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We report a detailed analysis of the potential energy surfac&l-atetylt-tryptophanN-methylamide,
(NATMA) both in the gas phase and in solution. The minima are identified using the density-functional-
theory (DFT) with the 6-31g(d) basis set. The full potential energy surface in terms of torsional angles is
spanned starting from various initial configurations. We were able to locate 77 distinct L-minima. The calculated
energy maps correspond to the intrinsic conformational propensities of the individual NATMA molecule.
We show that these conformations are essentially similar to the conformations of tryptophan in native proteins.
For this reason, we compare the results of DFT calculations in the gas and solution phases with native state
conformations of tryptophan obtained from a protein library. In native proteins, tryptophan conformations
have strong preferences for fhisheet, right-handed helix, tight turn, and bridge structures. The conformations
calculated by DFT, the solution-phase results in particular, for the single tryptophan residue are in agreement
with native state values obtained from the Protein Data Bank.

Introduction polypeptide chain, its states may be correlated with those of
the neighboring residues (local correlations) along the chain and
those distant along the chain (long-range correlations). Other
residues may occupy the immediate environment of a residue,
such as in the compact internal regions of a native conformation,
or it may be in interaction with the agueous environment. The
same residue may be inside or on the surface in contact with
water, depending on the type of the protein. Thus, it is important
to study a residue in both environments.

A precise determination of the intrinsic propensity of a residue
is important because it serves as the reference state above which
other interactions add. The intrinsic propensities of a single
residue, X, may suitably be calculated by adopting a methyl
capped dipeptide by inserting the residue X iN@acetylN'-

Important events along electron-transfer pathways, such as
in photosynthesis and respiration, for example, are controlled
predominantly by the amino acid tryptophan (T#pActivity
and function of Trp is strongly dependent on the local
configurations of the protein in the native state. For this reason,
a detailed understanding of the conformational preferences is
of importance, and indeed, it has been studied widely in recent
years. Infrared and ultraviolet spectra Nfacetyltryptophan
methylamide and comparison with results of density functional
theory (DFTY calculations indicate two dominant low energy
conformers, C5, with its extended dipeptide backbone, or C7,
in which the dipeptide backbone forms a seven-membered ring

joined by an H bond between the C-amide NH andfamide methylamide to form Ace-X-Nmé-1° Recent calculations and

carbonyl groups. Huang and Biperformed an extensive ab measurements of NMR coupling constants give insights into
initio conformational search to characterize the gas-phase. ping Y 9

structures of tryptophan. They obtained 45 local minima. The intrinsic Eackbone_preferencgs in. dipeptides and longer se-
minimum energy conformation among these accounted for quences? Calculations on tripeptides, AcerX-Nme, or

48.6% of all the conformations at equilibrium at 298 K. This is lr?ggﬁ[)ofﬁ]qureensﬁgje;r;\g ctct]r?ttela;[ﬁtliilg gﬂgotrgnﬁgg??ﬁ:eftﬁéi? of
consistent with experimental resutt®&ombasaro et ab.deter- 9 9 9

mined the potential energy surface (PES) using ab initio and EEN) e;felcts. 'I]:herek?((j:tros;ailc;crr:elnlngrméﬁi?tkpél?lr\ls \¢’<;]¥n .
DFT calculations and obtained a total of 34 or 35 minimum e¢ angles of a residue, for example, are shifted towa ore

. . egative values if the neighboring residues of a given residue
energy conformations, depending on the method they used. The)};'( e?re aromatic oﬁ-branchgd. An agiternative explar?ation is the

also verified that the C7 and C5 were the lowest energy formation of hydrogen bonds between side chains and the
conformations. In the present work, we report a more detailed ydrog .
backbone for sequences longer than dipeptiéésThe elec-

analysis ofN-acetyl-tryptophanh-methylamide, (NATMA) = e screening model describes the residue in aqueous

both in the gas phase and in solution. . medium; the hydrogen bond model does not. Understanding the

- A . Sbehavior of a residue in the presence and absence of water is
indicates the intrinsic propensity or the backbone preference of P

that residue to be in that state. In this respect, the pre¥fdus important to distinguish between different models.

and e prest quantum mechanical analyses o NATNA ield 1 D7 01 POET o 25 olows, 1 Se6uon 2 e o,
its intrinsic propensities. If the residue is embedded in the . :
prop we present the results obtained on NATMA, followed by a

discussion of results in Section 4, where the computed calcula-
* To whom correspondence should be addressed. . . A .
t College of Arts and Sciences. tions of NATMA are compared in detail with conformations of
*College of Engineering. the tryptophan residue in native proteins.
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Figure 1. The geometry and labeling of NATMA.
2. Computational Methods or

