
Cyanobacterial Toxins and Cyanopeptide Transformation Kinetics
by Singlet Oxygen and pH-Dependence in Sunlit Surface Waters
Regiane Natumi, Christoph Dieziger, and Elisabeth M.-L. Janssen*

Cite This: Environ. Sci. Technol. 2021, 55, 15196−15205 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: To assess the risks associated with cyanobacterial
blooms, the persistence and fate processes of cyanotoxins and other
bioactive cyanobacterial metabolites need to be evaluated. Here, we
investigated the reaction with photochemically produced singlet
oxygen (1O2) for 30 cyanopeptides synthesized by Dolichospermum
f los aquae, including 9 anabaenopeptins, 18 microcystins, 2
cyanopeptolins, and 1 cyclamide. All compounds were stable in
UVA light alone but in the presence of a photosensitizer we observed
compound-specific degradation. A strong pH effect on the decay was
observed for 18 cyanopeptides that all contained tyrosine or
structurally related moieties. We can attribute this effect to the
reaction with 1O2 and triplet sensitizer that preferentially react with
the deprotonated form of tyrosine moieties. The contribution of 1O2
to indirect phototransformation ranged from 12 to 39% and second-
order rate constants for 9 tyrosine-containing cyanopeptides were assessed. Including the pH dependence of the reaction and
system-independent second-order rate constants with 1O2 will improve the estimation of half-lives for multiclass cyanopeptide in
surface waters. Our data further indicates that naturally occurring triplet sensitizers are likely to oxidize deprotonated tyrosine
moieties of cyanopeptides and the specific reactivity and its pH dependence needs to be investigated in future studies.
KEYWORDS: cyanopeptide, cyanobacteria, microcystin, phototransformation, anabaenopeptin, natural toxins, tyrosine, singlet oxygen

■ INTRODUCTION

Cyanobacterial bloom events are intensifying globally due to
continuous anthropogenic nutrient input and effect of climate
change on thermal and hydrological conditions.1−4 Cyano-
bacterial blooms pose a risk not only for the environment but
also for human health due to the production of toxic
metabolites, such as the hepatotoxic microcystins.5−9 Over
the past decades, a multitude of additional bioactive secondary
metabolites was identified in cyanobacteria, and many of those
are peptide-based compounds, called cyanopeptides here-
in.10−12 Cyanopeptides can be classified by structural
similarities including the class of microcystins, anabaenopep-
tins, cyanopeptolins, and cyclamides.11,13 Several cyanopep-
tides are known to inhibit proteases and showed acute toxicity
and sublethal adverse effects in grazers, zebrafish, and
nematodes.11,14−17 Recent studies demonstrated that cyano-
peptides were detected in similar frequency and concentration
levels as microcystins in the μg L−1 range not only in surface
waters but also at the intake of drinking water plants.18−21

Observable concentrations of cyanopeptides depend not only
on the release rate to the environment from cyanobacterial
cells but also on the persistence of cyanopeptides in surface
waters. During cyanobacterial blooms the surface water pH
commonly increases to 8−10.18,22,23 Therefore, for an

appropriate assessment, the influence of pH on the environ-
mental fate of cyanopeptides needs to be considered.
Studies of the environmental fate of cyanopeptides are

scarce with the exception of studies focusing on few
microcystins. The reported biodegradation half-lives for
microcystins range from hours to weeks because the length
of the lag phase can vary significantly across microbial
species.24−26 In addition, photodegradation was identified as
a key fate process for microcystins in surface waters.
Depending on light penetration in the water column and the
presence of naturally occurring dissolved organic matter, the
reported photochemical half-lives for microcystins ranged from
hours to months.27−30 Thus, far, the photochemical fate was
investigated for few microcystins, mainly MC-LR, MC-YR,
MC-RR, MC-LF, while more than 270 variants are known
today.10 Even less is known about the fate of other
cyanopeptides beyond microcystins. In recent work, we
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presented the sunlight exposure of 54 multiclass cyanopeptides
in lake water and observed that 39 cyanopeptides showed
observable degradation with half-lives of 2−14 h. We further
observed that photochemical half-lives of tyrosine-containing
cyanopeptides decreased by 1 order of magnitude from nearly
persistent conditions at pH 7 (half-life >70 h) to shorter half-
lives at pH 10 (<10 h).31 These observations suggested that
further studies are necessary to elucidate cyanopeptide
photooxidation pathways and their pH dependence.
Knowledge about phototransformation of freely dissolved

amino acids in natural waters guided our hypothesis and
predictions for the behavior of cyanopeptides that consist of
canonical amino acids, among other building blocks. Tyrosine
can undergo both direct and indirect phototransformation and
both processes are pH-dependent.32 Direct phototransforma-
tion requires a chromophoric moiety that can absorb light in
the solar spectrum (>290 nm wavelength). The absorbance
spectrum of deprotonated tyrosine shifts toward longer
wavelength centered at 290 nm instead of 265 nm for the
protonated species.33 Consequently, deprotonated tyrosine has
a slight spectral overlap with sunlight resulting in an increase of
direct phototransformation but only at the top water layer
where UVB light exists. Indirect phototransformation of
tyrosine can occur via two pathways that show a pH-
dependence. First, the reaction of tyrosine with singlet oxygen
(1O2) is pH dependent, increasing from 0.8 × 107 M−1 s−1 at
pH 8.0 to 5.2 × 107 M−1 s−1 at pH 11.5.34−36 Singlet oxygen is
produced by energy transfer from triplet excited state
molecules and is a selective oxidant with relatively high
steady-state concentrations in surface water of 10−12 to 10−14

