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Hypothesis Article

An Apparent Binary Choice in Biochemistry:
Mutual Reactivity Implies Life Chooses Thiols

or Nitrogen-Sulfur Bonds, but Not Both

Janusz J. Petkowski,1 William Bains,2 and Sara Seager1,3

Abstract

A fundamental goal of biology is to understand the rules behind life’s use of chemical space. Established work
focuses on why life uses the chemistry that it does. Given the enormous scope of possible chemical space, we
postulate that it is equally important to ask why life largely avoids certain areas of chemical space. The
nitrogen-sulfur bond is a prime example, as it rarely appears in natural molecules, despite the very rich N-S
bond chemistry applied in various branches of industry (e.g., industrial materials, agrochemicals, pharmaceu-
ticals). We find that, out of more than 200,000 known, unique compounds made by life, only about 100 contain
N-S bonds. Furthermore, the limited number of N-S bond-containing molecules that life produces appears to fall
into a few very distinctive structural groups. One may think that industrial processes are unrelated to bio-
chemistry because of a greater possibility of solvents, catalysts, and temperatures available to industry than to
the cellular environment. However, the fact that life does rarely make N-S bonds, from the plentiful precursors
available, and has evolved the ability to do so independently several times, suggests that the restriction on life’s
use of N-S chemistry is not in its synthesis.

We present a hypothesis to explain life’s extremely limited usage of the N-S bond: that the N-S bond
chemistry is incompatible with essential segments of biochemistry, specifically with thiols. We support our
hypothesis by (1) a quantitative analysis of the occurrence of N-S bond-containing natural products and (2)
reactivity experiments between selected N-S compounds and key biological molecules. This work provides an
example of a reason why life nearly excludes a distinct region of chemical space. Combined with future
examples, this potentially new field of research may provide fresh insight into life’s evolution through chemical
space and its origin and early evolution. Key Words: N-S bond—Nitrogen-sulfur bond—Thiols—Chemical
space. Astrobiology 19, 579–613.

1. Introduction

Understanding why life uses the chemistry that it does
is one of the fundamental questions in biology. We

postulate that, given the enormous scope of possible chemical
space, it is equally important to explain why life does not
utilize certain chemical functionalities. While there are a
wide range of hypotheses published as to why life uses cer-
tain specific chemical functionalities (e.g., peptide bond,
phosphates [Westheimer, 1987; Pace, 2001; Benner et al.,
2004]), there are no studies that address the question why life
does not use certain specific chemical classes of molecules
that are chemically flexible, stable, and have wide chemical
and structural functionality. After a lengthy combinatorics

and database-curating exercise (Seager et al., 2016), we have
quantified occurrence of different bonds, molecular frag-
ments, and molecules among life’s natural products. Through
this previous work, we have consolidated known, yet chem-
ically puzzling, gaps amid the vast diversity of the chemistry
of life.

One specific gap in life’s use of chemistry is that life
rarely makes compounds containing N-S bonds. The few
papers reporting compounds that contain N-S bonds com-
ment on the rarity of this chemistry (Blunt et al., 2015) (for
a detailed review, see Petkowski et al. [2018]). Perhaps
due to their rarity among natural products, little research
has been published on biochemistry involving N-S bond-
containing compounds (with an exception of S-nitrosothiols,
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utilized in redox metabolism of the cell, e.g., reviewed by
Broniowska and Hogg [2012] and Cortese-Krott et al.
[2016]).

1.1. Motivation to study N-S bond-containing compounds

In this work, we pursue N-S bond-containing compounds
to illustrate that the extent of life’s avoidance of certain
chemical functionalities can be not only quantified but also
systematically explored. There are more instances of ex-
clusions in biochemistry that go beyond N-S chemistry, and
our hope is that collectively they may yield insights into the
origin and evolution of life. Our aim for this work, however,
is to provide the first hypothesis, and example, of a chemical
explanation of why life does not use a chemical class of
molecules that is chemically flexible, stable, and has wide
chemical and structural functionality.

1.2. N-S bond-containing compounds in industry

Life’s apparent avoidance of N-S bond chemistry is sur-
prising in light of the diversity, flexibility, and utility of
sulfur chemistry. Sulfur can be found in compounds stable
to hydrolysis, stable to oxidation by O2 and reduction by H2,
in all 8 of sulfur’s oxidation states between -2 and +6, and
in (II), (IV), or (VI)-coordinate centers supporting multiple
single or double bonds, a flexibility offered by no other
element. The structural and functional diversity enabled by
the variety of oxidation and valence states of sulfur is re-
flected by the abundance of N-S chemistry in human en-
deavors. In modern industry, N-S bond compounds have
countless applications. N-S bond use in pharmaceuticals is
well known; for example, the first widely used synthetic
antibiotic was a sulfonamide called prontalbin (Hörlein,
1909). Over 500 of the 7200 compounds in the DrugBank
database1 contain N-S bonds, and their widespread and di-
verse pharmacology supports the idea that N-S bond-
containing compounds can have functional and biologically
useful properties and that life could use N-S bonds to a
powerful effect. N-S bond-containing compounds are also
used by humans as intermediates in drug syntheses (Craine
and Raban, 1989; Koval, 1990, 1996a, 1996b; Petrov et al.,
1990; Lücking, 2013).

N-S compounds are used in a wide range of other appli-
cations beyond pharmaceuticals, such as components of
lubricating greases, and dyes (Slack and Wooldridge, 1965;
Fleischer et al., 1983; Craine and Raban, 1989), as herbi-
cides, fungicides (both in pharmacology and in the paint
industry), pesticides, and antimicrobial agents (e.g., indus-
trial antimicrobial finishes for textiles) (Beck, 1975; Craine
and Raban, 1989; Kalgutkar et al., 2010; Bland et al., 2014).
The industrial uses are not limited to small-quantity pro-
duction; some are used in 100 kiloton amounts, industrial
quantities2. For example, sulfenamides are essential for the
modern rubber industry as vulcanization agents; in the au-
tomotive industry alone, approximately one-third of the
utilized vulcanization procedures (corresponding to 50% of

the total market) depend on N-S sulfenamide chemistry
(Chenier, 2002).

In addition to commonly used N-S bond-containing
compounds, there is a growing set of others, including N-
S(VI), N-S aromatics, N-S(IV), and N-S(II) bond-containing
molecules under increased study, with uses patented (more
than 30 patents over the last decade or so) (Katritzky et al.,
2008; Arndt et al., 2009; Reitz et al., 2009; Carta et al.,
2012; Loso et al., 2012; Scozzafava et al., 2013; Bowden
et al., 2014). Every oxidation state and valence state of S in
N-S bond-containing compounds finds a use or potential
use in industry and medicine, as shown by examples in
Table 1.

1.3. The extent of chemical space of N-S
bond-containing compounds

The hundreds of chemicals that contain N-S bonds that
are found to be useful by humans are themselves a very
small subset of the chemical space of possible, stable N-S
compounds that can theoretically exist. The number of dif-
ferent N-S ring systems alone exceeds many hundreds
(Katritzky and Rees, 1984; Katritzky et al., 1996, 2008). To
illustrate the scale of possible N-S chemistry, we generated
a set of possible chemical structures that (a) are composed
of up to 7 atoms selected from S, P, O, N, and C (with as
many H atoms as was required to satisfy valence rules) and
(b) have structures that are plausibly stable in the presence
of water, using an algorithm derived from that described in
the work of Bains and Seager (2012) and Seager et al.
(2016). We found that 18% (180,397 out of 957,078) of this
computationally generated set of structures contained N-S
bonds.

Thus N-S chemistry provides an immense source of po-
tential functionalities that life could exploit, illustrated both
by the possible theoretical space of N-S chemistry and wide
use of N-S chemistry in industry. Yet the literature implies
that life does not use N-S chemistry as a potential source of
chemical functionality (Petkowski et al., 2018).

One might wonder whether the high contrast between
the very small number of N-S compounds produced by life
and the very large number of pharmacologically active and
industrial N-S compounds created by humans has any
meaning. The conventional thinking is that there is no re-
lationship at all, in that the chemical versatility of certain
chemical groups (e.g., N-S bond-containing functional
groups), their biological activity, and their potential use-
fulness in industry have no correlation to what is possible
biochemically. Typically, the scientific community adopts
the thinking that in biological systems there are a limited
number of chemical ‘‘building blocks,’’ and an aqueous,
oxygenic environment will inevitably constrain the types
of bonds that can be constructed. The thinking continues
that with the precursors available and under endogenous
conditions, certain types of biochemistry typically pre-
dominate over others, unlike in organic chemistry in gen-
eral, where a much wider range of conditions and starting
materials are available.

