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Binding energies were calculated for the complexes of Alad K+ with phenylalanine®he), tyrosine {[Tyr),

and tryptophaneT{p), along with energies of low-energy conformers of the neutral amino acids. Structures
were optimized and energies determined by density functional theory (DFT) with the B3LYP functional,
using a basis set of 6-3%g(d) on all, or nearly all, heavy atoms. For all but one cation/ligand system, the
most energetically favorable binding geometry was the tridentate N/O/Ring chelate."HapKhowever,

the advantage of placing the metal ion over the phenyl region of the indole side chain was dominant, leading
to a most favored bidentate O/Ring binding geometry. All of the systems, and particulaflyptisgstems,

have multiple conformers with stabilities within a few kcal miobf the most stable. Zwitterion forms of the
complexes were not unreasonable, but were less stable than the normal forsskiogl mol. To assess

the importance of catioAr interactions, conformers were examined in which the side chain was rotated out
of chelation. This indicated catietir stabilization energies of5 kcal mol 2.

Introduction experiment; (b) the “kinetic method” experimental approach,

o o which is thus far the only one which has been applied to these
Although the affinity ofz faces for cationic centers has long problems, is not definitive, since it is not a rigorous binding

been appreciated in simple molecular systems, it is more recentlyenergy measurement, but depends on various approximations
that this interaction has come to the forefront in considerations 4 assumptions; (c) only by computation can we readily
of biological system$.*" In particular, such interactions have  gxamine the different possible binding sites and geometries of
been discussed as struc’;ug?lﬂggtermmants in folding andj given complex, and compare their energetics; (d) computation
assembly of large system$;**-17"20 and as playing a central  ffers the possibility of dissecting the catien interaction
role in the functioning of ionic channels in the transport of metal ontribution to the binding out of the total binding interaction,
ions into and out of cell¥* 15224 The latter idea gives special 5 that we can assess its actual importance in determining
mo+t|vat|on +t° the present study, because it is the binding of gy ctures and energies of metion complexes. The present
Na" and K" to exposedr faces of aromatic acids associated ok takes the computational approach to addressing three
with the ionic channel that is hypo'_[heS|zed to play a role in the questions about the gas-phase complexation in these systems.
selective transport of these metal ions through the cha@fi@l.  First, the preferred sites and geometries of metal ion binding
The cation-7 binding motif has an obvious biological role  are explored. Second, relative and absolute binding energies are
in the interaction of the ubiquitous Nand K" metal ions with assigned for the different ions and neutrals. And third, the
the three aromatic amino acids phenylalaniPéd, tyrosine  quantitative contribution of the catienr interaction to the
(Tyn), and tryptophaneT(p), and it is toward a more secure  binding in these systems is assessed.
and quantitative characterization of these interactions that the  Ag metal-amino acid interactions are considered in a variety

present work is directed. Histidine might in principle also be a ¢ contexts, particularly in biological systems, the architectural
site of cation-z interactions, but as argued by Mecozzi efal.,  constraints of various systems will favor binding modes differing
itis actually an unlikely candidate both on electrostatic grounds rom the most stable gas-phase complexation geometry. Thus
and also on the grounds that it is likely to be protonated, S0 one of the principal aims of the present work was to locate and
this possibility is not pursued here. characterize other low-energy conformers of the complexes
Full molecular understanding of these situations must begin pesides the most stable ones. It is a daunting task to characterize
with a detailed characterization of the binding of these metal a|| the myriad possible sites and binding geometries in systems
ions to the simple, gas-phase monomeric amino acids. On theof such complexity, but characterization of even a limited
experimental side, the “kinetic method” of mass spectrorfefty number of low-energy conformers can serve to suggest likely

has been applied to binding energy measurements tf*&nd modes of binding which can carry over to other contexts.
Cu*32 to these molecules. A forthcoming study also using the

kinetic methodP? parallel to the present work, reports apparently M
; ' - . n ethods

the first experimental binding energies of Nand K' to these
amino acids. Current work is active in applying a variety of quantum

