 -6.0 -6.3 1.0 -5.3 0.3 -5.0 -4.2 0.4 -5.1
NMA_S -5.4 -6.1 -6.4 1.1 -5.3 0.1 -5.2 -4.1 0.8 -5.3
NMF_T -4.9 -5.6 -5.8 0.9 -5.0 0.0 -5.0 -4.2 -0.4 -5.0
NMF_S -5.0 -5.7 -6.0 0.9 -5.1 0.1 -5.0 -4.2 0.0 -5.0
FMA_T -4.3 -4.9 -5.2 0.6 -4.6 0.0 -4.6 -4.4 -1.0 -4.4
FMA_S -4.3 -4.9 -5.2 0.6 -4.6 0.0 -4.6 -4.3 -0.9 -4.6

a Interaction energies are given in kilocalories per mole and were determined at various theoretical levels. aDZ, aTZ, and CBS denote aug-cc-
pVDZ, aug-cc-pVTZ, and complete basis set limit, respectively. Edef is the deformation energy.

TABLE 3: Components of Interaction Energy for Structures of NMA-Benzene Complexa

R (�) E1
pol E1

ex E2*
ind

b E2*
disp

c äHF E1 E2 Eint E2*
disp/E1

pol

T 3.2 -7.3 13.4 -1.8 -10.6 -1.3 6.1 -12.4 -7.1 1.45
tT 3.2 -8.0 15.3 -1.9 -11.6 -1.5 7.3 -13.5 -7.0 1.45
S 3.2 -9.3 24.9 -0.9 -15.3 -1.9 15.7 -16.3 -2.5 1.65
S 3.4d -4.5 11.0 -0.6 -10.6 -0.8 6.5 -11.2 -5.5 2.36
S 3.5d -3.4 8.1 -0.5 -9.2 -0.6 4.7 -9.7 -5.6 2.71
S 3.6d -2.6 6.0 -0.5 -8.0 -0.4 3.4 -8.4 -5.5 3.08

a Components of interaction energy (T, T-shaped; tT, tilted T-shaped; S, stacked) are given in kilocalories per mole and were determined by
DFT-SAPT. b E2*ind ) E2

ind + E2*ex-ind. c E2*disp ) E2
disp + E2*ex-disp. d Hydrogens of methyl group(s) optimized.
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tion to protein stabilization should be quite significant. The size
of the system brings a large increase of interaction, which is in
accordance with the result of our previous work, where the
calculated interaction energy in phenylalanine-NMF complex
was -8.2 kcal/ mol.

The impressive performance of RI-DFT-D is notable. RI-
DFT-D/LP stabilization energies agree well with the CCSD-
(T)/CBS values, even though they require several orders of
magnitude less CPU computational time. The MP2/aug-cc-
pVDZ interaction energies are also very close to the CCSD-
(T)/CBS ones, probably due to cancellation of errors. It is,
however, not advisable to rely on this cancellation.

Decomposition analysis of interaction energy in T-shaped,
tilted T-shaped, and parallel arrangements that exist in proteins
was performed. All the arrangements exhibit comparable
interaction energies in DFT-SAPT, which is an important
observation in light of the fact that H-bonding (expected to be
a dominant stabilization feature) exists only in the former two
arrangements. The interaction energy decomposition indicated
different natures of their stabilization due to the complementarity
between repulsive E1 and attractive E2 energies. Dispersion
energy is a major stabilizing term in stacked as well as T-shaped
structures; however, they differ significantly in the E2*

disp/E1
pol

ratio.
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Identifying stabilizing key residues in proteins
using interresidue interaction energy matrix
Lada Bendova·, Pavel Hobza, and Jir��· Vondra·s�ek*

Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic and Center for Biomolecules

and Complex Molecular Systems, Flemingovo na·m. 2, Prague, Czech Republic

INTRODUCTION

The specific spatial arrangement of a folded protein is the result
of the restraints brought by the covalent bonds in the protein back-
bone and the various noncovalent interactions. The Anfinsen�s prin-
ciple1 states that spontaneously folding proteins contain all the
information necessary for unambiguous folding in their sequence.
Therefore, what determines the folding of a particular sequence into
a single most stable native conformation are the residues� mutual
noncovalent interactions and their interactions with solvent.

It is known from mutational studies that some residues are crucial
for the stability of the folded protein while others can be mutated
freely. Not only do the mutational studies provide information about
the native state, they can also be used to derive information on the
residue interactions in the transition state (TS). Interpreting the
quantity </>i

exp (the ratio of the change in stability of the transi-
tion state ensemble (TSE) to that of the native state caused by the
mutation of residue i) as a fraction of the native-like contacts of the
residue in the TS and using it as the restraints in Monte Carlo simu-
lations, Vendruscolo et al.2 were able to show that a small number
of key residues are sufficient for the definition of the native-like to-
pology of a protein in the TS via their tertiary contacts.2 All these
residues are a part of the hydrophobic core and form a large number
of contacts with other residues.

The experimental determination of the key residues by means of
mutational studies is a robust and definitive method, but its tedious
nature poses a large limitation due to the necessity of preparing and
experimentally probing a number of protein mutants. Several other
approaches have been proposed for the estimation of the relative im-
portance of a specific residue in a structure of a protein.3 These are
usually based on sequence conservation, contact order or pertinence
to a secondary structure element. Up to now, however, none of
them have been shown to be able to identify the key residues in a
protein with reliability.
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ABSTRACT

We are proposing an interresidue interaction
energy map (IEM)—a new tool for protein struc-
ture analysis and protein bioinformatics. This
approach employs the sum of pair-wise interac-
tion energies of a particular residue as a measure
of its structural importance. We will show that
the IEM can serve as a means for identifying key
residues responsible for the stability of a protein.
Our method can be compared with the interresi-
due contact map but has the advantage of weight-
ing the contacts by the stabilization energy con-
tent which they bring to the protein structure. For
the theoretical adjustment of the proposed
method, we chose the Trp-cage mini protein as a
model system to compare a spectrum of computa-
tional methods ranging from the ab initio MP2
level through the DFT method to empirical force-
field methods. The IEM method correctly identi-
fies Tryptophane 6 as the key residue in the Trp-
cage. The other residues with the highest stabiliz-
ing contributions correspond to the structurally
important positions in the protein. We have fur-
ther tested our method on the Trp2Cage minipro-
tein—a P12W mutant of the Trp-cage and on two
proteins from the rubredoxin family that differ in
their thermostability. Our method correctly identi-
fied the thermodynamically more stable variants
in both cases and therefore can also be used as a
tool for the relative measurement of protein sta-
bility. Finally, we will point out the important
role played by dispersion energy, which contrib-
utes significantly to the total stabilization energy
and whose role in aromatic pairs is clearly domi-
nant. Surprisingly, the dispersion energy plays an
even more important role in the interaction of
prolines with aromatic systems.

Proteins 2008; 00:000�000.
VVC 2007 Wiley-Liss, Inc.

Key words: noncovalent interactions; protein sta-
bility; ab initio quantum chemical calculations;
hydrophobic core; bioinformatics.

