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Abstract: Isotope effects play an important role in investigating enzymatic phosphoryl transfer reactions, which
are central in biochemical pathways and environmental metabolism. However, resolving different isotope effects
for mechanistic insights into phosphoryl transfer reactions with stable isotope analysis at natural abundance
remains challenging. Current analytical methods primarily allow '®0/'®O ratio measurements of phosphate and
preclude efficient quantification at different reaction extents. Moreover, various oxygen bond changes make
mechanistic interpretation of observable O isotope fractionation particularly difficult. Here, we review recent
advances in electrospray ionization Orbitrap mass spectrometry for O isotope analysis in phosphate and organ-
ophosphates, and the state-of-knowledge on position-specific isotope effects in phosphoryl transfer reactions.
Using a kinetic toy model, we illustrate that further development of ®0/'®O ratio analysis with Orbitrap MS should
include quantification of O isotope fractionation in organophosphate substrates and alcohol leaving groups to

evaluate nucleophilic attack and leaving group departure isotope effects.
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1. Introduction

Enzyme-catalysed phosphoryl transfer reactions are funda-
mental to many biochemical, biological and environmental pro-
cesses, including transcription, protein regulation, and metabo-

lism.[-31Tn biology and medicine, these reactions and the involved
enzymes are targets for drug design and enzyme engineering.[4-5]
In earth and environmental sciences, they serve as proxies for
metabolic processes and ecosystem functioning.[%71In both disci-
plines, stable isotope-based approaches are crucial for evaluating
reaction mechanisms, enzyme function,8-19 and tracing biochem-
ical pathways. Isotope fractionation, the subtle changes in isotop-
ic compositions, is interpreted as kinetic and equilibrium isotope
effects, offering unique insights into bonding changes in reactive
processes.!11-14]

Methods deriving isotope effects from isotope fractionation in
reactants and/or products are valuable as they operate at natural
isotopic abundance without isotopically labelled materials. These
methods are well-established and have been applied to study
numerous chemical and biological reactions and various isotopic
elements.[!516] However, this principle does not apply to phos-
phoryl transfer reactions and 'O isotope effects related to oxy-
gen bond changes due to two critical factors. First, isotope ratio
mass spectrometry requires cumbersome sample preparation for
180/'°Q ratio measurements in organophosphorus compounds and
inorganic phosphate, making O isotope fractionation determina-
tion over the course of the reaction rare. Second, phosphoryl trans-
fer reactions involve both O bond cleavage in the leaving group
and bond formation from nucleophilic attack by O-containing nu-
cleophiles, subjecting O isotope fractionation to changes in mul-
tiple oxygen bonds. These circumstances make the interpretation
of O isotope fractionation particularly challenging. While sophis-
ticated labelling schemes partially circumvent this issue,!!7-18! they
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preclude studying biological processes in environmental matrices.
Here, we elaborate on both the analytical procedures for '*0/'O
ratio measurements in (organo)phosphorus compounds and the
complexity of '*0 isotope effects in phosphoryl transfer reactions
to discuss novel perspectives for the study of these processes
using recent Orbitrap mass spectrometry developments.

2. Oxygen Isotope Ratio Analysis of Phosphate and
Organophosphorus Compounds

Measurements of '30/'O ratios in phosphate and organo-
phosphorus compounds are currently undergoing promising
developments. Until recently, '®0/'°0 ratios were obtained by bulk
isotope ratio analysis using elemental analysis (EA) and isotope ra-
tio mass spectrometry (IRMS),!1920] requiring phosphate isolation
in Ag,PO, salts. This approach limits sample throughput and anal-
ysis of O isotope fractionation at different reaction stages. These
limitations could be overcome through ®0/'°O ratio analysis by
electrospray ionization Orbitrap mass spectrometry (ESI-Orbitrap
MS)21.22] due to two major advantages. First, 80/'°O ratios are
obtained from relative signal intensities of simultaneous mass
spectrometric analysis of the two most abundant O isotopologue
species, eliminating analyte conversion to a single O-containing
species.[2324] Second, '80/'°O ratios can be determined not only
from phosphate isotopologues but also from its PO, fragment,
generated through in-source or collision cell fragmentation.[2!]
These findings imply that '®0/'°O ratios can be determined in
organophosphorus compounds if their phosphate moiety is frag-
mented without alteration of its '80/'°O ratio. Provided that accu-
racy of such measurements is established, ESI-Orbitrap MS would
offer novel and comprehensive avenues for isotopic analysis of
reactants and products of phosphoryl transfer reactions.

