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ABSTRACT

Hydrogen bonds play important roles in protein folding and protein-ligand interactions,
particularly in specific protein-DNA recognition. However, the distributions of hydrogen bonds,
especially hydrogen bond energy in different types of protein-ligand complexes, is unknown.
Here we performed a comparative analysis of hydrogen bonds among three non-redundant
datasets of protein-protein, protein-peptide and protein-DNA complexes. Besides comparing the
number of hydrogen bonds in terms of types and locations, we investigated the distributions of
hydrogen bond energy. Our results indicate that while there is no significant difference of
hydrogen bonds within protein chains among the three types of complexes, interfacial hydrogen
bonds are significantly more prevalent in protein-DNA complexes. More importantly, the
interfacial hydrogen bonds in protein-DNA complexes displayed a unique energy distribution of
strong and weak hydrogen bonds whereas majority of the interfacial hydrogen bonds in protein-
protein and protein-peptide complexes are of predominantly high strength with low energy.
Moreover, there is a significant difference in the energy distributions of minor groove hydrogen
bonds between protein-DNA complexes with different binding specificity. Highly specific
protein-DNA complexes contain more strong hydrogen bonds in the minor groove than multi-
specific complexes, suggesting important role of minor groove in specific protein-DNA
recognition. These results can help better understand protein-DNA interactions and have

important implications in improving quality assessments of protein-DNA complex models.

KEYWORDS: protein-DNA, binding specificity, hydrogen bond energy, protein-ligand, minor
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INTRODUCTION

Proteins interact with DNA, peptides and other proteins to form macromolecular assemblies that
carry out fundamental and essential biological functions !. Protein-DNA (PD) complexes, for
example, play critical roles in regulation of gene expression, histone packaging, DNA
replication, repair, modification and recombination 2. The interactions between protein and DNA
display different degrees of specificity that ranges from highly specific to non-specific . Protein-
peptide (PT) interactions account for up to 40% of cellular interactions and are involved in

mediating signal transduction, regulating apoptotic pathways and immune responses *. Protein-



protein (PP) interactions form essential complexes like hormone-receptor, antibody-antigen, and
protease-inhibitor, which control cell signaling, electron transport, signal transduction, and cell
metabolism 7. Disruptions in these interactions can cause serious medical conditions such as
cancer, cardiovascular and neurodegenerative disorders '-!°, Knowledge of detailed interactions
among these complexes at atomic resolution is therefore essential to understanding the
underlying mechanisms that govern biochemical processes. It also has important implications in
biomedical applications such as protein-ligand docking, in-silico design of inhibitors and

interfaces, and virtual screening of drugs library in pharmaceutical industry.

Hydrogen bonds (HBs) play key roles in conferring binding specificity of macromolecular
complexes 14, An HB is generally considered as a weak, electrostatic interaction between a
polar acceptor atom that carries a lone pair of electrons and a hydrogen atom that is covalently
linked to a polar atom, oriented toward each other at an equilibrium distance. This orientation
and distance dependent nature of hydrogen bonds is vital in providing the shape and chemical
complementarity for selective recognition and binding of complexes 2. In PD complexes, for
example, HBs play a key role in DNA base readout by proteins and act as the major contributor
to binding specificity that is vital for the biomolecular function of protein-DNA complexes '°.
The recognition of DNA by proteins is guided by an innate hydrogen bonding pattern that
generates an initial unstable non-specific, intermediate complex with high energy '®1°, While
most of this recognition is expected to occur through the signature hydrogen bonding pattern of
major groove, many DNA binding proteins also bind to the minor groove through hydrogen
bonding and shape readout !>2°. Later, this complex transitions to a stable and highly specific
low energy state through reversible structural deformations that are also guided by a specific HB
pattern 2. In PP complexes, HBs influence stability as well as binding specificity at the interface
14 Interfacial hydrophilic side chains of a PP complex have a high charge density that is
stabilized primarily through hydrogen bonding. Buried polar atoms at the interface not involved

in hydrogen bonding may destabilize the complex 2!-24

. Peptide binding, on the other hand,
utilizes HBs to improve interface packing density as well as minimize the entropic cost of
transitioning from a highly flexible, unstructured peptide to a well-defined rigid structure in a
complex with protein 25. On average, PT interface contains more HBs per 100 A2 interface area

when compared to PP interface and PT interface HBs generally are more linearly oriented 2. In



addition to binding, HBs are the primary driving force in folding of protein chains into core
secondary structures such as alpha helices and beta sheets and base pairing in nucleic acids !!.
HBs also bring flexibility to the structure, which is central to the dynamic nature of proteins and

plays a key role in allosteric, catalytic, and binding activities 125,

The role of hydrogen bonds in binding and folding of complexes has previously been studied as
individual cases as well as a group of cases '32773%, Mandel-Gutfreund et al. studied different
types of hydrogen bonds at the interface of 28 X-ray crystal structures of protein-DNA
complexes. The hydrogen bonds were classified according to the types of donor and acceptor
atoms, such as backbone, sidechain or base edges !°. Xu et al. performed a similar analysis on
319 protein-protein complexes 4. London ef al. compared the types of hydrogen bonds at the
interface and within protein chains of 103 protein-peptide complexes. They further compared the
types of hydrogen bonds in protein-peptide complexes to those in protein-protein complexes 2.
Rawat and Biswas in 2011 performed a comparison of HBs along with several other structural
features to investigate the role of flexibility in protein-DNA, protein-RNA and protein-protein
complexes 3!, Jiang et. al. demonstrated that in protein-protein complexes, the average energy
contribution of a hydrogen bond is ~30% *2. Zhou and Wang recently compared short hydrogen
bonds, where donor-acceptor distance is less than 2.7A, in1663 high quality protein, protein-
ligand and protein-nucleic acid structures 3. Itoh et al. showed that the interaction energy of
even the weaker N*-C-H---O hydrogen bonds is comparable to other protein-ligand interactions

such as 7/7 interactions suggesting the importance of considering HB energy in drug design 3.

While analyses based on the number of hydrogen bonds with a single energy cutoff or a
distance/angle cutoff can provide useful information about the role of hydrogen bonds in protein-
ligand interaction, they have an intrinsic flaw since strong and weak hydrogen bonds are treated
equally. Moreover, the distributions of interfacial hydrogen bonds in terms of HB strength or HB
energy in protein-ligand complexes, and more importantly, the distributions of interfacial HB
energy among different types of protein-ligand complexes remain unknown. To address these
issues, in this study we performed a holistic statistical comparative analysis of hydrogen bonds
across interfaces and within protein chains (intrachain) among PP, PT and PD complexes to get
an insight into their roles in each type of complexes. In addition to comparing the types and

locations of hydrogen bonds in each type of complexes, we investigated the HB energy



distributions and found significant differences among these three types of complexes, especially
a unique pattern in protein-DNA complexes. To the best of our knowledge, an HB energy based

large-scale comparison of macromolecular complexes has never been explored before.

MATERIALS AND METHODS

Datasets

Seven previously published and widely used datasets of protein-DNA, protein-peptide and
protein-protein complexes were selected, including three datasets of protein-DNA complexes:
highly specific (HS), multi-specific (MS) 3, and rigid docking protein-DNA (RDPD) complexes
35; two protein-peptide complex datasets: LEADS-PEP 3¢ and InterPep 7; and two datasets for
protein-protein complexes: an updated M-TASSER dimer library *® and the protein-protein
Docking benchmark (RDPP, version 5) 3° (Error! Reference source not found.). Since the M-
TASSER dimer library was published over 10 years ago, we generated an updated dataset, called
protein homo/heterodimer library (PHDL) using some of the guidelines described in the original

paper (Supplementary Table S1).

Each of the three datasets for PD represents a specific category of protein-DNA complexes. The
HS dataset comprises 29 PD complexes with high binding specificity between protein and DNA
whereas the MS dataset comprises 104 cases, in which proteins can bind to multiple conserved
DNA sequences >. The RDPD dataset consists of 38 highly diverse non-redundant TF-DNA

complexes that cover 11 structural folds, 15 super-families and 28 families ¥°.

The two PT complex datasets differ mainly in the peptide chain lengths. InterPep comprises
protein complexes with peptides ranging from 5 to 25 amino acids whereas peptides in LEADS-
PEP are 3-12 amino acids long 3637, InterPep is a larger dataset with 502 X-ray and NMR
structures, which was originally developed for testing a peptide-binding site prediction pipeline
37, LEADS-PEP, on the other hand, is a much smaller dataset with 53 carefully curated and
widely used complexes designed specifically for peptide-based therapeutics and peptide docking.

It contains only X-ray crystal structures with a resolution better than 2A 3°.

