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Abstract: The self-consistent, nonorthogonal group function approximation has been applied to dimers and a trimer of form-
amide in various geometries constructed to simulate intrachain, noncovalent interactions between peptides. The interactions
simulated are hydrogen-bonded and nonbonded pairs in the « helix and the 310 helix and the doubly hydrogen bonded trimer
in the « helix. The interactions are decomposed into Coulomb-exchange, polarization, and charge-transfer contributions, a
detailed analysis of the dimers and trimer is given, and it is shown that the main source of deviations from pair additivity is the
polarization effect. On the basis of this analysis estimates of the interaction energy and dipole moment are obtained for hydro-
gen-bonded complexes of any length. Finally, it is estimated that the positive cooperativity effect of multiple hydrogen bonds
in the infinite chain increases from 10% in the purely pair-additive interaction to 23% when the deviations from pair additivity

are included.

I. Introduction

The fundamental role of noncovalent interactions in stabi-
lizing polypeptide structure has long been recognized. Nev-
ertheless, there have been relatively few investigations, beyond
peptide pairs at the ab initio quantum chemical level, aimed
at analyzing the nature of these interactions and assessing the
importance of their contributions to the interaction energy.
Such studies are of considerable importance since they can
form the basis for formulating new approaches applicable to
larger polypeptide chains, or indicate where the limited suc-
cess! of current empirical approaches can be improved.

Ab initio or near-ab initio studies of peptide interactions in
single strands have been reported by Shipman and Christof-
fersen? using the fragment molecular orbital method,? and
Kleier and Lipscomb? using the partial retention of diatomic
differential overlap (PRDDO) approximation.® The results
are conflicting: Shipman and Christoffersen find the a-helical
structure less stable than the fully extended (FE) structure,

0002-7863/80/1502-4051801.00/0

which is also found by Kleier and Lipscomb. The latter also
find that the « helix is less stable @han_th'c; 3,0 helix, although
it is by far the most commonly observed helical structure in
globular proteins. Finally, Scheiner and Kern® have used the
PRDDO method to compute peptide pair interactions and have
subsequently calibrated an empirical potential function based
on these computations. They find the « helix to be slightly more
stable than the FE structure and the 3¢ helix.

These results indicate that a more fundamental analysis is
required to clarify the various interactions. The hydrogen-
bonded (H-bonded) formamide pair interaction has been ex-
tensively studied. Most of these studies have been done at ar-
bitrary or optimat geometries,” but a few papers have restricted
the dimeric geometry to simulate noncovalent interactions in
various types of protein secondary structure.® Beyond the dimer
very few ab initio studies have been reported, although these
are useful for studying cooperative effects and deviations from
pair additivity in multiply H-bonded chains. Cooperativity
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effects were found for formamide chains by Hinton and Har-
pool® and Sheridan et al.'9 (SLPA) in their calculations on
(formamide),, n = 1, 5. Neither of these papers explicitly
considered the nonadditivity problem.

In this paper the recently developed nonorthogonal group
function (NOGF) approximation'! is used to study noncova-
lent interactions in dimers and a trimer of formamide. The
geometries of the dimers and trimer have been chosen to sim-
ulate interactions in the « helix and the 3¢ helix. A detailed
analysis of the dimeric and trimeric interactions is given, and
both cooperativity and deviations from pair additivity are
considered. The consequences of the latter on the reliability
of empirical potential functions are discussed. Finally, a
method is given for estimating the interaction energy and di-
pole moment, and their decomposition, for an H-bonded
complex of any length. For the tetramer and pentamer it is
shown that our estimates are in close agreement with the ab
initio results of SLPA.

II. Methods

In the NOGF approach the wave function is formulated as
an antisymmetrized product of group functions!?

