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i. Abstract

With the advancement of the biopharmaceutical industry, it is imperative to have a
firm understanding of the peptide separation system. The chromatographic profile
can be extremely complex for peptides with various impurities or degradation
products, thus it is essential to be able to maximise selectivity differetocielentify

each speciesThis thesis endeavoured to understand the influencing factors to enable

rational decisions to be made during method development strategies.

A peptidebased characterisation protocol was developed and applied to
commercialised stationary phases, knowrtlas Peptide RPC Column
Characterisation Protocoh design of experiment robustness study weascutedto
ensure the validity of the protocol was maintained. Chemometric analysis was
performed which identified three classifications of colunfiesm which sationary
phases can be selected with either similar or different selectiVitg approach was
validated using two tryptic digested peptidesith promising resultsAlthough there
are small molecule characterisation protocols already defined in the fitezait was
confirmed that the peptidebased protocol is needed due to a lack of correlation

between the small molecule and peptidased protocols.

A comprehensive mobile phase stualy a typical C18 phasdsoidentified vast

selectivity differences @r a range of pH values, which was achieved using different
ammoniumbased salts, with interesting additives and ion pairs. The study
ascertained the greatest differences were achieved under low pH conditions, thus the
main focudor method developmenshauld be in that region. An initial study which
observed the effect of temperature and organic modifiers identitieel importance

of evaluating these parameters during method development. Finally, the applicability

of the results on other columns was detemad.

The conclusions can provide a firm platform to develop a comprehensive method
development strategy, which shoufpovide a more rational approach for screening
relevant stationary phases and mobile phases to truly maximise selectivity

differences.
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Figure 96

Figure 97

on the subset of mobile phases at 20 and 60 °C (black and pink traces,
respectively). The chromatograms were aligned for Peptide Number
13. Mobile Phase 1: pH 2.5 0.1% v/v FA, 8: pH 2.3 100 m\:@TH
H:PQ / NHsHPQ, 11: pH 1.9 0.1% v/TFA, 31: pH 5.1 20 mM Bu$0O
AA | NHAA, 41: pH 6.5 20 mM NFA, 43: pH 7.5 20 mM (MeHPQ /
NHHPQ. Analyses were performed on the Nexera X2 coupled to the
2020 single quadrupole system (where applicable) on the Ascentis
Express C18. Tlagueous portion can be located in Section 2.12.1.3.
The organic was acetonitrile / water (80:20 v/v) with a gradient of 5.6
62.5%B over 40 minutes. Flow rate was 0.3 mL/min, and detection

used a combination of UV at 215 nm and MS for peak confirmation.

Comparison of the separation achieved between the oxidised
[Met(O)10}Bovine GLR (1-15) diastereoisomers (Peptide Nuni®)

on the subset of mobile phases at 20 and 60 °C (black and pink traces,
respectively). Mobile Phase 1: pH 2.5 0.1% v/v FA, 8: pH 2.3 100 mM
(NH)2SQ / HsPO / NHiHPQ, 11: pH 1.9 0.1% v/v TFA, 31: pH 5.1 20
mM BuS®@/ AA / NHAA, 41: pH 6.5 20 mM NFA, 43: pH 7.5 20 mM
(NH:)2HPQ / NHsHPQ. Analyses were performed on the Nexera X2
coupled to the 2020 single quadrupole system (where applicable) on
the Ascentis Express C18. The aqueous portion can be located in
Section 2.12.1.3. The organic watonitrile / water (80:20 v/v) with

a gradient of 5.662.5%B over 40 minutes. Flow rate was 0.3 mL/min,
and detection used a combination of UV at 215 nm and MS for peak
CONTIMMALION ....eiiiiiiiiiie e 287
Comparison of the UV profile for aged Bovine -GI(R15) on the

subset of mobile phases at 20 and 60 °C (black and pink traces,
respectively). Mobile Phase 1: pH 2.5 0.1% v/v FA, 2.H00 mM
(NH)2SQ / HsPOy / NHsHoP O, 11: pH 1.9 0.1% v/v TFA, 31: pH 5.1 20
mM BuS®@/ AA / NHAA, 41: pH 6.5 20 mM NFA, 43: pH 7.5 20 mM
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Figure 98

Figure 99

Figure 100

(NH:)2HPQ / NHsH.POy Analyses were performed on the Nexera X2
coupled to the 2020 single quadrupole system (where applicable) on
the Ascentis Express C18. The aqueous portion can be located in
Section 2.12.1.3. The organic was acetonitrile / water (80:20 v/v) with
a gradientof 5.6-:62.5%B over 40 minutes. Flow rate was 0.3 mL/min,
and detection used a combination of UV at 215 nm and.MS.....289
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Chromatograms of aged Bovine @_P-15) to illustrate selectivity
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The or@nic was acetonitrile / water (80:20 v/v) with a gradient of-5.6
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iv.  Abbreviations

AA Acetic acid

ACD/Labs Advanced Chemistry Developments, inc.

API Active pharmaceutical ingredient
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Bno 5-Butyt5-nonyl

Boc t-Butyloxycarbonyl

BuS@ Sodium litane-1-sulfonic acid

Bzl Benzyl

Chbz Carbobenzoxy

CD Circular dichroism

Cl Confidencenterval

CMC Chemistry, manufacturing and controls
CSH Charged surface hybrid

DFA Difluoroacetic acid

Die 1,1-Diisopropylethyl

DMSO Dimethylsufoxide

DoE Design of experiment
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EP European Pharmacopoeia

FA Formic acid

Fmoc 9-Fluoroenylmethoxycarbonyl
GLP2 GlucagoHike peptide 2
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HCI Hydrochloric acid
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Potassium phosphate monobasic
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Distribution coefficient
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Mass spectrometry
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Molecular weight
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Ammonium monohydrogen phosphate
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Ammonium acetate
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2-PrOH Isopropanol

PSA Polar surface area

PTM Post translationamodifications

R Regression coefficient

Q2 Estimate of the predictive ability of the model
RPC Reversed phase chromatography
%RSD % Relative standard deviation
SD Standard deviation

SIM Selected ion monitoring

SPPS Solid phase peptide synthesis
SST Systemnsuitability test
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v. Symbols
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B Gradient slope (%/mL)

b Gradient steepnesk =VmmB=Vmm(s/F)
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point of the column (mM)
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mid-point of the column
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1. Introduction
1.1Biopharmaceuticaland Background

The global biopharmaceutical market has increased substantially in recent years,
with pharmaceutical companies recognising the importance of this type of
medication.Indeed, seven of the top ten selling drugstween 20152017 and six

in 2018were biologically base[l-5]. Considerable resources are being utilised to
develop expertise in not only developing these sophisticated structures but also in

the successful manufacture of thej@y.

The products on the market are typically proteins which differ significantly from
small molecular drugs, as further discusse&attion 1.3However, to be able to
underdand the proteinseparation system, it is important to build up knowledge.
Thus, it was considered that a greater understanding in peptide analyses would lay
a firmer foundation for the future analyses of protein molecul@se contents of

this thesis shall therefore focus on the analysis of peptides.

The complexity of these compounds can makalgsis of thesactive
pharmaceutical ingredient®AP) and their impurities degradation products
particularlychallenging. Thesgegradation products and impurities typibal
possess similar physiahemical properties, making it difficult to achieve
separation usingeversedphase(RPHPLClsomers in particular are difficult to
separate from the API and to identify byass speecbmetry MS) due tobeing
isobaric in natureAttempts have been made tassist chromatographers with these
separations byredicting retention times based on factors such as amino acid
sequence and secondary structure. These approaches includeaifpokdexbased,
modellingbased and machine learning methddsl2]. The task is not simple, with
various limitations to all approaches (i.e. a large number of test peptides are
required to build a model using thedexbased approach which is then only
accurate for those particular chromatographic conditions), as highlighted in the
peptide retention prediction review by MoryZ]. The reviewer suggested the
machine learning method was the most adaptable and flexibpredict outside of

the chromatographic condiins tested andhas the ability to adapt to theaclusion



of new information to the datasetHowever it had lower accuracy in comparison to
some other methods describe@onformation and thusecondorder structure is
likely to beaffected by both the orgaic modifier as well as the stationary phase,
which would make predicting peptide retention in RPC extremely difficult or
unlikely to be successfurhe difficulty of predicting retention times does highlight
the need to develop a robust method developmeatatform which maximises the
chromatographicselectivity differencesvhichare of critical importance for

screening these biological products.

There is currently little research conducted into the best approach for maximising
selectivity differencesvhenanalysing peptidesScreening and optimisaticare

often performed based on past experience and stationary phase selection based on
small molecule characterisation protocoldiere are various protocols described to
probe reversed phase stationary phases using small molecléeskaEuerbyet

al. and Sryderet al.[13-19]), however, there is linted research conducted into the
relevance of small molecule column characterisation techniques wigekimg with
peptides[20, 21] A small study which looked at a rangeadfificial peptides

without nearest neighbour effects on six stationary phases from one column
manufacturer compared the results against a small molecule column
characterisation databag@0, 21] The data suggested there was little correlation
between the two approaches which highlights the necessity for analysing column
performance with relevant probes (i.e. small molecule probes for small molecular
work and peptides fopeptide separationk Selectivity of peptides is also highly
dependent on mobile phase, in particular pH, additives and type of organic
modifier, however, there are no significant studies which combine all these factors

to aid the chromatographic method develo@nt process

1.2 Formation of Peptides

Amino acids contain a carboxylic acid and amine group backbone with a side chain
(denoted R) which is specific to each amino acid. The side chain plays a crucial role

in the properties of the compound, such as alterihg pks or hydrophobicity. The



21 proteinogenic amino acids are shown beldwg(rel) andcan be divided into
different groups based on the side chain; aliphatipdroxyl / sulfur / selenium

containing cyclic, aromaticbasicandacidic / amide derivatives
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The synthetic process for peptides has developed significantly over the last century,
from soldion-phase methods through to solghase peptide synthesis (SPPS), first
conceived by Merrifield in 19623]. It is an iterative process, demonstrated in
Figure2, where an amino acid is temporarily protected at the side chain and the
alpha amino group to prevent polymerisaticandis covalently bonded to a resin.

All by-products and excess reagenteaemoved by filtration, before removal of

the amino protection group and further washing protocols. The Mepgtotected

amino acid in the sequence is then coupled via the unprotected egrioup of the

amino acid on the solid phaseherethe process continues until the desired

peptide is complete. The side chains are then deprotected and resin washed, before

the peptide is cleavedypically withhydrofluoric acidHB, from the resin.

@ Washed to remove by
E t products and excess reagents @
+
COOH

Pro-HN Pro-HN
Pro-HN co

Washed to remove by
Deprotected
terminal amide
Peptide cleaved from resin.

products and exces
R Deprotect side chains and @
termlnal amide. Coupled amino acid to the chain
Pro-HN
COOH '. H,N co

reagents
Pro-HN COOH

Figure2 Schematic of th solid phase peptide synthesis pathway.

There have been some advances in the technique with new resins and protecting
groups, but the fundamental approach is still the sg@w, 25] Solutionphase
synthesis is still operational in a number of laboratories where large scale
manufacturing is necessary, however, the golden standard is SPPS, with its
automation, improved yields and comparatively short production cyalaking it

more advantageous in certain laboratoridsquid phase synthesis is also limited in
the number of ammo acids in the sequende 210 amino acidswhilst SPPS

typically can produce 380 amino acid sequences averageHowever, this is not

to say SPPS does not have disadvantages. The cost of materials can be relatively

higher than other methodologies arile chemistry must be extremely controlled in



order to avoid byproduct formation and racemisation products, which can lead to
complex impurity profilesAnother common problem is deletion peptides where an

amino acid is missing becauska step failire.

To successfully synthesise a peptide with the correct sequence, amino acids require
protecting groups. This should minimise side reactions which form undesirable
products. The side chain must remain protected despite repetitive deprotectio

the N'-protecting group for further amino acid coupling. Therefore, the protecting
group used on the side chains should utilise different deprotection conditions to the
alpha amino group26]. Desirable traits for the protecting groups include ease and
efficiency d attaching and removing the group and the stability under reaction
conditions. Merrifield first utilised carbobenzoxy (Cbz) as th@mdtecting group

which was created by Bergmann and Zerf@ited in[24]), before utilising-
butyloxycarbonyl (Boc) in 19627]. The side chainsuch as hydroxy and thiol
moieties,were typically protected by benzyl based protecting groups (Bzl). Both Boc
/ Bzl protection groups require acidic conditions for deprotection, however, the
benzytbasedgroup requires much stronger conditions, suchlT&\ HFor
hydrogenation28-31]. The protecting group-uorenylmethoxycarbonyl (Fmoc)

was first suggested in 1970 by Carpino and Han as a base |Apitetiction group,
which provided orthogonal deprotecting conditionsttee side chain protection
group[32-35].

Specialised protecting groups asemetimes required for specific amino acids

which are known to be problematic. For example, aspartic acid can undergo
aspartimide formation if exposed to a strong base which then has the ability to form
by-products under certain conditions. The formati@exacerbated if small, less

bulky protecting groups are used, such asdijséopropylethyl (Die)24, 26] Recent
developments in protecting groups suggésier groups such askityl-5-nonyl

(Bno) reduces the risk of the aspartimide formation but cannot eliminate the
formation entirely[24]. Another example is histidine which is notorious for
racemisation from theto the D form. It is caused by the imidazole ring

promoting the enolization of histidine active esters, therefore tmedazole ring



must be protected. A number of solutions have been suggested, however, they can

have their own drawbacks such as expense and side rea¢#6hs

The selection of resin can also be crucial for the synthesis of peptides, with an
abundance of optionavailable[36, 37] The most common resin is polystyrene with
1-2% divinylbenzene (DVB) as a crosslinking agent, which improvstatily of

the support to most common solvents. Alternative supports of note include
Merrifield resin (a chloromethylated polystyrene), Wang resin (mostly used for
acidic substrates with a-Bydroxybenzyl alcohol linker) and Rink resin (a TFA labile

redn typically used with Fmoc peptidg@4].

An alternative tasynthetic pathways for the production of peptides is to use
recombinant methodologies using bacterial or mammalian cell cultig@<0]. This
approach is quite frequently required for peptides which have greater #&560
amino acids, to preparacceptable purity and yieldBacterial cell cultures, such as
the commonly usedEscherichia cglare often advantageous for their rapid
productionand ease of usehilst mammalian cellallow for the expression of
peptides and proteins with post trangianal modificationg PTM)similar to those
found in humansThe main difference between these two types of cultures are the
OSttdzf F NJFylFrad2Yes gKSNBE oF OGSNAFE OStfta |
mammalian cells (i.e. nucleus @olgi apparatus) whitinfluence its ability to
perform PTM Selection of the culture is often based on the aim of the synthesis

(i.e. sufficient yield, speed, ®&TM).

1.3Challenges in Analysing Peptides

Peptides present a differer@nalyticalchallenge to smalholecules due to their
size and physicohemical propertieswhich can influence the degree of interaction
in the separationThis is in addition tthe peptide kinetics which can reduce the

mass transfer of peptides, as further explained below.

A changen functional group on a small molecyle.g. by a change in pH that

deprotonates a carbxylic acid side chaimill display large differences in



chromatographic properties since the change constitutes a large change of the
structure of the molecule. Fa peptide, sucka change of one functional groupay
result in a relatively small change in retention since this modification only takes
place for a relatively small part of a large molecuydarticularly if there is a higher
order structure which can hired access to functional groupBhislimitation onthe

selectivity of the peptide increases the difficulty of the separation.

Mobile phase additives can be critical to smieity, however, proteins often contain
ionswhich form insoluble salts with phobpte buffers at high and mid pH. An
example of such is calmodulin which conta®e* and zinc finger which contains
Zre*ions[41, 42] This can limit the additives required for maximum selectivity
differences. Proteins are also affected by extreme conditions, i.e/ lugh pH,

high % MeCN or high temperature, where the structure ofghatein can either
change(i.e. denature)or fall apart[43, 44] A change to the higher order structure

of the protein can lead to aggregation and even precipitation.

Large eptideshave lowchromatographiefficiency andliffuse slowly thus a large
mass transfeterm in the expandedvan Deemte Equation 1)which resilts in
broad peaksA van Deemter plot allows column performance to be evaluated and

compared whilst also determining the optimum linear velo¢4§].

O ¢ . Q ¢— —0U Equationl

whereHis theplate height,<is particle shaped, is particle size, and. are
constants D is the diffusion coefficient of the mobile phase, and the linear
velocity in mm/sec, determined by dividing the length of the column by the
retention of an unretained speciety). The first term correlatet the eddy
diffusion and mobile phase mass transfer effeti® second term relates tthe
longitudinal molecular diffusiorgnd the third term connects tthe mass transfer
resistance which describes the interaction of the compounds with the stationary
phase Plate heighi(H) is a measure of column efficienpgr unit length of column

which can be converted to reduced plate height by dividitiny the particle size



(dp). Eddy diffusion i contributing factor to band broadeninghich describes the
multiple flow pathsavailablethrough the column for the mobile phase or analyte. It
is highly dependent othe particle size distribution and the uniformity of the

packed column bedA poorly packed bed generates different flow patifsch can
cause the band to spread by molecules lagging or accelerating through faster
streams. An efficiently packed bed, however, has a uniform flow path which keeps
the band packed closer together,ub reduang band broadening and increase
chromatograjic performance. Longitudinal diffusions time dependent, where the
longer the analyte band is in the system (i.e. low linear velocities or/lande

tubing is used)the more the band is dispersed, which reduces the chromatographic
efficiency. The fial term in the van Deemter, mass transfer, is a measure of the
molecuhr diffusion into the pores of the stationary phase. Molecules will penetrate
into the pores to differing degrees which then cause the band to broatbis.

effect is reduced at lowerrlear velocities and exacerbated at high linear velocities.
The use of smaller particle sizes can also reduce the mass transfemtbeng

smaller particles have a shorter diffusion pathway thillswing faster diffusiorof

the moleculeinto the pores of the particleThe speed of the process of entering the
pores and returning to the bulk solvent is increased which reduces band spreading,

thus chromatographic performance increases.

The curve of three compounds withifferent molecularweights was simulated, to
highlight the differences in each of the van Deemter te(fFigure3). The larger
molecular weight compounds have a sharpréase in thenass transfeterm, and

a narrow range for the optimum linear velocityhich limits the potential efficiency
window. The optimal velocity for most peptides and certainly for proteins also
becomes very low and results in extremely long retention times, which is not
realistic to use for practical separatioridie smaller solute, however, has a flatter
mass transfeterm, which provides a larger range for linear velocttyerefore

wider window for maximum performanc&imulated data was based on calculated
diffusion coefficientslt is possible to generate experimental data, howeVarge

proteins respond strongly to smalhanges in organic and also display poor peak



shape, which makes generation of dat@re difficult to compilehan for small

molecules.

28

23

MW 50000

] MW 5000
MW 500

3

o 0.2 0.4 0.6 0.8 1

Figure3 Simulated van Deemter data for molecules of differing molecular weight oh a 1
pum packing material (Data produced by Novo Nordisk).

The strong response to small changes in organic can be rationalised based on the
relationship described in Referenp&6], and visualised iRigure4. Snyder

explained the relationship diquation 2wherek* is the average retention factor
during gradient elutiong* is the corresponding value ef andky and Sare

constants for a givenoenpound. As the molecular weight increases, the constant
increasesThe increased value 8can have dramatic changes in k with only small
changes in the organic, as demonstratedrigure4, where the 100 kDa compound
has a much steeper decline in retention factor with a small increase in organic

compared to the 100 Da molecule.
AETH aem "y” Equation2

Y g vd o Equation3
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Figure4 Isocratic retention factorersusamount of organic modifier for metules of
different size. All assumed to have straatgntion in totally aqueous conditions (that is,
logks is assumed to be 5).

1.4 Aims and Objectives

This study will focus on gaining a greater understanding of peptides. Itis a
possibility that the understanding gained from this study could be used apistgp
stone to a better insight into protein separations, however, due to size and folding /

tertiary structure, peptides and proteins are likely to behave differently.

Peptides are complex compounds which cannot be analysed as small molecules.
Despite a rage of models appearing which aim to predict retention of peptides,
there is very little literature which specifically aimshtelp provide a guide to

method development for peptide regard tocolumn and mobile phase selection.
As such, thisesearchaims todesign relevant peptides to probe reversed phase
stationary phasesThis includes observing general mechanisms but also more
specifically looking at separations involving degradation and isomeric spBgies.
producing suitable chromatographic conditions, a peptide characterisation protocol
can be devised, known as the Peptide RPC Column Characterisation Protocol, which
can be compared against protocols defined for small molecules. Evaluation of
stationary hases using the peptideased protocol can provide significant
information regarding maximum selectivity differences for method development.
Also, in aid of method development, a column database can be created from the

Peptide RPC Column Characterisafwatocol to determine suitable column

11



selection for screening and help identify backup columns which is criticddeor

chemistry, manufacturing and contral€MC) life cycle managemeiithe database

will be validated by using the information to select@matographically similar

ahrFaGA2y I NE LKI-dELSE @2t dzYOfia a2 GaloNPOR dzOS 02 YL
chromatographic profiles of peptides. It can also be validated by selected
chromatographically dissimilar stationary phases which can produce different

peptide pofiles, ideal for method development strategies. The results from the
peptide-based column characterisation protocol will be critically evaluated against

two small molecule column characterisation protocols to determine if there is any
correlation betweerthe probes. A lack of correlation is desirable to highlight the

necessity of a peptidbased approach.

The second stage of this research shall focus on the effect of mobile phases on
selectivity for peptide separations. The specifically designed probesogagpto
interrogate the stationary phases shall also be applied to the mobile phases to
assess chromatographic performance (i.e. peak capacity and peak symmetry) and
evaluate selectivity differences. This comprehensive study will observe the effects
of organic, ion pairing reagents, pH, buffers and salts. Acetonitrile is quite typically
selected as the organic component of the mobile phase for peptide methods
partially due to its volatility, low viscosity and strong eluting strength. However,
methanol or sopropanol / acetonitrile mixtures could offer viable alternatives
GKAOK I NB aStR2Y SELX 2NBR FT2NJ YFEAYA&aAy3
et al. who observed differences in peptide elution profiles when substituting
acetonitrile for methano[21]. Some of the most commonly applied additives
include phosphate salbased systems and ion pairs, such as[#FA48] They

typically offer advantages such as improved peak shape provided by tgkerhi

ionic strength. The exploration of additional ion pairs, such as triethylamine (TEA)
and heptafluorobutyric acid (HFBA), or kosmotropic / chaotropic salts, such as
ammonium sufate and sodium perchlorate respectively, is essential for providing a
rational pathway for method development and understanding how to gain
substantial selectivity differences for complex samples such as peplidesnost

diverse range of mobile phases will then be applied to a selection of stationary

12



phases which were deemed be chromatographically diverse by the peptide
basedcolumn characterisatiodatabase The effect of temperature on the select
few mobile phases and columns will also be observed, which can aid a greater

understanding of the contribution of temperature relation to mobile phase.

13



2. Materials and Methods
2.1 Chromatographic Instrumentation

Unless otherwise specified, analyses were performed on a Shimadzu Nexera X2
equipped with binary pumps (EEDAD S/N L20555472999 and L20555473004
degasser¢$DGU20Asr S/N L20705466800 and L207054668 Prominence column
oven with column switch (CTEDAC S/N L2021547720dnd FCV14AH, S/N
L20215465470, respectivg)yautosampler (SIBOAC S/N L2056547142,7diode

array detector (SPIM30A S/N L2077547023&nd communication bus module
(CBM20A S/N L2023547816§Shimadzu UK Limited, Milton Keynes, .UK)
Shimadzu Mass Spectrometer single quadrupb@\S 2020, S/N 010155470152)
was used as a secondary detector. The software used to control the LC syatem w
LabSolutions\ersion 5.8% System dispersion and dwell volume can be seen in

Table20.
2.2Balances

An AveryWeighTronixReflex HR220DQhence forth known as thé decimal place
(d.p.)balance) or an AveryWeigh-TronixReflex HP4200{@ence forth known as the
2 d.p. balance Avery Weigkrlronik, Smethwick, UKyas used to measure all
masses. Both balanceperate fullautomatic calibration dily, however, additional
calibration was performegeriodicallyusing weights of known quantity betwedn

mg to 100 go ensure the integrity of the automatic calibration
2.3pH Meter

pH measurements were determined using a Jenway 3310 pH r{@téeParmer,
Stone, UK)which was calibrated between pHand 2(Certipur ®/WR
International LL)armstadt, Germar)y Care was taken to prevent contamination

using the pH probe by flushing the probe with deionised water.
2.4Pipetman P1000L

ThePipetmanP1000L(Gilson Scientific Ltd, DunstabldK)was calibrated before

every use to ensure an accurate volume was dispensesspecifiedby the

14



manufacturerto be accurate betweed00 to 1000 pL ta1.00% and-0.6%,
respectively ThePipetmandispensed 1000 pbf water at ambient temperature
which was weighed using the 4pdbalance to cofirm 1.000 g(=0.0011 dghased on

six repeat measurgsvas delivered

2.5Solvents and Reagents used $amples anilobile Phases

Bovine GLR (1-15)*
[D-His1}Bovine GLR (1-15)*
[L-Asp31Bovine GLR (1-15)*

[L-isoAsp3]Bovine GLR (1-15)*
[D-isoAsp3iBovine GLR (1-15)*
[D-Ser51Bovine GLR (1-15)*
[D-Ser7iBovine GLR (1-15)*
[Met(O)101Bovine GLR (1-15)*
[L-Asp11}Bovine GLR (1-15)*
[D-Aspl1}Bovine GLR (1-15)*
[L-isoAspl1iBovine GLR (1-15)*
[D-isoAspll1Bovine GLR (1-15)*
Bovine GLR (1633)*

Apigenex (Prague, Czech Repub
Apigenex (Prague, Czech Repub
Apigenex (Prague, Czech Repub
Apigenex (Prague, Czech Repub
Apigenex (Praguez€ch Republic)
Apigenex (Prague, Czech Repub
Apigenex (Prague, Czech Repub
Apigenex (Prague, Czech Repub
Apigenex (Prague, Czech Repub
Apigenex (Prague, Czech Repub
Apigenex (Prague, Czech Repub
Apigenex (Prague, CzeRlepublic)
Apigenex (Prague, Czech Repub
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Tablel  Sample chemicals
Chemical / Reagent Manufacturer Batch / Lot Number
Acetong >99.8% Honeywell (Seelze, Germany) SZBG200AH
Acquity UPLC Absorb Sta Solution Waters 186006683
Phenol 99% Sigma Aldrich (Poole, UK) 131773612507040
Benzyl alcohql99% ACROS Organics (Geel, Belgiur A0402997
Uracil >99% Sigma Aldrich (Poole, UK) SLBD1250V
Tolueneg >99.5% Sigma Aldrich (Poole, UK) SHBH1932V
Benzene sulfonic aci®8% Sigma Aldrich (Poole, UK) BCBR6772V
Pentylbenzeng96% Alfa AesafHeysham UK) 10215513
Butylbenzene>99% Sigma Aldrich (Poole, UK) 00941853V
o-Terphenyl 99% Sigma Aldrich (Poole, UK) -
Triphenylene, 98% ACROS Organics (Geel, Belgiur A0398951
Benzylamine hydrochloride, 99% SigmaAldrich (Poole, UK) BCBV5878
Caffeine, 99% Sigma Aldrich (Poole, UK) 1317736
Nitrobenzene analytical standard Sigma Aldrich (Poole, UK) -
1,2-Dinitrobenzene >99% Sigma Aldrich (Poole, UK) SZBF139XV
1,3-Dinitrobenzene analytical standard SigmaAldrich (Poole, UK) SZBDO71XV
1,4-Dinitrobenzene 98% Sigma Aldrich (Poole, UK) SZBD221XV
1,3,5Trinitrobenzene certified reference Supelco (Bellefonte, USA) LC08343V



[D-Serl16iBovine GLR (1633)*
[lle26,Leu27Bovine GLR (1633)*
[Gly22}Bovine GLR (1633)*
[D-Asp21,Gly22Bovine GLR (1633)*
[L-isoAsp21,Gly22Bovine GLR (1633)
[D-isoAsp21,Gly22Bovine GLR (1633)*
[Val26}Bovine GLR (1633)*
[lle26}Bovine GLR (1633)*
[Phe26}Bovine GLR (1633)*
[Trp26}Bovine GLR (16-33)*
[Tyr26}Bovine GLR (1633)*
[Lys20}Bovine GLR (1633)*
[Lys26]Bovine GLR (1633)*
Trypsin USP from bovine pancreas

Carbonic anhydrasdovine

Insulin from bovine pancreas

Apigenex (Prague, Czech Repub
Apigenex (Prague, Czech Repub
Apigenex (Prague, Czech Repub
Apigenex (Prague, Czech Repub
Apigenex (Prague, Czech Repub
Apigenex (Pragu&;zech Republic
Apigenex (Prague, Czech Repub
Apigenex (Prague, Czech Repub
Apigenex (Prague, Czech Repub
Apigenex (Prague, Czech Repub
Apigenex (Prague, Czech Repub
Apigenex (Prague, Czech Repub
Apigenex (Prague, Czech Repub
Sigma Aldrich (Poole, UK)
Sigma Aldrich (Poole, UK)
Sigma Aldrich (Poole, UK)

SLBR5744V
SLBR4228V
SLBW1822

* Peptides supplied as freexiried material in theTFA salt form.

16



Table2  Mobile phase reagents and solvents
Chemical / Reagent Manufacturer Batch / Lot Number
Water, MilliQ Millipore (Molshiem, France) F3SA79023A
Water, LEMS grade Honeywell (Seelze, Germany! H1530
Isopropano] LGMS grade Honeywdl, (Seelze, Germany) K49039481
Methanol LGMS grade Honeywell (Seelze, Germany; SZBG291BH
Acetonitrile, LGMS grade Honeywell (Seelze, Germany! SZBG230S
Acetic acidHPLC grade Sigma Aldrich (Poole, UK) 1046BIL
Ammonia(25% w/w) LGMS grade Sigma Aldrich (Poole, UK) 70442730 719
Ammonium acetateLGMS grade Sigma Aldrich (Poole, UK) BCBZz6101
Ammonium carbonateLGMS grade Sigma Aldrich (Poole, UK) SLBV1392
Ammonium formate LEMS grade Sigma Aldrich (Poole, UK) BCBT8380
Ammonium phosphatenonobasic, HPLC grad Sigma Aldrich (Poole, UK) BCBW0622
Ammonium phosphatelibasic, HPLC grade Sigma Aldrich (Poole, UK) BCBW9374
Ammonium sulfateACS grade Sigma Aldrich (Poole, UK) BCBX0577
Buffer solution pH 2.0 VWR(Darmstadt, Germany) HC73532112
Buffer solution pH 7.0 VWR (Darmstadt, Germany) HC74406602
Difluoroacetic acid LGMS grade Waters -
Dimethyl sulfoxide (anhydrousiPLC grade Alfa Aesar (Haverhill, USA) W23B668
Formic acid LGMS grade SigmaAldrich (Poole, UK) H1630
Heptafluorobutyric acid>99.5% Sigma Aldrich (Poole, UK) BCBV8424
Hydrochloric aci¢37% w/w) ACS reagent Sigma Aldrich (Poole, UK) 1350615
Methane sulfonic acid>99% Sigma Aldrich (Poole, UK) STBH6537
Potassiunphosphate monobasjdHPLC grade Sigma Aldrich (Poole, UK) SLBR5465V
Phosphoric acid (85% w/wWyG grade Sigma Aldrich (Poole, UK) STBC3341V
Potassium hydroxideanalysis grade Alfa Aesar (Haverhill, USA) A18854
Triethylamine Puriss grade SigmaAldrich (Poole, UK) STBH8268
Trifluoroacetic acidLGMS grade ThermoFisher 13230
TRIS bufferprimary standard Sigma Aldrich (Poole, UK) SLBW7403
TRIS HCteagent grade Sigma Aldrich (Poole, UK) SLBW1307
Sodium butanel-sulfonic acid SigmaAldrich (Poole, UK) BCBW1477
Sodium chloridePuriss grade Sigma Aldrich (Poole, UK) STBH776804
Sodium sulfateACS reagent Merck (Darmstadt, Germany) A0134649 026
Sodium perchlorateACS reagent Merck (Darmstadt, Germany) A1190564
Uraci| >99.0% Sigma Aldrich (Poole, UK) SLBD1250V
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2.6 LC Characterisation
2.6.1 Dwell Volume DeterminatioBperating Conditions
Mobile Phase: Line A: Water

Line B: Uracil (5 mg/L) in Water.

Gradient: Time (mins) %B
0.0 10
5.0 10
15.0 20
20.0 20
20.5 10
25.0 10

Flow Rate: 0.3 mL/min

Oven Temperature: 22 °C

Sample: Water

Injection Volume: 1 L

Wavelength: 265 nm (8) Ref 360, 100.

Column ZDV uniorplus 2 m red peek tubing (0.125 mrD.)

for added back pressure.

Three repeat injections we performed after the system was fully stabilised.

2.6.2 DispersiorOperating Conditions
Mobile Phase: Water/ Methanol (51:49 v/v)
Flow Rate: 0.1 mL/min
Oven Temperature: 40 °C

Sample: 0.1% v/v acetone in water
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Injection Volume: 0.5uL
Wavelength: 254nm (8) Ref 360, 100.
Column ZDV union

Six repeat injections we performed after the system was fully stabilised.

2.6.3 Autosampler Accurad®perating Conditions
Mobile Phase: A: Water

B: Acetonitrile

Gradient: Time (mins) %B
0.0 10
5.0 90
6.0 90
7.0 10
10.0 10
Flow Rate: 1 mL/min

Oven Temperature: 60 °C
Sample: Acquity UPLC Absorb Staip Solution

Injection Volume: 10 pL

Wavelength: 254 nm (8) Ref 360, 100.
Column: Agilent Zorbax SB18, 5 um, SN USFA002732
50 x 4.6 mm

Six repeatnjections were performed after the system was fully stabilised.
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2.7 Extendedlranaka Characterisation Protodot 150 x 2.1 mm Column

Formats
2.7.1 Mobile Phase Preparation
2.7.1.1Potassium PhosphateH 2.5Stock Buffer Preparation

A 3 mM potassium phosphate monobasic stock solution was prepared by weighing
6.27g onthe 2 d.p. balancewhich was dissolved in approximately 800 mL MilliQ
water using a magnaetistirrer. Phosphoric acig85%w/w) was added dropwist

lower the pH ta2.5, where pH was determined using a Jenway 3310 pH meter

(Sectior2.3). The solution was made to 1 L volume using MilliQ water.

2.7.1.2Potassium Phospl@pH 2.7 Stock Buffer Preparation

A 200 mM potassium phosphate monobasic stock solution was prepared by
weighing 27.22 g othe 2 d.p. balancewhich was dissolved in approximately 800

mL MilliQ water using a magnetic stirr&hosphoric acid (85%/w) was added

dropwise to lower the pH to 2.7, where pH was determined using a Jenway 3310 pH

meter Section2.3). The solution was made to 1 L volumengsMilliQ water.

2.7.1.3Potassium Phosphate pH 7.6 Stock Buffer Preparation

A 200 mM potassium phosphate monobasic stock solution was prepared by
weighing 27.22 g othe 2 d.p. balancewhich was dissolved in approximately 800

mL MilliQwater using a magnetistirrer. Potassium hydroxide solution was added
dropwise to change the pH to 7.6, where pH was determined using a Jenway 3310

pH meter Bectior?.3). The solution was made to 1 L volume using MilliQ water.
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2.7.1.4Premixed Mobile Phase: Potassium Phosphate Monobasic in Methanol

Water Mixtures

The ensuing premixed mobile phases were produced by measuring the HPLC grade
solvents in the following ratios usirgrade A measuring cylinders. The solutions

were shaken te@nsure thoroughmixing.

Table3  Buffered mobile phase preparation for tk&tendedranaka protocols

. HPLC Grade HPLC Grade
Mobile Phase Buffer (mL)
Water (mL)  Methanol (mL)

5 mM Potassium Phosphate Monobasic | 250 650 100
2.5 in Methanol Water (65:35 v/v) (Sectio2.7.1.])

20 mM Potassium Phosphate Monobasit 600 300 100
pH 2.7 in Methanol Water (30:70 v/v) (Section2.7.1.9

20 mM Potassium Phosphate Monobasi 600 300 100
pH 7.6 in Methanol Water (30:70 v/v) (Sectio2.7.1.3

2.7.1.5Premixed Mobile Phas@rganic/ Water Mixtures

The ensuing premixed mobile phases were produced by measuring the HPLC grade
solvents in the following ratios using Gradendasuring cylinders. The solutions

were shaken te@nsure thoroughmixing.

