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ABSTRACT: We propose a mechanism for the solvolysis of the peptide bond in ~ 98% w/w Concentrated Suifuric Acid (2-Month Incubation)

98% (w/w) concentrated sulfuric acid based on the assessment of reactivity of
four dipeptides at room temperature: L-alanyl-L-alanine (1), glycylglycine (2),
glycyl-L-alanine (3), and L-alanylglycine (4). We find that dipeptides (2) and (4)

are stable for at least two months in 98% w/w sulfuric acid, with no signs of ‘yg ke A ) ét{
reactivity. The dipeptides (1) and (3) are unstable and immediately begin B Iy *\”’ i i 1
complex solvolysis, which is mechanistically different from acid-catalyzed peptide ) w
bond hydrolysis. We show that the solvolysis of dipeptides (1) and (3) in 98% @ '

w/w sulfuric acid leads to the formation of alaninamide (6) and glicinamide (7),
respectively. We propose that the mechanism of solvolysis of dipeptides (1) and % y \I)I\
(3) proceeds via dehydrogenation of the side chain methyl group (—CHj,) of the HQMH\W ol \’AOH MG, el \‘)LOH
C-terminal alanine. Consequently, the substitution of the —CHj; group of the C- alanvlala1nlne A dvoigycne, 66 glycylala:;\lne oA alnyigycio AG
terminal alanine with —CFj; stabilizes the r-alanyl-DL-trifluoroalanine dipeptide @ ©

(5) to solvolysis in 98% w/w sulfuric acid.

NHy NH, T NH NH, T

Bl INTRODUCTION potential habitability of Venus's sulfuric acid clouds."'~"” The
concentration of sulfuric acid in the clouds of Venus varies
with altitude, from 81% w/w acid in the top clouds to 98% w/
w acid in the lower cloud region."® This concentration range is
similar to the concentration of acid used in the early sulfuric
acid reactivity studies mentioned above. We show by the
identified reactivity products, alaninamide (6) and glycinamide
(7), that the mechanism of peptide bond cleavage in 98% w/w
sulfuric acid differs from the conventional acid-catalyzed
hydrolysis mechanism known to occur in more diluted sulfuric
acid (here at 81% w/w)."”*°

The first experiments reporting sulfuric acid hydrolysis of
proteins occurred more than 200 years ago when Braconnot
isolated what we now know as glycine from animal tissue." For
the following 130 years, studies continued to explore the
reactivity of biological matter in concentrated sulfuric acid
(and other acids). This early work sought to describe the
chemical composition of biological material and eventually
attempted to decipher the amino acid sequence in protein
polymers. Such studies on the reactivity of proteins in
concentrated sulfuric acid aimed to chemically cleave peptide
bonds at specific amino acid positions in polypeptides (e.g.,
refs 2—6). Despite decades of research, these early attempts at B RESULTS AND DISCUSSION

protein sequence analysis were generally unsuccessful. Today, To investigate the stability and reactivity of the peptide bond

we 'recognize that their procedu're—t?eating thi polypeptide in concentrated sulfuric acid, we studied four different
chain with concentrated sulfuric acid at 4 C or room dipeptides: 1-alanyl-L-alanine (L-Ala-L-Ala, AA) (1), glycylgly-
temperature for .several days. (e.g, ref 7)—y1e1ds. many cine (Gly-Gly, GG) (2), glycyl-L-alanine (Gly-L-Ala, GA) (3),
unknown solvolysis products in concentrated sulfuric acid and L-alanylglycine (L-Ala-Gly, AG) (4) (Scheme 1). We chose
solution. These products would have been difficult to identify dipeptides (1—4) as the simplest homodimer and non-
with the chemical analysis tools available at the time. The early homodimer examples of peptides. Their structures are well-
approaches of chemical protein sequence analysis were known and simple enough that their reactivity can be followed

eventl}aﬂy abandoned after thg 1950 disgovery and sgl:_)slgquent by NMR (Tables S1—S5), whereas interpreting data from
adoption of the Edman protein sequencing method.