M.32 Second, tyrosine can react directly with triplet excited
state molecules that are formed when dissolved organic matter
absorbs sunlight.35

This study investigated the reaction kinetics with 1O2 of 30
cyanopeptides from the bloom-forming cyanobacterium
Dolichospermum f los aquae across pH (pH 7−12). We assessed
the second-order reaction rate constants with 1O2 for nine
cyanopeptides with tyrosine-like moieties, estimated half-lives
based on reaction with 1O2 under environmental conditions,
and evaluated the feasibility of triplet excited-state sensitizers
to oxidize tyrosine and related cyanopeptides. Our results
present the first indirect phototransformation rate constants for
a wider range of cyanopeptides. The results improve our
understanding of the persistence of cyanopeptides and add
critical information to predict their fate in surface waters.

■ EXPERIMENTAL SECTION
Materials. Microcystin reference standards MC-LR, MC-

YR, MC-RR, MC-LF, MC-LA, MC-LW, MC-LY, and
nodularin (all >95% purity by HPLC) were obtained from
Enzo Life Science (Lausen, Switzerland) and [D-Asp3, E-
Dhb7]MC-RR (>95% purity by HPLC) from CyanoBiotech
GmbH (Berlin, Germany). Bioreagents for aeruginosin 98B,
cyanopeptolin A, cyanopeptolin D, anabaenopeptin A,
anabaenopeptin B, and oscillamide Y (all >90% purity by
HPLC) were obtained from CyanoBiotech. Aerucyclamide A
was obtained as purified bioreagent in dimethyl sulfoxide by
Prof. Karl Gademann (University Zurich, Switzerland).37

Additional materials are listed in the Supporting Information
(SI Text S1).
Cyanobacterial Cultures. Dolichospermum f los aquae

NIVA-CYA 269/6 was originally isolated from Lake
Frøylandsvatnet in Norway (1990) and was obtained from

the Norwegian Culture Collection of Algae. For biomass
production, cultures were grown in 5 L Schott bottles in
modified WC medium (SI Table S1) at 20 ± 2 °C and
irradiance at 12 μmol photons m−2 s−1 on a 12:12 h light/dark
cycle38 and aerated with filtered air (GE Healthcare, Whatman,
HEPA-VENT, 0.3 μm). All materials used for culturing were
autoclaved before use and inoculation was performed under
sterile conditions.

Cyanopeptide Extraction and Semipurification. The
cells were harvested by centrifugation (rcf of 4000g, 10 °C, 10
min, Herolab HiCen XL), lyophilized (−40 °C, −3 mbar, 24 h,
Lyovac GT2, Leybold) and stored at −20 °C. For the
extraction, MeOH/H2O (70/30% v/v) was added to the
biomass (20 mL/g dry wt), vortexed, incubated under
sonication (VWR, Ultrasonic cleaner USC-THD, level 6, 10
min, 15 °C) and pellets were separated from supernatant by
centrifugation (rcf of 4660g, 10 °C, 10 min, Megafuge 1.0 R).
The supernatant was transferred to a new glass vial, the
extraction was repeated and supernatants were combined. The
solvent was evaporated from the pooled extract under a gently
nitrogen stream (40 °C, TurboVapLV, Biotage) and the
aqueous extract was adjusted gravimetrically to 8.0 mL in
nanopure water. The solution was centrifuged (rcf of 10 000g,
10 °C, 4 min, Centrifuge 5427R, Eppendorf) and the
supernatant was filtered (13 mm syringe filter, PTFE,
hydrophobic, 0.45 μm, BGB) prior to further purification by
semipreparative high performance liquid chromatography
(HPLC) (SI Text S2). The final cyanopeptide solution was
kept at −20 °C until use.

Steady-State Photodegradation. The pH dependence
of the reaction of tyrosine and cyanopeptides was investigated
in buffered nanopure water between pH 7 and pH 12 (SI
Table S2). The kinetic solvent isotope effect (KSIE) was
investigated for tyrosine and cyanopeptides at buffered
solutions at pH/D 12 in 0.93−0.95 (mole fraction, χ D2O)
or 1.00 (χ H2O, natural abundance of D2O approximately
0.015%). The concentration of 1O2 and exact fractions of D2O
were assessed with furfuryl alcohol (FFA) as a probe molecule
(SI Table S3). Each experimental solution contained 40 μM
FFA and 0.8 μM perinaphthenone as the photosensitizer,
except tests at pH 7 that contained 1 μM perinaphthenone.
Either 10 μM tyrosine was added to these solutions or 1% v/v
cyanopeptide solution. Solutions were irradiated in open
borosilicate test tubes in triplicates (experimental replicates)
with enhanced UVA light (light spectrum SI Figure S1) on a
turntable in a Rayonet photoreactor (Southern New England
Ultraviolet Company, Branford, CT) in a temperature
chamber set to 12 °C. Each test tube was subsampled over
the 60 min irradiation time (triplicates at 0 min; duplicates
thereafter; analytical replicates). We verified stable light flux
with the chemical actinometer system PNA−PYR using
additional test tubes with nanopure water (10 μm para-
nitroanisole, 0.5 mM pyridine) that were irradiated along with
the other test tubes (SI Text S3).39