Table4  Premixed organic / water preparation

HPLC Grade Water HPLC Grade Organic

Mobile Phase
(mL) (mL)
Methanol/ Water (80:20 v/v) 200 800
Methanol/ Water (50:50 v/v) 500 500
Methanol/ Water (40:60 v/v) 600 400
Methanol/ Water (30:70 v/v) 700 300
Acetonitrile/ Water (50:50 v/Vy 500 500

*Used for a column flush at the end of each sequence.
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2.7.2 Operating Conditionand Sample Preparation
All methods utilised a flow rate of 0.21 mL/min, a column temperature of 40 °C,

injection volume of 1 pL and wavelength detection at 210 and 254 nm (8) ref 360,

100. The specific mobile phase and samples used per test are shown[h&d9,

49, 50]

Hydrophobicity and Shape Selectivity

Mobile Phase: Methanol / Water(80:20 v/v)
Sample: Test Mix Compound Concentration Quantity in Test Mix
A Pentylbenzene 0.6 pL/mL MeOH 500 pL
Butylbenzene 0.4 pL/mL MeOH 500 pL
B o-Terphenyl 0.5 mg/mL MeOH 500 pL
Triphenylene 0.5 mg/mL MeOH 500 pL

Hydrogen Bonding

Mobile Phase: Methanol / Water(30:70 v/v)
Sample' Test Mix Compound Concentration Quantity in Test Mix
. 0.5 mg/mL MeOH/LD
C Caffeine (30:70 VV) 500 uL
1.0 mg/mL MeOH/kD
Phenol (30:70 VAV) 500 pL

Cation Exchange Capacity

Mobile Phase: 20 mM KHPQ pH 2.7 or 7.6 itMethanol / Water
(30:70 viv)
Samp|e; Test Mix Compound Concentration Quantity in Test Mix
0.5 mg/mL MeOH/LD
D Phenol (30:70 VV) 200 pL
Benzylamine 0.5 mg/mL MeOH/tD 200 UL
hydrochloride (30:70 viv) H
0.3 pL/mL MeOH/D
Benzyl alcohol (30:70 VAV) 500 pL

22



Nitro-Aromatic

Mobile Phase: Methanol / Water(50:50 v/v)
Samp|e; Test Mix Compound Concentration Quantity in Test Mix
E Toluene 0.6 pL/mLMeOH
Nitrobenzene 0.3 pL/mL MeOH
1,3 0.3 ma/mL MeOH 300 pL each plus 30t
Nitrobenzene -5 mgimt. Me HL MeOH
1,35
Trinitrobenzene 0.25 mg/mL MeOH
Dinitro-Aromatics
Mobile Phase: Methanol / Water(40:60 v/v)
Samp|e; Test Mix Compound Concentration Quantity in Test Mix
F Toluene 0.6 pL/mL MeOH
1,2-Dinitrobenzene 0.2 mg/mL MeOH 150 L each plus 601
1,3-Dinitrobenzene 0.3 mg/mL MeOH HL MeOH
1,4-Dinitrobenzene 0.5 mg/mL MeOH
AcidicCharacter
Mobile Phase: 5 mM KHPGQ pH 2.5 inMethanol / Water(65:35 v/v)
Sample: Test Mix Compound Concentration Quantity in Test Mix
0.3 mg/mL MeOH H,O
G Phenol (1:1 V) 200 pL
0.3 pL/mL MeOH H,O
Benzyl alcohol (8:2 V) 200 pL
0.3 pL/mL MeOH H,O
Toluene (1:1 V) 200 pL
Benzene sulfonic 0.3 mg/mL HO 200 pL

acid
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2.8 System Suitability Te€8STLonditions for a 150 x 2.1 mm Column Format
2.8.1 Mobile Phase Preparation
2.8.1.1Premixed Mobile PhasEBormic Acid Gradient

The mobile phase used lme A was 0.1% formic acidv in water which was

produced as follows:

1000 pL LS grade formic acid was accurately dispenssidg aPipetman
P1000Llnto LGMS grade wateand made to 1000 mL volume with-MS grade

water using a grade A measuring cylinder

The mobile phase dime B was 0.1% formic acid v/v in acetonitrile which was

produced as follows:

1000 pL LS grade formic acid was accurately dispensed usPigetman
P1000Lnto LGMS grade acetonitriland made to 1000 mL volume with-MS

grade acetonitrile using @rade A measuring cylinder.

2.8.2 LC Retention Modellingf SSTConditions
2.8.2.1Instrumentation

TheSST conditions were optimised on a WatetGlaesdinary systenat Novo
Nordiskin Denmark with a 250 uL TFA mixer, and a dwelD &3 mL.
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2.8.2.2Method DevelopmenDperating Conditions

Mobile Phase: As described isectior2.8.1.1
Gradient: Input Time 1 Input Time 2 Validation Time
%B
(mins) (mins) (mins)
0.0 0.0 0.0 5
10.0 30.0 20.0 95
12.0 32.0 22.0 95
12.1 321 22.1 5
24.1 54.1 44.1 5
Flow Rate: 0.3 mL/min

Oven Temperature: 40 °C

Sample: SeeSection2.8.3
Injection Volume: 1L

Wavelength: 215 nm (8) Ref 360, 100.

Autosampler Cooler:10 °C (used to reduce evaporation of volatitealytes).

Stationary Phases:

Stationary Phase Serial Number
1Acquity HSS C18, 1.8 um 01443619715737
IAcquity HSS Ci8B, 1.8 um 01223609816614
1Acquity BEH C4, 1.7 um 01273618718211
IAcquity CSH Fluorophenyl, 1.7y 01123618118013
2Polaris Amide C18, 3 um 461575

1150 x 2.2 mm2150 x 2.0 mm

2.8.2.3Developed Metho®perating Conditions

The SST utilised the following chromatographic conditions:

Mobile Phase: As described isection2.8.1.1
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Gradient: Time (mins) %B

0.0 5

20.0 100

22.0 100

22.1 5

24.1 5
Flow Rate: 0.3 mL/min

Oven Temperature: 40 °C
Sample: SeeSection2.8.3
Injection Volume: 1pL

Wavelength: 215 nm (8) Ref 360, 100.

Autosampler Cooler:10 °C (used to reduce evaporation of volatile

analytes).

2.8.3 Sample Preparation

Table5 Sample preparation for the System Suitable Test mix.

Compound Concentration Quantity in Test Mix (uL)
Uracil 0.3 mg/mL MeOH H,O (1:1 viv) 200
Benzene stibnic acid 0.3 mg/mL HO 200
Benzyl alcohol 0.3 pL/mL MeOH H,O (8:2 viv) 200
Benzylamine hydrochloride 0.5 mg/mL MeOH H,O (30:70 v/iv) 200
Butylbenzene 0.4 pL/mL MeOH 500
Caffeine 0.5 mg/mL MeOH H,O (30:70 viv) 500
Pentylbenzene 0.6 pL/mL MeOH 500
Phenol 0.3 mg/mL MeOH HO (1:1 viv) 200
Toluene 0.3pL/mL MeOH H,O (1:1 viv) 200
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2.9Development of th€®eptide RPC Column CharacterisaRootocol
2.9.1 LC Retention Modellindobile Phase Preparation
2.9.1.JAmmonium Formate Native pH Stock Solution

A 200 mM ammonium formate stock solution was prepared by weighing 12.61 g on
the 2 d.p. balanceyhich was dissolved in approximately 800 mtMEgrade water
using a magnetic stirrer. The solution was made to 1 L volume usiktplgtade

water, gravimetricallypH of the native solution was recordeding a Jenway 3310

pH meter Gectior?.3).

2.9.1.2Premixed Mobile Phase: Ammonium Formate Gradient

The mobile phase used lime Afor the development of thd?eptide RPC Column
Characterisation Protoceéas 20 mM ammonium formate in water which was

produced as follows:

900.00g of LEMS grade water (density 1 g/&nwas accurately weighed dhe 2
d.p. balanceand combined with 10@0g of the ammonium formate buffer
described irSectiorn2.9.1.1

The mobile phase used lme B was 20 mM ammonium formate in acetonitrile

water (9010 w/w) was produced as follows:

707.4 g of LEMS grade acetonitrile (density 0.786 g/@mwvas accurately weighed
onthe 2 d.p. balancand combined with 10@0g of the ammonium formate buffer

described iSection2.9.1.1

2.9.1.3Premixed Mobile Phase: Formic Acid Gradient

The mobile phase used lme A was 0.1% formic acid v/v in water which was

produced as follows:
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1000 pL LS grade formic acid was accuratelypdissed using ipetman
P1000L.which was checked using a balance each day to minimise variation,
999.00g of LCGMS grade water.

The mobile phase dime B was 0.1% formic acid v/v in acetonitrile which was

produced as follows:

1000 pL L®S grade famic acid was accurately dispensed usirj@etman
P1000L.which was checked using a balameeh day to minimise variatiomto

785.21 g of LGMS grade acetonitrile.

2.9.2 LC Retention Modelling Conditions for Beptide RPC Column

Characterisation Protocol
2.9.2.1Instrumentation

TheLC conditions for th@eptide RPC Column Characterisation Proteene
optimised o a Waters FClass binary system at Novo Nordisk in Denmark, with a
250 pL TFA mixer, and a dwell0d53 mL.The MS conditiong/ere optimised using

the instrument described i®ectior2.1.

2.9.2.2L CRetention Modellingising Ammonium Formatend Formic Acid
Mobile Phase: As described isectior?2.9.1.2for ammonium formate

As described isectior2.9.1.3for formic acid.

Gradient: Input Time 1 Input Time 2 Validation Time %
(mins) (mins) (mins)
0.0 0.0 0.0 10
10.0 30.0 20.0 50
12.0 32.0 22.0 50
12.1 321 221 10
24.1 54.1 441 10
Flow Rate: 0.3 mL/min

Oven Temperature: 40 °C
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Sample: Peptide Concentration Volume

Bovine GLR (1-15
Bovine GLR (1633) 0.25 mg/mL in
[Trp26}Bovine GLR (1633) DMSO/HO (80:20 v/v)
[Lys26]Bovine GLR (1633)

1:1:1:1 viviviv

Injection Volume: 1 pL
Wavelength: 215 nm (8) Ref 360, 100.
Autosampler Cooler:10 °Ctp ensure maximum stability of the peptides

Stationary Phases:

Stationary Phase Serial Number
1Acquity HSS C18, 1.8 um 01443619715737
!Acquity HSS Ci18B, 1.8 um 01223609816614
1Acquity BEH C4, 1.7 um 01273618718211
IAcquity CSH Fluorophenyl, 1.7y 01123618118013
2Polaris Amide C18, 3 um 461575

1150 x 2.1 mm?150 x 2.0 mm

2.9.2.3MSOperating ParameterBesign of Experiment
SeeSectior2.9.3for the LC operating conditions.
Stationary Phases: *Acquity HSS C18, 1.8 um, S/N 01443619715737
2Polaris Amide C18, 3 um, S#§1575

1150 x 2.2 mm?150 x 2.0 mm

MS Mode: Selected ion monitoring (SIM), Positive mode
Sample: Peptide m/z Concentration Volume
Bovine GLR (1-15 [M+2H} 820
i 0.25 mg/mL in

Bovine GLR (1633) [M+2H} 1068 1:1:1:1

DMSO/HO
[Trp261Bovine GLR (1633) [M+2H} 1105 viviviv

(80:20 viv)

[Lys26]Bovine GLR (1633) [M+2H} 1076

29



Design of Experiments:

Table6  Design of Experiment conditions for investigating the important factors for the
mass spectrometer.

Exp Exp Run  DryingGas Heat DL Temp  Nebulizing
No Name Order (L/min) Block (°C) (°C) Gas(L/min)

1 N1 3 5 100 100 0.5
2 N2 10 15 100 100 15
3 N3 6 5 300 100 15
4 N4 7 15 300 100 0.5
5 N5 11 5 100 300 15
6 N6 5 15 100 300 0.5
7 N7 2 5 300 300 0.5
8 N8 4 15 300 300 15
9 N9 9 10 200 200
10 N10 8 10 200 200
11 N11 1 10 200 200 1

2.9.3 Develogd Method forthe Peptide RPC Column Characterisation Protocol

Operating Conditions

Thedevelopment of thePeptide RPC Column Characterisation Prototilided the

following operating conditions:
Mobile Phase 1: A: 20 mM ammonium formate in2B

B: 20 mM ammonium formate in MeGQNH0O (80:20

wi/w)
Gradient 1: Time (mins) %B
0.0 5
40.0 55
42.0 55
42.1 5
54.1 5

Mobile Phase 2: A: 0.1% v/v formic acid in,8

B: 0.1% v/v formic acid in MeCN
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Gradient 2: Time (mins)

%B

0.0 10
40.0 50
42.0 50
42.1 10
54.1 10
Flow Rate: 0.3 mL/min
Oven Temperature: 40 °C
InjectionVolume: 2 pL
Wavelength: 215 nm (8) Ref 360, 100.
MSConditions SIM Positive mode
DL Temperature: 300 °C
Heat Block: 300 °C
Drying Gas: 5 L/min
Nebulising Gas: 0.5 L/min

Autosampler Cooler:10 °C (used to ensure maximum stability of the

peptides).
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Columns: Stationary Phase

Serial Number

Polaris Amide C18, 3 pm
Acquity BEH C4, 1.7 pm
Acquity BEH C8, 1.7 um
Acquity BEH C18, 1.7 pm
Acquity BEH Shield RP18, 1.7 p
Acquity CSH C18, 1.7 pm
Acquity CSH Fluoro Phenyl, 1.7 |
Acquity CSH Phenyl Hexyl, 1.7 py
Acquity HSS C18, 1.8 um
Acquity HSS Ci8B, 1.8 pm
Acquity HSS T3,8 um
Ascentis Express Biphenyl, 2.6
Fortis Diphenyl, 1.7 um
Acclaim Mixed Mode WCX, 3 un

461575
01273618712811
01433621818202
02833615515713
01663618216648
01373616715707
01123618118013
01123616215121
01443619715737
01223609816614
01853622915102

USLPF001256
B031728071
001269

2.9.4 Sample Preparation

All peptides (as seen ifablel) wereprovided by Apigenex (Prague, Czech

Republic) in 1 mgials which were dissolved to 0.25 mg/mL using DMSO/H

(80:20 v/v). Solutions were stored &0 °Qprior to analysiandstoredat 10 °Gn

the LC autosampler while awaitiagalysis

Cocktails were produced using an injector programme with the following

combination of peptideg¢seeAppendiwvii for a typical injector programme)
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Table7  Cocktail mixtures produced via injector programme for the development of the
Peptide RPC Column Characterisation Protocol.

Peptide m/z Volume (uL) Peptide m/z Volume (uL)
™1 TMS
[Met(0)10} [M+2H} 828 2.0 [Met(0)10} [M+2H} 828 2.0
Bovine GLR (1-:15)  [M+2H} 820 2.0 [L-Asp3} [M+2H} 820 2.0
Bovine GLR (1633)  [M+2H} 1068 2.0 [Lys20} [M+2H} 1055 2.0
[D-isoAsp,Gly22]  [M+2H} 1024 2.0 [Lys26] [M+2H} 1076 2.0
[Trp26} [M+2H} 1105 2.0 [Trp26} [M+2H} 1105 2.0
T™M2 TM6
[Met(O)10} [M+2H} 828 2.0 [Met(O)10} [M+2H} 828 2.0
[L-Asp11} [M+2H} 820 2.0 [D-Ser5} [M+2H} 820 3.0
[Val26} [M+2H} 1062 2.0 [D-Ser16} [M+2H} 1069 2.0
[lle26} [M+2H} 1069 2.0 [D-Ser7} [M+2H} 820 1.0
[Trp26} [M+2H} 1105 2.0 [Trp26} [M+2H} 1105 2.0
T™M3 T™7
[Met(O)10} [M+2H} 828 2.0 [Met(O)10} [M+2H} 828 2.0
[D-Aspl1} [M+2H} 820 0.5 [L-isoAsp3] [M+2H} 820 3.0
[L-isoAspll] [M+2H} 820 35 [D-isoAsp3] [M+2HT 820 1.0
[D-isoAsp11] [M+2H} 820 2.0 [lle26,Leu27] [M+2H} 1069 2.0
[Trp26} [M+2H} 1105 2.0 [L-Asp,Gly22] [M+2H} 1024 2.0
[Trp26} [M+2H} 1105 2.0
T™4 T™M8
[Met(O)10} [M+2H} 828 2.0 [Met(O)10} [M+2H} 828 2.0
[D-His1} [M+2H} 820 2.0 [D-Asp,Gly22] [M+2H} 1024 2.0
[Phe26} [M+2H} 1086 2.0 [L-isoAsp,Gly22]  [M+2H} 1024 1.0
[Tyr26} [M+2H} 1094 2.0 [Trp26} [M+2H} 1105 2.0
[Trp26} [M+2H} 1105 2.0
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2.10 Optimisation of thePeptide RPColumn Characterisation Protocol
2.10.1 Mobile Phase Preparation
2.10.1.1 Ammonium Formate pH 6.1 Stock Solution

A 200 mM ammonium formate stock solution was prepared by weighing 12.61 g on
the 2d.p. balance, which was dissolved in approximately 800 Mm% Grade water
using a magnetic stirrer. Formic acid was added dropwise to lower the pH to 6.1,
where pH was determined using a Jenway 3310 pH m8ection2.3). The solution
was made to 1000.00 g using-MS water.

2.10.1.2 Ammonium Formate pH 6.35 Stock Solution

A 200 mM ammonium formate stock solution was prepared by weighing 12.61 g on
the 2d.p. balance, which was dissolved in approximately 800 Mm% Grade water
using a magnetic stirrer. Formic acid was added dropwise to lower the pH to 6.35,
where pH was determined using a Jenway 3310 pH m8ection2.3). The solution
was made to 1000.00 g using-MS water.

2.10.1.3 Ammonium Formate pH 6.6 Stock Solution

A 200 mM ammonium formate stock solution was prepared by weighing 12.61 g on
the 2 dp. balance, which was dissolved in approximately 800 mA& @rade water
using a magnetic stirrer. Ammonia solution (2&6%v) was added dropwise to
increase the pH to 6.6, where pH was determined using a Jenway 3310 pH meter

(Sectior2.3). The solution was made to 1000.00 g usingiSCwater.

2.10.1.4 Premixed Mobile Phase: Ammonium Formate Gradient

The mobile phassused onPumpA and B aralescribed irTable8 and Table9,

respectively, viiich were accurately weighed on a 2 d.p. balance
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Table8  Buffered mobile phase A preparation for ammonium formate at pH 6.1, pH 6.35
and 6.6, prepared by weight. The density of water and acetonitrile are £ gfuh0.786
g/cmirespectively

. LCMS Grade LCMS Grade
Mobile Phase A . Buffer (g)
Water (g)  Acetonitrile (g)

100
20 mM Ammonium formate pH 6.1 in wate 900 0 _
(Section2.10.1.)
20 mM Ammonium formate pH 6.35 in 100
900 0
water (Section2.10.1.3
100
20 mM Ammonium formate pH 6.6 in wate 900

(Section2.10.1.3

Table9 Buffered mobile phase B preparation for ammonium formate at pH 6.1, pH 6.35
and pH 6.6, prepared by weight. The density of water and acetonitrile gl and 0.786
g/cm3respectively Solutions corresponded to 20 mM ammonium formate in MeGX®/ H
(80:20 v/v).

_ LCMS Grade LCMS Grade
Mobile Phase B o Buffer (g)
Water (g)  Acetonitrile (g)

20 mM Ammonium formate pH 6.1 in wate 100
o 100 628.80 )
[/ acetonitrile (Sectiorn2.10.1.2
20 mM Ammonium formate pH 6.35 in 100
o 100 628.80 )
water / acetonitrile (Section2.10.1.9
20 mM Ammonium formate pH 6.6 in wate 100
o 100 628.80 )
[/ acetonitrile (Sectiorn2.10.1.3

2.10.1.5 Premixed Mobile Phase: Formic Acid Gradient

The mobile phases used on Pump A and B are describi@abla10 and Tablel1,
respectively. The formic acid was accurately dispensed using a Pipetman P1000L
which was checked using a balance each day to minimise variation, whilst the

solvent was weighed using a 2 dgalance.

Tablel0 Buffered mobile phase A preparation for formic acid at different volumes, with
solvent prepared by weight. The density of water and acetonitrile are 1>giech0.786
g/lcmirespectively

Mobile Phase B LCMSGrade Water (g) Formic acid (uL)
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0.095% formic acid v/v in water 999.05 950
0.100% formic acid v/v in water 999.00 1000
0.105% formic acid v/v in water 998.05 1050

Tablell Buffered mobile phase B preparation for forrmgid at different volumes, with
solvent prepared by weight. The density of water and acetonitrile are 1*giech0.786
g/lcmirespectively

Mobile Phase B LCMS Grade Acetonitrile (g Formic acid (uL)
0.095% formic acid v/v in acetonitrile 785.5 950
0.100% formic acid v/v in acetonitrile 785.21 1000
0.105% formic acid v/v in acetonitrile 784.47 1050

2.10.2 NominalPeptide RPC Column Characterisation Protoonbitions

The base method for the Peptide RPC Column Characterisation Protocol utilised the

following operating conditions:

Mobile Phase: As described isectior2.10.1.4for ammonium

formate pH 6.45

As described iBection2.10.15 for 0.1%formic acid.

Gradient: Time (mins) %B Ammonium Formate %B Formic Acid
0.0 5 5
40.0 55 45
42.0 55 45
42.1 5 5
54.1 5 5
Flow Rate: 0.3 mL/min

Oven Temperature: 40 °C
Injection Volume: 1 pL
Wavelength: 215 nm (8) Ref 360, 100.

Autosampler Cooler:10 °Cto ensure maximum stability of the peptides
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2.10.3 Sample Preparation

All peptides Tablel) wereprovided by Apigenex (Prague, Czech Republic) in 1 mg
vials which were dissolved to 0.25 mg/mL using DM$%E0 (80:20 v/v). Solutions
were stored at20 °Qprior to analysis and storeat 10 °Gn the LC autosampler

while awaitinganalysis

Cocktails were prepared as shownTiable12 (seeAppendixvii for a typical injector

programme).

Tablel2 Cocktail mixtures produced via injector programme for the Peptide RPC Column
Characterisation Protocol.

Peptide Peptide Number m/z Volume (uL)
T™M1
[Met(O)10}Bovine GL# (1-15) 8 [M+2H} 828 1.0
Bovine GLR (1-15) 1 [M+2H} 820 1.0
[L-Asp11}Bovine GLR (1-15) 9 [M+2H} 820 0.5
[Gly22}Bovine GLR (1633) 16 [M+2H} 1024 0.5
[Tyr26}Bovine GLR (1633) 24 [M+2H} 1094 0.5
Bovine GLR (1633) 13 [M+2H} 1069 1.0
[lle26,Leu27Bovine GLR (1633) 15 [M+2H} 1069 0.3
T™M2
[Met(O)10}Bovine GLR (1-15) 8 [M+2H} 828 1.0
[L-Asp11}Bovine GLR (1-15) 9 [M+2H} 820 1.0
[D-Asp11}Bovine GLR (1-15) 10 [M+2H} 820 0.5
[Lys26}Bovine GLR (1633) 26 [M+2H} 1076 1.0
Bovine GLR (1633) 13 [M+2H} 1069 1.0
[lle26,Leu27Bovine GLR (1633) 15 [M+2H} 1069 0.3
T™3
[Met(O)10}Bovine GLR (1-15) 8 [M+2H} 828 1.0
Bovine GLR (1-15) 1 [M+2H]} 820 1.0
[L-Asp3}Bovine GLR (1-15) 3 [M+2H} 820 0.5
Bovine GLR (1633) 13 [M+2H} 1069 1.0
[D-Ser16iBovine GLR (1633) 14 [M+2H} 1069 0.5
[lle26,Leu27Bovine GLR (1633) 15 [M+2H} 1069 0.3
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2.10.4 Design of Experiment (DoE)

Tablel3 Design of Experiment conditions for investigating the importactors for the
ammonium formate gradient.

et S T pcoy (PSSO composion D0l
(%B) in the B Line
N1 3 38 -04 0.295 6.51 80.1 500
N2 8 42 -04 0.295 6.39 79.9 500
N3 4 38 +0.4 0.295 6.39 80.1 100
N4 9 42 +0.4 0.295 6.51 79.9 100
N5 11 38 -04 0.305 6.51 79.9 100
N6 1 42 -04 0.305 6.39 80.1 100
N7 10 38 +0.4 0.305 6.39 79.9 500
N8 7 42 +0.4 0.305 6.51 80.1 500
N9 5 40 0.0 0.300 6.45 80.0 300
N10 6 40 0.0 0.300 6.45 80.0 300
N11 2 40 0.0 0.300 6.45 80.0 300

Tablel4 Design of Experiment conditions for investigating the important factors for the
formic acid gradient.

Experiment Run Temp Gradient Flow %FA in A %FAin B Dwell
Name Order (°C) Accuracy (%B) (mL/min) Solvent (%) Solvent (%) Volume (uL)
N1 3 38 0.4 0.295 0.105 0.105 500
N2 8 42 -0.4 0.295 0.095 0.095 500
N3 4 38 +0.4 0.295 0.095 0.105 100
N4 9 42 +0.4 0.295 0.105 0.095 100
N5 11 38 0.4 0.305 0.105 0.095 100
N6 1 42 -0.4 0.305 0.095 0.105 100
N7 10 38 +0.4 0.305 0.095 0.095 500
N8 7 42 +0.4 0.305 0.105 0.105 500
N9 5 40 0.0 0.300 0.100 0.100 300
N10 6 40 0.0 0.300 0.100 0.100 300
N11 2 40 0.0 0.300 0.100 0.100 300
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2.10.5 Finalised Peptide RPC Column Characterisation Protocol
Mobile Phase: Al: 0.1% (x0.005%) v/v formic acid in water
B1: 0.1% (+0.005%) v/v formic acid in acetonitrile

A2: 20 mM ammonium formate in water

B2: MeCN
Gradient: Time (mins) %B
0.0 45
40.0 50.0
42.0 50.0
42.1 45
54.1 45
Flow Rate: 0.3 mL/min(£0.005 mL/min)

Oven Temperature: 40 °Q(x2 °C)

Injection Volume: SeeTablel5

Wavelength: 215 nm (8) Ref 360, 100.
MS: Selected lon Monitoring (z=2)

Autosampler Cooler:10 °Cto ensure maximum stability of the peptides

2.10.6 Sample Preparation

All peptides Tablel) were provided by Apigenex (Prague, Czech Republic) in 1 mg
vials which were dissolved to 0.25 mg/mL using DM$&0 (80:20 v/v). Solutions
were stored at20 °Qprior to analysis and stored at 10 °C in the LC autosampler

while awaiting to be analysed.

Cocktails were prepared as shownliablel5 (seeAppendixvii for a typical injector

programme).
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Tablel5 Cocktail mixtures produced via injector programme for the Peptide RPC Column

Characterisation Protocol.

Peptide Peptide Number m/z Volume (uL)
T™M1
[Met(O)10}Bovine GLR (1-15) 8 [M+2H}- 828 1.0
Bovine GLR (1-15) 1 [M+2H]} 820 1.0
[L-Aspl1}Bovine GLR (1-15) 9 [M+2H} 820 0.5
Bovine GLR (1633) 13 [M+2H} 1069 1.0
[lle26,Leu27Bovine GLR (1633) 15 [M+2H] 1069 0.3
T™M2
[Met(O)10}Bovine GLR (1-15) 8 [M+2H] 828 1.0
[Tyr26}Bovine GLR (1633) 24 [M+2H} 1094 0.5
[Lys26{Bovine GLR2 (1633) 26 [M+2H}1076 1.0
Bovine GLR (1633) 13 [M+2H} 1069 1.0
[lle26,Leu27Bovine GLR (16-33) 15 [M+2H} 1069 0.3
T™M3
[Met(O)10}Bovine GLR (1-15) 8 [M+2H] 828 1.0
[Gly22}Bovine GLR (1633) 16 [M+2H} 1024 0.5
Bovine GLR (1633) 13 [M+2H} 1069 1.0
[D-Ser16}Bovine GLR (1633) 14 [M+2H} 1069 0.5
[lle26,Leu27Bovine GLR (1633) 15 [M+2H} 1069 0.3
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2.11 ProteinDigests
2.11.1 Operating Conditions for the Tryptic Digest of Proteins

Mobile Phase: As described i®ectior?2.10.1.4for ammonium

formate pH 6.45

As described isection?2.10.1.5for 0.1% formic acid
Grdient: As described isectior2.10.5

Flow Rate: 0.3 mL/min

Oven Temperature: 40 °C

Injection Volume: 1 pL

Wavelength: 215 nm (8) Ref 36@,00.

Autosampler Cooler:10 °Cto ensure maximum stability of the peptides

Stationary Phases:

Stationary Phase Serial Number
Acquity CSH C18, 1.7 pm 01513820518406
Luna Omega PS C186um H18016921
Ascentis Express GIB7 um USWMO003484
Poroshell HPH C18.7um USGYNO01217
Ascentis Express Biphengl7 um USLPF001258
Kinetex BiphenyR.6 um H18086495
Polaris Amide C18, 3 um 550014
Zorbax 300 C18 SB.8 pm USEDNO01037
Acquity BEH G&.7 pm 01513823418330

2.11.2 SamplePreparation

Trypsin was added to either carbonic anhydrase or bovine insulin (all 0.4 mg/mL) in

a ratio of 1:20 respectively, and dissolved in 50 mM TRIS buffer pH 7.5 (7.4 mM TRIS
base and 42.6 mM TRIS HCI). The solutions were stored at 37 °C for 24Theurs
digestion was stopped by the addition of 3¥#w HCI to reduce the pH to 2.5.
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2.12 Mobile Phase Study
2.12.1 Mobile Phase Preparation
2.12.1.1 StockBuffer Preparation

100 mM of each buffefunless otherwise statedyas prepared by weighing the
prescribed weight fronTablel6 on the 2 d.p. balance and dissolved in
approximately 40@ LCMS water using a magnetic s8r. The solution was made

to 500g using LEMS water.The solutions were shaken to ensure thorough mixing.

Tablel6 Mass of each buffer required for 100 mM stock solutions (unless otherwise
stated). Key: HPQ = phosphoric acid, NH,PQ = ammonium dihydrogen phosphate, FA =
formic acid, NeFA = ammonium formate, AA = acetic acid;Ad= ammonium acetate,
(NH).HPQ = ammonium monohydrogen phosphate, NaCl = sodium chlorid8Q\a
sodium sulfate, (NDESQ =ammonium sulfate, NaCl& sodium perchlorate, TEA =
triethylamine, TFA = trifluoroacetic acid, HFBA = heptafluorobutyricBuc®= sodium
butane-1-sulforate, DFA = difluoroacetic acid, MSA = methanesulfonic aciDMH
ammonium hydroxide, NHCQ =ammonium bicarbonate

Buffer Mass (g) Buffer Mass (g)
HsPQ 4.90 NaCl (1 M) 29.22
NHHPO 5.75 (NH)2SQ (1 M) 66.07
NHHPQ (1 M) 57.52 NaClQ(1M) 61.22
FA 2.30 TEA 5.06
NHFA 3.15 TFA 5.70
AA 3.00 HFBA 10.7
NHAA 3.85 BuSQ 8.01
(NHy)2HPQ 6.60 NH:OH 1.75
(NH)2HPQ (1 M) 66.03 NHHCQ 3.95

2.12.1.2 0.1% v/v Modifiers Preparation

Theensuing mobile phases were produced be weighing th&B@Qrade solvent

and pipetting the necessary volume of additive. The solutions were shaken to

ensure thorough mixing.
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Tablel7 Preparation of 0.1% v/v solutions for the Mobile Phase Study

Mobile Phase Additive (uL) LCMS GradéNater (g)
0.1% vivHsPO 500 499.50
0.1% VINTFA 500 499.50
0.1% vADFA 500 499.50
0.1% vIVFA 500 499.50
0.05%/0.05% VT FA/FA 250 per additive 499.50
0.1% vIMMSA 500 499.50
0.1% v/WNH,OH 500 499.50

2.12.1.3 20 mM and 100 mM Total lonic Strength Buffeeparation

The following mobile phases were prepared using the stock solutioBsdtion
2.12.1.1 The buffering capacity for each of the mobile phases desdiib&ablel8
can be locatedn Table64. Each solution was shaken to ensure thorough mixing.

The pH was measured to confirm expected values.
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Tablel8 Preparation of buffers used in the mobile phase sti&dy.the abbreviation key,

seeTablelé.

% % g © © ©

z =t z = = ~ N
o 0 h~ 8 é - o i \?
£ £ 3 g2 & 5 3 &
5 P 27 <g § § § =
% % g £ x 0% o
= = = O
H:PQ/NHsHP O 4 23 20 - 98.05 85.25 - 316.70
FA/NHFA 22 36 20 - 122.75 99.25 - 278.00
AA/NHAA 28 51 20 - 38.75 100.00 - 361.25
(NHy)2HPQ/NHsHP O 43 75 20 - 31.15 8.65 - 460.20
HsPO*/NH4HP O* 6 2.3 100 - 29.12 48.22 - 422.66
HsPQ*/(NH4)2HPQ* 24 3.1 100 - 29.35 24.85 - 445.80
(NHy)2HPQ*/NH 4HPO* 39 7.5 100 - 1599 291 - 481.11
NaCl*/HPQ/NHsHP O 10 2.3 100 20 37.70 9555 87.75 279.00
NaCI*/FA/NHFA 23 3.6 100 20 38.90 112.75 109.25 239.10
NaCI*/AA/NHAA 34 5.1 100 20 38.30 37.05 117.00 307.65
NaCI*/(NH)2HPQ/NHsHP O 38 7.5 100 20 3948 3365 6.15 420.72
NaSQ*/H3PQ/NHiHPO 9 23 100 20 3.14 9555 87.75 313.56
(NH)2SQ*/H sPQ/NHsHP O 8 23 100 20 3.16 9555 87.75 313.54
(NH)2SQ*/FA/NH4FA 18 3.6 100 20 3.24 112.45 109.45 242.94
(NH)2SQ*AA/NHAA 29 5.1 100 20 3.29 3375 105.0 357.96
(NH):SQ*(NHa):HPQ/NHsH:PO, 42 7.5 100 20 3.29 3365 6.15 456.91
NaHCI@"/H :POQ/NHsHPO 16 2.3 100 20 37.70 9555 112.75 254.00
NaHCI@/FA/NHsFA 26 3.6 100 20 38.90 112.75 109.25 239.10
NaHCI@/AA/NH4AA 33 51 100 20 39.50 33.75 105.00 321.75
NaHCI@/(NH4)2HPQ/NH:HPQ, 46 7.5 100 20 3941 3365 6.15 420.79
TEA/FA/NBFA 20 36 20 5 25.00 147.75 74.25 253
TEA/AA/NEHAA 27 51 20 5 25.00 63.75 75.00 336.25
TEA/(NH)HPQ/NHsH:PO, 37 75 20 5 2500 058 340 471.02
TEA/FA/NEHCQ 36 79 20 5 25.00 2350 77.00 374.50
TFA/HPO/NH4HPO 5 23 20 5 25.00 49.40 70.60 355.00
TFA/FA/NEFA 21 36 20 5 25.00 68.55 100.30 306.15
TFA/AA/NHAA 30 51 20 5 25.00 4,50 100.20 370.30
TFA/(NH)2HPQ/NHsHPO 40 75 20 5 25.00 3750 0.00 437.50
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HFBA 14 18 20 20 100.00 - - 400.00

HFBA/HPQ/NH:HPO 13 23 20 5 25.00 49.40 70.60 355.00
HFBA/FA/NKFA 25 36 20 5 25.00 68.55 100.30 306.15
HFBA/AA/NEAA 32 51 20 5 25.00 4.50 100.20 370.30
HFBA/(NE):2HPQ/NH:HP O 49 75 20 5 25.00 37.50 0.00 437.50
BuS@HsPO/NH:HPO 2 23 20 5 25.00 77.40 50.45 347.15
BuSGFA/NHFA 19 36 20 5 25.00 7485 94.00 306.15
BuSG@AA/NH:AA 31 51 20 5 25.00 29.50 75.20 370.30
BuS@(NHs)2HPQ/NHsHP O 4 75 20 5 25.00 23.50 6.60 444.90
TFA 12 18 20 - 100.00 - - 400.00
NHAA 41 7.0 20 - 100.00 - - 400.00
NHFA 35 65 20 - 100.00 - - 400.00
NHHCQ 45 79 20 - 100.00 - - 400.00

* Prepared using 1 Mtocksolutions

2.12.2 OperatingConditions for the Mobile Phase Study
Mobile Phase: A: Se€Tablel7and Tablel8

B: Acetonitrile / Water (80:20 v/v)

Gradient: Time (mins) %B
0.0 5.6
40.0 62.5
42.0 62.5
42.1 5.6
54.1 5.6
Gradient corresponds to 100% acetonitrile conditions
used in the Peptide RPC Column Characterisation
Protocol
Flow Rate: 0.3 mL/min

Oven Temperature: 40 °C

Injection Volume: SeeTablel5for the test mixtures and injection volume
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Wavelength:

215 nm (8) Ref 360, 100.

Autosampler Cooler:10 °C (to ensure maximum stability of thegtides).

Stationary Phases:

Stationary Phase Serial Number
Ascentis Express C18 USWMO003516
Ascentis Express C18 USWMO003517
Ascentis Express C18 USWMO003518
Ascentis Express C18 USWMO003519
Ascentis Express C18 USWMO003520
Ascentis Express C18 USWMO003521

150 x 2.1 mm. batch S19022

2.12.3 Operating Conditions for the Extended Mobile Phase Stédfect of

Temperature

Mobile Phase:

Al:pH 1.90.1% v/v TFA

A2:pH 2.3100 mM HPQ/ NHHPQ/ (NH:)2.SQ
A3: pH 27 0.1% v/v FA

A4: pH 5.1 20 mNBuSQ/ AA/ NH,AA

A5: pH 6.5 20 mM NiHA

A6: pH 7.5 20 mM (N§#HPQ/ NHiH.PQ

SeeTablel7 andTablel8for mobile phase

preparation

B: Acetonitrile / Water (80:20 v/v)
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Gradient: Time (mins) %B

0.0 5.6
40.0 62.5
42.0 62.5
42.1 5.6
54.1 5.6

Gradient corresponds to 100% acetonitrile conditions
used in the Peptide RPC Column Characterisation

Protocol
Flow Rate: 0.3 mL/min
Oven Temperature: 20,40and 60°C
Injection Volume: SeeTablel5for the test mixtures and injection volume
Wavelength: 215 nm (8) Ref 360, 100.

Autosampler Cooler:10 °C (to ensure maximum stability of theppides).

