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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 differences to identify
each species. This thesis endeavoured to understand the influencing factors to enable

rational decisions to be made during method development strategies.

A peptide-based characterisation protocol was developed and applied to
commercialised stationary phases, known as the Peptide RPC Column
Characterisation Protocol. A design of experiment robustness study was executed to
ensure the validity of the protocol was maintained. Chemometric analysis was
performed which identified three classifications of columns from which stationary
phases can be selected with either similar or different selectivity. The approach was
validated using two tryptic digested peptides, with promising results. Although there
are small molecule characterisation protocols already defined in the literature, it was
confirmed that the peptide-based protocol is needed due to a lack of correlation

between the small molecule and peptide-based protocols.

A comprehensive mobile phase study on a typical C18 phase also identified vast
selectivity differences over a range of pH values, which was achieved using different
ammonium-based salts, with interesting additives and ion pairs. The study
ascertained the greatest differences were achieved under low pH conditions, thus the
main focus for method development should be in that region. An initial study which
observed the effect of temperature and organic modifiers identified the importance
of evaluating these parameters during method development. Finally, the applicability

of the results on other columns was determined.

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

differences.
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1. Introduction
1.1 Biopharmaceuticals and 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 drugs between 2015-2017 and six
in 2018 were biologically based [1-5]. Considerable resources are being utilised to
develop expertise in not only developing these sophisticated structures but also in

the successful manufacture of them [6].

The products on the market are typically proteins which differ significantly from
small molecular drugs, as further discussed in Section 1.3. However, to be able to
understand the protein separation 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 molecules. The contents of

this thesis shall therefore focus on the analysis of peptides.

The complexity of these compounds can make analysis of these active
pharmaceutical ingredients (API) and their impurities / degradation products
particularly challenging. These degradation products and impurities typically
possess similar physico-chemical properties, making it difficult to achieve
separation using reversed-phase (RP) HPLC. Isomers in particular are difficult to
separate from the APl and to identify by mass spectrometry (MS) due to being
isobaric in nature. Attempts have been made to assist chromatographers with these
separations by predicting retention times based on factors such as amino acid
sequence and secondary structure. These approaches include look-up, index-based,
modelling-based and machine learning methods [7-12]. 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 the index-based approach which is then only
accurate for those particular chromatographic conditions), as highlighted in the
peptide retention prediction review by Moruz [7]. The reviewer suggested the
machine learning method was the most adaptable and flexible to predict outside of

the chromatographic conditions tested and has the ability to adapt to the inclusion



of new information to the dataset. However, it had lower accuracy in comparison to
some other methods described. Conformation and thus second order structure is
likely to be affected by both the organic modifier as well as the stationary phase,
which would make predicting peptide retention in RPC extremely difficult or
unlikely to be successful. The difficulty of predicting retention times does highlight
the need to develop a robust method development platform which maximises the
chromatographic selectivity differences which are of critical importance for

screening these biological products.

There is currently little research conducted into the best approach for maximising
selectivity differences when analysing peptides. Screening and optimisation are
often performed based on past experience and stationary phase selection based on
small molecule characterisation protocols. There are various protocols described to
probe reversed phase stationary phases using small molecules (Tanaka, Euerby et
al. and Snyder et al. [13-19]), however, there is limited research conducted into the
relevance of small molecule column characterisation techniques when working with
peptides [20, 21]. A small study which looked at a range of artificial peptides
without nearest neighbour effects on six stationary phases from one column
manufacturer compared the results against a small molecule column
characterisation database [20, 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 for peptide separations). 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 development 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 altering the pK, or hydrophobicity. The



21 proteinogenic amino acids are shown below (Figure 1) and can be divided into
different groups based on the side chain; aliphatic, hydroxyl / sulfur / selenium

containing, cyclic, aromatic, basic and acidic / amide derivatives.
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Figure 1  Structures of proteinogenic amino acids. [22]



The synthetic process for peptides has developed significantly over the last century,
from solution-phase methods through to solid-phase peptide synthesis (SPPS), first
conceived by Merrifield in 1963 [23]. It is an iterative process, demonstrated in
Figure 2, where an amino acid is temporarily protected at the side chain and the
alpha amino group to prevent polymerisation, and is covalently bonded to a resin.
All by-products and excess reagents are removed by filtration, before removal of
the amino protection group and further washing protocols. The next N-protected
amino acid in the sequence is then coupled via the unprotected amine group of the
amino acid on the solid phase, where the process continues until the desired
peptide is complete. The side chains are then deprotected and resin washed, before

the peptide is cleaved, typically with hydrofluoric acid (HF), from the resin.

Washed to remove by-
products and excess reagents @
* (Gesin) b

Pro-HN COOH Pro-HN
Pro-HN co
products and excess

Deprotected
reagents terminal amide

Peptide cleaved from resin.
R Deprotect side chains and @
termlnal amide. Coupled amino acid to the chain
Pro-HN
COOH 0. HoN co

Pro-HN COOH

Washed to remove by-

Figure 2 Schematic of the 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 same [24, 25]. Solution-phase
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 cycles making it
more advantageous in certain laboratories. Liquid phase synthesis is also limited in
the number of amino acids in the sequence (~2-10 amino acids), whilst SPPS
typically can produce 30-50 amino acid sequences on average. However, this is not
to say SPPS does not have disadvantages. The cost of materials can be relatively

higher than other methodologies and the chemistry must be extremely controlled in



order to avoid by-product formation and racemisation products, which can lead to
complex impurity profiles. Another common problem is deletion peptides where an

amino acid is missing because of a step failure.

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 deprotection of
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 group [26]. Desirable traits for the protecting groups include ease and
efficiency of attaching and removing the group and the stability under reaction
conditions. Merrifield first utilised carbobenzoxy (Cbz) as the N*-protecting group
which was created by Bergmann and Zervas (cited in [24]), before utilising t-
butyloxycarbonyl (Boc) in 1967 [27]. The side chains, such 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
benzyl-based group requires much stronger conditions, such as TFA, HF or
hydrogenation [28-31]. The protecting group 9-fluorenylmethoxycarbonyl (Fmoc)
was first suggested in 1970 by Carpino and Han as a base labile N*-protection group,
which provided orthogonal deprotecting conditions to the side chain protection

group [32-35].

Specialised protecting groups are sometimes 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 formation is exacerbated if small, less
bulky protecting groups are used, such as 1,1-diisopropylethyl (Die) [24, 26]. Recent
developments in protecting groups suggest larger groups such as 5-butyl-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 the L- to the D- form. It is caused by the imidazole ring

promoting the enolization of histidine active esters, therefore the imidazole ring



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

have their own drawbacks such as expense and side reactions [26].

The selection of resin can also be crucial for the synthesis of peptides, with an
abundance of options available [36, 37]. The most common resin is polystyrene with
1-2% divinylbenzene (DVB) as a crosslinking agent, which improves the stability 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 4-hydroxybenzyl alcohol linker) and Rink resin (a TFA labile

resin typically used with Fmoc peptides) [24].

An alternative to synthetic pathways for the production of peptides is to use
recombinant methodologies using bacterial or mammalian cell cultures [38-40]. This
approach is quite frequently required for peptides which have greater than 25-50
amino acids, to prepare acceptable purity and yields. Bacterial cell cultures, such as
the commonly used Escherichia coli, are often advantageous for their rapid
production and ease of use whilst mammalian cells allow for the expression of
peptides and proteins with post translational modifications (PTM) similar to those
found in humans. The main difference between these two types of cultures are the
cellular anatomy, where bacterial cells don’t possess the same organelles as
mammalian cells (i.e. nucleus or Golgi apparatus) which influence its ability to
perform PTM. Selection of the culture is often based on the aim of the synthesis

(i.e. sufficient yield, speed, or PTM).

1.3 Challenges in Analysing Peptides

Peptides present a different analytical challenge to small molecules, due to their
size and physico-chemical properties, which can influence the degree of interaction
in the separation. This is in addition to the peptide kinetics which can reduce the

mass transfer of peptides, as further explained below.

A change in functional group on a small molecule (e.g. by a change in pH that

deprotonates a carboxylic acid side chain) will display large differences in



chromatographic properties since the change constitutes a large change of the
structure of the molecule. For a peptide, such a change of one functional group may
result in a relatively small change in retention since this modification only takes
place for a relatively small part of a large molecule, particularly if there is a higher
order structure which can hinder access to functional groups. This limitation on the

selectivity of the peptide increases the difficulty of the separation.

Mobile phase additives can be critical to selectivity, however, proteins often contain
ions which form insoluble salts with phosphate buffers at high and mid pH. An
example of such is calmodulin which contains Ca?* and zinc finger which contains
Zn%* jons [41, 42]. This can limit the additives required for maximum selectivity
differences. Proteins are also affected by extreme conditions, i.e. low / high pH,
high % MeCN or high temperature, where the structure of the protein 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 peptides have low chromatographic efficiency and diffuse slowly, thus a large
mass transfer term in the expanded van Deemter (Equation 1), which results in
broad peaks. A van Deemter plot allows column performance to be evaluated and

compared whilst also determining the optimum linear velocity [45].

2
H = 2d, + 212m 4 2%
v D.

m

Equation 1

where H is the plate height, A is particle shape, d, is particle size, y and w are
constants, D, is the diffusion coefficient of the mobile phase, and v is the linear
velocity in mm/sec, determined by dividing the length of the column by the
retention of an unretained species (tm). The first term correlates to the eddy
diffusion and mobile phase mass transfer effects, the second term relates to the
longitudinal molecular diffusion, and the third term connects to the mass transfer
resistance which describes the interaction of the compounds with the stationary
phase. Plate height (H) is a measure of column efficiency per unit length of column,

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



(dp). Eddy diffusion is a contributing factor to band broadening which describes the
multiple flow paths available through the column for the mobile phase or analyte. It
is highly dependent on the particle size distribution and the uniformity of the
packed column bed. A poorly packed bed generates different flow paths which 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, thus reducing band broadening and increase
chromatographic performance. Longitudinal diffusion is time dependent, where the
longer the analyte band is in the system (i.e. low linear velocities or long / wide
tubing is used), the more the band is dispersed, which reduces the chromatographic
efficiency. The final term in the van Deemter, mass transfer, is a measure of the
molecular diffusion into the pores of the stationary phase. Molecules will penetrate
into the pores to differing degrees which then cause the band to broaden. This
effect is reduced at lower linear velocities and exacerbated at high linear velocities.
The use of smaller particle sizes can also reduce the mass transfer term, where
smaller particles have a shorter diffusion pathway thus allowing faster diffusion of
the molecule into the pores of the particle. The 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 with different molecular weights was simulated, to
highlight the differences in each of the van Deemter terms (Figure 3). The larger
molecular weight compounds have a sharp increase in the mass transfer term, and
a narrow range for the optimum linear velocity, which 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 separations. The smaller solute, however, has a flatter
mass transfer term, which provides a larger range for linear velocity, therefore
wider window for maximum performance. Simulated data was based on calculated
diffusion coefficients. It is possible to generate experimental data, however, large

proteins respond strongly to small changes in organic and also display poor peak



shape, which makes generation of data more difficult to compile than for small

molecules.

28

23

MW 50000

] MW 5000
MW 500

3

o 0.2 0.4 0.6 0.8 1

Figure 3  Simulated van Deemter data for molecules of differing molecular weight on a 1.7
um packing material (Data produced by Novo Nordisk).

The strong response to small changes in organic can be rationalised based on the
relationship described in Reference [46], and visualised in Figure 4. Snyder
explained the relationship of Equation 2, where k* is the average retention factor
during gradient elution, g* is the corresponding value of g, and ks and S are
constants for a given compound. As the molecular weight increases, the constant, S,
increases. The increased value of S can have dramatic changes in k with only small
changes in the organic, as demonstrated in Figure 4, 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.

logk™ = log k,, — SO* Equation 2

S ~ 0.25(MW)%> Equation 3
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Figure 4  Isocratic retention factor versus amount of organic modifier for molecules of
different size. All assumed to have strong retention in totally aqueous conditions (that is,
logKy is assumed to be 5).

1.4 Aims and Objectives

This study will focus on gaining a greater understanding of peptides. It is a
possibility that the understanding gained from this study could be used as stepping
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 range of models appearing which aim to predict retention of peptides,
there is very little literature which specifically aims to help provide a guide to
method development for peptides in regard to column and mobile phase selection.
As such, this research aims to design relevant peptides to probe reversed phase
stationary phases. This includes observing general mechanisms but also more
specifically looking at separations involving degradation and isomeric species. By
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 phases using the peptide-based 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 Characterisation Protocol to determine suitable column

11



selection for screening and help identify backup columns which is critical for the
chemistry, manufacturing and controls (CMC) life cycle management. The database
will be validated by using the information to select chromatographically similar
stationary phases to act as “back-up” columns to produce comparable
chromatographic profiles of peptides. It can also be validated by selected
chromatographically dissimilar stationary phases which can produce different
peptide profiles, 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 between the probes. A lack of correlation is desirable to highlight the

necessity of a peptide-based approach.

The second stage of this research shall focus on the effect of mobile phases on
selectivity for peptide separations. The specifically designed probes employed to
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 isopropanol / acetonitrile mixtures could offer viable alternatives
which are seldom explored for maximising selectivity, as demonstrated by Hodges’
et al. who observed differences in peptide elution profiles when substituting
acetonitrile for methanol [21]. Some of the most commonly applied additives
include phosphate salt-based systems and ion pairs, such as TFA [47, 48]. They
typically offer advantages such as improved peak shape provided by their higher
ionic strength. The exploration of additional ion pairs, such as triethylamine (TEA)
and heptafluorobutyric acid (HFBA), or kosmotropic / chaotropic salts, such as
ammonium sulfate 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 peptides. The most

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

12



phases which were deemed to be chromatographically diverse by the peptide-
based column characterisation database. 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 in relation to mobile phase.
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2. Materials and Methods
2.1 Chromatographic Instrumentation

Unless otherwise specified, analyses were performed on a Shimadzu Nexera X2
equipped with binary pumps (LC-30AD, S/N L20555472999 and L20555473004),
degassers (DGU-20Asr, S/N L20705466800 and L20705466811), Prominence column
oven with column switch (CTO-20AC, S/N L20215477201 and FCV-14AH, S/N
120215465470, respectively), autosampler (SIL-30AC, S/N L20565471427), diode
array detector (SPD-M30A, S/N L20775470238) and communication bus module
(CBM-20A, S/N L20235478166) (Shimadzu UK Limited, Milton Keynes, UK). A
Shimadzu Mass Spectrometer single quadrupole (LCMS 2020, S/N 010155470152)
was used as a secondary detector. The software used to control the LC system was
LabSolutions (Version 5.86). System dispersion and dwell volume can be seen in

Table 20.
2.2 Balances

An Avery Weigh-Tronix Reflex HP-220DC (hence forth known as the 4 decimal place
(d.p.) balance) or an Avery Weigh-Tronix Reflex HP4200C (hence forth known as the
2 d.p. balance, Avery Weigh-Tronik, Smethwick, UK) was used to measure all

masses. Both balances operate full-automatic calibration daily, however, additional
calibration was performed periodically using weights of known quantity between 1

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

pH measurements were determined using a Jenway 3310 pH meter (Cole-Parmer,
Stone, UK), which was calibrated between pH 7 and 2 (Certipur ®, VWR
International LLC, Darmstadt, Germany). Care was taken to prevent contamination

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

The Pipetman P1000L (Gilson Scientific Ltd, Dunstable, UK) was calibrated before

every use to ensure an accurate volume was dispensed. It is specified by the
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manufacturer to be accurate between 100 to 1000 pL to +1.00% and +0.6%,
respectively. The Pipetman dispensed 1000 pL of water at ambient temperature
which was weighed using the 4 d.p. balance to confirm 1.000 g (+0.0011 g based on

six repeat measures) was delivered.

