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Time Dependent Density Functional Theory (TDDFT) along with the COnductor-like Screening MOdel
(COSMO) has been applied to model the specific rotation at 589.3 nm and the optical rotatory dispersion
(ORD) of the aromatic amino acids phenylalanine, tyrosine, histidine, and tryptophan. Solution structures at
low, neutral, and high pH were determined. Both the anomalous dispersion absorbing (resonance) region and
the lower energy (transparent) region of the ORD of the compounds were modeled. Linear response calculation
of the specific rotation and ORD as well as Kramekgonig transformations of calculated circular dichroism
spectra to model resonant ORD were compared with experimental data from the literature.

Introduction proline, and serine, where the carboxylate chromophore was
primarily responsible for the chiroptical resporiselere our

All naturally occurring amino acids save the smallest, glycine, calculations are extended to the larger, aromatic amino acids
are chiral compounds. Each enantiomer of such a chiral . ger, ’

compound can be distinguished from its mirror image by its in which two distinct chromophores contribute to the optical
specific rotation. Traditionally, specific rotation has been rotat|on'. o )
measured using the yellow sodium D-line of light, to which To faithfully modellchlroptlcal response properties one must
these amino acids are transparent. At this wavelength the specifidirst correctly determine the structures of the molecules being
rotation is expected to be strongly dependent on the lowestStudied, and so this paper begins with a discussion of the
allowed electronic excitation. Historically, this transition has Optimized geometries of the amino acids. Some attention will
been identified as the n ta* transition of the carboxylate be paid to the basis set effects on the relative energies of these
functional group that is present in all of the free amino agids. 9eometries, and the relationship between basis set and the
The aromatic amino acids, phenylalanine, tyrosine, histidine, difficulty in correctly.modellng the.extent of intramolecular
and tryptophan, differ from their aliphatic analogues in that in hydrogen bonding will be noted briefly. The computed mole
addition to this carboxylate chromophore they also possess anfractions (Boltzmann populations) of the various conformers
aromatic ring chromophore. The to 7* transitions of the of some of these amino acids will be compared with experi-
aromatic system have an additional effect on the chiroptical mentally derived Boltzmann populations from the literature.
properties of these bu”d'ng blocks of proteinsl Such transitions Next the SpeCifiC rOtatiOnS Of SeleCt iOﬂiC States Of these aminO
are of interest since they are primarily responsible for the circular acids will be computed, and the results compared with experi-
dichroism (CD) features of proteins in the near-ultraviolet (@V) mental rotations. Particular attention will be pald to how the
There is a growing interest in using time_dependent density two different Chromophores affect SpeCifiC rotation, and how
functional theory (TDDFT) to model this phenomenon. In fact, this varies depending on the conformation of the molecule. For
while this manuscript was in preparation Tanaka and co-workers Some cases where the sign of the computed and measured
published an article on using TDDFT to model the electronic SPecific rotation do not agree at 589 nm, it will be demonstrated
and vibrational CD (ECD and VCD) of these very amino adids. how comparison of computed and measured optical rotatory
That contemporary work by Tanaka et al. focused on dispersion curves would be a better method for assigning
modeling the configurations of the aromatic amino acids that absolute configuration than comparison at 589 nm alone. Finally
are found in the random coil configuration of polypeptides, the anomalous optical rotatory dispersion of tyrosine in the near
structures that are relevant to protein modeling. This current UV will be modeled in various protonation states via the
work focuses instead on the zwitterionic form of the molecules, Kramers-Kronig transformation of computed CD spectra and
and their various protonated and deprotonated forms in which the results compared with experimental ORD.
these amino acids can be found in dilute aqueous solutions. Also
while Tanaka et al. focused on modeling the absorptive Computational Methods
chiroptical properties of these compounds, the ECD and VCD,
this work instead models the dispersive properties, the specific All data were computed with the Turbomaelguantum
rotation, and the optical rotatory dispersion (ORD) and how chemical software, version 5.7.1. The calculations were per-
various chromophores affect these properties. This work con- formed with B3-LYP hybrid functional as implemented in the
stitutes a continuation of our previous work modeling specific Turbomole code (note that this uses the VWNS local correlation
rotation and ORD of the small aliphatic amino acids, alanine, functional). Molecular geometries were optimized with the
default doubly polarized valence triplefTZVPP) basis set from
* Corresponding author. E-mail: jochena@buffalo.edu. the Turbomole library; all energies reported herein were
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Figure 1. Optimized rotamers of the phenylalanine zwitterion.

computed with this basis. Response calculations were performedexperimental ORD plots were scanned from their respective
with the aug-cc-pVDZ setcommonly used for the calculation  graphics in the literature, digitized using the WinDIG progfam,
of chiroptical properties. Where noted, corresponding responseand plotted alongside the calculated curves.