Stationary Phases:

Stationary Phase Serial Number
Ascentis Express C18 USWMO003516
Ascentis Express C18 USWMO003517
Ascentis Express C18 USWMO003518
Ascentis Express C18 USWMO003519
Ascentis Express C18 USWMO003520
Ascentis Express C18 USWMO003521

150 x 2.1 mm. batch S19022

2.12.4 Operating Conditions for the Extended Mobile Phase Sidfect of

Stationary Phase
Mobile Phase: Al:pH 1.9 0.1% viv TFA
A2: pH 2.3 100 mM3RQ/ NHiHPQ/ (NH:)2SQ

A3: pH 2.7 0.1% v/v FA
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A4: pH 5.1 20 MNBUSQ/ AA/ NHAA
A5: pH 6.5 20 MM NHFA
A6: pH 7.5 20 mM (NiHPQ/ NHH.PO

SeeTablel7 and Tablel8for mobile phase

preparation

B1: Acetonitrile / Isopropanol / Water (60:20:20 v/v/v)
B2: Acetonitrile / Isopropanol / Water (65:15:20 v/v/v)
B3: Acetonitrile / Isopropanol / Water (70:10:20 v/v/v)
B4: Acetonitrile / Isopropanol / Water (75:5:20 v/viv)

B5: Methanol / Water (80:20 v/v)

Gradient: Time (mins) %B
0.0 5.6
40.0 62.5
42.0 62.5
42.1 5.6
54.1 5.6
Gradientcorresponds to 100% acetonitrile conditions
used in the Peptide RPC Column Characterisation
Protocol
Flow Rate: 0.3 mL/min

Oven Temperature: 40 °C
Injection Volume: SeeTablel5for the test mixtures and injection volume
Wavelength: 215 nm (8) Ref 360, 100.

Autosampler Cooler:10 °C (to ensure maximum stability of the peptides).
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Stationary Phases:

Stationary Phase

Serial Number

Ascentis Express Biphenyl USLPFO001%7
Ascentis Express Biphenyl USLPF001276
Ascentis Express Biphenyl USLPF001277
Polaris Amide C18 572862
Polaris Amide C18 572535
Polaris Amide C18 572858
Acquity CSH Fluoro Phenyl 01133717716610
Acquity CSH Fluoro Phenyl 01133717716613
Acquity CSH Fluoro Phenyl 01143823516701

150 x 2.1 mm.

2.13 AdditionalSoftware

Principal component analysis (@ was performed using Simca whilst factorial
design was implemented using Modde (Version 14.1 anckgfectively, Umetrigs
Umesd, Swede. Method translationsretention modellingand logD / logP
descriptorswere performed using ACD/Labs (Versif}16.1.1 Advanced Chemistry
Development Inc., Toronto, Cangdand amino acid structures drawn using
Chem3D Pro (Version 16.0.0.&ambridgeSoftCambridge, USAPwell volumes
(via integration under the curve) were calculated using OriginPro 2016 ¢Wersi
2016 OriginLa Corporation, Northampton, U$A he net chargeand isoelectric
point of the peptide probes were calculated using General Protein/Mass Analysis
for Windows (GPMAW) software (Version 9.51, Lighthouse Data, Odense,
Denmark) Mobile phase ombinations, buffering capacity and ionic strength were
calculated using BufferMaker (Version 1.1.0.0, ChemBuddy, BPP Marcin Borkowski,
Poland).
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3. Results and Discussion
3.1Rationale for LC Characterisation

The contribution of each component in the HPLC systeould be considered and
defined in order to optimise column performance. This includes valves, columns,
tubes and detectors which can all impact on extra column band broadening and on

the overall volume of the system.
3.1.1 Dwell Volume

Dwell volume Yq) isan extremely influential parameter of selectiv[il]. The dwell
volume is defined as the point of mixing up to the head of the coluhinis volume
will vary from instrument to instrument based on their system configuration (i.e.
size of mixertype of pump, higlversudow pressure mixingube internal diameter
and length). Dwell volume determination is critical when working with gradient
chromatogaphy as the ratio between dwell volume and column voluMé\m) will

affect the selectivity of the separatidb1l].

The ER52] statesdwell volume should be determined using a linear gradient with
0.1% acetone v/v tracer in Line B fromi00% over 10 minutes at 2 mL/min with
the UV response recordels is then determined by measuring the maximum
absorbance which is halvefo(s) to correspond to a particular timéo(s) as
demonstrated inFigureb. The dwell timetg) is determinedusingEquation 4which

can then be used to calculate dwell volunvg, Equation $.

0O 0g — Equation4

w o0 © Equation5
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Midpoint (A 5)
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Figure5 Typical chromatogram produced for determination of dwell volurezformed
on the Shimadzu Nexera X2 LC instrument. Malbiase A: 0.1% v/v acetone in water,
mobile phase B: water, column: zero dwell volume urgoadient: 6100%B over 10 mins,
flow rate: 2 mL/mingcolumn oven: 40 °C, UV detection: 264 nm.

Agilent and Waters suggest an alternative means of measWibyg using a step

gradient[53].

Both methodologies pose advantages and disadvantages. The linear methodology
takes into account the mixing profile which can highlight any issues regarding the
efficiency of the mixer. This is important information as highlighteligure6,

where two mixers were compared. Mixer A provided a linear response suggesting
consistent mixing, however, Mixer B had a Horear response as the mobile phase
compasition changedDue to the small change #%B used in the step methodology,

this nonlinear response might be missed.

uv uv

30000 Mixer A
Mixer B

600007 \Mixer A
Mixer B

400001 20000}

200001 100001

07 1
T T T T T T T T T T O
0.0 5.0 10.0 15.0 20.0 min 0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0min

Figure6 Comparison of linear (320%B, 10 ming versusstep (5055%B, 0.1 ming}
gradient dwellvolume determinatiorusing two different types of mixers on the Shimadzu
Nexera X2
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However, the acetone used by the EP method is volatile and therbBse¢he

potential to createissues in the degassesuch as changes in compositithrough
evaporatirg. Also, to be relevant for a given separation, both techniques should use
the same flow rate and a %/min change in accordance to the final separation, yet
the EP utilises generic conditions which gameratessolumes which are too high

or too low. The s#p gradient suggests uracil as the tracer which removes the issues
regarding volatile solvents, howevenjtial results suggeghe profile of the

gradient is highly dependent on the style and size of miker example, the

YAONR T 0NROI (i %P tedtedltold&e presiedt bI®oreyasymmetrical
profile in comparison téhe bead mixers, and the phenomenoneigsacerbatedvith
increased mixer volume size (data not included). In itself, the asymmetric profile is
not an issue, however, estimations of diveolume cannot be measured at 50% of
the step as it underestimates the true volume. Therefore, specialist software is
required to determine the area under the curve. This can dissuadeusats from

measuring this essential parameter.

Thus, an alternate approach was suggested: a linear gradient at the flow rate and
a %/min change in accordance to the final separation which can be analysed using
the to.s methodology. The different methodologies were compared on the same
instrument (Table19), with the dwell volume determined using either integration or
50% of the slope. A-&h peek capillary (0.125 mhD.) was used to provide

adequate pressure to the system, which contributed.@5additional volume to the
dwell (0.127 pL/cm). The resultsTiable19 were corrected for the additional

volume. The dwell volunszecorded using thenear methodology were extremely
similar using eitheto s or integrated approach suggesting either method is suitable
(highlighted green iTablel9), buttosis practically more applicable. The dwell
volume for the step 180% gradient using both integration atyk are at least 10%
lower than at the reduced flow smaller %B range. Therefore, the new approach is
the most appropriate for determinadn of dwell volume. The corrected dwell
volume determined using this alternative approach was compared batvke
Nexera X2 and a WatersGlassTable20).
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Tablel9 Dwell volume comparison using both linear and step gradients and integrated or
50% of the slop&?erformed on the Shimadzu Nexera X2 LC instrument.

Flow %B Method for Determining Dwell Volume
Methodology ) Tracer
(mL/min)  Range Dwell Volume (uL)
Step 1 1090 Uracil Integrated 306
Step 1 1090 Uracil tos 293
Linear 0.3 10-20 Uracil Integrated 341
Linear 0.3 10-20 Uracil tos 340

3.1.2 Instrument Bandwidtland SystenRetentionvVolume

Band broadening is both an intrand extracolumn effect.ntra-column band
broadening is a result of the column packing, which is beyond the control of the
analyst.Thesystem volume is the delay between the injector and detector,
excluding the column earibution, whilstinstrument band width (oextra-column
band broadeninis a measure of thdispersionof the peakbetween the injector

and detectorbut excludes the column contribution. With the advancement in
column technology (i.e. smaller, more efént particles, improved packing
techniques and narrower columns) the effect of dispersion contributions outside of
the column have become more pronounced and can prove detrimental to the
separation. The contributing factors associated with instrumentdvadth (i.e.
connecting unions, tubing, instrument components) need to be minimised in order
to achieve optimised chromatographic performance. The total peak variance is
described irEquation §illustratingthe components in the flow path. Ideally the
instrument bandwidth should be minimised, particularly when using small I.D
columns, which are typical for analysefpeptides. Thenstrument bandwidthfor

the Waters Hclass equipped with a column manageda250 L mixer and

Shimadzu Nexera X2 can also be seédraine20, usingEquation 79.
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Qo W

Equation6
Yoi 086G 01 Q@6 DOOEVOEDAEGEN 'O Equation7
O i 61 G EDITQD,0 Equation8
i — Equation9

Wheretris the retention of an unretained species (acetone) in minutes and flow in

pL/min.

Table20 Dwell volume and system retention volume and instrument band width for the
Waters Hclass and Shimadzu Nexera X2.

Corrected ) Instrument
SystemRetention
Dwell Volume Bandwidth
Volume (uL)
(mL) (M0
Waters HClass, 250 pL mixer 0.553 27 12
Shimadzu Nexera X2, 100 pL mi 0.342 14 9

3.1.3 Repeatability

The Waters Acquity UPLC Systems, Absorbancel$taBblution (Rev A) was
injected onto an Agilent Zorbax €HB.8 column six tingafter sufficient
equilibration(20 column volumesynd analysed using gradient chromatography
The solution contained-acetylfuran, acetanilide, acetophenone, propiophenone,
butylparaben, benzophenanand valerophenone, each at a concentration of 4.0
pg/mL in HO/ MeCN (90:10 v/v). The retention tirmand peak areswere

recorded for each peak to ascertain thecuracy of the injector and LC system as a
whole. Repeatable and accurate retention tinaagl peak areas indicate the pumps
are consistently dispensing the gradient mobile phase and the autosampler is
constantly delivering the same volume of sampékeally for a UHPLC system, the
relative standard deviation (%RSD) should be below 0.5% faetaetion time and
1% for the peak arebased on instrument specification&s shown imable21, the
%RSD for retention tingare all below 0.15% and the peak areas below 0.2%,

suggesting the system is suitable for any future study. In addition, the results can be
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used as a baseline fthe system performance, thus can indicate any potential

problems with the instrument should it deviate substantially from the current

results.

6)of a neutral seven compound

Table21 Retention time and peak areapeatability(n

test mixtureusing gradient chromatographgn the Nexera X2 instrument.
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3.2Rationale for Column SysteBuitability Test (SST)

The efficacy of the data can depend on the integrity of the stationary phase. The
stationary phase will degrade over the course ofifesspan butcan be further

accelerated under certain conditions (i.e. intermediate/high pH, leghperature,

poor column storage). Thus, a system suitability test (SST) was devised using probes
to determine if there was any loss of ligand, change in hydrogen bonding capacity or
increase in positive charactek.loss of ligand can occur by hydrolysisch would

change the degree of hydrophobicity on the phase, as well as possibly increase
residual silanols capable of undergoing hydrogen bonding. This could express itself

as retention loss and peak tailing for susceptible compounds.

The probes used ithe SST all possess various physitemical properties; thus, a
gradient must be used to elute all peaks within a reasonable time franggadient
methodology can also provide information regarding the function of the LC
instrumentation.Additionally, the peptide characterisation protocol utilises

gradient chromatography, therefore the SST should also represent this technique.

The SST utilised the same mobile phase as the low pH peptide screen gradient of
0.1% formic acid v/v inJ@ in Lme A and 0.1% formic acid v/v in MeCN in Line B.
The probes in the test are uracil and wateyrharkers), benzene dalnic acid &

probe which investigategositive characterwhere the negatively charged acid will
increase in retention with increase imgitive character on the stationary phase, or
decrease in retention witlanincrease in negative charge i.e. increase in silanophilic
activity), benzylamine hydrochloride (silanophilic activity probe), caffeine (hydrogen
bonding probe)phenol (phenolic meker), benzyl alcohotpluene (neutral marker),
butylbenzene and pentylbenzene (hydrophobic markers which will decrease in
retention with any loss of stationary phase). By monitoring the peak cap&jty (
peak symmetry and gradient alpha values)( the stationary phases can be

evaluated.

Two gradient times were used as inputs for a retention time model, using the

conditions described i®ectior2.9.2 The gradient timdor the SSTvas determined
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using modelling softward_CSimulator Equation 10, wherefull resolution was

achieved for all analytes on the five stationary phases evaluated.

A&F O b Equation10

Wherea andb are analyte specific parameters aXdhe percent of organic
modifier in the mobilgphase.The equation is valid for isocratic conditions. The
modelling software employ&quation 1Gandnumerical calculations in order to

mimic gradient conditions.

The starting composition was set to 5% t@aant for any stationary phase prone

to dewetting in 100% aqueous (i.e. long chain alkyl phases and phases with high
hydrophobicity)[54-56]. The flow rate was set to 0.3 mL/min to account for the
increased baclpressuredue tosmaller particle sizes and the column oven set to 40
°Cin order tominimise ambientemperaturefluctuations and increase mass

transfer whilst minimising column instability.

The test was performed on each column before first use and then periodically to
ensure performance was maintainein example of a column which is performing

well and a column which is no longer fit for purpose can be observEdjure7.

The Acquity HSS C18 can be seen to have split peaks caused by a contaminated inlet

frit.
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T T T
0.0 25 5.0 7.5 10.0 125 15.0 17.5 min

Figure7 Example chromatograms of the SST mixture on the Acquity HSS C18 using the
0.1% v/v formic acid mobile phase conditic@eromatogram A illustrates a column

performing well whilst chromatogram B demonstrates a column with a btbiclet frit.

Performed on the Shimadzu Nexera X2 LC instrument. Mobile phase A: 0.1% v/v formic acid
in water, mobile phase B: 0.1% v/v formic acid in acetonitrile, gradiet@0%B over 20

mins, flow rate: 0.3 mL/min, column oven: 40 °C, UV detection: 215 nm,dnjeotume: 1
uL.Peak 1: Uracil, Peak 2: Benzene sulfonic acid, Peak 3: Benzylamine, Peak 4: Caffeine,
Peak 5: Benzylalcohol, Peak 6: Phenol, Peak 7: Toluene, Peak 8: Butylbenzene, Peak 9:
Pentylbenzene

3.3 Rationale for Peptide® be Evaluated for the Pegg Base Column

Characterisation Protocol
3.3.1 Selection of théarentPeptideto be Modified

The peptide waselectedto probe the characteristics of the stationary phase. To be
relevant for the biopharma industry, the peptide requires certain relevant
properties, such as typical degradation sites, suitable stabiBfyresentativesize

and chain length. Experience and modelling of peptides within Novo Nordisk
suggestd a suitable probe for the studywas Bovine GL-R (Table22), as discussed

below.

Table22 Bovine GLR peptide chain.

AminoAcid#1 2 3 4 5 6 7 8 9 1011 12 13 14 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

BovineGLR HADGSFSDEMNTVLDSLATRDFI NWLI QTIKI TD
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Bovine GLR has the necessary properties to investigate multiple interactsuth
asdegradation sites for racemisation, oxidation and deamidation, hydrophobicity,
aromatic and steric interactions, and electrostatic forces. The peptide is also
pharmaceutically relevant, being close in sequence to glucagon, whilst also being

small enoughda reduce the cost of synthesis.

However, at this size, there is the potential to form secondary structures (i.e. alpha
helix or beta sheets), whiatould potentially inhibit any interaction which is
attempted to be studied57]. As such, ideally the chain length should be reduced to
avoid these complications, where Hearn suggested a defined secondary structure
would be absent for residues of up to 15 amino a¢&8j. This was confirmed using

FarUV circular dichroism which shall be described in greater det&8ieation3.3.5

The sequence imable22 highlights two segments which make this peptide icesl

a probe where theleft-hand chain has slightly more hydrophilic chara¢genino

acid number 115), whilst the righthand side is slightly more hydrophol§aamino

acid number 1633). Thusfwo separate segments of the 33 amino acid chain were
synthesisedn order to investjate the various retention mechanisnighese two
separate segments served as the base sequence for a series of peptides to be

synthesised. In total 26 peptides were synthesised based on these two sequences.

The peptide does not contain the amino acid eysé (C) as it is prone to covalent
aggregate formation (i.e. didide bridges formed by oxidative coupling of thials)
disulfide bond scrambling@mitting cysteine should minimise these instability

problems.

Table23 contains a list of the 26 peptides selected to probe the stationary phase
characteristics, which were synthesised using the Wang resin before cleavage.
corresponds to BAsp, iD to tisoAspjd to DisoAsp, h and s correspond teHis

and DSer respectively and oM corresponds to Met(O). Marked in grey within the
table represents the amino acid chandjealso contains a summary for the change

in the sequence.
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Table23 Summary of changes in the peptide sequence and their ratiddalrked in grey

within the table represents the amino acid change.
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332 Gl @ RNR LK A fcB@vihe LB AME Y

¢CKS GKERNRLIKATAOE &2seqvedoé Gan BeTeedife24. 2 GA Y S
This section of the sequence was designed to illustrate the effect of common
degradation products. There were 11 different peptides produced to demonstrate
racemisation, oxidation and deamitian products caused by chemical instability

where the variations are described in the table

Table24 ¢ KS G KE@RNRBLIKATAOE &Rpeptids wiih the SequenkeDf . 2 JA Y S
potential degradation product&Vhere h denotesBlis, d denotes Asp, i denotes iso, s
denotes BSer, oM denotes oxidised Met. Marked in grey within the table represents the
amino acid change
Eﬁﬁfgﬁ Peptide 123458 ?quen;elo 11 12 13 14 15
1 Bovine GLR (1-15) HADGSFSDEMNTVLD
2 [D-His1}Bovine GLR (1-15) h ADGSFSDEMNTVLD
3 [D-Asp3}Bovine GLR (1-15) HAdGSFSDEMNTVLD
4 [L-isoAsp3jBovine GLR (:15) H AID G S F SD EM N T V L D
5 [D-isoAsp3]Bovine GLR (1115) H Aid G S F SD EM N T V L D
6 [D-Ser5}Bovine GLR (1-15) HADGSFSDEMNTVLD
7 [D-Ser7}Bovine GLR (1-15) HADGSFsDEMNTVLD
8 [Met(0)10}Bovine GLR2 (1155 H A D G S F S D EOMN T V L D
9 [L-Asp11}Bovine GLR (1-15) HADGSFSDEMDTVLD
10 [D-Aspl1]BovineGLR (115 H A D G S F SDEM d T V L D
11 [LisoAsp11jBovine GLR (115) H A D G S F SD EMID T V L D
12 [D-isoAspl1jBovine GLR (115) H A D G S F S D EMid T V L D
All proteinogenic amino acids, exceptt @ OA Yy S> O2y Gl Ay- I OKA NI f

carbon and as such, have the ability to produce enantiomers. Amino acids in
biological systems are in theform but can convert into the Cform if
racemisation (the formation of an optically inactive productws.If one chiral
centre is inverted in a peptide, it creates diastereocisomAssdiastereoisomers
possess different physicochemical properties, these compounds can be resolved in
an achiral systentlowever, the diastereoisomers often prove difficultftdly
resolve using typical reversgahase conditions used in industry, therefore it is
critical to be able to optimise selectivity differenc@$ie rate of racemisation can
depend on the reaction parameters (i@, temperature and solvents) and the
amy'2 | OAR a4ARS OKFIAY FyR AG& -tatbhdnfs G &
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61]. Histidine (H) and serine (S) are known to be particularly susceptible to
racemisation thereby producing [EHis1}, [D-Ser5} and [DSer7}Bovine GLR (1-
15) Peptide Numbers 2, &nd 7 respectivelyrigures).

[o]

V\MA(H NJ\N\ H\:/TLNJJJ “MH/N iy“’\ _ %‘Tn\)k d
| T Y
’ OH ¢ on \ ) \Er?

N

zT IZ

L-Serine D-Serine L-Histidine D-Histidine
Figure8 Racemised structures of serine and histidine.

The D and - nomenclature describe the relative configuration of the moledufe
relating the molecule to glyceraldehydie describes the relativeetationship

between amino acideshereasR/ Snomenclature describes the absolute
configuration, which is discussed in more detail belBacemistion of histidine

can occur during synthesis, typically by enolization. This is most likely facilitated by
the inductive effect of the imidaxte ring Serine has the ability to racemise in

solution as well as during synthefi®]. The D version of the peptides were

produced by introducig the D isomer into the synthetic pathwayhe racemised
amino acid forms diastereoisomeric peptides, which are possible to separate in an

achiral separation system such as RPC.

Oxidation is one of the most common pathways for chemical degradad®n
demonstrated by the probe [Met(O)1@ovine GLR (1-15) (Peptide Number 8,
Figure9). Oxidation of the sdilir in methionine(i.e. by Oxoneg) potassium
peroxymonosufate [62]) results in twodiastereoisomeic sufoxidepeptide species
by meanf the lone pair of electrons on the $ut. These diastereoisomers will
have different physicochemical properties which RPC should be capable of
separating.The Oxone® is small which allows the oxidising agent to approach
without steric hindrance thus #diastereoisomeric species exist in a 1:1 rafioe
diastereoisomes are assigned the nomenclaturRand Sconfiguration by following
the Cahnlngold-Prelog priority rule$22]. TheR/Snomenclature rule is used to

name the enantiomers of a chiral compouyndhere the substituents are prioritised
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based on atomic mass, with the largest atomic ngigen highest priority. The

nomenclature is attributed on the spatial orientation of tpaoritised substituents.
AOf 201 6A &S NE IR fe@us rightiwhilgt Botrntefichékwisea  d
NRGI GA2Y EBiinQdr leff. Butiermbré, hede is also the potential to

undergoadditionaloxidation to formthe sufone[63].

Methionine Methionine sulfoxide
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Figure9 Schematic of oxidation pathway for methionine to methiorsnboxideand
methioninesufone

Deamidation is @hemical instabilityprocess of removing an amide functiomgl

from an organic compounb3-73]. This occurs predominantly ihe aminoacids
asparagine and gtamine aghe side chains contain amide groups. Deamidation
occurs more readily whean amino acid in a peptide chainf@lowed by a small,
flexible amino acid such as glycine which has little steric hindrance which leaves the
peptide group open for atick. The relatively small polar side chains for serine and
threonine alsdacilitate deamidation. Deamidation occurs at amino acid 11 to form
[L-Aspl11}, [D-Aspll}, [LlisoAspll]and [BisoAsplljBovine GLR (1-15)(Peptide
Numbers 912), using he pathway described ifrigure 10As the asparagine side
chain attacks the peptide bond, it formscgclicsuccinimide intermediatewhich
canring open toform the aspartate or isoaspartat@a hydrolysisThe formation of

D- or L-aspartate/ isoaspartate is dictated by the enolation reaction, where the

nucleophile carattackeither from above or below the molecu|66]. A D-
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asparagine vaaintisnot produced as the ring requiresnucleophile (i.eammonig

to open.The process ofehmidationcanproceed more readily when using elevated
pH (alkaline pH increases the rate of succinimide formation due to greater
deprotonation of the peptide bond) or temperature. Glutamine deamidation can
occur but at a lower ratg/1]. This tendency to isomerise at a lower rate than
asparagine is attributed to the higher energy barrier for thersembered ring
formed for Glu GIn conversion in comparison tiee fivemembered ring formed

by Asp/ Asn conversion.

The aspartic acid at position 3 in the peptide chain can undergo racemisation and
isomerisation to form [PAsp3}, [L-isoAsp3] and [DisoAsp3iBovine GLR (1-15)
(Peptide Numbers-3). This transfamation is facilitated by the glycine amino

acid positiord on the peptidechain andollows the same reaction pathway as
demonstrated inFigure 10The asparagine derivative is not formed as the ring

cannot be opened without the presence of ammonia.

o R
N N
%m/ N T,
o NH, o

[L- Asnll]Bovme GLR (1-15)

Deam|dat|0n
“fﬁ;*(% W% Wﬁ
[L-Asp3}Bovine GLR (1-15) [L-isoAsp3}Bovine GLE (-15)
[L-AsplljBovine GL#2 (+15) Succmlmlde intermediate [L-isoAsp11}Bovine GLR (1-15)

RN
*r% T Y
N

Illm
I
S
mg

(o) R
[D- Asp3}Bovme GLR (1-15) Racemisation via [D-isoAsp3}Bovine GLR (1-15)
[D-Aspl11}Bovine GLR (1-15) the enol form [D-isoAsp11}Bovine GLR (1-15)

Figurel0 Schematiof deamidation, isomerisation and racemisation eAdn11}and [L=
Asp3}Bovine GLR (1-15) via the succinimide intermediate
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CKS GKERNRLIK26AO¢E aSIAYSYyl 2Tble2KThiso2BAY S
section of the peptide underwent various modifications to determine the effects of
properties such as branching, aliphatic and aromatieractions, charge and
hydrophobicity.These are changes that do not take place during degradation but
which are relevant for probing peptideolumn interactions.
Table25 ¢ KS GKeRNRBLIK20AO¢ a-Bpepideyvih the FequerkeS of. 2 A Y S

peptide with various modificationgVhere s denotes-Ber, d denotes-Bsp, i denotes iso.
Marked in grey within the table represents the amino acid change.

Peptide . Sequence

number Peptide 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33
13 Bovine GLR (1633) S LA TRDUEFI NWWLI QTIK I TD
14 [D-Serl6jBovine GLR(1533) s L A T R D F I NW L I QT K I T D
15 [lle26,Leu27Bovine GLR (1533) S L A T R D F I NW I L Q T K I T D
16 [L-Asp21,Gly22BovineGLR2 (1533) S L A T R D G | NW L | Q T K I T D
17 [D-ASRLGly22}Bovine GLR (1533) S L A T R d G | NW L I QTZK I TD
18 [L-isoAs21,Gly22}BovineGLR2(1533) S L A T RID G | NW L | Q T K I T D
19 [D-isoAsRLGly22}Bovine GLR (1533) S L A T Rid G | NW L | Q T K I T D
20 [Val26}Bovine GLR (1533) S LATRDU EFI NWV I QTIK I TD
21 [lle26}Bovine GLR (1533) SLATRDFINWI I QTKI TOD
22 [Phe26}Bovine GLR (1533) SLATRDFINWEFIQTHKI TD
23 [Trp26}Bovine GLR (1533) SLATRDFINWWI QTHKI I TD
24 [Tyr26}Bovine GLR (1533) SLATRDFINWY 1 QTHK KT I TOD
25 [Lys20]Bovine GLR (1533) SLATKDTFINWLIQTHKI TD
26 [Lys26]Bovine GLR (1533) SLATRDTFINWKIOQTEKTI TD

This section of the peptide has one serine site in position 16 which can undergo
racemisation to produce {3erl6iBovine GLR (1633)(Peptide Number 14)The

serinediastereoisomergan be seen ikigures.

Leucine and isoleucine are isomeric spegigey possess the same molecular
formula but different spatial arrangement of atoms. Within Bovine -GI(P633),
leucine occupies position 2@hilst isoleucine is in position 27 of the peptide chain.
By reversing the order of leucine and isoleuciRigggrell), the peptide can be used

to probe the subtle effect of amino acid positigReptide Number 15)t is
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expected to be difficult to separate due to the peptide hawegy similar

physicochemical properties.

B
o o
N o H H
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V\’T N V\,T y “a
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Figurell Chemical structure gdositions 26 and 27 of Bovine GLPL633) @A)
[Leu26,lle2Aand (B) [lle26,Leu27Bovine GLR (1633).

A

The amino acid at position 22 was changed figmnylalanine (F) to glycine (G) to
be adjacent toaspartic acid (DPeptide Number 16&;igurel?). Qycineis known to
facilitate instability due to its small size when besilde aspartate amino acidA
cyclic intermediate enables fouromieric producs to be generated
[L--Asp21Gly22}, [D-AsR1,Gly22}, [L-isoAs21,Gly22} and [BisoAsi21,Gly22}
Bovine GLR (1633) (Peptide Numbers £49), following thepathway

demonstrated inFigure 10

A B
(6] (o]
N N N N
un‘/ N A, %»1/ N N,
| i | i
o Oe o] (o] Oe [e]
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Figurel2 Chemical structure of positions 21 and 22A)fi-Asp21,Phe22fgnd (B) [L-
Asp21Gly22}Bovine GLR (1633).

The amino acid at position 26 was changeddbne {, [Val26}), isoleucine |
[lle26}), phenylalanine K, [Phe26}), tryptophan W, [Trp26}) andtyrosine ,
[Tyr26}Bovine GLR (1633)) Peptide Numbers 2@4, respectively A comparison
of L, V and imight probe the aliphatic effectRigurel3), whilstF and Y can establish

66



the impact of changem phenolic characteriigureld). F, Wand Y can examine the
effect of aromaticity Figurel5). Small molecules are highly influenced by aromatic
and phenolic effects, however, it is uncertéiow the change of a single amino acid

in a peptide will impact on selectivity, since this is a relatively subtle modification of
the peptide compared to a small molecule. Mattal. did observe selectivity
differences on a range of peptides similar imesivhich differed by one amino acid

[20, 21, 74] however, their peptides haseveral glycine residues throughout the
sequence to prevent any secondary structure. This might not be the case for

biologically active peptides which typically are more heterogenic.

A

T Wéﬁ Wéﬁ

Figurel3 Chemical structuref positions 26 ofA) [Leu26] (B) [lle26} and O [Val26}
Bovine GLR (1633) to investigate the aliphatic effect.
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Figurel4 Chemical structure of positions 26 andd2{A) [Phe6]- and @) [Tyr26}Bovine
GLR2 (1633) to investigate -~ St SOGNR Y phénolgeidedsi A2y a | yR

e
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Figurel5 Chemical structure of positions 26 and 27A)f{Phe26} (B) [Trp26} and ©
[Tyr26}Bovine GLR (1633) to investigate aromaticity effects.

The amino acid at position 20 was changed flamginine R) to lysine K [Lys20]
Bovine GLR (1633)) Peptide Number 25;igurel6). This modification
investigates the effect of a small change in polarity and basicity of the peptide with

the same charge (from p2.48to 10.35for the substituted amino acid).

pK.10.35

€]
NH3

OH ° o
OH

Figurel6 Chemical structure of positions 20 and 21A)fArg20} and @) [Lys20{Bovine
GLP2 (1633) to investigate polarity effects.

The amino acid at position 26 was changed fteatine [) to lysine K [Lys26]
Bovine GLR (1633) (Peptide Number 26)to assess the effect of changing from a

neutral to a positive speciggigurel?).
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Figurel7 Chemical structure of positions 26 and 27A)f[lLeu26} and @) [Lys26]Bovine
GLP2 (1633) to investigate effects of charge.

3.3.4 Solubility and Stability of Bovine G2P

Solubility studies were conductday Novo Nordislon the unmodified hydrophilic
and hydrophobic Bovine GiZchains RPeptide Number 1 and 13espectiely). The
two peptides were dissolved in 100% distilled water, DM$&D (80:20 v/v) or pH

7 phosyhate buffer before evaluation obay Q7 and 14 aB °C. The pH was
measuredn the aqueous organic mixturés order to ascertain how acidic the
conditions wereThe measured pH was lower for the water sample than the DMSO
and phosphate diluentsThis can be attributed to the freeziried peptides which
are supplied in the TFA salt forffiable26). Visual inspections were also conducted
at these time intervals, where clear solutions were observedPiptide Number 1
(hydrophilicchain) dissolved in 80% DMSO or phosphate buffer Begtide

Number 13(hydrophobic chainglissolved in water or 80% DMSIhe hydrophilic
Bovine GLR (1-15) produced a gel like structure when dissolved in 100% water,
whilst precipitation was observed betwe®uwovine GLR2 (1633)and phosphate
buffer. It is common practiceithin Novo Nordisko use a DMSO based diluent

when analysing peptide samples, which is corroborated by these results.
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Table26 Solubility study for peptides Bovi@&. P2 (1-15) and Bovine GEP(1633)in
either distilled water, 80% DMSO or pH 7 phosplaaenples stored at 8 °C when not being
analysed.

Peptide Number 1 Peptide Number 13
Bovine GLR (1-15) Bovine GLR2 (1633)
Distilled Water 80% DMSO pH 7phosphate Distilled Water 80% DMSO pH 7 phosphate
Day 0,8 °C (_]ear, ;ma}‘ll " Clear Cear Clear Qear Precipitates
particles (like "gel")
Day 7.8 °C (_]ear, ;ma}‘ll . Clear Qear Clear Qear Precipitates
particles (like "gel")
Day 148 °C Qear, gmaull " Clear Cear Clear Qear Precipitates
particles (like "gel")
pH @Day 14 3.10 5.13 5.97 2.99 5.76 6.65

The stability of both peptideis relation to sample diluenivas evaluated for all
samplediluents(i.e. the presence of additional peaks / changes in chromatographic
profile), exceptBovine GLR (1633)in phosphate buffer which caused

precipitation. Stability was assessed by gradient chromatography where peak
profiles and area were comparessing amobile phaseof water with 90% MeCN

with 0.09% TFA

The profiles were similar over the course of the investigation, with no growth in
impurity peaksThe area of the main peak was integrated and compared for
increase in impurities. Theighest and most caistentarea was produced from the
80% DMSO sample diluent, suggestingpbptides had superiostability under
those conditiongFigure B). The level of impurities also remained consistent from
day O tol4at 8 °C.
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Bovine GLP-2 (1-15) - Bovine GLP-2 (1-15) - Bovine GLP-2 (1-15) - pHBovine GLP-2 (16-33) -
100% Water DMSO/Water (80:20 v/v) 7 phosphate buffer DMSO/Water (80:20 v/v)

mDay O mDay 7 mDay 14

Figurel8 Comparison of peak area for peptides Bovine-Z5(F15) and Bovine GLP(16
33) using different diluents. Data provided by Nblavdisk.
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3.3.5 Use of Circular Dichroism to Estimate Peptide Secondary Structure

Circular dichroism (CD) is a wedled tool to help elucidate structural information

for peptides. Multiple samples can be evaluated in physiological buffers within a
couple of lours to provide information on stability, changes in conformation and
binding properties of the peptide. This rapid technique enables simple
determination of the presence or absence of a secondary structure within the
peptide probes used for the charactsaition. For a greater understanding of any
specific residue involved in the binding however, additional techniques would need

to be employed such as NMR eray crystallography75-77].

CD measures the differenceabsorbedeft-handed circuldy polarised ligh{L-CPL)
and righthanded circuldy polarised ligh{ RCPLpf a chiral molecule with
chromophoresThe molecule is exposed to a range of wavelengths which will
absorb to differing degrees to produce a spectrum with either positive or negative
signals The pectrum produceddependson which light is absorbed to a greater
extent (i.e. a positive signal is produced for greater absorb€®L whilst negative

is absorbed to a lesser extent thar®RL).

CDuses the far UV region mather information on secondastructure, by
focussing on the peptide bond absorbing group. There is a weak, broad
characteristio/ 'y tpansition at 210 nm and Iy transition observed at 190 nm

which intimates certain secondary structur@¥]. These distinctive transitions

SyroftS 2yS (2 ARSHIUIMBSKS XSauwdwmity 0OS 27

peptide, or alternatively, a lack of higher order structure (i.e. random c@dtan
also beused toassespeptide structurequantitativelywith various protocols

available to aid determinatiofv7].

CDwas performed within Novo Nordisk on four peptides which were either
representative of the peptiderobes, or the amino acid sequence highlighted
potential sites for bindingji.e. a moiety in close proximity to a terminuhese
peptides and the sample preparation can be seehable27. Each sample was

dissolved in acetonitrilé water mixtures with either formic acid or ammonium
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formate. The conditions corresponded to the average conditions the peptides
would be exposed to during the column characterisation protgdekcribed in
Sectior2.10.5. Where there were potential solubility issues, the concentration of
acetonitrile and the volume were increased. Measurements were made at both 20
and 40 °GFigurel9 andFigure20, respectively), where the lower temperature
corresponded to ambient temperature and the higher temperature coincided with
the operating conditions for the column characterisatioine developnent of the

column characterisation can be foundSectior3.5).

Table27 Preparation of peptides for circuldichroism analysis.

) Conc. of Conc. of  Conc. of Conc. of
Peptide ) ) Conc. of ) ) .
Peptide Peptide TFA*  Formic Acid Ammonium
Number MeCN (%)
(mg/mL) (mM) (%) Formate (mM)
1 Bovine GLR (1-15) 0.41 30 0.6 0.9
0.44 23 1.2 20
9 [L-Asp11}Bovine GLR (1-15)  0.41 30 0.6 0.9
0.55 23 1.2 20
13 Bovine GLR (1633) 0.69 23 1.4 0.10
0.3 30 0.7 18
26  [Lys26]Bovine GLR (1633)  0.95 23 1.8 0.10
0.91 23 1.8 20

* Neutralised with sodium hydroxide solution.

A Jasco J1500 instrument (S/N A023261638) was used with a measured range of
260¢ 190 nm, data pitch of 0.5 nm, band width 2.00 nm, scanning speed of 50
nm/min and a 0.2 mm cell length. Three repeat measurements were made at
temperatures set at either 20rat0 °C (+0.10 °Blanksamples (i.e. the sample
diluent) were run to determine any background noise or other artefacts within the

spectra not related to the peptide.

