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ABSTRACT

This thesis examines the measurement and interpretation of isotopic distributions
and the application of these techniques to forensic questi@able isotope abundances
are apowerfultool oS EI YAY Ay 3 | O 2HoWSgedAfdRB6is chtmplizaied NB ®
by the fact that 1) isotope substitutions can occur at many positions of a molecule, resulting
in a combinatorial increase in possible combinations of isotopes (or isotopologues) with
molecule size, and 2) it is difficult to experimentalistidguishbetween isotopologues, so
observational dataaveragesover many isotopologues with distinct properties and
histories. Wehere develop experimental and theoreticaltrategies to address these
guestions via observations of theisotopic distributions of small organic compounds
obtained by Orbitrap mass spectrometryn Chapter 1l, we developnathematical
procedures for manipulating and tracking isotopologues through various experimental
designs, allowing us to make precise statements about how observable quantities are
affected by underlying physical and chemical processes. Chapters Ill agxplore
corresponding experimental methedChapter llpresentsasample introduction technique
for the long duration observations required to measure rare, multiply substituted
isotopologues while Chapter IVapplies theseto observe 146 isotopic propees of
methioning a model analyteWe then explore the use of these Orbitrap methods to
applied science problems$n Chapter V, we characterize tR& and?H enrichment of
methylphosphonic acida breakdown product of sarin precursors, and examine the
signatures of its synthesis methods. @hapter V| we apply these techniques to
extraterrestrial, abiotic syntheses of nucleobasesgusing on the chemistry of adenine.
These results are interpreted in the context of proposed extraterrestrial syntheses of
adenine and other purin@ucleobasesnd used to predict the isotopic distributions of

thesecompounds.
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NOMENCLATURE

GENERAL TERMS

Abundant Isotope:The isotope of a chemical element with the highest natisatope
concentration.

Atomic position: A subset of atoms of the same element withirmalecule which are
symmetrically equivalent.

Fragmentation Vectorff.1.! @S0G 2NE 6KSNB (KS £S5 aiMNR S5 BSNE
site that is passed from the parent molecule to the derived fragment ion during ionization,

YR &GE¢ 3IA@gSa | &aAGS GKIG Aa t2a80 dzZkRy ¥FNI
mass of thaunsubstituted isotopologueof the fragment ion in question.

Identity Number: The number of ways to construct asotopologue given a specified
division ofsites.For example, if pO is defined with sitesdjer+innerand Q, theisotopologue

O 0 h 0 can refer to!NISNIO orSN“NLO and has an identity number of 2.
The identity number of an isotopologue can be found by multiplying the multinomial
coefficient for eaclsite.

Isotome: The set of altoncentrationsof isotopologuesin a sample of a molecule.

Isotope ConcentrationThe mole fraction of an isotope within a molecule. Written using
brackets; the concentration of U is written 0 .

Isotopologue:A version of a molecule with a unique set of isotopes irsites. E.g,for the
N2O molecule™>NN0O, “NINO, andN®NO are three different isotopologues. Note
that subdividingsitesdifferently may change the number and identityisétopologuesof

a molecule; e.gif we define NO to have two sites, fer+innerand Q (perhaps because our
experiment does not distinguish between the nitroggtes), then>NN0, 14NNO are
indistinguishable and treated as the sametopologue.

Isotopologue Concentration (or Relative Abundancelthe mole fraction of an
isotopologuewithin a sample. Written using brackets; the concentratiorF®df“N€O is
written 0 0 U 8Multiatomic sites are written in parentheses; if we treat,® as
having twosites, Nouter+innerand Q, we write 0 0 0 for the concentration of
the singly-substituted isotopologue.



Xi
Multiply -substituted Isotopologue Anisotopologuewith multiple rare isotopes.

Rare IsotopeAny isotope of an element other than tladdundant isotope.

Set of All Possible Isotopologues:. The set containing all possibigotopologuesof a
molecule (for some specified division of sites).

Set of element isotopesyz,: A set giving the possible isotopes for any chemical element
Generally, this will include only the naturally occurring stable isotopes of that element. For
example, for nitrogen© Oh 0O ;the synthetic, shortived isotope!®N is omitted.

In principle By can include any isotopes of interest.

Set of site isotopesﬂg. The possible combinations of isotopessde k. For example, for a
nitrogen site with two nitrogen atomsY 6 6h 0 Gh 0O 0O .Forasite
k with n atoms of elemenk, Y is the multinomial expansion of the corresponding ‘€et
to the n-th power.

Set of site multinomial coefficientst g The number of ways to construct each combination

of isotopes withinsite k. For example, for a nitrogen site with two nitrogen atoims:
phch p , corresponding to the sél above. For aite k with n atoms of element x,

is the set of the multinomial coefficients from the expansion of the3db the n-th power.

Singlysubstituted Isotopologue Anisotopologuewith a singleare isotope.

Site: An arbitrary subset of atomic positions with the same chemical element within a
molecule. Often, aite will include the same atoms as atomic position; however, it may
combine or subdivide these arbitrarily (doing so may be mathematically useful, especially
for the interpretation of fragmentation experiments).

Site-specific isotope concentrationThe mole fraction of an isotope withinsite(s) The
site(s) are indicated with a subscripie., the concentration of 0 at site Ni is written
0

Stochastic AssumptionThe assumption that theare isotopecontent at eachsite of a

molecule is randomly distributed across all possibtdopologuesof that molecule. If we
write @ for the concentration of isotope x at the itite of a molecule, andia] for the

concentration of amsotopologug we may calculate thisotopologue concentratioras the
product of thesite-specific isotope concentrations.:{= B: w 8

Unsubstituted Isotopologue:The isotopologue where every site contains only the
abundant isotope.
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OPERATIONS ON SETS OF ISOTOPOLOGUES:

Addition of New Atoms:Define new site(s) for the new atoms and take their cartesian
product with the current set of all isotopologues.

Cardinal Mass Chang€ompute the cardinal mass difference of e&dtopologuerelative
to the unsubstitutedisotopologue

Isotopic SubstitutionsGives theare isotopespresent in eaclisotopologue

Loss of Atoms/Fragmentation.Fu: Applies afragmentation vector to a set of
isotopologues

Mass Selection, M+NSelects a subset of a setisbtopologueswith N cardinal mass units
greater than theunsubstituted isotopologue.

REPORTING METHODS

Clumpedlisotope Ratio: 2 8The numerator may be specific

isotopologueg two or moreisotopologuescontaining the sameare isotopesubstitutions,
or two or moreisotopologueshaving the same cardinal mass, while the denominator is
often the unsubstituted isotopologueFor example, for PO we may report:

O 0 O o 0 0

Y —
O 0 U

Clumped U ValueAs the clumped isotope ratio where the reference isotopologue is the
unsubstituted isotopologue.

Deltavalue5 OAA O1 OADI OO0 AEAAAOAT AAO AAOxAAI
OES&N xA CEOA OEAI ROBDEMEGIAT®EF A @ 6

2
— Zp BT
1 > p “p
We can also define delta values using U values, instead of ratigs, i.e.
5
1 — P ZPTMBM

5
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Isotope-specific U value:A U value where the numerator equals the sums of the
concentrations of thesingly-substituted isotopologuesfor a given element. ForJd0, we
may report:
7 0 0 0 0 0 O
Y —
O 0 0

Isotopologuespecific U valueA U value where the numerator is a single isotopologue.

§ . T i 1T T H , . , .
Molecular-average isotope ratior) TR T T T ylplcally, i is eare isotopewhile

j is theabundant isotope For example, for nitrogen, we may rep@t  —.

Site-specific Isotope ratio2 . As themolecularaverage isotope

ratio but calculated acrossite(s)k. For example, the sitgpecific isotope ratio for the site
N1 in NO:

Y

Site-specific U valueA U value where th@umerator equals the concentration of the
singly-substituted isotopologueat a giversite. For the Nuter Site of NbO, we have:

: O 0 U
Y TS
O 0 0

Gl ¢ 5 f d25-¥ . The numerator can be any set sbiopologues

while the denominator is always thensubstituted isotopologue Similar to theclumped
isotope ratio, the U value differs because 1) the numerator can inckidgly substituted
isotopologuesand 2) the denominator is always thesubstituted isotopologue.
Tﬂ ¥ value: A U value where theumerator equals the sums of the concentrations of
the M+N values. This may be used to transform results from M+N relative abundance
space to U value space. FaxNand M+1:

. 0 0 0 0 0 0 0 0 0

O 0O 0
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ORBITRAMASS SPECTROMETRY TERMS

Microscan:An observation of a single packet of ions within the Orbitrap which records an
individualtransient

Transient:The timevarying image current observed by the Orbitrap.

Scan:A single observation reported from the Orbitrap software to the user, consisting of
the result of a Fourier transform applied to a transient to present a rspsstrum. The
transient may be from a single microscan or from a combination of several microscans.

Acquisition:A single experiment performed on a compound of interest, consisting of many
individual scans.

Mass ResolutionThe mass resolution (FWHM)tbé Orbitrap at m/z = 200; scales as (m/z)
1/2

Automatic Gain Control Target (AGC Tarngét target number of ions to permit into the
Orbitrap for each scan.

Total lon Current (TICYhe sum of ion intensities observed by the Orbitrap.

Number of lons Observed ): The number of ions observed for an individual peak in an
individual scan.

Zero ScanA scan which returnsidE= O for a specific peak.

ORBITRAIRMS ERROR MEASURES

I Olj dzA & U A @yTheobkbiRedldeldtive standard error of an observed isotope ratio
OADPSDPE | w @FftdzSO FONRaa Fftf aolya 2F | ahiy

{ K2{ b 2 A&)S3A pfedicioh of thé relative standard error of an observed isotope
ratio (i.e., a R value) across all scans of a single acquessuming that the precision of
GKIFIG 20aSNBIGA2Y o6l a ftAYAGSR 2yteé o0& akKz2id

t N LI AFG§SR ! Olp@dz KSG SN NIUNENIFSG "a il yRFENRAT SF
value) calculated using a sample acquisition and one or more standard acquisitions.

/ 2 YLzl SR 0 & acbnRHe sayhfle tdl tkeSerror on the standard in quadrature.

9f aSHKSNBE Ay GKS £ AdSNI {dzNEREudBEds et &.NRENI 2y |
Wilkes et al., 2022; Mueller et al., 2022HEre, it is a confidence interval around a linear

FAG (2 ASOSNIE A0l YRI NRAaFTDHNIHZA RS (4R Y RDPS ¢ (WS K

QELISNRYSY (Il wSTHaRERdRD Maviatibniof the standardized isotope
NI A28 O6ADPSPE + @I fdzSaov F2NJ Ydzf GALX S &l YLI ¢



Chapter 1

| NTRODUCTI ON

The brensic question where did a compound come from? What processes were
active in its formation? To what extent has it been degraded or changad®crucial
across scientific disciplineBheyA Y F 2 N 2 dzNJ dzy RSNR G yRAy3 27
future, telling us where and how our planet was formed, how anthropogenic activity is
altering our environment, and how we can expect its biosphere to devélugycan tell us
about our own history, revealing when humans developed certain agricultural techniques
what sorts of diets they ate, and how cultural practices began.tAeygl havemuch to say
about current problems, revealing if patients are healthy or diseased or if athletes are using

performance enhancing drugs.

Stable isotopes are one of our core tools for answering these sorts of questions.
Most elements can exist in multiple forms, or isotopes, with different numbers of neutrons
Different isotopes have subtlylifferent physical and chemical properties, and the

abundances of these isotopes in a sample will differ with its physical and chemical history.

G F

Measurements2 ¥ A &2 02LJS | 6dzy R yoSa Oly (GKSNBF2NB

example, carbon fixation proceeds more rapidly fop @ith the *°C isotope of carbothan
the 13C isotopecausingthe carbon incorporated into living creatures to be depletén
relative to atmospheric carborA measurement of the relative abundances and'’C
in a sample anthusbe useddistinguishwhether it originated from an organic or inorganic

source.

However, the application of stable isotopes is immediately complichyetthe fact
that molecules have many atoms, and isotopic substitutions can occur at ahpsH.
Moreover, these substitutions can occur simultaneously; there are versions of alanine, for
example, with'3C substitutions at both the amine and methyl carbon. Because substitutions

can occur at any combination of positions, there is a combinatorial explosion in the number



of isotopologues which exist for a molecule. Molecules with as few as 20 atoms (e.g., small

fatty acids, or moderatsized amino acids) can have millions of possible isotopic forms, or
isotopologues. Just as different atoms have different chemical pr@sertisotopic
substitutions at different positions have different effects: every one of these isotopologues

KFa AG&a 26y dzyAljdzS LINPLISNIASAZ yR (KS | 6 dzy
history.

Thecombinatorial explosion presents both a challenge and an opportunity for the
application of isotopic arguments. The presence of so many isotopologues with their own
unique properties can allow investigators to distinguish different scenarios in minuti. deta
However, the difficulty in separating and observing so many isotopologues makes it hard to
use any of this information; indeed, previous investigators have concludeddtha
impossible to determine the relationships among all the isotopic forma pblyatomic
compound experimentalfy (Galimov, 1985) Traditional experimental techniques will
instead average over a large number of isotopologues; for example, they will combust a
sample to C@and observe thé3C/A’C content of the resulting gas, losing any information
about *C at different positions and the cooccurrence of multiple substitutions. This
more analytically tractable approach is useful; however, as there may be dozens of
processesffecting the isotopic content of a compountlis often insufficient to fully solve
a problem. As one ingtigator put it:dit often seems that isotopic fractionations provide
too muchinformation abouttoo manyprocesses, combining it all in a package that is
unmanageably intricate(Hayes, 2001 Making progress in this regard therefore requires
a two-pronged approach: first, we must develop experimental techniques which can
distinguish between the many different isotopologues of a compound, and second, we

must have the theoretical means for undemsding and interpreting the resulting data.

This thesisittempts tomake progress on both experimental and theoretical aspects
of this problent g KA OK ¢S ©®&NNal toPduil Appdach i© dhe new
measurement technique of Orbitrap isotope ratio mass spectrometry (OrbIRMS).

OrbitrapIRMS methods have been developed arlyently butare very promising tools for



isotope measurements because of their high mass resolution and ability to observe many
fragments of larger organic molecules, which allows us to determine the positions of
isotopic substitutions. While powerful, there are many outstanding questions reggtioe

use of this technology and the amount of isotopic information which can be extracted. We
explore these questions via both fundamental method development (ChaptBr} dind
application to science questions (Chaptefgly. We conclude this sectiovith an overview

of the remaining chapters.

Chapter Il explores the mathematical foundations of isotope calculattéae, the
key questions are: how can we understand the data obtained from an arbitrary experiment
applied to a small molecule? How can we relate this data to other experiments, and a more
holistic understanding of the molecul®hich properties are expected to differ with which
processe® And which targets should we choose for isotopic measurements? It settles on
an explicit isotopologudracking strategy, in which all of the isotopglues of a molecule
are enumerated and traced through an experimeWe then apply this strategy to a
particular type of Orbitrap. wa { SELISNAYSyidGs OFftftSR |  Wab
conceptually challenging but enables the investigator to extract a much greater amount of
isotopic information. Our analysis allows us to reframe this experiment in muchesimpl
terms, obtaining an analytical method to compute the results, an improvement over the

previous numerical approach.

Chapter Il moves to experimentleveloping technique$or the long duration
OrbitrapIRMS measurements required for isotomic©ne of the core challenges of
isotomics is the rarity of the many of the species it wishes to observe; these may have
abundances of<10°. Moreover, b make meaningful statements about forensics,
investigators must characterizdeviationsAy G KSANJ F odzy Ry O0Sa I
Observed precisions are limited by counting statistics, so the target must be observed many
times €.g.,10°) to make these statements. In order tdserve such rare species so many
times, our experiments must occur over long duratiohsurs to tens of hourddowever,

prior OrbitrapIRMS measurementased much shorter timescales, minutes to tens of



minutes. We therefore implemented an alternate sample introduction method which was
capable of such long durationeasurements andharacterized its stability and accuracy.
We find that it is sufficient for a certain level of precisibn M btjt insufficient to move

much beyond this

Chapter IV combines the sample introduction method developed in Chapter Ill and
the mathematics developed in Chapter Il to explore the bounds of isotopic measurements
using current technology. We selected methionine as an analyte, because it is a godd mode
compound: it has C, H, N, O, & S, the most common elements for whiolowsd like to
recover isotopic information, and it forms many fragments with welstrained
geometries, which is useful for computingstte-specific structure. We are able to sdrve
146 different isotopic propertiesf methionine, including double and triplubstitutions.
Moreover, wewere able to associate these measurements with certain locations in the
molecule.An important takeaway from this experiment is that measurementmattiple
substitutions in organic compounds must move beyond easeunderstand
AYOSNLINBGI A2y a o SecHeisotopologaéwitrSG/anthemithySagidi 2 F
OFNb2E&f LlaAiliArz2yacdo G2 adalriSySy8e®3adxlaiks
enrichment of the3C3C isotopologues which contribute to the fragment with cardinal
YIda cmMEO0d 2SS | fthedetical #nvity & yhis technblogy BaSed on the

abundances of rare isotopologues.

Chapters V and ghift the focus from method development &pplication Chapter
V develops a comparatively simple isotopic measurement of just two propertied:thed
13C content of methylphosphonic acid ¢kP). Methylphosphonic acid is the hydrolysis
product of key precursors used to synthesize sarin, including methylphosphonic difluoride
(CHPOR) and methylphosphonic dichloride (6DG)). Methylphosphonic difluoride has
been usedo make sarin orthe battlefield within the past decade. Bothl ard 3C contain
valuable forensic evidence for thesempounds andhave been measured individually; our

OrbitrapIRMS method explores them more rapidly and using less sample. While more



routine than our other analyses, this chaptezlps demonstrate the validity of Orbitrap

IRMS taapplied science targets.

Chapter VI presents another applicatidhe extraterrestrial, abiotic, syntheses of
nucleobases. Many of the core compounds present in living systemméno acids, sugars,
and nucleobasashave been found in extraterrestrial environments, and a significant
amount of evidence suggests these waremed abiotically. However, associating a specific
compound with a specific synthesis pathway is challendgntpmics ishereforea valuable
tool for these purposedle explored the isotope effects associated with a laboratmgle
abiotic synthesis of adenine, beginning from formamide and cyanide, with an eye towards
interpreting the isotopic signatures of meteoritic puringsdenine is a rich target for
isotomics, forming nine distinct fragments observable via Orbitrap, but simultaneously
reveals many of the challengeascountered with OrbitragRMS methodsit is difficult to
standardizeour observations, the fragments are formed via complex pathwagdthe
core reaction occurs via multiple mechanisms. We discuss these challenges and possible
resolutions We then interpret our results in the context of the only previous measurement
of the isotopic content of extraterrestrial purines. Comparing our results to currently
proposed scenarios for meteorite organics, we suggest the most parsimonious explanation
for these compounds that they were formed from cyanideis only plausible in a spéci
set of conditions, where the nucleobases were highly degraded prior to clissmyWe
suggest some alternative mechanisms for the observations and make predictions of the

isotopic content of 11 purine nucleobases under these scenarios.



Chapter 2

A MATHEMATI CAL FRAMEWORK FOR | SOT

Csernica, T., and Eiler, J. M. (2023) Highmensional isotomics, part 1: A mathematical
framework for isotomicsChem. Geol617, 121235doi:
10.1016/j.chemge0.2022.121235

Abstract

Molecules can exist in a variety of isotopic forms, caietbpologues with varying
numbers of isotopic substitutions at symmetrically nonequivalent atomic positions. The
concentrations of thesdsotopologuesA y | &l YL S NBFSNNBR {2
isotomez Sy O2RS& AYTF2NNIGA2Y | o2dzi GKFG &l YL S
much of this information remains inaccessible due to experimental challenges, recent
I ROy OSa KI@S Syl of SR (GKS YSI adz2NKisoyidi 2F Y
These constraints, which may be obtained from several different technologies, currently
consist of ratios of subsets of theotome and in almost all cases fail to directly observe
most isotopologues. Thus, it is challenging to relate the set of all measured constraints to
the abundances of all possible isotopologues. We here develop a mathematical framework
for understanding howvar 2 dza Y S| & dzNB Y Ssptinderetat® to dne andthélLJt S Q &
We first show a method for trackingotopologuesthrough camplicated experimental
designs, to rigorously and precisely state what subsets attiteme are being measured.
We then propose the generalization ofthe®d- f f SR WOf dzZYLISRQ A a2 a2 LIS
GeLSs GKS a! ¢ @It dzsSs ¢ KA OKisabpopguasrelatiteS3o 02y OS
the unsubstituted isotopologue this is a more appropriate way to report many
isotopologuemeasurements. The U value can be used to compare and combine clumped,
molecularaverage, and sitgpecific measures of isghec content; we demonstrate that for
molecules with neastochastic distributions of isotopes (and thus for many cases of
interest), the moleculaaverage or sitespecific U values are approximately equal to the

corresponding moleculaaverage or sitespedfic isotope ratio. The U values therefore



provide a convenient framework for comparing and manipulating many different types of
observations. To demonstrate our work in practice, we apply it to a MS/MS experiment in
which a subset ofsotopologueswith a given cardinal mass is selected, subjected to
collisional fragmentation, and then observed in an Orbitrap mass spectrometer. This
RSaA3dys gKAOK Aa y2g LINI OGA Ol isobmeahdtfa®@NE Y I vy
conceptually difficult to relate to concentrations of individual isotopologuesavadyze a
simulated MS/MS experiment offering over 100 constraints on a methiasateme (we

plan to present our experimental results from this experiment in a companion publication).
Our framework enables us to report conventional data products, such as overall molecular
1 values, as well as measurements of various singly and mestipistituted (including
triply-substituted) isotopologues, demonstrating the efficacy and generalizability of our

mathematical methods.

2.1. Introduction

Molecules can have a variety of isotopic structures due to varying numbers and
locations of isotopic substitutions. These structures, caltedopologues have subtly
different physical and chemical properties caused by their different isotopic substitutions.
Physical and chemical processes thus afsatbpologuesin subtly different ways, leading
to changes in the relative abundance of tisetopologuesof a samplgEiler, 2013) The
NBfIGABS | 0dzyRI Y Bdiopologudsthdrefor® anrodi? idzyHysizal and
chemical history.

Conventional studies of isotopic diversity observe variation along a few
compositional dimensions, such as the totab or 0 content of a moleculeHowever,
much more information is present. For example, consider a small organic molecule like
methionine GHiINGS; Figure2.1); it contains five elements with possible isotopic
substitutions; two of these, C and H, may contain substitutions at symmetrically
nonequivalent positions; furthermore, combinations of any set of these positions may have
adzo AGAGdzi A2y a ¥ASEsbtdpolofue Calldcivelyotibe@fadz some

hundreds of thousands (depending on which atoms x@ose to treat as indistinguishable;



this may differ depending on the experiment of interest; see below for a detailed
discussion) ofsotopologuesof methionine; their concentrations constitute thgotome of

a methionine sample.

Single substituions at Double substitutions Triple substitutions with
specific atoms adjacent or nonadjacent various spatial properties

[ 4 o

o o ¢

o

e

& R _ .

o t o t ®

Figure2.1: Some isotopologues of methionine. Substitutions are shown with bolded atoms. Note that O and
S can have multiple rare substitutions, so images with these can represent more than one isotopologue. Left
column, top: a single substitution at the carboxylbzar; bottom: a single substitution at the gamma carbon.
Center, top: an adjacent-O clump at the carboxyl site; bottom: a nonadjacerd Clump at the gamma
carbon and one oxygen. Right, top: A triple substitution with adjacebtdiumping and a sulfunbstitution;

bottom: a triple substitution at the amine, alpha, and beta carbons. These six illustrated isotopologues, and
many more, are represented in the methioniisetome.

The information present in aisotome is valuable but can be difficult to measure
and understand. Manjsotopologueshave low concentrations; for example, doubi§C
substitutedisotopologuesin methionine, one of the more common variants, occur at a rate
of about 1 in 1000 (Each carbon position has approximately a 1% chance of being
substituted; two carbons simultaneously have substitutions about 0.01 % of the time; as
there are 10 nonequivalg arrangements, about 0.1% of methionirs®topologuesare
doubly-2*C substituted). Moreover, physical and chemical processes which select for or
against certainmsotopologuesare often subtle, leading to enrichments or depletions at level
2F LI NI& LISN GK2dzAlyR OLISNJ YAf I isptond s NBFE |
requires distinguishing small variations in the concentrations of already rare species. When

they can be made, measurements of these variations have widespread applications. For



example, observations of multiply substituted isotopologues have constrained
paleoclimate temperatures, vertebrate body temperatures, atmospheric budgets pf CO
and Q, the nitrogen cycle, and biological cycling of oxygen and mett\iaeag et al., 2004;
Yeung et al., 2009, 2015, 2017; Eagle et al., 2010; Eiler, 2011; Douglas et a{ara0hg)
other applications). Similarly, positi@pecific effects in isotopes have been observed in the
biological formation of amino acids, glucose and lipids, abiotic organic reactions responsible
for formation of extraterrestrial organics, and the soescand sinks of petroleum
hydrocarbons(Abelson and Hoering, 1961; DeNiro and Epstein, 1977; Singleton and
Thomas, 1995; Singleton et al., 1999; Singleton and Szymanski, 1999; Gaéaras2t al.,
2010; Gilbert et al., 2011; Cesar et al., 2019; Chimiak et al.,.ZB2bress in this area has
been driven, and limited, by experimental advarcghysical processes affecting clumped
isotopologuesof CQ, for example, were predicted by Harold Urey in 1947 but not
measured until the mi2000s(Urey, 1947; Eiler and Schauble, 2004)

A number of techniques developed in the past two decades have improved our
FoAfAGE (2 Bdods® thesd inclade ¥itsjieSfi© BMR, gasource isotope
ratio mass spectrometry (IRMS), Orbitfdpmass spectrometry (Orbitrd MS), and
optical spectroscopyEiler et al., 2013, 2017; Chaintreau et al., 2013; Prokhorov et al.,
2019) It can be challenging to compare and integrate the data from different experimental
designs, as they may sample different (often subtly different) populatioisetafpologues
to make similar measurements. For examplsit@specifitNMR measurement determines
the 3C/A°C ratio of carbon at a specific positi(@aytan et al., 2007yvhile asite-specific
MS experiment determines the ratio between the singlipstitutedisotopologuewith a
13Cat that position and theunsubstituted isotopologuet for reasons explained below,
these similarsounding observations are subtly but importantly different as constraints on
the proportions of isotopologues and thus the overall structure ofigmtome.

We can illustrate these difficulties with a hypothetical (but currently possible)
tandem mass spectrometry (MS/MS) technique, which selects and fragments a subset of
isotopologueswith a cardinal mass N units greater greater than the monoisotopic mass.

Following the IUPAC recommendations, the monoisotopic mass is calculated using the
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masses of thenost abundantisotope of each element, and is therefore the mass of the
unsubstituted isotopologue(Murray et al., 2013p 2 S Ol tf GKAa (GSOKyY
SELISNAYSY(é F2N awss\yod aralgsis diube©on ¥rhall volatite artdl
organic molecules where thmost abundantisotopes are the lowest mass isotopes and
the monoisotopic peak is the most abundant peak, we find this notation clear; for molecules
incorporating elements with rare isotopes lighter than thest abundantisotope or where
GKS Y2y2Aa20G2LIA0 LISl A& €26 Ay FodzyRIyOSs
bé 06S SYLX 28SR® 2 S ARBING 4@ bib Rl iditeoldyushdRSy a
qualifying cardinal masses, following previous us@gyewnawell and San Filippo, 1982;
Sleno, 2012; Neubauer et al., 2018)

For example, consider an experiment where we introduce g0 8ample, mass
select isotopologuesweighing one cardinal mass unit greater than tiesubstituted
isotopologug “N'®h 0 A ®S P> GKS dabmé Aa2i2LRf23dsSa
fragmentation such that they lose the outer nitrogél-O) to form NOions, and observe
the resulting mass spectrum (Figiz) (in actual MO fragmentation, a scrambling effect
maycause NOi 2 &l YLX S F wmMm>: 2F 2dzi SNI yAQsM@3IASYy T 4
and Ostrom, 2012; Toyoda et al., 201 this case, we can observe three ion beams,
N0, 15N0OF, and“NO, produced by fragmentation of tHEN“N’O, 1*NSNO, and
I5NIN6O isotopologues, respectively. Observations of the relative intensities of these
fragments constrain the relative abundances of thasetopologues However, these
constraints do not directly map onto traditional measurements that gix*N,’O/*°0,

or 80/*0 ratios across the entire sample or more specialized measurements which give

isotopologue ratios for singlysubstituted °N isotopologues e.g, ——— or

——hwith 15N at the outer or inner positiorfToyoda et al., 2017)Underlying the

experimental challenges involved in measuis@omes then, is a theoretical issuehow
are we to understand the ways in which various experimental designs sasopbenes

how can we combine information from different experiments, and how should this
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information be presented? To do so, we must have a detailed, general understanding of the

composition space asotomes(orisotomics.

............

o O
____________ @O & 1 @ Fragment
/ @ O Selje“c/lt:\lﬂ’fass O() obsssngryn?ss OQ&
& & o o |
@C> @@@ @@@ S A : 2% oo R

_____________

Figure 22: A hypothetical mass selection/fragmentation experiment applied @ .NThe original set of
isotopologues is shown on the left. After mass selection, only those weighing 1 cardinal mass unit greater than
the common monoisotopic form remain; they are then fragmented and observed, resulting in the mass
spectrum on the rightr(ot to scale). For larger molecules with more fragments, it is difficult to determine how
the resulting mass spectrum relates to the original isotopologue population.

Several aspects of a similar but subtly different prolietime prediction of isotopic
distributions arising from various mass spectrometry experiments as an aid to molecular
identificatiomt have been studied in detail and reviewed previoudlalkenborg et al.,
2012; Rockwood and Palmblad, 202D ese studies include both isotopic distributions of
a whole molecule and MS/MS experiments like that in Fi@u2e Assuming the natural
abundances are constant for atoms of the same element, whole molecule isotopic
RA&GGNAOdzGA2Yya Oly 0S8 O02YLlzi SR SEMWReiefalt dzA Ay
combinations of isotopes are calculated and their concentrations computed as the product
of the corresponding isotopic abundand@sownawell and San Filippo, 1982; Yergey, 1983;
Hsu, 1984)As molecular size increases, the computational complexity required increases
combinatorially, and these exact methods cannot be applied, fergproteins with masses
of several kilodaltons); subsequent work in this community has therefore focused on the

rapid calculation of isotopic distribution for molecules on the order of 10s to 100s of
kilodaltons. Effective solutions include the constiu@ y 2 ¥ Ysa@izh dSriindtiany &
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of many instances of the same element with a precalculated isotopic distrib{(Kialbinyi,
1991) as well as the description of the polynomial expansion in terms amenable to fast
Fourier transform; these generally omit calculation of the isotopic fine structuretfiey
only calculate abundance of a single peak at each cardinal mass), although with some
modification fine structure can be recoveréBockwood, 1995; Rockwood et al., 1996;
Rockwood and Van Orden, 1996; Fernandefossio, 2010)More recently, Markov
processbased methods which can recover isotopic structure for such large molecules have
been describedSnider, 2007; Li et al., 2008)gorithms to predict the isotopic distributions
arising in product ions from tandem MS/MS experiments have also been developed and
e.g, compute the relative probabilities with which isotopically substituted product ions
contribute to the isotopically substituted parent i¢8ingleton et al., 1983; Lehmann, 1998;
Rockwood et al., 2003; Ramaley and Herrera, 2008; Bocker et al., 2009; Duhrkop et al.,
2019) Thus far, all MS/MS algorithms assume that isotopes of the same cardinal mass could
not be distinguished and that isotopic abundance is the same across all positions (although
generalizations of these algorithms may relax these rules). This prior wdahe @tudy of
isotopic distributions is instructive; however, as these methods do not explicitly track
isotopologues, are not concerned with natural abundance posgpecific or clumped
isotope effects, and do not provide a way to compare different typleisotopic analysis
experiments (e.g.MS experiments with NMR or optical spectroscopy), our applications
require a more general framework.

¢2 UGUKAAa SyRXZ ¢S RS@St2L) | &dum&é&d 2 NJ
understanding the constraints different experiments offer, outlined in Figu8 Our
strategy is to explicitly track a@iotopologuesof a molecule through an experiment and
understand the observed data in terms otopologues,and then to simplifythis
understanding to give a practical statement of how the data relate to the molecular
isotome. We begin in section 2.1 by suggesting a way to divide a moleculeite®)
conceive ofsotopologuesn terms of thesesites,and calculate theet of all isotopologues
for a molecule using an adaption of the polynomial expansion method. In section 2.2, we

develop several operations one may #&ppo this set of all isotopologuesto track
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isotopologuesthrough various experimental designs. In section 2.3, we discuss how to
report data from these experiments, and suggest that a generalization of the nomenclature
previously used to describe clumped isotope ratios is broadly applicable and effective for
comparison between different measurements. We then apply our framework to some
experimental designs. In section 2.4, we analyze both fragmentation and M+N experiments
using our methods, and in section 2.5 we perform a detailed analysis of mvgueal issues
raised by the M+N experiment. To demonstrate our methods in practice, we apply them to
a M+N measurement of methionine which offers over a hundred constraints on
Y S KA 2 igologies Gsing them to reconstruct sigpecific and clumped isotope
composition. A planned companion paper will present experimental results from this
measurement; we find that the modeling developed here is essential to interpreting
experimental results. Fingllwe use an accessible®imixing model to emphasize thaiet

direct measurements of an M+N experiment may be useful even without reconstruction of
the proportions of isotopologues in the analyzed compound. Our work gives both a general
framework that can be applied to many experimental designs and a specifittaigdor
understanding M+N experiments. Throughout, we develop new nomenclature; terms of

interest are listed in our glossary (glossary terms are bolded in the text).
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Mathematical Methods for Isotomics

Define System (2.1) Track Isotopologues (2.2) Report Results (2.3)
1) Define Sets of Element Isotopes E_ Cardinal Mass Diffsrenice
2) Define Sites, Sets of Site Isotopic Substitutions Isotope-Specific U = Molecular-Average R
Isotopes S, —_— Mass Select ~———> Site-specific U = Site-specific R
3) Calculate Cartesian Product Gain Atoms Clumped U = Clumped R
= Set of All Isotopologues A Lose Atoms

Optional: Quantify concentrations
according to Stochastic Assumption (2.5) Any Order/# Repetitions
or with clumping (Appendix)

Application to Specific Experiments

Observe Full Molecule Report Results Isotope-Specific U = Molecular-Average R
_— Clumped U = Clumped R

Fragment and Observe Define System Track Isotopologues Report Results Site-specific U = Site-specific R
(2.4) > > > Clumped U = Clumped R

Track Isotopologues
(Correct for Expt Issues; 2.5; Fig 6)

_—
Full Molecule? Report Results
T "M+N Direct" (Fig 7; Fig 9)
; Fragment 1 p!
M+N Experiment Define System Pragnient 1
(2.4/2.5) _—
Fragment 2 o
- Fragment 2 Report Results Site=specific U= Site-specifick
. : Clumped U = Clumped R (Fig 8)
: : ya

UM+N

Fragment n
i
 — pFragment n \

Isotope-Specific U Direct Observation
Option 1 Option 2

Figure 2.3: An outline of the methods and applications described in this article. We first define our
mathematical methods for calculating isotopologu® (1), tracking them through experimeri.g2.2), and
reporting observations of their abundances2.3). We then apply thisamework to several experimental
designs, including a fragmentation experime@2(4) and a M+N experimen2.2.4), as well as to analyze
specific experimental issues raised by the M+N experinaty).

Some terms and components in this figure are introduced in following sections of the
text. Each M+N experiment begins by defining a system and analyzing observations of an
FNBAGNI NB ydzZYoSNI 2F FTNIIAYSyda 60KIMNBLQIKS Fd
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albeit one that loses neites). The observations are reported as M+N relative abundances
“I'for each isotope i in that fragment. These results can be reported directly or combined
with a U"*Nvalue to reconstruct sitspecific or clumped U values. Thé*Walue can either

be calculated from an isotopgpecific U value and the combined M+N relative abundance

of all atoms of that element or observed directly.

2.2. Materials & Methods
2.2.1 A Mathematical Foundation for Tracking Isotopologues

To understand how mass spectrometric analytical technologies manipulate and
observe thesotopologuesof a molecule, it is helpful to track thesmtopologuesthrough
an experiment. We immediately reach a conceptual hurdihat should we consider an
isotopologue? One possible definition is the IUPAC standard, which de§oespologue
FayYy al Y2tSOdzZ I NJ SydAade GKIFIG RAFTFSNR 2yf e
& dzo a (0 A ((deildughy &t (mlé, 1997)In some circumstances, e.dragmentation
experiments, we may wish to distinguish between isotopic substitutions at symmetrically
distinct atomic positions, i.ed ! igotopologueis a version of a molecule with a specific set
of isotopic substitutions at each symmetrically unigatgomic positioré 6 40 KS (G S N
isotopocule has been suggested for this purpose; see the note in the app€@dpien,
2011) For exampl€e'®N“N*€O and“N'°N!€O are two differentsotopologuesof NvO as the
two nitrogen positions at which af¥N substitution occurs are structurally nonequivalent;
in contrast,?Ct’O%0 and'°Cl%0’O are the samésotopologue of CQ as the oxygen
positions are symmetrically equivalent. However, this definition adds unnecessary
complexity when we cannot analytically distinguish symmetrically -egpunvalent
substitutions, e.g.a mass spectrometric observation ofwithout fragmentation. The
proper definition to use, then, depends on the specifics of the experiment in question.

