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Abstract

Nucleobase binding is a fundamental molecular recognition event central to modern biological and bioinspired
supramolecular research. Underpinning this recognition is a deceptively simple hydrogen-bonding code, primarily
based on the canonical nucleobases in DNA and RNA. Inspired by these biotic structures, chemists and biologists
have designed abiotic hydrogen-bonding motifs that can interact with, augment, and reshape native molecular
recognition, for applications ranging from genetic code expansion and nucleic acid recognition to supramolecular
materials utilizing mono- and bifacial nucleobases. However, as the number of nucleobase-inspired motifs expands,
the absence of a standard vocabulary to describe hydrogen bond (HB) patterns has led to a haphazard mixture of
shorthand descriptors that are confusing and inconsistent. Alternative notations that specify individual HB sites
(such as DAD for donor-acceptor-donor) are cumbersome for biological and supramolecular constructs that contain
many such patterns. This situation creates a barrier to sharing and interpreting nucleobase-related research across
sub-disciplines, hindering collaboration and innovation. In this Perspective, we aim to initiate discourse on this
issue by considering what would be needed to formulate a concise one-letter code for the HB patterns associated
with synthetic nucleobases. We first summarize some of the issues caused by the current absence of a consistent
naming scheme. Subsequently, we discuss some key considerations in designing a coherent naming system. Finally,
we leverage chemical rationale and pedagogical mnemonic considerations to propose a succinct and intuitive one-
letter code for supramolecular two- and three-HB motifs. We hope that this discussion will spark conversations
within our interdisciplinary community, thereby facilitating collaboration and easing communication among

researchers engaged in synthetic nucleobase design.
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Introduction

The molecular recognition of nucleobases via hydrogen bonds (HBs) is ubiquitous in living systems, enabling
the efficient storage, communication, and transfer of genetic information within organisms and between
generations. This information is primarily carried in just four patterns of HBs—those of guanine, cytosine, adenine,
and thymine/uracil (Figure la)—that ensure the fidelity of guanine-cytosine and adenine-thymine/uracil
interactions via Watson-Crick-Franklin (WCF) base-pairing. Attracted by the efficiency, specificity, and tunability
of nucleobase-mediated molecular recognition, chemists have repurposed DNA for materials design, both as a
construction material capable of forming sophisticated architectures via DNA origami (Figure 1b)*? and as a

versatile and highly programmable interaction to organize nanoscale matter via colloidal crystal engineering (Figure
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Figure 1. Natural nucleobases in biology and materials. (a) The canonical four nucleobases with hydrogen bonds
on the WCF edge denoted by arrows. Color code: blue (HB acceptors) and maroon (HB donors). Black broken line
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denotes a null position not involved in WCF base-pairing. (b) Overview of DNA origami-engineered nanomaterials.
Adapted from ref. 2. (c) Overview of colloidal crystal engineering with DNA. Reproduced from ref. 3.

The versatility and potential impact of nucleobase-mediated molecular recognition across chemistry, biology,
and materials science have spurred the design of new recognition motifs for different applications, including genetic
code expansion, nucleic acid recognition, and supramolecular materials. Genetic code expansion has captivated
chemists and biologists alike for decades,>° with recent examples such as hachimoji DNA successfully expanding
the genetic alphabet from four to eight nucleobases (hence the name “hachimoji”, derived from the Japanese for
“eight letters™) (Figure 2a).!! These eight nucleobases rely on six unique HB patterns and the distinct geometries of
purine and pyrimidine bases to encode a fully orthogonal four-base pair system that is transcribable in vitro using a
modified T7 RNA polymerase.!! In the area of nucleic acid recognition, bifacial nucleobases, known also as Janus
nucleobases after the two-faced Roman god of duality,*? have been designed to present two hydrogen-bonding
arrays that each recognize a biotic nucleobase. Seminal work by Lehn and coworkers reported a Janus molecule
capable of targeting the cytosine-uracil mismatch.® More recently, the groups of Bong***® and Ly®” have utilized
the bifacial HB motifs of melamine and Janus nucleobases, respectively, to bind to DNA and RNA double helices
and form stable triplexes via double strand invasion (Figure 2b). Triplex formation has also been explored by
Rozners and coworkers via the formation of RNA bulges using modified peptide nucleic acids.®!° For
supramolecular materials, Lehn and coworkers were also instrumental in designing the first synthetic bifacial
nucleobase, the GMC motif (Figure 2¢),% to assemble into hydrogen-bonded macrocycles, the formation of which
was confirmed via XRD by Mascal et al.?*?2 Subsequent in-depth studies by Fenniri and others explored these
rosettes and their nanotubes as fibrous materials and mimics of ion channels.?>° The synthesis and assembly of
related motifs, including expanded G"C structures,?62¢ AMT Janus nucleobases,?**® and a G-C-T triple base-coded