The PES ofN-acetylt-tryptophanN-methylamide has been

studied in detail in the gas-phase using Gaussian03 program, ”
version B.05® The minima have been calculated from the 1.1 1

density-functional-theory (DFT) calculations using the 6-31g- -180-120-60 0 60 120 180

(d) basis set. The three-parameter-hybrid functional of Bécke Figure 2. Histograms of torsion angles for all minima.
is chosen as this combination of the basis set, and the functional
has been numerously shown to produce reliable structures and
energy values for organic molecules. In Figure 1, the basic
structure and numbering of atoms along the backbone as well
as the indole ring is given. For amino acids, the optimum points
along the PES are usually characterized by the ranges of several
torsional angles, such as in Ramachandran plots. The relevant
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torsional angles for our study are defined through four atoms -5,
and they arep (2-3-4-10),y (3-4-5-6), 1 (3-4-10-11),72 (4- 30 i
10-11-12),w¢ (1-2-3-4), andw; (4-5-6-7). e
The PES in terms of torsional angles is spanned by two 20 - ﬂ.’
different strategies and minima are located. First, we have 4
generated a large number of starting configurations by restricting 10 - °’o
torsional angles to all possible permutations of sp s@ el 1 1 1 1 1 ]
hybridizations. For examplg, (4-10-11-12) is chosen either 0O 10 20 30 40 50 60 70
as 0 or £12(°. There are six torsional combinations of atoms
bonded to G (atoms N3, C5 and H). Similarly, for each set of A(E)B—Sl(d) (kJ/mol)

bonds originating from C5, N3, C2 and N6, there are two _ _ _
permutational isomers. All possible combinations of these Figure 3. Comparison of the energy values obtained with the two
restrictions result in 3« 6 x 24 = 288 configurations. These basis sets.

starting configurations are then optimized by 6-31 g(d) basis y,qiq set of 6-318-+(d,p) which contains polarization functions
set and those which result mstructures are discarded. In this hydrogens as well as diffuse functions so that long range
manne, é"e were able to Ir(])cate 231 d(;stmanmlma. To such q binteractions. are treated more accurately. Figure 3 shows the
generate structu;es, We have addea 34 structures reported by relation between energy values (relative to the global minima
Bombasaro et af, and we have discarded the duplicate ,y/mq)) of these two sets. Even though the general agreement
structures. The final list contains 77 distinct minima that serve paiveen these calculations seems to be reasonable. the maghi-
as a complete descriptor of the PES. tudes of energy differences, especially at low-energy regime
3 Results can be quite different. Still, the predicted gas-phase global

) minimum is the same in both calculationg € —82.3,y =

We have plotted the distribution of four essential torsional 59.7,y1 = 47.7,x2 = 82.6,wo = —174.2 andw; = 179.4)
angles in Figure 2 to summarize the structural variations of which was reported also in ref 3 as the global minimum.
L-Trp. In this plot, the relative energies of these minima are  The changes of the PES upon solvating tryptophan in water
not taken into account. That is, a structure is included even are studied by the polarized continuum model of Tomasi
though its population at relatively high temperatures is negli- et.al®=2%in which a cavity holding the solute molecule is defined
gible. The general characteristics of these plots showdhat by overlapping spheres. Then the solvent reaction field is written

has a bimodal distribution located &atl75> < ¢ < —60° and as a polarization charge density along the surface of this cavity.
around 60 respectively. In contrast, angke has a smooth The free energy of solvation calculated in this manner within
variation covering a wide range from18C to 18C¢. Two the PCM approach including the nonelectrostatic terms and the

torsional angles defining the position of the indole ring with comparison between the gas-phase energy and the free energy

respect to the backbone shows an almost equal distribution of(F) of solvation is presented in Figure 4, where the filled circles

Sp? isomers. and the open squares are results from two different basis sets
In order to select the minima that are accessible at room as indicated in the figure.

temperatures, we resort to calculations that are more accurate. For both basis sets, the correlations between the gas phase

Using the 6-31(d) optimized structures, we calculated single and solvated energies are rather high for statistical purposes.

