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ABSTRACT Contrary to DNA double-helical structures, hydrogen bonds (H-bonds) involving nitrogen as the acceptor are not
common in protein structures. We systematically searched N-H.N H-bonds in two different sets of protein structures. Data set I
consists of neutron diffraction and ultrahigh-resolution x-ray structures (0.9 Å resolution or better) and the hydrogen atom posi-
tions in these structures were determined experimentally. Data set II contains structures determined using x-ray diffraction (res-
olution % 1.8 Å) and the positions of hydrogen atoms were generated using a computational method. We identified 114 and
14,347 potential N-H.N H-bonds from these two data sets, respectively, and 56–66% of these were of the Niþ1-Hiþ1.Ni

type, with Ni being the proline backbone nitrogen. To further understand the nature of such unusual contacts, we performed
quantum chemical calculations on the model compound N-acetyl-L-proline-N-methylamide (Ace-Pro-NMe) with coordinates
taken from the experimentally determined structures. A potential energy profile generated by varying the j dihedral angle in
Ace-Pro-NMe indicates that the conformation with the N-H.N H-bond is the most stable. An analysis of H-bond-forming proline
residues reveals that more than 30% of the proline carbonyl groups are also involved in n / p* interactions with the carbonyl
carbon of the preceding residue. Natural bond orbital analyses demonstrate that the strength of N-H.NH-bonds is less than half
of that observed for a conventional H-bond. This study clearly establishes the H-bonding capability of proline nitrogen and its
prevalence in protein structures. We found many proteins with multiple instances of H-bond-forming prolines. With more than
15% of all proline residues participating in N-H.N H-bonds, we suggest a new, to our knowledge, structural role for proline
in providing stability to loops and capping regions of secondary structures in proteins.
INTRODUCTION
Hydrogen bonds (H-bonds) are one of the fundamental non-
covalent interactions that provide stability to biomolecular
structures (1). In proteins, the intrahelical and interstrand
H-bonds stabilize the secondary structures, a-helices, and
b-sheets, respectively. In addition to the main-chain (MC)
amino and carbonyl functional groups, the side chains (SCs)
of 10 naturally occurring amino acids can participate in
H-bond interactions as the donor and/or acceptor. In proteins,
H-bonds vary in strength and type depending upon the nature
of the donor and acceptor atoms (2–4). With the most abun-
dant elements of oxygen, nitrogen, and carbon, the frequently
observed H-bonds in proteins include the O-H.O, N-H.O,
and C-H.O types (5–7). The p-electron cloud of aromatic
residues also takes part in interactions that can be considered
similar to H-bonds, such as N-H.p, O-H.p, S-H.p, and
C-H.p (8). The most frequently observed H-bonds involve
the backbone amino and the carbonyl groups of the type
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N-H.O bonds that occur within a-helices and between
b-strands. The weak C-H.O H-bond has gained attention
in recent years (9,10) and has been implicated in several bio-
logical processes. C-H.OH-bonds are one of the factors that
may be responsible for providing stability to protein aggre-
gates involving b-sheets (11). The majority of the observed
H-bonds in proteins involve oxygen as the acceptor. With
nitrogen as the acceptor, O-H.N, N-H.N, and C-H.N
are the other possible H-bonds in proteins. Although the
H-bonds of Watson-Crick basepairs in DNA double-helical
structures involve nitrogen as the acceptor, there are fewer
instances in which nitrogen acts as the H-bond acceptor in
protein structures.

H-bonds of type N-H.N have been observed in structures
of several small organic compounds (12–17). Various reports
have specifically identified H-bonds involving nitrogen as
the acceptor in proteins and discussed the significance of
such interactions with regard to structural stability and func-
tional importance. For example, NMR studies have identified
the Nd nitrogen atom of a histidine residue as the H-bond
acceptor in the H-bond network in ankyrin repeats (18).
Ligands of proteins are known to interact through several
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noncovalent interactions (19,20) and some of these mole-
cules participate in H-bonds with nitrogen atoms as the
acceptor (21,22). Such H-bonds have been shown to be
part of the pharmacophore and are important for binding to
the target protein (23,24). Perrin et al. (25) tested the capa-
bility of nitrogen atoms in the imidazole moiety to act as
an H-bond acceptor or donor in cytochrome P450 using a
series of compounds, and investigated their potential to be
novel inhibitors.

Recently, Adhikary et al. (26) investigated possible
H-bond interactions between the backbone N-H of the ith

residue and the amide N of the previous residue. They
investigated specific proline residues in the N-terminal
region of Src homology domain 3 (SH3) protein. The
infrared stretching frequencies and the blue shifts of the ab-
sorptions clearly indicated the presence of Niþ1-Hiþ1.Ni

H-bonds involving two proline residues. It would be inter-
esting to identify, analyze, and characterize the H-bonds
in proteins in which nitrogen is the acceptor. In this
study, we systematically analyzed high-resolution protein
crystal structures as well as protein structures determined
by the neutron diffraction method. We considered six
different types of H-bonds in which oxygen or nitrogen
is the acceptor: N-H.O, O-H.O, C-H.O, N-H.N,
O-H.N, and C-H.N. We constructed two different data
sets of high-resolution protein structures to identify these
H-bonds and found that <2.5% constitute the H-bonds in
which nitrogen is the acceptor. The majority of N-H.N
H-bonds are formed by MC amino groups, and >90% of
such H-bonds involve proline backbone nitrogen. Further
quantum chemical calculations on model compounds
demonstrated that the conformation of proline with the
Niþ1-Hiþ1.Ni H-bond is energetically the most favorable.
To our knowledge, a systematic analysis of N-H.N
H-bonds in protein structures has not been performed here-
tofore. Our analysis helps to establish the H-bonding capa-
bility of proline imino nitrogen in protein structures, which
may have further implications for the structural stability of
proteins.
FIGURE 1 (A) Chemical structure of Ace-Pro-NMe, used for quantum

chemical calculations. Proline is referred to as the ith residue and the sub-

scripts for all of the atoms are labeled accordingly. Due to the rigid pyrro-

lidine ring, the dihedral angle 4 is mostly close to �60�, whereas the other
dihedral angle j is variable. The potential energy profile was created as