VVC 2007 WILEY-LISS, INC. PROTEINS 1



It is well known that the structurally important resi-
dues are highly conserved.4 Hence, in proteins with a
sufficient number of known homologs or analogs, se-
quential or structural alignments might be used to iden-
tify the important residues and their positions based on
their conservancy. This is, however, usually not available
for de novo designed proteins or proteins with no known
homologs. Moreover, the accuracy of the alignment
methods is limited, because there might be discrepancy
between sequential conservancy and the importance of a
residue in its structural context. It is a known fact that it
is difficult to distinguish between structurally and func-
tionally conserved residues.4

Several approaches have been proposed for the theoret-
ical prediction of the key residues. One such method is
the Gaussian Network Model3,5,6�a simplified normal
mode analysis where the protein chain is described as
beads connected by harmonic springs. In this model, the
slowest (global) fluctuations correspond with protein
functions; the fastest modes are dependent on the local
environment. However, none of these modes can distin-
guish the key residues. First, the model only takes into
account the Ca atoms, therefore the interresidue interac-
tions cannot be described reasonably well. More impor-
tantly, the key residues do not necessarily correspond to
those with the lowest mean-square fluctuation, because
their role is to preserve the overall topology rather than
rigidity of the whole structure; they can thus be simulta-
neously rigid and flexible.2,3

Another theoretical method is the distance-based con-
tact theory. As the key residues can maintain the 3D struc-
ture of the protein by linking it together by a number of
nonlocal interactions, they should also have the highest
number of contacts, which are usually defined by distance
criteria. However, it has been shown that the number of
contacts varies greatly with the distance threshold.3 More-
over, the interactions strongly depend on the accurate ge-
ometry arrangement. For example, a salt bridge between
two oppositely charged residues, traditionally seen as an
important stabilizing element, may in some cases be desta-
bilizing.7,8 This, along with the fact that different types of
interactions between residues have different geometry pa-
rameters, means that the distance-based contact theory (as
well as any other simple geometric criteria) is not capable
of identifying the key residues.

It can be seen that the prediction of residue impor-
tance from a structural point of view remains a complex
and challenging task. The method able to localize suc-
cessfully the key residues in a protein structure has to
take into account the physically sound description of
interresidue interactions. One method that fulfills this
criterion is the analysis of the interaction energy poten-
tial. The total interresidue interaction energy defined
using a CHARMM27 force-field potential with the Gen-
eralized Born/Surface Area implicit solvent model has
been used for identifying the key residues in a Gbeta

domain of a multidomain protein transducin,3 a propel-
ler-like protein composed of seven blades. In this investi-
gation, the most strongly interacting residues, therefore
identified as the key ones, were mainly the charged resi-
dues linking together the beta sheet blades.

This would not necessarily be true in a small globular
single domain protein. Among the various interactions
stabilizing the structure of a globular protein, a signifi-
cant role has to be assigned to the interactions between
the residues composing the protein core. Not only do
these residues bring a substantial energetic contribution
to the overall stabilization of the structure,9 but their
aggregation during the hydrophobic collapse event can
also be considered as the driving force in protein folding
process.10 The small number of residues that are neces-
sary to define the native-like topology of the folding TS
via their tertiary contacts typically correspond to the
hydrophobic core.2,11 The core residues are usually also
more conserved across protein families or folding
motives than other residues.12�14

Therefore, it seems plausible to assume that the key res-
idues in a small single domain protein will be mainly
those constituting the hydrophobic core. We can conclude
that the key residues should be characterized by a large
number of stabilizing nonlocal interactions and conse-
quently also by the highest total stabilization energy.

An important question in the determination of the
energy contribution of a particular residue to the protein
stability is the accuracy of the employed method. Since
the hydrophobic residues, which play an important role
in the protein fold stability, interact mainly by forces of
dispersive nature, it is crucial to select methods able to
describe the dispersion correctly. Most of the calculations
for biologically relevant systems are performed by molec-
ular mechanics utilizing empirical potential force fields.
Although this method can be quite reliable in many
cases,15 one has to be also aware of its shortcom-
ings.16,17 It is therefore necessary to perform a bench-
mark study of the performance of a selected force field to
justify the method prior to its routine usage. Nowadays,
it is feasible to perform nonempirical, ab initio quantum
chemical calculations for systems of biological relevance,
but it is a known fact that some of the methods, like
Hartree-Fock (HF) or Density functional theory (DFT)
do not cover dispersion at all. This failure is important
as it prevents these methods from being used in any bio-
logical and biophysical applications. One option is to uti-
lize either other high-level ab initio calculations covering
dispersion energy, such as the popular second-order Młl-
ler-Plesset perturbation treatment (MP2) covering a sub-
stantial part of correlation energy. Another possibility is
to use DFT methods corrected and parameterized to
cover the dispersion term.18�20

We selected the MP2 method, which is known to
describe interaction energy of amino-acid residues in
proteins9 well, as the reference method. We are certainly
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aware of the fact that MP2 method is not accurate for
noncovalent interactions. This is due to the fact that
MP2 when combined with extended basis sets (or even
using the complete basis set limit) overestimates the dis-
persion energy.21�24 This overestimation is eliminated
when passing to CCSD(T) procedure. The other possibil-
ity is to perform the MP2 calculation with medium basis
set and thus rely on compensation of errors. In the pres-
ent article we selected this strategy and MP2 calculations
were performed with aug-cc-pVDZ basis set (see also
Ref. 9) The other possibility is to use DFT procedure
augmented by empirical dispersion energy which, due to
the parametrization of dumping function connected with
dispersion energy, provides accurate interaction energies
comparable to the accurate CCSD(T) values. Finally, the
standard force field parm9425 implemented in Amber
package, commonly used for molecular modeling of pro-
teins was also applied.

The DFT-D method was parameterized toward a set of
stabilization energies of various molecular clusters (H-
bonded, stacked, mixed) determined at a highly accurate
CCSD(T) level.19 The method, yielding very accurate
stabilization energies, structures and other properties
(e.g. vibrational frequencies), is computationally not
demanding, which allows it to be used even for extended
clusters. It must be mentioned here that the CCSD(T)
method itself is extremely time consuming and thus
applicable only to small systems.

The model system used in this study is the Trp-cage
de novo miniprotein (see Fig.F1 1), where the role of the
key residue can be clearly ascribed to the Trp6 residue.
The protein was designed by mutating a sequence of a
common Trp-cage fold XFXXWXXXXGPXXXXPPPX.
The size of the model system (only 20 amino-acid resi-
dues) facilitates the usage of the high-level ab inito refer-
ence method. To test the IEM method and its reliability
initially, we applied it to the Trp2Cage miniprotein, a
P12W mutant of the Trp-cage. Further, we applied the
method to capture the difference in stabilization energy
which can be assigned to higher/lower thermostability of
rubredoxin variants.

METHODS

Strategy of calculations

In each studied protein, we evaluated the interaction
energy between pairs of amino-acid residues. For this
purpose, we split the polypeptide chain into fragments
according to the procedure described below. This enabled
us to calculate the interaction energy between all pairs of
nonneighboring residues, or in all pairs of nth and mth
(m > n 1 2) residue during empirical calculation in the
Amber force field (FF).

Interaction energies (in kcal/mol) were then collected
in a matrix, and hereinafter we use the abbreviation

interaction energy matrix (IEM). An important entry is
not only the interaction energy between two (nonneigh-
boring) amino-acid residues but also the sum of interac-
tion energies of a particular amino acid (with the excep-
tion of its neighbors) in the system investigated. To facili-
tate orientation in the IEM, the following color code is
adopted based on the value of the interaction energy: the
dark blue ((21) 2 (25.0) kcal/mol), the light blue
((25.0) 2 (20.5) kcal/mol), the gray ((20.5) 2 0.5
kcal/mol) and the yellow (0.5 2 1 kcal/mol).