Random coils were observerhder both temperatureand sample diluent
conditionsfor Bovine GLR2 (1-15), [lL-Asp11}jBovine GLR (1-15) and [Lys26]
Bovine GLR (1633) (Peptide Numbers 1, 9 and 26, respectivelvith a negative
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maximum at approximately 200 n(Rigurel9 and Figure20). This was determined

by a lack of artefacts in the CD spectra which derfogher order structuref/7].

Thus, there is no evidenad# a secondary structure for these peptides under these
conditions, and it could be expected that these peptides would possess a random

coil under the chromatographic conditions of the column characterisation protocol.

Bovine GB-2 (1633) (Peptide Number 13jiffered, however, with a negative signal
at ~220 nm whichis characteristic o part helical conformationr aggregationThe
response islissimilarfor the two different diluent conditionsvhere the signal is
more pronourced under the ammonium formate conditionshich could be
induced by changes in pH, solvent or concentratand therefore ould be the
causeof some seHassociation. Molecular modelling suggested that #meino acid
residueregiondFNWLg within BovineGLP2 (1633) could explain any aggregation

if it was observed.

[Qvrw (deg cm? dmol?)

Wavelength (nm)

—  Peptide 1, FA = =< Peptidel, AF
Peptide 9, FA Peptide 9, AF

— Peptide 13, FA = =< Peptide 13, AF

—— Peptide 26, FA == Peptide 26, AF

Figurel9 CD spectra for Peptides 1, 9, 13 and 26 dissolved in formic acid (solid line) or
ammonium formate (dashed line) diluent at 20 D@ta provided by Novo Nordisk.
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[dlvew (deg cm? dmol?)

T T T T
180 200 220 240 260
Wavelength (nm)

— Peptide 1, FA = =< Peptide 1, AF
— Peptide 9, FA = =< Peptide 9, AF
— Peptide 13, FA ===+ Peptide 13, AF
—— Peptide 26, FA = =< Peptide 26, AF

Figure20 CD spectra for Peptides 1, 9, 13 and 26 dissolvednmicfacid (solid line) or
ammonium formate (dashed line) diluent at 40 D@ta provided by Novo Nordisk.

Thepotential for selfassociation was further studied by diluting the samgtel re
evaluating by CD, where a reduction of the response at 220 nm veoigigest
aggregation rather than a helical structure. A dilution would not remove the signal if
there was asecondary structureThe artefact at 220 nm at 40 °C was reduced,

which therefore indicates the peptide does nmissessa secondary structure, but
does have the potential to se#fssociatgFigure21). This has ramifications for the
protocol where itisimportant to minimise the concentration of the peptides to

ensure all peptides are random congthin the characterisation process

30000
20000 -

10000

[alvew (deg cm? dmol )

180 200 220 240 260
Wavelength (nm)

— Peptide 13, 20 °C, AF — Peptide 13, 40 °C, AF
==° Peptide 13, 20 °C, AF, 10x dilute ~~° Peptide 13, 40 °C, AF, 10x dilute

Figure21 CD spectra for Peptide 13 at 20 and 40 °C using the orgginadle
concentration (solid liry anda 10x dilution (dashed lise Data provided by Novo Nordisk.
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3.4 Rationale for Performing Colunharacterisatiorusing Small Molecules

There are numerous stationary phases available on the market, all possessing
different properties depending on parameters such as pore size, ligand chemistry
and bonding densityColumn characterisation isstandardsed approachused to
assess the chromatographic propertiesluése HPLC phaseblany protocols can

be found in literature using small test solutiesevaluate the stationary phase for
common retention mechanisms, such as hydrophobicity or hydrogen bonding
which alows for comparison between different column manufacturers, ligand

chemistry and LC instrumentati¢h3-19, 49, 7891].

The Snyder approacknown aghe Hydrophobic Subtraction mod@iSM)

measures the hydrophobicity, steric interactions, acidic and basic hydrogen bonds
and the cation exchange capacityletv and intermediate pHSome simple

schematic diagrams highlight the different interactions measured by the model
(Figure22). RPC utilises a ngolar stationary phase which is capable of forming
hydrophobic interactions with analytes. The degree of this interaction depends on
the logD (i.e. a measure of hydrophobicigt a specific pH valughich looks at the
concentration of an analytdistributed betweem-octanol and waterEquationl11)

of the analyte a well as the ligand cilne stationary phase, i.e. a C18 stationary
phase is more hydrophobic than a C8, whilst pentylbenzene is more hydrophobic
than butylbenzene. The more hydrophobic analyte has a greater propensity for the
non-polar stationary phase than the polar mobile geathus elutes later than the

less hydrophobic soluté-igure22(A)).

0 ¢ Q0 W adi 1 'QOMTQG Equationll

The HSM investigates the resistance of the stationary phase to bulky molecules
(Figure22(B)). The larger molecule cannot penetrate the stationary phase,
therefore elutes before the smaller molecule, which can be drawn further towards

the surface of the phase. The density of theaded phase can also be critical to this
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parameter, where a more densely bonded phase excludes a molecule whilst a lower

coverage can accept the same molecule.

Silanol groups possess a dipole which can form an electrostatic attraction to a
nearby electrongative atom such as nitrogen or oxygen, via a hydrogen bond
(Figure22(Q). Additionally, iorsed silanols are negatively charged, which i&ain
positively charged species such as bases via cattohange interactiond=(gure
22(D)). However, any negatively charged species such as ionisednaitids

repelled from the stationary phase by the electrostatic repulgid® 14, 45]

W
BT

Figure22 Schematic diagrams foA( hydrophobicity,B)steric interactions@ hydrogen
bonding andD) ionic attraction and repulsiostructures drawn using Chem3D Pro (Version
16.0.0.82based or45]).

TheEuerbyet al. protocol is an exterien of the Tanaka protocplhich investigates
the above propertieshowever,under different condition@nd alternative probes
The aromaticcharacteristics of the phas@e also investigatedith markers 2 NJ -
and dipoledipole interactions angbhenolic activity There arealsoextensions on
the protocols which probe thacidic and basic charactaghereby providing more

information on other key retention mechanisrfis/-19].
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The NIST SRM 870 tests consists of five probes which are used to identify
hydrophobicity, silanol activity and metal content. Various authors have
commented that tests for surface metacttivity is highly dependent on the history
of the column Factorssuch as shipping and storage solvent can be extremely
influential on the metal activity, thus is only valid for that columnlegttparticular
moment in timewhich thereby reduces its usdfiess as a characterisation measure

[84, 85,92, 93]

By collating data from a large set of stationary phases using columnotéasation

protocols, a database can be created Eomparison between different vendors and

ligand chemistry. They allow the end user to not only check the most similar

a0 GA2Y I NB -HIKE aB2FdMyaal Odzd faz2 GKS Y2a

for method development purposes.

The PQRI databasey R { (12t EQ& KRIOKI akadl aSR 2y {yeéR!
Subtraction model, contains7S0S Y 0 NA Sax gKAf &ad ! /5Qa RFGLE
of Tanaka and Euerl®t al., contains >340. One of the snalrecords is the USP

database constructed using NIST SRM 870, which contains 124 einfoesétion

wascorrect as ofluly 2019[82, 86, 94]Both the PQRI and ACD database contain

common type Biica stationary phases edditionto type A silica andnore

unusual phases such pelymer coated alumina anzirconiumoxide The type A

and B nomenclature refers to the purity of the silica, where type A silicas possess

lower purity, less uniform particle structure and greateetal content than the

type B silicas. The majority of modern stationary phases use type B silicas as the
support[88]. The USP databasased on the NIST SRM 870 protasdimited to

type B silica with some type A silica.

Borgeset al. compared these three databases to ascertain their applicability and
identify any weaknesses in the column selection pro¢@8k Borges evaluated the
chromatographic descriptors used for characterising the stationary phase for each
methodology; six descriptors are used by PQRI and ACD, and three descriptors used

by USP. He determined each were independent of the other descriptors based on
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the percentage relative standard deviation (%RSD), which signified each descriptor
was necessarto describe the phase. Borges also stated the Tanakadi&i
approaches had similar discriminating power for differentiating betwéieerse
stationary phases (%RSD range o#28% and 2239% respectively), whilst the

USP wa significantly lower (469%)[88].

Borge®2 addzRé | fa2 O2YLI NBR (KS | @8RNRLIK26AO
Tanaka protocol to establish if they identified similar or dissimilar columns. In

general, the two databases provided subtle differences in rankings of similarity,

however, they bothsuccessfully highlighted similar or dissimilar columns. The two
databases<annot be directly compared as Snyder uses regressions whilst Euerby

uses selectivity valugsa].

The Euerbyt al. methodologywasused to characterisseveralcommercially
availablestationary phasesPast experience has provided significant knowledge into
the technique which will be highly beneficial for extracting influential retention
mechanismsThe commercial columns wedonatedby Waters, Agilent-ortis,
Phenomenex and Supelcbable28). The Thermo columns were purchased directly
from the manufacturerThe PLRI stationary phase was not characterised as the

conditions produced excessive retention times for the test probes.
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Table28 Extended Tanakeharacterisation results for HPLC columns to be used in the

study.
Description kee "cn3 "mo) "em :H(i/; :H(BZ/; e Mesam Meea ;:;33 szaerafrl:) P(:E:ins)ze
Acquity UPLC BEH C4 300 028 124 088 148 040 0.22 0.39 0.13 1.00 142 1.72 300
Acquity BEH C8 116 134 086 059 031 013 0.24 0.02 1.00 1.18 1.72 130
Acquity UPLC BEH C18 330 399 147 138 037 023 0.09 0.17 0.00 1.00 1.00 1.72 130
Acquity UPLC BEH C18 300 1.97 1.48 1.41 0.38 0.22 0.11 0.17 0.02 1.00 1.00 1.72 300
Acquity BEH Shield RP18 2.08 141 236 0.30 0.27 0.13 0.31 0.04 1.35 1.11 1.72 130
Acquity CSH C28 3.53 1.44 1.35 0.40 0.38 0.09 0.21 0.03 0.98 1.00 1.72 130
Acquity CSH Fluoro Phefyl 0.46 1.00 3.10 1.72 1.24 -0.06 0.48 0.74 0.96 1.48 1.72 130
Acquity CSH Phenyl Hekyl 147 131 113 070 042 0.07 0.85 0.16 094 122 1.72 130
Acquity HSS C18 738 148 147 037 024 011 0.14 0.01 1.00 0.97 1.82 100
Acquity HSS Ci8B 257 139 194 186 499 0.16 0.24 001 088 1.23 1.82 100
Acquity HSS ™3 6.02 150 119 050 034 0.12 0.22 0.01 1.00 0.94 1.82 100
Cortecs UPLC T3 2.87 1.47 1.20 051 0.26 0.13 0.22 0.02 1.00 0.96 1.6t 120
Polaris Amide C18 2.87 143 243 0.20 0.15 -0.02 0.20 2.39 1.50 1.28 3.02 200
Poroshell 120 PFP 1.06 126 2.80 0.67 0.67 0.04 0.52 0.07 1.29 2.16 2.72 120
Poroshell 120 BonuRP 1.73 1.34 157 0.39 0.31 0.01 0.28 1.60 1.27 1.31 2.72 120
Poroshell 120 Phenyl Hexyl 198 133 121 086 044 0.14 0.98 0.01 1.00 1.00 2.72 120
Poroshell 120 SBQ 055 130 111 036 114 0.8 0.42 0.09 1.00 1.09 2.72 120
Poroshell HPC 83 182 136 091 033 037 0.08 0.20 0.04 100 111 2.72 120
Poroshell HP#C 18 383 149 126 045 038 0.10 0.18 0.01 1.00 0.92 2.72 120
Agilent SBC8 2.23 1.37 093 1.32 1.26 0.14 0.25 0.00 0.89 111 3.52 80
Agilent SBC18 5.37 1.49 1.24 0.64 0.94 0.10 0.17 0.01 1.00 0.89 3.52 80
Zorbax SEC18 300 1.23 1.44 1.22 0.76 1.00 0.12 0.21 0.01 1.00 0.87 3.52 300
PLRPS* 3.02 100
Ascentis Express Biphenyl 1.69 129 153 230 0.96 0.16 1.89 0.01 0.87 0.75 2.7t 90
Ascentis Express C18 539 150 142 042 0.70 0.10 0.14 0.01 1.00 0.89 2.7t 90
Ascentis Express C8 261 139 093 0.30 0.39 0.09 0.19 0.01 1.00 1.11 2.7t 90
Ascentis Express F5 1.40 127 253 0.69 1.65 0.48 0.51 0.01 1.20 2.62 2.7t 90
Ascentis Express Phesyéxyl 2.30 1.35 1.17 0.83 0.54 0.11 1.02 0.02 1.00 0.96 2.7% 90
Ascentis Express R¥fnide 3.20 1.43 1.79 0.22 0.38 0.04 0.19 0.05 1.49 1.22 2.7% 90
BlOshell A160 Peptide C18 2.26 1.45 121  0.75 1.00 0.13 0.22 0.01 1.00 0.93 2.7% 160
BlOshell A160 Peptide CN 0.20 1.15 1.82 0.88 1.37 0.22 0.92 -0.14 1.00 1.12 2.7 160
Acclaim Mixed Mode WAX 077 129 245 006 0.09 -0.10 0.24 0.00 193 149 52 120
Acclaim Mixed Mode WCX 0.66 1.16 3.33 048 1.84 0.05 0.43 0.05 1.48 1.83 52 120
Acclaim Mixed Mode HILIC 0.55 1.25 1.90 1.19 2.18 0.06 0.24 0.02 1.11 1.75 52 120
Chromolith® Performance RiBe 2.36 1.47 1.43 043 0.63 0.09 0.17 0.01 1.00 0.95 N/AZ2 130°
Kinetex Evo C18 3.08 1.44 112 0.42 0.37 0.09 0.19 0.03 1.00 1.09 2.6 100
Kinetex Biphenyl 1.36 1.31 152 214 0.80 0.16 1.97 0.02 0.87 0.72 2.6 100
Kinetex C8 1.84 1.36 1.16 0.36 0.42 0.09 0.20 0.01 1.00 1.26 2.6 100
Kinetex C18 3.67 1.46 1.25 0.45 0.43 0.11 0.18 0.01 1.00 1.05 2.6 100
Kinetex F5 1.36 132 229 0.77 0.71 0.13 0.43 0.00 1.11 1.47 2.61 100
Luna Omega C18 5.42 1.46 1.11 0.53 0.42 0.11 0.20 0.00 1.00 1.03 1.62 100
Luna Omega Polar C18 3.58 1.43 1.14 0.67 0.66 0.13 0.26 0.01 1.00 1.00 1.62 100
Luna Omega PS C18 3.84 1.43 1.11 0.53 0.51 0.08 0.22 0.14 1.00 1.12 1.62 100
Fortis Diphenyl 1.54 131 093 081 0.56 0.07 0.41 0.32 1.00 1.11 1.73 110

ISPR2TPR3Data acquired from M.

Euerby and P. Peters&onditions not suitable for
analysisdue to excessive retentiotAverage mesopore size.
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TheExtendedTanaka characterisation protocol can provide significprantities of

data, with 21 selectivity valueg8which can be generatdaly the extended

protocoland a further 23 values provided by the acidic and basic characterisation

[17-19, 50, 79, 95]To perform the entireharacterisation protocol on all the

stationary phases would take significant resources, therefore only the most

applicable descriptors were selected. The most meaningful chromatographic

descriptors for this study were considered to belk Y Reng (ligand density and
hydrophobicity/ 6 Af Aieé (2 RAFFSNBYGALldoisteicSligSSy
aSt SOUMBKERNE ISY 0 2 yEbAcdton ekchanite Capacity atpH

H®PT YR Tdc ADPSP | OAFsby@hdng R OU 2 Sk SOa AR 2
mem6 F NRYF GAQPGSHNS Db & & YOAIR -blasg Ry 27hsong (dipole-

RALIRE S Ay Sebly@ibn exchiange capgciighre23). The reduced

probe sample at allows for a greater number of columns to be included in the

study which will enhance its applicability across a greater number of stationary

phases
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Figure23 Example chromatograms for each alpha value to be determined iBxtended
Tanakaprotocols. See Secti@n? for specific LC operating conditions.
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Test solutes are complex molecules which can possess several moieties which make

it possible for multiple retention mechanisms to be at play. This cakenit difficult

G2 NIGA2YyIFEA&S OKNRYI (i 2cdsMImedkuke©f shapea dzf G & &
selectivity between the puckereatterphenyl and planar triphenylene. The volume

of o-terphenyl restricts its accessibility into the stationary phase, whisSINBE A &y Qi
such a steric resistance for triphenylene. However, triphenylene also has the ability

2 LISNF 2 NY Ay{NE\W Feitdfidoophengiphasé® | acidland”

" -base which could also affect th@pha valug89]. Caffeine is also known to

undergo mixed mode interactior(se.” -~ and hydrogen bondingyhich can

influence the respective alpha valuglthough the alpha values may represent

mixed mode retention mechanisms, they can still be used for the purpose of

identifying similar and dissimilar columrigie ability to critically assess the alpha

values is extremely important in order to understacithracterisation results. It is

therefore advantageous that the ACD database only accepts column entries

provided solely by the EuerliyPetersson research group on virgin columns, where

the results are alsoriticallyassessed before uploading. By onlgeuting results

from within the research group, the validity of the database is maintained.

The robustness of thextended Tanakaharacterisation testgs also well described
in literature, where statistical tools such asduced factorial desigmrincipal
component analysiPCApnd multiple linear regression highlighted the critical

parameters to obtain reliable resulf85].

Reduced factorial design, which is discussaduch greater detail irbectior3.7.1
and3.7.2 is a tool which investigatethe key chromatographic parameters and
critically assesses their contribution to the methodology. Euetisl.[95]

evaluated the robustness for each of the parameters in the Tanaka column
characterisation protocolThese parameters include methanol content,
temperature, pH and buffer concentration. They determiriedt methanol content
was the mostriticalparameterfor all the test conditions, then temperature. They
suggest mobile phases shoudtkallybe prepared by weight and not by volume

(content should be controlled £0.5% v/\owever, the experience of the analyst
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suggests volumes can be determined accurately without detriment to the results.
The column oven temperature should be obtained using écated column
thermostat(within £3 °C of the setpoint) and mobile phases sufficiently preheated
Thetotal ion exchange parameters are influenced by the pH of the mobile phase,
thus must be controlled in order to obtain reliable results (pH +£0.1 aritebu

concentration within £2 mMJ95].

The chemometric analysitool PCAs used to describe large datasets which contain
several dimensions and reduce it to typically tdimensions known agrincipal
components whichs visually simpler to comprehe@6]. This is particularly

beneficial for column characterisation databases, which contain considerable
guantities of dataThereduced datacan ke displayed in score and loading plos.
score plot presents observatiofis this circumstance, the stationary phases
evaluated)in a 2dimensional space along two axes where principal component 1
(PC1) is along the x axis and principal component 2 (PC2) is along the y axis. The
position of the observations allows the analyst to detect trends. Observations which
are separated horantally are influenced predominantly by PC1, which those
separated vertically are influenced predominantly by PC2. The variables used to
describe the stationary phases are placed in a loading plot similar to that of a score
plot. The position of the varidés in the loading plot suggest that region is

influenced by that variable. By superimposing the score and loading plot, a biplot

can be produced

PCA is extremely efficient at handling ladggasets butrequires dedicated

software to analyse the resultghich limits the useif they do not possess the
appropriate software Acriticismof PCAs that by using two PCs the amount of
variability described can be relatively low which suggests a loss of inform@han.

can be placatedby utilising more PCshich will increasehe variability described.

Also, PCA in this circumstance is being used to describe trends and patterns, not to
predict, thus the variability described in the column PCA is sufficient. The column
database is ever changing with additiafsnew stationary phases, which can affect

the weighting of the variables. Outlying results can also affect the variable
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weighting, but as the tool is used for trends or visualising dissimilar phases, the

chemometric tool is fit for purpose.

PCA was apg@d to the data inTable28 to highlight the benefit of the technique
producing a biplo{Figure24). The first P@escribed approximately 35% of the
variability whilst the second PC described an additional 28%6tal, 64% of the
variables are described by the model which is satisfadtmriooking at

observations and trends. They chromatographic parameters evaluated are
denoted bypurple, starmarkersq keex cHoE (8% c/BE ®P atpH 2.7 and 78 (TNBT)
h2140n8% (Bl Y Resaf The stationary phases aoategorised based oprior
knowledge into alkyl, mixed mode, PEG, PFP and phenyl groupings. The largest
collection is based on alkyl phases, which range in alkyl lengt@ 84and differ in
degree of endcappindigand densityor silica type (i.e. purity)The vast majority of
alkyl phases are based in the second quadrant and are dominated by hydrophobic
retention mechanisms (e.¢pel Y Ren2)t There are also some alkyl phases in the
first quadrant, which are typically alkyhkers which have reduced ligand density or
are non endcapped, therefore can undergo hydrogen bonding and silanophilic
interactions (e.gh )l Y Ree &tpr 2.7 and 7y The phenyl type phases are also
positioned in the same direction, which could bue to potential silanophilic
interaction, interactions between the caffeine and the aromatic rings, or
FEGSNY I GADSE & RNI & yined The pokrembed®iadyfoupi A 2y 0 &
(PEG) consists of amide functionalities and carbamates. These phasgpieally

in the third quadrant, and are dominated by either phenolic interactions or possess
LI2 AAGA DS O kbyNY @E8.NhednSeb rdre br PFP moieties were
collated in the fourth quadrant, where retention mechanisms could be based
shapeordipolRA L2 £ S Ay (G SNI Ol A 2V &md AViRKibie)S G Sad
The scatter of phases sugge#te stationary phases used in this study are
representative of the most common phases available on the market, and cover a
range d retention mechanismsrlhischemometrictechnique will befurther

demonstrated inSection3.5.2.1and 3.6.3
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Figure24 Biplot of the chromatographic parameters investigated byEkended Tanaka

protocol and the stationary phases assessed
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Despite there being plethoraof information on reversed phase stationary phase
characterisation using small moleculése validty of the results is uncertain when
applied to peptide chromatography. The physicochemical properties of small
molecules compared to peptidese certainly different, such as the ability to
partition into the stationary phase which will have a particufdluence on
selectivity. Thus, the best suited probes for column characterisation when studying
peptides should be peptide standardsthough trere are a number of publications
which are intended to predict peptide retention times based primarily on
hydrophobicity and sequencditerature is more limitecbn characterising stationary
phases with peptidef7, 8, 1012]. The success of these predictions is based on an
understanding of the role of hydrophobicity based on amino acid side chain

differences as well as the secondary structure of the peptide.

Hodgeset al.[20] investigated the use afmall peptidesas probes for reversed
phasecolumns anccompared the findings ainst the PQRI databasthe peptide
standards were designed and synthesised to produce chains with 12 amino acids
which were modified at the same position along the chain. The position was
modified with alanine, valine, isoleucine, tyrosine and phenyiann order to

assess the effect of increased hydrophobicity and aromaticity whilst in the same
environment to reduce any nearest neighbour influence. By only investigating the
effect of those five amino acidhoweveE A G R2Say Qi GF 1S Ayidz |
common retention mechanisms, such as phenolic activity or effect of charge, which
is quite limiting.Thedesign of thepeptides also has limited relevance to what
analysts are working ofi.e. structurally related specseand no degradation

products.

The peptides contained glycine periodically along the chain in order to disrupt
secondary structure formatiarSecondary structures provide another level of
complexity, which the study wished to avoid in order to look at the effect of altering
asingle amino acid in the residue. They statesecondary structures were formed
asconfirmed using circular dichrois(@D)in the presence of TFfaq), TFA in MeCN

and TFA in trifluoroethanol (TF& known helixinducing solvent)
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The peptides were asssed on six different ligand functionalities from the same
manufacturer but on different base silica3he study was quite limited in sample

size by only assessing six stationary phésexeby reducing the applicabilityf the
studyto a wider array ostationary phasesThere was also little discussion about

the properties of the columns (i.e. surface coverage, pore size etc) which are known
to influence peptide retentionThe study compared the stationary phases using two
different solvents, which hidighted selectivity differenceS.here are very limited
examples of methanol used for tlanalysis opeptides, however, this study shows

there are benefits to utilising this solvent.

ThePQRI database suggested the stationary phases all possessedagjigite v
properties with a wide range in ranking (knownFaglues). The peptide standards,
however, indicated greater similarity between colummsich led the authors to
conclude there was very little correlation between small molecule and peptide
characteisation protocold20]. This is a significant driver for the present work, as it
suggests the use of small molecule protocols is not beneficial in developing
methods forpeptides anchighlights a need for peptide-basedcolumn

characterisation protocol.

It is the intention tha this research should build upon this work, using biologically
active peptides which are more representative of the samples that would be
analysed. These peptides will be used to develop a column characterisation
protocol which will evaluate a greater nuoer of stationary phases to develop a
database. Chemometric statistical analysis such as PCA could help to distil the key

variables which influence the stationary phases.
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3.5Development of th®eptide RPC Column Characterisation Protocol

3.5.1 Rationale for Mob#é Phase to be Evaluated for the Peptide Base Column

Characterisation Protocol

Peptide analysis at low pH typically includes either of the following mobile phase
additives: phosphate salts, trifluoroacetic acid (TFA), ammonium formate,
ammonium acetate ordrmic acid[47, 48]. Phosphate salts are frequently used
within the biopharmaceutical industry for peptide separations as they often provide
a favourable selectivity and peak shape, however, they were not favoured in the
protocol due to their lack of volatility which @hibits peak identification using MS
detection. TFA is a frequently used additive as it is a good compromise, i.e. it gives
both acceptable chromatographic and MS performagruawever, it typically
demonstrates greater tailing than phosphate saltsvasnot selected for the

protocol as it was shown to mask electrostatic and more subtle polar interactions
between the peptides and the stationary phases hence reducing the discriminating
power of the column characterisation protocol (s&xtion3.7.12. As it can also
irreparably modify the stationary phase surface, it would be impractical for the
protocol, in that once exposed to TFA the column could not be used with other
additives in thecharacterisation protocd®7]. The intention of this present study

was b develop a simple and robust column characterisation protocol, by
differentiating the subtle interactions of peptides with the stationary phase surface
and not to develop optimum LC methodSthough TFA is often used as an additive
in peptide separationgt is not the most commdwg usedwithin industry, therefore

it is important to characterise stationary phases using appropriate mobile additives.
TFA and other interesting or commonly used mobile phases will however be
characterised in aubsequenstudywhich could potentially aid the

chromatographer in the selection of the most appropriate mobile phases for

method developmen{seeSection3.9).

The primary rationale for selecting formic acid as the mobile phase additive for the

column characterisation protocol was its lack of masking subtle interactions
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(compared to TFA) and hence enhance the discriminating power of the protocol.
Additional beneits included its ease of tracking peaks using MS detection, volatility
and lack of signal suppression in positive electrospray ionisatviin Novo

Nordisk, formic acid is used in approximately 70% of methodologies because of the
increased MS sensitiyiaind the fact that TFA not only reduces the MS signal but
also takes B days to be removed from the MBormic acid would not normally be
used for LEAJV due to the poor peak shapes that it typically generates but is
advantageous in that it permits the eisto understand the purer interactions of the

stationary phase.

Historically, peptide analysis was performed at low pH in order to minimise the
interaction of peptides with deprotonated residual silanols at intermediate pH,
which can cause detrimental band broadening and excessive tailing for ionised
species. HowevemtermediatepH should still be considered due to the alternative
selectivity which it confers by changing the physicochemical properties of both the

stationary phase and the peptides.

Ammonium acetate and ammonium formate are commonly used salts at their
native pH (pH 6.5 in water), although they have limited buffering capacity at that
pH. Both salts can be used under MS conditions, which is advantageous for early
studies for peak tracking compared to other salts which can buffer at intermediate
pH but ae not MS compatible (e.g. potassium phosphate). Thus, two studies were
performed to ascertain which salt was the most suitable for the study of these
peptides. Both ammonium salts are known to be hygroscopic (absorb water),
therefore a humidity chamber wasstalled using a saturated salt solution with
sodium chloride to determine which had the greater hygroscopicity. In addition, the

ion suppression of both salts was observed under MS conditions.
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3.5.1.1Hygroscopic Study

Hygroscopicity can be problematic formsistent results. This often manifests as
clumping in the salt container but it is frequently ignored despite its effect on buffer

concentration.

A humidity chamber was set up following the schematiEigure25. A saturated

salt solution was established using sodium chloride at a relative humidity of 75.47%
+0.14 at 20 °(98]. Relative humidity is the ratio betweemater vapour present in

air against the vapour pressure of water at a given temperatdoeurately 0.5 g

+0.05 g ommonium formate and ammonium acetasalts (LEMS gradejvas

weighed into weighing boatsdfiore being placed in the humidity chamber. The

salts were weighed periodically to determine water uptake.

Sealed plastic container

Stand with holes
inso that the
humidity can get
at the salts

Ammonium Ammonium
acetate formate

Saturated salt solution

Figure25 Schematic of the humidity chamber

The mass and appearance of each salt was compared6 hoursThe study hs

shown the ammonium acetate had a greater uptake of water when compared to
the ammonium formatewhere mass increased by 32.9% and 24.8% respectively
The acetate salt also liquified within 4 hours using the 75% relative humidity, whilst
the formate salremained crystallineA less exacerbated scenario was set up at
ambient humidity using a magnesium chloride salt chamber (RH 33.07%[%8,18
99]). This saw a mass increase of 7.9% for ammonium acetate and 3.3% for
ammonium formate over 6 hours, which was in agreement with the sodium
chloride chamber. fie results indicate that the most suitable salt, as determined

using hygroscopicity, is ammonium formakéowever, it should be noted that these
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buffers should besatisfactoryif stored in desiccatorgL00]. The robustness of

ammonium formate will be further investigated 8ection3.7.2.2and3.7.3

3.5.1.2lon Suppression Study

Anecdotal evidence suggested that the acetate salt can produce significant adducts
in the MS and ion suppression however, there is very little literature which
corroborates thisBoth LGMS gradesalts wereassessed for ion suppression using
the MS, in orér to determine which salt provided the greatest sensitivity. Four
peptides of different molecular weights were injected onto an Acquity HSS C18
column (150 x 2.1 mm, 1.8 um particle) using a 40 minute gradient fr66%6 B,
where line A1 was 20 mM ammomiuuformate in HO, A2 was 20 mM ammonium
acetate in HO, line B1 was 20 mM ammonium formate in MeCKXDH90:10 v/v)

and line B2 was 20 mM ammonium acetate in MeGI/KDO:10 v/v).The formate
and acetate salts were at native pH values, respectivdig.fow rate was set to 0.3
mL/min and the column oven temperature set to 40 °C. The MS had the following
operating conditions: desolvation line (DL) temperature and heat block set to 350
and 300 °C respectively, nebulising gas flow set at 0.5 L/min, and digsritpw at

5 L/min. The two salts were compared using both Selected lon Monitoring (SIM)
and profile in positive mode on the MS, where SIM monitargd 820, 1069, 1076
and 1105. Profile mode scanned a rangend 400-2000 with a scan speed of

10,000 usec and event time of 0.2 sec.

The response for ammonium formate using SIM for the four peptidesyvads 2x

greaterthan that for the ammonium acetatehromatogram(Figure26).
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Figure26 SIM response for four peptides using (a) ammonium acetate and (b) ammonium
formate gradients Analyses were performed on the Nexera X2 coupled to the 2020 single

quadrupole MS. The gradient wa$5%B over 40 minutes, flow rate was 0.3 mL/min,
column oven temperature was 4G, and ESI source in positive modg Bovine GLR (1-
15)(m/z 820), 2) [Lys26] (m/z 1076)(3) [Phe26](m/z 1105) and4) Bovine GL-P (1633)
(m/z 1069).

Therewere also concerns regarding the cleanliness of the buffer salt, wigch
inspected in the total ion chromatogram (TIC). The TIC and extracted average
spectradid not illustrate any adduct formation. Nor did it suggest a significant
degree of impurities which could affect the cleanliness of the speclrnas The

resultscannot influence the decision for buffer type.

From the intensity, hygroscopicity and axdetal evidence, the buffer to be used

through this study is ammonium formate.

3.5.2 Rationale for Column and Peptide Selection for Peptide Screen

A gradientscreenwasused as a basis for the characterisation protocol using
peptide standardsA gradient was used to encompass all 26 peptides under one
chromatographic condition within a certain timeframe. This would not be possible
under isocratic conditions, given thed physicochemical properties of the
peptides to be analysed, as well as the differences exhibited by the stationary
phases to be evaluatedhe protocol must utilise the same chromatographic
conditionsfor everycolumnin order to compare the propertiesféhe stationary

phase. © achieve this in a rational design, a reduced number of columns and
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peptideswere modelled using two differentcto ascertain the most appropriate
gradient conditionsA PCA of the column characterisation data using small
molecuks determin&l complementarystationary phases appropriate for this task,
whilst a comparison of physicochemical properties deterrditiee most diverse
peptides.Thus,amethodwhich isapplicable for a significant proportion of

stationary phases with suitde retention formany ofthe peptideswasestablished

3.5.2.1Column Selection

The protocol was developed on a reduced number of stationary phases which were
deemed to represent a large range of column functionalifigse selection of the
stationary phases was based on prior knowledge of the columns and it was
presumed would offer a wide range in selectivity to be representative of a larger
collection of stationary phases, ideal for a characterisation databese.was
corroborated by the positioning of the stationary phases within the score plot in
Figure 25where the stationary phases were spread across all four quadrants, and
illustrated different retention mechanisms (i.e. hydrophobic, steric, phenolic, etc)
whichwould be of interest to investigat&Some columns possessed a large positive
charged surface whilst others had a high degree of residual silanol groups in order
to characterise a wide array of column functionalities. Some of the columns chosen
would not namally have been selected when developing state of the art peptide
methods due to potential batch to batch variability issues certain phasesut

were essential to establish a database.

All columns assessed were new as supplied by the manufacturerered
standardised in the 150 x 2.1 mm column format, with particle sigev@rying
between 1.7 to 3 umTable28). The peak apex of a water injectioras used as the
dead time marker for each colunjfh01]. All stationary phases were assessed using
ExtendedTanakacharacterisation protocols which are well described in literature
[17, 95]andthe Tanaka resultsan be accessed via the free ACD weli8i6¢ The

extended characterisation results were supplied by either Euerby and Petersson or
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were characterised in this studyhe integrity of the stationary phases was ensured
before and after usage by an SS€ctior2.8) which assessed the column for
changes in hydrophobicity, hydrogen bonding, positive charge and negative charge

(silanol activity).

An array of C18 phasegere selected which differed by base silica (i.e. Acquity BEH
C18, Acquity CSH C18 and Acquity HSS C18). In addition to selecting columns which
could offer different selectivity, it is of interest to investigate the subtleties between
similar phases to bable to identify back up columns. The ligand density was also
evaluated which could impact on selectivity by changing the architecture of the
particle and accessibility to the silica surface (i.e. Acquity HSS C18 SB and Acquity
HSS T3).

A preliminary studyn the effect of chain length could be evaluated to assess the
effect of varying hydrophobicity where observed selectivity differences could
possibly be explained as a function of chain length differences (i.e. Acquity BEH C8
and the Acquity BEH C18). Thequity BEH C4 could not be used to assist in chain
length characterisatioras the phase was a 300 A material and monofunctionally
bonded whereas the C8 and C18 variants have a smaller pore size and are

trifunctionally bonded.

A commonly used range of loonns include polar embedded group (PEG) and

phenyl phases, which can offer alternative selectivity. A carbamate ligand (Acquity
BEH Shield RP18) and an amide ligand (Polar Amide C18) were selected to represent
two styles of PEG functionalities and synibhebutes, where the amide phase is
prepared via a twestep synthetic route which generates positive character to the

phase due to residual amino groups, whilst the carbamate is astapesynthetic

route thus can be considered neutfdB]. The phenyl phases (i.e. Acquity CSH

Fluoro Phenyl, Acquity CSH Phenyl Hexyl, Ascentis Express Biphenyl and Fortis
Diphenyl) vary by alkyihker based on manufacturer informatiofr.e. M-C6),
fluoro-substitutions and the number of aromatic rings, which all impact on the

available interactions with probes.
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The final phase selected to develop the characterisation protocol was the Acclaim
Mixed Mode WCX, which is a weak cation exchange phase based on a carboxylic
acid moiety. This phase can offer hydrogen bonding interactions at low pH with the
protonated carboxylic acid moiety and substantial electrostatic interactions at
intermediate pH vialte negatively charged dissociated carboxylic acid. Both types
of interactions might provide selectivity differences for polar and charged peptide

species.