2.5 Solvents and Reagents used for Samples and Mobile Phases

Bovine GLP-2 (1-15)*
[D-His1]-Bovine GLP-2 (1-15)*
[L-Asp3]-Bovine GLP-2 (1-15)*

[L-isoAsp3]-Bovine GLP-2 (1-15)*
[D-isoAsp3]-Bovine GLP-2 (1-15)*
[D-Ser5]-Bovine GLP-2 (1-15)*
[D-Ser7]-Bovine GLP-2 (1-15)*
[Met(0)10]-Bovine GLP-2 (1-15)*
[L-Asp11]-Bovine GLP-2 (1-15)*
[D-Asp11]-Bovine GLP-2 (1-15)*
[L-isoAsp11]-Bovine GLP-2 (1-15)*
[D-isoAsp11]-Bovine GLP-2 (1-15)*
Bovine GLP-2 (16-33)*

Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)

(
(
(
(
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
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Table 1  Sample chemicals
Chemical / Reagent Manufacturer Batch / Lot Number
Acetone, >99.8% Honeywell (Seelze, Germany) SZBG200AH
Acquity UPLC Absorb Start-up Solution Waters 186006683
Phenol, 99% Sigma Aldrich (Poole, UK) 131773612507040
Benzyl alcohol, 99% ACROS Organics (Geel, Belgium) A0402997
Uracil, >99% Sigma Aldrich (Poole, UK) SLBD1250V
Toluene, >99.5% Sigma Aldrich (Poole, UK) SHBH1932V
Benzene sulfonic acid, 98% Sigma Aldrich (Poole, UK) BCBR6772V
Pentylbenzene, 96% Alfa Aesar (Heysham, UK) 10215513
Butylbenzene, >99% Sigma Aldrich (Poole, UK) 00941853V
o-Terphenyl, 99% Sigma Aldrich (Poole, UK) -
Triphenylene, 98% ACROS Organics (Geel, Belgium) A0398951
Benzylamine hydrochloride, 99% Sigma Aldrich (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 Sigma Aldrich (Poole, UK) SZBDO71XV
1,4-Dinitrobenzene, 98% Sigma Aldrich (Poole, UK) SZBD221XV
1,3,5-Trinitrobenzene, certified reference Supelco (Bellefonte, USA) LC08343V



[D-Ser16]-Bovine GLP-2 (16-33)*
[lle26,Leu27]-Bovine GLP-2 (16-33)*
[Gly22]-Bovine GLP-2 (16-33)*
[D-Asp21,Gly22]-Bovine GLP-2 (16-33)*
[L-isoAsp21,Gly22]-Bovine GLP-2 (16-33)*
[D-isoAsp21,Gly22]-Bovine GLP-2 (16-33)*
[Val26]-Bovine GLP-2 (16-33)*
[lle26]-Bovine GLP-2 (16-33)*
[Phe26]-Bovine GLP-2 (16-33)*
[Trp26]-Bovine GLP-2 (16-33)*
[Tyr26]-Bovine GLP-2 (16-33)*
[Lys20]-Bovine GLP-2 (16-33)*
[Lys26]-Bovine GLP-2 (16-33)*
Trypsin, USP from bovine pancreas
Carbonic anhydrase, bovine

Insulin from bovine pancreas

Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Apigenex (Prague, Czech Republic)
Sigma Aldrich (Poole, UK)
Sigma Aldrich (Poole, UK)
Sigma Aldrich (Poole, UK)

SLBR5744V
SLBR4228V
SLBW1822

* Peptides supplied as freeze-dried material in the TFA salt form.
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Table 2 Mobile phase reagents and solvents

Chemical / Reagent Manufacturer Batch / Lot Number
Water, MilliQ Millipore (Molshiem, France) F3SA79023A
Water, LC-MS grade Honeywell (Seelze, Germany) H1530
Isopropanol, LC-MS grade Honeywell, (Seelze, Germany) K49039481
Methanol, LC-MS grade Honeywell (Seelze, Germany) SZBG291BH
Acetonitrile, LC-MS grade Honeywell (Seelze, Germany) SZBG230S
Acetic acid, HPLC grade Sigma Aldrich (Poole, UK) 1046BIL
Ammonia (25% w/w), LC-MS grade Sigma Aldrich (Poole, UK) 20442730719
Ammonium acetate, LC-MS grade Sigma Aldrich (Poole, UK) BCBZ6101
Ammonium carbonate. LC-MS grade Sigma Aldrich (Poole, UK) SLBV1392
Ammonium formate, LC-MS grade Sigma Aldrich (Poole, UK) BCBT8380
Ammonium phosphate monobasic, HPLC grade Sigma Aldrich (Poole, UK) BCBW0622
Ammonium phosphate dibasic, HPLC grade Sigma Aldrich (Poole, UK) BCBW9374
Ammonium sulfate, ACS 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, LC-MS grade Waters -
Dimethyl sulfoxide (anhydrous), HPLC grade Alfa Aesar (Haverhill, USA) W23B668
Formic acid, LC-MS grade Sigma Aldrich (Poole, UK) H1630
Heptafluorobutyric acid, >99.5% Sigma Aldrich (Poole, UK) BCBV8424
Hydrochloric acid (37% w/w), ACS reagent Sigma Aldrich (Poole, UK) 1350615
Methane sulfonic acid, >99% Sigma Aldrich (Poole, UK) STBH6537
Potassium phosphate monobasic, HPLC grade Sigma Aldrich (Poole, UK) SLBR5465V
Phosphoric acid (85% w/w), FG grade Sigma Aldrich (Poole, UK) STBC3341V
Potassium hydroxide, analysis grade Alfa Aesar (Haverhill, USA) A18854
Triethylamine, Puriss grade Sigma Aldrich (Poole, UK) STBH8268
Trifluoroacetic acid, LC-MS grade ThermoFisher 13230
TRIS buffer, primary standard Sigma Aldrich (Poole, UK) SLBW7403
TRIS HCI, reagent grade Sigma Aldrich (Poole, UK) SLBW1307
Sodium butane-1-sulfonic acid Sigma Aldrich (Poole, UK) BCBW1477
Sodium chloride, Puriss grade Sigma Aldrich (Poole, UK) STBH7768 804
Sodium sulfate, ACS reagent Merck (Darmstadt, Germany) A0134649 026
Sodium perchlorate, ACS reagent Merck (Darmstadt, Germany) A1190564
Uracil, >99.0% Sigma Aldrich (Poole, UK) SLBD1250V
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2.6 LC Characterisation
2.6.1 Dwell Volume Determination Operating 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: 1puL

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

Column: ZDV union plus 2 m red peek tubing (0.125 mm 1.D.)

for added back pressure.

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

2.6.2 Dispersion Operating 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:
Wavelength:

Column:

0.5 uL
254 nm (8) Ref 360, 100.

ZDV union

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

2.6.3 Autosampler Accuracy Operating Conditions

Mobile Phase:

Gradient:

Flow Rate:

Oven Temperature:

Sample:
Injection Volume:
Wavelength:

Column:

A: Water

B: Acetonitrile

Time (mins) %B
0.0 10
5.0 90
6.0 90
7.0 10
10.0 10
1 mL/min
60 °C

Acquity UPLC Absorb Start-Up Solution

10 pL

254 nm (8) Ref 360, 100.

Agilent Zorbax SB-C18, 5 um, SN USFA002732

50 x 4.6 mm

Six repeat injections were performed after the system was fully stabilised.
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2.7 Extended Tanaka Characterisation Protocol for 150 x 2.1 mm Column

Formats
2.7.1 Mobile Phase Preparation
2.7.1.1 Potassium Phosphate pH 2.5 Stock Buffer Preparation

A 50 mM potassium phosphate monobasic stock solution was prepared by weighing
6.27 g on the 2 d.p. balance, which was dissolved in approximately 800 mL MilliQ
water using a magnetic stirrer. Phosphoric acid (85% w/w) was added dropwise to
lower the pH to 2.5, where pH was determined using a Jenway 3310 pH meter

(Section 2.3). The solution was made to 1 L volume using MilliQ water.

2.7.1.2 Potassium Phosphate pH 2.7 Stock Buffer Preparation

A 200 mM potassium phosphate monobasic stock solution was prepared by
weighing 27.22 g on the 2 d.p. balance, which was dissolved in approximately 800
mL MilliQ water using a magnetic stirrer. Phosphoric acid (85% w/w) was added
dropwise to lower the pH to 2.7, where pH was determined using a Jenway 3310 pH

meter (Section 2.3). The solution was made to 1 L volume using MilliQ water.

2.7.1.3 Potassium Phosphate pH 7.6 Stock Buffer Preparation

A 200 mM potassium phosphate monobasic stock solution was prepared by

weighing 27.22 g on the 2 d.p. balance, which was dissolved in approximately 800
mL MilliQ water using a magnetic stirrer. Potassium hydroxide solution was added
dropwise to change the pH to 7.6, where pH was determined using a Jenway 3310

pH meter (Section 2.3). The solution was made to 1 L volume using MilliQ water.
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2.7.1.4 Premixed 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 using Grade A measuring cylinders. The solutions

were shaken to ensure thorough mixing.

Table 3 Buffered mobile phase preparation for the Extended Tanaka protocols
HPLC Grade HPLC Grade
Mobile Phase Buffer (mL)
Water (mL) Methanol (mL)
5 mM Potassium Phosphate Monobasic pH 250 650 100
2.5 in Methanol / Water (65:35 v/v) (Section 2.7.1.1)
20 mM Potassium Phosphate Monobasic 600 300 100
pH 2.7 in Methanol / Water (30:70 v/v) (Section 2.7.1.2)
20 mM Potassium Phosphate Monobasic 600 300 100

pH 7.6 in Methanol / Water (30:70 v/v) (Section 2.7.1.3)

2.7.1.5 Premixed Mobile Phase: Organic / Water Mixtures

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

were shaken to ensure thorough mixing.

Table 4  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/v)* 500 500

*Used for a column flush at the end of each sequence.
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2.7.2 Operating Conditions and Sample Preparation
All methods utilised a flow rate of 0.21 mL/min, a column temperature of 40 °C,
injection volume of 1 uL and wavelength detection at 210 and 254 nm (8) ref 360,
100. The specific mobile phase and samples used per test are shown below [17-19,

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 uL/mL MeOH 500 uL
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/H,0
C Caffeine (30:70 v/v) 500 pL
1.0 mg/mL MeOH/H,0
Phenol (30:70 v/v) 500 pL
Cation Exchange Capacity
Mobile Phase: 20 mM KH2PO4 pH 2.7 or 7.6 in Methanol / Water
(30:70 v/v)
Samp|e; Test Mix Compound Concentration Quantity in Test Mix
0.5 mg/mL MeOH/H,0
D Phenol (30:70 v/v) 200 pL
Benzylamine 0.5 mg/mL MeOH/H,0 200 ul.
hydrochloride (30:70 v/v) W
Benzyl alcohol 03 uL/mL MeOH/H;0 500 uL

(30:70 v/v)
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Nitro-Aromatic

Mobile Phase: Methanol / Water (50:50 v/v)

Sample: Test Mix Compound

Concentration

Quantity in Test Mix

E Toluene

Nitrobenzene

1,3-

Nitrobenzene

1,3,5-
Trinitrobenze

ne

0.6 uL/mL MeOH
0.3 puL/mL MeOH

0.3 mg/mL MeOH

0.25 mg/mL MeOH

300 pL each plus 300
pL MeOH

Dinitro-Aromatics

Mobile Phase: Methanol / Water (40:60 v/v)

Samp|e; Test Mix Compound

Concentration

Quantity in Test Mix

F Toluene

1,2-Dinitrobenzene

0.6 uL/mL MeOH
0.2 mg/mL MeOH

150 pL each plus 600

1,3-Dinitrobenzene 0.3 mg/mL MeOH HL MeOH
1,4-Dinitrobenzene 0.5 mg/mL MeOH
Acidic Character
Mobile Phase: 5 mM KH2PO4 pH 2.5 in Methanol / Water (65:35 v/v)
Sample; Test Mix Compound Concentration Quantity in Test Mix
0.3 mg/mL MeOH / H,0
G Phenol (1:1 v/v) 200 pL
0.3 uL/mL MeOH / H,0
B 2 L
enzyl alcohol (8:2 v/v) 00 W
0.3 uL/mL MeOH / H,0
Toluene (1:1 v/v) 200 pL
Benzene sulfonic
0.3 mg/mL H,0 200 pL

acid
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2.8 System Suitability Test (SST) Conditions for a 150 x 2.1 mm Column Format
2.8.1 Mobile Phase Preparation
2.8.1.1 Premixed Mobile Phase: Formic Acid Gradient

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

produced as follows:

1000 pL LC-MS grade formic acid was accurately dispensed using a Pipetman
P1000L into LC-MS grade water and made to 1000 mL volume with LC-MS grade

water using a grade A measuring cylinder.

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

produced as follows:

1000 pL LC-MS grade formic acid was accurately dispensed using a Pipetman
P1000L into LC-MS grade acetonitrile and made to 1000 mL volume with LC-MS

grade acetonitrile using a Grade A measuring cylinder.

2.8.2 LC Retention Modelling of SST Conditions
2.8.2.1 Instrumentation

The SST conditions were optimised on a Waters H-Class binary system at Novo

Nordisk in Denmark, with a 250 puL TFA mixer, and a dwell of 0.53 mL.
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2.8.2.2 Method Development Operating Conditions

Mobile Phase: As described in Section 2.8.1.1
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 32.1 22.1 5
24.1 54.1 44.1 5
Flow Rate: 0.3 mL/min

Oven Temperature: 40 °C

Sample: See Section 2.8.3
Injection Volume: 1uL
Wavelength: 215 nm (8) Ref 360, 100.

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

Stationary Phases:

Stationary Phase Serial Number
'Acquity HSS C18, 1.8 um 01443619715737
1Acquity HSS C18-SB, 1.8 um 01223609816614
1Acquity BEH C4, 1.7 um 01273618718211

1Acquity CSH Fluorophenyl, 1.7 um 01123618118013
2Polaris Amide C18, 3 um 461575

1150x2.1 mm, 2150 x 2.0 mm

2.8.2.3 Developed Method Operating Conditions

The SST utilised the following chromatographic conditions:

Mobile Phase: As described in Section 2.8.1.1
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Gradient:

Flow Rate:

Oven Temperature:

Sample:
Injection Volume:

Wavelength:

Autosampler Cooler:

Time (mins) %B

0.0 5
20.0 100
22.0 100
22.1 5
24.1 5

0.3 mL/min

40 °C

See Section 2.8.3

1ul

215 nm (8) Ref 360, 100.

10 °C (used to reduce evaporation of volatile

analytes).

2.8.3 Sample Preparation

Table 5

Sample preparation for the System Suitable Test mix.

Compound Concentration Quantity in Test Mix (pL)
Uracil 0.3 mg/mL MeOH / H,0 (1:1 v/v) 200
Benzene sulfonic acid 0.3 mg/mL H,0 200
Benzyl alcohol 0.3 uL/mL MeOH / H,0 (8:2 v/v) 200
Benzylamine hydrochloride 0.5 mg/mL MeOH / H,0 (30:70 v/v) 200
Butylbenzene 0.4 pL/mL MeOH 500
Caffeine 0.5 mg/mL MeOH / H,0 (30:70 v/v) 500
Pentylbenzene 0.6 puL/mL MeOH 500
Phenol 0.3 mg/mL MeOH / H,0 (1:1 v/v) 200
Toluene 0.3 uL/mL MeOH / H0 (1:1 v/v) 200
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2.9 Development of the Peptide RPC Column Characterisation Protocol
2.9.1 LC Retention Modelling Mobile Phase Preparation
2.9.1.1 Ammonium Formate Native pH Stock Solution

A 200 mM ammonium formate stock solution was prepared by weighing 12.61 g on
the 2 d.p. balance, which was dissolved in approximately 800 mL LC-MS grade water
using a magnetic stirrer. The solution was made to 1 L volume using LC-MS grade
water, gravimetrically. pH of the native solution was recorded using a Jenway 3310

pH meter (Section 2.3).

2.9.1.2 Premixed Mobile Phase: Ammonium Formate Gradient

The mobile phase used online A for the development of the Peptide RPC Column
Characterisation Protocol was 20 mM ammonium formate in water which was

produced as follows:

900.00 g of LC-MS grade water (density 1 g/cm3) was accurately weighed on the 2
d.p. balance and combined with 100.00 g of the ammonium formate buffer

described in Section 2.9.1.1.

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

water (90:10 w/w) was produced as follows:

707.40 g of LC-MS grade acetonitrile (density 0.786 g/cm3) was accurately weighed
on the 2 d.p. balance and combined with 100.00 g of the ammonium formate buffer

described in Section 2.9.1.1.

2.9.1.3 Premixed Mobile Phase: Formic Acid Gradient

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

produced as follows:
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1000 pL LC-MS grade formic acid was accurately dispensed using a Pipetman
P1000L, which was checked using a balance each day to minimise variation, into

999.00 g of LC-MS grade water.

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

produced as follows:

1000 pL LC-MS grade formic acid was accurately dispensed using a Pipetman
P1000L, which was checked using a balance each day to minimise variation, into

785.21 g of LC-MS grade acetonitrile.

2.9.2 LC Retention Modelling Conditions for the Peptide RPC Column

Characterisation Protocol
2.9.2.1 Instrumentation

The LC conditions for the Peptide RPC Column Characterisation Protocol were
optimised on a Waters H-Class binary system at Novo Nordisk in Denmark, with a
250 pL TFA mixer, and a dwell of 0.53 mL. The MS conditions were optimised using

the instrument described in Section 2.1.

2.9.2.2 LC Retention Modelling using Ammonium Formate and Formic Acid
Mobile Phase: As described in Section 2.9.1.2 for ammonium formate

As described in Section 2.9.1.3 for formic acid.

Gradient: Input Time 1 Input Time 2  Validation Time .
(mins) (mins) (mins) %8
0.0 0.0 0.0 10
10.0 30.0 20.0 50
12.0 32.0 22.0 50
121 32.1 221 10
24.1 54.1 44.1 10
Flow Rate: 0.3 mL/min

Oven Temperature: 40 °C
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Sample: Peptide Concentration

Volume

Bovine GLP-2 (1-15

Bovine GLP-2 (16-33) 0.25 mg/mLin

1:1:1:1 v/v/v/v

[Trp26]-Bovine GLP-2 (16-33) DMSO/H0 (80:20 v/v)

[Lys26]-Bovine GLP-2 (16-33)

Injection Volume: 1puL

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

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

Stationary Phases:

Stationary Phase

Serial Number

*Acquity HSS C18, 1.8 um
'Acquity HSS C18-SB, 1.8 um
'Acquity BEH C4, 1.7 um
*Acquity CSH Fluorophenyl, 1.7 um
2Polaris Amide C18, 3 um

01443619715737
01223609816614
01273618718211
01123618118013
461575

1150 x 2.1 mm, 2150 x 2.0 mm

2.9.2.3 MIS Operating Parameters Design of Experiment

See Section 2.9.3 for the LC operating conditions.