We do not accept this explanation. First, the precursors for
making an N-S bond, that is, chemical ‘‘building blocks,’’ are
various sulfur-containing compounds and nitrogen-containing
compounds (most commonly amines) that are very common

1https://www.drugbank.ca
2EG entries 202-409-1 and 202-411-2 in the EU’s REACH da-

tabase of industrial chemical safety data, both listed as being used in
the 10–100 kiloton category in Europe alone.
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Table 1. Examples of Industrially Important N-S Compounds

(continued)
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Table 1. (Continued)

(continued)
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in biochemistry. Second, although industrial processes do
often use non-aqueous solvents, exotic and toxic metal cat-
alysts, and high temperatures to make chemicals, including
those containing N-S bonds, living cells could still find a
way to synthesize N-S bond-containing compounds where
functionally useful. There are many parallels in other types
of chemistry. For example, it is well known that compounds
such as esters, nucleic acids, and peptides are made both in
industrial settings and by living cells, via completely dif-
ferent routes. Living cells use alternative routes to synthetic
methods in industry, using different catalysts to make the
same chemical structures in water and at moderate tem-
peratures.

The fact that life can make any N-S bonds at all from the
plentiful precursors available, and has evolved the ability to
do so independently several times (discussed below), sug-

gests that the restriction on life’s use of N-S chemistry is not
in its synthesis.

In this work, we first describe our methods (Section 2);
next we quantify the rarity of N-S bonds in biochemistry and
further characterize the relative rarity of different classes of
N-S bond in natural products (Section 3). This leads us to
propose that N-S bond chemistry is fundamentally incom-
patible with a key aspect of biochemistry, namely thiols
(Section 3). Thiols are ubiquitous and essential components
of life. A chemical species that is inherently reactive toward
them, in an unconstrained, unregulated fashion, will be, in
consequence, incompatible with biochemistry. We argue
that reactivity toward thiols is the reason that N-S com-
pounds are rare in biology (Section 3), show why exceptions
fit with this argument, and discuss other potential explana-
tions and challenges to our hypothesis (Section 4).

Table 1. (Continued)
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2. Materials and Methods

2.1. Creation of the natural products database

We assembled a large database of chemicals made by life
(‘‘natural products’’), by expanding the part of our previ-
ously developed database3 focused on volatile molecules
produced by life (Seager et al., 2016), with an extensive
literature search and by trawling publicly available online
natural product repositories (see Appendix Table A2).
Compiling a complete list of all that is known about each
chemical made by life was a surprisingly challenging task.
Although many databases of compounds made by life are
available, no individual database covers more than 20% of
the known natural products (Farnsworth, 2016). Most da-
tabases are focused for drug design and include synthetic
derivatives of natural products or by-products of drug me-
tabolism that are not true natural compounds and must be
manually excluded from our database. In addition, a range
of format differences and coding errors mean that most data
sources need extensive checking and modification. Errors
we have identified and corrected for include:

(1) Incorrect structures or SMILES strings, including
impossible structures and incorrect tautomeric forms

(2) Errors in structure determination, for example, in-
correctly assigned NMR structures

(3) Natural products containing ‘‘exotic’’ elements (like
Si or F) as a result of ‘‘feeding’’ an organism with a
precursor of a given biochemical pathway, for ex-
ample F derivatives of plant hormones or nucleotides,
isolated from the natural source upon providing fluo-
rinated derivative (biotransformation products)

(4) Artificial compounds accumulating in plants and animals
and subsequently isolated as potential natural products,
for example, many chiral Cl-containing pesticides

(5) Synthetic drugs, drug-like derivatives of natural prod-
ucts, drug metabolites, or products of semisynthesis.

In addition, most available natural products databases do not
contain information on the extent of chemical modification of
‘‘polymers of life’’ (RNA, DNA, proteins), including natural,
modified and unmodified, nucleotides and amino acids found
only in biopolymers (e.g., post-translational modifications of
amino acids in proteins).

All of the above problems motivated us to curate our own
natural products database (see Appendix Table A2 and Fig. A2).
Our natural products database contains only true natural
products—that is, compounds that are a result of natural bio-
chemical processes of a living organism. It is as complete as is
practical to make, and it is unique because it has biological
sources identified for every entry (i.e., a list of the organism(s)
from which the natural product was isolated). Our database also
includes representations of chemotypes found in biopolymers.
Because of access limitations on much of the material in this
database, including terms of access for the authors’ institution
to databases under commercial license, this database cannot be
made available to the wider community. The authors instead
welcome opportunities to collaborate on use of this database.

2.2. Experimental testing of reactivity of N-S
compounds with L-cysteine and other
common biochemicals

To test our hypothesis presented in Section 3, we react N-
S compounds with a set of chemicals that provide a proxy of
cellular metabolism. We use an NMR time-course assay to
show whether or not an N-S compound reacted with the
proxy compounds and, if it did, to assess if an N-S bond was
cleaved in the presence of the proxy compounds. Experi-
mental procedures presented in this paper were performed
by Organix Inc. (http://www.organixinc.com) according to
established procedures.

We used N-S compounds belonging to two distinct clas-
ses of chemicals, sulfenamides (N-S(II)) and sulfonamides
(N-S(VI)).

For the sulfenamide N-S(II) compounds, we chose 1-
(methylsulfanyl)pyrrolidin-2-one and 1-(methylsulfanyl)
pyrrolidine, which were synthesized as described, for example,
in the work of Nelsen et al. (1982). The synthesized sulfena-
mides were made into stock solutions in the solvent CD3OD/
d6-DMSO (20mmol/1.5 mL). This solvent system provided the
required stability of 1-(methylsulfanyl)pyrrolidine and an im-
proved solubility of the amino acids (see below).

The proxy for cellular metabolism are the following
compounds: L-alanine, L-methionine, L-cysteine, L-serine,
D-fructose, D-glucose, and D-glucose-6-phosphate. These com-
pounds were obtained from Sigma (https://www.sigmaaldrich
.com). The procedure involved addition of 20 mmol of each
compound of interest to 1.5 mL of the stock solution.

The NMR spectra (16 scans) of the resulting solutions/
suspensions were recorded immediately after each was pre-
pared (5–10 min actual time) and every 45–50 min thereafter
for a period of 7 h. Finally, the mixture was analyzed after
24 h. The NMR reactivity time-course assay was performed
on a JEOL Eclipse 300 NMR spectrometer ( JEOL USA
Inc.) running at 300 MHz (1H) with the aid of Delta NMR
Software ( JEOL USA Inc.).

For the sulfonamide N-S(VI) compounds, we chose 1-
methanesulfonylpyrrolidin-2-one and 1-methanesulfonylpy-
rrolidine. These compounds were obtained from Sigma (https://
www.sigmaaldrich.com). The sulfonamides were prepared
into stock solutions as described above. Due to financial
limitations, and based on our hypothesis (Section 3), the
sulfonamide derivatives were only reacted with L-cysteine.
Twenty micromoles of L-cysteine was added to 1.5 mL of the
stock solution.

Nuclear magnetic resonance spectra (16 scans) of the
resulting suspension were recorded immediately after it was
prepared (5–10 min actual time), every 30 min thereafter for
a period of 10 h, and after 16 h.

As with the sulfenamides, the NMR reactivity time-
course assay was performed on a JEOL Eclipse 300 NMR
spectrometer ( JEOL USA Inc.) running at 300 MHz (1H)
with the aid of Delta NMR Software ( JEOL USA Inc.).

3. Hypothesis and Supporting Data-Driven
Arguments and Experiments

We start with a statement of our hypothesis (3.1), fol-
lowed by quantification of occurrence of different structural
types of N-S bond-containing compounds in biochemistry
(3.2), followed by experimental support for our hypothesis

3www.allmols.org—a repository of potential biosignature gases
for astrobiological research and applications for terrestrial bio-
chemistry
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(3.3), and concluding with further support of the hypothesis
from a literature review (3.4).

