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Abstract

Equine Chorionic Gonadotropin (eCG) is a glycoprotein hormone secreted by the
endometrial cups of pregnant mares during days 37 to 120 of gestation. In equids it exhibits
luteinizing hormone (LH) activity, while in non-equine species eCG exhibits both LH - and
follicle stimulating hormone (FSH) like activity. Due to the high sialic acid content of eCG the
60 kD protein possess a long half-life in mammalian plasma. This, together with its dual
hormonal activity (LH and FSH) makes eCG an extremely effective hormone for use in
animal reproduction. Recombinant production of the hormone is still in its initial phases,
therefore eCG, for commercial use, is still primarily purified from the serum of pregnant
mares. Equine serum albumin remains the biggest challenge in the purification of eCG due
to its relative abundance in the serum and similar molecular weight (70 kDa). This study
investigated some of the strategies involved in the isolation of eCG in order to identify

possible areas for improvement.

We compared three different acid precipitation steps as an initial phase in the isolation of
eCG from eCG-spiked equine serum. Precipitation with metaphosphoric acid (MPA) showed
the highest purification factor compared to precipitation with 15% (v/v) —and 25% (v/v)
trichloroacetic acid (TCA) but resulted in high eCG losses. We also investigated the use of
albumin affinity chromatography in the purification process but found that both albumin and
eCG bound to the albumin affinity resin, raising our suspicions about possible interaction
between the proteins. Ultrafiltration, using filtration units with a MWCO of 30 kDa, proved an
ineffective method in the isolation of eCG as we found that eCG exhibits an affinity for the
porous membrane of the filtration unit. During cation exchange chromatography we found
that when eCG was mixed with BSA, the proteins exhibited changes in their column binding
properties. This was confirmed with anion exchange where neither a continuous salt — nor
pH gradient could separate eCG and albumin. This further supports our notion of a possible
interaction between the two proteins as albumin is widely known as a carrier protein for
thyroid hormones and other molecules. We found that Lectin affinity (LAC) - and
hydrophobic interaction chromatography (HIC) did succeed in separating eCG and albumin
but we could not elute most of the eCG from the LAC column, therefore future work should
include further optimization of the method. HIC was performed on small scale and future

work should look in to using higher concentrations of protein.

Keywords: eCG, equine chorionic gonadotropin, glycoprotein hormone, purification, protein

precipitation, affinity chromatography
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Chapter 1: Literature Review

1.1 Introduction to eCG
Equine chorionic gonadotropin (eCG), originally known as Pregnant Mare Serum

Gonadotropin (PMSG), is a glycoprotein hormone belonging to the same family as LH
(Luteinising Hormone), FSH (Follicle Stimulating Hormone) and TSH (Thyroid Stimulating
Hormone). In mammals LH, FSH and TSH are regulated by the anterior pituitary gland,
where it is secreted by the somatotrophic and gonadotrophic cells. These hormones play
principal roles in controlling mammalian reproduction, growth and metabolism (Bhardwaj et
al. 2017).

eCG was discovered and described by Cole and Hart in the 1930’s when they found that the
serum of pregnant mares stimulated maturation of the immature genital system in rats. They
injected rats, approximately 28 days old, with up to 10 ml crude pregnant mare serum. After
repeating this six times a day for a period of two days the rats were sacrificed and their
reproductive tracts weighed and examined. Their results showed an increased maturation
effect with pregnant mare serum obtained between days 40 to 120 of gestation (Cole and
Hart 1930). In 1966, Denis Gospodarowicz and Harold Papkoff described the first method of

isolating eCG from the crude serum of preghant mares (Gospodarowicz and Papkoff 1967).

A few years after its discovery eCG was applied to humans (1941) in order to aid in
stimulating follicular growth and inducing ovulation (Kane 1942). In 1945 the first successful
treatment with eCG was described. The protein was however withdrawn from human
treatment in 1972 due to the development of antibodies induced by its use and increased
availability of less immunogenic pituitary gonadotropin extracts (Lunenfeld 2004; Kara et al.
2019).