point energies again with B3LYP functionals and a much larger However, the detailed energy differences, hence the populations
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Figure 5. (a) Gas-phase energy with 6-31(d), (b) free energy of Minima calculated for the gas phase. For each filled point of
solvation with 6-31(d), (c) gas-phase energy with 6-831d, p), (d) the solution phase there is a corresponding empty circle for the
free energy of solvation with 6-331+(d, p). gas phase, and the corresponding populations are different. There

is only one peak (at 2 kd/mol) with relatively similar populations
of the minima, are quite different. Both the quality of the basis in both phases. This distribution clearly shows the necessity of
set, especially the long-range behavior of the wavefunction, andincluding solvent effects in comparing theoretical results to the
the solvent effects seem to be very crucial to correlate experimental data.
computational results to the experimental ones. To illustrate this  All minima which have room-temperature Boltzmann popula-
point, we plot the structures where the Boltzmann populations tions above %0.5 either for the gas or the solution case are listed
are above %1 at room temperature in Figure 5 in a Ramachan-in Table 1 with corresponding torsional angles. Boltzmann
dran plot of ¢, y). populations for the gas and solution phases presented in the

Our earlier test runs with smaller basis sets have shown uspenultimate and the last columns are calculated from:

that any basis smaller than 6-31(d) would give very poor results.

The differences between two basis sets used here do not seem e PE0)
to be very significant in this plot, but they become more P=— Q)
pronounced when less populated minima are included. On the z g PEMD

other hand, the solvent effect is prominent for both basis sets.

A similar plot in (y1, x2) space is given in Figure 6.

In both basis sets, the gas-state populations are dominatedvhereE(j) is the energy of the conformation in the gas phase
by a single structure; however, for solvatedrp a large number  or solution,5 = 1/kT and the summation indeixruns overall
of local minima have significant populations. In order to conformations.
accentuate this difference, we present the actual populations of In order to detect the changes in the electronic structure upon
all minima in the following Figure 7. Here, the abscissa denotes solvation, we have calculated weighted average charges on each
the solvation energy of all 77 minima for the solution phase. atom in the backbone as well as the indole ring. In the
The filled circles represent the Boltzmann population of these computation of these averages, each minimum is included in
minima. The empty circles denote the populations of the 77 the summation weighed with its Boltzmann probability. The
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TABLE 1: List of All Minima Boltzmann Populations above tions. In Figure 8b, the possible regions allowed for ¢he
%0.5 pair are indicated* These regions are separated by steric
no. ® W 1 12 P(gas) P (solution) barriers. The regions indicated in this figure are as follows;

1 —122 149 —69 —7 0.72 17 77 oy, right and left-handedr-helix regions;fs, region largely

2 —155 169 66 —77 0.12 11.56 involved in 8 sheet formationpip, extended polyproline-like

3 -—164 166 55 85 0.14 11.39 helices;y andy’, regions forming tight turns known asand

4 -130 146 58 90 0.05 9.77 inversey turns;dg, right-handed region commonly referred to

g __152 l?? __12(73 _gg 18@3 ?;'3 as the bridge regioni. mirror image ofdr region;e, extensive

7  -136 141 —65 20 0.00 6.72 region with¢ > 0,y = 180 that is predominantly observed for

8 —121 18 —66 —16 0.09 6.39 Gly; €', mirror image of the: region.

9 —155 166 62 13 0.09 3.36 In native proteins, as can be seen from the small empty circles
ﬂ _1%‘ 7512’ :gg 183 8'2411 i-gg in Figure 8-a, Trp conformations have strong preferences for
12 _83 82 —157 92 0.70 102 the 5 sheet, and right-handed helix regions. The right-handed
13 75 19 -53 109 0.01 0.98 helix region is joined to the bridge region, which is also densely
14 —-159 168 —162 76 8.65 0.93 populated. The inverse turn regignis also populated by the
15 122 14 58 -84 0.06 0.91 native Trp. The left-handed helix region is only sparsely
16 -1s8 173 —159 113 2234 0.85 populated. The tight turn regiopnis not populated at all. The
ig __12:1,’ _1150 _5560 _1915 8 '287 8 ';g probability results given in Table 1 and represented by the large
19 —121 20 58 87 205 0.28 circles in the figure show that the lowest energy conformation
20 -84 73 —48 115 4.60 0.22 for the gas-phase calculations is located in the inverse tight turn
21 —84 72 50 -84 3.71 0.04 region, whereas for the solution-phase it is in fhegion. The
22 -83 60 48 83 4255 0.02 second and third most probable conformations from the gas-
23 —82 >4 3 ~101 1.48 0.00 phase results are in th8 and inverse tight turn regions,

TABLE 2: Average Charge on Different Backbone and respectively. The five most probable configurations for the
Indole Atoms solution-phase calculations are all in {heegion. There is one
atom gas phase solution solution-phase minimum in the right-handed helix region and

one in they region. The gas-phase results do not yield minima

indole 0.0779 0.2336 ; ;

c, 01073 00701 in these two _reglo.ns.. _ .