¥ =A4[$®,...97]

where each group is an antisymmetrized product of doubly
occupied orbitals:

®p = Afuri(1)TRI(2) ... urNg(2ZNR — 1)UgNg(2NR)]

Intragroup orthogonality is assumed, but no orthogonality
constraints are imposed on orbitals between groups. We thus
have

(ueruRr') = 6rr’
(uRrIuSs) = SRrSs

The orbital equations are obtained by defining “group energy
functionals” and applying the variational method to these
quantities, The derivation and form of the equations, as well
as the application of the LCAO method,'? have been reported
previously.'!

The relaxation of the orthogonality constraints permits the
restriction of the LCAO expansions of the orbitals in each
group to a part of the basis space used for the whole system,
The groups can therefore be constructed to span only a part
of the entire molecular space and their response to perturba-
tions from other groups will then be restricted to these sub-
spaces. This additional degree of freedom in constructing the
orbitals allows a partitioning of the interactions between the
subsystems which may be used to decompose the interaction
energy and other interaction properties.

The interaction decomposition scheme obtained with the
NOGF approximation is similar to that developed by Moro-
kuma'4 and others.8 !5 Details of the method, application to
a number of small dimeric systems, and comparison with other
methods will be reported elsewhere.'¢ Here we give a summary.

Assume that monomer wave functions ® 40, $3°, .. ., with

associated bases x4, X8, . - -, have been determined. Define
three wave functions of the form

\I/| =.)4’[q>,404)30...] (la)

\I/2=->4,[¢A¢B-~-] (lb)

\I/3=q>AB... ) (IC)

¥, contains only Coulomb and exchange (C + E) effects. In
addition, ¥, contains polarization (Pol) effects, while ¥3, the
usual supermolecule SCF-MO wave function, also describes
charge-transfer (CT) effects, The interaction energy is now
partitioned in the following way:'4
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Ecye=E| - Eg

Epo = E;— E| (2)
Ecr=E;—E>
where the total interaction energy is given by
AE = Ec+g+ Epoi + Ect (3)

and Eq is the sum of the monomer energies. Other properties
can be similarly decomposed.

An additional type of partitioning can be made with the
NOGF approximation which allows a wave function in the
form of eq 1b to describe charge-transfer effects as well as the
polarization, exchange, and electrostatic effects. This is ac-
complished by adding to the monomer’s expansion set a
number of basis functions from one or more of the other
monomers yielding a wave function of the form

\1/4 = -)4/[¢A,¢B, . ] (4)

The charge-transfer contribution is now obtained from the
difference £4 — E5. The importance of a given region of the
supermolecule for charge transfer can be tested by including
its basis functions with other groups and comparing the re-
sulting charge-transfer energy with the total obtained from eq
2. If these two quantities are about the same, most of the im-
portant sites have been included. In addition to providing
possibilities for further analysis, wave functions of the form
of eq 4 can be used to calculate interaction energies with less
computing than required with wave functions of the form of
eq lc. This point will be discussed further below.

The differences between the present analysis and Moroku-
ma’s'4!17 are as follows:

(i) The entire analysis is made at the wave function level.
This means that all the effects, or partial effects, are defined
in terms of appropriately constructed wave functions and not
by manipulating elements of the Fock matrix.

(ii) The polarization term now includes exchange terms in
addition to the classical polarization deformations. These are
essentially Morokuma’s “exchange polarization” effects,'”

