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Abstract: We report B3LYP DFT calculations on peptide models that consider the effects of cooperative
interactions with proximate H-bonds and local geometry at the H-bonding site upon trans-H-bond 2C—15N
three-bond scalar J-couplings. The calculations predict that cooperative interactions with other H-bonds
within a H-bonding chain can significantly increase the magnitude of these couplings. Such increases are
due to a combination of the presence of the neighboring H-bonds and the slight increase in C=0 distances
expected for peptide H-bonds near the centers of H-bonding chains. The energies of H-bonds inferred
from H-bonding distances, alone, could be significantly in error if the effects of neighboring H-bonds are
ignored.

Introduction of these studies. In addition, the calculations on couplings within
))arge peptides have been simplified by extracting amide dimers

of protein and peptide structures. Since the first reports of trans-T0M the larger structures, terminating their \{alences with
H-bond scala?"J-couplings in nucleic acidsand proteing; hydrogens, and optimizing the positions of the H’s. Bagno also

the measurement of thedesouplings in proteins has emerged used amino acids terminated with acetyl grpﬁlﬂ'ﬂe locations .
as an important new technique used for the study of such ©f the H-bonding H's were also determined by geometric
structure$13 These couplings allow for direct measurements optimization as their positions are not accurately given by the
of the H-bond topology and the local structural details around Crystallographic data used. These approximations have been
the individual H-bonds in complex peptides. Several papers havelustified by earlier reports?

appeared that correlate these couplings with the H-bonding The many more reports of calculated NMR coupling constants
distances and angles involved in such H-bohts Theoretical on more traditional systems have been revietvadost recently
studies have been published that correlate calculated andby Contreras et al® Such coupling constants are among the
measured couplings and that predict couplings as a function of most difficult molecular observables to accurately calculate.
H-bond distance and related valence and torsional afgkes. Even increasing the complexity to very large basis sets often
the most part, these studies have relied upon the importantdoes not lead to satisfactory conversion to consistent or observed
contribution of the Fermi contact (FC) term to the overall results!” Despite this, most of the theoretical calculations on
coupling constant, as only this term has been calculated in mosttrans-H-bond couplings have (necessarily, due to their complex-

- - - ity) been performed with small-to-moderate basis sets. The
T Permanent address: Institute of Computational Chemistry and Depart-

ment of Chemistry, University of Girona, 17071 Girona (Catalonia), Spain. '€SUltS hfive beenorre"”‘Fed with experiment (they do not
* On leave from Faculty of Chemistry, University of Wroclaw, F. Joliot- necessarily match experiment). We report elsewhere that the
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Figure 1. Completely optimized planar chain of eight formamides. The H-bond are numbered from left to right.

similar H-bonding system®:20 While previous theoretical  below. The coupling constants were calculated using the “sgim”
studies have shown that the covalent peptide backbone structureption in GAUSSIAN 03. This option calculatds including contribu-
proximate to individual H-bonds has little influence on the trans- tions from the spirrdipole (SD) and both diamagnetic (DSO) and
H-bond coupling, no theoretical studies on the effect of paramagnetic (PSO) spirbit terms in addition to the FC ter.3°
proximate H-bonds have appeared, despite an experimentalResults and Discussion
observation of such an effett. . ) . )
Clearly, the relationship between structure and calculated W€ first address the areas described in the Introduction
trans-H-bond coupling constants must be firmly established if individually, followed by a more complete discussion of the

this new NMR technique is to prove useful in peptide structural €Ntre study. _ _
studies. Effect of Proximate H-Bonds. Several previous studies of

In this paper we address several problems involving the BC—N trar}s-H-bond COUp"ngS in peptides have relied upon
relation between peptide structure and calculated trans-H-bondt"€ @ssumption that these couplings could be adequately modeled
coupling constants. In particular, we report on the following: Y Performing calculations on formamide dimers whose struc-
(a) the effect of proximate H-bonds on the individual trans-H- tu_res were taken from_thpse of individual amide H-bonding sites
bond couplings in H-bonding formamide chains constructed with With the valences satisfied with H's or acetyl groups. On the
both optimized and identical repeating formamide units in both ©ther hand, atleast one experimental study suggested that other
planar conformations and conformations taken from an alpha- Proximate H-bonds significantly influence these couplifigeo
helix; (b) the effects of changes in the local geometry of the INvestigate the influence of proximate H-bonds in H-bonding
H-bonds upon these couplings; and (c) effect of the errors chains similar to those in pep_tldes, we calculated th_e coup_llng
inherent in the various approximations upon the accuracy of the constants for all the H-bonds in two different H-bonding chains
structural information derived from the theoretical calculations. 2Ch containing eight monomeric formamide units. In one, the

geometry of the H-bonding chain, taken from a previous stfdy,
Calculational Details was completely optimized with the constraint that it be planar