The complexes in the PP datasets differ mainly in size and definition of interaction unit. The

protein-protein docking benchmark (RDPP) has 230 complex structures that were experimentally



solved with corresponding unbound components available *°. The structures in the RDPP dataset
represent a diverse combination of antigen-antibody, enzyme-substrate, enzyme-regulatory
complex, GPCR proteins and several other classes of proteins. The docking benchmark defines a
true interaction as one that has functional significance as identified in the literature and agreed
upon by the scientific community. The second PP dataset PHDL, a protein homo/hetero dimer
library, determines the oligomeric state from PDB files *°. PHDL contains non-redundant
heterodimers (Supplementary Table S1A) and homodimers (Supplementary Table S1B), where
no two chains share more than 30% sequence identity with each other and each interacting

partner has at least 40 amino acids.

In addition to these individual datasets, we pooled the datasets of the same type of complexes
together and generated three larger, non-redundant and highly diverse datasets (Figure 1): (i)
PDnrall, a protein-DNA dataset comprising HS, MS and RDPD; (ii) PTnrall, a protein-peptide
dataset comprising LEADS-PEP and InterPep; and (iii) PPnrall, a protein-protein dataset
comprising PHDL and RDPP. The redundancy after combining the respective datasets was
removed with PISCES using a sequence identity cutoff of 30% *!, which resulted in 2724 non-
redundant protein-protein complexes (PPnrall), 346 non-redundant protein-peptide complexes

(PTnrall) and 126 non-redundant protein-DNA complexes (PDnrall).

Dataset processing

The datasets were filtered rigorously for accurate analysis. In case of multiple models for one
native structure as in the NMR entries, only the first model was selected. All the heteroatoms,
including water molecules were removed since we do not consider solvation affects for the sake
of simplicity and fair comparison. Proteins that have residues with insertion codes were
renumbered accordingly. Since considering the alternate locations of a residue in an
experimentally solved crystal structure may result in over counting the number of HBs, only the
state with the highest occupancy for a given residue was included for analysis. The complexes
with internal missing residues, i.e., residues that are not on the N or C terminal of the chain were
discarded. Lastly, interactions between proteins and ligands were calculated based on interaction
units for complexes composed of multiple chains of proteins and ligands. For example, 4FQI

protein unit has two chains H, L and the ligand unit has six chains A, B, C, D, E, and F. For such



cases, we only considered the inter-unit interaction between protein and ligand. In the case of

4FQI, H and L were identified as one unit while ABCDEF as another unit.

Identification of HBs

Two widely used hydrogen bond annotation programs, FIRST (Floppy Inclusion and Rigid
Substructure Topography) and HBPLUS, were used to identify HBs with default parameters 4>,
Reduce was used to add hydrogen atoms to pdb files for FIRST HB calculations while HBPLUS
calculates the hydrogen atom positions within the program #*. FIRST employs an energy-based

approach and the HB energy is calculated as in Eq. 1 4%

do\ 12 dgy 10 Eq. 1
Eus = Vo {5 (2) -6(2) }F(e, $,9)
Where d is the donor-acceptor distance. dy (2.8 A) and V(8 kcal/mol) represent the equilibrium
distance and well-depth respectively *°. The angle term F(8, ¢, ¢) is calculated based on the
hybridization state of the acceptor and donor atoms, where 9 is the donor-hydrogen-acceptor
angle, ¢ is the hydrogen-acceptor-base angle, and ¢ is the angle between the normals of the
planes defined by the six atoms attached to the sp? center as described by Dahiyat et al.**. The
FIRST program was used for both the number of hydrogen bonds annotations using a widely
used HB energy cutoff of -0.6 kcal/mol as well as for HB energy-based analysis. HBPLUS

identifies HB with a distance-angle approach and defines the optimal distance between the donor

and acceptor as 2.5 A or smaller and the optimal angle as 90 degrees or higher 4.

Interface analysis and comparison

Since the interface sizes are different among different types of complexes (Table 1), in order to
accurately assess the roles of HB at the interface of PP, PT and PD complexes, the numbers of
HBs were compared with respect to the interfacial surface area. The interfacial surface area
(iSA) of a complex, was calculated using NACCESS v2.1.1 with default parameters as shown in
Eq. 2 %47;

SAp + SA, — SA¢ Eq.2

iSA =
' 2




where SA; and SA4p represent the surface area of protein and ligand respectively, and SAc is the
surface area of the protein-ligand complex. For multichain components, SA4ris the surface area of

the protein unit while SAc is the surface area of the ligand unit.

The HB distributions were compared at three different aspects: HB types, HB locations, and HB
energy ranges. The types of HB were grouped depending on the types of atoms involved in
hydrogen bonding, sidechain (or base in DNA) or backbone. HB types include SC-SC
(representing side chain-side chain in PP and PT or sidechain-base in PD), BB-BB (for
backbone-backbone) and Mixed type (for SC-BB or BB-SC). A union of all three types
encompasses all hydrogen bonds (HBall). The SC-SC hydrogen bonds, also termed here as
HBSP, are generally considered more specific in molecular recognition and binding as the
backbone atoms are the same for each type of molecules, protein or DNA. There are two
different HB location types, interface (between proteins and ligands) and intrachain (within

proteins).

We divided hydrogen bond energy (HBE) from the FIRST program into four categories based on
different energy cutoffs used in previous studies !"*24® and personal communication with the

FIRST program developer as shown in Table 2.

Statistical tests:
Wilcoxon rank sum test was employed to assess if there are significant differences between
samples across datasets. Chi-squared goodness of fit test was used to test the categorical

distributions of types and the energy of hydrogen bonds at interface and within intrachain.

RESULTS

Hydrogen bonds at the interface of complexes

We first compared the number of HBall and HBSP in PDnrall, PPnrall and PTnrall datasets.
Based on HB annotations from FIRST with the widely used energy cutoff of -0.6 kcal/mol %, we
found that the number of interface HBall and the number of interface HBSP in PD complexes are
significantly higher than those in the PP and PT complexes (Figure 2 A&B). The number of
HBall and HBSP in PT complexes are significantly less than those in PP complexes (Figure 2



A&B). Results from HBPLUS are consistent with the data from FIRST except that the number of
HBSP in PP complexes is larger than that in PD complexes with HBPLUS (Figure S1 A&B).
Interestingly, when the FIRST energy cutoff is set at -0.1 kcal/mol, the results are more similar

to the HBPLUS data (Figure S2 A&B).

Since the interface areas among the three types of complexes are different with PP complexes
having the largest average interfacial area and PT complexes having the smallest average
interfacial area (Table 1), comparing the raw number of interface HBs might be biased towards
the complexes with a larger contact surface. Therefore, we normalized the number of interface
hydrogen bonds, HBall and HBSP, by the interfacial surface area (iSA). Figure 2C and 2D show
that both HBall/iSA and HBSP/iSA ratios of PD complexes are significantly higher than those in
the PP complexes and PT complexes. There is a clear pattern for the iSA normalized HBSP, PD>
PP> PT. When the analyses were carried out with HBPLUS, the results are consistent with the
results from FIRST (Figure S1). Even though no significant difference of the ratio HBall/iSA
from FIRST is found between PP and PT complexes for a two-tailed test (Figure 2C), one tailed
test with a null hypothesis that HBall/iSA in PP is not smaller than HBall/iSA in PT results a p-
value of 0.043, which is in line with the result from HBPLUS as well as that from FIRST with an
energy cutoff at -0.1 kcal/mol: the ratio of HBall/iSA in PT complexes is significantly higher
than PP complexes (Figure S1C & S2C). These results are also in agreement with a previous
study that PT interface has more total HBs per 100 A2 interface area than that in PP 2°. However,
the HBSP/iSA ratio is the opposite, suggesting relatively fewer interface HBSP in PT complexes

when the interface area is taken into consideration.

Types of hydrogen bonds at interface and within intrachain

We compared the distributions of the HB types at complex interface or within protein
(intrachain) in PP, PT and PD complexes and between individual complexes of the same type of
complexes. Figure 3A and Table 3 show that there is no significant difference among the types
of hydrogen bonds within proteins in all three types of complexes. BB-BB hydrogen bonds
represent the largest number of overall hydrogen bonds within proteins (65-69%) followed by
the Mixed (17-20%) and SC-SC (14-15%) hydrogen bonds respectively (Figure 3A). This is not



surprising because the two major secondary structure types of the core protein structure, c.-

helices and [-sheets, are stabilized by backbone-backbone hydrogen bonds.