Complementary to such experiments, computational study of chemical approaches to complexes of metal cations with small-
these systems is important for several reasons: (a) densityto-medium-sized molecules. For transition metals, DFT calcula-
functional (DFT) calculations are now feasible with sufficient tions are attractive, combining accuracy comparable to other
basis sets to give accuracy and confidence comparable toapproaches with computational tractability (for example, see ref
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34 for a review of some of this work). Main-group metal ions in the GAUSSIAN 98 package, and were considered essentially
are somewhat less demanding, and various approaches arequivalent to them.) In the NéTrp calculations, the three side-
current, including DFT, MP2, Cl, and G2 methods. &igt3>:36 chain carbons were used without diffuse functions (6-31g(d)),
has made systematic comparisons of different methods for Al and in the K/Trp calculations diffuse functions were also
binding to & ligands. Of interest to the present work, he removed from three of the ring carbons far from the metal ion.
considered that the B3LYP-DFT binding energies for these Geometries were fully optimized in all cases at the same
systems were systematically too low b6 kcal mol ™. calculational level as the energy calculations, except that for
More important to the present work are recent studies 6f Na the K*/Trp complexes the geometries were optimized at the
Comp|exes by two groups, reported by Hoyau etand by lower level of 6-3]:|'g(d) on K and 6-3lg(d) on all first-row
Armentrout and Rodgef$.Hoyau et af? used MP2 theory to ~ atoms.
calculate an extensive series of complexes, and compared their As a test case, a calculation of Nglycine was carried to a
calculations to a small set of experimental measurements byhigher level of basis, 6-31g(d,p) on H, and 6-31#g(2df) on
high-pressure mass spectrometry. They also reviewed theall heavy atoms. Results with various sizes of basis ranging
available thermochemical literature for Na@omplexes. Ar- from 6-31g up to this large basis indicated variations in binding
mentrout and Rodgefmade an extensive series of measure- energy of this complex of less than-2 kcal due to basis set
ments by threshold collision-induced dissociation, and also madeincompleteness, as long as the basis was at least as large as
a systematic comparison of calculated binding energies using a6-31g(d) on all atoms. In another set of model calculations on
variety of computational approaches. These studies give a good\a'/benzene, it was found that the calculated binding energy
picture of the variations among different computational ap- was unchanged withir0.2 kcal as the basis set was progres-
proaches to Nabinding energies, and the level of agreement sively expanded from a basis set similar to that used here (6-
with the best experimental values. As a generality, the various 31+g(d) on all heavy atoms, 6-31g(d) on H) up to a large basis
computed values span the experimental values, and showset of 6-31#-+g(3d) on Na, 6-31g(3d) on C, and 6-3tg-
variations of a few kcal mol. Basis set explorations generally  (d,p) on H. (In this latter case, smaller basis sets without diffuse
show that inclusion of polarization and diffuse functions is functions on the carbons did not diverge greatly in binding
indispensable for obtaining results with reasonable confidence energy, but the BSSE corrections of several kilocalories made
at a level of a few kcal molt accuracy. the results less satisfactory.) These model studies strengthened
The present quantum chemical calculations were all carried our confidence that the basis sets used for the amino acid
out with the DFT approach, using the B3LYP hybrid functional. complexes, which included polarization functions on all atoms
For the present purposes, the choice of the DFT approach wasand diffuse functions on at least all of the heavy atoms involved
clear, because other sufficiently accurate approaches are comin metak-ion interaction, were amply large so that basis set
putationally too demanding for these large systems using incompleteness was not a significant limitation on the reliability
adequate basis sets. Within the DFT realm, the choice of the of the DFT calculations.
B3LYP hybrid functional was less clear-cut. This functional The experience of our group, reinforced by similar results of
was chosen because it has been widely used, making it perhapsthers with alkali ion complexes, suggests that the basis sets
easier to correlate our results with other work, and because itsused here were adequate to reduce basis set superposition error
demonstrated success for transition metal cationic systems will (BSSE) effects for the alkali metal ion complexes to the order
ease future extension of the present studies to transition metalof 1 kcal or less. A number of the more important systems had
complexes of these amino acids. For "Naomplexation, BSSE corrections calculated explicitly using the counterpoise
Armentrout and Rodgetéfound the B3P86 functional to be  correction scheme described by Xanth&and these results
somewhat better than B3LYP in terms of agreement with more are footnoted in the tables. It is well-known that at best such
accurate theoretical approaches and with their experimentalcorrections provide only a very approximate amelioration of
results. B3LYP results appear to be on the order of 1 kcaffnol  the BSSE problem, serving as much to indicate the magnitude
too high, and also scatter somewhat more widely. Also relevant of the possible error as to give a reliable correction, so it is
to the present purposes is the fact that B3P86 gives &la  fortunate that these corrections turn out to be small. The results
slightly greater phenol binding increment relative to benzene shown confirm that this correction is of the order of 1 kcal Mol
(0.7 kcal mof?, compared with 0.2 kcal mot for B3LYP). for the Na™ complexes, and less than 0.5 kcal miofor K+
However, their measured increment from benzene to phenol iscomplexes. For those systems where a counterpoise correction
2.4 kcal mot?, suggesting that neither of these functionals was not explicitly evaluated, a generic correction was applied
serves to produce fully adequate comparisons of benzene vsof 1.0 kcal for Na', and 0.5 kcal for K. (The BSSE correction
phenol systems, a problem which presumably carries over to always reduces the binding energy).
the present comparison &theand Tyr complexes. It may be Zero-point energy (ZPE) effects are typically found to be
interesting in the future to revisit these Systems with other around 1 kcal for me’[a|-i0n/aroma’[ic-|igand bmdmg (a]Ways
functionals besides BSLYP, and with other more intrinsically acting to decrease the b|nd|ng energy)_ A number of ZPE
accurate ab initio approaches. corrections were calculated here for the important complexes,
The GAUSSIAN 94° and GAUSSIAN 980 program suites  as footnoted in the tables. Frequency calculations for the ZPE
were used. The basis sets used in energy calculations were ircorrections were nearly all done using a reduced basis of
general as follows: 6-31g(d) (doubfeplus polarization) on 6-31+g(d) on the alkali metal and 3-21g(d) on all other atoms.
hydrogen, 6-3%g(d) (polarization and diffuse functions) on One check of this level of frequency calculation against a
first-row atoms and on Na and K. In those calculations done frequency calculation using the full basis, carried out orf/Na
with the GAUSSIAN 94 package, the polarization functions for phenylalanine, gave the same ZPE correction within 0.1 kcal
K were taken from literature valuésand the diffuse functions  for both basis sets. For those complexes where vibrational
on K were generated by us. (Results using this home-constructedrequencies were not calculated explicitly, it sesemed appropriate
set of diffuse functions did not differ significantly from those to use a generic ZPE correction of 1.5 kcal mdbr the Na"
later obtained using the 6-39(d) basis functions contained complexes and 1.0 kcal mdi for the K™ complexes.
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It would be possible that ZPE corrections could affect the Phenylalanine Neutrals
assignment of the lowest-energy neutral structures, but limited
trials indicated that the zero-point energy of the neutral
molecules varies little among the different conformers, and no
comprehensive frequency calculations were carried out for the
various neutral conformers other than the most stable ones. We
can emphasize that most of the interpretations involving binding
energies in the present work are based on comparisons of
binding energies of similar complexes, for which the BSSE and
ZPE errors should be largely similar and canceling.