All calculations were performed using the GAUSSIAN 03 suite of (Figure 1). The other was optimized with the constraints that
programa! and the B3LYP functional. This method combines Becke's €ach formamide unit (and each H-bond) was kept identical and
three-parameter function®with the nonlocal correlation provided by  that the two H-bonding angles€D..H and G--H—N be linear.
the correlation functional of Lee, Yang, and P&which has also been  Table 1 displays the calculated coupling constants for the
shown to be suitable for vibrational calculatici$Ve performed both completely optimized octamer, while Table 2 provides similar
examples. As we found no differences in the resu_lts of the two met_hods, constants were calculated from the octamer, itself, for each of
we used B3LYP alone_for most_ of the calculatlor?s. All calcul_atlons the seven dimers that could be extracted by taking pairs of
used the D95(d,p) basis set which we have previously used in other _ . - g
studies of peptide and peptide-like H-bonds. We determined this basisa_ldjacent formamides, as well as, for each of the six trimers,
set to be adequate for this purpose elsewkess, it predicted trans- five tetramers, four pentamer§, three hexamers, and two hep-
H-bond3C—15N three-bond scalakcouplings that were similar to those ~ tA&Mers that can be extracted in an analogous manner. For the
predicted by other similar and larger basis sets. The geometries of theOCtamer optimized with the constraint that each formamide unit
species calculated are either idealized or taken from previously and H-bond be kept equivalent, all of the dimers become
optimized formamide chaifsor alpha-helical structure® as specified identical as do each of the other component smaller aggregates

- that can be taken from the full structure. The data clearly show
88; \lﬁgﬁ%?r,\e,'_‘;' §ai1ESSQ&'S?'“f{gbﬂji:‘Eﬂéﬁh%”&b%"%‘%?ée%? 14065. that adjacent H-bonds have an effect upon the coupling constants
(21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. of each other. The effect upon a particular H-bond is stronger
Bl oL i Mopgomeny. . A L e T Ketona W7 when the adjacent H-bond is added as a H-donor to it, rather

Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; than as an acceptor from it, in agreement with the experimental
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, 11

J.; Ishida, M.; Nakajima, K.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; rEport- ] ) ) o )

Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, Let us first consider the data for the chain optimized with
J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; . . .

Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.: Morokuma, K.; Voth, G. A.;  the constraints, as these are independent of all geometric factors
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, - i

A B rain, M B ias, O Aok, D Kes Robuck A Bh (such as H_bonq d|stan_ces and angles) other than the number
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Of cooperatively interacting H-bonds. The data of Table 2 show
Clifford, S.; Cioslowski, J.; Stefanov; Liu, G.; Liashenko, A.; Piskorz, P.; i i _
Komaromi. I: Martin. R. L.: Fox. D. J.: Keith. T.. A-Laham. M. A Peng. that reasonable approximations to the correct calculated cou
C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.;

Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J@AUSSIAN 03revision (26) Wieczorek, R.; Dannenberg, J.JJ.Am. Chem. So@003 125 8124.
BO5; Gaussian, Inc.: Pittsburgh, PA, 2003. (27) Helgaker, T.; Watson, M.; Handy, N. @. Chem. Phys200Q 113 9402.
(22) Becke, A. DJ. Chem. Phys1993 98, 5648. (28) Sychrovsky, V.; Grafenstein, J.; Cremer, D.Chem. Phys200Q 113
(23) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. 3530.
(24) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. Bhys. (29) Barone, V.; Peralta, J. E.; Contreras, R. H.; Snyder, J. Phys. Chem. A
Chem.1994 98, 11623. 2002 106, 5607.
(25) Kobko, N.; Dannenberg, J. Phys. Chem. 2003 107, 10389. (30) Ramsey, N. FPhys. Re. 1953 91, 303.
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Table 1. trans-H-Bond 13C—15N Three-Bond Scalar J-Couplings
(Hz) for Individual H-Bonds in H-Bonding Chains of Eight
Formamides Calculated Using Fragments Ranging from Dimers to
the Full Octamer

H-Bond
fragment 1 2 3 4 5 6 7
dimer —1.220 —1.175 —1.042 —1.006 —1.042 —1.156 —1.085
trimer —1.251 —1.227
trimer —1.181 —1.096
trimer —1.041 —1.059
trimer —1.002 —1.100
trimer —1.041 —1.220
trimer —1.161 —1.148
tetramer —1.258 —1.232 —1.106
tetramer —1.187 —1.094 —1.071
tetramer —1.047 —1.056 —1.111
tetramer —1.007 —1.097 —1.233
tetramer —1.046 —1.224 —1.161
pentamer —1.261 —1.239 —1.104 —1.074
pentamer —1.190 —1.099 —1.065 —1.115
pentamer —1.049 —1.060 —1.108 —1.237
pentamer —1.008 —1.102 —1.236 —1.165
hexamer —1.262 —1.242 —1.110 —1.069 —1.117
hexamer —1.191 —1.102 —-1.071 —1.112 —1.239
hexamer —1.049 —1.062 —1.113 —1.240 —1.167
heptamer —1.263 —1.243 —1.112 —1.074 —1.113 —1.239
heptamer —1.192 —1.103 —1.072 —1.117 —1.242 —1.168
octamer —1.263 —1.244 —1.112 —1.075 —1.118 —1.243 —1.168