described in the Materials and Methods. All geometrical parameters were

fixed corresponding to the conformation of proline residue, Pro-94, from

the protein cytochrome peroxidase (PDB: 4CVI) and the j angle was var-

ied. (B) Example of a proline residue from the protein cytochrome

peroxidase (PDB: 4CVI) that satisfies the geometrical criteria for the

N-H.NH-bond. All of the molecular plots were rendered by Chimera soft-

ware (40) and the standard colors are used to represent nitrogen, oxygen,

carbon, and hydrogen atoms. The same convention is used for all molecular

plots. To see this figure in color, go online.
MATERIALS AND METHODS

Selection of protein structure data sets

To identify H-bonds with oxygen or nitrogen as the acceptor, we con-

structed two different high-quality data sets of protein structures from

the Protein Data Bank (PDB) (27). The first data set, data set I, contained

structures determined by neutron diffraction or x-ray diffraction (resolu-

tion % 0.9 Å) or by a neutron diffraction/x-ray diffraction hybrid

method with a resolution of 0.9 Å or better. The hydrogen positions in

all of these structures were experimentally determined. The second

data set, data set II, comprised high-resolution x-ray structures deter-

mined as of March 31, 2015, with a resolution of 1.8 Å or better, R-value

% 0.20, and R-free % 0.25. The positions of hydrogen atoms in these

structures were fixed using the program REDUCE (28). In both data

sets, the redundancy was removed at a 30% cutoff level using the pro-

gram CD-HIT (29,30).
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Identification of H-bond interactions

We identified H-bonds of the D-H.A type (the donor atom D and the

acceptor atom A are either nitrogen or oxygen) using the following distance

and angle criteria: d(D.A) % 3.5 Å; d(H.A) % 2.5 Å; q(D-H.A) R
90�; q(H.A-AA) R 90�, where AA is the acceptor antecedent atom

(31,32). A slightly different criterion was applied for the weak C-H.O

and C-H.N H-bonds (31). Although the distance criteria were the same

(d(C.O/N) % 3.5 Å; d(H.O/N) % 2.5 Å), we considered only the angle

q(C-H.O/N) to identify C-H.O/N H-bonds. If the distance criteria were

satisfied and if q(C-H.O/N) R 120�, this interaction was classified as a

C-H.O or C-H.N H-bond.
Quantum chemical calculations on model
compounds

To understand the nature of N-H.N H-bonds involving the proline

backbone nitrogen, we considered N-acetyl L-proline N0-methyl amide

(Ace-Pro-NMe) as a model compound (Fig. 1 A). For quantum chemical

calculations, we considered residue Pro-94 from the protein cytochrome

c peroxidase, whose structure was determined using neutron diffraction

(PDB: 4CVI) (33). The distance and angle criteria for an N-H.N

H-bond between the backbone N-H of Ile-95 and the backbone N of

Pro-94 were satisfied (Fig. 1 B). The coordinates of Pro-94, along with

the backbone atoms of the preceding and succeeding residues, were directly

imported from the experimental structure and used for the model com-

pound. Methyl groups were introduced as capping groups to generate an

Ace-Pro-NMe molecule using the program MOLDEN (34). First, the

positions of hydrogen atoms were optimized using the model chemistry

BP86 (35–36) density functional theory and Ahlrich’s triple-z def2-TZVP

(37,38). The electronic structure program package ORCA v3.0.2 (39) was

used for optimization.

To assess the stabilizing effect of the N-H.N H-bond on the confor-

mation of the model compound, we performed single-point energy calcula-

tions by scanning different conformations of Ace-Pro-NMe, and created a
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potential energy surface. For this purpose, we first considered the two pep-

tide bonds of the molecule as shown in Fig. 1 A in the trans conformation.

Due to proline’s rigid pyrrolidine ring, the dihedral angle 4 of proline was

fixed at �69.3�, the value observed in the crystal structure of cytochrome

peroxidase (PDB: 4CVI). Only the single bond defining the j dihedral

angle was rotatable. All of the bond lengths and bond angles were fixed.

With only j as a variable, starting from the crystal structure value, we

rotated the j angle every 5� and performed a single-point energy calcula-

tion for each conformation. Thus, we generated 72 conformations and

compared the single-point energy of each conformation with that corre-

sponding to the crystal structure conformation. The potential energy surface

thus created was plotted against j and other distance parameters. Details of

the quantum chemical calculations performed on the model compound are

provided below.

To calculate the single-point energy of each conformation of Ace-Pro-

NMe molecule obtained by changing the dihedral angle j, we used the

model chemistry M06-2X (41) density functional theory in conjunction

with Dunning’s correlation-consistent, quadruple-z basis set augmented

with diffuse functions, AUG-cc-pVQZ (42). Gaussian 09 (43) was used

for this purpose. We also performed natural bond orbital (NBO) analyses

(44,45) on the model compound Ace-Pro-NMe at the M06-2X/AUG-

cc-pVQZ level of theory for all 72 conformations. NBO version 3.1

(46) as implemented in Gaussian 09 was used for this purpose. We esti-

mated the stabilization energies that resulted from the interaction between

N-H.N bonding and lone pair NBOs using second-order perturbation

theory.

Since the N-H.N H-bond in Ace-Pro-NMe is an intramolecular interac-

tion, to determine the contribution of this H-bond alone, we also carried out

quantum chemical calculations on the model compounds N-methylforma-

mide (NMF) and N-acetylpyrrolidine (NAP). In this system, we investi-

gated the intermolecular H-bond interaction that formed between the N-H

group of NMF and the nitrogen atom of NAP (Fig. 2 A). The angle between

the N-H group and the donor nitrogen (q(N-H.N)) was kept at 180�. We

performed quantum chemical calculations by varying the distance d be-

tween the N-H of NMF and the nitrogen of NAP from 2.1 to 4.1 Å in steps

of 0.2 Å. We calculated the interaction energy between the two molecules

using the following equation:

Eint ¼ EAB--EA--EB; (1)

where Eint is the interaction energy between NMF and NAP, EAB represents

the single-point energy of the complex between NMF and NAP, and EA and

EB correspond to the single-point energies of NMF and NAP, respectively.