3.1. N-S-thiol incompatibility hypothesis

We postulate that life’s near exclusion of N-S bond-
containing compounds is due to the fact that a large fraction
of N-S bond types are incompatible with life’s biochemistry.
Specifically, we argue that N-S bonds are avoided by life
because they are highly reactive in the presence of thiols,
despite being stable in other aqueous environments. Thiols
are -SH-group-containing compounds that form the foun-
dation of metabolism and are common in cells. It would not
be an exaggeration to say that almost every protein has
thiols (in the form of essential amino acid cysteine). In fact,
thiols are ubiquitously present in the cell not only as pro-
teins but also as small-molecule metabolites. Because thiols
are central to biochemistry, life cannot easily tolerate N-S
bond-containing compounds, which is the reason for their
rarity in biochemistry.

N-S(II) bonds, and to a lesser extent N-S(IV) bonds and
N-S aromatic compounds, are directly forbidden by their
reactivity to thiols. N-S(VI) bonds are themselves unreactive
to -SH groups, but their plausible biosynthetic precursors,
breakdown or reduction products are likely to include N-
S(II) or N-S(IV) compounds, which themselves are reactive
to thiols (see Section 4.2.4 for detailed discussion of the
reasoning behind N-S(VI) exclusion by life).

Our hypothesis already had hints in previously published
works, via scattered literature mentions of the reactivity of
N-S bonds with thiols, involving both in vitro and in vivo
studies. An intriguing hint that fueled this observation was a
buried result in papers on the activity and mode of action of
sulfenamide (N-S(II)) antibiotics (Revell et al., 2007),
which briefly stated that sulfenamides and sulfinamide
N-S(IV) compounds react exclusively with thiol-group-
containing biochemicals, like cysteine and co-enzyme A,
leading to bactericidal effects, while not reacting with other
components of the cell (Heldreth et al., 2006; Revell et al.,
2007). Notably, N-S(VI) sulfonamide analogs of these an-
tibiotics had no effect on the bacterial cells, hinting at a lack
of reactivity to thiols and other functional groups (Heldreth
et al., 2006).

We searched the literature to assess the reactivity of each
of the N-S bond structural classes and types with thiols
(Table 2). While systematic studies of reaction rates have
not been published, experimental results are reported qual-
itatively as to whether a compound (N-S bond) survives in
the presence of thiols or not.

3.2. Low occurrence of N-S compounds
in natural products

There has previously been no systematic study of occur-
rence of N-S bond-containing natural products. We there-
fore exhaustively surveyed the occurrence of N-S bonds in
the context of the chemical space explored by living or-
ganisms (Petkowski et al., 2018). Our goal is to quantify
occurrence of N-S bond-containing compounds of different
structural types and assess their reactivity with thiols.

From our Database of Natural Products (described in
Section 2.1; Appendix Table A2 and Fig. A2), we have
found there are only *100 natural products (NPs) con-

taining the N-S bond, out of a total of *200,000 known,
unique, natural products. While it is recognized that N-S
bonds are unusual in natural products, neither the rarity of
the bonds nor the occurrence of the many different types
of N-S bond-containing compounds has previously been
described systematically. We confirmed that the publicly
available databases we drew from were not under-
representing reports of natural products containing N-S
bonds with an exhaustive literature review, reported
elsewhere (Petkowski et al., 2018).

To illustrate the discrepancy between the degree of uti-
lization of N-S bonds in synthetic organic chemistry and
biochemistry, we have compared the fraction of N-S bond-
containing compounds in 200,000 natural products with the
fraction of N-S bond-containing compounds in a series of
chemical databases containing a diverse collection of che-
micals (see Appendix Table A1), representing respectively
research, specialist industrial, and large-scale industrial use.
N-S bonds are notably underrepresented among natural
products as compared to all these collections of chemicals
(Figs. 1 and 2).

The degree of utilization of N-S chemistry by life heavily
depends on the valence state of the sulfur atom. The great
majority of natural products containing N-S bonds fall into
the category of N-S(VI) (e.g., sulfamates and sulfonamides);
*80% of all N-S bond-containing natural products fall into
this category. The remaining *10% of the N-S bond-
containing natural products are dominated by N-S aromatic
rings (isothiazoles and thiadiazoles). N-S(IV) and N-S(II)
structural types, for example, sulfilimines and sulfenamides
and others, occur one to a few times, constituting only a few
known examples (Fig. 3, Table 2 and Appendix Figs. A1
and A5). It is notable that the underrepresentation of N-S
bond-containing compounds in biochemistry, compared to
industrial chemistry, holds true for all major N-S structural
classes and valence states of sulfur atoms (N-S(VI), aro-
matic N-S, N-S(IV), and N-S(II)) (Fig. 1).

We found that the N-S bond structural types that are the
most common in life are the least reactive to thiols (Fig. 4)
(Table 2). More specifically, close to 80% of all known N-S
bond-containing compounds produced by life belong to the
S(VI) sulfamate/sulfonamide which are reported to be un-
reactive to thiols. The second-largest group is populated by
N-S bond aromatic systems which are in general, as a
structural class, much less prone to N-S bond cleaving nu-
cleophilic attack by thiols than the sulfenamide N-S(II) bonds
or N-S(IV) compounds (Table 2). Compounds belonging to
the N-S(II) or N-S(IV) structural families are much more
vulnerable to thiolysis and therefore, we propose, are heavily
underrepresented in natural products (Table 2).

The occurrence pattern of N-S-bond-containing structural
types in biochemistry supports our hypothesis. The N-S bond
chemical functionality is very diverse, which allows for vast
differences between chemical reactivity of different N-S
functional groups. However, what is common for different N-
S species in the same structural class is their reactivity to
thiols (Fig. 4) (Table 2). This reactivity of different N-S
functional groups toward thiols is reflected in the occurrence
pattern of N-S structural types in biochemistry (Fig. 4).

One of our main findings is that the most common N-S
compounds in natural products (N-S(VI)) are those that are
the least reactive to thiols.

A BINARY CHOICE IN BIOCHEMISTRY: N-S BONDS VS. THIOLS 585
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Table 2. Total Occurrence of N-S Bonds in Natural Products (NPs) and Reactivity to Cellular Thiols

aSingle instances (total occurrence = 1) of isothiazines, aminopolysulfides, dithiazines, dithiadiazetidines, N-thiosulfoximides N-S
Structural Classes/Types among NPs were omitted due to insufficient information on thiol reactivity. Isothiazines, aminopolysulfides,
dithiazines, dithiadiazetidines, N-thiosulfoximides are not studied extensively, and chemical reactivity of those N-S systems is largely
unknown (reviewed in Petkowski et al. [2018]).
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3.3. Experimental support for N-S-thiol reactivity

To support our observation that thiol reactivity correlates
with N-S bond occurrence in natural products, and to spe-
cifically test reactivity to biologically relevant moieties, we
perform experiments focused on two extremes in reactivity
with thiols.

For the highly reactive end, N-S(II) compounds, we choose
sulfenamides 1-(methylsulfanyl)pyrrolidin-2-one and 1-
(methylsulfanyl)pyrrolidine. Recall that sulfenamides are very
rare in life. For the non-reactive end, N-S(VI) compounds, we
choose sulfonamides 1-methanesulfonylpyrrolidin-2-one and
1-methanesulfonylpyrrolidine. Recall that the majority of N-S
compounds in natural products are in the N-S(VI) category.

We react the sulfenamide (1-(methylsulfanyl)pyrrolidin-
2-one and 1-(methylsulfanyl)pyrrolidine) N-S compounds
with seven major cellular metabolites containing all major
functional groups (alcohols, amines, carboxylic acids, etc.)
utilized by life: L-alanine, L-methionine, L-cysteine, L-
serine, D-glucose, D-fructose, and D-glucose-6-phosphate.
Only L-cysteine contains a thiol group; the others have non-
thiol functional groups. Reactions with this set of com-
pounds constitute a simplified proxy for reactivity with the
components of cellular metabolism.

Under our hypothesis of N-S and thiol reactivity, the
N-S(II) bond in sulfenamides (1-(methylsulfanyl)pyrrolidin-
2-one and 1-(methylsulfanyl)pyrrolidine) will only be de-
stroyed in the reactions with the compound containing the

FIG. 2. N-S bond-containing compounds in industry and biochemistry - NPdb (our Database of Natural Products; see
Appendix Fig. A2, Tables A1 and A2). The N-S bond is significantly underrepresented in natural products as compared
to N-S bond occurrence in the chemicals in various collections of industrial chemicals. C-S bonds are much less
underrepresented in the NPdb, and other bond types are of comparable frequency in industrial and NP databases. Note
that the point for CO bonds in NPdb lies under the point for CC bonds, and CO bonds are extremely common in natural
products.

