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Bacterial phosphothreonine lyases, or phospholyases, are
a family of virulence factors that have the unique ability to
catalyze an irreversible b-elimination of phosphate from
phosphorylated threonine (pThr) or serine (pSer) residues.
This activity results in the formation of dehydrobutyrine
(Dhb) or dehydroalanine (Dha), respectively, although pThr
residues are the preferred phospholyase substrates (Fig-
ure 1A).[1] Previous work has established that, during bacte-
rial infection, phospholyases attenuate the innate immune
response by deactivating mitogen-activated protein kinase
(MAPK) signaling through b-elimination of phosphate from
a key pThr within the ERK1/2 activation loop.[1b–f,2] Our
recent work has demonstrated that phospholyases may have
additional targets beyond the MAPK family.[1g] Identification
of new phospholyase targets would lead to a better under-
standing of the infection process, and could uncover valuable
biomarkers for bacterial infection. Since bacterial phospho-
lyases prefer phosphothreonine substrates, profiling Dhb
within the proteome is critical for the global analysis of
phospholyase activity. However, the identification of phos-
pholyase substrates remains challenging because there are
currently no biocompatible methods for the selective enrich-
ment of Dhb-modified proteins. Herein, we describe a nucle-
ophilic phosphine that selectively labels Dhb-modified pep-
tides and proteins under mild, biocompatible conditions
(Figure 1A). We further demonstrate that a biotinylated
phosphine probe can be used to specifically label Dhb-
containing proteins in the complex environment of mamma-
lian cell lysate.

Electrophilic moieties are rare on proteins, thus making
the a,b-unsaturated amide generated by phospholyases

particularly interesting as a potential bioorthogonal chemical
handle.[3] The Michael addition[4] of nucleophilic groups,
especially thiols, to a,b-unsaturated functional groups is
known to occur readily under biocompatible conditions.[5]

Indeed, this reaction occurs naturally for lantibiotics[6] and
has been used in cells to modify Dha-bearing proteins.[7] This
approach has also been used to prepare mimics of post-
translational modifications,[8] or, with more limited success, to
enrich phosphoproteomic samples.[9] The majority of these
reports focus on Dha, though many suggest that Dhb-
containing proteins are amenable to modification using the
same or similar conditions. However, only a few reports have
described the use of a Michael addition to label proteins or
peptides containing Dhb, all of which require high pH (10–13)
and/or elevated temperatures (50–90 8C) to accelerate con-
jugate addition (Figure 1 B).[9h–q] Since phosphorylated and/or
glycosylated Ser and Thr residues are susceptible to base-
catalyzed elimination, such conditions would produce Dha
and Dhb residues indistinguishable from those generated
from genuine phospholyase activity. Therefore, there is
a great need for reactions that can enable selective labeling
of Dhb at near neutral pH using mild, aqueous conditions.

Our study was initiated by evaluating thiol-Michael
addition chemistry for the modification of Dhb-bearing
peptides and proteins compared to those bearing Dha.
When Dha or Dhb-containing peptides (1 mm) derived from
the activation loop of ERK1/2 [H-GFL-Dha-EYV-NH2

(peptide A) or H-GFL-Dhb-EYV-NH2 (peptide B)] were
treated with 50 mm b-mercaptoethanol (bME) at 37 8C for
one hour, peptide A was modified to 57� 1%, whereas
modification of peptide B was not detected. Even after
24 hours of incubation, only trace amounts of addition
products to peptide B were observed, while peptide A was
labeled quantitatively (Figure 2A–C). Pseudo-first-order
kinetic experiments were used to determine the second-
order rate constant for the addition of bME to peptide A (k =
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Figure 1. A) Bacterial phospholyases catalyze the elimination of phos-
phate from phosphoserine- or phosphothreonine-containing proteins
to yield dehydroalanine (Dha) or dehydrobutyrine (Dhb), respectively.
These electrophilic species can be captured using nucleophilic chem-
ical probes. B) Extensive research has described the conjugate addition
to Dha under a variety of conditions; however, Dhb has only been
labeled using harsh conditions. This work establishes a method to
label Dhb-bearing peptides and proteins under mild, biocompatible
conditions in complex biological samples such as crude cellular
lysates.
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5.2 � 10�3
m
�1 s�1). However, the reaction was too slow to

measure a rate constant for peptide B under the same
conditions, thus further demonstrating that Dhb is resistant to
addition by aliphatic thiols and is challenging to label under
mild conditions. This behavior is likely due to the attenuated
electrophilicity of Dhb relative to Dha that arises from the
steric hindrance and hyperconjugation of the extra methyl
group.

