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Abstract: Ab initio calculations are used to compare the abilities of the aromatic groups of the Phe, Tyr,
Trp, and His amino acids (modeled respectively by benzene, phenol, indole, and imidazole) to form H-bonds
of three different types. Strongest of all are the conventional H-bonds (e.g., OH--O and OH--N). His forms
the strongest such H-bond, followed by Tyr, and then by Trp. Whereas OH--¢ bonds formed by the approach
of a proton donor to the r electron cloud above the aromatic system are somewhat weaker, they nonetheless
represent an important class of stabilizing interactions. The strengths of H-bonds in this category follow
the trend Trp > His > Tyr ~ Phe. CH--O interactions are weaker still, and only those involving His and Trp
are strong enough to make significant contributions to protein structure. A protonated residue such as
HisH™ makes for a very powerful proton donor, such that even its CH--O H-bonds are stronger than the
conventional H-bonds formed by neutral groups.

Introduction above and below the aromatic groups of Phe, Tyr, Trp, and
His residues. Indeed, the potential importance of this phenom-
enon to protein structure has been underscored by recent
analyses of gas-phase clustetsyherein the preferred confor-

The hydrogen bond is one of the bedrocks upon which the
structure of proteins is constructed. The participation of the
peptide group in such bonds is a well-recognized factor in .
a-helices angs-sheets as well as a multitude of other structural mations  of 'I_'rp analogues are altered by the presence of a
components of proteins. There are a number of amino acid H-bond of this type. ) )
residues that can form H-bonds via their side chains in addition However, surveys of crystal structures of proteins remain
to their peptide group. Perhaps most notable of this Categorylnconclusn./e concerning the presence of such _H-bonds. While
are side chains that contain a hydroxyl (Ser and Thr) or amide SOMe studi€s® suggest that proton-donating amino groups tend
(Asn and GIn) group or charged residues such as Lys, Arg, Asp,to make (_:ontact _W|th the electrons_of the aromatic _Phe, Tyr,
and Glu. Also known to participate in H-bonds are some of the and Trp side chains, these observations are contradicted by c_>ther
aromatic amino acids, such as His, Tyr, and Trp. Most attention WOrk that noted that water molecules and hydroxyl and amine
has been focused upon the ability of these residues to form9roups prefer the plane of the ring of the same residues with
conventional H-bonds of the OHD or NH-+O type. This focus pnly reIaUve]y rare contactslwnh the ring fac%§.Th|§ latter .
is understandable as these traditional H-bonds can be expectedfieéa was reinforced by studies that suggested that interactions
to represent the strongest sort of interaction, one that proteinsWith the z clouds are less likely than those involving the CH
will strive to take advantage of as they adopt their optimal 9roups of the phenyl rirfg® confirming earlier such indica-
structure. tions!12 Even in cases where the proton donor lies directly

On the other hand, the many factors that contribute to the 2P0Vve the phenyl ring, its orientation seems in many cases to
final structure of a protein often mitigate against particular favor a stacked orientation rather than a geometry conducive

H-bonds adopting their preferred geometry. It is for this reason, — — —
for example, that the lengths of H-bonds within proteins cover gggzei’é;%ég'a”' B. C.; Florio, G. M.; Zwier, T. $.Am. Chem. Soc.

a wide spectrum, some much longer than is optimal for the (2) Zwier, T. C.J. Phys. Chem. 2001 105, 8827.

L . (3) Burley, S. K.; Petsko, G. AFEBS Lett.1986 203 139.
H-bond; it is also why many H-bonds are considerably bent (4) Ciunik, Z.; Berski, S.; Latajka, Z.; Leszczynski, JI. Mol. Struct.1998

from their preferred linear arrangement. Indeed, factors of a 5 ‘é‘tlZ, 125-T_K lIner. GJ. Mol. Biol. 2001 305 535
similar nature can conspire to keep some potentially H-bonding éeg Hakansson, Kint. 3. Biol. Macromol 1996 16, 169,

residues from forming a H-bond of the traditional type at all.  (7) gg%%ta, U.; Pal, D.; CharkabartifRoteins: Struct., Funct., Genet00Q
However, this failure does not preclude such a residue from (g singh, J.; Thomton, J. M. Mol. Biol. 199Q 211, 595.

articipating in a stabilizing interaction. One type of interaction (9 Walshaw, J.; Goodfellow, J. M. Mol. Biol. 1993 231, 392.
P P g . b . 9 € a.C O ypeo erac (10) Malone, J. F.; Murray, C. M.; Charlton, M. H.; Docherty, R.; Lavery, A.
that has gained increasing scrutiny involves the approach of a™ ~ 3.3, Chem. Soc., Faraday Trank997, 93, 3429.

H i (11) Thomas, K. T.; Smith, G. M.; Thomas, T. B.; Feldmann, RRradc. Natl.
standard proton donor toward theelectron density that lies Acad Sei U.SAI082 70, 4843
- (12) Gould, R. O.; Gray, A. M.; Taylor, P.; Walkinshaw, M. D. Am. Chem.
* Address correspondence to: scheiner@cc.usu.edu. Soc.1985 107, 5921.
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to formation of a H-bond314 However, this preference may
not be indicative of the possibility of H-bond formation with
the w system, as it was attributed to the ability of the donor
group to form a H-bond with another species rather than with

capabilities of aromatic groups such as benZ8n#&,phenol3?