nucleobase,*! have also been reported.
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Figure 2. Non-natural nucleobases in biology and materials. (a) Four nucleobases that operate orthogonally to
canonical AGCT bases in hachimoji DNA. Adapted from ref. %, (b) MD simulation of a DNA-PNA-DNA triplex
in which the PNA is modified with Janus nucleobases. Adapted from ref. ’. (c) The G*"C motif.?° (d) Synthetic
rosette nanotube porin mimic assembled from fused G"C bases functionalized with peripheral porphyrin units.
Adapted from ref. 2°.

Though the development of a rich library of new hydrogen-bonding motifs has been spurred by the
transdisciplinary appeal of nucleobase-inspired recognition,® new structures have typically been designed and
named by separate research communities. These names may have been selected with varying (or absent) rationales
to maintain consistency within a specific research group or community, irrespective of usage beyond that
community. Such inconsistency stymies collaboration across disciplines. The best alternative at present is to utilize
descriptive three-letter codes based on the arrangement of HB donors and acceptors (e.g. ADD for guanine, cf.
Figure 1a). While this is suitable for single base pairs, these descriptions quickly become cumbersome for multiple,
connected HB motifs such as DNA and RNA triplexes or extended supramolecular materials, both enabled by
bifacial nucleobases.'”3* This inefficiency can be analogized to the inconvenience of referring to amino acids by

three-letter abbreviations rather than one-letter codes, which becomes infeasible even for small fragment peptides

like AB16—22-34
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As nucleobase-inspired molecular recognition continues to broaden its relevance in biology and materials
science, a succinct, common vocabulary for HB motifs will become ever more necessary to facilitate the
community’s ability to communicate, compare, and collaborate. Standard vocabularies play a crucial role in
chemical and biological research.® Three of many examples include the standard one-letter codes for amino acids,*
the Leontis-Westhof classification of RNA base-pairing pattens,®” and IUPAC’s nucleic acid sequencing notation
that not only denotes individual bases (such as G and C) but also all possible combinations thereof (for example, H
denotes any base except G).*3% However, a common shorthand to describe the arrangement of HB sites in
nucleobases and related supramolecular building blocks simply does not exist.

1

= HB donor (D)
------- null position (N)

R = sugar, functional group
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Scheme 1. A possible unified single-letter code for HB patterns. Each of the 16 two- and three-HB motifs can
be described as a combination of HB acceptors (A, blue arrows), HB donors (D, maroon arrows), and non-
participating null positions (N, black broken lines). HB sites are labelled beginning with the site furthest from any
anchoring functional group such as a sugar-phosphate backbone. Rationale for the choice of one-letter codes is
discussed later in the main text.

In this Perspective, we seek to initiate discussions to address this need by reflecting on some of the

considerations needed to formulate a standard vocabulary for nucleobase-inspired HB motifs. Specifically, we
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consider all possible arrangements of three HB positions (acceptors, donors, and null sites) originating from a single
molecular edge, comparable to a WCF or Hoogsteen edge; the result is a collection of 16 unique two- and three-HB
patterns (Scheme 1). We begin with a brief discussion of the current state of the field, highlighting some of the
consequences of uncoordinated naming and missed opportunities that arise therefrom. Subsequently, we outline
some considerations for, and inherent contradictions of, designing a cohesive and intuitive naming system. Finally,
we conclude by proposing a standard vocabulary and exemplifying its utility. Rather than being a complete solution
to this nomenclature challenge, we instead intend that this Perspective act as a starting point to spark discussion
around how best to leverage the strengths of the entire community of researchers interested in nucleobase-mediated

molecular recognition, for the benefit of all.

The Consequences of Inconsistent Naming
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Scheme 2. Extended two-dimensional HB arrays. Melamine (black) co-assembles with cyanuric acid (blue, X =
NH) or barbituric acid (blue, X = CH,) to form periodic 2D assemblies.