Stationary Phases: TAcquity HSS C18, 1.8 um, S/N 01443619715737

2Polaris Amide C18, 3 um, S/N 461575

1150 x 2.1 mm, 2150 x 2.0 mm

MS Mode: Selected ion monitoring (SIM), Positive mode
Sample: Peptide m/z Concentration  Volume
Bovine GLP-2 (1-15 [M+2H]* 820
0.25 mg/mLin
Bovine GLP-2 (16-33) [M+2H]* 1068 1:1:1:1
DMSO/H,0
[Trp26]-Bovine GLP-2 (16-33) [M+2H]* 1105 v/v/v/v
(80:20 v/v)

[Lys26]-Bovine GLP-2 (16-33) [M+2H]* 1076
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Design of Experiments:

Table 6 Design of Experiment conditions for investigating the important factors for the
mass spectrometer.

Exp Exp Run Drying Gas 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 1.5
9 N9 9 10 200 200 1
10 N10 8 10 200 200 1
11 N11 1 10 200 200 1

2.9.3 Developed Method for the Peptide RPC Column Characterisation Protocol

Operating Conditions

The development of the Peptide RPC Column Characterisation Protocol utilised the

following operating conditions:
Mobile Phase 1: A: 20 mM ammonium formate in H20

B: 20 mM ammonium formate in MeCN / H20 (80:20

w/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 H,0

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

Injection Volume: 2 uL

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

MS Conditions: 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 um 461575
Acquity BEH C4, 1.7 um 01273618712811
Acquity BEH C8, 1.7 pm 01433621818202
Acquity BEH C18, 1.7 um 02833615515713
Acquity BEH Shield RP18, 1.7 um 01663618216648
Acquity CSH C18, 1.7 um 01373616715707

Acquity CSH Fluoro Phenyl, 1.7 um 01123618118013

Acquity CSH Phenyl Hexyl, 1.7 um 01123616215121
Acquity HSS C18, 1.8 um 01443619715737
Acquity HSS C18-SB, 1.8 um 01223609816614
Acquity HSS T3, 1.8 pm 01853622915102
Ascentis Express Biphenyl, 2.6 um USLPF001256
Fortis Diphenyl, 1.7 um B03172807-1
Acclaim Mixed Mode WCX, 3 um 001269

2.9.4 Sample Preparation

All peptides (as seen in Table 1) were provided by Apigenex (Prague, Czech
Republic) in 1 mg vials, which were dissolved to 0.25 mg/mL using DMSO/H,0
(80:20 v/v). Solutions were stored at -20 °C prior to analysis and stored at 10 °Cin

the LC autosampler while awaiting analysis.

Cocktails were produced using an injector programme with the following

combination of peptides (see Appendix vii for a typical injector programme).
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Table 7

Peptide RPC Column Characterisation Protocol.

Cocktail mixtures produced via injector programme for the development of the

Peptide m/z Volume (pL) Peptide m/z Volume (pL)
M1 TMS5
[Met(0)10]- [M+2H]* 828 2.0 [Met(0)10]- [M+2H]* 828 2.0
Bovine GLP-2 (1-15) [M+2H]* 820 2.0 [L-Asp3]- [M+2H]* 820 2.0
Bovine GLP-2 (16-33)  [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
TM2 TM6
[Met(0)10]- [M+2H]* 828 2.0 [Met(0)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
[le26]- [M+2H]* 1069 2.0 [D-Ser7]- [M+2H]* 820 1.0
[Trp26]- [M+2H]* 1105 2.0 [Trp26]- [M+2H]* 1105 2.0
TM3 T™M7
[Met(0)10]- [M+2H]* 828 2.0 [Met(0)10]- [M+2H]* 828 2.0
[D-Aspl11]- [M+2H]* 820 0.5 [L-isoAsp3] [M+2H]* 820 3.0
[L-isoAsp11]- [M+2H]* 820 35 [D-isoAsp3] [M+2H]* 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™M4 TM8
[Met(0)10]- [M+2H]* 828 2.0 [Met(0)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 the Peptide RPC Column 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 2 d.p. balance, which was dissolved in approximately 800 mL LC-MS 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 meter (Section 2.3). The solution

was made to 1000.00 g using LC-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 2 d.p. balance, which was dissolved in approximately 800 mL LC-MS 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 meter (Section 2.3). The solution

was made to 1000.00 g using LC-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 d.p. balance, which was dissolved in approximately 800 mL LC-MS grade water
using a magnetic stirrer. Ammonia solution (25% w/w) was added dropwise to
increase the pH to 6.6, where pH was determined using a Jenway 3310 pH meter

(Section 2.3). The solution was made to 1000.00 g using LC-MS water.

2.10.1.4 Premixed Mobile Phase: Ammonium Formate Gradient

The mobile phases used on Pump A and B are described in Table 8 and Table 9,

respectively, which were accurately weighed on a 2 d.p. balance:
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Table 8  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 1 g/cm? and 0.786
g/cm? respectively

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

100
20 mM Ammonium formate pH 6.1 in water 900 0
(Section 2.10.1.1)
20 mM Ammonium formate pH 6.35 in 100
900 0
water (Section 2.10.1.2)
100
20 mM Ammonium formate pH 6.6 in water 900 0

(Section 2.10.1.3)

Table 9  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 are 1 g/cm® and 0.786
g/cm? respectively. Solutions corresponded to 20 mM ammonium formate in MeCN / H,O
(80:20 v/v).

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

20 mM Ammonium formate pH 6.1 in water 100
100 628.80
/ acetonitrile (Section 2.10.1.1)
20 mM Ammonium formate pH 6.35 in 100
100 628.80
water / acetonitrile (Section 2.10.1.2)
20 mM Ammonium formate pH 6.6 in water 100
100 628.80
/ acetonitrile (Section 2.10.1.3)

2.10.1.5 Premixed Mobile Phase: Formic Acid Gradients

The mobile phases used on Pump A and B are described in Table 10 and Table 11,
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 d.p. balance.

Table 10 Buffered mobile phase A preparation for formic acid at different volumes, with
solvent prepared by weight. The density of water and acetonitrile are 1 g/cm? and 0.786
g/cm?respectively

Mobile Phase B LCMS Grade Water (g) Formic acid (pL)
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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

Table 11  Buffered mobile phase B preparation for formic acid at different volumes, with
solvent prepared by weight. The density of water and acetonitrile are 1 g/cm? and 0.786
g/cm? respectively.

Mobile Phase B LCMS Grade Acetonitrile (g)  Formic acid (uL)
0.095% formic acid v/v in acetonitrile 785.25 950
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 Nominal Peptide RPC Column Characterisation Protocol Conditions

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

following operating conditions:

Mobile Phase: As described in Section 2.10.1.4 for ammonium

formate pH 6.45

As described in Section 2.10.1.5 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: 1uL
Wavelength: 215 nm (8) Ref 360, 100.

Autosampler Cooler: 10 °C (to ensure maximum stability of the peptides).
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2.10.3 Sample Preparation

All peptides (Table 1) were provided by Apigenex (Prague, Czech Republic) in 1 mg
vials, which were dissolved to 0.25 mg/mL using DMSO / H,0 (80:20 v/v). Solutions
were stored at -20 °C prior to analysis and stored at 10 °C in the LC autosampler

while awaiting analysis.

Cocktails were prepared as shown in Table 12 (see Appendix vii for a typical injector

programme).

Table 12  Cocktail mixtures produced via injector programme for the Peptide RPC Column
Characterisation Protocol.

Peptide Peptide Number m/z Volume (uL)
™M1
[Met(0)10]-Bovine GLP-2 (1-15) 3 [M+2H]* 828 1.0
Bovine GLP-2 (1-15) 1 [M+2H]* 820 1.0
[L-Asp11]-Bovine GLP-2 (1-15) 9 [M+2H]* 820 0.5
[Gly22]-Bovine GLP-2 (16-33) 16 [M+2H]* 1024 0.5
[Tyr26]-Bovine GLP-2 (16-33) 24 [M+2H]* 1094 0.5
Bovine GLP-2 (16-33) 13 [M+2H]* 1069 1.0
[lle26,Leu27]-Bovine GLP-2 (16-33) 15 [M+2H]* 1069 0.3
TM2
[Met(0)10]-Bovine GLP-2 (1-15) 8 [M+2H]* 828 1.0
[L-Asp11]-Bovine GLP-2 (1-15) 9 [M+2H]* 820 1.0
[D-Asp11]-Bovine GLP-2 (1-15) 10 [M+2H]* 820 0.5
[Lys26]-Bovine GLP-2 (16-33) 26 [M+2H]* 1076 1.0
Bovine GLP-2 (16-33) 13 [M+2H]* 1069 1.0
[lle26,Leu27]-Bovine GLP-2 (16-33) 15 [M+2H]* 1069 0.3
T™M3
[Met(0)10]-Bovine GLP-2 (1-15) 8 [M+2H]* 828 1.0
Bovine GLP-2 (1-15) 1 [M+2H]* 820 1.0
[L-Asp3]-Bovine GLP-2 (1-15) 3 [M+2H]* 820 0.5
Bovine GLP-2 (16-33) 13 [M+2H]* 1069 1.0
[D-Ser16]-Bovine GLP-2 (16-33) 14 [M+2H]* 1069 0.5
[lle26,Leu27]-Bovine GLP-2 (16-33) 15 [M+2H]* 1069 0.3
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2.10.4 Design of Experiment (DoE)

Table 13 Design of Experiment conditions for investigating the important factors for the
ammonium formate gradient.

Experiment Run Temp i:::::; Flow pH of Stock Znoenc'l:cfs:livt/i:vrz Dwell
Name Order (°C) (%B) (mL/min) Solution in the B Line Volume (pL)
N1 3 38 -0.4 0.295 6.51 80.1 500
N2 8 42 -0.4 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 -0.4 0.305 6.51 79.9 100
N6 1 42 -0.4 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

Table 14 Design of Experiment conditions for investigating the important factors for the
formic acid gradient.

Experiment Run Temp Gradient Flow %FA in A %FA in 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% (+£0.005%) 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 4.5
40.0 50.0
42.0 50.0
42.1 4.5
54.1 4.5
Flow Rate: 0.3 mL/min (+0.005 mL/min)

Oven Temperature: 40 °C (x2 °C)

Injection Volume: See Table 15
Wavelength: 215 nm (8) Ref 360, 100.
MS: Selected lon Monitoring (z=2)

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

2.10.6 Sample Preparation

All peptides (Table 1) were provided by Apigenex (Prague, Czech Republic) in 1 mg
vials, which were dissolved to 0.25 mg/mL using DMSO / H,0 (80:20 v/v). Solutions
were stored at -20 °C prior to analysis and stored at 10 °C in the LC autosampler

while awaiting to be analysed.

Cocktails were prepared as shown in Table 15 (see Appendix vii for a typical injector

programme).
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Table 15 Cocktail mixtures produced via injector programme for the Peptide RPC Column

Characterisation Protocol.

Peptide Peptide Number m/z Volume (pL)
™1
[Met(0)10]-Bovine GLP-2 (1-15) 8 [M+2H]* 828 1.0
Bovine GLP-2 (1-15) 1 [M+2H]* 820 1.0
[L-Asp11]-Bovine GLP-2 (1-15) 9 [M+2H]* 820 0.5
Bovine GLP-2 (16-33) 13 [M+2H]* 1069 1.0
[lle26,Leu27]-Bovine GLP-2 (16-33) 15 [M+2H]* 1069 0.3
TM2
[Met(0)10]-Bovine GLP-2 (1-15) 8 [M+2H]* 828 1.0
[Tyr26]-Bovine GLP-2 (16-33) 24 [M+2H]* 1094 0.5
[Lys26]-Bovine GLP-2 (16-33) 26 [M+2H]* 1076 1.0
Bovine GLP-2 (16-33) 13 [M+2H]* 1069 1.0
[lle26,Leu27]-Bovine GLP-2 (16-33) 15 [M+2H]* 1069 0.3
T™M3
[Met(0)10]-Bovine GLP-2 (1-15) 8 [M+2H]* 828 1.0
[Gly22]-Bovine GLP-2 (16-33) 16 [M+2H]* 1024 0.5
Bovine GLP-2 (16-33) 13 [M+2H]* 1069 1.0
[D-Ser16]-Bovine GLP-2 (16-33) 14 [M+2H]* 1069 0.5
[lle26,Leu27]-Bovine GLP-2 (16-33) 15 [M+2H]* 1069 0.3
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2.11 Protein Digests
2.11.1 Operating Conditions for the Tryptic Digest of Proteins

Mobile Phase: As described in Section 2.10.1.4 for ammonium

formate pH 6.45

As described in Section 2.10.1.5 for 0.1% formic acid
Gradient: As described in Section 2.10.5

Flow Rate: 0.3 mL/min

Oven Temperature: 40 °C

Injection Volume: 1puL

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

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

Stationary Phases:

Stationary Phase Serial Number
Acquity CSH C18, 1.7 um 01513820518406
Luna Omega PS C18, 1.6 um H18-016921
Ascentis Express C18, 2.7 um USwWMO003484
Poroshell HPH C18, 2.7 um USGYNO01217
Ascentis Express Biphenyl, 2.7 um USLPF001258
Kinetex Biphenyl, 2.6 um H18-086495
Polaris Amide C18, 3 um 550014
Zorbax 300 C18 SB, 1.8 um USEDN01037
Acquity BEH C8, 1.7 pm 01513823418330

2.11.2 Sample Preparation

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 24 hours. The

digestion was stopped by the addition of 37% w/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 Stock Buffer Preparation

100 mM of each buffer (unless otherwise stated) was prepared by weighing the
prescribed weight from Table 16 on the 2 d.p. balance and dissolved in
approximately 400 g LC-MS water using a magnetic stirrer. The solution was made

to 500 g using LC-MS water. The solutions were shaken to ensure thorough mixing.

Table 16 Mass of each buffer required for 100 mM stock solutions (unless otherwise
stated). Key: H3PO4 = phosphoric acid, NH.H,PO, = ammonium dihydrogen phosphate, FA =
formic acid, NH,FA = ammonium formate, AA = acetic acid, NH,AA = ammonium acetate,
(NH4):HPO, = ammonium monohydrogen phosphate, NaCl = sodium chloride, Na;SO, =
sodium sulfate, (NH4),SO, = ammonium sulfate, NaClO, = sodium perchlorate, TEA =
triethylamine, TFA = trifluoroacetic acid, HFBA = heptafluorobutyric acid, BuSOs = sodium
butane-1-sulfonate, DFA = difluoroacetic acid, MSA = methanesulfonic acid, NH,OH =
ammonium hydroxide, NH;HCO3 = ammonium bicarbonate

Buffer Mass (g) Buffer Mass (g)
H3PO4 4.90 NaCl (1 M) 29.22
NHaH2PO4 5.75 (NH4)2504 (1 M) 66.07
NH4H2PO4 (1 M) 57.52 NaClO4 (1M) 61.22
FA 2.30 TEA 5.06
NH4FA 3.15 TFA 5.70
AA 3.00 HFBA 10.7
NHiAA 3.85 BuSOs3 8.01
(NH4)2HPO4 6.60 NH4OH 1.75
(NH4)2HPO4 (1 M) 66.03 NH4HCO3 3.95

2.12.1.2 0.1% v/v Modifiers Preparation

The ensuing mobile phases were produced be weighing the LC-MS grade solvent
and pipetting the necessary volume of additive. The solutions were shaken to

ensure thorough mixing.
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Table 17  Preparation of 0.1% v/v solutions for the Mobile Phase Study

Mobile Phase Additive (uL) LC-MS Grade Water (g)
0.1% v/v H3PO4 500 499.50
0.1% v/v TFA 500 499.50
0.1% v/v DFA 500 499.50
0.1% v/v FA 500 499.50
0.05%/0.05% v/v TFA/FA 250 per additive 499.50
0.1% v/v MSA 500 499.50
0.1% v/v NH4OH 500 499.50

2.12.1.3 20 mM and 100 mM Total lonic Strength Buffer Preparation

The following mobile phases were prepared using the stock solutions in Section
2.12.1.1. The buffering capacity for each of the mobile phases described in Table 18
can be located in Table 64. Each solution was shaken to ensure thorough mixing.

The pH was measured to confirm expected values.
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Table 18 Preparation of buffers used in the mobile phase study. For the abbreviation key,

see Table 16.