I11. Details of the Calculations

1. Basis Sets. The calculations reported in this paper were
made with minimum basis sets (MB) constructed from (5s,2p)
Gaussian lobe functions for the heavy atoms and Huzinaga’s
(3s) basis for hydrogen.!® These atomic bases were parame-
trized to mimic the valence shell part of Huzinaga’s (7s,3p)
bases,'? and the parameters have been reported elsewhere.20
In interpreting the results of energy decomposition with min-
imum basis sets, it is noted that trends tend to be relatively
insensitive to basis-set quality,?! but the values of the individual
components can be quite basis set dependent.?? In particular,
the electrostatic contribution tends to be underestimated.
Moreover, since polarization is characterized by a mixing of
the monomer’s virtual with occupied orbitals,!” its reliability
depends in part on the ratio of the number of basis to occupied
orbitals. With double { bases this ratio is at least 2, whereas
with MBs it is between | and 2 depending on the system and
its symmetry restrictions. In (H,0),, for example, the ratios
are 1.25 for the a’ orbitals and 2.0 and 1.0 for the two a’” or-
bitals in W,. This lack of flexibility is reflected in the small
value of Epo obtained for the water dimer with the STO-3G
basis.2! In the present calculations the ratiois 1.5 for the dimers
and trimer, which suggests that Epy will be more completely
accounted for in the present case than in (H,0),.

A further test of the quality of the basis set can be obtained
from the energy lowering resulting from the increase in
basis-set size when the dimer is constructed. This effect appears
as part of the charge-transfer contribution, and its maximum
magnitude can be estimated from a counterpoise calculation.?3
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Table I. Coordinates of Formamide in the ith Monomer Position?

atom X Y Z
C 1.6640 0. 0.
N 1.0690 1.1421 —0.4844
(o} 1.8992 -0.2034 1.2004
HC 1.9321° =0.7510 —0.7428
HNI 0.8860 1.2911 —1.4564
HN2 0.7923 1.8801 0.1315
Helical Parameters

« helix 310 helix®

rise/unit 1.4950 1.9284

rot/unit (rad) 1.7378 2.1216

a Angstroms. » The radius of the 310 helix is identical with that used
for the « helix.

For the dimer yielding maximum H-bond stabilization the
basis set effect is estimated to be 0.8 kcal/mol. This is quite
small for MB calculations?? and is probably due to the fact that
the nuclei of the proton donor not directly involved in H
bonding are fairly distant from the proton acceptor.

2. Coordinates, Models, and Wave Functions. The form-
amide monomers are assumed to be rigid and planar and the
C-N distance is 1.376 A. The calculated total energy is
—166.7780 au and the dipole moment is 3.95 D, as compared
to the observed value of 3.7 D.2* The coordinates for the ith
position and the helical parameters required to obtain the
coordinates of any other position are given in Table I. The
coordinates of the ith position may be converted to polar cy-
lindrical form, the rise and rotation parameters for the unit
desired are applied, and the result is converted back to the
original coordinate system. The parameters for the « helix are
obtained from refined a-helical coordinates based on fiber
diffraction data from poly-1-alanine reported by Arnott and
Dover,25 and for the 3¢ helix from theoretical formulas given
by Miyazawa?6 using values of —46.0 and —26.0° for the ¢ and
¥ angles.

The monomers are positioned so that the z axis is coincident
with the helical axis and three of the pairs are shown in Figure
1. In addition to these, the a-helical i, i + 6 pair and the i, i +
3,7+ 6 trimer are reported. In the trimer the / + 3rd monomer
is H bonded to both of the other monomers. The a-helical and
310-helical H bonds deviate from linearity by 5.9 and 13.4°,
respectively, and their O. . . N separations are 2.83 and 2.86
A. The a-helical i + 2 monomer is across from and approxi-
mately parallel to the ith monomer.2’ The O. . . N distance is
3.43 A and no possibility for H bonding exists. Finally, the
g. .. N distance between the ith and i + 6th monomers is 7.56

The wave functions used for the calculations are constructed
in accordance with the definitions given in eq 1 and 4. Thus ¥,
and ¥, are two or three group antisymmetrized products for
the dimers and trimer, respectively. The orbitals in each group
are expanded in the monomer’s basis, which results in their
having a dimension of 18. ¥; is the usual SCF-MO wave
function. Finally, ¥, is constructed so that each proton-ac-
cepting group also includes the basis functions of the donated
proton. For the minimum basis set case each proton-accepting
group is of dimension 19, whereas the group which only acts
as a proton donor remains of dimension 18. These types of wave
functions will be referred to as “limited charge transfer” (LCT)
wave functions,

IV. Results and Discussion

1. Dimers. From Table I1 it is seen that the total stabilization
energy of the a-helical H-bonded interaction is nearly twice
as great as the 3|o-helical interaction. This extra stabilization
is a result of the geometrical differences between the two pairs
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Figure 1, Diformamide configurations simulating noncovalent peptide pair
interactions in the a helix and in the 3,9 helix.