Motivated by these concerns, we adopt an alternative definition. First, we define
0KS GitBeNYU 20 NBFSNI (02 Fye adzomasSi 2F raz2vya 27
example, for MO, we may use a single nitrogsite to refer to both nitrogen atoms or we

may use two nitrogesites each referring to one atom. In both cases, we have a siitgle
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for the oxygen atom. We then define @sotopologuel & &l @SNEA2Y 2F | Y
specific set of isotopic substitutions at eastteé Y 2 (i A y Jsotdpéldguesofiak S
molecule will differ if itssites are defined differently. We choose this definition for its
flexibility: we may definesitesd dzOK G KIF G ¢S NBO2OSN) GKS aae
definition of isotopologue (i.e., eachsite by our nomenclature would correspond to a
symmetrically unique atomic position), or to distinguish only thosematavhich we
distinguish in a mass spectrometry experiment (i.e., suchifwabpologuesare versions

of a molecule that can be operationally distinguished, given the limitations of a certain
analytical technology), or for some other purpose. We continue to use the word
isotopologuethroughout; we trust the reader will appreciate how our definition will take

on different specific meanings (based on how analytically distinguishable isotopologues

map onto the family of symmetrically equivalent isotopologuéspending on how we

define thesitesof a molecule. Finally, @ote onsite naming:we will labelsiteswith the

element and an arbitrary subscript, appropriate to the problem of interest; for example, N

Nouter, Namine OF Niiro+amine@re all acceptablsite labels; the only important criterion is that

the labels clearly distinguish differesites(though some labels may require effort to define

clearly)

With isotopologuedefined as such, we proceed to calculate ib@opologuesof a
molecule (and optionally their abundances; see section 2.2.5) using an adapted version of
the polynomial expansion methd@rownawell and San Filippo, 1982; Yergey, 1983; Hsu,
1984) While this technique is computationally expensive, it is sufficient for molecules of
the size we treat here; we discuss computational complexity in more detail in the
discussion.

First, for each chemical element, we definsed of element isotopes;r,, where x
indicates the chemical element. For example, for N we Vite Oh 0 andfor Owe
write O oh Gh 0 .In general, we only include the most common stable isotopes
of an element ifO . We could relax this restrictianfor example, if we wanted to include
the shortlived isotope of oxygen, U, we would write’O oh 0h Oh U . To

simplify notation and to facilitate the matrix operations we develop below, we use a
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AK2NIKIYRY 2 S abddant Sotopejoé isofbre i ad &enent with the
largest naturabbundance (e.g. 0 or 0); forrare isotopeswe write the integer giving
the cardinal mass difference between thare isotopeand the abundant isotope.For
example, O Oh Gh 0 becomesO  Tmiplt . In some cases, e,gFe with
isotopes®Fe,*%Fe,*’Fe, and’®e, O may include negative number®¥fFe is theabundant
isotope, andO ¢ iplt, .

Now, for site k, we define theset of site isotopesﬂ& to give the possible
combinations of isotopes at thaite (recalling that asite may include one or more atomic
positions in a molecule of interesgorsiteswith only one atom||§is equivalent to theset
of element isotopes [, for the corresponding chemical element. An example of this

instance is BD defined with three sites (which we labeluf, Nnner, and Q), we have:

~

Y TP P
Y T ]
Y Tiplt 8 ®
Multiatomic sites are more complicated; we begin by examiningit with two
atoms. Suppose we define the medtiomicsite 0 for NeO; in this case, our set
of element isotopes i© Oh 0 . We can compute the possible combinations of

isotopes at thisite via a binomial expansion:

0 0 0O 0 ¢z 0 O U U8 8
There are three terms, corresponding to the number of distinguishable substitutiite at
0 8The coefficient of each term gives the number of ways to construct that
substitution; i.e, for 0 0, the coefficient is 2, as this substitution may occur with
0 0 and0 0 or vice versa. We define an orderedt of site isotopes
as the set of these terms, and an associated ordesetdof site multinomial coefficients
4 gto track their coefficients

Y O 6h 0 O6h 0 0 ¢®

phcip 8 ®

We conceptually separate these sets, but they are closely related, and should always be

thought of as associated with each oth&y convention, we order by writing the lowest
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cardinal mass substitutions first, and then increase by cardinal mass. Any order is
acceptable, as long it is maintained betweéfand . In shorthand, our set of site
isotopes is:
Y nh nip h pip 8 -

We can generalize this procedure for other malibmicsites finding™Y via a multinomial
expansion of0. We writeO  who B @ hwhere the® correspond to individual
isotopes. For aite with m atoms, our expansion is:

. N a .

w w E o aF B & w8 (&)

E
Here,& corresponds to the number of instances of isotape 5 @ gives the content
of the isotopic substitutions at theite, and
a aA
ammB a & AAB A

is a multinomial coefficient giving the number of ways to make that substitution. For

)

example, for a hydrogenite with 6 hydrogens (perhaps for a measurement of ethane,
where each H atomic position is analytically indistinguishable and so operationally
equivalent), we haveO "Ch'O  ChO, (writing H, D so we may omit the

superscript) and:

O 200 p¥r OO0 ¢ 00 pr0OO0 ez'0O00 ©O8cpT™
The number of terms in this expansion, corresponding to the number of distinguishable
isotopic substitutions at thsite, is
s 4 ¢ a A
Ry vyt ® p
The setY is the set of these terms, dropping the coefficients, while contains the
coefficients. In this case,
Y Oh'OOh"™O0Oh™OOh™OOhCOARO P ¢

ph ¢h pb cfi pb o¢h p38 ®o
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We now have the tools to calculate tlset of all isotopologuesdenoted A. We
computeA by taking the cartesian product of all se}§ l.e, by taking all combinations of
one element from each set. Returning to our example case®©fd¢fined with Jites,and

usingS to denote cartesian productye have:

Noutcr Ni-nncr Ol Nou,ter Ninner O4
,14N 14N 1()'0 3\ ¢ 0 0 0
14N 14N 170 0 0 1
14N 14N 180 0 0 2
14N 15N IGO 0 1 0
14N 15N 170 0 1 1
14N IBN 180 0 1 2
A — SN()’lLtCT ® SN’I:7L’ILC’7‘ ® S()l :< 15N 14N 160 = 1 0 O >

15N 14N 170 1 0 1
15N 14N 180 1 0 9
ISN 15N 160 1 1 0
15N 15N 170 1 1 1
SN N 5@ (1 1 D J

Each column refers to a specifite k; we track these labels along with the setThe
ordering of these columns is arbitrary and may be chosen according to applicaten (
suggest the following convention for ordering: sites with elements other than hydrogen
first, in order of increasing atomic weight, followed by hydrogen sitdsje,A gives the
identity of eachisotopologue it says nothing about how many waysiaatopologuecan

be constructed. We additionally define adentity number, giving the number of
equivalent ways to construct asotopologue We may compute this by multiplying across
the multinomial coefficients associated with the isotopic substitutions at séehi.e., the
cartesian product of . For singleatomicsites the multinomial coefficients are all &nd

thus theidentity numbersare all 1. If we instead defined a singite for N>O that includes

both nitrogen atoms:



2C

Ninner+oute7' 01

 (0,0) 0 (1)

0,0) 1 1

0,0) 2 1

0,1 0 2

A = SN/L'nn(:'r+o’u,f.(:'r ® SOI :< EOQ 1% 1 > ®N*i.n.nc-r+out(37' ®¢Ol :< 2
0,1) 2 2

(1,1) 0 1

(1,1) 1 1
C(1,1) 2 ) (1)

The sum of thadentity numbers is 12, the same as the numberisgtopologueswe
calculated with single atomgites, even if we define thsitesdifferently, we are referring
to the same underlying set idotopologues.We track these identity numbers along with

our set ofisotopologues.

2.2.2 Tracking Isotopologues Through Mass Spectrometry Experiments

Next, we develop some operations we can perform on setsaibpologuesto
track isotopologues through mass spectrometry experiments. We expect that other
experimental designs can use the same nomenclature and develop operations specific to

their methodology.

2.2.2.1 Matrix Operations: Cardinal Mass Difference and Isotopic Substitutions

We define theunsubstituted isotopologueas the isotopologue containing the
abundant isotopeat every site, (i.e. Tiit8 hrt). Then, we can compute the cardinal mass
RA T ¥ SaduBeyvers angisotopologueand theunsubstituted isotopologueby summing
across cardinal mass differences of each site in its shorthand representation. We can
likewise find the isotopic substitutions present in easbtopologue by looking up the
chemical element and corresponding substitution for any nonzero entry of the vector. As
an example, we return to our representation ofwith threesites the first column gives
the cardinal mass differencef oeach isotopologue relative to the unsubstituted

isotopologue and the second gives the isotopic substitutions present iniobpologue
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2.2.2.2 Matrix Operations: Mass Selection

Themass selectioroperation allows us to select a subsetigdtopologuesbased
on cardinal mass. To perforrnaass selectionwe select only thasotopologueswith the
mass difference(s) of interestor example, if we mass select the population having a mass
RAFFSNBYOS 2F M O6WIKS abm LRLIzZ FGA2Yy Q0> ¢S

]V()u,l,er ]V'i,n‘n,erOl AC]\I

0 0 0 0

0 0 1 1

8 ? 3 ? MaSS SeIQCt Noutm‘ Ni'nn,e-r Ol
0 1 1 2 M+1 o o0 1
o 1 2 3 — 0 10
L 0 0 1 {1 0 o}
1 0 1 2

1 0 2 3

1 1 0 2

1 1 1 3

1 1 2 \ 4

2.2.2.3 Matrix OperationsAddition of New Atoms

As molecules are manipulated through mass spectrometry experiments, they may
gain additional atoms. For example, in electrospray ionization (ESI) experiments it is

common for molecules to gain adducts, such as hydrogen, sodium, potassium, or
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ammonium(Kruve and Kaupmees, 2017; Zhang et al., 2048rnatively, reactions may
occur during gaphase collisional dissociation which add new atoms to the compvianl
Stipdonk et al., 2003; Bubas et al., 202djportantly, the stage of the experiment at which
adduct formation occurs will influence the resulting populationisiftopologues For
example, consider a (hypothetical) experiment where the M+1 population ,6f ¥
aSt SOUSR o6l & 0620S0 yR O2ftAarzyltfte FNI I
the NO+ fragment ion. Imagine we then observe N@Hersion of the expected fragment

ion but with addition of a hydrogen adduct atom. If we gain the hydrogéor to mass
selection, we would selectndy 1“N“N'®OH and observ&NOH; if we gain the hydrogen
followingmass selection, we would seléé&N“N'0, “N®N®0O, and“N“N!’O and observe

both the hydrogen and deuterium adduct for each. To deal with these different processes,
we must be able to add atoms to our set at any step of the process.

To implement araddition of atoms we define newsites and take the cartesian
product of thesesiteswith the current set ofisotopologues.For example, take the case
where hydrogen is gained prior to fragmentation: we writgdd:for the newsite, which
has a single hydrogen, and we have mp and p. We mass select

N2O as above; then compute the cartesian product as follows:
Noutcr Ninner Ol Hadduct

Noutcr Ninner Ol (0 0 1 0
¢ o T T
{0 1 0} ® SH(deuct - < 0 0 1 1 >

1 0 0
0 1 0 1
(1 0 0 1)

We track the identity numbers and multinomial coefficients as before.

2.2.2.4 Matrix OperationsLoss of AtomsHagmentation)

Molecules may also lose atoms during mass spectrometry experiments, for example
due to fragmentation during the ionization process or collisimuced dissociation. We

define aloss of atomsas a single event where a molecule loses some subséegfas this



23

will generally be due to fragmentatiowe call this dragmentation operation, but note it
describes a more general process. For deafpmentation, we specify that eackite must
be wholly retained or wholly lost. For example, we would not pefragmentationwhere
one hydrogen of a methyl kite containing three hydrogens is lost. In this scenario, we
choose to split those hydrogens into tvedes (€.9, Hetained @nd hbst) rather than treating
them as a singlsite where 1/3 of the atoms in thesite are lost. We find this choice
simplifies our analysis, because it means asgtopologuepre-loss corresponds to a single
isotopologue(and a single observed ion beam) ptists. If we treated the methyl group as
a singlesite, the isotopologue with a D substitution could either retain or lose the
deuterium substitution upon fragmentation, contributing to two separ&etopologues
and observed ion beams. This scheme allowm® usack any exotic fragmentations; when
combined with theaddition of atomsoperation, it alscallows us to model exchanges (a
loss followed by a gain) which occur during experiments.

To model this process, we writdfragmentation vector(or lossvector) .FJJ where
0KS &dzoaONRLII G/ aé¢ 3TADBSE GKS OFNRAYLFf YI as
fragments with distinct stoichiometries at the same mass, the subscript can be expanded
as necessary). The entriesfffs I NB G K Sy SMylRASEBH (imG3 Ala £ SLIG =
indicating asite that is lost (we were tempted to use 1 and O; in our shorthand, O also refers
to the most abundantisotope of an element, and we found this-uee of notation
confusing. We also considered using multiple letters (&,g¢) but found these harder to
scan visually). For example, if we fragmesDNb lose the oxygen atom, tlimgmentation
vectoris

[ | h he 8 P T

Note the fragmentation vector depends on our definitiorsd€; if we defined NO to have
a combined Nner+outerSite, we would havdl] he 8

To fragment a set of isotopologudswe take the elementvise product (denoted
z) of afragmentation vectorand theisotopologuevectors ofA, specifying that angite
YdzZ GALX ASR @& CeINd SHB ¥dNJs¥y d&E
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0 | 2 0 | T
$1 o ofCbbal=q i o
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(1 1 2. L1 1 T J

One conceptual difficulty remains: the same fragment may be formedmultiple
pathways. For example, consider a case whes® ragments to form NO, and the
observed NO corresponds to some combination @fef:. and NuerO:r (Toyoda et al.,
2017) In this case, we compute each fragmentation separately, defining a unique
fragmentation vector for each physical process. Thus, we can see gbicipologues

contribute to the observation via what pathway.

2.2.2.5 Quantification of Masses and Abundances

After tracking individualisotopologues we can quantify exact masses and
approximate abundances to predict the mass spectrum we will obtain for various
experiments. The exact mass calculation is straightforward; we compute the mass of the
unsubstituted isotopologuebased on the isotopes present, then compute the masses of
other isotopologuesbased on the mass differences of theare isotopesrelative to the
most abundantisotopes of the corresponding elements. Abundances are more difficult as
these willvary from sample to sample; indeed, observing small differences in abundance is
the entire point of our approach! We also note that if one is interested in predicting
abundances without trackingsotopologues alternative algorithms which scale more
readily should be employe@Rockwood et al., 2003yVith this qualification, our approach
can be used to quantify abundances, either approximately to obtain a rough prediction of

a spectrum or more precisely to understand small variations in abundance. We deal with
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the latter below; for the approximate approach, we note that variationssotope and
isotopologue abundancewill often be small (e.g< 10 %); we can therefore take plausible
natural abundances for each isotope (e.§% for 3C) and compute approximate

abundances for eadsotopologueas the product of these.

2.2.2.6 A Worked Example for Methanol

By applying our operations, we can track isbtopologuesthrough various
experimental designs. To demonstrate this process, consider an experiment where we
mass select the M+3 population (i.e., species having a cardinal mass difference of 3
relative to theunsubstituted isotopologué of methanol, then fragment to lose th©H
INRdzL) 6 daaboé SELISNRYS ydites which Be labdl ahH arderd LI A (
Ghethyl, Qaicohol Hmethyl, and Hiconoy @and then calculaté (Figure2.4; the Hhethy Site contains
three atoms whereas all other sites contain one atom each). Then, we define the
fragmentation vector,"Q phofph . Next, we mass select the M+3 population and
fragment that selected population. The resulting ion beams and their masses in a mass

spectrum are shown in Figug5.
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Figure2.4: The Matrix operations for a M+3 fragmentation experiment of methanol. On the left, we enumeraetalbologuesof methanol and calculate
nev® LYy GKS OSYUGSNE ¢S o+ 3@n the BghtSne tragreyititodosditieR By8roxy grauf The final substitutions observed for each
mass selectedsotopologueare shown.
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Figure2.5: The M+3 fragmentation experiment applied to methanbbp: Our definition of thesites of
methanol and a depiction of its fragmentation. Bottom: Tibatopologuesand corresponding ion beams of
methanol after an M+3 experiment where th®H group is lost. There are seven observable fragments
resulting from the 11 isotopologues from the parent population. By applying our basic operations in sequence,
we can determinevhichisotopologuescontribute to which ion beams for various experimental setpes.

2.2.3. Reporting Isotopologue Measurements and the U Value

With an understanding of how the ion beams of a mass spectrometry (MS)
experiment samplesotopologues we next discuss how to report these measurements.
While our focus is on MS experiments, the methods we outline are applicable to data
generated by other types of experiments. We begin by surveying some current methods of

reporting isotopic content.

2.3.1 MoleculatAverage Isotope Concentrations and Ratios

2 KSYy NBLRNIAY3A Ay T2iNddme theteyare twd Reldréd bt & | Y LI

distinct properties of fundamental interesisotopologue concentrationsyhich give the
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mole fraction of an individuakotopologuerelative to all instances of the molecule, and
isotope concentrationswhich give the mole fraction of an isotope of a given element
relative to all atoms of that element in a molecule. Because individual concentrations are
difficult to measure, ratios asotopologueor isotope concentrationsare typically reported
rather than concentrations themselves. These ratios are typically normalized to known or
assumed ratios of reference materials so that the subtle differences among natural
materials are more readily expressed.
We first examine themolecularaverage isotope ratiothe most used reporting
method. We writeisotope concentrationsusing brackets, e.g., tr@ncentrationof N in
N.O is written [°N]. An isotope concentrationis a complicated data product of
isotopologue concentrationgalso written in brackets; note the concentrations are given
relative toatoms of an elemerfor isotopes andnstances of a molecufer isotopologues).
For NO:
0
pmT pTMP PTMC MPT PP MPCC>2 pPTmC?ppp C? PP% v
G

The molecularaverage isotope ratiocompares these isotopeoncentrations for a

molecule of interest, and is written as:
EOI &I b 'Z}s
O A ZER G KB b A @ ¢

Typically, i corresponds to rare isotope (i.e, °N) and j corresponds to thabundant

isotope (i.e., 1“N). We can write these ratios in termsisétopologue concentrations

5
-

PTT PTP PTG TP MPP MPGGIPPTGIPPPGTPPG

PTMT PP PTG TMPT TMPP TPG GZ MATM G2 TP GZ TG

Y

P X

The choice to report ratios agotope concentrationrather than ratios ofisotopologue
concentrationis a result of the experimental techniques used for these measurements.
They are often measured by chemically transforming, e.g., combusting, a sample into one
of a small set of easily analyzable molecules, such.aw ICQ, then measuring that

molecule with an isotopeatio mass spectrometer. These techniques transform
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complicated distributions oA into simple forms wherdsotope concentrationscan be
directly measured. Because of the widespread usenofecularaverage isotope ratios
methods for reportingsotopologue concentrationsnust be conversant witimolecule

average isotope ratios

2.3.2 Clumpedisotope (Isotopologue) Ratios
A recently developed method for reporting ratiosisbtopologueconcentrations is
the clumped-isotope ratio, written (Eiler and Schauble, 2004; Eiler, 2013)
EOI O1T PEIT COAO
OAZEAGIOT DA DEI1 1 COA

The numerator can be a specifgotopologue(the original intent being that it is always a

Py

multiply substituted isotopologue), severaotopologues containing the samerare
isotope(s) or two or moreisotopologuesof the same cardinal mass but possibly differing
in the number and identity of rare isotopes, while the denominator is often (but not
required to be) thaunsubstituted isotopologueOne example of this nomenclature applied
to NoO is a measurement &fN°N8O and!>N'N80, written in shorthands:

. npg¢ pm
Y WCS ® @

Another example is the ratio reporting the proportion of all isotopologues & With

cardinal mass M+3:

nmpGg p1mge pp%
TUTU T

g m

2.3.3 Sitespecific Isotope Ratios

A third useful reporting method is thete-specific isotope ratio This takes a ratio
of site-specific isotope concentrationswhich give the mole fraction of an isotope of
interest, relative to all atoms of a given element, at some subssite$ for example, for

the Nouter Site of N2O:
0 PTMT PpTIP PTG PPTT PPP PP 8 & p
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The sitespecific ratio is analogous to tmeolecularaverage isotope ratiand written’Y

wherek gives thesite(s),i gives the isotope of interest, and j gives a reference isotope:
EOI & pPA

OA A GO A S A &<

For example, theite-specific isotope ratidor the Nouter Site of NoO:

Y

: 0 PTTM pTP PTC PPT PPP PP
Y r C®& O
0] MMM MNP TMNG TTPTT PP TP
HPodn ! bSH wWSLERNIAY3I aSiK2RY ¢KS a! ¢ @I f dzf

While each of the methods discussed above is useful for certain types of
measurements, they typically do not apply to the observed spectra of mass spectrometric
experiments that consider isotopic forms of fragment ions; furthermore, merging or
translatingbetween measurement types can be challengingsatopologueandisotope
ratios use fundamentally different reference frames.

a2iAQdGSR 08 (KSaS O2yOSNyasz ¢S RSTAYS
¢CKS a!é @IftdzS Aa4 | NIXrGA2 gKSNB (GKS ydzYSNI iz
isotopologues and the denominator is the concentration of thensubstituted
isotopologue.¢ KS f SGUSNI a! ¢ adlyRa TFT2NJ adzyadzo aidaAidd
from others. We write:

. A,QQLOLRELTQQAQ ) & 1
51 OOAOOBOOODA T T COA

Our definition has several advantages relative to previous reporting methods. Its numerator

is more general than thelumpedisotope ratio, allowing us to define U values feingly-
substituted isotopologues(and sums of those). The denominator is fixed, simplifying
comparison across different measurements. The U value has a clear relation to the
clumpedisotope ratio. And as we will see, it has a clear relation toghe-specific isotope
ratio and can be used to interpret fragmentation experiments (iildaalso apply to data
generated by optical spectroscopy).

We further define categories of U values of particular inter#ge first define an

isotope-specific U valugewhere the numerator equals the sums of the concentrations of
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the singly-substitutedisotopologuesfor a given isotopic substitution. For example, HON
we have:

. PTIT TPTL

. PmTm TP
T 8 c& v

Theisotope-specific U values useful from an experimental perspective because it can be
measured directly, requires observation of only two ion beams, and is easy to interpret
and useWe also define aite-specific U valugwhere the numerator equals the sums of
the concentrations of thesingly-substituted isotopologuesat givensite(s).For example,

we may write theNouter Site of bO as

Y Y PR
= Q0]
We can define aite-specific U valudor a multratomicsite like Nouter+inner
. . mip T
Y Yh  ——8
p—— c& X

One note that deserves comment: ratios of U values may be used to represent the ratio of
any combination ofsotopologuesin a sample; for example, in®:

PPT ppT mrm Y
PTITT PTT MTT Y

&y

This observation may be useful when making measurements which do not measure the
unsubstitutedisotopologuedirectly. Finally, we may refer to asotopologuespecificor

clumpedU value, where the numerator is a singletopologueor clumped isotopologue.

2.2.3.5 Connecting the U Value to the other isotope ratios; the Stochastic Assumption

We may relate U values ®ite-specificand molecular averagesotope ratios. We
begin by comparing thsite-specific U valuend thesite-specific isotope ratio Suppose
we know thesite-specific isotope concentratiomcross evergite of a molecule. We may
write these concentrationsw , wherew gives the-th site of the moleculeNow, assume
these isotopes are randomly distributed across iaitopologues;we call this the

stochastic assumption(or stochastic distributio. Then, we can compute the
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concentration of anyisotopologue, a,as the product of thesite-specific isotope

concentrations @ :

+ ® 8 & w

For example, for thésotopologue[102] of NO:

PTG 0 0 O 8 C® T

Under thestochastic assumptionthe site-specific isotope ratioof a singleatom site is
equivalent to thesite-specific U ValueFor example, for YD, we can expantY to
yield:

- pmtmt 0 0 0 0 ,

Y = m = m Y ¢®p

mmnm U 0 0 0

demonstrating’Y and’Y are equal. This holds in the general case, as the singly

substituted isotopologue and the unsubstituted isotopologuediffer only at thesite of
interest. We write:
Y Y OET LDIRNE 8 ¢

Which is exact under thstochastic assumptionAs we diverge from thestochastic
assumption 'Y AT X values will diverge; however, for clumped isotope anomalies
small molecules with amplitudes typical of natural samples, this divergence will be small.
For arange offC,'*N, 'O, & Dcontaining clumped isotopologues, we find clumped isotope
Fy2YFtASa 2F dmnn :: O0YSIFAd2NBR Fa RSLI NI dzNB:
fSIR 02 RAOGSNHESYOSa& 0SigS Sigswhich brg'rRreisptop@ I £ dzS &
substituted in the clumped isotope species in question, and much smaller for sitear
We are often justified in treating these ratios as idernititdle direct the interested reader
to our Appendix for a more detailed discussion of the limits of this approximation.

We can generalize this result to medtiomicsitesin the following way. Suppose we
now treatu as a multiatomicsite of NbO. Although we are assuminguby and
Ninner are experimentally indistinguishable, we can still defite-specific ratiosY
and’Y , Which exist but are not measurable. Te-specific ratioY may

be approximated as the average of these, that is:
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Y 8 C®d o

The errors induced by this approximation will be small in most circumstances; for

example, if | R v 1t and I B L Tt then | B
Tt (seeNomenclatureF 2 NJ | RSTAYAGAZ2Y 2F + @t dzSavo
when thesite-specific isotope ratiogire equalY Y ; we also comment that

violations of this assumption are the origin of combinatorial isotope effettsing, 2016)
Under the stochasticassumption we may replace the R values with U values, and

conclude:
, Y Y Y
Y 8 Cd 1
G q

We see thesite-specific isotope ratioapproximates thesite-specific U value

normalized by the number of atoms in tsée of interest. A similar argument holds in the
general case: considersite with n atoms and let j index across these atoms. he-
specific isotope ratias approximatedria:

B Y

Y :
€

¢® L

where'Y is thesite-specific isotope ratiand the'Y give the isotope ratios at each atom,

], within the site. As the isotope ratio for each atom is approximated by the U value for

each atom, we may write:

B Y B Y 7Y &
: : & o0

where the approximation is exact under th&ochastic assumptionWe therefore
conclude

Y % G0 & o0 Qi DB
The approximation is exact when tlsechastic assumptionolds and the isotope ratio
at each atom within thesite is identical. Our mukatomic formula can be applied to the
molecularaverage isotope ratidoy definingsite k to include alh atoms of a particular

element:
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2.2.4. Calculating U Values From Mass Spectrometry Experiments

We next show how to relate U values to various MS experiments. U values are
natural to use for MS experiments without fragmentation which observe many isotopic
peaks simultaneously. Because isotopic peaks are observed based on mass and because
the unsubstituted isotopologuehas a unique mass, U values for tis®topologues
corresponding to any observed ion beam may be computed by taking a ratio with the ion
beam corresponding to thensubstituted isotopologueFor example, if we looked at the
methanol speatum (without fragmentation), we could compute thsotope-specific U
valuesfor 13C, DI’O, &80 based on the intensity ratios of the relevant molecular ions;
we could also compute U values for any clumped species we observed (experimentally,
we may have to account for fractionation of differaebtopologuesvia standardization;
we discuss this further below). Moreover, U values are useful for experiments involving
fragmentation of alisotopologuesof a molecule (the entirésotome) and especially for
experiments with mass selection and fragmentation (M+N experiments). In these cases,
the appeal lies in the ease of calculation of U values from various measurements; because
all U values have the same structure, it is simple to convert betyegnisotope-specific
U valuesand site-specific U valuedor a given isotope, as well as between more
unconventional data products and U values. We will now examine some specific cases of

interest.

2.2.4.1 Fragmentation and Observation

For fragmentation experiments where the entirsotome is fragmented and
observed(Eiler et al., 2017; Cesar et al., 2019; Chimiak et al., 2081 pbserved peaks
give neither U values nor traditional isotope ratios, but closely approximate both.
Suppose, for example, we wanted to measi¥e by fragmenting MO to lose Nuter

and observing thé®N and unsubstituted ion beams. Tracking fragmentation, our set is:
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Measuring the ratio of the observed( peak to the observed unsubstituted peak of the

NO fragment yields:

| MTPT PPTI
| MM PTT

C® w

where we writgl  to give the observed abundance of the ion beam with substitution x
(in a real experiment, this equality will be approximate due to fractionation). Under the

stochastic assumptionwe have

mp T T
ol am
Using the fact that
O » O O
o' 300 8
we see
MPT PP TP v g & ¢

TMMTTT PTTT TITT

Thus, the measurement closely approximates the U value of interest.

If multiple atoms contribute to the numerator (via differesitesor a single multi
atomicsite), a similar argument holds. For example, if we instead fragmented and lost the
O site, then measured thé®N and unsubstituted ion beams to computé :

then we have:
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| PIT PP PTG TMPT PP TPG
| TTCTUTT TUTUP TUTT G

& o

which we rewrite as

pmtm pmtp pmMC TPT TTPPE TTDCTY ~ ~
TITMT TP TG T TP TG
cz'Y 8t

following the same logic employed above; as before, we approximate the U value of

interest. In this case, the first equality is approximate as it depends orstthehastic
assumption while the third is approximate both becau¥e and’Y may differ
and due to thestochastic assumptiorfsee eR.33). For the interested reader, a general

version of this argument is presented@mapter 3

2HOn ®H al aa {StSOGA2YyX CNIYIYSYyidlrdadA2y YR hi
bSEGX 6S RAaAOdzaa G(KS dGabbé Schtade MY Sy dx

cardinal mass difference N relative to thasubstituted isotopologueis mass selected,

fragmented, and observed via a MS/MS experim@&eubauer et al., 2018JFor example,

suppose we performed a M+1 measurement wit#’ONvhere we fragment to lose the:N

site. Following the nomenclature and ordering established above, we défine

oplp> 6KSNB doné 3IABSa GKS OF NRA Ysing ther &a 2

operations discussed above:
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We observe three ion beams. We may calculateNtiel relative abundancewithin the
fragment ion population; (or M+N relative abundance, for other experiments; 30
is the cardinal mass of the fragment) by taking the intensity of each ion lzegatative

to the sum of the intensities of all ion beams of this fragment.
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We interpret these abundances as correspondingstiopologue concentrationsnoting
again that when instrument fractionation occurs, this relationship will be approximate:

TP

h TP NPT PTT 8 v
mp T
” F:I Caw
TP TMPT PTT
TTTT
S P 8 ® m

TP TMPT PTT
bSEGZ 6 S7YRSvalley &SU Valuedwhere the numerator gives the sum of the
concentrations of all M+1 substitutésotopologuesd YR f A1 Sé6AaS FT2NJ abH

- T T
v p prmt mmp @ p
T T

and thereby calculatsite-specificU values

~

"Rz Y ® ¢
"n 0 2Y Y ®o
o2y Y 8 T

The *Y value is a mathematical trick which allows us to relate unconventional
measurements tasite-specific U valuegand thussite-specific isotope ratios Note,
however, the implication the M+N relative abundance measurements we make in a
M+N experiment are directly proportional, and with the same proportionality constant,
to the U values for the associatézbtopologues(and approximately proportional to the
correspondinggite-specific isotope ratioscf. eq2.37). By manipulating U values, we can
therefore understand the M+N measurement in terms of physically meaningful and
widely understood isotope ratios.

To proceed, we must determine ti¥  value. We suggest two ways to do so.

First, we could measur&y  directly by performing an experiment which observes all
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M+N peaks simultaneously with the unsubstituted peak, taking their ratio, fergh\:O,
% % "Y . Second, we could measure some otfi¥walue (i.e, isotope
specific) and use it in conjunction with M+N relative abundance measurements to

calculatey  8For example, suppose we independently measuiéd . Suppose also

we know” , the M+Nrelative abundance of thé®>N substituted

isotopologueswithin the M+1 population (here, we omit the cardinal mass subscript as

we are talking about the unfragmented populationiedtopologues. Then, using the fact

that
) L™y PUTM MPpM PAT TP TMHP
PTIT TIPT TP T T
T P .,
u Y 8 CEB) 0]
T TT
We find
x Y
Y —38 d @
For the experiment outlined abové, Is the sum” " 5, SO we can use

this approach. In general, calculating  in this way requires that we can calculdte

and Y for some isotopex. In some cases, this may be possible using one of the
fragments e.g, fragment 30 here; in other cases, this can be done by obsefYinga
direct measurement, then measuring the M+N spectrum of the compowittiout
fragmentation, giving .

Some implications of this strategy deserve further comment. First, we emphasize
that Y values do not depend on the fragment studied; for molecules with many
fragments of interest, one may use the saf¥¢  value for every fragment. This
(perhaps counterintuitive) fact is a function of the M+N experimental design, which
causes every fragment to sample the same sésatopologues We show this process in
more detail in the following section. Second, a point of interest for M+1 and M+2 mass
selections: as noted abovesotope-specific U valuesare closely approximated by
molecular average isotope ratiogvlanymolecular average isotope ratio€3C or®N for

M+1,180 or3'S for M+2) can be measured at high precision. We can therefore use these
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measurements to approximaté&Y or 'Y  and apply this information to a M+N
experiment. For example, with the .8 measurement outlined above, ouY
measurement may be an approximation based on a measuremeéiit of.

For a more involved example, suppose we perform an M+1 experiment on
methanol, fragmenting to lose th®H (as before). Following mass selection (the reader

can verify), our set aotopologuesis:

Cvmr’lhr 1 Oh ydrozyl Hhydrozyl Hmethyt (‘IH('[}II 1 Olu droxyl th droxyl HHI( thyl Substitutions
0T ™ 0.0,0)y Fragment L g T g (0,0, 0/) 13C
{ 0 1 0 (0,0, U)} — { 0 T T (0,0,0) } { Unsub }
0 0 1 (0,0,0) 0 x x (0,0,0) Unsub
0 0 0 (0,0,1) 0 x x (0,0,1) D

Fragmentation results in 3 observed ion beams; for each, we may report M+1 relative
abundances. Now, suppose that we have obsered of methanol via some other
mechanism; in this case, we may approximate "Y . From our measurement of

the 13C ion beam, we knoW  8Therefore, we may calculate:

Y —38 ¢® X

We may then apply¥  to our other M+1 measurements:

. ninh rimip fm
” o Z‘ — —— N
i Y pn Y d Y
. . nphrimn in mvh e .
EoZY TR Y Y 8 @w

Commenting again that if we observed another fragment (e.g.;@id could apply the
same’Y  value to these results. In eq (58), we have use¥ a measurement in
combination with a M+1 experiment to constrain the s#pecific isotope content of
deuterium. That we can do so is a key benefit of the M+N experiment; we may rely on
high-precision measurements of wekhown properties to constrain morexetic ones. In

eg (59), we constrain a sum of two U values; this represents actual knowledge about the
isotopic structure of a molecule but is not interpretable in terms of commonly used
isotope ratios. In some cases, we will have to interpret these camgg directly. In
others, we may be able to use additional information to tease apart these constraints. For

example, if we observetY directly, we could calculatéy from eq (59). We
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next discuss a common way to make (and combine) multiple information sowiees,

observation of multiple fragments of the same molecule.

2.2.4.3 Multiple Observations of a M+N Experiment

When making a M+N experiment with many fragments, we can combine
information from multiple measurements using a linear system of equations to gain more
in-depth knowledge about thesotome. For example, suppose we perform an M+1 mass
selection/fragmentation experiment onJ® and observé)  ofplp and’Q  plph
as fragments. As before, the ordering i&d, Nnner, O, and the fragments are NO and

N2, respectively; the subscripts give the associated unsubstituted cardinal masses.

We begin by writing avector |=-._Qr the M+N relative abundances of the
isotopologues observed during the measurement; in this case, they are the M+1
substitutedisotopologues

pTT
b« TP C
LT P
where the subscript M+1 denotes a M+1 relative abundance, e.g.

pPTT

prm PTT TPT nnpf)3 &P

Now, for each fragment, we have some set of Mehtiveabundance measurements. We may

write these as a vecta . 1, where CM gives the cardinal mass of the unsubstituted fragment:

z ” z , CHC

Finally, for each fragment, we may define a composition magrix taking relative
abundancesk , tqthe observed values i 1 (i.e, Fruk o <z -1 . For example:

p M T
F T p F
T T P

Tt

m p o
0 p T C®
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For the’Q fragment, we have:

mm PN
p T TPT " CHT
mpP TTp "

4370

Which is the same system of equations given in egsS@&bove.

To combine information from multiple fragmentsg concatenate the composition
matrices and measurement vectors. idstopologueconcentrations are reported relative
to the M+N population, we know their concentrations sum to 1 and may add a row to satisfy

this principle of closure. Our final system of equations is:

Pp P Py ki P I:I
IP n T[l’l P TT : :n :,:
:g ﬁ "‘ TIp T I'n hts Cd L
: p, TP 11 i
ft T P! 1 1
L'p P T[U u ” U”

We can solve this matrix inversion problem through a variety of computational methods,
e.g, a leastsquared inversion algorithm or via Gatl&sdan elimination. This will yield the
M+1 relative abundances of amgotopologueswe can constrain; we may compute the
associated U values by using fve  as discussed above. Finally, we note a conceptual
pointt the special case where we observe the full molecule may be formally treated as a
GFTN IVSPo ' omz m=E X I mM6Z FYyR 4SS YI &8

observations of fragments as shown.