Trp-cage as a model system

The model system is the Trp-cage miniprotein (PDB
code 1L2Y), a 20-residue construct and the smallest pro-
tein-like cooperatively folded tertiary structure known to
date. Its sequence NLYIQWLKDGGPSSGRPPPS was
designed by a mutation of a common Trp-cage fold
sequence XFXXWXXXXGPXXXXPPPX. In the native
structure where Tryptophan 6 is ��encaged�� between an
alpha helix and a b-hairpin (see Fig. 1), the tryptophan
residue side-chain is surrounded by three proline residue
side-chains and other hydrophobic residues. The proline
residues contribute to the stability of the helix.26 The
tryptophane residue plays a role of a ��connecting hub��
in the structure, which glues together the alpha helix and
the b-hairpin. Such an important structural feature of
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Figure 1
The Trp-cage miniprotein (PDB code 1L2Y) and its sequence.
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the tryptophan residue should also be demonstrated by
unique physical�chemical properties of the side-chain
and the number of its non-covalent interactions and
enormous contribution to the overall stabilization.

To verify the range of sensitivity of the suggested con-
cept, we selected two systems to demonstrate the advan-
tages and drawbacks of the IEM method. The first system
was naturally closest to the model system�a more stable
variant of the Trp-cage; the second system was meso-
philic and hyperthermophilic variants of the small pro-
tein rubredoxin. The hypothesis that stabilization energy
inside a protein has a direct connection with the overall
stability (temperature stability) should be then proved or
disproved by the IEM method straightforwardly.

Trp2Cage

The Trp2Cage is a P12W mutant of the Trp-cage mini-
protein, designed by Saven and coworkers27 using the
Monte Carlo (MC) search. This mutation is known to
contribute to the stability of the structure enormously,
raising its Tm by 158C.

We adopted two strategies to model the system and
verify the sensitivity of our method. First, we fitted the
designed rotamer of Tryptophane at the position 12 of
the original Pro residue in the Trp-cage structure taken
from PDB. Second, we took the MC model structure of
the Trp2Cage (with Tryptophane at position 12) obtained
by Saven et al. and mutated the Trp12 into Pro residue.
All geometries were optimized using parm94 FF in
Amber prior to the calculation of IEM.

Rubredoxin variants

We selected two variants of a small globular protein
from the rubredoxin family�hyperthermophilic (PDB
code�1BRF) from Pyrococcus furiosus and mesophilic
(PDB�code1RB9) from Desulfovibrio vulgaris. The
hyperthermohilic variant is known to be stable above
1008C; whereas for the mesophilic one, the temperature
stability decreases substantially over 408C. Despite the
fact that the two systems are structurally almost indistin-
guishable from one another, there are a few very impor-
tant differences in the structure. The RMSD difference
for 7 residues in the hydrophobic core is quite high
(�1.5 A� ), reflecting the fact that in the hyperthermo-
philic variant of rubredoxin the amino-acid side-chains
are more tightly packed. Another difference is the pres-
ence of Tryptophane residue in the hyperthermophilic
variant composing the hydrophobic core as against the
presence of Tyrosine in mesophilic rubredoxin. Both
structures were taken from PDB, hydrogen atoms were
added and optimized prior to the calculation of the IEM
by the DFT method.

Fragmentation

So that the interaction energy could be calculated, the
peptide chain has to be split into fragments. We used
two different fragmentation procedures:

a. The Ca��C(O) bond (the least polar bond along the
chain) was cut and the fragments were capped with H
atoms. This scheme was used with RI-MP2 and RI-
DFT-D methods.

b. The peptide bond was cut and the fragments were
capped with acetyl group at the N terminus
(H3C��C……O��) and with N-methyl at the C termi-
nus (��NH��CH3). This is standard method of amino
acids capping by AMBER program and it was used for
empirical force-field calculations.

Calculation of interaction energy

In both RI-MP2 (Resolution of Identity Młller-Plesset
method) and DFT-D19 calculations, we first created all
possible pairs of residues and optimized hydrogens at the
HF/6-31G(d) level in Gaussian03 (while keeping the
heavy atoms fixed at the positions from the PDB struc-
ture). Then we calculated the interaction energies for all
residue pairs at the MP2/aug-cc-pVDZ (counterpoise
(CP) corrected) or DFT-D|TPSS/TZVP level in Turbo-
mole. Both types of calculation were performed either in
the gas phase or using the COSMO model of solvent. We
used the COSMO method in Turbomole Program pack-
age with the default values of the parameters.28 In the
empirical potential calculations, we optimized hydrogens
in separate residues and then calculated the interaction
energy for all pairs using the parm94 FF.

Sometimes we used the term ��stabilization energy��
instead of ��interaction energy.�� Stabilization represents
the negatively conceived value of interaction energy.

RESULTS AND DISCUSSION

Gas phase calculations on the Trp-cage
system—comparison of MP2, DFT, and FF

The gas phase calculations were performed at the MP2
level to set up a benchmark for further evaluation of
DFT and empirical potential methods. Nevertheless, it is
known that the interactions between charged residues, as
well as between neutral and charged residues, are strongly
overestimated in the gas phase in comparison with the
protein-like or water environment due to unshielded
Coulomb interactions.29 Figure F22a shows that our MP2
gas phase calculations also manifest this behavior. The
largest stabilization contributions are brought by residues
Asp9, Arg16 and Ser20 (negatively charged ��COO2

terminus).
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4 PROTEINS DOI 10.1002/prot



Since most of the stability-important residues in the
Trp-cage protein are neutral (the consensus sequence of
synthesized Trp-cage variants is XFXXWXXXXGPXX
XXPPPX, the conserved residues in the exendin-4 frag-
ment used to design a Trp-cage according to the Con-
Seq4 sequence alignment are F3, V/I4, W6, L7, G10, and
P12), we decided first to evaluate interactions within a
reduced set which contained only the uncharged residues
(The charged residues Lys8, Asp9, and Arg16 as well as
the terminal charged residues Asn1 and Ser20 were not
considered). The results are shown in Figure 2b, depict-
ing the MP2 gas phase interaction matrix for such a set.
Most of the interactions within this matrix have an
attractive character (i.e. contribute to protein stability),
with no pair exhibiting strong repulsion. Only 2 pairs

(Leu7-Pro12, Leu7-Pro17) possess higher repulsion than
0.5 kcal/mol. Some of the interactions of the aliphatic
and aromatic residues can be comparable in strength to
classical H-bonding (e.g. the interaction Tyr3-Pro19,
amounting to 23.7 kcal/mol). Moreover, residues with
larger side-chains (e.g. aromatic) can simultaneously par-
ticipate in several strong interactions; the highest number
of attractive interactions stronger than 1 kcal/mol pos-
sesses Trp6. Its interaction energy with Pro18 and Tyr3 is
larger than 8 kcal/mol, and only slightly weaker stabiliza-
tion energy was found for its interaction with Pro17.
Again, these stabilization energies are very large; a strong
H-bond in the water dimer is about 5 kcal/mol. Two
complexes (Tyr3-Trp6, Trp6-Pro17) possess N��H���O
main-chain�main-chain and main-chain�side-chain
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Figure 2
MP2 gas phase IEM (a) for the whole set of residues and total interaction energy (in kcal/mol) for individual residues and (b) for the reduced set of residues. The color
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mol) and the yellow (0.5 2 1 kcal/mol).
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H-bonds, respectively, but the complex 6�18 does not have
any H-bond; the enormous stabilization (8.7 kcal/mol)
originates solely in stacking! It must be mentioned here
that only one subsystem (Trp) contains aromatic elec-
trons, the other one (Pro) is a heterocyclic aliphatic
system. So as to answer the question whether the stabili-
zation in the other two pairs comes mainly from H-
bond, we have studied two model systems: the interac-
tion of Tyr3-Trp6 side-chains, modeled from the Cb
atom, for example without the H-bond, amounts to
22.0 kcal/mol; in the Trp6-Pro17 complex, where the H-
bond has been removed by replacing the ��CHO group
in proline by ��CH3 group, the interaction energy
amounts to 26.3 kcal/mol.) Besides these three very
attractive interactions, Trp6 exhibits further four addi-
tional interactions with stabilization higher than 3 kcal/
mol. The total interaction energy provided by one resi-
due in the reduced set is always negative. The highest
value was obtained for Trp6 and exceeded 45 kcal/mol,
which is an extreme stabilization coming from one resi-
due (in the gas phase). The other most stabilizing resi-
dues are: Leu7 (23.0 kcal/mol), Tyr3 (20.8 kcal/mol), and
Gly11 (20.5 kcal/mol). Evidently, aromatic Trp6 forms a
��glue,�� which dominantly contributes to the stability of
the Trp-cage. Other aromatic but also aliphatic residues
also contribute, but their role is less important. The C-
terminal proline residues�structurally conserved ele-
ments of the Trp-cage fold�contribute each by �9 kcal/
mol to the overall stability. This confirms that gas phase
calculations of the stabilization energy provided by indi-
vidual residues are able to identify the key stabilizing res-
idues in the protein structure of the Trp-cage.