Table II. Energy Decomposition of Formamide Dimers Simulating
Intrachain Peptide Pair Interactions?

type of o helix 310 helix
contribution ii+3 Li+6 Li+2 iLi+2
C+E -2.20 =0.53 0.71 -0.91
Pol -0.89 -0.00 -0.08 -0.45
CT =2.01 0.00 -0.21 -1.50
LCT -1.72 -1.17
AE =5.11 -0.54 0.42 —-2.86
AE'® —-4.82 -2.53

@ Energies in kcal/mol. # Interaction energies from limited charge
transfer.

and helps to confirm the more favored conformation of the «
helix. The nonbonded 7, / + 2 pair interaction is slightly re-
pulsive in the present model, but it is of interest to note that the
i, i + 6 pair interaction still retains a residual stabilization even
though the monomers are quite far apart.

The large drop in stability of the 3¢-helical H-bonded
structure does not seem entirely rationalized in terms of the
nonlinearity of the H bond since it is only 8° greater than in
the -helical case. On the other hand, the shifts in geometry
make increased repulsion between other parts of the monomers
more likely. Thus the H-bonding proton in the 3 ¢-helical
model moves closer to the proton acceptor’s carbon atom and,
as Figure | illustrates, is less shielded from it by the oxygen
than in the a-helical model. These geometric considerations
are also valid for the a-helical i, i + 2 dimer, where an even
greater interaction between the proton and carbon is possible.
lnAboth cases the proton-carbon separation is slightly less than
3

The energy decomposition of the dimeric interactions is
tabulated in Table I1. The electrostatic and exchange effects
have not been further separated, but, since they are defined in
the same way as in Morukama’s analysis,'* the results in the
excellent papers of Umeyama and Morukuma?' (UM) and
Kollman?® (K) can be used to evaluate our calculations. It
should be noted that these investigators were interested in the
optimal geometries of the dimeric interactions, whereas the
geometries chosen here are determined by the structural pa-
rameters of the « helix and the 3¢ helix.

In the H-bonded dimers it is seen that the C + E contribu-
tion loses the most stabilization. From UM and K this loss is
probably due to a strong decrease in electrostatic stabilization,
which is probably a result of the proton-carbon interaction
mentioned above. This is probably also true for the other two
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Table III. Axial Component of the Dipole Moment of Formamide
Dimers Simulating Helical Peptide Pair Interactions
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Table IV. Energy and Dipole Moment Decomposition of Trimer
and Deviations from Pair Additivity

type of a helix 310 helix -E,
contribution i, i+3 i, i+6 ii+2 ii+2 kcal/mol  dev¢ —uz,tD  deve
1z (monomers) —6.871 -6.871 —-6.871 —-6.872 (monomers) 10.307 0.04
C+E -0.029 0.000 0.003 -0.014 C+E 4.97 -0.04 0.059  -0.000
Pol -0.611 —0.047 —0.041 -0.392 Pol 2.35 -0.57 1.306 -0.037
CT —0.180 0.000 -0.002 -0.077 CT 4.21 -0.18 0.392 -0.032
LCT -0.306 —-0.161 LCT 3.63 -0.19 0.658  —0.046
Auz -0.821 -0.047 —0.046 —0.483 A 11.52 -0.77 1.758  —0.069
Au'zb —-0.946 -0.567 Ac 10.95 -0.78 2,023 —0.084
pz (dimer) -7.691 -6.919 -6.919 —7.355 (trimer) 12.064  —0.5854
(-0.410)c (—0.024) (-0.022) (-0.242) (trimer’) 12.330 -0.6744
W'z (dimer) 7(5]07473) 7(&2)?284) @ Deviation from pair additivity is defined in eq 5. ¥ Axial compo-

