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The conformational dependences of ®N,"N and 'H,"N trans-H-bond spin-spin scalar couplings, "2/(N,N)
and "J(N,H), have been investigated by sum-over-states density-functional-perturbation theory. The distance
and angular dependence of the "2J(N,N) and "J(N,H) coupling constants in the H-bonded arrangement between
acetylethylamine and imidazole molecules were examined for a wide range of mutual orientations. These
molecules were used to model a structurally important H-bond between the amide backbone of Arg7 and the
remote imidazole side chain of His106 in the 44 kDa trimeric enzyme chorismate mutase from Bacillus subtilis.
The magnitude of "J(N,H) is relatively insensitive to the sampled rotations around three orthogonal axes
centered on the tertiary N-atom of the imidazole, whereas values of "2/(N,N) demonstrated a strong dependence
on the value of the cone angle 6 aligned with the amide group involved in the H-bond. Simple functional
approximations have been generated, enabling back calculations of the N --- N distance and angle 0 of the H-
bond, provided that the experimental values of both "2J(N,N) and "J(N,H) coupling constants are available.

Introduction. — Ever since the discovery of the trans-H-bond "2J(N,N) and "'J(N,H)
coupling constants in nucleic acids [1][2], a number of NMR techniques have been
developed to measure values of these couplings with high precision [3] and to correlate
nuclear spins across H-bonds. In contrast to earlier experimental observables [4][5],
these couplings can be used to identify all partners of the H-bond — the donor, the
proton, and the acceptor atoms — in an NMR experiment. This novel spectroscopic
means was applied to structural, dynamic, and physicochemical studies of a variety of
DNA, RNA, and protein systems and their complexes [6]. Since most of these
couplings included secondary structure, defining backbone-to-backbone or base-to-
base interactions, the mere detection of the H-bond partners was frequently enough to
sufficiently constrain or confirm the geometries of molecules [1][7]. The development
of NMR experiments for the direct detection of backbone-to-side-chain [8][9] or side-
chain-to-side-chain [10] H-bonds in proteins promises to increase the precision of
NMR structure determination provided that the values of the trans-H-bond couplings
as a function of geometrical parameters are known.

In the past, the origin of this binding type has mostly been attributed to electrostatic
interactions between the donor and acceptor groups that form the H-bond [4]. Recent
NMR experiments [1][2][7][11], quantum-mechanical ab initio calculations [12], and
X-ray Compton scattering experiments [13] unequivocally demonstrated the partially
covalent character of some H-bonds, thus explaining their strength and directionality.
The H-bonds are found to be directional and are, therefore, suited to play a role in
molecular-recognition phenomena [14]. These characteristics can be probed in detail
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by ab initio computational approaches that employ the finite-perturbation theory
(FPT) and the density-functional theory (DFT) [15][16][17]. An analysis of
conformational dependencies of a set of trans-H-bond couplings via a systematic
search through the available conformational space of a given H-bond should provide
valuable nonempirical geometric constraints for the 3D-structure reconstruction and
optimization based on distance geometry or molecular-dynamics approaches [18][19].

Here, we report the use of quantum-chemical DFT calculations to investigate
conformational dependencies of scalar couplings across an H-bond between a
backbone amide and a His imidazole group found in the 44 kDa chorismate mutase
from Bacillus subtilis (BsCM) [9]. This water-soluble enzyme catalyzes the rearrange-
ment of chorismate to prephenate, a key step in the biosynthesis of the amino acids Tyr
and Phe [20]. NMR Investigations have revealed a structurally important H-bond at
the active site of BsCM between Arg7 and His106. Transverse-relaxation-optimized
spectroscopy (TROSY) [21] was exploited to measure the “N,'*N and 'H,N trans-H-
bond scalar couplings, "2J(N,N) and "J(N,H). Although this H-bond was not identified
in the crystal structures of the free enzyme or its complexes with various ligands
[20][22], it can be formed by a 180° rotation of His106 around its y, angle [9]. This H-
bond is used as a model system to test the applicability of DFT calculations to generate
structural constraints based on the values of the experimental trans-H-bond coupling
constants and the computed ab initio conformational energy.

Computational Methods. — Orientationally Averaged Scalar Coupling Constants.
The quantum-chemical calculations of the scalar J-coupling constants were performed
with sum-over-states (SOS-DFPT) [23][24][25]. By definition [26][27], the nuclear
spin-spin-coupling tensor J is the second derivative of the total energy ¢ of the system
with respect to the spins [ of the nuclei M and N,
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J(M, N)uv = aIMﬁuaIN,v
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where u and v are the corresponding coordinates x, y, or z. Eqn. 2 relates the nuclear
spin-spin coupling tensor J to the reduced coupling tensor K.