calculations were carried out using the TZVPP basis for

comparison. Results and Discussion
All optimizations and response calculations were performed ) ) )
with the COnductor-like Screening MOdel (COSMOYf Structures of the Aromatic Amino Acids. Before the

solvation applied to the ground state. Solvent model parameterschiroptical properties of the aromatic amino acids can be
were configured using the cosmoprep program of the Turbomole Modeled, it must first be acknowledged that these molecules
package. The dielectric constant of the solvent was set to 78;P0OSSess a conformational freedom in solution at room temper-
the Number of geometrical Segments Per Atom (NSPA) was ature. The mole fractions of each conformer may be calculated
set to 162; all other solvent parameters were left at program Pased on the energy of each minimum using the Boltzmann

default values. Default optimized COSMO atomic radii were €guation. As such, the specific rotation measured from a solution
used. of molecules is actually caused by a number of conformations,

Initial geometrical parameters were set with the Molden and the response observed is a weighted average of the effects

program? All structures were confirmed local minima having ©f €ach conformer.
no imaginary vibrational frequencies as calculated with the  Free amino acids in solution can be found as three primary
NumForce program. This numerical method of frequency rotamers. These will be referred to herein as “g", “t”, and “h",
computation was used since the analytical frequency modulePer the naming convention used by Martin et'@lThe
of the software was incompatible with the COSMO solvation CearboxyCaCpC, dihedrals of the rotamers are approximately
method. In this paper the energy, “D”, of a particular conformer +60, 180, and-60 degrees, respectively. These three confor-
is defined as the sum of the electronic energy, the solvation mations are depicted in Figure 1, using the phenylalanine
energy from the COSMO model, and the zero point energy zWitterion as an example. In the g rotamer the aromatic ring is
calculated by NumForce AD” is defined as the energy of a  gauche to the carboxylate chromophore. In the t rotamer the
particular conformer relative to the lowest energy conformation. Phenyl group is trans to the acid functional group. In the h
Boltzmann factors were calculated based on this relative energyrotamer the aromatic ring is found adjacent to both the amino
at the temperature of 293 K. and acidic functional group, in a configuration that can be
The Turbomole code presently does not support the use ofconsiderechinderedfrom a steric viewpoint.
Gauge Including Atomic Orbitals (GIAOs, also referred to as  Each of the phenylalanine rotamers converged to an optimized
London Atomic Orbitals), so strictly speaking all calculated geometry with the aromatic ring approximately perpendicular
optical rotations are somewhat dependent on the gauge origin.to the G—Cg bond. No corresponding local minima with the
Our origin is defined as the center of mass in each molecule. aromatic ring parallel to this bond could be found. Therefore
Such gauge origin dependence is known to diminish as the basigor phenylalanine only three conformations were considered.
set size increases, and from a practical standpoint reasonably For tyrosine, histidine, and tryptophan more conformers are
reliable results for small molecules are obtained by using the possible. These “subrotamers” are depicted in Figure 2. The
large augmented basis sets that are always needed to calculatrosine ring contains a hydroxyl functional group which can
reliable optical rotation&>! Data in the literature support this  align itself in either of two directions, parallel to the ring.
conclusiont?13 Histidine and tryptophan have asymmetric aromatic rings that
Except where otherwise noted, specific rotations were can be found in two different configurations approximately
calculated at the wavelength of the sodium D line (589.3 nm). perpendicular to the &-Cs bond. Tryptophan was unique in
Al specific rotations are reported in units of (deg®)/(g-dm). that additional conformations were found where the indole ring
Optical Rotatory Dispersion (ORD) curves in the transparent could converge to geometries nearly parallel to the-Cs bond.
region were computed similarly using a direct linear response However these conformers tended to be significantly higher in
method and plotted with values calculated at 10 nm intervals. energy than the corresponding perpendicular conformations and
Computed optical rotatory dispersion ORD curves in the were not considered further because of their negligible Boltz-
absorbing region were obtained via a Kramelsonig trans- mann population. Therefore for each of these three amino acids
formation of computed electronic CD spectra using a numerical two distinct subrotamers were modeled for a total of six possible
integration scheme recently recommended by Polavarapu. conformers of each in the zwitterionic form.
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In addition to investigating the optical activity of these
compounds near neutral pH, it is worthwhile to consider them
at low pH, as a sizable amount of data are available on these
molecules measured in strongly acidic conditions. Consequently
the specific rotation of the protonated forms of these molecules
also has been considered. Protonation of the C@@ctional
group takes place preferentially on the oxygen more distant from
the NHs* group; this proton has a strong tendency to locate
itself between the oxygen atoms. While other protonation
locations are possible, an earlier study has indicated that they
are high enough in energy relative to the ground state that these
isomers are not significantly populated at room temperdture. O
Histidine is unique in this set of molecules in that it becomes
doubly protonated at low pH. But since this second protonation
can only occur at one position on the ring nitrogen atom, this
does not lead to additional conformations, either. Therefore, just Figure 3. Select conformers of doubly protonated histidine and doubly
as with the zwitterions, six cationic (protonated) structures have deprotonated tyrosine.
been modeled for tyrosine, histidine, and tryptophan, and three  Among the amino acids studied, tyrosine is unique in that it
structures were modeled for phenylalanine. An example of a can become doubly deprotonated at high pH. Encouraged by
doubly protonated molecule of histidine is depicted on the left the availability of experimental data on the optical activity of
side of Figure 3. tyrosine at high pH (and the limited availability of experimental

his"'t; tyr
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Figure 4. Top — the “parallel” conformers of histidine (left: dianion, right: zwitterion). The length of the hydrogen bond between the ring and
carboxylate in the zwitterionic structure is 1.89 A. Bottematom labeling for histidine.
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¢ TABLE 1: Select Functional Group Charges and Geometric

data for this molecule near neutral pH) the specific rotation o Data of “Trans” Rotamers of Histidine

dianionic (doubly deprotonated) tyrosine was also modeled. _ —
Compared to the zwitterion the conformational space of the ecul amine  imidazole o NN Ca_;Cﬁ—Fy—CIZS
tyrosine dianion simplifies as the phenolic hydrogen is removed Me€cuiar group - g~ armino dihedral angle