The distributions of the hydrogen bond types at interface, however, are significantly different
from the intrachain and among the three types of complexes (Figure 3B and Table 3). The
percentages of SC-SC hydrogen bonds at interface increase dramatically when compared with
those within proteins while the BB-BB is the least type in all three complexes. The proportions
of BB-BB hydrogen bonds at the interface are approximately one third of those from intrachain
in PP and PD complexes and approximately half of that in PT complexes (Figure 3). The
proportions of interface SC-SC HBs are at least twice more than those in intrachain in all three
types of complexes. There is an increase of the Mixed HB type at interface when compared with
intrachain. In PD complexes, the Mixed HB type consists of about half of all interfacial

hydrogen bonds.

A previous study on protein-protein complexes indicated that the larger number of BB-BB
hydrogen bonds within protein chains as compared to the interface is likely due to the differences
in the degrees of freedom available to the corresponding atoms '#. On both PP and PT interfaces,
the highest proportion of HB types is SC-SC between interacting components while the
percentage of BB-BB hydrogen bonds is the lowest. The percentage of interface BB-BB
hydrogen bonds in PT complexes is higher than those in the PP and PD complexes. It has been
suggested that a higher number of interface BB-BB hydrogen bonds in PT complexes is a result
of bridging beta strands at the interface between interacting peptides and protein molecules 5.
Once the interfacial beta-sheet containing complexes are removed from the dataset, BB-BB
hydrogen bonds are comparable between PP and PT complexes 2°. Similar results were observed
for the comparison of HB types annotated by HBPLUS and by FIRST with an energy cutoff of
—0.1 kcal/mol (Table 3, Figure S3-S4 and Table S2) .

Besides comparisons among the three different types of non-redundant complexes, we also
compared the distributions between individual datasets for each type of complexes (Figures S5-
S6). For example, PHDL is composed of homodimers and heterodimers and the PD dataset has
HS and MS complexes with different binding specificity. We found that there is no significant

difference in the distribution of HB types for both intrachain and at interface between HS and



MS (p-values of 0.3743 and 0.6685 respectively) as well as between homodimers and
heterodimers (p-values of 0.9371 and 0.9746 respectively) from FIRST (Figure S5A). There is
also no significant difference of HB type distributions for intrachain and at interface between
PHDL and RDPP (p-values of 0.992 and 0.246 respectively). While there is no difference for the
intrachain distributions between InterPep and LEADSPEP (p-value = 0.954), the interface
distributions are different (p-value = 0.003) from FIRST HB annotations (Figure S6A). This
might be a result of the relatively small LEADSPEP dataset with a small number of total
hydrogen bonds (Figure 2). Similarly, no significant differences were found between any two of
the above datasets of the same types of protein-ligand complexes based on HBPLUS annotations

(Figures S5B and S6B).

Strength of hydrogen bonds at interface and within protein chain

We classified the strength of hydrogen bonds into four categories based on hydrogen bond
energy from the FIRST program with different energy cutoffs used in previous studies as shown
in Table 2 74248 For intrachain hydrogen bonds within proteins, no significant differences
were found among the three types of complexes (Figure 4A and Table 4). Most of the hydrogen
bonds (67-70%) are strong ones with lower than -1.5 kcal/mol energy (category IV) while very
few of them are of intermediate energy (less than 15% when categories II and III are combined),
suggesting that the hydrogen bonds in all types of proteins have similar energy distribution with

predominantly strong hydrogen bonds.

To investigate if the energy categories are related to different HB types, we compared the
distributions of each type of intrachain hydrogen bonds in each energy category (Figure 5A and
Table S3). Similar trends for BB-BB, SC-SC and Mixed types were observed among the three
types of complexes and there is no significant difference of intrachain hydrogen bond energy
distribution for each HB type among the PP, PT, and PD complexes. There is a higher
percentage of strong BB-BB hydrogen bonds in all complexes, but relatively fewer strong ones
for the Mixed HBs, suggesting that the major secondary structure types patterned by the BB-BB
hydrogen bonds are optimized in terms of both distance and angle and form strong hydrogen
bonds.



However, the interface hydrogen bond energy distributions among different types of complexes
are significantly different and exhibit a unique pattern for the PD complexes (Figure 4B and
Table 4). There is a higher percentage of weak HB (category I) at PD complex interface when
compared to those in PP and PT complexes as well as the intrachain HB energy in PD
complexes. PD has the smallest percentage of strong HBs (category IV) among the three types of
complexes. The difference between category I and IV HB percentage is much smaller in PD
complexes (39% and 44.4%) than those in PP (18.9% and 66.2%) and PT (19.1% and 65.9%)
complexes (Figure 4B). PP and PT complexes have similar distributions of interface HB energy
categories. In addition, the interface and intrachain HB energy distributions in both PP and PT

complexes are also similar (Table 4).

We also compared the energy distributions of each HB type across interfaces (Figure 5B).
Similar to the pattern observed for all HBs in PD, energy distributions of different types of
interface HB in PD complexes also differ significantly from PP and PT complexes while there is
no significant difference between PP and PT complexes (Table S3). Interestingly, SC-SC HBs in
PD complexes have a much larger percentage of strong, category IV HBs (59.5%) while the BB-
BB and Mixed types in PD complexes have more weak, category I HBs (43.1% and 43.8%
respectively) than the SC-SC HBs (24.3%), suggesting important functional applications of HBs

in specific protein-DNA interactions.

Comparison of hydrogen bonds between HS and MS datasets

In our previous study, we demonstrated that highly specific HS protein-DNA complexes have
more hydrogen bonds than the multi-specific MS protein-DNA complexes, including both total
hydrogen bonds and sidechain-base hydrogen bonds 3. It is intriguing to see whether there is any
relationship between the HB strength and protein-DNA binding specificity. We first compared
the HB types and energy categories within proteins as well as at the interface of HS and MS
complexes. No significant differences between HS and MS complexes were found in terms of
energy categories (Figures S7-S8) while there are significant differences between the intrachain
and interface for both HS (p-value: 9.673e-07) and MS complexes (p-value: 6.413e-07). We did
observe some statistically non-significant small differences. For example, the number of SC-SC
interface HBs in HS (32%) is slightly higher than that in MS (28.2%) (Figure S5A). Both HS and

MS complexes show similar interface HB energy distributions with an overall balance of strong



and weak HBs, but HS complexes have a slightly higher percentage of HBs in category IV
(Figure S7).

Since both major and minor grooves are known to play important roles in the base and shape

readout mechanisms in specific protein-DNA recognition 3152049

, we compared the energy
distributions of total hydrogen bonds and sidechain-base hydrogen bonds in the major and minor
grooves. Between major and minor grooves, there is no significant difference in terms of
hydrogen bond energy distributions within each type of PD complexes, PDnrall, HS and MS
with high p-values (data not shown). For major groove HBs, while we observed more strong and
fewer weak major groove HBs in HS complexes than those in the MS complexes, the differences
in the energy distributions of HBall and HBSP in the major groove between HS and MS
complexes are not statistically significant (Figure 6). However, we observed a significant
difference in the energy distributions in the minor groove for both HBall and HBSP between HS
and MS complexes (Figure 7). In general, HS complexes have more strong hydrogen bonds
(category V) and fewer weak hydrogen bonds (category I) than those in the MS complexes in
the minor groove. The MS complexes have about double the percentage of weak hydrogen bonds

in category I than that in HS complexes. These results suggest a clear and important role of HB

energy of the minor groove in specific protein-DNA interaction.

DISCUSSION

Despite the generally known importance of hydrogen bonds in protein-ligand interactions, the
relative contribution of different types of hydrogen bonds, especially their energy in different
types of complexes, is unknown. Previous studies mainly focused on analyses of the number of
hydrogen bonds. Here we performed a systematic comparative analysis of hydrogen bonds and
their energy at the interface and within protein chains among three non-redundant protein-ligand
complexes, PP, PT and PD. To the best of our knowledge, this is the first study that compares the
energy of hydrogen bonds in different types of complexes. In addition, our use of large non-
redundant datasets not only maximizes diversity of the complexes but also avoids potential
biases. Results between HBPLUS and FIRST are in high agreement even though they use
different algorithms for identifying hydrogen bonds. We also showed similar results between
individual datasets for each type of complexes suggesting the results are robust regardless of the

datasets and the tools used for hydrogen bonds annotations.



Our analyses revealed several important findings. First, for intrachain hydrogen bonds, our
analysis not only corroborates several previous findings '*?°, but also provide additional
information by demonstrating no significant difference in the distributions of HB energy among
different complexes. Second, at the interface, the hydrogen bond distributions of PD complexes
differ from both PP and PT complexes significantly in three aspects: (a) the total number of
hydrogen bonds, the number of sidechain-base hydrogen bonds, and the normalized numbers by
interface area in PD complexes are significantly higher than those in both PP and PT complexes;
(b) more importantly, PD complexes have significantly different distributions of HB types and
energy than those of either PP or PT complexes. There is a unique balance between strong and
weak hydrogen bonds in protein-DNA interfaces; and (c) there is a significant difference of the
minor groove hydrogen bonds between HS and MS complexes with HS having more low energy

strong HBs.