A challenge in these calculations is the large number of
possible conformations of both neutrals and ion complexes. For
the neutral amino acids there is guidance from previous studies
of non-aromatic amino acids, of which we will note the alanine
study by Stepanian et &.That study indicates the most stable
conformation to be one (Stepanian’s structure 1) with both amine
hydrogens interacting with the carbonyl oxygen. For the present
study of the aromatic amino acids, the reasonable configurational Phe(c) Phe(d)
possibilities for the neutral molecules were explored to see if
the presence of the aromatic side chain changes this picture.
First a broad survey of possible conformations was made using
semiempirical (AM1) calculations to locate the minima on the
potential surface lying within a few kilocalories of the most
stable conformation. Then these candidate structures were
reoptimized and their energies determined with full DFT
calculations with the same basis set as was used for the
corresponding complexes. It was found that the relative AM1
energies of the different conformers gave quite a faithful Phe(e)
representation of the relative energies of the final DFT
determinations, within~1 kcal.

For the complexes, the various conformers were explored Tryptophane Neutrals
using DFT calculations with smaller basis sets. Pte with
its simple and symmetrical side chain, the number of possibilities
is manageable, and the conformers described below probably
encompass all of the low-energy structures. Wi, the ring
hydroxyl was found to be essentially irrelevant, with its
orientation having no effect (within one or two tenths of a kcal)
on the energies. Furthermore, no stable conformations were
found in which this hydroxyl was in an interacting location
relative to the metal ion. Thus the conformer possibilities for
Tyr were essentially the same as those Rirte With Trp,
however, the presence of the unsymmetrical and electrostatically
complex side chain made the conformer search more daunting,
and it is with only moderate confidence that we claim to have
located all the low-energy conformers.

Figure 1. Low-energy conformers of neutral phenylalanine.

Results and Discussion

Neutral Molecules The most favorable conformations found
for neutral Phe are shown in Figure 1, and those forp in
Figure 2. The corresponding energies are displayed in Tables1
and 2. The ring hydroxyl oyr was found to give negligible
changes in the relative energetics as determineBliersoTyr
structures and energies are not displayed. It is evident from these
figures that changing the orientation of the aromatic side chain
of Phe has only a minor effect on the energies, so that for
instance conformationBhea), Phgb), andPhec) are almost
the same. Changing the conformations of the amino and
carboxyl groups has effects similar to those reported for are no unexplored neutral conformers having lower DFT energy
alanine®® The existence of so many conformers of the neutrals than those described.
within energies of the order T (room temperature) above Complexes The most stable conformations located for each
the most stable conformer has obviously important implications of the six complexes are displayed in Figure 3. (In looking at
for calculations of entropies and free energies of binding, but the figures, note that the vertical line drawn down from the metal
such calculations were not attempted here; for the presention toward the ring is perpendicular to the ring, and always
purposes, it is sufficient to be confident, as we are, that there terminates at the point where it crosses the plane of the ring.