FIG. 1. Fraction of N-S bond-containing compounds
known to be produced by life (solid bars) compared to the
fraction of N-S bond-containing compounds in synthetic and
industrial chemistry (shaded bars). The fraction produced by
life comes from our Database of Natural Products (NPdb), and
the fraction in synthetic and industrial chemistry comes from
the Combined Chemical Dictionary (http://ccd.chemnetbase
.com). The N-S chemistry is significantly underrepresented in
natural products compared to synthetically and industrially
used compounds, and holds true for all major N-S structural
classes (N-S(VI), aromatic N-S, N-S(IV), and N-S(II)).
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FIG. 3. The scope of chemical space of N-S bond-containing structural types. The bars are structural classes defined by
the valence state of sulfur and show the number of different structural types within a class (see the appendix)—not the
number of compounds. The bars show there is a much larger diversity of N-S structural types for life to potentially use
(orange) than life actually explores (blue). Only the main structural types within N-S(VI), N-S (aromatic), N-S(IV), and N-
S(II) structural classes of N-S chemistry are shown and counted. In more detail, only numbers for N-S structural types
containing one or two nitrogen atoms and one sulfur atom are shown (with no aliphatic N-N bond-containing structural
types shown). The total numbers are likely minima, and further chemical work could extend the number of known,
characterized N-S structural types even more. Structural types of N-S compounds produced by life (blue bars) are only a
very small fraction of all possible N-S chemical space. See Table 1 and Appendix Fig. A1 for more details.
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thiol group (L-cysteine), and, in contrast, will be stable in
the presence of the compounds lacking the thiol group.

The N-S(VI) sulfonamides (1-methanesulfonylpyrrolidin-
2-one and 1-methanesulfonylpyrrolidine) on the other hand
will be stable in the presence of all the tested compounds
and will not be reactive to thiol-containing L-cysteine nor
the other compounds. We tested that by reacting N-S(VI)
sulfonamides with L-cysteine.

An NMR time-course reactivity assay was performed
which showed that thiol containing L-cysteine was the only
metabolite that reacted directly with sulfenamides (both 1-
(methylsulfanyl)pyrrolidin-2-one and 1-(methylsulfanyl)
pyrrolidine) resulting in the formation of S-S cysteine
conjugate upon cleavage of the N-S bond in 1-(methylsulfanyl)
pyrrolidin-2-one and 1-(methylsulfanyl)pyrrolidine (Figs. 5a,
5c, and 6). None of the other tested metabolites showed any
reactivity with sulfenamides (see Appendix Figs. A3 and A4).
Sulfonamides (1-methanesulfonylpyrrolidin-2-one and 1-
methanesulfonylpyrrolidine), on the other hand, as predicted
by our thiol-incompatibility hypothesis, did not show any re-
activity with L-cysteine, and no cleavage of the N-S bond was
observed (Fig. 5b, 5d).

In summary, the results of our experiments (presented in
Figs. 5 and 6; see also Appendix Figs. A3 and A4) show that
the sulfenamide N-S(II) bond is completely cleaved in the
presence of the L-cysteine thiol, and the more oxidized

sulfonamide N-S(VI) variant shows no reaction. The results
support our hypothesis, including the occurrence pattern ob-
servation that N-S(VI) compounds, although still rare, form
the majority of all N-S bond-containing natural products.

3.4. Literature review on N-S-thiol reactivity

The results of the NMR time-course reactivity assay of
N-S compounds presented above are consistent with (and
complementary to) the thiol reactivity profile of N-S com-
pounds presented in the literature. There are many isolated
studies of individual N-S compound’s reactivity with thiols
that point toward the biologically driven destruction of N-
S(II) bond-containing compounds. In vitro and in vivo ex-
periments show that N-S(II) sulfenamides, in the presence of
excess free thiol-containing biochemicals such as cysteine,
glutathione, or cysteine-containing proteins, undergo a very
rapid (within seconds) cleavage of the N-S bond to yield a
disulfide conjugate and a corresponding amine (Nti-Addae,
2008) (see Table 3 for examples of biologically relevant
thiolysis reactions of thiol-reactive N-S structural types).

The rapid N-S(II) reactivity toward cellular thiols is the
basis of the mechanism of action of many antibiotics (Turos
et al., 2002; Turos, 2005; Revell et al., 2007; Prosen et al.,
2011; Ramaraju et al., 2012; Shang et al., 2013), pesticides
(Chiu et al., 1975; Umetsu et al., 1980; Fukuto et al., 1983;
Wallace and Zerba, 1989), and prodrug candidates (Olbe
et al., 2003; Hemenway, 2006; Hemenway et al., 2007; Nti-
Addae, 2008; Nti-Addae and Stella, 2011; Nti-Addae et al.,
2011; Proença et al., 2011; Huttunen et al., 2012). Similarly,
the reactivity of N-S(II) compounds to other common
functional groups found in the cell (other than thiols) is not
detected, showing that the main reactivity of N-S(II) com-
pounds in the cellular environment comes from -SH groups
and not from others (alcohols, amines, carboxylic acids,
etc.) (Heldreth et al., 2006; Revell et al., 2007).

4. Discussion

Our hypothesis is that N-S bond-containing compounds
are rare in life due to an incompatibility with the thiol-
containing compounds which are central to life’s metabo-
lism. There are a wide range of hypotheses as to why life
uses the chemistry that it does, such as proposed explana-
tions for life’s use of peptides, phosphates, water, or indi-
vidual elements (even carbon itself) (Westheimer, 1987;
Pace, 2001; Benner et al., 2004; Ball, 2008; Bains, 2014;
Reich and Hondal, 2016). However, to our knowledge, our
work provides the first example of a chemical explanation of
why life does not use a chemical class of molecules that is
chemically flexible, stable, and has wide chemical and
structural functionality. Given the enormous scope of pos-
sible chemical space (Kirkpatrick and Ellis, 2004; Reymond
et al., 2012; Ruddigkeit et al., 2012), explaining why life
does not utilize certain chemical functionalities is as im-
portant as explaining why life does prefer certain others.

Our hypothesis that life avoids N-S bond-containing com-
pounds actually has three layers to it. First, N-S bonds are very
rare in biochemistry, leading to our general hypothesis that life
has apparently made a binary choice to use thiols and not N-S
bond-containing compounds (Sections 1 and 3.1). Second, the
rarity of the N-S bond-containing functional groups is not
uniform and follows a specific occurrence pattern (Fig. 4). The

FIG. 4. Schematic representation of the correlation be-
tween the occurrence of the N-S compounds in biochemistry
and their thiol reactivity. The occurrence of N-S molecules
in biochemistry drops as their reactivity to thiols increases.
Our N-S-thiol incompatibility hypothesis provides an ex-
planation for the pattern of occurrence of N-S compounds in
life, that is, why N-S(II), N-S(IV), and aromatic N-S com-
pounds are rare in life and why they are underrepresented in
biochemistry as compared to the number of thiol-unreactive
N-S(VI). We note that N-S(VI) overall rarity in biochemistry
is not directly explained by thiol reactivity but can be tied to
thiol reactivity indirectly (see Section 4.2.4 for detailed dis-
cussion of the reasoning behind N-S(VI) exclusion by life).
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occurrence pattern of N-S compounds in biochemistry depends
on the valence state of sulfur in the N-S bond and, importantly,
correlates with thiol reactivity (Sections 3.2 and 3.3). Third,
life finds a work-around, a way to use highly reactive N-S
chemistry even in the presence of thiols. Rather than negating
the main hypothesis, the examples support the hypothesis be-
cause life uses the N-S-thiol destructive reactivity under highly
controlled and regulated conditions for purposeful advantages.
The Discussion Section (4.1) focuses on this third layer of our
hypothesis and provides arguments as to why there are any N-
S compounds utilized by life if they are inherently incompat-
ible with biochemistry.

The bulk of the Discussion Section (4.2) details potential
challenges to our hypothesis, including potential reasons for
the exclusion of the thiol-unreactive N-S(VI) compounds.

The third and final part of our Discussion Section (4.3) is
more speculative, in terms of how the rarity of N-S chem-
istry in life can connect the N-S-thiol incompatibility hy-
pothesis to origins-of-life research.

4.1. Why are there any N-S compounds
in biochemistry?

If our N-S-thiol incompatibility hypothesis is correct, we
must try to understand why, remarkably, some life actually
does ultimately use thiol-reactive N-S bond-containing
compounds and chemistry, although in very rare, tightly
controlled, and specialized cases.