Analysis of the data on the completely optimized planar
aggregate shows many similar effects. In Table 1, the couplings
calculated using the dimer, trimers, etc. are arranged so that
each geometrically distinct H-bond appears above the analogous
one of the fully optimized octamer. Unlike the symmetrically
constrained octamer (where the central H-bonds have larger
couplings than those nearer the ends, the completely optimized
octamer has smaller couplings nearer the center than the ends
of the H-bonding chain due to the different geometrical
environments of each H-bond. Although the-® distances
are shorter, the €0---H angles of the H-bonds near the center
of the chain are significantly more acute than those near the
ends. The more acute angles lead to lower calculated couplings
(see Discussion below). Nevertheless, one can clearly see that
the calculated-coupling for each geometrically distinct H-bond
increases as more formamides are included in the aggregate used
for the calculations. Also, the largest errors in the couplings
that are calculated using dimers are near the, MR of the
octamer, unlike the calculated couplings for the symmetrical
structure where the greatest errors are nearer the middle.

We can observe the same effects of proximate H-bonds upon
the trans-H-bondC—15N three-bond scalad-couplings in
alpha-helices. To demonstrate the effect, we use a previously

The fragments are extracted from the optimized planar octamer Optimized alpha-helix of acetyl(alg)NH..26 Alpha-helices have
geometries. The entries for each H-bond are listed for each possible fragmenthree distinct chains of H-bonding amide residues, as illustrated
(see text) in Figure 2. In Table 3, we present the couplings for each of

plings at or near the two termini of the octamer can be achieved the d.istinct H-bonds in the helix calculated in two different
with calculations on tetramers; however, similarly accurate Ways: (1) as isolated formamide dimers and (2) as the three

calculations on H-bonds near the center of the octamer would distinct chains of six formamide dimers (containing five H-bonds
require larger aggregates to be used in the calculation. Thus,n €ach) of the alpha-helix. For each calculation, the local
the values of the couplings in the tetramer differ from those of 9eometries of the relevant formamides are preserved except that
the octamer by 0.005 and 0.008 Hz for the two terminal H-bonds the covalent €C and C-N bonds that connect them in the
but by 0.027 Hz for the central H-bond. Use of the formamide helix have been replaced with- and N—H bonds. The €
dimer to approximate all H-bonds in the octamer leads to errors H and N—H bond lengths were arbitrarily chosen to be 1.107
of 0.043 and 0.083 Hz at each end and 0.120 Hz for the centraland 1.011 A, respectively, while all the angles of the helical
H-bond. These results confirm the experimental interpretations Structures were preserved. The data of Table 3 clearly show
of Juranict! that the!3C—15N three-bond scalai-couplings of the H-bond
The data of Table 2 clearly indicate that otherwise identical near the centers of all three H-bonding chains increase more
H-bonds nearest the center of an H-bonding chain exhibit a when the entire chain is used in the calculation than when the
stronger'3C—1N trans-H-bond coupling than those at either couplings are calculated using only pairs of formamides. One
terminus. Furthermore, the couplings near the H-bond H-donor should note that (in contrast to the planar formamide chains
terminus are greater than those near the H-bond acceptordiscussed above) the=€D---H and O--H—N angles of the
terminus. Since the local geometries at each H-bond areH-bonds in the optimized alpha-helix do not vary appreciably.
identical, this effect must be entirely attributable to the extended Thus, the major effects of local geometry on the couplings are
interaction within the H-bonding chain. As such, this phenom- limited to the changes in ©N, O---H, and G=0 distances.
enon presents another manifestation of H-bond cooperativity We includedJ's calculated using three relationships bto
upon physical observables in addition to the energetic, geo- H-bond length, &0---H angle, and dihedral about the H-bond
metrical, and vibrational data previously establisHet:2631.32 that Barfield recently developed. For this we used eqgs 12 and

Table 2. Calculated trans-H-Bond 3C—1°N Three-Bond Scalar J-Couplings (Hz) for Individual H-Bonds in H-Bonding Chains of up to Eight
Formamides with All Formamides and H-Bonds Equivalent?

dimer -1.436

trimer -1.466 -1.499

tetramer -1.474 -1.529 -1.511

pentamer -1.477 -1.537 -1.542 -1.516

hexamer -1.478 -1.540 -1.549 -1.546 -1.517

heptamer -1.479 -1.541 -1.552 -1.553 -1.548 -1.518
octamer  -1.479 -1.542 -1.554 -1.556 -1.555 -1.549 -1.519

aThe data are presented so that the values for first and last H-bonds in each chain can be compared along the two diagonals emanating from the value
for the dimer, while the values for central H-bonds are in the center of the table.
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P agreement with our data for chains than for dimers. Nevertheless,
A there are significant errors for a few H-bonds. One should note
Q % that Barfield’s correlations for eqs 12 and 14 are much higher