To account for direct phototransformation and trans-
formation independent of light, additional test tubes for each
pH condition without sensitizer and dark controls were
included. All samples were immediately analyzed for FFA,
PNA, and tyrosine upon sampling. Test solutions at pH 11.6
were adjusted to pH 7 with acetic acid prior to HPLC analysis.
Samples were stored at −20 °C for cyanopeptide analysis, and
samples in D2O were diluted 10-fold in H2O before analysis.
For tyrosine, additional oxygen-free tests were performed in
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triplicate in closed test tubes sparged with argon for 20 min at
pH 11.6 prior to irradiation. After each subsampling through a
septum, the solutions were sparged with argon for 30 s to
ensure that no significant amount of oxygen was introduced.
FFA, PNA, and Tyrosine Analysis. The concentrations of

FFA, PNA, and tyrosine were measured by HPLC coupled to a
UV/VIS-DAD and fluorescence detector (Dionex Ulti-
Mate3000 HPLC, Thermo Fischer Scientific), with an Atlantis
T3 C18 column (3 μm, 3 × 150 mm, Waters, precolumn
VanGuard Cartridge, Waters). The mobile phases consisted of
(A) sodium acetate buffer (pH 5.9; 15.6 mM; 10%
acetonitrile) and (B) acetonitrile. Isocratic elution was carried
out at a flow rate of 350 μL min−1 with 100% A for FFA and
tyrosine, and 40:60 (A:B) for PNA with an injection volume of
20 μL. Detection occurred by absorbance at 219 nm for FFA
and at 316 nm for PNA and by fluorescence with excitation/
emission of 265/300 nm for tyrosine.
Cyanopeptide Analysis. Cyanopeptide analysis was

performed by HPLC (Dionex UltiMate3000 RS pump,
Thermo Fischer Scientific) coupled to a high-resolution
tandem mass spectrometer (HRMS/MS, Fusion Lumos,
ThermoFisher Scientific) and a Kinetex C18 column (2.6
μm, 2.1 × 100 mm, Phenomenex, precolumn VanGuard
Cartridge, Waters). The mobile phases consisted of (A)
nanopure water and (B) methanol both acidified with formic
acid (0.1%). Binary gradient elution was carried out at a flow
rate of 255 μL min−1, increasing eluent B from 20% to 100%
between 0 and 25 min, and 20 μL injection volume. HRMS/
MS used electrospray ionization (ESI) with 320 °C capillary
temperature, 3.5 kV electrospray voltage, positive ionization
mode, full scan from 450 to 1350 m/z with a nominal resolving
power of 140 000 at m/z 250, 1 × 106 automated gain control
(AGC), 100 ms maximal injection time, and 1 ppm mass
accuracy. Data-dependent high-resolution product ion spectra
were obtained by normalized collision energies for HCD of
15%, 30%, 45% at a resolving power of 17500 at 400 m/z, 5 ×
104 AGC, 70 ms maximal injection time, 1 m/z isolation
window, triggering data-dependent MS/MS acquisition using
compounds in CyanoMetDB (version 01, April 2021).40 The
suspect screening included 1219 cyanopeptides in total with
160 microcystins, 177 cyanopeptolins, 73 anabaenopeptins, 65
cyclamides, 78 microginins, 79 aeruginosins, and 587 other
compounds, accounting for structural isomers in our mass
window of 450−1350 m/z.
Cyanopeptide Identification. Data evaluation and peak

area extraction was performed with Skyline 20.1 (MacCoss Lab
Software) for protonated species. A comprehensive data
analysis workflow established for suspect-screening of micro-
pollutant was modified and applied.41 Since no spectral
libraries exist for most cyanopeptides, we used in-silico
fragmentation predictions to facilitate compound identification
(Mass Frontier 7.0, MetFrag Web, local database Cyano-
MetDB_MetFrag_Feb2021). Predicted and measured spectra
were manually evaluated and only fragmentation around the
peptide bonds was considered (SI Figures S2−S11). Based on
the confidence level scheme by Schymanski et al. (2014),41

only those cyanopeptides were reported that could be
identified as one of the following criteria: as tentative candidate
(Level 3) based on exact mass (<5 ppm mass error), accurate
isotopic pattern (Skyline idotp value >0.9), and evidence from
fragmentation data; as probable structure (Level 2) based on
complete fragmentation information confirming building block
connectivity; and as conf irmed structure (Level 1) when these

parameters were in agreement with available reference
standards or bioreagents. Fragmentation spectra of reference
standards (or bioreagents) were compared to conf irmed
structures in Dolichospermum f los aquae extract with head-to-
tail plots using the R packages RMassBank42 and MSMSsim43

(SI Figures S12−S16). Data analysis was performed in RStudio
with R version 3.6.1,44 and data files were converted to
open.mzXML data format using the msconvert tool from
ProteoWizard.45

The peak areas of selected M+H or M+2H ion chromato-
grams were extracted for all cyanopeptides identified with
Level 1−3 in Skyline (Version 20.1). The identified
cyanopeptides were quantified by external calibration curves
of available reference standards and bioreagents in the range of
0.5−500 μg L−1. Concentrations were only reported when the
peak area was above the limits of quantification (LOQs),
defined as 10 times the ratio of standard deviation of the
response-to-slope of the lower calibration curve (SI Table S4).
For those cyanopeptides for which no reference standard or
bioreagent was available, we estimated the concentrations as
class-specific equivalents from external calibration of the
structurally most similar bioreagent or standard assigned (SI
Table S5).