5 _ _
5 2 3 B B 0B _
£ £ * §E3: & s 8 &
3 2 e g = & @ &
§ E = 8
H3PO4/NH4H2PO4 4 2.3 20 - 98.05 85.25 - 316.70
FA/NHaFA 22 3.6 20 - 122.75 99.25 - 278.00
AA/NHiAA 28 5.1 20 - 38.75 100.00 - 361.25
(NH4)2HPO4/NHsH2PO4 43 7.5 20 - 31.15 8.65 - 460.20
H3PO4*/NH4H2PO4* 6 2.3 100 - 29.12 48.22 - 422.66
H3PO4*/(NHa)2HPO4* 24 3.1 100 - 29.35 24.85 - 445 .80
(NH4)2HPO4* /NHaH2PO4* 39 7.5 100 - 15.99 291 - 481.11
NaCl*/H3POa/NHsH2PO4 10 2.3 100 20 37.70 95.55 87.75 279.00
NaCl*/FA/NH4FA 23 3.6 100 20 38.90 112.75 109.25 239.10
NaCl*/AA/NHiAA 34 5.1 100 20 38.30 37.05 117.00 307.65
NaCl*/(NHa)2HPO4/NH4H2PO4 38 7.5 100 20 39.48 33.65 6.15 420.72
Na2504*/H3POas/NH4H2PO4 9 2.3 100 20 3.14 95.55 87.75 313.56
(NH4)2S04*/H3P0O4/NHaH2PO4 8 2.3 100 20 3.16 95.55 87.75 313.54
(NH4)2S04*/FA/NHFA 18 3.6 100 20 3.24 112.45 109.45 242.94
(NH4)2S04*/AA/NH4AA 29 5.1 100 20 3.29 33.75 105.0 357.96
(NH4)2S04*/(NH4)2HPO4/NH4H2POs 42 7.5 100 20 3.29 33.65 6.15 456.91
NaHClO4s*/H3PO4/NH4H2PO4 16 2.3 100 20 37.70 95.55 112.75 254.00
NaHClO4*/FA/NHaFA 26 3.6 100 20 38.90 112.75 109.25 239.10
NaHClOs*/AA/NH4AA 33 5.1 100 20 39.50 33.75 105.00 321.75
NaHCIO4s*/(NHa)2HPO4/NHasH2PO4 46 7.5 100 20 39.41 33.65 6.15 420.79
TEA/FA/NH4FA 20 3.6 20 5 25.00 147.75 74.25 253
TEA/AA/NHAA 27 5.1 20 5 25.00 63.75 75.00 336.25
TEA/(NH4)2HPO4/NHaH2PO4 37 7.5 20 5 25.00 0.58 3.40 471.02
TEA/FA/NH4HCO3 36 7.9 20 5 25.00 23.50 77.00 374.50
TFA/H3PO4/NH4H2PO4 5 2.3 20 5 25.00 49.40 70.60 355.00
TFA/FA/NHaFA 21 3.6 20 5 25.00 68.55 100.30 306.15
TFA/AA/NHiAA 30 5.1 20 5 25.00 4.50 100.20 370.30
TFA/(NH4)2HPO4/NH4H2PO4 40 7.5 20 5 25.00 37.50 0.00 437.50
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HFBA 14 18 20 20 100.00 - - 400.00
HFBA/H3PO4/NHaH2PO4 13 23 20 5 25.00 49.40 70.60 355.00
HFBA/FA/NH4FA 25 36 20 5 25.00 68.55 100.30 306.15
HFBA/AA/NHiAA 32 51 20 5 25.00 450 100.20 370.30
HFBA/(NH4)2HPO4/NHaH2PO4 49 75 20 5 25.00 37.50 0.00  437.50
BuSO3/H3POs/NH4H2PO4 2 23 20 5 25.00 77.40 5045 347.15
BuSOs/FA/NH4FA 19 36 20 5 25.00 74.85 94.00 306.15
BuSO3/AA/NHiAA 31 51 20 5 25.00 29.50 75.20 370.30
BuSO3/(NHa)2HPOs/NH4H2PO4 44 75 20 5 25.00 23.50 6.60 444.90
TFA 12 1.8 20 - 100.00 - - 400.00
NHsAA 41 7.0 20 - 100.00 - - 400.00
NH4sFA 35 65 20 - 100.00 - - 400.00
NHsHCO3 45 79 20 - 100.00 - - 400.00

* Prepared using 1 M stock solutions

2.12.2 Operating Conditions for the Mobile Phase Study

Mobile Phase:

Gradient:

Flow Rate:

Oven Temperature:

Injection Volume:

A: See Table 17 and Table 18

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

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

0.3 mL/min

40 °C

See Table 15 for 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 the peptides).

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 Study — Effect of

Temperature
Mobile Phase: Al:pH 1.90.1% v/v TFA
A2: pH 2.3 100 mM H3PO4/ NH4H2PO4/ (NH4)2S04
A3:pH 2.7 0.1% v/v FA
A4: pH 5.1 20 mM BuSOs/ AA / NH4AA
A5: pH 6.5 20 mM NH4FA
A6: pH 7.5 20 mM (NHa4)2HPO4/ NH4H,PO4

See Table 17 and Table 18 for mobile phase

preparation

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

Flow Rate:

Oven Temperature:
Injection Volume:
Wavelength:
Autosampler Cooler:

Stationary Phases:

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

0.3 mL/min

20,40 and 60 °C

See Table 15 for the test mixtures and injection volume
215 nm (8) Ref 360, 100.

10 °C (to ensure maximum stability of the peptides).

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 Study — Effect of

Stationary Phase

Mobile Phase:

Al:pH 1.90.1% v/v TFA
A2: pH 2.3 100 mM H3PO4/ NH4H2PO4/ (NH4)2S04

A3:pH 2.7 0.1% v/v FA
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A4:pH 5.1 20 mM BuSOs3 / AA / NHiAA
A5: pH 6.5 20 mM NH4FA
A6: pH 7.5 20 mM (NH4);HPO4/ NH4H,PO4

See Table 17 and Table 18 for 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/v/v)

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
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: See Table 15 for 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 USLPF001275
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 Additional Software

Principal component analysis (PCA) was performed using Simca whilst factorial
design was implemented using Modde (Version 14.1 and 11 respectively, Umetrics,
Umea, Sweden). Method translations, retention modelling and logD / logP
descriptors were performed using ACD/Labs (Version 2016.1.1. Advanced Chemistry
Development Inc., Toronto, Canada) and amino acid structures drawn using
Chem3D Pro (Version 16.0.0.82. CambridgeSoft, Cambridge, USA). Dwell volumes
(via integration under the curve) were calculated using OriginPro 2016 (Version
2016, OriginLab Corporation, Northampton, USA). The net charges and 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 combinations, 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
3.1 Rationale for LC Characterisation

The contribution of each component in the HPLC system should 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 (V4) is an extremely influential parameter of selectivity [51]. The dwell
volume is defined as the point of mixing up to the head of the column. This volume
will vary from instrument to instrument based on their system configuration (i.e.
size of mixer, type of pump, high versus low pressure mixing, tube internal diameter
and length). Dwell volume determination is critical when working with gradient
chromatography as the ratio between dwell volume and column volume (Vg/Vm) will

affect the selectivity of the separation [51].

The EP [52] states dwell volume should be determined using a linear gradient with
0.1% acetone v/v tracer in Line B from 0-100% over 10 minutes at 2 mL/min with
the UV response recorded. Vy is then determined by measuring the maximum
absorbance which is halved (Ao.5) to correspond to a particular time (to5) as
demonstrated in Figure 5. The dwell time (t4) is determined using Equation 4, which

can then be used to calculate dwell volume (Vy, Equation 5).

tg = tos — (%G) Equation 4

Vg=tg XF Equation 5
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Figure 5 Typical chromatogram produced for determination of dwell volume. Performed
on the Shimadzu Nexera X2 LC instrument. Mobile phase A: 0.1% v/v acetone in water,
mobile phase B: water, column: zero dwell volume union, gradient: 0-100%B over 10 mins,
flow rate: 2 mL/min, column oven: 40 °C, UV detection: 264 nm.

Agilent and Waters suggest an alternative means of measuring Vg by 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 highlighted in Figure 6,
where two mixers were compared. Mixer A provided a linear response suggesting
consistent mixing, however, Mixer B had a non-linear response as the mobile phase
composition changed. Due to the small change in %B used in the step methodology,

this non-linear 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

Figure 6  Comparison of linear (10-20%B, 10 min tg) versus step (50-55%B, 0.1 min tc)
gradient dwell volume determination using 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 therefore has the
potential to create issues in the degasser, such as changes in composition, through
evaporating. 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 can generates volumes which are too high
or too low. The step gradient suggests uracil as the tracer which removes the issues
regarding volatile solvents, however, initial results suggest the profile of the
gradient is highly dependent on the style and size of mixer. For example, the
microfabricated “maze” type mixers tested to date present a more asymmetrical
profile in comparison to the bead mixers, and the phenomenon is exacerbated with
increased mixer volume size (data not included). In itself, the asymmetric profile is
not an issue, however, estimations of dwell volume 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 dissuade end-users from

measuring this essential parameter.

Thus, an alternative 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 (Table 19), with the dwell volume determined using either integration or
50% of the slope. A 2-m peek capillary (0.125 mm |.D.) was used to provide
adequate pressure to the system, which contributed 25 plL additional volume to the
dwell (0.127 pL/cm). The results in Table 19 were corrected for the additional
volume. The dwell volumes recorded using the linear methodology were extremely
similar using either ty 5 or integrated approach suggesting either method is suitable
(highlighted green in Table 19), but tos is practically more applicable. The dwell
volume for the step 10-90% gradient using both integration and t5 are at least 10%
lower than at the reduced flow / smaller %B range. Therefore, the new approach is
the most appropriate for determination of dwell volume. The corrected dwell
volume determined using this alternative approach was compared between the

Nexera X2 and a Waters H-Class (Table 20).
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Table 19 Dwell volume comparison using both linear and step gradients and integrated or
50% of the slope. Performed on the Shimadzu Nexera X2 LC instrument.

Flow %B Method for Determining Dwell Volume
Methodology Tracer
(mL/min)  Range Dwell Volume (uL)
Step 1 10-90 Uracil Integrated 306
Step 1 10-90 Uracil tos 293
Linear 0.3 10-20 Uracil Integrated 341
Linear 0.3 10-20 Uracil tos 340

3.1.2 Instrument Bandwidth and System Retention Volume

Band broadening is both an intra- and extra-column effect. Intra-column band
broadening is a result of the column packing, which is beyond the control of the
analyst. The system volume is the delay between the injector and detector,
excluding the column contribution, whilst instrument band width (or extra-column
band broadening) is a measure of the dispersion of the peak between the injector
and detector but excludes the column contribution. With the advancement in
column technology (i.e. smaller, more efficient 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 instrument bandwidth (i.e.
connecting unions, tubing, instrument components) need to be minimised in order
to achieve optimised chromatographic performance. The total peak variance is
described in Equation 6, illustrating the components in the flow path. Ideally the
instrument bandwidth should be minimised, particularly when using small I.D.
columns, which are typical for analyses of peptides. The instrument bandwidth for
the Waters H-class equipped with a column manager and 250 pL mixer and

Shimadzu Nexera X2 can also be seen in Table 20, using Equation 7-9.
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2 — 2 2 2 2 2
OTotal = OcColumn + Glnjection volume + Glnjector + GTubing + Opetector + etc

Equation 6
System Contribution to retention volume = tzF Equation 7
Instrument bandwidth = 4o Equation 8
R.F .
= Equation 9
<\/ No.s) q

Where tr is the retention of an unretained species (acetone) in minutes and flow in

puL/min.

Table 20 Dwell volume and system retention volume and instrument band width for the
Waters H-class and Shimadzu Nexera X2.

Corrected Instrument
System Retention
Dwell Volume Bandwidth
Volume (pL)
(mL) (ut)
Waters H-Class, 250 pL mixer 0.553 27 12
Shimadzu Nexera X2, 100 pL mixer 0.342 14 9

3.1.3 Repeatability

The Waters Acquity UPLC Systems, Absorbance Start-Up Solution (Rev A) was
injected onto an Agilent Zorbax SB-C18 column six times after sufficient
equilibration (20 column volumes) and analysed using gradient chromatography.
The solution contained 2-acetylfuran, acetanilide, acetophenone, propiophenone,
butylparaben, benzophenone and valerophenone, each at a concentration of 4.0
pug/mLin H,0 / MeCN (90:10 v/v). The retention times and peak areas were
recorded for each peak to ascertain the accuracy of the injector and LC system as a
whole. Repeatable and accurate retention times and peak areas indicate the pumps
are consistently dispensing the gradient mobile phase and the autosampler is
constantly delivering the same volume of sample. Ideally for a UHPLC system, the
relative standard deviation (%RSD) should be below 0.5% for the retention time and
1% for the peak area based on instrument specifications. As shown in Table 21, the
%RSD for retention times are 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 for the 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

Retention time and peak area repeatability (n

Table 21
test mixture using gradient chromatography on the Nexera X2 instrument.
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3.2 Rationale for Column System Suitability Test (SST)

The efficacy of the data can depend on the integrity of the stationary phase. The
stationary phase will degrade over the course of its lifespan but can be further
accelerated under certain conditions (i.e. intermediate/high pH, high temperature,
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 character. A loss of ligand can occur by hydrolysis which 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 in the SST all possess various physico-chemical properties; thus, a
gradient must be used to elute all peaks within a reasonable time frame. A gradient
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 in H20 in Line A and 0.1% formic acid v/v in MeCN in Line B.
The probes in the test are uracil and water (to markers), benzene sulfonic acid (a
probe which investigates positive character, where the negatively charged acid will
increase in retention with increase in positive character on the stationary phase, or
decrease in retention with an increase in negative charge i.e. increase in silanophilic
activity), benzylamine hydrochloride (silanophilic activity probe), caffeine (hydrogen
bonding probe), phenol (phenolic marker), benzyl alcohol, toluene (neutral marker),
butylbenzene and pentylbenzene (hydrophobic markers which will decrease in
retention with any loss of stationary phase). By monitoring the peak capacity (Pc),
peak symmetry and gradient alpha values (a*), the stationary phases can be

evaluated.

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

conditions described in Section 2.9.2. The gradient time for the SST was determined
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using modelling software (LC Simulator, Equation 10), where full resolution was

achieved for all analytes on the five stationary phases evaluated.

Ink =a+ bX Equation 10

Where a and b are analyte specific parameters and X the percent of organic
modifier in the mobile phase. The equation is valid for isocratic conditions. The
modelling software employs Equation 10 and numerical calculations in order to

mimic gradient conditions.

The starting composition was set to 5% to account 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 back-pressure due to smaller particle sizes and the column oven set to 40
°Cin order to minimise ambient temperature fluctuations 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 maintained. An example of a column which is performing
well and a column which is no longer fit for purpose can be observed in Figure 7.
The Acquity HSS C18 can be seen to have split peaks caused by a contaminated inlet

frit.
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Figure 7 Example chromatograms of the SST mixture on the Acquity HSS C18 using the
0.1% v/v formic acid mobile phase conditions. Chromatogram A illustrates a column
performing well whilst chromatogram B demonstrates a column with a blocked inlet 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, gradient: 5-100%B over 20
mins, flow rate: 0.3 mL/min, column oven: 40 °C, UV detection: 215 nm, injection volume: 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 Peptides to be Evaluated for the Peptide Base Column

Characterisation Protocol
3.3.1 Selection of the Parent Peptide to be Modified

The peptide was selected to 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 stability, representative size
and chain length. Experience and modelling of peptides from within Novo Nordisk
suggested a suitable probe for the study was Bovine GLP-2 (Table 22), as discussed

below.

Table 22 Bovine GLP-2 peptide chain.

AminoAcid# 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

BovineGlP-2 H ADGSFSDEMNTVLDSLATRDT FEFI NWL I QTZ K I TD
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Bovine GLP-2 has the necessary properties to investigate multiple interactions such
as degradation 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 enough to reduce the cost of synthesis.

However, at this size, there is the potential to form secondary structures (i.e. alpha
helix or beta sheets), which could potentially inhibit any interaction which is
attempted to be studied [57]. 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 acids [58]. This was confirmed using

Far-UV circular dichroism which shall be described in greater detail in Section 3.3.5.

The sequence in Table 22 highlights two segments which make this peptide ideal as
a probe, where the left-hand chain has slightly more hydrophilic character (amino
acid number 1-15), whilst the right-hand side is slightly more hydrophobic (amino
acid number 16-33). Thus, two separate segments of the 33 amino acid chain were
synthesised in order to investigate the various retention mechanisms. These 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 cysteine (C) as it is prone to covalent
aggregate formation (i.e. disulfide bridges formed by oxidative coupling of thiols) or
disulfide bond scrambling. Omitting cysteine should minimise these instability

problems.

Table 23 contains a list of the 26 peptides selected to probe the stationary phase
characteristics, which were synthesised using the Wang resin before cleavage. d
corresponds to D-Asp, iD to L-isoAsp, id to D-isoAsp, h and s correspond to D-His
and D-Ser respectively and oM corresponds to Met(O). Marked in grey within the
table represents the amino acid change. It also contains a summary for the change

in the sequence.
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Table 23 Summary of changes in the peptide sequence and their rationale. Marked in grey

within the table represents the amino acid change.
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3.3.2 “Hydrophilic” Segment — Bovine GLP-2 (1-15)

The “hydrophilic” segment of the Bovine GLP-2 sequence can be seen in Table 24.
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 deamidation products caused by chemical instability,

where the variations are described in the table.