We calculated the single-point energies using the same level of theory and

basis set as described above. We employed Boys and Bernardi’s (47) stan-

dard counterpoise correction method to account for the basis set super-

position error.
RESULTS

Data set I, with structures determined using the neutron
diffraction method and/or x-ray diffraction with ultrahigh
resolution, consists of 68 polypeptide chains from 64 struc-
tures after redundancy was removed at a 30% cutoff level.
Data set II is comprised of 5542 polypeptide chains from
5336 x-ray structures with a resolution of 1.8 Å or better.
The frequency of proline residues in both data sets is ~5%
(542 and 62,717 proline residues, respectively, out of a total
number of 10,535 residues in data set I and 1,369,420 resi-
dues in data set II). To identify the N-H.N type of
H-bonds, we considered all of the nitrogen atoms from
the backbone and SCs of nitrogen-containing amino acids
(His, Trp, Asn, Gln, Lys, and Arg) that could act as a po-
tential donor or acceptor. We used the distance and angle
criteria as described in the Materials and Methods section
to identify N-H.N H-bonds. To determine the relative
abundance of N-H.N H-bonds with respect to other
types of H-bonds in which oxygen or nitrogen acts as an
H-bond acceptor, we also identified five other types of
H-bonds, namely, N-H.O, O-H.O, C-H.O, O-H.N,
and C-H.N. The fractions of each type of H-bond deter-
mined for structures from data sets I and II are provided
in Fig. S1 in the Supporting Material.

The trend is very similar for both data sets. As expected,
the N-H.O H-bond is the most frequently observed
H-bond, accounting for 60% and 76% of the total H-bonds
in data sets I and II, respectively. This is mainly due to the
secondary structures that give rise to either intrahelical or
interstrand H-bonds. The H-bonds C-H.O (16–23%) and
O-H.O (6–14%) are the next most predominantly observed
H-bonds. The proportion of N-H.O H-bonds is higher and
that of O-H.O and C-H.O H-bonds is lower in data set
II compared with data set I. This perhaps could be due to a
bias in theway hydrogenswere built using the REDUCEpro-
gram (28). Thus, overall, the three major H-bonds (N-H.O,
O-H.O, and C-H.O) account for ~98% of the six types of
H-bonds analyzed in both data sets, and they involve oxygen
as the acceptor. The remaining three types of H-bonds in
FIGURE 2 (A) The model compounds NMF and

NAP are involved in the N-H.N H-bond interac-

tion. The distance d between the N-H group of

NMF and the nitrogen of NAP was varied from

2.1 to 4.1 Å in steps of 0.2 Å. Single-point energy

calculations were carried out at each point and the

basis set superposition error-corrected interaction

energies between NMF and NAP were calculated

as described in Materials andMethods. (B) Interac-

tion energy profile between NMF and NAP as a

function of distance d. To see this figure in color,

go online.
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which nitrogen is the acceptor constitute only ~2%, with the
N-H.N type accounting for more than 1.1%. In absolute
numbers, we identified 114 and 14,347 potential N-H.N
H-bonds from data set I and data set II, respectively. The
acceptor and donor nitrogen atoms could be contributed
by MC or SC atoms. In both data sets, in the majority of
N-H.N H-bonds, both the donor and acceptor nitrogen
atoms came from theMC-MC type. Among the total number
of N-H.NH-bonds, 74% and 65%were of theMC-MC type
in data sets I and II, respectively, and surprisingly, in almost
90% of them the acceptor nitrogen was contributed by the
proline backbone in both data sets. Moreover, the N-H.N
H-bonds were formed between the nitrogen of proline as
the acceptor and the N-H amino group from the MC of the
succeeding residue (the other major residue that participated
in N-H.N H-bonds was histidine, and its imidazole group
formed N-H.N H-bonds in almost 25–30% of cases; see
Table S1). In this study, we focused our attention on further
characterizing the Niþ1-Hiþ1.Ni H-bonds in which proline
is the ith residue.
NiD1-HiD1.Ni H-bonds formed by proline
residues

Wecalculated several distance and angle parameters between
the proline backbone nitrogen atoms and the backbone amino
group of its succeeding residue for both data sets. We evalu-
ated the same parameters for all other proline residues that
did not satisfy the criteria for potential N-H.N H-bonds
and compared them with those that did (Table 1). If we
consider all proline residues, ~25% and 15% of them partic-
ipate in the Niþ1-Hiþ1.Ni type of H-bond interactions in
data set I and data set II, respectively. The average geomet-
rical parameters are nearly identical for both data sets.
When proline is involved in an H-bond interaction with the
succeeding residue, the average distance between the Ni

of proline and the Hiþ1 atom of the succeeding residue is
2.4 Å, which is 1.0 Å less than the same parameters calcu-
lated for other proline residues. Similarly, the average dis-
tance between the two nitrogen atoms, Ni of proline and
Niþ1 of the next residue, is ~2.8 Å when there is an
N-H.N H-bond, which is 0.7 Å smaller than that found
TABLE 1 Average (Standard Deviation) of Geometrical Parameters

Residues

Data Set Residuea d(Ni.Hiþ1)
b (Å)

I H-bond-forming prolines (75) 2.41 (0.08)

All other prolines (220) 3.45 (0.59)

II H-bond-forming prolines (8106) 2.44 (0.05)

All other prolines (46,497) 3.41 (0.60)

aThe total number of residues from each data set for H-bond-forming proline a

proline residue. The occupancy of H-bond-forming atoms should be 1. In data se

then the proline residues were considered for the analysis.
bd(A.B) indicates the distance between atoms A and B; q(A.B-C) denotes t
cAtom AA represents the acceptor antecedent atom.
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for all other proline residues. The relevant angles that define
the N-H.N H-bond, q(Niþ1-Hiþ1.Ni) and q(Hiþ1.Ni-
AAi), also exhibit an ~18–25� difference between H-bond-
forming proline and other proline residues. We determined
the statistical significance of the differences in distance and
angle parameters calculated for H-bond-forming proline res-
idues and all other proline residues using an unpaired t-test,
and found that these differences are extremely statistically
significant (p< 0.0001).We also calculated the (4, j) values
of the H-bond-forming proline residues and all other proline
residues. Ramachandran plots of (4, j) for both groups of
proline residues belonging to data sets I and II clearly show
that (4, j) of H-bond-forming proline residues fall in the
right-handed a-helical region and the bridge region connect-
ing the helical and extended regions (see Fig. S2).
n / p* interactions in proline residues with
N-H.N H-bonds