4 Dipole moments in debye. ¥ Primed quantities are from LCT
calculation. ¢ Quantities in parentheses give enhancement of dipole-
moment component per monomer.

dimers. The remaining contributions in the H-bonded dimers
also lose significantly in stability, the combined loss comprising
about 40% of the total decrease in stabilization energy, It is also
seen that the LCT wave function yields a substantial part of
the charge-transfer energy. Evidence will be given elsewhere!'®
that the difference between AE and AE’ is almost purely basis
set effects so that in a certain sense AE’ may be more reliable
than AE, The residual stabilization in the i,/ + 6 dimer is al-
most certainly due to electrostatic attraction since the sepa-
ration between the monomers is 7 A or more. On the other
hand, the i, i + 2 dimer is slightly repulsive since the polar-
ization and charge-transfer effects are not large enough to
overcome the large positive value of the C + E effect.

The peptide units in the « helix are positioned in such a way
that their dipole moments are nearly parallel and directed
along the helical axis. From the present calculations, four in-
dependent formamide monomers, positioned to simulate one
turn of an « helix, have an axial dipole moment component of
—13.7 D and a total dipole moment of 13,8 D. This is a con-
tribution of about 3,4 D per monomer, in close agreement with
the value assumed by Hol et al.?® in their discussion of the
a-helix dipole. In addition, it has been suggested that, owing
to cooperative effects, intrachain interactions in helices can
increase the monomer’s contribution to the dipole moment by
up to 30%.30

The paper of Hol et al.?® assigns an important functional role
to the « helix’s large dipole moment, and in particular to the
axial component. Because of this we have applied our analysis
to the dimers’ and trimer’s dipole moments, and in Table 111
the axial component and its decomposition are tabulated for
the dimers. We only give the axial component since it is the
quantity of interest, and in all cases it comprises at least 90%
of the total dipole moment.

Table 111 shows that the polarization enhances the dipole
moment of all four dimers, but that it is nonnegligible only for
the H-bonded cases. For these latter two dimers the charge
transfer also makes a smaller but substantial contribution. The
importance of the polarization seems to be due to the large and
global changes in the charge density caused by this effect,
whereas both antisymmetrization and charge transfer are
much smaller and more localized. This has been shown by
Dreyfus and Pullman for formamide dimers simulating peptide
pair interactions,® as well as for other systems by other work-
ers.3! From Table II1 it is seen that the axial component of the
dipole moment is enhanced about 12% in the «-helical 7, i +
3 dimer and about 7% in the 3,¢-helical dimer. Dreyfus and
Pullman obtained an enhancement of 13% in the dipole mo-
ment, while Yamabe and Morokuma?3! find 18% for (H,0),.
The observed enhancement for the water dimer is 23%.32

The trends presented in Tables I1 and 111 for the dimeric

nent of the dipole moment. ¢ Prime refers to LCT calculation, ¢ En-
hancement of the axial component/monomer.

interactions appear to be in good agreement with previous
results.321:28 The relative sensitivity of the energy components
to variation in geometry seems to be typical for H-bonded di-
mers, Also, the interaction energy of the «-helical H-bonded
dimer computed here is in excellent agreement with the value
of 5.2 kcal/mol obtained by SLPA using similar model as-
sumptions but different atomic basis sets and ab initio methods,
In addition, this dimer appears to lose about 2 kcal /mol sta-
bility with respect to the optimum geometry formamide
dimer,®'0 showing that H bonding is not the only factor de-
termining the optimum conformation of « helices in proteins,
but that the other interactions compensate for the loss of H-
bond stability.