More than 200 years after the initial experiments on the
sulfuric acid reactivity of proteins and peptides, we have
revisited the mechanism of solvolysis of the peptide bond in
98% w/w aqueous concentrated sulfuric acid. We are
motivated to revisit the reactivity of common biochemicals
in this aggressive solvent, partially due to a renewed interest in
understanding sulfuric acid chemistry in the context of the
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“All five compounds have been incubated in 81 and 98% w/w sulfuric
acid or D,SO, for NMR analysis, at room temperature (~20 °C) for
at least 1—2 months.

more complex dipeptides or longer peptides would be much
more challenging. We tested the reactivity of each of the
dipeptides in aqueous concentrated sulfuric acid at two
different concentrations (81% w/w and 98% w/w) at room
temperature (~20 °C). The conventional acid-catalyzed
hydrolysis of the peptide bond in dilute acids depends on
the presence of abundant water. The hydrolysis is accelerated
by protonation of the carbonyl oxygen, followed by attack by
water on the carbonyl carbon and the formation of the
tetrahedral intermediate. The subsequent protonation of the
amide nitrogen facilitates the cleavage of the peptide bond and
the creation of carboxyhc acid and amine groups of individual
amino acids."”*® In contrary to this established behavior of
peptides in diluted acids, we found that the peptide bond
stability in 98% w/w concentrated sulfuric acid, for peptides
(1—4), falls into two categories, depending on the identity of
the C-terminal amino acid.

The GG and AG dipeptides appear to be completely stable
for at least 2 months in 98% (w/w) sulfuric acid at room
temperature, with no signs of reactivity (Figures 1, S1, S4, S6,
S8, S9). This differs from the conventional peptide bond acid-
catalyzed hydrolysis in more dilute acidic solutions (Figures 2,
S2 and S7). In contrast, the AA and GA dipeptides are unstable
in 98% w/w sulfuric acid and undergo complex reactivity that
does not result in the release of the individual amino acids, as
occurs in the conventional hydrolysis of the peptide bond. The
reactivity of AA and GA in 98% w/w sulfuric acid does result
in the breakage of the dipeptide, with products distinct from
the individual amino acids that form the reactive dipeptides
(Figure 1). The 2D 'H-N HMBC NMR experiments
support this result as well (Figures S3—S6). The 2D NMR also
rules out a dehydration cyclization product as a major product
in 98% w/w sulfuric acid (see SI). Finally, to further
demonstrate that the dominant solvolysis products in 98%
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w/w sulfuric acid are not unmodified monomeric amino acids,
we have incubated the AA dipeptide for 7 days in 98% w/w
sulfuric acid, followed by spiking the sample with individual r-
Ala amino acid. The *C and '"H NMR spectra of the spiked
sample show that the peaks corresponding to the spiked L-Ala
amino acid do not overlap with the peaks of the dominant
solvolysis product. This result further confirms that single,
unmodified alanine is not the product of the solvolysis of the
AA dipeptide in 98% (w/w) sulfuric acid (Figures S10 and
S11). The same experiment, repeated in 81% w/w sulfuric
acid, shows overlapping peaks of the spiked L-Ala amino acid
with the peaks of the hydrolysis product, further confirming
that in 81% w/w acid, the AA dipeptide hydrolyzes to
individual single alanine residues (Figures S12 and S13).

We now turn to the identification of the chemicals that
could be the dominant products of the solvolysis of the AA and
GA dipeptides. One of the possible products of the solvolysis
of the AA and GA dipeptides in 98% w/w sulfuric acid is the
amide variants of amino acids alanine and glycine—
alaninamide (6) and glycinamide (7), respectively (Table
S6). To demonstrate that the dominant solvolysis products of
AA and GA in 98% w/w sulfuric acid are amide-modified
amino acids, we compared the 'H and '*C NMR spectra of
alaninamide and glycinamide collected in 98% w/w sulfuric
acid to the spectra of AA and GA dipeptides incubated for two
months in 98% w/w sulfuric acid at room temperature. The
spectral comparison shows that the alaninamide and
glycinamide NMR peaks overlap with the spectra of the
solvolysis products of the AA and GA dipeptides (Figure 3).
These results confirm that alaninamide (6) and glycinamide
(7) are the most likely products of the solvolysis of the AA and
GA dipeptides in 98% (w/w) sulfuric acid. To further
demonstrate that the dominant solvolysis products in 98%
w/w sulfuric acid are indeed alaninamide (6) and glycinamide
(7), we incubated the AA and GA dipeptides in 98% w/w
sulfuric acid, followed by spiking the sample with alaninamide
(6) and glycinamide (7), respectively. The *C and '"H NMR
spectra of the spiked sample show that the peaks
corresponding to the spiked amide variants of amino acids
do overlap with the peaks of the dominant solvolysis products
of AA and GA. This result further confirms that alaninamide
(6) and glycinamide (7) are the dominant products of the
solvolysis of the AA and GA dipeptides in 98% w/w sulfuric
acid (Figures S15 and S16).

