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Post-translational site-selective protein backbone
o-deuteration
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Vijay Chudasama** and Benjamin G. Davis ®™

Isotopic replacement has long-proven applications in small molecules. However, applications in proteins are largely limited to
biosynthetic strategies or exchangeable (for example, N-H/D) labile sites only. The development of postbiosynthetic, C-'H —
C-?H/D replacement in proteins could enable probing of mechanisms, among other uses. Here we describe a chemical method
for selective protein a-carbon deuteration (proceeding from Cys to dehydroalanine (Dha) to deutero-Cys) allowing overall 'H—
2H/D exchange at a nonexchangeable backbone site. It is used here to probe mechanisms of reactions used in protein bioconju-
gation. This analysis suggests, together with quantum mechanical calculations, stepwise deprotonations via on-protein carb-
anions and unexpected sulfonium ylides in the conversion of Cys to Dha, consistent with a ‘carba-Swern’' mechanism. The ready
application on existing, intact protein constructs (without specialized culture or genetic methods) suggests this C-D labeling

strategy as a possible tool in protein mechanism, structure, biotechnology and medicine.

site-selective replacement of nonexchangeable hydrogen iso-

topes (for example, 'H — ?H=D) intact proteins are essen-
tially unknown. Hydrogen isotopes can be used as possible probes of
structure and dynamics (for example, by NMR® or vibrational spec-
troscopy*’) as well as reactivity. Their use could therefore not only
enhance study of protein mechanism, structure and function but
also enable the investigation of chemical mechanisms in proteins.

Current possible strategies for isotope introduction typically
require isotope incorporation before assembly. One approach to
building labeled proteins is the segmental isotopic-labeling strategy®
using, for example, expressed protein ligation and trans-splicing
starting from synthetically prepared peptides, into which isotopi-
cally labeled amino acid has been incorporated through traditional
peptide synthesis’. Such linear assembly approaches are comple-
mented by incorporation during biosynthetic assembly*’-">. The lat-
ter typically leads to global, and hence non-site-selective, labeling of
an amino acid type and can require creation and use of multicom-
ponent, engineered expression systems.

Notably, direct (convergent), site-selective incorporation of deu-
terium into proteins post-assembly through nonheteroatom C-D
bond formation (that is, at typically nonexchangeable sites) has not,
to our knowledge, been clearly demonstrated. Early reports sug-
gested partial exchange of His at C2 has been achieved in bovine
pancreatic RNase A". Therefore, a complementary method that
could be readily applied to intact proteins and hence more directly
exploited by the nonexpert using existing protein samples could
prove useful.

We postulated that a general site-selective backbone a-C label-
ing might be possible via the creation and electrophilic trapping
of a suitable a-C-enolate C-nucleophile (Fig. 1a). This enolate, in
turn, might be generated via conjugate addition of an appropriate
nucleophile to an o,p-unsaturated peptidic amide. In principle,
this strategy could be applied not only to small peptides but also
directly to intact proteins if o,p-unsaturated protein amides could

D espite their clear utility in small molecules'?, methods for

be accessed. We also reasoned that, ideally, if such a,f-unsaturated
protein amides could be both derived from and used to form the
same amino acid residue then the overall process could be per-
formed in an essentially traceless manner (Fig. 1b).

Dehydroalanine (Dha) is a potentially useful amino acid resi-
due that can be found in proteins or peptides naturally', follow-
ing metabolism" or via amber-codon suppression methods'®, and
can be derived synthetically from Cys'”"". Thus, in one proof-of-
principle guise of this general approach (which could in principle
be applied to other electrophiles also), a-C H—D replacement
could be envisaged at Cys (and Cys derivatives) (Fig. 1c). Indeed,
the possibility of such a mechanism has also been noted by oth-
ers®. The use of “D*” as a small electrophile for enolate trapping
might also take advantage of concerted solvent reorganization
during Michael-type addition as well as related known*' ‘relayed’
D-exchange mechanisms for enhanced accessibility. Conversion
of Cys to Dha could then be followed by thia-Michael addition of
a suitable sulfur nucleophile (ideally with ready deprotection, if
needed) in the presence of deuterium oxide as a high-concentration
source of deuteron electrophile.

Here, we describe such a method that can be readily applied
to create a direct and site-selective C-H — C-D isotope replace-
ment in the backbone of intact proteins. We show the utility of this
method in the study of a model chemical protein reaction in which
isotope replacement suggests previously unobserved mechanistic
intermediates and details.

Results

Development of site-selective protein deuteration method.
Although a range of sulfur nucleophiles have been successfully
reacted with Dha'®'"*>** in proteins, these typically generate alkyl-
ated Cys variants that cannot be readily converted to Cys itself and
thus would not readily allow traceless a-C H—D replacement. We
therefore tested a range of putative sulfur nucleophiles that might
also readily generate Cys (Supplementary Fig. 1). Though use of
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Fig. 1| Traceless post-translational site-selective protein a-deuteration
strategy. a, Strategy for a generalized, site-selective a-C labeling approach
with any electrophile E in an intact protein (light blue ribbon cartoon)
backbone. b, By combining this strategy with a method for both deriving
the key a,B-unsaturated amide intermediate from side chain X and
reforming the same side chain X, the process can be rendered traceless.

¢, Proof-of-principle H—D replacement process at the a-carbon of Cys
demonstrated in this work, which exemplifies the general strategy.

the thioacetate (Fig. 1c, R=Ac) proved successful and proceeded
with excellent conversion (>95%, Supplementary Fig. 1b), subse-
quent deprotection proved unsuccessful. The use of the unprotected
S-nucleophile source Na,S also proceeded well in some systems
(Supplementary Fig. 1c); however, in some systems concomitant
dimerization via thioether formation led to formation of unwanted
byproducts. Finally, use of sodium thiophosphate (Fig. 1c, R=PO,*)
proved successful in both incorporation and deprotection steps.
Importantly, high deuterium incorporation levels were achieved,
enabled by careful use of fully deuterated reagents, buffer com-
ponents and protein solutions and/or use of anhydrous reagents
(see Methods).

