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Abstract: We present a method to rapidly identify hydrogen-mediated interactions in proteins
(e.g., hydrogen bonds, hydrogen bonds, water-mediated hydrogen bonds, salt bridges, and aromatic
m-hydrogen interactions) through heavy atom geometry alone, that is, without needing to explicitly
determine hydrogen atom positions using either experimental or theoretical methods. By including
specific real (or virtual) partner atoms as defined by the atom type of both the donor and acceptor
heavy atoms, a set of unique angles can be rapidly calculated. By comparing the distance between the
donor and the acceptor and these unique angles to the statistical preferences observed in the Protein
Data Bank (PDB), we were able to identify a set of conserved geometries (15 for donor atoms and 7
for acceptor atoms) for hydrogen-mediated interactions in proteins. This set of identified interactions
includes every polar atom type present in the Protein Data Bank except OE1 (glutamate/glutamine
sidechain) and a clear geometric preference for the methionine sulfur atom (SD) to act as a hydrogen
bond acceptor. This method could be readily applied to protein design efforts.

Keywords: hydrogen bond; CH-7t bond; protein crystal structure; methionine; protein geometry

1. Introduction

Hydrogen atoms mediate many of the important interactions involved in protein structure and
function. One major type of these interactions is made up of canonical hydrogen bonds, defined as a
set of interactions between a hydrogen atom bound to a pair of electronegative atoms in which there is
evidence of a bond between the hydrogen and both atoms [1]. These bonds are dominated by simple
electrostatic terms, but also include contributions from higher-order electrostatic interactions (dipoles,
quadrupoles, etc.), -interactions, dispersion, and charge transfer terms [1-8]. In proteins, hydrogen
bonds between strongly electronegative nitrogen amine and carbonyl oxygen define the x-helical
and (3-sheet secondary structure elements [6,9,10] essential to forming compact folded structures [11].
Similarly, oxygen [12,13] and nitrogen [14] atoms present in the amino acid side chains also tend
to be involved in canonical hydrogen bonding interactions with water molecules [15] and other
electronegative atoms present in ligands [16,17], as well as in the protein itself, involving both the
backbone [9] and sidechains [10] (including sulfur atoms in cysteine and methionine [18]). Sulfur is a
large, soft atom, unlike the smaller, harder oxygen and nitrogen atoms, and these chemical differences
mean that hydrogen bonds formed by sulfur atoms typically have greater contributions from the
higher-order electrostatic terms, dispersive interactions, and charge transfer terms and are less well
defined by traditional definitions of hydrogen bonding [18]. These issues become even more pressing

Molecules 2020, 25, 5326; d0i:10.3390/molecules25225326 www.mdpi.com/journal/molecules


http://www.mdpi.com/journal/molecules
http://www.mdpi.com
https://orcid.org/0000-0003-3328-4428
https://orcid.org/0000-0002-1769-4542
http://www.mdpi.com/1420-3049/25/22/5326?type=check_update&version=1
http://dx.doi.org/10.3390/molecules25225326
http://www.mdpi.com/journal/molecules

Molecules 2020, 25, 5326 20of 11

when even less traditional hydrogen bonding-type interactions are subject of interest, such as hydrogen
bonding from carbon donors (CH) [19] or to m-cloud acceptors [20-22] including those of aromatic ring
systems (Ar-H) in phenylalanine, tyrosine, histidine, and tryptophan [13] as well as the guanidinium
moiety of arginine [23].