In a series of studies, Bartlett et al. (48,50) andNewberry et al.
(49,51) suggested that n/ p* interactions between adjacent
carbonyl groups of the polypeptide backbone can stabilize
protein secondary and tertiary structures. In n/ p* interac-
tions, the lone pair electrons of the backbone carbonyl oxygen
of the preceding residue i-1 overlaps with the p* antibonding
orbital of the ith residue in protein structures, and this is espe-
cially prevalent in a-helical structures. Among different
residues, proline seems to have a high preference for partici-
pating in n/ p* interactions with its preceding residue (48).
Hence, wewere interested in determiningwhether the proline
residues with an N-H.N H-bond interaction also have any
preference for forming an n/ p* interaction. The carbonyl
oxygen of the preceding residue (Oi-1) and the carbonyl group
of proline (Ci¼Oi)were considered for this purpose. If the dis-
tance d(Oi-1.Ci)% 3.22 Å (the sumof van derWaals radii of
oxygen and carbon) and the angle q(Oi-1.Ci¼Oi) lies be-
tween 99� and 119�, then theH-bond-forming proline residue
is also considered to be engaged in ann/p* interaction. The
average and standard deviation of both the distance and angle
parameters for the H-bond-forming proline and all other pro-
line residues were calculated for both data sets and are pre-
sented in Table S2 for data set II.
for the H-Bond-Forming Proline Residues and All Other Proline

d(Ni.Niþ1) (Å) q(Ni.Hiþ1-Niþ1) (
�) q(AAi-Ni.Hiþ1)

c (�)

2.77 (0.05) 105.0 (3.03) 105.84 (6.25)

3.38 (0.40) 78.40 (16.21) 125.0 (13.60)

2.76 (0.04) 102.47 (1.70) 105.94 (6.55)

3.34 (0.36) 77.76 (15.02) 124.07 (14.74)

nd all other proline residues is given in brackets. The index i refers to the

t I, only if the hydrogen positions are defined in the experimental structures,

he angle formed by atoms A, B, and C.
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It is clear that 64% of H-bond-forming proline residues
are in a trans conformation and are not involved in
n / p* interactions. Only ~30% of H-bond-forming trans
proline residues fall within the Bürgi-Dunitz trajectory. In
the larger data set (data set II), ~6% of H-bond-forming
proline (501 Pro residues) adopt a cis conformation and
the overwhelming majority of them do not satisfy the angle
and distance criteria for participating in an n / p* inter-
action. When we considered all other proline residues, we
found that 42% of trans proline residues could have poten-
tial n / p* interactions. In data set I, the percentages of
residues within the two groups of prolines (H-bond-form-
ing prolines and the rest of the prolines) that potentially
could have n / p* interactions were very similar (48%
vs. 43%; data not shown). However, the sample size in
data set I was very small compared with that in data set II.
Quantum chemical calculations on Ace-Pro-NMe

To further determine whether the close contact between
the N-H group of the succeeding residue of proline and
the proline backbone nitrogen can be characterized as a
stabilizing interaction, we performed extensive quantum
chemical calculations on the model compound Ace-Pro-
NMe as described in Materials and Methods. We consid-
ered the enzyme cytochrome c peroxidase, whose structure
has been determined by neutron crystallography (PDB:
4CVI). The backbone nitrogen of Pro-94 in this protein
is involved in the N-H.N type of H-bond with its suc-
ceeding residue. We carried out single-point energy cal-
culations on Ace-Pro-NMe, as described in Materials and
Methods, by varying the j dihedral angle. All other
geometric parameters were kept fixed corresponding to
the experimentally determined structure (PDB: 4CVI).
For each conformation, we determined the relative energy
by comparing it with that of the conformation correspond-
ing to the neutron diffraction structure. The relative energy
profile thus obtained is plotted in Fig. 3.
getically closer to (A). (D and E) Two peaks in the profile. Right: the second-ord

NMe for different j values, and NBO calculations for each conformation were ca

in filled squares and filled circles represent N-H.N H-bond and n / p* inter
It is clear that the energy of the Ace-Pro-NMe molecule
that assumed the conformation of experimental structure
with j ¼ �22.9� is the most favorable conformation among
all of the conformations for which single-point energies were
calculated. There are also conformations with a range of
j values (j ¼ þ100 to þ150�) that have favorable energy
comparable to the experimental conformation. The energy
difference between these conformations and the most favor-
able conformation is only 0.17 kcal/mol. The energy profile
also shows two major energy peaks, and their j values
are �123� and þ42�. The structures corresponding to the
energy minima and maxima are shown in Fig. 4.

It can be seen from these structures that there can be three
types of interactions. The first one is the H-bond between
the backbone N-H of the succeeding residue with the proline
backbone nitrogen (Niþ1-Hiþ1.Ni). An H-bond can also
occur between the backbone carbonyl group of the i-1 resi-
due preceding proline and the backbone amino group of the
iþ1 succeeding residue (Niþ1-Hiþ1.Oi-1). Then there is
an n / p* interaction between the proline backbone
carbonyl group and the carbonyl group of the preceding
residue (Ci¼Oi.Oi-1). At least one of these three favorable
interactions is observed in the energetically favorable struc-
tures. The most energetically favorable structure (Fig. 4 A)
has both N-H.N and n / p* interactions, indicating
that both interactions could have contributed to the struc-
tural stability. When we analyzed the conformations in the
range of j ¼ þ100 to þ150�, the conformations corre-
sponding to these j values satisfied the geometric criteria
for either an Niþ1-Hiþ1.Oi-1 H-bond or n/ p* interaction
(Fig. 4, B and C). The two high-energy peaks are due to the
steric clash between the amino hydrogen (Niþ1-Hiþ1) and
Oi-1 atom in one case (Fig. 4 D) or the close approach of
the two carbonyl oxygens (Oi-1.Oi) in the second case
(Fig. 4 E). In the first case, when j ¼ þ42.1� (Fig. 4 D),
the amino hydrogen of the succeeding residue comes too
close to the backbone carbonyl oxygen (Oi-1) of the preced-
ing residue, with the distance between these two atoms
FIGURE 3 Left: potential energy profile gener-

ated from the single-point energy calculation of

the model compound Ace-Pro-NMe as a function

of j. The initial conformation corresponds to the

Pro-94 residue of the experimentally determined

protein structure cytochrome peroxidase (PDB:

4CVI) and the j angle of Pro-94 in this structure

is �22.9�. Starting from this conformation, the j

angle was varied in steps of 5� and single-point

energy calculations were carried out as described

in Materials and Methods on 72 conformations.