2.2.5. Experimental Issues Raised by the M+N Experiment

Thus far, our mathematically rigorous framework for M+N experiments has been
developed using hypothetical examples and ignoring experimental issues; we next
demonstrate how one might appl this framework to a real experiment to acquire detailed
knowledge oft Y 2 f SsGrozie. I@db so, we take methionine as a test molecule, as
it has previously been studied by M+N measurements and because it has several
fragments and many elements presefieubauer et al., 2018\We begin by broadly

outlining the experimental issues one encounters in making this measurement and
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suggesting methods for dealing with these; in the appendix, we examine these issues in
greater detail. We then present a simulated dataset for M+1 through M+4 measurements
of methionine, giving over 100 constraints on its isotopic composition, and denadastr
what information can be gleaned from these observations. This exercise is guided by the
I dzi K2NBEQ SELISNAYSyGlt 20aSNBIiA2ya 2F YSOK
will apply this algorithm to experimental methionine data. The source code for ou
implementation of the algorithm and the simulated methionine datasets is available as a
github repository; our code is generalizable to other M+N experiments and includes a
tutorial for setting up new measurements (see Research Data, below).

To guide our discussion experimental issues, we will examine a M+1 experiment
for methionine where we observe the fragment at cardinal mas6MD (Figure2.6).
This ion beam has four isotopic peaks: Unsubstitutéd,'*C, and D. We would like to
report measurements of these ion beams using the nomenclature developed above for
M+1 relative abundances, e,g.

o}

"oa e a & ° @0

We identify three main experimental isssrefractionation of observed ion beams,

unobserved ion beams, and unresolved ion beams.
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Figure2.6: Some of the experimental issues encountered when making M+N measurements. A: Due to
peculiarities of each instrument, the observed abundance for each ion beam will differ from its actual
abundance. To deal with this, correction factors may be determinechégsuring a standard; the sample
composition may then be reported relative to that standard. B: In some cases, certain peaks may not be
observed due to insufficient abundance. However, calculation of relative abundances assumes the
denominatorincludes abundance of all peaks. Some correction factor must be applied to account for this
difference. C: A spectrum with sufficient resolution to observe each peak. D: The same spectrum at lower
resolution; in this case th&C and D peaks are unresolved. Ihdg¢ obvious how the abundances of these
peaks combine; it could be a simple linear addition, or something more complex. We report this ion beam
as belonging to the most abundant substitutidJ) and correct for the contribution from D as part of our
correction for instrument fraction. If the heights of unresolved beams are similar or the sample and
standard differ substantially, more involved correction schemes may be necessary.

First, we consider fractionation. Measurements of ion beam intensities in a mass
spectrometer will generally not reflect the true abundances of relevant molecular isotopic
species but may increase or decrease due to preferential production, transmissltor an
RSGSOUA2Yy 2F a2YS A2y o6Slya NBtIFIGAGBS G2
fractionation> though we refer here to any phenomenon that might bias relative ion
beam intensities; Figur@.6, A). For this reason, isotope ratio experiments corapar
measurements of a sample to measurements of a standard with known or assumed

isotopic composition observed on the same instrument under the same conditions and
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using the same methods, usually directly before and/or after a sample measurement.
Standardizing in this manner for M+N experiments is difficult due to the premise that the
standard has a known isotopic composition. In a M+N experiment, the M+N relative
abundance of an ion beam (e.8C) depends on the abundance of all other substitutions
(%3S, DN, etc.) as well as (for fragment ions) their distribution across-emuivalent
sites; this kind of detailed knowledge of a standard will generally not |(zeladnle.
Nevertheless, we find we can effectively standardize by (1) hypothesizing the standard
composition assuming plausible abundances for isotopic substitutions at sitery2)
calculating a spectrum for the standard in the absence of fractionation; (3) comparing this
spectrum with the observed abundances to calculate fractionation factors for each ion
beam of the standard; and (4) applying these fractionation factors ¢oséimple. While

this method uses a hypothesized standard composition whichoftén be wrong, we

find it is sufficient to report accurate comparisons of U values between sample and
standard and the data products downstream of these {sfiecific and clumped delta
values, such §s  for carbonsites); if specific U values of the standard are known in a
separate reference frame (e,g. of a specific carborsite), we can report the
calculated values of the sample in the same reference frame.

The interested reader is directed to the appendix for a detailed analysis.

Second, we address experimental difficulties caused by unobserved ion beams.
Reporting results using the nomenclature developed above for M+N relative abundances
assumes that we observe every ion beam of a particular fragment (else we cannot
calculate thedenominator of the” cm value); however, certain ion beams may be
sufficiently rare that they cannot be observed (Fig@ré, B). For example, in the 61 ion
beam of methionine, we may be unable to observe the D ion beam due to low abundance;
rather than elative abundances, we can only calculate results of the form:

o

¢

C® X

i.e., the actual result multiplied by

8 CH Y
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To change these results into M+N relative abundance we apply a correction factor, which
will be equal to (assuming fractionation has been corrected for):
a a a

8 ¢ w

Generally, we will not know this correction factor, but we can approximate it. We may do
so by using a forward model of the isotopic abundance, using experimental constraints
from other observations, or by combining the two to iteratively update our fodvar
model. These methods are discussed in detail in the appendix.

Third, we address the issue of unresolved peaks. Often, two peaks will be close
enough in mass that they cannot be distinguished by our mass spectrometer; rather than
observing either peak individually, we observe them in combination (F@6reC & D).

This issue is perhaps the most difficult to address; the best correction depends on some
knowledge of which ion beams combine and how they combine, which will necessarily
differ from instrument to instrument and possibly from sample to sample. $Aggest

the following general correction, which we expect to fail in certain scenarios, but believe
will be broadly applicable to many experiments: we assign observed peaks to the most
abundant ion beam observed near that mass and treat changes in height caused by
unresolved ion beams as instrumental fractionation, folding our correction of it into our
calculation of the fractionation factors. This method assumes that (1) unresolved beams
combine in the same way across sample and standard (which we think is plaargible
allows us to proceed without knowing precisely how this occurs); (2) that the relative
abundances of the less abundant peaks are broadly similar across sample and standard
(e.g, if at3C and D ion beam are unresolved, the D content of sample and standard are
assumed to be similar); and (3) that the less abundant peaks are small in magnitude
relative to the larger ones (meaning changes in their abundance from sample to standard
will havea small effect on the observation). The key benefit of our apghnaa the ease

of application to many new targetswe do not have to assume anything about which
peaks are unresolved, how they combine with each other, or what the isotopic abundance
of any species is. If one had more detailed knowledge of the systenestiqa, one could

suggest better correction schemes. For example, considetteorrection performed
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for CQ carbon isotope measuremen{8rand et al., 2010)n this scenario, thé3C and

70 ion beam are unresolved; however, because they are assumed to combine additively,
eg.0 o a & , and because th&O content can be closely approximated
viameasurement of20, a reasonable approximation of th&® signal can be subtracted

out of the13C beam. We suspect these sorts of correction schemes will be applicable to
M+N measurements in the future, for specific cases where similarly useful constraints can
be assumed. At present, because our algorithm must correct for many unresolved beams
simultaneously (~100s, across all M+N experiments for the methionine dataset) and
because not all of thexperimental details are known for the method we are using to
execute the actual measurement (OrbitfdpMS; e.g., do unresolved ion beams combine
additively?), we leave these more detailed corrections for future work. A more detailed

discussion of this topic is presented in the appendix.

2.3. Results

To demonstrate the amount of information one may extract, the accuracy and
precision of the reconstructed isotopic structure, and the effects of the experimental
issues outlined above, we simulated methionine datasets under a range of conditions and
applied our methods to these data. We simulated M+1, M+2, M+3, and M+4 experiments
for a sample and standard, measuring fragments at cardinal mass 56, 61, 102, 104, and
133, in addition to the full molecule (Figu2e7). We additionally computed U values for
YO LY ,and”Y , which we use to calculafey ~ values. Our choice of
which measurements to simulate are guided by experiment; these fragments have well
studied fragmentation pathways, meaning thiéesthey sample are well known, and they
KIS LINB@GA2dzateé 0SSy dzaSR (2 Qwrypauarltaldy YSi
2018; Zhang et al., 2019 oreover, we have successfully made observations for each
M+N experiment we examine, and plan to present these results in a companion paper.

To evaluate the experimental issues discussed above, we generated simulated
datasets modeling these issues. We present six datasets, each including the full suite of

M+N measurements (Tab2m0O @ ¢ KS&aS Ay Of dzRS wm0 |y GARS]
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evaluated 3,4,5) each experimental issue (instrument fractionation, low abundance

peaks, unresolved peaks) individually and then 6) evaluated all issues in combination. The
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FyyaRiesnirlmding theEe2mbasuréent errors, we then

sample and standard compositie used throughout are shown in Table 2; clumped

species were computed following tistochastic assumptiorfTable2.2).

We modeled the experimental issues as follows. For instrument fractionation, we

assumed each ion beam fractionated identically for the sample and standard, multiplying

its intensity by a factor randomly chosen from ph8t v. For low abundance peaks, we

assumed any peak with a M+N relative abundance of < 1% within the family of peaks

associated with an individual fragment was not observed. For unresolved peaks, we

assumed our experimental resolution was 120,000 at every npasds with insufficient

mass separation to be distinguished at this resolution were combined linearly in our

observed spectrum.

Table2.1: Description of Simulated Datasets

Combined

Synthetic Standard | Instrument |- OmitLow |\, ooy e | Experimental
Dataset Composition| Fractionation | Abundance Peaks? Error?
Known? Occurs? Peaks?
1) perfect Yes No No No No
Measurement
2)
Experimental Yes No No No Yes
Error
3) Instrument
Fractionation No Yes No No Yes
Test
4) Low
Abundance Yes No Yes No Yes
Test
5) Unresolved Yes NG NG Yes Yes
Test
6) All Issues No Yes Yes Yes Yes

al

A
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Table2.2: Simulated Methionine Structure

Site # Atoms ARA nE'E
Cmethyl 1 -30 -45
Q;amma 1 -30 -35

Calphabeta 2 -30 -30
Ccarboxyl 1 -30 -25
Ocarboxy|(17/18) 2 0/0 -13/-25
Suulfur 1 0/0/0  2.5/4.854367/9.223391
(33/34/36)
Namine 1 0 10
Hmethyl 3 0 -250
Hgamma 2 0 -100
Halphabeta 3 0 0
Hamine 2 0 100
H‘mydroxyl 1 0 250
Hprotonated 1 0 0

The scope of this M+N measurement strategy can be seethe dataset with all
experimental issues, which is most representative of a real dataset. This synthetic
YSIFadzNBYSyd 3IA@Sa | G20 t isétdne fulhmoldcilyg @ i NI A y
values as well as 24 M+1, 35 M+2, 48 M+3, and 58 M+4 observations. Some of these
constrain the same property; for example, observations of the abundanéeNoih the
56, 102, 104, and full fragments of the M+1 experiment all §ive , the M+1 relative
abundance of°N. By counting only unique observations of new properties, we have 17
M+1, 29 M+2, 44 M+3, and 50 M+4 constraints; combined with the full molecule U values,
this gives us 144 unique observations. These constraints are visualized inFrQute
which shows which ion beams were observed and indicates those which were not
observed due to low abundance or poor resolution. An isotopic substitution is only
included in Figur@.7, C if at least one ion beam with that isotopibstitution is observed
for that M+N experiment; certain isotopic substitutions may not be included,(®.@ O
in the M+3 experiment). This illustrative example demonstrates how much information is
available for a single molecule and how an M+N measurement strategy can yield high
RAYSYyaAz2ylt AyF2NNMsotome2y Fo2dzi | al YL SQ&
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Figure2.7: The observations for our simulated experiment. A: The methionine molecule and our
definition of the sites of methionine. Sulfur, nitrogen, and oxygen each have a single site for all atoms of
those elements. Carbon and hydrogsgitesare defined according to the labels. There is also a hydrogen
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sampledby the fragments of methionine. Reprinted from Neubauer et al. 2018; used with permission. C:
Observed isotopic peaks for each fragment of each M+N experiment. Purple boxes give observed peaks.
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due to resolution or low

abundance

Light purple boxes give substitutions that exist in the fragirbut are unobserved due to insufficient

resolution and/or abundance. Hatched boxes give substitutions which do not exist in those fragments.

We next evaluated the effect of experimental issues on our methodology. In

Figure2.8, we show computed results after processing each simulated dataset. We first

by

&

=
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show a representative result for the simplest data product we can provide, the directly
observed sample/standard comparison”of  values. We here show results for the 61
fragment; there are no data for deuterium when low abundance is taken into account.
These data show which errors are present in the raw data themselves; for many reported
isotopologuespecific U valueghe errors will be larger due to the convolution of errors
from multiple observations used to constrain thabtopologue Next, we show thsite-

specificand clumped isotopologue ratiosve constrain; in all cases, these results are

given after applying our correctign F2 NJ G KS SELISNAYSyYy (il &£¢éA4aadzsS

GAGSNI GSRé O2NNBOGAZ2Y LINRPOSaa gAGK b T pn
LINPOSaa gAGK b ' m FYR ° T nonnm F2N GKS

only show values that are constrained in all simulations; in certain cases,treeg
simulation with no experimental problems, we constrain otlshkrmped isotopologues
as well. For thesotopologueswe present, the sample/standard comparisons ( are

reported as the ratio between U values for the relevaisbtopologues e.g,

1 o) p TUTETT p 8In cases where the U value of the standard is

known, these could be given relative to widely used isotope standards (VPDB for carbon,
AIR for nitrogen, VSMOW for oxygen and hydrogen, etc.) As the standard is not known in
all cases, we give results onlylatve to the standard (i.e., by definition, the standard
represents 0 on the delta scale for that property, and only relative differences between
samples, each measured vs. that standard, could be said to have interpretable

significance).

2.4. Discussion
24.1. Recovered Constraints from M+N Experiment

Ourresults for the synthetic M+N experiment on methionine (Fig2i® show
how our recovered values change with different experimental issues. First, we examine
the directly observed values. For the 61 ion beam, accounting for instrument

fractionation causes no noticeable increase in error. There are no unresolved peaks for

|
N



51

this measurement, so that issue does not affect these results. The loss of the deuterium

beam when low abundance peaks are accounted for does decrease our aacurdhis

OFaSs o0& RSONBlIaAy3d GKS 20aSNWSR NIhigiga2 o0& |
due to differences in the M+1 relative abundance of deuterium between sample and
standard; in the sample it accounts for ~0.9%, while in the standard it is ~1.1%, with the

lower value for the sample coming primarily from its lesser content of eléwin at the

sites (Hmethy and Hammgd sampled in this fragment. Our observed M+1 relative

abundances in the case of the sample are multiplied by a faCEG-IT , while for the

standard by 00PTd Sl 6cyEyRdAppAGAYVHzZIA KS & dz¥F 2 Al

8
1). The larger factor for the standard shifts the observed M+1 relative abundances for the

standard closer to those for the sample, causing the size of the difference to decrease (we
correct for this effect when computm sitespecific values, but not for this raw data
product). As this error is a mathematical consequence of unobserved peaks, it will be
consistent and replicable across the same experimental design. Therefore, while we
caution against interpreting these hees directly as accurate comparisons of M+N relative
abundance ratios, they will still be useful for high dimensional chemical forensics. Finally,
we note that for fragments where unresolved peaks are an issue, they present both the
same issue (the M+N lagive abundance of unresolved peaks is not observed) and an
additional one (when unresolved peaks combine, if the height of the minor, unobserved,
peak differs notably between sample and standard, this will be measured as a change in
the height of the majr, observed peak). Our interpretation is similar; without correcting
for these effects, these results should not be interpreted as accurate M+N relative
abundance ratios; however, they remain useful for distinguishing different samples of the
same compoud and may be applicable for determining fingerprints of different physical
or chemical processes.

Next, we turn to thesite-specificvalues. For mossites, experimental issues do
not noticeably affect our results; our corrections effectively deal with these problems.
Notable exceptions are 1) thec£oxyi Site, which is poorly constrained in the case of

unresolved peaks; this is unsurprising*@3 cannot be directly observed for any fragment
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at a resolution of 120,000, so that4{doxyiiS NOt constrained by any measurement, but
only by closure, in this scenario; and 2) theskhisites g KSNB (G KS NBadz G A
due to instrument fractionation. In no case do the deviations observed for low abundance
peaks in the” values result in a missesite-specificresult, although there is an
increase in error for fdAmmadue to this effect. The results for the clumpadtopologues
which are basically analogous; tHé0?*S result becomes poorly constrained when
resolution is considered, for the same reason as thgn&isite. Overall, we find our
correction scheme is robust for most experimental issues for reibss The issues that

do occur appear idiosyncratic to the problem of intemeste suggest that future
experimentl work include this sort of theoretical analysis to examine which experimental
issues create problems for that system.

The recovered error bars for each constraint convolve errors from several
RAFFSNBY (G &2dzNOSAT GKAA& A WQbalzeRi& dothnsampld E LIS NA
FYR &0l yRIFENRT HO SNNENE Ay KSWBslues for 2act? dzNJ O 2
SELISNRYSY (It A&a& dzbivalue usedSdcN@iIbE theTcondositiod bf @ K
singleisotopologue and 4) errors on the 'WN value used to computsite-specificor
clumped! @I fdzSad !'a y2GSRYX GKS SNNRNBE plg 2dzNI 3
FYR a0l yRINRZI KSyOS G KSWMyN AbmiFigee8Kkwedindl y S NI
errors induced by (2), at least for the 61 fragmetot be minor. (3) accounts for much of
error in our final values, and depends on thige; for example, for carbon, some error
bars (Giphabety are close to those for the direct measurements, while othegs«{fa are
y2iloté& tFNBSNY ¢KS SNNEBNJ FNBY o6n0 Ad& YAy2
for each W*Nvalue. Increases in the error of th&'t¥ value used will cause proportionally
larger errors in the reported results; for example, if the error of t6W@ I £ dzS ¢ SNB o'
wewouldexped 'y AYONBIFaS 27T ¥ apoyresyt. 6§ KS SNNE NJ 2
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Figure2.8: Several data products from the M+N experiment on methionine evaluated with a range of experimental issues. Top LefteAtadpeesample of

the raw data product, a sample/standard comparison of the M+N relative abundances for the different isotopes of the &mdadn be M+1 experiment. We

find instrument fractionation causes no notable increase in error, while there are no unresolved peaks that would cafeet.arhefloss of the deuterium

A2y 0SIY aKAFla GKS 20KSNJ NBadzZ G§a R2gy o0& F w~m I R dzitlixfiorsa delaies disRussioR)ARHEL G &
The sample standard comparisonss@é-specificand clumpedU values. In general, our treatment of experimental issues is robust and we recover accurate
values despite these problems. Exceptions are th@&iand ’0**S results, which become poorly constrained at our simulated resolution of 120,000 because
the associated ion beams are not directly observed, andgbmpologuesmust be computed via closure. We also see deviations feijtiue to instrument
fractionation.

2 ¥



24.2. Using Directly Measured Constraints: Application to Mixing .

In some cases, the involved process of reconstructisgtopologue
concentrations may be unnecessary, and the directly observed data from a M+N
experiment may be used; an example case is the mixing of two isotopically distinct
reservoirs of the same compound. Mixing of two reservoirs will cause subtle deviations
from the stochastic distributionin the mixed product, and these deviations can be seen
directly in an M+N experiment. To show this, we examine hypothetical measurements of
mixed NO samples (Tabl2.3). As endmembers, we take tropospherigCNand so#
derivedNh T GKS fFOGGSNRAE O2YLRAAGAZ2Y OFNARSa o0l 3
possible composition which differs significantly from the troposphere, that-Gf flom
Amazon rainforest soil examined by Pérez e{PRérez et al., 2006; Toyoda et al., 2013)
We compute three separate mixed populations (TahB with varying amounts of each

endmember. Deviations from thstochastic distributionfor each isotopologue in the
mixed population are shown in Figu&9, left. Here T L
Pop J P 14 Fra P

where [a] gives the concentration of arsotopologue of interest. The tropospheric
endmember is enriched at eadite relative to the soil population, so in the mixture,
concentrations ofisotopologueswith two or more heavy substitutions are increased
relative to the stochastic distribution (If this is nonobvious, imagine mixing two
stochastically distributedN> endmembers, where one ha$N] = 0, and the other has

[*°*N] = 2x. The mixed product ha®N] = x. If this were distributed stochastically,

0 O w8 However, in the mixture, 0 O - 0 0

- 00 - T - W Cw 8Hence, the mixture is enriched in the

clumped isotopologue). The size of this increase is a function of the amount of enrichment
at each individuasite and hence largest for the doublyN substitutedisotopologues.
These deviations may be measured in an M+N experiment; in RRguraght, we show
the increases in M+N relative abundances which would be observed by a sample/standard

comparison of the mixture (sample) versus:ON with the same site-specific
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concentrations and thestochastic distribution (standard); note the effects could be

observed with a different standard. The magnitudes of the effect are smaillesome
cases substantially smaltethan the relative changes in concentrations themselves. One
example of this is thé>N'®0 isotopologue,where the increase in concentration of the
I5NI80O substitutedisotopologues  dn®p : X A& y20 20aSNBSR Ay
attribute this to the large absolute abundance of tReN®O isotopologue in that
experiment, >99.9%, which suppresses changes in the relative abundance of this
isotopologue.There is some dependence on mixing ratio, with a 50/50 ratio causing the
largest deviations. The changes are apparent for muligg®pologuesacross a range of
mixing ratios, and this type of measurement may be useful in confirming the existence of
and constraining the amount of mixing in a sample.

We do not intend this example to be a definitive discussion of this topideed,
we anticipate that M+N experiments can show deviations between samples and the
stochastic distributionfor that sample for all sorts of reasons, including diffusion, mixing,
photochemistry, reaction history, and more. The peculiarities of how each process will
affect theisotome, and how that will be observeda this measurement strategy, must
0S RS@OSt2LISR F2NJ SIOK 2F (KSasS OFaSaeo 12485
the-iceberg: Hinting at new possibilities and recall that for some samples, we may have
an order of magnitude more measurements than we show @ NConsider, for example,
the mixng of an amino acid highly enriched at a certain carbon position with another with
moderate or no enrichment at a single carbon, as might happen in extraterrestrial
environments (Chimiak et al., 202t)the M+N experiment may show that mixing
occurred, constrain the proportions of mixing, and determine the content of the
endmembers. More work must be done to investigate the applicability and limitations of

this method.



Table2.3: Mixing of NO Endmembers

5€

Site-specific Tropospheric| An Amazon | 25 % soill, 50 % saoill, 75 % soll,
Composition N2O (Toyoda | Rainforest | 75% 50% 25%
et al., 2013) | Soil NO troposphere troposphere troposphere
(Pérez et
al., 2006)
) -11.76 -72.7 -27.0 -42.2 -57.5
) 25.14 -54.4 5.3 -14.6 -34.5
1 44,28 14.7 36.9 29.5 22.1
i was set by mass scaling wifl® assuming a mass exponent of 0.52.
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Figure2.9: Comparison between i@ isotomeswith the samesite-specific concentrationsMIX comes from
mixing of tropospheric and soil derived@ while STOCH follows thimchastic assumptiorLeft: Delta values

for the change in concentration of eaitptopologue;) p TTTT HHHLEE”AE p where ] gives the
concentration of theisotopologue. Right: Comparisons in M+N rela:[]i\r}e abundance space for three
experiments: M+1, M+2, and M+3. M+N relative abundance space is defined above;48.(@hanges are
largest for those observations associated withtopologueswith large changes, e, d°N'*N, and smaller for
substitutions that contribute more of the M+N relative abundance for an experiment &\NJ%0, which is
>99.9% of the signal for a M+3 experiment).

2.4.3 Computational Speed

An unavoidable problem with studies of molecuttomesis the rapid increase in

the number ofisotopologuesof a molecule as molecular size increases; this has made the
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polynomial expansion method for spectrum prediction, which we adapt, intractable for

e.g, proteins. To demonstrate typical complexities for different molecular sizes, consider
that methionine, withsitesdefined as we do, ha&63,552isotopologues a small protein,
insulin, has somewhere between 1.44 ¥2#nd 3.8 x 16°?isotopologues,depending on
how we define thesites. Our treatment is feasible for molecules the size of methionine
computing allisotopologuestakes on the order of 30 seconds on a personal computer
but fails for larger molecules. At this point, we note another benefit effh+N approach

as we mass select a small subset of is®opologues we need only compute and store
information about that population. Computing the M+1 population for methionine (13
isotopologues is essentially instant, while the M+1 population of insulin has at most 789
isotopologues and likely fewer given that maratomic positionswill be indistinguishable
and can be treated as the sarasiget so this style of experiment may be applicable even to
such targets. At the same time, for many applications,meay use the directly measured
O2YLRAAUGAZ2Y wd WdluddSratheriitkaS computingsotopologuespecific
concentrations further simplifying the problem. We expect computational complexity to

be an ongoing but often tractable concern.

2.5. Conclusions

There are two main ideas presented in this work: first, a generalized framework for
treating measurements of moleculasotomes which is applicable to a broad range of
experiments; second, a specific treatment of the M+N experiment, which will enable
further measurements of this type. Our framework for trackiswfopologuess applicable
to a wide variety of experiments on small molecules and we expect will provide a unified
way to understand diverse measurements. With respect to the M+N measurements, the
most practicable insight is that the M+1 algorithm can immediately be applied to many
small molecules; it is conceptually straightforward (and computationally easy) and deals
with no more than a few dozen isotopologues, while the algorithm is generatamdbe

used for many different targets on many different instruments. We expect this sort of
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experimental design to become more widespread in the near future. Beyond this, the

results from our M+2, M+3, and M+4 experiments suggest a diverse range of measurable
properties. The isotope effects caused by mixing are a clear target, and other processes
such as diffusion or photochemical destruction, will have signature effects on molecular
isotomes. Sorting out how these processes affect measured values requires a rigorous
understanding of whatsotopologuesare being measured and how; we hope that the

mathematics developed here will be useful in analyzing future work.
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1) Isotopologue: Molecular species that differ only in isotopic composition (number
of isotopic substitutions) and relative molecular mass, e.§CIC C°CE'Cl,
C*®CL3'Cb.
2) Isotopocule: Molecular species that only differ in either the number or positions

of isotopic substitutions.

Both definitions are from(Coplen, 2011)Our definition ofsite and our definition of
isotopologue put us in between these definitions. If we define a single site for each
element, we recover the above definition of isotopologue, while if we define a different site
for every position, we recover the above definition of isotopocule.

S22. Deviations from the Stochastic Assumption Cause Small Differences Between Site
specific U and R values

We here show empirically that typical clumps at natural abundance do not cause
significant deviations betweesite-specific U valueandisotope ratios

CANRGE | G2NR | o0o2dzi K2¢ AYyGNRBRdAzOAY 3
isotopologues affects these values. When we introduce an anomalous enrichment,
relative to the stochastic proportion, of a doubly substituted clumped isotopologue
(containing two rare @bstitutions) and keesite-specific concentrationgdentical, we
change the concentrations of fousotopologues:1) Theclumped isotopologue 2/3)
Both related singhsubstitutedisotopologues;and 4) Theunsubstituted isotopologue.
For a clumped anomalyf size x, we increase the concentration of (1) by x, decrease (2)
and (3) by x, to keep sigpecific concentrations the same, and then increase (4) by x, to

maintain closure. For example, fop®t
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pPpT ppm W Rs:)
pTT pTIT &) Y
TP T TP T W &
TUTT TT T TT o8 Y.8

This transformation does nathange anysotope ratios For example, consider

Y for N2O, given by:

" U pmm pMP PTG PPT PPP pPCS 8
0 TMTT MNP MNE TMPT PP TPCG

Here, the changes in the [110] and [100] terms in the numerator cancel, and likewise
for [010] and [000] denominator; this is a consequence of us keepingiteepecific
concentrationsidentical.

However, the clumped anomaly doebange U values; the size of this change
depends on stochastic concentrations of both tl®topologue of interest and the
unsubstituted isotopologueas well as the size of the clumped anomaly.

It is hard to draw general conclusions, as the degree to whathraped anomaly
causesite-specific U valueandisotope ratiosto deviate from the stochastic assumption
will be case specific. To empirically test some examples and illustrate the general
concepts, we calculated U and R values fg® Nmethionine, and ethane, with various
clumped anomaliegpresent. For eacbhlumped anomaly we calculated thesite-specific
U values andsite-specific isotope ratiogor every atomicsite, reporting our resultas a

per mil difference between U and R values, i.e.

57 P fpTmBT &
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our synthetic datasets,
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we assumeslite-specific concentrations
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carbon, AIR for nitrogen, CDT for sulfur, VSMOW for oxygen and hydrogen). Our results

are depicted in Figur821:
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of a clumped anomalybetween two atoms. Plots were made by creating synthetic datasets for both
molecules, introducing the clump of interest, and tracking the resubitegspecific U valueandisotope
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observe deviations iz y of 1-m 1 :Sit@swithout rare isotope substitution in the clumped isotopologue
have very small differences between U and R values even for massive very large clumped isotope anomalies.
Bottom: Thes y for ethane with various clumps as well as an anticlump. The largest errors are caused by

a®CDclumped anomaly} YR I NB dwm
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Our results indicate we are justified in assumgiig-specific U valuesind isotope ratiosare equal for all
commonly expected cases without extraordinary enrichments in clumped isotope species.
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These calculations demonstrate some key points about how breaking the

stochastic assumption affects y values. First, for these small molecules and for natural
Of dzYLISR A &a20G2LJS Fy2Yl f ASa sie3pedificUaniRyalies § KS R ¢
Aa avylftftz 2y GKS 2NRSNJ 2F n oy valud dépehdSa a &
on the concentration of thesingly-substituted isotopologueof interest; in methionine,

the magnitude of thew y values for'’O substitutions is greater than that dfN
substitutions, due to the lesser abundance' @. Third, the magnitude of the ; value

depends on the absolute size of the clumped isotope anomaly. For example, in
methionine, comparing the nitrogen site of the NO clump and NC clump, we see a larger

wy F2NJ G§KS &l 'value forfthezM@T dBiRp. Tihis difference exists because the

same relativeclumped anomaly corresponds to a greater absokltanped anomaly for

NC than for NO, due to the greater natural abundancé36™N compared to'>N’O.

Fourth, we sean identicalw y valuefor all sitesnot involved in the clump. This error

results from the change in concentration of th@substituted isotopologue.Suppose,

for example, that one looks at the  value of NO. We have:

Y Y mnp 8 "
TTTT TT YS(
PAAYy3 GKS adzoaONRLIG aad20Ké (s@chastiERA Ol (0 ¢

assumption We introduce a clump of size x betweenadd N

W TP 8 g
T T () @
If we take the ratio:

. mmnp

Y T T W TP TN LTI T &)

Y TP MTmP 2 TMNT W T W

TTTT TU
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and then computes y :

T TT ] i ‘o
3 - T o 7T 11
- TUTT TT o PP

we see3 y depends only on [000] and the size of x, regardless of witehwe are
looking at. This holds for argjte not involved in the clump. We therefore conclude that
the 3 y value is identical for angingly-substituted isotopologuewith a substitution at

a site which does not patrticipate in the clumped isotope anomathile our results
suggest we are generally justified in operating under this assumption, there may be some
cases where we wish to break it; we give an example of how to modify our algorithm in

such an instance, below.

S23 A General Solution for Fragmentation Experiments Without Mass Selection

In section 2.4.1, we analyzed an experiment wherasatiopologuesof NbO are
fragmented and observed. Here, we generalize this argument to any molecule, as follows.
Suppose a molecule hasdistinct chemical elementsg fro F8 fro 8For each chemical
element, we may define up to twsites {|s . /3d{/e > g <+ (FQgiully retained or lost

elements we need only one)Ve can order thesites

Y i B RY f

¢
_<
¢
a(
¢

Y j X p

and write a fragmentation vector

Q  pfB fphiB o8 P ¢
For example, in the specific caselofi molecule fragmented to lose dMer, we would
write:

Y RY RAY P o

and

Q  piphos P T
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Now, suppose thasite "Y; hasa atoms. The unsubstitutedon beam is

formed by all iIsotopologues of the form
nEnNHKE nEnM E GrEdr; E arEdf  wheredy indicates the isotope
at the ' QBatom ofsite Y ;; . We write (& for the set containing all sets of substitutions
arEdar E arEdar  8f we defined Y to give the number of possible
substitutions forsite Y, then there are0 B 0 "Yj elements of setd. For
example, in MO (with thesitesdefined here), the unsubstituted ion beam is formed by
[000] and [001] and N = 2.

Now, consider an observed ion beam wiétne isotopesubstitutions, and suppose
that site Y j has™Q atoms. By similar logic, aflotopologuescontributing to this
ion beam have the form

wrEwy, M orEwr E GpEarp E apEdap , wherewy indicates
the isotope at the’G@atom of site Y j , and there are) isotopologuesof this
form. For NO, for example, thé*N'80 ion beam is formed by [020] and [021], and again,

N = 2. Note that, by our definition oY f, , WrEwp, B wrEwy isthe
same for allsotopologuesin this ion beam.
Suppose we then measure the ratio between an ion beam and the unsubstituted

ion beam. Our ratio is

B wrE® wpEoy E GrEap E arEap
B nmEnfE mEn E a,Earp E afEdp

¢

=
[Th

| =
| 5¢

8 P U

As numerator and denominator are summed across the same@yseaich has N terms.
We can write N pairs whergy, are fixed between numerator and denominator, j.ef

the form:

0«
Th
- Q -
0«
m
= x
M
Q
= x

wrEor EE o

8 X o
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The ratio of each pair of terms is equal under shechastic assumptionUsing
P ] Aﬁ )
t A A X X
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> >
> >

p>]

the ratio in eq$2.) is equal to

= =

WwrEwrp E wrEwy E MENE mEn TY .
METMMKE MENMT E MEME METN P W

where & gives the substitutionswy E @y E ©r E ®p . IfTY has an isotope
ratio (it would not, for example, if Y'2N'’O), then we may approximate this using eq (4).
For example, fot*N'80:

MGM MGp MG .
TTTT TUTP TTT

Y 8 B 0

Therefore, we conclude that in fragmentation measurements, we can measure
the ratio between a substituted and the unsubstituted ion beam and interpret the result
as asite-specific U valueor a scalar multiple (for multiatomisites) of the site-specific

isotope ratiofor the site.

S24 A Detailed Analysis of M+N Experimental Issues

Here, we discuss the effects of experimental issues on the M+N algorithm in more
detail. We divide our discussion into two sections: first, we discuss our treatment of
experimental issues, standardization, and propagation of error. Then, we present the
results of several different correction schemes and show how these affect our reported
methionine structure.

We begin with a general description of our standardization process, hoping to
provide an intuitive understanding. We start with two sets of measurementsMt&l

relative abundances of the standard, ” g, and of the sample,

A ;. Ffor each observed substitutidnBecause we will not in general observe
Fff A2y o0SlIYas (KSaS MeNoréafveBdundangegh.éd, aMiNES da I R2

relative abundancewhere the denominator does not include all substitutions. To
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determine instrument fractionation, we calculate an approximation of what the standard

should have looked like, assuming some standard composition, and use this to calculate

a correction factorQ for each substitution:

~

Qi h " ro8 g T

We next apply these to the sample observations,,e.g.

~

Q' j f " h 8 & p
Doing so results in a problem which is most clearly illustrated in the special case when we
haveobserved all substitutions. In this case, we know the sum of the across
all isotopes we observe should equal 1, by definition (if we did not observe all
substitutions, as’ i IS not observed for some isotope i, the sum across the
isotopes we did observe is <1; note ; Aa y2i4 | yM+NWielRigedzia 6§ SRQ
abundancg. However, the correction factors do not include knowledge of this constraint;
hence after applying the correction factors, the sum of the i Mmay subtly
RAFFSNI FNRBY Mo 2SS (GKdza NBY2NXI AT S &dzOK
correctiorz &as W is the name of a variable we use when rigorously investigating this

correction, below):

‘QH Fl F] ” FI .
0" ” ) F] F] Y& C
B Q i i B i
and observe:
" i i p & o

If we do not observe all ion beams, we know the sum of'the | equals
some constant <1, equal to the sum of tNe-N relative abundancesf the ion beams
S RAR 20aSNBSo® 2SS OFff GKA&a O2yaidlyd hx
example, for the 61 ion beam of methionine in the M+1 experiment, if we do not observe

the D ion beam:
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0 & «a a p a8 g T

In this case, we renormalize and scale to the constant O

) L 3 .
M U2 —— 8 X& v

>5¢

We may approximate O by various methods, detailed below. In the case that we do not
have a clear approximation, we may instead omit this correction, and proceed using eq
S221.

To make this example more concrete, consider the 61 ion beam of methionine and
suppose that the ion beams have the following (unrealistic) abundances: D =&02,

0.1, 3C = 0.5, Unsub = 0.38. Suppose that we observe all ion beams, calculate
fractionation factors, and standardizeéa eq S221. We end up with fout R

values. We knova priorithat the sum of these must equal 1; hence, we normalize using
S222 such that their sum is 1. In a second case, suppose we do not observe the D ion
beam. After usingS221, we end up with three” R values. Assuming
knowledge (or prediction) af , we know that their sum equals 0.98; hence we set O =
0.98 and apply225 to correct for their abundances.

This process may be clear conceptually, but it is useful to get a more detailed
understanding of the issues involved. In particular, one will find that, in the absence of
unresolved ion beams, this correction processxact it gives precisely the right answer,

” B o ” 8This fact may be surprising (it was for the authors)
and so we investigated the correction scheme in more detail. Readers who are not
interested in the intricacies of this process may safely skip the following discussion.