While issues involving non-canonical hydrogen bonds can be dealt with both theoretically [24,25]
and experimentally [22,26,27] when studying small molecules, this is generally not currently possible
for proteins [27]. Instead, treatments of hydrogen bonding interactions in proteins typically utilize a
simplified electrostatic model [9,28], which requires estimation of the distances between the hydrogen
atom and the two electronegative atoms [9]. Additionally, for many such interactions, the positional
error of the hydrogen atom is negligible when compared to the experimental positional uncertainty of
the heavy atoms in the protein, especially those in which the pK values of the donor and acceptor are
well defined [29] and the structures are quite rigid. However, the environment in protein structures
often perturbs pK values [30,31] and such phenomena are quite common in the active sites of enzymes
and other areas of biochemical interest [32,33]. Additionally, even in well-ordered catalytic and ligand
binding sites, atoms can exist in several conformations due to side chain rotations [34] and backbone
flexibility [35]. Even where there is no evidence for any such flexibility, there are often complex networks
of hydrogen bonds present in proteins which often involve multiple partnered electronegative atoms,
thus making the position of the hydrogen atom in these networks ambiguous [36,37], especially-so
for side chains with significantly rotatable hydrogen positions such as the lysine amine and serine
hydroxyl [29]. These rotations often confound automatic hydrogen placement algorithms; a survey of
28 automated hydrogen prediction methods found poor agreement with experimental data with a
median error of 0.76 A for hydroxyl hydrogens [29]. Such errors are often obvious and can constitute a
significant obstacle for research utilizing protein crystal structures, such as molecular docking [38].

However, even when high-quality experimental data is available, such as from atomic (better than
1 A) resolution crystal structures or neutron diffraction data, many hydrogen atoms are still poorly
localized, especially for side chain atoms in which the hydrogen atom has rotational freedom [29].
While these methods (and NMR) are capable of producing experimental evidence for hydrogen
atoms, to date, the vast majority of protein structural information has been collected using x-ray
crystallography (with a gradually increasing average resolution) [39]. To address this problem,
we sought out a method that could investigate these kinds of interactions and utilize the large amount
of available protein crystallographic data. We used a geometric definition that relies solely on the
position of the non-hydrogen heavy atoms and relies on the basic principle that energetically favorable
interactions will tend to be statistically overrepresented among all possible geometric conformations,
a principle that is recognized in the IUPAC definition of hydrogen bonding [1]. Because the definition
introduced here relies only on heavy atom geometry (Figure 1), we could not only look at traditional
hydrogen bonds but also non-canonical interactions such as CH-7t bonds [21]. While the existence
of these bonds is not without controversy, we also acknowledge that lacking explicit detail on the
position of a hydrogen atom makes it difficult to differentiate hydrogen bonding and salt bridge
interactions [3,11,40], so we refer to all of these collectively (e.g., canonical hydrogen bonds [1,9],
water-mediated hydrogen bonds [15], salt bridges [8,11,28], Ar-H [19,21,22], and ion-7 [41] interactions)
as hydrogen-mediated interactions (HMI). By examining high-resolution crystal structures using this
method, we were able to identify at least one favored geometry for all the expected donor atom types in
the Protein Data Bank (PDB) [39] and produce a simple method to estimate HMI quality in current and
future protein structures that is readily applicable to side chain interactions and does not necessitate
the use of experimental or predicted hydrogen atoms but rather utilizes the much more experimentally
accessible heavy atom geometry.



Molecules 2020, 25, 5326 3of11

Figure 1. Graphical illustration of the geometric definition of hydrogen-mediated interactions (HMI).
(A) Ilustration of the heavy atoms which are included in the HMI definition including the two
electronegative atoms (hydrogen atom donor D and hydrogen atom acceptor A) and their partners,
X and Y, respectively. The distance between D and A is illustrated as distance d. The direct angle
between X, D, and A (@4, orange) and the indirect angle made up of points Y, A, and D (®;, green) are
also illustrated. (B) Demonstrative side view showing the annular shape of the volume of each bin in
space. Each bin is 0.1 A and 1° between d; and d, so a cone correction is applied to compensate for the
greater volume of the longer distance bins.