Trpe)

Figure 2. Low-energy conformers of neutral tryptophane.
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TABLE 1: Neutral Phe Structures and Energy Increments
Relative to the Most Stable Conformer (kcal mot?)

structure energy increment
Phea) 0
Phe(b) +0.1
Phe(c) +0.3
Phe(d) +0.4
Phee) +0.7

TABLE 2: Neutral Tryptophane Structures and Energy
Increlments Relative to the Most Stable Conformer (kcal
mol~Y)

structure energy increment
Trp(a) 0
Trp(b) +0.6
Trp(c) +1.0
Trp(d) +1.8
Trp(e) +1.9

Most Stable Complexes

Dunbar

TABLE 3: Calculated Energies and Binding Energies of
Amino Acid Complexes (kcal molt); Most Stable Known
Conformations of Neutrals and Complexes (calculated ZPE
and BSSE corrections have been applied as noted in the
footnotes)

phenylalanine tyrosine tryptophane
bindin bindin bindin
energy energy energy energy energy energ
neutral 554.8061 630.0266 686.3763
Na* 716.9687 489 792.1896 488 8485432 529
complex
neutral 554.8061 630.0266 686.3763
K+ 1154.5891 347 1229.8095 349 1286.1621 376
complex

aB3LYP-DFT energy in Hartrees. (Naenergy is 162.0812, K
energy is 599.7240%.Binding energy in kcal mott. ¢ ZPE 1.8, BSSE
1.2.9ZPE 1.7, BSSE 1.2 ZPE 1.8, BSSE 1.6.ZPE 1.0 (est), BSSE
0.4.9ZPE 1.0 (est), BSSE 0.4 (est)ZPE 0.7, BSSE 0.4.

Low-Energy Phenylalanine Complexes

Trp/Na(a)

Trp/K(a)

Figure 3. Most stable calculated conformers for the six metal-ion/
amino acid combinations. (Distances in A).

This allows one to picture the location of the metal ion above
the & face.) The binding energies are given in Table 3. (We
will use the term “binding energy” here to denote the zero-
Kelvin ground-state-to-ground-state enthalpy of binding. Ther-

Phe/Na(d) Phe/K(b)

Figure 4. Various low-energy conformers of Nand K" complexes
with phenylalanine. (Distances in A).

Ring chelates, but at substantial energetic cost. As shown in
Figure 3, N&/Trp prefers to form an N/O/Ring chelate in this
latter fashion. However, for K(Trp, it is slightly more favorable
to adopt an alternative bidentate O/Ring chelating conformer
which allows the metal ion to move over the phenyl ring of the
side chain, as shown in the figure. The sacrifice of theNK
interaction energy involved in adopting this conformer is more
than compensated by the larger cationinteraction available
at the phenyl end of the indole group.

As expected, the binding energiesRbeandTyr were found
to be essentially equal. For both metal ions, bindingtp is
~3—4 kcal mol ! stronger than t&®heor Tyr. Binding to Na
is ~14 kcal mot? stronger than K, which is in accord with

mal corrections to room temperature, and entropy correctionsthe larger radius and weaker electrostatic interactions for K
to give free energies, are obviously of interest but are outside compared with Na.

the scope of this study.) With only one exception, the most stable  Other Conformers and Isomers PhenylalanineThe bind-
conformer is a tridentate N/O/Ring chelating structure placing ing energies of a number of the lowest energy alternative

the metal ion in a favorable position for catianinteraction.
The exceptional case is™Trp.The geometrical constraints
do not allow either Na or K* to form an N/O/Ring chelate
involving the phenyl ring site of the indole side chain, which is
the most favorable site for metal-ion binding. As known from
model studies of the indole moietyNa* can reside above the
pyrrole part of the indoler system, but at a cost ef3—4 kcal
in energy relative to the phenyl site, and the situation for&

complex structures found fd?hgNa" and PheK™ are shown

in Figure 4, and the corresponding energies are summarized in
Table 4.PhdNa(c) shows the slightly less favorable tridentate
O/O/Ring chelation, as doeBh&K(b), while PheNa(d) il-
lustrates an alternative, less favorable arrangement of the CO
and NH groups. Structur@héNa(b) is noteworthy, showing
the possibility of bidentate O/Ring chelation. This conformation
is quite favorable; its short N@Ring distance indicates that it

presumably analogous. It is thus possible to form tridentate N/O/ gains stability by a particularly strong catiem interaction,
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TABLE 4: Structures of Various Isomeric Phe and Tyr Low-Energy Tryptophane Complexes
Complexes and Energy Increments Relative to the Most
Stable Conformer (kcal mol?) (ZPE and BSSE corrections
were calculated or estimated as noted in the footnotes, while
for cases not footnoted, the generic corrections described in
the text were used)

Phe Tyr
structure  energy increment  structure  energy increment

Na*
PheNa(a) @ Tyr/Na(a) 0
PheNa(b) +1.4 Tyr/Na(b) +1.8
PhéeNa(c) +8.7% Tyr/Na(c) +8.9
PheNa(d) +18.3

K+
PheK(a) 0
PheK(b) +5.3

aZPE 1.8, BSSE 1.2 ZPE 0.5, BSSE 1.0:ZPE 1.4, BSSE 0.8.
dZPE and BSSE estimated to be the same as for phenylalanine.