. h h h dist A
but becomes more complex as any one of the three amino charge charge charge istance (A) (deg)
protons can be removed. All nine possible resulting conformers _géé _%11% 33;?%4319 :gg
of the tyrosine dianion were considered, but the configuration i 0.69 0.88 3623 72
depicted on the right side of Figure 3 was by far the lowestin 4 0.76 0.88 3.857 —52

energy and therefore dominates the analysis of the optical
rotation. In this conformation the aromatic ring is trans to the
carboxylate group, and the lone pair of the amino nitrogen is
directed away from this fng. . parallel one. The effect of this Coulomb repulsion on the
For the sake of brevity not every optimized calculated e ; ;
structure has been depicted in this work. There are howevergeometry of the hl.st|d|r.1e molecu.le is shown in Table 1.
two configurations not already shown that are worth noting. _ Coulomb repulsion is proportional to the product of the
For differing reasons, two conformers of histidine converged charges of two bodies and inversely proportional to their distance
to structures where the aromatic ring was more parallel than om one another. Based on the charge analysis the Coulomb
perpendicular to the &-Cs bond. Their structures are shown repulsion should be the lowest in the anionic state and become
in Figure 4. progressively higher as the molecule is protonated. This
The misfit histidine dication conformer seems to result from repulsion may be relieved by the two groups moving farther
repulsion between the Nfi group and the imidazole ring. away from each other, which happens in this case. The distance
However ordinary steric repulsion alone is not sufficient to between the amino nitrogen and the aromatic ring atom closest
explain this geometry, since the analogous histidine zwitterion t0 it, the nitrogen at the d position, progressively increases as
did optimize to a perpendicular conformation. The steric the charge repulsion increases. As this part of the imidazole
interaction between the previously mentioned groups remainsring is repelled, the aromatic ring rotates, maintaining its rigid,
virtually the same in the zwitterionic and dicationic forms of planar form, and the dihedral angle about the-C, bond
histidine. The charge on these groups is what changes upondeviates from its ideal 90 degree configuration. This deviation
protonation. In the dicationic form of this amino acid the amino grows progressively larger as the columbic repulsion increases,
group and the imidazole ring bear a significantly higher positive and at the doubly cationic protonation state the repulsion large
charge than they do in the zwitterionic form. An increased enough that the aromatic ring is pushed beyond the 60 degree
repulsion between positively charged functional groups could maximum that distinguishes “perpendicular” from “parallel”
force the aromatic ring of the histidine dication away from its configurations, giving rise to the parallel configuration seen on
otherwise preferred perpendicular conformation into a more the left of Figure 3.

aCharges reported represent the sum of the computed Mulliken
charges for each moiety.
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The imidazole ring in the zwitterionic histidine conformation TABLE 2: Computed Room Temperature Populations of
depicted on theight side of Figure 4 has also drifted away AmElno Acid Ro}algner? with Differing Basis Sets Compared
from the otherwise preferred perpendicular configuration. to Experimental Data

However here it is not repulsion but attraction between computed computed experimentally
functional groups that causes this deviation. In this structure population  population derived
the ring has rotated to bring the NH group into close proximity TZVPP  aug-cc-pvDZ population
to the COO group, allowing the two groups to hydrogen bond. Phenylalanine Zwitterion
The formation of this stabilizing intramolecular interaction ﬂ 8-(2)? 8'23 8'2238'%
causes the_ aromatic ring to deviate toward a parallel configu- 0.76 0.78 0.56 0.48
ration in this instance. . )
. . . Phenylalanine Cation
This hydrogen bonding has been a potential source of error g+ 0.26 0.24 0.23 0.28, 0.36, 0.32
in the past, as the computational techniqgue employed signifi- h* 0.19 0.20 0.27,0.2€, 0.2F, 0.26
cantly overestimated the strength of intramolecular hydrogen t* 0.55 0.56 0.59 0.4@, 0.37%, 0.42
bonding in zwitteriond.In those calculations the aug-cc-pvVDZ Tyrosine Cation
basis was used, which includes diffuse functions. Diffuse g* 0.25 0.23 0.20
functions have been regarded as important in modeling hydrogen :‘: 8-§g g-ég g-ig
bonding. While this basis was adequate for the geometry : ) o :
optimization and energy calculations of the small amino acids Tyrosine Dianion
modeled in our earlier work, it proved problematic when dealing g,, 8'82 8'8‘21 8'%2
with the larger molecules in this current work. Here the TZVPP - 0.95 0.94 0.46
basis, which _do_es not include diffuse functl_ons, was used for Tryptophan Zwitterion
geometry optimizations and energy calculations. It was chosen 4 0.01 0.01 0.320.26
in part due to its established compatibility with the COSMO  h 0.17 0.15 0.1%0.23
solvent model because the atomic radii were optimized for use t 0.82 0.84 0.5% 0.51
with this basis which should therefore yield the most accurate Histidine Zwitterion
solvation energies. The aug-cc-pVDZ basis was retained for the g 0.44 0.63 0.18
response calculations for which it is known to perform well. h 0.44 0.31 0.3
The use of different basis sets for optimizations and property 0.11 0.07 0.51
calculations is well established in the field of computational Histidine Dication
chemistry, and efficiency regarding computing time by itself is g 0.55 0.52 0.34
S . . h . ht+ 0.11 0.13 0.28
enough to justify this practice. But there is another benefit from e 034 0.35 0.37

