communications chemistry

A Nature Portfolio journal

Article

https://doi.org/10.1038/s42004-025-01576-1

Orientation affects hydrogen bonding
cooperativity in polyproline Il helical

bundles
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Hydrogen bond cooperativity (HBC) is the phenomenon where the collective strengthening of hydrogen
bonds, by mutual polarization and non-additive electrostatic effects, in a network exceeds the sum of
individual interactions. HBC has been well-studied in a-helices and 3-sheets, where it critically stabilizes
amyloid structures. During the last 20 years, several natural proteins were characterized which contain
multiple aligned and hydrogen-bonded polyproline Il (PPII) helices. HBC was recently reported for these
PPII helices when arranged along one parallel layer, but its existence in the more abundant antiparallel or
mixed parallel/antiparallel PPIl assemblies is still unknown. Utilizing computational approaches validated
through experimental observables, we report that both canonical CO---HN and non-canonical CO---H,C,
hydrogen bonds exhibit mutual reinforcement, revealing a complex hydrogen bonding scheme that
manifests HBC in antiparallel PPII helices and in mixed parallel/antiparallel orientations. These findings
have fundamental relevance for understanding protein conformational stability and implications for PPII

helices as a structural building block for protein design.

The study of protein secondary structures has traditionally focussed on a-
helices and P-sheets, the main secondary structures in globular proteins.
These structures have been instrumental in pioneering advancements in
protein design and enzymatic functionality, shaping our broader under-
standing of biological systems'. However, the other main class of protein
secondary structure, the polyproline II (PPII) helix, has been less char-
acterized. PPII helices are the basis of the collagen triple helix, and there are
several proteins and protein domains that are composed of bundles of Gly-
rich PPII helices®. In previous studies, we, among others, employed the short
isoform of the Hypogastrura harveyi “snow flea” antifreeze protein
(HhAFP) as a model system to investigate Gly-rich PPII helical bundles™".
The short isoform of the HhAFP is composed by six PPII helices arranged in
parallel on two faces. One face is rich in polar amino acid residues, and the
other has more hydrophobic residues, and the two faces and their PPII
helices are arranged antiparallel to each other. Intriguingly, despite a high
glycine content and a lack of a stable hydrophobic core, these bundles
display remarkable conformational stability™’. This stability was ascribed to
contributions from canonical CO--HN and non-canonical CO--H,C, H-
bonds, together with other energetic factors™”. The unfolded ensemble of the
HhAFP short isoform is compact, containing nonlocal electrostatic inter-
actions that may initiate its folding process’, which has been established to
be cooperative through kinetic studies’.

The remarkable conformational stability and abundant H-bonds
observed in Gly-rich PPII helical bundles, exemplified by the HhAFP
structure, bear a striking resemblance to amyloids, which consist of nearly
endless [3-sheets featuring aligned networks of H-bonds. In both PPII helical
bundles and amyloids, the extended configuration of the polypeptide chain
promotes self-assembly. One of the key factors contributing to the extra-
ordinary stability of amyloids is the cooperative nature of H-bonding or
H-bond cooperativity (HBC), where the alignment of CO--HN backbone or
side-chain (i.e., Asn and Gln) H-bonds results in enhanced polarization and
bond strength, as we and others previously reported’ ™. Our prior research
examined this underexplored property for PPII helical bundles, particularly
those rich in glycine residues, revealing for the first time unique HBC
between both canonical CO--HN and CO--H,C, H-bonds between parallel
PPII helices'. We hypothesize that HBC across both faces of the short
isoform of HhAFP could be one of the reasons for its conformational sta-
bility. This cooperative effect could also stabilize other larger antifreeze
proteins, such as the Granisotoma rainieri “springtail” antifreeze protein'”
or the long isoform of HhAFP", made out of nine and thirteen PPII helices,
respectively. These PPII helices are also arranged in parallel on a polar and a
hydrophobic face, and the two faces are antiparallel to each other (Fig. 1).
Despite these advances, the H-bonding patterns specific to Gly-rich anti-
parallel and mixed parallel/antiparallel PPII helical topologies remain
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Fig. 1 | Natural Proteins with PPII helical bundles. Experimentally determined
structures from PDB for Hypogastrura harveyi AFP short isoform (PDB ID: 3BOG),
Salmonella phage S16 tail fiber adhesin Gly-rich domain (PDB ID: 6F45), ALK Gly-
rich domain (PDB ID: 7LS0/7LRZ), Aromatoleum aromaticum acetophenone car-
boxylase Gly-rich domain (PDB ID: 5L9W), Bacillus subtilis Obg GTPase Gly-rich
domain (PDB ID: 1LNZ) and Granisotoma ranieri AFP (PDB ID: 7JJV), and

Hypogastrura harveyi
AFP (long isoform)

Salmonella Phage S16
Tail Fiber Adhesin
(Gly-rich domain)

Granisotoma rainieri
AFP

Anaplastic

lymphoma kinase
(Gly-rich domain)

predicted structure from Hypogastrura harveyi AFP long isoform (AF2 ID:
D7PBP2). Roman numerals denote the distinct helices in each protein. From the
reader’s perspective, the yellow PPII helices run from the N-terminus (bottom) to
the C-terminus (top) and are parallel to each other; the gray PPII helices run from the
C-terminus (bottom) to the N-terminus (top) and are parallel to each other, so the
yellow and gray helices are antiparallel to each other.

unexplored, like those present in Bacillus subtilis Obg GTPase', Aromato-
leum aromaticum acetophenone carboxylase””, Salmonella phage S16 tail
fiber adhesin'®, and anaplastic lymphoma kinase'” with six, eight, ten, and
fourteen PPII helices, respectively (Fig. 1).

The ability of polyGly to adopt a PPII helical structure was proposed by
Crick and Rich" on the basis of X-ray diffraction patterns. However, they
could not distinguish whether the orientation of the helices was parallel or
antiparallel. In the 1980’s, Krimm and co-workers pointed out that in parallel
polyGly in PPII helices, all -CH,- groups can form H-bonds whereas in
antiparallel orientations, only every third -CH,- group does so". This means
that there is one kind of -CH,- IR signal for the parallel orientation, but two
kinds of peaks for the antiparallel orientation. In the IR spectra, two types of
-CHS,- signals are seen, and the position of the peaks agrees with normal mode
calculations”. This is good evidence that the antiparallel orientation is
dominant. More recently, a survey of PPII helices in folded proteins revealed
that the predominant orientation is antiparallel”’. Nevertheless, the bases of
this preference is still not clear. Some possibilities are that it could be due to a
stronger H-bonding network, more favorable helix macrodipole interactions,
and/or less unfavorable entropic effects due to shorter connecting loops. By
studying the H-bonding network, we aim to test the role of H-bonding for the
preference for the antiparallel PPII helix orientation.

To bridge this gap in our understanding of PPII helical bundle stability,
the current study employs a multifaceted methodology, integrating
Dispersion-corrected Density Functional Theory (DFT-D) calculations
with Natural Bonding Orbital (NBO) and Quantum Theory of Atoms in
Molecules (QTAIM) analyzes, together with Symmetry-Adapted Pertur-
bation Theory (SAPT) assessments. We present evidence for the existence of
HBC between antiparallel PPIT helices in one and multiple, multidirectional
layers, and when considering them together with parallel PPII helices, with
particular attention to the role of non-canonical CO--H,C, H-bonds,
especially in Gly-rich regions. This finding not only improves our

understanding of PPII helix assemblies but also reveals a more complex
H-bonding network, broadening the scope of known H-bonding dynamics
in protein chemistry.

Results

In the following sections, we begin by describing the construction of
representative 2D and 3D PPII helical bundles and the theoretical frame-
work used to analyze HBC in these models. We then examine H-bond
patterns and strengths in antiparallel 2D systems, followed by an in-depth
analysis of 3D models with various helical arrangements. Finally, we sum-
marize key trends and validate the models through NMR chemical shift
comparisons.