Specifically, model protein histone H3 was readily H—D
exchanged site-selectively first at site 10 (Fig. 2). H3-Cys10 was con-
verted to H3-DhalO using the bis-alkylation-elimination reagent
DBHDA" (1;>95%, 3h), and H3-DhalO was then converted to
H3-[d1]Cys10-S-PO;* (>95%, 1h). Deprotection to H3-[d1]
Cys10 was achieved readily and flexibly in one of two ways: either
through use of the phosphatase enzyme PP1 (>95%, 1h), which
proved capable of hydrolyzing the P-S bond to give Cys in a range
of environments, or through hydrolysis at acidic pH (>95%, 2h;
Fig. 2b and Supplementary Fig. 2). Exhaustive dialysis in nondeu-
terated buffer then allowed full protonation of all exchangeable
protons without any loss of the site-selectively installed a-deuteron
at the a-carbon of Cys10 and final isolation of deutero-protein in
typically 65-85% yield. Characterization by high-resolution MS
and tryptic-digest-MS confirmed the level and site of incorpora-
tion (Supplementary Figs. 1-8; Supplementary Tables 1 and 2).
The method we use here has the potential to generate epimers at
the a-position (Fig. 1) with a stereoselectivity that is potentially
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influenced by the protein substrate®. Through use of chromato-
graphic separation and MS detection (see Supplementary Figs. 9-17),
we determined a diastereomeric ratio (d.r.) of approximately 1:2 L:D,
suggesting only a slight influence by the substrate.

Next, to test breadth and application to other sites, an essentially
similar process was applied to site 26 in histone H3 (Supplementary
Fig. 18). This also proceeded successfully (in typical overall yields
of 70-75%) using the same method, demonstrating breadth of
the application. These reactions demonstrated, to the best of our
knowledge, the first examples of a constitutionally traceless, con-
vergent, site-selective chemical protein modification that can
be used for selective incorporation and/or replacement (H—D)
of a deuterium atom at the a-position of an amino acid residue
(here Cys) in a protein.

Using H—D replacement to study protein chemistry.
Dehydroalanine has proven in recent years to be a reactively ver-
satile and useful residue in polypeptides. It occurs in peptide
natural products' and in the biosynthetic precursors’ for some
proteins. Selective reactions with Dha have also, for example,
allowed the creation of mimics of post-translational modifications
(such as peptidylation, phosphorylation, lipidation and glycosyl-
ation) of key residues of a number of proteins, including kinases
and histones'®'"*>-**32, More recently, it has enabled a form of pro-
tein editing through the creation of native side chains via C-C
bond formation®.

Inspired by previous studies on busulfan metabolism and
selective protein cleavage'>*, our group has developed the use of
bis-alkylating agents to chemically introduce Dha residues into
proteins'’. The design of the water-soluble reagent dibromohex-
anediamide (DBHDA) allowed ready Dha formation (Fig. 3) from
cysteine (Cys), which is especially rapid, efficient and highly selec-
tive when compared to typical elimination reactions under the
same conditions". This chemical protein reaction is therefore one
of potentially strong, broad interest in that it has enabled (and could
enable) diverse protein chemistries; yet, its mechanism remains
unclear. We therefore chose this seemingly unusual reaction as one
that could be studied in detail readily using the traceless deuteration
strategy described above.

The postulated'” mechanism (Fig. 3a) involves a double (bis)
alkylation (inter- followed by intramolecular) of the y-S of the
Cys residue, leading to the formation of an unstable cyclic sulfo-
nium intermediate that then gives Dha (Fig. 3). In nearly all cases,
the sulfonium ion appears to undergo direct elimination readily
to yield Dha with good conversion (Fig. 3a) and is unobservable.
Interestingly, however, some of us have observed the formation of a
stable, directly observable sulfonium intermediate upon treatment
of a single variant of green fluorescent protein (GFP) GFP-Cys147
(GFP-S147C) with DBHDA (Fig. 4a)***. Such an intermediate
has also been observed as a side product in the creation of a Dha-
containing di-ubiquitin probe®. The efficiency of the Cys—Dha
transformation is strikingly dependent on the nature of the putative
sulfonium intermediate formed: reagents that would lead to 5-mem-
bered cyclic tetrahydrothiopheniums prove far more efficient than
those that would give simple acyclic or even six-membered counter-
parts'”. The detailed basis of the privileged and peculiar reactivity of
tetrahydrothiopheniums is therefore unclear.

Together, these observations—the implied nature of the privi-
leged sulfonium and the relative inaccessibility to solvent of the o
-position of GFP residue 147—suggested a possibly highly unusual
elimination mechanism. In principle, variations on four potential
mechanisms of elimination of a sulfonium ion could be considered
(Fig. 3b). Various early studies on some small-molecule sulfoniums
have proposed both E2 elimination and o’-p elimination mecha-
nisms™; these and related prior observations are inconsistent with
any one dominant pathway, suggesting altered manifolds dependent
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Fig. 2 | A method for site-selective deuteration of intact proteins. a, Formation of a-deuterated cysteine with two key intervening steps: (i) thia-Michael
reaction with thiol in deuterated solvent followed by (ii) deprotection and removal of the general ‘protecting’ group R. b, Formation of deutero-H3 protein
H3-dC10 (R=PO,* shown), monitored with ESI-MS. This experiment was repeated independently three times. (iii) DBHDA in deuterated buffer, pH 8,
37°C, 3h; (iv) 0.4 M Na;SPO; in deuterated buffer, pH 8.6, 37°C, 1h; (v) pH 4, 37°C, 2h or PP1 phosphatase, 30 °C, Th. M, calculated total protein

molecular mass; M., observed total protein molecular mass.
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on sulfonium type, for example. Moreover, no reactions of this type
(or similar) have been mechanistically evaluated previously on-
protein, highlighting a potentially powerful influence of substrate
(that is, the protein) on the reaction. Prompted by these intriguing
observations of selectivity and putative intermediates, we set out
to probe this mechanism in detail as an example of an apparently
complex and mechanistically unclear chemical reaction using the
deuterium-replacement method.