To rigorously investigate how experimental issues affect our observations, we take
a step a back, and begin by defining a relation between the observed and the lslgtNal
relative abundancevalues. For substitution we may write:

ﬁ w” & @
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where @is a function. Ultimately, we would like to know how to calcufate  given

" h , i.e, to invert . We anticipate thatowill be a function of time, as effects
like instrument fractionation which influenae will vary with time. Thus, our solution to
this problem must use standardization in some way; we must periodically observe
standards of known composition to evaluate the current statexof

A solution to this problem is to treaty as a proportionality constant, e,g.
w” — for some constantE (G KSy dzaS GF2NBI NR Y2RS
to compute k For example, we would hypothesize the isotopic composition of our

standard, use it to computé  hand use this to calculate:

= x

?’Q - h - h 8 .‘r & X

h h h h

Our accurate recovery of theterm depends on the quality of our approximation for the

standard. We may apply to the sample observation:

Qo A " h 8 ey

Computing our target; i, the actuaM+N relative abundancef the sample.
¢tKAa YSGK2R Aa odzi 2yS OK2A0S 2F GKS

experimental issues into the constar®. It turns out that applying'kn this way will be
subtly wrong, due to the specific experimental effects on sample and standard. To show
this, we will analyze how different experimental issues affect , then return to
equation §228) to include these effects. A note to the reader: the following section is
complicated, introducing new terminology that may be difficult to grasp without a worked
example. We provide a worked example problem in Ta&®¥, below, and further
examples in a companion spreadsheet. We suggest that the reader refer to that table,
start with the actual concentrations of the substitutions, and perform the calculations to

follow the logic of the following section.
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We begin by writing expressions for these quantities in terms of isotope

abundancesWriting & for the actual concentration ofubstitution i within a given
fragment, we have:
: 23 & o
B §
Here, j indexes across all substitutions in the fragment; for example, in a fragment
(like the 61 fragment of methionine) with ™ &, 'O and "Y¢ { Go@ beams, O
"Yioh 6RY& i ®Gf course, if some peaks are lost, the sum should be taken only
across the observesubstitutions. For example, if we do not observe D, we should write:
™ Y 8AYE i @b ! O02dzy Ay 3 F2N) iKA& AaamER 3IADSH

relative abundancei.e,

B, &

and likewise for our actual observations, which have the form:

. a e
R B. & &

where wewrite @ ¢ @to note the sum is taken only across those ion beams which we
observe. Next, we will show how the in our observations relate to thé

values. We first account for experimental fractionation. Here, we choose to model all
fractionation as proportional i.e., we can compute the fractionated abundance by
multiplying& by a fractionation factor:

ol O a & ¢
where™O s the fractionation factor for substitution i relating the actual and observed
absolute abundances.

Next, we examine the presence of unresolved peaks. First, consider the case
where two peaks combine; we choose to treat the combined peak as belonging solely to
the more abundant isotope (e.can unresolved peak combiniféC &0 is assigned to

be al3C peak). We may write:
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o 0 « 1 "0 «q Y& o
where i refers to the first peak, j the second, dndis a constant that accounts for how
the intensities of the peaks combine. For example, in an instrument where they combine
linearly, p; in an instrument where thesubstitution does not add any intensity to
the combined ion beant, . We can generalize by taking a sum over all other

substitutions:
a a O I a0 8 & T

Note that this sum is taken across ALL peaks, not just the observed ones, as
unobserved peaks may contribute to observed ones.

L ¥ iiténS and abundances of other substitutions can be wetistrained via
some method (for example, for O correction to &3C ion beam, we may determine
@ from observations ofth | Y R | & acHdIL), thel Wvdican correct out the
additional abundance. As noted in the paper, we here do not address this scenario.
LyadSFcFRXE ¢S GNBIG KBl béungmdwn@ndandysbe difficult goK A O K
determine; our treatment has the advantage of being broadly applicable and requiring
minimal user input, but may be less accurate than other methods. To do so, we

approximate ed5235 in the following way:

Q a O Te0 « O 8 & v

replacing the concentrations and fractionation factors for all unresolved ion beams with
a single fractionation factofQ  haccounting for all their contributions. As noted in the
main paper, this approximation will fail when ti® 1 & 'O term differs notably
between sample and standard (presumably from differences in the concentratigns
andwhenB | &a"O is large relative tax "0 8

With an expression foo in hand, we may use this approximation to

calculate observet1+N relative abundanceécf. eqS231):
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- : @ o o o
" B. & B. a4 O

Obtaining an expression that relates our experimental observation { )

to the actual concentrationg(
Returning now to eq3227), we may expand the expression forto put it in

terms of absolute abundances and fractionation factors.

Q — , z - & X

Recall from eq $227), that k can also be predicted via forward model

standardization:

Q0 —8 Y&

Note that” isnotA y & | R\ertizéelatbdrabundancepace, i.e.we
sum across alkotopic peaks, rather than just the observed ones. We mayS288 to
calculate’Q values for the standard, then apply them to the sample, hoping to yield
” i 8Expanding with $236) (observed for the sample) an8437) (calculated

using the standard) we have:

_ P B @ 5 0 5 4 j 2O 8 & o
o Ba B. & 4 O

An expanded version of our proportional correction fr&221. We see tha$239

is not equal to” R —h  but differs by multiple factors related to
h
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sample and standard composition; simply applying a proportional correction factor

misses these! We therefore suggest additional corrections to account for these factors.

To assist in analyzing these factors, we begin by multipl$280 by a factor

(equal to 1):
B & i -
, X8 1
B a i
yielding (upon rearrangement)
Qo R
L ;O i ZBQ,‘ i B « i O & & p
B a i @] R B a R B . a R O A
which we may write
Qo 3
S R B o B a5 O 8°%8 c
L B . a SO © B B a ﬁ

That is, our desired result 6f r  Offset by three terms. We interpret these terms

Fa F2f{t26ad ¢KS FANRG Aa F GFNIOQUAZ2YIFGAZ2Y
unresolved fractionation factors for sample and standard:
0 j .
R m 8 X8 o
o

Recall that we folded the correction of unresolved peaks into the fractionation factors

0GKS adzo a @ Nénddithisdedaychiduses hioth drift in instrument fractionation

as well as subtle differences in the concentration of unresolved ion beamex@onple,

if 13C and*’O are unresolved, afth RAFFSNR o6& wmn :: 0S8 SSy
The second two are closely related terms for sample and standard. These give the

ratio (or its inverse), which we label w:
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, B « ¢8
0 T
B " d ,‘O

and can be thought of as answeringnpow much ion intensity would have been observed

in a perfect measurement relative to how much was actually observed, given
experimental issues? As an example, suppose we could have observed ion beams with
abundances of 2,8and 10, but the ion beam at intensity 2 is not observed by out

experiment. Assume also no fractionation occurs. For this experiment, the associated

term is

— PP p P . Putting it all together, we may writ8242 as:

Uatl ” Y p
Q FI F] FI z ZU z

8 g8 v
To deal with these factors in forward model standardization, we propose the
following solution. First, we calculal@ usingS238 (i.e, via a forward model), and use it

to compute” FZ.zLu oz

~

. Next, we wilssumehat _ p; we do not

deal with this factor at present. That leaves us with

Qo R " R 20 Z Op 8 8 o
Now, we may take the term:
w 0z P
0
B G M B N d N “O n
h“ , * A R 8 x

and note that, although the individual terms are complicated, W itself is a constant. Thus,

we have

Qo Foo0 R T X8
and may calculaté k2w forall observed ion beams. Next, note a fact about the
sum of the” r  for the substitutions we observe. We may write:
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” B N (b F] 4 w
R - v X8 w
y Bw

dzZaAy 3 dhé¢ (2 RSy20S KA aEhs teilinfgiBes the2ratia & NI S R

the abundances of the actual ion beams we do observe relative to the abundances of all
ion beams we could have observed for the sample. For example, for the 61 ion beam of

methionine in the M+1 experiment, if we fail to obsergleuterium, this factor is:

0 B > 8 B T

Now, using the fact that W is a constant, we have:

wz” A W ? R wz08 X® p

N N

This result allows us to correct for the W constant, in the following way, beginning
with” i values. First, assume that O is known (it often will not be, but there
are useful ways of approximating it; we will deal with this shortly). Next, we apply the
correction factors Kor each substitution i that we observe, obtaining z " N

for each. And from (e§251), we see that we can remove the W term by normalizing the
sumB , wz” i and scaling such that it equals O; the values after this

process will be thé i Vvalues we are interested in. Note that when pand O
is known (most simply if O = 1 because all ion beams are observed), this correction is
exact!2 S SYLJ 28 GKAA Gy2NXIEATS FyR aoOlFtSé¢ ai
paper.

Because this process is difficult to grasp without an example, we include a sample
calculation for the 61 ion beam of methionine, below (TaB&l); we recommend the
reader work through it and verify the calculations. We also include a more detailed
spreadsheet which examines these ion beams under a range of conditions (perfect

measurement; D not observed; D unresolved fro®; and D unresolved frofaC andf3S
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lost). Improvements in precision offered by this correction scheme are sometimes, but

KSNBT Ay a2YS OFasSazr a&adzOK

see below; for the data shown in the paper, correction is necessary for the most accurate

not always, minor, e.gd n ®m

measurement). The limiting factor tends to be how well the O value can be approximated

for the sampe. We next move to discuss this process.

TableS21: Sample Calculation for Fractionatidn

STANDARD
Unsub D 13C 33S Sum
0.034182 | 0.000562 | 0.00705 | 0.019216 | 0.06101
0.560276 | 0.009209 | 0.11555 | 0.314965 1
1.026667 | 0.985457 | 0.974324 | 1.099131 -
0.035094 | 0.000554 | 0.006869 | 0.021121 | 0.063637
0.551469 | 0.0087 | 0.107935 | 0.331895 1
1.01597 | 1.058457 | 1.07055 | 0.948988 -
SAMPLE
Unsub D 13C 33S Sum
b i «wbmn | 0:034043 | 0.000694 | 0.007031 | 0.019414 | 0.061182
ZLd «Gebn. | 0-556417 | 0.011336 | 0.114927 | 0.31732 1
.. b < ofwidy 0-034951 | 0.000683 | 0.006851 | 0.021339 | 0.063824
;. il < ofwdeq 0-54761 | 0.010709 | 0.107341 | 0.33434 1
T 0.556356 | 0.011335 | 0.114914 | 0.317285 | 0.999889
‘Ziogtndom-
Z{og4miony 0556417 0.011336 | 0.114927 | 0.31732 1

a: Sample calculations for the forward model standardization of the 61 ion beam of methionine. The

fractionation factors were randomly drawn from a normal distribution with mu = 1 and sigma = 0.05. Our

target values for the sample are the row,- 5 5 Our result after correction is the row",-] ¢ FHHT w1 BHY R

2AGK2dzi O2NNBOGAY I 2dzif 4 KiSynitnd £ Wsifgl ti@icarmdiion gides &o G| Ay
b gnr e K-Sy O2 NNB OG ot dzSad C2NJ GKA&a SEFYLESET h I mo

spreadsheet.
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There is no way to directly measure the O factor; it must be calculated somehow.

We now discuss several ways to do so; as we will see, the method one chooses can have
a profound effect on the accuracy and precision of the final reported values. Moreover,
the method to calculate the O value is the mahmicethat users will make in how to
process their data; having a good understanding of when and why to use various methods
is necessary to make a good choice for a particular measurement. Our discussion here
should be thought of as a point of departure for future work, which may improve on our
suggested methods.

We begin by discussing two basic strategies one may use to compute the O factor;
2yS NBfeAy3a 2y | F2NBFINR Y2RSt o0GKS aGaidKS
20aSNDIFGA2ya 2F 20KSNJ A2y o6SlIya 60GKS &aSELIS
spedfy a predicted isotopic composition and calculate the O factor based on the relative
abundances of ion beams for that prediction. For example, with the 61 ion beam of
methionine in the M+1 experiment, if we do not observe the deuterium beam, we may
calcuhte:

o i A i A i

l‘jvv ’l ’l' l' “8)
hoh a5 & & n & ; %8 ¢

using a forward model of the sample FMSMP. In some cases, our predicted isotopic
composition will be the same as the forward model of our standard, (he. forward

model for sample and standard are identical); if we know independently that sample and
standard differ, we may hypothesize a different forward model for the sample. Using this
approach will give an O factor that is subtly wrong, but closecmugte; hence, we
suggest aMonte Carlo approach to estimate the error induced by this approximation. For
each fragment, we construct a normal distributien Gh, where the mean is the
forward model O factor for the standard andis a useispecified parameter (e.g., 1 or

': 2F hod 2SS GKSy az2ft@S 2dzNJ FfA2NRGKY b
correction factors for each fragment each time and report the means and standard

deviations of the results. When combined with tMonte Carlo for experimental error
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(see below), we pick a new factor each round of thtinte Carlo process (rather than

running N = 1000 times for each iteration of the experimental eMonte Carlo).

To gain an understanding of how this process works, it is useful to have a model
system; we once again turn to the M+1 measurement of methionine. For the synthetic
dataset we present, with low abundance cutoff of 1% and resolution of 120,000, there
are fou fragments which must be correctedull, 133, 102, and 61 (the first 3 do not

observe!’O ion beams due to low resolution, while 61 does not observe D due to low

FodzyRF yOS0o®d ¢2 OFftAONIGS 2dzNJ | LILINR I OKX 4S

factors for these beams, in the following way. For each position of methionine, we specify
plausible ranges of isotopic compositiome assume we know the molecular a¥g to
GAOGKAY nodm ::X FYR GKFEG AdG R2Sa y20 G Ne
positional distribution turns out not to matter in this casee observe every°Csite for

each fragment, either in th&°C or Unsub ion beams; thus, variations in position will not
affect how much of the M+1 population we observe, and the-sgecift distribution is
irrelevant to our calculation of the O factofyor other heavy elements, we allowed a
range of-25 to 25 vs AIR, VSMOW, or CDT,; for hydrogen, we allowed a ra+&§® dd

250 vs VSMOW. For each fragment, the minimum extreme O factor was computed with

0O

(KS KAIKS&G + @I t deobsereNd.githe ¥O fariRagnedtAmyadd 6 S R

the lowest value for all positions wi observe; the maximum extreme was the opposite.
The results of O factors computed for this theoretical correction ldiotite Carlo
approach are visualized lgure S22, for the 61, 133, and full ion beams. We observe

that the proper width of the distribution depends on the fragment of interest; for the 61

FNI AYSYyGs dzaiAy3a -~ I mwm=:: 2F GKS FT2NBINR Y2R
the bounds of the extremealues, but does not sample outside them; for the 133 and full
FNI3IAYSydasz °~ ' m: SEGSyRa FINIoSez2yR (KS §

broad for this problem. Second, we observe that the mean of the distributions; i.e., the
computed forward mdel O factors, can differ from the actual O factor (which will

typically be unknown); this is most notable for the 61 fragment, where the majority of the
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O factors we sample are below the actual value. In any case, knowledge of the extreme

values is helpful in defining the proper width of the distribution. The range of extreme

values will be tighter if we know more information about the molecule; for exafipe

knew*N precisely, rather than varying frof5 to 25, we could achieve tighter bounds.

Hence, knowledge of the isotopic composition of other parts of the molecule will assist

with this O factor computation.

Theoretical Correction,

Theoretical Correction,

Experimental Correction

—— Actual Value
—-—=- Extreme Values
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FigureS22: Histograms of the recovered

ol aSR 2y NBFaz2ytofs
¢CKS 6fl O] o0FNR aK2s
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values for three different calculation methods. The
correct value is shown by the red solid line. Extreme valuesthieehighest or lowest possible answer
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information from a different observed fragment to constrain the O factor for a target
fragment. We do so by taking advantage of a consequendé+df relative abundance
spaca ion beams from two different fragments containing the saisetopologueswill
have the samé/+N relative abundanceSuppose, for example, that we do not observe
the D ion beam for the 61 fragment, but also measure the 104 fragment of methionine,
and observe &bf its substitutions*N, 13C,33S, D, and Unsub. In this case, the acklral
relative abundanceof 23S in the 61 ion beam will be the same as el relative
abundanceas the*3S ion beam of the 104 fragment. That is, while our observation for the

61 ion beam was:

” ﬁ - "r& o
o} o} o}
we independently know that:
n F] n F] ” F]
A i .
- 8 X 1
a n a n o a n a h

0 8 Y& v

This correction may be appropriate if we do not want to calculate a forward
model, or if we have precisely constrained the relevant observations. When accounting
for experimental error via a Monte Carlo approach (see below for more detail), we will
end up with some range of computed O factors via this approach as well; these
distributions are also plotted in Figu&22 (we also correct 133 and full, which do not
observe the'’O ion beams, using thé€S beam of fragment 104). For the specific scenario
we madel, the range of values we record is broader than the extreme values but centered

more closely to the actual value (most obviously for the 61 fragment).

0 K
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Next, we examine the effects of different correction methods on our final reported

isotopologuespecificU values. To do so, we computed results for our algorithm with no
O2NNBOUAZ2YS 6AGK (GKS aiKS2NERéE O2NNBOGAZ2Y &
with the experimental correction for the relevant fragments (full, 133, 61) and the theory
correcionwh G K~ I m: F2NJ GKS 20KSNJ FNFX3IYSyd owmn
isotopes of methionine imigure S23. These corrections have the most profal effect

ono halthough the changes are qualitatively similar for all affectiéels. Here, the
GGKS2NBGAOIt ¢ O2NNBOUGAZ2Y Yl & YINBAYFffe& 0dz
reported values; moreover, if we sample a broad distribution, it can significantly increase
2dzNJ NBLR2NISR SNNEPN o6F NA® L tionOitpfavdsloari = K
accuracy, but in this case, harms our precision. We note this may not be the case in all
systems (if we had much tighter bounds ¥8, we may not lose so much precision), and

in some instances an experimental correction may giwelhbst result. At this point, it

should be clear thathe choice of correction scheme may have a profound effect on our
reported resultsas neither correction scheme gives us both accurate and precise results,

we next examine some further improvements.
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Perfect Measurement

No Correction

Theory correction with g=0

Theory correction with o= 0.001

Exp full, 133, 61; theory 102 with 0=0.001
Theary correction o =0.002
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FigureS23: Results of the theoretical and experimental correction schemes compared to no correction.

9F OK NBadzZ i dzaSa (KS YSUiKA2yAyS RIFIGF&ASG sAdGK Fff S
O2NNBOlA2y ¢ RIGE LRAYGa R2 ayeg Remaiging poilzR Beolpofade eithgf2 6 f SR 3
theoretical or experimental corrections with various distributions. The experimental correction improves
accuracy at the expense of precision; the theoretical correction improves accuracy only slightly, and may

harm precision if the chosen distribution is too wide. The correction we choose can powerfully affect our
recovered results and errors, but the corrections shown here could be improved.

First, we look at a possible improvement to the theoretical correction scheme. The
accuracy of this method depends on the accuracy of the forward model. We suggest an
iterated approach to improve the accuracy of our forward model, as follows: first, we
specify a forward model for the sample and solve using the theoretical correction, as
before. Then, we use the resultisite-specificdelta values to compute a new forward
model for the sample. Using this new forward model, we solve as before. We repeat this
LINEOS&da a2YS ydzYoSNJ 2F AGSNIGA2Yy&a 06S KI @S
(i.e,, output deltas from one iteration are within some tolerance of deltas from the
LINBGA2dza AGSNI GA2y0d 1a 0STF2NB> 4SS Yl & LISN
We show results from this simulation in Fig82n > NR ga& M | YR HX dzaAy
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FYyR I wm:3X NBaLSOuGA@Sted C2NJ G4KS cm FNI

improvement in the accuracy of olr value with more iterations; the other fragments
R2 y20 RAFFSNIYy2GA0SIoted 2KSy dzaAy3a -~ T
of the histogram for the 61 fragment, and no noticeable difference for the other

fragments.

I 4S02yR LRGSYGALFt AYLINROGSYSy(Zésisy SELX 2

our calculated extreme values to inform the distribution that we sample. The idea here is
that, as O values outside of the accepted range for a given fragment are physically
unrealistic, we should not use these results. In our implementation, whemeve
compute an O factor outside the allowed bounds, we set it equal to the closest bound.
We note that this process is compatible with both theoretical and experimental
corrections ad with or without iteration. Results from this method applied to the
GKS2NBUGAOIE O2NNBOGAZ2Y o606AGK ~ T m:0 YR

S24; these simulations were performed with the iteration process described above. In

GKA&a OANDdzyaidlyOSszT Fa Yz2ad 2F GKS NBadz Ga

find that values at the bounds themselves are highly represented. This issue s mor
pronounced for the experimental correction, likely due to the wider distribution sampled

by this method.

S

q
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FigureS2.4 Histograms of recovered O values for the 61, 133, and full fragments using iterated and extreme

Gl £ dzS FLILINBI OKSad ¢2L) w2gY ¢KS (GKS2NBGAOIE O2NNBOI
improvementfor @ YR y2 &AA3AYAFAOFIY (G OKFy3aSa F2NJ 20KSINJ FNI 3Y
again we see improvement forsQand no improvement for other fragments. Third Row: The theoretical

correction method with an extreme value cutoff, where all values outside the computed bounds are
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assigned to be at those bounds, and 50 iterations. Iteration does not substantially change the histograms,
and the bounds are heavily sampled. Fourth Row: The experimental correction method with an extreme
value cutoff and an iterated solution. Iteratioriddnot result in noticeable changes to the histograms. The
bounds are heavily represented due to the width of the experimental correction distributions.

As before, we plot the results from this set of simulations for the heavy isotopes
of interest, in Figur&25. We find the iterated correction scheme to be the best solution,
giving accurate values and smaller error bars than we saw previously for the experimental
O2NNBOlUA2Y® 2SS FAYR (KFG 2dz2NJ NBadzZ 6a FTNRY
Because the @actors sample many values over the course of an iterated solution, we
O2Yy&AARSNI AG FLIIINPBLNAREFGS (2 dzaS G kKdlao O2 NNB
iteration, which we know samples only an incorrect value). These results come with a
tradeoff in terms of computational time; solving a single M+1 solution for methionine
Gr1Sa Ffmn aSO02yRaz gKAETS NBOIf Odzinttakdsy 3 a2
FNRPdzyR Fmn YAydziSae 2KAES GKA&a A& LINI OGAOL
GKAOK GF1Sa FH YAydziSao 2NJ Y2NB O2YLX AOLF
computations.The results in the main paper are presented using this iteidtrrection
d0KSYS FT2NJ GKS abm RIFIGIFASG FyR F GKS2NBGAOI
M+N datasets.We note that there are possible ways to optimize our algorithfor
example, currently we solve the matrix inversion for eviéignte Carlo run (e.g, 1000x)
so performing this for 50 iterations means 50,000 matrix invergicasd we believe it is
possible to substantially reduce this computation time in future work. In contrast,
applying the extreme value cutoffs gives a modest benefit and is much eheaferms
of computational time; improving on this method may be useful much more complex
problems.

The number of variations on this correction scheme may seem overwhelming, so
we here offer a practical guide to implementing them. When measuring a new system,
users should begin by generating simulated sample and standard datasets with the
experimental isues they anticipate (low abundance -cutoffs, unresolved peaks,

fractionation). They should then attempt to compute tl®topologueratios of interest
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may proceed with the simplest correction scheme which gives precise and accurate

results for their system of interest. If none of these give appropriate results, and/or

computational time with the iterated scheme is a contethey should then investigate

further correction schemes.
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Figure S25: Results for the M+1 sites with iterated theoretical correction schemes and extreme value
YR GKS2NBGAOL ¢
0 gives the best results, recovering the accurate valueb efitor bars comparable to the case of no
correction. We use this correction scheme in for the results presented in the main paper and suggest it for
future work. The extreme value cutoff method is computationally simpler and results in marginal
improvemert, so may be considered for some applications.

Odzi2FFa FT2NJ 620K SELISNAYSyGl ¢
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We conclude this section by explaining the propagation of experimental error,

which we achieve by a Monte Carlo simulation. For each iteration, we perturb both

sample and standard in the following way. For each fragment, for each substitution, we

draw a vdue from

‘h, sKSNB > | yR

I NB

0KS YSIy

M+N relative abundancef that substitution; we themormalize so theM+N relative

abundancesf all ion beams for each fragment sum to 1 (iaes a real observation). We

by R

then standardize, following the method above. If we correct using O factors, we generate

them as part of the standardization, following either the theoretical or experimental
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relevant™y , as discussed in the paper, and report our resulfs a&alues relative to

the standard. We repeat this process N (typically N = 1000) times, and report means and
standard deviations for each recovered value. We take these standard deviations as our
error bars. If we are iterating to generate the O factorstien repeat this entire process,
starting by drawing new values from ‘ h, , and using the updated forward model of

the sample to compute new O factors.

All the individual steps have been discussed above, except for the perturbation of
sample and standard. We have one comment to make aboutntbrenalizationstep:
normalizationcauses the distributions we use for the Monte Carlo to subtly differ from
those specified by the mean and standard deviation alone, as perturbations of one ion
beam cause variations in theormalizedvalues of others Note that there are two
normalization steps in the entire process; 1) the normalization here, following
perturbation of sample and standard and 2) the normalization for the O factor correction.)
To see this, we provide an example of a simglenalizationin TableS22, again using the
61 ionbeam of methionine; the values followimgrmalizationdiffer from those following

the perturbation itself, and th@ormalizationvalues are correlated.

TableS22: An Example Perturbation of Experimental Error
Measurement Error Perturbed Normalized
D 0.009209 9.21 x 16 0.009204 0.009203
33S 0.11555 1.16 x 1¢ 0.115526 0.115513
13C 0.314965 3.15x 1¢ 0.315214 0.315179
Unsub 0.560276 5.60 x 16 0.560168 0.560105
SUM 1 1.000113 1

A visualization of these effects across mateyations is shown below, iRigure
S26. The histogram gives the probabilities calculated withmalizationd & LIS NI dzNb S R
RAAUONAOdzZIAZ2YEVIT BKAES (KS NBRlizétianf.& thad A gSa
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this process broadens the distribution for low abundance peaks (D) and narrows it for
high abundance ones (Unsub). There may be more rigorous methods of perturbation
for example, defining a Dirichlet distribution for the ion beams of each fragment, or
determining covariances directly from experimental datahich we suggest as avenues

for improvement of our algorithm.

42,0.20
E 0.15
So10
e
& 0.05
0.00
Measured
Distribution
Pertubed
2015 B Distribution
% 0.10
o)
2 0.05
o
0.00

FigureS27: The sampled values for each peak of the 61 fragment of the M+1 measurement of methionine
using our Monte Carlo method. For each iteration, we select a new value for each peak based on
experimental error; we then normalize. Because the normalize step edesekrrors from each ion beam,

the final distribution for an ion beam may differ from its stated distribution based on mean and standard
deviation. The histogram plots sampled values following normalize for each peak, while the line plots the
distribution we drew from prior to normalize. We find normalize broadens the distribution of low
abundance peaks (e,d) and narrows it for high abundance peaks (dJgsub).

S25: Additional Simulations and Modifications to the Algorithm

In the main text, we presented the output of our algorithm applied to M+N
experiments on methionine with several types of experimental issues. Here, we present

some additional results with variations to our algorithm. First, we demonstrate that if the
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only experimental issue is instrument fractionation, and the standard is known perfectly,

forward model standardization is exact. Next, we show a different method of

standardization, which does not rely on a forward model, and demonstrate this is inferior
in our case to forward model standardization. Finally, we develop and show a method to
correct for large deviations from the stochastic assumption. Source code for these tests

is available ahttps://github.com/Csernica/lsotomics/tree/v1.0.0

SXpdmMY GC2NBIFNR a2RSté¢ {dFyRFENRATFGAZ2Y

This test demonstrates that when the only experimental issue is instrument
fractionation, forward model standardization is exact. The forgoing section provides a
justification of this fact; we here report some representative data from this problem
(Table S23). We show the recovered values for easite of the sample following
application of our algorithm. Here, delta values are given relative to the appropriate
reference frame (VPDB for carbon, VSMOW for oxygen, CDT for sulfur, AIR for nitrogen,
and VSMOWor hydrogen).

TableS23 Forward Model Standardization Methionine Structure

Site H# A R ACH A ETEH T HT AT 170 TT
Atom
S
Gmethyl 1 -30 -45 -45.00000
Ggamma 1 -30 -35 -35.00000
G 2 -30 -30 -30.00000
alphabeta
Gcarboxyl 1 -30 -25 -25.00000
O-carboxyl 2 0/0 -13/-25 -13.00000/25.00000
Ssulfur 1 0/0/0 2.5/4.854367/9.22333 2.500000/4.854369/9.2233!
1 1
N-amine 1 0 10 10.00000
H-methyl 3 0 -250 -250.00000
Hgamma 2 0 -100 -100.00000
H- 3 0 0 3.33067ell

alphabeta



https://github.com/Csernica/Isotomics/tree/v1.0.0

H-amine 2 0 100 100.00000
Hhydroxyl 1 0 250 250.00000
H- 1 0 -4.99600e12
protonate
d
Clumped Measurements  Number ] iAEm‘"Hw | p}ﬁ Er p}ﬁ '.'Eﬁﬁ [
13C methyl | 13C gamma 1 0 0 0.00000
13C carboxyl | 15 N amine 1 0 0 0.00000
13C methyl | 13C gamma | 1 0 0 0.00000
33S sulfur
180 carboxyl | 15N amine 1 0 0 0.00000
13C methyl | 13C gamma | 1 0 0 0.00000
13C alphabeta | 13C
alphabeta
13C methyl | 170 carboxyl | 1 0 0 0.00000
180 carboxyl

A representative sample of M+N solutions from the fractionation factor measurement

S25.2: AlternativeStandardization

While the forward model standardization approach does well in many

circumstances, in some cases it may be preferable to not have to specify any information

about our standard. Attempting to avoid this problem, we also investigated an approach

with no forward model. In this case, we do not apply correction factors and use

directly for both sample and standard, solving the matrix as in eq 65, then afply U
values to calculatesotopologuespecific U value$or both sample and standard (e, fpr
13Gmethyl, we get WCmethwl.SMPang (J3Cmetyl.STP Then, we report changes between
sample and standard for ead theseisotopologuespecific U values.

Results are shown ifable S24. Results for the nofydrogensitesare generally

0KS 02 N)Nikéhave érors oizBuBdredskofperS

GAUGKAY ©w 2 27

GdKS

mil. The clumped species vary in accuracy; some are accurate, while others differ by up

G2 wmn :® 2SS |

0 0 NR o6 dzi S

GKS&aS SNNERNA 102

fractionations in one ion beam (s&3C) affect the observel+N relative abundancesf

GdKS
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every ion beam of that fragment (B3S, etc.) These interdependencies make a direct

comparison betweesitesdifficult. We also note that the solution to our matrix inversion
gives many negative values fbI+N relative abundancesa nonphysical result (in the
M+1 experiment, this is true for-gamma, Halphabeta, and Hbrotonated). We find
0KSaS NBadzZ Ga (2 0S AYTFSNA2NI (2 dsERlad| NR
composition is poorly known.

TableS24 Test 5 Methionine Structure

Site A ARBCHE AEREHHT R RBCHHT A6 REH THT
Atoms
Gmethyl 1 -30 -45 -15.46 -14.19
Ggamma 1 -30 -35 -5.15 -6.40
G 2 -30 -30 0 0.35
alphabeta
Gcarboxyl 1 -30 -25 5.15 5.83
O-carboxyl 2 0/0 -13/-25 -13/-25 -11.37/-24.82
[17/18]
Ssulfur 1 0/0/0  2.5/4.85/9.22 2.5/4.85/9.22 2.52/4.85/9.2233
[33/34/36]
N-amine 1 0 10 10 9.44
H-methyl 3 0 -250 -250 -138.42
H-gamma 2 0 -100 -100 30.61
H- 3 0 0 0 2.77
alphabeta
H-amine 2 0 100 100 29.70
H-hydroxyl 1 0 250 250 14.05
H- 1 0 0 0 -9.68
protonated
Clumped Measurements  #] 3% . #]y & .g. oo 4omy
13C methyl | 13C gamma  -20.54 -20.53
13C carboxyl | 15 N amine  15.21 16.36
13C methyl | 13C gamma | -18.09 -17.84
33S sulfur
180 carboxyl | 15N amine  -15.25 -15.25
13C methyl | 13C gamma | -20.54 -20.54

13C alphabeta | 13C
alphabeta
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13C methyl | 170 carboxyl | -52.56 -62.15
180 carboxyl

S25.3: A Method for Dealing with Large Clumped Anomalies

Here, we present an algorithm for dealing with large clumped isotope anomalies.
To model this problem, we introduce large clumped isotope anomalies to several
positions of methionine while keeping the s#pecific delta values the same. As
described inS22, above, this change will predominately affect the U valuessiias
involved in the clump, decreasing them for a positive clumped anomaly and increasing
them for a clumped deficit. Our algorithm for the M+1 experiment gives us the correct
site-specificU values however, when we approximate these age-specific isotope
ratios using thestochastic assumptionwe introduce substantial error; these errors will
make our understanding of the stochastic abundance of vaigntepologuesincorrect,
propagating this error into M+2, M+3, or M+4 measurements (if we hope to report
deviations from the stochastic abundances).

Before examining methionine, it will be useful to consider a simpler scenario.
Consider an Nmolecule withsite-specific concentrationof 0 0 L)

and suppose we have a clumped anomaly betweeand N of magnitude 0.02.

TableS25: Nonstochastic iComputations

Isotopologue Stochastic Actual Calculated via
Stochastic
Assumption

[00] 0.81 0.83

[01] 0.09 0.07

[10] 0.09 0.07

[11] 0.01 0.03

- - AndmMmMMMMX  0.084337 0.084337

ml
m!
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41 qu nOMMMMMX ndmMMMmMMmX 0.084337
= 0.012345 0.0361445 0.0060493
s 4 4 0 3462.293 5072.46060

Measured quantities in bold.

Suppose we first measursite-specific U valuesvia an M+1 experiment and
approximate thesite-specific isotope ratiosas equal to thesite-specific U valuesi.e,
G/ FfOdzE I SR DAl o3Me theéhfobséniEX O . Wherdvez ¥dnipukezhg
W value, we see it is >5000 per mil, indicating a large clump. Our use of the
stochastic assumptioshould therefore be reexamined.

To address this issue, note that, to add a clump of size x (in concentration space)
between the two nitrogensites, while keepingsite-specific isotope concentrations

identical, we perform:

T TT Tt w X® @
P mp w & X
p Tl p T w Xa Y
PP PP a8 A w

Using this fact, we may solve for an unknown clump x iteratively. First, we

approximate thesite-specific isotope ratiosising thesite-specific U valuesfor example

Y Mt Y1 ao Yhen, we compute the stochastic population, i.e.
nnm hmp hpm handpp . Weusethese to calculate clumped U values,
e, Y 80bserving that our calculated value fof differs from our

measured one, we calculate the size of the anomaly x by solving

y PP 00 E@ T

Tt w
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for x. We then use this information to correct our early approximation forsitespecific

isotope ratio:

- p Tl p Tl T W
Y Y z
T TT T TT T TT T TT
p T w ¢
p—— ®p

Our newsite-specific ratiosare still wrong because our originaite-specific isotope
ratios were only approximations. However, by iterating this process, we obtain
successively more accurate estimates for ite-specific ratios allowing us to find the
size of the clump.

One further tangent: in practice, rather than using &2 60, we may calculate x

via
W W 2 1T PP PP 2 1T
T T
PP PP a8 X ¢
This approximation is reasonable when 1t and Tt Tt are similar and

is easier to implement computationally. We use this approximation for our methionine
solution and find the results are sufficiently accurate.

With this algorithm in hand, we proceed to analyze a computed methionine
alYLXS oA0K aS@OSNIXt I NBS OfdzvYLlas gAGK p @I
THPpA ¢ F2NJ GKS | YAYS yAGNRASY |yR Ke@RNR3ISy
hydrogen (Tabl&26). Our initial solution, i.eassuming no clumped anomalies were
present, misses thsite-specific delta value$or the methyl and gammeaitesby 2.6 per
mil and othersiteso @ f M :® 2 S | f a2 2 0selkgdnndeung GKS
by about 6per mil.
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Our results are improved by several iterations of our algorithm; our final estimates

for site-specific deltavalues N | f Y2ad |ttt GAOGKAY ndno ::3
GAOGKAY nowm :d 2SS y2iS GKIG 2dzN) a2t ddiAz2y R
gamma H clump as thisisotopologueis not constrained by our solution, we cannot

include it in our algorithm. The most difficult case for our algorithm to address will be
A0SYIFNA2a gAOGK 1 NRAS OfdzyLla o665 g KAOK

be corrected for. Systems like, 8/hich contain many atoms with relatively commame

Hp ::0

isotopes deserve extracaution in this regard. As it is difficult to make strict rules
governing all cases, we suggest users with these sorts of systems generate computational
datasets with a range of plausible clumps and observe the errors they introduce.