2. Results

Searching for favored geometries identifies hydrogen-mediated interactions. By searching for
geometrically favored relationships between hydrogen, donor, and acceptor atoms, we were able to
readily and easily identify hydrogen-mediated interactions in proteins. This process identified 68
geometrical interactions around hydrogen-donating atoms and 55 centered on hydrogen-accepting
atoms which surpassed the appropriate threshold volume (Tables S1-53). Of these, those that involved
very short (<2.5 A) interaction distances between the donor and acceptor atoms and were eliminated.
For example, the major interaction for the cysteine sulfur (SG) was very short (2.0 A) and at an acute
angle when analyzed as either a donor or acceptor, suggesting a covalent disulfide bond rather than
an HMI. For donor-defined interactions, the largest peak (as defined by total cluster volume) was
associated with interactions of the backbone nitrogen involved in the formation of a secondary structure
in both a-helices and 3-sheets. These 55 include at least one (and usually only one) interaction for all
the expected atom types as well as a few non-traditional bonds including 38 distinct, possible CH donor
interactions (Tables S1-53), several of which are centered on short distances between the CH atom and
backbone nitrogen atoms on the same (CG1 and one CB) or backbone atoms on neighboring residues
(CA, CB, CG). These HMI tend to be short (2.4 A) for CA and CB, with narrow (<110°) angles (13 of 38
(34%) CH donors). There are two major exceptions to the one-to-one correlation between atom types
and HMI: the atom type NE2 (which is chemically different when found in histidine and glutamine)
and OH (tyrosine hydroxyl). For the NE2 interactions, both the nearly linear (180°) histidine-based
and the planar (120°) amine interaction geometry of glutamine can both be visually identified in
the NE2 heat map (Figure S1). The other special case, the tyrosine OH atom, is clearly defined as a
single-interaction cluster when measured from the direct angle but rather has two distinct clusters
when measured from the indirect angle. By eliminating those possible HMI which are either too short,
do not meet the appropriate volume threshold, or lack an equivalent interaction in the indirect angle,
15 identified HMI remain (Table 1). All 15 of these HMI can be readily identified as canonical hydrogen
bonding interactions (Figure S2). Among these canonical 15, the average distance determined using
both the direct and indirect angle measures were identical to within the same distance bin (0.1 A) for
10 of the 15 (67%) HMIs, with only one varying by more than 0.1 A (ND1). Notably, the tyrosine OH
atom type has two HMI when measured from the indirect angle, one of which matches the direct angle
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distance. Altogether, this gives an overall good distance match between the identified interactions
given the size of the bins and the expected spatial positioning error for protein structures of 2.0 A
resolution of 0.3 A [42].

Table 1. Table of identified and confirmed HMI. The confirmed HMIs are listed according to donor or
acceptor heavy atom identity with geometries given using either the direct or indirect angles. Atom
types are listed in order of decreasing cluster volume (for the direct angle) and the average (by center of
mass) distance and angle and the 1st and 3rd quartiles (25-75 range) are also given, as well as general
information about the HMI.

Donors, Direct

Atom  Distance 25-75 Range Angle 25-75 Range Volume Notes
strand to
1 N 29 2.8-3.1 171 166-176 2126 strand/helix
2 NE 2.8 2.7-2.9 171 165-176 1678 standard bond
3 NE1 2.8 2.8-2.9 172 166-176 1659 standard bond (Trp)
4 ND1 2.7 2.7-2.8 173 168-177 1511 standard bond
5 OD1 2.8 2.8-2.9 136 124-151 839 standard bond
6 NH2 2.9 2.8-3.0 105 92-119 827 standard bond
7 OD2 2.8 2.7-2.8 125 118-133 780 standard bond
8 NZ 2.8 2.7-2.8 107 99-114 777 standard bond
9 NE2 2.7 2.7-2.8 173 169-177 766 His bond
10 ND2 29 2.8-2.9 120 114-126 719 standard bond
11 OH 2.6 2.6-2.7 115 112-119 610 standard bond
12 OE2 2.8 2.7-2.8 123 117-130 590 standard bond
13 NH1 2.8 2.8-2.9 132 127-136 576 standard bond
14 oG 2.7 2.6-2.8 113 105-120 529 standard bond
15 0OG1 2.7 2.6-2.8 112 106-118 504 standard bond
Donors, Indirect Indirect
Atom  Distance 25-75 Range Angle 25-75 Range Volume Notes
strand to
1 N 29 2.8-29 159 154-166 1197 strand/helix
2 NE 2.8 2.7-2.8 135 120-148 349 standard bond
3 NE1 2.8 2.8-2.9 135 125-142 368 standard bond
4 ND1 29 2.8-3.0 170 166-176 353 standard bond
5 OD1 2.8 2.8-2.9 171 164-176 1414 standard bond
6 NH2 2.8 2.8-2.9 137 123-150 986 standard bond
7 OD2 2.8 2.7-2.9 173 168-177 1562 standard bond
8 NZ 2.8 2.7-2.8 148 134-163 1232 standard bond
standard bond
9 NE2 2.8 2.8-2.9 141 132-154 601 (GIn and His (poor)
10 ND2 29 2.8-29 142 131-156 966 standard bond
11 OH 2.6 2.5-2.6 131 122-139 502 standard bond
11a OH 2.8 2.7-29 174 169-177 577 standard bond
12 OE2 2.8 2.7-2.9 174 168-177 1334 standard bond
13 NHI1 2.8 2.8-2.9 140 129-152 953 standard bond
14 oG 2.8 2.7-3.0 164 150-172 1239 standard bond