Each point in the plot represents the relative energy

with respect to the initial conformation. (A) This

conformation corresponds to the experimentally

determined initial conformation and is the energy

minimum. (B and C) Conformations that are ener-

er perturbation energy profile was plotted for all conformations of Ace-Pro-

rried out as described in Materials and Methods. The energy profiles shown

actions, respectively. To see this figure in color, go online.
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FIGURE 4 Molecular plots of Ace-Pro-NMe,

representing different regions of the potential

energy profile and corresponding to the points

labeled as (A)–(E) in Fig. 3. (A–E) The j values

assumed for these structures are �22.9�, 102.1�,
137.1�, 42.1�, and �122.9�, respectively. To begin

with, the hydrogen atoms were optimized in (A) as

described in Materials and Methods. Conformation

(A) is stabilized by both Niþ1-Hiþ1.Ni H-bond

(n / s* (1)) and n / p* interactions, whereas

(B) and (C) are stabilized by Oi-1.Hiþ1-Niþ1

H-bond (n / s* (2)) and n / p* interactions,

respectively. Conformation (A) corresponds to the

experimental structure and is energetically the most stable conformation, whereas the energy difference between (B) and (C) is only ~0.17 kcal/mol. Although

(D) is stabilized by the Oi-1.Hiþ1-Niþ1 H-bond, the Hiþ1 and Oi-1 are too close (1.46 Å, far less than the sum of van der Waals radii (2.72 Å)), and as a result

there is a serious steric clash between these atoms. In (E), the two carbonyl oxygen atoms carrying partial negative charges are repulsed by the close approach

of these atoms. The second-order perturbation energies of all three interactions are provided for each conformation. To see this figure in color, go online.
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approaching <1.5 Å, leading to a serious steric clash
and highly unfavorable energy. In the second case, when
j ¼ �122.9� (Fig. 4 E), the distance between the carbonyl
oxygen atoms, d(Oi-1.Oi), becomes 2.41 Å, well below the
sum of van der Waals radii (3.04 Å), and as a result the par-
tial negative charges from the two oxygen atoms repel each
other, giving rise to an energetically unfavorable conforma-
tion. In summary, the molecule Ace-Pro-NMe can adopt
conformations that give rise to N-H.N H-bond and/or
n / p* interactions, and both arrangements provide stabil-
ity to the molecule. This further supports recent studies indi-
cating that the proline nitrogen atom can act as an H-bond
acceptor (26) and that N-H.N H-bonds involving proline
nitrogen can provide stabilizing conformations, as demon-
strated by spectroscopy studies and our own computational
studies.

We further characterized the stereoelectronic effects
of N-H.N contacts by performing NBO calculations as
described in Materials and Methods. NBO calculations
were performed for all 72 conformations of Ace-Pro-NMe
for which single-point energy calculations were carried
out (Fig. 3, left). The second-order perturbation energy pro-
files for N-H.N H-bond (n / s*) and n / p* inter-
actions obtained from the NBO analyses are plotted in
Fig. 3 (right). The energy profile for the Niþ1-Hiþ1.Oi-1

H-bond is provided in Fig. S3. It is clear that the n / s*
interaction due to the N-H.N H-bond is optimally
observed close to j ¼ �20� with a stabilizing energy of
0.8 kcal/mol, and this conformation lies close to the exper-
imentally observed conformation. Two conformations give
rise to favorable n / p* interactions with j values of
approximately �20� and �150�. The second-order pertur-
bation energies corresponding to these two conformations
are 0.6 and 0.8 kcal/mol, respectively. The conformation
close to j ¼ þ60� gives rise to a strong Niþ1-Hiþ1.Oi-1

H-bond, with the stabilization energy nearing 23 kcal/mol.
However, this H-bond comes at the cost of serious steric
clashes between atoms that can offset this stabilizing energy
(see below).
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Information about the second-order perturbation energies
of n / s* interactions due to Niþ1-Hiþ1.Ni or Niþ1-
Hiþ1.Oi-1 H-bonds, or n / p* interactions due to the
orbital overlap between the two carbonyl groups for the
five different conformations, is also displayed in Fig. 4.
Both n / s* and n / p* interactions occur in the
minimum energy conformation, which corresponds to the
conformation of the experimentally determined structure.
The n / s* interaction is due to the formation of an
Niþ1-Hiþ1.Ni H-bond, and the strength of this interaction,
0.75 kcal/mol, is comparable to the energy values for the
same type of interaction recently reported by Adhikary
et al. (26). For the same conformation, there is also an
n / p* interaction due to charge transfer between the two
carbonyl groups. The other energetically stable conforma-
tions, corresponding to the locations in Fig. 4,B andC, either
have only an n / p* interaction between the two carbonyl
groups or the charge transfer interaction can be described
as weak. This is despite the fact that the conformation in
Fig. 4 B satisfies the geometric criteria. The charges on the
atoms calculated from these calculations for the five different
conformations are presented in Table S3.

When the conformation of the system deviates from the
native conformation, the contribution from the N-H.N inter-
action diminishes to zero (Fig. 3, right). However, other
contributions due to n / p* interactions and interactions
due to H-bond formation between Niþ1-Hiþ1 and Oi-1¼Ci-1

groups begin to appear in someof the unfolded conformations.
For example, when j is close to þ160�, n / p* interac-
tions between Ci-1¼Oi-1 and Ci¼Oi seem to dominate and
contribute to the stability of the molecule (Figs. 3 and 4 C).
When j is ~þ60�, the Niþ1-Hiþ1.Oi-1 H-bond is observed
(Figs. S3 and 4 D). However, the distance between Hiþ1

and Oi-1 atoms is too close, resulting in a steric clash be-
tween the two atoms. As a result, the overall energy of the
molecule becomes unfavorable (Fig. 3, left). Hence, in
contrast to folded conformations, the energy of some of
the unfolded conformations can be stabilized by other inter-
actions (Niþ1-Hiþ1.Ni vs. n / p* vs. Niþ1-Hiþ1.Oi-1
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H-bond), and such conformations can be as stable as the native
conformation if not the most stable. In addition to intramolec-
ular interactions, as the molecule opens up, interactions with
water molecules are also expected to play a significant role.
N-H.N and/or n / p* interactions in proline
residues