Table 24  The “hydrophilic” segment of the Bovine GLP-2 peptide, with the sequence of
potential degradation products. Where h denotes D-His, d denotes D-Asp, i denotes iso, s
denotes D-Ser, oM denotes oxidised Met. Marked in grey within the table represents the
amino acid change

Peptide Peptide Sequence

Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1 Bovine GLP-2 (1-15) HADGS ST FSDEMNTVLD
2 [D-His1]-Bovine GLP-2 (1-15) h ADGSFSDEMNTV LD
3 [D-Asp3]-Bovine GLP-2 (1-15) HAdGS ST FSDEMNTVLD
4 [L-isoAsp3]-Bovine GLP-2 (1-15) HAIDGS ST FSDEMNTVLD
5 [D-isoAsp3]-Bovine GLP-2 (1-15) HAidGSTFSDEMNTVWVILD
6 [D-Ser5]-Bovine GLP-2 (1-15) HADG s F SDEMNTV LD
7 [D-Ser7]-Bovine GLP-2 (1-15) H A DG SF s DEMNTV LD
8 [Met(0)10]-Bovine GLP-2 (1-15) HADGS ST FSDTEOMMNTV LD
9 [L-Asp11]-Bovine GLP-2 (1-15) HADGS ST FSDEMDTVLD
10 [D-Asp11]-Bovine GLP-2 (1-15) HADGS ST FSDEMIdTV LD
11 [L-isoAsp11]-Bovine GLP-2 (1-15) H A DG S FSDEMMIDTV LD
12 [D-isoAsp11]-Bovine GLP-2 (1-15) H A DG S FSDEMMIdTV LD

All proteinogenic amino acids, except glycine, contain a chiral centre at the a-
carbon and as such, have the ability to produce enantiomers. Amino acids in
biological systems are in the L- form but can convert into the D- form if
racemisation (the formation of an optically inactive product) occurs. If one chiral
centre is inverted in a peptide, it creates diastereoisomers. As diastereoisomers
possess different physicochemical properties, these compounds can be resolved in
an achiral system. However, the diastereoisomers often prove difficult to fully
resolve using typical reversed-phase conditions used in industry, therefore it is
critical to be able to optimise selectivity differences. The rate of racemisation can
depend on the reaction parameters (i.e. pH, temperature and solvents) and the

amino acid side chain and its ability to withdraw electrons from the a-carbon [59-
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61]. Histidine (H) and serine (S) are known to be particularly susceptible to
racemisation, thereby producing [D-His1]-, [D-Ser5]- and [D-Ser7]-Bovine GLP-2 (1-

15) (Peptide Numbers 2, 6 and 7 respectively, Figure 8).

. S L) W

L-Serine D-Serine L-Histidine D-Histidine
Figure 8 Racemised structures of serine and histidine.
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The D- and L- nomenclature describe the relative configuration of the molecule by
relating the molecule to glyceraldehyde. It describes the relative relationship
between amino acids whereas R /S nomenclature describes the absolute
configuration, which is discussed in more detail below. Racemisation of histidine
can occur during synthesis, typically by enolization. This is most likely facilitated by
the inductive effect of the imidazole ring. Serine has the ability to racemise in
solution as well as during synthesis [59]. The D- version of the peptides were
produced by introducing the D- isomer into the synthetic pathway. The 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 degradation, as
demonstrated by the probe [Met(0)10]-Bovine GLP-2 (1-15) (Peptide Number 8,
Figure 9). Oxidation of the sulfur in methionine (i.e. by Oxone®, potassium
peroxymonosulfate [62]) results in two diastereoisomeric sulfoxide peptide species,
by means of the lone pair of electrons on the sulfur. These diastereocisomers 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 the diastereocisomeric species exist in a 1:1 ratio. The
diastereoisomers are assigned the nomenclature R and S configuration, by following
the Cahn-Ingold-Prelog priority rules [22]. The R/S nomenclature rule is used to

name the enantiomers of a chiral compound, where the substituents are prioritised
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based on atomic mass, with the largest atomic mass given highest priority. The
nomenclature is attributed on the spatial orientation of the prioritised substituents.
A clockwise rotation is notated as “R” (rectus, right) whilst counter clockwise
rotation is classed as “S” (sinister, left). Furthermore, there is also the potential to

undergo additional oxidation to form the sulfone [63].

Methionine Methionine sulfoxide
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Figure 9  Schematic of oxidation pathway for methionine to methionine sulfoxide and
methionine sulfone.

Deamidation is a chemical instability process of removing an amide functionality
from an organic compound [63-73]. This occurs predominantly in the amino acids
asparagine and glutamine as the side chains contain amide groups. Deamidation
occurs more readily when an amino acid in a peptide chain is followed by a small,
flexible amino acid such as glycine which has little steric hindrance which leaves the
peptide group open for attack. The relatively small polar side chains for serine and
threonine also facilitate deamidation. Deamidation occurs at amino acid 11 to form
[L-Asp11]-, [D-Asp11]-, [L-isoAsp11]- and [D-isoAsp11]-Bovine GLP-2 (1-15) (Peptide
Numbers 9-12), using the pathway described in Figure 10. As the asparagine side
chain attacks the peptide bond, it forms a cyclic succinimide intermediate, which
can ring open to form the aspartate or isoaspartate via hydrolysis. The formation of
D- or L-aspartate / isoaspartate is dictated by the enolation reaction, where the

nucleophile can attack either from above or below the molecule [66]. A D-
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asparagine variant is not produced as the ring requires a nucleophile (i.e. ammonia)
to open. The process of deamidation can proceed 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 rate [71]. This tendency to isomerise at a lower rate than
asparagine is attributed to the higher energy barrier for the six-membered ring
formed for Glu / GIn conversion in comparison to the five-membered ring formed

by Asp / Asn conversion.

The aspartic acid at position 3 in the peptide chain can undergo racemisation and
isomerisation to form [D-Asp3]-, [L-isoAsp3]- and [D-isoAsp3]-Bovine GLP-2 (1-15)
(Peptide Numbers 3-5). This transformation is facilitated by the glycine in amino
acid position 4 on the peptide chain and follows the same reaction pathway as
demonstrated in Figure 10. The asparagine derivative is not formed as the ring

cannot be opened without the presence of ammonia.
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[L-Asp3]-Bovine GLP-2 (1-15) [L-isoAsp3]-Bovine GLP-2 (1-15)
[L-Asp11]-Bovine GLP-2 (1-15) Succmlmlde intermediate [L-isoAsp11]-Bovine GLP-2 (1-15)
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Figure 10 Schematic of deamidation, isomerisation and racemisation of [L-Asn11]- and [L-
Asp3]-Bovine GLP-2 (1-15) via the succinimide intermediate.
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3.3.3 “Hydrophobic” Segment — Bovine GLP-2 (16-33)

The “hydrophobic” segment of the bovine peptide can be seen in Table 25. This
section of the peptide underwent various modifications to determine the effects of
properties such as branching, aliphatic and aromatic interactions, charge and
hydrophobicity. These are changes that do not take place during degradation but
which are relevant for probing peptide-column interactions.

Table 25 The “hydrophobic” segment of the Bovine GLP-2 peptide, with the sequences of

peptide with various modifications. Where s denotes D-Ser, d denotes D-Asp, i denotes iso.
Marked in grey within the table represents the amino acid change.

Peptide Peptide Sequence

number 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33
13 Bovine GLP-2 (16-33) S L ATRDT FEF I NWIL I QTIK I T D
14 [D-Ser16]-Bovine GLP-2 (15-33) s L AT RDF I NW 1 I QTK I T D
15 [lle26,Leu27]-Bovine GLP-2 (15-33) S L ATRDE FEF I NWI L QTZK I T D
16 [L-Asp21,Gly22]-BovineGLP-2(1533) S L A T R D G I N W L I Q T K | T D
17 [D-Asp21,Gly22]-BovineGLP-2(15-33) S L A T R d G | N W L I Q T K I T D
18 [L-isoAsp21,Gly22]-Bovine GLP-2(15-33) S L A T R D G | N W L I Q T K | T D
19 [D-isoAsp21,Gly22]-Bovine GLP-2(15-33) S L A T R id G I N W L I Q T K I T D
20 [Val26]-Bovine GLP-2 (15-33) S L ATRDF I NWWV I QTXK I T D
21 [lle26]-Bovine GLP-2 (15-33) S L ATRDT FEF I NWII I QTT K I T D
22 [Phe26]-Bovine GLP-2 (15-33) S L ATRDF I NWEF I QTK I T D
23 [Trp26]-Bovine GLP-2 (15-33) S L ATRDEFEF I NWW I QTK I T D
24 [Tyr26]-Bovine GLP-2 (15-33) S L ATRDTF I NWY I QT K I T D
25 [Lys20]-Bovine GLP-2 (15-33) S L AT KD F I NWIL I QTK I T D
26 [Lys26]-Bovine GLP-2 (15-33) S L ATRDTF I NWJK 1 QTTZK I T D

This section of the peptide has one serine site in position 16 which can undergo
racemisation to produce [D-Ser16]-Bovine GLP-2 (16-33) (Peptide Number 14). The

serine diastereoisomers can be seen in Figure 8.

Leucine and isoleucine are isomeric species — they possess the same molecular
formula but different spatial arrangement of atoms. Within Bovine GLP-2 (16-33),
leucine occupies position 26 whilst isoleucine is in position 27 of the peptide chain.
By reversing the order of leucine and isoleucine (Figure 11), the peptide can be used

to probe the subtle effect of amino acid position (Peptide Number 15). It is
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expected to be difficult to separate due to the peptide having very similar

physicochemical properties.
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Figure 11 Chemical structure of positions 26 and 27 of Bovine GLP-2 (16-33) (A)
[Leu26,lle27]- and (B) [lle26,Leu27]-Bovine GLP-2 (16-33).

A

The amino acid at position 22 was changed from phenylalanine (F) to glycine (G) to
be adjacent to aspartic acid (D) (Peptide Number 16, Figure 12). Glycine is known to
facilitate instability due to its small size when beside the aspartate amino acid. A
cyclic intermediate enables four isomeric products to be generated:
[L--Asp21,Gly22]-, [D-Asp21,Gly22]-, [L-isoAsp21,Gly22]- and [D-isoAsp21,Gly22]-
Bovine GLP-2 (16-33) (Peptide Numbers 16-19), following the pathway

demonstrated in Figure 10.
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Figure 12 Chemical structure of positions 21 and 22 of (A) [L-Asp21,Phe22]- and (B) [L-
Asp21,Gly22]-Bovine GLP-2 (16-33).

The amino acid at position 26 was changed to valine (V, [Val26]-), isoleucine (I,
[lle26]-), phenylalanine (F, [Phe26]-), tryptophan (W, [Trp26]-) and tyrosine (Y,
[Tyr26]-Bovine GLP-2 (16-33)) (Peptide Numbers 20-24, respectively). A comparison
of L, V and | might probe the aliphatic effect (Figure 13), whilst F and Y can establish
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the impact of changes in phenolic character (Figure 14). F, W and Y can examine the
effect of aromaticity (Figure 15). Small molecules are highly influenced by aromatic
and phenolic effects, however, it is uncertain how 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. Mant et al. did observe selectivity
differences on a range of peptides similar in size which differed by one amino acid
[20, 21, 74], however, their peptides had several 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.
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Figure 13 Chemical structure of positions 26 of (A) [Leu26]- (B) [lle26]- and (C) [Val26]-
Bovine GLP-2 (16-33) to investigate the aliphatic effect.
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Figure 14 Chemical structure of positions 26 and 27 of (A) [Phe26]- and (B) [Tyr26]-Bovine
GLP-2 (16-33) to investigate rt-it electron interactions and phenolic effects.
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Figure 15 Chemical structure of positions 26 and 27 of (A) [Phe26]- (B) [Trp26]- and (C)
[Tyr26]-Bovine GLP-2 (16-33) to investigate aromaticity effects.

The amino acid at position 20 was changed from arginine (R) to lysine (K, [Lys20]-
Bovine GLP-2 (16-33)) (Peptide Number 25, Figure 16). This modification
investigates the effect of a small change in polarity and basicity of the peptide with

the same charge (from pK, 12.48 to 10.35 for the substituted amino acid).
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Figure 16 Chemical structure of positions 20 and 21 of (A) [Arg20]- and (B) [Lys20]-Bovine
GLP-2 (16-33) to investigate polarity effects.

The amino acid at position 26 was changed from leucine (L) to lysine (K, [Lys26]-
Bovine GLP-2 (16-33) (Peptide Number 26)) to assess the effect of changing from a

neutral to a positive species (Figure 17).
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Figure 17 Chemical structure of positions 26 and 27 of (A) [Leu26]- and (B) [Lys26]-Bovine
GLP-2 (16-33) to investigate effects of charge.

3.3.4 Solubility and Stability of Bovine GLP-2

Solubility studies were conducted by Novo Nordisk on the unmodified hydrophilic
and hydrophobic Bovine GLP-2 chains (Peptide Number 1 and 13, respectively). The
two peptides were dissolved in 100% distilled water, DMSO / H,0 (80:20 v/v) or pH
7 phosphate buffer before evaluation on Day 0, 7 and 14 at 8 °C. The pH was
measured in the aqueous organic mixtures in order to ascertain how acidic the
conditions were. The measured pH was lower for the water sample than the DMSO
and phosphate diluents. This can be attributed to the freeze-dried peptides which
are supplied in the TFA salt form (Table 26). Visual inspections were also conducted
at these time intervals, where clear solutions were observed for Peptide Number 1
(hydrophilic chain) dissolved in 80% DMSO or phosphate buffer and Peptide
Number 13 (hydrophobic chain) dissolved in water or 80% DMSO. The hydrophilic
Bovine GLP-2 (1-15) produced a gel like structure when dissolved in 100% water,
whilst precipitation was observed between Bovine GLP-2 (16-33) and phosphate
buffer. It is common practice within Novo Nordisk to use a DMSO based diluent

when analysing peptide samples, which is corroborated by these results.
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Table 26  Solubility study for peptides Bovine GLP-2 (1-15) and Bovine GLP-2 (16-33) in
either distilled water, 80% DMSO or pH 7 phosphate. Samples stored at 8 °C when not being
analysed.

Peptide Number 1 Peptide Number 13
Bovine GLP-2 (1-15) Bovine GLP-2 (16-33)

Distilled Water 80% DMSO pH 7 phosphate  Distilled Water 80% DMSO pH 7 phosphate

Day0, 8 °C f:lear, .Sma:,” " Clear Clear Clear Clear Precipitates
particles (like "gel")
Day 7,8°C Flear, .Sma:,” " Clear Clear Clear Clear Precipitates
particles (like "gel")
cl I
Day 14,8 °C . ear, ?sma" " Clear Clear Clear Clear Precipitates
particles (like "gel")
pH @ Day 14 3.10 5.13 5.97 2.99 5.76 6.65

The stability of both peptides in relation to sample diluent was evaluated for all
sample diluents (i.e. the presence of additional peaks / changes in chromatographic
profile), except Bovine GLP-2 (16-33) in phosphate buffer which caused
precipitation. Stability was assessed by gradient chromatography where peak
profiles and area were compared using a mobile phase of water with 90% MeCN

with 0.09% TFA.

The profiles were similar over the course of the investigation, with no growth in
impurity peaks. The area of the main peak was integrated and compared for
increase in impurities. The highest and most consistent area was produced from the
80% DMSO sample diluent, suggesting the peptides had superior stability under
those conditions (Figure 18). The level of impurities also remained consistent from

dayOto 14 at 8 °C.
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Figure 18 Comparison of peak area for peptides Bovine GLP-2 (1-15) and Bovine GLP-2 (16-
33) using different diluents. Data provided by Novo Nordisk.
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3.3.5 Use of Circular Dichroism to Estimate Peptide Secondary Structure

Circular dichroism (CD) is a well-used tool to help elucidate structural information
for peptides. Multiple samples can be evaluated in physiological buffers within a
couple of hours 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 characterisation. For a greater understanding of any
specific residue involved in the binding however, additional techniques would need

to be employed such as NMR or x-ray crystallography [75-77].

CD measures the difference in absorbed left-handed circularly polarised light (L-CPL)
and right-handed circularly polarised light (R-CPL) of a chiral molecule with
chromophores. The 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 spectrum produced depends on which light is absorbed to a greater
extent (i.e. a positive signal is produced for greater absorbed L-CPL whilst negative

is absorbed to a lesser extent than R-CPL).

CD uses the far UV region to gather information on secondary structure, by
focussing on the peptide bond absorbing group. There is a weak, broad
characteristic n—>m* transition at 210 nm and t—>mt* transition observed at 190 nm,
which intimates certain secondary structures [77]. These distinctive transitions
enable one to identify the presence of a-helixes, B-sheets and B-turns within a
peptide, or alternatively, a lack of higher order structure (i.e. random coil). CD can
also be used to assess peptide structure quantitatively with various protocols

available to aid determination [77].

CD was performed within Novo Nordisk on four peptides which were either
representative of the peptide probes, or the amino acid sequence highlighted
potential sites for binding (i.e. a moiety in close proximity to a terminus). These
peptides and the sample preparation can be seen in Table 27. Each sample was

dissolved in acetonitrile / 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 protocol (described in
Section 2.10.5). Where there were potential solubility issues, the concentration of
acetonitrile and the volume were increased. Measurements were made at both 20
and 40 °C (Figure 19 and Figure 20, respectively), where the lower temperature
corresponded to ambient temperature and the higher temperature coincided with
the operating conditions for the column characterisation (the development of the

column characterisation can be found in Section 3.5).

