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ABSTRACT: We report a data-driven, physical organic approach to the development of new methionine-
selective  bioconjugation  reagents  with  tunable  adduct  stabilities.  Statistical  modeling  of  structural
features  described  by  intrinsic  physical  organic  parameters  was  applied  to  the  development  of  a
predictive  model  and  to  gain  insight  into  features  driving  stability  of  adducts  formed  from  the
chemoselective  coupling  of  oxaziridine  and  methionine  thioether  partners  through  Redox  Activated
Chemical Tagging (ReACT). From these analyses, a correlation between sulfimide stabilities and sulfimide
 (C=O) stretching frequencies was revealed. We exploited the rational gains in adduct stability exposed
by this analysis to achieve the design and synthesis of a bis-oxaziridine reagent for peptide stapling.
Indeed,  we observed that  a  macrocyclic  peptide formed by ReACT stapling at  methionine exhibited
improved uptake into live cells compared to an unstapled congener, highlighting the potential utility of
this unique chemical tool for thioether modification. This work provides a template for the broader use of
data-driven approaches to bioconjugation chemistry and other chemical biology applications. 

INTRODUCTION

As the second-rarest amino acid in vertebrates
and  one  of  only  two  naturally-occurring  sulfur-
containing amino acids, methionine is a nexus for
redox  and  metal  chemistry  in  the  proteome,
serving as a form of protection against oxidative
stress from the cellular to organismal level as well
as  an  endogenous  regulator  of  cell  function.1,2

This  privileged  combination  of  relative  scarcity
and  physiological  diversity  motivates  the
development  of  new  chemical  methods  to
selectively  label  methionines  to  identify  and
study their native properties and enhance protein
function  at  these  thioether  side  chains.2,3

Traditional  approaches  for  methionine
modification  utilize  either  strong  alkylating
reagents  that  typically  require  at  low  pH  or
cyanogen bromide, which can lead to instability
of  the  adduct  or  cleavage  the  of  peptide
backbone, respectively.4–6 

Inspired  by  the  reversible  post-translational
oxidation of methionine to methionine sulfoxide,
our  laboratories  developed  oxaziridine  reagents
for selective  N-transfer tagging to methionine to
produce the isoelectronic sulfimide conjugate – a

strategy coined ReACT (Redox Activated Chemical
Tagging)  (Scheme  1A).2 We  found  that  urea-
derived  oxaziridines  can  chemoselectively  label
methionine  residues  in  proteins  and  proteomes
under  aqueous  conditions  at  neutral  pH.
Application  of  this  chemical  platform  enabled
synthesis of novel antibody-drug conjugates and
validation of a functional methionine motif within
actin  and  identification  of  new  hyperreactive
methionine  residues  on  enolase  that  play  vital
roles in protein function. Elegant recent work by
the Gaunt group reported an alternative approach
to methionine bioconjugation on isolated proteins
and  peptides  to  sulfoniums  using  hypervalent
iodine reagents bearing a diazo group for further
functionalization;  however,  the  ester  of  the
resulting sulfonium conjugate hydrolyzes rapidly
unless  the  steric  bulk  of  the  alkyl  group  is
increased.   Similarly,   recent  reports  of
methionine  conjugates  demonstrate  sulfonium
instability  when  adjacent  to  nucleophilic  amino
acids.7,8 

Scheme  1.  Development  of  Methionine
Modification  with  Oxaziridines  and  Stable
Sulfimide Adducts
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Against this backdrop, we sought to expand the
scope  of  methionine-selective  bioconjugation
reagents and in  the present  study,  we report a
data-driven  strategy  to  predictably  tune  the
stability of the resulting sulfimide adducts derived
from ReACT  to  methionine.  Indeed,  the  diverse
array  of  potential  applications  of  selective
methionine  probes  requires  the  synthesis  of
methionine-payload adducts of  varying stability,
including  biological  imaging  agents  and
therapeutics  where  inert  or  labile  amino  acid
conjugates  can play  significant  roles  in  outputs
spanning  signal-to-noise  responses,  drug
efficacies,  and/or  pharmacokinetics  and
biodistributions.9–13 