Exploring the chemistry of a stable protein sulfonium. First,
before use of this stable-deuteration strategy, we set out to further
confirm and explore the reactivity of the proposed sulfonium inter-
mediate conditions for potential exchange of C-H (that is basic).
GFP-S147C is the only system in which a stable sulfonium has been
observed (Fig. 4a), which is GFP-S147Sul, resulting from reaction
with DBHDA. Its stability can be attributed to local microenviron-
ment of the protein; in GFP the structured protein f3-barrel appears
to shield the a-proton of residue 147, thus rendering it inacces-
sible and preventing elimination to dehydroalanine’. Although
this sulfonium species is stable at low temperatures (ca. 4°C) over a
protracted period, at 37 °C at pH 8 we observed evidence of decom-
position (Supplementary Fig. 19). In the absence of a pathway for
the formation of Dha, apparently direct fragmentation was observed
that appeared to proceed through [3 4 2] cycloreversion (Fig. 4a) to
form a corresponding protein vinyl sulfide with concomitant elimi-
nation of acrylamide. This was consistent with both the mass differ-
ences observed and prior observations in small molecules™*.
Moreover, computation revealed the most stable transition state
barrier for this reaction. With conformational sampling, a total of
ten transition structures were found. These ranged in energy from
20.3 to 25.1kcalmol™ (or 15.9 to 20.7kcalmol™" with respect to
the lowest energy sulfonium ylide at 4.4kcalmol™), indicative of a
kinetically feasible process at 37 °C. The associated intrinsic reaction
coordinate confirmed that this is a concerted, albeit asynchronous,
[3 +2] retro-cycloaddition/cycloreversion (Supplementary Fig. 20).
The observation of such a retro-cycloaddition/cycloreversion
implied the formation of a sulfonium ylide from sulfonium GFP-
S147Sul (Fig. 4a). We considered that this intermediate might be
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sufficiently long lived to allow ‘wash in’ of a label from solvent,
which could be observed in fragmented acrylamide (Supplementary
Figs. 21 and 22). Incubation of GFP-S147Sul in deuterated buffer
released -deutero-acylamide, which was unambiguously identified
by MS and MS/MS, consistent with wash-in into GFP-S147Sul fol-
lowed by fragmentation. Next, we explored ‘wash in’ in systems that
lead to productive elimination to Dha, which might carry such a
‘washed-in’ label in their eliminated THT leaving groups (as well as
in any long-lived carbene in the protein product). Therefore, two
proteins that, unlike GFP-S147C, are known to productively pro-
duce Dha—subtilisin SBL-S156C and histone H3-S10C—were cho-
sen as models for this ‘wash-in’ strategy (Fig. 4b-d). In both cases,
reaction via treatment with DBHDA in deuterated buffer gave the
byproduct tetrahydrothiophene carbodiamide (THTCD; 2), which
showed deuterium incorporation (Fig. 4b,c). MS/MS analysis
(Supplementary Figs. 23 and 24) unequivocally located the deutera-
tion at the Ca” carbon of THTCD, not on exchangeable protons.
Thus, product ion spectra were collected with normalized collision
energy for each m/z corresponding to d,-THTCD; the precursor
isolation window for MS/MS scans was 0.4 Th, sufficient to isolate
each isobar. Control experiments showed that neither DBHDA nor
THTCD were themselves directly deuterated under the reaction con-
ditions (Supplementary Fig. 25), eliminating the possibility of direct
H-D side exchange of either during reaction or analysis. Together,
these data confirmed the formation of a sulfonium ylide and a site
of deprotonation consistent with intermediacy during elimination.
Moreover, the detection of doubly deuterated THTCD-d2 suggested
that the equilibrium between ylide and sulfonium is faster than any
subsequent elimination process. Furthermore, no deuteration was
observed in Dha product from reactions, leading us to tentatively
discard a-elimination via long-lived carbene formation as a poten-
tial mechanism.

Use of deuteration to probe Dha formation. Having used such
‘wash-in’ experiments, we next chose to probe the mechanism
more deeply with the protein variants bearing pre-installed deute-
rium labels at predetermined nonexchangeable sites by exploiting
the a-C deuteration chemistry developed above for this purpose.
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Fig. 3 | The Cys—Dha protein chemistry reaction to be mechanistically
probed by deuteration. a, Formation of Dha from Cys via double alkylation
and elimination of a sulfonium intermediate creates tetrahydrothiophene
(THT) byproducts. b, Four broad mechanisms of elimination were
considered in this study: anti-E2 elimination; two-step E1cB elimination
via carbanion; a’-f elimination via sulfonium ylide; and a-elimination
carbene formation (leading to Dha). B represents a generalized base
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With stable Ca-Cys-deuterium-labeled proteins in hand (Fig. 2),
we tested whether internal deuteron transfer (for example, from
Ca to ylide) might be observed during formation of Dha from
Cys (Fig. 4). Deuteration of THTCD was not observed for either
H3-dC10 (Fig. 4d) or H3-dC26 (Supplementary Fig. 26). Together,
these data suggested that if the sulfonium ylide plays the role of an
intramolecular base (Fig. 3b), then any abstraction is rapid on the
timescale of elimination, leading to solvent exchange (‘wash-out’).
To test this hypothesis, we set out to restrict the effects of solvent
exchange through the use of aprotic solvents of similar polarity.
Unfortunately, none of the protein substrates were sufficiently solu-
ble to allow unambiguous experiments. However, application of the
Ca-deuteration methodology (which was readily extended to small
molecules) allowed preparation of small-molecule models contain-
ing Cys residues with sufficient solubility in DMSO. Consistent with
reactivity on proteins, formation of a-deuterated AcNHCysOMe
(AcNHCysOMe-d1; 4) (Fig. 5a) was best achieved in two steps by
reaction of the corresponding Dha-residue (AcNHDhaOMe) with
Na,SPO; in D,0O followed by treatment with HCl (aq.) up to pH 3 to
afford the desired AcNHCysOMe-d1 with>95% deuterium incor-
poration in good yield. Use of potassium thioacetate (KSAc) in D,O
followed by deacetylation using K,CO, in MeOH was also success-
ful. Though the overall recovered yield for this alternative two-step
conversion was not outstanding (38%), it nonetheless allowed high
levels of label incorporation (>95%). Upon treatment with DBHDA,
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the thus-labeled Dha-model AcNHCysOMe-dl behaved essen-
tially identically to protein systems (Fig. 5-bd and Supplementary
Figs. 27 and 28) in protic (aqueous buffer or D,0) solvents, thereby
suggesting its validity as a model in aprotic systems.