As an example of the current state of nomenclature in this area, we consider the co-assembly of melamine and
cyanuric acid (Scheme 2a), extensively studied by Whitesides and coworkers in a series of papers in the early
1990s.33494 Each edge of melamine features three HB sites, in the order donor-acceptor-donor (abbreviated here
in the format DAD). Upon mixing with cyanuric acid, which presents the fully complementary acceptor-donor-
acceptor (ADA) HB pattern, extended two-dimensional (2D) melamine-cyanuric acid (M-CA) structures are formed

(Scheme 2, X = NH).*® However, cyanuric acid is not unique as an ADA motif: barbiturates contain the same HB
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pattern and also co-assemble with melamine into 2D M-BA structures (Scheme 2, X = CRy).*> The ADA-capable
motif is most commonly found in the nucleobases thymine and uracil, which have three HB sites despite forming
only two HBs in their WCF base pairs with adenine (Figure 1a). Indeed, melamine-thymine/uracil co-assembly has
been studied in the context of nucleic acid recognition***® and utilized for DNA materials.** Describing this
recognition using an explicit listing of HB sites is unwieldy: a cyanuric acid-melamine-cyanuric acid triplex would
be styled as ADA"ADA<DAD"DAD-ADA”ADA, which is sufficiently cumbersome so as to be effectively useless.
Moreover, the multiple names used to describe these motifs — M-CA,* BA-Mel,** M-U,* and T-MA-T*® — obfuscate

the HB-mediated molecular recognition event that is common to all of these systems.
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Scheme 3. Uncoordinated naming of nucleobases. (a) The same HB pattern (DDA) displayed by three different
molecules referred to by six different one-letter codes: C*,%-4¢ M,* J,4748 7 49iG,%0 and L.*® (b, ¢) Hydrogen-bonding
patterns named with (b) loose® or (c) not! rationale.

One pattern, many names. Melamine-cyanuric acid materials exemplify the most common challenge in this
space, namely, that no convenient shorthand is associated with a given HB pattern. Consequently, the same HB
patterns are referred to using multiple names; this is exacerbated for HB patterns that are not found in WCF base-
pairing, such as the DDA motif referred to by at least seven different one-letter codes in the literature, including

multiple names for the same molecule (Scheme 3a). This situation arises because, without a standard rationale by

which to select an appropriate shorthand, research groups must select their own one-letter code. Ideally these codes
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are chosen to maintain consistency with a group’s prior research or to align with the chemical structure of the HB
motif (for example, protonated cytosine, C*, denoting DDA in Scheme 3a). However, these shorthands are often
based on loose rationale (for example, the cytosine substitute C in Scheme 3b) or are assigned arbitrarily (for
example, the hachimoji bases Z and S in Scheme 3c).

One name, many patterns. An additional, arguably more unsatisfactory, outcome of arbitrary naming is that the
same one-letter code is applied by different groups to denote different HB patterns. The most common such code is
P, which has been employed to denote purines,*®® pyrimidinones,®** pyridines,®>° and phenoxazines®® (Scheme 4).
Though such abbreviations are (usually) consistent with a single research group’s work, the lack of interoperability
between groups and communities hinders collaboration and creates confusion in the literature. In short, the use of
one name for many HB patterns, and multiple names for a single HB pattern, are natural consequences of the current

naming system for HB motifs because there is no system.
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Scheme 4. P-bases from the literature. The prevalence of pyridines, purines, and pyrimidines leads to the use of
P for multiple different molecules and HB patterns. From left to right: top row, refs ! and °%; bottom row, refs *2,
53 and %,

Considerations for a Cohesive Naming System
The absence of a cohesive and intuitive shorthand reflects the difficulty of assigning nomenclature that is

simultaneously satisfactory to multiple research communities, each with different norms, priorities, and
8
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preferences.>” Scheme 1 presents a potential naming system that describes all possible 2- and 3-HB patterns based
on a nucleobase-like scaffold (that is, a six-membered planar heterocycle). In this section, we outline the key factors
that we considered in assigning these one-letter codes to specific HB patterns; note that one-letter codes that form
part of our proposed vocabulary are styled in bold. We recognize that the list of factors we considered is likely non-
exhaustive. Instead, we intend that this scheme serve as a starting point for discussion in the broader research
community and iteration towards a universally acceptable solution.