To determine whether other nucleophiles could enable
Dhb modification, we evaluated the reaction between a panel
of nucleophiles and peptide B. Although a variety of thiols
and amines were able to modify Dhb under forcing con-
ditions, we found that this was not the case when employing
more mild conditions (Table S1 and Figure S1 in the Support-
ing Information). When using biocompatible conditions, all of
the thiol-containing compounds that were tested yielded
extensive modification of peptide A after 24 hours but
resulted in only minimal modification of peptide B (0–
11.5% modified). The aza-Michael reaction was recently
reported as a robust method for the modification of Dha-
bearing proteins.[5g,8a–c,9f–j] A variety of primary and secondary
amines were tested, but none could label peptide B under
more stringent, buffered conditions. Furthermore, none were
more effective than thiol nucleophiles with respect to the
modification of peptide A (Table S1 and Figure S1).

Based on these findings, it became apparent that the
modification of Dhb-containing proteins and peptides pres-
ents a chemical challenge compared to the labeling of those
bearing Dha, especially under mild aqueous conditions. Thus,
we turned to a few recent studies that have described new
reactions to modify a,b-unsaturated functional groups
(Figure 2, Figure S2).[10, 11] In particular, a phospha-Michael
addition was recently reported to occur between tris(2-
carboxyethyl)phosphine (TCEP) and proteins bearing a,b-
unsaturated amides (Figure 2A).[11] When peptides A or B
(1 mm) were treated with TCEP (50 mm) at pH 8 and 37 8C,
we found that both were modified after just one hour of
incubation (100% and 37� 3% modified, respectively).
Quantitative modification was achieved after 24 hours of
incubation, as assessed by LC–MS (Figure 2 D,E). We found
that the extent of modification of peptide B was within
roughly 15 % of that observed for a Dhb-bearing polyalanine
peptide of the same length, thus indicating that the peptide
sequence can have a minor influence but does not dramat-
ically impact the reaction success (Figure S3). To assess the
stability of the b-phosphonium product, LC–MS was used to
monitor a sample of purified TCEP-modified peptide B,
which exhibited no degradation after four weeks of incuba-
tion at 37 8C (Figure S4).

Figure 2. A) Reaction scheme for the conjugate addition of bME (left) or TCEP (right) to Dha- or Dhb-containing peptides (peptides A & B,
respectively). B) After 24 h of treatment with bME, peptide A was quantitatively converted to the thioether product, as observed by LC–MS. Two
distinct chromatographic peaks were observed, corresponding to the two expected diastereomeric products. C) Reactions that were incubated
overnight resulted in quantitative conversion of peptide A, as measured by LC–MS. Rates of the thia-Michael addition of bME to peptides A and B
were measured by loss of parent peptide as a function of time, as quantified by HPLC. D) After 24 h of incubation, both peptides A and B were
modified by TCEP, as assessed by LC–MS. The four possible diastereomeric products could not be fully chromatographically resolved; however, it
appears that there is a preference for one, as seen in the LC–MS chromatogram. E) After overnight reaction, quantitative conversion of both
peptides A and B was achieved, as measured by LC–MS. Rates of phospha-Michael addition of TCEP to peptides A and B were measured by loss
of parent peptide as a function of time, as quantified by HPLC.
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We determined the second-order rate constant for the
phosphine addition to peptide A (k = 2.6 � 10�1

m
�1 s�1) and

found it to be roughly two orders of magnitude faster than the
reaction with the thiol (k = 5.2 � 10�3

m
�1 s�1) under the same

conditions. These values indicate that the phospha-Michael
reaction is kinetically favored, which is in agreement with
previous reports.[11a] Phosphines are well-known to have
enhanced nucleophilicity relative to thiols, and are frequently
used as catalysts, notably in Michael and Bayliss-Hillman
reactions.[12] In the case of TCEP, prior work has demon-
strated that its carboxylic acid groups are critical for the
reaction, likely due to internal charge stabilization of the b-
phosphonium product.[11b] Moreover, the TCEP phosphine
has a lowered pKa (pKa = 7.6) compared to that of the bME
thiol (pKa = 9.6), and is therefore better primed for reaction
at near-neutral pH.[11a, 13] Owing to the enhanced kinetics of
the phospha-Michael reaction, it was possible to determine
the second-order rate constant for Dhb-containing substrates
(k = 2.5 � 10�3

m
�1 s�1), which was similar to that observed for

crotonyl substrates (k = 6 � 10�4
m
�1 s�1).[11b] Although the

reaction with Dha is just over 100-fold faster than the
reaction with Dhb, the phospha-Michael reaction was
remarkably faster than the thia- or aza-mediated versions
for the labeling of Dhb. Thus, this is the first reaction reported
to date that is capable of modifying Dhb-bearing species
under biocompatible conditions.