Trp/Na(d) Trp/Na(e)
which largely compensates for the loss of stability due to the
absent Na/N interaction. For comparison, the optimal Ma
Ring distance in the model complex Nhenzene is 2.40 A (at
the same level of computation), so that BfegNa(b) conformer
in Figure 4, at a distance of 2.58 A, is apparently quite close to
maximizing the benefit of the catienr interaction. The N&
Ring distance in the most stable tridentate cheRitgNa(a) in
Figure 3 is nearly as short, but the other conformers in Figure
4 have significantly longer distances.

The optimal K/Ring distance in the model complextK Trp/Kb) Trp/K()
benzene is calculated to be 2.92 A. It can be seen that the K Figure 5. Various low-energy conformers of Nand K+ complexes
Ring distances in both BhdK(a) and 4PhgK(b) are closer to with tryptophane. (Distances in A).
the optimum than is true for the Naomplexes. The tridentate . .
TABLE 5: Structures of Various Isomeric Trp Complexes

Chelftmg cavity formed by phenlyalanlne pr(_JV|des a b‘?t_tef fit and Energy Increments Relative to the Most Stable

relative to thex face close to the optimum for catienr calculated or estimated as noted in the footnotes, while for
interaction with less distortion of its position relative to the other cases not footnoted, the generic corrections described in the
ligands than in the Nacase. text were used)
Tyrosine Two considerations lead one to expect the binding structure energy increment
energy to tyrosine to be very little changed from phenaylalanine. Na+
It is not geometrically feasible for the ring hydroxyl to Trp/Na(a) G
participate in any reasonable chelating complex involving the Trp/Na(b) +2.06
other electronegative atoms of the amino acid group, so that it Trp/Na(c) +2.7
is unfavorable to move the metal ion close enough to this ?p/Na(d) t1.8
I . . . rp/Na(e) +1.3
hydroxyl for significant interaction. Moreover, the bond dipole K+
of the ring hydroxyl is oriented in a direction which minimizes Trp/K(a) 03
its electrostatic effect in the vicinity of the metal ion binding Trp/K(b) +0.8
over the ring. Trp/K(c) +2.2

In fact, as was found for a number of calculated structures, azpg 1.8, BSSE 1.6 ZPE 1.8 (est), BSSE 0.8ZPE 0.7, BSSE
the binding energy differences betwebyr complexes and the  0.4.9ZPE 1.2, BSSE 0.4.
corresponding’hecomplexes are very small, certainly less than
the uncertainty in the calculations. The structures are also veryinteraction orientation relative to the phenyl ring region of the
similar. Accordingly, structures of th€yr complexes are not  x face, just as in the K complex of Figure 3trp/K(a).
displayed other than the most stable forms shown in Figure 3. However, in contrast to the Kcase, this conformation is slightly
A few calculated N&/Tyr energies are shown in Table 3. The |ess favorable than the most stable N/O/Ring chelate.
points made in discussing tlhe complexes can be taken as
applying equally to th&'yr complexes.

TryptophaneFigure 5 and Table 5 show various low-energy
conformers found foffrp complexes. As noted above, low-
energy conformations exist with the metal ion interacting either
with the phenyl or the pyrrole regions of the indaldace. The

An interesting feature ofrp binding, illustrated by comparing
Figures 3Trp/Na(a) and 5trp/Na(e), is that the metal ion can
move far off to the edge of ther face to optimize the
electrostatic interaction between the metal ion and the dipole
field of the indole ring. There thus exist distinct conformers,
indole nitrogen carries a substantial positive charge, and aSiMilarin other respects, in which the Naither lies over the
common feature of all the low-energy structures is the tendency PYTrole ring (STrp/Na(e)), or lies outside the periphery of the
of the metal ion to move as far away from it as possible without "nd framework (3Trp/K(a)). Another such pair of conformers
losing the advantage of interaction with theface. is 5Trp/Na(d) and STrp/Na(c).

The bidentate O/Ring chelated Naomplex exists (Figure As suggested by the figures, various arrangements of the
5:Trp/Na(b)) in which the N&ion has virtually optimal catione amino acid’'s electronegative atoms are reasonably similar in
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Zwitterions Unchelated Structures

Trp/Na(u) Trp/Na(u')
Figure 7. Conformers of Na complexes with the aromatic side chain
TyrK () TrpK @) rotated out of chelation. (Distances in A).

Figure 6. Most stable calculated zwitterion structures of tyrosine and Unchelated Structures
tryptophane complexes. (Distances in A).