using a nondiffuse basis for these calculations. « Kainosh d Alisaka® b Fit — —

. Hydrogen bonding is an interaction between .the orbitals of Dezﬁ'&f setoa??n e JUJ;S‘Zt a3 y&gg@ Ztt 2\15.4 g Maerr'f;? eet aps
different atoms, be they on the same molecule (intramolecular) » computed populations for tyrosine, tryptophan, and histidine rotamers
or between adjacent molecules (intermolecular). This bonding represent sums of the populations of two subrotamers per rotamer.
can take place over a significant distance, offeA or more;
this is why diffuse functions are needed to adequately describemg|. Here with the TZVPP basis it is calculated at 7.5 kJ/mol.
it. In a system of hydrogen bonding molecules, such as an although this is only marginally closer to the experimental value
aqueous solution of an amino acid, an equilibrium exists between of 30.4 kJ/mol7 it represents a significant relative change of
the tendency for a solute molecule to hydrogen bond with itself the energy difference between the structures. We note in passing
and its tendency to bond with solvent. When a continuum that switching to a basis that is not augmented with diffuse
solvent model such as COSMO is used in lieu of explicit functions more than cuts in half the amount of “outlying charge”
molecules to simulate solvation, this competition between inter- from the glycine zwitterion. This is the amount of electron
and intramolecular hydrogen bonding becomes biased towarddensity that escapes the COSMO model’s outermost cavity and
the latter. With no explicit water molecules for the amino acid s g potential source of erréf.Although it is far from being a
solute to hydrogen bond to, it has an overtendency to hydrogenperfect solvent model, the COSMO/B3LYP/TZVPP method has
bond with itself. Therefore, the amino acid conformations which adequately modeled the fact that the zwitterionic form of the
include intramolecular hydrogen bonds become more favored amino acids is more stable than the neutral form in aqueous
energetically, and their computed Boltzmann populations be- solution.
come too high. This in turn can adversely alter the computed The basis set effects on the computationally derived mole
specific rotation of the solution, which depends in part on the fractions can be seen in Table 2. Here all geometries were
computed populations of those conformers. We have investi- computed with the TZVPP basis. The only variable that
gated this issue in detail in a previous paper and concluded thatcontributed to the differing Boltzmann populations between the
the aug-cc-pvVDZ+ COSMO level indeed tends to overem- two basis sets employed is the COSMO-corrected single point
phasize the internal hydrogen bonding in the zwitterionic amino energy.
acids? Using a less-diffuse basis hinders hydrogen bonding  For the phenylalanine, tyrosine, and tryptophan molecules
somewhat. Since in the absence of explicit solvent moleculeswhere intramolecular hydrogen bonding is not an issue the
this (intramolecular) hydrogen bonding is too great, these two computed populations are nearly the same with the two basis
opposing errors partially compensate for each other yielding sets. The agreement between these computed populations and
results that are somewhat closer to experiment. This first becamethose derived from experiment can be described as qualitatively
apparent from calculations on the smallest amino acid, glycine. correct. While the numerical agreement between experiment and
The previously mentioned earlier work with the COSMO/ theory is not perfect, both agree that for these three molecules
B3LYP/aug-cc-pVDZ method indicated that the zwitterionic the stericly favored t rotamers are more populated than their g
form of glycine was favored over the neutral form by 4.6 kJ/ and h counterparts at room temperature.
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Consistent with our assumptions about controlling the in- rotation of each conformer, and the products are added to give
tramolecular hydrogen bonding with the basis set, the results the weighted average specific rotation that should be comparable
for histidine are different. Unlike the other aromatic amino acids, to the experimentally observable value. As can be seen in Table
histidine shows a tendency to form intramolecular hydrogen 4, the specific rotations of some of these conformations are an
bonds; the possibility for bonding exists between the carboxylate order of magnitude larger than the average specific rotation that
anion and the NH group at the d position of the aromatic ring. should be modeled. Since this relatively small weighted mean
Such an interaction is favored in the g conformer depicted on is produced from a number of conformers of relatively large
the right side of Figure 4, where the two participating functional specific rotations of differing signs, one can see how even a
groups have been able to move into close proximity unhindered small error in a Boltzmann weighting factor can cause the
by the NH* group. Here the populations computed with the computed average specific rotation to change sign.
differing basis sets differ. While the population computed with  Another important conclusion that the data lead to is that the
the TZVPP basis overestimates the experimentally derived method performs about equally regardless of the protonation
population of this hydrogen bonded conformer (at the expense state of the molecule being modeled. In an earlier work we have