TableS26 Large clumps in Methionine

Site #

nE'E AT T T AT T T HT A
Atoms
Gmethyl 1 -45 -47.617023 -44,973813
Ggamma 1 -35 -37.617313 -34.973528
Galphabeta 2 -30 -30.028177 -29.972368
Gcarboxyl 1 -25 -25.028322 -24.972225
O-carboxyl 2 -13/-25 -13.028671¢ -12.971883¢
25.028322 25.028322
Ssulfur 1 2.5/4.8543 2.456822/4.82 2.514500/4.82518
67/9.2233 5180/9.22330 0/9.193985
91 1
N-amine 1 10 10.013919 9.985502
H-methyl 3 -250 -250.021786 -249.978635
H-gamma 2 -100 -100.738728 -100.686987
H-alphabeta 3 0 -0.029048 0.028487
H-amine 2 100 100.988837 100.031218
H-hydroxyl 1 250 249.963690 250.035609
H 1 0 -0.029048 0.028487
protonated

Clumps

Type




Cmethyl/G  #T # 250 256.843698 249.931436
gamma

N-amine/H T ( -250 -250.683996 -250.010519
amine

Ssulfur/H 3T ( 100 Not solved for ~ Not solved for

gamma
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Chapter 3

ACCURACY AND PRECISION OF ESORBITRAP-IRMS OBSERVATIONS
OF HOURS TOTENS OF HOURS VIA RESERVOIR INJECTION

Csernica, T., Bhattacharjee, S., and Eiler, J. (2023) Accuracy and precision-of ESI
OrbitrapIRMS observations of hours to tens of hours via reservoir injedtibn]. Mass
Spectrom490, 117084 doi: 10.1016/j.ijms.2023.117084

Abstract
Orbitrap isotope ratio mass spectrometry (OrbitrBpMS) has recently been
applied to highprecision, naturahbundance isotope ratio measurements of a diverse

range of compounds, including amino acids, oxyanions, fatty acids, and metals. These

measuremerd Ol y OKIF NI OGSNAT S Ylrye Aaz2d2LIS NIFGA

precision. In a successful experiment, observed precision will track thanelsat limit and

be limited by experimental time. Some isotope ratios, for example those invaf{@haq
organic compounds or multipt dzo A G A Gdzi SR o6 WOf dzYLISRQVU
experimental times of hours to tens of hours to achieve desired precision, while current
sample introduction techniques focus on observations on the order of seconds to tens of
minutes. In this study, we characterize OrbitrBpMS performance for three long duration
YSIFAdz2NBEYSy(ia OAYRAGARIzZEE | Ol dZAAAGAZ2Y A XM
reservoir injection system coupled to a Q Exactive HF Orbitrap with an elaetyosp
ionization (ESI) source. First, we characterize -teng intra-measurement stability
through a 24hour long measurement of acetone. We report the following isotope ratios
and precisions (as acquisition errors, errors on the observed ratio withimgasurement
0AD): 13CAY  A8l° N D AYO/Mh ORI m PFOAhD WM n do BABCCH Y R
Oael  n dc p :aeaf @dcherdécl® the shot noise limit throughout and is limited by the
challenging conditions (high resolution and low numbersoot per scan) required for
170/1%0 measurement in the presence BC via Orbitrap. Second, we characterize nter

measurement stability via a sequence of sevenniibute analyses of perchlorate. We

K 2
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observe the following ratios and acquisition errat®C1PY £ aelo = n @ N1E/O (AF=

M®Pc BOMQ (pe=n ®T ¥CHOBCHO (ae=H O T :': SCLORGHO (pe=1.2

20D | 25 SOSNE  g-BeastirergeRt drift Koétvieen faghuisBions limits our

I OOdzNI Oé | yR LINBOA&aA2Y F2N) aidl yRFENRAT SR YSI
Fwm ::  TEOMIClinfe&urementt Sy OS> (G KS o0&pid& hdt beaafuly2 ¥ € 2 6
realized. Third, we demonstrate accuracy via sample/standard comparisons of a
methionine sample with¥ Sy NA OKYSyd 2F Fun : NBEFGASS
sequence of seven @fdinute analyses, we recover the following isotope ratios and
standdNRAT SR LINBOAAA2Y A O6ADPSDI SNNBNI 2y NBLR NI
S NNBNESLY " ph=1.0: 0SSP  pl 1 OENADO el H QA G

' o ®HCA%: OpRel’ N D ABOASHD el M dc 36T gael H Py 20 A
confirmation of accurate results for the knowlCA?C and'3C3CA2C enrichments.

Together, our results demonstrate the viability of Orbiti&MS for long duration
measurements of diverse sample types via an automated reservoir injection system. Inter
measurement stability remains a challenge; we expect our methods todst applicable

to extended measurements of hatd-observe properties, such a0 in organics and

clumped isotopologues.

3.1 Introduction

Orbitrap isotope ratio mass spectrometry (OrbitrBpMS) has existed in
commercial forms for ~20 years and has recently been employed to study natural
Fodzy RFyOS Aaz26G2L) NI iGA2a |G (MakadK2000NEBGA & A 2 Y
al., 2005; Hoegg et al., 2017; Eiler et al., 2017; Neubauer et al.,. ZByapIRMS is
dza SFdzf F2NJ GKSaS LI AOFGA2ya RdzS G2 Alda KA
has been demonstrated), small sample requirements (often on the order of nmols to pmols,
though variable with analyte, target isotopologues aerduired precision), and its ability
to observe fragment ions to constrain stpecific isotopic structur€Eiler et al., 2017,

Denisov et al., 2021Moreover, by interfacing various sources, e.g., electron impact (El),
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electrospray ionization (ESI), or liquid sampling atmospheric pressure glow discharge (LS

APGD), many different types of analytes, including organic compounds, metals, metal
oxides, and oxyanions can be obserygtbegg et al., 2017, 2021; Eiler et al., 2017;
Neubauer et al., 2018, 2020; Chimiak et al., 2021; Bills et al., 2021; Hilkert et al., 2021;
Wilkes et al., 2022; Mueller et al., 2022a; Zeichner et al., 2028)s far, applications
include meteoritic alanine, serine frof Thalianglants, nitrate from river waters as well

as acetate, uranium oxidstrontium, rubidium, nitrate, sulfate, and methionine, with many
more in active developmerfNeubauer et al., 2018; Hoegg et al., 2017; Chimiak et al., 2021;
Wilkes et al., 2022; Hilkert et al., 2021; Mueller et al., 2022a; Hoegg et al., 2021; Neubauer
et al., 2020; Bills et al., 2021; Zeichner et al., 2022)

To be successful, an OrbitiiRMS measurement must constrain a target isotope
ratio at some desired precision; in most cases, the precision is a function of the number of
ions observed throughout the experiment, following counting statistics, and thexefor
limited by measurement duration. The time required to reach a given precision can vary
substantially based on the analyte and isotope ratio of interest and is influenced by the
specifics of Orbitrap function (seldomenclaturefor a glossary of key termdefined
throughout the paper). An Orbitrap measurement consists of many (typically hundreds to
tens of thousands) scans, where each scan is a single observation of a packet of ions within
the Orbitrap. Observing a large number of ions in a single scaftgésuspacecharge
effects that can suppress the signals of low abundance peaks and lead to artifacts such as
WwO2 I f SteSegitgSof peaks with similar m(lofmann et al., 20207t the same
time, higher mass resolution requires longer scan durat{&iler et al., 2017For a given
isotope ratio, the number of ions observed in an experiment, and therefore precision, is
limited by 1) the number of ions observed per scan, which must be low enough to limit
spacecharge effects, and 2) the resolution, and therefore the tipee scan, required to
resolve the target of interest. Once other experimental parameters have been optimized,

the only way to improve precision is to observe for a longer time.
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In some cases, these constraints demand a measurement of tens of hours. Consider,

for example, the observation of theO/'%0 ratio inorganics, one of the most challenging
targets in the stable isotope geochemis{Glayton, 2008; Miller and Pack, 2024 is low
in abundance (~400 ppm of natural oxygen), generally must be measured simultaneously
with other much more abundant ion species (e.g., the unsubstituted arid@substituted
ions) and must be mass resolved from closely adjat€Hbearing near isobars, generally
NBljdZANAY 3 YkkY 27F BHwmnan 3 alRMSHheseiSpertied detna IS R ¢
f2y3a aolya o0Fupn Yao gKAOK O2yidl Ay "Sg G20
' aSTFdzZ LINBOAaAA2Yya OF wm': Oivery &f Sadpld Br\ekendeds |j dzA NE
durations of up to tens of hours. Although such long periods of integration are challenging,
170 is a key target for certain science applications, particularly to study of cosmochemistry
and astrobiology, and no other currently recognized technology is capable of precisely
measuringt’O contents of oxygebearing organics without chemical conversion and with
sensitivities suitable for study of natural samples of intef@gtnew et al., 20196imilar
OFaSa O2dZ R 06S YIRS F2NJ YIyeée WOt dzYLISRQ 6 Ydz
possible interest. Therefore, an understanding of OrbHifaMS performance for long
duration experiments and appropriate sample introduction techniques areeeae

Several sample introduction methods have been demonstrated for OrbiRMS5
measurements of varying duration, focusing on observations of up to tens of minutes.
Marcus and colleagues have developed aAP&D system, typically using dual syringe
pumps (albough optionally using a high performance liquid chromatography (HPLC) pump)
interfaced to a siport valve, typically with liquid flow rates ofbn > [ Kk YAy dzi S F 2 NJ
with a concentration of 0 M1 >a | YR RdzNJ (A XMadcusztfal., 10§y a 2 F
Hoegg et al., 2016, 2017, 2021; Bills et al., 208&yeral applications use syringe pump
injections with an ESI source, with flow ratesef h >[ Kk YAYy dzi S® ¢ KSa$S dza
syringe pump and manually change the syringe between sanidasbauer et al., 2018,
2020; Mueller et al., 2022apr a duaiinlet syringe pump connected to a g®rt valve,

where two syringes are pumped simultaneously, one of the two is selected as active, and
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the two are alternated via a pneumatic valve controlled by software commétitiert et

al., 2021)In either case, typical experimental durations are tens of minutes. Hilkert et al.
KFEIgS RSY2Yy&adNYGSR Iy |dzizYFGSR aFt26 AyaeSoO
GKSNBE |y Fdzi2a&l YLX SNJ FAfta | alYLIS f22L) 2
measurement; in order to prevent cross contamination, additional time must be spent
flowing analytefree solvent through the system, so each analysis totals 15 mifidibert
et al., 2021) Gas phase introduction methods with an El source have also been
demonstrated for OrbitragRMYEiler et al., 2017; Zeichner et al., 2022)ese include the
direct observation of room temperature gases (e@f2 or Xe) or the vapor associated with
liquids or solids for tens of minutes as well as gas chromatography methods. The latter may
GNJ L) LISF{1a StdziAy3a FNRY Q abi/2 ¢G2ef drkvyll NiRyR drO AWl
instrument to enable durations of tens of minutésiler et al., 2017; Chimiak et al., 2021)
In addition to these and of particular interest here, Eiler et al. present-ho24 long
observation of perfluorotributylamine (PFTBA), a reference gas for the Q Exactive GC mass
spectrometer with a dedicated reservoir built into the instrument. This experiment
successfully tracked the shot noise limit for the duration, demonstratiegstability of the
Q Exactive GC is sufficient for such long durations, but is not generalizable to other sample
moleculegEiler et al., 2017)

Here, we present several long duration Orbiti&fMS measurements obtained via
I GNBASNIB2ANI Ay2aSOGA2y¢ al YL S AYy(iINRRdzOUA 2y
for hours to tens of hours. Our system interfaces a Vanquish Horizon HPLC to a ¥@ Exacti
HF Mass Spectrometer with an ESI source. It uses a reservoir size of 250 mL to 1 L (in
principle, it may be arbitrarily large) with automated switching between different reservoirs
for sample standard comparisons and balancing of sample and standareintration and
flow rate so that signals for sample and standard are closely matched. We characterize the
longterm stability and the accuracy of OrbitdRMS using this system. We find that
AYRADGARdZ f | @djtrdek thefslioingisé lingt Middyhakt andl sample standard
O2YLI NRaz2ya 3IAGS I OO0dzN#G &t NBEXKdetf &a 4 MBS NS NIK
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t 2 @eare not always realized due to intereasurement drift. Our results complement
the current suite of sample introduction methods and characterize the performance of

OrbitrapIRMS for long duration observations.

3.2. Materials and Methods
3.2.1 Materials
3.2.1.1 Acetone

HPLEPIus grade acetone (>99.9%) was acquired from Sigma Aldrich and mixed at a
O2yOSYy iGN} GA2Y 2F pnn -M3grasidnietantl (Figcher Scientific)A E G dzN
and ultrapure water (MilfQ 1Q 7000 Purification).

3.2.1.2 Perchlorate

Potassium perchlorate (KCIO4) (>99.99% trace metals basis) was acquired from
Sigma Aldrich. A stock solution of 10 mM potassium perchlorate in deionized water was
LINS LI NBR® ¢KA& ada201 o+a GKSYy RAfdziSR (G2 |
methanotammonium hydroxide (8IS Grade, Fischer Scientific; A0H is >25% in2B.
We found adding ammonium hydroxide as an additive improved the ionization stability of

perchlorate (appendix, A.IMartin, Peter Eckels, 2019)

3.2.1.3 Methionine Standard and Sample

A methionine standard was acquired from Sigma Aldrich and analyzed previously as
Met-A by Neubauer et alNeubauer et al., 2018Previously measured aspects of its
Y2t SOdzZf  NJ | GSNIF IS XKGr2oa-2 b0 ©2 ¥R d.3 A0ARE dzR S
't | YSUKAZ2YAYS 1YL S 61 a4 ONBIHCBHRIeD® YAEAY
% label at methyl site and natural abundances elsewhere; 98% chemical purity) methionine
acquired from Cambridge Isotope Laboratories. To do so, we first dissolved 50 mg of

unlabeled methionine in 25 mL of deionized water (13.3 mM) ¢&ikp 7000 Purification)
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and 1 mg of labeled methionine in 10 mL of deionized water (0.67 mM). We then added

ppn > 2F GKS ppoSOSRTa2l debSXiBR Y5GO &d2yAySs
sample) to the unlabeled solution to create the mixture. The mass of labeled sample added

gl a OFfOdA i SR G2 3 Ar@diveltoyhe Sayiddduidnié Mhylgite2 F F ™
The combined solution was fladtozen in liquid nitrogen and freeze dried to obtain a

LINE RdzOU0 YSGKA2YAYS 00GKS Wal Ydidgh SCEAdsOLRK A & & |
combustion elemental analyzer system interfaced to a Delta V Plus isotope ratio mass
spectrometer EA wa{ = ¢KSNX2 CAaOKSN {8BGhfMiiok®l OO0 = |
' d aSUKA2YAYyS azfdziAzya 6SNB YIRS G | 02y
LCMSgrade methanol and deionized water, with 0.1 % by volume formic acid (Fischer
Scientific) added to assist ionization.

The methionine sample was a mixture of two endmembers with partially known
Aad202LIA0O SYNAOKYSyGaod 5dzS (2 GKS avyrftt | Y2
assuming the labeled methionine had natural isotopic abundances for all elements besides
C, we expect no differences in isotopic composition between the unlabeled and mixture
samples foranyne®@ Nb 2y St SYSy(d o1 I D%Brodbdiwednin®d ¢ KS |
unlabeled and mixture sample(n ®n -Mmden = > NBALISOGA GBSt @0 AY
YSIF &dz2NBR Gad GKS dzyf | BChdhaSRT a0l S: 68 y2 RS & R,
of delta values are not additive), and a difference in ratio of dodilysubstituted to
unsubstituted isotopologuesiG2CGH: 1 *N0,32SA2GH; 1 1N80,32S) between these two
al YLX Sa (KId Aad R2%Hz206SPOKSANPRAFT TAEBY OSSR Y
explicitly calculating all isotopologues of each endmember as well as the mixed product;
methods for this computation are presented in Csernica and Eiler 2023, and the details are

available in the appendix, A(Zsernica and Eiler, 2023)
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3.2.2. Methods

3.2.2.1 The HPE@odified sample introduction system

Our implementation of a reservoir injection system uses a Vanquish Horizon HPLC
d3230GSY OKSYOST2NIK dazxlylidAaKeéd AYOGSNFIFOSR
Fisher Scientific) (FiguBm 0 @ ¢ KS Il yIljdzZA AK Kl a (¢2 LlzYL}AxX
each pump may pull solution from a single reservoir (typically of 250 mL to 1 L, although in
principle much larger) and mix these with some desired composiéian, 75% A, 25% B
(Figure3.1). To simplify switching between different solutions, each pwan be attached
to three separate reservoirs, e.g., Al, A2, A3, and the active bottle determined via software
commands. In a typical HPLC application, these reservoirs contain solvent; the analyte is
AYUNRBRdzZOSR @Al |y SSRlieSelutey @ 8 @iimnising ZeRemt | F H
gradient defined by varying flow rates through pumps A and B. The reservoir injection
method presented here bypasses this proaess sample is injected via the needle and no
column is used. Instead, the analyte sautis placed directly into a reservoir (e41) and
introduced to the mass spectrometer. We may optionally apply solvent mixing to adjust the
concentration of the analyte online; for example, if we load methionine with a
O2yOSY (NI GA2Y 2F pn >a 2y NBaASND2 fketirdsm | YR
I 02y OSYGNY A2y 2F wup >ax 6S YI@& f2FR NBas
mixing ratio of A1 and B2. This strategy can be used to perform multiple experiments which
require different comentrations on the same bottle of analyte. Additionally, when
performing a sample/standard comparison, it allows us to finely adjust the concentrations
of both solutions to closely match intensities for the sample and standard analyte. The
systemisdesighR (2 2LISN}IGS 4G Ft2¢ NrGSa 2F mnn >
Ft26 GKNRdAAK ! g9 . G xpn oF N LINBaddz2NBEd ¢ 2
GKS t26SNIfAYAG 2F mnn >[kKYAYydziS Rdz2NAy3I | O
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Pump A Pump B

Rservoirs Reservoirs Standard
Analysis
l. l‘ " " “ l. ‘ Electrospray Qriiiray 100 % 0%
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100 % 0% B Sample
s MM Dm0
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Figure3.1: Setup for the reservoir injection system. A: A depiction of the Vanquish HPLC attached to the Q
Exactive HF. The HPLC has two pumps, A and B, each of which is attached to three separate reservoirs. In use,
each pump draws from a single reservoir, and twe can be mixed in various proportions before being
introduced to the electrospray source. B: Representative reservoir contents and mixing amounts for different
purposes. Standard analysis observes the standard via pump A only. A purge seustiesesolvent through

pump A. Sample analysis with dilution observes the sample via pump A while mixing with solvent from pump

B to dilute online. In this example, reservoirs B1 and B3 are not used.

Reservoir injection measurements, like most OrbitlBMS measurements,
generally involve closely matched comparisons of sample and standard measurements,
made under nearly identical instrumental conditions and closely spaced in time. We use
this method beause the isotope ratio(s) observed in Orbitl&®MS differ from their true
values due to differences in the efficiencies of ion generation, transmission and detection
of different isotopic forms of ions in various stages of the measurement,delivery of
analyte to the ion source, ionization and ion extraction, transmission andeletion in
the quadrupole system of the Q Exactive platform, trapping in tHirey&; and observation
AY GKS hNBAGNI LIT ¢S 02ttt SO0 A¢Bact®dnat&ET SNJ 0 2
observing a standard with a known isotope ratio under the same conditions as the sample,
we can measure and correct for the instrument fractionation encountered by that analyte.
Some instrument fractionations vary with time, so ratithan performing a ondime
standardization, we alternate sample and standard measurements, interpolating between
standard measurements to estimate instrument fractionation during a sample
measurement.

Using the reservoir injection method, we can implement sample/standard

comparison in two ways either with both sample and standard flowing through a single
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pump, but drawing on different reservoirs, e.gomparing reservoirs A1 and A3, or with

each flowing through separate pumps, e@pmparing reservoirs A1 and B1. It is possible
that using different pumps is better for preventing contamination between sample and
standard, as sections of tubing unique to each pump will only see either sample or standard;
on the other hand, any differece in equipment and procedures between sample and
standard could potentially introduce differences in instrument fractioomatand thus
systematic error in the sample/standard comparison. Here we chose to use the same pump
F2N) 020K alYLIXS IyR adlyRINR® . SG46SSy 2048
the previous analyte. We purge by flushing the system with puresb(e.g, reservoir A2;
Figure3.1), to remove the previous analyte. We start analysis of new analytes with a
WLINAYAY3IQ aaSLlE Fa + RSIFER @2ftdzyS 2F Fu Y]
St SOUNRALINI &8 a2dNDSP ¢ KSIORSHT SR 2IFE YRIAMNES
samples, but they must be included in any sample/standard comparison. All steps may be
automated using the Xcalibur software, allowing measurement sequences of tens of hours
without user input.

Details for our analysis are given in Tab2, below. The acetone measurement
assesses intreneasurement stability and was not standardized through sample/standard
comparison. The perchlorate measurements include a sample/standard comparison, but
2yt é& GKNRAAK | Wi SNE SyNBRORYE\WBDO | §FRLISNISY SHa
of the same perchlorate. For perchlorate, priming is done in #nithute step at 0.15
mL/minute, while purging consists of 20 minutes of solvent flow at the same flowTriage.
methionine measurements involve standardization with different sample and standard.
| SNBEZ WLINAYAYIQ Aa | OO02YLI AAKSR o0& AYyUNRRAdz
50:50 with pure solvent from reservoir B2 at a rate of 0.5 mL/minute, fosta of 8
minutes. After priming, we adjust the flow rate to the 0.1 mL/minute used for observation.
We allow the system to stabilize at this flow rate for two minutes, then observe for the
desired amount of time. Finally, we purge the system with solMemin A2 at 0.5

mL/minute. In all cases, the duration of the measurement step can be increased arbitrarily.
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For methionine, the mixing ratios for sample (96%, not shown) and standard (95%) differ

subtly; we tuned these prior to the measurement, to closely match ion intensities for each.
They both include a large amount of solvent because the same solutionsiseresed for
another set of measurements which required higher concentrations and which we intend
to present in a forthcoming publication. Both perchlorate and methionine analyses were
performed in triplicate, i.e., 7 observations were performed in thedeor

Standard/Sample/Standard/Sample/Standard/ Sample/Standard.

Table2.2: Conditions for Reservoir Injection Experiments
Acetone 24Hour Experiment

Time | Concentration Flow | %B Pump A Pump B | Description
(minutes) | of A (uM) | (mL/min)

0-1440 500 0.1 0 | A2: Sample N/A Observe

Perchlorate Zero Enrichment Comparisons

Time | Concentration Flow | %B Pump A Pump B | Description
(minutes) | of A (uM) | (mL/min)

0-15 2 0.15 0 | Al: Standard N/A Prime

1590 2 0.15 0 | Al: Standard N/A Observe

90-110 2 0.15 0 | A2: Solvent N/A Purge

WSLISFG a RSAANBRI &g AU{OKALYE B O SMSH
Methionine Sample Standard Comparisons

Time | Concentration Flow | %B Pump A Pump B | Description
(minutes) | of A (uM) | (mL/min)

0-8 50 0.5 50 | Al: Standard B2: Solvent,  Prime
8-10 50 0.1 952 | Al: Standard| B2: Solvent| Adjust flow
10-70 50 0.1 95 | Al: Standard B2: Solvent| Observe
70-90 50 0.5 0 | A2: Solvent | B2: Solvent|  Purge

wSLISFG a RSaAANBRYX agAiGOKAYy3 o0Sig
a: For the methionine samples (as opposed to standards), %B was 96% between 8 and 70 minutes.

The ions and isotopologues we monitored are as follows. For acetone, we observed
GH;O*, including?G'H;*%0* (the unsubstituted isotopologue) and heavy isotopologues of
this ion including3C,?H, "0, %0, or'3C3C substitutions. For perchlorate, we observed:CIO
, including®CIFO4 (the unsubstituted isotopologue) and heavy isotopologues of this ion

including®’Cl, 1’0, €0, ¥’CFO, and®'CIO substitutions. For methionine, we observed
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GHNGS, including 12G:tHi1“N0,%2S" (the unsubstituted isotopologue) and heavy
isotopologues of this ion includirf§s,34S,'°N, ?H, 13C,*80, and3C'3C substitutions.

3.2.2.2 lonization and Data Analysis

The analytes were ionized using an (ESI) source with dlhpEde (Thermd-isher
Scientific). Experimental conditions for each analyte are shown in 2&blas well as the
observed tics and relative standard deviations (RSD) for samples and standards. For each
analyte under these conditions, contaminant peaks in the spectra were less than 10% the
height of the unsubstituted isotopologue, minimizing effeatsthe observed ratios due to
these contaminants (Hofmann el. suggest a threshold of 20% is sufficient to avoid
statistically significant effectgHofmann et al., 2020)

Table2.3: Mass Spectrometer Parameters By Analyte

Acetone Perchlorate Methionine
Polarity (+£) Positive Negative Positive
Spray Voltage (kV) | 4.5 3.0 4.5
Sheath gas flow rat{ 50 10 35
(arbitrary)
Auxiliary gas flow rat¢ 10 10 10
(arbitrary)
Sweep gas flow rat| 2 0 0
(arbitrary)
Capillary temperaturg 320 320 320
(°C)
Slens RF leve 50 50 50
(arbitrary)
Aux gas heate| 40 40 40
temperature (°C)
Scan Range (m/z) 57.062.0 97.5104.0 149.5152.5
Microscans (#) 10 1 1
Automatic Gain 2 x 10 2x10o0r5x 10 10°
Control (AGC) (# ¢
ions}
Mass Resolutiorl 120,000 120,000 120,000
(FWHM at m/z = 208)




10€

Maximum  Injection| 1000 500 1000
Time (ms)

Observed TIC St 2.0e7 4.2e7 1.2e8
(Intensity)

Observed TIC relativ 15 6.5 5.3
standard deviation

(RSD) Std (%)

Observed TIC Sn- 4.2eF 1.2e8
(Intensity)

Observed TIC RS- 6.0¢ 4.3
Smp (%)

a: The AGC target is a target number of ions, but note that the number of ions observed in the Orbitrap is an

approximation.

b: Orbitrap resolution scales as (mt?)
OY t SNODKt2NFGS wWal YL SQ
standard and so noted here.

YR WaidlyRFENRQ O2yairai

27T

lon intensities and noise for selected isotopic peaks were recovered from

instrument .RAW files using either FTStatistic (proprietary unpublished software provided

by Thermo Fisher Scientific; used for acetone and methionine) or IsoX (a recently developed

software; used for perchloratéHilkert et al., 2021)or the'’O peak of acetone, a targeted

extraction procedure using FTStatistic was used to disting(@from artifacts associated

with the closelying3C peak; this is discussed in detail in the appendix, A.3. In either case,

this data was used to calculate ion counts following Eiler et al. 2Bil&r et al., 2017)

Briefly, for each peak, ion counts were calculated following the equation

b

Y O Y

—Z — J— z*

5

a v

o

where Nois the number of ions observed in a scan, S is the ion intensity, N is the peak noise,

Guis an empirical constant measured by Makarov and Denisov relating the-sigmaise
ratio to ion counts, here taken to be 4(Mlakarov and Denisov, 2008)s the charge (taken

to be 1 in all cases here)n & the reference resolution of 120,000 at whick Was

RSGSNXY¥AYSRZ w Aa

GKS YI a

~

a

NBazfdziazyzx

I YR

that were averaged before the transient was subjected to fast Fourier transform analysis,

Table3.1). The number of counts calculated with el were used to compute observed
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isotope ratio(s) for each scan. For example, for scan j and isotopelf@fidnsub, the

observed ion beams ard3CG®°0O'H;* and °G°O'H;*, and we compute’Y

h

- . For each target isotope ratipwe report the average ratio across all N
h

scans:

Y

P
l,TY og

and the relative standard error, in per mil, across all scans:
—“Y"Y'O_'O\d) : P p T o®
) N0 Y
We refer to this error a® I Olj dzA a Qi A 2% PSNKEKBI SNNB NI 2y

a single acquisition.

3.2.2.3 Shot Noise Limit

2SS Ffaz OFtOdZ S G(GKS wakz2id y2i)td

iKS

tAYA

theoretical limit for how well that ratio could be constrained based on the number of counts

observed of each ion beam used to compute that ratio. This was calculated as:

p p

" BO BO o8

whereB 0 gives the sum of the observed counts of ion beam 1 across all scans of

the acquisition. As the number of counts per scan is approximate and based on empirically

determined constant (@ that may not be identical in all scenarigs, should be treated

as a useful estimate rather than a precise statement of the theoretical limit.

3.2.2.4 Standardization

We calculate and report standardized values for isotope ratios of both perchlorate

and methionine as delta values, in the following way. Each acquisition sequence consisted

of the following measurements:

NS
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Standard/Sample/Standard/Sample/Standard/Sample/Standard. We found that variations

in the recovered isotope ratios for each standard acquisition varied systematically with
acquisition number (equivalent to time, as each acquisition was the same duration).
Therefore, for each isotope ratio i, we performed a linear regression across all four
standards and calculated both a predicted standard valie and associated
confidence interval, [ at the acquisition number of each sample. We report

standardized values for the observation of isotope ratsdelta values, e.gl 0

T A—— . We calculated error bars for each standardized sample acquisition
p 5 P p q
h

OLINR LI I G§SR | QOdp dsh adding A 2fgh thé BENMBIENE, F for the

predicted standard in quadrature:

. " . R 8 o)
| RRAGAZ2Yy I ffex I ONR & & £ € ail yRINRAT SR \&
reproducibilityQ 2 NJ G KS YSIy |y R )ofii | yarbshRI s&BISA | G A 2
observations (n=3). We discuss standardization in more detail instipplement. A

summary of our error measures may be found in Tade

3.2.2.5 Data Quality Tests

For all measurements, we perform automated data quality tests to check for and

rejectanomalous data. Our tests are as follows

3.2.2.5.1 Acquisition Error to Shot Noise Ratio

Ratios of— with values >2 have been associated with poor quality data in previous

experimentgEiler et al., 2017we compute this ratio and reject measurements above the

threshold.
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3.2.2.5.2 Zero Scans
For each observed isotope, we screen for zero scans, where a zero scan returns a

value of0 mtfor that ion beam. All of our deuterium measurements for both acetone
and methionine, as well as observation$@f’O in perchlorate, include at least some zero
scans. The acetonéd data are complex due to the presence of a nearly isobaric
contaminant; we discuss these in detail in the appendix, A.5. For methionine and
LISNOKE 2N} 4§S2 6S | GUNROGdzIS GKS TSN O2dzyiia
isotope ¢H and®’CFQ) in each scan. Prior work on previous Orbitrap models has indicated
that approximately 30 ions of the same species are required for detection; in our case (and
following eq (1)) sensitivity is better, but we are still near the limits of detection antteso
fail to detect any iongMakarov et al., 2005; Olsen et al., 2005)

For?H in the methionine measurements, we report t.8.0 % of all scans as zero

scans (varying across different observations); the corresponrdigtios are in the range

of 1.151.3. We have three options for dealing with these data: first, we mayjuse Tt

for each zero scan and calculate the isotope ratio and error normally; second we may cull
these scans and calculate using only nonzero scans; and third, we may reject any dataset
including zero scans. The first option will understate the true ratio (esetlwvere likely

some small nonzero number of deuterated ions present for that scan) while the second will
overstate it (as the culled scans are likely to have contained less than the average number
of deuterated ions); the third is most conservative Inudly cause us to reject usable data.

For the?H data, we find that culling zero scans (option 2) results in less replicable
sample/standard comparisons, possibly due to differences in the number of zero scans
between different observations. We therefore include the zero scans and calculate isotope
ratios normally (option 1), noting that these should results should be treated with
increasing caution as the proportion of zero scans increases. A detailed discussion is

available in thesupplement S36.
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For3CF'h Ay GKS LISNOKE2NIGS YSIFadaNBE¥Syidas

N}GAza 2F modmp |G |y | D+—ratick of @.5q anlAGQRof Febt /x>
Based on— ratios, we consider the 5e5 but not the 2e5 data sufficient for measurement.

In all cases, results were calculated including the zero scans and calculating isotope ratios

normally (option 1, above).

3.2.2.5.3 Internal Variability

Datasets with low— ratios and few to no zero scans may still be compromised due

to anomalous changes in the value of an isotope ratio across the measureknestample

of this is shown in Figu®2, which depicts two measurements'&i/Unsub in methionine:

on the left we show an observation with no obvious evidence of4il@gendent variations

in the measured ratio, beyond random scan to scan differences; and on the right we present
the results of a similar measurement that exhibiteetperiods of time (centered around
~4000 and ~10000 scans) when the measured ratio departed significantly from the long
term average, by amounts exceeding random sitascan variations. We note that this
second, aberrant measurement was to our knowledge typical in all other respects and did
not demonstrate such behavior for any other isotope ratios obsen?esl’S, 34SF%S,
2H/H13C2C, 180/1%0, & 13C3C/2C). Moreover, other data quality statistics for the two

measurements are similar; for the typical measurement, p8t YPwhile for the failed

measurement—  p&Ilthe aberrant measurement has a small number of 0 scans (8 out

of 13,300) and it is not obvious it should be rejected on those grounds alone.

There are a diversity of methods for screening anomalies in univariatesemes
data(Braei and Wagner, 2020; Blazgugarcia et al., 2021here we adopt a z score based
model, as follows (Figu&2). We attempt to find subsequence outliers, i®ibsequences
of scans which differ from the surrounding scans, by defining sliding windows of length N =

1000, i.e,.S= g, $+12  XnWheredgives the observation of the isotope ratio of interest

¢

¢

~
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in scan j and$s the sliding window beginning at scan i. For this window, we define an
of the previous N scans. We then calculate the average z score across each sgsingn S

these predicted values and report the absolute value of this as our anomaly scdieata

is:

" p [ h
w -
U

n h
We choose an anomaly score of >0.2 (>3 standard deviations above the expected anomaly
score for normally distributed data) as the threshold for identifying anomalous data. Our
anomaly score for the typical and aberraliN/Unsub observations in methionine are
plotted in Figure3.2A; both periods of drift are identified using our anomaly score. Note
that our anomaly score goes to 0 around the center of each anomalous period; this is due
to a sign change in the z score associated with a change in the drdtioin; our anomaly

score best captures drift towards a new mean. Across all data presented ichpser,

only the methionine nitrogen measurement shown is rejected in this manner.
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Figure3.2: A subsequence anomaly detection method to screen aberrant measuremelaf: Ahe recorded

ratio for each scan of a typical observation; the moving average is near constant. A, right: The recorded ratio
for each scan of an observation with substantial drift during the measurement. B: The calculated anomaly
score afor each scan of these measurements together with the threshold of 0.2 for rejected measurement.
The aberrant methionine measurement crosses the threshold for both anomalous periods. Note that our

anomaly score has a value of 0 where the drift in ratiangies diretion, associated with a sign change in the
anomaly score. The highest values of anomaly score are associated with the most extreme periods of drift.

3.2.2.6 Data and Figure Availability

Data, including .RAW files generated by the instrument and .txt or .isox files
generated by either FTStatistic or IsoX, is available on the Caltech data rep¢gitory
Csernica, 2023bode for our data processing and for the generation of all figures except
Figure3.1 is available on the open Zenodo reposit@Bsernica, 2023b)n some cases,

multiple plots were generated separately and joined using Microsoft Powerpoint or Affinity

Designer. Figurd.1 was generated using Affinity Designer.
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3.3. Results & Discussion

3.3.1 IntraMeasurement Stability for Measurements of Arbitrary Duration

To evaluate the stability of reservoir injection methods for measurements of long
duration, we analyzed a 24 2 dzNJ 2 0 a SNl GA 2y 2F | OSl&ySs K2
tracked the shot noise limit throughout. To our knowledge, the only similardomgtion
experiment on an Orbitray! was a 24hour measurement of°C in reference gas PFTBA by
Eiler et al. on a @xactive G instrument (Eiler et al., 2017)This previous experiment
F2dzy R GKS | Olecadittie obsarny ratis MadEdMNIhot noise throughout,
NEBIFI OKAyYy3 | @lLfdz2S 2F nonmp :: FFGSNI Hn K2 dzNE g
ratios of isotopologues with one of five different isotopic substitutioddC,*’0O,180,2H or

13C13Cr relative to the unsubstituted isotopologue. In Figdie = ¢ S agarfd thératio

of acquisition error to shot noise;—, vs timefor each isotope ratio. The— ratio has been

suggested as a criterion for data quality, with ratios of >2 indicating systematic problems
with the observations (although this threshold is somewhat arbitrary). We interpret

A Yy O NEB IagoS-5 asAogses of internal stability. THE, 180, and13C3C data track shot

noise throughout, with—ratios stabilizing around 1.2; we consider these to be

representative of ideal measurement. TH® also tracks shot noise throughout, stabilizing
around a value of 1.6; we attribute the higher value ¥@® to the presence of zero scans
and artifacts associated with the clelgng 3C peak. We consider this sufficient for
measurement; the use of additional microscans, which increase signal to noise ratio (we
used 10 microscans, the limit for piestalled software) may offer further improvement

(Bills et al., 2021)n contrast, the’H data do not track shot noise, with noticeable increases

AY ief8— @I £ dzSa | NRBdzyR Funn YAydziSad 28 | GaGN
a contaminant nearly isobaric with the deuterium peak, preventing the recovery of accurate

data. Botht’O anc?H data are discussed in more detail in the appendix (A.3,\A&ieport

FAYakoF 0.07: SMdmM X ndo :foEBCHP,RO, arti'éCHC :iespectively.

Note these limits reflect the lontgrm system stability of the reservoir method for Orbitrap
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IRMS, but that sample/standard comparisons might improve upon them if it is capable of

compensating for slow, subtle drift in instrumental fractionations. Our best reporteid

g2NBRS (GKIy (GKS 0Said 20aSNBSR LINB@GA2dzate o6n¢
required to resolve thé’O peak of acetone. In particular, a high mass resolution is required

here to resolveé3C from'’O while a lower number of ions per scan (set by the AGC target)

is necessary to avoid undesirable spabarge effets; both factors slow the rate at which

we can count ions. The behavior of precision with respect to time is identical. Our results
demonstrate that, when the observed peaks are clear of contaminants, reservoir injection

measurements are stable overpg@ 2 F xHn K2dzNE | yR LINBOAAA?2
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Figure3.3: Long term stability and precision of acetone observed by reservoir injection. Isotopologues with
five different isotopic substitutions were observed relative to the unsubstituted isotopologue and the
precision of the observed ratios plotted. All ratiosept?H decrease continually with time, yielding a ratio
—of 1.2 {3C,*0, 3C*C) or 1.6¥O).We attribute the higher— ratio for 7O to the presence of zero scans

inthen  YSI adzNBYSy (G o0Fnodw: 2F Fff a0Fyao BcgeBk ThG AT OG0 a
data are compromised by the presence of a cllyseg contaminant. We discu$® ancPH data in more detail
in the supplement(S33, S35).