We argue that while the N-S compounds in biochem-
istry could be seen as counter-examples to our hypothesis,

FIG. 5. NMR time-course reactivity assay of N-S compounds (a) 1-(methylsulfanyl)pyrrolidin-2-one (N-S(II)), (b) 1-
methanesulfonylpyrrolidin-2-one (N-S(VI)), (c) 1-(methylsulfanyl)pyrrolidine (N-S(II)), and (d) 1-methanesulfonylpyrrolidine
(N-S(VI)) with thiol-containing amino acid L-cysteine. The altered shape and position (black arrows) of the peaks show that the
N-S bond in the N-S(II) compounds was cleaved in the presence of L-cysteine ([a] and [c], compare t = 0 [blue] and t = 24 h
[red]), but the N-S bond in the N-S(VI) compounds was not affected by L-cysteine ([b] and [d]). Black rectangles denote the
position of signals corresponding to tested N-S compounds. The NMR assay shows that the sulfenamide N-S(II) bond is much
more reactive toward thiols than the more oxidized sulfonamide N-S(VI) variant. The N-S-thiol reactivity pattern obtained by the
NMR time-course reactivity assay is consistent with the observation that the thiol-unreactive N-S(VI) compounds form the great
majority of all N-S bond-containing natural products. Figures A3 and A4 in the appendix show that the N-S bond in the N-S(II)
compounds is not cleaved in the presence of the other life-proxy compounds not containing thiol functional groups.
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such few instances of accommodation of N-S chemistry
susceptible to thiolysis support our hypothesis, rather than
challenge it. Some organisms have found a way to utilize
selected parts of N-S chemistry and developed special
means to accommodate certain N-S chemical groups de-
spite their reactivity to cellular thiols (e.g., by burying
thiol-reactive N-S bonds deep within protein folds). We
present one such example of utilization of N-S-thiol re-
activity in detail below. For an overview of other thiol-
reactive N-S compounds produced by life, see Table 4.
For a detailed, case-by-case description of utilization and
accommodation of N-S chemistry by life on Earth, see the
work of Petkowski et al. (2018).

By far the most intensively studied and, hence, well-
understood example of utilization of thiol-reactive N-S
chemistry comes from natural cyclic sulfenamide 1,2-
thiazolidin-3-one (Fig. 7) identified in several proteins as
a post-translational modification involved in a cellular
response to oxidative stress, both in bacteria and eu-
karyotes (Dubbs and Mongkolsuk, 2012; Defelipe et al.,
2015). In contrast to thiol-unreactive N-S bonds that
are present in small-molecule natural products, 1,2-
thiazolidin-3-one exists only in proteins, where it is
constrained within the protein fold so as not to be able to
react with either other thiols within that protein or with
thiols in other proteins in the cell. We note that other
natural N-S compounds that have proven thiol reactivity
are generally present as post-translational modifications
(PTMs) of proteins and are not produced by life as iso-
lated small molecules (Table 4). We believe that limiting
the thiol-reactive N-S species only to protein chemical
modifications allows for tight regulation of their reac-
tivity with cellular thiols. In fact, in the case of 1,2-
thiazolidin-3-one the normally detrimental reactivity of

sulfenamides to thiols is utilized in a controlled envi-
ronment of the active site of several catalytic cysteine-
containing enzymes (Fig. 7).

We note that many biochemicals react with thiols, and
utilization of thiol-reactive chemistry is one of the pillars of
the core metabolism of life. However, in such cases (e.g.,
widespread utilization of thiol-reactivity in enzyme cataly-
sis) the thiol reactivity is part of a normal, highly regulated,
crucial physiological function in the cell. Unless the func-
tion of a molecule is to specifically react with thiols, in a
controlled fashion, then a thiol-reactive compound is going
to be a problem4.

Life does not use thiol-reactive N-S chemistry unless
there is a very specific need that provides a selective pres-
sure for adapting the chemistry to cope with (and/or use) the
reactivity, and which cannot be met by other chemistry
without ever more extreme adaptation. For example, a
widespread use of S-nitrosothiols5 or high conservation of

FIG. 6. Proposed thiolysis reaction of N-S(II) compounds: 1-(methylsulfanyl)pyrrolidin-2-one and 1-(methylsulfanyl)pyrrolidine
with L-cysteine. Both 1-(methylsulfanyl)pyrrolidin-2-one (a) and 1-(methylsulfanyl)pyrrolidine (b) undergo cleavage of the N-S
bond (as a result of reactivity with thiol group of L-cysteine) and the formation of the cysteine-methyl-disulfide. The chemical
reaction explains the results of the NMR reactivity assay in Fig. 5.

4Heavy metals like Cd and Hg or arsenites are a well-known
example of such detrimental thiol-reactivity. The high levels of
toxicity of Cd and Hg or arsenites are mediated by their random and
facile reactivity with thiols.

5We note that S-nitrosothiols may at first glance appear to be an
exception to our hypothesis. S-nitrosothiols are a fascinating ex-
ample of a specific, unusual structure that has been adapted widely
for cellular signaling by many evolutionarily distant organisms. S-
nitrosothiols have a very distinct reactivity and a specialized, highly
regulated, function in the cell (i.e., as an NO carrier in NO sig-
naling) (Table 3). N-S-thiol reactivity in NO signaling likely
evolved early, giving life enough time to adapt to ‘‘novel chemis-
try’’ of S-nitrosothiols. For a review on S-nitrosylated species
produced by life, please see the work of Petkowski et al. (2018). For
detailed discussion on S-nitrosthiol regulation and reactivity in the
cell see, for example, the work of Benhar et al. (2009) and Smith
and Marletta (2012).
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Table 3. Examples of Thiolysis Reactions Among Different N-S Bond-Containing Functional Groups

Belonging to Thiol-Reactive Structural Classes/Types (See Also Comments in Table 2)

(continued)
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collagen IV sulfilimines (N = S) in animal species are both
examples where life went to extraordinary lengths to ac-
commodate thiol-reactive N-S chemistry to take advantage
of unique solutions it could provide (Table 4).

Now that we have reviewed examples of N-S bond-
containing compounds in biochemistry and their specific
functionalities, for completeness, we round out this sub-
section with a discussion on the three evolutionary options
life has in general to utilize N-S chemistry to achieve useful
function. The first, discussed in detail above, is to find a way
to get around N-S-thiol incompatibility by developing spe-
cific biochemical pathways that allow for accommodation
of carefully selected N-S chemistry in a thiol-rich cellular
environment.

The second is to adapt a huge number of cellular pro-
cesses to eliminate dependence on thiols. The second so-
lution would require simultaneous redesign of many
pathways in the cell to accommodate selected N-S based
functionality (e.g., limiting usage of thiol groups in all
metabolic pathways in the cell simultaneously) and seems
implausible.

The third is to find an alternative biochemical route to a
given function that does not involve utilization of N-S
chemistry. This third solution, apparently used by most
organisms on Earth, is to develop biochemical functional-
ities that are analogous to those provided by N-S chemistry,
therefore circumventing the N-S-thiol reactivity problem

(e.g., widespread formation of disulfide S-S bonding in
proteins instead of potential utilization of sulfenamide (N-
S), sulfinamide (N-S( = O)) or sulfilimine (N = S) cross-
links). For example, the organism might evolve a solution
for a selective challenge relating to protein cross-links that
is based on S-S bonds rather than N-S bonds (see Appendix
A1 for comparison of biochemical properties of S-S dis-
ulfide and N-S(II) sulfenamide cross-links; for review on
utilization of N-S cross-links in the cell, see the work of
Petkowski et al. [2018]).

4.2. Alternative explanations and challenges
to the N-S-thiol incompatibility hypothesis

There are several alternative explanations why life does not
use N-S chemistry. These include thermodynamic explana-
tions (they cost too much energy to make), kinetic explana-
tions (they are unstable), and evolutionary explanations (their
synthesis is too hard to evolve). Here we present those
challenges and arguments against these alternatives.

4.2.1. N-S bonds are energetically favorable to make.
One may argue that life favors formation of certain chemical
bonds for energetic reasons. However, we argue that one can
rule out thermodynamic limitations to formation of N-S
bonds as a general explanation. We address the energetics of
formation and the biosynthesis of N-S bonds in detail below.