Specifically, we hypothesized that the design of
new oxaziridine probes with tunable methionine
adduct stabilities would be enabled by exploiting
Design of Experiment (DoE) precepts to define a
training  set  of  molecules  that  would  be
interrogated by kinetic analysis and multivariate
correlative tools.  We envisioned that  this  multi-
faceted  approach,  which  has  been  successfully
applied  in  the  synthetic  methodology  space,
could  be  adapted  to  research  questions  in
chemical  biology.14 Applying  this  workflow,  we
sought  to  identify  oxaziridine  reagents  that
produce more stable methionine adducts as well
as  gain  insight  into  structural  features  of  the
sulfimide  adduct  that  play  a  role  in  stability
through  statistical  modeling   (Scheme  1B).15–18

Indeed, we reasoned that an effectively designed
training set would cover a sufficient diversity of
chemical  space  using  a  limited  number  of
compounds  in  order  to  probe  kinetic  stability,
while  the  statistical  modeling  would  provide  a
descriptive  and  predictive  correlation  to
understand the underlying principles  of  what  is
controlling stability and to determine if the probe
was  optimal.  Here  we  report  that  this
multifaceted approach has enabled the design of

methionine  bioconjguation  reagents  with
significantly  enhanced  stability  for  S–N  bond
formation and highlight the utility of this growing
ReACT  toolbox  to  introduce  a  new  method  for
methionine-based peptide stapling.

RESULTS AND DISCUSSION

Design  and  Analysis  of  Training  Sets  to
Probe  Stabilities  of  Sulfimide  Adducts
Formed via ReACT. We began our investigations
by designing a training set of structurally diverse
oxaziridines in order to probe the stabilities of the
resultant sulfimide adducts by measuring the rate
constants of decomposition to the corresponding
sulfoxide congeners. We focused on exploring the
electronic and steric effects of alkyl substitution
on the oxaziridine as well as the contributions of
the  N–H group  on  the  urea  moiety  in  order  to
probe  multiple  possible  factors  that  could
influence  S–N  stability  (Table  1).19

Monosubstitution  of  the  urea  moiety  was  first
investigated,  where  primary,  secondary,  and
tertiary  alkyl  substituents  and  their  effect  on
stability  was  measured.  Our  first-generation
oxaziridine (Ox1) gave a sulfimide adduct (Sulf1)
that hydrolyzed with a rate constant of 1.19 x 10-2

h-1 and served as our standard to compare to all
other sulfimide adducts. Within this pilot data set,
the  trifluoroethyl  substituted  oxaziridine  (Ox2)
produced  to  the  least  stable  sulfimide  adduct
(Sulf2) with a hydrolysis rate constant of 1.70 x
10-2 h-1.  In  contrast,  the  tert-butyl  substituted
oxaziridine (Ox9) led to the most stable adduct
(Sulf9),  albeit  with  a  rate  constant  of
decomposition  (0.76  x  10-2 h-1)  that  was  only
modestly  lower  than  that  of  the  other  non-
fluorinated  alkyl  substituted  sulfimide  adducts.
From these data, we posited that the electronic
properties of the sulfimide conjugate play a major
role in S–N adduct stability, with the hypothesis
that increasing the electron density on the urea
moiety should increase stability of  the modified
methionine.  To test this  notion,  we investigated
the stabilities of sulfimide adducts derived from
reactions  with  dialkyl  substituted  oxaziridines.
Indeed,  diethyl,  piperidine,  and  pyrrolidine
derived  oxaziridines  led  to  the  most  stable
adducts,  with  Ox10  and  Ox12 giving the most
stable conjugates (Sulf10 and Sulf12) with rate
constants that are an order of magnitude lower
(k=0.16 x 10-2 h-1) than the parent  Ox1 reagent.
To  further  test  this  model,  we  envisioned  that
replacing  the  urea  moiety  with  an  isostructural
carbamate  should  make  the  sulfimide  more
electron-deficient,  thus leading to a less stable,
modified methionine sulfimide. In agreement with
this  notion,  the  carbamate-derived  oxaziridine
(Ox13)  was  observed  to  give  the  least  stable
adduct tested (Sulf13) (k=5.40 x 10-2 h-1) by over
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30-fold  relative  to  the  diethyl  and  piperidine
derived conjugates. 

Table 1. Oxaziridines Used to Probe Stability of
Sulfimide Adducts.