15 OG1 2.8 2729 160 144-169 1234 standard bond
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Table 1. Cont.

Acceptors, Direct

Atom  Distance 25-75 Range Angle 25-75 Range Volume Notes
strand to
1 (@] 29 2.8-3.2 156 150-162 1073 strand/helix
2 SD 3.8 3.8-3.9 140 132-147 439 CH-acceptor bond
3 OoD2 2.8 2.7-2.8 124 119-132 324 standard bond
4 OD1 2.8 2.8-2.9 137 131-144 182 standard bond
5 OE2 2.8 2.7-2.8 123 119-127 160 standard bond
6 OH 2.6 25-2.6 115 113-118 154 standard bond
7 ND1 32 3.1-33 95 91-99 305 poor bond
Acceptors, Indirect Indirect
Atom  Distance 25-75 Range Angle 25-75 Range Volume Notes
strand to
1 (@] 2.9 2.8-3.0 170 164-176 1478 strand/helix
2 SD 3.8 3.74.0 163 152-174 856 CH-acceptor bond
3 OoD2 2.8 2.7-2.9 173 168-177 1001 standard bond
4 OD1 2.8 2.8-2.9 171 164-176 958 standard bond
5 OE2 2.8 2.7-2.9 174 169-178 791 standard bond
6 OH 29 2.8-3.0 176 173-178 248 standard bond
7 ND1 3.2 3.1-3.3 112 109-115 236 poor bond

On the other hand, when acceptor atoms were analyzed, 55 putative interactions were identified.
Using the previously discussed criteria (volume, interaction distance, and indirect interactions) quickly
reduced this to a set of 8 interaction geometries. However, one of these 8, CD1, is chemically forbidden
from acting as an HMI acceptor and was also eliminated, leaving 7 identified HMI (Table S1, Figure S2).
Much as with the donors, the major class (backbone O) was associated with secondary structure
interactions, as expected (Table 1). Of the detected interactions, 6 of 7 (86%) had matching distance
lengths in both the direct and indirect angles, although this time, one interaction (OH) differed by
0.3 A. (It should be noted here that the geometries for OH both as a donor and an acceptor were
identical.) In general, the acceptor-defined interactions had smaller average cluster volumes (385) than
the donors (966) when accounting from the direct orientation. Most of the oxygen atom types will be
good acceptors; OD1, OD2, and OE2 of glutamine, glutamate, asparagine, and aspartate side chains
will likely be not protonated at physiological pH (even allowing for side chain flipping), while the
tyrosine OH atom, which is typically singly protonated under physiological conditions and thus can
be a functional acceptor. Furthermore, the non-traditional acceptor of the methionine sulfur atom (SD)
was clearly identified to have a preferred HMI geometry, having the 4th largest cluster volume of all
the acceptor HMIs. On the other hand, it also had a much longer HMI distance (3.8 A) and a broad
angle bin range (Q25-Q75 = 16 bins direct angle, 23 bins indirect angle). SD also tends to be involved
in interactions with CH atom donors; 89.5% of all donor atom partners in its center of mass bin (3.8 A,
140°, direct) are carbon atoms.