Table 3. (Continued)
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What little is known on the detailed mechanisms of bio-
synthesis of N-S compounds (Waldman et al., 2017; Pet-
kowski et al., 2018) suggests that there are generally no
thermodynamic barriers to making N-S bonds, and no N-S
biosynthetic pathway requires direct coupling of ATP hy-
drolysis to the formation of the N-S bond (Waldman et al.,
2017; Petkowski et al., 2018).

The biosynthesis of N-S(II) and N-S(IV) bonds often
involves localized formation of the S-X halogenated Cys

or Met intermediate (where X is a halogen donated by
HOX hypohalous acids generated by enzymes from per-
oxidase superfamily). S-X intermediate reacts with near-
by amine to form N-S(II) or N-S(VI) cross-links. Such
formation of N-S(II) bonds proceeds quite readily (Pet-
kowski et al., 2018).

Similarly, the formation of the majority of N-S(VI) bonds
is quite robust and is likely to be catalyzed by amine sulfo-
transferases (EC 2.8.2.3) that utilize 3’-phospho-5’-adenylyl

Table 4. Functions of Thiol-Reactive N-S Protein Post-Translational Modifications

in Cellular Metabolism
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sulfate (PAPS) as a sulfonylation donor (Mueller and Shaf-
qat, 2013; Waldman et al., 2017).

Even if in certain cases the formation of N-S bonds was
postulated to be difficult from the energetics standpoint, such
energetic barriers are not impossible to overcome. Formation
of five-membered cyclic sulfenamide rings (e.g., in PTP1B)
(Fig. 7) requires high energy which is associated with the
breakage of the S–O bond of the intermediate sulfenic acid
(Sarma and Mugesh, 2007). However, in reality the formation
of cyclic sulfenamide is favorable to occur due to a special
arrangement of the neighboring amino acids in the active site
of PTP1B (e.g., via H-bonding between the amide oxygen and
His-214 in PTP1B). This special arrangement of residues re-
sults in enhancement of the electrophilicity of the sulfenic acid
sulfur or the nucleophilicity of the amide nitrogen and allows
for the easy breakage of the S-O bond in the sulfenic acid and
the completion of the reaction (Sarma and Mugesh, 2007;
Nagy and Winterbourn, 2010).

To support the above observations, we compute enthalpy
of formation of simple chemical structures containing N-S
bonds as individual molecules using semi-empirical quan-
tum mechanical calculations (reviewed in Stewart [2007]),
specifically the AM1 (Dewar et al., 1985), PM3 (Stewart,
1989), and MNDO (Dewar and Thiel, 1977) methods im-
plemented in GAMESS (Schmidt et al., 1993). As a control
and validation of our approach, we calculated energy of
formation of analogous N-C bonds or C-S bonds (which are
commonly used by life). Our results suggest that, within the
accuracy of this approach, the formation of N-S bonds is no
less energetically unfavorable than the formation of N-C, C-

S, or C-C bonds (see Appendix Fig. A6). We therefore
conclude that the underrepresentation of N-S bonds in nat-
ural products is generally not due to the energy required to
synthesize the various N-S bonds; in fact, their formation
can be quite energetically favorable.

4.2.2. N-S bond-containing compounds are stable in the
aqueous environment of the cell. The majority of life’s
chemical reactions take place in the aqueous environment of
the cell; therefore, any assessment of life’s utilization of any
chemistry has to take into account chemical stability and
reactivity to water.

Many chemical functional groups are excluded by life on
the basis of very high reactivity to water. One of the most
clear-cut examples of such a scenario are arsenate esters,
including tri-, di-, and mono-esters, and pyro-arsenates. They
react with water in many orders of magnitude faster than their
phosphate counterparts and are unstable even in conditions
where water is present at low concentrations. Thus, the in-
herent chemical properties of arsenate esters make it ex-
ceedingly unlikely for life to utilize organo-arsenic chemistry
in ways that are analogous to phosphates (Tawfik and Viola,
2011; Benner et al., 2013). The example of hydrolytically
unstable arsenic esters illustrates that an aqueous environment
will constrain available chemical space of life. However,
there are other examples of chemistry, of which N-S chem-
istry is one, for which there is no such obvious constraint. We
discuss the hydrolytic stability of N-S compounds next.

Calculating kinetic stability to hydrolysis for a wide range
of complex molecules is not practical, and as mentioned

FIG. 7. Example of utilization of thiol-reactive N-S chemistry by life: role of cyclic sulfenamide post-translational
modification in cellular oxidative stress response (ROS). Cyclic sulfenamide (1,2-thiazolidin-3-one) is formed as a pro-
tective measure from irreversible oxidation of catalytic cysteine residues (e.g., Cys-215 in PTPB1 phosphatase active site).
(a) Exposure of the catalytic Cys-215 of PTPB1 to H2O2 results in formation of a sulfenic acid (R-SOH), which undergoes
(b) intramolecular cyclization with neighboring amino group, resulting in formation of a cyclic sulfenamide. (c) Reduction
of 1,2-thiazolidin-3-one is possible through controlled reaction with cellular glutathione, first by formation of a mixed
disulfide which is subsequently reduced by glutaredoxin.
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above, there is very limited experimental kinetic data on N-
S bond reactivity. Instead, we consider the fact that a wide
variety of N-S bond-containing compounds are used in
aqueous environments. We note that just like with any other
class of chemical compounds the N-S chemical reactivity
and hydrolytic stability depend largely on the larger struc-
tural context of the molecule, in the case of the N-S com-
pounds on the nature of the substituents on nitrogen and
sulfur. Many both aryl and aliphatic N-S compounds of all
valence states of sulfur find their uses in pharmacology
(e.g., sulfonamide antibiotics), agriculture (e.g., sulfena-
mides benfuracarb and furathiocarb), and medicine (e.g.,
isothiazole perospirone, an antipsychotic drug), which im-
plies sufficient water stability for them to be considered as
potential biological agents in the first place. Many reactive
N-S compounds such as N-S(II) sulfenamides or N-S(IV)
sulfilimines are utilized as pesticides or herbicides in agri-
culture or considered as medicines (Beck, 1975; Casini
et al., 2002; Bland et al., 2014; Zhou et al., 2014a, 2014b,
2014c) and are water stable; in fact, their mode of action (if
known) often involves rapid thiolysis in the presence of
cellular -SH groups (Wallace and Zerba, 1989; Revell et al.,
2007; Nti-Addae, 2008) (Tables 1 and 3), which implies that
they are stable in the aqueous biological environment until
they encounter thiols. Similarly, N-S molecules belonging to
structural classes produced by life by definition have to be
water stable.

4.2.3. N-S chemistry is not inherently difficult to evolve.
One may also argue that N-S chemistry is difficult to evolve
and so has only evolved once and is used by a limited range of
organisms. An argument of this type is used to explain evo-
lutionary limitations of oxygenic photosynthesis or nitrogen
fixation. For each of those two processes, only one bio-
chemical mechanism was described, evolving in a single
group of organisms (Raymond et al., 2004; Blankenship,
2010; Bains and Schulze-Makuch, 2016). Such an argu-
ment does not explain the paucity of N-S chemistry in
biochemistry. All major branches of life make N-S com-
pounds, and most classes of N-S bond are made by more
than one kingdom of life (see Appendix Fig. A5). What
little is known of the biosynthesis of N-S compounds
confirms different pathways and enzymes in different or-
ganisms, even sometimes different pathways leading to
very similar compounds (reviewed in the work of Pet-
kowski et al. [2018]). This suggests that N-S chemistry is
not difficult to evolve; the evolutionary barrier is evolving
mechanisms to protect the cell from the toxic result of that
chemistry.

4.2.4. Possible reasons for the exclusion of thiol-
unreactive N-S(VI) compounds. Our N-S-thiol incompat-
ibility hypothesis does not directly explain why the thiol
unreactive N-S(VI) compounds are rare in life. Even if
N-S(VI) compounds dominate life’s N-S chemistry rep-
ertoire and the pattern of occurrence of N-S compounds
in biochemistry correlates with N-S reactivity to cellular
thiols, the N-S(VI) compounds are still rare (numbering
only around 80 compounds in *100 total N-S com-
pounds) (Fig. 4; Table 2). There can be reasons for their
rarity, which could be indirectly connected to thiol me-
tabolism of the cell or completely independent from it.

We present our reasoning for the N-S(VI) rarity in bio-
chemistry below.