2. Trimer. The results for the «-helical double H-bonded
trimer are tabulated in Table IV. The stabilization energy per
H bond is 5.76 kcal/mol, giving an enhancement of 13% rel-
ative to the dimer. The enhancement of the dipole moment has
increased from 12% in the dimer to 17% in the trimer. The
results obtained with the LCT wave function are similar, i.e.,
13 and 20% for the interaction energy and dipole moment,
respectively. The usefulness of the LCT calculation for analysis
has already been mentioned, and the results obtained here show
that the charge-transfer interaction is energetically localized
to the regions around the H-bonded proton. There is, however,
a more important advantage. In the dimer the full SCF wave
function requires the calculation and diagonalization of a 36
X 36 Fock matrix, whereas in the LCT wave functiona 19 X
19 and 18 X 18 matrix have to be processed. The time required
per iteration is about the same for these two wave functions
because the matrix elements of the LCT Fock matrix are more
complicated.!! In the trimer the SCF matrix is 54 X 54,
whereas the LCT wave function requires two 19 X 19 matrices
and one 18 X 18 matrix. The time required per iteration for the
determination of the LCT wave function is about 60% as long
as for the SCF wave function. As discussed previously,!!-3? this
computational advantage will increase as the system gets larger
and the number of groups increases.

The decomposition of the interaction energy and dipole
moment, given in Table IV, shows that the importance of the
contributions in the trimer is qualitatively the same as in the
dimer. The C + E and charge transfer energy contributions
are largest with the polarization being smaller but still sub-
stantial. The enhancement of the axial component of the dipole
moment is primarily due to the polarization effects as in the
dimer, while the charge transfer makes a small but nonnegli-
gible contribution. The axial component comprises 94% of the
total dipole moment.

The cooperativity effect obtained here for the interaction
energy is in good agreement with the result already obtained
by SLPA, The increased enhancement of the trimer’s dipole
moment shows that for this property cooperative effects make
an important contribution. Of equal interest is the extent of
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Table V. Further Decomposition of the Polarization Contribution
of the Trimer and /, i + 3 Dimer

group -F,
polarized kcal/mol deva uz, D dev@
Trimer
Pol (i) 0.34 -0.05 -0.304 0.000
Pol (i + 3) 1.16 -0.35 -0.550 0.001
Pol (i + 6) 0.58 -0.07 -0.293 0.000
2ZPol (j) 2,07 —0.47 —1.147 0.002
Pol 2.35 -0.57 —-1.306 —0.037
i, i + 3 Dimer
Pol (i) 0.29 —-0.281
Pol (i + 3) 0.51 -0.270
2 Pol (j) 0.81 —-0.551
Pol 0.89 -0.611

@ Deviation is calculated as the difference between the trimeric
contribution and the appropriate dimeric contributions.

nonadditivity in the trimer interaction. From the practical point
of view, it is perhaps the more important consideration since
most empirical potential functions assume pair additivity.?*
We have seen from Tables II and III that all three dimers
which can be constructed from the trimer exhibit interactions.
although for the i/, i + 6 pair they are small, The “true”
three-body part of the interaction energy or deviation from pair
additivity is therefore defined as

AE(ii+ 3.i+6) = AEij+3,46 — 2AE;1+3— AE;i+6  (5)

where the quantities on the right-hand side of eq 5 are the in-
teraction energies defined in eq 3. A similar definition applies
to the components of the dipole moment,