and indole3* The possibility of aromatic CHO interactions
has also been investigated to some exterf However, there
has been little in the way of a comprehensive comparison of

the ring?3 Indeed, the entire question is complicated in the sense all three sorts of interactions on an equal footing (i.e., at a similar
that the trends seen in proteins may reflect a stronger preferencdevel of theory) so that fair comparisons can be made. Nor has
for traditional H-bonding groups (e.g., the OH of tyrosine vs there been much effort to compare the different aromatic

the phenyl ring}

Other sorts of interactions are possible as well. There are,

residues with one another.
It is the objective of the present paper to carry out just this

for example, some indications that water might act as a proton sort of systematic comparison of the various interactions in

acceptor to CH groups of nonpolar aromatic rifigsst as the
imidazole of His can form a H-bond via a CH grotipl” In
fact, the latter notion brings up the possibility of yet another
class of interaction in which an aromatic residue might involve
itself. In addition to traditional OHO H-bonds and those in

which an aromatic residue might conceivably participate. All
four sorts of aromatic residues (Phe, His, Tyr, and Trp) are

considered separately and compared to one another. In each case,
different possible conventional (e.g., ©B or NH--O) H-bonds
are considered and compared with an assortment of Qb

which a proton donor approaches the aromatic ring from above CH--O bonds that might occur. Along with the energetic aspects

in a OH-xr configuration, there is the potential of CH groups
to act as proton donors in H-bon#sAlthough many of the

observations of such interactions have involved very acidic CH

groups, as in alkynes or substituted alkatfe3? a number of
observations of aromatic CH donors have surfaced as?véfl.

of the interactions, structural and spectroscopic markers are
computed.

Methods

Ab initio calculations were carried out using the Gaussian 98 set of

The current status of the analysis of protein structures thus code$! and the 6-3+G** basis set. Electron correlation was included

raises the possibility of various sorts of interactions in which
aromatic residues might participate (e.g., @® OH--, and

via the second-order MglleiPlessset (MP2) treatment with frozen
core?? (Only very small changes were introduced into the results by

CH--0) but leaves largely unanswered a number of important the latter approximation, relative to full MP2.) Interaction energies were

questions. Are all three of these interactions attractive, or do
they appear in proteins merely as a result of steric constraints?.
Which sorts of interactions are preferred, and by how much

corrected for basis set superposition error via the standard counterpoise
method*® NMR chemical shifts were computed using the gauge-
including atomic orbital (GIAO) approat¢hat the MP2 level, which

has been shown to produce rather accurate data for hydrogen4onds.

from an energetic standpoint? How do the various aromatic 1ot interaction energies were decomposed via the KitaM@rokuma
residues compare with respect to their ability to form each of schemé as implemented in the GAMESS prografn.

these types of potentially stabilizing interactions? What sorts

The aromatic portion of the Phe amino acid was modeled here by

of structural and spectroscopic markers are associated with eactbenzene (Bz). Similarly, the active portions of Tyr, Trp, and His were
of these interactions that might be used to detect their presence™odeled by phenol (Ph), indole (In), and imidazole (Im), respectively.
Whereas crystal structures are highly informative regarding The molecule chosen to interact with these species is water, in part

the geometries of various groups, they are largely silent on the(
30
n

question of the attractive or repulsive nature of each interactio

and the magnitude of any stabilizing force. Quantum chemical (31
calculations, on the other hand, are particularly useful in terms 32
of computing energetics and so are well-equipped to provide

answers to the questions above. There have been a number of

guantum chemical studies that considered thél-bonding

(13) Mitchell, J. B. O.; Nandi, C. L.; McDonald, I. K.; Thornton, J. Nl.Mol.
Biol. 1994 239 315.

(14) Duan, G.; Smith, V. H.; Weaver, D. B. Phys. Chem. 200Q 104, 4521.

(15) Derewenda, Z. S.; Derewenda, U.; Kobos, P.JVMol. Biol. 1994 241,
83
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Figure 1. Conventional XH-Y H-bonds formed by HOH with aromatic
molecules (a and b) phenol, (c) indole, (d and e) imidazole, and (f)
protonated imidazole. C is indicated by open circles, H by light blue, O by
red, and N by dark blue.

because of its ability to act as both proton donor and proton acceptor

and also because of its widespread occurrence in biological systems.

As mentioned above, there are a variety of ways in which a molecule
of water can interact with the aromatic species under consideration.
One sort of interaction consists of a conventional H-bond in which a
proton-donating OH or NH group approaches the lone pair of an O or
N atom. These interactions are referred to herein as-Xtnd are

shown in Figure 1. With no heteroatoms, benzene cannot form a classic

H-bond and so is not included in this category. With its OH group,
phenol can act as either proton donor or proton acceptor in a@H
bond with water, illustrated in Figure 1, panels a and b, respectively.
The NH group of indole can donate a proton to water, as indicated in
Figure 1c. Neutral imidazole contains both an unprotonated N atom
and a NH group, so it can accordingly act as acceptor or donor via

these groups, represented in Figure 1, panels d and e, respectively.

Protonated imidazole (ImH, on the other hand, can form only a NH
-O bond (the two NH groups are equivalent), as illustrated in Figure
1f.

The second sort of interaction involves the approach of the OH group
of the water molecule toward the aromatjg ¢ing from above, forming
an interaction with ther cloud designated Otdp. The optimized
minimum for HOH-benzene, illustrated in Figure 2a, has a not quite

linear arrangement between the approaching OH bond and the center

of the benzene ring (indicated by the black dot). A similar configuration
is observed in the OHgp configuration of the phenol molecule,
exhibited in Figure 2b. There are two rings in the indole system, and
the water molecule was allowed to approach both the five-membered
pyrrole (Figure 2c) and the six-membered phenyl ring (Figure 2d). The
approach of water toward the unprotonated imidazole is illustrated in
Figure 2e. When imidazole is protonated, it attracts not the H atom of
water but rather the partially negatively charged O atom. Hence, the
geometry exhibited for ImH + HOH in Figure 2f is not classified as
a H-bond. (The configurations illustrated in Figure 2 were optimized
under the sole restriction that the water O atom lies directly above the
aromatic’s center to circumvent the tendency for displacement of the
water toward the heteroatoms with which it can form a more stable
conventional XH-Y H-bond.)