‘_Q than those for eq 13.
{ N\ ‘ Effects of Local Geometry.Several previous papers report

_ the effects of various changes in local geometry upon the
X p magnitude of the trans-H-bonéC—1°N three-bond scalar
¢ ‘R J-couplings (see discussion above). These reports have con-
. S centrated on the H-bonding distances¢®, O--N or O-+-H)
and the valence and dihedral angles involving the H-b&rds.
\ d The O--H distance in an H-bond can be modified in several
) | different ways without changing the -GN distance. For
~ . example, increasing either the=© or N—H distances while
: holding the C--N distance constant will decrease the-®l
4 Y e distance. Previous studies from our group have shown that amide

C=0O's tend to lengthen toward the center of H-bonding
?J |

~

\ specific geometric variations in the local H-bonding geometries,
we performed a series of calculations on formamide dimers and
octamers where each molecule is equivalent. We began with
the optimized structures with collinear=©, N—H, and
hydrogen bonds as discussed above. Various parameters were
/ then modified to different fixed values to test the effects of
variations in each of these parameters upon the calculated
couplings. We specifically considered the effects of decreasing
the O--H distance by 0.01 A in the dimer. This distance was
reduced in three distinct ways: (1) by increasing tkeCbond
length, (2) by increasing the NH bond length, and (3) by

: chains?%26To investigate the effects of these and other similar
2 NN
| decreasing the &N distance while the other distances and
o

\
v
\
-
\
»
\

f angles remain constant for each modification. The data in Table
) 4 clearly indicate that a change in the=O bond length has
J>‘ \Y _ _ the greatest effect of these three. An increase in thkeOC
. distance of 0.01 A causes the magnitude of the coupling to
_ Y increase by 0.067 Hz (4.7%), an increase iri¥| 0.050 Hz
Q | (3.5%), and a decrease in-&N, 0.046 Hz (3.1%). Each of these
q changes decreases the-® distance from 1.815 to 1.805 A,
\ in the example used here. That the=0 distance should have
O S~ the largest effect of these three changes in distances is consistent
r Y with the extended-delocalization that is thought to be operative
i in H-bond cooperativity for structures similar to those studied

Figure 2. Acetyl(ala);NH, with one of the three H-bonding chains here.
emphasized. The O--H distance can also be reduced by changing either
of the C=0---H or O---H—N angles. The effects of changing
13 (which use the ©-H distance) and 14 (which uses the these parameters have been previously studied in a slightly
N---O distance) of his papé?.Equation 12 of this reference different context:'2We considered reducing the ¢H distance
fits the geometric parameters to theoretical, while eqs 13 and by the same 0.01 A by changing each of these angles while the
14 fit to experimental coupling constants. The agreement C=0 and N—H distances remained constant. In these cases the
between thesd's and those fodimersof the present study is ~ C::*N distances necessarily change. The data show that reducing
reasonably good for eq 12, despite the fact that Barfield used athe CG=0-:-H angle has the largest effect upon the coupling.
different functional, different basis set, and only the FC term Reducing this angle from 18@o 145 (the amount required to
for his calculations. However, as one might expect, use of his reduce the ®-H distance by 0.01 A) lowers the calculated
equations does not reproduce the effect of the proximate coupling by 0.542 Hz (37.7%), while lowering the -@H—N
H-bonds, which is included in the H-bonded chains. Thus the angle by the same amount increases the coupling by 0.234 Hz
values ofJ predicted by eq 12 tend to be about 10% too low (16.3%). Clearly changing the -©H distance by modifying
when compared to those we calculated using the H-bonding these angles has a greater effect than by modifying the distances
chains. The agreement of our data with those calculated usingconsidered above. It is particularly noteworthy that reducing
Barfield’s eq 13 is clearly of lower quality. The differences the C=0---H angle is the only modification that lowers the
between our data from the chains and these values is typicallycoupling while lowering the €-N distance. As mentioned
about 25%. However, the data calculated using eq 14, which is earlier, the more acute=€0---H angles near the center of the
based on experimental -NO distances, are in much better completely optimized planar formamide octamer are responsible

J. AM. CHEM. SOC. = VOL. 126, NO. 43, 2004 14193
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Table 3. Comparison of trans-H-Bond 13C—15N Three-Bond Scalar J-Couplings (Hz) for the 15 H-Bonds in Acetyl(ala);7NH, Using the
Three H-Bonding Chains of the Alpha-Helix with Similar Calculations Using Only Formamide Dimers?