Biosynthetic and metabolic limitations contribute to the
exclusion of N-S(VI) compounds from biochemistry: We
have shown that N-S(II) bonds, N-S(IV) bonds, and to a
lesser extent N-S aromatic compounds are directly for-
bidden by their reactivity to thiols. N-S(VI) bonds on the
other hand are themselves unreactive to S-H groups, but
their plausible biosynthetic precursors, breakdown or
reduction products may be N-S(II) or N-S(IV) com-
pounds, and themselves reactive to thiols. The reactivity
of N-S(II) or N-S(IV) compounds (e.g., sulfenamides)
with thiols likely limits the number of possible safe
routes for biosynthesis of any N-S bond-containing
compounds, making it exceedingly difficult for life to
explore the N-S bond chemistry in general. Formation of
a sulfenamide N-S(II) bond at any step in the biosyn-
thetic pathway (even as a transient intermediate) exposes
the cell to the detrimental reactivity of N-S(II) group to
nearby thiols. Hence, if the cell needs to synthesize an
N-S bond-containing compound, it has to do it without
the N-S thiol-reactive intermediates, either by first oxi-
dizing the sulfur atom to thiol-unreactive S(VI) (before
formation of the N-S bond, e.g., in sulfamates [Alnouti
and Klaassen, 2006; Sanchez and Kauffman, 2010;
Carlsson and Kjellén, 2012]), through formation of less-
reactive aromatic systems (e.g., in isothiazoles), or
highly regulated reaction intermediate channeling (Gar-
cia et al., 2012). Any unspecific, undirected, and robust
chemical reaction that interferes with essential functions
of thiols in the living cell has to be either tightly reg-
ulated or, if that is impossible (e.g., due to robustness of
the reaction), excluded entirely. Such unregulated reac-
tivity will lead to sulfenamides, and by extension other
N-S bond-containing molecules derived from them, to be
exceedingly rare in natural products.

Overrepresentation of toxic compounds among N-S nat-
ural products: A preliminary statistical analysis of biologi-
cal effects of natural compounds collected in our Natural
Product Database led to an observation that the biological ef-
fect of *62% of all N-S bond-containing natural products, that
have been tested, is widely reported to be toxic against other
organisms, regardless of whether their thiol reactivity is known
or suspected. The toxic natural N-S compounds include broad-
spectrum antibiotics, neurotoxins, herbicides, fungicides, or
others (reviewed in the work of Petkowski et al. [2018]). It is
likely that the organisms making N-S compounds are using
them as broad-spectrum toxins, similar to other molecules that
are highly reactive biocides, such as cyanogen bromide, su-
peroxide, oxirane derivatives, and others (Drahl et al., 2005;
Gersch et al., 2012; Vanelslander et al., 2012). The broad
biocidal properties of natural N-S compounds are also mirrored
by biological activities of many synthetic N-S compounds that
are commonly used in many industries, for example as wood
preservatives, fungicides in paints, acaricides, insecticides,
pesticides, herbicides, and antibiotics in medicine (Adams
et al., 1960; Kalgutkar et al., 2010; Bektas and Eulgem, 2014;
Kalogirou and Koutentis, 2014) (Table 1). Thus, our statistical
observation on toxicity of N-S compounds supports the in-
herent incompatibility of N-S bond chemistry with life.

Connection between cellular oxidative stress and the ex-
clusion of the N-S compounds from biochemistry: Formation of
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N-S(VI) and other N-S compounds as a result of aberrant re-
dox metabolism in the cell was suggested as one of the
markers of detrimental effects of cellular oxidative stress
(Raftery et al., 2001; Nagy and Winterbourn, 2010).

Redox signaling, of which N-S chemistry is an integral
part, is strictly dependent on a tightly controlled oxidation of
thiol-containing cysteine residues (Nagy and Winterbourn,
2010; Paulsen and Carroll, 2013; Go et al., 2015; Poole,
2015). Release of the highly oxidizing hypohalous acids, for
example during immune response, results in the perturbation
of the redox signaling, which in turn leads to the damaging
effects of the oxidative stress. Interestingly, the biosynthesis
of N-S(II) and N-S(IV) bonds often requires highly con-
trolled and localized formation of the hypohalous acids
(HOCl or HOBr) (Petkowski et al., 2018). Therefore, any
uncontrollable exposure to hypohalous acids often leads to an
unspecific formation of a variety of N-S post-translational
modifications in proteins and peptides. Such unspecific N-S
post-translational modifications were linked to detrimental
toxic effects of oxidative stress (Raftery et al., 2001; Nagy
and Winterbourn, 2010). Moreover, under prolonged oxida-
tive stress conditions, for example, as a result of HOCl re-
lease during inflammation, various N-S species can undergo
further oxidation to N-S(VI) sulfonamides. Formation of
sulfonamides in the cell is deemed largely irreversible and is
often viewed as a hallmark of severe oxidative damage and
disease (Nagy and Winterbourn, 2010; Paulsen and Carroll,
2013; Go et al., 2015).

We can therefore speculate that the connection between
N-S chemistry and the detrimental effects of oxidative
stress, including the formation of largely irreversible N-
S(VI) species, might contribute to the exclusion of the N-
S(VI) chemistry from life.

4.3. Speculation on life’s exploration
of chemical space

We propose that N-S-thiol incompatibility is not un-
ique, and other incompatibilities exist between potential
chemistries and the actual biochemistry of life. The in-
compatibility between N-S bonds and thiols, resulting in
the effective near exclusion of N-S chemistry from bio-
chemistry, is an example of a general negative constraint
on how life explores chemical space. Such incompati-
bilities (like thiols vs. N-S) do not represent inevitable
exclusions of chemical classes from a biochemistry. Ra-
ther, they represent mutually exclusive options; a self-
consistent biochemistry can be built either with abundant
thiols or with abundant sulfenamides (or neither), but not
both. Thiols and sulfenamides represent two ‘‘islands of
stability,’’ separated by a region where both are ubiqui-
tously present in the cell, a situation that that is not
compatible with the stability requirements for life. If life
on Earth originated in an environment rich in thiols, then
exclusion of N-S chemistry from terrestrial biochemistry
follows from this origin. Life originating in another envi-
ronment, either a ‘‘shadow biosphere’’ (Davies, 2011) on
Earth or life on another world, could have taken a different
path. We speculate more widely; there may be other mutually
exclusive sets of chemical options, which wider systematic
study of the chemical groups in Earth’s biochemistry could
reveal.

5. Summary and Conclusions

The exclusion of N-S bonds from biochemicals is sur-
prising. N-S bonds are stable, provide a wide range of bi-
ologically relevant functionality, and in instances when N-S
bonds are utilized by life on Earth their synthesis has
evolved independently on multiple occasions. Why then are
N-S containing molecules so rare in biochemistry?

We postulate that there are fundamental reasons why
only a small fraction of the possible N-S bond chemistry is
utilized by life and that biases in life’s preference for a
specific subset of N-S bond chemistry are rooted in the
chemistry of the N-S bond itself, in particular in its reac-
tivity toward cellular thiols. N-S-thiol incompatibility hy-
pothesis makes testable predictions regarding which N-S
bond chemicals are likely to be more common in natural
products, and why. These predictions are borne out by the
observed occurrence of N-S bonds in the space of known
natural product chemistry, where N-S structural types re-
active to thiol groups are much rarer than those that are
resistant to thiolysis.

We hypothesize that life’s emphasis on utilization of
certain chemistry (like that of SH thiol chemistry) made it
very hard to explore other chemical alternatives, essentially
making significant areas of chemical space chemically in-
compatible with life’s biochemistry (e.g., extremely reactive
toward each other). These mutual chemical incompatibili-
ties put clear constraints on what chemistry life can explore
and utilize for useful function. This in turn leads to a for-
mation of a self-contained and self-compatible area of
chemical space that is capable of forming a stable bio-
chemistry.

Our N-S result is the first step in a larger effort. We aim to
identify more areas of chemical space that life avoids and
try to again explain why each case is so, with the hope of
providing insight into life’s evolution through chemical
space and therefore into the origin and early evolution of
life.