C 0.2553 0.2206 Conformations indicated by the results of calculations in
N3 0.2526 0.3759 Figure 8a fall into two categories: (i) Conformations that contain
Cs 0.2095 —0.2933 a hydrogen bond among the backbone CO of acetyl and the
G —0.3477 —0.0750 NH of the amide groups, and (ii) those that lack a hydrogen
No 01774 0.2283 bond. The hydrogen-bonded he C7

o 0.2036 0.2200 ond. The hydrogen-bonded structures are the structures
Og —0.3471 —0.4322 making a seven-membered ring, and are those numbered as 6,
O —0.3534 —0.4418 11, 12, 20, 21, 22, 23 in the first column of Table 1. Structure
Cuo —0.0210 0.0343 11 in this group lies close to the tight turn region, as may be

charges of hydrogens are also summed up to the heavy atomserified from Figure 8a. The remaining six conformations are
they are connected. The results from the gas phase and solutiorll in the inverse tight turn region. The tight turn and the inverse

data for the basis set 6-3%1(d, p) are given in Table 2. tight turn structures 11 and 21 are shown in Figure 9. The
There are several changes detected from this table. First, inhydrogen bond is indicated with the dotted line. (ii) The
the gas phase, the indole ring is relatively neutral, agi the remaining structures in Table 1 are those without intramolecular

most negative center. Upon solvation, there is a charge donationhydrogen bonds, and majority of these are the ones that belong
from the indole ring to the backbone where a large portion goes to the low energys or C5 class.
to the a. carbon. Similarly, there is transfer of 0.25 electrons  |n the absence of hydrogen bonding, results of DFT calcula-

from Gs to the backbone. tions represent the intrinsic properties of Trp. Intrinsic energies
) ) are those obtained by the conformations of the residue itself. If
4. Discussion a Trp is indicated as the ith residue along the peptide chain, the

First, we compare the results of DFT calculations in the gas hydrogen bond between the CO of Ace and NH of Nme
and solution phases with native state conformations of the corresponds to a hydrogen bond between residues andi.
tryptophan in the interest of seeing whether the native confor- Thus, this hydrogen bond is external to Trp and therefore the
mation introduces new torsional states. The valuegsgpfangles ~ calculated energies in the presence of this hydrogen bond are
of the torsion angles of tryptophan obtained by the present DFT hot the intrinsic energies. Thus, only the 16 configurations
calculations are shown in Figure 8a by the |arge filled and empty without the hydrogen bond shown in Table 1 reflect the intrinsic
circles, for the gas and solution cases, respectively. CorrespondProperties of the isolated Trp. The presence of several minima
ing values in native proteins are shown in the same figure by in the right-handed helix region indicates that Trp has an intrinsic
the small empty circles. The native state points are calculatedtendency to be in helical configuration. In native proteins, helices
using the Protein Data Bank, PDBSELEET? which is a are stabilized by hydrogen bonds between residaesli + 4.
subset of the structures in the full PBBhat does not contain  In the present calculations, we obtain minima for the helix state
(highly) homologous sequences. The PDBSELECT contains €ven though the, i + 4 hydrogen bonding does not exist.
1771 chains with 297372 residues. We used 1647 of the chains Visual examination of the conformations indicates that the
whose structures were unambiguously defined. There were 4129ndole ring remains as far away as possible from the backbone
tryptophans in these chains, which we used in our statistics. atoms. In none of the minima, a side group NH forms a

The sets of large empty and filled circles are the 23 points hydrogen bond with a backbone CO. Side group conformations
given in Table 1, each corresponding to low-energy configura- are presented in Figure 10. The small empty circles are obtained
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Figure 8. (a) Results of DFT calculations in the gas (filled circles) and solution (empty circles) phases, superposed on native (small circles) states
of Trp, and (b) 11 commonly observed states for the 20 amino acids in native proteins.

Figure 9. The hydrogen-bonded tight turn (a) and inverse tight turn (b) conformations.

are calculated both by 6-31g(d) and 6-3%tg(d,p) basis sets.

In each basis set a different conformer is found to be the global
minimum. They are in inverse gamma turn (tight turn) and

extended polyproline-like helix region, respectively. However,

surprisingly at room temperature all other conformers have
almost zero Boltzmann population. This is in strong contrast to
the experimental findings summarized in Figure 8.

On the basis of the results of the present calculations, we
conclude that, with two exceptions, the single residue DFT
calculations yield minima that correspond to the populated
regions of the native state. The solution-phase results identify
the  region as the most probable state with respect to which
the statistical weights of the other states are defined. The present
work may be extended to the analysis of neighbor dependence
and the perturbation of the potential energy surface resulting
50 100 150 from the presence of neighbors.

gas phase = filled circles
solution = empty circles
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