We performed NBO calculations on representative examples
of proline residues from ultrahigh-resolution structures from
data set I in which either both N-H.N H-bond and n/ p*
interactions are present or only one of them is present. The
model compound Ace-Pro-NMewas considered for this pur-
pose, and the conformation of each of the 18 examples from
the respective PDB structures was considered for the NBO
calculations. In all of the examples, the proline residue under
consideration is in the trans conformation. The 4 values of
the proline residue vary from �53� to �104� and the corre-
sponding j values range from �45� to þ8�. When the
geometric criteria are strictly applied, proline residues from
the protein structures 4CVI (P94), 1GKT (P61), 3W5H
(P1191 and P1249), and 1M40 (P107) satisfy the criteria
for both N-H.N and n / p* interactions. The structures
2R24 (P112), 1VYR (P17, P236 and P247), 1C57 (P202),
3KKX (P83), 3Q3L (P53), and 2B97 (P56) have proline res-
idues with parameters corresponding to N-H.N H-bond,
but not n / p*, interactions. P82, P38, and P102 from
the proteins with PDB: 3ZOJ, 3QF6, and 2XU3 have only
n/p* interactions. The proline residues from the structures
with PDB: 4NSV (P213) and 4F1V (P1288) were considered
as examples in which neither N-H.N H-bond nor
n / p* interactions were observed as strong interactions.
Although a structural analysis did not indicate the possibility
of N-H.N H-bonds, after the hydrogen atoms were opti-
mized, the distance between the Ni of proline and the Hiþ1

of the residue succeeding proline became <2.5 Å in four
structures (PDB: 3QF6, 2XU3, 4NSV, and 4F1V), thus satis-
fying the criteria for N-H.NH-bonds. NBO calculations on
Ace-Pro-NMe, which assumed conformations of 18 proline
residues from different protein structures, showed that nine
of them (P94, P61, P1249, P112, P236, P56, P202, P53,
and P17 from structures with PDB: 4CVI, 1GKT, 3W5H,
2R24, 1VYR, 2B97, 1C57, 3Q3L, and 1VYR, respectively)
exhibit stable N-H.N H-bonds with a stabilization energy
of>0.5 kcal/mol (Table S4; Figs. 4 A and 5). Six proline res-
idues (P94, P1191, P107, P82, P38, and P102 from PDB:
4CVI, 3W5H, 1M40, 3ZOJ, 3QF6, and ZXU3, respectively)
are stabilized by n/ p* interactions, with the second-order
perturbation energy ranging from 0.55 to 1.06 kcal/mol
(Table S4; Fig. S4). The stabilization due to N-H.N and
n / p* interactions is, at best, very weak in four out of 18
examples studied (P247, P213, P1288, and P83 from PDB:
1VYR, 4NSV, 4F1V, and 3KKX, respectively). Interestingly,
in only one case (P94 from PDB: 4CVI), both N-H.N
and n / p* interactions are present (Table S4; Fig. 4 A).
An analysis of the (4, j) values of proline residues revealed
a trend for the preference to have N-H.N or n/ p* inter-
actions. In proline residues with N-H.N H-bonds, the
magnitude of 4 values appears to be larger and the j values
seem to be smaller. In the case of proline with n / p*
FIGURE 5 Structures of Ace-Pro-NMe, with

conformations of H-bond-forming proline residues

adopted from different protein structures for which

NBO calculations were performed. Hydrogen

atoms were optimized as described in Materials

and Methods. The second-order perturbation en-

ergies and the unique PDB IDs of the proteins

that possess H-bond-forming proline residues are

given for each case. The distances between the

Ni of proline and the Hiþ1 of the succeeding resi-

due are also provided for each proline. To see

this figure in color, go online.
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interactions, the opposite trend seems to occur (Table S4).
The average (4,j) values of prolinewith n/p* interactions
are closer to the right-handeda-helical conformation, and this
explains why Bartlett et al. (48) observed ~95% of proline in
the helical region with potential n / p* interactions. One
must also note that in at least four cases (P1191, P107,
P247, and P83 from PDB: 3W5H, 1M40, 1VYR, and
3KKX, respectively), even when the geometric criteria for
N-H.N H-bond are satisfied, NBO calculations reveal that
this contact is only weakly stabilizing (Table S4). The above
calculations clearly demonstrate that N-H.N H-bonds
involving proline backbone nitrogen are energetically stable
and their strength depends on the geometrical parameters
that position the donor and acceptor groups of these H-bonds.
Intermolecular N-H.N H-bond formed by model
compounds

The above calculations to characterize the N-H.N H-bond
formed by Ace-Pro-NMe are also complicated by the fact
that this H-bond is intramolecular in nature and it would be
very difficult to separate the contribution of the N-H.N
H-bond from other intramolecular interactions, such as
n / p* and Niþ1-Hiþ1.Oi-1 H-bond interactions. Hence,
we considered two model compounds (NMF and NAP) and
the N-H.NH-bond that formed between them. The interac-
tion energy between the two molecules was calculated as a
function of distance d between the N-H hydrogen of NMF
and the nitrogen of NAP (Fig. 2 A). Our calculations show
that the most favorable interaction energy of �3.08 kcal/mol
occurs at a distance of 2.3 Å (Fig. 2 B). NBO calculations at
this point show that the second-order perturbation energy be-
tween the interacting N-H group of NMF and the nitrogen of
NAP is 1.92 kcal/mol. The natural population analysis charges
for the N-H hydrogen of NMF and the acceptor nitrogen of
NAPareþ0.41393 and�0.49090, respectively. In the absence
of any other H-bond and n / p* interactions, the choice of
model systemsand subsequentquantumchemical calculations
clearly demonstrate that theN-H.NH-bond involving pyrro-
lidine nitrogen is favorable, and when it is linear, the strength
of this H-bond seems to be stronger than the C-H.OH-bond
calculated for the benzene-water system (52).
Additional interactions of N-H.N H-bond-
forming residues