Model systems and theoretical framework to study PPII helical
bundles

Construction of 2D and 3D computational models. To explore the
origin of HBC in PPII helical bundles, we constructed theoretical models
that reproduce the most representative arrangements observed in natural
Gly-rich PPII helical domains. We selected two major topological
schemes: a 2D antiparallel bundle consisting of aligned helices growing in
one direction and 3D bundles composed of helices arranged both parallel
and antiparallel oriented in two directions and stacked in two layers. This
setup mimics proteins in which the organization of the PPII helices
adopts alternating orientations within and between faces of the bundle.
The overall goal was to test whether HBC could manifest in different
architectural motifs, especially those lacking a hydrophobic core.

The 2D antiparallel computational model consisted of replicating five
times, at 4.7 A separation, the nine residues (31-39, i.., three turns) of the
central PPII helix from the polar face of the short isoform of HhAFP (Fig. 1).
To emulate the continuity of the natural sequence, the N and C termini of each
PPII helix were capped with acetyl and methylamine groups, respectively. To
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Fig. 2 | PPII helix assembly orientations. A 2D, Gly-rich antiparallel PPII helical
bundle computational model: red spheres represent oxygen; blue, nitrogen; gray,
carbon, and white, hydrogen. B Graphical representation of a PPII helix as a triangle
and of the three-fold symmetry axis as a dashed line. C Graphical side-view repre-
sentation of the 3D, Gly-rich PDPR configuration. D Graphical side-view repre-
sentation of the 3D, Gly-rich PDAR configuration. E Graphical side-view
representation of the 3D, Gly-rich ADPR configuration. F Graphical side-view
representation of the 3D, Gly-rich ADAR configuration. The gray PPII helices are

parallel to each other and the yellow PPII helices are parallel to each other, so the
yellow and gray helices are antiparallel to each other. PDPR: parallel PPII helices
along both the direct growth direction (from the carbonyl oxygen of B and the
reverse (from the amide hydrogen of B); PDAR: parallel PPII helices along the direct
growth direction and antiparallel along the reverse; ADPR: antiparallel PPII helices
along the direct growth direction and parallel along the reverse, and ADAR: anti-
parallel PPII helices along both the direct and the reverse growth directions.

extend the applicability of this model to every Gly-rich antiparallel PPII helical
bundle, every non-glycine residue was replaced by glycine (i.e., H32, N35, and
N38). The second and fourth helices were rotated 180°, yielding the final 2D
antiparallel PPII helical computational model (Fig. 2A).

Considering a Gly-rich PPII helix, bundle growth can occur along two
distinct axes: either from the carbonyl oxygens (C=O axis) or from the
amide hydrogens (N-H axis) (Fig. 2B). Given the three-fold symmetry of
PPII helices, adding helices along either axis is equivalent across their
respective symmetry-related positions. The growth direction along the C=O
axis will be referred to as the direct direction, used in the 2D antiparallel
model and the previously reported 2D parallel model'’, while growth along
the N-H axis will be termed the reverse direction.

The 3D computational models comprised four distinct topologies
defined by the relative orientations of their constituent PPII helices:
PDPR (parallel in direct and reverse directions), PDAR (parallel in direct,
antiparallel in reverse), ADPR (antiparallel in direct, parallel in reverse),
and ADAR (antiparallel in both directions). The same nine-Gly PPII
helix was duplicated twice in both direct and reverse directions, again
separated by 4.7 A, forming the PDPR model (Fig. 2C). To obtain the
PDAR model (Fig. 2D), the central reverse-direction PPII helix was
rotated 180° in the ADPR model (Fig. 2E), the central direct-direction
PPII helix was rotated 180° finally, the ADAR model (Fig. 2F) had both
central direct and reverse PPII helices rotated 180°. For instance, bundles
like those in Salmonella phage S16 TFA, ALK, and B. subtilis Obg
GTPase feature several parallel and antiparallel PPII helices distributed
across layered architectures (Fig. 1).

H-bonding strength and other parameters as a metric of coopera-
tivity. We define H-bonding strength (HBS) as the pairwise interaction
energy between neighboring PPII helices, computed through DFT-D and

SAPT calculations. In bundles, if HBS increases (i.e., becomes more
negative) as more PPII helices are added, it would reflect the reinforce-
ment of individual H-bond interactions through the network. This
additive behavior (i.e., more favorable per PPII helix with increasing
bundle size) is a hallmark of HBC. Furthermore, the variation of other
computational parameters, such as those of NBO and QTAIM analysis,
derived from the growth of the PPII helical bundle, can be used to
describe HBC in detail. Figure 3 schematically represents the config-
urations for every calculation or analysis in each model, as well as the
labeling convention for interfaces between PPII helices, which is main-
tained throughout this article.

H-bonding cooperativity in 2D antiparallel PPII helical bundles
To investigate the energetic signatures of HBC, we focused first on the 2D
model containing five aligned, antiparallel Gly-rich PPII helices (4, b, ¢, d
and e) (Fig. 2A). Through DFT-D calculations, we systematically computed
the HBS across the different interfaces of all its subunits in order of
increasing size, i.e., dimer (ab), trimer (abc), tetramer (abcd) and pentamer
(abcde), which represents the full system (Fig. 3). Figure 4 illustrates how the
interaction energy evolves as more PPII helices are added to the antiparallel
array. Notably, the energy becomes increasingly favorable (i.e., more
negative) with each added PPII helix: HBS increases progressively from
interface a-b, to b--c and c--d, with values shifting from —52.62 to —57.43
and —57.60 kcal/mol, respectively, representing an overall HBS gain of
approximately 9.5%. The only interface not considered is d--e since it
represents the limit of the model, obstructing the assessment of how adding
more PPII helices affects the interaction energy.

The monotonic trend in HBS clearly demonstrates the presence of
cooperativity in the 2D antiparallel configuration. The increase in interac-
tion energy per PPII helix as more chains are added cannot be explained by
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Fig. 3 | Scheme utilized for the calculation of the
different parameters between PPII helices. The

different interfaces of the 2D antiparallel computa- a-
tional model of Fig. 2A and between the PPII helices
of the four 3D configurations depicted in Figs. 2C, D,
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are those that give rise to the a--bc interface of the 3D
computational model, that is, where the interaction
of helix a with the neighboring helices b and c takes C
place. In both cases, the black PPII helices represent
the ones that were already part of the bundle or the

added ones when growing the bundle, i.e., those that
do not form the interface where the calculations

(o
take place. 3D abe -
-46 Table 1 | HBS between antiparallel PPII helices in the different
interfaces of the 2D computational model and parallel PPII
helices of ref. 11
-48 1
HBS (kcal/mol) Interface Number of PPII helices
-50 2 3 4 5
= Antiparallel PPIl helices  ab —4717 5186 5245 —-52.62
]
g -521 bc o -51.09 -56.62 —57.43
g cd - - —51.78  —57.60
o 54 Parallel PPII helices ab —46.92 -51.62 -52.33 -52.40
[a1]
I bc - -52.73 -58.82 -59.61
564 — abinterface cd - - —-53.20 -59.28
— bc interface
58 — cd interface
+ Antiparallel - H-bonding patterns in 2D antiparallel PPIl helical bundles. To
¢ Parallel T : understand the physical basis of HBC in antiparallel bundles, we exam-
'601 M 3 } 5 6 ined the specific types of H-bonds formed between PPII helices. In

Number of PPII helices

Fig. 4 | HBS comparison. HBS between antiparallel PPII helices of the 2D com-
putational model (stars, straight line) and parallel PPII helices of reference 11
(rhombuses, dashed line). The ab interface is indicated in blue; the bc interface, in
red, and the cd interface, in green, as the color scheme depicted in Fig. 3.

pairwise additivity alone, indicating that a collective reinforcement
mechanism, which is typical of HBC, is operative. Table 1 quantifies these
results, confirming that HBC is not exclusive to parallel PPII helical
arrangements, as shown previously'’, but also applies to antiparallel
configurations.

It is particularly noteworthy that this behavior arises in the absence of
hydrophobic stabilization. These Gly-rich PPII helical bundles lack the
hydrophobic cores that often contribute to bundle stability in other sec-
ondary structures, such as a-helical coiled coils*. Instead, the observed
stabilization originates entirely from polar interactions and electrostatic
contributions. The results indicate that aligned arrays of H-bonds formed by
backbone atoms in antiparallel PPII helical geometry are sufficient to yield
cooperative stabilization.