of the t conformers in which the two groups are most distant shown that TDDFT performed well in modeling the specific
and cannot bond), the diffuse aug-cc-pVDZ basis overestimatesyotation of zwitterionic, cationic, and anionic amino acids in

it even more. This is consistent with the theory that both methods solution? Here the Speciﬁc rotation of an amino acid in its
overestimate the extent of intramolecular hydrogen bonding but dicationic form, histidine, as well as an amino acid in its
the less-diffuse basis errors to a lesser extent. Therefore for thegianionic form, tyrosine, have been modeled with an equal
remainder of this work all Boltzmann populations reported will  margin of error. This is particularly gratifying in the case of
be computed from energies calculated with the TZVPP basis. the tyrosine dianion, due to the added difficulty of modeling
Computation of the Sodium D-Line Specific Rotation. electronic transitions in molecules with the more diffuse
Basis sets were also examined as they applied to the computectlectronic structures found in anions. Different conclusions have
specific rotation. For nearly every conformation of every been reached regarding whether TDDFT is adequate for
molecule investigated, the computed sign of the specific rotation modeling the optical rotation of similar anionic systetddFor
was the same with the aug-cc-pVDZ and the TZVPP basis sets.this molecule the theory employed yields an average specific
The exceptions are the conformations that have specific rotationsrotation of —32.0, which compares reasonably well with the
of too small a magnitude to be accurately calculated by this experimental value of 13.2. The general overestimation of the
method. This should not be read to conclude that diffuse magnitude of rotation is considered typical of TDDFT due in
functions are not important for modeling specific rotation in part to the known underestimation of excitation energies
general; oftentimes they are. But for this particular set of typically found for many organic molecul8%.However, the
molecules the difference in chiroptical response between thecorrect modeling of the specific rotation of the molecules in
two basis sets was not very significant. this study depends not only on correctly modeling the excitation

The experimental and computed specific rotations of the four energies and rotatory strengths but also on computing the correct
aromatic amino acids in select ionization states are shown inrelative energies of the conformers and, in addition, a correct
Table 3. At first g|ance’ the agreement between theory and modeling of the solvation of the molecules being studied.
experiment appears somewhat disappointing, as the theory used Contributions from Different Chromophores to the Spe-
herein yields a specific rotation that agrees in sign with cific Rotation. The primary purpose of this work has been not
experiment six out of nine times. But this is not unexpected only to compare computed specific rotations of the aromatic
when dealing with rotations that are so small in magnitude. amino acids with experiment but also to examine the interplay
Stephens and co-workers have shown the limitations of TDDFT of the two different types of chromophores that are unique to
for assigning absolute configuration of molecules with very the aromatics. The specific rotation of amino acids is generally
small rotationg® When a small specific rotation value is the thought to result from an n ta* transition localized on the
result of a delicate weighted average of several conformers carboxylate chromophore. In aromatic compounds there also
having positive and negative optical rotations of large magni- exists the possibility for ar to &* transition involving the
tude, then even a small error in computing the Boltzmann bonding and antibonding orbitals associated with the aromatic
populations of these conformers could reverse the sign of thering(s).
specific rotation. Furthermore, in cases where the measured The effect of the carboxylate chromophore common to all
specific rotation is exceedingly small, variations in laboratory the amino acids can be seen in the computed specific rotation
conditions combined with the inherit limits of precision in the of the various rotamers. The primary rotamers differ from one
instrumentation can result in the sign of the experimentally another by rotation about the,ECs bond. The functional group
measured rotation to itself be ambiguous, as was the case withthat is responsible for perturbing the symmetry about the
the tryptophan cation discussed later in this paper. If it were carboxylate group, in this case an aromatic ring, may be found
the purpose of this work to assign configurations, using a shorter in three orientations illustrated in Figure 1. For the g rotamers
Wavelength of Ilght closer in energy to the lowest electronic where the perturbing functional group is gauche to the car-
excitation energies of the molecules in question would be poxylate group on its stericly unhindered side the specific
advantageous because this would result in rotations much hignerrotations are predominate|y positive_ Converse|y for the h
in magnitude and give a more accurate assignment. Here therotamers when the perturbing group is on the opposite gauche
sodium D-line light of 589.3 nm has been selected because mosiside of the carboxylate group, the side that is stericly hindered
of the experimental data in the literature have been obtained atby the ammonium group, the Specific rotation is predominate|y
this convenient wavelength. negative. For the t rotamers where the perturbing group is trans

Of the possible sources of error, inaccuracy in the computed to the carboxylate chromophore and most distant from it, the
energy likely plays a large role. This energy is used to calculate specific rotation is on the whole neither predominately negative
the Boltzmann population of each conformer of a particular nor positive when all the t conformations of all the molecules
molecule. These factors are then multiplied by the specific studied are considered. However the specific rotations of the t
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TABLE 3: Computed and Experimental Data for the Specific Rotation of the Aromatic Amino Acids in Select lonization