We now propose three possible variants of the mechanism of
the peptide bond solvolysis in 98% w/w sulfuric acid (Scheme
2). In all three cases, the carbonyl oxygens of the dipeptide are
fully protonated in concentrated sulfuric acid (the complete
protonation of the peptide carbonyl oxygens in concentrated
sulfuric acid has been a well-known fact for decades™™>*). In
each case, the solvolysis proceeds via the dehydrogenation of
the side chain methyl group (—CHj,) of the C-terminal alanine.
The difference between the three proposed reaction mecha-
nisms depends on the nature of the chemical moiety that
polarizes the C—H bond of the —CH; group and primes it for
the dehydrogenation reaction.

The first mechanism (Scheme 2a) relies on the tautomeric
rearrangement in the dipeptide and the protonation of the
oxygen of the peptide carbonyl group in 98% (w/w) sulfuric
acid. The protonation of the carbonyl polarizes the C—H bond
in —CHj; of the C-terminal alanine and primes the side chain
methyl group for the dehydrogenation reaction and the
subsequent breakage of the C—N bond in the C-terminal
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Figure 1. Comparison of the '*C NMR spectra for AA (1), GG (2), GA (3), and AG (4) in concentrated sulfuric acid (98% D,SO, and 2% D,0,
by weight), at room temperature. (a) Comparison of the *C NMR of AA (1) collected after 1 day incubation (red spectra), 7 day incubation (blue
spectra), and 2 month incubation (green spectra) to single amino acid alanine (black spectra).'”*' (b) Comparison of the *C NMR of GG (2)
collected after 1 day incubation (red spectra), 7 day incubation (blue spectra), and 2 month incubation (green spectra) to single amino acid glycine
(black spectra).'>*! (¢) Comparison of the '3C NMR of GA (3) collected after 1 day incubation (red spectra), 7 day incubation (blue spectra), and
1 month incubation (green spectra) to single amino acid, glycine (gray spectra) or alanine (black spectra). (d) Comparison of the *C NMR of AG
(4) collected after 1 day incubation (red spectra), 7 day incubation (blue spectra), and 1 month incubation (green spectra) to single amino acid,
glycine (gray spectra) or alanine (black spectra). The GG (2) and AG (4) are stable in 98% w/w D,SO,, while AA (1) and GA (3) undergo
solvolysis, leading to different products (ppm values shown) than the acid-catalyzed hydrolysis.

alanine. We note one potential weakness of the first
mechanism. In concentrated H,SO,, we might expect the
intermediate —C—OH," group to dehydrate to the reactive C*
group and H,O. Whether such a dehydration reaction can
really happen is unknown.

The second mechanism (Scheme 2b) relies on the direct
attack of the sulfuric acid HSO,~ ion on the C—H group of the
C-terminal alanine methyl side chain. However, several
observations speak against this possibility. First, the concen-
tration of the HSO,™ ion in 98% w/w sulfuric acid is very low
and certainly much lower than in 81% w/w acid.”® The low
abundance of the HSO,™ ion could limit its ability to polarize
the C—H bond of the methyl group. Second, if the HSO,™ ion
primes the dehydrogenation reaction in the AA and GA
dipeptides, we would expect similar reactions happening in
single amino acids that have alkyl side chain groups. We do not
see any evidence of such reactivity. All individual alkyl side
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chain amino acids appear to be stable in 98% w/w sulfuric acid
for many weeks, if not longer, with no sign of reactivity.'”

The third mechanism variant (Scheme 2c) relies on the
protonation of the amide nitrogen of the peptide bond, in
addition to the expected protonation of the carbonyl oxygen.
The protonation of the amide nitrogen could only happen in a
very strong acid. In this scenario, the protonated carbonyl
oxygen of the peptide bond pulls electrons from the methyl
group and hence induces a dipole that predisposes the C—H
proton to break away from the —CHj group, resulting in the
dehydrogenation reaction. We do not know if the peptide
amide group is protonated in 98% w/w acid; it is however in
principle possible, and it would also further explain the
difference between the reactivity of the dipeptides in 98 and
81% w/w sulfuric acid (where the amide nitrogen is likely not
stably protonated).