The possibility of a CH group acting as proton donor is investigated
in a number of different CHO arrangements, shown in Figures 3 and
4. Only one such configuration is possible for benzene (Figure 3a),

1 r

™ (>

¢ ¢

) <
I

d)

Figure 2. Optimized geometries of OHp complexes. Small black dot
represents center of indicated ring.

A
{/ e d
a) b)
!
AN *
e T A G N B 4
) e d
» ) l d)

€)

Figure 3. Optimized geometries containing G interactions of (a)
benzene, (b and c) phenol, and-fl indole.

where all six H atoms are equivalent. Figure 3b illustrates the interaction
of water with the CH group ortho to the OH of phenol; the meta CH
group was considered in Figure 3c. There are quite a number of
nonequivalent CH groups in indole. Those considered explicitly here
included the two CH groups on the pyrrole ring, both adjacent to NH
(Figure 3d) and one removed (Figure 3e), and one of the CH groups
on the phenyl ring (Figure 3f). The CH group that lies between the
two N atoms of imidazole was considered, as in Figure 4a, as was one
of the other two CH groups (Figure 4b). The same two CH groups
were taken as potential proton donors in the case of protonated
imidazole (Figure 4, panels ¢ and d). As in the @Hcases, in the
absence of restrictions many of the €8 configurations in Figures 3

J. AM. CHEM. SOC. = VOL. 124, NO. 44, 2002 13259
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Table 1. Features of H-Bonds Contained within Optimized

'.‘ Complexes Pairing Water with Benzene (Bz), Phenol (Ph), Indole
® (In), Imidazole (Im), and Protonated Imidazole (ImH*)
.\,. /‘ XHe-Y OH:+¢ CH--0
% b1 Yo —AE,2 keal/mol
) ) L Bz 2.1 1.1

a P Ph  6.204.CF 2.3 13912
In 5.9 3.593. 2111.1j0.9
Im 6.7¢6.0 3.1 2423
® ImH* 15.9 8. 11.3!19.5
f RMA
.\/.\ » Bz 3.370 3.412
.\ @ Ph  2.8582.918 3.347 3.410\3.408
| (@ TSRS [ = ) 2 In 2.966 3.21293.299 3.349} 3.392 3.426'
S ] = Im  2.917%2.953 3.225 3.339,3.336
o \Q o) S\ -~ ImH* 2.752 2.898 3.053!3.105
® o \( Ar°mA
d) 5 Bz +2.8 -0.8
Ph  +11.1P+6.0F +0.7 —0.19-0.8
Figure 4. Optimized geometries containing Ci® interactions of (a and In +6.1f +4.89 +3.8 +0.41 +0.31 —0.9"
b) imidazole and (c and d) protonated imidazole. Im +13.4k+6.7 +3.5 +0.6! +1.0
ImH* +22.0 +7.8,+5.7
and 4 decay to energetically preferred X¥structures; hence, linearity AvpPcm?t
was imposed on the GHD arrangements. Bz =27 +33
Ph  —147°-71/-3% —23/-30 +218+26°
Results In —107 —48/-529 —32/—47" 0} +3) +17"
Im  —216/55k—113 —34/-41 —2/-5
Energetics. The uppermost section of Table 1 lists the ImHt —414 - —118! 78
calculated interaction energies for each of these sorts of Ac(H)iso® ppm
interactions for the various aromatic systems. The classical XH Bz +2.3 -1.3
*Y sorts of H-bonds are reported on the left side of the table. Ph~ —10°—2. +2.1 —148-13
; . . n —2.9 +1.89+2.4 -1.6/ -1.5] —1.3
The OH group of phenol is an active H-bonder, forming an —49k—2.7 116 —15/-15
interaction with water of 6.2 or 4.0 kcal/mol, depending on ImH+* —4.9 —2.71-25

whether phenol is the proton donor or acceptor, respectively.

. _ i aCorrected for basis set superposition error by counterpoise method.
The NH-O H-bond formed by indole amounts to some 5.5 keal/ ., Ph is proton donor, see Figure F&Ph is acceptor, see Figure HCH

mol, slightly weaker than the preceding ©8 phenol case.  ortho to OH group, see Figure 36CH meta to OH group, see Figure 3c.
The NH group of imidazole can donate a proton to water, or fNH--O. 9 Five-membered ring! Six-membered ring. Five-membered ring