geometric parameters

calculated SN-13C 3nJ using Barfield's egs

O.H Cc=0 C=0.H 0.H—N C--:N from dimer from chain eq 12 eq 13 eq 14
2.379 1.238 153.6 159.9 4.530 —0.101 —0.112 —0.150 —0.198 —0.141
1.995 1.234 152.0 166.3 4.153 —0.512 —0.554 —0.502 —0.427 —0.553
1.960 1.237 152.3 165.5 4,122 —0.562 —0.616 —0.562 —0.466 —0.628
1.950 1.237 150.8 164.1 4.105 —0.561 —0.608 —0.564 —0.480 —0.672
2.037 1.237 148.1 160.6 4.163 —0.421 —0.445 —0.411 —0.385 —0.519
2.010 1.233 152.5 167.6 4.170 —0.432 —0.460 —0.482 —0.413 —0.524
1.983 1.235 152.9 165.5 4.147 —0.528 —0.578 —0.528 —0.442 —0.584
1.968 1.237 151.3 164.5 4.124 —0.536 —0.589 —0.542 —0.460 —0.627
1.980 1.237 151.7 165.7 4.139 —0.520 —0.568 —0.524 —0.440 —0.577
2.031 1.236 141.0 152.8 4.086 —0.384 —0.405 —0.361 —0.395 —0.645
2.024 1.234 141.8 163.3 4.103 —0.362 —0.389 —0.378 —0.395 —0.536
1.955 1.236 152.6 165.5 4.120 —-0.571 —0.625 —0.575 —0.474 —0.643
1.957 1.237 152.4 165.0 4.120 —0.575 —0.630 —0.569 —0.469 —0.637
1.973 1.237 149.8 163.8 4.120 —0.519 —0.566 —0.518 —0.457 —0.636
2.194 1.236 124.8 140.8 3.955 —0.121 —0.143 —0.133 —0.217 —0.330

aBarfield’s fits of J to local geometry using @H or N---O (egs 12, 13, and 14 of ref 12) are included for comparison (see text for discussion). The
results are arranged with the H-bonds if the three chains are grouped together starting from the acetyl end of the structure.

Table 4. Effect of Variation of Different Geometric Parameters
upon trans-H-Bond 13C—15N Three-Bond Scalar J-Couplings (Hz)
in a Model Formamide Dimer Optimized with a Linear H-Bond?@

N-H-:-O C-0-+H C.N C-0 N-H O-+-H J
177.8 175.9 4.156 1.225 1.016 1.919 —1.004
180.0 180.0 4.067 1.233 1.020 1.815 —1.436
180.0 180.0 4067 1.243 1.020 1.805 —1.503
180.0 180.0 4.067 1.233 1.030 1.805 —1.486
180.0 180.0 4.057 1.233 1.020 1.805 —1.480
180.0 145.0 3.900 1.233 1.020 1.805 —0.894
145.0 180.0 3.917 1.233 1.020 1.805 —1.670
148.4 168.7 3.959 1.233 1.020 1.805 —1.534

aThe modified parameter for each entry is in boldface. For comparison,
the completely optimized planar dimer is entered in italics.

Table 5. Trans-H-Bond 13C—15N Three-Bond Scalar J-Couplings
(Hz) for Each H-Bond in an Octamer as a Function of Geometric
Variation?

optimization
feature complete linear linear optimization with perturbation®

N—H:--O 177.8 180.0 180.0 180.0 180.0 180.0145.0
C=0---H 175.9 180.0 180.0 180.0 180.0145.0 180.0
C..N 4.156 4.067 4.067 4.067 4.057 3.900 3.917
C=0 1.225 1.233 1.243 1.233 1.233 1.233 1.233
N—H 1.016 1.020 1.020 1.030 1.020 1.020 1.020
O---H 1.919 1.815 1.805 1.805 1.805 1.805 1.805
H-bond 13C~15N trans-H-bond three-bond scalar *"J-couplings

dimer —1.004 —1.436 —1.503 —1.486 —1.480 —0.894 —1.670

1 —1.263 —1.479 —1.547 —1.531 —1.524 —0.890 —1.708

2 —1.244 —1.542 —1.612 —1.597 —1.587 —0.934 —1.773

3 —1.112 —1.554 —1.624 —1.609 —1.600 —0.942 —1.786

4 —1.075 —1.556 —1.627 —1.612 —1.602 —0.944 —1.789

5 —1.118 —1.555 —1.626 —1.611 —1.601 —0.944 —1.787

6 —1.243 —1.549 —1.620 —1.604 —1.595 —0.942 —1.780

7 —1.168 —1.519 —1.590 —1.573 —1.565 —0.955 —1.757

aThe values for the dimer with the corresponding geometry for each
column are entered in italic8 Modified feature in boldface.

for the smaller couplings calculated near the center of this
species despite the shorter H-bonds.

We applied the same changes in geometry used in the dimer_4_2 t0 —6.5%.

to the octamer with regular repeating units. As can be seen from

Table 6. Percent Error Resulting from Neglect of the SD, DSO,
and PSO Terms for Calculating the trans-H-Bond 13C—15N
Three-Bond Scalar J-Couplings in the Dimer and for Each H-Bond
in the Regular Linear and the Completely Optimized Planar
Octamers of Formamide Using B3LYP/D95(d,p)

H-bond linear planar
dimer —6.3 —6.5
1 —5.4 —5.5
2 —4.8 —4.3
3 —-4.7 —4.2
4 —4.6 —4.4
5 —4.6 —4.3
6 —-4.7 —4.4
7 —5.2 —4.7

there seems to be little additional cooperative effect upon these
changes in local geometry beyond those already discussed.