To test the mechanistic feasibility of intramolecular proton trans-
fer in the absence of solvent exchange, we treated AcNHCysOMe-d1
with DBHDA in the presence of base (K,CO;) in nonexchangeable
solvent DMSO-d6. Both LC-MS and NMR revealed the formation
of THTCD-d1 (Fig. 6a). Its formation can be explained by the for-
mation of a sulfonium ylide that acts as an intramolecular base to
abstract the a-deuterium of the residue in AcNHCysOMe-d1. To
further probe the intra- versus intermolecular nature of this abstrac-
tion, we conducted a series of dilution experiments (Supplementary
Fig. 29) confirming that at higher concentrations (beyond those that
may be seen in proteins) deuterium incorporation in THTCD-d1 is
lost, consistent with an intramolecular mechanism via pre-equili-
brating ylide formation at lower concentration. It should be noted
that such intermolecular (and hence protein-to-protein) abstraction
is much less probable in proteins given the (likely) more crowded
nature as compared to the small-molecule model AcNHCysOMe.

Computational analysis of Dha formation mechanism. Together,
these results on both proteins and amino acid models are consis-
tent with the formation of a sulfonium ylide through deprotonation
of sulfonium at Ca’. The lifetime of this ylide appears sufficient
to allow ‘wash-in’ from exchangeable solvent. This ylide is also
capable of relayed deprotonation of the Ca’ position of the Cys
residue, resulting in formation of site-specifically deuterated THT
in nonexchangeable solvent; concentration dependency implicates
intramolecular deprotonation, and this deuteration appears to be
‘washed-out’ in exchangeable solvent (Fig. 6a). This implicated
E1cB elimination with ‘wash-out/in’” at rates greater than those for
elimination.

Density functional theory (DFT) calculations (Fig. 6b) were
used to characterize pathways for a concerted E2 elimination
and intramolecular deprotonation via the ylide as internal base.
Conformations were sampled systematically, and possible rotamers
were generated incrementally by varying a combination of key dihe-
dral angles. Two key dihedral angles along C,-C,and C;-S of the cys-
teine residue were used. These structures were then used as starting
structures to find all possible transition states (TSs). In total, 13 TSs
were found for the intermolecular a-deprotonation to form a sulfo-
nium ylide, with six structures having energies within 5kcalmol™!
of the lowest energy structure (at 15.3kcalmol™"). A total of sixteen
TSs were found for the intramolecular deprotonation by the sulfo-
nium ylide, with ten structures having energies within 5kcal mol™!
of the lowest energy structure (at 16.6kcalmol™). A total of ten
TSs were found for the competing E2 pathway, with five structures
having energies within 5kcalmol™" of the lowest energy structure
(at 21.0kcalmol™). The final product formations in each pathways
were found to be as low as —23.0 to —27.0kcal mol ™}, indicating that
the formation of final products was highly exergonic and that the
reaction is irreversible and under kinetic control.

The computed sulfonium ylide formation was found to be
relatively facile and marginally endergonic (that is, uphill, at
4.4kcal mol™"), making its formation reversible, consistent with the
rapid equilibration observed in the labeling experiments. The subse-
quent step, intramolecular deprotonation (formally a retro-ene reac-
tion) is thermally feasible and is the overall rate-determining step. A
concerted transition structure was confirmed by an intrinsic reac-
tion coordinate analysis (HOMO plotted in Supplementary Fig. 30).
By contrast, the E2-elimination barrier is about 4.4kcalmol™ less
favorable than that computed for the intramolecular process, mak-
ing this pathway substantially kinetically disfavored (>1,600 times
selectivity for intramolecular deprotonation over E2 deprotonation
using simple transition state theory). Together, this supported the
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for+1, and 4.5% for +2). Mass spectra were generated from n=2 independent
s.d. values were calculated to generate the error bars. These experiments were
via sulfonium ylide.

potential for a Swern-like intramolecular deprotonation event in
the elimination.

Discussion
In summary, we have developed a ready, direct, site-selective
method to replace hydrogen with deuterium at the a-position of a
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experiments. The individual data points are overlaid as circles on the bars.
repeated independently twice. d, Proposed mechanism of D incorporation

Cys residue in both amino acid models and proteins. Such a-deu-
terated protein substrates could now prove to be useful mechanistic
tools to elucidate detailed protein chemistry. Here, strikingly, they
suggest that an unusual sulfonium ylide intermediate is involved in
the formation of Dha from Cys (formed using bis-alkylating reagent
DBHDA) and that this ylide acts as an internal base to abstract a
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proton from the protein backbone, which in turn leads to elimina-
tion. This is consistent with the lower pK;s of a-protons of sulfoni-
ums as compared to those of backbone aCH-protons of amino acid
residues*’. Observation of both ‘wash-out’ and ‘wash-in’ suggests
that the resulting Ca carbanion is sufficiently long-lived, which
in turn suggests a step-wise E1cB (perhaps E1cB,,,,) mechanism
(Supplementary Fig. 31). Ylide intermediacy is also supported by
the fragmentation of a longer-lived sulfonium in GFP and quantum
mechanical calculations. Taken together, this mechanism appears
to exploit the relaying of increasingly effective kinetic basicity using
a sulfonium as an intramolecular base akin to the widely known
and used classical “Swern reaction” oxidative elimination that forms
carbonyls from alcohols*, although other mechanisms cannot be
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discounted. Such a reaction has not previously been implicated in
a biological system.

The development of site-selective protein labeling (here D) and
MS* methodology for tracking that label has proven here to be a
powerful analytical combination for unpicking complex, previ-
ously unknown, protein chemistry. These techniques have not only
allowed the study of a chemical protein modification reaction, but
also reveal a more general approach to studying complex mechanis-
tic analyses in protein chemistry. Thus, these methods may in turn
allow better understanding of parameters that determine selectivi-
ties and efficiencies of many other key protein reactions.

Given the continuing popularity of Cys as a modification handle®,
the targeting of Cys (Fig. 1c) is a useful first proof of principle of a
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potentially more general method (Fig. 1a,b), which could in prin-
ciple be applied to other electrophiles and nucleophiles, as well as
be combined with either further modification or alteration to other
amino acids**". Such access to various labeled variants of amino
acids may also not be necessarily restricted to Dha as an intermedi-
ate, and other variants such as dehydroaminobutyric acid (Dhb) may
also be considered, potentially expanding that range further.
Notably, although in this mechanistic study we have largely
focused on the use of this site-selective deuteration method for the
creation of a-deutero-Cys residues in proteins, we were also able
to demonstrate in proof-of-principle experiments (Supplementary

NATURE CHEMICAL BIOLOGY | VOL 14 | OCTOBER 2018 | 955-963 | www.nature.com/naturechemicalbiology

Fig. 1) that a variety of protected-Cys derivatives could be installed
in proteins via parallel thia-Michael reactions. These include, for
example, photo-caged (and releasable) variants, thereby highlight-
ing potential strategies for the use of mechanistic probes with tem-
poral control (for example, through photo-uncaging).