Having calculated the IEM using the reference MP2
method, we used the results to evaluate the performance
of the DFT and empirical potential methods. The com-
parison of MP2 gas phase results with the DFT and em-
pirical potential is shown in FigureF3 3. The values are
sums of the pair-wise interaction energies for each neu-
tral residue in the structure. The DFT results agree very
well with the MP2 values. The results of the empirical
force-field calculations were overestimated approximately
by a scaling factor of 2. Such large overestimation of the
stabilization energy is exclusively the result of different
fragmentation procedure used for this method, which
yielded larger fragments and thus also larger stabilization
energies of the residue pairs. Having been corrected by
this scaling factor, the results qualitatively agree with
both the MP2 and the DFT-D values (see Fig. 3). An im-
portant finding is that all the three methods identified
the same residues (e.g. Trp6, Tyr3, Leu7, and Gly11) as
the key ones in the reduced set of residues.

The DFT-D interaction energies should be by defini-
tion (and parameterization) close to the CCSD(T)/CBS
ones and hence more accurate than the MP2 ones (We
are, of course, aware that the DFT-D procedure contains
empirical constants and is thus not a pure ab initio

method). The DFT-D interaction energy is constructed as
a sum of DFT interaction energy and dispersion energy.
The dispersion energy determined by the C6/R6 expres-
sion (see the original Ref. 19) agrees surprisingly well
with the dispersion energy determined by the Symmetry
Adopted Perturbation Treatment. Hence, the DFT-D
interaction energy can be easily decomposed into the
DFT part (covering roughly electrostatic, induction and
exchange-repulsion energies) and the dispersion part.

Total DFT-D interaction energy and its dispersion part
are presented in Figure F44. Evidently, dispersion energy
forms an important and with some residues even domi-
nant part of total stabilization energy. This is even more
evident from the histogram shown in Figure 4a, and the
following conclusions can be made: (i) stabilization of
the most stable (neutral) residue Trp6 is dominantly
(76%) caused by dispersion energy. If the partner is an
aromatic system (i.e. interaction 6-3), the role of disper-
sion energy is, following expectations, even higher
(79%). Very surprising is, however, the dominant role of
dispersion for the interaction of Trp6 with a cyclic, ali-
phatic proline. In the case of Pro18, the dispersion forms
94% of the total stabilization energy. This value is even
higher (125%) for Pro19, where DFT interaction energy
(the difference between total interaction energy and dis-
persion energy) is repulsive, and total stabilization is
entirely realized by dispersion energy; (ii) stabilization of
the next three most stable residues (Leu 7, Gly 11, and
Tyr 3) is also due to dispersion energy (56, 46, and 72%,
respectively); (iii) dispersion energy contributes, again
following expectation, almost negligibly to the stabiliza-
tion of ionic residues (1, 8, 9, 16, 20); (iv) having
summed total stabilization energies of each residue, we
obtain a total stabilization energy of 628 kcal/mol. The
dispersion energy contributes to this energy by 33%.
When only nonionic residues are considered, this portion
increases to 53%; (v) dispersion energy of prolines (18
and 19) with aromatic Tyr3 and Trp6 is very large. In the
case of the 19-3 and 19-6 pairs, it is even larger than
total stabilization energy, and in the case of 18-6 pair, it
forms a dominant part of total stabilization energy.

The role of solvent—comparison of DFT and
empirical potential methods

To describe the interactions involving polar or charged
residues correctly, we need to include the effect of the
environment in the calculations. Last but not least, the
aliphatic parts of charged side-chains are also involved in
van der Waals stabilization, and their contribution is
therefore not purely electrostatic. The environment was
included in DFT calculations by employing the implicit
solvent model (COSMO).28 We used the value of dielec-
tric constant e 5 80.0. We are aware of the fact that the
dielectric constant of protein is much lower, mostly
between 4 and 10. The present values thus represent the
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lower limit of the actual interaction strength; the actual
values should thus be closer to the ��gas-phase�� values.

The results are shown in FigureF5 5. The contributions
of some of the charged residues provided by the DFT/
COSMO calculations remained important (especially
Lys8), but, typically due to a single strong interaction
(e.g. salt bridge Asp9-Arg16, H-bonded interaction Gln5-
Lys8), their absolute values decreased substantially when
compared with the gas phase values. However, this
decrease was not uniform for all the charged residues, for
example the stabilization contribution of Lys8 decreased
from its gas phase value of 35.0 to 9.3 kcal/mol, the Asp9
contribution decreased from the gas phase value of 72.1
kcal/mol even to a negative value of 20.2 kcal/mol.
None of the charged residues possessed higher total sta-
bilization energy than the Trp6 residue, which also main-
tained the highest number of stabilizing interactions

stronger than 1.0 kcal/mol (n 5 6). An important fact is
that all residues except for 1, 9, and 15 bring stabilizing
contribution.

To evaluate the performance of the empirical potential
and its reliability for the description of the residue�resi-
due interactions in the solvent environment, we utilized
the generalized born (GB) solvent model with the stand-
ard value of dielectric constant of 78.5 for water. The
empirical potential values were again higher, than the
DFT/COSMO results; the proportionality constant was
1.436. On the other hand, the overall trend was similar
to DFT/COSMO results. We can therefore use the empir-
ical potential with the GB model to assess qualitatively
the contributions of individual residues to the protein
stability. The comparison of DFT/COSMO results with
the scaled empirical potential GB results is shown in
Figure 5.
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Figure 3
DFT gas phase IEM (a) for the whole set of residues and total interaction energy for individual residues and (b) for the reduced set of residues. The color code is based
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yellow (0.5 2 1 kcal/mol).
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Application test case no. 1—Trp2Cage

To show the usefulness of our method, we tested its
ability to reproduce the stabilization of the Trp2Cage,27
a recently reported P12W mutant of the Trp-cage,
designed by Monte Carlo (MC) search of side-chain
rotamers and experimentally shown to have a 158C
higher melting temperature (Tm) as compared with the
original Trp-cage structure. However, its geometry has
not been determined up to now either by NMR or by X-
ray crystallography.

So as to overcome this problem, we generated the
Trp2Cage geometry by using the Trp-cage geometry and
replacing the P12 residue manually by Trypthophane (for
computational details, see the Methods section.). We
than compared the IEMs calculated for the original Trp-
cage and its P12W mutant using empirical potential with
the GB solvent model. The comparison of the total stabi-
lization energies provided by individual residues in both
studied structures is shown in FigureF6 6a, the differences
between them are shown in Figure 6b. To verify the
results, we also compared the IEM for the Trp2Cage MC
model geometry and its W12P mutant (the Trp2Cage
MC model geometry where we manually replaced the
W12 residue by the original Proline residue). The results
are also shown in Figure 6a.