eCG is the equine equivalent to human Chorionic Gonadotropin (hCG) and functions to
maintain progesterone production in pregnant mares, which helps to ensure foetal
development by maintaining the ideal uterine environment. eCG shows LH-, and FSH-like
activity in non-equid species, stimulating follicle development, ovulation and the formation of
the corpus luteum, whilst only having LH activity in mares. Due to the high sialic acid content
of eCG the 60 kD protein possess a long half-life in mammalian plasma, for instance in
sheep the half-life of eCG was recorded at 21 hours, in horses at 26 hours and in cows, 45.6
hours (Martinuk et al. 1991b; Gonzalez et al. 1994) This, together with its dual hormonal
activity (LH and FSH) makes eCG an extremely effective hormone for use in animal

production (Alvarez et al. 2017). An international standard for PMSG/eCG was defined in



1938, with one International Unit (IU) described as the activity contained in 0.25 mg of the

standard preparation (Burn et al. 1950; Lunenfeld 2004).

During the nonbreeding season of cattle, sheep, pigs and goats a gonadotropin is required
to bring the animals into oestrous. eCG is the most common gonadotropin used and is
usually administered at the end of a progestogen treatment. One of the main veterinary uses
of eCG today is to control the reproductive activities of cows. eCG, 1) improves reproductive
performance during early post-partum stages; 2) induces ovulation and therefor increases
pregnancy rates in non-cyclic cows; 3) improves the conception rate in cows with delayed
ovulation; and, 4) is used in protocols that synchronise ovulation for fixed-time artificial
insemination because of its beneficial effects on embryo development and survival (De
Rensis and Lopez-Gatius 2014). The generally accepted dose for inducing a single ovulation
in cattle is ranged between 300 and 600 IU of eCG, while doses required to induce multiple
ovulations are approximately 2500 IU (Sa Filho et al. 2010; Okouyi and Hanzen 2016;
Chandran et al. 2017). Similarly, in ewes and does, a dose between 400 and 600 IU of eCG
should induce a single ovulation (Kasik¢i et al. 2011; Martinez-Ros et al. 2019). In pigs a
larger dose of approximately 1000 IU administered by intramuscular (IM) injection (cattle,
sheep and goats also receive eCG IM) bring about ovulation (Stanci¢ et al. 2015; Zhao et al.
2021).

The animal welfare group AWF (Animal Welfare Foundation) reports that as eCG is only
obtainable from mares early in the pregnancy, the appalling practise of inducing abortions
have been adopted by some “blood farms”, in Southern America, as the foal is considered
an unnecessary by-product and abortion allows mares to be impregnated twice a year. They
have applied to the EU Commission to ban the sale of all eCG products obtained through a
cruel production method and urged the consideration to implement the use of alternatives to

the hormone (Animal Welfare Foundation 2022).

Bioactive eCG requires a very specific glycosylation profile that makes recombinant
production of the protein challenging. In our group, Lekena et al., was able to establish a
stable Chinese hamster ovary (CHO-K1) cell line to extracellularly express a tethered
recombinant eCG (reCG) containing six Histidines (His) fused to the C-terminal end of the
protein. The histidines would allow for the use of affinity chromatography with nickel (Ni*)
and cobalt (Co?") resins in order to isolate the reCG, but the purification was unfortunately
unsuccessful (Lekena 2019). An Argentinian group reported success, in 2021, in
recombinantly producing eCG with significant in vivo bioactivity. They used lentiviral vectors
as a delivery method to CHO-K1 cells and were able to produce reCG in sufficient quantities

for commercial use (Villarraza et al. 2021). The work of both groups will hopefully in the



future negate or at the very least greatly ease dependence on pregnant mare serum to
obtain the protein and thereby alleviate many if not all of the animal ethics issues involved in
the production of eCG. However, at present, eCG is still primarily purified from the serum of
preghant mares and this study aims to investigate some of the strategies involved in

isolating the protein.

1.2 Equine reproduction

1.2.1 The equine oestrous cycle
In the southern hemisphere mares usually enter their oestrous cycle in spring through

summer (October — March). Equine oestrous cycles span a period of 21 days = 3 days. The
oestrous phase can be 4-10 days with the dioestrous phase usually lasting 12-18 days.
During the oestrous phase an oocyte is released from the follicle in the process known as
ovulation. Ovulation can happen at any time during this phase but it usually occurs 24-48
hours before the end of oestrous. For this reason breeding or inseminations are usually
done, every other day, from day 2 or 3 of oestrous (Satoh and Hoshi 1932; Cummings 1942;
Vilhanova et al. 2021). Oestrous can be indicated by certain behavioural changes in the
mare such as an increased interest and vocalisation towards the stallion, increased urination
and lifting of the tail. In the same way dioestrous is signalled by normal urination and posture

indicating reduced interest towards the stallion (McDonnell 2017; Crabtree 2022).