TABLE 6: Energy Increments for Zwitterion Structures of
Tyr and Trp Complexes Relative to the Most Stable Complex
(kcal mol—1)2

Na K
Tyr +4.1 +6.7
Trp +4.6 +6.5 Phe/K(u)

2 The generic ZPE and BSSE corrections described in the text were
applied.

energy, with the differences between the conformers presumably
governed by small differences in electrostatic interactions.
Zwitterion StructuresThere is evidence that the most stable
cation-bound structures of some amino acids, notably arginine,
are the zwitterion form& which benefit from a particularly
favorable electrostatic interaction between the side chain and
the ionized groups on the amino acid. Accordingly, some
exploration was made of possible zwitterion structures for the
present complexes. (Only structures with the proton on the
amino nitrogen were considered, since other possibilities wereis not clear how to separate the polarization and catioeffects
expected to have even lower stability.) The most stable using this approach.
zwitterion conformers ofTyr and Trp complexes found are Another approach to assessing the catiancontribution,
shown in Figure 6, with their binding energies shown in Table which is somewhat more satisfactory in this regard, is to
6. While in all cases these zwitterions are not unreasonably highcompare the energy of thechelated complex of an aromatic
in energy, nevertheless they are less stable than the most stablamino acid with the energy of the same complex in a
conformers of the normal chelating complexes by significant conformation where the aromatic side chain is rotated out of
amounts (47 kcal). Thus it seems unlikely that the zwitterions chelation with the metal ion. Upon rotating the side chain around
form an important fraction of the gas-phase thermal populations the CH; linkage, the present complexes were each found to have
of any of these complexes. two such unchelated conformations, corresponding to rotations
Cation- Contribution . There are two computational ap- of 120° and 240 around the €& C bond, whose structures are
proaches one can pursue to assess the importance of thesxzation-shown in Figures 7 and 8 (denoted as the u draboformers).
interaction in the binding of these complexes. One is to compare (The Tyr complexes are similar to thiehecomplexes, and are
the metal-ion binding to an aromatic amino acid versus binding not displayed.) In all cases these nonchelating conformers were
to an otherwise comparable amino acid lacking the aromatic found to be local minima on the potential surface, and the
side chain. This approach was followed in a forthcoming stidy  structures were fully optimized at these minima with the same
in which the non-aromatic amino acids used for comparison level of calculation as for the corresponding chelated conform-
were glycine and alanine. The binding enhancement for the ers. Aside from the rotation of the side chain, it was not found
aromatic amino acids relative to alanine was substantial, that the bonding geometries changed radically relative to the
amounting to 78 kcal mol! for Pheand Try, and 16-12 kcal chelating conformations.
mol~1 for Trp. This comparison is, however, not fully satisfac- The energies of these are summarized in Table 7. It would
tory, because the aliphatic amino acids are also expected to bindead to a convenient interpretation if the two unchelated
more weakly as a result of their lower polarizabilities and conformations had similar energies, but as the table shows, this
consequent lower polarization contributions to the binding. It is not quite the case. The differing electrostatic interactions of

Trp/K(u) Trp/K(u")

Figure 8. Conformers of K complexes with the aromatic side chain
rotated out of chelation. (Distances in A).
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TABLE 7: Binding Energy Comparison for Unchelated TABLE 8: MP2 Calculations (kcal mol 1)
Conformers vs the Cation—a Chelated Conformer (kcal : :
mol-1) (ZPE and BSSE corrections were calculated or Na'/alaning  Na'/phenylalaning
estimated as noted in the footnotes, while for cases not DFT MP2 DFT MP2
LOS%tQ;)ted, the generic corrections described in the text were Uncorrected binding energy 416 40.2 292 513
- BSSE 0.9 2.6 1.2 4.6
7-chelated® u u cation—z energy corrected binding energy 407 37.6 48.0 46.7
Na* aBasis 6-31g(d) on H, 6-3tg(d) on all heavy atoms. The calculated
_Ii_’he Zgg ﬂg 22% 5'511 ZPE correction of 1.9 kcal mot was subtracted from all binding
Tyr 520 453 47.9 5.4 energies? Basis 6-31g(d) on H, 6-3#g(d) on all heavy atoms.
K+ P ' ' ' ' Structures optimized with 6-31g(d) on N&, 6-31g(d) on all other
Phe 34.7 28.6 30.7 5.0 atoms. The calculated ZPE correction of 1.5 kcal Thetas subtracted
Tyr 34.7 28.9 31.4 4.6 from all binding energies.
Trp 36.8 29.2 323 6.0

_ binding energy increment (9 kcal) than does DFT (7 kcal). This
2From Table 3 and Table 8.ZPE 1.7, BSSE 0.9.The comparison  djfference in the two methods is probably not significant.
for K*/Trp is made assuming the N/O/Ring chelated structure, Figure However, the large increment obtained with MP2 does give a
5:Trp/K(b), as the chelated conformer. - . -
clear confirmation that the substantial effect calculated for