States
aug-cc-pvDZ TZVPP experimental
AD Boltzmann specific Boltzmann factor x specific Boltzmann factor x specific
conformer (kJ/mol) factor rotation specific rotation rotation specific rotation rotation
Phenylalanine Zwitterion
t 0.0 0.76 6.7 5.1 18.2 13.8
h 3.0 0.21 —150.9 —32.4 —120.6 —25.9
g 7.6 0.03 162.4 5.0 142.8 4.4
average specific rotation —22.3 7.7 —35.1
Phenylalanine Cation
tt 0.0 0.55 25.8 141 18.0 9.8
gt 1.8 0.26 221.8 58.1 210.4 55.1
ht 25 0.19 —69.1 -13.2 —66.7 -12.7
average specific rotation 59.0 52.2 7.8
Tyrosine Zwitterion
t 0.0 0.34 9.2 3.1 20.6 7.0
ty 0.2 0.31 -7.1 -2.2 4.1 1.3
hy 1.8 0.16 —132.9 —21.6 —104.5 —17.0
hu 3.3 0.09 —147.2 —12.5 —120.9 —10.3
g 4.5 0.05 169.0 8.7 150.1 7.7
Oil 4.7 0.05 167.7 8.0 145.3 6.9
average specific rotation —16.5 —4.3 —10.0t0—12.3
Tyrosine Cation
4t 0.0 0.34 —-12.2 —4.1 —15.0 —5.1
" 1.1 0.21 -3.6 -0.8 —-8.4 -1.8
at 2.2 0.14 237.8 32.7 226.1 31.1
h 2.4 0.12 —57.4 -7.0 —55.4 —6.8
ant 2.7 0.11 229.9 25.6 218.2 243
byt 3.6 0.08 -71.4 —-5.4 —71.8 -5.5
average specific rotation 41.0 36.3 -10.6
Tyrosine Dianion
t 0.0 0.82 —36.3 —29.6 —25.5 —20.8
ti 5.8 0.07 —100.8 -7.3 —72.0 —-5.2
tin 6.3 0.06 55.8 3.2 7.9 0.5
h— 9.4 0.02 —64.4 -1.0 —75.6 -1.2
g 9.9 0.01 145.8 1.9 97.9 1.3
Oil 9.9 0.01 101.8 1.3 72.1 0.9
hu 10.6 0.01 —60.3 —0.6 —25.7 -0.2
Qi 14.4 <0.01 116.8 0.2 68.6 0.1
hi 15.2 <0.01 —71.8 -0.1 —38.0 -0.1
average specific rotation —32.0 —24.8 —13.2
Histidine Zwitterion
g 0.0 0.44 1155 51.1 108.3 47.9
hy 0.0 0.43 —196.6 —85.1 —147.3 —63.8
t 34 0.11 —51.4 -5.4 —54.3 -5.7
t 9.2 0.01 —72.6 -0.7 —42.1 -0.4
b 9.7 0.01 —67.7 -0.5 —63.4 —-0.5
Oil 12.4 <0.01 213.4 0.5 196.9 0.5
average specific rotation —40.2 —22.0 —38.95
Histidine Dication
gi>* 0.0 0.28 120.3 33.9 117.5 33.1
gt 0.1 0.27 153.7 41.2 143.4 38.5
t2* 0.3 0.25 22.0 55 8.4 2.1
ty2" 2.8 0.09 —73.8 —6.5 —76.9 —6.8
h2* 3.0 0.08 —74.9 —6.1 —-67.1 -5.5
hy 2t 5.2 0.03 11 0.0 —8.8 -0.3
average specific rotation 67.9 61.1 13.34
Tryptophan Zwitterion
t 0.0 0.76 —22.0 —16.8 —30.6 —23.3
hy 4.2 0.13 8.8 1.2 14.2 1.9
ti 6.5 0.05 101.8 5.0 123.6 6.1
hu 6.8 0.04 —318.5 -14.3 —294.5 -13.2
g 10.4 0.01 260.1 25 226.3 2.2
Oil 15.0 <0.01 —46.3 -0.1 —48.2 —0.9
average specific rotation —225 —27.4 —-31.5
Tryptophan Cation
4t 0.0 0.74 —73.0 —54.1 —82.6 —61.2
h* 5.3 0.08 89.6 7.2 84.0 6.8
ot 5.6 0.07 395.4 28.3 367.4 26.3
ant 7.0 0.04 -7.1 -0.3 -5.9 —0.2
" 7.2 0.04 67.5 24 73.1 2.6
byt 7.5 0.03 —209.3 -6.5 —215.0 —-6.7
average specific rotation —22.9 —-32.4 2.4

2 Experimental data for phenylalanine cation from the work of Greenstein and BinitExperimental data for tyrosine zwitterion from World
Wide Web? °All specific rotation values are in (deg?)/(g-dm). Experimental data are from tivderck IndeX’ except where otherwise noted.
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rotamers are generally smaller in magnitude than their g and hdifference. But an explanation for which there is observable
counterparts. This is consistent with the idea that when the physical evidence is that the energy for the lowest electronic
perturbing group is most distant from the perturbed chro- transition for the imidazole ring is higher than that of the indole,
mophore, the perturbation of the symmetry of the chromophore as the first CD excitation for histidine is not observable until
is less significant, resulting in a smaller specific rotation. around 220 nni2 The first excitation energy of an imidazole