The deviations from pair additivity of the interaction energy
and the axial component of the dipole moment, reported in
Table IV, show that the former is lowered an additional 0.8
kcal/mol, which is 7% of the sum of the pair energies. The di-
pole moment also exhibits nonadditivity effects, but to a lesser
extent, comprising 4% of the sum of the pair contributions. The
deviations from pair additivity computed from the LCT wave
function are not very different. The decomposition of the
nonadditivity effects is also tabulated in Table IV. For the
geometrical arrangement of the trimer studied in this paper
the main source of nonadditivity is the polarization effect for
the interaction energy and the dipole moment, Charge transfer
deviates to a lesser degree while the C + E deviation is very
small. Kollman has analyzed the nonadditivity effects in tri-
mers of water?® and it is of interest to compare these with the
present results. Compared to (H,O)s there is an important
structural difference in the formamide trimer in that a carbon
atom separates the H bonds of the multiply bonded monomer.
This feature should attenuate the movement of density due to
double H-bond formation, as confirmed by the total deviation
from pair additivity being half as large as in the water trimer.28
A second difference is that the non-H-bonded pair is more
separated here, so that its exchange interaction has essentially
vanished. Thus it seems reasonable to assume that the small
deviation of the C + E term is not due to cancellation of two
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large numbers with opposite sign, but shows that this term is
nearly pairwise additive,

It is of interest, therefore, to make a more detailed decom-
position of the polarization effect in order to gain additional
insight into the response of the monomers’ charge distribution
when its orbitals are allowed to relax in the field of the envi-
ronment, This type of decomposition is easily made with the
NOGF method since a wave function of the form ¥, eq 1b,
can be determined with all the groups except one frozen. Thus
the polarization of the Ith group in the field of the remaining
electrons is defined as

\I/2(I)=.)4’[q>,40...q)[...] (6)
and the associated polarization energy is given by
Epo(l) = Ex(I) — E| (7N

and similarly for other properties.

The results of applying this analysis to the trimer and i, / +
3 dimer are presented in Table V. The contributions to the
interaction energy and the dipole moment obtained from each
monomer and the deviation from pair additivity are tabulated,
The deviations are obtained as the difference between the
contribution in the trimer and the analogous contributions in
the dimer. The i, / + 6 pair has not been included since its po-
larization energy is negligible, and half of its small contribution
to the dipole moment is assigned to each monomer.

As expected, the doubly H-bonded monomer makes the
largest contribution to the polarization energy and dipole
moment, The deviation from pair additivity of this monomer
is computed as the difference between E'py (i + 3) of the trimer
and Epo(i) + Epo(i + 3) of the dimer. Thus it is not surprising
that this term yields the largest deviation since no doubly H-
bonded monomer appears in the dimer. It is also seen that the
nonadditivity is due to electron-electron interactions only,
which is why the individual terms uz (/) show no deviation
since they are a one-electron property. The sum of the indi-
vidual polarization terms is also given in Table V, and it is seen
that higher order corrections, i.e., simultaneous relaxation of
all groups, yield an additional 14% to Ep and uz(Pol). The
nonadditivity is also increased.

3. Higher Order Complexes. In the previous sections we have
given a detailed analysis of the noncovalent interactions in
dimeric and trimeric complexes of formamide, This analysis
has shown that the trimer interaction contains important
nonadditive contributions and that the main source of these
nonadditivities is the polarization effect. We now show how
the analysis can be used to obtain an estimated interaction
decomposition for the higher complexes of formamide simu-
lating H bonding in the « helix. The present estimate naturally
assumes that there are no nonadditivities beyond the trimer
level.

Table VI tabulates the contribution per H bond of each type
of interaction to the energy and dipole moment for a form-
amide chain of n monomers. The polarization energy is ob-
tained by assuming that each doubly H-bonded monomer
makes a contribution Epy{/ + 3) scaled by the factor 2.35/2,07
to allow for the relaxation of the other monomers. There are

