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Model dipeptides provide the basic elements of secondary
structure (flexible backbone dihedral angeandy) and thus a
critical test of peptide model potentials and theories of solvation.
However, even such simple multi-conformation puzzles have
resisted incisive resolution by traditional experimental methods
including CD, NMR, and vibrational spectroscopies. In particular,
it remains unclear which conformers of alanyl dipeptide (Ac-
Ala-NHMe, Figure 1) are important in aqueous solution. This
report shows that all nine dipolar couplings in the proton nuclear
NMR spectrum of AcAlaNHMe dissolved in a water-based liquid
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Figure 1. Ac-L-Ala-NHMe structure with best-fit dipolar coupling
constants (Hz). Intramethyl couplings in ellipses. Upper and lower set of
sign combinations fit spectrum equally well. See Supporting Information
Table 1 for details.
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crystal can be quantitatively understood in terms of one dominant Figyre 2. NMR spectra (300 MHz) of AcAlaNHMe in 42%/wt CSPFO

conformation. Its backbone angles arez —85° andy ~ +16C,
similar to the polyproline-Il () conformation. I is one of two
equal-energy global minima in a recent electronic structure
calculation which placed AcAlaNHMe and four explicit water

in D20O. Frequency scale with 0 Hz 0 ppm. (a) Isotropic spectrum at
47°C. (b) Oriented LX-NMR spectrum at Z&. (c) Simulated spectrum
using best-fit coupling constants shown in Figure 1.

molecules in an Onsager cavity and optimized the geometry self-\When heated to the isotropic phase (abové@yand then cooled

consistently using B3LYP/6-31G* density functional thedihe
other minimum,ar (¢ = —80°, v = —48°), is similar to the
right-handedx-helix structure. The same two structures have the
lowest free energy in a recent molecular dynamics simulation
using the CHARMM22 and TIP3P force fieldBased on the
calculated | geometry, we infer that formation of optimal
hydrogen bonding bridges to water a key determinant of the
structure of AcAlaNHMe in aqueous solution. Singei®not an
energy minimum on the gas-phase potential surf&faye can
begin to understand in detdiow the salent modifies peptide
equilibrium structure

In liquid crystal NMR (LX-NMR),/~1° the solvent is a liquid
crystalline medium, herein cesium pentadecafluorooctanoat
(CsPFO) in RO, which subjects the solute to anientationally
anisotropic mean fieldAt 42%/wt, CsPFO forms a lyotropic
liquid crystal comprising oblate, disk-shapbitellesabout 22
A thick and 80 A in diameter (aggregation number190) that
occupy roughly 24% of the volume of the anisotropic solufibn.
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in the strong magnetic field of an NMR spectrometer, the bicelles
form a macroscopically oriented phaseith its director-the
symmetry axis of the mean fietehligned parallel to the magnetic
field. Small water-soluble peptides sample primarily an aqueous
environment but acquire substantial orientation from transient
encounters with the oriented CsPFO bicelles. The resulting NMR
spectrum exhibits moderately stromgramolecular direct mag-
netic dipolar couplings B between nuclear spins. To a first
approximation, AcAlaNHMe comprises two rigid amide planes
attached by tetrahedral hinges to the central ThoseD;; with
nucleus in one plane and nucleysn the other, or with in one

eplane andj on the centra-CH(CHs)— group, are extremely

sensitive togp andy and provide the incisive structural handle.

The 300 MHz proton NMR spectrum of AcAla-NHMe (used
as purchased from Bachem) dissolved at 0.3%/wt in 42%/wt
CsPFO in DO (prepared as in ref 11) is shown in Figure 2. The
LX-NMR dipolar-coupled spectrum of the partially oriented
AcAlaNHMe at 25°C is obtained with deuterium decoupling to
remove dipolar coupling betweerftdand the two ) deuterons.
The simulation of the dipolar-coupled spectrum was carried out
using the program XSIM?® Input includes four adjustable
chemical shifts, the scalar couplid¢H®, H) fixed at+7.3 Hz
by the isotropic spectrum, and nine adjustab|e The nuances
of the intensity pattern in the region 750500 Hz are exquisitely
sensitive to theelative signsof the D;;. Exhaustive exploration
shows that preciselywo sign combinations (Figure 1) fit the
spectrum qualitatively better than all others. The bedBfitare
accurate tat0.2 to 0.4 Hz. The mean distance between methyl
protons at either end of AcAlaNHMe(Pis 7.3 A, yet we readily
observe a 4.6 Hz dipolar coupling.

The dipolar coupling between nucleiandj depends on the
internuclear distance; and on the angular distribution of the
vectorrj in spacet*
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HereKj contains fundamental constant,is the angle between

rj and thez-axis (magnetic field axis), an®, is the second
Legendre polynomiaR,(x) = (3x? — 1)/2. The brackets indicate

an average over the motion of the molecule, including both
isomerization and reorientation in space. At the righj, is
rewritten as a discrete sum ovar distinct conformers, each
representing a free energy minimum in the conformational space
of the dipeptide, with, the fractional population of conformer
n.!® This assumes that barriers to isomerization are large enough
(2kgT or larger) that the dipeptide spends much more time in local
free-energy minima than in the act of isomerizati®.is the
symmetric, traceless & 3 orientation tensor for conforme,
describing the angular distribution of a set of Cartesian axes fixed
in the conformerG! is a 3 x 3 “geometry matrix” consisting of
products of projection cosines of tlijeinternuclear vector onto
the same conformer-fixed axes.