The existence of many of the putative HMIs examined were not statistically supported by the
data. Two of the identified acceptor atom type interactions were problematic from a chemical point
of view. The CE1-acceptor HMI likely arose from the method’s flexibility in identifying donors and
acceptors due to ring flipping, while the ND1 atom type as an acceptor also likely arose from possible
side chain flipping. Additionally notable, the OE1 atom type did not have any statistically preferred
acceptor HMI. Another 20 of 55 (36%) putative HMI were centered on nitrogen atoms, which generally
had weaker HMI identifiers as acceptors than donors. Identification of these as acceptors appeared
to arise from atom types that were dually classed as donors and acceptors. Ten of these 20 putative
(50%) nitrogen acceptor HMIs had direct angles more acute than 110°, while a further 4 of 20 (20%)
had nearly linear (>170°) direct angles, making many of these putative nitrogen acceptor HMIs likely
incidental contacts regardless of chemical concerns. The two acceptor HMIs that were identified but
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may be concerning (CE1 and ND1) both are present in histidine side chains. None of the Ar-H HMIs
had clusters of significant size in the indirect angle analysis. These bin clusters had low values and also
(typically,5 of 10, 50%) close contacts (2.0-2.2 A) with broad angle requirements (Q25-Q75 = 20-26 bins,
average 22.4). Furthermore, there were no indirect angle clusters that met the significance thresholds
required for an HMI (Tables 51-53). In general, identification of hydrogen-mediated interactions using
hydrogen accepting atoms was less well supported than those of donor atoms.

Discussion and Conclusions: Using this simple geometric definition, HMIs could be identified
for donor atoms in the range of 24 A without explicit experimental identification of hydrogen atoms
(Figure S3). The discovered geometric preferences were generally narrow, both in terms of distance and
angle range (Table 1). All of the statistically identified HMIs were also chemically reasonable [43]. Being
able to detect these interactions indirectly, without the need to experimentally locate the hydrogen
atoms including on sidechain atoms, allowed HMI analysis of a large number of protein [43], and
in theory could be readily and efficiently applied to an empirical scoring function [44] as a novel
method to retrospectively quantify HMIs in solved crystal structures and in theory, de novo protein
designs [45]. This geometric method is quick and easy to calculate and utilizes the information that is
readily available from protein crystal structures of reasonably high resolution while obviating the need
to introduce either a calculated hydrogen atom and its concurrent positional uncertainties [29,34,46]
or the need to rely on estimated pK, values [30,31], and it allows the analysis of non-canonical
acceptors such as Ar-H interactions [19,21] which can be notoriously problematic to estimate in protein
structures [5,28,47,48]. This method provides at least one optimal geometry for each of the donor atom
types present in the PDB and can differentiate the chemically different forms of most PDB atom types.

In this work, we focused on the aspects of hydrogen bonding using the formal IUPAC definition,
that are applicable to proteins [1]. Due to the size of proteins and their complexity, this is mainly
the inherently directional nature of these interactions [49] that distinguishes HMI from isotropic
(non-directional) interactions. Hydrophobic (Van der Waals), dispersive (London), and steric
(6/12 potentials) are isotropic while hydrogen bonding, Ar-H [19], and salt bridge interactions [4,40,50],
all of which we are including as HMIs, are directional [5,46]). Because we analyzed distances between 2
and 6 A, we were able to largely obviate the need for a specific distance metric, thereby avoiding some
controversies in this area as this length regime includes everything from long covalent disulfide bonds
to water-mediated hydrogen bonds [15]. The ability to examine this entire distance range was doubly
important for Ar-H interactions, which are typically considered to be longer than canonical hydrogen
bonds (3-6 A) [5,41,51]. However, only one (the six-membered ring of tryptophan) of the putative
aromatic 7-interactions had a greater interaction distance than 3.5 A, and the angle of interaction was
acute, to the main chain atoms of the residue itself (Table S3). The range of angles found for aromatic
m-interactions was also quite wide (mean = 11.6°, Table S3) [25]. In general, we did not find good
evidence for a statistical predisposition towards anisotropic HMI for non-canonical atomic pairs, with
the exception of the ability of the methionine SD atom to function as an HMI acceptor.