Data Analysis. Pseudo first-order degradation rate
constants from the irradiation experiments, kobs,total (s−1),
were assessed as the slope of the linear regression of natural
log-transformed normalized peak area, ln(At/A0) versus
irradiation time. If a compound degraded (i.e., statistically
significant difference between final concentration, dark control
and initial concentration) but the loss did not follow pseudo-
first-order kinetics (i.e., r2 < 0.6), we report “no first-order
kinetics” or “n.f.k.”. If we did not observe any significant loss of
concentration relative to the dark control and the initial
concentration during irradiation, we report “no degradation
detected” or “n.d.”. If the compound was below the limit of
quantification and therefore could not be analyzed, we report
“not analyzed” or “n.a.”. One-way analysis of variance
(ANOVA) followed by Tukey pairwise comparison was
employed to detected statistical significance differences across
rate constants, and of the linear regression models by
comparison of the 95% confidence intervals in RStudio
(version 3.6.1).

Contribution of Singlet Oxygen. The steady-state
concentrations of 1O2 (M) were determined as

[ ] =
k

k
O2 ss

1 obs,FFA

rxn,FFA (1)

where kobs,FFA (s−1) is the observed pseudo first-order
degradation rate constant of FFA and krxn,FFA is the
temperature-dependent second-order reaction rate constant
of FFA with 1O2 that can be calculated according to39

= − ± ×
+ [° ]

+ ±k
T

ln( )
(1.59 0.06) 10

273.16 C
(23.82 0.21)rxn,FFA

8

(2)

The kobs,total of the phototransformation experiments for
tyrosine and cyanopeptides is equal to the sum of the
individual reactions expressed as

= +

× [ ] +

− − − −

−

( ) ( ) ( )k k k

k

s s M s

O (M) (s )

obs,total
1

direct
1

rxn,102
1 1

2 ss other
11

(3)

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c04194
Environ. Sci. Technol. 2021, 55, 15196−15205

15198

https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c04194/suppl_file/es1c04194_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c04194/suppl_file/es1c04194_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c04194/suppl_file/es1c04194_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c04194/suppl_file/es1c04194_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c04194/suppl_file/es1c04194_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c04194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


with kdirect (s
−1) being the apparent pseudo first-order rate

constant for direct phototransformation, krxn,1O2 (M−1 s−1)
being the second-order reaction rate constant with 1O2, [

1O2]ss
being the steady-state concentrations of 1O2, and kother(s

−1)
being the first-order rate constant for other photochemical
processes. The contribution of kdirect was assessed with
additional photodegradation tests in the absence of sensitizer.
To determine the contribution of reaction with 1O2 we
assessed the second-order reaction rate constants, krxn,1O2(M

−1

s−1), and applied the KSIE model using the difference of the
observed pseudo first-order reaction rate constant in H2O
(kobs,H2O) and D2O (kobs,D2O) divided by the difference of
[1O2]ss in H2O and D2O:

=
−

[ ] − [ ]
k

k k

O Oss O ss
rxn,1O2

obs,H2O obs,D2O

2
1

,H2 2
1

,D2O (4)

pH Speciation Model. The kobs,total for tyrosine and
tyrosine-containing cyanopeptides was represented by the sum
of the specific reactivity and abundance of the protonated
(HA) and deprotonated form (A−):

= + −
−k k f k f. .A

Aobs,total obs,total
HA

HA obs,total (5)

The abundance of each species, fHA and fA−, were estimated
given the pKa values and solution pH as

=
+

=
+− −

−

−f f
1

1 10
and

10
1 10k A

k

kHA (pH p )

(pH p )

(pH p )a

a

a (6&7)

A pka of 10.05 was used for tyrosine46 and for the
cyanopeptides their respective pka values were estimated
from their known chemical structures and ranged from 9.2
to 9.9 for the 18 tyrosine-containing cyanopeptides (JChem,
Chemaxon, 2020; SMILES from CyanoMetDB).40,47 Con-
sequently, kobs values for the protonated (HA) and
deprotonated (A−) forms were obtained from experiments at
pH 7 and 11.6, respectively. The kobs,total was modeled across
pH by combining eqs 5−6&7. The kobs,1O2 was modeled
accordingly by multiplying fA− with kobs,1O2

A− .