The analogous dehydrogenation reaction cannot happen to
the GG and AG dipeptides via any of the proposed

https://doi.org/10.1021/acsomega.4c10873
ACS Omega 2025, 10, 9623-9629
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Figure 2. Comparison of the *C NMR spectra for AA (1), GG (2), GA (3), and AG (4) in concentrated sulfuric acid (81% D,SO, and 19% D,0,
by weight), at room temperature. (a) Comparison of the > C NMR of AA (1) collected after 1 day incubation (red spectra), 7 day incubation (blue
spectra), and 2 month incubation (green spectra) to single amino acid alanine (black spectra).'**' (b) Comparison of the *C NMR of GG (2)
collected after 1 day incubation (red spectra), 7 day incubation (blue spectra), and 2 month incubation (green spectra) to single amino acid glycine
(black spectra).'>*" (c) Comparison of the '3C NMR of GA (3) collected after 1 day incubation (red spectra), 7 day incubation (blue spectra), and
1 month incubation (green spectra) to single amino acid, glycine (gray spectra) or alanine (black spectra). (d) Comparison of the *C NMR of AG
(4) collected after 1 day incubation (red spectra), 7 day incubation (blue spectra), and 1 month incubation (green spectra) to single amino acid,
glycine (gray spectra) or alanine (black spectra). All four tested dipeptides undergo the conventional acid-catalyzed hydrolysis of the peptide bond
with the release of monomeric amino acids.

mechanisms. Due to the lack of the alkyl side chain group, the As a control, we studied all four dipeptides (AA, GG, GA,
dehydrogenation reaction cannot proceed if the C-terminal and AG) in 81% w/w aqueous sulfuric acid at room
amino acid is glycine, i.e., in the GG and AG dipeptides, which temperature. All four tested dipeptides appear to undergo
explains their stability in 98% w/w sulfuric acid. the conventional acid-catalyzed hydrolysis of the peptide bond

We propose that the N-terminal, amide derivative of the that depends on the presence of abundant water (Figures 2, S2,
amino acid alanine, alaninamide (6), is the main stable product S7, $12, S13)."%%° Consistent with hydrolysis, this reactivity
of the dehydrogenation solvolysis reaction of the AA dipeptide

in 98% w/w concentrated sulfuric acid (Figure 3). Likewise,
the reactive GA dipeptide follows an analogous mechanism,
with the release of glycinamide (7) (Scheme 2) (Figure 3).
Long-term incubation results suggest that the single chemical
species products giving the dominant NMR signal are stable to
further reactivity in 98% w/w concentrated sulfuric acid
(Figure S9). The unstable C-terminal component of the
dipeptide, acrylic acid (8), appears to undergo complex

results in the release of the monomeric amino acids that form
the dipeptide. We note that the efficiency of the hydrolysis
varies based on the dipeptide's amino acid composition (Figure
2). The released monomeric amino acids are stable in 81% w/
w sulfuric acid and do not undergo further reactivity.'”

The proposed solvolysis mechanism is supported by NMR
experiments. As explained by our reaction mechanism, the GG
and AG dipeptides are entirely stable to solvolysis in 98% w/w

reactivity and changes over time, eventually resulting in the concentrated sulfuric acid. This result is supported by 'H and
formation of a complex mixture of products analogous to “red "*C NMR data, which have not changed from 1 day to 1 week
oil” 2678 to two months (Figures 1 and S1). The stability is also

9626 https://doi.org/10.1021/acsomega.4c10873
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Figure 3. Comparison of the >*C NMR of AA (1) and GA (3) collected after 2 month incubation in concentrated sulfuric acid (98% D,SO, and
2% D,0, by weight), at room temperature (black spectra), to the spectra of alaninamide (6) (red spectra) (left panel) and glycinamide (7) (red
spectra) (right panel). The comparison shows that the alaninamide and glycinamide spectra overlap with the spectra of the dominant solvolysis
products of the AA and GA dipeptides, respectively. The results confirm that alaninamide and glycinamide are the products of the solvolysis of the

AA and GA dipeptides, respectively, in 98% (w/w) sulfuric acid.