These findings broaden our understanding of HBC beyond better-
known examples such as amyloids™'’. They also provide a strong
rationale for examining more complex 3D PPII helical assemblies, where
additional orientational effects may influence the magnitude and nature
of HBC.

antiparallel arrangements, carbonyl groups from one PPII helix can form
H-bonds with either the backbone amide hydrogen (CO--HN) or with
the alpha hydrogen of glycine residues (CO--H,C,) from an adjacent
chain. These CO--H,C, contacts can be subdivided into two categories
based on their geometric proximity: proximal, when the interacting
carbonyl and H,C, groups are in adjacent turns, and distal, when they are
offset by one turn, resulting in a longer donor-acceptor distance and a
bond angle that deviates more from the optimal, which is 180°. These
H-bonds collectively form a repetitive zigzag pattern along the interface
of two antiparallel helices (Fig. 5A). The zigzag topology is unique to
antiparallel geometry and is distinct from the more linear H-bond chains
found in parallel arrays''. This arrangement allows alternating CO--HN
and CO--H,C, interactions to occur along the interface, potentially
enhancing structural stability through dense polar contacts.

CO--HN and CO--H,C, proximal contacts were consistently observed
across all modeled interfaces, with short donor-acceptor distances and
favorable angles, suggesting strong directional H-bonding. In contrast,
CO--H,C, distal contacts were less frequent, forming only in approximately
one-third of the possible positions (see below). To assess the prevalence of
each interaction type, we examined in detail the nature and distribution of
H-bonds in 2D antiparallel bundles through NBO analysis, whose results
are summarized in Tables 2, 3 and Fig. 6.

Asnew PPIT helices are added to the bundle, according to the scheme of
Fig. 3, we observe progressive reinforcement of CO--HN H-bonds. This is
reflected in several electronic indicators inherent to the NBO methodology.
In particular, the occupancy of the o* orbitals in N-H bonds, q(onm),
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Fig. 5 | H-bonds in antiparallel PPII helices and
small molecule mimics. A H-bonds between anti-
parallel PPII helices in a 2D antiparallel PPII helical
bundle: CO--HN, CO--H,C, proximal and
CO--H,C, distal. B Simplified structures for
CO--HN (C, formamide), CO--H,C, proximal (P,
N-methylformamide), CO--H,C, distal (D, acet-
aldehyde), and (CO),-(H,),C, proximal-+distal

(P + D, N-(2-oxoethyl)formamide) H-bonds.

Table 2 | Mean occupancy (q) of the corresponding o* orbitals
for each CO---HN, CO---H,C, proximal and CO---H,C,, distal
H-bond between antiparallel PPII helices at the different
interfaces of the 2D computational model

q(c*) (102 electrons) Interface Number of PPII helices
2 3 4 5
CO--HN ab 4030  4.071 4.079 4.083
bc - 4.508 4.555 4.566
cd - = 4.603  4.662
CO--H,Cq ab 1.681 1.693 1.692 1.691
Roxinal be - 1661 1675  1.674
cd - - 1.661 1.675
CO-H.C, ab 1.687 1.683 1.683 1.684
Distal be - 1728 1725 1725
cd . 1.731 1.730

Table 3 | Mean stabilization energy (E(2)) of the corresponding
n(0)/o(CO)/n(CO)—c*(NH/C,H,) electron delocalization for
each CO---HN, CO---H,C, proximal and CO---H,C, distal
H-bond between antiparallel PPII helices at the different
interfaces of the 2D computational model

E(2) (kcal/mol) Interface Number of PPII helices
2 3 4 5
CO--HN ab 19138  19.368  19.408  19.423
be 23723 24015  24.065
cd 24030  24.335
CO-HoCa ab 4.053 4.077 4.083 4.077
Proximal be 4.413 4.443 4.430
cd 4.430 4.453
CO-HyCq ab 0.570 0.570 0.570 0.570
Distal bc 0.750 0.750 0.740
cd 0.750 0.740

increases systematically at each added interface, indicating enhanced elec-
tron donation as the H-bond network becomes more extended. Likewise,
the stabilization energy corresponding to the delocalization of not only the
lone pairs (n) from the oxygen in those orbitals, but also of the ¢ and =
orbitals of the C=0 bonds, E(2),0)/0(coymcoy—o )y becomes more

extended. For CO--H,C, proximal H-bonds, we also observe the same
trends for both the (6™ cop1o) and E(2),(0)/0(c0oy/m(CO)—o(Catiay DUt within a
smaller range. On the other hand, the CO--H,C, distal H-bonds show small
values of E(2),(0)—o(Catioy and constant values of q(6*cumo), and only
involve the lone pairs of the oxygen. This electron delocalization into the *
orbitals in C,-H, bonds only occurs in the middle turn of these PPII helices,
which contain three turns.

The same conclusion can be drawn from the QTAIM analysis,
extensively detailed in the supplementary material. Its results are reported in
Tables S1, S2, S5, S6, and Figs. S1, S6. The magnitude and variation of
parameters specific to the QTAIM methodology, like the electron density
and its Laplacian at the critical points corresponding to the CO--HN and
CO--H,C, proximal H-bonds, are consistent with strong and cooperative
interactions, while evincing that CO--H,C, distal H-bonds are weak and
non-cooperative. The same holds true for the relative positions of the critical
points. These results confirm that cooperativity, or the lack of, is not only
detectable at the energetic level but also manifests in the electron distribution
within the H-bonding network.

Strength of individual H-bonds in 2D antiparallel PPII helical bun-
dles. To isolate the contribution of each type of H-bond to the total
interaction energy, we designed minimal molecular systems representing
individual CO--HN, CO--H,C, proximal and CO---H,C, distal H-bonds,
following previous procedures employed by us and others'***, These
systems were built using simple amide or aldehyde derivatives such as
formamide, N-methylformamide, acetaldehyde, and N-(2-oxoethyl)
formamide. Each model was constructed in layers (from dimers to
pentamers), mimicking the stacking of antiparallel PPII helices and
subjected to DFT-D energy calculations. Figure 5B illustrates these
simplified mimetic models.

The calculated interaction energies, according to the scheme
depicted by Fig. 3, showed clear differences in strength and cooperativity
across H-bond types. CO--HN dimers exhibited the highest interaction
energy and the strongest increase with added layers, consistent with
marked cooperativity. CO--H,C, proximal H-bonds displayed moderate
energies and cooperative gains, albeit saturating more quickly. CO--H,Cq
distal H-bonds showed the weakest and least cooperative behavior.
Additionally, when both proximal and distal interactions were combined
in a bifunctional model, the resulting interaction energy exceeded the
additive sum of the individual components, suggesting synergistic effects.
When simply summing all these individual interaction energies, they
initially yield lower values than the total HBS calculated directly from
complete PPII helices. However, as additional layers are considered, the
summed contributions surpass the global HBS values, highlighting again
the global HBC of the antiparallel arrangement. Table 4 and Fig. 7
summarize and show the HBS trends.
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Fig. 6 | NBO analysis of antiparallel PPII helices, 2D model. A Mean occupancy
(q) of the corresponding 0*(NH/C.H,) orbitals and B mean stabilization energy
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CO--H,C, distal (left triangles) H-bond between the antiparallel PPII helices of the
2D computational model. The ab interface for the different systems is indicated in
blue; the be interface, in red, and the cd interface, in green.

To better understand the physical origin of these interactions, we
performed SAPT energy decomposition calculations at a high level of the-
ory, which are extensively detailed in the supplementary material. The
results are reported in Tables S9, S10, S11, S12, S13 and Figs. S11,
$12, 813, S14, 815, S16. For CO-+-HN and CO--H,C, proximal H-bonds, the
primary contributors to the SAPT interaction energy were electrostatics and
induction, consistent with strong polar character and cooperative stabili-
zation. For distal H-bonds, dispersion and exchange dominated, reflecting
weaker and less directional bonding.