the side chain with the electronegative groups of the amino acid introduction of the aromatic substituent is not just an ar.tifact
are clearly important, and lead to a substantial energy difference®f the DFT method, but does actually reflect a real cation-
between the (u) and (uunchelated conformations in each case. interaction effect.
There is thus some ambiguity in trying to decide how much
energy is gained by rotating the side chain into the conformation
where the catioftr chelating interaction of the metal ion with The binding site formed by tridentate N/O/Ring chelation
the ring is possible. It was decided to use the average energyprovides strong binding for both alkali ions to all three amino
of the two unchelated conformations in assigning a value to acids, and gives the most stable complex conformation in all
this cationsr energy. The resulting energy increments are given except the K/Trp case. In some cases, the geometry of an
in the last column of Table 7. The catianeontributions gauged  alternative bidentate O/Ring chelation pattern allows the metal
in this way are consistent, amounting-t® kcal mol™ for both ion to move into a more nearly optimal catien interaction
Na' and K" complexes. with the phenyl ring; such complexes are also very favorable,
The interaction energies gauged this way are smaller thanand in the K-/Trp case this is the best binding conformation.
those gauged by the alanine comparisons in ref 33. This is For PheandTyr, the geometry of the binding cavity in the N/O/
reasonable, since the alanine comparison does not take intcRing chelates offers a somewhat better fit to the largeida
account stabilizing polarization and electrostatic interactions of than to Nd, as indicated by comparisons of the metal/ring
the aromatic side chains that are not entirely removed when distances. ForTrp, neither metal ion can achieve optimal
the side chain is rotated out of chelation. chelation to the phenyl region of the indotesurface without
Confirmation by MP2 Calculations. Ab initio calculations  sacrificing some of the interaction with the N or O ligands. The
of these complexes at the MP2 level with the same polarization/ resulting conformational compromises, involving either disrup-
diffuse basis sets used in the present DFT calculations are verytion of the N/O chelation, or catiefr interaction with the less
demanding of computer time. However, it seemed worthwhile favorable pyrrole region of the face, lead to the existence of
to make one such comparable calculation, with three purposes.a variety of binding geometries with similar energies.
First, the substantial catiefir interactions found here are With respect to binding energies, geometries, and variety of
noteworthy, and it is useful to confirm by a wholly independent available complex structures, no significant differences were
approach that they are not simply an artifact of the DFT method. found betweerPhe and Tyr. This supports the discussion of
Second, various other work on catienn complexes has used  Mecozzi et al3 who found no distinction betwedPheandTyr
MP2 calculations, making it useful as a point of reference to from an electrostatic viewpoint. They suggested that the
do one of our systems by MP2. And third, we can point out the preference foiyr as a catior ligand in biological contexts
much larger BSSE correction calculated by MP2 compared with must be due to effects other than the intrinsic binding, for
DFT using the same basis, taking this as a further justification instance the ability of the hydroxyl group to constrain a
of our preference for the DFT approach. favorable orientation of the ring, or the additional interactions
The smallest complex, Néphenylalanine (structure Phe/Na-  provided by groups hydrogen bonded to the hydroxyl.
(a), Figure 3), was chosen for this study; at the same time a Even thoughTrp is unable to assume conformations which
similar set of calculations was carried out on*X#ananine. simultaneously optimize the chelation with all three ligands,
These results are shown in Table 8. It is seen that the MP2 nevertheless it binds more strongly to either metal ion tPlaa
result for N&/alananine gives a binding energy (after BSSE or Tyr, by about 3-4 kcal mot. For any given amino acid,
correction) 1.3 kcal moft lower than the DFT result, which  Na* binds more strongly than Kby about 14 kcal mot..
seems like acceptable agreement. The BSSE correction using The comparison ofi-chelating vs nonchelating conformers
the MP2 approach is strikingly large, however, at 4.6 kcal, which of the same complex seems to offer a good quantitative insight
is almost 4 times larger than the correction in the DFT approach. into the stability gained by turning on the catien interaction.
Given the uncertain quantitative validity of such counterpoise This analysis gave results of gratifying consistency, showing a
corrections, this suggests that there is a substantial degree ofain of ~5 kcal mol ! for both thex—Na'* interaction and the
uncertainty in the MP2 result associated with basis-set incom- 7—K interaction.
pleteness problems, and that this uncertainty is much less severe
using the DFT approach. Acknowledgment. The support of the donors of the Petro-
Considering the comparison of alanine with phenylalanine, leum Research Fund, administered by the American Chemical
Table 8 shows that MP2 actually gives a somewhat larger Society, is gratefully acknowledged.

Conclusions



8074 J. Phys. Chem. A, Vol. 104, No. 34, 2000

References and Notes

(1) Minoux, H.; Chipot, CJ. Am. Chem. S0d.999 121, 10366.
(2) Dougherty, D. A.Sciencel996 271, 163.
(3) Ma, J. C.; Dougherty, D. AChem. Re. 1997, 97, 1303.
(4) Mecozzi, S.; West, A. P., Jr.; Dougherty, D. A.Am. Chem. Soc.
1996 118 2307.
(5) Mecozzi, S.; West, A. P., Jr.; Dougherty, D. Rroc. Natl. Acad.
Sci. U.S.A1996 93, 10566.
(6) Stauffer, D. A.; Karlin, A.Biochemistry1994 33, 6840.
(7) Scheffzek, K.; Kliche, W.; Wiesmuller, L.; Reinstein,Biochem-
istry 1996 35, 9716.
(8) Mitchell, J. B.; Nandi, C. L.; McDonald, I. K.; Thornton, J. M.;
Price, S. L.J. Mol. Biol. 1994 239, 315.
(9) McFail-lsom, L.; Shui, X. Q.; Wiliams, L. DBiochemistry1998
37, 17105.
(10) DeVos, A. M.; Ultsch, M.; Kossiakoff, A. ASciencel992 255
306.
(11) Burley, S. K.; Petsko, G. AFEBS Lett.1986 203 139.
(12) Dougherty, D. A.; Stauffer, D. ASciencel99Q 250, 1558-60.
(13) Kumpf, R. A.; Dougherty, D. ASciencel993 261, 1708.
(14) Miller, C. Sciencel993 261, 1692.