Scheme 2. Proposed Solvolysis Reaction Mechanism for AA
and GA Dipeptides in 98% w/w Concentrated Sulfuric
Acid”
@
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“In all three variants of the reaction, the solvolysis proceeds via the
dehydrogenation of the side chain methyl group (—CHj) of the C-
terminal alanine. The dominant products of the reaction are
alaninamide (6) and glycinamide (7) for AA and GA dipeptides,
respectively, and acrylic acid (8) that gives rise to the reactive
byproducts. R = H, CH; in GA and AA, respectively.

supported by 2D "H—'*N NMR, which shows evidence for the
intact peptide bond on the above time scales (Figures S3—S6).

The mechanism also explains the observation that AA and
GA are unstable to solvolysis in 98% (w/w) concentrated
sulfuric acid. The first supporting point is the NMR, which
shows that AA and GA have not broken down to their
individual amino acid components ("H and *C NMR in
Figures 1 and S1). The second supporting point is that *C
NMR spectra are consistent with alaninamide (6) (three
dominant carbon peaks that overlap well with the reference
®C NMR spectrum of alaninamide, Figure 3a) and
glycinamide (7) (two dominant carbon peaks that overlap
well with the reference '*C NMR spectrum of glycinamide,
Figure 3b). The *C NMR peaks of the dominant products of
solvolysis are shifted from the alanine and glycine carbon
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peaks, and the shift magnitude is consistent with the amide
modification of the amino acids. Finally, the solutions of AA
and GA in 98% w/w concentrated sulfuric acid turn yellow
immediately and dark red to brown after a couple of months,
while GG and AG remain clear (Figure S8). The coloration of
the solution comes from the reactive complex products that
arise from the reactivity of the acrylic acid (8) in 98% w/w
sulfuric acid. The dark red color is commonly known to result
from byproducts of the reactions, colloquially called “red oil”,
between various organic molecules in concentrated sulfuric
acid.**7%*

The proposed solvolysis reaction should happen exclusively
in highly concentrated sulfuric acid, where there is no
abundant water (e.g., 98% w/w) and only to dipeptides that
have the C-terminal amino acids with alkyl side chain groups
(i.e, —CH,— or —CH,) bonded to the C-a carbon (like in AA
and GA). Only in such a structural context can alanine’s —CH,
group be primed for a dehydrogenation reaction. GG and AG
dipeptides, with the C-terminal glycine, cannot undergo the
analogous dehydrogenation reaction and are stable to
solvolysis in 98% (w/w) sulfuric acid. We therefore expect
this mechanism of solvolysis to apply to peptide bonds with
any of the amino acids found in proteins, other than glycine in
the C-terminal position. Initial results from the solvolysis of 20
homodipeptides support this conclusion.”"

To confirm the key role of the side chain C—H group in the
solvolysis reaction, we synthesized a fluorine-containing variant
of the AA (1) dipeptide, L-alanyl-DL-trifluoroalanine (A3FA;
(5)). The —CF; group of A3FA cannot undergo the
dehydrogenation reaction, which should stabilize the dipeptide
in 98% w/w sulfuric acid. Indeed, in contrast to the AA
solution (Figure S8), the A3FA solution remains clear during
the 1 month incubation in 98% w/w sulfuric acid, with no
signs of reactivity (Figure S21). The *C NMR data confirm
our prediction and support the proposed dehydrogenation
solvolysis mechanism (Scheme 2). The substitution of the
—CH; group of the C-terminal alanine with —CFj; stabilizes
the dipeptide () to solvolysis in 98% w/w sulfuric acid for at
least 1 month (Figures 4 and S; see also Figures S17—S21 in
the SI). We note that over time, the '*C NMR signal
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Figure 4. Comparison of the *C NMR spectra for A3FA (5), in
concentrated sulfuric acid (98% D,SO, and 2% D,O, by weight) at
room temperature. Comparison of the *C NMR of A3FA (5)
collected after 1 day incubation (red spectra), 7 day incubation (blue
spectra), and 1 month incubation (green spectra) to single amino acid
trifluoroalanine (black spectra) or alanine (gray spectra).lz’21 The
A3FA (5) is stable in 98% w/w D,SO, for at least 1 month. It should
be noted that the additional quadruplet peaks around 162 and 115
ppm come from the contaminant trifluoroacetic acid (TFA) that is
used during the synthesis procedure.
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Figure 5. *C NMR spectra of the A3FA dipeptide (5) in 98% w/w
(red spectra) collected after 1 month of incubation compared to the
13C NMR spectra collected in D,O (blue spectra). The spectral peak
shifts for 98% w/w D,SO, largely agree with the chemical shift values
in D,0, further supporting the stability of the A3FA dipeptide in 98%
w/w sulfuric acid. It should be noted that the additional quadruplet
peaks around 162 and 115 ppm come from the contaminant
trifluoroacetic acid (TFA) that is used during the synthesis procedure.