Chemical rationale. As far as possible, the proposed one-letter codes are assigned based on chemical rationale.
While this in part reflects the authors’ perspective as chemists, we believe that this is a reasonable, evidence-based
approach. For example, the most consistently used one-letter codes for HB patterns—G and C for ADD and DAA,
respectively—are those that arise from the nucleosides that utilize these patterns in DNA and RNA, guanosine and
cytosine. Assigning a shorthand based on the name of a representative chemical structure that presents that HB
pattern is also attractive from a pedagogical perspective,®*8 to encourage adoption of this vocabulary. Moreover,
employing a chemical rationale is consistent with other common naming conventions; for example, the one-letter
abbreviations for many of the 20 naturally-occurring amino acids are based on the names of their underlying
chemical structures (for example, leucine (L), valine (V), proline (P)).

Consistency with DNA. Perhaps the best recognized associations with specific HB patterns are those associated
with the WCF base-pairing of the four nucleobases in DNA and RNA: guanine, cyanine, adenine, and thymine
(uracil in RNA), symbolized simply as G, C, A, and T (or U). The ubiquity of these descriptors and their foundation
in chemical nomenclature— each is the first letter of the chemical name for the respective nucleobase—favors the
assignment of these bases’ associated HB patterns with the same single-letter codes. Thus, for example, the HB
pattern associated with guanine (ADD) is naturally associated with G, the HB pattern associated with cyanine (DAA)
is naturally associated with C, and the HB pattern associated with adenine (DAN, where N denotes a null site that
contains neither a HB donor nor acceptor, Scheme 1) is naturally associated with A.

The A-T problem. Inconveniently, thymine frustrates these efforts. Though thymine is complementary to

adenine in the context of DNA, the molecular structure of thymine contains a third HB-capable site on the WCF
9
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edge, leading to an ADA pattern (Scheme 5a). Though adenine forms a WCF base pair with thymine, the resulting
structure utilizes only two of three possible HBs on the WCF edge of the thymine nucleobase (Scheme 5a). Instead,
as discussed earlier, a binding partner with a DAD pattern is needed to fully complement the HB sites on thymine
(Scheme 5b). This contradiction gives rise to what we term the A-T problem: though adenine and thymine are
complementary in the context of DNA, the perfect complement of thymine in a materials context is not adenine,
and vice versa. Therefore, for a standard vocabulary, the one-letter code T would introduce ambiguity as to whether
T denotes the complement of A (that is, a 2 hydrogen-bond interaction) or a similar structure to thymine (that is,

capable of a three-HB interaction).
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Scheme 5. The A-T problem. (a) The canonical base pair between adenine and thymine/uracil does not fully
satisfy all potential HBs on the WCF edge of thymine/uracil. (b) 2-Aminoadenine, known also as 2,6-
diaminopurine, is fully complementary to the three HB sites on thymine/uracil. (c) Adenine fully complements the
two HB sites on the WCF edge of hypoxanthine.

There are several ways to resolve the A-T problem. One option would be to assign the HB patterns involved in
the biological A—T base pair (that is, DAN and ADN, respectively) with the one-letter codes A and T. In this case,

A and T remain complementary but a thymine nucleobase would no longer properly be described as havinga T HB

10
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pattern; this is clearly unsatisfactory. An alternative would be to associate A and T with the HB patterns presented
by adenine (DAN) and thymine (ADA), which would maintain the link to these specific molecules but would result
in A and T no longer being complementary; this feels counterintuitive and would introduce a clear contradiction
with those working with DNA and RNA. Our favored approach avoids the use of T (and, by extension, U) entirely
as a descriptor of HB patterns, reserving these letters for the nucleobases themselves, and instead denotes the ADA
pattern with X, derived from the xanthine moiety to which thymine is related. Analogously, the complement of A,
ADN, is denoted H for the hypoxanthine motif that exhibits this pattern (Scheme 5c¢). Though this choice means
that the complement of A is not T, but H, we believe this solution to the A-T problem strikes an appropriate balance
between the interests of chemists, biologists, and materials scientists, because it removes a potential source of
ambiguity without seeking to redefine a fundamental biological abbreviation (that is, the meaning of the one-letter
code, T).