■ RESULTS AND DISCUSSION

pH Dependence of Photochemical Reactions. Overall,
we tentatively identified 61 cyanopeptides in semipurified
extracts from D. f los aquae (SI Table S6−S7). The
cyanopeptide profile was dominated by anabaenopeptins
(85%) and microcystins (14%) with a smaller contribution
of other cyanopeptides (SI Table S8). For 30 cyanopeptides
the concentrations were high enough to evaluate the
phototransformation kinetics, including 9 anabaenopeptins,
18 microcystins, 2 cyanopeptolins, and 1 cyclamide. Irradiation
in UVA light alone, did not cause significant decay of any
cyanopeptide (≤10% removal, SI Figures S17−S19). However,
when 1O2 was produced by the model triplet sensitizer

Table 1. Structural Overview of 18 Cyanopeptides That Showed Degradation in the Presence of Singlet Oxygen and the
Triplet Model Sensitizer Perinaphthenone in UVA Lighta

aThe characteristic core structure of each cyanopeptide class is highlighted in black, the variable building blocks are depicted in grey and tyrosine,
and structurally-related moieties are marked in red (Hty: homotyrosine; Hpla: 2-hydroxy-3-(4′-hydroxy- phenyl)acetic acid; NMeTyr: N-
methylated tyrosine; NMeTyr: N-methylated homotyrosine; MeO-Hty: O-methylated homotyrosine; (4H)Tyr: cyclohexa-2-en-1-ol).
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perinaphthenone, compound- and pH-specific degradation was
observed. For all cyanopeptides the observed pseudo first-
order reaction rate constants, kobs,total in s−1, are tabulated in SI
Table S9. A strong pH effect on kobs,total was observed for 18
cyanopeptides (SI Figures S20−S22) that all contained a
tyrosine or structurally related moiety (Hty: homotyrosine;
Hpla: 2-hydroxy-3-(4′-hydroxy- phenyl)acetic acid; NMeTyr:
N-methylated tyrosine; NMeHty: N-methylated homotyro-
sine; MeO-Hty: O-methylated homotyrosine; (4H)Tyr: cyclo-
hexa-2-en-1-ol). Among these cyanopeptides were 9 anabae-
nopeptins, 7 microcystins, and 2 cyanopeptolins and a
structural overview is presented in Table 1. For the other 11
microcystins and the cyclamide Bistratamide G without a
tyrosine-like moiety no degradation was observed between pH
7−12 (i.e., experimental rates slower than 1 × 10−4 s−1, SI
Table S9, Figures S23−S24).
We observed pseudo first-order degradation kinetics for the

18 degrading cyanopeptides, and data in Figure 1A show the
decay of anabaenopeptin B as an example of one of the most
abundant cyanopeptides produced by D. f los aquae.
Anabaenopeptin B was rather stable at pH 6.9 and 7.7;
however, kobs,total increased 10-fold from 1.76 × 10−4 s−1 at pH
9 to 1.11 × 10−3 s−1 at pH 11.6. In addition, kobs,total increased
nearly 2-fold for cyanopeptides with two instead of one
tyrosine-like moiety (Figure 1B; ANOVA, p-value <0.01, SI
Figure S25). Among the 9 anabaenopeptins, 6 contained only
one tyrosine-moiety with kobs,total ranging from (1.1−1.4) ×

10−3 s−1, and 3 anabaenopeptins contained two tyrosine-
moieties with kobs,total ranging from (1.9−2.2) × 10−3 s−1 at pH
11.6.
In addition, we followed the phototransformation of 1

microcystin that contains tyrosine (MC-YR) and 4 micro-
cystins with structurally related moieties: homotyrosine (MC-
HtyR), N-methylated homotyrosine (MC-NMeHtyR), O-
methylated homotyrosine ([D-Asp3]MC-(OMe)HtyR), and
cyclohexa-2,4-dien-1-ol ([D-Asp3]MC-H(2)YR). No indication
was obvious that homotyrosine, N-methylation or O-
methylation specifically affected the indirect phototransforma-
tion kinetics with kobs,total for these microcystins ranging from
(3.71−5.78) × 10−4 s−1 at pH 9.8. Only [D-Asp3]MC-H(2)YR
showed no degradation and its stability can be related to the
lack of delocalized electrons in the modified tyrosine moiety
(SI Figure S26, ANOVA, p-value <0.0001).
Overall, the observations demonstrate that tyrosine is the

main reactive site in these cyanopeptides, the reactivity is
additive when multiple tyrosine moieties are present, and the
reaction is highly pH-dependent. In the following, we further
investigated the contribution of 1O2 to the overall reactivity of
cyanopeptides and its pH dependence.

Reactivity with Singlet Oxygen. The observed kobs,total
represents the sum of all decay processes (eq 3). Herein,
indirect photochemical processes dominated because the
cyanopeptides did not degrade in dark controls and in UVA
light in the absence of sensitizer (SI Figures S17−S19).

Figure 1. (A) Degradation of cyanopeptides during exposure to UVA light in the presence of the photosensitizer perinaphthenone in buffered
water for anabaenopeptin B at pH 6.9 (light blue), pH 7.7 (orange), pH 9 (purple), pH 9.8 (yellow), and pH 11.6 (red); and (B) for cyanopeptides
with one tyrosine-moiety: anabaenopeptin B (diamonds, blue) and anabaenopeptin C (triangles, light blue) and cyanopeptides with two tyrosine
moieties: anabaenopeptin A (triangles, light red) and oscillamide Y (diamonds, dark red) at pH 11.6. The filled symbols represent dark controls
and the error bars represent one standard deviation.