H-bonding cooperativity in 3D PPII helical bundles

We next evaluated HBC across the four 3D topologies (PDPR, PDAR,
ADPR, and ADAR) to assess how different PPII helix orientations influence
cooperative stabilization. As with the 2D bundles, each system was grown by
adding PPII helices, and the pairwise interaction energy between them was
computed and tracked as a function of bundle size. We only focused on the
a--bc interface of all the 3D models when considering three and five PPII
helices (Fig. 3). We did not analyze b--d or c-e interfaces because they
represent the limit of our systems and the HBS increases at these interfaces
cannot be computed since no more PPII helices are added to the four
different 3D bundles.

In all cases, we observed that the total interaction energy became
increasingly negative as the number of PPII helices increased (Fig. 8),
confirming that HBC operates not only in 2D bundles but also across more
complex 3D architectures. In particular, an increase in HBS values of
~9.3-9.8% is observed when three-helical bundles are expanded into five-
helical bundles. However, the extent of this cooperative energy gain differed
among topologies. PDPR bundles, which are composed entirely of parallel
helices, showed the strongest cooperativity, with the largest incremental
increase in stabilization per PPII helix. PDAR and ADPR, which combine
parallel and antiparallel orientations in different directions, exhibited
intermediate levels of cooperativity. In contrast, ADAR bundles, which are
those composed exclusively of antiparallel PPII helices in both growth
directions, displayed the weakest energetic reinforcement. These differences
are quantitatively summarized in Table 5.

Altogether, these results establish that HBC is a general phenomenon
across PPII helical bundles of varying orientations but that its magnitude

depends strongly on the specific spatial organization of the PPII helices. This
suggests that the presence of competing orientations, which is common in
layered 3D topologies, influences the cooperativity of H-bonds in the
assembly. Consequently, we examined in detail the nature and distribution
of H-bonds that form in these arrangements.

H-bonding patterns in 3D PDPR PPII helical bundles. We began our
electronic analysis with the PDPR configuration (Fig. 2C). This topology
provides a clean reference framework to assess both canonical and non-
canonical HBG, since the PPII helices interact predominantly through
CO--HN, but also through the greater number of CO---H,C, H-bonds
seen in these systems, and avoid the geometric variability introduced by
antiparallel pairings. To assess the prevalence of each interaction type, we
examined in detail the nature and distribution of these H-bonds through
NBO analysis, whose results are summarized in Tables 6 and 7 and Fig. 9.

Following the scheme of Fig. 3, we find that the same H-bonds tha-
t occur in a 2D parallel arrangement (Fig. 10) exist and show similar
behavior in this 3D parallel arrangement as PPII helices are added to the
bundle'. For canonical CO-~-HN bonds, the bundle growth in both the
direct and the reverse direction involves an increase in both q(ony) and
E(2)n0)/0(coym(coy—o*m)- For CO-H,C, inner H-bonds, we also observe
the same trends for both q(G*CaHu) and E(2)n(o)/U(Co>/ﬂ<co)4,0(caHu), but
within a smaller range. Regarding the other type of non-canonical H-bond,
the CO--H,C, front, while E(2),0)—o*cato slightly increases as PPII
helices are added to the bundle in both growth directions, q(0™ cun.) slightly
decreases. Finally, the potential CO--H,C, outer interactions show
q(0*cama) values that remain virtually constant and negligible
E(2)n(0)—o*(catie @ the bundle grows in both directions, suggesting their
non-existence.

These findings are corroborated by the QTAIM analysis, which is
thoroughly detailed in the supplementary material in Tables S3, S4, S7, S8
and Figs. S2, S7. The magnitude and variation of the electron density, its
Laplacian, and the relative position of the critical points corresponding to
the CO--HN and CO--H,C, inner H-bonds are consistent with strong and
cooperative interactions; with limitedly strong and non-cooperative for
CO--H,C, inner H-bonds, and with non-existent for CO--H,C, outer
contacts. The behavior of these interactions is also clearly manifested in the
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Table 4 | Mean HBS between the molecules that reproduce
each CO---HN (formamide), CO---H,C, proximal
(N-methylformamide), CO---H,C, distal (acetaldehyde), and
(CO)2-++(H,)2C, proximal-+distal (N-(2-oxoethyl)fformamide)
H-bond, and the sum of all the contributions in the different
interfaces. The sum of the contributions is the HBS resulting
from the four CO---HN H-bonds (light gray) and the three
(CO),-++(H,)2C, proximal + distal H-bonds (not shaded).
Shown in parentheses are the percentages of total HBS
between full-length antiparallel PPII helices of the 2D
computational model that each value of the summation of the
different contributions represents. The HBS sums of the
isolated CO-:-H,C, proximal and CO---H,C, distal H-bonds are
shown in brackets. Global values are shaded medium gray

HBS (kcal/mol) Interface Number of layers
2 3 4 5
CO--HN ab —5.48 —-7.23 —7.89 —8.23
bc - —6.95 —9.52 —-10.57
cd - - —7.68 —10.68
CO-+-H,Cq ab —2.59 —2.61 —2.83 —2.84
Proximal be = _265 294 _347
cd - - —2.90 -3.16
CO-+H,Cq ab —1.14 —1.31 —1.45 —-1.49
Distal bc - 133 165 ~1.84
cd - - —1.46 —1.86
CO-+(Ha)2Cq ab —3.45 —4.37 —4.82 —5.03
Proximal-Distal [-3.73] [-3.92] [-4.28] [~4.33]
bc - —4.52 —5.98 —6.66
[-3.98] [~4.59] [-5.01]
cd - - —5.04 —6.71
[~4.36] [-5.02]
Sum ab —32.26 —42.04 —46.03 —47.99
(68%) 81%) (88%) 91%)
bc —41.36 —56.01 —62.26
(81%) (99%) (108%)
cd —45.84 —62.83
(89%) (109%)

electron distribution across the H-bonding network of the PDPR model,
beyond its energetic implications.

H-bonding patterns in 3D PDAR PPII helical bundles. We next
examined the PDAR configuration (Fig. 2D). This mixed arrangement is
an informative intermediate case to evaluate how the previously described
interactions respond to geometric asymmetry. Continuing with our pre-
vious approach, we again used NBO methodology to analyze in depth the
nature and distribution of the H-bonds and to assess how prevalent each
interaction type is. The results can be found in Tables 6, 7, and Fig. 11.

For the parallel direction of this system, we observe the same
H-bonding pattern and behavior along both directions of the previous 3D
parallel model. However, in the reverse direction, where PPII helices are
antiparallel, the H-bonding patterns and behaviors seen in the previous 2D
antiparallel model hold true only for canonical interactions. This time,
CO-H,C, proximal H-bonds reveal little to no gain in q(6*cana) When
adding PPII helices to the bundle and E(2)(0)/6(co)/m(co)—o*(CaHa) is found
at the energetic minimum to consider an existing interaction. Meanwhile,
CO--H,C, distal H-bonds go from occurring one out of three times with
constant q(0*cqq) and small E(2),0)—o*(Catiay to decreasing q(0™ capa)
and negligible E(2),,(0)—o*(Catia) all the time.

The supplementary material contains a detailed QTAIM analysis that
confirms these findings. The magnitude and variation of the electron den-
sity, its Laplacian, and the relative position of the critical points corre-
sponding to the CO--HN and CO--H,C, H-bonds are reported in
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Fig. 7 | HBS of H-bonds between molecules mimicking antiparallel PPII helices.
Mean HBS between the molecules that reproduce each CO--HN (formamide,
squares), CO--H,C, proximal (N-methylformamide, right triangles), CO--HCq
distal (acetaldehyde, left triangles), and (CO),-+(H,),C, proximal+distal (N-(2-
oxoethyl)formamide, rhombuses and dashed line) H-bond of the 2D antiparallel
computational model. As in the Fig. 3 color scheme, the ab interface for the different
systems is indicated in blue; the bc interface, in red, and the cd interface, in green.
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Fig. 8 | PPII helix orientation impacts HBS. HBS between the parallel and/or
antiparallel PPII helices of the four different 3D computational models. The PDPR
arrangement is indicated in purple; the PDAR arrangement, in magenta, the ADPR
arrangement, in orange, and the ADAR arrangement, in gray.