corresponding to the C2 alpha-carbon in the A3FA dipeptide
splits and broadens (Figure 4). The splitting and broadening of
the C2 peak could indicate eflicient exchange of the C2 proton
of the dipeptide with the solvent’s deuterium (ie, H/D
exchange) and is not a sign of instability of the compound.

In summary, our results confirm that alaninamide and
glycinamide are the dominant products of solvolysis of AA and
GA dipeptides in 98% (w/w) sulfuric acid and establish that
the dehydrogenation of the alanine side chain is the key step in
the solvolysis reaction mechanism.
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Assignments of carbon and hydrogen atoms of the AA,
GG, GA, AG and A3FA dipeptides, additional support
for the presented solvolysis mechanism in 98% w/w
sulfuric acid, and methods (PDF)

B AUTHOR INFORMATION

Corresponding Author
Janusz J. Petkowski — Faculty of Environmental Engineering,
Wroclaw University of Science and Technology, 50-370
Wroclaw, Poland; J] Scientific, Mazowieckie, Warsaw 02-
792, Poland; ® orcid.org/0000-0002-1921-4848;
Email: janusz.petkowski@pwr.edu.pl

Authors

Maxwell D. Seager — Department of Chemistry and
Biochemistry, Worcester Polytechnic Institute, Worcester,
Massachusetts 01609, United States; Nanoplanet Consulting,
Concord, Massachusetts 01742, United States

William Bains — School of Physics & Astronomy, Cardiff
University, Cardiff CF24 3AA, UK,; Rufus Scientific, Herts
SG8 6ED, UK,; ® orcid.org/0000-0001-5503-3764

John H. Grimes, Jr. — Complex Carbohydrate Research
Center, University of Georgia, Athens, Georgia 30602, United
States; ® orcid.org/0000-0003-1831-174X

Sara Seager — Nanoplanet Consulting, Concord, Massachusetts
01742, United States; Department of Earth, Atmospheric and
Planetary Sciences, Department of Physics, and Department
of Aeronautics and Astronautics, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.4c10873

Author Contributions

The manuscript was written through contributions of all
authors./All authors have given approval to the final version of
the manuscript. J.J.P.,, M.D.S. and S.S. contributed equally.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank the MIT Department of Chemistry Instrumentation
Facility Director Walter Massefski and Operations Manager
Sarah Willis. We thank Martin Rahm from the Department of
Chemistry and Chemical Engineering at Chalmers University
of Technology, Gothenburg, Sweden, Paul B. Rimmer from the
Department of Physics at University of Cambridge, UK, and
Destin Heilman from the Department of Chemistry and
Biochemistry at WPI for useful discussions. We thank Lauren
Herrington for preparation of Figure S7. This work was
partially funded by MIT, Nanoplanet Consulting LLC, and the
Sloan Foundation grant G-2023-20929.

B REFERENCES

(1) Braconnot, H. M. Sur La Conversion Des Matiéres Animales En
Nouvelles Substances Par Le Moyen de I'acide Sulfurique. Ann. Chim
Phys. Ser. 1820, 2 (13), 113—128.

https://doi.org/10.1021/acsomega.4c10873
ACS Omega 2025, 10, 9623-9629


https://pubs.acs.org/doi/10.1021/acsomega.4c10873?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c10873/suppl_file/ao4c10873_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Janusz+J.+Petkowski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1921-4848
mailto:janusz.petkowski@pwr.edu.pl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maxwell+D.+Seager"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+Bains"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5503-3764
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+H.+Grimes+Jr."&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1831-174X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sara+Seager"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10873?ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c10873/suppl_file/ao4c10873_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10873?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10873?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10873?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10873?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10873?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10873?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10873?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10873?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(2) Wiseblatt, L.; Wilson, L.; McConnell, W. B. The Selective
Degradation Of Wheat Gluten. Can. J. Chem. 1955, 33 (8), 1295—
1303.