Table 2. Second-Order Rate Constants with Singlet Oxygen for the Deprotonated Form of Tyrosine and 9 Cyanopeptides
Determined by the Kinetic Solvent Isotope Effect (KSIE) Method at pH 11.6 and Calculated Half-Lives at pH 9 for the
Reaction with Singlet Oxygen (1O2) at a Concentration of 10−13 M Typical for Sunlit Surface Waters

compound tyrosine moieties krxn,1O2 × 107 M−1 s−1 stdev × 107 M−1 s−1 pka t1/2 (hrs) at pH 9

Tyrosine Tyr 13.24 0.48 10.05 178
Anabaenopeptin B Hty 9.65 0.59 9.50 83
Anabaenopeptin F Hty 9.10 0.59 9.50 88
Lyngbyaureidamide B Hty 10.31 3.79 9.50 78
MC-HtyR Hty 9.64 1.56 9.90 190
MC-YR Tyr 10.18 2.69 9.50 79
Anabaenopeptin C Hty 14.46 1.73 9.40 35
Anabaenopeptin A Hty and Tyr 16.38 2.02 9.20, 9.50 48
Oscillamide Y Tyr and Tyr 20.89 1.50 9.20, 9.50 24
Anabaenopeptin 871 Tyr and Tyr 38.33 8.40 9.20, 9.50 13
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Exposure in the presence of UVA light and perinaphthenone
produces excited-state triplet perinaphthenone (3PN*) and
1O2. The relatively high steady-state concentration of 1O2 in
sunlit surface waters (10−12 to 10−14 M)32 and its reactivity
toward tyrosine34,35,48 suggest that the 1O2 pathway can
contribute to the indirect photochemical fate of the
cyanopeptides studied herein. To better understand the
contribution of 1O2, we first determined the second-order
reaction rate constants of cyanopeptides and freely dissolved
tyrosine with 1O2 (krxn,1O2, M

−1 s−1) using the KSIE method
(eq 4) and we then evaluated the contribution of this pathways
to kobs,total.
We determined krxn,1O2 values at pH 11.6 for the

deprotonated phenolate forms, and analogous experiments at
pH 7 for the protonated forms returned too low reactivity to
produce reasonable values. Because samples in D2O required a
10-fold dilution with H2O before analysis by LC-MS/MS, we
could only follow compounds that started out with high
enough signals including seven anabaenopeptins and two
microcystins (Table 2). The krxn,1O2 of freely dissolved tyrosine

was 1.4 × 108 M−1 s−1 and higher than for the majority of
cyanopeptides with one tyrosine-moiety with (8.4−10.3) × 107

M−1 s−1, including anabaenopeptin B, anabaenopeptin F,
Lyngbyaureidamide B, MC-HtyR, and MC-YR. These five
cyanopeptides have in common that the tyrosine moiety is
incorporated into the cyclic part of the peptides at the C- and
N-terminal ends. Our observations are in agreement with
previous work that demonstrated that the reaction of tyrosine
with 1O2 is slower when the amino group of tyrosine is
masked.34 One exception was anabaenopeptin C, which
showed a similar krxn,1O2 of 1.4 × 108 M−1 s−1 as freely
dissolved tyrosine despite its masked amino group. The only
structural difference of anabaenopeptin C is a lysine instead of
an arginine moiety in position 1 (Table 1). Both arginine and
lysine may react with 1O2 when they are in their deprotonated
form.49 Considering the pka values of the lysine amino group
(pka = 10.53)50 and arginine guanidinium group (pka = 13.8)51

only lysine would deprotonate and react with 1O2 in the pH
range tested herein, which may explain the higher krxn,1O2
observed for anabaenopeptin C. Cyanopeptides containing two

Figure 2. (A) Second-order reaction rate constants for tyrosine with singlet oxygen, krxn,1O2, versus fraction of deprotonated species, ( fA−) for values
obtained in this study (black diamonds) and literature values (yellow triangles)34−36 and dashed line presenting the linear regression (r2 = 0.689).
Error bar represent one standard deviation. (B) Half-lives for cyanopeptides across pH based on the reaction with singlet oxygen (1O2) at

1O2
concentrations of 1 × 10−13 M (solid lines) and the range of (0.5−2) × 10−13 M (shaded areas around lines) for cyanopeptides with 1 tyrosine-like
moiety (blue, example anabaenopeptin B) and 2 tyrosine-like moieties (orange, example oscillamide Y). The ranges from pH 8.5−9.5 are
highlighted on the axis.