Table29 Extended Tanak@haracterisation results fohe stationary phases to be used in
the development of th@eptide RPC Column Characterisation Protegth thegrey
highlighted phases used to develop the experimental conditions fé?e¢pgde RPC Column

Characterisation ®tocoldue to exhibiting the most extreme characteristics

Description ke N chz N 110 hep Neppize  MNepprzz  Noner h gsar Npea  Ni21.4088
Acquity BEH C8 1.16 1.34 0.86 0.59 0.31 0.13 0.24 0.02 1.00 1.18
Acquity BEH Shield RP18  2.08 141 2.36 0.30 0.27 0.13 0.31 0.04 1.35 111
Acquity CSH C18 3.53 1.44 1.35 0.40 0.38 0.09 0.21 0.03 0.98 1.00
Acquity CSH Fluoropherlyl  0.46 1.00 3.10 1.72 1.24 -0.06 0.48 0.74 0.96 1.48
Acquity CSH Phenyl hexyl  1.47 1.31 1.13 0.70 0.42 0.07 0.85 0.16 0.94 1.22
Acquity HSS C18 7.38 1.48 1.47 0.37 0.24 0.11 0.14 0.01 1.00 0.97
Acquity HSS C18 SB 2.57 1.39 1.94 1.86 4.99 0.16 0.24 0.01 0.88 1.23
Acquity HSS T3 6.02 1.50 1.19 0.50 0.34 0.12 0.22 0.01 1.00 0.94
Acquity UPLC BEH C4 30( 0.28 1.24 0.88 1.48 0.40 0.22 0.39 0.13 1.00 1.42
Acquity UPLC BEH C18 3.99 1.47 1.38 0.37 0.23 0.09 0.17 0.00 1.00 1.00
Polaris Amide C18 2.87 1.43 2.43 0.20 0.15 -0.02 0.20 2.39 1.50 1.28
Ascentis Express Biphenyl  1.69 1.29 1.53 2.30 0.96 0.16 1.89 0.01 0.87 0.75
Fortis Diphenyl 1.54 1.31 0.93 0.81 0.56 0.07 0.41 0.32 1.00 1.11
Acclaim Mixed Mode WCX  0.66 1.16 3.33 0.48 1.84 0.05 0.43 0.05 1.48 1.83

!Data acquired from MEuerby and P. Petersson

Five stationary phases were selected from the initial 12 columns to determine the

experimental conditions. g\previously demonstrated iBection3.4, clumn

characterisation is extremely data rich and requires careful analysis to determine

the subtle interactions within the columi smaller PCA was performed on the data

in Table29, to produce the biplot ifFigure27. A biplot is doading plot combined

with a score gt which aids identification of parameters which influence the

observationsThe first PC has a R2X[1] value o#8,3vhich describes35% of the

96



variakhlity whilst the second PC has a R2X[2] 086,2lescribing a further ~®%. In
total, ~63%of the varabhility isdescribed by the model which is satisfactory for
looking at observations and trends. Tprple, starmarkers are the key
chromatographic parametenssed in theExtendedTanakgprotocols The other
markers are the subset of stationgphasesclassified into either alkyl, mixed

mode, PFP, PEG or phenyl groups. Based on the position of the chromatographic
parameterskegandh chg it is possible to suggesite Acquity HSS C18 retention is
predominantly dictated by hydrophobic mechanismiilst the Acquity BEH C4 and
Acquity HSS C18 SB have significantly more silanophilic and hydrogen bonding
capabilities as suggested by the position of the chromatographic measyegs

h @/p pH 7.6 and 2.7)The Acquity CSH Fluorophenyl retentiomigély influenced by
dipole-dipole interactions due to the electron rich fluorinated rifhgs,2/1,4p0ne) and
steric interactions, possibly due to the ligand architecture and accessibility into the
stationary phasen(ro). The Polaris Amide C18 has ffigant positive charge on

the stationary phase and phenolic retentifhegsamandh e/say respectively)

The evaluation using PCA suggest those five stationary phases possess significant
differences in hydrophobicity, positive charge and accessibilisflanol groups,

and as such, would represent a large proportion of columns. The Acquity BEH C4
and the Acquity HSS G8B, although positioned close in the biplot, were both
included as the five most extreme stationary phases. Their position in thésplot
probably due to silanophilic activity, however, this interaction will be different on
both of these phases, given the low ligand coverage for the Acquity HSSBC18
compared to the Acquity BEH C4, whilst the BEH phase has significantly less
hydrophobiagty (seeTable29).
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Figure27 Biplot of theExtended Tanaka protocol chromatographic parametergijle

starg andthe stationary phases used to develop the protocol.
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3.5.2.2Peptide Selection

Thephysicochemical properties of the peptide were evaluated to determine the
two most extreme probes to define a suitable workspace for all peptides. This
included markers for isoelectric point (jgithe pH at which the peptide has a net
neutral chargg, partition coefficientffor the zwitterion(logP¢ the ratio of the
concentration of a compound between an aqueous (e.g. water) and lipophilic (e.g.
n-octanol) phase which is a measure of hydrophob)aityd the polar surface area
(PSA; the sum of surfaceontributions of polar atoms in a molecu(ee.oxygen
andnitrogen(Table30)).

As there area fewisomeric species with the sanpdysicochemicgbroperties
described they have been removed from the tabRased on their extreme
differences, the peptides highlightedeathe probes used to determine the gradient
range for the peptide tests. These peptides cover the low, intermediate and high
response to each of the parameters showeible30. This should demonstrate the
range of polarity, isoelectric point and hydrophobicity and provide an adequate

workspace for the other peptides to be analysed.

Table30 Comparison of parameters for peptide probes. pl: Isoelectric point. LogP:
Partition coefficientPSA: Polar surface area

Name Mass pl LogP PSA
1 Bovine GLR (1-15) 1638 3.9 -12.18 778
4 [L-isoAsp3]Bovine GLR (1-15) 1638 3.7 -12.18 778
11 [L-isoAspliBovine GLR (1-15) 1639 3.6 -11.55 772
13 Bovine GLR (1633) 2135 5.4 -10.21 903
15 [lle26,Leu27Bovine GLR (1633) 2135 5.4 -10.21 903
16 [Gly22]1Bovine GLR (1633) 2045 5.4 -12.24 903
18 [L-isoAsp,Gly22Bovine GLR(16-33) 2045 5.3 -12.24 903
20 [Val26}Bovine GLR (1633) 2121 5.4 -10.59 903
21 [lle26}Bovine GLR (1633) 2135 5.4 -10.14 903
22 [Phe26}Bovine GLR (1633) 2169 5.4 -9.88 903
23 [Trp26}Bovine GLR (1633) 2208 5.4 -9.59 919
24 [Tyr26}Bovine GLR (1633) 2185 5.4 -10.12 924
25 [Lys20iBovine GLR (1633) 2107 5.4 -12.09 868
26 [Lys26]Bovine GLR (1633) 2150 8.2 -13.99 929
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3.5.2.3Peptide Screen

The peptide screen was performed on the five diveststionary phases, using the
most extreme peptides in terms of physicochemical propertiieascertain a
suitable workspace for the majority of stationary phases and peptiiee screen
was performedusing the conditions described 8ection2.9.3 at both low (formic
acid atpH 2.5) and intermediate pkufmonium formate at native pHbH 645),to
provide nteresting selectivity differences based on the change in ionisatiaie of
both the analytes and the stationary phas&se gradienTwo gradientgimes (c)
of 10 and 30 minutewere used as input runs for the retention time modet both
ammonium formate and formic acid mobile phase conditiofise modetwere
created using ACDBCLsimulator, which was used for numericalculations and

based on simple linear isocratic retention moslééfined usingequation 2.

AEF O ow Equation12

Wherea andb are analyte specific parameters aXdhe percent of organic

modifier in the mobile phase.

The resolution mayftc versusresolution of the critical paifor the Acquity HSS C18,
which was typical of the other phases assessed, can be séagure28. Ample
resolution was seen betweesach of the four paks forall of the phases assessed
as demonstrated by the Acquity HSS C1Bigure28. As the methodology must
accommodate 26 peptides with varying plggchemical properties, it was

imperative to select operating conditions with suitable resolving power.
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Figure28 Resolution majgomparing time () versus resolution of the critical p&or the
Acquity HSS C18 usif#) formic acidand B) ammonium formatenobile phase conditions.
Analyses were formed on the Watergldss binary system described in Section 2.9.Rel. T
formic acid conditions utdied a mobile phase of 0.1% formic acid in water and 0.1% formic
acid in acetonitrile. The ammonium formate conditions utilised a mobile phase of 20 mM
ammonium formate native pH in water and 20 mM ammonium formate in acetonitrile /
water (80:20 v/v). Thergdients assessed were-B0%B using either a 10 minute or 30
minute ts with a 20 minute ¢ used to validate the model. Flow rate was 0.3 mL/min, column
oven temperature was 4%C, detection used a combinationld¥ at 215 nm and MS for

peak confirmation.

The conditionglerived from the retention time modedt low pH suggested 40

minute gradent (extrapolated)with a change in %B aD-50%whichprovided

adequatek* (gradient retention factor.e. the instantaneous retention factor as the

analyte passes the midpoint of the coluirfar the five stationary phases (lowelst

was 1.6on the Polais Amidewhilst the highest was 5.6n the Acquity HSS GEB.

Ideally,k* should be between-10, however, a compromise was raed between

k*and run time lengthk* g I & OI f Odzf I G SR dza A y(Ruafiofi @ RS NR &
13[102]) which utilisel the retention modelm term constant.The conditions

determined using the retention time modat intermediate pH were 55% B over a
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40-minutestg, which also provided suitable with a reasonable run timelhe full

chromatographic conditions can be seen in the experimental section.

Q - Equation13

Wheretgis gradient time (minutes};is flow rate (mL/min)ym is the column
volume (mL)n= is the change in organic expressed as a decimahaisdcalculated

from the b term fitted by LC SimulatasingEquation 4.

a — Equationl4

3.5.3 Rationale for Defining Peptide Cocktails for the Development of the

Peptide RPC Column Characterisation Protocol

Cocktails of peptides are the most efficient means to evaluate all 26 peptides in a
time efficient mamer. The gradientycles defined inrSectiorn2.9.3are 54 minutes

each, thus the need to reduce the overall run time per column. Each test mix should
contain two peptides as reference to indicate if there has been a shift in retention
time through the course of the experiment. These peptides should have different
m/z from the other peptides in the mixture and represent both hydrophilic and the

hydrophobic peptides.

Each peptide was individually injected using the two peptide gradients on the
Acquity HSS C18 to establish the most abundaiz;, which might facilitate

groupings. The Acquity HSS @&& presumed to be the most stable due to the
functionality of the ligand antimited ligand bleed in the MS therefore should
produce cleaner spectrd&hem/z range for the Shimadzu single quad MS 2010 is
50-2000, therefore the peptides with @/z of above 2000 cannot be detected (i.e.
typically z=1 charge). However, with a z=2 chargenthebecomes less than 2000
and the peptides can be observed. T4 charge was observed for all peptides and

was typically the most abundant, although the z=3 charge using formi@adite

102



mobile phase additivelid prove more abundant for a number of peptiddable

31).

Peptide mixturegan be defined using a number of methods, such as differént
logical groupings based on the property the peptide is intended to investigate or

based on the separation on the Acquity HSS C18.

Basing the cocktails on the retention on the Acquity HSS C18 should be used as a
low priority selection criterion as the pédes may coelute on other stationary

phases.

Logical groupings would include racemisation products, deamidation products,
increase in hydrophobicity, aliphatersusaromatic, lineaversusbranched.

However, the racemisation and deamidation products would all possess the same
MW which would make pek identification for those groups difficult if based solely
on mass. A combination of logical groupings amid is the best compromise to

define the test mixes.

The cocktails contain between@peptides, including the two reference peptides.
Most of theearly eluting peptides havera/z of 820 which would be difficult to
differentiate from other peptides with the same mass, therefore unsuitable as a
reference. However, [Met(O)1@ovine GLR (Peptide Number Bis also an early
eluting peptideandm/z is higher at 828. Although, as a diastereoisomer there are
two peaks which would reduce the peak height, it was determined to be the most
appropriate reference standard. [Trp2B8pvine GLR (Peptide Number 2Bis one

of the more retained peptides and is tloaly peptide to have a MW of 2208 and
[M/2]+2H of 1105. These two candidates are excellentedsrenceso ensure the
integrity of the data. Each test mix can be seefiable31. The test mixes were

validated on the Acquity HSS C18 using both gradients.
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Table31 Peptide Test Mixtures used for the Development oPtgetide RPC Column
Characterisation Protocorhe predominant charge was [M/2]+2H

Formic Acid  Ammonium Formate

Peptide Name EEE:L?; Test Mix MW (M/2}+2H Net /2}+2H Net

charge charge
[Met(O)10}Bovine GLR (1-15) 8 1,2,3,4,5,6,7,8 1654 828 1.2 828 -3.7
[Trp26}Bovine GLR (16-33) 23 1,2,3,4,5,6,7,8 2208 1105 2.2 1105 0.0
Bovine GLR (1-15) 1 1 1638 820 1.2 820 -3.7
Bovine GLR (1633) 13 1 2135 1069 2.2 1069 0.0
[D-isoAsp,gly22Bovine GLR (1633) 19 1 2045 1024 2.2 1024 0.0
[L-Asp11}Bovine GLR (1-15) 9 2 1638 820 11 820 4.7
[Val26}Bovine GLR (1633) 20 2 2121 1062 2.2 1062 0.0
[lle26}Bovine GLR (1633) 21 2 2135 1069 2.2 1069 0.0
[D-Aspl1}Bovine GLR (1-15) 10 3 1638 820 11 820 -4.7
[L-isoAspl1iBovine GLR (1-15) 11 3 1638 820 11 820 -4.7
[D-isoAsp11iBovine GLR (1-15) 12 3 1638 820 11 820 -4.7
[D-His1}Bovine GLR (1-15) 2 4 1638 820 12 820 -3.7
[Phe26}Bovine GLR (1633) 22 4 2169 1086 2.2 1086 0.0
[Tyr26}Bovine GLR (1633) 24 4 2185 1094 2.2 1094 0.0
[D-Asp3}Bovine GLR (1-15) 3 5 1638 820 1.2 820 -3.7
[Lys20jBovine GLR (1633) 25 5 2107 1055 2.2 1055 0.0
[Lys26]Bovine GLR (1633) 26 5 2150 1076 3.2 1076 1.0
[D-Ser5}Bovine GLR (1-15) 6 6 1638 820 1.2 820 -3.7
[D-Ser16}Bovine GLR (1633) 14 6 2135 1069 2.2 1069 0.0
[D-Ser7}Bovine GLR (1-15) 7 6 1638 820 1.2 820 -3.7
[L-isoAsp3]Bovine GLR (1-15) 4 7 1638 820 1.2 820 -3.7
[D-isoAsp3]Bovine GLR (1-15) 5 7 1638 820 1.2 820 -3.7
[lle26,Leu27Bovine GLR (1633) 15 7 2135 1069 2.2 1069 0.0
[Gly22}Bovine GLR (1633) 16 7 2045 1024 2.2 1024 0.0
[D-Asp21,Gly22Bovine GLR (1633) 17 8 2045 1024 2.2 1024 0.0
[L-isoAsp,gly22Bovine GLR (1633) 18 8 2045 1024 2.2 1024 0.0

3.61nitial Results on the Subset of Stationary Phases on all Peptides

The 14 columns described $ectior3.5.2.1were assessed with all 26 peptides
described irSectior3.3.1 The retention time pe&k area, peak width at 50%vn)
and symmetry were recorded for each peptide in the eight test mixt{dasa not
shown) Peak area was used to aid peak identification where mass could not
differentiate between peptides (i.e. racemisation specigs)was camverted to
peak width at baséw or n ) usingEquation 5[101]. Thiswas in turn used to

determine peak capacityhich will be further discussed Bectior3.6.7.
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0 — Equationl5

3.6.1 Defining Normalised Retention

A normalised retention time approach was used to compensate for instrumentation
and columndifferences usindgquation B, with the use of two reference peptides.
These peptides were [Met(O)18ovine GLR (1-15) (Peptide Number 8#grefsa)

and [Trp26]Bovine GLR (1633) (Peptide Number 234ret23), which were both
present in all eight testixtures. Thus, in theory, the values for each peptide

ranged from O to 1.

0 _ Equation16

However, it was noted that [Trp2@dovine GLR (1633) (Peptide Number 23y as
often not the most retained peptide, which meant that some peptides eluted
outside of this rangeThe most retained peptide was considered to be
[lle26,Leu27Bovine GLR (1633) (Peptide Number 15hence the hydrophobic
reference was changed to produce a new normalised retention for the 14 columns
assessedg usingEquation T. The final definition for normalised retentioiy) for

any new characterisestationary phase can be seenkguation B.
o°c — Equationl7

o — Equation18

The normalised retention time for &6 peptides on the 14 stationary phaseg)(
can be seen ifable32 & Table33 for formic acid and’able34 & Table35
ammoniumformate, firstly dispaying the hydrophilic normalised retention times,

then the hydrophobic normalised retention times.
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Table32 Normalised retention time for the hydrophilic peptides determined on the 14

initial stationary phases using formic acid additives.
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Table33 Normalised retention timéor the hydrophobic peptides determined on the 14

initial stationary phases using formic acid additives.
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Table34 Normalised retention times for the hydrophitieptides determined on the 14

initial stationary phases using ammonium formate additives.

¥22°0 €YT0 ¥€0'0 2200 9¥0'0 800 SSO'0 €¥0°0 8200 LL0°0 €00°0- 0800 ¥#.00 9T00 (STT) @19 sunogfrTdsyosi-a] zT
Z.T°0 ¥60°0 800°0 6TO°0- L.0°0 €900 660°0 080°0 8€0°0 0¥0'0 €00°0- 2200 SO0'0 6000 (STT) @19 sumogfrTdsyosi] 1T
892°0 /6T'0 ¥€0'0 €I00 TOT'O 8200 T.00 TOT'O 9500 290°0 €00°0- 0800 ¥.00 ¥20°0 (STT) @19 sumogitTdsy-d] (o)
262°0 ¥22°0 TSO'0 €800 ZOT'0 8800 TZT'0 00T'0 ¥60°0 680°0 2000 8600 €0T'0 €900 (STT) @19 sunogfrTdsy-1] 6
0000 S00°0 000°0 0000 Z0O'0 0000 800°0 2000 2000 200°0 0000 800°0 9000 0000 (STT) @19 sunog{ot(O)Nsn] as
0000 000°0 000°0 0000 0000 0000 000°0 0000 0000 0000 0000 0000 0000 0000 (STT) @19 sunog{oT(O)8In] eg
/S2°0 8T2°0 YOT'0 9ST'0 99T°0 29T°0 2ZT'0 T9T'0 9ST'0 09T'0 7000 ZLT'0 €9T°0 80T0 (STT) &19 sunogfs1es-al L
€0€'0 2S2°0 LIT0 29T0 TLT'0 OLT0 €8T°0 69T°0 T9T'0 €9T°0 7000 06T0 6.T°0 ZvT0 (STT) &19 sunogisiss-al 9
¥12°0 2¢2°0 00T'0 9€T'0 Z9T'0 TST'O 29T'0 TSTO ZVT'O Z¥T'0 ¥000 09T0 Z9T0 S220 (STT) @19 suinogledsyosi-a] S
G92'0 2€£2°0 00T'0 9€T'0 LST'O 6VT'0 €9T°0 TST'O VIO Z¥T'0 ¥000 SST'O ZST'O S60°0 (STT) @19 suinogledsyosi-] v
082°0 €720 TITO PSTO0 8ST'0 ¥ST'0 69T0 ¥ST'O0 6VT0 6VYT'0 000 8STO0 29T'0 ZCITO (STT) @19 sunogiedsy-al €
TOS'0 €520 TZT'0 8.T'0 2.T'0 ¥.T°0 9.T°0 69T°0 ¥9T'0 S9T'0 ¥00'0 €8T0 2Z8T'0 TETO (STT) @19 sunog{TsiH-d] z
8/2°0 2¥2'0 90T°0 8ST'0 9ST'0 €ST'0 ¥9T°0 OST'0 9PT0 9¥T'0 7000 Z9T'0 09T'0 LETO (STT) &9 suinog T
JaquinN
.wmu wmu wmu wmu wmu wmu wmu mmu ,wmu ,wmu wmu wmu wmu wmu QU_HQmﬁ_ QU_HQQH_
< < = =
) c o
® © % I ® & ] <
S o B 3 8 - ® g ©® 9 9 x 2 = 8
® n &) T T Q [} T %) — ®) m S S
B! %) ) | | & o ) &) o = ] < T
£ T %) m m O I T c o 2
T 2 I 2z 2 u % z & ¥ = g7 95 5
2 5 2 3 3 o o 5 22 2 8 g £ &
ks g 2 8 8 2 » § 8 =& & Z S >
° < 8 < < s 3 < < > 5 L 3
g g < ] g
< < < <

9leWlo4 wniuowwy

108



Table35 Normalised retention times for the hydrophobic peptides determined on the 14

initial stationary phases using ammonium formate additives.
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3.6.2 DefiningSelectivity

The response required in the model will be based on selectivjtygocratic
separations are simpler to define using the ratio between solute retention factors,
which is under constant proportions of eluent and not affected by dwell volume.
The means by which selectivity in gradient chromatography is defined has been
debated in various publications (i.e. Snyééeal., Jandera[102, 103). Gradient
chromatography presents a far more complex scentrém isocratic separations
where the changing elud composition, dwell volume, column dead volume and

complexity of the gradient can all be influential parameters.

Snyder describes the selectivity factor for gradiegtssEquation B) as the ratio
between the gradient retention factor for the band pair at the column midpairit.
can be calculatedsingEquation B, which is an approximation. A detailed

description of how to calculaté*can be found by LunddL04].

| — Equation19

Janderd103] suggested an alternate means of evaluating selectivity, suggessing
the relative retention in gradient chromatography, might be more applicable

(Equation20), where Vg is the retention volume (i.e. retention time x flow).

| — Equation20

This was further advanced Equation 4 and Equation 3, where the effect from
differences in dwell volume between different systems is compensdaigdation 2
was used to determiné giised in bothEquation 2 andEquation 3, whereV is

subtracted by the column volumé&/{) and the dwell volumeée)
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| — Equation21
O 0 0 Equation22

Equation23

The four methodgEquation B, 20, 21 and 23) were theoretically simulated to
evaluate the effect of common changes i.e. change in dwell volume, change in flow
and change in mobile phase compositidtppendix L. The results suggested
Equation B provided the most robust result but required signifitavork to
practically determinea andm. Equation20 was affected by the slope of the
gradient and therefore was manipulated if the dwell volume was adjudtgdation
21 is more intuitive tharEquation 3, as the equation shows similarities to the
isocrdic selectivity equation which is more familiar ttee majority of
chromatographers, therefore suggests the most suitable method to define
selectivity igEquation 4. Equation 4 can also be converted from volume into time,
where Vg can be converted intty which is the retention time in gradient elution
and Vm and Vg converted totm andtq (column dead time and dwell time), which
would also increase the familiarity for chromatograph@tguation 2 and Equation

25).

| — Equation24

60 0 o o Equation25

However, upon generating the alpha values for the 14 stationary phases, it was

noted that two peaks which had the same spacing but different normalised
NBGSYyiGdA2z2y (GAYS&a LINPRdAzOSR RAFTTFSHRByG |+ LIKI
would suggest greater selectivity differences despite both pairs having the same

degree of separation. The point at which the compounds elute should not be

represented in the selectivity term.
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A better representation could be to use delfadi) to describe selectivity, which is

the difference between two peaks. Chromatographers are familiar with the concept

2F I fLKI OFfdSar K26SOSNE AlG AayQid dzadz f
present an issue. Another disadvantage of thisrapgh is that the number will be

between 0 and 1 which is not intuitive for a chromatographer to understand the
relevance of the value. However, an advantage is that the approach gives the same
weighting to an early eluting parameter compared to a latettia parameter. It is

also simple to perform. Another advantage is thafi does not require the

determination oftm andtq and thereby the reproducibility shouldhprove

The use of delta is supported Bygure29. In Figure29(A), tgar” andtgas equal 0.69
and 0.79, respectively. Figure29(B), tga1’ equals 0.32 whilstga2 equals 0.42. An
alpha value would suggeét) equalled 1.15 whils{B) equalled 1.33. However, the
delta vdue for both cases is 0.10, giving the separation between the peaks equal
weighting than the retention time which impacts on alpha. Thus, selectivity was

defined using=quation 3.

Yo o Equation26
A tgat
thefl
tKAzthefZ
| I e e R
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 min
B tga1
thefl
tga2 tgRer
| BN S e e e S S s S e B S B B B B B B B S B B S B B S N S B B Ry B B S R R
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 min

Figure29 Example of alpha affected by the point of elution whé@ (;hequalled 1.15
I YV Ry egualled 0.10 andB) 4MSij dzl £ £ SR regalled 0H0/ R p i
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A total of 33 delta values were generated per mobile phase based on the rationale

in Section3.3.2and 3.3.3and werecalculatedusingEquation & (Table36). These

include racemisation, oxidation and changes in phenolic or aliphatic character.

Table36 List of delta values and their rationale

Delta Change Rationale
NOHZIMO [LI A am6Hishy @5 Steric- racemisation
noozmo [L! & LJo B-Aspg] w5 Steric- racemisation
nonzmo [L' & LJo &isoRsp3d [ Steric- isomerisation
nopzmo [L' & LJo B-isdAspd) 5 Steric isomerisation
nopzno [LLA & 2! a[Dis®AspBh Steric- racemisation
noczmo [L{ SNp &Sef) ®5 Steric- racemisation
noeTzImou [L{ SNJ 8Seffj @5 Steric- racemisation
noylIm waSimne ™ wali Oxidation
NoyozIm waSimne ™ wali Oxidation
noyozyl wa S 6 h Met(@©pLO] Steric- racemisation
nocpImo [l ay mmBRAsplh) o] Increase in negative charge
noemMnzIm [LY ay mmBAspM}] w5 Increase in negative charge
noemnzdo [L! & Ldv m BAsp)] w5 Steric- racemisation

NOMMZIM

NOMHZIM

[l &y mmBs0ASp1LD [
[l &y M m GsoAsplE] 5

Increase imegative charge

Increase in negative charge

NOMHZIM [LA & 2! aLivisoRsplly w5 Steric- racemisation
nomMnzIm [L{ SNMc BerT] ®5 Steric- racemisation
NoOoMpIm w[ Sdznc ZLf SHT B T Stericgswitch inamino acid sequence
nomczIwm [l &Lk M3t K-Bap2 &ly2d) « Aromaticg removal of aromatic group
NOMT ZM [LY & LIH mZ Dt -Bsp2d &ly2) « Steric- racemisation
nomyzm [l &LHmMZD f-isoAspBL, G2 Increase in negative charge
nomepzIm [ aLHmMZ DL -BsoAspBl,CGlyR2t Increase in negative charge
nompzIm [LAaz! aLlkHmI-BASPRIHEY22| Steric- racemisation
NOHNZIM w[ Sdznc® H ol Alkylg removal of-ChH
NOHMZIM w[ Sdzvnc 8 M oLt Alkylg change ofCH position
NOHHZIM o[ Sdznc 8 TIh @t K Aromaticc addition of aromatic group
NOHOZM o[ Sdznc 8 TIh ®¢ N Aromaticg addition of aromatic group
NOHOZH wt KSHc8 Ty ®¢ N Aromaticg addition of aromatic group
NOHNZIM w[ Sdznc 8 TIh ¢ & Phenolicg addition of hydroxyl group
NOHNZH wt KSHc8 I o¢e& Phenolicg addition of hydroxyl group
NOHNZH WE¢NLJHCcB TIbh wt¢é Phenolicgaddition of hydroxyl group
NOHpPZIM ! NHHné [Ih o[ é Change in polarity
NOHCZIM W[ Sdzvc B8 T o[ & Increase impositive charge

The results for the hydrophilic peptides on the Acclaim WCX in ammonium formate

are highlighted in redTable34). The Acclaim WCX israxed mode stationary
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phase with a carboxylic acid moiety. Under the formic acid conditieigsie

30(A)), the acidic moiety is unionised, whilst theptides all possess a positive net
charge, thus all the peptides have some retention. However, under ammonium
formate conditions Figure30(B)), the Acclaim WCX is ionised, which can form
electrostatic interactions with the peptides. The hydrophobic peptides all possess a
positive charge, hence have a greater retention under intermediate pH conditions.
The hydrophilic peptides, however, are adigatively charged which created a

mutual repulsion on the stationary phase thus the hydrophilic peptides are eluted
before the void. As such, the results under ammonium formate conditions would
heavily skew any data interpretation, therefore the decisizeis made to exclude

the Acclaim WC¥hen used witrammonium formate from any chemometric

analysis.
23
26 -
8 9
-
I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
23

8/9 26

25\
I [ [ [ [ I [ [ [ [ I [ [ [ [ I [ [ [ [ I [ [ [ [ I [ [ [ [ I [ [ [ [ I [ [ [ [
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 min

Figure30 UV chromatogram displaying theptides eluting on the Acclaim WCX using

either (A) formic acid or) ammonium formate mobile phase conditioAsalyses were
performed on the Nexera X2 coupled to the 2020 single quadrupole system. The formic acid
conditions utilised a mobile phase of 0.1% formic acid in water and 0.1% formic acid in
acetonitrile with 1650%B over 40 minutes. The ammonium formate conditions utilised a
mobile phase of 20 mM ammonium formate native pH in water and 20 mM ammonium
formate in acetonitrile / water (80:20 v/v) with55%B over 40 minutes. Flow rate was 0.3
mL/min, column oven teperature was 40 °C, and detection used a combination of UV at
215 nm and MS for peak confirmatidPeak 8: [Met(O)10] Peak 9: [{Asp11}Bovine GLR

(1-15), Peak 23: [Trp26]Peak 25: [Lys2Q]Peak 26: [Lys2djovine GLR (1633)
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All delta values desibed inTable36 can be seen iffable37 & Table38and Table

39 & Table40in formic acid and ammonium formate, respectivelye sign in front

of the i result is indicative of the elution order for the separatiSrd 3 @ @[ Sdzv ¢ 6
[Lys26] with g §i of -0.848means that [Lys26] elutes earlier than [LeuZHje

largest average difference was observed using formic acid between [l-euizb]
[Lys26]Bovine GLR (Peptide Number 13 and 26, respectively), which could be
expected due to the changes in charge. The smallest average differencpsili.e.
values close to zero) were typically racemic in nature, which highlights the difficulty
in separating these clogerelated species. The difference in responses for the
position of the racemisation also accentuates the issue of analysing racemates,
where [I{ S N 6Seif%) adFy{ S NJ &SeffBavihie GLR (1-15) differ at

position 5 and 7 respectively in the rdse chain, but produced some signficant
differences inp §i for both formic acid and ammonium formate (Peptide Number 1,
6 and 7).
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Table38 Delta values for the hydrophobic peptides determined on the 14 initial stationary

phases using formic acid additives
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Table39 Delta values for the hydrophilic peptides determined on the 14 initial stationary

phases using ammonium formate additives
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Table40 Delta values for the hydrophobic peptides determined on the 14 initial stationary

phases using ammonium formate additives
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3.6.3 Chemometric Analysis

The databases are extremely data rich and as such needs to be mined to observe
trends and patternsln tabular form, it is often difficult to distinguish trends, thus
the data wasused to construct a PCA score and loading plot of the stationary
phases andhe deltavalues which might indicate a possible rationale for the

positioning of the stationary phase.

The results fronTable37 to Table40were all centred byautoscaling (i.e.

subtracting the average for each varialled dividing with its standard deviation)
before generating the loading and score plot$-igure31 and Figure32,

respectively The variables werautoscaledn order to give each parameter the

same importance. The loading plétigure31) contains al66 delta values in both

formic acid and ammonium formate. Each delta value was categorised based on the
property that delta was investigating. Category 1 and 2 investigated an addition of a
positive or a negative charge, respectively, whilst category 3 figated changes in
phenolic character. Category 4 investigated changes in aromatic character and
category 5 investigated the simple effect of changing a methylene group. Category 6
investigated steric effects (i.e. racemisation) whilst category 7 investighe

effect of oxidation of methionine. From the results, it suggests there are clusters of
parameters, for example, thgellow diamondmarkers denote an increase in

phenolic character, whilst the dark blgpentagonsdenotean addition of a negative
chagein the 1stand 29 quadrants The plots corresporet to approximately 56%

of the variables, which is a good start for developingReptide RPC Column

Characterisation Protocol
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The score plofFigure32) showsthe placement for the stationary phases evaluated,
excludirg the Acclaim WCX. Each column walsur codedbased on a reduce

number of parameters from th&xtendedTanaka protocoléTable41). The

parameters were g " cp I Y Resak, in order to differentiate based on
hydrophobicity, hydrogen bonding and positive character, respectively. The Acquity
BEH C8, Acquity BEH C1&juity HSS C18 and Acquity HSS T3 are known to use
hydrophobic retention mechanisms, thus were all grouped. The Acquity BEH Shield
RP18 waslsoincluded in this grouphoweverit isknownto have additional

polarity due to the amide functionalitgut wasnot represented by a parameten

this tabled (beawas calculated as 1.35, whilst a standard C18 phase is typically
1.00) The Acquity CSH C18, Acquity CSH Fluorophenyl, Acquity CSH Phenyl Hexyl
and Polaris Amide C18 all possess positive character on the surface of the stationary
phase and it is thought that electrostatic interactions could provide a key retention
mechanisnfor the peptides.The final group of columns were the Acquity HSS C18
SB, Acquity BEH C4, Ascentis Express Biphenyl and Fortis Diphengradilich

known to possess negative character, thus were grouped.

Table4l Comparison ofX @f)l Y Resadjon the 14 stationary phases to define column
groupings Green alkyl, blue = negative charged= positive charge.

Description kes hcm h @sam

Acquity BEH C8 1.16 0.59 0.02

Acquity BEH Shield RP18 | 2.08 0.30 0.04
Acquity CSH C18 3.53 0.40

Acquity CSH Fluorophenyl  0.46 1.72
Acquity CSH Phenyl hexyl  1.47 0.70

Acquity HSS C18 7.38 0.37 0.01
Acquity HSS C18 SB 2.57 - 0.01
Acquity HSS T3 6.02 0.50 0.01

Acquity UPLC BEH C4 30C 0.28 - 0.13
Acquity UPLC BEH C18 | 3,99 0.37 0.00

Polaris Amide C18 2.87 0.20
Ascentis Express Biphenyl  1.69 0.01
Fortis Diphenyl 1.54 0.32
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From the score plot ifigure32it is clear to see that groups are formirand the
categories based on thextendedTanaka protocol results were based on rational
thought. There is also a good dgeee of scatter suggesting the peptide test
compounds are discriminating between different stationary phases and probing the
selectivity of each phas&ncouragingly, the stationary phases with positive
character are in the opposite quadrant to the phaseth negative character. These
also correspond nicely to the loading plot, where markers for increase in positive
charge on the peptidesight blue circlenarkers) are in thdsand 4" quadrantin
Figure31, which correlates to the stationary phases with negative charge in the
score plot inFigure32 and vice versa for increases in negative charge on the

peptide and stationary phases with positive charge

The Acquity CSH Fluorophenylbisated furthest from the other stationary phases
asessedwhich suggests thehemistryis different to the other stationary phases
evaluatedthus far. The alkyl phases are quite closely clustered togetitezn

tested using peptidessuggesting a high degree of similarity in selectivibys isn
slight cantrast withthe small molecule score plot Figure24, where the length of

alkyl chain can have a large impact on hydrophobicity, hence selectivity.

Stationary phases from other manufacturers will be assessed usirigepide RPC
Column Characterisation Protoadiromatographic conditions, where the resul

will be added to the database and the score plot. However, to characterise each
stationary phase using two mobile phases with all 26 peptides would be time
consuming. The loading plot also would suggest that some probes were duplicating
results, thus unecessaryor the test. It would be advantageous to reduce the

number of peptides required which would reduce the number of test mixtures.

The number of probes can be reduced marayof ways, following an iterative

process. Firstly, parameters whicreaclose to the origin are said to be insignificant

to the PCAsoconsequently can be removed from the modekamples of such

LI N YSGSNB Ay OfdzRS noyoZylo FYR NOHNZIHOU:

difference in retention between the methionine diasg®isomers and difference in
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the amino acids tyrosine (phenolic) and tryptophan (aromatic). In addition, variables
with smallp §i and variables with similar meanings can be removed, provided the
structure of the loading plot is preserved. This requiregt@rmtive process where

the removal of certain probes from the model are compared against the original
loading and score plots to maintain the integrity of the model. A sufficient number
of parameters must be kept in the model otherwise only noise is rederhe
suggested peptide probes for the protocdelta values, score and loading plots can
be seen irSectior3.6.5

3.6.4 Assessment dfeptide-Columninteractions

The peptides probes were designed to investigate peptidemn interactions,
both in terms of common degradants and impurities but also specific changes to
evaluate differences in hydrophobicity, electrostatic interactions, aromatic and

hydrogen bondingnteractions and steric interactions.

3.6.4.1Hydrophobic Interactions

Hydrophobic interaction, which is the primary retention mechanism in reversed
phase chromatography, could be evaluated by investigating the effect of probes
possessing differing hydrophobicifiye. changing leucine to valine) and by changing

the hydrophobicity of the stationary phase (i.e. different alkyl length).

Mant et al. deduced the order of hydrophobicity for amino acids when there were

no nearest neighbour effects, where the order @sponding for the peptides
investigated in this study were Trp > Phe > Leu > lle > Tyi{208alA purely
hydrophobic interaton without nearest neighbour effects would suggest the

elution order in this study should be Peptide 20 < 24 <21 <13 < 22 < 23, however,
this was not the case as seerfilgure33® L G0 Aa LJl2&aaArofS GKS
study possess a random coil within the stationary phase as well as the mobile phase

since they observe an expected retention order whereas the geptivithin this
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study do not follow the expected order due to a secondary structure induced in the

stationary phase but ngbresentin the mobile phase as shown with CD.

[Leu26} and [Val26]Bovine GLR2 (1633) (Peptides 13 and 20) differ by just one

methe f 3INRdzZL)E 6KAOK NBLINBaSyda | addzoidftsS OK
hydrophobicity, however, when compared on a range of C18 phases (Acquity BEHSs,
HSSs and CSHSs) there were substantial selectivity differences between the two

probes Figure33(A), (Dand(G). This is in agreement with Maat al.who

witness greater retention for a peptide modified with a leucine compared to one

modified with a valind105]. [lle26,lle27]and [Leu26,lle27Bovine GLR (1633)

(Peptides 21 and 13, respectively) only differ by the position of a methylene group

on the side chain, however, they have substantial selectivity differences on the C18
phases during gradient elutiohiterature suggests it is reasonable to expect
NBGSYyiAzy RAFFSNBYyOSa oS doeascBedchakofthés (62 |
isoleucine is closer to the peptide backbone, thus less able to interact with the

stationary phas¢105]. This is again in agreement with the previous study, where

the peptide modified with leucine had greater retention than the peptide modified

with isolkeucine.