3.3.2. Limits of InteMeasurement Stability Examined Via Perchlorate

After investigating the intraneasurement stability, we evaluated the inter
measurement stability in perchlorate to determine the limits of accuracy and precision for
sample/standard comparisons (Figusel). Our main question here is: if we have a low
F OljdzA AAGA2Y SNNBNJ F2NJ I IAGSY YSIAdINBYSy iz
similarly low, or are there issues associated with standardizing multiple measurements

which prevent this? We chose petohate due to the abundant’Cl substitution, which
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effects of intermeasurement changes. Perchlorate observations consisted of triplicate

sample standard comparisons in the order

Standard/Sample/Standard/Sample/Standard/Sample/Standard, a total of 7

measurements. E&C Y SI adz2NBYSy G KIFIR | mMp YAydziS WLN.

minutes of measurement and 20 minutes of purging, for a total of 110 minutes (Faple

tKS SYUGANB aSljdzsSyO0S (22171 duiredno KsBrdaNEfBrthg I & | dz

duration. We present three sequences of this type; all were zero enrichment

measurements, i.e., the same perchlorate was used for sample and standard. One was

performed at AGC 5e5, while two were performed at AGC 2e5. All slawle from the

aFYS NBASNW2ANIT GKS pSp FYR 2yS HSp YSI &dzN

GdzoAy3a F2NJ 020K adFyRFENR YR &l YLX ST gKAT.

WRAFTFSNBYUQU dzaSR RAFTFSNBYyU (dzoAy3a F2NJ adl
We first examine thé’Cl/Unsub data, as this is the highest precision isotope ratio

we recover and best able to reveal issues with imerasurement replicability (Figure

3n! 0d ! Olj dzA aghini ikddidual SnbdsiBeNdnts 657/ f Kk | yadzo ¢ SNBE Fn

OpSpy YR nomo 3 O0HSpO® !''a gA0GK LINSOA2dza Lv

observe significant intemeasurement drift in raw measured isotope ratios, on the order

2F ™M O0GKS F@SNI IS RATTS NBighOB37610suHiS0BYy (i 4 2

2 0 0 CIMA, tet)d&himiak et al., 2021; Hilkert et al., 2021; Mueller et al., 20Z2a)

standardization strategy attempts to correct for this inteeasurement drift by performing

a linear fit to the standard values and comparing the sample values to this line; results of

these comparisons are given in per mijas#l , with the average of the associategas

values given above each pl@¢Figure 3.4A, center). We also give the experimental

reproducibility, or the mean of these thrge #l  values and their standard deviation

0 en (defined in3.2.2.4) (Figure3.4A, right). We find our correction scheme does not

adequately account for intemeasurement drift; recovered values fqr #I drift

NBfFGAGBS G2 SIOK 20KSNJ FyR NBtIFIOGAGS G2 GKS



11¢€
INB I G SNIAEKfydzS2a0eNI ¢ KS STFFSOGa 27F (lekvaldles RNA T il

6B KSNE RNATG OF dzaSa 0 NRiorRHe Ntandagl waluesRUSed @S A y
calculatey #l I Y R drvélGes (reflecting different values pf #  for different
aFYLX S FOljdzAaAdAaAz2yas NBIFIOKAY3I ndyw : F2NJ G
GAOK (GKS OKIFy3aAy3d 2F &l YL Sa 60APSHdY GKS WL
new sample) leads to variations in standardized ratioskot 2 NRSNJ 2 F ™M :: d ¢ K
O0SYSTAOGET 8254 YdzOK f26SNJ GKIYy wm: YlI& y2i o685
the causes of this instrument drift to obtain a more accurate measurement.

We close this section by examining the remaining, lower precision perchlorate data,
for 170/Unsub,®0/Unsub 3’CIO/Unsub, and’CIHO/Unsub. Note that perchlorat€O is
an easier target than aceton€O, as there is n&°C peak in perchlorate. These data are
shown in Figur8.4B (we omit 2e5_S, as it is similar to the other datasets; all data are
LAt 0tS Ay GKS I LAEBSHRRRrEOr bars ob individdal sanipes a AT S
are given in the title of each plot. Note that the low abundanté’GL’O means that the
HSp RFEGF&aSG KFra | &adzaidl yiaAdfratio>@zamSdNdeo F H n
reject this data (in the 5e5 dataséfCHh K| & F ndo 27z —I<@Ndhichad®l y & |

consider sufficient for measurement). In all cases, the drift between acquisitions and their
RAGSNESYOS FTNRBY | OO0dzNIAddS t @iStadeS & RARSVAIBEE (YK X vf &H
FNB Of2aSN) (I i KB 320 SNDBSRIKAY || FlL Qdi2NI 2F
gAff NBadzZ G Ay | Y2NB LINSOAAS SNNEBNWSIF NI F2N
make one additional comment abodfO: in some mass spectrometric measurements of
2E23Sy Aaz2 i 208 $O SigeIidnNdnss Hegpfendent effects, allowifig
SEOSakh d2'MmioA dp H¥hibyor 0 (2 68 O2yaidNJOAYSR Y
2 N¥OtindividuallyLandais et al., 2006; Luz and Barkan, 2020 experiment suggests

that the error bars for these quantities is following shot noise error, rather than a-mass
dependent process; in this case, such a beneficial cancellation of errors will not\ecur.

conclude that intetmeasurement drift is sufficiently small to permit observations with

LINBEOAaA2ya 2y GKS 2 NRSNJ 2stbstiuted speciasy Of dzRA Yy 3 1
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Figure3.4: Inter-measurement variability perchlorate. When error bars are not shown, they are smaller than
the size of the points. A: THECI substitution of perchlorate. A, Left: The raw rafiol/Unsub recovered from

each observations. A, Right: The standardized ratios reported as delta values. The red line at 0 per mil indicates
the accurate value for this zelnrichment measurement. We observe drift between sample replicates on

the orderof:l: ¥ SEOSSRRWI Fi KM smedsueriehtdit prefantS thé application of
reservoir injection methods to such high precisions.R@maining data for four other substitutions in
perchlorate; these are observed simultaneously Withl. Only the standardized data are shown, and we omit

the 2e5_S dataset, which is qualitatively similar to the 2e5_D (remaining data are available in the appendix
6! ®T VUV ® C2NJ &y a i KBdz2 NRYShEasRieit drift is duffidiestiNdmall to permit

I OO0dzN} §S I yR NBLI AOFofS YSIadaNBYSydGad ¢ &BichM&R f Ay Sa
measurement.

3.3.3Inter-Measurement Accuracy Tests on Methionine

We next perform an accuracy test using standardization via an analysis of a
YSGKAZ2YAYS &l YL S aLA]TSR (G2 KI @S IB¥¢LSy NROK
ratio, relative to the standard. This experiment allows us to evaluate whether we return

I OOdzNJ S ¢ @ fdzSa F2NJ [ ff &adzwadAddzirazyas
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nonlinearities may be an issue. We made triplicate standardized measurements, each

consisting of a -hour integration and each bracketed by measurements of a methionine
standard; as in the case of perchlorate, these occurred in the order:
Standard/Samplet&ndard/Sample/Standard/Sample/Standard. Including the triplicate
measurements and purging steps between each analysis, the total measurement sequence
took 10.5 hours, was automated, and required no user monitoring or input. For each
measurement we simultaeously observed the ratios of isotopologues with one of seven
(33S,345,15N, °H 13C, 80, &13C'3C) substitutions relative to the unsubstituted isotopologue;

we plot representative results froftC,33S, anc?H in Figure3.5 and give the remainder in
Table3n® ! FGSNI adFyRFNRATAYy3ISE 6S FAYR GKFG £
20 KSNJ IppE®RI f2d28N8 " | NB 6 A U K Aapvalties (Fabl@4), 2ugdesdtidy H 2 F
this method of standardization corrects for intereasurement drift towithin the level of

precision of our measurements.

Next, we address the relative accuracy and precision of the sample standard
O2YLI NA&2yad YIRS Ay (KA &pacSrootlaNJoryiSdidual 2 S N
all yRINRAT SR Y Sgr &alizbsBrepteyenting vharigtian across multiple
standardized measurements (see section 2.2.4) (Fi@be Table3.4). Our results for
AYRAGARdAZ f I, @fluishaiiesucdessiv i that gidst réported values and errors
FlLif GAOGKAY W 2F 2dzNJ O2 Y EaddmleSiiT, 88, WSRO K Y Sy (i -
sampk,33{ 0 ® h dzNJ S E LIS NR Y Sy ledvdlueshdiss dheRaRyeid mareichsksi A S &
(*3C, 180, *4s,2H, and3C3C).In some casesiC, 80, 34S), the calculated values are just
0S@2yR H ' SNNEZ NJI3G hithline térgedifresiits afle pideritetl fo Two
decimal places). For the otheH(and®3C¥ 0 > ¢S I (0 MEndleisiatg auK A & § 2
actual error due to the small number of replicates (n=3). For exaifaléC, if we compute
GKS aK24 y2AaasS tAYAG dzaAy3 |ttt A2ya | ONRAaA
KSyOS (I KSx2NES LA2dNG SR F2NJ GKAA YSIadaNBYSyid A&

0 K legmay underst G S 2 dzNJ | O dzlerl us&NdiBndEber suSimaFyXoy &
series of measurements. y £ £ O a S ZpaevalgeS asNdasdrraeRoouRdizbid



the accuracy and precision of our method. In sum, we find reservoir injection methods can

YSI&adzaNE Ylye Aaz202LIS NI¥aGAza

long durations and in an automated fashion.
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Experimental Reproducibility

& U leaf(dentéRandO 2 Y LIF NJA

and errors. Sample standard comparisons show the resulting delta values after taking thgeaokthe

ratios of the sample and the predicted standard value at that timepoint. Experimental reproducibility

shows the average and standard deviation of the n=3 samples. Red lines show the prealiotsdar
1BGmo MpdC

20 FYR 20KSNJ A a2 2uwéhment).di2a

Table3.4: Results from Methionine Replicatés

on :x k

Observed or Average Samplel Sample2 Sample 3 Average and
Approximat " AE F Y Rae ™ F YR |y R’ "ER
ed Value
T 19.6+0.1 0.3 205+04 20.8+04 20.0+04 205+0.3
#olge O L5
b 01+21 -22+21 -12+31 -11+08
N TR 0 1.3 -15+16 -42+15 -18%+16 -25+1.2
g Hya . 0 0.9 -0.6 £1.0 -1.1+09 2310 02+15
g Hya . 0 0.4 -04+0.7 -13+06 -1.0+0.7 -09+04
e N 0 2.3 26+31 -11+29 -10%+32 -16%0.7
gy T 39.2+1 2.5 354+28 351+27 358+28 354+03
aAISYGNRSE Ay LISNI YA 6:0

b: The final standard was omitted, hence greater error on sample 3

3.3.4 Sample Consumption

a

At present, the biggest limitation on reservoir injection methods is the large sample

consumption relative to other OrbitraRMS methods. Reservoir injection uses similar

i K

S N

2
C
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analyte concentrations ¢p nn >a0v G2 20KSNJ YSGK2Ra odzi Yo

S KYAYydza8 GEkVYAYydziS0OZI FyR KSyOS O2yadzySa
FRRAGAZ2Y L@ | LINAYAYy3 &adGdSLI Aa NBIdzAi NER LI
ofsamp§ az2fdziA2y® CAyYyIlf &l YL S NBIldZANBYSyYyi(a
FOSG2yS 20aSNDI A 2 ynhuteiperchifraie dosedatiohyand=2@nimol LIS NJ 1
00 dy > inutedRiNibnimaiobservation. Due to the inherent sensitivity of Orbitrap

IRMS, even these relatively high values compare favorably to some alternative
technologies. For example, observation of the aver&@#°C ratio of methionine via EA

Lwa{ NBIdANBR pn >3 LISNI NBLX AOFGST +y 2NJF
measurement. In our case, the flow rate limitation was imposed by the HPLC used; we
imagine that similar experiments using naH®LC systems coulteduce sample
requirements. We also remphasize that the reservoir injection method is designed for the

purpose of masuring rare and hartb resolve isotopic substitutions, such d6-bearing
isotopologues of organic molecules, that have never been analyzed directly at useful
LINSOA&AZ2Y o0d9m :0 o6& |t OdSNYIFGADPS YSGK2Ra®

3.4 Conclusion

The results presented here demonstrates that, with our reservoir injection system,
OrbitrapIRMS can observe many isotope ratios simultaneously, at high precisions, and for
long durations, across a variety of target compounds. Our results from acetone
demanstrate the longterm stability of the system, which does not deviate noticeably from
shot noise limits across a 2®ur measurement. Meanwhile our perchlorate results
RSY2yaiNI 4GS GKFEG OdNNByd I OOdzNy Oé f ovAda 7z
GKS 2NRSNJ 2F MAa@bt &SaLWES 0 epSEImeEndzRift. G2 Ay
Finally, our methionine observations confirm that automated, accurate, and reproducible
measurements of isotopic differences may be made across many isotopes of interest. In
their current form, reservoir i)ection methods are best suited to rare isotopologues or to

those with demanding masesolution and AGC requirements, sucht43 in organics or
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clumped isotopes, and therefore require observations on the order of hours to tens of

hours. Future investigations should evaluate the capability of other sample introduction
methods for long duration OrbitrafRMS measurements. Additionally, they should
improve on the sample requirements and determine and correct for the causes of inter
measurement drift in order to fully take advantage of the reservoir injection platform.
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SUPPLEMENTARY MATERIAL FOR CHAPTER 3

S31 AmmoniumHydroxide Additive for Perchlorate

We found that adding ammonium hydroxide improved the ionization stability of
perchlorate. To do so, we injected perchlorate solutions using a syringe pump (Fusion 101,
/| KSY@E LyOoo Fd | Fft2¢6 NIGS 2F wmn >[ kK YAy dz
shown in Table.3 except: Sheath gas: 5 Aux gas: 0, AGC target = 1e6. Perchlorate solutions
GSNBE Ittt G W >a Ay YSUKFIy2f>X FYyR KIR SAGK
For 5minute observations, we found the following tic means, standard dewviafiand
relative standard deviations:
0% Ammonium hydroxide4.0e7 + 1.9e7 (RSD of 47%)
0.1% Ammonium hydroxides.4e7 + 2.9e6 (RSD of 5.3 %)
0.2% Ammonium hydroxide4.5e7 + 2.8e6 (RSD of 6.2%)

The resulting tic curves are plotted in Fig@®1, below. While we did not retest
each condition for the reservoir injection methods, the RSD values for those experiments,
all of which used 0.1% ammonium hydroxide, were of a similar magnitude (between 3.4%
and 7.0%).

In the syringe pump experiments, we observe an increase in the height of a
contaminant peak at 101.059 (tentatively assigned @) with more ammonium
hydroxide (~2 % the height of the unsubstituted perchlorate peak at 0% ammonium
hydroxide; ~10% with 0.1 % ammonium hydroxide; ~20% with 0.2% ammonium hydroxide).

However, we did not observe the same contaminant using the reserveation methods.
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Figure S3.1The tic stability for perchlorate observations using different amounts a0 Each observation

includes 5 minutes of data.

S3.2 Methionine Mixing

To confirm that our assumed sample standard comparisons for each isotope of
methionine were accurate, we explicitly calculated the concentrations of all isotopologues
of methionine for the*Gmethyl labelled methionine and methionine standard, mixed
these on an isotopologuby-isotopologue basis for the methionine sample, and compared
results for the sample and standard, using a range of plausible methionine compositions.
This exercise allowss to determine whether unknown variations in the content oheit
methionine would result in idiosyncratic differences. For example, if the labelled
methionine had a high°N content, or if its*C carboxyl site were substantially enriched,
our sample standard comparisons may have differed from our assumptions.

As input for this calculation, we needed an estimate of the-gitecific content of
each atom in each methionine. For M&t the explicitly measured constraints afg:0 ® ¢ .-
(methyl3C),-H 0 T 3 BJH YW :: 6F GSNF IS O2YB®AAGAZ2Y
Hn ®o :': &C))alNis ZADB,fand £45) vs CDT (Neubauer et al 2018). We have no
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independent constraints on the N, H or O isotope composition of-Matethionine, and

a2 | aadzyS O2VYLJR aAidA 2B aAdPO) or AIR (feFl) ardsed®8 2 0 F 2 N
and?¢S via mass scaling and assuming conventional mass laws for sulfur isotope variations.
These assumptions do not cause significant errors in the expected differences between
Met-A and our sample for isotopic properties studied in this text. For8@methyl

labelled methionine, we specified a composition of 99@ at the methykite. For other
LRaAbdAz2zyas G2 (GSad GKS GFNARFOAtAGE OF dzZaSR ¢
Ada202LIA0 a0NHOUIGJNBPYZESSNYBOWFAIRI PKS2 VBRIZ a4 A
Table S31. We varied the composition of all sites simultaneously and so tested 3
methionines (heavy, moderate, and light); a full description of the sites we defined and used

is presented in Csernica and Eiler, 2023.

TableS31: Tested'*GMethyl Labelled Methionine Compositioris

Site Light Moderate Heavy
Gmethyl 99 % 99 % 99 %
Ggamma -50 -30 0

Galphabeta -50 -30 0

Gcarboxyl -50 -30 0
O-carboxy? -25 0 25
Ssulfur -25 0 25
N-amine -25 0 25
H-methyl -100 0 100
H-gamma -100 0 100
H-alphabeta -100 0 100
H-amine -100 0 100
H-hydroxyl -100 0 100
H-protonated -100 0 100

a: Except for @nethyl, which is given as a concentration'¥, values are given as
per mil enrichments vs VPR&rbon) CDT (sulfur), AIR (nitrogen), or VSMOW (oxygen
and hydrogen).

b: Composition ot’O, with80 set via mass scaling
c¢: Composition of®S, with3*S &35S set via mass scaling

For all nomcarbon substitutions, we find that deviations from the Mt
O2YLRaAAGAZY Ay (GKS YAEGdINB G2 oSCCithez2 NE f

composition of the remaining carbon sites of the methyl 13C labelled methionine are more
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labelled methionine differed substantially from our range (edgie to some of the label
being applied at these sites), it may lead to significant deviations (enrichment, in the case

that the °C label appeared at multiple sites) of th&'3C composition of the mixture

relative to our computation.

S33.170 Extraction and Zero Scans for Acetone

To avoid an artifact associated with the abundant and nearly isob#tipeak, a
targeted extraction procedure fdfO had to be used with FTStatistic. We begin with a basic
overview of how FTStatistic functions. To extract peaks, one defines central masses
associated with those peaks and a certain tolerance; @ geak center of m/z = 60.05380
Da and a tolerance of 5 ppm, relative. Then, for each scan, FTStatistic searches for and
records the largest peak within the mass range. Typically, a toleransepim is used,
leading to extraction of signal centered around a single mass (show#Cfam Figuré&32,
top left). When two peaks are very close to each other,wihin the tolerance range, the
FTStatistiprogram will report only the more intense of the two, and in cases where the
two intensities are relatively similar to each, which of the two is reported might vary from
scan to scan. When using a 5 ppm tolerance*forin the presence dfC, this problem
occurs and data from two close but distinct peaks are observed (Fgg&getop right) To
remove this problem, the data are reextracted with a narrower mass range. In this case, we
defined moving mass windows to target both the higher and lower pesdscated with
170. For the higher mass peak, these were 60.05390 + 0.0001, 60.05392 + 0.0001, and
60.05394 + 0.0001 for times of3W0 minutes, 3000 minutes, and 66énd minutes,
respectively. For the lower mass peak, these were 60.05370 + 0.0001, 60.05372 + 0.0001,
and 60.05374 + 0.0001, for the same times. Results of these targeted extractions are shown
in FigureS32, center. For the lower mass peak, we see periodic oscillatory behavior, while
for the higher mass one, the distribution appears simitathe *C peak; moreover, the

higher mass peak matches the theoretical mass’of (calculated as a moving average



12¢
assuming the same mass error as observed¥o); hence, we conclude the lower mass is

an artifact of the Fourietransform retrieval of the nearly isobaric, inten$&bearing

peak, while the higher mass corresponds to tf@ peak. Quantifying the ratio using the
targeted extraction of the higher mass peak results in the distribution shown in F5g2re
bottom, which is similar to the expected histogram, having a small number of zero scans

(74 out of 33305, or 0.22%) and a similar number where the ramnoticeably depressed.

We consider these artifacts acceptable for observation and note the repertaatio (1.6)

is less than the arbitrary but useful datgaging threshold of 2. In our data processing, we

include these scans and quantify them with a value of 0 fott®&Jnsub ratio.
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FigureS32: Targeted extraction of thé’O peak. Top left: For a typical FTStatistic extraction, a center point
with a mass tolerance of 5 ppm is chosen, resulting in a distribution like th&Joiop right: Fo¥O, this

results in the extraction of two closely related but distinct populations. Center: We redefined targeted mass
windows for both, extracting them individually. The higher mass peak more accurately matches the theoretical
mass of*’O, while the targeted lower mass extraction shows periodic behavior unliké3héand other
obseaved) isotopic peaks, so we identify the higher mass peak@sBottom: Our final extraction of the
isotope ratio (using the window in the center right panel) has a distribution similar to that for other extracted
peaks, with a small number of depressed and/or 0 scans; it also-hasratio of <2. We consider the data

sufficient for measurement.
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S34 Standardization Methods

The methionine and perchlorate data both constituted measurement sequences of
7 acquisitions in the order
Standard/Sample/Standard/Sample/Standard/Sample/Standard. Our results for the
acetone 24hour measurement show that acquisition error continues to decline throughout
a single acquisition; we therefore attribute differences between consecutive
measurementso the process of switching the analytd ®S ®> (KS WLIzZNHS Q
To evaluate whether this drift was random or systematic across measurement sequences,
we performed the following calculation. For each sequence, and for each isotope ratio
observal in that sequence, we took the four standard values observed, averaged them, and
computed the deviation of each standard relative to the mean. We collected results for
each ratio, and present these in Figi883; each block of ratios corresponds to a single
standard acquisition (datapoints are offset around standard number in the plot to allow
visualization). Note that we omit the failetPN/Unsub measurement from the final
methionine standard acquisition and the failédCl'O/Unsub measurement for the
perchlorate acquisitions at 2e5. We then performed a linear regression (using
scipy.stats.linalg) versus standard number on each dataset, and preseritadhd Rvalues
(for the null hypothesis that the slope is 0) in FigB&3. For three of the four datasets, we

compute p values < 0.05 and so conclude that systematic error is present.

Iy
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Figure S3.3The isotope ratios recovered for the four standard acquisitions vary systematically with standard
number rather than being random. We therefore chose to standardize by assuming a linear trend across each

measurement sequence. Trendlines are not showrhagdata for different ratios are offset along the x axis,

to allow visualization; for the regression, each isotope ratio within a block had the same value for acquisition
YydzYo SN ownQ F2NJ { (R
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Because we saw evidence of systematic drift in most cases, we chose to standardize

versus the linear trend observed for all four standards. To do so, for each isotope ratio, we

performed a linear regression across the four recovered standard values. Wlethise

regression to predict the standard value at the time of each sample acquisition and the

aa20Al SR wm°

O 2ry0FWeRnBrys@iBlardiz¢dieScN Eamledacquisition
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relative to this predicted standard value. Error bars are given by adding the acquisition error

00 F2NJ K Ssmpdirt guddifatGre. EHo? example, our procedure applied to the
13C/Unsub ratio of methionine is depicted in Fig@®4. Here, we plot the raw recovered
ratios and associated error bars for each standard, the linear fit and its confidence intervals,
and the predicted standard composition and associated error which we apply to our sample

data.

Linear Fit and Confidence Interval 13C/Unsub Methionine

0.06026

0.06024

0.06022 -

——- Predicted Values
—— Confidence Interval
® Observed Values

Predicted Standard
L Composition for First Sample

0.06020 -

Raw 13C/Unsub Ratio

0.06018 -

Standard Number

Figure S3.4An example of the standardization procedure applie#@Unsub in methionine. The blue circles

are the reported3C/Unsub ratios for each standard acquisition; the dashed line is the linear fit to these; and
the solid lines are the associated confidence interval. The red square gives our reported standard value and
error bar at the time of the first sample acquisition

S35 Failed D measurement @cetone
While many of the isotopes of acetone were observed successfully, we consider the
deuterium measurement a failure; we here discuss these results. Unlike the other

measurements, the deuterium data do not track the shot noise limit; around 275 minutes,
wessS | AKEF NL) AxfandNE ratio $Figiirg535)i AsSvith'theé’O peak, using

the default FTStatistic setting results in the extraction of two closely related peaks; in this
case, observations of two peaks are more common later in the measurement. Here, the
lower mass peak better matches the theoretical mass of D (aisguthe same mass error

as the'C peak, calculated as a moving average) and is present throughout the observation,

so we assign this as the actual D peak. The higher mass peak does not match any
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isotopologue associated with acetone; it has a mean distance of 0.23 mmu from the D peak,

smaller than the 1.5 mmu for the-&tdduct of unsubstituted acetone, and could represent

an unidentified contaminant. As with théO, we apply a targeted extraction strategy to
obtain only data from the D peak (Figu8&5, center); however, in this case, the presence

of the contaminant peak compromises our data quality. In dmascan results from the
observation (Figuré&35, bottom), we see an increasing numberQokcans later in the
measurement, when the contaminant is more common; we interpret this as the D peak
being lost due to the contaminant in these scans. Because of the large number of 0 scans
(706 out of 33305 or 2.1%), as there is large apparent dritihen ratio across the
measurement, and due to the sharp rise in precision of the observed ratio, we consider this
observation to have failed. Additional efforts to identify and remove the contaminant could

enable a successful D observation for this system.
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Figure S3.5Analysis of the D measurement of acetone. Top: Precision and precision to shot noise ratio across
the measurement. A sharp increase in precision is observed around ~275 minutes into the measurement.
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procedures. There is a contaminant peak which becomes more common throughout the measurement, with
the first increase in abundance around 275 minutes. We interpret this as the cause of our decrease in

predsion. Bottom: Scaby-scan ratios and histogram for the D/Unsub ratio throughout the measurement for

the targeted extraction. Despite targeting only the correct peak, we see an increasing number of 0 scans
associated with the times where the contaminastrnost common. We interpret this as evidence of the D
peak being lost due to the contaminant, and thus not present in the spectrum. Because of the large number
of 0 scans, lorterm drift of the ratio, and observed increase in precision, we consider thégrgation a

failure.

S36. Culling Zero Scans of Deuterium in Methionine

When encountering zero scans for the observations of deuterium in methionine, we

can proceed either by culling the zero scans or by including them with a valug=o0 Ifor
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each; we find that culling introduces greater replicitereplicate variation into our results.

We show the resulting data and sample standard comparisons from both methods in Figure

S36, below; in the upper left plot, we also indicate the percentage of zero scans for each
replicate. We find that the percentage of zero scans increases starting with the second
sample replicate, for unknown reason; we do not observe a shift in the avacagber of

counts of deuterium. However, when we cull the zero scéris,increase in zero counts

leads to an increase in the recovered isotope ratio, possibly because removing zero scans
leads to an overestimate of the isotope ratio. This leads to an anomalously high sample
standard comparison for the second bracket, whems shift occurs. No such behavior is

observed when keeping all zero scans. For this reason, we employ the latter method.

| 26 SOSNE ¢S y20S GKS RNATG LINBaASYyid ¢KSy Odz
0 YR R2 y20 NBO2YwdmeRlIlySAGIKSNI YSGK2R Y2
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FigureS36: Two modes for dealing with zero scans in the methionine deuterium data. In the upper plot, we

cull all zero scans; in the lower, we retain them and return an isotope ratio of 0. The percentage of zero scans

for each replicate is shown in the upper lefte\ihd that culling the zero scans leads to a shift in the recovered

isotope ratio which is not present when they are retained. We attribute this effect to a shift in the number of

zero scans in each observation, which increases on the seeomglesreplicate. As culling zero scans results

in a higher estimate of the isotope ratio, an increase in number of zero scans leads to a higher estimate of the

ratio. We therefore use the data without culling zero scans; however, we note the observes nloiftoeyond

H SNNEBN) 6FNAR FYR GKAAa NHzA S YIe& y2d4d 6S FLWIEAOF6tS Y



13€
S37 Results From Perchlorate

TableS32: Results from Perchlorate Replicates 3e5

Observed or ~ Average Sample1l Sample2 Sample 3 Average and
Approximated " AE Y Rae | Y Rae | Y Rae ER
Value
# Emy 0 0.09 -1.1+06 0.7+05 06+06 0.0x0.8
£ iy 0 1.1 -03+19 02+16 23+19 07%11
# kg 0 0.5 -09+09 1.1+08 02+09 0.1+0.8
# E® Fjy 0 1.9 -0.0+22 30+20 -3.7+22 -03+28
# FE OFyy 0 0.8 -20+16 27+13 -05+16 01+19
Y 1£f SYGNARSa Ay LISNI YAE 6:0
TableS33: Results from Perchlorate Replicates 2e5_S
Observed or Averag Sample 1 Sample 2 Sample 3 Average and
Approximated S ae  F Y Rae I Y Rae | Y Rae ER
Value
£ Fmy 0 013 -02+04 -09+03 -08+04 -0.6%0.3
N T 0 1.6 -3.8+29 04+24 -37+29 -24+19
N T 0 0.7 -09+09 02+08 -02+09 -03+05
A BT 0 4.7 77+78 32+6.7 11.7+79 75+£35
£ Fm o Fyg 0 1.2 -19+15 -03+14 -21+15 -14+0.8
Y 'ff SyGNASa AY LISNJ YAE 06:0:0
0Y wS2SOGSR RIFI{GF RdzS (2 KAIK ydzYo SNJ
TableS34: Results from Perchlorate Replicates 2e3_ D
Observed or Average Samplel Sample2 Sample 3 Average
Approximate " ae Py Rae b Y Rae FYyRe YRR
d Value
# Emy 0 0.13 02+06 -02+04 02+06 0.0x0.2
# Epg . 0 1.6 06+23 -02+21 -03+24 00x04
# iy 0 0.7 01+09 -02+08 0.7+09 02%04
g Fmfpgb 0 4.7 19+58 09+53 -53+58 -08+32
A T 0 1.2 06+18 -0.1+16 -06+1.8 -04+0.3
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Chapter 4

OBSERVATI ONS OF OVER 100 CONST
METHI ONI NE6GS | SOTOME

Csernica, T, Session, A. L., and Eiler, J. M. Higimensionalisotomics part 2:
Observations obver 100constraints oome t h i oisotomeeCdiesn Geol.642, 121771.
doi: 10.1016/j.chemgeo0.2023.121771

Abstract

The abundances of different isotopic forms of a compound, or isotopologues, will
vary based on its physical and chemical history. The number of isotopologues increases
combinatorically with the size of a molecule, and even small molecules such as amo aci
have thousands of potentially observable isotopic variants. However, due to the analytical
challenges of separating and observing isotopologues, only a few dimensions of isotopic
diversity are routinely measured. Overcoming these challenges requires hot
experimental method to observe many isotopic properties and a theoretical framewaork for
interpreting these experiments. In Part 1, we presented such a theoretical framework; here,
we demonstrate an experimental method, which we apply to methionine. &proach
dzaSa | v 9EIFOGA®GS I C hNDBAGNI & aABSNSNF2ANYA
ionized, a subset of its isotopologues with cardinal mass N daljoester than the
unsubstituted isotopologue is selected and fragmented, and the proportions of all
detectable isotopic forms of those fragment ions are quantified. We perform M+1, M+2,
M+3, and M+4 experiments of a methionine sample and standard wherssatimple has a
MAana :: Sy NRGaKhe iyl carlion relative to the natutdC abundance at that
position in the standard, and is otherwise identical to the standard. We observe isotopic
forms of 8 fragment ion species for each version of the MxNeement. With the
assistance of a forward model of expected mass spectra, we identify isotopic peaks for each

fragment ion based on observed mass and abundance, screen these for data quality, and
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our direct observations and use them to reconstruct the concentrations of 19 individual
singly, doubly, and triptgubstituted isotopologues; doing so gives fewenstaaints and
broader error bars than working with the direct observations, but may be more
interpretable for some applications. We also examine possibilities for measuring additional
peaks, which are primarily limited by the detection limit of the Orlgtl@MS method. We

then suggest some possible uses of our direct measurements for chemical forensics and
hypothesis testing. Our results demonstrate the diversity of isotopic constraints currently

observable and interpretable for organic molecules.

4 1. Introduction

Natural compounds can exist in a variety of isotopic forms, or isotopologues, with
varying number and location of isotopic substitutions. The chemical and physical properties
of these isotopologues differ in subtle ways due to the presence of these sulostg; for
example, they may have different absorption frequencies, diffusion rates, or chemical
kinetics (Eiler, 2013) Moreover, the concentrations of these isotopologues in a given
sample of a compound of interest will reflect several factors. These include: (1) inheritance
from the mixture of isotopologues present in the substrates from which that compound
was made; (2)chemicalkinetic and equilibrium isotope effects that preferentially
discriminate between substrate isotopologues during synthesis; and (3) isotope effects
acting on the compound of interest during any subsequent physical or chemical processing
it mightundergo(Eiler, 2013)These processes impart a unique isotopic fingerprint to that
compound.

To frame our discussion, it is necessary to have a clear definition of isotopologue.
C2NJ AyadlyOSz aAraz2i2L2ft23dz285¢ O2dzAZ R 06S RSTA)
case “NNPO & 5N“NO would be counted together as a single isotopologue) or
distinguish based on the atomic locations of the isotopes in the molecular structure (in

which caseN!>N'0 & 15N“N*O would be counted as different isotopologues; some
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definitions have their limitations. If we do not consider location, then our concept of
WAa202L12f 23dzSQ -dpeificinfosmation. Hoyedér, dzRi& always GoSsider
locations, then we introduce unhelpful complexity in applications whgre or more
location-specific isotopologues are not analytically distinguished, (e.g., tre&iNtgNeO
& PNMNO as different isotopologues for a mass spectrometric measurement that detects
these two identicaimass species together). Therefore, we jpda more flexible approach.
CANEBRGZ 6S aLJX Al I YR {SIC 020yl 28 YAYWRIA AR
2F GKS &l1YS StSYSyilio ¢KSy>X 6S RSTFAYS |y Aa
specific set of isotopes at each sif@his allows us to distinguish location when analytically
relevant and ignore location otherwig€sernica and Eiler, 2028pr example, if we only
observe the intact BO molecule, we may define two sites: a nitrogen site with 2 atoms and
an oxygen site with 1 atom. By this definition, there are then 9 isotopologues, which we
may write in the form F4N'N,*Q], [**N'*N,*O], [*°N**N,*O ], where sites are separated by
commas and the substitutions at each site may occur at any positions within that site, and
x =16, 17, or 18. If we instead observe fragments A Which allow us to distinguish
between nitrogen positions, wanay define 2 separate nitrogen sites and have 12
isotopologues, of the form¥N, 14N, *Q], [1*N, 1N, XQ], [**N, 14N, *0], & [*°N,*N,*O ].
This flexible nomenclature allows us to tailor our description of a molecule to the
problem of interest; whemxperiment can distinguish between atoms, our definition does
so, and when experiment cannot, our definition does not. The cost savings offered by not
tracking extraneous information foro® are small, but for small organic molecules like
FflyAyS O6FmIpnn Aa202L12f23dz2SaX RSFAYSR gAl
YSGKA2YAYS o6FcnnZnnnI RSTFAYSR Ay G(GKS &l vYsSo
complexity by multiple orders of magude (Csernica and Eiler, 2028Ye also note that
our nomenclature makes it easy to extend to new scenarios, such as cases where one might
wish to track atypical isotopes (e.8H), where a user wants to treat different atoms of the

same compound as different elements, or where a user may want to combine multiple
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202002 S dzaS GKS GSNXY WwWAaaz2d2YSQ G2 NBFSNI G2 0
sample of a natural compound.

Despite the complexity of an isotome, most studies observe only a few dimensions
of isotopic variation, which generally combine contributions from multiple isotopologues.
For example, a common metric is the ratio’€ to’C, summing contributions from alll
carbons of a molecule; such measures fail to reflect information about the positional
distribution of 13C across symmetrically na@muivalent carbon sites, multiplé3C
substitutions, and correlations &#C with isotopic substitutions of other elemenfecent
advances in technology have begun to push back these limits, enabling observation of
multiply-3 dz6 8 G A G dzG SR 62 NJ WOf dzYLISRQO A&d202 L2 2 3dzS
particular sites of a moleculkiler, 2007)Developing methods include nuclear magnetic
resonance (NMR) spectroscopy, optical spectroscopy, and mass spectrometry, including
Orbitrap isotope ratio mass spectrometry (OrbitrEpMS) Caytan et al., 2007; Chaintreau
et al., 2013; Prokhorov et al., 2019; Cesar et al., 2019; Chimiak et al., i2@2byvements
in analytical capabilities permit measurements which can contribute to a range of scientific
guestions, including the synthetic histories of amino acids and other organic molecules,
palectemperatures, atmospheric budgets of £é&nd Q, and the sources and sinks of
petroleum hydrocarbons, among othefbelson and Hoering, 1961; DeNiro and Epstein,
1977; Singleton and Thomas, 1995; Yeung et al., 2009, 2015; Eiler, 2011; Chimiak et al.,
2021)

OrbitrapIRMS, one of the developing technologies for these measurements, offers
the ability to dramatically increase the number of constraints on the isotome for many
compounds of interest. OrbitraRMS has successfully been applied to a range of
compourds, from organics like amino acids and fatty acids to oxyanions and metal oxides,
and is sensitive enough for analysis of naturally occurring isotopologues for relatively small
al YLX S aAl Sa (NedbauérStyila 2020FChitlakef aB, 8021; Bills et al., 2021;
Hilkert et al., 2021; Hoegg et al., 2021; Mueller et al., 2022a; Zeichner et al., IROZR)s
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high mass resolutions (upward of 1M has been demonstrated, although most applications

use 606240Kk), allowing many common nearly isobaric substitutions (€@.and’O) to be
resolved(Eiler et al., 2017; Denisov et al.,, 2Q21)can be used to observe molecular
fragments, permitting sitespecific measurements where isotopic enrichment is localized to
particular positions in a molecu(&iler et al., 2017; Chimiak et al., 2021; Wilkes et al., 2022)
Additionally, OrbitragRMS is capable of observing rare isotopologues, including those with
multiple substitutions(Neubauer et al., 2020; Hilkert et al., 202Qombined, these
capabilities permit the observation of a host of new isotopic constraints in numerous,
chemically diverse compounds.