Tables S3, S4, S7, S8 and Figs. S3, S8. Despite being geometrically well-
placed, the CO--H,C, proximal H-bonds along the reverse direction of the
PDAR reveal modest energetic and electronic reinforcements, which sug-
gests that cooperativity is absent in these interactions, despite their structural
potential. In the same way, the poor geometry of the CO--H,C, distal
contacts presents negligible energetic and electronic parameters, so they are
classified as non-existent.

H-bonding patterns in 3D ADPR PPII helical bundles. The ADPR
configuration presents a compelling contrast to the PDAR model. While
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Table 5 | HBS between the parallel and/or antiparallel PPII
helices of the four different 3D computational models

HBS (kcal/mol) Number of PPII helices

3 5
PDPR —89.51 —98.05
PDAR —85.85 —93.84
ADPR —86.22 —94.33
ADAR —85.40 —93.79

Table 6 | Mean occupancy (q) of the corresponding o* orbitals
for each CO---HN, CO---H,C,, front, CO---H,C,, inner, and
CO---H,C, outer H-bond/interaction between parallel PPII
helices and for each CO---HN, CO---H,C, proximal, and
CO---H,C, distal H-bond between antiparallel PPII helices of
the four different 3D computational models made of parallel
and/or antiparallel PPII helices: PDPR, PDAR, ADPR,

and ADAR

q(o*) (102 H-Bond type Number of PPII
electrons) helices
3 5
PDPR D CO:--HN 4.079 4.108
CO-+-H,Cq Front 1.703 1.692
CO--H,Cq Inner 2.011 2.030
CO-+-H,C, Outer 1.786 1.784
R CO--HN 4.374 4.452
CO-+-H,C, Front 1.803 1.800
CO-+-H,Cq Inner 1.991 2.004
CO-+H,C, Outer 1.855 1.860
PDAR D CO--HN 3.982 4.000
CO-+-HoCq Front 1.722 1.712
CO:--H,Cq Inner 2.022 2.041
CO---H,C, Outer 1.759 1.746
R CO-HN 4.531 4.627
CO:--H,C, Proximal 1.322 1.322
CO-+-H,C, Distal 1.705 1.704
ADPR D CO--HN 4.244 4.290
CO-+-H,C, Proximal 1.713 1.725
CO--H,C, Distal 1.824 1.824
R CO--HN 4.355 4.436
CO-+-H,C, Front 1.824 1.824
CO-H,Cq Inner 1.941 1.953
CO:--H,C, Outer 1.737 1.734
ADAR D CO--HN 4.294 4.355
CO:--H,C, Proximal 1.724 1.735
CO-+-HoC, Distal 1.710 1.701
R CO-HN 4.762 4.869
CO:--H,C, Proximal 1.578 1.583
CO---H,C, Distal 1.749 1.746

both are mixed topologies, their orientation of key interactions leads to
markedly different cooperative behavior as the NBO analysis showed. Its
results are summarized in Tables 6, 7 and Fig. 12.

The type of H-bonds and their behavior in the reverse direction of this
configuration are the same as in the direct direction of the previous one, both
with parallel PPII helices. The same holds true for the canonical H-bonds

Table 7 | Mean stabilization energy (E(2)) of the corresponding
n(0)/o(CO)/m(CO)—o*(NH/CaHa) electron delocalization for
each CO:--HN, CO---HC,, front, CO---H,C, inner and CO---H,C,
outer H-bond/interaction between parallel PPII helices and
for each CO-:-HN, CO---H,C proximal and CO---H,C, distal
H-bond between antiparallel PPII helices of the four different
3D computational models made of parallel and/or antiparallel
PPII helices

E(2) (kcal/mol) H-Bond type Number of PPIl helices
3 5
PDPR D CO-HN 20.668 20.913
CO-*H,Cq Front 1.033 1.045
CO-+*HyCq Inner 6.817 6.880
CO-*H,C, Outer 0.000 0.017
R CO-HN 23.673 24117
CO-+H,C, Front 0.617 0.657
CO-+H,Cq Inner 6.237 6.307
CO---H,C, Outer 0.080 0.080
PDAR D CO-HN 19.868 20.098
CO---H,C, Front 1.270 1.300
CO:--H,Cq Inner 6.383 6.430
CO-*H,C, Outer 0.037 0.037
R CO--HN 24.347 24.720
CO--H,C, Proximal 0.500 0.500
CO--H,C, Distal 0.397 0.410
ADPR D CO-HN 21.043 21.313
CO-*H,C, Proximal 4.720 4.740
CO-H,C, Distal 0.087 0.087
R CO-HN 24.507 24.977
CO---H,C, Front 0.940 0.963
CO:--H,Cq Inner 5.390 5.450
CO--H,C, Outer 0.067 0.067
ADAR D CO--HN 21.925 22.170
CO:--H,C, Proximal 4.427 4.430
CO-H,C, Distal 0.147 0.150
R CO-HN 28.767 29.270
CO-+*H,C, Proximal 3.000 3.003
CO-H,C, Distal 0.310 0.317

and the lack of the non-canonical distal ones in the direct direction of this
configuration and the reverse of the previous one, both with antiparallel
PPII helices. However, the CO--H,C, proximal H-bonds show a modest but
consistent recovery of electronic cooperativity compared to the PDAR
model, as indicated by the increasing values of E(2),,0)/0(co)/m(CO)—o*(Catia)
and q(0*cana) across interfaces as the number of PPII helices grows.
Although the magnitude of these increases is lower than that observed for
CO--HN H-bonds, the trend is robust, indicating that these interactions are
not electronically inert.

The supplementary material provides a comprehensive QTAIM ana-
lysis supporting the previous results. The electron density values, their
Laplacians, and the spatial arrangement of critical points associated with the
canonical and non-canonical H-bonds are detailed in Tables S3, S4, S7, S8
and Figs. $4, S9. The corresponding values of CO--H,C, proximal interac-
tions rise slightly with bundle expansion, suggesting that the structural
context of ADPR favors cooperative enhancement, even in weaker bonds.
Compared to PDAR, where competition between canonical and non-
canonical interactions hampers delocalization, ADPR seems to alleviate
electronic conflict by distributing donor-acceptor roles more evenly.
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Fig. 9 | NBO analysis of the 3D PDPR configuration. A Mean occupancy (q) of the
corresponding o*(NH/C,H,,) orbitals and B mean stabilization energy (E(2)) of the
corresponding n(0)/6(CO)/n(CO)—o*(NH/C,H,,) electron delocalization for each
CO--HN (squares), CO--H,C, front (circles), CO--H,C, inner (triangles) and
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CO--H,C, outer (inverted triangles) H-bond/interaction between parallel PPII
helices of the 3D PDPR configuration. Dark purple for the direct growth direction
and light purple for the reverse.

Fig. 10 | H-bonding geometries. A H-bonds/
interactions between parallel PPII helices in a 2D
parallel PPII helical bundle: CO--HN, CO--H,C,
front, CO--H,C, inner, and CO--H,C, outer. B The
three H-bond types sharing carbonyl oxygen in the
3D PDAR model system. C The two H-bond types
sharing carbonyl oxygen in the 3D ADAR model
system.

H-bonding patterns in 3D ADAR PPII helical bundles. The ADAR
configuration represents the most geometrically diverse yet electronically
balanced topology among the bundles analyzed. In contrast to mixed
configurations, ADAR avoids the directional asymmetry of the PDPR
model, allowing for a clear view of how non-canonical interactions
behave when unconstrained. The corresponding NBO findings are
summarized in Tables 6, 7 and Fig. 13.

The antiparallel arrangement promotes a zigzag network of CO--HN
and CO--H,C, proximal H-bonds in both directions. In this context, both
H-bond types exhibit cooperative behavior as indicated by a steady increase
in the occupancy of the 0*(NH) and 0*(C,H,) orbitals, as well as in the
stabilization energies for the electronic donation of the corresponding
carboxylic oxygens. In addition, CO--H,C, distal H-bonds are not present
like in the PDAR and ADPR configurations, as indicated by the decreasing
q(0* cana) and negligible E(2),,0)—o*(cana) Values.