(15) Zhong, W. G.; Gallivan, J. P.; Zhang, Y. N.; Li, L. T.; Lester, H.

A.; Dougherty, D. A.Proc Natl. Acad. Sci. U.S.A998 95.

(16) Cabarcos, O. M.; Weinheimer, C. J.; Lisy, J. 81.Chem. Phys.
1999 110, 8429.

(17) Gallivan, J. P.; Dougherty, D. Rroc. Natl. Acad. Sci. U.S.A999
96, 9459.

(18) Whyttenbach, T.; Batka, J. J.; Glidden, J.; Bowers, MInE. J.
Mass Spectronl999 193 143.

(19) DeWwall, S. L.; Meadows, E. S.; Barbour, L. J.; Gokel, G. W.
Am. Chem. Sod999 121, 5613.

(20) DeWall, S. L.; Barbour, L. J.; Gokel, G. W. Am. Chem. Soc.
1999 121, 8405.

(21) Hille, B. lonic Channels of Excitable Membran&nd ed.; Sinauer
Associates Inc.: Sunderland, MA, 1992.

(22) Roux, B.; Karplus, MJ. Am. Chem. S0d.993 115 3250.

(23) Doyle, D. A.; Cabral, J. M.; Pfuetzner, R. A.; Kuo, A.; Gulbis, J.

M.; Cohen, S. L.; Chait, B. T.; MacKinnon, FSciencel998 280, 69.

(24) Yamaguchi, T.; lto, T.; Sato, T.; Shinbo, T.; NakaoJSAm. Chem.
Soc.1999 121, 4078.

(25) Nakamura, R. L.; Anderson, J. A.; Gaber, R.JFBiol. Chem.
1997 272 1011.

(26) Dougherty, D. A.; Lester, H. AAngew. Chem., Int. Ed. Endl998
37, 2329.

(27) Cooks, R. G.; Patrick, J. S.; Kotiaho, T.; McLuckey, S.Mass
Spectrom. Re 1994 13, 287.

(28) Cerda, B. A.; Wesdemiotis, G. Am. Chem. Sod995 117, 9734.

Dunbar

(29) Cerda, B. A.; Wesdemiotis, G. Am. Chem. S02996 118 11884.

(30) Bojesen, G.; Brendahl, T.; Anderson,@Qrg. Mass Spectroni993
28, 1448.

(31) Lee, V. W.-M.; Li, H.; Lau, T.-C.; Guevremont, R.; Siu, K. W. M.
J. Am. Soc. Mass Spectrod998 9, 760.

(32) Cerda, B. A.; Wesdemiotis, G. Am. Chem. So04995 117, 9734.

(33) Dunbar, R. C.; Ryzhov, V.; Cerda, B. A.; Wesdemiotis JCAm.
Soc. Mass Spector00Q in press.

(34) Yang, C.-N.; Klippenstein, S. J. Phys. Chem. A999,103,1094;
Klippenstein, S. J.; Yang, C.-Nnt. J. Mass Spectromin press.

(35) Stkigt, D. J. Phys. Chem. A997 101, 3800.

(36) Stakigt, D. Organometallics1999 18, 1050.

(37) Hoyau, S.; Norrman, K.; McMahon, T. B.; OhanessianJGAm.
Chem. Soc1999 121, 8864.

(38) Armentrout, P. B.; Rodgers, M. T. Phys. Chem. A200Q 104
2238.

(39) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. A. GAUSSIAN 94; Gaussian, Inc.:
Pittsburgh, PA, 1995.

(40) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Head-Gordon, M.; Replogle, E. S.; Pople, J. A. GAUSSIAN 98, Revision
A.6; Gaussian, Inc.: Pittsburgh, PA, 1998.

(41) Rassolov, V.; Pople, J. A.; Ratner, M.; Windus, T.J..Chem.
Phys.1998 109 1223.

(42) Xantheas, S. Sl. Chem. Phys1996 104, 8821.

(43) Stepanian, S. G.; Reva, |. D.; Radchenko, E. D.; Adamowici, L.
Phys. Chem1998 102 4623.

(44) Dunbar, R. CJ. Phys. Chem. A998 102 8946.

(45) Jockusch, R. A.; Price, W. S.; Williams, E. R.Phys. Chem. A
1999 103 9266; Wyttenbach, T.; Witt, M.; Bowers, M. T. Am. Chem.
Soc.200Q 122 3458.