3. Isotope Effects in Phosphoryl Transfer Reactions

180 Isotope effects reveal the fundamental mechanisms of
phosphoryl transfer reactions and are exploited for different scien-
tific purposes. Mechanisms of bond cleavage and formation, tran-
sition state structures, and (enzyme) kinetics uncover common cat-
alytic strategies in biology and evolutionary relationships.[3-25-27]
Additionally, the expression of 'O isotope effects by various
phosphoryl transfer-catalysing enzymes determines the observa-
ble changes in '30/'°0 ratios in phosphate and organophosphorus
compounds, allowing inferences of metabolic processes.!0]

We illustrate the relationship between 'O isotope effects and
mechanistic information for a simplified phosphoryl transfer of a
phosphate monoester according to a concerted S 2-type mecha-
nism.[%18281Tn Scheme 1, a phosphate monoester is hydrolysed by
water through a synchronous transition state to orthophosphate
and an alcohol leaving group. The observable kinetic isotope ef-
fect, 'O KIE , , corresponds to the ratio of observable rate con-
stants, k , , for reactants with '°O and "*O substitution at one of the
various O atoms, as in Eqn. 1.

]80 KIEops = I6k0bs/]8k0bs (1)
non-bridge  bridge
r s \U ! 1 06_

O
o e
HZO + O\\yp\ /R -~

O =
o0 sO0 O 5-

Y
H,0---R---O—R
o+ B

For comprehensive definitions of the isotope effects in chem-
ical and enzymatic reactions, see Refs. [13,15]. As is apparent
from Scheme 1, the O KIE , magnitude arises from 180 substi-
tution at three chemically distinct positions, each exhibiting its
position-specific 'O KIE. **O KIE  is thus a combined measure
of oxygen bonding changes due to nucleophilic attack (green O
in Scheme 1) and leaving group departure affected by bridge O
(red) and non-bridge O of the transferred phosphoryl group (blue).
180 KIEs related to bond formation and cleavage are ‘primary’,
whereas bonding changes to non-bridge O during transition state
formation are ‘secondary’ and typically one order of magnitude
smaller.[28! For simplicity, we ignore isotope effect modulation
from forward/reverse commitment to catalysis(!3! and minor iso-
tope fractionation from substrate binding by these enzymes.[29]

Position-specific 'O KIEs cannot be measured directly.
Instead, their contribution to '*O KIE is obtained from evaluat-
ing observable O isotope fractionation in reactants and products
through '80/'°O ratio measurements. The colour-coded O atoms in
Scheme 1 illustrate that all three position-specific *O KIEs con-
tribute to O fractionation in the phosphate monoester substrate. '*O
KIEs from nucleophilic attack are reflected primarily in '*O/'°O
ratio changes of orthophosphate, whereas leaving group *O KIEs
are obtained mainly from isotope fractionation in the alcohol. The
180/1%0 ratios of water would reflect the '*O KIE of nucleophilic
attack, but due to large H,O excess, O isotope fractionation in H,O
is too small to be detected. Given these limitations, 'O KIEs of
phosphoryl transfer reactions have been evaluated selectively and
sometimes incompletely, and we discuss the state-of-knowledge
of these isotope effects before evaluating developments in #0/'O
ratio analysis by ESI-Orbitrap MS.

3.1 Leaving Group Isotope Fffects

Leaving group isotope effects, '*O KIE, ., are the most thor-
oughly studied isotope effects of phosphoryl transfer reac-
tions.[%10.18.28.301 Evidence for '*O KIE, ; originates from laboratory
experiments with isotopically labelled probe compounds,[17-30.31]
most often substituted nitrophenyl- and nitrobenzylphosphates, and
from computational methods.['9 While this approach cannot be ap-
plied to environmental samples, '*O KIE . data allows insightful
extrapolations regarding observable O isotope fractionation.

Table 1 shows selected "*O KIE , values for hydrolysis of 'O
labelled nitrophenyl- and -benzylphosphates (NPP and NBP) cat-
alysed by alkaline phosphatase (AIkP) wild-types and one vari-
ant.[8:1032.33] Entries labelled ‘bridge’ and ‘non-bridge’ represent
primary and secondary "*O KIE, , respectively. These data reveal
general trends for isotope effects in phosphoryl transfer reactions,
discussed in detail elsewhere.®!828301 (i) Primary 'O KIE, ,
values of enzymatic phosphoryl transfer range from unity to 1.02,
indicating P-'°O cleavage rates are 2% faster than those of P-'*0.
(ii) Secondary '*O KIE , values are an order of magnitude small-
er and inverse, favouring leaving groups with *O at non-bridge
positions over '%O. For comparison, we include chemical refer-
ence data with other substrates at elevated temperatures in Table
1, which can serve as upper bounds for enzymatic isotope effects.
(iii) Data for phosphate mono-, di- and triesters of NPP show that