It should be noted that removing the hydrogen atom from the place of central importance and
the somewhat arbitrary decisions used to choose the angular limits [21,43], as well as our somewhat
unusual inclusion of hydrogens with free rotations [24], makes it difficult to compare interaction angles
between this analysis of HMIs with other protein hydrogen bond analyses [2,4,7,52-54]. However,
we note that we found no donor-centered interactions longer than the common distance limit of
35 A [2,4,20,25,55,56] and only one acceptor interaction (Table 1) greater than that length despite
measuring interactions out to 6 A. It should neither escape notice that a large number of longer-distance
CH-O interactions (average distance = 3.3 A) have been identified in proteins [57], and there is a
notable bulge at this length in the carbonyl O heat map in our analysis (Figure S1). It should not be
understated that there is a pressing need for analyses of non-canonical HMIs in proteins, which have
been laboriously documented in protein x-ray [19,21,41,43,47] and neutron structures [26]. Because
this method is more general than those that specifically investigated these interactions (possibly
due to their relative rarity [41]), our inability to detect aromatic 7-interactions in no way disproves
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their existence [13,21,58]. Nor should these results in anyway detract from the power of the many
widely used methods that deal with hydrogen placement in proteins which have long stood the test
of time [9,39,52,53]. Rather, we propose this model as a way to extend the functionalities of those
gold-standard methods.

Obviously, our method is not without its limitations. This model is simply too simple to
differentiate hydrogen bonds from salt bridges, which tend to have only slightly shorter interaction
distances [40,50], and we focus exclusively on intra-chain interactions [59]. It is also worth noting that
the ambiguity present in several atom types (e.g., carboxylates of aspartate and glutamate, or histidine
nitrogen atoms) necessitates ambiguity in donor and acceptor assignments, and also ambiguity in
finding interactions between atoms which may in their natural state be matched donors or acceptors.
More concerning is that this definition does not work particularly well to identify HMIs for hydrogen
bond accepting atoms, including the 7-clouds of aromatic residues. While many of the expected
acceptor atom types do also have at least one well-defined, statistically preferred geometry (Table S3),
as a whole, these HMIs are less well defined than those of donor atoms. Additionally, the atom type OE1
has a preferred donor HMI geometry but no acceptor geometries despite also being present in glutamine
side chains (Table 1, Tables S1-53). It should be noted that this method fell short of the original goal of
modeling many if not all of the non-canonical HMIs such as those arising from carbon atom donors or
mi-cloud acceptors [19,21,41]. Part of this is undoubtedly due to the relative weakness of these bonds
compared to canonical strong donor/strong acceptor pairs [5,19-21,41,51,57,60]. It is not unexpected
that these weaker bonds would be weaker drivers of geometric preferences [5]. Additionally, the larger
volume of space occupied by m-cloud acceptors [56,61] compared to singular atoms also likely dilutes
any geometric preferences that might be detected as there is a much greater region of space and thus
geometries with which a donor could interact with the m-electrons. Carbon atom donors do not have
this problem, but many of the statistical preferences are overwhelmed by steric contacts around the
backbone (Table S3, Figure S1). It should not be expected that these geometric preferences can directly
be applied to an energy function, but rather function more as a quality check external to the energy
function itself [14,48].

However, these short coming should not distract from the fact that by simply including a pair of
partner atoms, it is possible to identify a set of conserved, optimal geometries for the most common
donor-atom-based HMI in protein crystals. These geometrical constraints provide a quick method
to identify likely HMI in protein atoms using the information that is readily available from protein
crystal structures, which have potential applications in error-checking both actual protein experimental
structures and de novo designed theoretical models.