the unprotonated N atom can .accept a proton from water. Thefgr:_ﬁ_,t\lo_ |'\é|g':l')%li\r;e§r? )ivﬁc',vi,'rg?o'?nb;ﬁﬁe{;{‘ %Tpe(t;%ntr?e(,:\ltio(rf I8\/lijtrhe nsoe).
OH:-*N bond of the latter configuration is somewhat stronger pridging H." Distance between non-hydrogen atoms, or in case of@H
than the NH-O bond of the former and is in fact the strongest between O and center of ringChange in AH (A= O, N, C) bond length
of the H-bonds formed by the neutral aromatic molecules. The ?rfeghoetggigg’”oﬂrVTac;frc\‘,‘Jﬁéih\'lf/ta'tréfﬁrsetg:‘c;?gnfrggr‘é%‘ﬁgncgeﬁ ?Sc’:t%si/gs
greater strength of the NHD bond in imidazole, as compared  chemical shift of bridging hydrogen caused by complexation.
to indole, may be due to the presence of two electron-
withdrawing N atoms in the former case. Of course, after the traditional H-bonds, the iondipole nature of this interaction
imidazole has been protonated, its only option is to form a makes it much stronger than the neutrakutral situations,
H-bond of the NH-O variety. Because of the charged nature resulting in an interaction energy here of 8.1 kcal/mol.
of the proton donor, the resulting iemeutral interaction is The weakest of the H-bond types considered here involves
particularly strong, 15.9 kcal/mol. the approach of the O atom of water toward one of the CH
Turning next to the less traditional H-bonds, we consider the groups of the aromatic molecule. The CH group of benzene is
approach of one of the water protons toward the delocalized rather weakly acidic, so the interaction amounts to only 1.1 kcal/
cloud of the aromatic system (designated here aise., from mol. Addition of the hydroxy group in phenol strengthens the
above the ring). The properties calculated for these optimized CH--O interaction somewhat, by 0.2 kcal/mol if the CH is
complexes are indicated by the next column of Table 1, from adjacent to the hydroxy and by 0.1 kcal/mol if once removed.
which it may be seen that the binding energy of water to benzeneThere are a variety of CH groups on the indole moiety. The
is some 2.1 kcal/mol. The addition of a hydroxy group to form one that binds a water most strongly is located on the five-
phenol enhances the binding energy by a small amount, up tomembered ring, adjacent to the N atom. This interaction energy
2.3 kcal/mol. Larger increments arise when the aromatic systemis evaluated at 2.1 kcal/mol. This quantity drops by 1.0 kcal/
is enlarged to an indole system or when two N atoms are addedmol if one moves away to the next CH group, one removed
to the ring as in imidazole. In either case, the interaction energy from the N. The CH group on the six-membered phenyl ring
surpasses 3 kcal/mol. Indole forms the strongest of thee@H  binds slightly more loosely than this, comparable to the binding
bonds, particularly if the pyrrole ring is involved. When the strength of benzene itself. The presence of two N atoms in
imidazole is protonated, it becomes a far less inviting target to imidazole makes for a more acidic CH between them. This CH
the proton of water; in fact, the preferred arrangement turns group binds to water with a strength of 2.4 kcal/mol. The other
the water so that it approaches the aromatic ring oxygen-first, two CH groups are only marginally weaker, at 2.3 kcal/mol.
forming a sort of G-¢ interaction. As in the XHY case of Of the neutral aromatic CH donors then, it is imidazole that

13260 J. AM. CHEM. SOC. = VOL. 124, NO. 44, 2002
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binds most tightly to water with an interaction energy compa- and elongates in others. The contractions occur in the more
rable to that of the @ of amino acid4® and perhaps half that  weakly bound systems, involving benzene and phenol, and
of the water dimer. elongations are associated with unprotonated and protonated
Not surprisingly, the cationic protonated imidazole is a potent imidazole. Indole is intermediate in that the changes are small
proton donor. As mentioned above, the NiDH, interaction and can occur in either direction. There is a general correlation
energy amounts to 15.9 kcal/mol. The corresponding-&»H; that the weaker CHO interactions tend to contract the CH bond,
binding energy is also quite large, stronger than most neutral while it is elongated in the stronger cases. The next section of
H-bonds, even those involving only electronegative atoms suchdata in Table 1 indicates that CH contractions are associated
as O and N. The interaction energy is computed to be 11.3 kcal/with blue shifts and stretches with red shifts.
mol for the CH that lies between the two N atoms and 9.5 kcal/  The bottom section of Table 1 reports the calculated changes
mol for the others. in the isotropic chemical shift of the bridging hydrogen, caused
Geometries and Spectroscopic Featuresn reference to by complexation. The typical result of H-bond formation is the
equilibrium H-bond lengths, the optimized distances are reported drop in this quantity by several ppm, exemplified by the -XH
asRin the second section of Table 1. The various@and -Y data in Table 1. Earlier calculatiot¥shad suggested that
O--N distances for the conventional H-bonds are the shortestsimilar changes, albeit generally to a lesser degree, occur in
of those considered, all less than 3 A. Shortest of all at 2.75 A CH--O H-bonds, a result that is confirmed in the pertinent
is the NH-O distance in the cationic system containing section of Table 1, where the changes are typically between 1
protonated imidazole. The valuesRtabulated for the OHg and 2 ppm. The exception is the stronger set of CHH-bonds
systems refer to the distance between the water O atom and thénvolving protonated imidazole, where the downfield shifts of
center of the indicated aromatic ring. These distances arethe bridging hydrogen approach 3 ppm.
generally between 3.2 and 3.4 A for the neutral systems and  post interesting perhaps are the results for the-@H
are roughly correlated with the strengths of the H-bonds. That jneractions, wherein the bridging H of the water molecule
is, the shortest distances correspond to the most negative valuegpproaches the aromatic ring from above. The proton’s chemical
of AE. The weaker nature of the GHD interaction leads 10 ghjft moves upfield, rather than down, as it approachestthe
the longerR(C--O) distances in Table 1, in the 3:3.4 A range. electrons. It is further intriguing that the magnitude of this shift
The exceptions include the protonated imidazole, where the ears no obvious correlation with either the strength of the
strong binding leads to H-bond lengths in the neighborhood of ,taraction AE) or the optimized distance of approacR).
31A. Indeed, the largest shift (6f2.3 ppm) is associated with the
One of the more interesting manifestations of a H-bond is \eakest interaction, between water and benzene.
its effect upon the XH covalent bond of the proton donor Energy Decomposition.A breakdown of the full molecular
molecule. Whgreas the vast majority of such bonds are ?Io_ng?teqnteraction energy into a number of components can offer insight
by the formation of the H-bond and undergo a red shift in its into the fundamental nature of the interaction. One popular