Appendix A.1. Comparison Between S-S (Disulfide)
and N-S (Sulfenamide) Bonds and Their
Cellular Reactivity

N-S(II) sulfenamide bonds are in many ways analogous to
disulfide bridges (S-S bond) that are crucial for proper
folding and stabilization of tertiary structures of peptides
and proteins. In addition to maintaining protein structures,
disulfide bonds are crucial for mediating specific protein
activities including catalytic activity in enzymes. Both
bacteria and eukaryotes rely on specific enzymes (disulfide
isomerase in eukaryotes and thioredoxin-like enzymes in
bacteria) to ensure the correct disulfide bond formation
state during protein folding. It is important to note that
correct disulfide bond formation is also crucial during the
biosynthesis of many secondary (nonprotein) metabolites
(there are approx. 1000 known natural products containing
an S-S bond, not counting cysteine disulfide bonds in proteins
and peptides), where S-S bonds are essential for their bio-
logical activity, often through the generation of reactive ox-
ygen species and by inactivating target proteins through
reactivity with catalytic cysteine residues via thiol-disulfide
exchange reaction, a chemical activity not dissimilar to the
mechanism of action of many N-S(II) sulfenamide antibiotics.
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The reaction of N-S(II) bonds with thiols is in many
ways analogous to biologically important thiol–disulfide
exchange reaction. However, the reactivity of sulfena-
mide N-S(II) bonds to deprotonated thiol (thiolate (S-))
and protonated thiol (SH) nucleophiles is generally
greater than those of S-S disulfide bonds. N-S(II) bonds
react not only with strong nucleophiles like thiolates
(S-) but also with protonated thiols (SH) and thioacids
(Craine and Raban, 1989; Koval, 1996b). Only thiolates
(S-), not thiols (SH), can attack S-S disulfide bonds
efficiently, and as a result, thiol–disulfide exchange
reaction is inhibited at low pH (generally below pH 7–
8). At lower pH, the protonated thiol (SH) form is fa-
vored relative to the deprotonated thiolate (S-) form.
Thiols (SH) are much weaker nucleophiles than thio-
lates (S-), and (contrary to N-S(II) sulfenamides) direct
reaction between protonated SH thiols and disulfides
has not been observed (Singh and Whitesides, 2010). In
addition, spontaneous thiol–disulfide exchange is rather

slow, and enzyme catalysis is often employed to ac-
celerate these reactions in vivo (Nagy, 2013). This dif-
ference in reactivity is crucial, as it allows for tighter
regulation and control over the reactivity of thiol-
disulfide system, for example by limiting or facilitating
the formation of thiolates (S-) in the cell (see, e.g.,
reviewed in Nagy [2013] and Nagy and Winterbourn
[2010]); such control of reactivity is more difficult to
achieve for much more reactive thiol-N-S system.

In fact, the difference in reactivity efficiency of pro-
tonated thiols (SH) toward S-S and N-S bonds is utilized
in proteomic research to specifically identify endogenous
N-S(II) sulfenamides, like cyclic sulfenamides, isothiazolidin-
3-ones (see Section 4.1, Fig. 7). The method is based on a
series of small-molecule thiols (SH) that react with N-S
sulfenamides (resulting in N-S bond cleavage and for-
mation of S-S conjugates) but not S-S disulfides (i.e.,
without any cross-reactivity with disulfides) (Shiau et al.,
2006).

Table A1. Databases Collecting Synthetic and Industrial Chemicals
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Table A2. A List of Sources for Natural Products Collected for Our Database (NPdb)
a

aWe note that natural products from newer natural product databases, published in 2017 and 2018, e.g., NANPDB (Ntie-Kang et al.,
2017), NPCARE (Choi et al., 2017), NPASS (Zeng et al., 2018), as well as from tgsc (http://www.thegoodscentscompany.com) are not
counted in Table A2 or in Figure A2 and are currently in the process of manual curation.
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FIG. A1a. Example of structural diversity of N-S compounds. An overview of selected structural types within (a) N-
S(VI), (b) N-S(IV), (c) N-S (aromatic), and (d) N-S(II) structural classes of N-S bond-containing compounds. Structural
types of compounds produced by life (black contoured boxes) and examples of industrially relevant structural types of N-S
compounds not produced by life (red contoured boxes) are shown. For detailed examples of industrial utilization of N-S
compounds belonging to different N-S structural types, see Table 1.
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FIG. A1b. (Continued).
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FIG. A1c,d. (Continued).
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FIG. A2. Venn diagram illustrating the completeness of the Natural Product Database. Each circle describes major
sources of natural products we took for our database. The left circle (red) shows the UNPD database (Gu et al, 2013), the
right circle is the DNP (DNP, 2016), and the bottom, ‘‘other,’’ represents a collection of natural products from both a
manual literature search and from information in smaller databases. Details are provided in Appendix Table A2. The
majority of natural products collected from these three different sources are found in at least two sources. This implies our
search is moderately complete as to the chemicals known to be produced by life, and is unlikely to have omitted any major
classes of chemicals. We note that the numbers are for unique natural products; databases often include more than one entry
of the same natural product. We removed any duplicated entries before the completeness analysis and subsequent motif
matching. Our final natural product database with only unique entries contains over 200,000 natural products.
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FIG. A3. The N-S(II) bond is stable in the presence of metabolites lacking the thiol functional group, as shown by NMR
time-course reactivity assay of N-S compound 1-(methylsulfanyl)pyrrolidin-2-one with six major cellular metabolites
containing major non-thiol functional groups. No changes, and hence no reactivity, were detected in the spectra of
the mixtures of 1-(methylsulfanyl)pyrrolidin-2-one with (a) L-alanine, (b) L-serine, (c) L-methionine, (d) D-fructose*, (e)
D-glucose, (f) D-glucose-6-phosphate (compare t = 0 [blue] and t = 24 h [red]). *The solution containing 1-(methylsulfanyl)
pyrrolidin-2-one and D-fructose showed significant differences in the signals corresponding to the sugar, due to instability in
the solvent system used. Signal from 1-(methylsulfanyl)pyrrolidin-2-one showed no change, demonstrating that the changes
in the D-fructose signal were not due to reaction with compound 1-(methylsulfanyl)pyrrolidin-2-one.
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FIG. A4. The N-S(II) bond is stable in the presence of metabolites lacking the thiol functional group, as shown by NMR
time-course reactivity assay of N-S compound 1-(methylsulfanyl)pyrrolidine with six major cellular metabolites containing
major non-thiol functional groups. No changes, and hence no reactivity, were detected in the spectra of the mixtures of
1-(methylsulfanyl)pyrrolidine with (a) L-alanine, (b) L-serine, (c) L-methionine, (d) D-fructose*, (e) D-glucose, (f) D-
glucose-6-phosphate (compare t = 0 [blue] and t = 24h [red]). *The solution containing 1-(methylsulfanyl)pyrrolidine and D-
fructose showed significant differences in the signals corresponding to the sugar, due to instability in the solvent system
used. Signal from 1-(methylsulfanyl)pyrrolidine showed no change, demonstrating that the changes in the D-fructose signal
were not due to reaction with 1-(methylsulfanyl)pyrrolidine.
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FIG. A5. N-S compounds are produced by a diverse range of organisms belonging to all major branches of life. Most
classes of N-S bond are made by more than one kingdom of life, and most structural types of N-S bond were discovered
throughout evolution by more than one kingdom of life, suggesting that evolutionary contingency is not a likely explanation
for exclusion of N-S chemistry by life. The evolutionary barrier to containing N-S bonds in metabolism is evolving
mechanisms to protect the cell from the toxic result of N-S chemistry, not that N-S chemistry itself is difficult to evolve.
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FIG. A5. (Continued).
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FIG. A6. Estimation of the energy needed to form a stable molecule containing an N-S bond from two stable substrate
molecules that do not contain an N-S bond. The x axis shows energy needed to form a bond. The y axis shows number of
bonds formed that had that energy. Yellow bars = N-S bonds. Three other bond types are shown for comparison: Black
bars = C-C bonds, Green bars = C-N bonds, Blue bars = C-S bonds. N-S bonds are no more energy-requiring than other,
biologically common bond types.

Energy calculations are done by using semi-empirical quantum mechanical methods (see main text). The enthalpy (‘‘heat
of formation’’) of a bond is calculated from the energy difference between two molecules that do not contain the bond under
consideration and two rearranged molecules that do contain that bond. Two transformations were considered: (a) dehy-
drogenation, where we assume that an N-S bond is formed by removal of two hydrogens from two substrate molecules, and
(b) elimination of ethane, where an N-S bond is formed by removal of two methyl groups from preexisting N-CH3 and S-
CH3 bonds. The difference between the energy of the two starting molecules and the two product molecules is the energy of
formation of the N-S bond. (Note that these are comparison of the energy of four molecules, not realistic chemical
reactions.) Comparisons were calculated for both transformations on 64 pairs of molecules and their transformed equiva-
lents that represent all major chemical classes of N-S compounds, that is, N-S(II), N-S(IV), and N-S(VI).
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