QTAIM descriptors also indicate enhanced electron density, favorable
Laplacian, and appropriate positions for the critical points corresponding to

CO-~HN and CO--H,C, proximal H-bonds; while the opposite for
CO--H,C, distal contacts, evincing their absence. These results are
widely discussed in the supplementary material and reported in
Tables S3, S4, S7, S8 and Figs. S5, S10.

Summary of interactions and corroboration of the
computational models

Energetic and geometric summary of H-bonds. Table S14 con-
solidates the computational metrics of the H-bonds examined in this
study, i.e., between antiparallel PPII helices, thus collecting the same
information already existing between parallel ones''. This average var-
iation should be understood as the mean difference between the last and
first values for the interfaces ab (X pede = Xap)> 0¢ (Xapede = Xave)> and cd
(Xabede — Xapea) of the 2D computational model, calculated for parameter
X. Our NBO and QTAIM analyzes, as well as the DFT-D and SAPT
calculations of the interaction energy or HBS, point to the existence and
cooperativity of CO--HN and CO---H,C, proximal H-bonds. The case of
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Fig. 11 | NBO analysis of the 3D PDAR configuration. A Mean occupancy (q) of
the corresponding 0*(NH/C.H,) orbitals and B mean stabilization energy (E(2)) of
the corresponding n(0)/a(CO)/n(CO)—o*(NH/C,H,) electron delocalization for
each CO--HN (squares), CO--H,C, front (circles), CO--H,C, inner (triangles) and
CO--H,C, outer (inverted triangles) H-bond/interaction between parallel PPII
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CO--H,C, distal (left triangles) H-bond between antiparallel PPII helices of the 3D
PDAR configuration. Dark magenta for the direct growth direction and light
magenta for the reverse.
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Fig. 12 | NBO analysis of the 3D ADPR configuration. A Mean occupancy (q) of
the corresponding 0*(NH/C.H,,) orbitals and B mean stabilization energy (E(2)) of
the corresponding n(0)/a(CO)/n(CO)—o*(NH/C,H,) electron delocalization for
each CO--HN (squares), CO--H,C, proximal (right triangles) and CO--H,C, distal
(left triangles) H-bond between antiparallel PPII helices and for each CO--HN
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outer (inverted triangles) H-bond/interaction between parallel PPII helices of the 3D
ADPR configuration. Dark orange for the direct growth direction and light orange
for the reverse.

CO-+H,C, distal H-bonds is more complex, since they are only found
one-third as often as the previous two, and when they are present, they are
uncooperative and weak. In fact, when more than one growth direction of
the bundle is considered, i.e., in the 3D computational models, the distal
H-bonds never exist. The distances between H-bond acceptors (carbonyl
oxygen) and donors (Hy or H,) mirror the observed strengthening, or
lack thereof, of these proposed H-bond types between antiparallel PPII

helices (Table S15 and Fig. S17). Specifically, the longest distances are
associated with CO---H,C, distal H-bonds, which are the weakest. Con-
versely, shorter distances are observed for the cooperative CO--HN and
CO--H,C, proximal H-bonds, which indicate stronger interactions.
Figure 14 offers a graphical comparison of interactions according to the
strength and cooperativity of the different existing H-bonds between
parallel and antiparallel PPII helices.
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Fig. 13 | NBO analysis of the 3D ADAR configuration. A Mean occupancy (q) of
the corresponding 0*(NH/C,H,,) orbitals and B mean stabilization energy (E(2)) of
the corresponding n(0)/6(CO)/n(CO)—0c*(NH/C,H,) electron delocalization for
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each CO--HN (squares), CO--H,C, proximal (right triangles) and CO--H,C, distal
(left triangles) H-bond between antiparallel PPII helices of the 3D ADAR model
system. Dark gray for the direct growth direction and light gray for the reverse.
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Fig. 14 | Graphical comparison of interactions, based on 0 to 5 stars, of the
strength and cooperativity of H-bonds between parallel and antiparallel PPII
helices. The gray PPII helices are parallel to each other and antiparallel to the yellow
one. Five stars for strength are assigned to the CO--HN H-bond of a parallel
arrangement, three stars to the CO--H,C, inner H-bond, and the one to the
CO--H,C, front H-bond based on the second presenting half the HBS of the first and
three times that of the third"'. Regarding cooperativity, five stars are assigned to the
CO--HN H-bond for showing the maximum increase when completing the parallel
PPII helical bundle, three stars to CO---H,C, inner H-bond for showing half of that

Hﬂ inner
,,,, fﬂﬁl&

increase, and none to CO--H,C, front H-bond for not showing cooperativity''.
Likewise, for the H-bonds of an antiparallel arrangement: five stars for strength and
cooperativity for CO--HN H-bonds for presenting more than twice the HBS and
interaction energy increases as CO--H,C, proximal H-bonds (Table 4 and Fig. 7),
which have been awarded two stars for each category. Meanwhile, only one star of
strength for CO--H,C, distal H-bonds for having half the HBS of their proximal
counterparts and zero stars of cooperativity for not presenting HBC (Table 4 and
Fig. 7). Note that non-canonical distal H-bonds are only present in 2D bundles, but
not the 3D bundles.

NMR validation of theoretical parameters. In order to validate
our findings, we explored both experimental and computational changes
in NMR chemical shifts induced by H-bond formation. Gly-rich pep-
tides in solution are generally inclined to assume an extended PPII
helical structure rather than a random coil or other conformations™ .

The two 'H, NMR signals are typically degenerate in disordered pro-
teins. Interestingly, we previously found that in PPII helical
bundles, these two 'H, shifts are distinct, offering the first set of

conformational chemical shifts, AS, specific to Gly-rich PPII helical
bundles’. To further validate our observations, we predicted con-
formational chemical shifts for *C,, *CO, and 'H, nuclei involved in
CO--H,C, H-bonds of the 2D and 3D computational models. The
experimental and these theoretical conformational shifts are shown in
Table 8. In every case, the computational values fall within the range of
the empirical ones, lending additional credence to the presence of the
H-bonds analyzed here.
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Table 8 | Mean experimental and theoretical NMR
conformational chemical shifts (ppm) for 'H and '*C H-bonded
nuclei in Gly-rich PPII helical bundles

AS (ppm) e, ®Co "Hq
Experimental’ —0.59 (+0.65) ~-0.20 (+1.12) —0.59 (+0.32)
2D antiparallel model —1.16 0.56 —0.35
3D PDPR model —-0.67 —0.40 —0.56
3D PDAR model —0.96 —0.56 —0.49
3D ADPR model -0.73 —0.69 —0.48
3D ADAR model —0.89 -0.13 —0.47
Discussion

The stability of proteins and protein domains featuring Gly-rich PPII helical
bundles has long been a subject of intrigue, given the inherently high flex-
ibility of glycine residues*'"***. Various factors have been identified as
contributing to the stable folded state of these proteins, like a moderate
conformational entropy in the denatured state® or a significant number of
CO--H,C, H-bonds*’. Previously, we reported the HBC as a possible sta-
bilizing effect in Gly-rich parallel PPII arrangements like those displayed by
both layers of HHAFP or GrAFP'"'. In this study, we have employed five
carefully designed computational models, corroborated by NMR obser-
vables, to probe the potential stabilizing forces at play in between Gly-rich
antiparallel PPII helices when considering them alone and in combination
with parallel ones. Our investigation addresses the different types of
H-bonds between antiparallel PPII helices, which display a unique zigzag
pattern (Fig. 5A), as well as the effect of introducing into the H-bonding
network the aligned interactions between parallel PPII helices (Fig. 10).

First, by means of NBO and QTAIM methodology, as well as DFT-D
and SAPT calculations, our computational analyzes have unveiled the
existence of HBC between antiparallel PPII helices when considering a
bundle that grows only in one direction. This revelation significantly
enhances our understanding of the stabilizing forces in Gly-rich PPII helical
bundles. We have confirmed the existence and cooperativity of CO--HN
H-bonds and those that we call CO--H,C, proximal H-bonds, while our
results strongly suggest that those that we call CO--H,C, distal H-bonds do
not always form, and when they do, they are weak and noncooperative.
Thus, they do not contribute as much as the others to the stability of the
antiparallel arrangement along one plane. This reconciles with experimental
evidence where through NMR two different chemical shifts are obtained for
the H,s of the glycines in PPII bundles containing both parallel and anti-
parallel helices, which is consistent with only one of them being involved in
H-bonds, or with one being involved in a stronger bond and the other in a
weaker one”.