However, such observations are not straightforward: many isotopic constraints
consist of rare, multiphgubstituted isotopologues, and the specifics of OrbitlBMS
function dictate that observations of such isotopologues use unconventional experimental
drategies. First, we note that Orbitrapwa { Y SIF adzZNBYSy da I NBQ | 33INB
where each scan consists of a packet of ions which is injected into the Orbitrap and
20aSNIBSR T2NJ a2YS -Razs). Tihe prgsenceloBtadim@rty fofisdn aF 1 @
single scan will cause deleterious spabarge effects, which will suppress talkundance
and shift the location of low abundance peaks, preventing successful isotope ratio
measuremeniEiler et al., 2017Additionally, the Orbitrap has a limited dynamic range in
intensity (i.e., the ratio of intensities between the least abundant peak that can be observed
FYR (GKS Y2aid | odzyRIyi LIMbkarovetyal., 2005 20860;( NHzY 0
Kaufmann and Walker, 2016)herefore, the number of ions per scan must be limited.

Simultaneously, the observed mass resoluties)(will increase with scan duration.

Therefore, long scan durations may be required to resolve some mass resolution problems.
These constraints make it challenging to observe rare isotopologues at the same time as
more common ones. For example, in a masscspen containing both the rare
1ANL7OL8OM0 isotopologue of NED | 6 dzy R Yy OSY F ndp LIIVYO | yR (K
isotopologue“N®0;6 | 6 dzy R Yy OSY F ddnZnnn LIIYOI GKS A
be taken up by“N'®Q0;, and few or no ions ofN’0O00 observed in any given scan;
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distinguish!“N’0*0*0 from 15N80,160), few ions of “NY’O0O0 will be observed per
unit time. To address this challenge, several authors have suggested astagsti

experiment, where a quadrupole mass filter is used to exclude the common isotopologues
and the ratio of two rare isotopologues is observed (Fes———, where!®N'®0; has

I 6dzy R yOS KEileo et a.ni201ziIN¥ubauer et al., 2020; Hilkert et al., 2081)
this case, more ions of the rare isotopologue can be observed, enabling observation of less
abundant peaks at higher precision. Data generated using this strategy can be combined

with a separate observation of the ratio of more abundant rare isotopatike to the

unsubstituted isotopologue (i.es——) to obtain the enrichment of the less abundant

one relative to the unsubstituted isotopologue (i.e=— ). Applying a similar idea

G2 GKS &adddzRe 2F Y2t SOdzZ I NJ FNIF3IYSyidax bSdzml
experiment, a type of MS/MS experiment where a subset of the isotopologues of a
compound with a cardinal mass "N" above the unsubstituted {soliegue are selected,
fragmented, and observeNeubaueretal., 20182 NJ SEI YL S | dabmé Si
include 7O and 3C substituted isotopologues, but not the unsubstituted (MO)
isotopologue, of a compound containing both oxygen and carbon atoms. A M+N
experiment finds the distribution of rare isotopologues relative to each other; when
combined with an observation of thenrichment of one of the rare isotopologues relative

to the MO isotopologue, the enrichment of rare isotopologues from the M+N population
relative to the MO isotopologue may be calculatgsernica and Eiler, 2028)eubauer et

al. presented results from a M+1 experiment, but did not explore the experimental
challenges with higher order (N>1) experiments; moreover, at the time, there was no
analytical algorithm for analyzing the data resulting from M+N experimergsh&Ve since

published such an algorithm and used it to interpret computed data, but did not yet apply

it to data from an OrbitragRMS experimer(Csernica and Eiler, 2028herefore, the limits

of this experimental strategy and the interpretation of results remain unexplored.
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Here, using the methionine isotome as a model, we explore the possibilities of

OrbitrapIRMS for higldimensional isotopic measurements. We examine how many
constraints may be observed and at what precisions, how they may be quantified and used,
and how hgh-dimensional strategies can be extended and applied to new compounds. We
selected methionine as a target compound because it has been previously used for M+1
experiments and has a range of accessible andumelerstood fragment iongNeubauer

et al., 2018; Zhang et al., 2019) total, our measurement strategy allows us to observe
146 constraints. We present results in two main modes: first, as direct observations of the
isotopic composition of fragments of interest, and second as concentrations of individual
isotopologues, daulated by combining several fragment observations. Then, using
simulated methionine spectra, we explore ways to increase the number of peaks we can
observe. Finally, we examine some possible use cases of our dataset, using it to test the
plausibility of different fragmentation pathways and applying it to chemical forensics
problems. Our results demonstrate the amount of information accessible by current
techniques and should be broadly applicable to other molecular targets in geochemistry,

biochemistryand other applied science fields.

4.2. Methods

4.2.1 The HPL@nodified sample introduction system

We introduce and observe our analyte via reservoir injectitascribed in Chapter
3..NASTFtes 2dzNJ aeadaSy 02dzZJ Sa | zFyljdzAakK | 21
a Q Exactive HF Mass Spectrometer (Thermo Fischer Scientific). The Vanquish has two
LJzYLJAZ f 1 0SEf SROK! € FF yWRADK OFy 06S 02yySO0OGS
to reservoirs Al, A2, A3 and pump B to reservoirs B1, B2, B3). During operation, we may
draw from one A and one B reservoir with some desired mixing ratiqo $6%. A1, 50% B2),
introducing the mixture to the Q Exactive HF; flow rates give the comlifioedof A & B,

and both sample and standard were drawn from pump A. All experiments reported here



0S3IAY HAGK

WLINA YA Y 3 Q

aidsLx

6 KSNB

144
|.

PNKPAN

0.5 mL/minute for 8 minutes; this is done to fill the volume of all tubing with the analyte

and prepare for analysis; a 50/50 mixture is used so that the primingcsteppe identical

across methods, e.gor a method that analyzes 100% sample or a method that analyzes

4% sample. After priming, we adjust the flow rate to 0.1 mL/minute for analysis (the lowest

flow rate recommended for this system by the manufactu(personal communication))

and observe for 1 hour. Following analysis, we purge the system at a rate of 0.5 mL/minute

for 20 minutes to prevent sample carryover. A representative set of standard and sample

observation is given in Tab#el. All of our observations consisted of a triplicate set of

bracketed sample observations, in the order Standard 1/Sample 1/Standard 2/Sample

2/Standard 3/Sample 3/Standard 4, repeating the relevant sections of Tables

necessary.
Table4.1: A Representative Reservoir Injection Sample/Standard Comparison
Time Flow %B | Pump A Pump B Description
(minutes) (mL/min)
0-8 0.5 50 | Al B2: Solvent | Prime standard
Standard
8-10 0.1 60 | Al B2: Solvent | Adjust flow
Standard
10-70 0.1 60 | Al: B2: Solvent | Observe
Standard
70-90 0.5 0 A2: Solvent| B2: Solvent | Flush system
90-98 0.5 50 | A3: Sample| B2: Solvent | Prime sample
98-100 0.1 30 | A3: Sample| B2: Solvent | Adjust flow
100-160 0.1 30 | A3: Sample| B2: Solvent | Observe
160-180 0.5 0 A2: Solvent| B2: Solvent | Flush system
XwSLISFG adlryRFNR 9 alYLXS Ay

a: %B is identical for all priming and flushing steps and varies in the observation step for both sample and
standard based on experimental design. For each run, mixing ratios are selected to closely match observed
TIC values for sample and standard.

4.2.2. Experimental Conditiorts M+N Experiments

Each M+N experiment consists of selection, fragmentation, and observation, and is

most fundamentally defined by the selection window. For our Q Exactive HF instrument,
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molecules are ionized in the source, pass through an advanced quadrupole system (AQS), a

mass filter, collisionally fragmented in a higlerergy collisional dissociation (HCD) cell,
and observed via Orbitrap. For each M+N experiment, the AQS is usednid pely
methionine isotopologues with a cardinal mass increase of N over the unsubstituted
methionine isotopologue into the HCD cell for fragmentation. The cardinal mass of
positively ionized methioningxHi12NOS which gains a hydrogen upon ionizatids 150,

Sso, e.g., for a M+1 experiment, the mass window 1501%51.5 is selected.

All experiments were undertaken with the following ion source parameters: sheath
gas flow rate: 35 (arbitrary units); Aux gas flow rate: 10 (arbitrary units); sweep gas flow
rate: O (arbitrary units); Spray voltage: 4.00 kV (positive ionization mode); Capillary
temperature: 320 °C;-l8ns RF level: 50 (arbitrary units); Aux gas heater tempC4The
mass spectrometer parameters, solute concentrations, and mixing ratiogpafmp to B
pump reservoirs for each experiment are shown in Tdl#eNew samples were prepared
for each experiment at the nominal concentrations given in Takk Prior to each
YSFAdZNBYSyYy iz ¢S araaylft oblflyOSR o &RAY WUE R
monitoring their total ion currents (TICs), and changing the mixing ratio of A sample (or

standard) to B solvent to closely match TIC scores from each.

Table4.2: Experimental Conditions for M+N Observations

M+1 M+2 M+3 M+4
WSASNI2ANI / 2y (d50 50 500 500
Mixing Ratio Std (%B) 60 58 50 50
Mixing Ratio Smp (%B) 30 50 0 50
Observed TIC Std (arbitrary | 5.0E7 4.0E7 5.0E6 1.5E6
units)
Observed TIC Smp (arbitrary | 5.3E7 3.8E7 5.0E6 2.2E6
units)
Isolation Range (m/z) 151.0 +/|152.0 +/|153.0 +f|154.0 +f
0.5 0.5 0.5 0.5
Normalized Collision Energy | 60 60 50 40
(NCE) (unitless)
Scan Range (m/z) 50.0-200.0 | 50.0-200.0 | 50.0160.0 | 50.0-160.0




14€

Mass Resolution at 200 m/z | 120,000 120,000 | 120,000 120,000
akpnpabv

# Microscans 1 1 1 1
Automatic Gain Control (AGC)| 2e5 5e5 5e5 2e5
Setpoint

Maximum inject time (ms) 3,000 3,000 3,000 3,000
{FYLX S / 2yadzylo0.35 0.25 5 2.5

4.2.3Methionine Sample

We used a methionine with natural isotope abundance as a standard and the same
methionine mixed with an artificially labeled methionine as a sample. In detail, we first
acquired (1) a commercially available methionine with natural isotope abundances (Sigma
Aldrich, 98% chemical purity) and (2f@&methyl labelled methionine (Cambridge Isotope
Laboratories, 99% label at methyl site and natural abundance elsewhere, 98% chemical
purity). We set aside part of (1) as our standard. To create the sample, taaefiesmined
SYNAOKYSyYydG 2F Fwmnn : G GKS YSGKet arxaSo 2.
the methionine standard in ultrapure water (Mi) 1Q 7000 Purification) and mixed a
combined solution in the coesponding proportions.

Both standard and sample have been analyzed previously. The standard was
Fylt&l SR 0& bSdzol dzSNPGie=-0 i I H(NedbduErEa, R (2 |
2018)¢ KS &l YLX S g6Fa Iylfel SR 0&BGmSINy4A0dr Si |

'+ (Csernica et al., 2023Ve computed that the sample is enriched®h 06& wmdpdc 5 1
vs the standard (differences in delta values are approximately but not precisely additive).
Assuming the commercial labeled methionine has natural isotope abundances at-all non
methyl sites, this difference in molecular averd@@/*°C ratio corresponds to a 100.4 + 0.8

SYNAROKYSyYy( G GKS YSGKef OFNb2y NBflFGAOS

the repository associated with this manuscrif@sernica, 2023a)
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Methionine solutions were made at a concentration of-prn >a Ay |
mixture of LCM§grade methanol (Fischer Scientific) and ultrapure water, with 0.1 % formic

acid (Fischer Scientific) added to assist ionization.

4.2.40bserved Fragments of Methionine

®
- .
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P 133
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Figure4.1: The methionine fragments observed in this work, named by the cardinal mass of the unsubstituted
fragment. 74ighand 74.whave the same cardinal mass, so these are distinguished by subscrigth@d a

higher isotopic mass. The fragments 133, 104, 102, 61, and 56 have been used previously in successful
fragmentation studies of methionine and we are confident about which sites they sample, so these structures
are depicted in the figure. We are lessnfident about structural assignment for fragments 87uigdand

740w, SO We only write their elemental composition. All fragments have been observed previously and have
postulated fragmentation mechanisms, discussed ngret al (Zhang et al., 2019)

Each of our M+N experiments observes eight fragments of methionine, depicted in
Figure4.1, with fragmentation pathways adapted from Zheng e{Zthang et al., 2019Ve
name these by the cardinal mass of the unsubstituted version of that fragment; two have
the same cardinal mass (74), so we distinguish based on which has higher and lower isotopic

mass (7dighand 74.w). We show structures for 5 of these fragments (133, 104, 102, 61, &

T

)
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56); we are confident in our structural assignment for these, as they have been studied

previously via a M+1 experiment. The remaining 3 (8%igf 44.04) have hypothesized

structures but are less well studied, and so we do not specify any structures.

4.2.5 Forward Modeling of Observed Mass Spectra

We use forward modeling of the methionine mass spectra for several purposes

throughout our experiments. These include: 1) identification of relevant peaks; 2)

a0FYRFENRATFGAZ2Y 2F alYLXS RFEGFET o0 Ay idSNLINEF

4) hypothesis testing to see how closely our data match the isotopic composition we expect.
Here, we give a general overview of our forward modeling procedure.
In general, a forward model of the spectrum is a calculation of the abundance of

each peak observed via each M+N experiment. We begin this calculation by defining a set

2F Lyt eadAOlft @ BKENBY I dzWRER GBS AWa A G SAR dzL)

(Table4.3). The specific sites we use will depend on which fragments we are going to
consider. In some cases, we will only use the fragments for which we have confident
structural assignments (133, 104, 102, 61, and 56; see Hdlen othercases, we will

use all fragments, and hypothesize structural assignments for the lesskivogih
fragments (87, 74gn 74.0n). When we are using the smaller set of fragments, we cannot
distinguish between the alpha and beta carbons or the hydrogen attached to these carbons,
a2 6S RSTFAYS | 02 Y0 AphafedRwhieh iricludes ab &8 thdseQatodst G S
Additionally, the 74igh fragment loses one oxygen, so we define two oxygen sites when
considering the larger set of fragments. After defmitihe sites, we specify the isotopic
composition, i.e., the concentration of each stable isotope, at each site. We use these
isotopic compositions to compute concentrations of every isotopologue of methionine
following a stochastic assumption; that is, tkencentration of isotopologue is the
product of the sitespecific concentrations of isotopeg][at each sitei:0 B @ &or
example, for NO defined with sites Mer, Nonen, O, we have 0 0 O

0 0 0

0 ¢
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With the concentration of every isotopologue in hand, we next simulate the

spectrum by tracking every individual isotopologue through the M+N experiment. To do so,
we first select only the isotopologues of interest for that M+N experiment. For example, in
the M+4 experiment, we select only those isotopologues with a cardinal mass increase of 4
relative to the unsubstituted isotopologue. (In some cases, rather than calculating the
concentrations of all isotopologues and then selecting the subset we neeseleet first

and only compute concentrations for these isotopologues). We then simulate the
fragmentation of these isotopologues, determining which sites they lose and which they
retain in each fragment. Based on which substitutions (if any) they retargetermine
where that isotopologue will appear in that fragment of that M+N experiment. For
example, the M+4 isotopologue with substitutions'#armoxy*OcarboxyfHnydroxyiWill lose alll

these substitutions when fragmented to form the 104 fragmentjclifoses the carboxyl
ANRdzZLIP ¢KSNBF2NBS GKAA Aaz2021L1t23dz2S 02y (N
peak of that fragment. We emphasize that the unsubstituted peak of a fragment from a
M+N experiment is different from the unsubstituted isotipgue of the full molecule; the
unsubstituted isotopologue is not included in a M+N experiment. By repeating this process
for every isotopologue and combining the results, we obtain a forward model of the
spectrum for a given input composition.

One use case of our forward modeling procedure is for peak identification in
observed M+N spectra; we show an example in FigixeHere, we assign peaks of the 104
fragment of the M+4 experiment. On the top left, we depict three specific isotopologues
from the M+4 population. We simulate the fragmentation process, losing the carboxyl
group, and then determine which substitutionsobasotopologue retains. By repeating the
process for all M+4 isotopologues, we generate a simulated M+4 spectrum. We then
compare our simulated spectrum to the observed spectrum for this experiment. Based on
the location and abundance of each peak, we can determine the identity of the observed
peaks. We have a few comments about the presentation in Fig2reFirst, forease of

interpretation, we do not show peaks below an abundance threshold-& itedative to the
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highest peak(S) of the 104 fragment. Second, when reporting simulated masses, we offset

each simulated peak by the mass error for that observation. We determine the mass error

by comparing the observed mass of an abundant, ¢asssign peak (e.g**S or3¢S for

many M+4 fragments) to its computed mass, and shifting our simulated peaks accordingly.

In some cases, for example tHe€**S°N peak, experimental mass resolution is insufficient

to distinguish all predicted peaks. In this case, we do notdiecthe unresolved peak in

subsequent analysis. By repeating this process for fragments of each M+N experiment, we

obtain a set of target peaks for extraction and analysis.

Because we use forward models for several different purposes, over the course of

the study we computed such models for several different isotopic compositions of
gt d

methionine. The compositions we use are givenin Tdloled | SNB> (KS

is given relative to the reference frames VPDB (carbon), VSMOW (oxygen and hydrogen),
/ 5¢ oadzZ Fdz2NDX 2N !Lw OYAUGNRASYOT odhlekRSy20S

noted otherwise, we use the hypothesized composition of our methionine standaek)

AY (dS®H aO2f dzyyd | SNBX aS@SNIft 2F GKS Aazi

Neubauer et al. 2018 (values in bo{tleubauer et al., 2018The33S and®®S values were
computed via mass scaling to those constraidts (scaled t6¢4 = <T n O™ p =
nop WFSscaledtdy > <I'mMmdpod wSYIAYyAy3d @I dzSa
identical to a common reference frame for that elemeHt) vs VSMOW?N vs AIRPH vs
VSMOW)We also employ forward models of the sample composition (; , and, in
aSO0A2Y ndoX | WLISNIdz2ZNDbSRQ OSNEAZ2Y 27

specifying a normal distribution for each site centered around the values ip the,

ADS
6 S NI

GdKS

column and with a standard deviation of 5 (or 20 for hydrogen sites). For sulfur and oxygen,

we drew values fof3S and'’O, then set remaining values via mass scaling (for oxygen, we

dzaS <IT'nodpHOd 2KAfS 2dzNJ KL GKS&aAT SR @I f dzSa

detail, especially for the sites which were not directly constrained, these errors are

acceptable for the prposes of our forward models. In particular: for (1) peak identification

and (3) determining the completeness of our dataset, osuls are not sensitive to natural
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abundance variation. For (2) standardization, we can obtain accurate sample/standard

comparisons even with these errors in our hypothesized standard compoéitgernica

and Eiler, 2023)And for (4) hypothesis testing, we are interested in the sample/standard
comparison values. We discuss specific cases in more detail in the sections describing those
results.

Table4.3: Assumed/Observed Isotopic Composition of Methionine Sample &

Standard
Site # ARl A A Al E'E AN | ETREHT
Atoms
Grethyl 1 -53.9 41.1 49.9
Gamma 1 -23.7 -23.7 -21.7
Calpha 1 -24.0 -24.0 -19.1
Goeta 1 -24.0 -24.0 -12.8
Ccarboxyl 1 -24.3 -24.3 -15.0
Ocarboxyl,retained 1 0/0 0/0 0.1/0.2
(70/*0)
Ocarboxyl,lost 1 0/0 0/0 0.1/0.2
(70/80)
Ssulfur 1 2.2/14.3/8.2 2.2/4.3/8.2 1.5/2.8/5.4
(335 R4S 6S)
Namine 1 0 0 2.1
Hmethyl 3 0 0 8.2
Hgamma 2 0 0 2.9
Halphabeta,retained 2 0 0 29.1
Halphabeta,lost 1 0 0 15.2
Hamine 2 0 0 2.4
Hwydroxyl 1 0 0 8.9
Horotonated 1 0 0 6.7

a Sites of the standard which were constrained via direct observation by Neubauer etiatieated in bold;

other the enrichment of other sites was assum@deubauer et al., 2018)These assumptions are likely

incorrect but sufficient to return accurate sample/standard comparisons. For sites which are known, reported

al YL SkadlyRIFNR O2YLI Nxazya Oly 6S NBLRNISR Ay GKS
each isotoped given relative to an appropriate reference for that isotope (VPDB, VSMOW, AIR, or CDT). Sites

in italics (Geta, Qrarboxyl,lost Halphabeta,los) @are only used when considering the less debwn 87, 74igh, and 74ow

fragments; otherwise, they are conmed with the sites directly above (e.g., to create a singjgabetaSite with

2 carbons).
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Figure4.2: Our forward modeling procedure used for peak identification. We show three M+4 isotopologues
of methionine and their corresponding chemical structures and isotopic substitutions upon loss of the carboxyl
group in the 104 fragment. For example, tH&'%0 isotopologue loses both substitutions and becomes an
unsubstituted fragment. By repeating this process for all M+4 isotopologues, we obtain a simulated
methionine spectrum. We then compare this to the observed spectrum for this experiment arileipeak
locations and abundances to assign peak identities. On the right, we expand the mass 108 region and compare
the simulated spectrum to the spectrum we observe at the mass range. Simulated peaks with abundances
relative to3%S of < 168 are not shown. The masses we report in our simulated spectrum were shifted by the
observed mass error of th&S peak. If the locations and abundance of an observed peak matches our
simulated spectrum, they are assigned that isotopic identity. In some cases, dheite>*S >N peak, peaks

are not sufficiently well resolved for observation. In this case, we do not analyze the unresolved peak.

4.2.4Quantification of Results
4.2.4.1Data Extraction & Quantification

We use the FTStatistic program (an unpublished, proprietary software provided by
Thermo Fischer Scientific; a recently published software, IsoX, performs the same
tasl(Hilkert et al., 202))to extract the intensity and associated noise from each peak of
interest (as well as other details of each scan). These are then used to calculate the counts

of each ion beam via

¢ “Yz 6 z Y —z L $)
€ e ~ T
U qQ Y

where no gives the number of ions observed for that peak in that scan, S is the signal

intensity, N is the peak noisey & an empirical constant experimentally determined by
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Makarov and Denisov and here taken to be(Mldkarov and Denisov, 20Q%\ is the

nominal mass resolution used to determing (Bere 120,000), z is the charge on the ion,
Gr1{Sy 42 06S m Ay Ittt OFraSas w Aa GKS y2YAyY
microscans used for that scan (1 for all data presented here). Data from each fragment is
used to compute M+N relativebundances, or the abundance of each peak of a fragment
relative to the abundances of all peaks of that fragment. For example, the 61 fragment of
the M+1 experiment includes peaks with substitutiof o & | y a dzo ¢ 6 y%¥C, & dzo & |
3S, andH; writing nF 2 NJ 0 KS 4@ twy/Mi+B relatiyeRabundance, we have

3

” - - - - .[a
€ € € €

where the subscript indicates these correspond to the 61 fragment. We compute M+N
relative abundances in each scan; reported values are the average value across all scans.
2S [ f&az2 NBLERNI GKS NBfIFGAGBS &aidl yRIusBon S NNE NJ
ermor,Q G NIl GSY

Following previous OrbitrafRMS work, we compare our recovered values to the
shot noise limit for an acquisitio(Eiler et al., 2017)¢ KS a K2 i (Vpiathée A YA
theoretical limit on precision based on how many ions have been observed (following eq

(1)), and has been used as a gauge of data quality; typically, acquisitioas-wittiues > 2

are rejectedEiler et al., 2017; Chimiak et al., 2021; Wilkes et al., 2022; Mueller et al., 2022a,;
Zeichner et al., 2022for the example given in eq (2), et = and B =

- v

, I.e., the sum of the counts of all other peaks. We may compute the shot

noise limit as:
—8 1R

Note that this form differs from the shot noise formula used for more traditional isotope
ratios of the form————; we provide a derivation and more discussion in the supplement

(S.1). For every observed peak, we calculate the corresponding shot noise limit, and reject
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any data with—  ¢8A plot of our recovered— values vs peak intensity is available in
the supplement (Figured.).

We make one additional comment about the @nstant used in eq (1). The value
of the Gy constant is not precisely known; the Denisov and Makarov experiment we rely on
found values of both 4.4 £ 0.5 and 2.7 + (M&akarov and Denisov, 200$owever, it is
plausible that § varies, either with the abundance of the peak in question or with the
abundance of all peaks. Eiler et al. previously observed nonlinearities in Orbitrap response
with increasing ion loads; for example, injecting double the number of a particular ion
cau®d its observed intensity to rise by < 2 (see their FigurEifdr et al., 2017)Their
experiment examined intensity, not intensity/noise (i.e., counts). However, it is plausible
that the intensity/noise shows a similar nonlinearity, and therefore thatsGunction of
intensity. To test for this effect, we plotted the average number of observed ion counts for
each peak versus the theoretical abundance of that peak. Our results for each M+N
experiment plot as a straight line, suggesting that these sdrtsonlinearities are not
significant for our data (Figurel.2).

We report M+N relative abundances rather than more traditional isotope ratios
because the isotopologues constituting the unsubstituted ion beam differ radically across
fragments. In a M+N experiment, no unsubstituted methionine isotopologues are
fragmented thus, when an unsubstituted fragment ion is observed, it results from a
substituted methionine isotopologue which lost substitutions on fragmentation. For
example, the unsubstituted peak of the 133 ion beam, which losesdhgBnd HmineSites
upon fragmentation, arises from M+1 isotopologues with a substitution at thenNor
HamineSite. Therefore, the correspondidgC/Unsub ratio, written in terms of sites (and
treating alpha and beta carbons as a single site), is:

0 0 0 0
0 (O]

Here, we write FCGarboxy] for the concentration of the isotopologue with a singi€

8 8

substitution at the carboxyl position, and other concentrations are analogous. In contrast
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to the 133, the unsubstituted peak of the 61 ion beam arises from M+1 isotopologues with

a rare substitution at the Gioxyi Giphabeta Namine Qearboxyl Hamine, Hhydroxyt Huiphabeta OF

Horotonated Sites. The correspondifgC/Unsub ratio is
8 8
m ™
0 O O O Ko)

6 o
Because these ratios have different denominators, it is difficult to compare them

directly. In contrast, if we report both ratios relative to the sum of all M+1 Isotopologues,

we have:
0 o 0 0
ooava pOi eoeneaeg Qo Qi
and
0 0
5=

OO0 pOi €0€ENEGE QO QI
Here, the denominators are the same, and so we can add and subtract these quantities.
This makes it easier to isolate and interpret the meaning of individual ion beams.
We make one additional comment about these M+N relative abundances. In some

cases, we will not observe all M+1 isotopologues, preventing us from calculating them
directly. For example, in the 104 fragment of the M+1 experiment, we do not report data

for the ?H substitution. In this case, vege intending to report quantities of the form:
g7

5
O Yei 0w

Y 0

§
where the denominator includes all M+1 isotopologues. However, we instead observe

guantities such as:
0 8
Y 0 Yei 0w
CKSNBEF2NBZ 6S YIe& O2NNBOU 2dz2NJ 204
correctionfactofQ Ay GKA& OF &S Sljdat G2Y
0 Y 6 0 Yei 0w @
) Y 0 YEi 6w ®

5
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While O values cannot be observed directly, they may be approximated using our

forward model of standard composition: we will simulate the spectrum we expect to
observe for our hypothesized standard composition and compute the relevant O value. To
accountfor differences between our forward model and actual sample composition, we
simulate O values as a distribution, centered around our computed value; we specify
NEfIGADPS SNNRBNB 2F nodp ::r F2N 6KS abm SELIS!
uncertainty in this factor when we observe fewer ion beams. We direct the reader to

Chapter Zor further discussion.

4.2.4 2Presentation of Results

2S NBLER2NI 2dzNJ NBadzZ Ga Ay G2 sl eay om0 WY
the M+N relative abundance of each observedheam of the sample is compared to the
a0FYRFENRT YR O0HUO WAA20G2LRf23dz2S NBO2yaidNWzO
used to compute the abundances of individual isotopologues (section 3.2).

LY WRANBOG O2YLINRA2YQ Y2RS> ¢S 02YLlziS
observed M+N relative abundances for the sample and predicted standard values at that

timepoint. For example, for th&C substitution of the 61 fragment, we compute:

1 5 pmMEM—— p 8 ® p

Here,

€ i .
" og‘sﬁ T ™
i.e., the average M+N relative abundance of the quantity of interest across all N scans of
the sample measurement. In contrast, g is a predicted standard value from a
linear regression across the average values of all four observed standards (hence the
4 dzo & ONRQLIFR2 NWUIBNSSRA OG SROU® 2 S dzaS GKA & LINBRAO
work using reservoir injection methods found isotope ratios vary systematically with

acquisition number (equivalent to time, as each acquisition is the same length), making a



linear interpolation an effective methosernica et al., 2023jor each isotope, we olet;in

both”  , a M+N relative abundance, and | | , an associated confidence
AYUGSNIDEFE ® 2SS  OFf OdzA I G SR HadN® Lidte IstaiidSréized | Olj dzA :
Y SI & dzNB Y Sy (i acforéhe toReRpontiElg sample observation,fo ;  in

guadrature, e.g:

» s B A - $0

When we present these results as a one number summary,ie.gigure4.3, we
O2YLlzi S I @ SaNdvalus from they3Rsample replicates. Note that for some
OrbitrapL w a { YSFAdz2NBYSyidas dza S N& KI &S £ G SN
NB LINE RdzG& 0 RMNA i KSa@ i1 yRINR RSOAFGAZ2Y 2F (K
(Mueller et al., 2022a; Zeichner et al., 202&®)wever, reporting standard deviations across
3 samples may understate our error bars for certain pgg@ksernica et al., 2023)Ve
GKSNBF2NBE St SO0 S Raevalies. NaederNde do @& BiberrBental
reproducibilities in our data screening (see section 2.7). Finally, we note that when
calculating eq (11), any observed abundance correction factors would be applied to both
sample and standard, and so cancel out; tiwerefore do not apply this correction.

Ly WA&20G2L2f 23dz0 NBSO 20/2aYU0NHYCR AA2YWT 2YNBYR' ST A 2 v
beams to compute the M+N relative abundances of individual isotopologues, then scale
GKSasS doda ydl f dzSy lspezific Bricidnipedadsbtaps ratios. For this process,
we only use fragments with confidently assigned structures (i.e., 56, 61, 102, 104, and 133).

We here give an overview of our process; we direct the reader to our companion paper fo
additional discussiofCsernica and Eiler, 2023)

28§ 0S3AAYy o0& -RSIFESEAYyBa FGkKY NI GA2z2 0SdGeS
concentrations of any set of isotopologues of a molecular and the concentration of the
unsubstituted isotopologue of that same molecule. Specific types of U values (defined for

methioning) include:
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1) an isotopologuespecific U value, e.gUut3cmet where the numerator is the

isotopologue with a single heavy substitution at #8@netnyi site:

# L]
———— . Y. 6]
51 OOAOCOBOO@OMA 1T COA

2) an elementspecific U value, where the numerator includes all isotopologues with

~

Y

PT

that heavy isotope substitution:
» # # # #
51 OOAOCOBOO@OMDA T T COA

where the coefficient 5 comes from the 5 carbon atoms included in the sum (note the

vz'yY U

combined alphabeta carbon site);
3) A U"Nvalue, wherethe numerator includes all isotopologues with a cardinal

mass increase of N relative to the unsubstituted isotopologue, fergM+1
n !A‘l-i“p) §)'|' c:)'|'M£3'|' 1.1 (;C)ANO
51 OOAOOBOIOOHDA T T COA

In Part 1, we show that isotopologtspecific U values are approximately equal to the

SN0

corresponding sitespecific isotope ratios, multiplied by the number of atoms at that site;
e.g.,’Y pz 2 (an analogous statement holds for eq 1&sernica and
Eiler, 2023)Because U values are written in terms of isotopologues rather than isotopes,
they are more appropriate for mass spectrometry experiments which observe
isotopologues.

We may use WNvalues in combination with M+N relative abundances to calculate
isotopologuespecific U values for many sites in a molecule. Intuitively, we can think of the
M+N relative abundances as specifying the distribution of heavy isotopes within a
population (e.g the population of M+1 isotopologues), and the U value as scaling this
distribution onto an absolute scale. For example, suppose we Rnow and theUV+!
value for methionine. We may calculaté Y via:

) . 8 __babd p'Oi £0¢NEaE QOQI

2% Y 8 P X
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In our methionine experiment, we compute thé't) values in the following way.

For UL, we approximate &Cusing a previous ElRMS measurement of-®(though if
these data had not been available this property could have been measured using the
Orbitrap) (Neubauer et al., 2018; Csernica et al., 202Bgn we compute
Y Y— 8 P Y
For U™2 we approximate 3*Susing a previous ERMS measurement of*R

(Neubauer et al., 2018Then we compute

Y
Y —38 P w

For U™3 we approximate 84515Nusing a previous EMRMS measurements ofR
assuming RN is equal to AIR (which is likely wrong, but sufficient for sarsfiadard
comparison), and assuming a stochastic distribution of clumped isotopes*$SN
(Neubauer et al., 2018; Csernica and Eiler, 2028)n we compute:

- Y
Y - 8 & 1T

For U™, we approximate €fSusing a previous ElRMS measurement ofRand
assuming a mass law of 1.9 for the relationship betw&8rand**S(Neubauer et al., 2018)

Then we compute:

2% —8 8 p

We note that the W*Nvalues are identical for all fragments of a molecule; hence,
we can constrain the UWN value using observations of one fragment and use this to
constrain the other fragments. We standardize and propagate error via a Monte Carlo
method, which includes experimental errors on each M+N relative abundance, errors in
UM*Nvalues, and errors introduced by observed abundance correction fa@sesnica and
Eiler, 2023)

We close this section with some additional comments about this strategy. We

reiterate that the reason we use M+N relative abundances is to have a consistent
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denominator across multiple observed fragments. If we observed a peak (or set of peaks)

GAOK O2yaAraidSyid Aazda2Lkft23dz5Sa | ONraa Fff FI
Ad2021L2f 23dz284Q & 2dzNJ RSy 2 YAyl (2 apErim&@e NJ SE |

retained the34S substitution, it would be convenient to report ratios relative®ts, e.g.,

, and——=8We could use these to compute sipecific ratios relative t&'S,

e.g.,———. These quantities could be scaled usiNg to compute the

corresponding U values, e.gY, _ Y ® hdzNJ OK2AOS G2
NEflFGAGBS | odAf'RI WOS &S al wR aalYF RS oFaSR 2y
aYFttSNI AaSd 2F LISIH1a 6KAOK ¢l a & yIaNBRIASYWE
general approach that will be applicable in all future applications of the methods we
present. However, experiments on different compounds with different sets of fragments

may present opportunities for more intuitive and convenient alternat\iesome cases, it

YIe fft2¢ dzaSNBR (2 oéelLJ)aa (G4KS W20aSNISR | 6c

4.25 Controls on Precision

As discussed above, the precision of our measurements is similar to the shot noise
limit for the number of ions observed in each ratio, and therefore the number of ions
observed across a measurement. The number of ions observed across a measurement is
controlled by the number of ions observed in each scan as well as the duration of each scan;
it is especially affected by the AGC (automatic gain control) target and resolution setpoints
for each measurement (Tabfe2). Precision across different fragmentsiso affected by
their relative abundances, which is controlled by the fragmentation energy, given as a

normalized collision energy (NCE). We discuss each of these parameters in turn.



4.25.1 AGC (Automatic Gain Control) Target o

The AGC target controls the target number of ions to permit in a single scan. A
higher number is desirable as it increases the number of ions per scan and therefore
improves the precision of an isotope ratio for a given measurement duration. However,
spacecharge effects, i.e., effects on ion trajectories caused by the presence of charge in the
Orbitrap, become more pronounced when more ions are present, and so too high a AGC
target may compromise a measureme(harchenko et al., 2012; Eiler et al., 2017;
Kaufmann and Walker, 2018; Grinfeld et al., 2019 particular interest here is the
coalescence (or peak merging) effect, which causes closely spaced peaksitferg20
ppm) to merge, especially when one of the peaks is substantially more abundanga(e.g.
factor of 100) larger than the other peak. Setting the correct AGC target is therefore a

tradeoff between faster measurement time and avoiding speltarge effects.