T =2 K @
The reduced coupling tensor K is independent of the magnetogyric ratios yy and yy
(which could be positive or negative) coming from the electronic structure of the
system only. The orientationally averaged value of the nuclear spin-spin coupling tensor
J corresponding to the NMR-observable nuclear spin-spin coupling constant J(M,N) is
obtained according to Egn. 3:

JM,N) = (J(M,N)XX+J(M7N)yy+J(M,N)ZZ) (3)

W =

As usual for nonrelativistic calculations of the J(M,N) coupling constant, only three
major contributions to the total Hamiltonian are considered: the Fermi-contact (FC),
the paramagnetic spin-orbit (PSO), and the diamagnetic spin-orbit (DSO) terms.
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DFT Calculations. DFT Calculations were performed with the deMon program
[28]. The function basis used for the calculations is IGLO-III [29] except for N-atoms,
where the ‘substitute’ option with the parameter basis (5, 2; 5, 2) was evoked. The
exchange-correlation potential was Perdew-86 [30]. To obtain a relatively good
accuracy for the coupling constants, the options for the numerical integration were set
to ‘radial 64’ for the enlarged grid and to ‘grid fine random’ for the regular grids with
the perturbation set on N(1) of the imidazole ring. An individual molecular
configuration was computed in about 6 h on a 1.8 GHz Pentium 4 personal computer
equipped with the ‘fast Rambus’ memory.

Model Construction. — The input structure for DFT calculations was prepared by
cutting a subset of atoms at C—C bonds from the X-ray structure corrected for the
His106- Arg7 H-bond [9]. Thus, two molecules, acetylethylamine (AEM) and
imidazole (IM) in the neutral tautomeric form, in which N(4) bears a proton, were
used as input to model the protein backbone around Arg7 and the side chain of His106,
respectively (Fig. 1). This choice enabled sampling of a large number of conformations
simultanuously, minimizing conformational clash on the displacements and rotations
studied. The thus-constructed initial molecular configuration was geometrically
optimized with the program Gaussian98 at the HF/STO-3G level [31]. Five pseudo-
atoms were introduced to define three axes of rotation, ¢,, ¢,, and ¢, which are shown
in Fig. I together with the directions of the positive rotation. The distance displace-
ments along the H-bond were performed with the program Molden [32]. For each
subsequently sampled molecular configuration, the energies were calculated by
application of DFT with the Perdew and Wang exchange and correlational functions
PWO1 [36] and the 6-311G** basis set. These functionals are well-suited to evaluate
interactions in Van der Waals and H-bonded systems [37]. The binding energies were
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Fig. 1. Geometry and numbering system of H-bonded AEM and IM molecules. Pseudo-atoms XX(25), XX(26),

XX(27), XX(28) and XX(29) are added to apply ¢,, ¢,, and ¢, rotations to the IM ring. The system represented

is in the initial molecular configuration corresponding to the positions of the IM ring found in the X-ray
structure of BsCM [22], corrected for the His106 - Arg7 H-bond [9] with ¢,, ¢,, and ¢, set to 0°.
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calculated as e,=¢(AEM-IM) — e(AEM) — ¢(IM), and the basis-set superposition
error [38] was assessed in terms of a counterpoise correction, although only relative
energies are of interest within this context. The reported energies correspond to the
optimized geometries. For each molecular configuration generated and optimized, the
values of "2J(N,N) and "J(N,H) together with the corresponding FC, PSO, and DSO
terms were evaluated with the programs deMon (Version 1) and MASTER (Ver-
sion 3). An analysis of contributions of the individual molecular orbitals to the FC part
of the trans-H-bond scalar couplings [12] was performed with the program deMon. The
selected MOs were visualized with the program Molden.