t
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©

Scheme 1. Simplified phosphoryl transfer reaction following a concerted S, 2 mechanism through a single transition state () with H,O as incoming
nucleophile and R-OH as leaving group. Oxygen atom labels (nucleophile, non-bridge, bridge) are used for discussion of '®0 kinetic isotope effects,
0 KIE,, ., and their consequences for the '®0/'°O ratios in reactants and products.
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primary '"*O KIE, ; values are largest for phosphate monoesters
and decrease up to 4-fold (1.006) for phosphodi- and -triesters.
(iv) Secondary *O KIE , values show the opposite trend, increas-
ing in magnitude from phosphate monoesters to di- and triesters.
Primary and secondary 'O KIE, , values for phosphate triesters
can even be of similar magnitude (up to 1.006). Collectively, these
trends suggest primary 'O KIE, , values are sufficiently large to
cause measurable isotope fractionation despite compensation by
inverse secondary effects. Such fractionation would be best ob-
served in substrates and alcohol leaving groups. A moderate sec-
ondary "*O KIE, ; of phosphate triesters suggest these effects
might also be reflected in '®0/'°O ratio variations of ortho-phos-
phate.

Table 1. Leaving group isotope effects, '®0 KIE , and ®0 KIE_ for phos-
phoryl transfer reactions of organophosphate substrates catalyzed by
alkaline phosphatase (AIkP) wild type, AlkP variant R166S and two differ-
ent acid phosphatases (AcidP), and abiotic reference reactions in aque-
ous solution. Substrate abbreviations stand for p-nitrophenylphosphate
(oNPP), m-nitrobenzylphosphate (mNBP), adenosine 5’-monophosphate
(AMP), glycerolphosphate (GP), ethyl-pnitrophenylphosphate (EtOpNPP),
diethyl-p-nitrophenylphosphate ((EtO),oNPP). Leaving group KIEs for
bridging and non-bridging O-atoms are reported as '*0 KIE['S" >ri8¢,

180 KIE,,, were determined from ¢, according to Egn. 3.

enzyme substrate 130 KIE ¢ 50 KIELE ™™ BOKIE,  Ref.
AIKP wt pNPP 1.0003 + 0.0004  0.9982 + 0.0001 - 8]
mNBP 1.0072 + 0.0007  0.9988 + 0.0004 - [37]
Alk PR166S pNPP 1.0091 + 0.0006  0.9925 + 0.0011 - [38]
mNBP 1.0199 + 0.0013  0.9933 + 0.0004 - [37]
Ak P (E. coli) AMP - - 10338 139
GP - - 1.0409 139
Acid P AMP 10074 091
(potato) GP 1.0100 139
Acid P (wheat AMP 1.0096 3]
germ) GP 1.0127 B9
(abiotic) pNPP 1.0189 + 0.0005 0.9994 + 0.0005 - 18]
EtOpNPP 1.0042 + 0.0009  0.9974 + 0.0006 - 1401
(EtO),pNPP 1.0060 1.0063 + 0.0001 - 1411

3.2 Isotope Effect from Nucleophilic Attack

Unlike leaving group isotope effects, contributions from nu-
cleophilic attack of water or O-containing nucleophiles to
"0 KIE  have not been evaluated so far. A phenomenological
assessment of O isotope fractionation in enzymatic phosphate es-
ter hydrolysis correlates '30/'°O ratio changes in orthophosphate
upon hydrolysis of phosphate esters with water of different isotop-
ic composition.[3*371 This relationship is shown in Eqn. 2 where
"*0/'°O ratios of orthophosphate, PO,, organophosphate substrate,
and water are given as isotope signatures, 3'30.

8'0p0, = 0.75 * §'®0gupsirate + 0-25 * (6%0y,0 + 0) ()

Eqn. 2 assumes (i) one of four orthophosphate O atoms stems
from water, three from the organophosphate substrate (Scheme 1);
(ii) due to large water excess, 8'°O,,,, remains constant during
reaction; (iii) deviation of the orthophosphate isotope signature