Our eventual strategy will usi candidate geometries from
theory to fit more than B experimental coupling constants to eq
1 in a least-squares sense, with tiéiBdependent elements of
thef,S, as fitting parameters. At present, limited to nine observed
couplings for AcAlaNHMe, we make the bold assumption that a
single conformemdominates. In attempting to fit the data to a
one-conformer model, we used different detailed local geometries
from the energy minima found in the recent density functional
calculations’ For each choice of frozen local geometry, we varied
¢ andy on a 10 grid of 1296 conformer geometries and solved
the least-squares problem at eaghy(). Methyl rotors sample a
uniform distribution of internal rotation angles.

The rms error contour plot using frozen local geometry
elements from Suhai’'€3* minimun? is provided in Supple-
mentary Figure 1. Remarkably, single conformemwith ¢o =
—90° andy, = +14( fits all nine data extremely well when the
+9.5,49.3 Hz sign combination of Figure 1 is chosen. The rms
error is 0.14 Hz, and no single error exceeds the error estimate
from the spectral fits. The range of angles over which the fit is
good (rms error< 0.4 Hz) is quite narrow/A¢ = £8° and Ay
= £16°). The fit is unacceptable (45 Hz rms error) near theg
conformation. A second local minimum with rms error of 1.0 Hz
(2.5 times experimental uncertainties) occurs at the less physically
interesting geometry = +80°, 1 = +130C°. When the alternative
—9.4,-9.2 Hz sign combination is chosen, the rms error at the
Py conformation soars to 4.5 Hz and npy) fits the data at alll
well. These results depend weakly on the local geometry chosen
For the +9.5, +9.3 Hz sign choice, the rms error at thg P
minimum among eight choices of local geometry varied from 0.14
to 0.9 Hz, with four geometries giving rms errors below 0.45
Hz. In all cases the best fit hgg in the range—85 + 5° andy,
in the range+160 4 20°, clearly R-like.

Additional dipolar couplings can test for the presence of a
minority conformation such as thes conformer also favored by
theory.*>N and*3C labels will provide these. Perhaps lies 1
kcal/mol or more higher than,Pin free energy, but it is also

(15) Photinos, D. J.; Poliks, B. J.; Samulski, E. T.; Terzis, A. F.; Toriumi,
H. Mol. Phys.1991 72, 333-344.

(16) Madison, V.; Kopple, K. DJ. Am. Chem. Sod98Q 102, 4855-
4863.

(17) Jalkanen, K. J.; Suhai, 8hem. Phys1996 208 81—116.

(18) Deng, Z.; Polavarapu, P. L.; Fiord, S. J.; Hecht, L.; Barron, L. D.;
Ewig, C. S.; Jalkanen, KJ. Phys. Chem1996 100, 2025-2034.

(19) Weinhold, FJ. Mol. Struct.( THEOCHEMN) 1997 398 181-197.

(20) MacKerell, A. D.; Bashford, D.; Bellott, M.; Dunbrack, R. L.;
Evanseck, J. D.; Field, M. J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S.; Joseph-
McCarthy, D.; Kuchnir, L.; Kuczera, K.; Lau, F. T. K.; Mattos, C.; Michnick,

S.; Ngo, T.; Nguyen, D. T.; Prodhom, B.; Reiher, W. E.; Roux, B.; Schlenkrich,
M.; Smith, J. C.; Stote, R.; Straub, J.; Watanabe, M.; Wiorkiewicz-Kuczera,
J.; Yin, D.; Karplus, M.J. Phys. Chem. B998 102 3586-3616.

(21) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W

Klein, M. L. J. Chem. Phys1983 79, 926.

J. Am. Chem. Soc., Vol. 122, No. 23, 26643

Figure 3. Calculated polyproline Il () geometry from Suhai and co-
workers (ref 1) optimized using density functional electronic structure
theory plus four explicit water molecules in an Onsager solvent cavity.

possible thaing has a substantial population but orients much
more weakly than P Measurements on AcAlaNHMe in different
liquid crystalline media may provide new insight into the
orientation mechanism. For now, we infer thati®a free energy
minimum in our solution of AcAlaNHMe in CsPFO/D. In early
interpretations of CD and traditional NMR data for AdAla-
NHMe, the R structure was considered likely to be important in
aqueous solution, buEs’, C and ar were frequently men-
tioned as well6-18

Since both electronic structure thedrgnd the latest MD
simulation agree with experiment that, s an energy minimum,
the theoretical results can then provide a more detailed under-
standing of how the geometry is determined. In Suhai’s optimized
structure of AcAlaNHMet 4 H,O in a spherical Onsager cavity
(Figure 3), R forms twodoublewater bridgesEvidently the gas-
phase intrachain potential (which favors 8" and C5° struc-
tures) combines with the effects of explicit hydrogen bonding to
determine the overall energy minimum, B seemingly better
configured tharCE or C5%to make strong water bridgesy B
unusual in that both of the ©C--*N—H units to which water
dimers bind are coplanar within 25permitting nearly linear
hydrogen bond angles throughout both bridges. The two bridges
differ substantially in overall size. Such a bridging structure
suggests that effects of cooperative hydrogen bonding may be
quite important in a priori prediction of peptide structure and
energeticd? The most recent MD simulations using the
CHARMMZ22 potentiat® for AcAlaNHMe and the TIP3P poten-
tial?! for water also find P, and ar as the lowest free-energy
structures’. Examination of the MD configurations for evidence
of single-, double-, and triple-water bridges becomes very
interesting. On the electronic structure side, it is important to test
the sensitivity of Suhai’s results to the number of explicit water
molecules in the cavity.

With help from theoretical geometries, LX-NMR seems poised
to unravel the conformational preferences of a variety of small
peptides. The resulting insight into equilibrium conformational
preferences in turn can guide development of better model peptide
potentials and more accurate theories of solvation.
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