The structures originating in the Trp2Cage MC model
geometry have a much smaller sum of stabilization
energy than the two structures with the Trp-cage geome-
try (�13 kcal/mol). It seems to be apparent that the MC
model of the Trp2Cage is not at its energy minimum.
The sum of stabilization energy is by 0.8 kcal/mol larger
in the Trp-cage P12W mutant as compared with the orig-
inal Trp-cage. In the case of the Trp2Cage W12P mutant,
the sum of stabilization energy is by 0.2 kcal/mol lower

than in the Trp2Cage. This is a very good agreement
between the two approaches, when we consider the high
number of contributing pair-wise interaction energies in
each of the compared sums and the propagation of only
one mutation.

Application test case no. 2—Rubredoxin
variants

Our aim was to apply the IEM method in a practical
way when physico-chemical differences are known and
experimental data provide a solid basis for correlation
with calculations. In this example, we show the ability of
our method to distinguish the key residues in the struc-
ture of natural (nonartificial) proteins and also its ability
to show the differences between mesophile and thermo-
phile proteins. There is already a study dealing with this
problem computationally on a comparable level of com-
plexity.30 The results of our calculations for two rubre-
doxin protein variants are shown in Figure F77a. The
hyperthermophilic rubredoxin (1BRF) provided total sta-
bilization energy by 10 kcal/mol higher than its meso-
philic variant (with the exception of the terminal residues
1 and 51). Another important feature of the stabilizing
contributions is that the core residues (e.g. Y/W3, Y12,
F29, W36, and F48�numbering according to 1BRF) add
the most to this stabilization (by 6 kca/mol). The differ-
ences for the individual residues are shown in Figure 7b.
The residues conserved in rubredoxin sequences accord-
ing to Jenney and Adams31 are the following: C5, C8,
Y12, W36, C38, P39, C41, K45, and F48. We have made
an independent analysis of residue conservancy accord-
ing to ConSeq4�web-based bioinformatical tool for
sequence alignment. This analysis provided the following
amino acids supposed to be conserved in the sequences
of rubredoxins�C5, C8, Y12, D13, E14, G17, T27, F29,
L32, P33, W36, C38, P39, C41, K45, and F48. It is
known that the four cysteines are necessary to hold one
Fe21 cation in tetrahedral arrangement and do not con-
tribute to the stability of the fold and structure.32 A
careful look at the graph in Figure 7a shows that the
IEM method provided the following residues which con-
tribute the most to the overall stability of the protein�
Y/W3; Y12; F29; L32; W36; K45; and F48. This is a very
promising result in terms of combining sequential and
structural/energy data into one framework. It is also
apparent that the most important residues are part of the
hydrophobic core, which makes sense when we take into
account the stabilizing function of the protein core.

CONCLUSIONS

The results presented here demonstrate how capable
the IEM method is of adequately capturing the stabilizing
contributions of the key residues to the overall stability
of our model system�the Trp-cage miniprotein. The
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Figure 4
Trp-cage—a comparison of total interaction energy for individual residues
calculated by MP2, DFT, and empirical potential in the gas phase.
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identified residues are mostly buried in the protein inte-
rior, composing its hydrophobic core.

We have also shown that gas phase calculations are suf-
ficient to capture the stability contributions of individual
residues at the roughest level of approximation and that
they provide a useful first guess determination of impor-
tant residues from a stability point of view. This approxi-
mation neglects contributions from charged amino acids
and evaluates the stability for the reduced set of amino
acids containing only neutral residues. Both DFT and
rescaled empirical potential values reproduce the gas phase
MP2 values at a reasonable level of accuracy. It is worth to
mention here that standard treatment of isolated amino
acids in AMBER is not ideal and provides systematically
larger values of interaction energy for complexes where an
amino acid is one of the interacting partners.

Dispersion energy contributes significantly to total sta-
bilization energy, and its role with aromatic pairs is dom-
inant. Surprisingly, an even more important role is
played by dispersion energy for the interaction of pro-
lines with an aromatic system.

To justify and adequately describe a system not far
from real conditions, we had to take the role of solvent
into account. The calculated values of pair-wise interac-
tion energies for the whole set of residues including the
charged ones provide a better estimation of the propor-
tion between stabilizing contributions coming from dif-
ferent residues in an environment. We ascertained that
the empirical potential with the GB model of solvent is
able to reproduce the DFT/COSMO results�our refer-
ence method while being at the same time fast enough to
be used for large biological systems. Empirical as well as
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Figure 5
Trp-cage—a comparison of (a) the DFT-D with COSMO IEM and (b) the empirical potential with the GB solvent model IEM and (c) histograms showing sums of
interaction energies for individual residues in kcal/mol). The color code is based on the value of the interaction energy: the dark blue ((21) 2 (25.0) kcal/mol), the
light blue ((25.0) 2 (20.5) kcal/mol), the gray ((20.5) 2 0.5 kcal/mol) and the yellow (0.5 2 1 kcal/mol).
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ab initio methods succeeded in identifying Tryptophane 6
as the key residue among all others and evaluate its con-
tribution to the overall stability in its structural and se-
quential context. Applying the strategy of IEM on the
Trp2Cage, we obtained a sound difference between the
wild-type variant and the engineered one, in which
the original Pro residue was replaced by a Tryptophane.
The results show that the enthalpy difference is an indi-
cator of stability change and can be used as a descriptor
in mutagenesis experiments.

An interesting picture of the difference between two
variants of the same protein was obtained by applying
the IEM method on the hyperthermophilic and meso-

philic variants of rubredoxin. It has been previously
shown that mutation of an aromatic amino acid in the
hydrophobic core33 leads to a decrease of the thermo-
stability and is also accompanied by a large drop of sta-
bilization enthalpy. IEM confirmed that not only a total
sum of pair-wise energy stabilization contributions dif-
fers significantly between the two variants but, which is
more interesting, this trend is present even when only
the hydrophobic core residues are taken into account.
We have concluded that the method is reasonably sensi-
tive to be applied in protein engineering routinely and
is a valuable descriptor of a protein in a bioinformatical
context.
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Figure 6
Results of the Trp2Cage study calculated using the empirical potential with the GB solvent model: (a) Comparison of the sums of interaction energies (in kcal/mol) for
individual residues and (b) Differences in the sums of interaction energy (in kcal/mol) for individual residues between the Trp-cage WT and the P12W mutant on the
Trp2Cage X-ray structure.
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10 PROTEINS DOI 10.1002/prot



J_ID: Z7E Customer A_ID: 21938 Cadmus Art: PROT21938 Date: 2-JANUARY-08 Stage: I Page: 11

ID: srinivasanv Date: 2/1/08 Time: 19:52 Path: J:/Production/PROT/Vol00000/070671/3B2/C2PROT070671

Figure 7
Comparison of 1RB9 and 1BRF results calculated with empirical force field (numbering of residues according to 1BRF): (a) Comparison of the sums of interaction
energies (in kcal/mol) for individual residues and (b) Differences in the sums of interaction energy (in kcal/mol) for individual residues between 1RB9 and 1BRF.
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Abstract: The formation of a hydrophobic core of globular proteins is believed to be the consequence of
exterior hydrophobic forces of entropic nature. This, together with the low occurrence of hydrogen bonds
in the protein core, leads to the opinion that the energy contribution of core formation to protein folding and
stability is negligible. We show that stabilization inside the hydrophobic core of a small protein, rubredoxin,
determined by means of high-level correlated ab initio calculations (complete basis set limit of MP2
stabilization energy + CCSD(T) correction term), amounted to � 50 kcal/mol. These results clearly
demonstrate strong attraction inside a hydrophobic core. This finding may lead to substantial changes in
the current view of protein folding. We also point out the inability of the DFT/B3LYP method to describe a
strong attraction between studied amino acids.