To gain further insights into key structural features
of  the  sulfimide  that  lead  to  greater  stability,  we
employed statistical fitting analyses that relate the
kinetic  rate  constants  for  the  hydrolytic
decomposition  of  the sulfimide to the sulfoxide to
parameters  derived  from  computed  ground-state
geometries  of  the  urea/carbamate  moiety  and
simplified  sulfimide  adducts.15–19 A  diverse  set  of
parameters were extracted and condensed, using a
Boltzmann  distribution,  into  a  representative
parameter  for  all  conformers  within  2.5  kcal/mol
(see SI for computational details).  Using a random
partition, a training set and validation set (7 TS & 6
VS) was curated from the oxaziridines used to probe
the hydrolytic stability of the methionine adducts in
order to identify statistically significant models. We
considered  several  possible  models,  including
parameters  like  the  urea  C=O parameter,  NBO
charge parameter of the sulfimide nitrogen (NBON),
and  dipole  moment  of  the  urea  (µ), which  was
accomplished  by  both  evaluating  univariate  and
multivariate  combinations  of  parameters  (see
Supporting Information for other models). Using this

method,  we  observed  a  statistically  robust  linear
correlation  between  the  transition  state  energy  of
decomposition (ln(kobs)) and the carbonyl stretching
frequency of the sulfimide adduct (C=O) (Figure 1).

Figure 1. Linear correlation between sulfimideC=O

and ln(kobs)

Because  lower  carbonyl  stretching  frequencies
correlate  to  higher  S–N  adduct  stabilities,  we
reasoned  that  hydrolytic  decomposition  to  the
sulfoxide is electronically driven. Indeed, this model
is consistent with the collected empirical data. The
sulfimide  adducts  with  the  more  electron-rich
substitutions, Sulf10 and Sulf12, were found to be
the  most  stable  within  our  assay  conditions,
whereas  the  more  electron-poor  substitutions
derived from Ox2 and Ox13 show less stability. The
correlation  between  the  sulfimide  carbonyl
stretching  frequency  and  adduct  stability  can  be
related by considering electron density donation into
the  * orbital  of  the carbonyl  group.  In  short,  the
more electron-rich the substitution on the sulfimide,
the lower calculated carbonyl stretching frequency. 

Additionally,  we  found  that  the  sulfimide  C=O

parameter  and  NBO  charge  parameter  of  the
sulfimide  nitrogen  (NBON)  are  cross  correlated,
where  a  lower  carbonyl  stretching  frequency
correlates to more electron density residing on the
sulfimide  nitrogen  (see  Supporting  Information,
Figure  S5).  This  analysis  suggests  that  more
electron-donating  substituents  lead  to  increased
electron  density  on  the  nitrogen  of  the  sulfimide
bond, rendering the S‒N unit less electrophilic and
thus  less  susceptible  to  hydrolytic  decomposition
(see Supporting Information, Figure S8). 

With these robust data sets and models in hand,
virtual screening commenced to investigate if Ox10
and Ox12 were optimal probes or represented local
minima.  From  this  screen,  it  was  clear  that  both
Ox10 and Ox12 represented probes with relatively
simple structural changes yet yielded notable gains
in  desired  stability  for  the  sulfimide  adduct  (see
Supporting Information, Table S11).

Determination  of  Methionine  Adduct
Stabilities  Under  Aqueous  Conditions.  With
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Ox10  and  Ox12 displaying  high  methionine  S–N
adduct  stabilities  in  our  combined  virtual  and
experimental  screening  assay,  we  next  evaluated
the  resilience  of  these  conjugates  to  hydrolytic
decomposition  under  biologically-relevant  aqueous
conditions.7 We began by exposing model  peptide
1a (250  M) bearing  two  methionines  to  labeling
conditions with Ox1, Ox10, and Ox12 in pH 7.4 PBS
buffer to yield  1b,  1c,  and  1d,  respectively.  After
120 hours at 37  ºC,  1b was fully hydrolyzed to the
sulfoxide, while 56% of 1c and 59% of 1d remained
(measured by liquid chromatography-ESI-TOF mass
spectrometry;  LC-MS,  see  Supporting  Information,
Figure S9) (Figure 2). Taken together, the data show
that the physical organic approach can be used to
develop  bioconjugation  reagents  with  significantly
improved product stability. 