Our comparative analyses on energy categories are based on HB energy cutoffs (-0.1 kcal/mol, -
0.6 kcal/mol, -1.0 kcal/mol, and -1.5kcal/mol) from previous studies (Table 2) 17424 To test if
similar results can be observed with different HB energy discretization, the hydrogen bonds were
grouped using a larger energy range separated by -0.1 kcal/mol, -0.7 kcal/mol, -1.3 kcal/mol, and
-2.0 kcal/mol (Table S4). The results of HB energy distributions, shown in Figures S9-S12 and
Table S5-S6, are in agreement with conclusions (Figures 4-7, Table 4 and Table S3) with energy
ranges in Table 2, suggesting our key findings are not affected by different discretization of HB

energy.

The above findings have important functional and practical implications. While omitting HB
information in assessing predicted PP and PT complex models may have minimal effect, our
results suggest consideration of hydrogen bonds is beneficial to quality assessment of protein-
DNA complexes models since both the raw number and the normalized number of interface HBs
in PD complexes are much higher than those in PP and PT complexes. The use of conserved
numbers of native hydrogen bonds in models was suggested to evaluate the quality of protein-
peptide models *°. We found that using the number of HBs can improve quality assessment of

protein-DNA complex models 3. However, due to the unique pattern of interface HB energy



distributions in PD complexes and the dynamic nature of macromolecules, it could help model
evaluations by considering the HB energy instead of using the raw number of HBs. We
demonstrated in our previous study that the accuracy of structure-based prediction of

transcription factor binding sites could be improved by adding an HB energy term 23,

Our data also provide an insight into the mechanism of binding specificity between protein and
DNA. We observed an approximate balance of high and low energy interface hydrogen bonds in
PD complexes, but not in the other two types of complexes (Figures 4B and 5B). One possibility
of such difference lies in the geometry of interacting components as geometry is one of the key
factors affecting hydrogen bond energy and strength 6. While DNA is not a rigid molecule, the
double helical nature restricts the atoms that can form optimal hydrogen bonds with protein
sidechains while the peptide and protein surfaces have a relatively higher flexibility to position
atoms for stronger HBs. Other than the unique structure of DNA double-helix that contributes to
the pattern of energy distribution, it may also reflect the kinetics of protein-DNA recognition and
binding, and the functions of many DNA binding proteins. For example, most of the DNA
binding proteins are transcription factors, which bind to conserved DNA binding sequences
while allowing variations at certain sites to regulate gene expression. Recent structural and
dynamic analyses have shown that transcription factors typically bind to a preferred strand of the
DNA double helix !4, A fine balance of strong and weak HBs helps transcription factors bind
to conserved yet different sequences by allowing easier association and disengagement. This is
further supported by the comparison between protein-DNA complexes of different binding
specificity. Highly specific DNA binding proteins have more strong HBs than the MS group

comprising transcription factors (Figures 6 and 7) 3.

The most interesting finding is from the DNA minor groove HB analysis. Both the energy of all
hydrogen bonds and the sidechain-base hydrogen bonds of highly specific protein-DNA
complexes are significantly different from that of multi-specific protein-DNA complexes (Figure
7). While it is generally thought that minor groove contacts play little role in conferring specific
protein-DNA interactions, more studies have shown that this might not be the case. It has been
reported that local sequence-dependent minor groove shape plays an important role in specific

A 15,20,55-57

recognition between protein and DN . The number of contacts in minor grooves of HS



complexes is more than that in MS complexes and the HS complexes contain wider minor
grooves than MS 3, thus making it possible for optimal orientation of atoms to form stronger
hydrogen bonds. Our results further demonstrate that the minor groove HBs play more critical

roles in conferring binding specificity than previously thought.
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FIGURES LEGENDS
Figure 1. A flow chart for generating non-redundant datasets of protein-protein, protein-peptide

and protein-DNA complexes.

Figure 2. Comparison of interfacial hydrogen bonds based on FIRST with an energy cutoff of -
0.6 kcal/mol: (A) the number of total hydrogen bonds (HBall); (B) the number of SC-SC or SC-
Base hydrogen bonds (HBSP); (C) the ratio of HBall to interfacial surface area (iSA); and (D)
the ratio of HBSP to iSA. *** = p-value < 0.001, ** = p-value < 0.01

Figure 3. Comparisons of the distribution of different types of hydrogen bonds, backbone-
backbone (BB-BB), sidechain-sidechain (SC-SC) and Mixed (BB-SC and SC-BB) for (A)
intrachain within proteins and (B) at interface of PP, PT and PD complexes. The hydrogen bonds
are annotated from the FIRST program with an energy cutoff of -0.6 kcal/mol.

Figure 4. Comparisons of the distributions of hydrogen bond energy for (A) intrachain and (B)
at interface.

Figure 5. Comparison of (A) intrachain hydrogen bond energy and (B) interface hydrogen bond
energy in different hydrogen bond types.

Figure 6. Comparison of major groove for (A) HBall and (B) HBSP energy distributions
between HS and MS complexes.
Figure 7. Comparison of minor groove for (A) HBall and (B) HBSP energy distributions

between HS and MS complexes.
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Table 1. The protein-DNA, protein-peptide and protein-protein datasets

Number of Experimental method Average

Types Datasets complexes and selection criteria Ligand interface area
Highly X-ray (<=3 A) 2
Specific 28 R-factor < 0.3 Double stranded DNA ~1100 A
Multi- 105 X-ray (<=3 A) Double stranded DNA ~700 A2
Protein- | specific R-factor <0.3
DNA Rigid 38 X-ray (<=3 A) Double stranded DNA ~1100 A2
docking
InterPe 502 Xoray (<=3 A) 5-25 residues ~665 A2
P or NMR
Protein-
i LEADS- 53 X-ray < 2A, 3-12 residues ~512 A2
Peptide | ppp R-factor < 0.3
Protein .
homo/hetero 2608 X-ray (<=3 A) >40 residues per ~1374 A?
dimer library protein chain
Protein- Docki
) ocking ~ - >= 30 residues per ~1847 A2
Protein | Benchmark 230 X-ray (<=3.25 A) brotein chain 7
V5




Table 1. Hydrogen bond energy (HBE) categories based on energy ranges

Category HBE range (kcal/mol)
I -0.6 <HBE<-0.1
11 -1.0<HBE<-0.6
m -1.5<HBE<-1.0

v HBE <-1.5




Table 3. p-values of chi-square tests between HB types from FIRST (-0.6 kcal/mol cutoff) and

HBPLUS at interface and intrachain.

Intrachain Interface Interface/Intrachain
Datasetl/ | prpor  HBPLUS | FIRST HBPLUS | Dataset | FIRST  HBPLUS
Dataset2
PPnrall,
PDnrall 0.720 0.647 2.2e-16 0.025 | PDnrall <2.2e-16 <2.2e-16
PTnrall,
PDnrall 0.874 0.945 0.002 0.0005 | PPnrall <2.2e-16 <2.2e-16
PTnrall,
PPnrall 0.972 0.774 2.2e-16 <2.2e-16 | PTnrall 8.904¢e-14 <2.2e-16




Table 4. p-values of chi-square tests between HBE categories at interface and within intrachain.

Datasetl/Dataset2 intrachain interface Dataset interface/intrachain
PPnrall, PDnrall 0.919 2.2e-16 | PDnrall 5.3e-07
PTnrall, PDnrall 0.994 3.73e-06 | PPnrall 0.871
PTnrall, PPnrall 0.995 0.5247 | PTnrall 0.979
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Figure S1. Comparison of interfacial hydrogen bonds based on HBPLUS with default parameters: (A) the
number of total hydrogen bonds (HBall); (B) the number of SC-SC or SC-base hydrogen bonds (HBSP); (C) the
ratio HBall to interfacial surface area (iSA); and (D) the ratio of HBSP to iSA.

*** = p-value < 0.001; ** = p-value < 0.01
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Figure S2. Comparison of interfacial hydrogen bonds based on FIRST with an energy cutoff of -0.1 kcal/mol: (A)
the number of total hydrogen bonds (HBall); (B) the number of SC-SC or SC-Base hydrogen bonds (HBSP); (C)
the ratio of HBall to interfacial surface area (iSA); and (D) the ratio of HBSP to iSA.