Introduction

Protein folding involves two critical elements, stability and
specificity. The native structure of a typical protein is only 5- 15
kcal/mol more stable than the unfolded state.1 Hence, small
differences in energy between multitudes of possible noncova-
lent interactions are summed up to provide the properly folded
structure. To gain control of protein secondary and tertiary
structure requires an understanding of how these noncovalent
interactions provide both stabilization and specificity.2

Every globular and water-soluble protein has a hydrophobic
core. The core is an arrangement of hydrophobic residues buried
in the protein interior. The formation of a hydrophobic core,
which is the driving process of protein folding in terms of
energy, is connected with the existence of a folding nucleus,3,4

a conserved region of protein which initiates the folding.5,6

Evidence for a nucleation condensation mechanism can be found
in the work of Itzhaki et al.,7 which can be taken as one of the
most important works in the field. Some forces, such as packing
forces and H-bonding during protein folding in the context of
the hydrophobically driven folding, are discussed in great detail
by Zhu et al.8 and Honig et al.9

Core formation is believed to be the consequence of exterior
hydrophobic forces of entropic nature,10,11 an example of
classical hydrophobic effect12 characterized by small contribu-
tion (repulsive or attractive) of complexation enthalpy. This,
together with low occurrence of hydrogen bonds in the protein
core, leads to the assumption that the energy (enthalpy)
contribution of the core formation to protein folding is small
or negligible.

Recent theoretical and experimental investigations of various
types of noncovalent interactions have shown13 that a rather
large attraction could be gained not only from hydrogen bonding
but also from other types of noncovalent interactions. Thus, the
question arises of how strong are the stabilizing contributions
of amino acids in a hydrophobic core. This question is of key
importance for understanding the mechanism of protein folding
as well as understanding protein secondary and tertiary structure.

The aim of the present work was to evaluate the stabilization
energy of a model hydrophobic core based on a high-resolution
X-ray structure of rubredoxin, a small soluble FeS protein (PDB
code 1RB9). Stabilization energy was determined using high-
level correlated ab initio calculations, specifically, as a sum of
the complete basis set limit of the MP2 stabilization energy and
CCSD(T) correction term.

Computational Model and Methods

Structure. Rubredoxin is a typical globular one-domain protein and
contains a densely packed cluster of interacting residues centered around

(1) Branden, C.; Tooze, J.Introduction to Protein Structure, 2nd ed.; Garland
Publishing: New York, 1999.

(2) Tatko, C. D.; Waters, M. L.J. Am. Chem. Soc.2004, 126, 2028.
(3) Abkevich, V. I.; Gutin, A. M.; Shaknovich, E. I.Biochemistry1994, 33,

10026.
(4) Fehrst, A. R.Proc. Natl. Acad. Sci. U.S.A.2000, 97, 1525.
(5) Dokholyan, N. V.; Buldyrev, S. V.; Stanley, H. E.; Shakhnovich, E. I.J.

Mol. Biol. 2000, 296, 1183.
(6) Shakhnovich, E. I.; Abkevich, V.; Ptitsyn, O.Nature1996, 379, 96.
(7) Itzhaki, L. S.; Otzen, D. E.; Fehrst, A.J. Mol. Biol. 1995, 254, 260.
(8) Zhu, B.-Y.; Zhou, N. E.; Kay, C. M.; Hodges, R. S.Protein Sci.1995, 2,

383.
(9) Honig, B.; Yang, A. S.AdV. Protein Chem.1995, 46, 27.

(10) Tanford, C.Science1978, 200, 1012.
(11) Rose, G. D.; Geselowitz, A. R.; Lesser, G. J.; Lee, R. H.; Zehfus, M. H.

Science1985, 229, 834.
(12) Meyer, E. A.; Castellano, R. K.; Diederich, F.Angew. Chem., Int. Ed.2003,

42, 1210.
(13) MuÈller-Dethlefs, K.; Hobza, P.Chem. ReV. 2000, 100, 143.
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two phenylalanines (F30 and F49) in the interior of the protein (Figure
1A,B). Localization of the cluster was determined by STING, a Web-
based suite of programs (http://www.cbi.cnptia.embrapa.br), with
distance criteria of 4.0 … for the hydrophobic contacts of two amino
acids. Water molecules are not present in the core, and thus, water is
not directly participating in the core stabilization. The whole cluster
was partitioned into two distinct clusters (named after the central
residues, F30 and F49) and was further fragmented into well-defined,
chemically distinct pairs of neutral amino acids (modeled as methylated
aminoacyl residues). The central F30 and F49 phenylalanines thus
interact with five (F49, K46, L33, Y13, and Y4) and seven (C39, C6,
F30, K46, V5, W37, and Y4) amino acids, respectively. There is one
H-bond ascribed to the F30 cluster (a classical COâââHN H-bond in
the F30âââL33 pair) and another two H-bonds are ascribed to the F49
cluster (a classical COâââHN H-bond in the F49âââK46 pair, as well as
an unusual CHâââð interaction between the methyl group of the capped
O terminus of V5 and theð system of the phenylalanine in the F49â
ââV5 pair; cf. Figure 1B,C).

Interaction Energy. The heavy atom coordinates in all amino acid
pairs were kept fixed at the positions from the X-ray structure (1RB9).
Positions of the hydrogens were then optimized at the DFT/B3LYP/
6-31G** level. The stabilization energies for all pairs of amino acids
in clusters F30 and F49 were determined at the RIMP2 (resolution of
identity Mùller- Plesset method) level using a complete atomic orbital
basis set (CBS) limit and, for a few selected pairs, also at the CCSD-
(T) level. It should be mentioned here that the stabilization energies of
the H-bonded model and stacked clusters evaluated at the CCSD(T)
and CCSDT levels were practically identical,14 which gave full
confidence in using CCSD(T) calculations.

The CCSD(T)/CBS interaction energy was approximated as

The former term was determined using the Helgaker extrapolation
scheme.15 The Hartree- Fock and correlation MP2 energies necessary
for the extrapolation were determined with aug-cc-pVXZ (X) D, T)
basis sets. The CCSD(T) term was calculated with a smaller basis set,
6-31G*(0.25) (exponent of d-functions changed from a standard value
of 0.8 to a more diffuse one of 0.25). The use of a smaller basis set is
based on the fact that the difference between the MP2 and CCSD(T)
interaction energies (contrary to MP2 and CCSD(T) total energies
themselves) is much less dependent on the size of the basis set, and

the 6-31G*(0.25) basis set already gives satisfactory values of this
difference.16 All interaction energies were corrected for the basis set
superposition error. The DFT calculations were performed using
Gaussian03;17 RIMP2 calculations were done by Turbomole,18 and
CCSD(T) calculations were performed using MOLPRO.19

Molecular Mechanics Calculations. All molecular mechanics
calculations were performed using MOE (The Molecular Operating
Environment), version 2004.03, software available from Chemical
Computing Group Inc. (1010 Sherbrooke Street West, Suite 910,
Montreal, Canada H3A 2R7; http://www.chemcomp.com).