4.25.2 Resolution
The resolution refers to the nominal mass resolutienof the Orbitrap at m/z =

200; mass resolution varies with m/z as (m/z)and so resolution will be higher than the
setpoint for lower m/z and lower for higher m(&akarov, 2000; Eiler et al., 201Bcan

time varies inversely with resolution, and so higher resolution will result in a longer
measurement. Higher resolution also results in more pronounced space charge effects
(Kaufmann and Walker, 2018; Hofmann et al., 2028) with the AGC target there is a
tradeoff between resolution of many different isotopic peaks and rapid/effective

measurements.

4.2.5.3NCE (Normalized Collision Energy)
The collision energy used to fragment methionine results in different relative
abundances of the fragment ions, with higher mass fragments (133, 104) more abundant

at lower collision energies and lower mass fragments (61, 56) more abundant at higher
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collision energies. The precision with which the isot@piapositionof each fragment can

be measured can therefore be tuned by varying the collision energy.
Our measurement strategy used a resolution of 120,000 and then tuned NCE and
| D/ G2 2LWGAYATS (GKS ydzyoSNJ 2F LISIF1a 20aSND
for each M+N measurement (Tabkle). A more targeted approach, e.g., a study solely of
the isotopic composition of the 61 fragment, may tune these differently to expedite

measurement.

4.2.6 Data quality tests

Due to the large number of mass spectrometric peaks observed over the course of
the several M+N experiments we use in this study, we implemented an automated
screening procedure to confirm accurate assignment and observation of each extracted
peak. Thesgi Of dzZRSR G(GSada F2NJLISKH| t20FGA2ys (2 O:

vvvvv

identification of measurements compromised by nearly isobaric contaminants.

4.2.6.1Peak Location

We first test that each extracted peak is in the correct location in the mass spectrum
(i.e., the correct m/z ratio), relative to the most intense peak of that molecular or fragment
stoichiometry, to a&olerance of 2.5 ppm, relative. We choose to use a relative error rather
than an absolute error in m/z ratio because, while the absolute mass error in the Orbitrap
changes from day to day (and is typically on the order of a few ppm, re(@igeh et al.,
2005; Eiler et al., 201,/ve find that the relative mass error is consistent across peaks of
the same fragment. For example, if th€ peak of the 61 fragment has an absolute error
of 1 ppm on Tuesday and 2 ppm on Friday, thé®®5, and Unsub peaks of the same
FNIAYSYyld oAttt KIGS |y Fo0az2ftdziS SNNBN 2F Fwm

the relativemass error between the D anrélC peaks will be constant. In some cases, when
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a low abundance peak is closely adjacent to a more abundant peak-cpage effects

may shift the position of the less abundant peak, increasing the relative mass error; this is
Ffaz2 OFffSR | (GoRHkovietal P03y BIS & alS A F7SHofinann et al.,
2020) We find a 2.5 ppm threshold is sufficiently large to allow observation of peaks with
minor but consistent shifts due to coalescence, while sufficiently small to reject incorrect

peaks or peaks experiencing greater coalescence.

4.2.6.2Acquisition Error to Shot Noise Ratio

As discussed above (sectid2.5), previous work has suggested that ratios > 2

indicate poor data quality. We therefore reject peaksere this ratio is greater than(Eiler
et al., 2017)

4.2.6.3Zero Scans

If we fail to observe an expected ion beam in 0.1% or more of all scans, we reject it
as not sufficiently abundant for reliable observation. For ion beams we accept with a
nonzero number of zero scans we calculate ratios including all zero scans, specifgioe
of 0 ions observed for such scans. Across all ion beams which passed this test, a total of 7
substitutions had some number of zero scans; the most affected observation was the third
standard replicate of°C in the 74ighfragment of the M+4 exp@ment, for which 11 out of

13667 (0.08%) scans are zero scans.

4.2.6.4Experimental Reproducibility

C2NJ SI OK 20aSNWBSR A2y o0SIYX 6S &asylLlziS
GKS adGFyRIFINR RSGAIGAZ2Y 2F GKS &adFyRIFINRAT SR
0KSaS I NB &YX ddlSH) NBL2KE SR T2 NJ Apkdreh@re Rdz 2
GKFYy GKNBS (AYSa dhdeafuesdok d nfeasrdmerit, kv concl@ad tat 3 S
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the observation drifted beyond our ability to standardize (due to nearly isobaric

contaminants (see below), coalescence effects, or otherwise) and reject that peak.

4.2.6.5Nearly Isobaric Contaminants

We close this section with some comments on the presence of nearly isobaric
contaminants, i.e., contaminant peaks, originating from compounds other than
methionine, with masses overlapping the methionine peaks. For example, if we observe the
363 peak of the 104 fragment of the M+4 experiment at m/z 108.04713, and there is an
unidentified contaminant peak at m/z = 108.04718, it may negatively affect our isotopic
measurement; this will be especially detrimental if the contaminant differs in alnoela
betweensample and standard. First, we note that the mass filtering of the M+N experiment
helps to minimize such contamination, as only parent molecules with m/z in a range of 1
are fragmented and observed. For example, a nearly isobaric contaminant peak inthe M+
experiment must correspond to a parent molecule with m/z between 1A835.5; this
parent molecule must then fragment at an energy of NCE = 60 (unitless) to form a peak
which is sufficiently close to the methionine peak to not be resolved at our expetaine
resolution (>120,000). Second, previous analysis of such contaminants suggests they will
result in drift in the isotope ratio measurements (e.g., Csernica et al. 2023, Appendix Figure

5) (Csernica et al., 2023)Ve therefore rely on our drift tests, both within acquisitions

OWIF OljdZAaA0A2Y SNNEBNJ (2 a&akKz2dGd y2iAasS NIOGA2Q

NBLINE RdZOAOAT AG@Qy (2 ARSYGATE |y2YIlf 2dza

4.2.7 Data and Figure Availability

Data, including .RAW files from our OrbitigMS experiments and .csv files
generated by FTStatistic, is available on the Caltech data repofltoysernica, 2023a)
Code for our data processing and the generation of Figdr24.7 is publicly available

(Csernica, 2023aln some cases, plots were further modified and/or joined using Affinity

RI
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Designer. Figuré.1 was generated using PyMol and Microsoft Powerpoint, and Fyre

includes instrument screenshots and images generated using PyMol.

4 3 Results and Discussion
4.3.1 Summary of Results

Across all measurements, we report 146 M+N relative abundances as constraints
on the methionine isotome. Typical precisions are inthe range @f®.3:'= = | YR 2 dzNJ R
includes M+N relative abundances fpeaks that correspond to isotopologues with
Foaz2tdziS O2yOSYyiGNIGA2ya OADPSPT | % (s&@eNF OG A 2
Supplemental Figure433). Some of our M+N relative abundances constrain the same
property (e.g.” and” both correspond to the M+1 relative abundance!af, or
the abundance of M+1 isotopologues withH°&l substitution, which does not vary across
fragment); when we account for such redundancies, we report riigue M+N relative

abundances.

4.3.2 Direct Comparison

The most straightforward way to present our results is to directly compare each
observed constraint in the sample to the standard; that is, in ftiren p TUTETT
— p 64aSS Sl omMmMOO® ¢KSAS WRA NGB QsiahGemap NR & 2
showing the enrichment or depletion of sample (itéGspiked methyl) with respect to
standard for each ion beam. The size of each circle represents the experimental error for
this constraint, and the color indicates the enrichment or depletion.

Some features of this plot can be understood based on our knowledge of the
sample. For example, in the M+1 map, we see an increase in the abundance of either the

13C peak for fragments which retain the methyl carbon (133, 104, 61) or the unsubstituted

peak for those which lose it (102, 56) (our results suggest that the mass 87 fragment ion
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retains the methyl carbon site and Hi¢h& 74.0wlose it; we develop this argument further

in section 3.5). Moreover, the size of this increase is more pronounced when this methyl
site contributes relatively more to the observed fragment. For example, compare the
results from the 102, unsub peak and the3,°C of the M+1 experiment. Both include the
13Gnethyl carbon and are enriched in sample relative to the standard. However, the size of
the increase is greater for the 102, unsub peak becausé3@emny contributes relatively

more to the 102, unsub peak. Quantitatively, the 102, unsub peak is formed by
isotopologues containing eitheS, 3Gretnyl, Or 2Hmethyl Substitutions, and has a M+N
NBfFGADBS | 6dzy Rl yOS 2 FI3C iof beantof W38 ds formyed b9 2 y i NI
isotopologues with &°C at any site of methionine, and has a M+N relative abundance of
FnoyHMRaybit€BA GK  abb NBfFIABS | odzyRIyoS 27
signal for the 102, unsub peak, but only 20% of the 1%®3peak. Therefore, the size of the
increase is smaller for the 138C case. It also allows us to see a perhaps counterintuitive
implication of working in M+N relative abundance space: although the abundances of most
substitutions in the sample are unchanged relative to the standard {leay. have the same

15N abundance), the M+N relative abundances of these may change. For example, for the
M+1 experiment, is less abundant in the sample becalise has increased, even
while the™>N compositionof the sample and standard are the same. For M+N experiments
where N>1, we caution against intuitive interpretations of contrasts between sample and
standard; while these can be understood through clearly defined relationships between
isotope proportions n the parent molecule and 'pvalues of fragment ions, the
interpretation is indirect. For example, the increase'f in the 56 fragment of the M+2
experiment stems from the increase ##Gnetny™°N in the sample; in the 56 fragment, the
methyl carbon is lost, so theN beam of the mass 56 fragment is higher in abundance.
Because there are many peaks and their interpretations are indirect, we prefer to use

forward modeling to interpret these results; we discuss this further in section 3.5.
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Figure4.3: A direct samplé G Y R NR  O2 Y LJ NR a-Rbéledva@rsusvumlabeled methioWikel K & f

91 OK O2yaidNI Ayl Ay WRANBQUG Q2rviadNA p2(se@eqYRA)R FheK & (K
structure of each fragment is annotated next to the row for that enfilye presence of the methyl group can

be traced intuitively through the M+1 data, where fragments retaining the methyl are enrich€a in the

sample relative to the standard. The size of this increase is larger for fragments where the methyl contributed
relatively more. For example, note th&GreryK I & + abb NBE F GA GBS | 6dzy R yOS | NP ¢
peak includes thé&Grenyiisotopologue, as the methyl group is lost in this fragment. The peak has a total M+N
NBtlFGADS | 0dzy REFGDO2F T NRpdzISE FYR: 2F (G(KS airdaylrto ¢
direct comparison is large. In contrast, the 13%; peak, ricludes'®Gnetny and has a total M+N relative
Fodzy R yOS 2F FadyGawdi NKoSINBSFE2 NS>t @ Fum: 2F GKS aAiadyt
shift in delta value is smaller for the 13% peak than the 102, Unsub pe&Ke caution against intuitive

interpretation for M+2 and higher measurements; while it is possible to quantitatively interpret such data,

many of the effects are indirect and better interpreted in the context of a forward model relating molecular

isotopic @mposition to masspectrum.

4.3.2 Isotopologuespecific Reconstruction

We also present a reconstruction of the abundances of specific isotopologues
constrained via our measurements (Figdrd). Here, each data point is given as a delta

value comparing isotopologue specific U values of the sample to the standaid (i.e.,

p mem—— p ). Note that these results rely on a detailed knowledge of methionine
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fragmentation, and so we only use five fragments (133, 104, 102, 61, and 56) and do not

distinguish between alpha and beta positions (see Taldge The U values are calculated

o0& al0lftAy3a (GKS abb NBtFIAGBS | odzyRIyOS o6~
UMNGL f dzSae Ly &az2yvyS OFasSaz G4KS = @I ftdzsSa |

” "  hthe observed M+N relative abundance 8€L3C in the
61 fragment of the M+2 experiment. In other cases, they arise from linear combinations
of multiple peaks. For examplé, "R "R " r 8

Additionally, isotopologues which are used to calculate tHgNWalues £3C in M+134S in

M+2, 335N in M+3, and®S in M+4) deserve special comment, and are indicated with
underlines in Figurd.4. When we calculate theMN value, e.g., vidY —hwe

include knowledge of the associated U value measuremehit, (LS LP4SISN or LP6S in

our computation. For example, our HRMS measurements dfC in the sample and
a0FyRINR F2dzyR | RA Toet@ees ga®fle aRdf stamddodd Thisp
information is included in our calculation oM. We then use this ¥f*to calculate the

site-specific carbon results, e.glY Y 7 . Therefore, the site

specific carbon results must give a methionine which has an enrichment, across all

0
NA

n o

OFNb2yaz 2F mMpdc 5 ndm :: NBEFGIAGS G2 (GKS

(UP4S, LB4SI5N or PSS corresponds to a single isotopologue, our reported values and
errors are equal to the those for the U value. Because we did not explicitly mea¥§re U
UR4SI5N and US but rather assumed they were identical to the standard, we do not count
these isotopologues as constrained by our model, sag we report 19 rather than 22
gl fdzSad 1 26SOSNE 0SOlFdzaS 6S R2 20aSNUS
different isotopologue to compute 'UN and report results for these isotopologues. For
example, we could use!tPto compute W2, and then use this"2to report a result for
U34S For this reason, we still report results f45,3*S°N, and®¢S in our plot. Finally, we
omit three isotopologues constrained via our algorithm: these are (with corresponding

values and errors}Ocarboxyi(11 0 M S 2Hyd%oxyi(-P M B M C AHmotorked(981+ PR
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20 @ 1O&N the abundance is only constrained via closure; we have no direct

observations ot’O in the M+1 spectrum, but the M+N relative abundancé’@famoxyiis
still constrained by the fact that the M+N abundance of all isotopologues must sum to 1.
Because we lack a direct constraint and because the error bars obtained via closure are
exceptionally large for this isotope, we do not consider this isotopologuebe
meaningfully constrained. Additionally, the two hydrogen sites are exchangeabl
solution, and we do not anticipate meaningful isotopic information from these
observations. Therefore, we do not include any of these isotopologues.

[ 2YLI NBR (2 WRANBOG O2YLI NRA2YQ Y2RS:
offers fewer constraints and broader error bars. However, it puts the data in a form that
may be easier to understand and interpret. The resulting errors combine error from many
soures, including: (1) error on the U value used to complf&0 6 H 0 SNNERNJ 2y i
usedto compute W"NT 600 SNNEBNJ FNBY +tyeé ~ @I fdzSa dza:
ALISOATAO °~ @FtdzSaT o6n0 FRRAGAZ2YFET SNNBNI TN
¢KS SNNEPN) oFNBE om0 F2NJ SFOK Aaz2dG2L32f 23dzS
measurements usetb constrain each. For exampl&Gnethy*Gaphabetsincludes results
from three fragment observations (104, 61, and 56), WHi@hethy*Cammaonly includes
one (61); therefore,3Gnethy*Gaphabeta has broader error bars. Our obseriats
overestimate the isotopic enrichment for botGnethyt3Cyamma and 3Gnethy2Cyamma*S,
which we suspect is due to a scale expansion, similar to effects observed previously for
Orbitrap measurementgHilkert et al., 2021although it may reflect a real enrichment of
clumped isotopologues containing thé3Gnethyr*CGgamma bond. Of the clumped
isotopologues we report data for, thEGrethy'*GammaS includes atoms which share a
bond, and therefore may experience more significant thermodynamic effects, while the
others do not. Finally, we note that many of the errors we report in Figldeare
correlated and should not be considered independent. For example, valué¥ ity
and 3¥*Ggammahave a correlation coefficient ¢f-0.88. These correlations arise from the

dependence of each recovered value on tH&scaling constant, the coupled nature of
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M+N relative abundance space (i.e., because the sum of all M+N relative abundances in a

given fragment is 1, an increase in the M+N relative abundance of one peak requires a
decrease in the M+N relative abundance of others), and from the common ion beams
used to constrain each value. For exampi€nethyi may be calculated using

" i while ¥CGammamay be calculated usirg "y " ) thetwo

are inversely related based on the content of i . We provide

correlation coefficients for all isotopologues we constrain in the supplement (Figute S
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Figure4.4: Reconstructed sitspecific and clumped sample standard comparisons for isotopologues which
our observations constrain explicitly. Results are presented as delta value comparisons of U values for sample

and standard, i.e., for isotopologuei, p mem—— p dsotopologues which are used to calculate



171
the U™Nvalues used in the computation of the \alues are indicated with underlines. Our observed error
bars are broader for isotopologues which combine observations from many fragments. While these results
give fewer constraints with broader error bars than the direct observations, they may be tasitionalize
and interpret in the context of physical and chemical properties.

4.3.3Completeness of Isotopologue Reconstruction

A central question of our investigation into high dimensional isotomics is: how many
dimensions of isotopic complexity are measurable, and how close does the experiment we
present here get to that limit? We first address this question by quantifying the
coYLJ SiSySaa 2F 2dz2NJ 20aSNBFdA2ya F2N 020K
NBEO2yailiNHzOGA2Y Q Yaur8piv @ Tl 8B & diNBY SYRA NBE OO0 2
Fff y FNIAYSydGas gKAES GKS WAaazizLlaswe3dzS NB
can confidently assign to sites in the parent molecule structure.

C2NJ WRANBOG O2 Y 14h, p)ave shaw the durnSer df ior b8aiabl B
for which we report data versus the theoretical maximum number, assuming we quantified
every substitution of every observable fragment. As the order of the M+N experiment
increases, the fraction of recovered bean& @t Ay Saz (G2 | NBO2OSNE NI
experiment (we discuss ways to improve this recovery rate in section 4.2).

Ly WA&a20G2L1Rf23dz2S NBO2yaidNMzOiA2yQ Y2RS:S
O2YLX SGSySaa 27F 2dzNJ 20aSNIF (A 2y a YthoseKo y dzY o !
which we report a comparison in Figuken 0 = G KS ydzYoSNJ 2F WLX |
isotopologues (i.e.those for which we could report a comparison assuming that we
20aSNBSR |ttt LIaarotsS A2y o0SkYao yR (GKS vy
those which exist but could not be constrained by any combination of the observed ion
beams). The Mt experiment observes every singlybstituted isotopologue, in part
because we defined our isotopologues based on their distinguishability in the M+1
experiment. However, the fraction of observed isotopologues decreases precipitously for
higher order (M+2M+3, M+4) experiments. This decline occurs principally because these

experiments measure fragment ions that contain two or more rare isotope substitutions
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that are spread across some larger number of atomic sites; thus, several structurally non

equivalent isotopologues contribute to the measured fragments.

At this point, it is worth emphasizing that our presentation methodirect
O2YLI NREA2YQ Y2RS | YR WA a2 aretwdektrankdz®/heNBeO2 v a i |
aK2g RIEGE Ay WAaz2d2L1ft23dz2S NBO2yadNHzOGA2YC
constraintsor linear combinations of constraints which give a unique expression for a single
isotopologue. For exampl&Gnethy*GgammaiS Uniquely constrained by the measurement of
13C13C in the 61 fragment of the M+2 experiment, WHil€nethy*Caiphabetaresults from the
linear combinatiod  j "R "  .Insome cases, our data may be used to
report intuitive sums of isotopologues which do not correspond to a single isotopologue
and so do not appear in Figudes. For example, the linear combinati®iCearboxyt *Caiphabeta
+13Carboxyt 3CgammalS constrained via " & .We note that this is simply a more
complex version of an established practice of reporting sums of isotopologues in molecular
YFaa aLISOGNRYSONBET F2N) SEI YLI & ¥yaludiiK 80 OdzNNEB
measurements as the enrichment of the sum of all mésssotopologues of GQ-3C800
+12C8OY0 +13C"OM0) relative to their stochastic distributig(iEiler and Schauble, 2004;
Eiler,20112 S |t a2 y20S (KIFId GKS ljdzr yGAGASE g KAOK
may vary based on our definition of the sites of the molecule. For example, in generating
the bottom row of Figurel.5, we treat the alpha and beta carbons and alpha and beta
hydrogens as combined sites, as they are not analytically distinguishable via our
measurement; hence, in the M+1 experiment, we report constraing#atetaand Hiphabeta
isotopologues. If we instead treated them as distinct, we would report observirng 13
Ad202L2f 23dz2583% YWk IGkaf Hiphs Ar Hdk HowdR1y thelichidibingd  /
versions of these, dipha + Geta and Hipha + Heta, Femain constrained. In this context, our
results shown in Figured4 and 45 for isotopologue reconstruction mode are a
conservative estimate of the more intuitively understandable properties which we observe

(see the supplement, section S.4 for further discussion).
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We conclude that it is often useful to present results of M+1 experiments in

WAA2021L12f23dz2S NBO2yaidNUWzOGA2yQ Y2RS a4 AYRAS
2NRSNJ SELISNAYSyida YIe 068 Y2NB dzaS¥dz f & LINB
linear combinations of these which constrain groups of isotopologues with similar
properties. For this reason, it is important to understand how different isotopic
compositions map onto the observed composition space; we address this question further

below, n section 3.5.

M+1 M+2 M+3

I # Observed peaks

- # Peaks which are observable but
were not detected

Il # Observed isotopologues

— # Isotopologues which are observable
but not detected

M+4
11 4 13_4 14 4
° . . ‘ S # Unobservable isotopologues

Figure4.5: Completeness of observation for the M+N experiments presented here. Top: The number of ion
beams we observe relative to the possible number of ion beams we could have observed across these 8
fragments of methionine, assuming perfect resolution and abundance sensitivity. Bottom: The number of
AYRAGARdAzZEf Aa202LR{23NBO02FIQNIADGENRZYVY NE REXE ANE2 LI A D
isotopologues we could constrain assuming observation of all ion beams, and the total number of
isotopologues for that population. These results vary based on the sites (and therefore isotopologues) we
define for methionine, and do not capture linear combinations of the measured constraints which are readily
interpretable but do not correspond to individual isotopologues (€3earboxyt Gaphabetat 3CearboxytCyammg).

Note the isotopologusespecific results are computed using only the 5 fragments for which we have more
confident structures. Especially for higkander experiments, the number of isotopologues we may observe

is small relative to the isotopologues preseand most fruitful interpretéion will occur in terms of more
complex data products.

4.3.3Feasibility of Usefully Measuring Additional Dimensions
With an understanding of how many dimensions are theoretically observable, we

next examine the practical concerns regarding their observation by simulating the number

of observable ion beams under a range of conditions (Figie We focus on two main

FILOG2NE | FFSOGAY3I GKS ydzYoSNJ 2F 20aSNIF ot ¢
0SG6SSYy ySINIeé Aaz206FNARO LISIF1as FyYyR HO GKS |
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Our treatment of abundance limits requires some discussion, as there are two related but

distinct issues: First, there is 2a) the dynamic range of ion beam intensities that can be

simultaneously observed the Orbitrap, i.e., the ratio of the intensityhefleast abundant
peak relative to the intensity of the most abundant peak in a spectrum—— ,

where S is signal intensity, as defined abdreypical use cases, the dynamic range of an
Orbitrap is > 1:5000 (24) (Makarov et al., 2006a, b; Kaufmann and Walker, 2016; Bills et
al., 2021)Second, there is 2b) the detection limit, or the concentration of the lowest ion

count ion beam of a M+N experiment that can be observed, expressed as a fraction of all

ions of all isotopologues observed in that M+N experiment,-ef S 8Murray

et al., 2013)The detection limit will be set by the smallest number of counts (calculated by
multiplying the signal to noise ratio by several quantities which are constant throughout an
experiment, eq (1)) required for observation; this has been previously estimated a
F o(@Isenetal., 2008) o0dzi F2ftf2¢gAy3 Sl (Céamicaet ah,2020)A Y R |
Across all fragments and peaks of methionine for which we present data, we observe
FnnXnnn A2ya LISN a0ty Ay GKS abwm GOR0 abn S
Az2zya LISN) adly Ay GKS abu YR abo SELISNAYSYy
LISNJ a0y F2N) 20aSNDI GA2YyZIngBuSpiaBey)ds FRSGS
the AGC settings we use here. As we do not include either contaminant peaks or methionine
peaks which we excluded from our analysis due to poor data quality, thelaclues of
ions per scan are larger, and so our estimates of the detection limit are upper bounds.

Recently, Bills et al. have demonstrated improvements in both dynamic range and
detection limit by employing an external data acquisition sys{8itis et al., 2021)Their
system employs absorption mode (aFT) rather than the typical enhanced mode (eFT) with
a noise thresholding step; this change increases the accessible dynamic range to at least 5e
5. Additionally, they process data by coadding many transients (mams¥ the default
software permits 10 microscans, while they demonstrate as many as 10,000. (We note that

LIN2 OSaaAy3a Ay SC¢ Y2RS 4AGK daaSNIBAOS Y2RS:
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default software). The signal to noise ratio will increase as the square root of the number

2F YAONR&AOlIYyAaT 2dz2NJ RIGI KFE@S FmnInnn AYRAQD,
0KS RSGSOGAZ2Y fcA RANGafpRusiBl¢EledeSal, 2@1F F p S

In cases of such low detection limits, we believe that the dynamic range will not be
limiting, for the following reason: in our experiments, our largest observed ion beam has <
MoXZnnn O2dzyGa LISNI a0y o6abmI aboX mbparv 2 NJ
single ion in such a scan gives a ratio of S/N values-eff -6 i the most limiting case.

While this is different than an intensity ratio, we find that relative S/N ratios and relative
AyiGaSyaAride NIGA2a& | NB aA YAt 5Nbuldlbe/sefficorg tf Of dzR S
observe a peak with a single ionanscan. We assume that if the dynamic range is not
limiting in an individual scan, it will not be limiting in coadded scans. As our requisite
Re&yl YA O -BisyedarShe Beménstrated limit of 88 we proceed by considering
only the detection limit.

Our results are shown in Figutes, depicting the number of observable ion beams
for various M+N experiments under a range of resolutions and detection limits. We include
F2dzNJ RSGSOGA2Y 400 YAAAIYAATE FiNK Si82S G KNS YO IM@BS & T2
O2NNBaLRyRAYy3 (2 [|-5CQnythef drder bfYnaghBide $rpdwerient; Ym S
and 8e-6,(a plausibly achievable increase by coadding 10,000 transients. Our resolution
values give the resolution setpoint of the mass spectrometer at m/z = 200. Actual Orbitrap
resolution scales as the inverse square root of the m/z ratio, and so is highemfar lo
masses, including methionine fragments, which we account for in these simulations (e.g., a
setpoint of 120k at 200 m/z gives an actual resolutogfmH nZnnn F wmtnannnn |
Our experimental results for the M+1, M+3, and M+4 experiment are similar to those in the
WMHAGT R ©8fdzyYyT F2N) 6KS abu SELISNAYSYyGz 2dzn
detection limit between 4el and 1e4. In all caes, we see that improvements to the
detection limit generally offer better returns than improvements to resolution. For the
higher order M+N experiments, even a small improvement to detection limit yields

substantial gains; going from 4eto 1le4 leadsto a >50% increase in the number of
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observed peaks. The best avenue for improving -digiensional measurements is to

improve our ability to observe low abundance peaks. Future experiments in this vein
therefore should explore coadding multiple transients as a way to increase the number of
observable peaks. We make one additional comment about the absolute abundance of
these peaks. Assuming useful ion yield of (dur results have values of 26 10°, in part
because of the high flow rates used for reservoir injection, biti¢ laudble for Orbitrap
IRMS)Eileretal.,201H YR M >a2f 2F &l YLX ST 2yfeée LISI{a
isotopologue population of greater than 2:Be(M+1), 3.7é6 (M+2), 6.15 (M+3), and
5.1e4 (M+4), (i.e., peaks above that detection limit in Figdi®), will yield 1 million
20aSNDIo6fS A2yasy adzZFFAOASY(d F2NJ LINBOAAAZY A
advantage of all observable peaks at this high precision without using sample sizes larger
GKFYy M >a2f 2NJAYLINRGAY3A dzaS¥F¥dAg A2y @AStRO®
We close this section with some additional comments on the scope of our
simulation. First, we do not evaluate the additional ion beams which may be observed by
tuning the heights of fragments differently via a change in fragmentation energy. For
example, mder our experimental conditions, the M+1 experiment has a fragmentation
energy (NCE) of 60 (unitless), causing the 56 and 61 fragments to be most abundant. At a
lower fragmentation energy, e.gl0, the 133 fragment is more abundant. By varying the
fragmentation energy, more peaks may be observed, even if other measurement
conditions are unchanged; our figure therefore underestimates the number of observable
peaks. Second, we do not analyze possiblé $¢t&tegies which perform multiple cycles of
isolation and fragmentation. In our experiment, we mass select a single population of
isotopologues, then observe all fragments of that population; hence, the detection limit is
set by the abundance of a partiam peak relative to all peaks observed for that p@ioin.
On an appropriately configured platform (i.e., one capable of d@lysis where nis 3 or
more), a user could perform an additional mass selection step for a fragment of interest,
allowing more peaks of that fragment to be observed, and improving on the recoveries

indicated here (albeit, at the cost of not observingragny fragments simultaneously).



Third, we do not account for spacharge or transient decay effects which may in%lﬁ:ance

the ion beams. Spaegharge effects such as coalescence may cause closely adjacent peaks
to merge, especially when a large number of ions are present in the Orbiteapwhen

using a higher AGC target), decreasing the number of observable ion (@Banisld et al.,

2019) Transient decay effects refer to the tendency of {alaundance ion beams to decay
more rapidly than higher abundance ones, suppressing their measured intensity, especially
at higher resolutiongHofmann et al., 2020)This may cause some low abundance ion
beams to not be observed, again decreasing the number of observable ion beams. Because
of these limitations, our figure is not intended to be the final word on number of observed
peaks, but rather a firsbrder approxmation of how adjustments in mass resolution and

detection limit can increase the amount of data constrained by an experiment.

Number of Observed Peaks

M+1 M+2 M+3 M+4
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Figure4.6: Simulated numbers of observed peaks in M+N experiments at a range of mass resolutions and
detection limits. Simulations include all 8 fragments as well as the full molecule. A peak is considered
W20aASNBIotSQ AF AG Aa ythdmoieanter3é feak &t the targeY resbldtion(amdl G
has an abundance relative to all simulated peaks greater than the detection limit. Our experimental results
are similar to the 120k, 44 box for all experiments except M+2; this is in the 120k row witbtaction limit
between 4e4 and te4. Substantial gains in the number of peaks observed are possible with small increases
in detection limit, which can be achieved by coadding multiple transients.

4.3.4Hypothesis Testing

We now turn to the question of how to use our measured constraints to evaluate
different hypotheses, focusing on data interpretations that use the directly observed
composition space of our methods (i.e., intensity ratios of ion peaks, rather than cattulat

proportions of isotopologues). Here, we rely on forward modeling of the sastpldard
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comparisonto determine how closely an observed isotopic fingerprint matches a

hypothesized contrast between the sample and standard isotomes. We first simulate
measurements of both sample and standard using hypothesized isotomes. We then
compare the observed (OBS)dasimulated (SIM) samplandard comparisons for each

ion beam, e.g] P TITFH% p (where'Y é)
h h

Explicitly written out, the terms of the fraction are as follows. For the observed dataset:
€
€ 5 € 5 & 5 & § §

YR o . 18 ¢

h h

where¢ | gives the counts observed for theN peak of the 56 fragment in scan i, and an
average is taken across all N scans of the sample. The standard vgue;  is the
predicted value of the standard at the timepoint of that sample observation, computed via
a linear fit to the four observed standard replicates (see section 2.5). And for the simulated

dataset:

Y roh m 18 O

0 O 0 YET 60

Where (0  gives the concentration of theN peak in the 56 fragment. For the
simulation, we do not simulate N scans and then average across them, but only simulate
the abundance of each peak. Note that for tb@mparison, we are not using't) values
or observed abundance correction factors. In this case, if the observed and simulated
datasets match exactly, the resulting j will have a value of 0.

To demonstrate this approach in practice, we begin with a simple use case: testing
the fragmentation geometries of the 87 fragment of methionine to determine whether or
not it contains the methyl carbon, using our experimental measurements that conjiare
labeled to unlabeled methionine. We proceed by calculating different simulated datasets

for both cases and then comparing; results are plotted in Figui&. We quantify the fit
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by calculating weighted root mean square errors (WRMSE) for each case, where the weights

are equal to —  for each observation (favoring observations with smaller error bars).

We see substantially better agreement with the results if the 87 includes the methyl carbon
(WRMSE =4.41) compared to if it loses it (WRMSE = 45.01), suggesting that the 87 fragment
is formed via decarboxylation of the 133 fragment (Figy2) without significant
recombination.

We next expand on this idea, to a use case that involves higher dimensionality
measurements (i.e., combining data for multiple fragment ions). To do soompute the
OBS vs SIM comparison for our experimental data (neglecting the &g, @4d 74owion
beams, but including all five confidently assigned ion beams) using both 1) our computed
methionine composition (Tabk.3) and 2) a perturbed version of the same. To compute
(2), we drew delta values for each site from a normal distribution centered around the delta
G tdzS Ay 6m0 gAGK | adGlFyRIFINR RSGAIFGAZ2Y 27
hydrogen isotopeatios. We present results fronhis test in two ways. First, in Figut&B,

we compare the squared values ef— for each variable and final WRMSE values, of 4.5

(computed) and 9.8 (perturbed) (due to the large number of variables, the squared
variables are easier to visualize and closely related to the reported WRMSE values). The x
axis gives a somewhat arbitray@ | NA | 0 QS 6 K ENBES I NA | 6f S& I NB
experiment (hence low variable numbers correspond to M+1 and high variable numbers
correspond to M+4). We observe a large spike in the observed dataset for M+4, fragment
61, 13CI3C4S; this is closelgelated to the value for thé3Gnety™CGamms*S isotopologue
reported in Figure 4l and may be the result of a scale expansion which is not adequately
corrected for by a single standard. The resulting WRMSE value gives usnananer
summary which can indicate how well different hypotheses fit our data. Second, in Figure
4.7C, we provide global maps of the value$ of at each observed position for both
methionine compositions. Here, each point is a sifigle fwith the size of the point

indicating the error bar and the color indicating the value. In both cases, larger deviations
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in are concentrated among observations with lower M+N relative abundances as

these are observed with larger error bars. As with FighilBs we caution against too
intuitive an interpretation, as the isotopologues each experiment samples and the coupled
nature of M+N relative abundance space makes the drivers of individual shifts nonobvious.
However, we suggest that these visualizations @amplement the onenumber summary
approach of Figurel.7B by demonstrating which ion beams are most relevant for
distingushing between competing hypotheses, aiding experimental design by indicating
which peaks are most important to measure. We anticipate developments will go beyond
our WRMSE approach to test hypotheses, incorporating more advanced methods to
account for ourerror bars and M+N relative abundances; our intention here is to present
an example of one style of hypothesis testing, not a definitive algorithm for doing so. This
broader style of hypothesis testing is applicable to many problems in chemical forensics,
such asfood authentication, the identification of human remains, or determining the
sources of drugs and chemical weapdihleringer et al., 2000; Primrose et al., 2010;
Bartelink et al., 2014, Cerling et al., 2016)

We have one final comment to make abdtigjured4.7B. A possible criticism of high
dimensional isotomics is that measuring such a high number of dimensions is not useful,
because observation of a small subset set of features should be sufficient to distinguish
forensically. While this may be true in soroases, we note that (1) observing a larger
number of dimensions may allow one to distinguish between compounds more rapidly, (2)
our highdimensional methods demonstrate the options available for study,dmhot
require that all dimensions be observed in every case, and (3) it may not be obvious, a priori,
which of the many observable features of the mass spectrum will offer the greatest
potential for forensic discrimination.

For instance, we note thdlhe deviation between our prediction and the perturbed
methionine was larger for the M+3 and M+4 than the M+1, implying the (possibly ceunter
intuitive) conclusion that M+3 and M+4 results are more useful for distinguishing samples

than the M+1 (Figurel.7B). This is a natural consequence of the nature of combined
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substitutions. Consider two samples, A and B, where A is heai& in6 & wmumx's | {

different carbon positions, and the two are otherwise identical. TR&FC content will
RAFTFSNI 68 FHm: 0OLINXehch attsfadsEming mo ¢lumpedNsdtope G A @S
effects. Therefore, observing the combin€@'°C content relative to each other will give a
larger signal than observing either carbon individually. If the precision of'YdéC
measurement is comparable (and in our case, it is) it is betterrgeta3C3C than'®C. If

the 13C content of A and B differed in opposite directions, it could have the inverse effect,
such that'®C was a larger signal th46'3C. However, at least for this instance, we find that
observing combined substitutions leads to many larger signals. Further, we emphasize that
this principle is statistical, and therefore applies even for atoms which are nonadjacent and
would be expectedd exhibit minor (or no) clumped isotope effects. For example, it holds
for the carboxyl and methyl carbons of methioninehaligh they are on opposite sides of

the molecule. Because of this effect, if one is designing a measurement to distinguish two
compounds and only wishes to measure a small set of features, the best features to study
may be unconventional and arise from Inég order M+N experiments, like those we

describe here.
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Figure4.7: A: A simple case of hypothesis testing applied to the structural interpretation of the 87 fragment
of methionine. Black circles show the values computed assuming the fragment does not include the
methyl group; blue squares show the same assuming it does include the methyl group. Inclusion of the methyl

group is a superior fit to the experimental data. B: Squared values-efrom a hypothesis test that compares

observed M+N data and two hypothesized methionine isotopic structures; one computed 4Ildad one

GKSNE SOSNE aAidS Aa LISNIdZNDBSR o6& RNIgAYy3I FTNBY | y2N
sites), centered around the computed value. C: Data from the same hypothesis test as B, now plotted as
individual points to allow visualiian of where deviations occur. These plots complement the-oneber

summary calculated via WRMSE.