Orientation. Most of the HB patterns in the scope of this Perspective are non-centrosymmetric and therefore
cannot be rotated by 180° without changing their presentation of HB donors and acceptors; C (DAA), for example,
is flipped to produce AAD, which is no longer complementary to G (ADD), if the rotation of the G-presenting motif
is restricted (Scheme 6a). This distinction is salient because most applications of HB-mediated molecular
recognition constrain the ability of HB recognition motifs to reorient freely. In DNA, for example, the covalent
attachment of the nucleobase to the sugar-phosphate backbone constrains the geometry with which nucleobases can
hybridize (Scheme 6a). This effect is valid whenever two or more HB patterns are covalently linked together:
consider, for example, the G*C motif (Scheme 6b). Designing an analog in which only one of the HB patterns has
been flipped leads to a molecule with molecular recognition properties distinct from those of the parent GC.
Therefore, especially for materials design, distinguishing between two patterns that differ only in their relative

orientation is important.

11
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Scheme 6. Importance of HB motif orientation. (a) The DAA pattern of cytosine is orientationally related to, but
functionally distinct from, the AAD pattern of isocytosine. (b) Changing the relative orientation of the two HB
patterns in the G"C motif generates a new molecule that will exhibit different supramolecular assemblies.

We invoke the term iso as a directionality descriptor, consistent with literature precedent for the names of
isoguanine and isocytosine.>® Therefore, the pattern for cytosine (DAA) is denoted C and its rotated analog, AAD,
is denoted isoC or iC for short. In assigning the iso designation, the HB pattern should be read from top to bottom
when the point of covalent attachment (e.g., to a sugar-phosphate backbone or functional group) is positioned at the
bottom of the HB motif (Scheme 6 and top of Scheme 1). Although the use of a modifier strays from a strictly one-
letter code, we favored using a modifier to denote the relationship between inverted HB patterns, to minimize the
number of unique one-letter codes that would need to be memorized. The modifier ‘i’ was chosen because
alternative modifiers (e.g., asterisk (*), prime (’)) are otherwise defined in nucleic acid notation.

Null in the 2-position. Patterns in which there are only two neighboring HB sites on a single edge (e.g., A

(ADN), where N is a null site) can be achieved through molecular design by ensuring that one site cannot participate

in a HB, either because that site contains a heteroatom in the wrong geometry to act as a HB acceptor or an X-H

12



Page 13 of 25 Journal of Materials Chemistry B

bond (where X is C, N, O) in the wrong geometry to act as a weak HB donor. In contrast, defining a null site in the
central, or 2-position, of a 3-HB motif (i.e. XNX, where x can be any combination of acceptors and donors), is more
challenging. The presence of a heteroatom absent an attached hydrogen, possible for the 1- or 3-positions, would
instead act as a HB acceptor, and therefore would be described by the appropriate XxAx pattern. An alternative
strategy to define a null 2-position might rely on the presence of a C—H bond in that position. However, abiotic
bases that contain a C—H bond in the 2-position, such as difluorobenzene derivatives (Scheme Sla, ESI), are well
known to participate in interactions in which the C-H moiety acts as a weak HB donor.%°-52 Furthermore, the
presence of a hydrogen atom in this position leads to a steric requirement that the 2-position of the complementary
base does not contain a hydrogen atom (Scheme S1b, ESI); accommodating the hydrogen atom of a ‘null” C—H
bond requires that the complementary base contain a heteroatom, that is, a HB acceptor. It feels natural, therefore,
to treat all xNx patterns as functionally equivalent to their corresponding xDx patterns, even if the strength of the
central HB “donor” is negligibly weak, and hence xNx patterns are not included in Scheme 1. Although true xNx
HB motifs are challenging to realize, xXNx patterns have been assigned one-letter codes for the sake of completeness
(Scheme S1c, d, ESI). We note that the extent of donor character, and indeed the electronic properties of nucleobases
more broadly, can be assessed through quantum calculations.%*-%° Though these calculations lie beyond the scope
of this Perspective, such methods may provide additional guidance for the assignment of a HB pattern to a given

structural motif.

A Proposed Naming Scheme for HB Motifs

Scheme 1 at the start of this Perspective outlines our proposed one-letter codes for the 16 unique two- and three-
HB patterns of relevance to planar nucleobase-inspired HB motifs. (A complete set of all 27 possible combinations
of HB acceptors, HB donors, and null sites is shown in Scheme S2, ESI.) In this section, we introduce each one-
letter code and briefly provide specific rationale for its choice.