Table 27  Preparation of peptides for circular dichroism 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 GLP-2 (1-15) 0.41 30 0.6 0.9
0.44 23 1.2 20
9 [L-Asp11]-Bovine GLP-2 (1-15) 0.41 30 0.6 0.9
0.55 23 1.2 20
13 Bovine GLP-2 (16-33) 0.69 23 1.4 0.10
0.3 30 0.7 18
26 [Lys26]-Bovine GLP-2 (16-33) 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 20 or 40 °C (20.10 °C). Blank samples (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 observed under both temperature and sample diluent
conditions for Bovine GLP-2 (1-15), [L-Asp11]-Bovine GLP-2 (1-15) and [Lys26]-

Bovine GLP-2 (16-33) (Peptide Numbers 1, 9 and 26, respectively), with a negative
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maximum at approximately 200 nm (Figure 19 and Figure 20). This was determined
by a lack of artefacts in the CD spectra which denote higher order structures [77].
Thus, there is no evidence of 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 GLP-2 (16-33) (Peptide Number 13) differed, however, with a negative signal
at ~220 nm which is characteristic of a part helical conformation or aggregation. The
response is dissimilar for the two different diluent conditions where the signal is
more pronounced under the ammonium formate conditions, which could be
induced by changes in pH, solvent or concentration, and therefore could be the
cause of some self-association. Molecular modelling suggested that the amino acid
residue region “FNWLI” within Bovine GLP-2 (16-33) could explain any aggregation,

if it was observed.
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Figure 19 CD spectra for Peptides 1, 9, 13 and 26 dissolved in formic acid (solid line) or
ammonium formate (dashed line) diluent at 20 °C. Data provided by Novo Nordisk.
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Figure 20 CD spectra for Peptides 1, 9, 13 and 26 dissolved in formic acid (solid line) or
ammonium formate (dashed line) diluent at 40 °C. Data provided by Novo Nordisk.

The potential for self-association was further studied by diluting the sample and re-
evaluating by CD, where a reduction of the response at 220 nm would suggest
aggregation rather than a helical structure. A dilution would not remove the signal if
there was a secondary structure. The artefact at 220 nm at 40 °C was reduced,
which therefore indicates the peptide does not possess a secondary structure, but
does have the potential to self-associate (Figure 21). This has ramifications for the
protocol where it is important to minimise the concentration of the peptides to

ensure all peptides are random coils within the characterisation process.
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Figure 21 CD spectra for Peptide 13 at 20 and 40 °C using the original sample
concentration (solid lines) and a 10x dilution (dashed lines). Data provided by Novo Nordisk.
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3.4 Rationale for Performing Column Characterisation using 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 density. Column characterisation is a standardised approach used to
assess the chromatographic properties of these HPLC phases. Many protocols can
be found in literature using small test solutes to evaluate the stationary phase for
common retention mechanisms, such as hydrophobicity or hydrogen bonding,
which allows for comparison between different column manufacturers, ligand

chemistry and LC instrumentation [13-19, 49, 78-91].

The Snyder approach, known as the Hydrophobic Subtraction model (HSM),
measures the hydrophobicity, steric interactions, acidic and basic hydrogen bonds
and the cation exchange capacity at low and intermediate pH. Some simple
schematic diagrams highlight the different interactions measured by the model
(Figure 22). RPC utilises a non-polar 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 hydrophobicity at a specific pH value which looks at the
concentration of an analyte distributed between n-octanol and water, Equation 11)
of the analyte as well as the ligand on the 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 phase, thus elutes later than the

less hydrophobic solute (Figure 22(A)).

Neutral+ionised in octanol

LogD =

at a specific pH Equation 11

Neutral+ionised in water

The HSM investigates the resistance of the stationary phase to bulky molecules
(Figure 22(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 the bonded 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 electronegative atom such as nitrogen or oxygen, via a hydrogen bond
(Figure 22(C)). Additionally, ionised silanols are negatively charged, which can retain
positively charged species such as bases via cation exchange interactions (Figure
22(D)). However, any negatively charged species such as ionised acids will be

repelled from the stationary phase by the electrostatic repulsion [13, 14, 45].

W \Egi
T

Figure 22 Schematic diagrams for (A) hydrophobicity, (B) steric interactions (C) hydrogen
bonding and (D) ionic attraction and repulsion. Structures drawn using Chem3D Pro (Version
16.0.0.82 based on [45]).

The Euerby et al. protocol is an extension of the Tanaka protocol, which investigates
the above properties, however, under different conditions and alternative probes.
The aromatic characteristics of the phase are also investigated with markers for n-nt
and dipole-dipole interactions and phenolic activity. There are also extensions on
the protocols which probe the acidic and basic character, thereby providing more

information on other key retention mechanisms [17-19].
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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 metal activity is highly dependent on the history
of the column. Factors such as shipping and storage solvent can be extremely
influential on the metal activity, thus is only valid for that column at that particular
moment in time which thereby reduces its usefulness as a characterisation measure

[84, 85,92, 93].

By collating data from a large set of stationary phases using column characterisation
protocols, a database can be created for comparison between different vendors and
ligand chemistry. They allow the end user to not only check the most similar
stationary phase for “back-up” columns, but also the most different phases, useful

for method development purposes.

The PQRI database and Stoll’s database, which is based on Snyder’s Hydrophobic
Subtraction model, contains >730 entries, whilst ACD’s database, based on the work
of Tanaka and Euerby et al., contains >340. One of the smaller records is the USP
database constructed using NIST SRM 870, which contains 124 entries (information
was correct as of July 2019) [82, 86, 94]. Both the PQRI and ACD database contain
common type B silica stationary phases in addition to type A silica and more
unusual phases such as polymer coated alumina and zirconium oxide. 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 greater metal content than the
type B silicas. The majority of modern stationary phases use type B silicas as the
support [88]. The USP database based on the NIST SRM 870 protocol is limited to

type B silica with some type A silica.

Borges et al. compared these three databases to ascertain their applicability and
identify any weaknesses in the column selection process [88]. 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 necessary to describe the phase. Borges also stated the Tanaka and HSM
approaches had similar discriminating power for differentiating between diverse
stationary phases (%RSD range of 38-421% and 22-439% respectively), whilst the
USP was significantly lower (41-69%) [88].

Borges’ study also compared the Hydrophobic Subtraction Model and the Extended
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 both successfully highlighted similar or dissimilar columns. The two
databases cannot be directly compared as Snyder uses regressions whilst Euerby

uses selectivity values [88].

The Euerby et al. methodology was used to characterise several commercially
available stationary phases. Past experience has provided significant knowledge into
the technique which will be highly beneficial for extracting influential retention
mechanisms. The commercial columns were donated by Waters, Agilent, Fortis,
Phenomenex and Supelco (Table 28). The Thermo columns were purchased directly
from the manufacturer. The PLRP-S stationary phase was not characterised as the

conditions produced excessive retention times for the test probes.
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Table 28 Extended Tanaka characterisation results for HPLC columns to be used in the

study.
Description kes QeHz)  Qr/0)  Ocsp) :‘(:_/:) :‘(:./:) O(rne/m)  Opsa/m)  Ole/ea j::; S?;fz'::::) P°(’:r:)'le
Acquity UPLC BEH C4 300 0.28 1.24 0.88 1.48 0.40 0.22 0.39 0.13 1.00 1.42 1.72 300
Acquity BEH C8 1.16 1.34 0.86 0.59 0.31 0.13 0.24 0.02 1.00 1.18 1.72 130
Acquity UPLC BEH C18 1303 3.99 1.47 1.38 0.37 0.23 0.09 0.17 0.00 1.00 1.00 1.72 130
Acquity UPLC BEH C18 3003 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 1.41 2.36 0.30 0.27 0.13 0.31 0.04 1.35 111 1.72 130
Acquity CSH C18 3 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 Phenyl 3 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 Hexyl 3 1.47 131 1.13 0.70 0.42 0.07 0.85 0.16 0.94 1.22 1.72 130
Acquity HSS C18 7.38 1.48 1.47 0.37 0.24 0.11 0.14 0.01 1.00 0.97 1.82 100
Acquity HSS C18-SB 2.57 1.39 1.94 1.86 4.99 0.16 0.24 0.01 0.88 1.23 1.82 100
Acquity HSS T3 3 6.02 1.50 1.19 0.50 0.34 0.12 0.22 0.01 1.00 0.94 1.82 100
Cortecs UPLC T3 2.87 1.47 1.20 0.51 0.26 0.13 0.22 0.02 1.00 0.96 161 120
Polaris Amide C18 2.87 1.43 243 0.20 0.15 -0.02 0.20 2.39 1.50 1.28 3.02 200
Poroshell 120 PFP 1.06 1.26 2.80 0.67 0.67 0.04 0.52 0.07 1.29 2.16 2.72 120
Poroshell 120 Bonus-RP 1.73 1.34 1.57 0.39 0.31 0.01 0.28 1.60 1.27 131 2.72 120
Poroshell 120 Phenyl Hexyl 1.98 1.33 1.21 0.86 0.44 0.14 0.98 0.01 1.00 1.00 272 120
Poroshell 120 SB-AQ 0.55 1.30 1.11 0.36 1.14 0.18 0.42 0.09 1.00 1.09 272 120
Poroshell HPH-C8 3 1.82 1.36 0.91 0.33 0.37 0.08 0.20 0.04 1.00 1.11 272 120
Poroshell HPH-C18 3.83 1.49 1.26 0.45 0.38 0.10 0.18 0.01 1.00 0.92 272 120
Agilent SB-C8 2.23 137 0.93 132 1.26 0.14 0.25 0.00 0.89 111 352 80
Agilent SB-C18 5.37 1.49 1.24 0.64 0.94 0.10 0.17 0.01 1.00 0.89 352 80
Zorbax SB-C18 300 3 1.23 1.44 1.22 0.76 1.00 0.12 0.21 0.01 1.00 0.87 352 300
PLRP-S 4 3.02 100
Ascentis Express Biphenyl 1.69 1.29 1.53 2.30 0.96 0.16 1.89 0.01 0.87 0.75 271 90
Ascentis Express C18 5.39 1.50 1.42 0.42 0.70 0.10 0.14 0.01 1.00 0.89 271 90
Ascentis Express C8 2.61 1.39 0.93 0.30 0.39 0.09 0.19 0.01 1.00 111 271 90
Ascentis Express F5 1.40 1.27 2.53 0.69 1.65 0.48 0.51 0.01 1.20 2.62 271 90
Ascentis Express Phenyl-Hexyl 2.30 1.35 1.17 0.83 0.54 0.11 1.02 0.02 1.00 0.96 271 90
Ascentis Express RP-Amide 3.20 1.43 1.79 0.22 0.38 0.04 0.19 0.05 1.49 1.22 271 90
BlOshell A160 Peptide C18 2.26 1.45 1.21 0.75 1.00 0.13 0.22 0.01 1.00 0.93 271 160
BlOshell A160 Peptide CN 0.20 1.15 1.82 0.88 1.37 0.22 0.92 -0.14 1.00 1.12 271 160
Acclaim Mixed Mode WAX 0.77 1.29 2.45 0.06 0.09 -0.10 0.24 0.00 1.93 1.49 52 120
Acclaim Mixed Mode WCX 0.66 1.16 3.33 0.48 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 0.02 111 1.75 52 120
Chromolith® Performance RP-18e 2.36 1.47 1.43 0.43 0.63 0.09 0.17 0.01 1.00 0.95 N/A2 130°
Kinetex Evo C18 3.08 1.44 1.12 0.42 0.37 0.09 0.19 0.03 1.00 1.09 261 100
Kinetex Biphenyl 1.36 131 1.52 2.14 0.80 0.16 1.97 0.02 0.87 0.72 261 100
Kinetex C8 1.84 1.36 1.16 0.36 0.42 0.09 0.20 0.01 1.00 1.26 261 100
Kinetex C18 3.67 1.46 1.25 0.45 0.43 0.11 0.18 0.01 1.00 1.05 261 100
Kinetex F5 1.36 1.32 2.29 0.77 0.71 0.13 0.43 0.00 111 1.47 261 100
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 0.93 0.81 0.56 0.07 0.41 0.32 1.00 111 1.73 110

1SPP, 2TPP, 3Data acquired from M. Euerby and P. Petersson, *Conditions not suitable for
analysis due to excessive retention, >Average mesopore size.
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The Extended Tanaka characterisation protocol can provide significant quantities of
data, with 21 selectivity values (a) which can be generated by the extended
protocol and a further 23 o values provided by the acidic and basic characterisation
[17-19, 50, 79, 95]. To perform the entire characterisation 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 be kpgand aycH2) (ligand density and
hydrophobicity / ability to differentiate between methylene groups), a(r/o) (steric
selectivity), oyc/r) (hydrogen bonding capacity), ag/p) (cation exchange capacity at pH
2.7 and 7.6 i.e. acidic and total silanol activity), ap/son) (Phenolic selectivity), a1,3,5-
tne/T) (@aromatic m-m interactions between a m-acid and nt-base), o1,2-/1,4-ong) (dipole-
dipole interactions) and assa/m) (anion exchange capacity, Figure 23). The reduced
probe sample set 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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Figure 23 Example chromatograms for each alpha value to be determined in the Extended
Tanaka protocols. See Section 2.7 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 can make it difficult
to rationalise chromatographic results. For example, ar/o is a measure of shape
selectivity between the puckered o-terphenyl and planar triphenylene. The volume
of o-terphenyl restricts its accessibility into the stationary phase, whilst there isn’t
such a steric resistance for triphenylene. However, triphenylene also has the ability
to perform strong mt-mt interactions with pentafluorophenyl phases, as a m-acid and
ni-base, which could also affect the alpha value [89]. Caffeine is also known to
undergo mixed mode interactions (i.e. m-r and hydrogen bonding) which can
influence the respective alpha value. Although the alpha values may represent
mixed mode retention mechanisms, they can still be used for the purpose of
identifying similar and dissimilar columns. The ability to critically assess the alpha
values is extremely important in order to understand characterisation results. It is
therefore advantageous that the ACD database only accepts column entries
provided solely by the Euerby / Petersson research group on virgin columns, where
the results are also critically assessed before uploading. By only accepting results

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

The robustness of the extended Tanaka characterisation tests is also well described
in literature, where statistical tools such as reduced factorial design, principal
component analysis (PCA) and multiple linear regression highlighted the critical

parameters to obtain reliable results [95].

Reduced factorial design, which is discussed in much greater detail in Section 3.7.1
and 3.7.2, is a tool which investigates the key chromatographic parameters and
critically assesses their contribution to the methodology. Euerby et al. [95]
evaluated the robustness for each of the parameters in the Tanaka column
characterisation protocol. These parameters include methanol content,
temperature, pH and buffer concentration. They determined that methanol content
was the most critical parameter for all the test conditions, then temperature. They
suggest mobile phases should ideally be prepared by weight and not by volume

(content should be controlled £0.5% v/v), however, 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 a calibrated column
thermostat (within 3 °C of the setpoint) and mobile phases sufficiently preheated.
The total 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 and buffer

concentration within 2 mM) [95].

The chemometric analysis tool PCA is used to describe large datasets which contain
several dimensions and reduce it to typically two dimensions known as principal
components which is visually simpler to comprehend [96]. This is particularly
beneficial for column characterisation databases, which contain considerable
quantities of data. The reduced data can be displayed in score and loading plots. A
score plot presents observations (in this circumstance, the stationary phases
evaluated) in a 2-dimensional 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 horizontally 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 variables 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 large datasets but requires dedicated
software to analyse the results which limits the user if they do not possess the
appropriate software. A criticism of PCA is that by using two PCs the amount of
variability described can be relatively low which suggests a loss of information. This
can be placated by utilising more PCs, which will increase the 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 additions of new 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 applied to the data in Table 28 to highlight the benefit of the technique,
producing a biplot (Figure 24). The first PC described approximately 35% of the
variability whilst the second PC described an additional 29%. In total, 64% of the
variables are described by the model which is satisfactory for looking at
observations and trends. The key chromatographic parameters evaluated are
denoted by purple, star markers — kpg, QcH2), Q(T/0), Q(c/P), OU(B/P at pH 2.7 and 7.6), O(TNB/T),
04(1,2-1,4-DNB), O(p/BA) and aesa/T). The stationary phases are categorised based on prior
knowledge into alkyl, mixed mode, PEG, PFP and phenyl groupings. The largest
collection is based on alkyl phases, which range in alkyl lengths C4-C18, and differ in
degree of endcapping, ligand density, or 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.g. kes and a(cx2)). There are also some alkyl phases in the
first quadrant, which are typically alkyl linkers which have reduced ligand density or
are non endcapped, therefore can undergo hydrogen bonding and silanophilic
interactions (e.g. ac/p) and ag/p at pH 2.7 and 7.6))- The phenyl type phases are also
positioned in the same direction, which could be due to potential silanophilic
interaction, interactions between the caffeine and the aromatic rings, or
alternatively drawn in that direction by the ang/T). The polar embedded group
(PEG) consists of amide functionalities and carbamates. These phases are typically
in the third quadrant, and are dominated by either phenolic interactions or possess
positive character (e.g. a(p/sa) and assa/m)). The mixed mode or PFP moieties were
collated in the fourth quadrant, where retention mechanisms could be based on
shape or dipole-dipole interactions with the test probes (e.g. o(r/0) and a(1,2-/1,4-on8)).
The scatter of phases suggests the stationary phases used in this study are
representative of the most common phases available on the market, and cover a
range of retention mechanisms. This chemometric technique will be further

demonstrated in Section 3.5.2.1 and 3.6.3.
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Figure 24 Biplot of the chromatographic parameters investigated by the Extended Tanaka

protocol and the stationary phases assessed.
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Despite there being a plethora of information on reversed phase stationary phase
characterisation using small molecules, the validity of the results is uncertain when
applied to peptide chromatography. The physicochemical properties of small
molecules compared to peptides are certainly different, such as the ability to
partition into the stationary phase which will have a particular influence on
selectivity. Thus, the best suited probes for column characterisation when studying
peptides should be peptide standards. Although there are a number of publications
which are intended to predict peptide retention times based primarily on
hydrophobicity and sequence, literature is more limited on characterising stationary
phases with peptides [7, 8, 10-12]. 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.