Use of the FC Term to Approximate J-Couplings. There
are four major contributions to the calculated isotropic coupling
constants: (1) the Fermi contact term (FC), (2) the spin-dipole
interaction (SD), (3) the diamagnetic spiarbit coupling
(DS0), and (4) the paramagnetic spiorbit coupling (PSO¥°
Previous calculations on the trans-H-bond couplings involved
only calculations of the FC terms, as they are thought to be the
major contributions to the total couplings. Since we have
calculated these couplings with the inclusion of all four terms,
we have revisited the appropriateness of approximating the
couplings using only the FC term%.For the 15 basis sets
considered, the FC term contributes from 90 to 95% of the value
of J for this coupling (except for 6-3t+G** where it
contributes only 75%). For the D95** basis set used here, the
FC term contributes 94% to the coupling. This value and the
average contribution of 92% for all basis sets are in reasonable
agreement with the 96% contribution of FC previously re-
portedl4:33

As can be seen from the data in Table 6, neglect of the three
contributions to the individual H-bonds of the two formamide
octamers taJ other than FC generates errors that vary from
Using only the FC term is slightly better for

Table 5, the incremental changes in the calculated couplings at(31) Moisan, S.: Dannenberg, J. Phys. Chem. B003 107, 12842.

each H-bond for each of the three methods of shortening
O:---H are quite similar to those observed for the dimer. Thus,
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Table 7. Trans-H-Bond '3C—H Two-Bond Scalar 2"J-Couplings for Each H-Bond in an Octamer as a Function of Geometric Variation?

optimization
feature complete linear linear optimization®
N—H:--O 177.8 180.0 180.0 180.0 180.0 180.0 145.0
C=0---H 175.9 180.0 180.0 180.0 180.0 145.0 180.0
C..N 4.156 4.067 4.067 4.067 4.057 3.900 3.917
C=0 1.225 1.233 1.243 1.233 1.233 1.233 1.233
N—H 1.016 1.020 1.020 1.030 1.020 1.20 1.020
O--H 1.919 1.815 1.805 1.805 1.805 1.805 1.805
13C~!H trans-H-bond scalar #J-couplings
H-bond J15C-1H difference from $"J*5C—15N
dimer —1.304 —0.132 —1.346 —1.369 —1.406 —1.060 —1.360
1 —1.066 —1.245 —0.234 —1.283 —1.302 —1.336 —0.984 —1.361
2 —1.094 —1.189 —0.353 —1.223 —1.240 —1.270 —0.938 —1.323
3 —1.016 =1.177 —0.377 —1.210 —1.226 —1.255 —0.928 —1.315
4 —1.000 —1.174 —0.382 —1.207 —1.223 —1.252 —0.926 —1.313
5 —1.015 —1.176 —0.379 —1.209 —1.225 —1.254 —0.929 —1.314
6 —1.087 —1.185 —0.364 —1.220 —1.236 —1.266 —0.941 —1.321
7 —1.033 —-1.231 —0.288 —1.269 —1.288 -1.321 —1.026 —1.360

aThe values for the dimer with the corresponding geometry for each column is entetalit®m The difference from théhJ 13C—15N couplings use the
values for the linear optimized geometry from Table 5 for theNCcouplings. Distances are in angstroms, angles, in degrees;sarid hertz.? Modified
feature in boldface.

- Table 8. Comparison of 3"J 13C—15N and 2hJ 13C—1H
the more central H-bonds than those near the termini of the a3, 1 Bond Couplings for the Three H-bonding Chains Taken

H-bonding chains. Thé's calculated from the FC terms, alone, from the Optimized Alpha-Helical Structure of Acetyl(ala);7NH,

will be relatively greater for the central H-bonds than if all four JC..N) JC.H) difference
terms were used. Thus, calculations that approxirdaising Chain 1
only the FC term will increase the apparent difference between —0.112 —0.095 —0.017
the trans-H-bond3C—'°N three-bond scalad-couplings the —0.554 —0.525 -0.029
H-bonds near the centers of H-bonding chains with respect to _g-gég _8-532 _8-822
those near the ends, or calculated using only a dimer to :0:445 :0:228 :0:017
approximate each H-bond. Chain 2
Variation of trans-H-Bond *3C—H Two-Bond Scalar 2"J- —0.460 ~0.483 —0.022
Couplings with Local Geometry and Proximate H-Bonds. —-0.578 —0.543 —0.034
Since the trans-H-bonB#C—H two-bond scalafJ-couplings —0.589 —0.568 —0.021
. . -0.568 —0.551 —0.017
can be calculated with reasonable accuracy using B3LYP and —0.405 _0325 —0.079
moderate basis set$we consider whether they can provide Chain 3
structural information that compliments the more commonly ~0.389 ~0.389 ~0.000
measured3C—1°N three-bond scalaJ-couplings. An experi- -0.625 —0.599 -0.026
mental report showed that these two differdist were well —0.630 —0.598 —0.032
correlated for ubiquiti.Data for the'®C—H coupling constants :g:iig _%?02‘15 :8:253