stretching frequency, recent experimental measurements andneans of such decomposition is via an approach attributed to
calculations have revealed a small subset of interactions, Wherei”Kitaura and Morokur® in which the electrostatic energy (ES)
the ol%;)zgigil e_lf_f;]ect AOf datbofnd ;? ntraction t_and Ib;?fNSh'ﬂ represents the classical Coulombic force between the charge
acgur.d in Tabl el ' a”a or_t_ € _cg_nv?_n '0?::‘ wretch distributions of the two partner molecules. The exchange energy
-bonds In Table 1 are all posilive, Indicaling the stretches (EX) corresponds to the steric repulsion between the electron

charat1.cte.r|tf]t.|c ogsig:tl.bon(js I-Irm Sh'f.tst bdeloxf\;]tgerré a{e ?IL clouds of the two molecules. The remaining components arise
negative; this red shiftis typically associated with bond stretches. when the two molecules are permitted to perturb the electron

One might also note a correlation between the two quantities clouds of one another. The polarization (POL) and charge

Irr(l,c:h:r:i:th% I;rgirrebond stretches are associated with a greatel qnster (CT) contributions represent the energetic consequences
quency_. . o of electronic redistributions that occur within the confines of a
In _the case of the Ol_-k‘j_ interactions, it is the water molecule_ single molecule and those that cross from one molecule to the
that is the donor, so it is one of the water OH bonds that is other, respectively. Finally, the correlation component to the

undergoing a stretch in the H-bonding interactions. These jieraction energy (CORR) contains dispersion as its major
stretches are considerably smaller than those in the trad't'onalcontributor as well as additional factors.

XH--Y H-bonds, where the acceptor is a lone pair of an The energy components to the interaction energy of phenol
electronegative atom rather than thecloud of the aromatic € energy comp ' cl gyofp
and imidazole with water are reported in Table 2 for each of

system. These smaller stretches, along with the accompanyingthe three main types of H-bonds. These two aromatics were

smaller red shifts of the frequency, are consistent with the h ; nati i both the rath K
weaker nature of these Ok interactions. chosen for examination so as to encompass bo e rather wea
OH:-¢ and the CH-O bonds formed by phenol (similar to

The results for the CHO interactions are interesting first in L
. nzen well as the stronger such bonds form imidazol
the sense that the changes in the CH bond lengths are rathePe ene) as well as the stronger such bonds formed by imidazole

small, generally less than 1 mA. More intriguing perhaps is the and indole. The classical GFD H-bonds are reported on the

; . I f th le for h in which phenol or imidazol
observation that the CH bond contracts in some of the systems eft of the table for both cases ch phenot _da oe
acts as proton donor or acceptor. The @M interaction,

(48) Scheiner, S.; Kar, T.: Gu, \l. Biol. Chem 2001 276 9832, displayed on the right, is that in which the water accepts a proton

(49) Hermansson, KJ. Phys. Chem. 2002 106, 4695. from the CH adjacent to the OH group of phenol, the strongest

(50) Chang, H.-C.; Jiang, J.-C.; Lin, S. H.; Weng, N.-H.; Chao, MXGhem.
Phys.2001, 115, 3215.

(51) Tatamitani, Y.; Liu, B.; Shimada, J.; Ogata, T.; Ottaviani, P.; Maris, A.; (52) Gu, Y.; Kar, T.; Scheiner, Sl. Mol. Struct. (THEOCHEMP00Q 500,
Caminati, W.; Alonso, J. LJ. Am. Chem. So2002 124, 2739. 441.
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Table 2. Decomposition Elements@ (kcal/mol) of Interaction
Energies of Complexes Involving Phenol and Imidazole with
Water, Calculated with 6-31+G** Basis Set

somewhat higher than for the phenol case. These minor
differences can be attributed in part to the participation of a N
atom in the two imidazole H-bonds and probably do not denote

XY oy cH-0 any fundamental differences.

Es 712.;he”°+\’\ia§iccomp'ex73.4 19 With regard to the OH¢ interactions, the various compo-
(MP)! (-5.2) 1.0) 7.9) 1.1) nents are smaller for the imidazetevater complex than for
EX 9.5 7.1 3.2 1.1 the phenotwater complex. But this smaller magnitude is
cT —23 17 —0.9 —0.4 particularly striking in the case of the EX repulsion, 2 kcal/mol
(P:g'E{R? :g:g :%;i :g:z :2:‘21 smaller for Im as compared to Ph. Since the attractive

Imidazole-Water Complex components are reducgd in magnltude in .Im, it is this more
ES 103 _8. 31 —4.0 severely lowered repulsion that is responsible for the greater
(MP)d (—5.6) -4.1) (-3.8) (-2.5) strength of the OH¢g interaction of Im as compared to Ph.
EX 6.5 4.5 1.3 2.2 Just as in the Ph case, correlation accounts for a large fraction
S(T)L :;:I :i:g :8:2 :g:g of the OH-¢ binding energy in Irrwater, nearly as much as
CORR 21 —20 2.4 11 electrostatics.

aUncorrected for BSSE2 ¢OH is proton donor¢ ¢OH is acceptor.
d Multipole expansion of electrostatic energy through® term. O atom

was taken as center for expansion around water molecule and the center

of the aromatic rings of phenol and imidazole for the otf&€@ORR =
AE(MP2) — AE(HF). f OH+*N. 9 NH--O.

such interaction, or the CH of imidazole that lies between the
two N atoms.