Hodges et al. [20] investigated the use of small peptides as probes for reversed
phase columns and compared the findings against the PQRI database. The 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 phenylalanine, in 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 acids, however, it doesn’t take into account other
common retention mechanisms, such as phenolic activity or effect of charge, which
is quite limiting. The design of the peptides also has limited relevance to what
analysts are working on (i.e. structurally related species and no degradation

products).

The peptides contained glycine periodically along the chain in order to disrupt
secondary structure formation. Secondary structures provide another level of
complexity, which the study wished to avoid in order to look at the effect of altering
a single amino acid in the residue. They state no secondary structures were formed
as confirmed using circular dichroism (CD) in the presence of TFA (aq), TFA in MeCN

and TFA in trifluoroethanol (TFE - a known helix-inducing solvent).
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The peptides were assessed on six different ligand functionalities from the same
manufacturer, but on different base silicas. The study was quite limited in sample
size by only assessing six stationary phases thereby reducing the applicability of the
study to a wider array of stationary phases. There was also little discussion about
the properties of the columns (i.e. surface coverage, pore size etc) which are known
to influence peptide retention. The study compared the stationary phases using two
different solvents, which highlighted selectivity differences. There are very limited
examples of methanol used for the analysis of peptides, however, this study shows

there are benefits to utilising this solvent.

The PQRI database suggested the stationary phases all possessed quite varied
properties with a wide range in ranking (known as F values). The peptide standards,
however, indicated greater similarity between columns, which led the authors to
conclude there was very little correlation between small molecule and peptide
characterisation protocols [20]. This is a significant driver for the present work, as it
suggests the use of small molecule protocols is not beneficial in developing
methods for peptides and highlights a need for a peptide-based column

characterisation protocol.

It is the intention that 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 number 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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3.5 Development of the Peptide RPC Column Characterisation Protocol

3.5.1 Rationale for Mobile 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 or formic 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 prohibits 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 performance, however, it typically
demonstrates greater tailing than phosphate salts. It was not 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 (see Section 3.7.12). 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 the characterisation protocol [97]. The intention of this present study
was to 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 methods. Although TFA is often used as an additive
in peptide separations, it is not the most commonly used within 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 a subsequent study which could potentially aid the
chromatographer in the selection of the most appropriate mobile phases for

method development (see Section 3.9).

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 benefits included its ease of tracking peaks using MS detection, volatility
and lack of signal suppression in positive electrospray ionisation. Within Novo
Nordisk, formic acid is used in approximately 70% of methodologies because of the
increased MS sensitivity and the fact that TFA not only reduces the MS signal but
also takes 2-3 days to be removed from the MS. Formic acid would not normally be
used for LC-UV due to the poor peak shapes that it typically generates but is
advantageous in that it permits the user to 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. However, intermediate pH 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 are 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 was installed 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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3.5.1.1 Hygroscopic Study

Hygroscopicity can be problematic for consistent 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 schematic in Figure 25. A saturated
salt solution was established using sodium chloride at a relative humidity of 75.47%
10.14 at 20 °C [98]. Relative humidity is the ratio between water vapour present in
air against the vapour pressure of water at a given temperature. Accurately, 0.5 g
+0.05 g of ammonium formate and ammonium acetate salts (LC-MS grade) was
weighed into weighing boats before 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

Figure 25 Schematic of the humidity chamber.

The mass and appearance of each salt was compared over 6 hours. The study has
shown the ammonium acetate had a greater uptake of water when compared to
the ammonium formate, where 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 salt remained crystalline. A less exacerbated scenario was set up at
ambient humidity using a magnesium chloride salt chamber (RH 33.07% +0.18 [98,
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. The results indicate that the most suitable salt, as determined

using hygroscopicity, is ammonium formate. However, it should be noted that these
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buffers should be satisfactory if stored in desiccators [100]. The robustness of

ammonium formate will be further investigated in Section 3.7.2.2 and 3.7.3.

3.5.1.2 lon 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 this. Both LC-MS grade salts were assessed for ion suppression using
the MS, in order 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 from 5-55% B,
where line A1 was 20 mM ammonium formate in H,0, A2 was 20 mM ammonium
acetate in H20, line B1 was 20 mM ammonium formate in MeCN/H»0 (90:10 v/v)
and line B2 was 20 mM ammonium acetate in MeCN/H,0 (90:10 v/v). The formate
and acetate salts were at native pH values, respectively. The flow 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 drying gas flow 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 monitored m/z 820, 1069, 1076
and 1105. Profile mode scanned a range of m/z 400-2000 with a scan speed of

10,000 u/sec and event time of 0.2 sec.

The response for ammonium formate using SIM for the four peptides was up to 2x

greater than that for the ammonium acetate chromatogram (Figure 26).
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Figure 26 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 was 5-55%B over 40 minutes, flow rate was 0.3 mL/min,
column oven temperature was 40 °C, and ESI source in positive mode. (1) Bovine GLP-2 (1-
15) (m/z 820), (2) [Lys26]- (m/z 1076), (3) [Phe26]- (m/z 1105) and (4) Bovine GLP-2 (16-33)
(m/z 1069).

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

results cannot influence the decision for buffer type.

From the intensity, hygroscopicity and anecdotal 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 gradient screen was used as a basis for the characterisation protocol using
peptide standards. A 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 the wide physicochemical properties of the
peptides to be analysed, as well as the differences exhibited by the stationary
phases to be evaluated. The protocol must utilise the same chromatographic
conditions for every column in order to compare the properties of the stationary

phase. To achieve this in a rational design, a reduced number of columns and
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peptides were modelled using two different ts to ascertain the most appropriate
gradient conditions. A PCA of the column characterisation data using small
molecules determined complementary stationary phases appropriate for this task,
whilst a comparison of physicochemical properties determined the most diverse
peptides. Thus, a method which is applicable for a significant proportion of

stationary phases with suitable retention for many of the peptides was established.

3.5.2.1 Column Selection

The protocol was developed on a reduced number of stationary phases which were
deemed to represent a large range of column functionalities. The 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 database. This was
corroborated by the positioning of the stationary phases within the score plot in
Figure 25, where the stationary phases were spread across all four quadrants, and
illustrated different retention mechanisms (i.e. hydrophobic, steric, phenolic, etc)
which would be of interest to investigate. 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 normally have been selected when developing state of the art peptide
methods, due to potential batch to batch variability issues for certain phases, but

were essential to establish a database.

All columns assessed were new as supplied by the manufacturer and were
standardised in the 150 x 2.1 mm column format, with particle size (d,) varying
between 1.7 to 3 um (Table 28). The peak apex of a water injection was used as the
dead time marker for each column [101]. All stationary phases were assessed using
Extended Tanaka characterisation protocols which are well described in literature
[17, 95] and the Tanaka results can be accessed via the free ACD website [86]. The

extended characterisation results were supplied by either Euerby and Petersson or
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were characterised in this study. The integrity of the stationary phases was ensured
before and after usage by an SST (Section 2.8) which assessed the column for
changes in hydrophobicity, hydrogen bonding, positive charge and negative charge

(silanol activity).

An array of C18 phases were 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 be able 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 study on 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). The Acquity BEH C4 could not be used to assist in chain
length characterisation as 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 columns 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 synthetic routes, where the amide phase is
prepared via a two-step synthetic route which generates positive character to the
phase due to residual amino groups, whilst the carbamate is a one-step synthetic
route thus can be considered neutral [18]. The phenyl phases (i.e. Acquity CSH
Fluoro Phenyl, Acquity CSH Phenyl Hexyl, Ascentis Express Biphenyl and Fortis
Diphenyl) vary by alkyl linker based on manufacturer information (i.e. C0-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 via the negatively charged dissociated carboxylic acid. Both types
of interactions might provide selectivity differences for polar and charged peptide

species.

Table 29 Extended Tanaka Characterisation results for the stationary phases to be used in
the development of the Peptide RPC Column Characterisation Protocol, with the grey
highlighted phases used to develop the experimental conditions for the Peptide RPC Column
Characterisation Protocol due to exhibiting the most extreme characteristics.

Description kes Olckz ar/o Oc/p OlB/P pH 7.6 OlB/P pH 2.7 OLTNe/T Olesa/T Op/BA 01,2/ 1,4-DNB
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 1.41 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 Fluorophenyl * 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 300 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 1.54 131 0.93 0.81 0.56 0.07 0.41 0.32 1.00 111
Acclaim Mixed Mode WCX 0.66 1.16 3.33 0.48 1.84 0.05 0.43 0.05 1.48 1.83

1Data acquired from M. Euerby and P. Petersson

Five stationary phases were selected from the initial 12 columns to determine the
experimental conditions. As previously demonstrated in Section 3.4, column
characterisation is extremely data rich and requires careful analysis to determine
the subtle interactions within the column. A smaller PCA was performed on the data
in Table 29, to produce the biplot in Figure 27. A biplot is a loading plot combined
with a score plot which aids identification of parameters which influence the

observations. The first PC has a R2X[1] value of 0.345, which describes ~35% of the
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variability whilst the second PC has a R2X[2] of 0.286, describing a further ~29%. In
total, ~63% of the variability is described by the model which is satisfactory for
looking at observations and trends. The purple, star markers are the key
chromatographic parameters used in the Extended Tanaka protocols. The other
markers are the subset of stationary phases, classified into either alkyl, mixed
mode, PFP, PEG or phenyl groups. Based on the position of the chromatographic
parameters kpg and acwy, it is possible to suggest the Acquity HSS C18 retention is
predominantly dictated by hydrophobic mechanisms, whilst 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 measures ac/p),
Qs/p pH 7.6 and 2.7)- The Acquity CSH Fluorophenyl retention is largely influenced by
dipole-dipole interactions due to the electron rich fluorinated ring (a(1,2/1,4-on8)) and
steric interactions, possibly due to the ligand architecture and accessibility into the
stationary phase (a(7/0)). The Polaris Amide C18 has significant positive charge on

the stationary phase and phenolic retention (assa/m) and ae/sa), respectively).

The evaluation using PCA suggest those five stationary phases possess significant
differences in hydrophobicity, positive charge and accessibility to silanol groups,
and as such, would represent a large proportion of columns. The Acquity BEH C4
and the Acquity HSS C18-SB, although positioned close in the biplot, were both
included as the five most extreme stationary phases. Their position in the plot is
probably due to silanophilic activity, however, this interaction will be different on
both of these phases, given the low ligand coverage for the Acquity HSS C18-SB
compared to the Acquity BEH C4, whilst the BEH phase has significantly less
hydrophobicity (see Table 29).
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Figure 27 Biplot of the Extended Tanaka protocol chromatographic parameters (purple

stars) and the stationary phases used to develop the protocol.
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3.5.2.2 Peptide Selection

The physicochemical 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 (pl — the pH at which the peptide has a net
neutral charge), partition coefficient for 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 hydrophobicity) and the polar surface area
(PSA —the sum of surface contributions of polar atoms in a molecule (i.e. oxygen

and nitrogen (Table 30)).

As there are a few isomeric species with the same physicochemical properties
described, they have been removed from the table. Based on their extreme
differences, the peptides highlighted are the 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 shown in Table 30. This should demonstrate the
range of polarity, isoelectric point and hydrophobicity and provide an adequate

workspace for the other peptides to be analysed.

Table 30 Comparison of parameters for peptide probes. pl: Isoelectric point. LogP:
Partition coefficient. PSA: Polar surface area.

Name Mass pl LogP PSA
1 Bovine GLP-2 (1-15) 1638 3.9 -12.18 778
4 [L-isoAsp3]-Bovine GLP-2 (1-15) 1638 3.7 -12.18 778
11 [L-isoAsp11]-Bovine GLP-2 (1-15) 1639 3.6 -11.55 772
13 Bovine GLP-2 (16-33) 2135 5.4 -10.21 903
15 [lle26,Leu27]-Bovine GLP-2 (16-33) 2135 5.4 -10.21 903
16 [Gly22]-Bovine GLP-2 (16-33) 2045 5.4 -12.24 903
18 [L-isoAsp,Gly22]-Bovine GLP-1(16-33) 2045 53 -12.24 903
20 [Val26]-Bovine GLP-2 (16-33) 2121 5.4 -10.59 903
21 [lle26]-Bovine GLP-2 (16-33) 2135 5.4 -10.14 903
22 [Phe26]-Bovine GLP-2 (16-33) 2169 5.4 -9.88 903
23 [Trp26]-Bovine GLP-2 (16-33) 2208 5.4 -9.59 919
24 [Tyr26]-Bovine GLP-2 (16-33) 2185 5.4 -10.12 924
25 [Lys20]-Bovine GLP-2 (16-33) 2107 5.4 -12.09 868
26 [Lys26]-Bovine GLP-2 (16-33) 2150 8.2 -13.99 929
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3.5.2.3 Peptide Screen

The peptide screen was performed on the five diverse stationary phases, using the
most extreme peptides in terms of physicochemical properties to ascertain a
suitable workspace for the majority of stationary phases and peptides. The screen
was performed using the conditions described in Section 2.9.3, at both low (formic
acid at pH 2.5) and intermediate pH (ammonium formate at native pH, pH 6.45), to
provide interesting selectivity differences based on the change in ionisation state of
both the analytes and the stationary phases. The gradient Two gradients times (tc)
of 10 and 30 minutes were used as input runs for the retention time model for both
ammonium formate and formic acid mobile phase conditions. The models were
created using ACD LC simulator, which was used for numerical calculations and

based on simple linear isocratic retention models defined using Equation 12.

Ink =a+bX Equation 12

Where a and b are analyte specific parameters and X the percent of organic

modifier in the mobile phase.

The resolution map (ts versus resolution of the critical pair) for the Acquity HSS C18,
which was typical of the other phases assessed, can be seen in Figure 28. Ample
resolution was seen between each of the four peaks for all of the phases assessed
as demonstrated by the Acquity HSS C18 in Figure 28. As the methodology must
accommodate 26 peptides with varying physicochemical properties, it was

imperative to select operating conditions with suitable resolving power.
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Figure 28 Resolution map comparing time (ts) versus resolution of the critical pair for the
Acquity HSS C18 using (A) formic acid and (B) ammonium formate mobile phase conditions.
Analyses were formed on the Waters H-class binary system described in Section 2.9.2.1. The
formic acid conditions utilised 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). The gradients assessed were 10-50%B using either a 10 minute or 30
minute ts with a 20 minute ts used to validate the model. Flow rate was 0.3 mL/min, column
oven temperature was 40 °C, detection used a combination of UV at 215 nm and MS for
peak confirmation.

The conditions derived from the retention time model at low pH suggested a 40-
minute gradient (extrapolated) with a change in %B of 10-50% which provided
adequate k* (gradient retention factor i.e. the instantaneous retention factor as the
analyte passes the midpoint of the column) for the five stationary phases (lowest k*
was 1.6 on the Polaris Amide whilst the highest was 5.6 on the Acquity HSS C18-SB).
Ideally, k* should be between 2-10, however, a compromise was required between
k* and run time length. k* was calculated using Snyder’s approximation (Equation
13 [102]) which utilised the retention model m term constant. The conditions

determined using the retention time model at intermediate pH were 5-55% B over a
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40-minutes tg, which also provided suitable k* with a reasonable run time. The full

chromatographic conditions can be seen in the experimental section.

* _ tgF ]
e* = 1.15vymAd Equation 13

Where tg is gradient time (minutes), F is flow rate (mL/min), vu is the column
volume (mL), A¢ is the change in organic expressed as a decimal and m is calculated

from the b term fitted by LC Simulator using Equation 14.

_ 100b
in10

Equation 14

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 manner. The gradient cycles defined in Section 2.9.3 are 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 abundant m/z, which might facilitate
groupings. The Acquity HSS C18 was presumed to be the most stable due to the
functionality of the ligand and limited ligand bleed in the MS therefore should
produce cleaner spectra. The m/z range for the Shimadzu single quad MS 2010 is
50-2000, therefore the peptides with a m/z of above 2000 cannot be detected (i.e.
typically z=1 charge). However, with a z=2 charge, the m/z becomes less than 2000
and the peptides can be observed. The z=2 charge was observed for all peptides and

was typically the most abundant, although the z=3 charge using formic acid as the

102



mobile phase additive did prove more abundant for a number of peptides (Table

31).

Peptide mixtures can be defined using a number of methods, such as different m/z,
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 peptides may coelute on other stationary

phases.

Logical groupings would include racemisation products, deamidation products,
increase in hydrophobicity, aliphatic versus aromatic, linear versus branched.
However, the racemisation and deamidation products would all possess the same
MW which would make peak identification for those groups difficult if based solely
on mass. A combination of logical groupings and m/z is the best compromise to

define the test mixes.