Materials and Methods: The entire PDB database [39] was downloaded on 5 July 2016. The dataset
was filtered to contain only those models with a resolution of 2 A or better in order to focus on
well-defined atomic positions. In order to minimize potential errors in the deposited models and
to better account for statistical variation, the dataset was also limited to only those proteins which
have been deposited at least ten times in the PDB (as defined by the PDB at 90% sequence identity).
This was confirmed on a per residue basis by sequence alignment. In the end, these criteria resulted in
1874 groups of proteins, which contained a total of 49,549 protein chains. Water molecules, ligands,
and other heteroatoms were not included in the analysis and each chain was analyzed individually
so only intra-chain interactions were examined. Hydrogen-mediated interactions were identified as
follows: each heavy atom (e.g., C, N, O, and S) in the protein chain that could be involved in an HMI
according to its atom type (as defined by the atom name parameter in the PDB file) was classified
either a donor (D), acceptor (A), or both based on its hydrogen bonding characteristics (Table S2).
The atom naming convention was taken from the PDB; an illustration of this is included (Figure S4).
Many atoms were classed as both donors and acceptors due to their equivocal chemical nature or
common errors in identification in protein structures; the obvious example of this would be the CE1
atom of histidine, which may be a misidentified nitrogen atom or, due to natural ring flipping, be a
nitrogen atom in some proportion of the protein structure. Each donor was associated with a partner
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atom (X) according to its atom type, and each acceptor with its equivalent partner (Y) as determined
by its atom type, in order to properly orient the assumed hydrogen atoms (Figure 1). For many
atom types, the partner atom was geometrically identical to a heavy atom covalently bonded to the
original atom. However, for those atom types for which the partner atom could not be trivially placed,
the positions of the appropriate dummy atom were defined by a geometric rule based on two or more
additional atoms (Table S2). For example, the n-cloud of the phenyl ring of tyrosine was defined by a
pair of points located 1 A distant from a point located at the center of the ring as defined by the six
carbon atoms of the side chain ring (CG, CD1, CD2, CE1, CE2, and CZ) and normal to the plane of
the ring. One point was used for each face of the ring to make the pair of points; tryptophan has four
such points due to its pair of rings. Then for each atom, the distance between that atom and every
other atom in the protein chain was calculated and every atom within 6 A, but at least 2 A distance,
was considered a potential HMI if that atom had a complementary classification to the query atom
(i.e., “acceptor” or “both” for donors). Two angles were calculated from the four atoms in the potential
HMI, XDA, and YAD, respectively (Figure 1A). Purpose-built code to analyze the HMIs present in
PDB structures on a per chain basis and statistical correlation for a full data set is available online at
https://gorna.uw.edu.pl/en/research/software. Analysis of the entire PDB took less than two weeks on
a single desktop LINUX machine. A potential HMI was then considered to be an actual HMI if both
angles were between 80° and 180°. The angle XDA is referred to as the direct angle for donors and
the indirect angle for acceptors, while the opposite holds for the angle YAD. HMIs were analyzed in
terms of both donor and acceptor characteristics (where applicable) and using both angles alternatively
regardless of the atom characteristic.

All the HMISs detected for a given atom type were collected and divided into bins of 0.1 A distance
and 1° angle ranges. Bins were normalized for the total volume of the bin (cone correction) [62]
(Figure 1B). The data were also normalized for atom frequency by dividing the total number of detected
HMIs by the number of bins (1 = 4000). An HMI was identified as a cluster of five or more contiguous
bins that exceeded a threshold normalized value. Threshold values were employed to both reduce the
amount of noise present in the data and to determine the limits of acceptable geometries for each HMI.
The normalized value was established by empirical observation to separate legitimate signal peaks
from stochastic noise. The bins themselves were arranged in a standard 2-D table and any bin in the
eight surrounding a bin with at least a value of 3 that also had a value of at least 3 was considered
a contiguous contact. For each identified HMI cluster, the bin in which the center-of-mass in each
dimension resided was identified, along with the bins that defined the limits of the 25th and 75th
quartiles (Table 1). For donor atoms, hydrogen-mediated interactions were verified by examining
the sum total of the ratio values in the bins exceeding a threshold volume of 500 units (determined
empirically by identifying narrow peaks in the heat maps) for the direct angle and at least 150 units for
the indirect angle formulation. Identified bonds were further screened by requiring that an equivalent
bond was also present in the other formulation and a minimum bond length of 2.5 A was also measured
(Tables S1-S3). For acceptor atoms, all the same held except the threshold was lowered to 150 units for
the direct angle but raised to 200 for the indirect angle. Examination of the bonds identified in the PDB
allowed categorization of the bond type.

Supplementary Materials: The following are available online, Table S1: Table of identified hydrogen mediated
interactions identified in the PDB, Table S2: Table of amino acids and atom types present in the PDB, Table S3:
Table identifying the partner atom for each analyzed atom (by type), Figure S1: Heat maps for each of the HMI,
Figure 52: Example geometries for each of the HMI, Figure S3: Average geometries of the identified HMI, Figure
S4: The 20 standard amino acids and their atom names from the PDB. Source code for the calculations performed
in this work is available online at https://gorna.uw.edu.pl/en/research/software.
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