Results and Discussion. — The starting molecular configuration of H-bonded AEM -
IM used for the DFT calculations was constructed based on the 1.3 A resolution X-ray
structure of BsCM [22] (see Computational Methods). Comparison with the previous
DFT calculations of somewhat larger fragments used to model the H-bond between the
amide backbone of Arg7 and the remote imidazole side chain of His106 [9] showed that
the removal of the Et moiety from the imidazole ring and the truncation of the alanyl
dipeptide acetyl-alanyl-N-methylamide (Ace-Ala-NMe), used as a standard backbone
model in previous studies [9][33], results in a less than 0.5 Hz systematic shift in the
values of the trans-H-bond scalar couplings, "2/(N,N) and "J(N,H). To probe different
orientations of IM relative to AEM, five pseudo-atoms (XX) were introduced in
addition to the structural atoms to define the three orthogonal axes of rotation ¢,, ¢,,
and ¢,. Fig. I shows the position and sense of rotation of each of the three selected axes.
The z-axis connects N(1) to XX(25) atoms and is positioned in the plane of the IM ring.
The y-axis connects N(1) to X(29) atoms and the x-axis connects N(1) to XX(26) atoms,
so that XX(26) and XX(27) atoms are in the IM ring plane, and XX(28) and XX(29)
atoms are orthogonal to the plane. It should be noted that, in the initial molecular
configuration, the vector between the H-bonded N(6) and N(1) atoms deviates from
the IM ring-plane by about 10°, preventing the use of the N(1) — N(6) vector as the
z-axis. When the angles N(6)—N(1)—XX(29) and N(6)—N(1)—XX(27) are set to 90°,
the H-bond direction and the z-axis coincide. In the initial structure, those angles are
found to be 79.9° and 86.4°, respectively. In the optimized structure, H(15) (see Fig. 1)
is at the distance of 1.035 A from the covalently bound N(6) and 1.872 A from the
imidazole N(1), resulting in a H-bond length of 2.91 A and an H-bond angle of 179°.
Two additional orthogonal rotations of IM relative to AEM, v, and y,, were introduced
with the H(15) atom at the pivotal point. Although both of the y, and y, rotations away
from the equilibrium configuration resulted in the decrease of ¢,, they did not affect
values of the calculated coupling constants "2J(N,N) and "'J(N,H) within the assumed
precision of calculations. Thus, additional experimental measurements are required to
define the angle N(6)—H(15)—N(1).

Fig. 2 shows the "2J(N,N) coupling constant as a function of both rotation around
the x- and y-axes, ¢, and ¢, and the change in total energy of the system. As expected
from the symmetry of the H-bond, the rotation around the z-axis does not exert any
significant effect on the values of the trans-H-bond couplings and the total energy, and,
therefore, was excluded from further analysis. Very similar dependencies of the values
of "2J(N,N) are found for the two orthogonal rotations ¢, and ¢, (Figs. 2, b and c). This
observation suggests that "2/(N,N) can be described by a single angular parameter 6,
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Fig. 2. a) The total energy of the system; b) and c) the calculated values of "J(N,N) vs. rotations about the x- and

y-axis, respectively. In a), the energy profiles are given by spliced curves. In b) and c), the curves represent the

approximation given by Egn. 5 for ¢, ,=0° (solid curve), ¢, , = —20° (dashed line) and ¢, ,=40° (dotted line).

The following symbols indicate the effect of the rotations: ¢, , = —40° (circles), ¢, , = —20 (squares), ¢, ,=0°
(diamonds), ¢, ,=40° (triangle, point up), and ¢, , = 60° (triangle, point left).
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which represents a cone angle centered around the N(6) — H(15) vector, as given by
Eqgn. 4:

6 = arctan {[tan?(a(¢, — 8.7°)) + tan*(b(¢p, — 9.3°))]"?} 4)

where the parameters a and b take the values 0.84 and 1.05, respectively. The offsets of
8.7° and 9.3 in ¢, and ¢, have no structural significance and only reflect the choice of
the initial molecular configuration. In contrast to "2/(N,N), "J(N,H) is practically
insensitive to both ¢, and ¢, rotations (Fig. 3,a and b). Similar observations were made
for the linearly arranged H-bond in the anion [C=PN---H:--5N=C]~ [12]. These
weak dependencies can be partially attributed to significant contributions of the PSO
and DSO terms to the net value of "J(N,H) in addition to the main contribution of the
FC term. Fig. 3 shows that the PSO+DSO terms tend to counteract the main
contribution of the FC term to "J(N,H) at the flanking regions of the "J(N,N) (¢,, ¢,)
curves, thus reducing the dependence of this coupling constant on the angular variables.
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Fig. 3. The calculated values of " J(N,H) vs. rotations around the x- and y-axis. The individual contributions (FC,
PSO, and DSO) to the total "'J(N,N) coupling constant are displayed and connected by spliced dashed curves.
The solid curves represent the approximation given by Egn. 6.
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The corresponding contributions of the PSO and DSO terms to the "J(N,N) coupling
constant are negligible (data not shown).