Figure 2. In vitro stability of sulfimides derived from
oxaziridine reagents on 1a

Application  of  Oxaziridine  Reagents  with
Greater  Sulfimide  Stabilities  for  Methionine-
Based Peptide Stapling.  Owing to the observed
increase  in  stability  of  the  methionine  sulfimide
adduct  formed  using  piperidine-derived  Ox12 in
biologically-relevant conditions relative to the parent
Ox1 congener, we sought to establish the utility of
this chemical finding in a proof-of-concept biological
application.  In  this  context,  we  pursued  an
application in peptide stapling, where bioconjugate
stability  plays  an  important  role  in  the  overall
performance of the resulting macrocyclic peptide for
various  applications.20–23 Peptide  stapling  methods
often  require  pre-functionalization  of  amino  acid
residues,  incorporation of non-natural  amino acids,

reactions  performed  in  non-aqueous  media,  or
protection  of  reactive  residues  before
stapling.20,21,24,25 We  reasoned  that  the  high
chemoselectivity  of  the  ReACT  method  for
methionine  labeling,  even  in  the  presence  of
competing reactive nucleophiles such as tryptophan
and  lysine,  along  with  gains  in  stability,  would
provide  a  unique  and  attractive  technology  for
peptide stapling that could circumvent many of the
above-mentioned limitations. 

To  explore  this  possibility,  we  synthesized  bis-
oxaziridine  Ox14  and  subsequently  exposed  this
reagent to peptide 1a, which bears 11 amino acids
and methionines positioned at the i,i+4 distance. In
our initial experiments, full conversion to 1e at 23 ºC
was  observed  in  8  hours  (Figure  3A).  We  then
performed  a  set  of  experiments  using  bis-
methionine peptides with varying spacing between
the methionines  to determine  how this  parameter
affected the efficacy of  macrocyclization.  We were
pleased  to  find  that  the  i,i+3,  i,i+5,   and  i,i+6
distances  gave  82%,  92%  and  93%  yield,
respectively  as  measured  by  LC-MS.  At  the  i,i+4
distance,  74% yield  of  the stapled peptide adduct
was obtained. To further test the limits of the ReACT
method for methionine-based peptide stapling, two
extreme cases were evaluated with two methionines
positioned either  at adjacent residues (i,i+1) or at
the  N-  and  C-termini  (i,i+10).  Gratifyingly,  both
peptide  substrates  gave  excellent  yields,  with  the
i,i+1 peptide  affording  81%  yield  and  the  i,i+10
peptide furnishing 94% yield of the stapled peptide
products (Figure 3B). In all cases, no oligomerization
or oxygen transfer products were observed by LC-
MS. 
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Figure 3. (A) Application of higher stability adducts
in peptide stapling (B) Efficacy of macrocyclization.
Standard  conditions:  250  M  peptide,  1.1  equiv.
Ox14, pH 7.4, 95:5 PBS buffer:MeOH, 23 ⁰C, 8 hours
1.  Yields  measured  by  LC-MS;  2.  18  hours;  3.  10
hours; 4. 16 hours

Next,  we  examined  the  stability  of  the  stapled
macrocyclic peptide 1e.21 Under both acidic (25 mM
HCl) and basic (1.25 mM K2CO3) conditions after 24
hours, no decomposition of the stapled peptide was
observed  by  LC-MS  analysis.  Under  oxidative
conditions  (air,  37  ºC),  no  decomposition  was
detected  for  the  stapled  peptide  after  24  hours,
while the unstapled analog bearing two piperidine-
based  sulfimides  displayed  modest  decomposition
under  the  same  conditions.  These  observations
suggest  that  the  macrocyclic  peptide  possesses
added  aqueous  stability  compared  to  the  acyclic,
functionalized peptide (see Supporting Information,
Figure  S12-S14).  Interestingly,  under  reductive
conditions  (pH  7.4,  1.25  mM  glutathione),
decomposition  of  the  stapled  peptide  to  starting
peptide  was  observed  after  24  hours,  suggesting
that  this  staple  might  serve  as  a  reversible
modification  for  delivery  of  peptide  probes  and/or
therapeutics  (see  Supporting  Information,  Figure
S15)  and  offers  the  possibility  of  tuning  adduct

stability  for  such  applications.26–30 Taken  together,
the high yields of peptide stapling over a range of
distances,  along  with  the  high  chemoselectivity
towards  the  stapled  product  over  oligomerization
and  other  side  reactions  and  good  stability,
showcases  the  efficiency  of  ReACT  method  for
methionine-based  peptide  stapling  to  generate
unique peptide macrocycles.