Discussion of the Ab Initio Methods.The most common method
of choice for the systems with sizes similar to the model intermolecular
complexes studied in this work is either the DFT technique or the
second-order Mùller- Plesset (MP2) perturbation method.20 The DFT
methods provide reliable characteristics of isolated systems as well as
H-bonded complexes, and due to their favorable size/CPU time ratio,
they are extensively used also for biomolecular systems. The MP2
methods, covering a rather large portion of correlation energy, can be
utilized not only for isolated systems and H-bonded complexes but
also for stacked complexes. When used together with the resolution of
identity technique (RIMP2 method21), a very favorable accuracy/CPU
time ratio can be achieved.22,23 The CBS limit extrapolated from the
aug-cc-pVDZ and aug-cc-pVTZ energies is slightly underestimated with

(14) Pittner, J.; Hobza, P.Chem. Phys. Lett.2004, 390, 496.
(15) Halkier, A.; Helgaker, T.; Jùrgensen, P.; Klopper, W.; Koch, H.; Olsen, J.;

Wilson, A. K. Chem. Phys. Lett.1998, 286, 243.

(16) JurecÏka, P.; Hobza, P.Chem. Phys. Lett.2002, 365, 89.
(17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.;
Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.;
Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.Gaussian
03, revision C.02; Gaussian, Inc.: Pittsburgh, PA, 2004.

(18) Ahlrichs, R.; BaÈr, M.; HaÈser, M.; Horn, H.; KoÈlmel, C.Chem. Phys. Lett.
1989162, 165.

(19) MOLPRO, a package of ab initio programs designed by H.-J. Werner and
P. J. Knowles, version 2002.1, R. D. Amos, A. Bernhardsson, A. Berning,
P. Celani, D. L. Cooper, M. J. O. Deegan, A. J. Dobbyn, F. Eckert, C.
Hampel, G. Hetzer, P. J. Knowles, T. Korona, R. Lindh, A. W. Lloyd, S.
J. McNicholas, F. R. Manby, W. Meyer, M. E. Mura, A. Nicklass, P.
Palmieri, R. Pitzer, G. Rauhut, M. SchuÈtz, U. Schumann, H. Stoll, A. J.
Stone, R. Tarroni, T. Thorsteinsson, and H.-J. Werner.

(20) Mùller, C.; Plesset, M. S.Phys. ReV. 1934, 46, 618.
(21) Feyereisen, M.; Fitzgerald, G.; Komornicki, A.Chem. Phys. Lett.1993,

208, 359.

Figure 1. Rubredoxin. (A) Schematic view of the protein, (B) supercluster of F30 and F49, and (C) both subclusters individually.
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respect to the physically more justified CBS limit obtained from the
aug-cc-pVTZ and aug-cc-pVQZ energies, but this underestimation is
rather small (0.2- 0.4 kcal/mol).23 Higher-order correlation energy terms
are important and should be included. In the CCSDT24,25 calculations,
all single, double, and triple and also part of quadruple and hextuple
electron excitations are determined iteratively (i.e., up to the infinitive
perturbation order). The CCSDT energies are very close to energies
obtained from the full configuration interaction calculations and are
thus approaching the true nonrelativistic energies. Though in the CCSD-
(T) calculations the triple excitations are determined only at the fourth
perturbation order, the interaction energies, as mentioned in the text,
are practically identical and the CCSD(T) method represents a method
of choice even for larger biomolecular clusters.

Results and Discussion

The total stabilization energy of both clusters was determined
as the sum of the pairwise stabilization energies of a central
phenylalanine with the amino acids in its neighborhood. These
energies were first determined at the frequently used DFT/
B3LYP/6-31G** level. It should be mentioned here that DFT
calculations are now widely used for biomolecular purposes and
are even adopted in ab initio molecular dynamic simulations of
the Car- Parinello-type. Figure 2 shows that 11 of 12 DFT pair
interaction energies are repulsive, and the 12th one is only very
slightly attractive. The DFT picture is thus consistent with the
expected nature of interactions in a hydrophobic core with a
low occurrence of hydrogen bonds. All pair interactions are
either repulsive or negligible.

However, is this conclusion correct? It is evident in Figure 1
that the aromatic rings of the central phenylalanines are in
contact with the aromatic and aliphatic side chains of the
neighboring amino acids. These contacts should be stabilized
by London dispersion energy. The theoretical description of
London energy is difficult, and only highly accurate correlated
ab initio calculations with extended basis sets are adequate in
this case.13

Therefore, the calculations should be performed at the highest
possible level, excluding the traditional problems of ab initio
quantum chemical calculations, that is, the incompleteness of

the AO basis set and insufficient amount of correlation energy
covered.

Inspecting the RIMP2/CBS interaction energies (the lower
part of Figure 2 and Tables 1 and 2), we found a very surprising
picture. All 12 pairs of interaction energies were negative (i.e.,
stabilizing), and the stabilization energies were relatively high
(for six pairs, even higher than 4.5 kcal/mol at the CBS limit).
Especially important were the F30âââY4 and F49âââV5 pairwise
interactions with stabilization energies of about 7 kcal/mol. The
first pair is stabilized by the interaction of the two aromatic
rings, and the structure corresponds to a parallel-displaced
structure of a benzene dimer. F49âââV5 interaction is of a
different nature. Due to the fragmentation procedure, the pair
contains the CHâââð contact instead of theðâââð contact present
in the real system (interaction ofð electrons of phenylalanine
and a peptide bond). As we will see later, the very large
stabilization energy of the present system (F49âââV5) only
approaches the stabilization energy of an alternative model
containing a phenylalanine ring and a peptide bond. The F30â
ââY4 and F49âââV5 pairs clearly illustrate the stabilization role
of the amino acid aromatic ring and show that strong stabiliza-
tion (comparable or even higher than H-bonding) can originate
from dispersion attraction without the presence of any classical
H-bond.

Stabilization in the remaining 10 pairs is significant, as well,
and supports the idea that the structural motifs of aromatic rings
and aliphatic chains also contribute considerably to the stability
of the system. It also supports a conclusion of Loladze et al.26

that packing of nonpolar groups in the protein interior is
favorable and is largely defined by a favorable enthalpy of van
der Waals interactions. The CCSD(T) correction term, the
calculation of which is extremely time demanding, is, in the

(22) JurecÏka, P.; Nachtigall, P.; Hobza, P.Phys. Chem. Chem. Phys.2001, 3,
4578.

(23) (a) Hobza, P.; Sÿponer, J.J. Am. Chem. Soc.2002, 124, 112802. (b) Sÿponer,
J.; JurecÏka, P.; Hobza, P.J. Am. Chem. Soc.2004, 126, 10142. (c) JurecÏka,
P.; Hobza, P.J. Am. Chem. Soc.2003, 125, 15608.

(24) CÿõÂzÏek, J.J. Chem. Phys.1966, 45, 4256.
(25) CÿõÂzÏek, J.AdV. Chem. Phys.1969, 14, 35- 89.

(26) Loladze, V. V.; Ermolenko, D. N.; Makhatadze, G. I.J. Mol. Biol. 2002,
320, 343.

Figure 2. DFT and MP2/CBS interaction energies of F30 and F49
phenylalanines with selected amino acids from the rubredoxin core; DFT
interaction energy of the F30âââK46 pair is 0.

Table 1. Pair of Interaction Energies (in kcal/mol) of the Selected
Residues Clustered around F30a

RIMP2 ¢ CCSD(T)b CCSD(T)/CBS

residue aug-cc-pVDZ aug-cc-pVTZ CBS 6-31G*(0.25)

F49 - 3.1 - 3.3 - 3.3 - /0.6
K46 - 3.1 - 3.3 - 3.4 0.3/0.2 - 3.10
L33 - 4.9 - 5.3 - 5.5 0.5/0.2 - 5.00
Y13 - 4.2 - 4.4 - 4.5 0.6/0.4 - 3.90
Y4 - 6.5 - 6.8 - 7.0 - /1.7
sum - 21.8 - 23.2 - 23.7

a Compare Figure 1.b First number is the correction for whole modeled
residue; second number is the correction for side chain only (side chain
modeled from Câ atom).