We examined whether the donor and acceptor atoms of
N-H.N H-bonds participate in any additional interactions.
In ~50% of all H-bond-forming prolines (48.7% and 52.9%
in data sets I and II, respectively), the donor amino group
Niþ1-Hiþ1 also forms another H-bond, and in the majority
of cases the H-bond is formed with the backbone or SC
functional groups of the i-1 or i-2 residue. If it is the i-2 res-
idue, it is always the backbone C¼O group, whereas the
H-bond with the i-1 residue always involves the SC func-
1974 Biophysical Journal 110, 1967–1979, May 10, 2016
tional group. Bifurcated H-bonds have been analyzed in pro-
teins and nucleic acid structures (18,53–56). However, to
our knowledge, this is the first systematic study to report
bifurcated H-bonds in protein structures, with one of them
being the N-H.N H-bond.
Secondary-structure preference for proline with
N-H.N H-bonds

We examined the occurrence of proline residues with
N-H.N H-bonds in specific secondary structures in both
data sets. Since the assignment of secondary structures as
available in the secondary structure records for each PDB
file may have used different criteria to define the secondary
structures, we adopted the following procedure to first
assign secondary structures using the same criteria for
each protein uniformly, and then used this information to
identify the preference (if any) of proline residues with
N-H.N H-bonds. We used the DSSP method as imple-
mented in Chimera software (40) to assign secondary struc-
tures to all of the proteins from each data set. This ensured
that the secondary structures of all proteins in data sets I and
II were defined uniformly using the same criteria. The sec-
ondary structures in which proline residues with N-H.N
H-bonds were then identified (Table S5) and compared
with those in which the proline residues did not participate
in such contacts. Our results show that 72–75% of proline
residues with N-H.N H-bonds preferred to occur in the
loop region and the rest were found in the helical region.
The percentage of such proline residues in the b-strand
region was almost negligible (0.2–1.3%).

Since more than 70% of proline residues with N-H.N
H-bonds occurred in the loop region, we further examined
whether these proline residues showed any preference to
occur in the N-cap or C-cap regions of secondary structures.
The capping positions of secondary structures were defined
as described by Aurora and Rose (57). We considered N00,
N0, and N-cap positions in the amino terminus and C00, C0,
and C-cap positions in the carboxy terminus of secondary
structures. For this analysis, we only considered helices
and strands that were at least six and four residues long,
respectively (we used a similar strategy in a previous study
(58)). At least 44–46% of all proline residues with N-H.N
H-bonds were found just outside the helical or strand region
in the above capping positions. Among the capping positions,
the C0 position seems to be especially important for proline
that can form an N-H.N H-bond with its succeeding resi-
due. This position is the second residue to occur outside the
helical or strand conformation after the secondary structure
is terminated. Almost 7–9% of all H-bond-forming proline
residues occurred in this position, indicating that the stability
due to this H-bond is important while the secondary struc-
tures are terminated. An example of an H-bond-forming pro-
line residue in the C0 position in a helix and strand is plotted
in Fig. 6, A and B, respectively. The secondary structure



FIGURE 6 (A and B) Proline with an Niþ1-

Hiþ1.Ni H-bond at the C0 capping position in a

(A) helix and (B) strand. The capping positions

are defined as described by Aurora and Rose

(57). C0 is the second position outside of the sec-

ondary structure at the carboxyl end. (C) Example

of a proline residue possessing all three types

of interactions, namely, Niþ1-Hiþ1.Ni H-bond,

n / p* interaction between the proline C¼O

group and carbonyl oxygen of the preceding resi-

due, and H-bond between the amino group of the

iþ1 residue and the carbonyl oxygen of the i-2

residue. The unique four-letter PDB IDs of the

proteins are given in the figure for each example.

To see this figure in color, go online.

N-H...N Hydrogen Bonds Involving Proline
preference of proline residues with bifurcated H-bonds
seems to be very similar to that observed for H-bond-forming
prolines (Table S5).

Proline residues are known to occur in the middle of
transmembrane helices (59) and they are accommodated
with a bend or kink (60,61). Their presence in helical mem-
brane proteins has been suggested to be functionally impor-
tant (62,63). Hence, we were curious to find out whether
proline residues with N-H.N H-bonds have any specific
preference for transmembrane helical proteins. In the larger
data set, data set II, we identified only 17 transmembrane
proteins with 33 proline residues having Niþ1-Hiþ1.Ni

H-bonds. Among them, a majority of 76% occurred in the
loop regions connecting two transmembrane segments.
Only a small fraction occurred inside the transmembrane
helical segments.
Proteins with multiple H-bond-forming proline
residues

Quantum chemical calculations show that the N-H.N
H-bonds involving the proline backbone hydrogen are
indeed energetically favorable. We examined the protein
structures from both data sets in which at least one such pro-
line residue was identified and determined how many such
proline residues were found in each protein structure. Data
sets I and II contained 34 and 3424 proteins, respectively,
with at least one H-bond-forming proline residue. Our re-
sults show that at least two or more H-bond-forming proline
residues were found in ~36–42% of these proteins (Fig. S5).
The proteins with the maximum number of proline residues
that participated in N-H.N H-bonds were NADH-cyto-
chrome b5 reductase (PDB: 3W5H) for data set I and an
oligopeptide-binding protein involved in the biosynthetic
pathway of clavulanic acid (PDB: 2WOK) for data set II,
and they contained 11 and 18 H-bond-forming proline resi-
dues, respectively. The structure of the oxidized form of
NADH-cytochrome b5 reductase was determined at an
ultrahigh resolution of 0.78 Å (64), and it is shown with
its 11 H-bond-forming proline residues in Fig. 7. As antici-
pated, the proline residues with N-H.N H-bonds were
present only in loops and a-helices, and were completely
absent in b-sheets in this protein.
DISCUSSION