*** = p-value < 0.001, ** = p-value < 0.01
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Figure S3. Comparison of the distributions of hydrogen bond types with HBPLUS: backbone-backbone (BB-BB),
sidechain-sidechain (SC-SC) and mixed (BB-SC and SC-BB) at (A) intrachain and (B) interface of PP, PT and

PD complexes. (See p-values in Table 3)
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Figure S4. Comparisons of the distribution of different types of hydrogen bonds, backbone-backbone (BB-BB),
sidechain-sidechain (SC-SC) and Mixed (BB-SC and SC-BB) for (A) intrachain within proteins and (B) at
interface of PP, PT and PD complexes. The hydrogen bonds are annotated from the FIRST program with an

energy cutoff of -0.1 kcal/mol. (See p-values in Table S2)
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Figure S5. Comparison of the percentages of HB types: backbone-backbone (BB-BB), sidechain-sidechain (SC-
SC) and mixed (BB-SC and SC-BB) in intrachain and interface of homodimers, heterodimers, highly specific and
multi-specific protein-DNA complexes. (A)The hydrogen bonds are annotated by FIRST with an energy cutoff of -
0.6 kcal/mol. (B) The hydrogen bonds are annotated by HBPLUS.
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Figure S6. Comparison of the percentages of HB types: backbone-backbone (BB-BB), sidechain-sidechain (SC-
SC) and mixed (BB-SC and SC-BB) for intrachain and interface of individual PP, PT and PD complexes. (A) The
hydrogen bonds are annotated by FIRST with an energy cutoff of -0.6 kcal/mol. (B) The hydrogen bonds are
annotated by HBPLUS.
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complexes. (A) intrachain; (B) interface.
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Figure S8. Comparison of hydrogen bond energy categories (based on Table 2) in different hydrogen bond types
between HS and MS complexes. (A) intrachain; (B) interface.
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Figure S9. Comparisons of the distributions of hydrogen bond energy based on the discretization in Table S4 for
(A) intrachain and (B) at interface. (See Table S5 for p-values).
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Figure $10. Comparison of (A) intrachain hydrogen bond energy and (B) interface hydrogen bond energy (based
on the discretization in Table S4) in different hydrogen bond types (See Table S6 for p-values).
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Figure S11. Comparison of major groove for (A) HBall and (B) HBSP energy distributions (based on the
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Figure $12. Comparison of minor groove for (A) HBall and (B) HBSP energy distributions (based on the
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discretization in Table S4) between HS and MS complexes.



Table S1. PDB ids in the protein homo/heterodimer library (PHDL)
(A) PDB ids of the heterodimers in PHDL

1AY7 1BDJ 1BH9 1BVN 1CXZ 1DOD 1D4T 1DJ7 1DOW 1DS6 1E44 1E96 1EUV 1F3V 1FM2
1FXW 1GK9 1J2J 1JIW 1JQL 1KTP 1M2T 1MK2 1MTP 1MZW 1NME 1INPE 1000 1ORY 1PDK
10GE 1QTX 1ROR 1R8S 1SPP 1SVD 1TOP 1TA3 1TMQ 1UOS 1UGH 1v5I 1V74 1W98 1WMH
1wQJ 1WRD 1WYW 1XG2 1XTG 1Y43 12z0J 1Z3E 1Z5Y 2A5D 2A9K 2AQ2 2BCG 2BKR 2ClM
2C7M 2D5R 2DVW 2EHB 2F4M 2FCW 2FHZ 2FTX 2GSK 2H7Z 2H9A 2HRK 2HTH 2IE4 203B
200B 20ZN 2P45 2P8Q 2PA8 2PTT 2QWO 2R25 2UUY 2V3B 2V8S 2V9T 2VPB 2WBW 2WWX
2WY8 2XJY 2XN6 2XPP 2YGG 2230 3A2F 3A8G 3AA7 3AON 3AQF 3BOC 3BH7 3BS5 3BY4
3CF4 3CKI 3CNQ 3D3B 3D6N 3DAW 3DGP 3EGV 3F1P 3F75 3FJU 3FMO 3FPU 3FXE 3GJ3
3GOV 3K1R 3KNB 3L51 3LQC 3MCB 3MEO 3MKR 3MXN 3NIM 3NCE 3NVN 3NY7 302P 3030
30NA 3003 3P71 3P73 3PLV 3PNL 3PT8 3QDR 3QHY 3008 3SDE 3SHG 3TBI 3TJ5 3UBS
3v6l 3VFO 3VRD 3VYR 3vz9 3WDG 3X37 3YGS 32G9 4APX 4BVX 4C2A 4C4P 4CMM  4CRW
4CSR 4DBG 4DHI 4DRI 4F7G 4FBJ 4G0l 4G6T 4GN4 4HSS 4H6J 4HST 4HT3 4IU3 4IUM
4338 4JE3 4JS0 4K12 4K5A 4KAX 4L2I 4LJO 4LLD 4LZX 4MOW 4MRT 4NBX 4NTQ 4NUT
40B0 4PAS 4PZ5 4QJF 4QLP 4Q01 4R1D 4RCA 4RHZ 4RLJ 4U9H 4UAF 4UHZ 4UN2 4UQZ
4UYQ 4UZZ 4WSP 4WKS 4X86 4X8K 4XAX 4XYD 4YH8 4YIO0 4YYP 4ZGM 4ZHY 42ZQU  5AQV
5B64 5B78 5BY8 5Bz0 5C50 5CEC 5CHL 5D6J S5DYN 5EU0 SEUI  5F22 5FOY 5GlX 5GNA
5GXW 5GZT 5H3J 5SHE9 5HKQ 5HKY 5I4H 5INB S5IVA 5JCA 5JP1 5JW9 5KYC 5LOR 5LOV
5L3D 5L9Z 5LSI 5LXR 5MOY 5M20 5M72 S5MAW 5SML9 5MS2 5MU7 5NCW 5NRM 5033 500V
50W0 50XZ 50YL 5SVH 5T51 5T86 5TUU 5TVQ 5TZP SUIW 5UN7 5UNI  SUUK  5V7P  5VGB
5VKO 5VMO 5WUJ 5WXK 5XA5 5XEC S5XLU 5Y27 5Y38 5YCA 5YRO 5YWR 5251 52ZNG 5ZWL
5ZZA 6APP 6AU8 6BNl 6BSC 6BW9 6DLM 6DRE 6DXZ 6EH4 6EM7 6ES1 6F2G 6F6R 6FDK
6FFA 6FUD 6GHO 6GR8 6H02 6H9U 6HM3 6HUL 6IUA 6J4P 6JLE 6JXH 6K06 6K3B 6KGC
6KHS 6KMJ 6KXD 6L4P 6L8G 6LBX 6LKI 6LPH 6MOJ 6MBB 6MGN 6MIB 6MS4 6NE2 6NVX
60DD 60P8 60Q7 60VM 60X6 6Q00 6QBA 6QUP 6R6M 6RCX 6RM9 6RTW 6S07 6S3F 6S8Q
6SWT 6U3B 6U54 6UUI 6V7M 6VE5 6VJJ 6WOV 6W9S 6WCW 6WG4 6WHL 6WJC 6WUD 6XRU
6XZU  6YX5 6YZ5 6ZXW 7A48 7BQV 7BZK 7C96 TCE4 7CN7 7CQ3 7EDP _7JTU 7MC5
(B) PDB ids of the homodimers in PHDL