(3) Elliott, D. F. A Search for Specific Chemical Methods for Fission
of Peptide Bonds. 1. The N-Acyl to O-Acyl Transformation in the
Degradation of Silk Fibroin. Biochem. J. 1952, S0 (4), 542.

(4) Desnuelle, P.; Bonjour, G. New Research on the Specificity of
Hydrolysis of Serine and Threonine Bonds in Proteins. Biochim.
Biophys. Acta 1951, 7 (3), 451—459.

(5) Reitz, H. C.; Ferrel, R. E.; Fraenkel-Conrat, H.; Olcott, H. S.
Action of Sulfating Agents on Proteins and Model Substances. I
Concentrated Sulfuric Acid. J. Am. Chem. Soc. 1946, 68 (6), 1024—
1031.

(6) Ramachandran, L. K; McConnell, W. B. The Action of
Sulphuric Acid on Gliadin: With Special Reference to the N-Peptidyl
O-Peptidyl Bond Rearrangement. Can. J. Chem. 1955, 33 (11), 1638—
1648.

(7) Iwai, K; Ando, T. [29] NO Acyl Rearrangement. In Methods in
Enzymology; Elsevier, 1967; 11, 263—282.

(8) Edman, P.; Begg, G. A Protein Sequenator. Eur. J. Biochem. 1967,
1 (1), 80-91.

(9) Edman, P.; Hégfeldt, E; Sillén, L. G.; Kinell, P.-O. Method for
Determination of the Amino Acid Sequence in Peptides. Acta chem.
scand 1950, 4 (7), 283—293.

(10) Niall, H. D. [36] Automated Edman Degradation: The Protein
Sequenator. In Methods in enzymology; Elsevier, 1973; 27, 942—1010.

(11) Seager, S.; Petkowski, J. J.; Seager, M. D.; Grimes, J. H., Jr;
Zinsli, Z.; Vollmer-Snarr, H. R;; Abd El-Rahman, M. K.; Wishart, D.
S.; Lee, B. L,; Gautam, V.; Herrington, L.; Bains, W.; Darrow, C.
Stability of Nucleic Acid Bases in Concentrated Sulfuric Acid:
Implications for the Habitability of Venus’ Clouds. Proc. Natl. Acad.
Sci. U. S. A. 2023, 120 (25), No. €2220007120.

(12) Seager, M. D.; Seager, S.; Bains, W.; Petkowski, J. J. Stability of
20 Biogenic Amino Acids in Concentrated Sulfuric Acid: Implications
for the Habitability of Venus’ Clouds. Astrobiology 2024, 24 (4), 386—
396.

(13) Spacek, J. Organic Carbon Cycle in the Atmosphere of Venus.
arXiv Prepr. arXiv2108.02286 2021.

(14) Spacek, J.; Benner, S. A. The Organic Carbon Cycle in the
Atmosphere of Venus and Evolving Red Oil. LPI Contrib. 2021, 2629,
4052.

(15) Benner, S. A.; Spacek, J. The Limits to Organic Life in the Solar
System: From Cold Titan to Hot Venus. LPI Contrib. 2021, 2629,
4003.

(16) Spacek, J.; Rimmer, P.; Owens, G. E.; Cady, S. R.; Sharma, D.;
Benner, S. A. Production and Reactions of Organic Molecules in
Clouds of Venus. ACS Earth Sp. Chem. 2024, 8 (1), 89—98.

(17) Seager, S.; Petkowski, J. J.; Seager, M. D.; Grimes, J. H., Jr;
Zinsli, Z.; Vollmer-Snarr, H. R;; Abd El-Rahman, M. K.; Wishart, D.
S.; Lee, B. L.; Gautam, V.; Herrington, L.; Bains, W.; Darrow, C. Year-
Long Stability of Nucleic Acid Bases in Concentrated Sulfuric Acid:
Implications for the Persistence of Organic Chemistry in Venus’
Clouds. Life 2024, 14, 538.

(18) Titov, D. V.; Ignatiev, N. L; McGouldrick, K.,; Wilquet, V.;
Wilson, C. E. Clouds and Hazes of Venus. Space Sci. Rev. 2018, 214
(8), 126.

(19) Brown, R. S.; Bennet, A. J.; Slebocka-Tilk, H. Recent
Perspectives Concerning the Mechanism of H30+-and Hydroxide-
Promoted Amide Hydrolysis. Acc. Chem. Res. 1992, 25 (11), 481—
488.