[lle26,Leu27possesses the same overall hydrophobicity as [Leu26,iR@ihe

GLP2 (1633) (Peptides 15 and 13, respectively), but have substantial selectivity
differences on the C18 phases during gradient elutiigyre33 and Figure34),

which suggests an alternative mechanism. One possible explanation could be that
the change in position of the methyl group changes the shape of the peptide in the
hydrophobic acetonitrile kger on the stationary phase and that results in

differences in the interactions which can take pl§t@6-108].

The more hydrophobic molecules [Phe2¢Trp26} and [Tyr26] (Peptides 22, 23
and 24) were then compared against [LeuBglvine GLR (1633) (Peptide 13).
Based on retention data obtained by Magttal., although theypossess bulkier,
aromatic side chains, a hydrophobic retention mechanism should preferentially

retain [Phe26]and [Trp26] over [Leu26]Bovine GLR (1633) Figure33). [Tyr26}
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Bovine GLR (1633) should be the least retained of the four peptides described.
However, on all of the C18 phases, [Phe2d]rp26} and [Tyr26] eluted earlier,
which confirms tlat a hydrophobic retention mechanism must be acting in

combination with an alternative mechanism.

The same phenomenon was experienced on the Acquity BEH alkyl range of
stationary phases, where a lack of pure hydrophobic mechanism was observed
(Figure33(A), (Band(C). There was a subtle change in elution order for the
Acquity BEH C8 and C4, however, where [lle2td [Phe26](Peptides 21 and 22)
switched in elution order. One possible explanation could be that the aromatic
groups change the shape of the peptide in the adsorbed acetonitrile layer and
thereby expose other groups which can participate in polar / electrostatic
interactions[106-108]. It may also not be possible to draw too many conclusions
from this comparison as the C4 phase had a different pore sizevé880s130 A)

and used monofunctional bonding compared to trifunctional bonding.

There are subtle selectivity differences between the stationary phases, however, to
a large extent, the tye and length of the ligand (8218) does not appear to be

critical for the separation of these probes.
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Figure33 Comparison of (A) Aaily BEH C18 (B) Acquity BEH C8 (C) Acquity BEH C4 (D)
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(Peptide 13: [Leu26,lle271L5: [Ile26,Leu27] 20: [Val26,lle27] 21: [lle26,lle27] 22:
[Phe26,lle27] 23: [Trp26,lle27Bovine GLR (1633)). Data with bars above the retention

axis correspond to low pH whereas below the axis correspond to intermediate pH (pH 6.45).
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Figure34 [Leu26,lle27and[lle26,Leu27Bovine GLR (Peptides 13 and 15) on the
Acquity BEH C8 chromatographed using the ammonium formate gradient

3.6.4.2Electrostatic Interactios

The addition of negative charge was evaluated using peptidéspiL1} and
[Asn11}Bovine GLR (1-15) (Reptides 9 and 1 respectively). Their retentions were
compared on stationary phases with negative and positive chargleigure35)
where in formic acidon both sets of columnthe asparagine peptide wasuted
before the aspartic acid varianthe net charge for fAsp11} and [Asnl11Bovine

GLP2 (1-15) under formic ad conditions were 1.1 and 1.2, respectively, thus very
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similar.In ammonium formate, however, the elution order was reversed, and the
aspartic aciccontaining peptideeluted first. Under intermediate pH conditions (pH
6.45) the aspartic acid peptide hasiet charge of4.7 whilst the asparagine
peptide has a net charge e3.7, and as such,{Asp11} would be expected to elute
last on the phases with positive character due to enhanced electrostatic
interactions. However, as the more acidic specieagfl1]}- eluted first it suggests
that despite having a greater negative charge than [Asnitli the position of the
charge and accessibility in the adsorbed peptides secondary structure that is
important rather than the overall net charge of the peptideritce the more

charged / hydrophilic HAsp11} elutes first.

The addition of positive charge was then investigated using the probes [Lps26]
[Leu26}Bovine GLR (1633) (Peptides 26 and 13, respectively). [Lyselkited first

on all stationary phass and mobile phases, however, there was increased retention
under ammonium formate condition®H 6.45ue to increased electrostatic
interactionscompared to the formic acid gradient conditions (pH 2H)e

difference is most pronounced for the Acclaiixed Mode WCX which contains a
carboxylic acid functionality. At pH 6.45, the carboxylic anithe stationary phase
ligandis deprotonated and thus the positively charged [LysB&tomes strongly
retained. Due to repulsion, columns with a positive retder (the CSH series and

the Polaris Amide C18 columns) elute [Lys26@tlier at low pH than columns with a

negative character (i.e. more accessible silanol groups).
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Figure35 Comparison of (A) Acquity BEH C18Agjuity CSH C18 (C) Acquity CSH Phenyl
Hexyl (D) Acquity CSH Fluoro Phenyl (E) Polaris Amide C18 (F) Fortis Diphenyl (G) Ascentis
Express Biphenyl (H) Acclaim Mixed Mode WCX (I) Acquity BEH C4 (J) AcquitgB$S C18
investigate electrostatic interactien(Peptide 1: [Asn141]9: [LAsp11}Bovine GLR (1-15),

13: [Leu26] 26: [Lys26Bovine GLR (1633)). Data with bars above the retention axis
correspond to low pH whereas below the axis correspond to intermediate pH (pH 6.45).

3.6.4.3Aromaticlnteractions

Phenyl containing phases (Acquity CSH Phenyl Hexyl, Fortis Diphenyl and Ascentis
Biphenyl) and the pentafluorophenyl phase (Acquity CSH Fluoro Phenyl) were
compared against the Acquity BEH C18 and CSH C18 to assess for potential aromatic
interactions. The probes used were [Leu2@Phe26], [Trp26} and [Tyr26]Bovine

GLP2 (1633) (Peptides 13, 22, 23 and 24, respectively).

The CSH phases all possessed the same elution order in both formic acid and
ammonium formate, highlighting minimal aratic retention which suggests the

stationary phase ligand becomes less important for these separatitgsré36).
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The diphenyl and biphenyl phasestbie other hand were able to resolve the

aromatic species and also had different elution orders compared to the CSH phases.
[Phe26} elutes after [Leu26]and there is a significantly larger retention of [Phe26]

at mid pH suggesting that this is due te@rostatic interaction and not due to-
interactions. The diphenyl and biphenyl phases suggest a more negative character
due to accessible silanol groups whereas the CSH phases have a more positive
character due to positively charged groups in the stadiry phase, as indicated

within the PCAKigure32).

There is the potential that the acetonitrile within the mobile phase could reduce

any subtle aromatic interactions of the peptides with the stationary phase due to
competing -~ interactions[109-111]. The elution order bagkon hydrophobicity

f2yS dzAAYy3 | 2R3ISAQ4&-eiie fitdt, thenlai2®] adza33Sad
[Phe26} and then finally [Trp26Bovine GLR (1633) (Peptide Number 24, 13, 22,

and 23, respectivel\fL12]. However, this was not the case here where [Trp26]

typically eluted befor¢gPhe26] and [Leu2@Bovine GLR2 (1633). This is highly

suggestive that an alternative retention mechanism must be introduced, such as the
formation of a second order structure of the peptide in the stationary phase

exposing certain functional groups ahitling others.
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Figure36 Comparison of (A) Acquity BEH C18 (B) Fortis Diphenyl (C) Ascentis Express
Biphenyl (D) Acquity CSH Fluoro Phenyl (E) Acquity CSH C18 (F) Acquity CSH Phenyl Hexyl to
investigate aromatic interactions ¢ptide 13: [Leu26) 22: [Phe26] 23: [Trp26], 24:

[Tyr26}Bovine GLR (1633)). Data with bars above the retention axis correspond to low pH
whereas below the axis correspond to intermediate pH (pH 6.45).

3.6.4.4Hydrogen Bonding Interactions

Prior knowledgeof the stationary phases suggested those phases which are likely to
form hydrogen bonding interactions are the Polaris Amide C18 via the amide
functionality, the Acquity BEH Shield-R¥via the embedded carbamate moiety,

the Acquity BEH C4 via the shaliyd ligand which promotes greater accessibility to
residual silanol groups on the silica surface, Acquity HSSB & low ligand

surface coverage and lack of endpping and thus more silanol groups, and the
Acclaim Mixed Mode WCX via the carboxylid acoiety. The Acquity BEH C18 was
used as a baseline since it is based on hybrid silica, sagmkd and thus should

have minimal potential to form hydrogen bonds. The peptides [Phet@] [Tyr26]
Bovine GLR (1633) (PeptideNumbers 22 and 24) weresaessed for hydrogen
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bonding interactions with the stationary phases as they only differ due to the
presence of the hydroxyl group on the tyrosine. The phenylalanine derivative eluted
last onall the stationary phases and mobile phases although with gre&tentivity

in ammonium formate for the tyrosine variant (data not shown). The trend seems

to suggest that polarity is more dominant than hydrogen bonding capabilities. The
extra retentivity in ammonium formate of the tyrosine peptide could indicate that
the stationary phase is becoming more polar. The lack of hydrogen bonding could
be due to the position of the amino acid change in the peptide residue. It is possible
hydrogen bond interactions could be more pronounced if tyrosine was located

closer to the terminal amino acids.

There are large selectivity differences observed between the two peptides
considering only a 16 Da difference in their ~2300 Da structures, which indicates the
addition of the hydroxyl group has caused some significant changhs in t

interactions within the chromatographic system.

The position of the Acquity BEH Shield1I8Rat the origin in the score plot is highly
suggestive that the carbamate group masks any underlying silanol groups and the
carbamate is not involved in any proannced hydrogen bonding interactions with

[Tyr26}BovineGLP2 (1633) (Peptide Number 24)

3.6.4.5Interactions Related to Degradation of Peptides

Purity profiling methods developed for biopharmaceutical peptides should be able
to separate degradatioproducts. Consequently, an important aspect of the
protocol was to evaluate selectivity for common degradants and racemisation
products. Racemisation and isonsation oftenproducepeptides which are
diastereoisomers of the original peptides, which haeey similaphysiochemical
properties. An investigation of the retention orderdifistereoisomeripeptides
containing theD- and L-forms ofa particular amino acid residuedicate that the
retention order often is the same at both low and mid pH.isWas the case for

78% of the 117 combinations of delta values and columns in the current study. A
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comparison of which pH typically generates a higher delta value for racemates did
not show any trend. In 54% of the cases mid pH gave a larger delta &adirailar
result was obtained for isomeric delta values, where 73% of the 26 combinations
often gave the same elution order in both low and mid pH. However, there was a

trend where low pH gavalarge delta value (85% of the combinations).

Thescore pbt (Figure32) was used to identify phases which were deemed
chromatographically similar and dissimilaith regard totheir ability to separate
racemsed amino acid residige The Acquity CSH Phenyl Hexyl and Acquity HSS C18
SB were selected as phases with large differences in selectivity for the separation of
[D-Ser16} and [L-Ser16}Bovine GLR (1633) (Peptide Numbers 14 and 13,
respectively), whilsthe Acquity HSS T3 and Acquity BEH C18 were compared as
phases which provide similar selectivity, i.e. these phases are located at the
extremes and close to origin when projected on to a line through the origin and

D(14,13).

The diverse columns with formacid Figure37 (A)and(B) exhibit a difference in

the degree of resolution, where there is coelution but a switch in elution order on
the Acquity HSS CI8B and resolution achieved on the Acquity CSH Pl

By switching to ammonium format&igure37 (E)and (F), baseline resolution was
achievable on the Acquity CSH Phenyl Hexyl, whilst the Ad48B/C18B has

switched elution order. For difficult separations such as resolving racemic species, it
is essential to have large peak capacity which is typical for mobile phases such as
ammonium formate, whereas solvents which have low ionic strergyibh as

formic acid, typically failed to resolve the two species due to poor peak shape.

In Figure37 (C), (D), (&nd(H), the Acquity HSS T3 and Acquity BEH C18 all
produced similar looking chromatograms irrespective of stationary or mobile phase,

with similar selectivity and normalised eattion times.

This comparison has provided an early indication that this protocol could show
differentiation between the phases, even for challenging separations such as

resolving racemic species. The example above was selectedD{$#hd3). In order
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to select columns from thecore plot(Figure32) likely to give large differences in
selectivity for any racemates the selection would have b&equity BEH C8,
Acquity HSS Ci8B, Acquity CSH Fluoro Phenyl, Acquity CSH Phenyl Hexyl and
Polaris Amide C18

14
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Figure37 Chromatograms of (13){kerl6]and (14) [BSerl6]Bovine GLR (1633) on
phases predicted to be similar or dissimilar based ostioee plot in Figure43 From LR:
Acquity HSS Ca8B, Acquity CSH Phenyl Hexyl, Acquity HSS T3, Acquity BEB @18, A
formic acid, EH in ammonium formate

[Met(O)10} and [Met10}Bovine GLR (1-15) (Peptide Numbers 8 and 1,

respectively) were compared to investigate the effect of oxidatleeptides

containing he more hydrophilic, oxidised methionine eluted first ontlad

stationary phases irrespective of the mobile phase conditions, with ample degree of
separation achieved between the two species in either formic acid or ammonium

formate gradient conditions.

3.6.5 Suggested Probes Selectedthe Peptide RPC Column Claeaisation

ProtocolRobustness

After careful analysis of theeptide RPC Column Characterisation Protocol
development resultaind the effect of each delta value, the probes were selected

for the finalPeptide RPC Column Characterisation Protodoé number of peptides
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was reduced from 26 down to 11 peptiglavhich generated 1delta values which
cover a range of interactionable4?2). These interactions includghe effect of
oxidation, steric effects, changes in negative or positive charge and changes in

aromatic or phenoti character.

Table42 Selection of peptides and delta values used inRegtide RPC Column
Characterisation Protocol

Delta Mobile Phase Rationale Peptides

. . (3) [D-Asp3}Bovine GLR (1-15)
3,1) Ammonium formatgpH 6.45) Steric (1) Bovine GL2 (1-15)

. . A (8a) [Met(O)10Bovine GLR (1-15)
(8a,1) Formic acidpH 2.5) Oxidation (1) Bovine GL2 (1-15)

Formic acidpH 2.5)and ammonium (9)[L-Asp11}Bovine GLR (1-15)

.1 formate (pH 6.45) Addition of a negative charge (1) Bovine GLP (1-15)

(20,9) Ammonium formate(pH 6.45) Steric (ELS)) [[L?A'B;Spplll:;}BBo(\)XrI:eeGGI‘_f((11;3)
(14,13) Formic acidpH 2.5) Steric (14) E?;eétﬂﬁgrszi‘;gsge}%)
(15,13) Ammonium formatg(pH 6.45) Steric (15) [”?12:?)’E%%%:Egvige(f;;)(m%)
(16,13) Formic acidpH 2.5) Aromatic to alkyl (16)(£2;y§§i?r?gigi§ 2‘;%?33)
(24,13) Ammoniumformate (pH 6.45) Alkyl to aromatic (24)&?)";?\/‘?2:215 (LE%??’S)
(26,13) Formic acidpH 2.5)and ammonium Addition of a positive charge (26) [Lys26Bovine GLR (1633)

formate (pH 6.45) (13) Bovine GL-P (1633)
Basesequence for Bovine GRRImp 0 &l ! 5D{ C{ 59ab ¢ +J(5683) | yR

G{[! ¢w5CLb2[LVveYLGCS5E

The loading plotRigure38) contained parameters in all four quadrants, thus
describing all of the workspace, with distinct areas for positive character and
silanophilic interactions at the top and the bottom of the diiag plot, respectively.
The score plotRigure39) also contained stationary phases in all four quadrants, but
with distinct regions for the differentategories of phases. Approximatel§% of

the variables were described by the filptide RPC Column Characterisation

Protocolprobes, which was adequate for observing trend.
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Characterisation Protocol
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3.6.6 Defining thePeptide RPC Column Characterisation Protdedlres

Three new test mixtures were devised for the peptides inPeptide RPC Column
Characterisation Protoc@lable43).Each mixture contained the two reference
peptides [Met(O)10Bovine GLR (1-15) (Peptide Number 8nd [lle26,Leu27]
Bovine GLR (1633) (Peptide Number 15 order to normalise the resust

The test mixtures contained both peptides used to calculate the delta value
prevent the influence of different injections and drifts in retentjaghusmaximising
robustness The first test mixture (TM1) contained a total of seven peptides to
calcuhte five delta values. The second and third test mixtures (TM2 and TM3,
respectively) contained six peptides each to calculate two delta values. Peaks were
identified based on either their mass or differentiatediigak areavhere the same

mass was presertt.e. l-/D- isomers).
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Table43 Test mixtures for th@eptide RPC Column Characterisation Protocol

ST (e€9T1) &9 aunog gna'gzall]
ST (e€9T) &1 aunody gna'gzall] ST (e€9T) &1 auinody gna'gzall] €1 (e€9T1) @19 auinog
14 (ee9T) &1 aunogigtias-d] €T (e€91) &19 duinog uHoU ve (e€9T) &9 aunog{gziAL]
€T (e€9T1) &19 duinog 9C (ee9T1) &9 dunogfggsAl]  zowo U 91 (e€9T) &9 auinogizeA|o]
€ (STT) &19 sunogiedsy-q] 6 (STT) @19 sumogfrrdsy-1] zdwo U 6 (STT) @19 sunogfrTdsy-1]
quwou T (ST-T) &9 duinog goHoOU 0T (STT) 1o sumogfrrdsy-al o U T (GTT) @19 auinog
zooU 8 (5T7) &9 sumogfot(O)Nein] v w o U 8 (5T7) &9 sumogfot(ONen] - 1 Ao U 8 (5T1) @19 sumog{oT(0)eN]
JaquinN JaquinN JaquinN
eleq spndog apndad eyag — appdad elag — apndad

ENL

CNL

TAL
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The three test mixtures were injected on the Kinetex EXI8 to assess the

suitability of the proposed compositionBigure40) with successful results. The

peaks response was similar between each injectiath @eptides which appeared in
multiple mixtures gave the same retention and normalised retention times. As such,
the proposed test mixtures were approved for tReptide RPC Column

Characterisation Protocol

1 24 13
A 9 16 15
8a
10 26
13
9
c 1 1314
3
15
8a
-—— Y
7.5 10.0 125 15.0 17.5 20.0 22.5 min

Figure4d0 Example chromatograsat 215 nmof the (A) TM1 8) TM2 O TM3mixtures
using the 0.1% v/v formic acid conditiatescribed in Sectidh10.5 Peakl: Bovine GL-R
(1-15), 3: [BAsp3}Bovine GLR (1-15), 8a: [Met(O10GBovine GLR (1-15), 9: [EAspl11]
Bovine GLR (1-15), 10: [BAspl1}Bovine GLR (1-15), 13: Bovine GEP(1633),14: [D
Serl6iBovine GLR (1633), 15: [lle26,Leu2-Bovine GLR (1633), 16: [Gly22Bovine
GLP2 (1633), 24: [Tyr26Bovine GLR (1633), 26: [Lys26Bovine GLR (1633).

3.6.7 Defining Peak Capacity

Sample pak capacitfPC* ) isa measure ofeparaton power in gradient elution
and isdefined as the total number of peaks within a chromatogram which can be
resolved withRs = 1. ThePC* value(Equation Z) should ideally be large for
method development purposes in order to have a greater chancee&wlving all
compoundsThe value can be reduced for optimised separati@rs/deret al.

suggested that for a separatia@i compounds where n=10, peak capacity would
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have to be greater than 80 to resoladl peaks, however, an optimised method

could redwce the peak capacity to around #002].

06 —— p Equation27

tr andtr where the retention time for the final and initial peak, respectively, and
Wave Was the average width at base for all peaks in the first peptide test mixture
(TM1), excluding the oxidised methionine peaks. dkidisedmethionine was
excluded as the diastereoisomers were unablééaesolvel on all the stationary

phases evaluatedvhich could potentially skew the results

The above approach was used as the conventional peak capafitged by Snyder
[102]is a hypothetical measurement based on the gradient tadneded by the

peak width, which often owestimates the capacity of the separation. Tdample
peak capacitapproach used ikquation Z calculates the peak capacity for the
fraction of the gradient which is being used to separate all the compounds of
interest, which is bracketed by the retentiof the first and last peak of elution.
Although the value of peak capacity by this measurement will be smaller than by
the conventional measurement, it is more practically relevant to chromatographic

separations.

Peak capacities can be improved by utilising high efficiency RP stationary phases,
such as superficially porous particles (SPP) o2suimtotally porousparticles

(TPP) The majority of the stationary phases within this project can be classed as
either PP or sui2 umTPPo improve chromatographic separationslternatively,

peak capacity can be affected by the mobile phase additive.

Thepeak capacities for th&4 columns used to develop theptide RPC Column
Characterisation ProtocoVere determined in both formic acid and ammonium
formate (Figure4l) using the peptides from TMdescribed irSectiorn3.6.5.

Typically, the peak capacities were improved in ammonium formate in comparison

to formic acid, with a few exceptions (i.e. Acquity CSH Phenyl Hexyl and Acquity CSH
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Fluorophenyl)Thepoor performance could be due to the low ionic strength for
formic acid solutionsSeparations in formic acid are also more susceptible to
overloading effects, which could reduce the performaiitE3, 114] Poor peak

shape at low pH is often attributed to silanophilic interactions, however, with the
increase in modern silicas which do not possess a significant degst®ogly

acidic silanols, this cannot be the cause of exaggerated peak shapes for basic
species. McCallest al. hypothesised that poor peak shape can often be ascribed to
overloading folbasic species due to mutual repulsion effects between adsorbed
ions of the same chardd8, 115, 116]This effectsincreased further when lo

ionic strength mobile phases are used, such as 0.1% formic acid. Further research by
McCalley, which used positively charged peptide probes also supported this theory
where he compared the responses of four multiply positively charged peptides in
phosphde buffer, formic acid and THA8]. The phosphate buffer gave significantly
better peak shape and chromatographic performance compared to the formic acid

due to a significary higher ionc strength which reduces mutual repulsion.

Although formic acid can result in poor peak shape, this was not the case for the
Acquity CSH range of stationary phases which were specifically designed to provide
an improved peak shape for basigecies due to the presence of a small permanent
positive character on the surface of the phd$&7, 118] The Polaris Amide C18,

which also possessed a positive character, additionally provided good

chromatographic performance in formic acid.

The peak capacity for the Acclaim W@¥mmonium formatavas excluded as the
hydrophilic peptides eluted before #éwoid, thus peak width could not be

determined for those peptides.

It was also noted that the more retentive columns tended to have greRr
values, such as the C18 phases, compared to less retentive phases such as the C4 or
fluoro phenyl phases. T$ould be due to the greater elution window for the C18

type phases, which should be taken into consideration when obseR(ig
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Figure4l Peak capacities determined for the 14 stationary phases using the formic acid
and ammonium formate gradient conditions described for Beptide RPC Column
Characterisation Protocol

3.7Robustness of theeptide RPC Column Characterisation Protesiog

Factorial Design

The Peptide RPC Column Characterisation Protocol was evaluated to ensure the
integrity of the results generated. This required ardepth analysis of the
methodology, by performing a factorial design (otherwise known as Design of
Experiment (DoE)) for bbtthe formic acid and the ammonium formate conditions.
In addition, the intermediate precision, the effect of loading on a hydrophilic
peptide and the effect of pH switching were assessed, which has been known to

cause drifts in retentiof48, 115, 116, 119]

DoE is a statistical tool composed typically of two or more parameters known as
factors. It is particularly advantageous fgaining a greater precision for estimating
the main factor effects and exploring the interactions between those different

factors. It can also contribute towards conclusions of further stuis,121].
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DoE is particularly advantageous over an alternative approach; changing one factor
at a time (OFAT). OFAT requires significantly more experiments and data than DoE,
which can utilise a significant amount of resource in both cost and time. Even s
OFAT poorly understands the joint influence of parameters, as only one variable is

considered in one experimeit22].

DoE is an extremely organised approached. It is an ideal tool to investigate whether
a variable is an observed effect or if in fact it is purely noise. Modelling data is a
oversimplification of the data, however, by selecting the most appropriate model, a

small aspect of reality can be described.
3.7.1 Factorial Design

There are numerous models available depending on the objective of the factorial
design. Some common examples include Plackett Burman and reduced factorial
design[95, 120, 123, 124JThe most typical objecte used to evaluate the
robustness of a methodology is the screening design, where a reduced factorial
design can provide sufficient information regarding the influencing factors. A 2
factorial design identifies eight experimental conditions and thcedre points

which act ayalidation rungo describe the variability and deduce the random
effect within the workspace. Some common parameters for chromatographic
robustness studies include wavelength, temperature, flow rate and mobile phase
preparation. Tle levels for each parameter are typically selected based on
instrument specification and expected error associated with equipment (i.e.

glassware).

The column batch to batch variation is not typically included in the robustness test.
It is categorical discreet variable which typically is accounted for in the validation
of intermediate precision. Note that it is of critical importance to get columns from
different base silica batches. Just different batches of packing or attachment of
ligands to the dica will not reflect the true batch to batch variation. When ordering
the columns, one must stress the need for columns from different base silica

batches.
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3.7.2 Rationale for théDesign of Experimemhevels
3.7.2.1Formic AcidMethod DoE Levels

Wavelength is typically investigated within a DoE as a change can affect the area of
the integrated peak and the signal to noise ratio. This was less important within this
study as the data was qualitative and peak confirmation was ascertained by MS

data therefore was excluded from the DoE.

Temperature is often used to improve speed of separations, reduce back pressure
by reducing mobile phase viscosity and increase column performance due to faster
analyte molecular diffusion and reduced mass transfemt@n the van Deemter
eqguation. It is a critical variable requiring adjustments to meet the acceptance
criteria in the system suitability test. In several cases reversal of elution order is
observed for a temperature difference of less thanC3125]. Furthermore, due to
differences in the construction of column thermostats the actual temperature in the
column differs from one instruent to another despite identical sgtoint/ read

back, with deviations recorded as large as $128]. Radial and axial temperature
gradients are two contributing factors which should be evaludft¥-133). Radial
temperature gradients (i.e. changes in temperature across the cross section of the
column) can lead to band broadening and poor chromatographic performance. This
is typically a resulbf heat dissipation from the outer parts of the columii$e
discrepancy in the temperature cross section affects the solvent viscosity, where
there is a divergence in solvent viscosity across the cross section of the column
which thereforeaffectsthe linear velocity. Thus, a parabolic band is generated
where the band migrates faster at the walls than at the centre of the column, as
demonstrated inFigure42(A)[125]. Axial temperature gradients, on the other

hand, are changes in temperature along the length of the stationary phase (i.e. the
outlet is warmer than the inlet). This can be as a result of frictional heating, where
the incoming solvent rubs against the wwin bed which converts the friction into

heat. The degree of heating can be dependent on particle size, column dimensions,
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pressure, temperature and flow rate. With frictional heating, the solute migrates
along the length of the column with minimised basgreadingunder adiabatic
conditions(i.e. no transfer of heat between a system and its surroundings)
therefore the chromatographic performance is unaffected by axial temperature
gradients.If there is efficient dissipation of heat from the column walhisystem
such as in a water bath, then frictional heating can also result in radial gradients.
Frictional heating will alscausechangesin temperaturewhichalters the solvent
viscosity and linear velocity along the length of the column, which affetéstion

and selectivity, as demonstrated fgure42(B)[125].

A Cold incoming solvent
! £ o A
°
B Frictional heating

i, 3 i

Figure42 Schematic of a column undergoir®) (adial and B) axial temperature gradients
as a result of insufficient solvent preheating and frictional heating, respectilaky =
cooler temperatures, red = hotter temperatures.

The most critical parameter for column characterisation using peptides is to
maintainretention and selectivity, therefore, the column oven should ideally exhibit
limited frictional heating axial temperature gradients. Thus, it was deemed
necessary to evaluate the actual column temperature for different column ovens for
the robustness bthe Peptide RPC Column Characterisation Protocol using a set

protocol.

The average temperatureithin the column can be measured as a function of
retention timeversugemperature. The retention time of caprylophenone (20

png/mL in MeCN) was used as #&atse measure of the average temperature within
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the column[53]. Two thermostat designs (Shimadzu €30 still air oven and
Shimadzu CT@0A forced air oven) were compared against a water bath where
temperature was determined using a calibrated thermometer with an accuracy of
0.5 °C, defined as £95®bnfidence interval, between 0 to 100 °C. The sample was
injected at 4 pL with a flow rate set to 0.3 mL/min. The mobile phase was MeCN
H.O (45:55 w/w), where solvents were weighed and premixed to eliminate
instrument to instrument %MeCN variation. Trengple was injected at 30 to 60 °C
in 5 °C intervals to plot (retention timesystem dead timeyersusemperature to
determine a deviation in temperature for the LC system fi.€at a certain

retention time). System dead time was subtracted from thiemnéon time to allow

for comparison between the three ovens and was determined by the retention time

of uracil dissolved in water, where the column was replaced with a ZDV union.

It can be assumethat the retention time obtained from a column submergida

bath with circulating water will correspond to an accurate average column
temperature. A 1 m x 0.1 mm steel tubing was submerged in the water bath to
provide adequate solvent preheating. An XBridge C18, 3.5 um, 50 x 2.1 mm column
was first evaluatedd assess the average column temperature without frictional
heating as an influencé-igure43). Frictional heat is minimal due to the reduced
column lergth and greater than 3 um particle sizZ:y deviation from the water

bath trend (orange markers) suggests a deviation between the temperature of the
column and the set point of the oven. The Shimadzu-@0®oven (forced air

green markersmatches the weer bath closely, within experimental error,

however, the Shimadzu CI3DA oven (still ajrblue markersexhibits a greater
deviation from the average column temperature, particularly at higher

temperatures. At 40 °C, the temperature used in the PeptiB€ Rolumn
Characterisation Protocol and system suitability tests, the forced air oven is +0.13 °C
from the set point, whilst the still air oven4%.77 °C lower than the set pointable

44,
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Figure43 Plot of (rSystem dead time) versus Temperature for caprylophenone using the
XBridge C18, 3.5 um, 50 x 2.1 mm colurtow rate was 0.3 mL/minsing MeCN / D
(45:55 w/w).All data was normalised to make a valid comparison.

A second column was used to assess the average column temperature with heat of
friction (Acquity UPLC BEH C18, 1.7 um, 150 x 2.1 mm column). The dfaplren

44 displays both the deviation iaveragecolumn temperature from the oven set

point. At the lowest temperature, the caprylophenone eluted earliest on the-CTO
30A (il air), then CTEO0A (forced air). This suggests there is frictional heating in
the column. The forced air oven provides similar retention to the water bath, which
suggests the set point of the oven is accurate. The still air oven deviates from the
wateNJ 0 F 6 K 0 GKS KAIKSNI 0SYLISNI GdzNBasx KA
suggested by the oven set point. This could indicate insufficient preheating, or a
pressure effect. However, at 40 °C, the forced air oven and still air oven are both
within 0.8 °C of the set point. In fact, the still air oven is actually closer to the set
point at 0.35 °C, however, the column in the still air oven must be experiencing
different influencing factors where the retention is lower at lower temperatures

and higher atigher temperatures than the baseline provided by the water bath
which would reduce the reproducibility of the separation, whilst the forced air oven

overlays the majority of the water bath trace.
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Figure44 Plot of (rSystem dead time) versus Temperature for caprylophenone using the
XBridge BEH C18, 1.7 pm, 150 x 2.1 mm colblow.rate was 0.3 mL/min using MeCN /
HO (45:55 w/w)All data was normalised to make a valid comparison.

Table44 Gomparison of measured temperature against set point of the oven.

Measured Set Pointg Percentage of Set
Temperature (°C) Measured (°C) Point (%)
Oven Design
50x2.1 150x2.1 50x21 150x2.1 50x21 150x2.1
mm mm mm mm mm mm
Water Bath 40 - -
CTQ30A still Air 41.77 39.65 -1.77 +0.35 104.4 99.1
CTQG20A Forced Air  39.87 39.25 +0.13 +0.75 99.7 98.1

Peptide RPC Column Characterisation Protocols utilises 40 °C, which based on these
results, suggest the Shimadzu forced air oven can provide the same temperature in
the column as a water bath controlled using a certified thermometer. The deviation
betweenoven design on the two different column formats, however, suggests it is
important to check the temperature of the column before characterising columns
using the Peptide RPC Column Characterisation Protocol or any other prdtagol.
thought that for minmised radial temperature gradients in the column and to

achieve high efficiencies, a still air oven should be uldegvever, this result
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focused on the effect of retention time as this could impact on selectivity which is

the main focus of the main study.

It is important for the user to check the temperature of their oven with the water
bath approach as previous experience has observed some column ovens can
deviate significantly more than thj$34]. Despite this, the limits for the formic acid
DoE was +2 °C as the Shimadaeced aircolumn oven producgan actual column
oven temperature close to the programmed value. The difference in column oven
temperaturewasevaluated during intermediate precision where different column

ovenswere used.

The specification provided by various instrument manufactufersglow rate

typically is £1% which probably correspond$8xSDwhich would suggest@ange

of 0.3 mL/min £ 0.003. Tests produced by Novo Nordisk on eight instruments
identifieda 99% confidence intervéCl)of 0.5% at 0.1 mL/min, thus would suggest

a limit of 0.3 mL/min + 0.0015. The limit was aclyaét to 0.3 mL/min £ 0.005 as it
was deemed a more practical value which may have the potential to see a practical

effect and wold allow for aging instrumentation.

The original development conditions used a starting %B of 10% for the formic acid
gradient. However, it was noticed that on some of the stationary phases, the more
hydrophilic peptides were sometimes poorly retained dradl interference from

the DMSO solvent front. As such, it was decided to reduce the starting %B from 10%
to 5% and adjust the gradient conditions accordingly to generate the same
selectivity, which was confirmed via chromatographic experiments. It woulll-be
advised to have the starting %B any lower than 5% due to poteteialetting of

pores resulting in a reduced accessible surface in the column and thus poor
retention for hydrophobic stationary phases under low organic conditi@res.

wetting is most citical when the pressure is removed on hydrophobic stationary
phases when saturated in water and as such, to ensure the integrity and robustness
of the separation, the initial conditions were set to 5Phe gradient accuracy is

dependent on the accuracyf the pump which isypically specified to +@%
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(averaged from three different instrumembanufactures). It is assumed the
specifications are 3x SD, thus the average SD would be 0.14%. This was in
reasonable agreement with data determined gvo Nordisk on 16 instruments

where SD was 0.16% which provided a 99% CI of 0.46% which is comparable to the
average specification for composition accuracy. The level selected for the DoE was
+0.4%, where the entire gradient was adjusted as it was asdumbe a systematic

error in the accuracy of the pump.

Significant errors can be generated by preparing volumes using glassware, therefore
solvents were prepared by weight to eliminate these errors. The pan balance has a

random error of < 0.01 g whichassumed to be 3x SD.

In experimental work, itan bemore appropriate to combine random errors which
are associateds the combined error can be larger than the individhatefore
more relevanf135]. For example, it could be more prudent to combine the errors

associated with the weighing of solvents in conjunction with dispensing formic acid.

The pipette was specified to have a systematic error of < 0.8% and a random error
of < 0.3% for dispensing 10QQ which would correlate to 3x SD. An assessment of
the pipette by weighing 1000L of water determined the systematic error was

0.05% and theandom error was 0.1% (SD) which would suggest the pipette is in
line with the specifications. The repeatability of the pan balance was 0.01 g (3x SD)

whilst the analytical balance was5g (3x SD).

By assessing the propagation of errors, the most appropapfoachwould be to
use multiplicative expressions, as showirtguation 8, where a, b, c and d are
measured variableandy isthe final value The equation can be rearranged to allow
the determination ofthe errors associated witthe formic acidmobile phase
preparation The sum of the random and systematic errors associated with the
pipette and pan balance were determined to be <0.0013%, which would give a
concentration of 0.10% + 0.001@&igure45). However, the purity of the formic acid
accounts for another error, which gives a maximum and minimum content of

0.101% and 0.097%. In order to make the model symmetrical, the levels should be
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set to a minimum of 0.10% * 0.003%is good working practice to use an additive
in both the weak (gueous) and strong (organic) solvents in reversed phase

chromatography, and as such, should both be considered within the DoE.