1A8U 1AA7 1AOC 1B2P 1B43 1B5E 1B6Z 1BD9 1BDY 1BO4 1BYF 1C77 1C8U 1CI9 1CKM
1CKU 1CQX 1DOC 1D0Q 1D1G 1D2C 1D20 1D7F 1D9C 1DEB 1DJ0 1DL5 1DOK 1DPG 1DQE
1DQP 1DQZ 1DU5 1DYS 1EOB 1E19 1E5L 1E7L 1E8U 1EAJ 1EBF 1EE8 1EEJ 1EF0 1EJF
1ELU 1EVX 1EXT 1EYQ 1EzG 1F08 1F0K 1F46 1F5V 1F86 1FBQ 1FBT 1FLM 1FN9 1G29
1G64 1G8E 1G8L 1G8M 1GDE 1GE7 1GQI 1GT1 1GU7 1GVJ 1GXJ 1GYO 1GYX 1H18 1HKQ
1HQS 1HRU 1HYO 1HZ5 1I07 1IOR 1I4S 1I4U 1I6Ww 1I78 1I7N 1IAZ 1IGO 1IGU 1II7
1IPs 1IQ8 1IRQ 1ITU 1ITV 1IUJ 1IX2 1IX9 1IYB 1IzY 1J0H 1J3M 1J49 1JAD 1JAY
1JK6 1JLY 1JNP 1JR8 1JYA 1J2T 1K3Y 1K42Z 1K66 1KAE 1KDG 1KFI 1KJN 1KKO 1KNQ
1KPT 1KQL 1KQP 1KTJ 1KvV0 1KzZQ 1LGQ 1LJM 1LNO 1LQ9 1LQA 1M2D 1M4J 1M76 1MBY
1MK4 1MKF 1MKK 1MKZ 1MO9 1MXR 1MY7 1M2ZG 1N1E 1N2Z 1NBC 1ND4 1NKI 1NNW 1NO5
INS5 1NSZ 1NU4 1NV7 1NWP 1NWW 1NXM 1NXU 105X 1063 106A 10C2 10C9 1OCK 1OFZ
10HO 10I6 10KI 10N2 100E 10R4 1ORD 10RU 10SY 10TK 1OVN 10X8 1P1C 1P40 1P5T
1P65 1P60 1PC6 1PIW 1PIX 1PKV 1PL5 1PPV 1PSR 1Q60 1QAH 1QC5 1QFH 1QH5 1QI9
10KS 1QLO 1QLW 1QMH 1008 1005 1QSD 1QUP 1QVE 1Qvz 1QXR 1R11 1R12 1R1D 1R61
1R7A 1RDO 1REG 1RFY 1RKT 1RKU 1RWO 1SOP 1S4K 1S9R 1SBY 1SD4 1SEI 1SFN 1SGM
1sJ1 1sMO 1SNN 1SQS 1SU2 1SXH 1SXR 1SzQ 1T06 1T1Vv 1T3C 1T6S 1T6T 1T7S 1T92
1TBX 1TE2 1TE5 1TEJ 1TJ7 1TLJ 1TUl 1TvV8 1TVN 1TXG 1U07 1U5U 1U6R 1U6Z 1UCR
1UDV  1UIX 1UKK 1USC 1uso 1UWK 1Uz3 1V4E 1v58 1Vv5V  1V5X 1V6P 1v6z 1V7L 1V70
1v8H 1vB5 1vc4 1VvH5 1VHD 1VHQ 1VHZ 1VJH 1vJQ 1VL7 1VSC 1W5R 1W9C 1WKV 1WLG
1WMX 1WPN 1WR8 1WRA 1WTJ 1WWA 1WWP 1WWZ 1WY2 1WY5 1Wz3 1WzD 1X2I 1X7D 1X9I
1X9Z 1XEQ 1XGS 1XHK 1XJ4 1XNF 1XNG 1XRK 1XRU 1XSV 1XTA 1XVI 1XVS 1Y0H 1YOU
1Y20 1y7M 1Y7R 1Y89 1Y9B 1Y9Ww 1yDY 1YGA 1YLM 1YLQ 1YLR 1YLX 1YOC 1YRB 1741
1Z4E 12Z5B 1ZBO 1ZBR 12C6 1ZK8 1ZKI 1702 1ZQ9 12U0 1Zv1 12ZVF 122G 2A0U 2A2J
2A4N  2A9U 2AIB 2AKZ 2ANX 2AQ6 2AQP 2AQX 2ARC 2ASK 2AUW 2AXW 2AYT 2B4H 2B6C
2B9D 2BDR 2BJI 2C0D 2ClL 2C2I 2C49 2C5A 2CAR 2CB5 2CCO 2CDU 2CH7 2CMG 2CO3
2C05 2CTZ 2CU6 2CUN 2CVI 2CWK 2CXN 2D4G 2D73 2D7V  2D8D 2DBS 2DCO 2DCl  2DC3
2DC4 2DCT 2DFJ 2DJ5 2DKJ 2DLB 2DM9 2DOU 2DQL 2DR1 2DS5 2DSJ 2DSK 2DST 2DTC
2DXQ 2E2N 2E2X 2E5F 2ES5Y 2E85 2EBE 2ECS 2ECU 2EG4 2EGD 2EGV 2EIX 2EJN 2EKO
2ERB 2ESR 2ETX 2EV1 2F02 2F07 2FlF 2F22 2F2E 2F48 2F5G 2F62 2F96 2F9H 2FAl
2FAE 2FBN 2FCA 2FFG 2FGO 2FHQ 2FIU 2FJR 2FM6é 2FNU 2FPl 2FRE 2FSW 2FTR 2FUR
2FXV 2FZF 2FZT 2G3W 2G84 2GAl 2GAN 2GAX 2GBO 2GEC 2GEX 2GFF 2GIY 2GJ3 2GJA
2GKM 2GLZ 2GOM 2GSV 2GU9 2GUD 2GV8 2HIT 2H28 2H2N 2H2R 2H8G 2H98 2HA8 2HBV
2HDW 2HHJ 2HIN 2HIQ 2HOl 2HQ7 2HQY 2HS1 2HXR 2HZG 2I20 2I5E 2I5G 2I7R 2I8D
2I9U 2IAB 2IB0 2IG3 2IGI 2IPR 2IUT 2IYC 2J05 2J85 2J8W 2J98 2JD3 2JDJ 2JHF
2NLV 2NNH 2NOG 2NQL 2NQT 2NS9 2NTT 2NX9 2NXV 2NYS 2NZ5 2NZ7 204C 206P 207M
20B3 20D0 20D4 20DA 20EM 20FC 20GB 20GI 20HC 20KU 20KX 20M6 20MD 20ND 20NF
20PI 20PL 20QB 20R2 20RI 20TA 20U3 20U5 20XL 20Y9 2P08 2POM 2P12 2PlA 2P1J
2P23 2P2S 2P3Y 2P4P 2P4R 2P62 2P64 2P8U 2P97 2P9H 2PA7 2PEB 2PFW 2PHO 2PIH
2PJS 2PL7 2P0O3 2PR8 2PRV 2PS1 2PS5 2PUZ 2003 200X 2024 203V 205C 2Q6Q 2Q7A
2080 208V 20QBU 2QE8 2QFR 2QGY 2QH9 20QHQ 2Q0IW 2QJD 2QJF 2QL8 2QLX 2QMX 2QND
2007 2QRR 2QSI 2QU7 2QV0 2QVH 2QXY 2QYC 2Q%Z 2R15 2R1F 2R1I 2R50 2R74 2R8Q
2R8W 2RAS 2RB7 2RBB 2RBG 2RC8 2RCZ 2RDC 2RDE 2RGM 2RKO 2UUZ 2UWl 2V27 2V6K
2V9B 2VD8 2VGX 2VH3 2VKJ 2VOK 2VQ3 2VSW 2VVW 2WIT 2W1V 2W2K 2W3l 2W3G 2W43
2W6A 2W8X 2WCR 2WCU 2WD6 2WK4 2WLV 2WMM 2WNS 2WNW 2WU9 2WUF 2WVF 2WW4 2WZV
2X2W 2X65 2X7X 2XDG 2XFN 2XFV 2XGG 2XHF 2XJ3 2XMJ 2XOL 2XR4 2XT2 2XUA 2XW7
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2XWL
2YW2
2ZDP
3A8R
3BBD
3BWS
3CRY
3DFU
3E4V
3EQZ
3F6T
3FIL
3GOT
3GDW
3GVE
3HDO
3HOA
3IBS
3IX7
3KE7
3KZT
3LIA
3LzX
3MIL
3N08
3NPP
3070
30Y2
3PIJ
3Q18
3RA5
3SLzZ
3TP9
3UHA
3V6G
3W77
3ZRX
4AYN
4BWO
4DMG
4EIR
4FKB
4GOF
4HEQ
4I6R
4ITB
4JAW
4KR5
4L.M4
4MEB
4N8O
4061I
40YU
4PYQ
40GX
4RAY
4RVS
4TRT
4UIQ
4AW7Y
4XFW
4YSL
47ZDS
5AMT
5BJX
5CR4
5EDX
5FI3
5GXE
5HOP
5IT3
5JIP
5L73
5NCR
5T3U0
5UF5
5VAZ
5WUT
5XVJ

2X78
2YWL
2ZEW
3AAB
3BBZ
3BYP
3CsX
3DMC
3E7Q
3ER7
3F7E
3FJ4
3G16
3GE6
3GwW4
3HEB
3HPE
3IBW
3JSL
3KEA
3L0Q
3LID
3LZ7Z
3MIZ
3N10
3NOB
30AJ
3071
3PJT
3020
3RAU
3SON
3TRI
3UMO
3VAY
3WAE
3ZTB
4BON
4BWV
4DNN
4EJR
4FKZ
4GP7
4HFQ
4I6Y
41IV9
4JEM
4KTP
4LMY
4MGE
4NAD
406Y
4070
4PZK
4QHJ
4RBR
4RZ3
4TSD
4UNU
4WI9R
4XIN
4YT2
4ZFV
5AQ0
5BNC
5CRB
5EIU
5FID
5GXX
5HRA
5ITJ
5JKJ
5LLJ
5NEG
5TD6
5UFN
5VDN
5WWD
5XXA