While the major contribution to the antiparallel arrangement comes
from canonical H-bonds, the non-canonical ones also make significant
contributions (Table 4 and Fig. 7). In the interaction between two anti-
parallel PPIT helices in our 2D model before experiencing cooperativity, i.e.,
helices a and b without considering ¢, d, and e, each CO--HN H-bond
represented by two formamide molecules contributes =5.5 kcal/mol. If we
additionally consider the =3.5 kcal/mol arising from the CO--H,C, prox-
imal+-distal H-bonds, adequately represented by a pair of N-(2-oxoethyl)
formamide molecules, we reach an HBS of =9.0 kcal/mol per PPII helical
turn, as opposed to the initial =5.5kcal/mol corresponding only to the
canonical H-bonds. In this way, the important role of non-canonical H-
bonds in the stability of antiparallel PPII bundles is highlighted.

These observations suggest that while CO--HN and CO--H,C, prox-
imal interactions between antiparallel PPIT helices are robust contributors to
bundle stability, the distal ones play a more auxiliary role. The relative
contribution of each interaction type likely depends on sequence compo-
sition and steric constraints, particularly in Gly-rich regions that favor
flexibility and close packing. Interestingly, the total energy of complete
bundles was found to be less than the sum of their isolated parts, indicating

that long-range effects and macrodipole interactions may regulate the
overall energy landscape.

When comparing the hydrogen-bonding patterns of parallel and
antiparallel arrangements more closely, both exhibit cooperativity between
canonical and one type of non-canonical H-bonds: inner for the former and
proximal for the later. However, parallel PPII helices consistently display an
additional non-cooperative interaction: the CO-+-H,C, front H-bond'". In
contrast, the corresponding non-cooperative interaction in antiparallel PPII
helical bundles, the CO--H,C, distal H-bond, is not always observed. This
could be the reason why parallel PPII helices show somewhat higher
interaction energies (about 1 kcal/mol per turn of PPII helix) compared to
the antiparallel ones. This may also be one of the reasons why Gly-rich
sequences adopting parallel arrangements, moderately more stable, give rise
to layers with some larger number of PPII helices'™"” compared to the
number of helices that can be found in the layers of antiparallel
arrangements'*"’, moderately less stable. Nevertheless, a long turn or linker
would be needed to connect PPII helices if they were to be all parallel. Long
connecting turns or linkers are entropically destabilizing and are also
expected to lead to slower folding™”’.

The relevant formula from polymer theory is:

L

AG = cRT' I
c anf

)

where L is the loop length in number of residues, L, is a reference loop
length, cis a constant = 1.63 (taking into account excluded volume effects of
a random coil) or 2.4 (taking into account excluded volume effects of a
random coil and end effects). In our opinion, the value of 2.4 may well have a
stronger theoretical basis as it also takes into account end effects. Never-
theless, previous publications have used both the 2.4** and the 1.63* values.
Here, we decided to present the results obtained using both options so that
the reader can see that even with the lower c value, 1.63, the free energy cost
of the linker is substantial. Therefore, for the case of PPII helices with about
three turns, about ten residues are required to make a connection between
parallel helices, but just two for antiparallel ones. Taking T = 298.2 K, we get

keal 10 kcal
AG =1.63-1.98717-107° —%_ 208 2K -In— = 1.6 = (2)
mol - K 2 mol
or
keal 10 kcal
AG=2.4-1.98717-107° —2_ 298 2K -In— = 2.3 (3)
mol - K 2 mol

for ¢ = 1.63 or ¢ = 2.4, respectively. This is a substantial value and could
explain why antiparallel orientations are favored in model peptides'” and
natural proteins with PPII helical domains™.

Furthermore, PPII helix macrodipole interactions are destabilizing
in the parallel configuration but stabilizing for antiparallel PPII helices™. In
a-helices, a AG of approximately 0.6 kcal/mol for altering an unfavorable
interaction to a favorable one at one end can be calculated based on pre-
viously reported data’. Therefore, if two PPII helices in parallel reverse their
orientation, the stabilization could amount to 1.2 kcal/mol, accounting for
two interactions. Considering the macrodipoles in PPII helices are weaker
than in a-helices, a contribution of one kcal/mol can be considered an
approximate upper limit™. In our recent study of parallel PPII helices', the
HBS is reported to be 10 kcal/mol per helical turn: 6 kcal/mol from cano-
nical H-bonds, 3 kcal/mol from inner, and 1 kcal/mol from front non-
canonical H-bonds. This is 1 kcal/mol per turn more than for the anti-
parallel helices. Thus, for PPII helices with less than three turns, which are
the most common in naturally occurring PPII helical bundle domains™, the
contributions of the loop length (2 kcal/mol) and macrodipoles (1 keal/mol)
would be large enough to favor the antiparallel orientation over the parallel
one. Interestingly, on the basis of these calculations, it is possible to predict
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that PPII helices with four or more turns would favor the parallel
orientation.

Then, using once again both energetic and electronic descriptors, we
have also established that when considering multiple planes, every possible
configuration of parallel and antiparallel PPII helices leads to bundles that
gain stability with size. However, it is important to note that, while the
H-bonding patterns and cooperativity occurring along a single plane of
parallel PPII helices hold when a multiplane bundle is considered, the
H-bonding patterns and cooperativity occurring along a single plane of
antiparallel PPII helices vary.

The symmetry and homogeneity of the PDPR model make it a robust
baseline to distinguish cooperative versus competitive effects in more
complex topologies. The CO--HN and the CO--H,C, inner H-bonds
between parallel PPII helices always show cooperativity, more noticeable for
the former than for the latter, while the CO--H,C, front H-bonds never
cooperate due to the competition with the more favored CO--HN H-bonds,
with which they share carbonyl oxygen' (Fig. 10A). The same statements
hold true for the parallel layers of the PDAR and ADPR configurations,
along with the CO-H,C, outer interactions never existing.

In terms of antiparallel PPII helices, the strong CO--HN H-bonds are
always cooperative, and the CO--H,C, distal H-bonds go from existing
weakly, non-cooperatively one out of three times in a single plane to never
existing when considering more than one plane in the bundle. On the other
hand, the case of the non-canonical CO--H,C, proximal H-bonds is the
most curious. They exist in a noticeable and cooperative manner when all
the planes of the bundle are antiparallel (ADAR), just as they do along a
single plane, but they become weak and non-cooperative when parallel
arrangements are also present, though only in certain configurations
(PDAR), not all (ADPR). This imparts a somewhat random character to the
strength and cooperativity of these interactions, even considering that the
overall trend of the multiplane bundles, with parallel or antiparallel
arrangements, or combination of both, is to display HBC.

In bundles like PDAR, the mixture of directionalities imposes steric
and electrostatic constraints that affect how H-bonds form and interact
across multiple planes. The carbonyl oxygens responsible for forming the
CO--H,C, proximal H-bonds in the antiparallel direction are the same that
form the CO--HN and CO--H,C, front H-bonds in the parallel direction
(Fig. 8B). Thus, the donors can not engage in such a strong and cooperative
interaction due to the limited number of electrons they can share with the
acceptors. In this way, the directional asymmetry of PDAR creates zones of
energetic imbalance, where only one interaction per site benefits from
electronic and resulting energetic reinforcement. PDAR thus represents a
case in which HBC is partially frustrated due to the interplay between
canonical and non-canonical H-bonding within an asymmetrical scaffold.

On the other hand, in the ADAR configuration the non-canonical
proximal H-bonds of one direction are not weakened or deprived of
cooperativity by the more favored canonical H-bonds of the other, with
which they also share a carbonyl oxygen, since this time there is not a third
interaction to share electrons with (Fig. 8C). Meanwhile, in the other mixed
model, this situation of electronic competition directly does not occur,
showing that the spatial distribution of donor and acceptor orbital plays a
defining role. By placing weaker interactions in regions of minimal com-
petition, the ADPR configuration allows both canonical and non-canonical
H-bonds to function synergistically, each reinforcing the other across the
bundle’s growth. This implies that orthogonal complementarity, rather than
competition, may allow both types of H-bonds to significantly contribute to
the overall stabilization of the bundle.