8"0,, , (after reaction completion) from the weighted average of
8‘80 and initial 80 substrate is the O isotope enrichment fac-
tor, s g, represents the combined isotope fractionation from dif-

ferent isotope effects and thus measures '*O KIE | . Eqn. 2 is con-
venient as it does not require measuring *0/'°QO ratios at different
reactant turnovers. Experiments with alkaline and acid phos-
phatase using adenosine 5’-monophosphate (AMP) and glyc-
erolphosphate (GP) substrates revealed O isotope fractionation

with & up to 39.3%0.134 Converting ¢ to '*O KIE  with Eqn. 3
ylelds substantial isotope effects up to 1 0409 (Table 1).
Experiments with acid phosphatase show smaller isotope frac-

tionation and "*O KIE , values, though many still exceed "*O
KIE

LG*

1
130 KIEobs = 1+—80 (3)

How position- speciﬁc 180 KIEs relate to experimentally de-
rived "*O KIE , remains unclear. From phosphoryl transfer mech-
anisms (Scheme 1), orthophosphate isotope fractionation has two
contributions: primary 'O KIE of nucleophilic H,O attack and
secondary O KIE of non-bridge O atoms. Assuming a small in-
verse secondary *O KIE (Table 1), nucleophilic attack *O KIE
can indeed be substantial. Thus, new approaches determining iso-
tope effects from substrates rather than products are required to
elucidate origins of O isotope fractionation.

4, Perspectives for ESI-Orbitrap MS Applications

Current limitations of '#0/'°O ratio analysis of phosphate and
organophosphorus compounds make the complex interplay of po-
sition-specific '*O KIEs in phosphoryl transfer reactions difficult
to assess experimentally. Evaluating O isotope fractionation of
reactants and products at different reaction progress, analogous
to compound-specific isotope analysis,'! would offer important
clues for the contribution of multiple *O KIEs. This is key for in-
terpreting O isotope fractionation of (organo-)-phosphorus com-
pounds as reactive probes for biochemical pathways and meta-
bolic processes.

We simulated 'O trends of reactants and products of the sim-
plified phosphoryl transfer reaction from Scheme 1 to compare
possible O isotope fractionation to current ESI-Orbitrap MS pre-
cision for resolving '30/'°O ratio changes. We implemented the
reaction scheme from Eqn. 4 for 'O and '®0 isotopologues and
computed an illustrative O isotope fractionation scenario with a
toy model. Parameters represent typical isotope effects from Table
1 and are listed in the caption of Fig. 1.

H,0 +RPO, == [RPO]* £, PO, + ROH (4)

Fig. 1 shows O isotope fractionation vs. fractional reaction
progress, quantified as organophosphate substrate turnover. The
illustrative data point represents long-term precision of phosphate
180/'°0 ratio measurements by ESI-Orbitrap MS.[2!l Except for
water, 8'%0 values change with reaction progress according to %0
KIEs for nucleophilic attack, leaving group departure, and second-
ary effects of non-bridge O atoms. Trend lines show §'*O varies
considerably for organophosphate and alcohol whereas phosphate
undergoes limited O isotope fractionation. Given the current long-
term phosphate '®0/'°O ratio measurement precision of 2.8%,/2!!
the inverse O isotope fractionation of 1.6%o from the assumed
secondary "*O KIE,  of 0.995 would be undetectable. Conversely,
O isotope fractionation of both organophosphate substrate and
alcohol leaving group substantially exceeds the analytical uncer-
tainty. Quantifying 8O changes in reactants and products could
be achieved at recommended fractional conversion regimes of
0.6-0.8 and 0.2-0.4,[131 respectively, where analyte '*0/'°O ratios
differ most. Such data would provide information on nucleophilic
attack and leaving group departure isotope effects, so far unquan-
tified or only determined using isotopically labelled substances.

These toy model results reveal that characterizing phosphoryl
transfer reactions could advance most effectively through '30/'°O
ratio measurements of organophosphates and corresponding al-
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Fig. 1. 8"®0-values of reactants and products of a generic phosphoryl
transfer from Scheme 1 computed from Eqgn. 4 vs. fractional organo-
phosphate conversion. Toy model parameters: Initial conditions:
Csubslrate.o = 10_3 M’ CH20,0 = 555 M’ 615C)sut:nstra\te,o= 10%0’ 818C)H20,0 = 20%0'
Rate constants and isotope effects: k, =1 M s, k,= 0.1 7', k,= 100
s, primary and secondary "0 KIE, were 1.030 and 1.005, respectively,
primary, and secondary "®0 KIE, were 1.020 and 0.995, respectively, and
80 KIE, was 1. Black data point and error bars indicate current phos-
phate '®0/'¢O ratio measurement precision of +2.8%. by ESI-Orbitrap
MS.[21]

cohol leaving groups. Adding these analytes to the measurement
portfolio is an important next step in establishing the utility of
stable isotope analysis by ESI-Orbitrap MS.
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