2X79
2YWW
2ZGL
3ABH
3BCW
3BZY
3CT6
3DME
3E80
3ERX
3F84
3FK9
3G1p
3GFA
3GWK
3HGY
3HPF
3ICY
3Ju7
3KF3
3L32
3LJD
3M33
3MJQ
3N1E
3NQW
30CP
30ZY
3PJV
3Q31
3RBY
3SY6
3TY2
3UMz
3VB8
3WGT
3ZTH
4B0Z
4BX2
4DNX
4EP4
4FRY
4GR6
4HFS
4IBG
4IX3
43G9
4KTW
4LS9
4MIS
4NC7
4073
4P33
4004
4Q13
4RDZ
4RZB
4TTO
4U0P
4WBP
4X06
4YTD
4ZKY
5AVN
5BR4
5CRH
5EK5
5FIS
5GY7
5HS7
5IW9
5JNP
5LTL
5NL6
5TFP
5UH7
S5VHT
5X03
5Y78

2Y27
2YXH
27ZGY
3AIA
3BED
3C1Q
3CTP
3DN7
3E96
3ES4
3F9S
3FKR
3G3Q
3GKX
3GWL
3HIM
3HRO
3IGR
3JX9
3KGZ
3L46
3LM2
3M8J
3MMH
3N8B
3NRL
30FG
3P1X
3PJY
304N
3RKC
3T2Z
3TYY
3UPL
3vcc
3WHA
3zx4
4B54
4COR
4D02
4EPU
4FU3
4GX0
4HHV
4IC3
4IXN
4JGP
4KV2
4LSM
4MJD
4NDS
409K
4P5N
401v
40JY
4RE5
4S1H
4TTY
4UP3
4WF5
4X04
4YTO
4702
5AWI
5BTU
5CUO
5EQ2
5FLH
5HIN
5HTL
5IXV
5JNU
5LVS
5NLZ
5TJJ
5019
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301y
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4DT5
4EQ7
4FVF
4GYT
4HI7
4ICS
41Y4
4JLE
4L1J
4LTB
4MN7
4NEX
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4P7C
4Q25
4QNC
4RGB
4523
4TVI
4UR6
4WH5
4XQC
4YX1
47ZST
5AXG
5BU6
5CXx8
5ER9
5FVJ
5H34
S5HWV
5IZ3
5JSI
5LWK
5NO5
5T05
5UJD
5VM2
5X9T
5Y9Q

2YAS8
2YYV
270G
3ALY
3BHQ
3C8cC
3CW9
3DP7
3EDN
3EVI
3F9U
3FOU
3G3z
3GMG
3GWO
3HJ9
3HUS
3IKK
3K0Z
3KIZ
3L6I
3LQ6
3MAD
3MOM
3NAW
3NTL
30MT
3P6B
3PMR
3QGU
3RQ9
3T7Y
304z
3USS
3VK5
3WRB
3z2YY
4BE9
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4DZ7
4EQQ
4FYP
4H5B
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4TIYJ
4JN9
4L3K
4LXQ
4MPM
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40HJ
4P93
4051
4QR8
4RGD
4526
4TWL
4USK
4WJT
4XVV
4YY5
4ZUR
5AYV
5BWI
5CX0
5EUV
5FXD
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5HX0
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5JTD
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5NZ0
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5VsJ
5XAQ
5Y92
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2YYY
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4NLH
40K4
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4069
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5H78
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3MCW
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3NIO
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30V0
3VTX
3WX7
4AE4
4BG8
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4EBG
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4G3V
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4HU7
41J5
4342
4JXR
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4MYP
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40KI
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4970
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3NI6
3NX3
30PC
3P9V
3PPM
3QWU
3506
3TC9
3UB6
30v1
3VW9
3X3Y
4AGO
4BI3
4COB
4EF0
4EU9
4G5A
4HBE
4HW5
4137
4J5R
4JYS
4L.9C
4M7Y
4N04
4NQ8
40M8
4PHJ
40Q9A
4R3N
4RP3
4TMT
4U9N
4UX7
4WZN
4Y7D
4727
5A3V
5BOP
5C57Z
5D1V
5F5N
5GPK
5HDM
5I96
5390
5KAY
5MOZ
50LY
5U5N
5v01
5W8Q
5XNE
5YDD

2YMQ
27Z6R
2ZX2
3B42
3BNK
3CKA
3D34
3DXO0
3ENT
3F1L
3FF9
3FRQ
3G8R
3GR3
3H6R
3HM4
3I3W
3IUO
3K9U
3KUV
3LF6
3LV4
3MEX
3MUX
3NJ2
3NYD
30Q2
3PA8
3PSM
3QYF
3s18
3TDQ
3UBU
3UX3
3VZX
3ZFI
4AG7
4BKO
4Ccwc
4EGU
4EVX
4GEK
4HBQ
4HWV
4137
4J6C
4K0U
4LAN
4MAC
4N06
4NQF
4004
4PIC
4Q9v
4R60
4RPT
4TN5
4UAB
4UXU
4%X08
4YEA
4739
5A48
5B1Q
5C7Q
5D3A
5F6R
5GSM
5HEE
5IDB
5JAZ
5KEF
5MQ8
5007
5085
5V4A
5WEC
5X0M
5YET

2YMY
27273
2ZYQ
3B4U
3BOS
3CNK
3D3I
3E1W
3EO6
3F3S
3FGV
3FV6
3GAE
3GRD
3H8L
3HMT
3I5Q
3IUP
3K9V
3KUZ
3LFI
3LVC
3MGD
3MVE
3NO7
300L
30QP
3PC7
3PU9
3R3P
3584
3TES8
3UEJ
3V1E
3wW08
321G
4AML
4BLG
4D3D
4EHS
4EW5
4GHO
4HCE
4HYL
4IKB
4J7R
4K26
4LIR
4MAE
4NOR
4NRN
40PM
4PRS
40BN
4R8D
4RRQ
4TPV
4UAT
4078
4X3L
4YEP
4Z4A
5A9D
5B4N
5C8z
5DCL
5FAV
5GT5
5HHJ
5IN1
5JBR
5KHD
5MUY
50RG
5UCT
5v4p
S5WFX
5XP0
5YGE

2YR2
27276
YAAY
3B73
3BRC
3CP7
3D5P
3E2C
3EOF
3F5H
3FGY
3FVV
3GAZ
3GRN
3H8U
3HNO
3I9F
3IUW
3KBY
3KWR
3LGD
3LYD
3MGG
3MVG
3NOI
304w
30T2
3PDY
3PUB
3R41
3SBU
3TFJ
3UEP
3V4K
3WOE
3ZIT
4AUU
4BND
4D3Q
4EHU
4EZG
4GI2
4HCF
4T1Q
4IP5
43J8C
4K28
4LJ3
4MAK
4NOV
4NSV
40QQ
4PUH
4QE0Q
4R80
4RSW
4TQJ
4U0C2
4v15
4%X51
4YMG
4ZBD
5ACS
5B5I
5CES
5DY1
5FCN
5GUK
5HI8
5I0J
5JE6
5K04
5MWX
50VvY
5UE1l
5V4R
S5WHX
5XPV
5YGH

2YVE
27Z8R
3A1D
3B8X
3BRU
3CQOR
3D7A
3E2D
3EOQ
3F6G
3FH3
3FX7
3GB3
3GRO
3HA2
3HNW
3IAl
3IX1
3KD4
3KWS
3LHN
3LYN
3MGJ
3MWJ
3NPF
305Y
30TN
3PET
3PUH
3R5G
3SG8
3THF
3UF6
3v4M
3wWlo
3zJL
4AVR
4BOL
4DCZ
4EIO0
4FBM
4GIT
4HEH
4TI4K
410D
4J8E
4K6H
4LJI
4MAM
4N6J
4NTC
4083
4PVC
40GB
4R8Z
4RT5
4TR6
4UEJ
4v17
4X6X
4YNX
4ZBW
5AIF
5B7G
5CL2
5E2C
5FFP
5GVY
5HIF
5IPY
5JEL
5KX4
5N6X
5SY4
5UE7
5V5U
5WI2
5XSP
5YHR