as a function of local geometry in formamide dimer and
formamide octamer are presented in Table 7. This table has the
same general format as Table 5 (see earlier discussion for thethe extent of cooperative interaction within an H-bonding chain.
details of the geometric variations) with the exception that a These data strongly suggest that the two coupling constants can
column indicating the difference between #é—1N and*C— provide complementary information, particularly where H-
1H Js has been added. Several differences from the data forbonding chains are important structural features. The data of
the3C—15N couplings become immediately evident. Let us first Table 8, which compare the twds for the three H-bonding
consider the dimer. Whereas reducing the-B distance by chains of the alpha-helical structure previously discussed, further
increasing the &0 bond length had the largest effect (of the illustrate this point. Although the differences between the two
three variations that maintain a linear H-bond) upon the kinds ofJ's are not as large as those in the linear example of
13C—15N coupling, while increasing the-&N distance had the ~ Table 7, they tend to be (1) greater for H-bonds nearer the center
smallest, the order is reversed for tH€—1H couplings. On of the strand and (2) larger near the NtHan the acetyl end.
the other hand, changes in the two angles have effects that arél'he terminal H-bond on the NiHnd has the largest difference,
qualitatively similar for the twaJ's. by far. However, this H-bond is atypical of an alpha-helix as
The data for the octamer show that proximate H-bonds reduceboth G=0---H and O--H—N angles are much more acute that
the 13C—1H couplings, which is opposite of the effect upon the the others (see Table 3).
13C—15N couplings. The values of the differences between these Effects of Errors upon Correlations with Experimental
two couplings for the linear systems (Table 7) indicate the fourth Structures. Clearly, the level of accuracy required from the
H-bond in the linear optimized octamer has the smafiést calculations will depend on the use to which they are put. The
1H 213, but the largest difference froAiC—15N 3hJ. Thus, the most common and significant application for calculating the
differences between the two couplings can be an indication of trans-H-bond3C—15N three-bond scalaj-couplings is to aid
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in the determination of the geometric parameters of important gas phase (where there is no exterior resistance to separation
molecular structures significant in biological and biochemical of the H-bonding monomers). Thus, H-bonds near the centers
studies. The same techniques could, in principle, be applied toof helical of sheetlike structures might have less anharmonic
other interesting H-bonding systems. Synthetic materials often H-bond vibrations than those near the ends of, or that do not
use H-bonding interactions to achieve the desired self-assembledarticipate in, such structures. As consideration of anharmo-
structures. Detailed structural knowledge of such materials nicities reduces the experimentally observed-O separation
would be an area to which the study of trans-H-bé#@-1°N of 2.98 by about 0.03 A for comparison to the PES of water
three-bond scalal-couplings could be fruitfully applied. dimer34=36 the effect upon the peptide H-bonds must be

The present study indicates that H-bond cooperativity influ- Somewhat less. . . .
ences the magnitudes of these couplings. Proximate H-bonds, One must consider the effects of the dynamic geometries of
particularly where the neighboring molecule acts as an H-bond Molecules in solution and the effect upon the measured NMR
donor, increase the magnitudes of the couplings. H-bonds in SPectra. Most of the correlations of theoretical and experimental
long chains have significantly larger couplings, particularly those coupling constants have US(_?d static geometries derlved_from
nearest the centers of the chains. Thus the coupling for the Crystal structures as the starting points for the MO calculations.
central H-bond in a chain of e|ght identical formamides is 8.4% A recent report Of dynam|ca| CorreCtiOI’lS to the Ca|CU|atI0nS
larger than that of an analogous dimer. For example, using ashows a large improvement in the correlation of calculated and
relationship derived by Barfielth whereJ is proportional to ~ Measured's despite the fact that only the FC term was used in
e-3260.+ ~1.760) e find an error of this magnitude corresponds the calculatior2 Further consideration of dynamic effects, while
to an error of about 0.02 A in the estimate of- ®. While this extremely useful, would need a force field that includes the
relationship was derived for a particular protein and we have energetic ceoperative effects of H-bonding chains that we have
seen that other local geometric parameters can influence thePreviously illustrated26 .
manner in which ®@-H distance correlates with it provides . Thf_:, importance of errors in the correspondence between
a reasonable estimate of the order of magnitude for the error °C—**N J's and H-bond lengths will clearly depend on the use
involved. If one determines the interaction enthalpy of such an t0 Which the data is put. For determining the H-bonding
H-bond using the quasi-linear relationship for H-bond enthalpies {0Pology, the mere existence of the coupling would suffice.
that we derived for H-bonding formamide chadishis 0.02 A However, the assignment of a particular H-bond to its correct
error in O+-H corresponds to an error of about 1.4 kcal/mol in Place in its proper structural motif (e.g., middle of athelix)
enthalpy. Such an error can be significant if one compares it to Would require a more precise determination of the H-bonding
the estimated average H-bond enthalpy of a chain of eight dlste_nce _(and other Ioeal geometric parameters), as weII as its
formamides 9.9 kcal/mol, but even more so for H-bonds in an POsition in an H-bonding chain (if any). The correlation of
alpha-helix, where we have roughly estimated that acetyl- calculated)'s based upon experimental protein structures should
(alax;NH, has about 6.6 kcal/mol of strain per H-bo#¥d, be improved upon consideration of the local H-bonding