— — — — — Equation28
Random Error
Pipette 0.3 %
PanBalance 0.01 g¢g
Variable Calculation
[FA] 0.001 0.1 %
" Numerator E 0.003 gor mL
P D TITT
Numerator 1 gor mL
’ Denominator/Denominator T[8'[ p T[S'[ no 0003000
WWw P
Denominator wWwwp 1000 gormL
" Denominator r 0 3.000017 gor mL
(0]
e 0.004243
9 ©°
c 0.001 01 %
¢ LI 0.000424 %
o}
Pipette Systematic Error 0.8% 0.0008 %
Sum of random and systematic errors 0.001224 %
Purity of Formic Acid 98-100%
Max ™ { 60 Qi € ipdn 0.101 %
Min ™ [ 0& Qi i ¢ mdoy 0.097 %

Figured5 Propagation of errors associated with preparing the formic acid mobile pNase
= numerator, D = denominator, C = concentration
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The concentration of the formic acid can impact on pH, which can be critical for
selectivity of ionisable specigSormic acid acts as a reasonable buffedasbling

the concentration of the acitiardly affects the pHA separate experiment was
performed which looked at the effect of using 0.05%, 0.10% and 0.15% v/v formic
acid in the aqueous and organic components in order to rationalise the limits for
the DoE. The pH determined in the aqueous @&9, 2.70 and 2.63, respectively,
which was in close agreement with the expected values of 2.91, 2.73 and 2.65
(estimated by ChemBuddyJhe delta values were determined usiggand

compared using %RSD and the difference between the maximum and minimum

AAAAA

¢CKS Y2ail FTFSOGSR QI NA Tabed5)a o SNBE pooimo

Table45 p ¢l values associated with different concentrations of formic.acid

nid3rf
FA% nooz noyl Nodz nomn pédmMn:I pndmMp:I nomMcsI noHNSI NOHC?:
0.05% 0.000 -0.294 0.057 -0.026 0.017 0.054 -0.402 -0.257 -0.575
0.10% 0.006 -0.286 0.053 -0.024 0.013 0.051 -0.394 -0.253 -0.560
0.15% 0.008 -0.280 0.052 -0.022 0.010 0.048 -0.39 -0.251 -0.554
Diff 0.008 0.014 0.005 0.004 0.007 0.006 0.012 0.006 0.021
%RSD  90.504 -2.442 4.892 -9.228 25.589 6.011 -1.484 -1.304 -1.907

The limits for the concentration of formic acid in the aqueous or organic was

debated between 0.1% v/v + 0.005 or £0.010. The data aboVahie45was used

to aid this decision by determining the potential delta differences one could expect

at different concentrations. The delta values were plotted against the concentration

of formic aail, where the polynomial equation was used to determine y at specific

formic acid concentrationfl'able 46). The results indicate that the difference

extSOGSR FT2NJ Y2ad 2F GKS RStdGF @FftdzSa ¢ 2d
YR pémnImMol0® ' nom: Ok@ 5 ndnnps 2yS O:
and 3% respectively, whilst at 0.1% v/v = 0.010 a difference of approximately 15 and

5% respctively could be expected. As such, the limits for the concentration of

formic acid in the aqueous and organic components should be 0.1% v/v £ 0.005 to

minimise the sensitivity of the two most susceptible probes to changes in formic

acid concentration.
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Tableds t 2T ey 2YAY I §
of formic acid concentration

S |j fzraltierirefofnaic agicRtddetSrmideithe fmipact

n i Polynomial Equation Y= Expected Difference

0.090% 0.095% 0.100% 0.105% 0.110% 0.090% 0.095% 0.105% 0.110%
noéoZX -0.645%%+0.209%-0.0088 0.005 0.005 0.006 0.006 0.006 -15.287 -7.358 6.787 13.002
noyl -0.27433+0.194%-0.303 -0.288 -0.287 -0.286 -0.286 -0.285 0.498 0.247 -0.242  -0.479
nodz 0.5473%%0.16x+0.0637 0.054 0.053 0.053 0.053 0.053 1.053 0.501 -0.450 -0.848
nomn -0.239%*+0.091&-0.0304 -0.024 -0.024 -0.024 -0.023 -0.023 1.953 0.951 -0.901 -1.751
nomn. 0.10242%0.0886¢+0.021 0.014 0.014 0.013 0.013 0.012 5.253 2.607 -2.568 -5.097
nomp. 0.0213%*0.0656¢+0.0574 0.052 0.051 0.051 0.051 0.050 1.206 0.602 -0.600 -1.197
noémc. -0.78232%+0.271%-0.4131 -0.395 -0.394 -0.394 -0.393 -0.393 0.312 0.151 -0.141 -0.272
noHn. -04%%*+0.162%-0.2644 -0.254 -0.253 -0.253 -0.253 -0.252 0.275 0.133 -0.123  -0.236
NnoHc. -1.7193*+0.552&-0.5982 -0.562 -0.561 -0.560 -0.559 -0.558  0.404 0.194 -0.179 -0.342

Dwell volume is one of the most overlooked parameters when considering gradient
chromatography. The dwell volume is the volumetric contribution from the point at
which the solvents mix up to the head of the column. Isocratic chromatography is
unaffected bythe dwell volume as a constant mobile phase composition is used.
However, as the proportion of solvents change in gradient chromatography, the
dwell volume can play a pivotal role in selectiyg]. The dwell volume ahodern

LC instrumentation can be as low as 100 pL up to roughly 508sguming a low
volumemixer is in placgtherefore the dwell volume was adjusted to compare the
chromatographic results provided under these conditidhss also a necessity to
havelarger mixers when TFA is employed in LC systems to produce a satisfactory
baseline without oscillation due to poor mixinbhis was performed by either

having an isocratic hold before the gradient to recreate a larger dwell volume or a
delayed injectionwhich was injected on the gradient to represent a smaller dwell

volume.

A summary of the factorial design specification can be se@alite47, which wil
be applied to the formic acid peptide gradiaming the three test mixtures
described irSection2.10.3 The experimental conditions and run order can be seen

in Table48. The original chromatgraphic conditiongan be seen isectior2.10.4
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Table47 Summary of the robustness range required for each fdotahe formic acid

DoE study
Parameter -1 Level 0 Level +1 Level

Temperature (°C) 38 40 42
Flow Rate (mL/min) 0.295 0.300 0.305

Systematic Shift in Gradient (%€ -0.4 0.0 0.4
%FAin Aqueous 0.095 0.100 0.105
%FAin Organic 0.095 0.100 0.105

Dwell Volume Difference (uL) 100 300 500

156



00€ 00T0 00T0 00€0 00 oy 4 TIN 1T

Table48 DoEconditions for the formic acid peptide gradient
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3.7.2.2Ammonium Formatdlethod DoE Levels

The same levels and rationales for temperature, flow rate, initial %B concentration
and dwell volume were applied to the ammonium formate DoE as those described
in Table47. However, in addition to these levels, the mobile phase preparation for

the ammonium formate experiments was considered.

A similar approach was used as in the formic acid DoE which lookiee at

cumulative effect of mobile phase preparation. Both the ammonium formate and
the solvents were weighed out, on the analytical balance with a random error of

5e °g(3x SDand pan balance with a random error of 0.003g SD)The sum of the
variances indicated a very low uncertainty for the ammonium formate content in
both the A and B solvents, where the concentration would be 20 mM = 0.0004 mM.
This would be impractical to measure thus concentration should not be considered

in the DoE.

At intermedate pH, the chromatography is more susceptible to subtle changes in
the pH which could have profound effects on the retention of the peptides, where it
could change the net charge of the peptides as well as alter the ionisation state of
silanols. There weralso concerns regarding the reproducibility from different
batches with different histories (i.e. the length of time a bottle is open). The
hygroscopicity of ammonium formate was assessed under artificially high humid
conditions which saw both ammoniurorinate and acetate increase in mass as
water was absorbedSectior3.5.1.]). A second study was conducted where 1.26 g

of ammonium formate was disperd into scintillation vials, where one was capped
and the other left exposed under standard conditions in the laboratory. The capped
vial increased by 0.79% in weight whilst the uncapped increased by 1.59% in 24
hours. The two vials were then made up @02mM solutions where the pH was
measured. The electrode was calibrated using pH 7.00 and 2.00 calibrants. The pH
of the capped solution was 6.44 whilst the uncapped solution was lower at 6.25. It
was hypothesised that the loss in pH could be due to Ibssrononia. Carefully

stored ammonium formate should be used to avoid such a shift in pH.
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The reproducibility of different batches of ammonium formate (n=6) with different
histories were assessed in both Shimadzu and Novo Nordisk. The pH of 16 solutions
of 200 mM ammonium formate was measured with an average response of 6.45
(95% CI 6.48.47). The solutions were then diluted to 20 mM and measured again
with an average response of 6.30 (95% CI-6.35). An additional study looked at

the repeatability of 1 measurements, where three readings were recorded. The
average pH for a 200 mM solution (n=27) was 6.43 (95% C6618)) whilst a 20

mM solution (n=17) was 6.31 (95% CI 66284). These results were in keeping

with the above results and suggest tithe batch of ammonium formate does not

seem critical, however, being exposed to the atmosphere would be critical.

It was noted the measured pH values for 200 mM and 20 mM solutions were
different from the predicted values iRigure46, which suggested the solutions
between 10200 mM should have a pH of 6.5. The pH was mostly affected by low
concentrations of buffer (i.e. 0.1 mM had a pH of 6.69). Thus, it was decided to
measure the pH for 15§ 25 mM solutions in 5 mM intervals. The results were
similar to those above where there was a decrease of approx. 0.11 pH units
between the stock solution and the 225 mM solutionsTable49). The pH for the
15-25 mM were all very similar, thus corroborating pH should be considered in the

DoE, and not buffer concentration.

6.7
6.65
T 6.6
2 6.55
6.5

6.45 -

0 5 10 15 20 25

[AF]

Figure46 Plot ofpredicted pH against ammonium formate concentration (mM).
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Table49 Measured pH of different concentration ammonium formate solutions.

Concentration (mM) pH Range (n=3) Average pH
200 6.396.42 6.41
25 6.296.32 6.31
20 6.286.31 6.30
15 6.286.3 6.29

The level for the DoE should be set to 6.39 to 6.51, as the 99% CI based on the n=27
results above should expect a value between &35L, whilst the 99% CI based on

the n=16 results should expect a value between &3D. If the pH is outside of

this interval there is a problem with the stock solution, such as a loss of ammonia or

formic acid.

The content of acetonitrile in the B solvent had quite wide levels in the original DoE,
however, preparations based on weight is more accurate than volume therdfe
limits should be reduced to accommodate the greater accuracy. Originally, the B
solvent contained 90% acetonitrile, however, it was decided to reduce the
concentration to 80% in order to reduce any influence from poor mixing. At 90%, a
turbid soluton formed, which was improved by stirring and slight heat. However,
GKA&a O2dz R fSIR (2 LRGSYGAlFrf NRodzaGySaa .
thus the concentration was lowered. The chromatography was assesseg|

either 20 mM ammonium format (native pH) in MeCN /-8 (90:10 w/w) or (80:20
wiw). Selectivity was maintained when the gradient was adjusted uBiggation

13. The accumulation of errors would suggest very small deviations for acetonitrile
(density 0.786 g/c) where the concentration is 80 + 0.01Fgure47). In order to

see an effect, the levels should be set to 80 + 0.1%.
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Random Error

Analytical balance 0.00005 %
Pan balance 001 ¢
Variable Calculation
MeCN q 80 %
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™ Yo
Numerator 800 mL
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PTIT PpTT ¢Gap
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“cic 0.00014320
)
c 0.8 80 %
c g 0.01146 %
0

Figured47 Propagation of errors associated with preparing the ammonium formate mobile
phase.N = numerator, D = denominator, C = concentration

A summary of the factorial design specification can be se@mlime50, which will
be applied to the ammonium formate peptide gradient using the three test
mixtures described isection3.6.5 The experimental conditiorend run order can

be seen inTable51. The original chromatographic conditions can be see®eiction

2.9.
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Table50 Summary of the robustness range required for each factor.

Parameter -1 Level 0 Level +1 Level
Temperature (°C) 38 40 42
Flow Rate (mL/min) 0.295 0.300 0.305
Systematic Shift in Gradient (%B) -0.4 0.0 0.4
pH of the Stock Solution 6.39 6.45 6.51
Concentration of MeCN in the B Solvé#t) 79.9 80.0 80.1
Dwell Volume Difference (uL) 100 300 500
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3.7.3 DoEResults

Both DoE2 éontained three repeat experiments named {19, which had the 0 level
parameters and were randomly allocated in the run ordeat{le48 and Table51).
Ideally three different mobile phases should be created for each method, however,
there were practical constraint in the number of solvent lines. Thisnhtee same
batch offormic acid or ammonium formatmobile phase was utilised for NG

during the main study, and a repeat study of just methods1NQvith different

batches of solvent was conducted post DdEe results for the same batch and the
different batches all matched up but only the different batches of solvents were

included in the results for the DoE.

All thedelta values used in theeptide RPC Column Characterisation Protaene

recorded inTable52 and Table53for the different. The robugess of each delta

value was assessed by fitting a first order polynomial model to the data obtained

using Modde The delta values used to build tReptide RPC Column

Characterisation Protocdl y F 2 NI A @a,1)= @H)R (1, N8B (16,13 and

n26,13.¢ KS RSt Gl @FfdzSa YSIFadzaNBR Ay | YY2YAdz
nomMnIdpoX pomp Mo UThedpltd values witich aré ngtRisegito H ¢ = Mo 0
characterise the stationary phase®re also includedAs those delta valuesvere in

the testmixtures it is important to assess the robustnessasoto avoid

interference with anycritical peptide.
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Table52 L y LJdziiesufisiunder various experimental conditiom$ormic acido

invesitgate the robustness of timeethodology in Modde
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The results from the Modde model, which are based on multiple linear regression
(MLR), can be seen gure48-Figure54. The Summary of Fit graphs provides an
overview as to the validity of the motdand how well the model is describelgigure
48Figure49 for the formic acid results anBigure50Figures1 for the ammonium

formate).

The quality of the model is measured using a regogssoefficient from fitting the
model (R) and one from a cross validation of the model ({136, 137] The cross
validation is an iterative process which removes each experiment once to observe
its contribution to the model fit. For a good model, both values arseko 1.

However, in a robustness evaluation an ideal outcome would be a for a poor model,
i.e. low Rand Q2 valuesModel validity is another measure used to determine the

fit of the model, where a value of 1 indicates a perfect fit and a value ofhess t

0.25 suggests a significant error with the model. Finally, reproducibility is an
observation of the variation caused by pure error compared to the total variation
provided by the response. A value of 1 suggests there is no random error associated
with the measurements whilst a value of less than 0.5 indicates large error and poor

experimental control with significant noise.

The average fand Q2 for the delta values in formic acid were 0.761 (standard
deviation SD 0.208) ar.133 (SD 0.151), respealy, whilst for the ammonium
formate delta values, ¥and Q2 measured 0.750 (SD 0.080) &n&00 (SD 0.000),
respectively. The centre point experiments ¢(NB) provide an indication into the
reproducibility of the procedure, where the average differeficethe delta probes

was 0.001 (ranged from 0.000 to 0.004 for the relevant delta values).

The parameters were assessed using residual normal probability plots where the
results were all within the +2 bracket, where any variable outside ltihatket is

seen as atypical (data not shown).

The reproducibility results (yellow bar) were excellent for all the responses, with

results ranging between 0.98 and 1.00, indicating the methodology has little pure
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error associated with itThe result givesraearly indication that the Peptide RPC

Column Characterisation protocol should be robust.
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Anotherstrongertool for evaluating the factorial design results isdonfidence

plots which display regression coefficisrgnd confidence interva(Eigure52-
Figure55). The coefficients are scaled and centred to allow the coefficients to be
comparable. The confidence intervals are indicative of the significance of the
coefficient, where an error bar whichiasses zero is an insignificant parameter. The
height of the bar indicates its degree of influence. A narrow confidence interval

suggests a greater certainty for the result.

Temperature had no discernible effect on any of the responses in ammonium

formate and the majority in formic acid, however, there was a statistical response
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F2NI poyl M0 F YR (Figures2>Theheight of thetoardNoweder | OA R
would indicate that the practical significance on these two delta results would be
minimal. Although for these probes it has a minimal effect, it is recommended that

the actual temperature of the column is determined, ais iknown that the column

oven design, oven manufacturer and even column position within the oven can

change the actual temperature within the column.

The responses in formic acid and ammonium formate were all unaffected by the
systematic shift in the gdient (Figure52-Figures5). This systematic shiin the
gradient assumes the same degree of error will apply across the length of the

gradient.

A change of flow rate also corresponds to a change in gradient slope. Flow rate only
LINBASYGSR | avltf adl daad XFyurés2),NBiIstal2z ya S T
other responses in both ammonium formate and formic acid were unaffected.

Similar to temperature, the actual practical effect of thisiahate would be quite

minimal, thus this parameter can be assumed to be robust within the methodology.

Dwell volume was statistically insignificant for all responses in either mobile phase,
indicating this variable does not impact on the robustness ofegithe formic acid

or ammonium formate gradient. This is to a large extent due to the normalisation of
the retention times which removes the effect of dwell volume, allowing direct
comparison between different instrumentation. The dwell volume range setect

for evaluation (106500 pL) should cover UHPLC instrumentation.

Differences in formic acid levels could impact on the robustness of the protocol as

different levels would result in a different pH which would affect the overall net

charge on the peptidedHowever, differences in formic acid volume were observed

G2 0SS AYAAAYATFAOIYGEXT GKS podImM0O FYR pémc.
significance but this was deemed to be of little practical relevdragure52). It is
recommended that formic acid volumes should be dispensed volumetrically from a
pre-calibrated pipette which is checked each time aseat is prepared to ensure

the integrity of the chromatographic result&lthough there would be a greater
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accuracy in weighing formic acid, it was deemed unnecessary by these results which
demonstrated the pipette was sufficiently accurate and weighingadtoeduce the

practicality of the method.

The stationary phase environment at intermediate pH is somewhat unpredictable
due to the range of pivalues for the residual siland$38-140]. It is believed the
majority ofsilanols should be ionised at pH 6.45 (the native pH of ammonium
formate), however, this uncertainty can potentially lead to a greater degree of
variation in results and hence can contribute to the lack of robustness. The
ammonium formate can also be a soa of error, where the age of the buffer, its
storage environment and its resultant pH range were investigated. The pH was
measured for 16 different 200 mM solutions where the average pH was 6.45 (SD
0.03). The levels in the DoE (pH 6.45 +0.06) wereasstdon a 99% CI based on
triplicate determinations of the pH. The age of the ammonium formate did not
appear to greatly affect the overall pH of the solution, where the pH measured was
within the range tested in the DoE. There was, however, a change liagddl on

salts which were inappropriately stored, which resulted in a lower pH for a poorly
capped container which indicates a loss of ammonia. This could impact on the
degree of silanol ionisation and hence affect retention and the delta values. Ideally,
the formate salt should be stored in a desiccator to reduce water uptake but firmly

replacing the cap should reduce the risk of ammonia loss.

The responses in ammonium formate were all stable within the upper and lower pH
limits in the DoE, with no statisal significancéFigure54). The pH of the stock

buffer solution should be measured using appropriately calibrated standards to
ensure the pH is with this range to ensure the integrity of the protocol. It is also
advised that if the ammonium formate exhibits any considerable signs of
hygroscopicity in addition to changes in pH then it should not be uskeeknatively,

storing the ammonium formate ia desiccator would remove such iss|i£80].

To avoid microbial growth which could contaminate the LC system and potentially
block the column inlet frit, causing split peaks and higher back pressures, it is

recommended to limit the storage of stock buffer solution tavdeksat 5 °C.
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Experience hash®wn that the same chromatographic results can be obtained from

the stock solution after this storage period.

¢tKS aAStSOGAGAGE 2F pooIMUOUI NOPIMUOI pNOMAI
to the change in acetonitrile content in the B solventhe ammonium formate
gradients(Figure54). The effect was actually significant enough that it would have

practical relevance, unlike previous variables, and thus warranted further

investigation.
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The data was placed in a bipl&igure56) in order to ascertaithe degree of

scatter that was produced from the robustness dakae resultsevealedtwo

distinct groups. The results from only formic acid were evaluated usingvit@izh
showed a small cluster of points, whilst a similar plot containing only ammonium
formate data possessed the two distinct groups. This indicated that the results in
Figure56 were related to the intermediate pH conditions. The only coom theme

to the smaller group containing N2, N4, N5 and N7 thas1 level for the

acetonitrile content in the B solverfte.corresponds ta loss of acetonitrile
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The results suggested that a loss of acetonitrile is critical. It was therefore decided
to conduct a evaporation study to ascertain what could be reasonably lost via the
LC solvent capa the mobilephase reservoiréTable54). An Agilent Valve cap
(Waldbronn, Germany) and a SCAT safety khijpfeldenWalldorf, Germanyyvere
compared against a closed cap used for solvent storage. There was 0.00% loss in
weight for the closed cap over 30 days, suggesting acetonitrile is not lost during
storage, however, it was calculated that losses of 0.04 and 0.03% for the Agilent and
SCAT caps, respectively, could be expected per day, which poud to be a

practical problemAlthough the loss of acetonitrile would be significantly less with
either cap and valve compared to no such measure, the small loss in organic could
still potertially cause large problems with consistency in results which would affect

robustness.

Table54 Evaporation of acetonitrile study over 36 days using different types of solvent
caps

Loss after 36 days Loss per day

G % g %
Agilent 551 1.26 0.15 0.04
SCAT 4.67 1.08 0.13 0.03
Capped 0.00 0.00 0.00 0.00

In order to combat this the approach was taken to change the B solvent from 20
mM ammonium formate in MeCNA® (80:20 w/w) to 100% MeCN. The gradient
was adjustedhccordingly to achieve the same volume fraction of MeCN and
compared against the original method, with similar chromatographic results,
regardless of the reduced buffer concentration in the B solvent (the ammonium
formate concentration is reduced from 18 12 mM during the part of the gradient

where peptides typically elute).
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3.7.4 Reducedntermediate Precision

Intermediate precision is a measure of ttegree of scatter for a set of conditions
which have been applied to different instrumentation to accountvigthin
laboratory variation. This parameter allows one to analyse the effect of different
analysts, days, solvents and instrumentatibmthis study, only the instrument to

instrument variation was established.

An Acquity HSS C18 was used to assessittienediate precision using formic acid
first then ammonium formate. The instruments used were a Waters H Class
(quaternary, low pressure mixing systerlyaters | Class and Agilent 1780th
binary, high pressure mixing systeniie same mobile phasdationary phase

and peptides standards were used on all three systems.

The delta values were added to the database and a biplot produ€igdre56)
after centring the dataThe three instruments were clustered together, and circled
using a 95% Cl, indicating a high reproducibility ofReptide RPC Column

Characterisation Protocdletween instrumentation.

ThePeptide RPC Column Characterisation Proteesl assessed with different
column ovens which can create large differences in selectivity due to the actual
temperature exposed to the stationary phase. The clustered results are encouraging

for achieving reproducible results within different laborat@iand instruments.

3.7.5 Column Batch to Batch Variation

The column batch to batch variability was assessed using six Ascentis Express C18
columns. All columns differed by silica, whilst three columns contained the same
batch of silane with three additionallane batches used for the remaining columns

(Tableb5).

All batch to batch columns were tested using the new protocol with the reduced
number ofprobes (i.e. removal of probes susceptible to changes in MeCN) on the

same occasion and mobile phases to remove their contribution to any variability.
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The batch to batch observations can be seen encircled within the bigigure57)

where the scatter seen is due to the batch to batch variation as the data was

collected on the same day using the same instrument and solvents to eliminate

their contribution from the results. The results are also in keeping with previous

batch to batch studies performed on other columns using various prot¢@bls

141-146]. This highlights that any deviation between columns within the biplot is

caused by selectivity differences, thus it is feasible to distinguish stationary phases

which are chromatographically similar or dissimilar using this approach.

Table55 Column batch information for the batch to batch study

Pore Particledze Dimensions
Column Batch SerialNumber Silane
Sze(A) (um) (mm)
1 90 2.7 150 x 2.1 S17018 USWMO003480 1
2 90 2.7 150x 2.1 S16105 USWMO003472 1
3 90 2.7 150x 2.1 S16104 USWMO003468 1
4 90 2.7 150x 2.1 S17138 USWMO003477 2
5 90 2.7 150x 2.1 S18095 USWMO003488 4
6 90 2.7 150x 2.1 S18058 USWMO003484 3
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95% ClI.
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3.7.6 Analyte Loading Studies

Poor peak shape of ionisable species is often attributed to interactions with
deprotonated silanols, where ionised basic species form electrostatic interactions
which leads to band broadening and tailing. However, modern type B silicas are
often designed d reduce these electrostatic interactions by using extensive
endcapping on the stationary phase, which suggests the number of silanols is often
reduced,and low metal content of the new generation siligat poor peak shape is

still observed.

Chromatograhic efficiency can be highly susceptible to overloading of compounds
which contributes to poor peak shape. Tpermissible load before

chromatographic performance is affected is often substantially lower for peptides
and protein separationsA study hasteown that the basic peptide Angiotensin Il

had approximately 60 times lower column saturation capacity than aiooogenic
compound[116, 147] which led to significantly more tailing with increased loading.
This is often atibuted to residual silanol interactions, however, work by
Buckenmaieket al. suggested that silanol overload could be more problematic for
older, type A silica which is typically impure, rather than modern type B silica.
Buckenmaier compared the loadingsponse given by alkyl silica columns (i.e.
contain silanol groups) against polymer columns (i.e. no silanol groups present)
which allowed the authors to assess the silanophilic interactions. They established
that cation exchange sites were present at pB fo. interact with basic solutes,
despite a lack of silanols on the polymeric phases. The basic solutes were retained
by a hydrophobic mechanism at low and high pH, where the basic solute was
ionised at low pH, but the column sites uncharged, whilst & Ipig, the basic

solute was unionised whilst the column sites were charged.

A stock solution offp-Asp3}Bovine GLR (1-15) (1 mg/ml.Peptide Number 3
underwent a series of dilutions using DMS@2H80:20 v/v). Each solution was
reproducibly injected oto the Kinetex Evo C18 (150 x 2.1 mm, 2.6 pum) using the

formic acid gradient chromatographic conditions. The low ionic strength of formic
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acid is a worstase scenario; thus, it was selected to observe the effects of

loadability and overloading.

Eight diltions were made in totalRigure58) with the resulting chromatograms
overlaid. The hydrophilic peptide, which has a net charge of +1.2 at pH 2.5,
RAALIX @SR GKS OKINI¥OGSNRAGAO dakKIN] TFTAYE
postively charged species in acidic conditions i.e. a typical-agited front and
extreme tailing. Théime for theapex of the peak, which is used to measure the
retention time, decreased with increased load on the column and as such, would
affect the namalised retention times used to calculate delta values. The degree to
which this effect occurs could be different for each peptide, hence the load for each
peptide must be well described in order to maintain consistent delta vallies.

peak shape for tisi study is not of critical concern as it is the retention time which
must be consistent, hence the necessity to keep the load constawelldefined

load is necessary to obtain reproducible retention times in the protdsien

devising chromatographic ethods, it would be crucial to select mobile phases

which can provide better peak shape, with the biopharmaceutical industry typically

utilising phosphatesalt-basedsystems.

The loading profile could also be different depending on the type of stationary
phase used. For example, the Acquity CSH range of stationary phases were
optimised to provide improved peak shape and efficiency for basic species to
provide linear isotherms, rather than typical Langmuir isotherm. Overloading
behaviour is thought to beuwk to variations in the surface charge, where the
balanced surface charge of the CSH range counteracts that issue to produce

symmetrical, efficient peal4.17].

The sample solubility also is critical when it comes to sample load. The net charge of
the hydrophilic peptides at pH 2.5 and 6.5 are +1.1 to +1.2-4dto-3.7,

respectively. The hydrophobic pegés have a net charge of +2.2 at pH 2.5, whilst

at pH 6.5 the net charge is 0.0. A pl of 0.0 may highlight potential solubility

problems and the possibility of precipitation and clogging of the inlet frit. Pressure

increases and decreased column perforro@anvere observed after prolonged
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exposure to intermediate pH conditions. Replacement of the inlet frit and scanning
electron microscopy proved that particulates had been deposited onto the frit.
Hence, in order to minimise the likelihood of this happertimg load of the

peptides waseduced,and inline filters installed between the injector and the

column.

The impurity observed after the tail of the main peak was only observed at high
concentrations, thus efforts were not made to identify the peak, howelie m/z

was identical to the main peakn(z 820).

uVv

400000 7 1 mg/mL

0.5 mg/mL
300000

0.25 mg/mL

200000 3 0.125 mg/mL

0.0625 mg/mL

0.0313 mg/mL
0.0156 mg/mL

< mg/m

100000 ]

0 T T T

Figure58 Loadability of the hydrophilic peptide-sp3}Bovine GLR (1-15) on the

Kinetex Evo C18 using formic a&ptide RPC Column Characterisation Protmaditions
Analyses werperformed on the Nexera X2 coupled to the 2020 single quadrupole system.
Theformic acid conditions utilised a mobile phase of 0.1% formic acid in water and 0.1%
formic acid in acetonitrile with £80%B over 40 minutes. Flow rate was 0.3 mL/min, column
oven temperature was 40 °C, and detection was UV at 215 nm.

3.7.7 OnColumn Degrad&n Studies

Conditions within the column (e.g. pH and temperature) can be a source of analyte
degradation. It is also possible for analytes to undergo oxidation induced by metals
adsorbed to the column.hus it was deemed appropriate to assess the test
mixtures for any increases in impues. A series of gradients were performed for all
the test mixtures, which all possessed the sam@l0 minutes) and %B/min

change, however, amitial isocratic hold wasitilised beforethe gradient of 0, 10,
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20and30 minutes.The same approach was employed to monitor thecolumn
degradation reaction of a corticosteroid initiated by metal contamination of the RP

column[92, 93]

The three peptide test mixtures were injected using the four different isocratic hold
methods in both formic acid and ammonium formate on the Kinetex Evo C18. The
normalised retention timest{’), peak areas and heightsve all consistent

between the different methods and there were no additional peaks caused by
degradation in the chromatograms. This is promising that the residency time on the

stationary phase does not cause instability of the peptide probes.

3.7.8 Slow Equibration

Marchandet al. observedhat ionised solutesould havepronounced retention
time drifts when switching from nebuffered solvents to low pH, buffered mobile
phaseq119]. This was not the case for naonised species, which were stable
within the typical 1820 column volumes. In comparison, the ionised species could
take upwards of sevetdours to equilibrate. Marchand also stated the re
equilibration was substantially longer wheonverting from high to low pHTIheir
research suggested the-gquilibration was unaffected by volume, which is often
considered the most important parametghus an increase in flow rate had little
impact They discovered time had greater importantencea column could be
storedin the buffered mobile phase and the column would be equilibrated upon
use.However, this could notably decrease the lifetime o gtationary phase by
causing ligand cleavage. McCabétgrnativelyovercame slowequilibration

flushing the stationary phase for (2 hours[48, 115]

TheMarchandresearch group tested 19 stationary phases from eight different
column manufacturers and fouhapproximately 40% of phases tested exhibited
slow equilibration for ionised speciegen tested between high and low H19].

The exact mechanism for this phenomenon is not known, but it is speculated that

with the advent of modern silica with low surface charge, changes in pH can require

182



signficant time to reequilibrate which is displayed as retention drift for ionisable
speciesThis may have a significant impact on the current research where it is
expected some of the stationary phases in this study could have issues with re

equilibration.

To investigate the issue of slow equilibration, a selection of C18 type phvases
assessed using the peptides as probes to determine any practical constraints for the
Peptide RPC Column Characterisation protocol, which utilises both low and
intermediatepH. The peptide test mixture was repeatedly injected on a C18
stationary phase using the formic acid gradient conditions with consistent results
(Figureb9). Thestationary phasavas then exposed to the ammonium formate
gradient conditions, which saw quick equilibration of the peptide mixture within
duplicate injections, suggesting consistent results can be achieved when moving

from low to intermediatepH conditions.

However, when the same column was therengposed to the formic acid gradient,
it failed to yield results comparable to those prior to exposure to intermediate pH
(slow reduction in retentiorg seeFigure59(B). The retention times for all peaks

hadincreased butvere consistently decreasing in retention between injections.

Even overnight static equilibration in low pH conditions failed to restore the

stationary phase to its origin@hromatographic retentivityKigure59(C).

Although there are stationary phases which have been devised to combat this issue
such as the Acquity CSH range of ph§t&g], there are a number of commercially
available columns which do exhibit this phenomenBrevious knowledge of these
types of columns and demonstration in this stuthve shown that several of the

new generation nofpositive character columns exhibited this pronounced slow
equilibration effect when moving from intermediate to low pH. As such, it is better
to remove this issue than examine for it every time a new stetig phase is

evaluated. Thus, this was removed as a potential problem by testing under low pH
conditions initially before testing at intermediate pH using ammonium formate in

order to avoid any detrimental retention drifts.
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Figure59 Chromatograms demosntrating the effect of slow equilibration. (A) the original
chromatogram in formic acid prior to exposure to ammonium formate at intermediate pH,
(B) reevaluation of the same column in formic acid after exposure to intermediate pH, (C)
re-evaluation after static equilibration in formic acid to attempt to restore ahiginal
chroamtography Exact column details are not disclosed for confidential reasoradyses

were performed on the Nexera X2 coupled to the 2020 single quadrupolmsys$te formic
acid conditions utilised a mobile phase of 0.1% formic acid in water and 0.1% formic acid in
acetonitrile with 1650%B over 40 minutes. The ammonium formate conditions utilised a
mobile phase of 20 mM ammonium formate native pH in water &hthl ammonium
formate in acetonitrile / water (80:20 v/v) with55%B over 40 minutes. Flow rate was 0.3
mL/min, column oven temperature was 40 °C, and detection used a combination of UV at
215 nm and MS for peak confirmation.

3.7.9 Stability ofPeptides

Over he course of the robustness studies, it was noted that columns were reducing
in chromatographic performance quicker than anticipated! increased in

pressure This was observed on a number of columns, before pinpgrhatit
specifically occurred on tumns testedrepeatedlyin ammonium formate at its

native pH, not in formic acid.

Within 6,000 column volumes, the stationary phases would reduce in efficiency
before split peaks were observed. The issue was raised with WR&tsin Milford,
MA, USAwhoretested the columns using their SST, which confirmed the decrease
in performance. Examination of the inlet frit of each column by Scanning Electron

Microscopy (SEM) highlighted an issue with particulates forming on the head of the
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column.A replacementrilet frit brought the efficiency of the column back in line
with specification, which highlights the column packing material was not an issue,

but purely the material on the inlet frit.

These particulate@igure60) contained organic matteand were not seen on

columns which had not been exposed to ammonium formate. Furdisussions
suggested the hydrophobic peptides within the test mixtures posskasnet

charge of 0.0 at pH 6.5, which would be the lowest point of solubility and could
explain the presence of particulates where it began to precipitate upon meeting the
mobile phase and collected on the head of the column. This would block channels
through to the column and create poor chromatographic performance and split

peaks where the solute band is dispersed.

In order to prevent stationary phases from experiencing these issues, the load of
each peptide injected was reduced an@.2 uminline fiter was introduced prior to
the column to collect any precipitated peptide. Tinéne filterwas disposed before
any detrimental peak shapes could be observed from the col(approximately

after every 30 columns evaluated based on experimental data)
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Figure60 Scanning Electron Microscopy (SEM) images of two inlet frits from two separate
columnsexhibiting high pressure and split peakep row: Image of the entire inlet frit.
Bottom row:Image zoomed in on particulate matter.

3.7.10 Recommendations

The twoDesign ofExperiments were used to highlight any practical constraints
required for the methodology148]. The formic acid methodology indicated a
robust method with limited stasitical impacbased on the parameters tested@hus,
the procedures which were already in placels as weighing solvents and ensuring
the pipette dispensed 1 g of water accuratelyor to delivery of formic acisvere
sufficient. The ammonium formate methodology required greater constsaivhich
was expected as the effect of electrostatic interansacan be extremely subtle and

affected by small deviations.

The intermediate precision indicated the methods provided similar profiles

regardless of instrument type, which highlights its applicability across laboratories
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and indicates characterisationéde performed on instruments other than the

Shimadzu Nexera X2.

The concentration of the peptides used is extremely important to avoid overloading
which changes thpeak shape and width to affect peak capacity but most
importantly for the Peptide RPColumn Characterisation Proto¢cghanges the
retention time. This is the most critical as the retention time is used to protgice
which in turn creates various delta values which are used to develop the database

and score plots.

The order of exposurentthe mobile phaseslso needs to be carefully considered.
Ideally, dedicated columns should be used for differenteplluationsn order to
avoid drifts in retention, however, this may not be entirely practically. In such
circumstances,te stationary plase should be first exposed to formic acid then
ammonium formateto reduce the effect of pH slow equilibration which can affect
approximately 40% of commercially available colunfifxgeriments have shown
that there is a small effect from low to intermede&pH which was considered

minimal.

A summary of the mitigation put in place to ensure robustness and reliability can be
found inTable56. The full probcol and test mixtures are describedTiable57-

Table58. A summary of the delta values measured in each mobile phase is
described inrableb9.
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Table56 Mitigation to increase the robustness and reliability of the Peptide RPC Column

Characterisation protocol, including the rationale for each action

Mitigating Action

Rationale

Prepare solvents by weight rathe

than volume

Storemobile phasedn the fridge
when not in useMobile phases
to be disposed within 4 week at
5°C.

Assess the accuracy of the

pipette before each use

Measure the pH of the stock
ammonium formate solution

(6.396.51).

Use 100% MeCN instead of 20
mM ammonium formate in
MeCN/HO (80:20 w/w) in the B
solvent combined vih a
corresponding change in gradier

slope.
wSY2@3S pooimiz
nomnzpd YSI &dzNE

formate

Use reference peptides in each

test mixture

There are greater errors associated with glassware, thus

more reproducible mobile phases can be prepared by weic

Bottles should be capped and appropriately stored to

minimise evaporation and prevent microbial growth.

To ensure the pipette can accurately dispense formic acid.

The salt container should be carefully capped to avoid loss
ammonia which can result in a lower pH. In additio
measures should be put in place to reduce the effect of
hygroscopicity (i.e. use a desiccator, avoid using salt whicl

has significant clump formation).

The loss of acetonitrile in the B solvent causes significant
differences for certain delta values. Changing to 100% Me

addresses this problem.

Improve the robustness of the procedure as yheere
sensitive to changes in MeCN. Although these delta value:
had some influence within the loading plot, they can be
removed with minimal effect on the score plot and the
remaining probes cover the range of interactions which

should be investigated.

Allows retention times to be normalised for direct
comparison between different batches of solvent, different
analysts and removes the contribution from the dwell volur

and column volume.
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Each test mixture shodlcontain  Removes any random injection to injection variation of
the two peptides used to create retention time in addition to fluctuations in temperature or

the delta value mobile phase composition.

Characterise the stationary phas Removes the effect of slow equilibration and retention drift

in formic acid prioto ammonium

formate
Use a specific load for each Changing the load on the column can cause changes in
peptide retention which will impact on the delta value produced.

Assess the actual tempatiure of  Column oven designs can create as much as %5 °C differe

the column [125, 126] which can impact significantly on selectivity.
Obtaining the actual temperature of the oven enables the
end-user to adjust the temperature appropriately for direct

comparisons of different column oven dgss.