Canonical bases. The HB patterns associated with the nucleobases guanine, cytosine, and adenine are identified

with the same one-letter codes as those bases, that is, G denotes ADD, C denotes DAA, and A denotes DAN (Scheme
13
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7, top). None of these patterns are centrosymmetric and thus their orientationally-inverted counterparts DDA, AAD,

and NAD are denoted iG, iC, and iA, respectively (Scheme 7, bottom).

o H\N,H/ H\N,H/
/
,’I-LN’H / f’J\\\N ,’J\}N
: N//I\N’H ITI 0 TN
H R
G C A
Hoy W ﬁ\ T\
L w N =N
-7 N/ ‘ / /
S \N/J\N,H SN
N o - |
H R H
iG iC iA

Scheme 7. HB patterns named according to canonical nucleobases.

A solution to the A-T problem. To circumvent the A—T problem (vide supra), the HB pattern ADA, commonly
associated with thymine, is denoted X for xanthine, and the complement of A, ADN, is denoted H for hypoxanthine
(Scheme 8a). X is centrosymmetric, and therefore iX is redundant; in contrast, H is non-centrosymmetric and
therefore NDA is defined as iH.

Hypoxanthine is found naturally in tRNA as the nucleobase component of the nucleoside inosine (Scheme 8b);
this is a rare example where the names of the nucleobase and nucleoside do not share a common root. We have
opted to use hypoxanthine as the source of the name of the ADN pattern for two reasons: first, the hypoxanthine
motif is more relevant for both biological and materials applications than the full inosine nucleoside; second, using

H avoids confusion between upper-case | (for inosine) and lower-case i (used here as an abbreviation for iso).

14
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Scheme 8. HB patterns related to a canonical A-T base pair. (a) To avoid the A-T problem, these HB patterns
are named according to related chemical structures, xanthine and hypoxanthine (not shown). (b) The ADN pattern
is denoted as H because the nucleobase (hypoxanthine, left) is more structurally relevant for materials than the
nucleoside (inosine, right).

Precedence in biology. The perfect complement to X is the HB pattern DAD, which has been variously
described in the literature as A’ (for adenine substitute),®® K (with no clear rationale),>*%®%" and D (for 2,6-
diaminopurine, a common chemical motif used to obtain the DAD motif; Scheme 9).5%688 2 6-Diaminopurine is
also known as 2-aminoadenine, and can be considered as a variant of adenine in which an extra HB donor (the
amino group) has been added to achieve full complementarity with all three HB sites of thymine (Scheme 5b). This
nucleobase is well established in biological contexts, where it is referred to as the Z-base, and is found in place of

adenine in the genomes of some bacteriophages to evade degradation by restriction enzymes.”®"? To follow this

precedent, we propose that Z denote the HB pattern DAD, such that X and Z are perfectly complementary.

Ho _H H. ,H/
N N
H
e N
A
N \NJ\N’H N7 r~|.|’H
; ;
2,6-diaminopurine z

Scheme 9. The Z HB pattern. (Left) 2,6-Diaminopurine, known also as 2-aminoadenine, is referred to as the Z
base in bacterial virus genomes. (Right) The donor-acceptor-donor DAD pattern denoted by Z.
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Molecular shape. Other than G (ADD) and iG (DDA), two other HB patterns contain two or more adjacent
donor sites: DDD and DDN. To the best of our knowledge, DDD has not been explored as a HB motif in nucleobase-
like structures, and therefore there is no naming precedent to follow. In contrast, DDN has been reported and denoted
either as P,% which is used to describe many different structures (Scheme 4), or M*,”*7* for aminopyridine. Given
that one consideration for a successful systematic vocabulary is to make it easy to adopt and remember, we propose
naming the DDD and DDN patterns as E and F, respectively, due to the physical arrangement of HB donors in these
motifs (Scheme 10). This rationale mirrors the well-accepted justification for the amino acid tryptophan being
denoted W, due to its molecular shape and double-ring structure.®® E is centrosymmetric, but F is not; therefore

NDD is defined as iF.

Scheme 10. The E, F, and iF HB patterns. Analogous to the double-ring structure of tryptophan (one-letter code:
W), the names E and F are mnemonic shorthands based on molecular shape.