As noted above, the GHD interaction is also stronger for
Im than for Ph. Inspection of the last column of Table 2 suggests

dhat this difference cannot be attributed to any single component,

as most terms are considerably larger in magnitude for Im than
for Ph. The exception is the CORR energy, which is slightly
smaller in the former. The stronger & binding in Im as
compared to Ph is thus attributed to magnification of all factors
with the exception of dispersion. The proportional contributions

Inspection of Table 2 suggests that all three sorts of H-bonds ot the various terms to the GHD interaction in Im-water are
behave in much the same way. In all cases, the largest attractivey, tact quite similar to their contributions to the conventional

component is electrostatic. (This quantity is very poorly xy..y ponds, reaffirming prior conclusions that the two sorts
reproduced by consideration of the interaction between the ot honds are quite similar in fundamental natffé+58

molecular dipoles, which yields values far smaller than ES. A Of course, there is more than one way to skin a cat or to
more complete molecule-centered multipole expansion, CarriEddecompose the total interaction energy. An alternate scheme,

through the fifth power of the distance separating the two
molecules? provides an undependable approximation, as is clear
from comparison of the MP row of Table 2 with ES.) CT and
POL make smaller but not insignificant contributions as well;
the CT component tends to be slightly larger in magnitude than
POL in most cases. The only repulsive component is the
exchange term, which is consistently smaller than ES in
magnitude. Correlation is attractive in all cases. With certain
notable exceptions, the magnitudes of the various terms follow
the same pattern as do the total interaction energies:-WH
OH:-¢ > CH--0O.

It is only upon closer examination of the magnitudes of the

various terms that one is able to discern any differences between

the three sorts of H-bonding. In the case of the-@Hbond
involving phenol, the EX energy is nearly equal in magnitude
to ES, while it is considerably smaller than ES in the other
modes of bonding. The OMHp bond also has proportionately

greater contributions from the CT and POL energies that amount
to 26 and 21% of the ES term, respectively, higher percentages

than in the two other sorts of H-bonds. It is correlation, however,

that shows the most marked difference. Whereas correlation is

equal to more than 70% of the ES term for the @Hand CH

-O bonds, it represents only 25% or less in the-@MHsituations.
Turning next to the imidazotewater complexes, the various

terms for the conventional X+HY H-bonds are comparable to

the corresponding values for phenol with some minor excep-

tions. The EX repulsions in the two bonds involving imidazole

are somewhat smaller than in the phenol cases. Similarly, the(5

CT and POL terms are smaller for the NB bond of imidazole,
and the POL energy in the GHN bond is proportionately

(53) Cybulski, S. M.; Scheiner, 9. Phys. Chem1989 93, 6565.
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based upon symmetry-adapted perturbation theory (SAPT), was
applied to an OM¢ complex pairing HOH with benzerté,
comparable to our phenelvater complex, and revealed much
the same trends as exhibited in the appropriate column of Table
2. Like the Morokuma decomposition, the SAPT analysis
indicated the important role played by dispersion energy, as
contained in the correlation component, also highlighting the
importance of the induction terms (CT and POL).

Summary and Discussion

The calculated results confirm the expectation that conven-
tional H-bonds of the XHY type are the strongest and will
usually be preferred. In cases where such bonds cannot be
attained by these amino acid residues for structural or other
reasons, nontraditional types of H-bonds can afford a certain
degree of stability. OH¢ interactions offer a reasonable
alternative, providing roughly half of the energetic stabilization
of the conventional H-bonds, generally between 2 and 4 kcal/
mol. CH--O bonds are somewhat weaker still, with interaction
energies in the neighborhood of2.5 kcal/mol. Moreover, one
should not consider these alternative types of H-bonds as
necessarily forming to the exclusion of traditional bonds but
can occur as supplementary interactions, offering additional
stabilization and perhaps further refinement to the protein
structure.

(54) Gu, Y.; Kar, T.; Scheiner, §. Am. Chem. S0d.999 121, 9411.
Kryachko, E. S.; Zeegers-Huyskens JTPhys. Chem. 2001, 105, 7118.
Wang, Y.; Balbuena, P. Bl. Phys. Chem. 2001, 105 9972.

Sosa, G. L.; Peruchena, N. M.; Contreras, R. H.; Castro, E. Mol.
Struct. (THEOCHEMYR002 577, 219.

Scheiner, S.; Kar, T. Phys. Chem. 2002 106, 1784.

Tarakeshwar, P.; Choi, H. S.; Kim, K. $. Am. Chem. So2001, 123
3323.
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The computed data provide comparisons of the relative fact that the water turns its OH away from the N and toward
strengths of H-bonds within a given class. For example, the the center of the ring even when the O atom is positioned
hydroxyl of phenol represents the most potent proton donor in directly above the N. This observation is not surprising in that
the XH--Y category. The NH of imidazole is a better donor the two N electrons are an integral ingredient of the aromatic
than the same group of indole, probably because of the presenceystem of the Im and In. (The other N atom of Im, the
of a second electronegative N atom on the former. With regard unprotonated nitrogen, is a betteproton acceptor, binding to
to accepting a proton, the N atom of imidazole is superior to an overhead water by an amount comparable to the situation
the O of phenol. Indeed, the O#\ bond involving imidazole where the water lies over the center of the ring.)
is the strongest of all H-bonds involving neutral aromatic groups.  The structural aspects of these H-bonds conform to the notion
These strengths of the various H-bonds incorporating aromaticthat stronger interactions typically lead to a shorter equilibrium
groups are comparable to, and sometimes stronger than, the moreeparation and hence follow the pattern that-XHbonds are
prevalent H-bonds in proteins (e.g., the interpeptide-H the shortest and CHO the longest, with an Oty intermediate
interactions comprising-helices orS-sheets). between the two. Like the standard %M H-bonds, OH-¢