. . i i 1 ‘e
lowering the average H-bond energy to slightly more than 2 €nvironment. Calculation ofC—*N J's in model structures
kcal/mol. One should note that such a helix has H-bonding I tandem with experimental determinations of them can become
chains of only six (rather than eight) H-bonds which would result @n important tool for peptide determination. For this level of

in an error of 7.9% (rather than 8.4% noted above for a chain interpretation, the relative H-bonding errors of about 0.02 A
of eight formamides). can become significant. In principle, estimates of each of the

H-bonding energies could be made from known relations

These cooperative effects will be important in those structures ; . . .
- - : between H-bonding distance and energies. As mentioned above,
that have extensive H-bonding chains as structural features, such

. ) . a 0.02 A error in H-bond distance would introduce an unac-
as alpha-helical peptides. They should be much less |mportantCe table error in the corresponding H-bond ener
in other structures that lack this feature. For example, many P P g ay.

beta-sheet structures consist of only two antiparallel beta-strands, .In' a very recent report (published after this paper was
originally submitted), Cremer et &l.reported calculations on

where there would be little or no contributions from H-bonding the 3C—15N three-bond scal@f)-couplings in ubiguitin, which

chains. The development of parallel mthOdS’ particularly those has been repeatedly studied. They confirmed that the FC term
that can be applied to the same experimental system (such as

. . dominates in these couplings (although not in others) and that
the use of other trans-H-bond couplings) might prove useful . - . . S
. . o the formamide dimer is a reasonable (dimer) approximation.
for increasing the accuracy of NMR structural determinations . - . .
. Although they cited the experimental work of Juranic, they did
of H-bonding systems. . . S . 3 .
) i ) ) ) ) . not take these results into consideration in their analysis, which
.Smce |n'FermoIecuIar V|b'rat|0ns involving the H-bonding suggested that H-bondsdahelices have smalléfC—15N three-
distances in gas-phase dimers such asOit are rather  pong scalaphl-couplings than those ifi-sheets with similar
anharmonic, the observed H-bonding distances generally arey ponding distances. Cremer et al. also confirmed the validity
somewhat longer than predicted by the minima on the potential ot formamide dimers as reasonable approximations to dimers

energy surfaces (PES). Although, calculation of the relevant ot more substituted amides as models for trans-H-bond coupling
anharmonic vibrations goes beyond the scope of this work, we ¢gcyjations. They did not consider models with more than one
can consider their likely qualitative effects upon the correlations _pong.

of 13C—15N J's. The relevant vibrations become less anharmonic

ini ' 34) Dyke, T. R.; Mack, K. M.; Muenter, J. S. Chem. Physl977, 66, 498.
as the minima on the PES’s become steeper and deeper. Thus{35) Otutola. 3. A Dyke, T RJ. Chem. Physi980 72, 5062,

stronger H-bonds should be less anharmonic than weaker ones(3s) Van Duijneveldt-Van de Rijdt, J. G. C. M.; Van Duijneveldt, F.JBChem.
. ik } . - Phys.1992 97, 5019.

In addition, the anharmonicities of H bonds WIthII?\ a r_lgld (37) Tuttle, T.; Kraka, E.; Wu, A.; Cremer, 3. Am. Chem. So2004 126

framework should be less than those in one less rigid or in the 5093.
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Conclusions Secondary structural motifs such as extended alpha-helices

The results reported here show that although DFT calculations Should require more attention to the specific detailed structures
can be usefully coupled with experimental observations of trans- than others, such as beta-sheets, made up of only two strands.
H-bond3C—15N three-bond scaldfJ-couplings, proper caution Thus, one must carefully consider the peptide structure beyond
must be used when interpreting the combined set of experimentaithat of the individual, localized H-bonds to properly use the
and theoretical data to obtain structural information. In particular, relationship between H-bond structure and trans-H-bond
H-bonding chains must be treated differently from isolated *3C—N three-bond scalai-couplings.

H-bonds. Within chains, two effects that are absent in simple
isolated H-bonds become |mpqrtapt. Enhanced .couphr?g results Acknowledgment. This work was supported in part by grants
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effect upon thel-coupling of the proximate H-bond of Interest -,y one of us (P.S.) acknowledges the financial support
than those that are H-bond acceptors, but both effects are . . . . o
L - from the University of Girona that made possible his visit to
significant. Furthermore, €0 bond distances tend to lengthen . . . .
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The magnitudes of the errors that can result will depend on
the local secondary structure of the peptides or proteins studied.JA0492788
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