For tyrosine, histidine, and tryptophan two subrotamers per ring is expected to be higher in energy than that of an indole
rotamer can also be considered. These differ from one anotherring since the imidazole has fewerelectrons and fewer atoms
by a rotation of approximately 180 degrees about the C, over which they are conjugated. Assuming similar magnitudes
bond and are designated simply as “I” and “II”, with the former of the rotatory strengths, since the firsto 7z* CD excitation
being lower in energy. No differing subrotamers of phenylala- occurs at a higher energy in histidine than in tryptophan, the
nine were found due to the symmetry of the phenyl ring. histidine aromatic chromophore should have less of a dominating

For tryptophan in particular, a consistent difference in the effect on the measured specific rotation, according to eq 1. Our
specific rotation of pairs of subrotamers is observed. In all casescomputations indicate that in histidine both the aromatic and
investigated, 3 pairs of zwitterionic geometries and 3 pairs of the carboxylate chromophores have significant effects on this
cationic geometries, each pair of subrotamers was found to haveoptical activity.

specific rotations of opposite sign. Here it is the-C, dihedral For the tyrosine cation, different pairs of subrotamers do not
angle and not the £&-Cs angle that is most important for  yield significantly different specific rotations. The pairs of
determining the specific rotation of the conformer. In other syprotamers of tyrosine only differ in the position of the phenolic
words for tryptophan the orientation of the rest of the molecule hydrogen, which always orients itself in one of two positions
with respect to the carboxylate chromophore has less of an effectiy the plane of the aromatic ring. For the tyrosine dianion, this
on the specific rotation that the orientation of the rest of the proton is removed and rotation of 180 degrees about the C
molecule with respect to the indole chromophore. All conforma- ¢ hond yields degenerate structures. The dihedral angle about
tions in which the rest of the trypt_ophan molecule is orier_1t_ed the G,—C; bond appears the most important for the tyrosine
on one side of the plane of the indole ring have a positive conformations studied, with the g rotamers always having a
specific rotation, and all those in which the perturbation is on nositive specific rotation, the h rotamers having a negative
the opposite face have a negative specific rotation. This is the yotation, and the t rotamers showing neither tendency.
chiroptical response to be expected from an indole chromophore, For phenylalanine, the effect of the phenyl chromophore on
which itself ha<C, symmetry that can be perturbed to give either specific rotation can’not be modeled with the method used in
a positive or negative response depending on which side of thethis work. The six-membered aromatic ring in phenylalanine
symmetry plane the perturbing atoms are oriented, in agr_eemenRNhen unp.erturbed haBe, Symmetry, meaning that the lowest
with th_e well-know_n_ concept of sector ruIé’sThe conclusion . electronic excitation is symmetry forbidden. Experimentally
regarding the specific rotation of tryptophan is that the aromatic vibronic coupling allows this weak transition to be observed in

chromophore is primavily responsible for the orl])served spec(;fic both ORDE*® and CD? where the vibronic fine structure is clearly
rotation, and the carboxylate chromophore has a secondary, .. : S L : :
effect. This is consistent with experimer#aand theoretical visible. But since vibronic coupling is not included in the method

. A o . . for computing specific rotation, the effects of the electronic
plata which show significant CDlexcnatlons associated with the transition in the aromatic chromophore cannot be analyzed. Such
indole chromophore at energies lower than 250 nm. CD

o ; . effects can be modeled, in principle, in a relatively straightfor-

transitions that are largest in magnitude and closest to the energy, - d manner in the CB but would require excessive compu-

where specific rotation is measured should have the greatest i1 resources

effect on its sign and magnitude, which is easily rationalized . f' h ical . ion in th

by the form of the denominator in the sum-over-states expression_ COmputation of the Optical Rotatory Dispersion in the
Near UV. To make an assignment of absolute configuration of

of optical rotation. The equation reads c ” )
a molecule, measurement and modeling of the specific rotation
R at 589.3 nm may be a convenient choice, but it is not the most
[o], = k-wz-z - (1) accurate method. To make a comparison at higher frequencies
T wjz — w? where specific rotation is larger would likely add improvement,
particularly in situations where differing conformations of a
wherek is a constante is the frequencyg; is an excitation ~ molecule have specific rotations of opposing signs at long

frequency, andR, is the corresponding rotatory strength for Wavelengths but agree in sign at shorter wavelengths closer to
excitation numbej. The sum formally runs over the complete @n excitation. For example, the computational method used thus

set of excitations of the molecule. far modeled the wrong sign for the specific rotation of the
Histidine like tryptophan contains an aromatic ring chro- pher)ylalanine an_d ty_rosine cations, but_if the wavelength of_300
mophore_ This imidazole ring would be|0ng to t@u point nm Is Used, which is close to but still lower than the first

group were it not for the fact that the selective protonation of excitation energy of these molecules, then the experiment and
the nitrogen at the d position and the attachment of the rest of the theory yield rotations that agree in sign. At this wavelength
the molecule to the ring at a position that does not straddle the the specific rotation of protonated phenylalanine and tyrosine