It is important to note that the method we used here gener-
ates epimers at the a-position that may limit some applications™.
Therefore, to be clear, the formation of some D-epimers renders this
process traceless only with regard to the constitution of the bonds
formed and are not completely traceless in configuration. However,
such deutero-epimers, as we show here, can be used to probe
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mechanisms. It can also be anticipated that the greatly reduced
radius of gyration that arises from backbone modification as com-
pared to strategies based on more mobile side chain or heteroatom-
D labels will allow structural interrogation with potentially reduced
ambiguity in distance constraints, even despite the presence of
epimers, and in the context of a low-background spectral window

allowing good sensitivity*>*® and/or ‘isotopic editing™’.

Finally, other speculative applications can also be envisaged.
a-C-deuterated amino acids such as Merck drug candidate MK0641
Fludalanine® have shown clear benefits, and there is a recent resur-
gence in the use of such deuteration in drug candidates®. Through
the methods we describe here, directly analogous a-C-deuterated
proteins as candidate ‘biologics’ can now be considered and poten-

tially readily explored.

Online content

Methods (including Nature Research reporting summary), refer-
ences, source data, statements of data availability and associated
accession codes are available at https://doi.org/10.1038/s41589-
018-0128-y.
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Methods

Analytical tools for protein reaction monitoring and characterization. For SBL
and H3, liquid chromatography-mass spectrometry (LC-MS) was performed

on a Micromass LCT (ESI-TOF-MS) coupled to a Shimadzu HPLC using a
Thermo Proswift (250 X 4.6 mm X 5 pm). Water:acetonitrile, 95:5 (solvent A)

and acetonitrile (solvent B), each containing 0.1% formic acid, were used as the
mobile phase at a flow rate of 0.4 mL min~". The gradient was programmed as
follows: 95% A (5min isocratic) to 100% B after 15 min then isocratic for 5min.
The electrospray source of LCT was operated with a capillary voltage of 3.2kV
and a cone voltage of 25 V. Nitrogen was used as the nebulizer and desolvation gas
at a total flow of 600 litersh™". Spectra were calibrated using a calibration curve
constructed from a minimum of 17 matched peaks from the multiply charged

ion series of equine myoglobin, which was also obtained at a cone voltage of

25V. Total mass spectra were reconstructed from the ion series using the MaxEnt
algorithm preinstalled on MassLynx software (v. 4.0 from Waters) according to the
manufacturer’s instructions.

For GFP, LC-MS was performed on protein samples using a Thermo Scientific
uPLC connected to an MSQ Plus Single Quad Detector (SQD). Column: Hypersil
Gold C4, 1.9 pm, 2.1 x 50 mm. Wavelength: 254 nm. Mobile phase: 99:1 water
(0.1% formic acid): MeCN (0.1% formic acid) to 1:9 water (0.1% formic acid):
MeCN (0.1% formic acid) gradient over 4 min. Flow rate: 0.3 mL/min. MS
mode: ES+. Scan range: m/z=500-2,000. Scan time: 1.5s. Data were obtained in
continuum mode. The electrospray source of the MS was operated with a capillary
voltage of 3.5kV and a cone voltage of 50 V. Nitrogen was used as the nebulizer
and desolvation gas at a total flow of 600 liters/h. Ion series were generated by
integration of the total ion chromatogram (TIC) over the 3.4-4.8 min range. Total
mass spectra for protein samples were reconstructed from the ion series using
the pre-installed ProMass 2.8 software (Thermo) using default settings for large
proteins in m/z range 500-1,500.

Characterization of intact protein was performed using a Xevo G2-S Q-ToF
high-resolution mass spectrometer (Waters, Wilmslow, UK) coupled with an
Acquity UPLC system. The column was a Chromolith RP18 2 X 50 mm column
(Merck). Elution solvents were: (A) de-ionized water (18 MQ resistivity) with 0.1%
(vol/vol) formic acid (analytical grade, Sigma UK), and (B) acetonitrile (HPLC
grade, Sigma, UK), isocratic 95% A for 0.5 min followed by gradient to 5% A for
2.5min, isocratic for 0.5 min, then gradient for 0.05min to 95% A followed by
isocratic for 1.45 min. Instrument control, data acquisition, and data processing
were performed using Masslynx 4.1 software. The mass spectrometer was operated
in positive electrospray mode, and source conditions were adjusted to maximize
sensitivity. Lockspray was used during analysis to maintain mass accuracy. The
data were processed using Masslynx and deconvoluted using MaxEnt.

Tryptic peptides were analyzed by an Orbitrap Elite coupled with nanoLC.
The data were processed using Maxquant for site determination and Xcalibur for
determination of deuterium incorporation.

Expression and purification of proteins. The gene for histone H3S10C and
H3R26C was generated and expressed as described previously”. The gene
for GFP(S147C) in the vector pNIC28-Bsa4 was generated and expressed as
described previously™.

Formation of GFPSul147 and identification of fragmentation products.
Formation of GFPSul147. Dithiothreitol (10 pL, 340 mM as a solution in H,0,

100 equiv.) was added to a solution of GFPS147C (100 pL, 1 mg/mL) in sodium
phosphate buffer (100 mM, pH 8.0), and the solution was incubated at 21 °C for

1 h. The excess reducing agent was removed by repeated diafiltration into fresh
buffer using VivaSpin sample concentrators (GE Healthcare, 10,000 MWCO).
2,5-dibromohexanediamide (DBHDA, 10 pL, 17 mM as a solution in DME, 50
equiv.) was added to the reduced protein solution and the mixture was vortexed
for 1s before being incubated with shaking (2h, 37°C, 300 r.p.m.). LC-MS analysis
confirmed the formation of GFPSul147. See Supplementary Fig. 19.

Fragmentation of GFP-Sul147 at pH 8 (sodium phosphate). GFPSul147 (100 pL,
1 mg/mL) in sodium phosphate buffer (100 mM, pH 8.0) was incubated with
shaking (24 h, 37°C, 300 r.p.m.). Fragmented products were observed using
LC-MS. See Supplementary Fig. 19.