Mobile phasebottles should be  Storage of capped solvent bottles in the fridge reduces
stored correctly with a cap and  microbial growthin the aqueous mobile phasad

stored at 5 °C. When stored on  evaporation, whit the vapour valve prevents dust /

the system, a good vapour valve microbes entering the chromatographic system and

should be installed acetonitrile losse$149].

Reduce load of the peptides and The hydrghobic peptides have a pl of 0.0 in ammonium
add an inline filter to induce formate at pH 6.45, which could cause solubility issues sus
mixing and trapping of particles as precipitation on the frit at the head of the column. This
prior to column can cause bad peak shapes, increased pressures and red
column lifetime. By reducindhe load and introducing an
inline filter, it will reduce the risk for precipitation and

increase the robustness of the protocol.

Use a reference column to act a¢« This provides a baseline for the instrument to detect any
a system suitability test differences in any asymmetrical shifts in the gradient (as w

as other problems).

3.7.11 Definitive Protocol for the Peptide &2olumn Characterisation Protocol

If different column dimensions are employed, it is recommended that the user

employs method translation tools1].
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Table57 Description of the Peptide RPC Column Characterisation Protocol for 150 x 2
mm columns formats

Parameter Protocol

Mobile Phase Al: 0.1% (x£0.005%) v/v formic acid in watexdd 1.000 mL
formic acid to 999.0 g (x0.01 g) water

B1: 0.1% (+0.005%) v/v formic acid in acetonitrikedd 1.000
mL formic acid to 785.2 g (+0.01 g) awtrile

A2: 20 mM Ammonium formate in waterAdd 100.0 g
(x0.01 g) 200 mM ammonium formate stock solution to 90!

g (£0.01 g) water
B2: Acetonitrile

Stock Buffer 200 mM Ammonium formate pH 6.45 (x0.@gpissolve
1.261 g(+x0.1 mg)n 100.0 g (¥0.01 g) water and measure tt

pH using an appropriately calibrated probe

Gradient Time %B
0.0 4.5
40.0 50.0
42.0 50.0
42.1 4.5
54.1 4.5
Flow Rate 0.3 mL/min(x0.005 mL/min)
Column Oven Temperature 40 °C (2 °C)
Autosampler Temperature Recommend 10 °C
Wavelength 215 nm Ref 360 nm (band width 8 and 100 nm)
MS Selected lon Monitoring (z=2)
Dwell Volume 100¢ 500 pL

Stock Peptid€oncentration & 0.25 mg/mL in DMSO4@ (80:20 v/v)

Diluent
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The run order is of great importance and should be first assessed at low pH then

intermediate pH.

Table58 Test mixtures with their rationale, m/z and loadeosure consistent results

Test  Peptide ) ) Load
Mixture  Number Peptide Rationale m/z (w9)
1 Bovine GLR (1-15) Original sequence 820 0.250
8a [Met(O)10}Bovine GLR (1-15) Oxidation 828 0.250
T™1 9 [L-Aspl1}Bovine GLR (1-15) Deamidation Negative 820 0.125
charge
13 Bovine GLR (1633) Original sequence 1069 0.25
15 [lle26,Leu27Bovine GLR (1633) Switch in AA sequence 1069  0.075
8a [Met(O10}Bovine GLR (1-15) Oxidation 828 0.250
13 Bovine GLR (1633) Originalsequence 1069 0.250
T™M2 15 [lle26,Leu27Bovine GLR (1633) Switch in AA sequence 1069  0.075
24 [Tyr26}Bovine GLR (1633) Phenolic effect 1076 0.125
26 [Lys26]Bovine GLR (1633) Positive charge 1094  0.250
8a [Met(O)10}Bovine GLR (1-15) Oxidation 828 0.250
13 Bovine GLR (1633) Original sequence 1069 0.250
™3 14 [D-Ser16}Bovine GLR (1633) Racemisation 1069 0.125
15 [lle26,Leu27Bovine GLR (1633) Switch in AA sequence 1069  0.075
16 [L-Asp21,Gly22Bovine GLR (1633) Loss of aromatic group / 1024  0.125

Racemisation

Table59 Description of which mobile phase is used to measure the delta value

Test ) ) ) Measured inAmmonium
. Delta Measured in Formic Acid
Mixture Formate
noyt Vv
™1 noogx \%
nowmp. vV
NOoHN. Y,
™2
NoHC. Vv \Y,
nowmn.
T™M3
nomc. Vv
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3.7.12 Comparison of TFA versus Formic Acid

In order to investigate the hypothesis that TFA masks certain interactions between
the column and the peptide, a study was conducted where 0.1% v/v formic acid was
substituted with 0.1% v/v TFA in both the aqueous and organic phase on the
reduced number oflelta values. Thirteen columns were tested using the more

robust version of the protocol described $ectior3.7.11, which used 8 of the 11
probes to increase the reliability of the methodology. Distinct groups can be
observed in the formic acid biplot pldEigure61A) with 87% of the variability
described, where the position of the columns can be rationalised based on what is
known about the column characters. With TFA, it is no longer possible to see the
distinct groupings, and only 68% of the variability is described, which suggests a less
clear structure for that datasef{gure61B). This would appa to confirm the
hypothesis that TFA will mask peptidelumn interactions and thus columns

become more similar. Stationary phases such as the Acquity HSSBGAi& no
end-capping and low surface coverage appear similar to columns witkcapging

and positive charge like Acquity CSH Fluoro Phenyl and Polaris Amide C18 which are
very different. As such, to describe the interactions of the columns, it is important

to assess each column using formic acid, rather than Al#augh TFA is used for
peptide analysisformic acid is often usedithin industry methodologies due to its
enhanced signal in the M&.further evaluation of TFA as an additive will be
described in a subsequent section where mobile phases are charactéfisetion

3.9).

The PC*was measured for both the formic acid, ammonium formate and TFA
gradient conditions on the reduced number of delta values. The greater
performance, as shown by increasf” values, was typically achieved using
intermediate pH Table60). Formic acid characteristically provides poorer
performance, whilst TFA usually produced good values of peak capacity. Despite
poorer performance, th@eak performance foformic acid was within 25%

(average)f the TFAperformanceand 37%averagejn ammonium formate.
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Table60 Peak capacity measured for each stationary phase using both the formic acid,
TFA and ammonium formate gradients
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Formate

3.8 Generation of the Peptide REolumn Characterisation Database

The protocol was applied @2 columns from seven different column

manufacturers. The stationary phases varied in ligand chemistry, bonding procedure
and base silica. In addition to conventional silica based stationary phases, some
polymeric phases and monolithic columns were charasésl.Each stationary

phase followed the procedure describedSectior3.7.11and any mitigation

suggested, such as assessment in formic acid prior to ammonium formate to avoid

slow equilibration effects.

3.8.1 Results from the Database

The eight delta valueshich comprisehe RPC Column Characterisation Protocol
were collatedin formic acid and ammonium formate for each stationary phase
(Table61, for the raw data, se@able74-Table76 for the formic acid data andable
80-Table82 for ammonium formatein Appendixl). Of the £ phases assessed, four
phases were not suitable where peaks were undetedigdither the PDA or SIM.

These phases were Ascentis Express F5, BioShell C18, Bioshell CN and Bidvanced
PeptideMap.
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It was initially hypothesised that the Ascenigpress F5 retained the mulipl
positivelycharged peptides due to the denséectronegative charge associated

with the fluorinated aromatic ring in ammonium formatebwever, this was not an
issue for the Kinetex F5 or Poroshell RiFich possess simil@aharacteristics for
aromatic and dipole charactéo the Ascentis Express B&sed on thextended

Tanaka protocolThere is greater silanophilic activity on the Ascentis Express F5, as
highlightedfrom the Extended TanakaJNR (i 2 O2 f  @Budefizl/ e fu F2 NJ b
which could possibly help elude to the added retention of the positively net charged

peptides in ammonium formate.

The Bioshell Chlso experienced issues in ammonium formate conditiargre

the more hydrophilic peptides elutedt the solvent front, therefore could not be
identified (Figure62). This could be indicative that there is some negativarge

similar to the explanation for the Acclaim WCX repulsion of hydrophilic peptides,
insufficient hydrophobicity to the stationary phase to aid retenti®upporting
evidence for increased negative charge on the stationary phase includes the
Extended Tanaka protocol measures for silanophilic interactions under intermediate
pH conditions, as well asgnificant retention of the positively charged [Lys26]
(Peptide Number 26), which typically eluted before [GlyBa}ine GLR (1633)

(Peptide Number @) on other stationary phases.

195



1/8/9

26
16

13
14

15

Figure62 Overlaid UV chromatograms of the three characterisation peptide test mixtures
on the Bioshell CN using ammonium formate conditions demonstrating the repulsion of the
hydrophilic peptides with the solvent frortnalyses were formed on the Nexera X2 coupled
to the 2020 single quadrupole system. The ammonium formate conditions utilised a mobile
phase of 20 mM ammonium formate native pH in water and 20 mM ammonium folimate
acetonitrile / water (80:20 v/v) with-55%B over 40 minutes. Flow rate was 0.3 mL/min,
column oven temperature was 40 °C, and detection used a combination of UV at 215 nm
and MS for peak confirmatioReak 1: Bovine Gi(1-15), Peak 8: [Met(O)10]Peak 9: [L
Aspl1iBovine GLR (1-15), Peak 13: Bovine GRR1633), Peak 14: [{3erl6], Peak 15:
[lle26,Leu2? Peak 16: [Gly22]Peak 24: [Tyr26]Peak 26: [Lys2@ovine GLR (1633)

The Bioshell C18 could not be characterised uiingic acidconditions as neither
the SIM or PDA could identify the location of the hydrophobic peptide probes.
Peptides could be identified using ammonium formate with typical peak shape
responses, thereby suggesting the formic acid conditions are not ideal for this
column.The gradient was extended from 50% to 100%MeCN using the same
%B/min change as the original gradient, in order to clean the column as well as
elute the peptides. However, the peptidesmainedunidentified, which could

suggest they are irreparabbound to the stationary phasgigure63).
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Figure63 Overlaid SIM spectra of the three characterisation peptide test mixtures on the
Bioshell C18 using formic acid conditions demonstrating the hydbippeptides failing to

elute under gradient conditions which sviep 100% MeCNAnalyses were performed on

the Nexera X2 coupled to the 2020 single quadrupole system. The formic acid conditions
utilised a mobile phase of 0.1% formic acid in water aféeCformic acid in acetonitrile with
10-100%B over 90 minutes. Flow rate was 0.3 mL/min, column oven temperature was 40 °C,
and detection used a combination of UV at 215 nm and MS for peak confirnfadiak 1:

Bovine GLR (1-15), Peak 8: [Met(O)19]PealO: [L-Aspl1}Bovine GLR (1-15), Peak 13:

Bovine GLR (1633), Peak 14: [3erl6], Peak 15: [lle26,Leu27Peak 16: [Gly22]Peak

24: [Tyr26], Peak 26: [Lys2ddovine GLR (1633)

Likethe Bioshell C18he AdvanceBioPeptidéMiap had retention of peptide probes
under ammonium formate conditions, but it was the formic acid which proved
problematic for characterisatior.hepeptide probes could be located on the
AdvancedBio PeptideMap with the SIbut the peaks were extremely

unfavaurable, with poor peak shape which made it difficult to define a suitable apex

for retention time. Therefore, the AdvancedBio PeptideMap was not characterised

Boththe Bioshell C18 and AdvancedBio PeptideMap were evaluated using TFA in
placeof formic a@d to ascertain if the phases were designed with the ion pair in
mind for analysis. The resuitsFigure64 demonstrateal the improved
chromatographic pgormance on these two problematic stationary phases when
using the ion pair TEAhe peak shape on the AdvanceBio PeptideMap has shown

significant improvements in comparison to the formic acid conditions.

Thesefour phases were excluded from any furthesmparisons.
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Figure64 Overlaid chromatograms of TMA.on the (A) Bioshell C18 and (B) AdvanceBio
PeptideMap columns, using 0.1% v/v TFA in place of formic acid using the Peptide RPC
Column Characterisation protocol operating conditigxizalyses were performed on the
Nexera XZoupled to the 2020 single quadrupole system. The formic acid conditions utilised
a mobile phase of 0.1% formic acid in water and 0.1% formic acid in acetonitrile with 10
50%B over 40 minutes. Flow rate was 0.3 mL/min, column oven temperature was 4@ °C, an
detection used a combination of UV at 215 nm and MS for peak confirmBgak. 1:

Bovine GLR (1-15), Peak 8: [Met(O)19]Peak 9: {Asp11}Bovine GLR (1-15), Peak 13:

Bovine GLR (1633), Peak 14: [3erl6], Peak 15: [lle26,Leu27Peak 16: [GB2]-, Peak

24: [Tyr26], Peak 26: [Lys2ddovine GLR (1633)
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Table61 Delta values determined in formic acid and ammonium formate on 38 stationary

phases
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Table6l1 Ctd.Delta values determined in formic acid and ammonium formate on 38

stationary phases
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The data inrable61 wasinterpreted using PCA, as previously described throughout

this thesisWith the increase in columrend more datathe classification of

columns was reevaluatedusingprior knowledgeof the stationary phaseand

chemical properties to help rationalise their position within the score (Hagure
65andTable62).¢ KS Of I A3 A FA O s y.B, ngg&idB polaiz & A G A BS
O @ppH7eD N Py O Nl YR ySdzi NI £ OKI NI} OGSNJ 6 LKI

any significant silanophilic, hydrogen bonding or positive character).

¢ K Sesafymeasure needed to be carefully evaluated as there are a few ways to
interpret the data. The AcquitBEH C4 and Fortis Diphenyl results suggest there is
positive character to the stationary phase. However, interrogation of the data has
shown that the large delta values are caused by reduced retention of toluene on the
Acquity BEH C4 (i.e. low hydrophaby) and increased retention of the BSA on the
Fortis Diphenyl due to aromatic interactions between the analyte and the phenyl

moiety on the stationary phase.

It is known there is a permanent positive charge on the silica surface of the Acquity
CSH C18yhich is identical between all of the CSH range of stationary pa$8%
However, the values between the three CSH columns are quite disparate, based on
the results inTable62. This is further evidence that it is the accessibility into the
stationary phase based on ligand density which can play a crucial role in the
retentivity of analytes. The Acquity CSH range of columns have all been classified as
phases with positive chartar based on the manufacturers information and the

Bxtended Tanaka result.
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Table62 Classification of stationary phases characterised using the Peptide RPC Column
Characterisation Protocol based on prior knowledge of the prasinformation provided

by the manufacturerClassifcation blue = negative, green = neutral and red = postiive
character

3 5 2 - g £
< < O

Acquity BEH C4 No 8 013 0.4 15
Acquity BEH C8 Yes 13 0.02 0.3 0.6
Acquity BEH C18 Yes 18 0.00 0.2 0.4
Acquity BEH C18 300 Yes 12 0.02 0.2 0.4
Acquity BEH Shield RP18 Yes 17 0.04 0.3 0.3
Acquity CSH C18 Yes 15 0.03 0.4 0.4
Acquity CSH Fluoro phenyl  No 10 0.74 1.2 1.7
Acquity CSH Phenyl Hexyl Yes 14  0.16 0.4 0.7
Acquity HSS C18 Yes 15 0.01 0.2 0.4

Acquity HSS C188 No 85 001 5.0 1o
Acquity HSS T3 Yes 11 0.01 0.3 0.5

Ascentis Express Biphenyl  Yes - 0.01 1.0 2.3 -
Ascentis Express C8 Yes - 0.01 0.4 0.3
Ascentis Express C18 Yes - 0.01 0.7 0.4
Ascentis Express Phenyl Hex Yes - 0.02 0.5 0.8

Ascentis Express R¥tnide Yes - 0.05 0.4 0.2 .
Chromolith RFL8e Yes - 0.01 0.6 0.4
Cortecs T3 Yes 4.7 0.02 0.3 0.5
Fortis Diphenyl Yes 13 0.32 0.6 0.8

Kinetex Biphenyl Yes 11 0.02 0.8 2.1 .
Kinetex C8 Yes 8 0.01 0.4 0.4
Kinetex C18 Yes 12 0.01 0.4 0.5
Kinetex Evo C18 Yes 11 0.03 0.4 0.4

Kinetex F5 Yes 9 0.0 07 os [N
Luna Omega C18 Yes 11 0.00 0.4 0.5
Luna Omega Polar C18 Yes 9 0.01 0.7 0.7
Luna Omega PS C18 Yes 9 0.14 0.5 0.5

PLRFS Yes -
Polaris Amide C18 Yes 15 2.39 0.2 0.2
Poroshell BonukP Yes 95 1.60 0.3 0.4
Poroshell HPHC8 Yes -

Poroshell HPHC18 Yes - 0.01 0.4 0.5
Poroshell PFP Yes 51 0.07 0.7 0.7
Poroshell Phenyl Hexyl Yes 9 0.01 0.4 0.9
Poroshell SB\Q No - 0.09 1.1 0.4
Zorbax SKEC8 No 55 0.00 1.3 13
Zorbax SE18 No 10 0.01 0.9 0.6
Zorbax 300 SB18 No 2.6 1.0 0.8

The major difference in classifications, as denoted by the first principal component,

was based on electrostatic interactions, i.e. positive or negative character on the
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stationary phaséFigure65). The positions of the variables can be located in the

loading plot inFigure66.

The3 and 4" quadrantsof the score plowere dominated by phases with positive
OKIF Nl OGSNE 6KAOK Ad KAIKf&@ AyTFfdzsSyOSR oé
charge Figure65, redinvertedtrianglesin the score plot andrigure66, blue

pentagon in the loading pl®tThis group contained the Polaris Amide C18 and
Acquity CSH Fluoro Phenyl as the most extreme stationary phases which exhibit
alternative selectivity. Alstbcatedwithin the group are the Luna Omega PS C18

and Acquity CSH C18 which are alkyl phases vathadl constant positive charge,

and the Acquity CSH Phenyl Hexyl and Poroshell BRRUS previous study

performed on the Zorbax BontBP suggested polar embeddednoiety which is
produced via a twestep synthetic pathway to create positive charaaberthe

stationary phas¢18]. This is suggestive that the Poroshell BoR#sis also

produced in a similar manner, afislalso 8 NNE 6 2 NI (i@SaRyesults shovkhS  h
in Table28.

Opposite along the-axisarel KS LINPo6Sa F2NJ AYONBl aSR L2 a.
with phases whiclare indicative of columns possessing negative chardEigure

65, blue square} This includes stationary phases such as the F8_RRich is a
polymericstationary phase which is devoid of silanols to participate in silanophilic
interactions. There is little literature available regarding the structure of the
stationary phase, but it is thought to be similar in structure to other commercially
availablestyrene / divinylbenzene polymeric materighases which capossess

residual carboxylate groups dhe surface othe polymer, which can introduce a
negative charge to the phag#16]. The second principal component, along the y

axis, appeared to be dominated by phenolic interactions, such as hydrogen bonding.
The negative group needed greater consideration, as it contained stationary phases
g KAOK R2y Qi atije turcta@abty, sugha@s the Sstentis Express RP
Amide and Poroshell PFP. These phases possess an architecture with greater
spacing between the ligands due to the bulky side groups or the ability to form

hydrogen bondingnteractions. Thigacilitatesa greater accessibility to the silanol
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sites on the surface of the silica whipkermitshydrogen bonding and silanophilic
interactions. Phases such as the Poroshell SB AQ and Zork#xeB8 non
endcapped which allow for polar interactions with the frelsols despite having a
greater bonding density than the aromatic phases described. Thus, this grouping
was described as negative / polar, to encompass the different functionalities
capable of forming hydrogen bonds and polar interactions. This grouiceut
polyfluorinated aromatic phases, phenyl phases and alkyl phases with either no

endcapping or lower bonding density.

Finally, here was also a distinct grouping of phases which possessed neither
positive or negative character, i.e. these phases weratral (Figure65, green

circle. This group typically contained alkyl phases with a high degree of
endcapping andhighbonding density. These phases usualgre C18 type ligand
functionalities, althouglit did contain the Luna Omega Polar C18 and Acquity BEH
Shield RP18. These phases might be expected to participate in polar interactions
however, based on the chromatographic results exhibited by the peptide probes,

they seem to have a more inherent neutralachcter.

One phase which was unusually positioned within the score plot was the Kinetex
C18, which was classified as neutral but located within the negative / polar group.
As a C18 phase, it was expected to be located amongst the other long alkyl chains
however, its location prompted further investigation with knowledge from the
Tanaka extended protocorhis did not yield any indication of low ligand density or
silanophilic interactions which could explain its position. A second column was
characterisd with similar chromatographic results, suggesting the result was not
anomalousThe peptide probes could potentially be more discriminating than the
small molecule probes thus highlight the difference in this particularly stationary

phase in comparison tother typical C18 ligands.
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Peak shape was not ideal for the PLIRE intermediate pH which could be due to
cation exchange sites which exist on the polymer phase at pH 7. This allows for
significanttailing causd by the different sites available for the analyte to interact
with, with different reaction kinetics leading fweak broadeningl116]. This is less of
anissue at low pH, anchanufacturerliterature suggests this type of phase is good

for use with formic acidi150].

ThePC**values, recorded ifigure67 (solid bars)demonstrates the increased
performance which can be generate when using ammonium formate in comparison
to formic acid. Theoncentration of theammonium formate in the aqueous paoh

of the mobile phase was 20 mM which is enough to improve peak shape by
reducing mutual repulsion effects. McCalletyal. suggested that the poor peak

shape often observed for basic species, such as the positively charged peptides used
in this study, s related to overloading caused by mutual repulsion between

adsorbed ions of the same charg8, 115, 116]Mobile phases such as formic acid
exacerbate this issue because there is insufficient ion strength, where a 0.1% formic
acid v/v solution has approximately 2 mM istiength in comparison to 20 mM

used in the ammonium formate mobile phasermic acid mobile phases can,
however, produce acceptable levels of peak capacity for phases which possess
some positive charge, such as the Polaris Amide C18, the CSH raragmoést

phases and the Luna Omega PS [€18]. These phases can produce improved

peak shapes for basipacies, where the peak width at 50% and tailing factor
decreased on average by 54 and 22%, respectively between formic acid and
ammonium formate. This contrasted with the neutral and negative character
stationary phases, which increased in peak width bpi3@ 7% on average between
formic acid and ammonium formate, and tailing increased by 20 and 21% on

average between the two mobile phases.

ThePC**value observed on the Polaris Amide C18 was lower than expdetgulte
having narrowpeak widths This wasattributed to the narrow elution window on
the Polaris Amide C18 compared to the other phases assessed, where the elution

window was 37 and 46% smaller on average in formic acid and ammonium formate,
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respectively. The conventional peak capadi@}(measue was applied to all the
stationary phases, where the two different measures complement each other to
provide an overview of the chromatographic performanEe(re67, pattern bars).

The values dPCare superimposed on thBC** The values generally follow the

same trend, where the ammonium formate conditions genetegreater peak
capacities than the formic acid, regardless of the meas@m@t method. However,

there were some exceptions including the Poroshell PFP, Poroshell-Béhusina
Omega PS C18, Luna Omega C18, Ascentis ExprassdeP Acquity CSH C18,
AcquityCSH Fluoro Phenyl, Acquity CSH Phenyl Heoglity BEH Shield RP18,
Acquity BEH C4 and Acquity BEH C8. For these stationary phases the formic acid
conditions generated a great&Cvalue than ammonium formate, whilst tHeC**

was smaller for formic acithan ammonium formateThePoroshell BonufkP,

Polaris Amide C18, Acquity CSH £d&uity CSH Fluoro Phenyl, Acquity CSH Phenyl
Hexyland Luna Omega PS C18 improved performance can be rationalised based on
their positive characteras previously discussebhe remaining phases are perhaps
less intuitive to explaint is most likely due to thearrow elution window

measured by thé>C** It is also important tdighlightthat phases with * irFigure

67 have larger particle sizes than typical in this study. It should be expected that the
PCand PC**should increase by x1.4 with a reductiorpiarticle size. This is due to

the relationship whereéN is proportional tol/d, andw proportional to the square

root of N[45, 102]

The sample peak capacities were also calculated for the Acclaim WCX, AdvancedBio
Peptide Map, Bioshell Peptide Ca8d Bioshell Peptide CN phases, although they
were not included in the PCA due to a too low or high retention as explained in
Sectior3.8.1 In addition, it should be noted that the PR&PPolaris Amide C18 and
Acclaim WCX were 3 um thus lower sample peak capacity should be expected in

comparison to the smaller particle sizestle superficially porous particles.

208



TD-9S 00€ Xeqpz

S — BTD-9S Xeqlog
.............................. BO-9S Xeqigz
TO-HdH l13ysoiod
Bt BD-HdH |18Yysoiod
PV-4S [I9ysoiod
................................................................................................ XxaH |Auayd [|1aysoiod
H-d ||8ysolod
14-snuog |jaysolod
BTO aplwy suejod
5-dy1d .

O Sd efawQ eun
................ .___'_ 3 1ejod eFaWQ eun

BTD efowQ eun
G- Xalauy
........... BT D OA X818Uuly
8T O Xal8uiy

8D Xa18uby
|Auaydig xa1aury

= Ammonium Formate PC**

JAuaydig siuo-

€1 S0310D

..... P8T-dY YljowoIyd
................................. D apndad |aysolg

81O apndad |aysoig

DIWY-dY SSaldx3 spuaosy

.................... 9H JAusyd ssaidx3 snuadsy
....................... 2 ssaidx3 SNUaISY

1D ssaidx3 snuadsy
usydig ssaidx3 snuadsy
BN apndad oigpasuenpy
1 SSH Aunboy

5-8TO SSH Aunboy

$TO SSH Aunboy
xoH |Ausyd HSO Aunboy
uayd oJon|4 HSD Aunboy
TO HSO Aunboy

dd pieiys H3g Aunboy
0€ 8TO H3g Aunboy

RTO H3g Aunboy

BO HIg Aunboy

PO H3g Ainboy

# Formic Acid PC # Ammonium Formate PC B Formic Acid PC**

X OM WIejooy
o o o o o o
o o o o o o © *
© n < (32] N -

Aoede) yead

Figure67 Peak capacity (PC) anansple peak capacityPC** measured in formic acid and
ammonium formate for the different columns assessed foipti@ide characterisation
database. * Columns with larger than 2 um totally porous particles or 2.7 um superficially
porous particles.

209



3.8.2 Comparison of the Peptide RPC Column Characterisation Protocol versus

Extendedlranaka Protocols and the HydrophoS8idiraction Model

The Peptide RPC Column Characterisation Protocol was devised to bridge the deficit
in column characterisation approaches for stationary phases used for peptide
separations, where it is believed probes which represent the analytes of intarest

best suited for characterising the stationary phase. However, it is important to
compare and contrast results produced by the peptide protocol against small
molecule column characterisation protocols in order to highlight its necessity. As
previouslystated, the most commonly used protocols with the largest databases

I NB {Yy@RSNIN& | @RNRLIK26AO {dzoiNI OGA2Yy a2R
ExtendedTanakaprotocols in the ACD databaf&?, 86, 94] Although 38 columns

were charactesed using the peptide approach, the comparison was limited to 30
stationary phases which were common between all three databases. The
comparison still covered a wide range in ligand functionality for greater

applicability. The characterisation data fronh 30 columns on the three different
protocols were combined into a sind@ading plot where the locations of the

different variableswere observedFigure68). The closely located terms intimate a
greater correlation compared to terms with larger spacing. The potentially similar
terms were then analysed using regression coefficients to ascertaimttent of

the relationship.

It is known that the two small molecule characterisation approaches have very

limited correlation between the probes, despite measuring similar propefii8s

88, 90, 151]Perhaps unsurprisingly the best correlation is achieved between the

G662 LINRPOSE OKAOK YSI aAdzNE Keé RNPRdufor 0 A OA G &
Tanaka)The regression coefficient for this measure on the 30 columns was 0.82,

which is similar to the 0.8 value determined by Snyder and Euerby and 0.90 by

Borgedq88, 151] The Tanaka approach also uses the retention factor of

pentylbenzene to measure ligand density and soaef area which is directly linked

to hydrophobicity[88]. However, a comparison of\érsis kegproduced a Rvalue

of 0.55. Neue suggested this could be due to the different measentsused (i.e.
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alphaversusretention factor). The two protocols similarly measure ion exchange

OF LI OAGASE TG 020K t26 YR AYUSNHASERAIGS |
Ty I 1 ®&&b@zwere in close proximity within the loading plot, however, the
correlation between the two was only 0.§bigure68). This was sinal to Borges

result, however, it was markedly lower than the value determined by Snyder and
Euerby, where their value exceeded 0.9. This is probably due to the ligand type
assessed. In the Snyder / Euerby study, the majority of phases possessed alkyl
moieties which undergo similar retention mechanisms, whereas the phases
assessed in this study possessed a more diverse array of ligand functionality which
could produce a greater scatter using these sensitive probes. The correlation was
lower between C(71 0 I@y) R 76which had an Fof 0.34. Borges correlated the

two terms as 0.47 whilst Snyder / Euerby calculated a value of 0.3, which is in close
agreement with this study. The differences experienced here could be due to the

slightly different pHvalues used and the pkéf the basic probes.

The results from the peptide protocol were compared against the two small
molecule approaches which highlighted there were some indication of a correlation,
particularly for electrostatic types of interactiin 6 A ®S® noHc I M0 C! |
pH 2.3 Figure68). These probes were compared using regression analysis which
demonstrated a lack of relationghbetween the measurements. Thé Wilues

varied between 0.15 0.75 and 0.32, 0.73 between the delta values and the

Tanaka terms, and the delta values and HSM terms, respecfihvaiye 63. The

Polaris Amide C18 was typically an extreme column whiote cemoved, caused

the regression coefficient to reduce, as the Polaris phase masked the true extent of
the variation. This caused the falues to reduce between 0.100.45 and 0.2@

0.41, respectively. These results show essentially the three prat@cel

uncorrelated.
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Figure68 Loading plot containing the terms from the Peptide RPC Column Characterisation

Protocol, Hydrophobic Subtraction Model @&xtended Tanaka protocolserms which are
close together could show potential correlation whilst terms which are at a distanceahave

limited relationship.



Table63 The regression coefficients between specific delta values and terms from the
Hydrophobic Subtraction Model Bxtended Tanaka protocols

Delta Value Compared Against Regression Coefficient #R
nNoMImi h BsAm) 0.75 (0.25)*
nNohImi B 0.55 (0.20)*

nomnZmi S 0.32 (0.25)*

NOHNZM hcp) 0.13 (0.10)*

NOHCZIZ M h &Py pH 2.7 0.55 (0.45)*

NOHCZIMC C(2.8) 0.73 (0.36)*

NOHCZM( h ®/P)pH 7.6 0.15 (0.36)*

NOHCIMC C(7.0) 0.41 (0.41)*

* The most extreme column (Polaris Amide C18) was removed and in general reduced the
correlation between the different probes.

3.8.3 Validation of the Peptide RPC Column Characterisation Protocol

Tryptic digests of bovine insulin and carbonic anhydrase were made in order to
generate peptide fragments which could be tracked for selectivity differences. The
aim was to establish if the peptideased database could select stationary phases
with diverseselectivity thugproducinga different chromatographic profile. It was
previously demonstrated that the protocol can be used to find columns with
different and similar selectivity for different purposes. However, the same peptides
were used to charactergsthe stationary phases as well as illustrate differences and
similarities with respect to selectivifit52]. Inthe current study based on the

tryptic digests of bovine insulin and carbonic anhydrase, completely different

peptides were used for the validation which would be much more appropriate.

The Polaris Amide C18, Zorbax 306C3B, Acquity BEH C8, Ascenkigress C18,

Kinetex Biphenyl, Acquity CSH C18 and Acquity CSH Fluoro Phenyl were all identified
as very different thus examples of phases which should be chromatographically
dissimilar via the score plot Fgure65. Eleven carbonic anhydrase fragments were
monitored using extracted ion chromatograms on the six columns using the formic
acid gradient used for the Peptide RPC Col@haracterisation ProtocoFigure

69). There are clear selectivity differences between the six phases, with the elution

213



order differing between all sixiases as well as the degree of resolution between
peaks. The Ascentis Express C18, Zorbax 308EB a8d Acquity BEH C8 were all
categorised as neutral phases, but all demonstrated different elution profiles, which
demonstrates that phases within the sarossification can bestow alternative
selectivity. The peak signals for the Polaris Amide C18 in particular were lower than
the other stationary phases which is possibly due to signal suppression caused by
coeluting ions not monitored in the EIC. In aduhtto the different selectivity, the
Acquity CSH C18 and Polaris Amide C18 both reveal superb peak shape using formic
acid conditions. Ifrigure67, the Polaris Amide C18 suggested a pBGF might be
expected, however, as demonstratedrigure69, the peaks are sharp and narrow

on the amide phase, wth supports the idea that the sample peak capacity
underestimated the chromatographic performance of that stationary phase. The
smallerPC**value is related to the narrower elution window for the protocol

peptides on the Polaris Amide C18 in comparison to the other stationary phases.
The Polaris Amide C18 retention window was on average 26% smaller in formic acid
and 31% smaller in ammoniurarmate compared to the other phases used to build
the column characterisation databaskhis was confirmed when tHeCmeasure

was used, where the performance improved significantly for the Polaris Amide C18
(Table60).

Selectivity can also be measured between two chromatographic conditions (i.e. two
different columns or mobile phases) by plotting the retention time of a set of
compounds to derive the gression coefficient @R[109, 153] The Rvalue can be
inserted intoEquation @ to determine the selectivity correlation, where a S value

of O signifies identical selectivity, whilst a value of 100 identifies orthogonal

selectivity.

Y pmm Wp Y Equation29

This approach was applied to the retentiomés of 11 digest fragments, where

each column irFigure69was compared directly to the Ascentis Express C18, as a
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typical C18 phase. Results greaterrtia) would typically suggest there are some
selectivity differences between the two paramet¢i€99]. The S value$igure69)

were all greater than 11, with the largest differences achieved between the Polaris
Amide C18 and the Ascentis Express C18 (S = 33), whigteisignificant for the

fragments.

215



o]
—
o
@
=]
g 3
L m
=
sV
— [<)
m*—'.é o wawn
o
9 —
© -
— —
o O’H: 4
O
—:
N~
©
(g—d l\_é o
— -
—
4 — —d
<
— o
wZ o —
T
™
— ) ———————] LQ—<£
=) N~
c —
2 1
[=3 p
[va)
7 3 <
QL [®) 0 —
o o~ T V] 4
B3
5 —m = 2 - — o
(%2}
= >
o N~ =
— — o~
8” i §-II —
aldwn won
— 007‘
@Hd —y —
— —
o 3
—
00—
o 3
=1 00 ——— ©
N—é
o<} ‘ ©o T
E
M~ —— n ———
© L —————] <t ;
————
[32] — @
<
[Fo RSN P
<t ——
A ——
™
% p
3) 3 ]
% (EB ~ 4 A ——
[} =_:I
S &S — 3
< O E T N ——]
w - 8 L
e =]
3 ~ 59 4 29
=} o E
%] S 1 g
<< o N» oIwn

Figure69 Six stationary phases selected to demonstrate different chromatographic profiles
for carbonic anhydrase fragments digested with trypaimalyses were performed on the

Nexera X2 coupled to the 2020 single quadrupole system. The formic acid conditions utilised
a mobile phase of 0.1% formic acid in water and 0.1% formic acid in acetonitrile with 4.5
50%B over 40 minutes. Flow rate was 0.3mnh, column oven temperature was 40 °C, and
detection used a combination of UV at 215 nm and MS for extracted ions.
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As important as choosing stationary phases with different selectivity, it is often
crucial to identify phases with similar chromatograptesponses. The following
phases were identified as potentially providing similar selectivity profiles; Ascentis
Express C18 and Poroshell HP18, the Acquity CSH C18 and Luna Omega C18 PS,
and finally Kinetex Biphenyl and Ascentis Express Biphenyptfctiygest of

carbonic anhydrase was chromatographed using the formic acid gradient conditions
described for the peptide characterisation protocblgure70). The Poroshell HPH

C18 and Ascentis Express C18 were superimposed in the scoreigloe65), and
clearly demonstrate a similar eluting prefilor the peptide fragments. The order of
elution as well as the resolution between peaks are extremely similar between the
two columns. The Ascentis Express Biphenyl and Kinetex Biphenyl were within
proximity to one another in the score pldEigure65) and contain a similar ligand
moiety. In general, the elution profile is very similar, with some subtle differences
between the peaks (see peaksl?). Tle final pair, the Luna Omega PS C18 and
Acquity CSH C18, have an alkyl moiety with some degree of positive charge on the
surface of the phase. Their location within the score pfogre65) suggest that

some similarity could be expected but also that there are some differences as their
positions are not overlaid. The profileskigure70 confirms that this is the case,
where in general, the elution profile is extremely close but there also are selectivity
differences between some of the critical pairs. The selectivity corcglatas

applied to the set of columns, where the Poroshell HPE8 was compared to the
Ascentis Express C18, the Ascentis Express Biphenyl was correlated against the
Kinetex Biphenyl and the Luna Omega PS C18 was evaluated against the Acquity
CSH C18. Ti®values ranged between 2 and 8, which all demonstrate a close

correlation between the predicted pair of similar columns.

Similar selectivity differences were observed for the digest of carbonic anhydrase
chromatographed at mid pH and also for the trygpdligest of bovine insulin. Overall,
the score plot was successfully used to select stationary phases which could be
chromatographically dissimilar with a diverse elution profile or can be used to select

phases with similar profiles.
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Figure70 Carbonic anhydrase digest analysed on six stationary phases to demonstrate
chromatographic similaritiefAnalyses were formed on the Nexera X2 coupled to the 2020
single quadrupole system. The formic acid conditions utilised a mobile phase of 0.1% formic
acid in water and 0.1% formic acid in acetonitrile with-8086B over 40 minutes. Flow rate

was 0.3 mL/m, column oven temperature was 40 °C, and detection used a combination of
UV at 215 nm and MS for extracted ions.
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