In a small data set of 70 high-resolution protein structures,
Karplus (65) analyzed a conformational strain of residues
from the allowed region of a Ramachandran map and
observed the close approach of the amide proton (Niþ1-
Hiþ1) and peptide nitrogen (Ni). The (4, j) angles that
gave rise to such contacts were mainly from the bridge re-
gion of the Ramachandran map, and it was suggested that
such a close approach could give rise to an unconventional
H-bond with the p electron of the peptide bond. Luisi et al.
(66) described a handful of examples from a crystal struc-
ture analysis in which they observed hydrogen-amino close
contacts in compounds containing nucleobases. DNA dou-
ble-helical structures are stabilized by Watson-Crick base-
pairs, and the H-bonds between GC and AT basepairs
include the N-H.N H-bond. Although it is known that
three-dimensional protein structures are stabilized by an
abundant number of N-H.O H-bonds formed by back-
bone functional groups, the possible existence of N-H.N
H-bonds and their roles in the structural stability and func-
tion of a protein have not been explored. Recently, two
reports have emerged in which H-bonds involving nitrogen
as the acceptor atom were identified by spectroscopy
studies. Preimesberger et al. (18) used NMR studies to
demonstrate that the TXXH motif in ankryin repeat proteins
is involved in a bifurcated H-bond in which the OH group
of the Thr SC and its backbone NH group are involved in
a bifurcated H-bond with the His imidazole nitrogen as
acceptor. Adhikary et al. (26) used infrared spectroscopy
to demonstrate the existence of Niþ1-Hiþ1.Ni H-bonds
involving proline residues in an SH3 domain protein. Up
to now, however, no systematic analysis of protein structures
had been carried out to identify and characterize N-H.N
H-bonds.

In this study,we created twodata sets containing ultrahigh-
and very-high-resolution protein structures. In the ultrahigh-
resolution structures, the hydrogen atom positions have been
Biophysical Journal 110, 1967–1979, May 10, 2016 1975



FIGURE 7 The structure of the oxidized form of

NADH-cytochrome b5 reductase (PDB: 3W5H) is

shown as an example of a protein with multiple

H-bond-forming proline residues. Helices and

strands are shown in ribbon representation. All of

the 11 H-bond-forming proline residues and cofac-

tors are depicted in ball-and-stick representation.

Additionally, each H-bond-forming proline residue

is portrayed independently around the protein, and

the distance between Hiþ1 and Ni atoms is shown

for each proline residue. When there is an addi-

tional H-bond with the i-1/i-2 residue, it is also

illustrated along with the residue name. To see

this figure in color, go online.
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determined experimentally. To determine the N-H.N close
contacts, we first defined a cutoff distance of 2.5 Å, which
is well below the sum of van der Waals radii of the nitrogen
and hydrogen atoms (2.75 Å) (67). We examined all possible
N-H.N contacts in which the distance between an amino
hydrogen and a nitrogen atom was less than or equal to the
cutoff distance. Our search yielded 114 examples in data
set I, and 75 of these were of the Niþ1-Hiþ1.Ni type, with
Ni being the proline backbone nitrogen. In the larger data
set (data set II), we found 14,347 examples of N-H.N
H-bonds, 8106 of which were in the Niþ1-Hiþ1.Ni category
with the proline nitrogen as the acceptor atom. We further
characterized H-bond-forming proline residues geometri-
cally and compared them with all other proline residues.
The (4, j) angles of proline residues involved in the Niþ1-
Hiþ1.Ni type of H-bonds fall in the a-helical/bridge region
of the Ramachandranmap, and the involvement of Niþ1-Hiþ1

in H-bond formation explains the observed preference for the
proline to occur in the helix/bridge region of aRamachandran
map (68). To understand the nature of Niþ1-Hiþ1.Ni con-
tacts, we also performed quantum chemical calculations on
the model compound Ace-Pro-NMe. The quantum chemical
calculations, along with NBO calculations, showed that
Niþ1-Hiþ1.Ni contacts are indeed energetically stable.
Further calculations using the model compounds NMF and
1976 Biophysical Journal 110, 1967–1979, May 10, 2016
NAP with the N-H.N H-bond provided an estimate of the
strength of this interaction.

Our analysis showed that 30–48% of H-bond-forming
residues are also involved in n / p* interactions in which
the lone pair of backbone carbonyl oxygen from the residue
preceding proline overlaps with the p* antibonding orbital
of the proline carbonyl group. Further analysis also showed
that 48–53% of H-bond-forming proline residues also
participated in a bifurcated H-bond with the functional
groups of i-1 or i-2 residues. We found that 12–21% of
the proline residues had all three types of interactions
(Niþ1-Hiþ1.Ni, n / p*, and H-bond interaction with the
i-1/i-2 residue (Fig. 6 C)). We also examined whether any
of the H-bond-forming proline residues had a preference
for any of the secondary structures. The majority of the
H-bond-forming proline residues occurred in the loop re-
gion, and a closer examination revealed that they occurred
in the capping regions of secondary structures. Although a
small number of H-bond-forming proline residues were
found in the middle of a-helices, these residues seemed
to completely avoid the b-strand regions in both data sets
I and II. We also analyzed the protein structures to deter-
mine how often H-bond-forming proline residues occurred
in individual proteins. Many proteins were found to have
multiple occurrences of H-bond-forming proline residues.
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Taken together, these results clearly demonstrate that
the atypical and unconventional N-H.NH-bonds involving
proline backbone nitrogen as an acceptor are found in
significant numbers in proteins, and they are indeed energet-
ically stabilizing interactions. Proline nitrogen atoms are
more basic than other amides in a polypeptide chain,
and since they cannot participate as H-bond donors, they
are not constrained and are free to act as H-bond acceptors.
If we assume that the strength of a conventional N-H.O
H-bond is ~5 kcal/mol, the strength of the N-H.N
H-bond calculated as intermolecular interactions using
the model compounds NMF and NAP is less than half of
that observed for the conventional H-bond (1.92 kcal/mol
as obtained by NBO analysis). When such H-bonds occur
in the loop or capping regions of secondary structure, they
can provide structural stability to the region. When several
such H-bond-forming prolines occur in a protein, the
stability due to multiple instances of these H-bonds will
be very significant for the protein. When all three types of
interactions (N-H.N, n / p*, and H-bond with the
i-1/i-2 residue) are present simultaneously in a proline, the
cumulative effect of these stabilizing interactions cannot
be ignored. Mutation of such residues is likely to have a
significant effect on the structural stability of the protein.
To achieve a full understanding of the structural stability
of proteins, we must have complete knowledge about all
such interactions, even if some of them seem to be counter-
intuitive or unusual (69–71). Traditionally, proline back-
bone nitrogen was never considered as a candidate for
H-bond participation. The significant number of exam-
ples of H-bond-forming proline residues reported in this
study has changed this picture. The heretofore unexplored
N-H.N H-bond in proteins involving proline nitrogen
should be included in the force field and, along with conven-
tional H-bonds, could be important for protein structure and
function.
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