GFP-Sul147 wash-in studies. Deuterated sodium phosphate buffer (100 mM,

pH 8.0) was prepared by dissolving sodium phosphate monobasic monohydrate
(0.096 g) and sodium phosphate dibasic (1.32 g) in deuterium oxide (50 mL). The
solution was then freeze-dried for 24 h, and the resultant salts were re-dissolved in
deuterium oxide (50 mL). This operation was repeated 5 times. Dithiothreitol

(10 pL, 340 mM as a solution in D,0, 100 equiv.) was added to a solution

of GFP-S147C (100 pL, 1 mg/mL) in deuterated sodium phosphate buffer
(100mM, pH 8.0), and the solution was incubated at 21 °C for 1 h. The excess
reducing agent was removed by repeated diafiltration into fresh deuterated

buffer using VivaSpin sample concentrators (GE Healthcare, 10,000 MWCO).
2,5-dibromohexanediamide (DBHDA, 10 pL, 17 mM as a solution in DMSO-d, 50
equiv.) was added to the reduced protein solution and the mixture was vortexed for
1s before being incubated (24 h, 37°C, 300 r.p.m.). LC-MS analysis revealed a mix

of deuterated GFPSul147 with fragment on-protein and deuterated small-molecule
fragments. See Supplementary Figs. 21 and 22.

Formation of dehydroalanine in deuterated buffer. Preparation of deuterated
buffers. The deuterated sodium phosphate buffer was prepared by dissolving
sodium phosphate monobasic monohydrate (0.24 g) and sodium phosphate dibasic
(3.31g) in deuterium oxide (50 mL). The solution was then freeze-dried for 24 h,
and the resultant salts were redissolved in deuterium oxide (50 mL). This operation
was repeated five times.

Formation of SBLDhal56 in deuterated buffer. Lyophilized SBLS156C (5mg) in
deuterated 50 mM sodium phosphate buffer pH 8 (reaction buffer) was treated
with a 1 M solution of DTT in reaction buffer. The mixture was shaken at 600
r.p.m. at room temperature. The mixture was desalted using a PD-Miditrap G25
preequilibrated with reaction buffer to afford 1.5mL of a 2mg/mL solution. The
solution was treated with DBHDA in solution in DMF (200 eq. in 1 pL of DMF).
The mixture was shaken at 600 r.p.m. at room temperature for 30 min and at 37°C.
The reaction was monitored by LC-MS. The reaction was typically complete after
2h. The mixture was analyzed by LC-MS/MS. See Supplementary Fig. 23.

General method for formation of ‘H3DhaX’ in deuterated buffer. A solution of
lyophilized H3CX was prepared at a concentration of 2.0 mg/mL in deuterium
oxide. A 250-uL aliquot of the protein solution was diluted with 250 uL of pH 8.0
sodium phosphate buffer (50 mM). To this diluted protein solution was then
added DTT (10 mg). The solution was shaken at room temperature for 15 min to
reduce any contaminant disulfide. After this time, the protein solution was passed
through a PD Minitrap G25 previously equilibrated with deuterium oxide and
eluted with 1.0 mL of deuterium oxide. The histone solution was stored on ice
until needed. A stock solution of DBHDA was prepared by dissolving 84 mg in
564 uL of DMF. A 250-uL aliquot of the reduced protein was diluted with 250 uL
of 50 mM sodium phosphate pH 8.0 and warmed to room temperature. Once the
protein was at room temperature, a 50-uL aliquot of the DBHDA solution was
added. The reaction was vortexed and then shaken at room temperature

for 30 min and then at 37 °C for 60 min. The reaction mixture was then cooled

to room temperature and precipitated DBHDA was removed by centrifugation
(2min, 14,000g). The reaction was monitored by LC-MS and analyzed by
LC-MS/MS. See Supplementary Fig. 24.

Site-selective a-deuteration of proteins. Preparation of protein and reagents

to minimize the presence of exchangeable protons. Protein was lyophilized three
times in deuterium oxide. Deuterated buffer: For 50 mL of solution, the desired
amounts of buffer components were dissolved in the desired volume of deuterium
oxide. After adjusting the pH and volume, the solutions were lyophilized and
resolubilized with fresh deuterium oxide.

Exploratory reactions with sodium sulfide. To a solution of SBLS156Dha in 0.1 M
deuterated sodium phosphate buffer (pH 7, 1.43 mg/mL, 0.15mL) was added an
aqueous solution of Na,S (6 uL, 50 pg/uL, dissolved in pH 7 deuterated sodium
phosphate buffer). The solution was briefly vortexed and shaken at 15°C for

10 min. At 10, 20, 30, 40, and 50 min, 6 pL of the Na,S solution was added. The
solution was kept shaking in between each addition. Ten minutes after the last
addition, the reaction mixture was analyzed by protein MS to ensure complete
conversion. Na,S was removed by filtering through a Micro Bio-Spin 6 Column
(Bio-Rad) (pre-equilibrated with 50 mM sodium phosphate buffer, pH 8). The
filtrate was filtered again using another pre-equilibrated Micro Bio-Spin 6 Column.
For protein MS analysis, 3 pL of the reaction mixture was taken and transferred
to an MS vial. 50 pL of Milli-Q water and 3 pL of 1 M HCl solution were then
added. The mixture was then analyzed by LC-MS (note: addition of dil. HCI
(aq.) to acidify before MS analysis can improve the quality of MS spectra). See
Supplementary Fig. 1c.

Exploratory reactions with sodium thioacetate. Monitoring of SBLS156Dha
treated with KSAc at pH 8 (A. t=0h, B. t=1h) showed formation of
SBLS156Acc. Attempted deprotection of SBLS156Acc to SBLS156C using
NH,OMe (500 equiv.) in 50 mM NaPi pH 8 returned only starting material
after 4 h™". See Supplementary Fig. 1c.

Typical procedure for protein deuteration via thiophosphate. Anhydrous sodium
thiophosphate was prepared as described previously from commercially available
sodium thiophosphate hydrate’'.

Formation of H3DhaX. Lyophilized histone H3CX (5mg) was solubilized in
reaction buffer, deuterated 50 mM Tris, 5M GdmCl pH 8 buffer (500 uL).