Other patterns. Three patterns remain unnamed. AAA, the complement of E, has not been reported, likely due
to the challenge of synthesizing a molecule with a stable AAA-presenting tautomer. One route to this motif would
utilize an oxygen atom as the acceptor in the 2-position (see, for example, the oxazine-dione in Scheme 11). Based
on this oxazine core, we denote AAA as O. Other AAA-presenting molecular motifs that utilize halogens as HB
acceptors can be envisioned, such as 2,6-difluoropyridine, but such motifs may bind weakly to typical HB donors
such as amines due to the relative weakness of organic fluorine as an HB acceptor.”™

In the previous subsection, we assigned consecutive letters to DDD (E) and its analog without a HB site in the
3-position, DDN (F). Analogously, given that AAA is denoted O, we propose that its analog without a HB site in
the 3-position, AAN, be denoted P (Scheme 11). P is non-centrosymmetric and therefore the final unnamed pattern,

NDD, is denoted iP.
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0 0 H "
ILo f’u\lN gN
\‘I\‘JAO “N*H - ‘N/go

R R R
(0] P iP

Scheme 11. The O, P, and iP HB patterns. The AAA pattern is denoted O due to the oxazine-dione motif proposed
to define three neighboring HB acceptors. Removing one of these three identical sites generates P, named by
analogy to the three- and two-donor motifs E and F.

A Standard Vocabulary in Practice

The one-letter code proposed in Scheme 1 and discussed in the previous section is succinct and unambiguous.
The naming of these 16 HB patterns naturally leads to eight base pairs that are fully complementary to each other:
G-C,iG-iC, A-H, iA-iH, F-P, iF-iP, X-Z, and O-E. These base pairs concisely convey information about the nature
and number of HBs involved in each base-pairing interaction.

The value of one-letter codes is especially evident when discussing supramolecular systems that invoke more
than one HB molecular recognition event. Consider, for example, the cyanuric acid-melamine-cyanuric acid triplex
discussed earlier (Scheme 2). Using our proposed vocabulary, the HB pattern of melamine is described as Z"Z,
where the caret () is used in the bifacial nucleobase community to denote the HB patterns on each face of the
molecule (see, for example, G™C in Figure 2c¢). Similarly, the HB pattern of cyanuric acid is described as X"X.
Hence the triplex noted above could be concisely represented as X"XeZNZeX~X, rather than the

ADANDA*DADNDAD+ADANADA description required by bond-by-bond donor-acceptor notation.

\H\N,H o
H/
= N~
~~.
Al
H R

JAT or XAZ
Scheme 12. A Janus-AT (Ja7) bifacial nucleobase reported by Asadi et al.?

It is important to clarify that the proposed naming scheme is not intended to supersede efforts to name HB-

capable molecules with trivial or more convenient names. We recognize, for example, that referring to melamine
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only as Z~Z would be non-sensical, as valuable chemical information about the molecular structure that presents
the Z~Z HB pattern would be lost. Instead, our vocabulary is meant to augment the current literature and provide a
means of communicating HB patterns, rather than molecular structures, clearly and unambiguously. As an example,
consider the Janus-AT (Jar) bifacial nucleobase shown in Scheme 12.%° Under our proposed standard vocabulary,
the Jar motif would be denoted by X~Z. While this may be less practical for the goals of the original authors’ work,
including this formalized name makes the connection between the Jar motif and other HB motifs, such as the
cyanuric acid (X~X) and melamine (Z”Z) system, much more readily apparent. Our proposed naming scheme maps
readily onto reported bifacial nucleobases (Scheme S3, ESI). Therefore, we encourage researchers to include this
formal description of their hydrogen bonding motifs in their future work, to facilitate collaboration and the exchange

of ideas within our community.

Summary and Outlook

In summary, we have identified a need for a consistent naming scheme for nucleobase-like HB patterns and
proposed a standard vocabulary to address this need. As far as possible, literature precedent, chemical rationale,
and consistency with DNA have been considered while designating one-letter codes. Otherwise, mnemonics based
on shape or structural relationships have been employed, specifically to assist with memorization and encourage
uptake of our proposed alphabet by researchers.

We recognize that a vocabulary is only useful if it is adopted broadly and meets consensus in its intended
community of use. Therefore, this Perspective is intended as a starting point, both to solicit feedback and to spur
conversations among researchers in our field, to consider and debate how best we can communicate and share our
ideas and findings. In this way, we hope that we can contribute to maximizing our collective progress towards our
respective goals, whether in the biological, chemical, or materials context, applied or fundamental. With this in

mind, we encourage feedback and commentary, to help shape a common vocabulary useful to all.
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