With a new synthetic approach to peptide stapling
in  hand,  we  sought  to  establish  that  this  new
technology could be used in a cellular setting. One
common  application  of  peptide  stapling  is  to
increase cell delivery and uptake, as stapled analogs
are  thought  to  increase hydrophobicity  as  well  as
stabilize  alpha  helices  over  their  corresponding
linear sequences.31 To this end, we synthesized three
peptides bearing a fluorescein tag, one acyclic, non-
functionalized  derivative  (2a),  one  acyclic,  bis-
functionalized  peptide  using  Ox12 (2b)  and  one
macrocyclic derivative stapled using Ox14 (2c), and
then  tested  their  relative  cell  uptake  abilities.20,32

Incubation  of  HEK293T  cells  with  20  M of  either
peptide 2a, 2b, or 2c for 1 hour at 37 ºC showed a
patent increase in the cellular uptake of the stapled
peptide  2c  relative to the unstapled linear analogs
2a and  2b  as shown by confocal  microscopy and
flow  cytometry  measurements  (Figure  4).  Circular
dichroism  (CD)  experiments  demonstrate  that  2c
forms a well-defined secondary structure compared
to  its  acyclic  peptide  counterparts,  2a and  2b,
suggesting  that  macrocyclization  of  2a by  Ox14
plays a large role in the increased cell permeability
(see Supporting Information, Figure S16). Additional
experiments  suggest  that  active  uptake  also
contributes to cell permeability, as the same trends
in  fluorescence  are  observed  when  the  three
peptides are incubated with cells  at  4  ºC but with
lower  signal  (see  Supporting  Information,  Figure
S19-S22).  These  data  establish  ReACT  as
complementary alternative method to other recently
published  peptide  stapling  techniques20,21 and  the
broader  potential  application  of  methionines  as
amino acid partners in peptide stapling chemistry.
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Figure  4.  Cell  uptake  experiment  with  unstapled
and stapled peptides modified with ReACT reagents.
(A)  Confocal  microscopy  images  of  HEK293T  cells
incubated with 20 M peptide for 1 hour and stained
with  Hoechst  33342.  Scale-bars:  20  m  (B)  Flow
cytometry  data  for  unfunctionalized  peptide  2a,
linear bis-modified peptide  2b, and stapled peptide
2c. 

CONCLUDING REMARKS

In  summary,  we have established a workflow to
understand,  predict,  and  interrogate  improved
reagents  for  bioconjugation  applications,  as
exemplified  by  optimization  of  methionine-based
ReACT  chemistry.  We  designed  and  screened  a
rational  experimental  and virtual  library  based  on
measured  stability  rate  constants  combined  with
statistical  modeling  to  identify  and  develop  next-
generation methionine bioconjugation reagents that
lead to methionine sulfimide adducts with improved
S-N  stability.  Specifically,  higher  stability  is
correlated  with  lower  carbonyl  stretching
frequencies for these adducts. Most importantly, the
correlation  revealed  key  electronic  and  structural
features driving the sulfimide adduct  stability  that
can serve as a fundamental, predictive platform for
future  use.  Moreover,  insights  gained  into
methionine  sulfimide  reactivity  and  stability  were
translated to the development of a new and unique
type of peptide stapling reagent at methionine that
displays  chemoselective  reactivity  with  good
substrate  scope  and  compatibility  with  cellular
environments.  Indeed,  the  high  chemoselectivity
and reactivity of ReACT toward methionine, without
the  need  for  protecting  groups  for  other  reactive
amino  acid  side  chains,  offers  an  attractive
alternative  to  standard  cysteine-  and lysine-based
technologies  for  peptide  stapling.  In  a  broader
sense, this work provides a starting point for the use

of data-driven approaches that are gaining traction
in  the  synthetic  organic  community  to  research
problems in chemical biology and beyond.
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