To leverage this new reaction in a cellular environment,
we prepared biotinylated probes that could detect Dhb-
bearing cellular proteins following exposure to phospholyases
(Figure 3A). We synthesized a biotin-containing thiol probe
(1) as well as a biotin-containing phosphine probe (2 ;
Figure 3B).[11b] For these studies, we cultured A431 cells,
which overexpress epidermal growth factor (EGF) receptors
and exhibit constitutive activation of downstream kinases,
including ERK1/2.[14] When A431 cell lysates were treated
with recombinant OspF, a phospholyase from Shigella flex-
neri, we observed complete loss of the signal corresponding to
phosphorylated ERK1/2, although total ERK1/2 levels were
unchanged (Figure 3C). This is consistent with efficient b-
elimination of phosphate from pThr in the ERK1/2 activation
loop (-GFLpTEpYV-).[1] Following OspF treatment, lysates
were exposed to either probe 1 or probe 2 (1 mm); a biotin-
ylated band appeared at the exact molecular weight expected
for ERK1/2 when lysates were treated with probe 2, but not
with 1 (Figure 3C, red arrow; Figures S5,S6). Subsequent
immunoprecipitation of biotinylated species from A431
lysates treated with probe 2 confirmed that ERK1/2 is
a cellular target of OspF (Figure S7). These results demon-
strate that probe 2 can successfully modify Dhb-containing
proteins in cell lysates, while probe 1 cannot.

Furthermore, non-specific labeling of cellular proteins
was substantially greater for probe 1 than for probe 2, thus
suggesting that the phosphine probe is more selective for its
intended cellular targets (Figure 3C & S6). To date, Dhb-
modified proteins have not been reported to occur natively in
mammalian cells. However, probe 2 does have the potential to
modify endogenous a,b-unsaturated electrophiles such as
fumarate and/or crotonylate. Indeed, past efforts have used
probe 2 to detect protein lysine crotonylation. However, those

studies utilized substantially higher probe concentrations
(4 mm) and required additional steps to isolate histone
fractions or nuclear extracts prior to probe exposure. To
assess whether protein crotonylation could account for the
background signal observed in the absence of OspF, we
probed for histone H3, a well-known target of lysine
crotonylation,[11b] following immunoprecipitation of biotiny-
lated species from cell lysates treated with probe 2 (Fig-
ure S7). We found no evidence of H3 pulldown in the absence
of OspF, thus suggesting that endogenous background from
crotonylation is minimal under the conditions used in this
study. However, a strong signal was observed for H3 pulldown
in lanes that were treated with both OspF and probe 2. Past
studies have demonstrated that OspF can localize in the
nucleus and have proposed that OspF inhibits H3 phosphor-
ylation through an indirect mechanism.[15] In contrast, our
results indicate that phosphorylated histone H3 is a direct
target for OspF and that the resulting Dhb-modified H3 is
effectively labeled by probe 2. Thus, this work demonstrates
that probe 2 can be used for the detection of multiple Dhb-
modified proteins in crude mammalian cell lysates.

Currently, the only confirmed mammalian targets of
bacterial phospholyases are MAP kinases, including ERK1/
2. Our prior work implied that phospholyases may have
additional targets outside of the MAPK family.[1g] Moreover,

Figure 3. A) Phosphorylated cellular targets, such as activated ERK1/2,
can be eliminated upon treatment with OspF, a phospholyase. The
resulting Dhb-modified protein(s) can be subsequently labeled upon
treatment with a nucleophilic probe. B) Chemical structures of biotin-
ylated probes 1 and 2. C) A431 cell lysates were treated �OspF
(50 nm) and �probe 1 or 2 (1 mm). Phosphorylated ERK1/2 is
eliminated upon treatment with OspF; the resulting Dhb-modified ERK
can be further biotinylated by probe 2, but not 1, as assessed by
western blot (red arrow). The level of non-specific background was
substantially greater for probe 1, which necessitated a shorter exposure
time during western blot development (5 s vs. 45 s for probe 2 ; see
also Figure S6). Non-specific bands that appeared upon treatment
with a-biotin antibodies independent of probe addition are indicated
by (*).
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this work has serendipitously identified histone H3 as
a previously undiscovered target of OspF (Figure S7). To
further explore this hypothesis, we treated A431 cell lysates
with increasing concentrations of OspF and labeled the
proteome with probe 2. This revealed several biotinylated
bands at molecular weights higher than expected for MAPKs
(Figure S8). Building on these findings, our future work will
use this method to capture Dhb-modified proteins from
cellular samples, thereby enabling the identification of new
phospholyase targets. The discovery of such targets is an
essential step towards elucidating the complete role of
phospholyases during bacterial infection, and for the identifi-
cation of new biomarkers of exposure to pathogens including
Shigella flexneri or Salmonella enterica Typhimurium. More-
over, the method developed herein will likely be useful in
a range of bioconjugation applications. In particular, although
the reduced electrophilicity of Dhb relative to Dha renders it
less reactive, it also is recalcitrant to modification by cellular
thiols and amines. This behavior renders the phospha-Michael
reaction with Dhb much more selective than the same
reaction with Dha. As a result, the phospha-Michael reaction
with Dhb could be particularly advantageous for the develop-
ment of bioorthogonal labeling strategies that can be
employed in living cells, thus making it an invaluable addition
to the bioconjugation toolkit.
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