Table VI. Estimated Energy and Dipole Moment Decomposition for # Formamide Monomers Simulating H Bonding in an o Helix

property C+E Pol CT total
ey 2.78(n—=2)+2.20 1.32(n = 2) + 1.04 2.20(n = 2) + 2.01 6.30(n—2)+5.25
n—1 n—1 n—1 n—1
Lz —0.059 _0.695(n = 2) + 0611 _0212(n—2)+0.180 _ 0.966(n — 2) + 0.850

n—1

n—1 n—1

“ Energies are kcal/mol per H bond. ¥ Dipole moments are debye,/H bond.
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Table VII. Estimated Interaction Analysis of High-Order
Complexes

no.
monomers C+E Pol CT A
Energy? (=E)
4 2.59 1.23 2.14 5.96 (6.00)¢
) 2.63 1.25 2.15 6.03 (6.13)
10 2.72 1.29 2.18 6.18
o 2.78 1.32 2 6.30 (6.57)
Dipole Moment?
4 -0.059 —-0.667 -0.201 -0.927
) -0.059 -0.674 -0.204 -0.937
10 -0.059 —0.685 -0.208 -0.952
o -0.059 —0.695 -0.212  -0.966

@ Energies are kcal/mol per H bond. ¢ Dipole moments are axial
components in debye/H bond. ¢ Results in parentheses are from ref
10.

n — 2 such monomers for a chain of length #. Similarly, Epoi(/)
+ Epoi(i + 6) scaled by the same factor is the contribution from
the two end monomers. Since the nonadditivities of the re-
maining terms are much smaller a cruder method is used for
their estimation, For the C + E term one sums the n — |
nearest neighbors and #n — 2 next-to-nearest neighbor contri-
butions given in Table II and takes a nonadditivity contribution
of 0.04 kcal/mol for the n — 2 nearest neighbor triplets. Fi-
nally, for the charge-transfer term there are n — | nearest-
neighbor contributions and #» — 2 nonadditivity contributions
of 0.18 kcal/mol. Table II shows, however, that the next-to-
nearest neighbor contributions are negligible. The dipole
moment contributions are estimated in exactly the same way
from the results given in Table III for the a-helical, i, i + 3 and
i, i + 6 pairs, and from the nonadditivities given in Table
Iv.

The result of extrapolating to an infinite chain can be read
off directly from the entries in Table VI. This case and a few
intermediate finite chain lengths are tabulated in Table VII.
The results of the ab initio calculations by SLPA for the in-
teraction energies of the tetramer and pentamer, and their
extrapolation to infinite chain length, are also given. The
present estimate for the tetramer is in very close agreement
with SLPA’s result, whereas for the pentamer the discrepancy
is somewhat greater. This is probably due to neglecting new
terms, especially residual electrostatic stabilization between
distant pairs. For the infinite chain this discrepancy has in-
creased somewhat, but considering the simplicity of our ap-
proach the overall agreement is very satisfactory. The ex-
trapolation to infinite chain length of the dipole moment yields
an enhancement of 28% of the monomer’s axial component.
This result is in excellent agreement with Wada's30 estimate
of 30% obtained from different considerations.

This paper may be concluded by noting that the above ex-
trapolation can be carried out neglecting the nonadditivity

effects. The infinite chain then yields 5.64 kcal/mol per H

bond, which gives an enhancement of about 10%. SLPA also
carried out calculations using an electrostatic model which is
pair additive by definition. Their extrapolation to an infinite
chain gave an enhancement of about 10%. Since both the ab
initio calculations and the extrapolation made here are rather
different from SLPA’s approach, the close agreement of these
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results and those obtained with inclusion of the nonadditivity
effects suggests that potentials which assume pair additivity
will only yield about 10% enhancement per H bond for an in-
finite chain. With inclusion of the nonadditivities the en-
hancement will be about 25%. From the present calculations
this amounts to about 0.6 kcal/mol per H bond, which can
become a substantial energy for a long polymer. At the same
time, SLPA have also given evidence that the energy surface
obtained from an electrostatic potential may be incorrect.
These points together suggest that empirical potential functions
which are essentially pair additive have a serious defect which
adversely affects their reliability. This may contribute to the
limited success in predicting protein structure discussed by
Hagler and Honig.! It certainly indicates that it would be
advantageous to include a term for the trimeric nonadditivity
effects in empirical potential functions.
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