Therefore, when involving antiparallel PPII helices, ADAR and ADPR
stand out due to their ability to support cooperative reinforcement within a
mixed H-bonding network, where even non-canonical interactions make
significant contributions. Unlike PDAR, where some CO--H,C, interac-
tions were electronically suppressed by competition with stronger CO--HN
H-bonds, ADAR and ADPR provide an environment where each interac-
tion can operate with minimal interference. This balanced interplay allows
weaker H-bonds to actively contribute to the cooperative framework,

echoing the behavior observed for parallel PPII helices in the PDPR
configuration.

Taken together, these differences suggest that there is a limit to the
cooperativity that can be achieved in complex layered arrangements, likely
due to constraints in donor-acceptor alignment, competition among nearby
H-bonds, and possible interference from long-range dipolar effects.
While symmetry does not impact HBC interaction strength, it does affect
spatial opportunity and electronic independence. This highlights the
importance of geometric context in modulating HBC.

Thus, we can propose that the HBC in Gly-rich antiparallel PPII
helical bundles, and in those in combination with parallel arrangements,
could be a key factor contributing to the enhanced stability of structures
like the ones displayed by natural protein domains Salmonella phage S16
TFA, ALK, and B. subtilis Obg GTPase (Fig. 1). The presence of HBC
between antiparallel PPII helices is similar to the behavior observed in
amyloids’™"’ and between parallel PPII helices'. This suggests a universal
principle affecting the stability of protein secondary structures with
extensive H-bonding networks. Indeed, HBC is also found along a-

helices and even 3,4-helices™ ™.

Conclusions

In conclusion, our enhanced understanding of the stabilizing factors in PPII
helical bundles, particularly the recently discovered HBC in antiparallel
arrangements, when considered alone and in combination with parallel PPII
helices, opens avenues for the design of Gly-rich PPII helical proteins and
raises two important questions for future research. Firstly, the dipoles of
HN, C,H,, and CO in isolated PPII helices align to form a macrodipole™”,
and future experimental studies could provide quantitative measurements
of the free energy contribution of these macrodipoles in parallel versus
antiparallel orientations. This approach could provide insights into the
stability of proteins or protein domains composed of PPII helical bundles.
Secondly, we suggest testing our prediction that longer PPII helices would
adopt a parallel orientation. Designing experiments or computational
models to investigate how the length of PPII helices influences their align-
ment could provide valuable insights not only to deepen our understanding
of the stability of these bundles but also to offer a foundation for innovative
applications in protein design.

Methods

Dispersion-corrected Density Functional Theory (DFT-D)

Density Functional Theory (DFT) calculations were performed using the high
non-locality M06-2X functional™, which has been demonstrated to effectively
characterize non-covalent interactions and is notably proficient for biological
systems with extensive H-bonding™'"***’. We selected the 6-31 + G(d) basis
set, considering its balance of precision and computational efficiency for large
molecular systems. Drawing upon established literature methodologies tai-
lored for expansive biomolecular structures characterized by multiple
H-bonding interactions'*'™*, we incorporated the D3 dispersion correction
scheme™ to all our calculations. Interaction energies were subsequently
counterpoise (CP)-corrected, adhering to the Boys and Bernardi method, to
account for the basis set superposition error (BSSE)*. It is important to note
that all quantum mechanical calculations were conducted without the
inclusion of any polarizable continuum model since the objective of this work
is to know the intrinsic energy of the systems under study.

The geometry of the PPII helices in the 2D and 3D bundles was
optimized by keeping the C,s frozen, while allowing amide group atoms and
hydrogens to undergo energy minimization to optimize the H-bonding
distances without steric clashes, emulating the dense packing observed in
experimental structures. The energies of the monomes were determined
using their structure from the optimized bundle, ensuring the interaction
energy directly relates to the formed H-bonds. In this way, the H-Bonding
Strength or HBS for the XY interface can be expressed as:

HBS(XY) = E(X,) — K(Y)) @
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As an example, the HBS of the cd interface in the case of four PPII
helices of the 2D antiparallel model is determined by:

HBS(cd) 5,y = E(abed) — E(abe) — E(d) (5)

The remaining computational parameters from NBO and QTAIM
analyzes can be directly sourced at the required interface for the specific
number of PPII helices in question, while in SAPT calculations, the inter-
action energy is determined without computing the total energy of the
monomers or n-mers. Each data point in the graphs of this study aligns with
the images shown in Fig. 3.

Natural Bonding Orbital (NBO)

The NBO methodology™® was employed to scrutinize the H-bonding
character of interactions among the Gly residues within the Gly-rich PPII
helical bundles under examination. Within the ambit of NBO approach,
H-bonds can be described as an electron delocalization from a lone pair (n)
of the H-acceptor atom (e.g., an oxygen atom) onto the sigma antibonding
(0®) orbital of the covalent bond between the H-donor atom and the
hydrogen atom itself (e.g., an N-H or C-H bond). This interaction can be
quantitatively characterized via the stabilization energy, E(2), which is cal-
culated according to the Second Order Perturbation Theory:

2
B®) =4k =ap " p ©)
where g; denotes the occupancy of the electron-donor orbital i, E; and E;
represent the respective energies of the orbitals 7 and j, and F;; signifies the
Fock matrix element between these two NBOs. Elevated values of g;and E(2)
signify augmented electron delocalization from orbital i to j, resulting in
increased stabilization of the molecular entity.

Quantum Theory of Atoms in Molecules (QTAIM)

Canonical and non-canonical H-bonds in the Gly-rich PPII bundles have
been also analyzed using the QTAIM approach’** as described in detail in
the supplementary material.

Symmetry-Adapted Perturbation Theory (SAPT)

Canonical and non-canonical H-bonds in the Gly-rich PPII bundles have
been further explored using the SAPT methodology*** as described in detail
in the supplementary material.

Theoretical chemical shift calculations

Nuclear Magnetic Resonance (NMR) shielding tensors for both isolated
PPII helices and the PPII helical bundle were evaluated employing the
gauge-including-atomic-orbital (GIAO) method’”. The corresponding
chemical shifts, §, can be determined from the difference between isotropic
chemical shieldings in the nucleus under study of the model, 0, and that of
the reference compound, i, et

6= Oiso — o'isa‘ref (7)

In protein studies, the conformational chemical shifts, A8, represent the
deviation of the experimental chemical shifts, §;, from those predicted for
statistical coil, &5, so they can be obtained through the difference between
two different chemical shifts of the same nucleus for which the same
reference compound has been used:

AS = 52 - 81 = Giso,Z - Uiso,rqf — Oiso,1 + Uisa,rqf = Uiso,Z — Oiso,1 (8)

Within the framework of the DFT-GIAO calculations, structures are
treated as static rather than dynamic entities. Taking into account obser-
vations suggesting that in solution, Gly-rich sequences tend to adopt
extended PPII helix conformations over random coil” %, a random coil
state was not utilized as a reference for the theoretical Ad values. Instead, A§

values were derived by contrasting the o;,, of the PPII helix in the model
bundle (0;,,,), geometrically optimized as described in the DFT-D calcu-
lations section, to that of the isolated PPII helix (0}, 1), keeping the backbone
atom positions consistent with the crystallographic structure (PDB ID:
3BOG) and optimizing only the 'H nuclei missing in X-ray determined
structures.

For geometry optimizations, single-point calculations, and NMR
spectroscopic shielding computations, the Quantum Chemistry package
Gaussian 16> was employed. Visualization and modeling of the PPII helical
bundle were facilitated by GaussView 6™, Pymol 2.3.0%, and Jmol 14*°. NBO
analysis was executed with NBO Version 3.17 as integrated within Gaussian
16. QTAIM analysis was conducted using the Multiwfn 3.8 software
package™. Lastly, SAPT calculations were performed using the
Psi4 software™.
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