The presence of two e|ectronegative N atoms on imidazole bonds too exhibit a red shift of the proton donor’'s OH StretChing

makes this species the most active CH donor. Indole is only Vibration along with a small lengthening of the OH bond.-CH
slightly weaker, provided the CH group lies adjacent to the O bonds, on the other hand, are not consistent in this regard.
nitrogen of the pyrrole ring. The other CH groups of indole, as Whereas the stronger bonds of this subset (i.e., with interaction
well as those in phenol and benzene, are considerably weakerenergies greater than 1 kcal/mol) undergo a similar red shift,
The calculated CHO binding energies of the aromatic groups the weaker CHO bonds are contracted and shifted to the blue.
are comparable to those involving the peptidéi®©f the protein ~~ NMR chemical shifts of the bridging proton of the €@
backbone®® With regard to OH+¢ bonds, indole is the strongest ~H-bonds behave much as do traditional X¥ albeit to a lesser
acceptor of the aromatic residues, particularly its smaller five- degree, whereas the bridging hydrogens in the--@tbonds
membered ring. Imidazole is somewhat weaker, followed by are shifted in the opposite direction by between 1.6 and 2.4
phenol and then by benzene. ppm.

As noted above, the OHp and CH-O binding energies of After it is protonated, the imidazole ring behaves quite
phenol and benzene to water are rather small, the latter justdifferently in some ways. lts overall positive charge prevents

barely above 1 kcal/mol. One might naturally wonder whether the formation of anHQH¢ hond with itsz electron cIoud.'On
these weak interactions constitute a real H-bond or indeed ath® Other hand, ImHis a very po_tent proton donor, f_ormmg a
substantive attraction over and above the London/dispersiveNH'I'O H-bond of more than twice the strength of Itlsl r.‘e”Ha'
forces that would be experienced by a pair of nonpolar species.anf"l ogue. lts CHO H-bonds are very_s?rong as well, in the
To address this question, the water molecule was replaced b eighborhood of 10, kcal/mol, and ?Xh'b't all the featurgs ofa
CH,, which clearly cannot form a H-bond. This methane strong XH-Y bond, including red-shifted(CH) and downfield
molecule may be thought of as a model of the nonpolar chemical shifts. ) .
hydrocarbon groups within proteins but of the same approximate 1 "eré areé @ number of prior studies that buttress the
size as a water molecule so as to offer parallel dispersion forces_computatlonal results presented here. The combination of phenol
When this methane molecule was placed directly above theWith molecules such as water has indicated the conventional
benzene ring in a configuration similar to that in Figure 2a, the OH--O H-bond, with phenol_ aC_“”Q as donor, is most favor-
interaction energy was computed to be 0.5 kcal/mol. If we able?%06% (There were earlier indications thatzacomplex
consider this quantity to be a sort of baseline (the attraction m|ght also be presgﬁ@, but tga's contention ha§ bgen largely
experienced by a nonpolar species above the benzene ring), theffispelled by later ref!nement JThe computed' binding energy
the 2.1 kcal/mol computed for the interaction energy of benzene Of_ 6'_2 keal/mol for this pheneiwater comple>_( lies comfortz_ably
with water represents an additional attractive force, attributable W'th'n_ the range of 5'67'_3 kcal/mol emerging from a mixed
to the H-bond, of 1.6 kcalimol. In the same vein, the interaction ©XPerimental and theoretical stuty. , o
energy of methane with benzene in a @igeometry, parallel A setGng DFT calculation® confirmed experimental indica-

) . A— . .
to Figure 3a, was computed to be 0.2 kcal/mol. The difference ONS"**° that water prefers forming a NHD H-bond with
between this quantity and the G binding energy of water indole to its placement above the plane of the ring. L|k§W|se,
is 0.9 kcal/mol, which represents perhaps a truer measure oft"€ H-bond energy of 5.5 kcal/mol computed here for indole

the CH-O H-bond strength than does the binding energy (1.1 plus water is in nice coincidence with an experimental estimate
kcal/mol) itself of the same quantit§?®’

The OH-g¢ interactions considered above position the ap- Regarding Okt interactions, the benzenwater system has

proaching O atom directly above the center of the pertinent been the subject of a number of studies. In the gas phase,
aromatic ring. An alternate potential target for the OH might (g
be the pair of electrons in the nitrogen p orbital of the NH of
Im and In. However, placement of the HOH directly above the
NH of indole weakens the interaction by nearly 1 kcal/mol as (62
compared to its preferred location over the center of the five- (64
membered ring. In the case of Im too, the NH lone pair is a (65
less attractive target for the approaching OH than is the center s

of the Im ring, with a similarly reduced interaction energy. The E’?gﬁ'n,%“_eé‘?; g%%%gf”a}?ﬁ’fgl\-‘eussen HIJPhys, Chem, 4698 102,
poor proton-accepting ability of this N is also reflected by the 3273.

Tanabe, S.; Ebata, T.; Fuji, M.; Mikami, IChem. Phys. Letl993 215
347.

Berden, G.; Meerts, W. L.; Schmitt, M.; Kleinermanns, JKChem. Phys.
1996 104, 972.