Figure 3. Observed pseudo first-order reaction rate constants (kobs) versus pH for (A) Tyrosine and; (B) Anabaenopeptin B for the total observed
decay, kobs(total) (black circles), the contribution of singlet oxygen, kobs(1O2) (red circles), the relative contribution of the singlet oxygen pathway
(blue bars, secondary y-axis), solid lines present modeled data, error bar represent one standard deviation.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c04194
Environ. Sci. Technol. 2021, 55, 15196−15205

15201

https://pubs.acs.org/doi/10.1021/acs.est.1c04194?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04194?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04194?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04194?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04194?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04194?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04194?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04194?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c04194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


tyrosine moieties had a 2-fold faster krxn,1O2 of (1.6−2.1) × 108

M−1 s−1, as expected for compounds with two reactive sites
(anabaenopeptin A, oscillamide Y). One exception was
anabaenopeptin 871 that showed a 4-fold faster krxn,1O2 of 3.8
× 108 M−1 s−1, but we are not aware of a mechanistic
explanation for this observation.
The half life of tyrosine in surface waters in the presence of

1O2 depends on the fraction of deprotonated species ( fA−),
which is dependent on the pka and water pH. Several second-
order rate constants of tyrosine with 1O2 have been determined
previously by different experimental methods including steady-
state photolysis at pH 11.5 and pH 8,34,35 laser flash photolysis
at pH 8,48 and nonphotochemical 1O2 generation at pH 10.35

These second-order rate constants vary by 1 order of
magnitude and the spread can be explained by the difference
of experimental pH ranging from 7 to 11.8 where fA− increases
from 0.001 to 0.984 (Figure 2A). Considering fA− and a
reasonable steady-state concentration of 1O2 in sunlit surface
waters of 10−13 M31,52 the half-lives of these cyanopeptides
range from 13 to 190 h at pH 9 (Table 2). Data in Figure 2B
show the dependence of the half-lives based on the reaction
with 1O2 between pH 7 and pH 12 for a concentration range of
1O2 of (0.5−2) × 10−13 M calculated for anabaenopeptin B
and oscillamide Y with one and two tyrosine-moieties,
respectively. While the cyanopeptides are rather persistent at
pH 7 (t1/2 > 30 days) the half-lives decreases rapidly with
increasing pH and are inversely proportional to 1O2
concentration, i.e., doubling the concentration reduces the
half-life 2-fold.
Contribution of Singlet Oxygen. The main aim of this

study was to investigate the reactivity of cyanopeptides with
photochemically produced 1O2. To minimize side-reactions,
we employed the model sensitizer perinaphthenone because it
has much lower reduction potential and triplet energies
compared to natural sensitizer.53 However, the observed
degradation by indirect photochemical reactions are higher
than what can be explained by the contribution of 1O2 alone in
our experiment, which we investigated further. Anabaenopep-
tin B and tyrosine show a similar pH-dependence for the
observed decay (Figure 3). The krxn,1O2 values obtained at pH
11.6 were used to calculate the contribution of the reaction
with 1O2 (kobs,1O2) to the overall observed decay (kobs,total)
according to eq 3. Therefore, we took into account the

measured krxn,1O2 at pH 11.6 for the phenolate forms and the
respective [1O2]ss in each experimental tube ranging from
(1.8−2.4) × 10−12 M.
The krxn,1O2 at pH 7 for both tyrosine and tyrosine-

containing cyanopeptides was too low to be detected by the
KSIE method. Consequently, we calculated the contribution of
kobs,1O2 to kobs,total considering only the dominating reactivity of
the deprotonated forms. Data in Figure 3A show that krxn,1O2
values increased with increasing fraction of deprotonated
tyrosine in agreement with literature data for tyrosine (Figure
2A). The data confirms that the contribution of protonated
tyrosine is relatively insignificant for the reactivity with 1O2 and
mainly the reaction with the deprotonated form of the
cyanopeptides needs to be considered.
Data in Figure 3 highlight that 1O2 is not necessarily the

major pH-dependent pathway for indirect photochemical
reactions for tyrosine and related cyanopeptides. The
contribution of the 1O2 reaction pathway relative to the total
decay by indirect photochemistry was 12−39% at pH 11.6 for
the reactive deprotonated species and 24−52% at pH 9,18 a
more common pH during cyanobacterial blooms (with the
exception of 100% contribution for the reactive anabaeno-
peptin 871, SI Figure S27 and S28). Overall, our observations
for cyanopeptides are in agreement with previous reports about
contributions of 2−33% for the reaction of freely dissolved
tyrosine with 1O2 in analogous experiments with lake water
and natural organic matter as photosensitizers at pH 8.5.35,54

In addition, our data demonstrates a strong pH-dependence
also for the other indirect photochemical processes. Hydroxyl
radicals react rapidly with amino acids and for tyrosine a
second-order reaction rate constant of 1.3 × 1010 M−1 s−1 was
reported.52,55 However, the low steady-state concentration of
hydroxyl radicals (10−15−10−17 M)56−58 explain the relatively
low contribution of this pathway to the photochemical decay
in sunlit surface waters and the reaction is generally regarded as
pH-independent with few exceptions.59 Thus, we further
investigated the reaction of tyrosine with excited-state triplet
sensitizer molecules.