As is typical for other types of H-bonds [7], both '2J(N,N) and "'J(N,H) are strongly
sensitive to the distance between donated H-atom and the accepting N-atom, as shown
in Fig. 4. A sufficiently good fit of the "2/(N,N) and "'J(N,H) values can be obtained by
means of the r—° polynomial in contrast to the previously proposed exponential
dependence [34]. A similar distance dependence was found for the values of the 2H
quadrupolar coupling constants (QCC) derived from the NMR data [35], which are
defined largely by the electron density at the position of the nucleus. In particular for
the protein backbone N—H --- O=C H-bond, a correlation to the H-bond length r and
the H-bond angle 6 was established as QCC(*H)/kHz = 228 + 130 cos(8)r 3. It should
be noted that the total calculated energy has a rather shallow profile around the
equilibrium H-bond distance of 2.9 A, which makes it difficult to rely exclusively on the
total energy to sufficiently constrain the H-bond.
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Fig. 4. Calculated J(N,N) and "J(N,H) coupling constants (left ordinate) and the total energy (right ordinate)
as a function of the distance between N(1) and N(6) across the H-bond. The energy profile is represented by a
spliced solid curve. The dashed curves represent the approximation given by Egns. 5 and 6.

All calculated angular and distance dependencies of the "J(N,N) and MJ(N,H)
coupling constants can be sufficiently well represented by the functions given in Egns. 5
and 6.

"2J(N,N)/Hz =20.6*cos(0/(r — 1.44)3 )
MJ(N,H)/Hz =12.6/(r — 1.28)* ©)

where 6 =0° defined in Egn. 4.

With 6 =0°, the donated H-atom is located on the line connecting the two N-atoms
involved in the H-bond. The calculated values of 12J(N,N) and '.J(N,H), approximated
by the functional dependencies of Egns. 5 and 6 are shown in Figs. 2—4. Within the
margin of error, "'J(N,H) does not depend on the H-bond angle 0, in contrast to the
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values of "2J(N,N). When both "J(N,N) and "J(N,H) are experimentally available,
Egns. 5 and 6 may be solved for the H-bond distance r and the cone angle 6.

The wvalidity of the approximations in Egns.5 and 6 can be tested with
experimentally observed coupling constants in BsCM. For the orientation of the
imidazole group found in the corrected X-ray structure (see Computational Methods),
good agreement between experimental values ("2J(N,N) =6.5+0.2 Hz and "'J(N,H) =
2.8740.15Hz) and calculated values ("2/(N,N)=6.8 Hz and "J(N,H)=2.5Hz) of
both couplings is obtained [9]. Based on the DFT calculations, we can conclude that the
orientation of the imidazole ring found in the corrected structure of BsCM is
compatible with the experimental values of "2J(N,N) and "J(N,H), and no further
refinement is needed.

The molecular-orbital analysis performed with the program deMon indicates that,
of 42 occupied orbitals, 11 core MOs do not contribute to the trans-H-bond couplings.
The individual contributions of higher-lying MOs can be unrealistically large, but
cancel each other to a large extent. This assumption significantly complicates the
detailed quantitative analysis of contributions of the individual orbitals to the FC
component of the scalar couplings, since pairs of groups of MOs with the mutually
cancelling contributions to the trans-H-bond couplings should be considered [12].
Fig. 5 shows MO12, MO14, and MO15, which are responsible (among others) for the
transmission of the "2J(N,N) coupling. Despite the difficulties of the quantitative
analysis, we can conclude that the MOs with the most-significant contributions to the
scalar coupling possess o symmetry (MO14 and MO15) and exhibit non-negligible
coefficients of atoms from both sides of the H-bond. The significant total electron
density in the H-bond region between AEM and IM molecules (Fig. 5, d) emphasizes
the covalent character of the H-bond, although this density does not guarantee the
presence of NMR-detectable scalar couplings.

In summary, this paper describes a simple approach to constrain the position of the
IM ring on the surface of a cone centered around the H-bonded N/H moiety at a
specific distance from the donor group. The method presented relies on the
experimental values of "2J(N,N) and "J(N,H) to calculate the H-bond distance r and
the cone angle 6. A further possible conformational restraint, the total energy of the
system, is not sufficient to define the geometry of the H-bond, since it exhibits rather
shallow dependencies on the angular and distance parameters. The analysis of various
contributions to the "2J(N,N) couplings indicates the predominant importance of the
FC term, which is not the case for the "'J(N,H) couplings. This might, to some extent,
explain different sensitivities of MJ(N,H) and "J(N,N) to rotations centered on the
tertiary N-atom of the H-bond.

Simple functional approximations have been generated that enable back calcu-
lation of the N --- N distance and angle 6 of the H-bond provided that the experimental
values of both 2/(N,N) and MJ(N,H) are available. These simple functional depend-
encies can be easily implemented as conformational constraints in the process of
molecular-structure reconstructions based on NMR or even empirical data.
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Fig. 5. Graphical representation of three occupied molecular orbitals MO12, MO14, MOI5 and the total electron
density calculated for the initial molecular orientation of AEM and IM.
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