The cocktails contain between 5-6 peptides, including the two reference peptides.
Most of the early eluting peptides have a m/z of 820 which would be difficult to
differentiate from other peptides with the same mass, therefore unsuitable as a
reference. However, [Met(0)10]-Bovine GLP-2 (Peptide Number 8) is also an early
eluting peptide and m/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. [Trp26]-Bovine GLP-2 (Peptide Number 23) is one
of the more retained peptides and is the only peptide to have a MW of 2208 and
[M/2]+2H of 1105. These two candidates are excellent as references to ensure the
integrity of the data. Each test mix can be seen in Table 31. The test mixes were

validated on the Acquity HSS C18 using both gradients.
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Table 31 Peptide Test Mixtures used for the Development of the Peptide RPC Column
Characterisation Protocol. The predominant charge was [M/2]+2H.

Formic Acid Ammonium Formate

Peptide Name :3:‘(;‘; Test Mix MW (M/2]+2H Net (M/2]+2H Net

charge charge
[Met(0)10]-Bovine GLP-2 (1-15) 8 1,2,3,4,5,6,7,8 1654 828 1.2 828 -3.7
[Trp26]-Bovine GLP-2 (16-33) 23 1,2,3,4,5,6,7,8 2208 1105 2.2 1105 0.0
Bovine GLP-2 (1-15) 1 1 1638 820 1.2 820 -3.7
Bovine GLP-2 (16-33) 13 1 2135 1069 2.2 1069 0.0
[D-isoAsp,gly22]-Bovine GLP-2 (16-33) 19 1 2045 1024 2.2 1024 0.0
[L-Asp11]-Bovine GLP-2 (1-15) 9 2 1638 820 11 820 -4.7
[Val26]-Bovine GLP-2 (16-33) 20 2 2121 1062 2.2 1062 0.0
[lle26]-Bovine GLP-2 (16-33) 21 2 2135 1069 2.2 1069 0.0
[D-Aspl1]-Bovine GLP-2 (1-15) 10 3 1638 820 11 820 -4.7
[L-isoAsp11]-Bovine GLP-2 (1-15) 11 3 1638 820 11 820 -4.7
[D-isoAsp11]-Bovine GLP-2 (1-15) 12 3 1638 820 11 820 -4.7
[D-His1]-Bovine GLP-2 (1-15) 2 4 1638 820 1.2 820 -3.7
[Phe26]-Bovine GLP-2 (16-33) 22 4 2169 1086 2.2 1086 0.0
[Tyr26]-Bovine GLP-2 (16-33) 24 4 2185 1094 2.2 1094 0.0
[D-Asp3]-Bovine GLP-2 (1-15) 3 5 1638 820 1.2 820 -3.7
[Lys20]-Bovine GLP-2 (16-33) 25 5 2107 1055 2.2 1055 0.0
[Lys26]-Bovine GLP-2 (16-33) 26 5 2150 1076 3.2 1076 1.0
[D-Ser5]-Bovine GLP-2 (1-15) 6 6 1638 820 1.2 820 -3.7
[D-Ser16]-Bovine GLP-2 (16-33) 14 6 2135 1069 2.2 1069 0.0
[D-Ser7]-Bovine GLP-2 (1-15) 7 6 1638 820 1.2 820 -3.7
[L-isoAsp3]-Bovine GLP-2 (1-15) 4 7 1638 820 1.2 820 -3.7
[D-isoAsp3]-Bovine GLP-2 (1-15) 5 7 1638 820 1.2 820 -3.7
[lle26,Leu27]-Bovine GLP-2 (16-33) 15 7 2135 1069 2.2 1069 0.0
[Gly22]-Bovine GLP-2 (16-33) 16 7 2045 1024 2.2 1024 0.0
[D-Asp21,Gly22]-Bovine GLP-2 (16-33) 17 8 2045 1024 2.2 1024 0.0
[L-isoAsp,gly22]-Bovine GLP-2 (16-33) 18 8 2045 1024 2.2 1024 0.0

3.6 Initial Results on the Subset of Stationary Phases on all Peptides

The 14 columns described in Section 3.5.2.1 were assessed with all 26 peptides
described in Section 3.3.1. The retention time, peak area, peak width at 50% (wx)
and symmetry were recorded for each peptide in the eight test mixtures (data not
shown). Peak area was used to aid peak identification where mass could not
differentiate between peptides (i.e. racemisation species). w, was converted to
peak width at base (w or 40) using Equation 15 [101]. This was in turn used to

determine peak capacity which will be further discussed in Section 3.6.7.
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_ 4wp

= Equation 15
2.35

3.6.1 Defining Normalised Retention

A normalised retention time approach was used to compensate for instrumentation
and column differences using Equation 16, with the use of two reference peptides.
These peptides were [Met(0)10]-Bovine GLP-2 (1-15) (Peptide Number 8a, tgrefsa)
and [Trp26]-Bovine GLP-2 (16-33) (Peptide Number 23, tgref23), which were both
present in all eight test mixtures. Thus, in theory, the values for each peptide

ranged from O to 1.

tg—t

X — 9" "gRefs8a :

ty = " . Equation 16
gRef23~ lgRefsa

However, it was noted that [Trp26]-Bovine GLP-2 (16-33) (Peptide Number 23) was
often not the most retained peptide, which meant that some peptides eluted
outside of this range. The most retained peptide was considered to be
[lle26,Leu27]-Bovine GLP-2 (16-33) (Peptide Number 15), hence the hydrophobic
reference was changed to produce a new normalised retention for the 14 columns
assessed, tg_ using Equation 17. The final definition for normalised retention (t;°) for

any new characterised stationary phase can be seen in Equation 18.

" tx
tg = g Equation 17
theflS
* tg_ thefBa .
tg = ——+"—— Equation 18

theflS_ thefSa

The normalised retention time for all 26 peptides on the 14 stationary phases (t;’)
can be seen in Table 32 & Table 33 for formic acid and Table 34 & Table 35
ammonium formate, firstly displaying the hydrophilic normalised retention times,

then the hydrophobic normalised retention times.
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Table 32 Normalised retention time for the hydrophilic peptides determined on the 14

initial stationary phases using formic acid additives.
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Table 34 Normalised retention times for the hydrophilic peptides determined on the 14

initial stationary phases using ammonium formate additives.
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Table 35 Normalised retention times for the hydrophobic peptides determined on the 14

Itives.
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3.6.2 Defining Selectivity

The response required in the model will be based on selectivity (a). Isocratic
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. Snyder et al., Jandera, [102, 103]). Gradient
chromatography presents a far more complex scenario than isocratic separations
where the changing eluent composition, dwell volume, column dead volume and

complexity of the gradient can all be influential parameters.

Snyder describes the selectivity factor for gradients (a* Equation 19) as the ratio
between the gradient retention factor for the band pair at the column midpoint. k*
can be calculated using Equation 13, which is an approximation. A detailed

description of how to calculate k*can be found by Lundell [104].

k* .
at =2 Equation 19
k*l

Jandera [103] suggested an alternate means of evaluating selectivity, suggesting a,
the relative retention in gradient chromatography, might be more applicable

(Equation 20), where Vjy is the retention volume (i.e. retention time x flow).

a, = —=— Equation 20

This was further advanced in Equation 21 and Equation 23, where the effect from
differences in dwell volume between different systems is compensated. Equation 22
was used to determine Vzused in both Equation 21 and Equation 23, where Vjy is

subtracted by the column volume (V) and the dwell volume (V4)
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a’ = =~ Equation 21
Vg
Vi =V, =V —Vq Equation 22
AV
a* =1+ 2 Equation 23
v,

g1l

The four methods (Equation 19, 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 composition (Appendix 1). The results suggested
Equation 19 provided the most robust result but required significant work to
practically determine a and m. Equation 20 was affected by the slope of the
gradient and therefore was manipulated if the dwell volume was adjusted. Equation
21 is more intuitive than Equation 23, as the equation shows similarities to the
isocratic selectivity equation which is more familiar to the majority of
chromatographers, therefore suggests the most suitable method to define
selectivity is Equation 21. Equation 21 can also be converted from volume into time,
where Vj can be converted into t; which is the retention time in gradient elution
and Vi and Vg converted to tm and tq (column dead time and dwell time), which
would also increase the familiarity for chromatographers (Equation 24 and Equation

25).

a == Equation 24

tg =tg—tm —tg Equation 25

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
retention times produced different alpha values. This shouldn’t be the case, as it
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.

111



A better representation could be to use delta (Aty) to describe selectivity, which is
the difference between two peaks. Chromatographers are familiar with the concept
of alpha values, however, it isn’t usual to use delta to define selectivity, which could
present an issue. Another disadvantage of this approach 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 later eluting parameter. It is
also simple to perform. Another advantage is that At,” does not require the

determination of tn and tq and thereby the reproducibility should improve.

The use of delta is supported by Figure 29. In Figure 29(A), tsa:” and tza2” equal 0.69
and 0.79, respectively. In Figure 29(B), ta:” equals 0.32 whilst tza2" equals 0.42. An
alpha value would suggest (A) equalled 1.15 whilst (B) equalled 1.33. However, the
delta value 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 Equation 26.
Aty = tg, — tgq Equation 26
A tya1

thefl

tgnz toRef2

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 min

B tga1
thefl
tgAZ thefZ
LA e S s S S B B B B B S B S B S B B N B B S B N BN B N N N B B N N N B B N B
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 min

Figure 29 Example of alpha affected by the point of elution where (A) at,” equalled 1.15
and At," equalled 0.10 and (B) at,” equalled 1.33 and At,” equalled 0.10.
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A total of 33 delta values were generated per mobile phase based on the rationale

in Section 3.3.2 and 3.3.3 and were calculated using Equation 26 (Table 36). These

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

Table 36 List of delta values and their rationale

Delta Change Rationale

A(2,1) [L-His1] = [D-His1] Steric - racemisation

A(3,1) [L-Asp3] = [D-Asp3] Steric - racemisation

A(4,1) [L-Asp3] = [L-isoAsp3] Steric - isomerisation

A(5,1) [L-Asp3] = [D-isoAsp3] Steric- isomerisation

A(5,4) [L-isoAsp3] - [D-isoAsp3] Steric - racemisation

A(6,1) [L-Ser5] = [D-Ser5] Steric - racemisation

A(7,1) [L-Ser7] = [D-Ser7] Steric - racemisation
A(8a,1)* [Met10] - [Met(0)10] Oxidation
A(8b,1)* [Met10] - [Met(0)10] Oxidation
A(8b,8a)* [Met(0)10] - [Met(0)10] Steric - racemisation

A(9,1) [L-Asn11] = [L-Aspl11] Increase in negative charge
A(10,1) [L-Asn11] = [D-Aspl1] Increase in negative charge
A(10,9) [L-Asp11] - [D-Asp11] Steric - racemisation

A(11,1) [L-Asn11] = [L-isoAsp11] Increase in negative charge
A(12,1) [L-Asn11] = [D-isoAsp11] Increase in negative charge
A(12,11) [L-isoAsp11] - [D-isoAspl1] Steric - racemisation
A(14,13) [L-Ser16] - [D-Ser16] Steric - racemisation
A(15,13) [Leu26,1le27] - [lle26,Leu27] Steric — switch in amino acid sequence
A(16,13) [L-Asp21,Phe22] - [L-Asp21,Gly22] Aromatic — removal of aromatic group
A(17,16) [L-Asp21,Gly22] - [D-Asp21,Gly22] Steric - racemisation
A(18,16) [L-Asp21,Gly22] - [L-isoAsp21,Gly22] Increase in negative charge
A(19,16) [L-Asp21,Gly22] - [D-isoAsp21,Gly22] Increase in negative charge
A(19,18) [L-isoAsp21,Gly22] - [D-isoAsp21,Gly22] Steric - racemisation
A(20,13) [Leu26] - [Val26] Alkyl — removal of -CH>
A(21,13) [Leu26] - [lle26] Alkyl — change of -CHs position
A(22,13) [Leu26] = [Phe26] Aromatic — addition of aromatic group
A(23,13) [Leu26] - [Trp26] Aromatic — addition of aromatic group
A(23,22) [Phe26] - [Trp26] Aromatic — addition of aromatic group
A(24,13) [Leu26] - [Tyr26] Phenolic — addition of hydroxyl group
A(24,22) [Phe26] - [Tyr26] Phenolic — addition of hydroxyl group
A(24,23) [Trp26] - [Tyr26] Phenolic — addition of hydroxyl group
A(25,13) [Arg20] - [Lys20] Change in polarity
A(26,13) [Leu26] - [Lys26] Increase in positive charge

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

are highlighted in red (Table 34). The Acclaim WCX is a mixed mode stationary
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phase with a carboxylic acid moiety. Under the formic acid conditions (Figure
30(A)), the acidic moiety is unionised, whilst the peptides all possess a positive net
charge, thus all the peptides have some retention. However, under ammonium
formate conditions (Figure 30(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 all negatively 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 decision was made to exclude

the Acclaim WCX when used with ammonium formate from any chemometric

analysis.
A
23
26 »5
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

B

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

Figure 30 UV chromatogram displaying the peptides eluting on the Acclaim WCX using
either (A) formic acid or (B) ammonium formate mobile phase conditions. Analyses 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 10-50%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) with 5-55%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 confirmation. Peak 8: [Met(0)10]-, Peak 9: [L-Asp11]-Bovine GLP-2
(1-15), Peak 23: [Trp26]-, Peak 25: [Lys20]-, Peak 26: [Lys26]-Bovine GLP-2 (16-33)
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All delta values described in Table 36 can be seen in Table 37 & Table 38 and Table
39 & Table 40 in formic acid and ammonium formate, respectively. The sign in front
of the At," result is indicative of the elution order for the separation e.g. [Leu26] >
[Lys26] with a At,” of -0.848 means that [Lys26] elutes earlier than [Leu26]. The
largest average difference was observed using formic acid between [Leu26]- and
[Lys26]-Bovine GLP-2 (Peptide Number 13 and 26, respectively), which could be
expected due to the changes in charge. The smallest average differences (i.e. At;"
values close to zero) were typically racemic in nature, which highlights the difficulty
in separating these closely related species. The difference in responses for the
position of the racemisation also accentuates the issue of analysing racemates,
where [L-Ser5] - [D-Ser5] and [L-Ser7] - [D-Ser7]-Bovine GLP-2 (1-15) differ at
position 5 and 7 respectively in the residue chain, but produced some signficant
differences in Atg” for both formic acid and ammonium formate (Peptide Number 1,

6 and 7).

115



Table 37 Delta values for the hydrophilic peptides determined on the 14 initial stationary

phases using formic acid additives.
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0£0°0- 600°0- €00°0- 800°0- ¥T10°0- LI0'0- 820°0- €Z0°0- ¥I0°0- 6T0°0- TO0'0- €I0°0- €20°0- STI00- (6°0T)V [TTdsy-q] <- [TTdsy-1]
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€10°0 900°0 €00°0 8000 6000 9000 /LIO0 6000 G000 900°0 8000- OTO0 8000 2200 (T'9V [s495-a] <- [5495-1]
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Table 38 Delta values for the hydrophobic peptides determined on the 14 initial stationary

phases using formic acid additives.
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Table 39  Delta values for the hydrophilic peptides determined on the 14 initial stationary

phases using ammonium formate additives.
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Table 40 Delta values for the hydrophobic peptides determined on the 14 initial stationary

phases using ammonium formate additives.
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66T°0- LET'O- £9T°0- 89T'0- ¥IZ0- 9ST'0- T9T'0- S8T'0- ¥6T°0- 861°0- 8ET'0- ¥YI'0- 60T°0- (ETVTIV [924A1] <- [9znan]
8€0°0- 670°0- 620°0- 9€0°0- ¥SO'0- 620°0- 000°0 0000 €v0'0- S¥O'O- STO0- €20°0- 0000 (TT'€T)V [9zdi1] <- [923yd]
€90°0- 6C0°0- 6S0°0- €90°0- /LL0'0- 6£0°0- 9200- TSO'0- £SO'0- 9S0°0- £000 #I0'0- 0000 (ET‘€EQ)V [92di1] <- [9znaT]
GZ0°0- T00°0- 0€0°0- £ZO'0- +20'0- 0T00- 920°0- TSO°0- ¥T0'0- CI00- ¢Z00 600°0 0000 (ET°22)V [9zayd] <- [9zna1]
¥20'0- £000 €70'0- 8T0'0- ¢C0'0- TZO'0- €20°0- TZO0- TZO0- TZO0- 6I0°0- ¥T00- ¥200- (ET‘TT)V [9zal1] <- [9znaT]
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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 patterns. In tabular form, it is often difficult to distinguish trends, thus
the data was used to construct a PCA score and loading plot of the stationary
phases and the delta values which might indicate a possible rationale for the

positioning of the stationary phase.

The results from Table 37 to Table 40 were all centred by autoscaling (i.e.
subtracting the average for each variable and dividing with its standard deviation)
before generating the loading and score plots in Figure 31 and Figure 32,
respectively. The variables were autoscaled in order to give each parameter the
same importance. The loading plot (Figure 31) contains all 66 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 investigated 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 investigated the
effect of oxidation of methionine. From the results, it suggests there are clusters of
parameters, for example, the yellow diamond markers denote an increase in
phenolic character, whilst the dark blue pentagons denote an addition of a negative
charge in the 1%t and 2" quadrants. The plots corresponded to approximately 56%
of the variables, which is a good start for developing the Peptide RPC Column

Characterisation Protocol.
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