two nitrogen atoms reduce the site symmetryCtp which is were measured as-91 and +132 (deg cr#)/(g dm) and
then further perturbed to a chiral point group by the rest of the calculated to be-658 and+-866 (deg crf)/(g dm), respectively.
molecule. As with tryptophan, rotation about thg-C, bond The overestimation of the magnitude of the rotation may to some

can have a significant effect on the specific rotation. But unlike extent be the result of using a method that does not include
with tryptophan the specific rotations of the pairs of subrotamers damping for excited stat€8;the exaggeration becomes more
for histidine do not always have opposing signs. The specific Severe as the wavelength used is closer to an excitation energy,
rotation depends less on thg-€C, angle than on the £&-Cg where the computed specific rotation would yield a singularity.
angle. The arguably higher symmetry of the imidazole ring  Comparing measured and modeled specific rotation at a single
compared to the indole ring might partially explain this frequency can sometimes be useful in assigning absolute
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Figure 5. Computed and experimentally measured ORD of protonated
tryptophan. Computed data points represent Boltzmann averages of Tyrosine ORD from experiment

optical rotations from six conformers. Experiential data are from the 5

work of Djerassf’

configuration. But to make this comparison over a large range |

of wavelengths, by computing an ORD curve and comparing it

to experiment, would be the preferred metii®dransparent-

region ORD curves are available in the literature for all of the “"-~.._________________
molecules for which our theory does not model the correct sign Ay a7 25

of the sodium line specific rotatioH. Of these the one for '

tryptophan is the most interesting due to its distinctive feature —Cation
near 340 nm, so it is chosen here as a representative example -

Molar Rotation

The comparison of the ORD of tryptophan between 300 and i
600 nm is depicted in Figure 5. The overall agreement between e
theory and experiment is quite good; the characteristic shape .z -
of the curve has been faithfully reproduced. Interestintjigse Wavelength (nm)

experimental data appear to agree with our calculations which Figure 6. Computed (top) and experimental (bottom) ORD curves
indicate that the tryptophan cation has a rather large negativefor}yrgsine in various states of protonation. Ex'perimental data for the
specific rotation near 589 nm. In fact, we found a number of cationic form are from lizuka and Yarf.Experimental data for the
sources in the literature that indicated that solutions of tryp- zwitterionic and dianionic forms are from Hooker and Tanférd.
tophan in hydrochloric acid are dextrorotatr§fand some that
indicated that it is levorotatofy3® at this wavelength. This  model is not available to us. The method used here to model
serves to further emphasize the point that comparing computedresonant ORD is as follows: First the lowest 100 excitations
and measured specific rotation at a single wavelength is notof a CD spectrum for each conformation of each molecule
the preferred method for assigning absolute configuration. studied were calculated. This is not meant to imply that 100
Matching the shape of an ORD curve, as has been done in Figureexcitations are either necessary or sufficient to model the ORD
5, provides a far more reliable means for matching chiroptical in the region of interest; in fact we later found that truncating
response to structure. the series to five excitations did not significantly change the
The ORD that was measured and modeled in Figure 5 coversshape of the resultant ORD in the resonance region. The number
only wavelengths longer than the first excitation wavelength 100 was chosen as an arbitrary cutoff to keep the computational
of the molecule. Based on their CD spectra both tyrosine and time required to less than one processor week per calculation.
tryptophan are expected to have anomalous ORD features inThere is no specific rule regarding how many excitations one
the 225-300 nm region that should also be readily measurable. should calculate for this method, and some truncation error is
In fact near-UV region dispersion curves of tyrosine at a variety inevitable no matter where the cutoff is $&¢2 Next the CD
of pH conditions are available in the literat#® As these intensity was simulated using an empirical Lorentzian broaden-
conditions correspond to some of the protonation states of ing with half-width at a half peak height of 0.19 eV. Then these
tyrosine that were already modeled here, we have consideredCD spectra were transformed into ORD curves via a numerical
the ORD for this molecule as well. Kramers-Kronig transformation as described in ref 42. Finally
The ORD of tryptophan in Figure 5 was successfully modeled the resulting ORD curves of the individual conformers were
by carrying out multiple linear response calculations. This Boltzmann averaged to produce the computed dispersion curve
covered only a region of wavelengths to which the molecule is that is reported for each ionization state of tyrosine. The resulting
transparent, so the lifetime broadening of the excited states wasplots are compared with experiment in Figure 6. This method
not of major concern. But when one calculates anomolous ORD was recently also used to successfully model the anomolous
with a program that does not include any damping in the linear ORD of protonated proline through its first Cotton effétt.
response calculations, such as the one used in this work, As is shown in Figure 6, for all of the protonation states the
singularities occur at all of the excitation wavelengths. Graphics theory correctly models the sign of the first Cotton effect.
depicting these effects on computed ORD curves can be foundFurthermore, it correctly reproduces the experimentally observed
in the literature?>4? trend that the first Cotton effect of the zwitterion occurs at a
At present, a program to calculate by direct linear response higher energy than that of the cation or dianion. The intensity
resonant ORD with hybrid functionals and the COSMO solvent of the effects is not correct, but this is largely affected by the
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empirical broadening factor used. For the sake of simplicity a Petroleum Research Fund and from the CAREER program of
constant broadening factor was used, while in reality the the National Science Foundation (CHE-0447321).
broadening may be expected to increase with energy.
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