2YVS
27ZB9
3A3D
3BA3
3BS9
3CRN
3DA5
3E48
3EPY
3F60
3FHU
3FYB
3GBY
3GU3
3HCN
3HO7
3IAV
3IX3
3KD6
3KZP
3LHR
3LYY
3MGK
3MZ2
3NPI
306V
30VP
3PFO
3PX2
3R89
3SK2
3TJ8
3UFE
3ve7
3W36
3ZRP
4AX0
4BRC
4DJN
4EIB
4FDI
4GKM
4HETI
4140
410
4382
4KEM
4LJL
4MDU
ANTW
4NU3
40TN
4PXE
4QGE
4R9X
4RUN
4TRH
4UG1
4v29
4X8Y
4YPO
4ZCE
5AL7
5BIR
5CQG
5ECC
5FFQ
5GX8
5HJL
5IRB
5JHX
5LOL
5NCK
5T3E
5UEJ
5V6I
S5WPP
5XUN
5YJC
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5YKR 5YKZ 5YN4 5YNX
5ZFK 52ZI1 5ZI2 5ZKT
6AEF 6AEP 6ALL 6AMG
6BSY 6C0G 6C3C 6C5B
6CWW 6D2W 6D3V  6D41
6E28 6EDQ 6EID 6EJT
6FF2 6FHG 6FIY 6FP5
6H31 6H59 6H60 6H86
6HTJ 6HZY 6I1A 6I5B
6J4K 6J5X 6J66 6J6A
6K62 6K7C 6K8V 6KEW
6LAC 6LCQ 6LEB 6LF1l
6MTW 6MX1 6MXV 6N70
6NP6 6NQY 6NRX 600B
6P1E 6P2I 6P58 6P73
6R6U 6RCH 6RIV 6RJB
6SCB 6SCQ 6SEK 6SF4
6TJ8 6TJR 6TL7 6TVV
6USS 6UXU 6V1B 6V3Z
6WE8 6WJA 6WN2 6WU7
6YKB 6268 6ZA0 6ZII
7B5J 7B67 7BB3 7BIO
7C8G 7C8P 7CBI 7CCB
7JW2 7KB9 7KL8 T7KPZ

5YRH 5YZ1 5Z11 5Z16 5728 5Z2G 5Z2H
5Z2QJ 5zZUM 5ZVV  5ZXN 6A51 6A55 6AS5SF
6AQE 6AR4 6AT3 6AWL 6AWR 6B7C 6BIF
6C6N 6C8R 6CDB 6CKK 6CMK 6COF 6CPB
6DAO 6DB1 6DBP 6DEB 6DGK 6DGM 6DJC
6EL2 6ENI 6EP6 6ES9 6EW7 6EWM 6EY5
6FU3 6G6U 6G96 6GDJ 6GF6 6GFB 6GHU
6H8F 6HAT 6HAZ 6HBV 6HIU 6HJO 6HKS
6I6S 6IAU 6IFQ 6ILS 6IME 6IOW 6IPT
6J6L 6J8L 6J94 6JDH 6JHV 6JIE 6JNJ
6KFM 6KGJ 6KHL 6KI2 6KLK 6KNL 6L2U
6LGI 6LH6 6LIY 6LPN 6LZH 6M20 6M31
6N91 6N9Q 6NAL 6NDI 6NIM 6NJC 6NK3
6014 605K 606Y 608N 60H8 60IB 60JF
6PCE 6PNR 6PT4 6PT8 6Q2C 6QJ6 6QLA
6RKO 6RK1 6RS4 6RWD 6RYK 6S2R 6S33
6SFH 6SI6 6SIZ 6SJ8 6SRB 6SSG 6SU3
6TY0 6TY2 6TYK 6U2U0 6U60 6UBL 6UBO
6vV42 6VD8 6VH6 6VJC 6VJU 6VPE 6VTV
6WXW 6XB6 6XNO 6XPH 6Y04 6Y1IW 6Y1Y
6ZK8 6ZMB 6ZN7 6zT4 7AlF 7A5C 7AED
7BJN 7BM8 7BR1 7BRA 7BU2 7C02 7C23
7CDV  7CIK 7CJ3 7CJ7 7CKH 7CMA 7CSV
7KQA 7KSB 7KWD 7LZG 7MBK 7NBI 7NET

5z2v
6A6F
6BHY
6CPD
6DKK
6F1J
6GU1
6HNM
6IRP
6JQW
6L3Q
6M4B
6NL2
60MP
6QST
6S6F
6SW4
6UD6
6VUD
6Y7F
7AG6
7C38
7CWQ
7NUU

57249
6A71
6BIE
6CQP
6DQP
6F43
6GYG
6HPQ
6J10
6JSX
6L5H
6M9G
6NNH
60N4
6QUW
6S7X
6T70
6UH8
6VZ0
6YF6
7A03
7C4A
7EV1
7039

5z50
6A80
6BND
6CS9
6DT3
6F5C
6GZA
6HQ2
6325
6K2F
6L6G
6MB8
6NNR
60VP
6QWO
6S95
6TCB
6UN8
6W40
6YIZ
7APP
7C5Y
733V
12As

5z80
6AE9
6BSU
6CWO0
6DVR
6FDC
6H1W
6HQZ
6J3E
6K2Y
6185
6MRV
6NNW
60ZU
6R5J
6SAN
6TEK
6URE
6W6X
6YJ9
TASV
7C64
7JRV

Table S2. p-values of chi-square tests between hydrogen bond types from FIRST with an energy cutoff of -0.1

kcal/mol.
Intrachain Interface Interface/lntrachain
Dataset1/
Dataset2 p-values p-values | Dataset p-values
PPnrall,
PDnrall 0.858 0.0047 | PDnrall 6.941e-10
PTnrall,
PDnrall 0.845 0.0043 | PPnrall 3.831e-10
PTnrall,
PPnrall 0.963 0.0137 | PTnrall 3.369e-06

Table S3. p-values of chi squared tests comparing proportions of different types of HB energy categories based

on Table 2.
Intrachain Interface
Dataset1/Dataset2 p-values | Dataset1/Dataset2 p-values
BB-BB: PDnrall, PPnrall 0.924 | *BB-BB: PDnrall, PPnrall 2.2e-16
BB-BB: PDnrall, PTnrall 0.986 | *BB-BB: PDnrall, PTnrall 2.2e-16
BB-BB: PPnrall, PTnrall 0.991 | *BB-BB: PPnrall, PTnrall 0.703
SC-SC: PDnrall, PPnrall 0.948 | SC-SC: PDnrall, PPnrall 4.031e-06
SC-SC: PDnrall, PTnrall 0.989 | SC-SC: PDnrall, PTnrall 1.036e-10
SC-SC: PPnrall, PTnrall 0.994 | SC-SC: PPnrall, PTnrall 0.399
Mixed: PDnrall, PPnrall 0.741 | Mixed: PDnrall, PPnrall 2.2e-16
Mixed: PDnrall, PTnrall 0.987 | Mixed: PDnrall, PTnrall 2.2e-16
Mixed: PPnrall, PTnrall 0.839 | Mixed: PPnrall, PTnrall 0.816

* Since the numbers of HBs of the interface BB-BB types for category Il and Il are small, the chi-square
statistical analysis was performed by combining the numbers in category Il and III.
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Table S4. HB energy (HBE) categories based on different energy ranges

Category HBE range (kcal/mol)
I -0.7 <HBE <-0.1
Il -1.3<HBE <-0.7
1] -20<HBE <-1.3
\Y HBE < -2.0

Table S5. p-values of chi-square tests between hydrogen bond energy categories (based on the discretization in

Table S4) at interface and within intrachain.

p-values p-values p-values
Dataset1/Dataset2 (intrachain) | (interface) Dataset (interface/intrachain)
PPnrall, PDnrall 0.959 0.007 | PDnrall 0.005
PTnrall, PDnrall 0.999 0.009 | PPnrall 0.944
PTnrall, PPnrall 0.980 0.999 | PTnrall 0.99

Table S6. p-values of chi squared tests comparing proportions of different types of HB energy categories based

on the discretization in Table S4.

Intrachain Interface

Dataset1/Dataset2 p-values | Dataset1/Dataset2
BB-BB: PDnrall, PPnrall 0.859 | *BB-BB: PDnrall, PPnrall
BB-BB: PDnrall, PTnrall 0.986 | BB-BB: PDnrall, PTnrall
BB-BB: PPnrall, PTnrall 0.973 | *BB-BB: PPnrall, PTnrall
SC-SC: PDnrall, PPnrall 0.926 | SC-SC: PDnrall, PPnrall
SC-SC: PDnrall, PTnrall 0.948 | SC-SC: PDnrall, PTnrall
SC-SC: PPnrall, PTnrall 0.946 | SC-SC: PPnrall, PTnrall
Mixed: PDnrall, PPnrall 0.926 | Mixed: PDnrall, PPnrall
Mixed: PDnrall, PTnrall 0.948 | Mixed: PDnrall, PTnrall
Mixed: PPnrall, PTnrall 0.946 | Mixed: PPnrall, PTnrall

* Since the numbers of HBs of the interface BB-BB types for category Il and Il are small, the chi-square

statistical analysis was performed by combining the numbers in category Il and III.
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