DTT solid (1 mg) was added to the solution to reduce the dimer and the
-mercaptoethanol adduct formed during purification and storage. The mixture was
shaken at 600 r.p.m. at room temperature for 30 min. The mixture was desalted
using a PD-Minitrap G25 preequilibrated with reaction buffer to afford 1 mL

of solution. A stock solution of DBHDA in DMF was added. The mixture was
shaken at 600 r.p.m. at room temperature for 30 min before heating up to 37°C
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for typically 3 h. The reaction was monitored using LC-MS. See Supplementary
Figs. 2a and 18.

Formation of H3dpCX. The reaction was monitored by LC-MS to avoid
overalkylation. One aliquot of the mixture (500 pL) was desalted and the buffer was
exchanged using a PD-Minitrap G25 preequilibrated with a 0.4 M Na,SPO,, 5M
GdmCl pH 8.5 buffer to afford 1 mL of solution. The mixture was shaken at 600
r.p.m. at 37 °C for typically 2h. One aliquot of the mixture (500 pL) was desalted
and the buffer was exchanged using a PD-Minitrap G25 preequilibrated with a

50 mM Tris, 5M GdmCl pH 8 buffer to afford 1 mL of solution. The reaction was
monitored using LC-MS. Observed differences in mass during synthesis were also
due to slowly exchangeable deuterons inside the protein. See Supplementary Fig. 2a

Formation of H3dCX. Method A: the mixture was acidified to pH 4 with addition
of glutathione. The mixture was shaken at 600 r.p.m. at 37 °C for typically 1 h to
afford the desired H3dCX. The reaction was monitored by LC-MS. The solution
was a mixture of free and glutathione (Glu) adduct (+305) H3dCX. Treatment with
a10mM DTT aqueous solution afforded the desired H3dCX. See Supplementary
Figs. 2b,c and 18.

Method B: the mixture was buffer exchanged using a PD-Spintrap G25
equilibrated with 50 mM Tris, 100 mM NaCl, pH 8 buffer. The enzymatic reaction
was set up according to the PP1 provider (BioLabs, P0754S): 4 uL of H3dpCX
(1 mg/mL)+4uL of NE buffer (X10) +4 pL of MnCl, buffer (X10)+ 0.4 uL PP1
(2,500 U/mL). The volume was adjusted to 40 pL with Milli-Q water and incubated
at 30 °C. The reaction was monitored by LC-MS. The reaction was complete after
30 min for H3dC10 and 2h for H3dC26. An adduct was observed by LC-MS
corresponding to thiophosphate (+112). Treatment with a 10mM DTT aqueous
solution afforded the desired H3dCX. In both cases, the mixtures were then
dialyzed using refolding buffer consisting of 20 mM Tris, 250 mM KCl, and 1 mM
EDTA to afford the desired H3dCX and DTT was added to afford a 20 mM Tris,
250mM KCI, 1 mM EDTA, and 5mM DTT solution.

Deuterium incorporation detection. See Supplementary Fig. 3.

Deuterium incorporation estimation using LC-MS on intact protein. Aliquots
of 0.5mg/mL of the desired protein were prepared in water. The aliquots were
analyzed using Xevo G2-S Q-Tof. The data were processed using MaxLynx
v4.1. Deconvolution was set up: output mass, ranges 10,000:20,000, resolution
0.04 Da/channel; damage model, uniform Gaussian width at half height 0.5 Da,
minimum intensity ratios left 33% and right 33% and completion options, iterate
to convergence. Two independent runs were performed on each sample. See
Supplementary Fig. 4 and Supplementary Tables 1 and 2.

Percentage deuterium incorporation (%D) on intact protein was determined
as follows:

Mobs. = Mdeut. X %D + M,

non—deut- X (1_%D)
with M, =mass observed, M., =mass of deuterated protein, %D = percentage of
deuterated protein or percentage deuterium incorporation, and M, 4., =mass of
non-deuterated protein.
This equation is equivalent to:
%D = (Mobs._Mnon—deul.) / (Mdcu&._M

non—deul.)

AS My =M, on-qew. = 1, the percentage incorporation could be estimated as

0, —
%D = My, =Mondeut.

Control isotopic pattern determination. The deconvolution was performed with

a uniform Gaussian at half height of 0.04 Da to allow observation of the isotopic
pattern of the desired mass, which confirmed that the variation in mass was due to
a deuterium addition. A typical spectrum is shown in Supplementary Fig. 4.

Validation of deuterium incorporation levels and confirmation of the location of
deuterium by LC-MS/MS of tryptic peptide. An aliquot of H3 (1 mg/mL, 25uL) was
diluted with a 8 M aqueous solution of urea (75 uL). The sample was incubated at
room temperature for 10 min with occasional vortexing. The protein was reduced
with DTT (200 mM solution in water) at 56 °C for 25 min and alkylated with
iodoacetamide (400 mM solution in water) at room temperature for 30 min in the
dark. The sample was diluted with ammonium bicarbonate buffer and trypsin

was added (final enzyme:protein 1:50 (w/w) ratio). The sample was incubated
overnight at 37 °C. The digested protein was diluted to a final concentration of 100
fmol/pL with Milli-Q water. The sample was analyzed by LC-MS/MS.

Data processing as confirmation of the location of deuterium. The data were processed

using Mascot on own database containing H3 variants with variable modifications:

custom-made deuterated carbamidomethyl on cysteine residue; peptide mass

tolerance: +:20 p.p.m.; fragment mass tolerance: +0.5 Da; max missed cleavages: 3;

instrument type: default. See Supplementary Fig. 4 and Supplementary Tables 1 and 2.
For H3dC10: Protein sequence coverage: 68%; matched peptides shown

in bold.
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1 MARTKQTARK CTGGKAPRKQ LATKAARKSA PATGGVKKPH RYRPGTVALR

51 EIRRYQKSTE  LLIRKLPFQR LVREIAQDFK  TDLRFQSSAV MALQEASEAY

101 LVALFEDTNL AAIHAKRVTI  MPKDIQLARR IRGERA

For H3dC26: Protein sequence coverage: 90%; matched peptides shown in
bold.