Arnold, S.; Sulkes, MJ. Phys. Chem1992 96, 4768.

Muifo, P. L.; Callis, P. RChem. Phys. Lettl994 222 156.

Korter, T. M.; Pratt, D. W.; Kpper, JJ. Phys. Chem. A998 102 7211.
Carney, J. R.; Hagemeister, F. C.; Zwier, TISChem. Phys1998 108
3379.

Mons, M.; Dimicoli, |.; Tardivel, B.; Piuzzi, F.; Brenner, V.; MilljeP. J.
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benzene clearly does form stabilizing contacts with water, as consistent with a survey of His residues in proteins, which found
evidenced by the rotationally resolved speé&d? which that it is usually this same CH that is involved in H-bonding
suggest both hydrogens of the water molecule point toward the configurations® Prior calculation¥ confirm the relative strengths
ring from above similar to the configuration pictured in Figure of the H-bonds involving Im computed here. Strongest of all
2a. This result is consistent with data emerging earlier from was the conventional OFN interaction followed by NHO.
inert gas matrixe&' Our calculated interaction energy of 2.1  Of the two CH-O bonds considered, the CH group that lies
kcal/mol fits well with experimental measurements of this between the two N atoms was found to be the more potent
quantity®’ estimated to lie in the 1-42.8 kcal/mol rangé?-72.73 donor. This work also supports our finding of a stretch of the
and with most other recent calculatiofis’® In a related system,  CH bonds when involved in a GHD interaction.

acetylene, comparable to water in its proton-donating ability,  vibrational aspects of the calculations are consistent with
has been computed to bind to benzeng'sface with an earlier work as well. For example, the 147 chred shift

interaction energy of 2.2 kcal/mol at the MP2 leVeIOur  caicylated for the OH stretch in the classical H-bond of phenol
calculated OH¢ interaction energy for HOH- In (3.5 keall with water agrees nicely with an experimental assessment of
mol) is close to an experimental measurement of 4.1 kcal/mol ;g quantity of 133 cm.%° The red shift of 102 crmi calculated

for a N-methylated variant of Iff for the indole-water complex is in similarly good accord with

The strength of the Oty interaction was found here to build an experimentally measured shift of-889 cnmL.3465|n terms
in the order benzene: phenol < indole. This observation ¢ noniraditional H-bonds, the red shift of 27 chralculated
matches precisely with a survey of 593 proteins that indicated ¢, the OH-g interaction in the benzerevater system is
a much higher proportion of Trp residues participatezin  ¢onsjstent with earlier calculated and experimental assess-
H-bonds (18%) than do Tyr (8%) or Phe (6%)ndeed, our 110148975 the 20-30 cnTt range. When located above the
calculations support the idea that the greater participation of j,ye system, the OH stretches of a water molecule are shifted
Trp in OH-g interactions is due primarily to the energetics y; yq req by 4873 cni12, consistent with our calculated shifts
and is not m_erely th_e product of its larger size. In greater_detan, in the range of 3252 cnT?, particularly as the experimentally
our ca_lculat|or_15 indicate that a proton dono_r prefeassocia- observed system contains a second water molecule interacting
tion with the five-membered ring that contains the heteroatom with the first. And finally, very recent high-pressure measure-

Sl?hs kcal/rlnol') than tf‘? the Iargerlgll-%a;?_on lrin? (,3'2 khcaI/fmoI)a ment$?! verify our finding of a red shift of the Im CH stretching
is conclusion confirms an earlier calculation that foun frequency when the imidazole is protonated.

an identical preference of 0.3 kcal/mol for the ©¢lassociated
with the smaller ring*

With respect to CHO interactions, the CH group of benzene
is weakly acidic, so the interaction amounts to only 1.1 kcal/
mol. This value is slightly higher than 0.9 kcal/mol in ethylene
--water3®78.79 gnother system in which the donor C atom is
formally sp-hybridized but which lacks the aromaticity of

In conclusion, aromatic group constituents of amino acids
such as Tyr and Trp will prefer to form H-bonds of the
conventional sort. The O+N bond involving His is the
strongest, followed by the OHD bond where Tyr acts as donor
and then by the NHO bond of Trp. If such bonds are
unattainable, or in the case of Phe that contains no heteroatoms,
benzene. A recent calculation found that Nptefers donation other stabilizing interactions are possible, albeit somewhat
of a proton to ther face of benzene to accepting a proton in a weaker. Ther electron clouds above these aromatic groups may
CH--N configuratior§® consistent with the same preference of attract a proton Qanr to form a Okp H-bond. T.rp forms the
HOH observed here. The greater proton-donating potential of Strongest bond in this category, followed by His, and then by

the CH of imidazole that lies between the two N atoms is 1Yrand Phe. The CH groups of the aromatics offer an alternative
proton donor site for CHO interactions. Most notable in this

(68) Gotch, A. J.; Zwier, T. SJ. Chem. Phys1992 96, 3388. class are His and Trp; Tyr and Phe offer only very marginal
(69) g,gigk'b?-,gggg'cgg%é gg';"%ifg.e" R. E.; Dasupta, S;; Goddard, W. A giapilization. A protonated residue such as Hissla far more
(70) Gutowsky, H. S.; Emilsson, T.; Arunan, E.Chem. Phys1993 99, 4883. potent proton donor, and even its €B H-bonds are stronger
(71) Engdahl, A.; Nelander, Bl. Phys. Chem1987, 91, 2253. h h . | OFD i . b |
(72) Kim, K. S.; Tarakeshwar, P.; Lee, J. €hem. Re. 200Q 100, 4145. than the conventiona interactions between neutrals.
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