Reactivity with Triplet Excited-State Molecules. Since
not all observed reactivity could be explained by the reaction
with 1O2, we investigated the role of excited triplets. Excited-
state triplet molecules can react by energy transfer, electron
transfer, proton-coupled electron transfer or related mecha-

Figure 4. (A) Reaction pathway of tyrosine with triplet excited molecules by electron abstraction, and (B) Tyrosine degradation during exposure to
UVA light under argon-purged (green) and atmospheric conditions (black) in nanopure buffered water at pH 11. The filled symbols represent dark
controls, the error bars represent one standard deviation, and the observed pseudo first-order decay rate constants, kobs (s

−1) are noted.
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nisms. Thus, the reactivity depends on the triplet energy and
reduction potential of the sensitizer and substrate.53,60 Triplet
perinaphthenone (3PN*), used as the sensitizer herein, has a
triplet energy of 164 kJ mol−1. Tyrosine has a triplet energy of
342 kJ mol−1, which is too high to cause a chemical reaction by
triplet energy transfer from 3PN*.61,62 Perinaphthenone has an
excited-state reduction potential of 1.03 eV (SHE) and the
protonated and deprotonated form of tyrosine have reduction
potentials of 1.40 eV (SHE) and 0.71 eV (SHE),
respectively.53,60 Therefore, tyrosine can only be oxidized by
3PN* in its deprotonated form to yield an unstable phenoxyl
radical (Figure 4A). To investigate the reactivity of
deprotonated tyrosine with excited-state triplet sensitizer, we
carried out quenching experiments at pH 11 in argon-purged
conditions to remove dissolved oxygen from solution and thus
minimize the formation of 1O2 and increase the lifetime of the
triplet state molecules. The observed pseudo first-order
reaction rate constant of tyrosine under these conditions was
2-fold higher compared to atmospheric conditions (Figure
4B). These observations further demonstrate that 3PN* can
oxidize deprotonated tyrosine and further explains the
observed pH dependence of tyrosine and tyrosine-containing
cyanopeptide degradation.
To evaluate whether naturally occurring chromophoric

dissolved organic matter (CDOM) can also oxidize tyrosine,
we need to inspect its excited state reduction potentials.
CDOM is an ill-defined mixture of organic molecules, which
vary in their excited state energies and excited state redox
potentials. Triplet properties were previously reviewed for 29
isolated DOM and model sensitizer molecules.53 The hypo-
thetical energy for 3CDOM* ranges from 160 to 325 kJ mol−1

with only 37% of the triplet pool being considered high energy
triplets (>250 kJ mol−1).63 With a triplet energy of 342 kJ
mol−1 for tyrosine and assuming that the triplet energies for
tyrosine-containing cyanopeptides are in a similar range, we
conclude that energy transfer from naturally occurring
3CDOM* cannot cause significant chemical transformation
reactions in tyrosine or tyrosine-containing cyanopeptides. We
note that it is already recognized in the literature that
3CDOM* can transfer energy to the Adda moiety of
microcystins causing isomerization.64 With a 3CDOM*
concentration similar to 1O2

53 of 10−13 M and a second-
order reaction rate constant for sorbic alcohol (representing
the conjugated dienes of the Adda moiety) of 109 M−1 s−1,65

the half-life by isomerization can be estimated to be
approximately 2 hours. Singlet oxygen, in theory, can also
oxidize conjugated dienes, but previous work suggests that this
contribution to phototransformation of MC-LR is only
minor.28,64 Since we used mass spectrometry, we did not
include Adda-isomerization in our evaluation.
The 3CDOM* reduction potentials of model sensitizers and

diverse DOM sources range from 1.10−1.90 eV (SHE).53,66,67

Thus, both protonated and deprotonated tyrosine would
potentially be oxidized by natural 3CDOM*. Previous work
observed that tyrosine degradation in the presence of
Suwannee River Humic Acid at pH 8.5 was nearly completely
suppressed by addition of isoprene, a triplet quencher, as well
as when the solution was deoxygenated.35 Here we observed in
experiments with perinaphthenone at pH 11, that deoxygena-
tion increased the reactivity, when the triplets should be longer
lived. These observations indicate that not all DOM triplets
have a high enough reduction potential to oxidize the

protonated form of tyrosine. Assuming that tyrosine-containing
cyanopeptides have a similar reduction potential as tyrosine,
electron transfer to 3CDOM* is likely an important and pH-
dependent photochemical decay pathway for these cyanobac-
terial toxins and metabolites in natural waters.

Implications. The presented reactivities and pH depend-
ence are a significant step forward to better understand
cyanopeptide fate in natural waters. In particular, the reported
system-independent second-order reaction rate constants with
1O2 allow modeling this fate process accurately in natural and
engineered systems where 1O2 concentrations can be
determined. The strong pH effect on the observed decay of
tyrosine by indirect photochemical reactions determine the
half-lives of many cyanopeptides. Tyrosine and related variants
are common building blocks in cyanopeptides including
anabaenopeptins and microcystins. Our data demonstrates
that the contribution of deprotonated tyrosine moieties
dominates indirect photochemical decay. At neutral pH,
these cyanopeptides are expected to be rather stable
considering indirect photochemical reactions. However, when
the pH rises to pH 9 during cyanobacterial bloom events, the
half-lives of cyanopeptides reduce to few days or hours for
compounds with one and two tyrosine moieties. Thus, pH is a
critical factor to be considered when modeling decay processes
of cyanotoxins and other cyanopeptides in surface waters. Our
results further demonstrate that the cyanopeptides showed a
high reactivity with the model triplet sensitizer employed and
this reaction was also strongly pH-dependent. Since, the
selected sensitizer had particularly low reduction potential, we
expect that the reaction with naturally occurring CDOM can
also play a significant role in the photochemical fate of
cyanopeptides, which warrants further investigation.
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