Table 2. Pair of Interaction Energies (in kcal/mol) of the Selected
Residues Clustered around F49a

RIMP2

residue aug-cc-pVDZ aug-cc-pVTZ CBS

C39 - 1.7 - 2.0 - 2.1
C6 - 4.4 - 4.8 - 5.0
F30 - 3.1 - 3.3 - 3.3
K46 - 4.0 - 4.6 - 4.8
V5 - 5.6 - 6.4 - 6.7
Y37 - 2.3 - 2.4 - 2.5
Y4 - 2.7 - 3.0 - 3.1
sum - 23.8 - 26.5 - 27.5

a Compare Figure 1.
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cases of F30âââK46, F30âââL33, and F30âââY13, rather small
(contrary to the case of stacked DNA base pairs), and the CBS
limit of the MP2 stabilization energy can thus serve as a measure
of true stabilization. Using this conclusion, we can state that
both F30 and F49 clusters are described sufficiently on the
RIMP2/CBS level.

The total stabilization of F30 with the surrounding amino
acids amounts to nearly 24 kcal/mol and, in the case of F49,
nearly 28 kcal/mol (Tables 1 and 2). The average stabilization
of phenylalanine with one partner is thus more than 4 kcal/
mol. This is very high stabilization, equivalent to hydrogen
bonding, and is definitely far from the expected negligible or
even repulsive interaction energy. These energies are very
comparable to the above-mentioned energy difference between
the folded and unfolded states of protein (5- 10 kcal/mol),
further underlining the biological significance of this stabiliza-
tion.

For residues in the F30 cluster, the interaction of side chains
without the backbone atoms (e.g., starting with Câ atom of side
chain) was also considered. The smaller size of these systems
allowed us to evaluate the CCSD(T) correction (second term
of eq 1) coming from the amino acid side chains themselves.
As long as the inter-amino acid contact of the residues with
F30 was mediated mainly by the side chains, it also helped us
to get an approximate view of the effect of correlation energy
covered by CCSD(T) in the case of the complexes exceeding
our computational capabilities. The energies are also presented
in Table 1.

There is just one case where the CCSD(T) correction for the
side chain interaction exceeds 1 kcal/mol: the F30âââY4
interaction. It shows that the RIMP2/CBS interaction energy
of - 7 kcal/mol is overestimated by around 1.7 kcal/mol.
Because the amino acids are in contact by their side chains only,
it is plausible to consider the correction for the interaction of
side chains as a correction for the interaction of whole amino
acids.

In light of that, we did not evaluate the CCSD(T) correction
term in the case of complex F49. The RIMP2/CBS values alone
are, as written above, sufficient.

We have further used the RIMP2/CBS calculated stabilization
energy for each pair of amino acids as a standard for the
stabilization energies calculated by the empirical force fields
frequently used in protein modeling (i.e., AMBER-parm94,
parm99, ff02, ff03, CHARMm22, MMFF94, Engh-Huber,
OPLS-AA, TAFF, and Rule). The situation with empirical
potentials is more favorable than that for DFT (Figure 3). Three
of the potentials (Charmm22, Engh-Huber, and TAFF) follow
the trends of the reference method, but only qualitatively.

A more detailed examination into the structure of the F49
cluster revealed another way to treat interacting residues by
keeping the existing peptide bonds (PB). In proximity to the
central F49 aromatic side chain, two PBs (Y4âââV5 and V5âââ
C6) exist and can be alternatively considered as partners for
the central phenylalanine (cf. Figure 4). One of these PBs (V5â
ââC6) is parallel to the plane of the F49 side chain, while the
other PB (Y4âââV5) is perpendicularly oriented. The parallel
arrangement is known to provide considerable stabilization
energy.27,28

We calculated the F49 interactions with these two PBs (each
PB modeled asN-methylformamide), and the resulting CCSD-
(T)/CBS interaction energies (Table 3) amounted to- 8.2 and
- 2.8 kcal/mol, respectively. The stabilization energy of the
former motif (parallel orientation of the PB and an aromatic
ring) is surprisingly high, even higher than that for hydrogen
bonding, and sheds new light on the role of peptide bonds in
the stabilization of protein structures. Let us only add here that
the CCSD(T) correction term is repulsive (+ 0.6 kcal/mol), but
the repulsion is only modest in comparison with that known in
stacked structures of DNA base pairs.29

(27) Toth, G.; Watts, C. R.; Murphy, R. F.; Lovas, S.Proteins: Struct., Funct.,
Genet.2001, 43, 373.

(28) Duan, G.; Smith, W. H.; Weaver, D. F.Int. J. Quantum Chem.2002, 90,
669.

(29) Sÿponer, J.; Hobza, P.Collect. Czech. Chem. Commun.2003, 68, 2231.

Figure 3. Comparison of the empirical interaction energies in cluster F30
evaluated by several force fields with the RIMP2/CBS results.

Figure 4. Two peptide bonds in proximity of the aromatic ring of the F49
residue. Dashed ellipses indicate both peptide bonds, PB(Y4- V5) and PB-
(V5- C6), for which a stabilization energy was evaluated.

Table 3. Pair of Interaction Energies (in kcal/mol) of the Two
Peptide Bonds, PB(Y4- V5) and PB(V5- C6) with F30

RIMP2 ¢ CCSD(T) CCSD(T)/CBS

complex aug-cc-pVDZ aug-cc-pVTZ CBS 6-31G*(0.25)

F49- PB (Y4- V5) - 3.0 - 3.1 - 3.2 0.4 - 2.8
F49- PB (V5- C6) - 7.9 - 8.5 - 8.8 0.6 - 8.2
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To show that both fragmentation procedures are justified, we
evaluated the size of the possible errors originating from various
fragmentations. We calculated the interaction of F49 at the
RIMP2/aug-cc-pVDZ level with the whole neutral tripeptide
Y4- V5- C6 (i) and compared it to the results obtained for F49
interacting with three separated amino acids (Y4, V5, and C6)
(ii) and for F49 interacting with two separated PBs (Y4âââV5
and V5âââC6) (iii). In the first case (i), we obtained a stabilization
energy of 11.9 kcal/mol for the whole neutral Y4âââV5âââC6
complex. In the second case (ii), we obtained an energy of 12.7
kcal/mol (the sum for Y4, V5, and C6; see RIMP2/aug-cc-pVDZ
results in Table 2). In the third case (iii), we obtained and energy
of 10.8 kcal/mol (see Table 3). These results show that the
difference between the three approaches is negligible, in a range
of only 0.8 kcal/mol, and prove that both fragmentation methods
are justified.

Conclusions

The present results show a complete failure of the DFT
calculations, which are not even able to describe the attraction
between central phenylalanines and neighboring amino acids.
The results also fully support a known, but commonly ignored,
fact that DFT methods cannot be recommended for simulating
systems where London dispersion interactions play a major role.

The results presented here clearly demonstrate further the
substantial attraction inside a hydrophobic core. This attraction,
originating in London dispersion energy between aromatic rings

or between an aromatic ring and an aliphatic chain, is
comparable to classical H-bonding. Moreover, residues of
aromatic nature can participate in several strong interactions at
once, which may be crucial for the role of key residues in
establishing small world networks inside a protein.30

Consequently, the current view on the nature of protein
secondary and tertiary structure stabilization and, especially, the
origin and nature of protein folding should thus be modified.
Hydrophobic nature of a protein core implies that hydrophobic
interactions can initiate the folding process. Present results
indicate a decisive role of stabilization energy (enthalpy).
Eventual consequences are that the energy (enthalpy) rather than
hydrophobicity (entropy) can play a significant role during the
early stage of protein folding.
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