1 MARTKQTARK STGGKAPRKQ LATKAACKSA PATGGVKKPH RYRPGTVALR

51 EIRRYQKSTE  LLIRKLPFQR LVREIAQDFK  TDLRFQSSAV MALQEASEAY

101 LVALFEDTNL  AAIHAKRVTI MPKDIQLARR IRGERA

Deuterium incorporation estimation using LC-MS on tryptic peptide. The data
generated by LC-MS/MS of tryptic digest were processed using Thermo Xcalibur
Qual browser. MS1 was processed using chromatogram ranges: base peak, scan
filter full ms, range: m/z value of peptide with automatic processing (mass tolerance
10 p.p.m. and 4 decimals). The m/z values used were determined in the mascot
analysis. The full desired peak was integrated to afford an average of the mass of
the desired peptide. Three different peptides were used as triplicates. For example,
MSI analysis of the peptide 4-18 from the tryptic digests of H3dC10 batches
prepared using conditions 1, 2, 3, 4 and 5 (see Supplementary Table 2) showed
different mixture of TKQTARKC,,,TGGKAPR and TKQTARKAC,,, TGGKAPR.
The comparison between isotopic patterns of nondeuterated peptide and sample
peptide allowed calculation of the percentage of deuteration incorporation. See
Supplementary Figs. 6-8.

Statistics and data analysis. Bar graphs represent the mean values of the relative
intensities (normalized with respect to the most intense peak) of the mass of
unlabeled and labeled THTCD, in which the *C and *$ isotopologue influence
has been subtracted based on the theoretical unlabeled THTCD isotopic pattern
(100% for 0; 6.5% for +1, and 4.5% for +2). Mass spectra were generated from n=2
independent experiments. The individual data points are overlaid as circles on the
bars. s.d. values were calculated to generate the error bars.

Analysis of the stereoselectivity of deuteration. Analysis of (p-/L-)C10 ratio

in histone H3. Histone samples (1 ug/uL, 100 uL in 3 M guanidinium chloride,

100 mM sodium phosphate buffer pH 8.5) were mixed with DTT (500 mM in
water, 1 uL) and incubated at 25°C for 15 min. 2-chloroacetamide (500 mM freshly
prepared in 100 mM TEAB buffer, 10 uL) was added and the mixture was incubated
at 25°C for 45 min in the dark. The excess 2-chloroacetamide was quenched with
DTT (500 mM in water, 11 pL) at 25°C for 30 min. Alkylated histone sample was
buffer-exchanged to ArgC incubation buffer (50 mM Tris, 5mM CaCl,, 2mM
EDTA, pH 7.8) using a SpinTrap G-25 column (GE Healthcare). ArgC protease
(PeproTech, 4 pg in 20 pL) and ArgC activation buffer (50 mM Tris, 50 mM DTT,
2mM EDTA; 13 pL) were added and the digestion mixture was shaken (300 r.p.m.)
at 37°C for 4h. Peptides were desalted using Oasis HLB 1-cc 10-mg column
(Waters) following the manufacturer’s protocol. Dried peptides were redissolved in
0.1% formic acid, 2% acetonitrile (100 uL) and analyzed on a NanoAcquity-UPLC
system (Waters) coupled to an Orbitrap Elite mass spectrometer (Thermo Fischer
Scientific) possessing an EASY-Spray nano-electrospray ion source (Thermo
Fischer Scientific). Peptides (2 uL injection in 0.05% TFA) were separated on an
EASY-spray Acclaim PepMap analytical column (75 um i.d. X 15mm, RSLC C18,
3um, 100 A) using a linear gradient (length: 60 min; 0-3 min 1% B, 3-33 min 35%
B, 33-38 min 99% B, 38-41min 99% B, 41-44 min 1% B, 44-47 min 99% B,
47-50min 99% B, 50-60 min 1% B; solvent A (0.1% formic acid), B (0.1% formic
acid in acetonitrile), flow rate: 300 nL/min). Data-dependent MS acquisition
full-scan MS spectra were collected (scan range 350-1,500 m/z, resolution 120,000,
AGC target 1E6, maximum injection time 100 ms). After the MS scans, the ten
most intense peaks were selected for HCD fragmentation at 35% of normalized
collision energy. HCD spectra were acquired in the Iontrap (AGC target 1e3,
maximum injection time 50 ms). See Supplementary Figs. 9-17.

Reaction of H3dC in aqueous buffer. A solution of H3dCX was buffer exchanged
to 50 mM sodium phosphate buffer pH 8. The concentration was adjusted to
0.5mg/mL. The mixture was treated with a stock solution of DBHDA in DMF
(final 200 equiv. in 5% DMF). The reaction was vortexed and then shaken at room
temperature for 30 min and then at 37 °C for 60 min. The reaction mixture was
then cooled to room temperature. The reaction was monitored by LC-MS and
analyzed by LC-MS/MS. See Supplementary Fig. 26.

Small-molecule reactions. See Supplementary Note 1 and Supplementary
Figs. 27-29.

Computational methods. Density functional theory (DFT) calculations
were performed with Gaussian09 rev D.01 (Frisch, M. J. et al. (Gaussian, Inc.,
Wallingford CT, USA; 2009)). The hybrid meta-generalized gradient (GGA)
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MO06-2X exchange-correlation functional” with a fine integration grid and the
diffuse/polarized 6-3114++G(d,p) basis set for all elements were used. A conductor-
like polarizable continuum model (CPCM) of DMSO solvation was used during all
optimizations®>*. All stationary points were verified as either minima or first-order
saddle points/transition states (TSs) by the presence of zero or a single imaginary
harmonic vibrational frequency, respectively. Relative free energies were evaluated
at 298.15 K applying a haptic translational entropy correction to adjust from a
standard state of 1 atm to 1 mol/L, while a quasi-harmonic approximation was

used in which the treatment of vibrational entropies switches from a rigid-rotor
harmonic oscillator to a free rotor at frequencies below 100 cm™ as described
previously*>*. All structures and molecular orbitals were visualized using PyMOL
software (The PyMOL Molecular Graphics System v. 2.0 (Schrédinger, LLC.)).
Geometries of all TS structures (in.xyz format, including their associated energies
in Hartrees) from all conformational samplings are given in a separate folder
named TS_xyz. All TS conformers were named in ascending order of energy, with
cI being the lowest energy conformer. Absolute values (Hartrees) for SCF energy,
zero-point vibrational energy (ZPE), enthalpy and free energy (at 298 K) for the
lowest energy structures are given in Supplementary Table 3.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
All key MS data supporting figures are given in the Supplementary Information,
and all related raw data are available on request. All primary numerical data for

graphical plots in figures will be deposited as spreadsheets in the Oxford open
access depository ‘ORA-data’; https://doi.org/10.5287/bodleian:NGOgbEEZP.
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