(20) Pan, B.; Ricci, M. S. Molecular Mechanism of Acid-Catalyzed
Hydrolysis of Peptide Bonds Using a Model Compound. J. Phys.
Chem. B 2010, 114 (13), 4389—4399.

(21) Petkowski, J. J.; Seager, M. D.; Bains, W.; Seager, S. General
Instability of Dipeptides in Concentrated Sulfuric Acid as Relevant for
the Venus Cloud Habitability. Sci. Rep. 2024, 14 (1), 17083.

(22) Lorenzi, G. P.; Rizzo, V.; Thoresen, F.; Tomasic, L. Circular
Dichrosim and Conformational Equilibrium of Homopoly-L-Peptides

9629

with Alkyl Side Chains in Concentrated Sulfuric Acid. Macromolecules
1979, 12 (5), 870—874.

(23) Steigman, J.; Peggion, E.; Cosani, A. Protonation of Peptides. L.
Behavior of a Model Diamide and of Poly (. Gamma.-Ethyl-L-
Glutamate) in Strong Acid-Water Mixtures. J. Am. Chem. Soc. 1969,
91 (7), 1822—1829.

(24) Peggion, E.; Cosani, A.; Terbojevich, M.; Verdini, A. S. Circular
Dichroism Studies on Poly-L-Lysine in Water-Sulfuric Acid Mixtures.
Macromolecules 1970, 3 (3), 318—322.

(25) Cox, R. A. Mechanistic Studies in Strong Acids. I. General
Considerations. Catalysis by Individual Acid Species in Sulfuric Acid.
J. Am. Chem. Soc. 1974, 96 (4), 1059—1063.

(26) Miron, S.; Lee, R. J. Molecular Structure of Conjunct Polymers.
J. Chem. Eng. Data 1963, 8 (1), 150—160.

(27) Albright, L. F; Houle, L.; Sumutka, A. M; Eckert, R. E.
Alkylation of Isobutane with Butenes: Effect of Sulfuric Acid
Compositions. Ind. Eng. Chem. Process Des. Dev. 1972, 11 (3),
446—450.

(28) Huang, Q.; Zhao, G.; Zhang, S.; Yang, F. Improved Catalytic
Lifetime of H2SO4 for Isobutane Alkylation with Trace Amount of
Ionic Liquids Buffer. Ind. Eng. Chem. Res. 2015, 54 (S), 1464—1469.

https://doi.org/10.1021/acsomega.4c10873
ACS Omega 2025, 10, 9623-9629


https://doi.org/10.1139/v55-158
https://doi.org/10.1139/v55-158
https://doi.org/10.1042/bj0500542
https://doi.org/10.1042/bj0500542
https://doi.org/10.1042/bj0500542
https://doi.org/10.1016/0006-3002(51)90048-0
https://doi.org/10.1016/0006-3002(51)90048-0
https://doi.org/10.1021/ja01210a036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01210a036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1139/v55-200
https://doi.org/10.1139/v55-200
https://doi.org/10.1139/v55-200
https://doi.org/10.1007/978-3-662-25813-2_14
https://doi.org/10.3891/acta.chem.scand.04-0283
https://doi.org/10.3891/acta.chem.scand.04-0283
https://doi.org/10.1073/pnas.2220007120
https://doi.org/10.1073/pnas.2220007120
https://doi.org/10.1089/ast.2023.0082
https://doi.org/10.1089/ast.2023.0082
https://doi.org/10.1089/ast.2023.0082
https://doi.org/10.48550/arXiv.2108.02286
https://doi.org/10.1021/acsearthspacechem.3c00261?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.3c00261?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/life14050538
https://doi.org/10.3390/life14050538
https://doi.org/10.3390/life14050538
https://doi.org/10.3390/life14050538
https://doi.org/10.1007/s11214-018-0552-z
https://doi.org/10.1021/ar00023a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar00023a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar00023a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp905411n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp905411n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-024-67342-w
https://doi.org/10.1038/s41598-024-67342-w
https://doi.org/10.1038/s41598-024-67342-w
https://doi.org/10.1021/ma60071a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma60071a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma60071a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01035a038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01035a038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01035a038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma60015a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma60015a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00811a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00811a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/je60016a043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/i260043a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/i260043a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie504163h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie504163h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie504163h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