1.2.2 Physiological changes during the equine oestrous cycle

Increased daylight hours during spring causes the hypothalamus of the mare to release
gonadotropin releasing hormone (GnRH) which in turn stimulates the anterior pituitary gland
to produce FSH, the hormone responsible for inducing follicle development and the
maturation thereof in the ovaries. Follicular growth coincides with increases in oestrogen
levels which causes proliferation and vascularization of the endometrial wall and induce the
clinical signs of oestrous. This elevation in oestrogen levels causes stimulation of LH
secretion and inhibits further FSH secretion (Fig 1.1). The LH surge causes the follicle to
rupture and release an oocyte. Once the oocyte is released the ‘empty’ follicle forms the
corpus luteum (CL) which mainly produces progesterone, a hormone responsible for further
proliferation and vascularization of the endometrial wall as well as the cessation of uterine
contractions (Fig 1.2). Progesterone therefore inhibits oestrous behaviour and secures an
intra-uterine environment suited for foetal development. In time (after approximately 14 days)

prostaglandin will cause the CL to degenerate affecting a decrease in progesterone levels



and signalling shedding of the endometrial wall if no fertilization occurs, which indicates the
start of a new cycle.

In the case of fertilization the production of eCG by trophoblastic cells in the endometrial
cups, of the mare, functions to maintain CL integrity, thereby maintaining progesterone
levels. The endometrial cups are circular structures contained in the endometrium of
pregnant mares around the point of attachment of the foetus, as shown in Fig. 1.3. eCG is
found in the highly viscous gel secreted by these endometrial cups and it is also present in
the blood of the mares during day 37 to 120 of gestation, with the highest concentration
reached between days 50 and 70. Progesterone support begins to be taken over by the
placenta as early as day 50 of gestation but the CL does not start to degenerate until
approximately 100 days later. The mare typically foals at approximately day 350 of gestation
(Satih and Hoshi 1932; Cummings 1942; Andersson 2008; Nath 2014).

m FSH
mLH

Oestrogen

10 11 12 13 14 15 16 17 18 19 20 21
Days

Figure 1.1: Graph indicating relative levels of FSH, LH, Oestrogen and Progesterone during the
unfertilized equine oestrous cycle (adapted from information in Satih and Hoshi 1932; Cummings
1942; Andersson 2008; Nath 2014).
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Figure 1.2: Physiological changes in the follicle (a) and endometrial wall (b) during the unfertilized

equine oestrous cycle (adapted from Anderson 2008).
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Figure 1.3: Diagram of the foetus and conceptus at approximately day 34 of gestation indicating the

possition of the endometrial cups responsible for the secretion of eCG (adapted from Ginther 1998)
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1.3 eCG characteristics

1.3.1 The a subunit of eCG

eCG is a heterodimeric protein, consisting of two subunits, a and 3, that are dissimilarly
glycosylated and non-covalently associated. All glycoprotein hormones, including LH, FSH
and TSH, share the same a-subunit structure within a species, with the B-subunit being
unique and specific for receptor binding (Bousfield et al. 1987). This is partly due to the fact
that a single gene encodes the a-subunit, within the same species, while different genes

encode the B-subunits (Combarnous 1992).

The a subunit of eCG is unconditionally required for the protein to manifest both LH and FSH
activity (Chopineau et al. 1993). The subunits have no known biological activity when apart,
with only the complete heterodimer providing hormonal activity because of its extensive
glycosylation, sialylation and attached carbohydrate moieties (Ulloa-Aguirre et al. 1988). The

a-subunit is composed of 96 amino acids, as shown in Figure 1.4.

Phe Pro Asp GIn Glu Phe Thr Thr GIn Asp Cys Pro Glu Cys Llys Leu Arg Glu Asn
Tyr  Phe Phe Lys Lleu GIn Val Pro lle Tyr  GIn Cys Llys Gly Cys Cys Phe Ser Arg
Tyr  Pro Thr Pro Ala Arg Ser Arg Llys Thr Met Lys Val Pro Lys Asn e Thr  Ser
Ser Thr Cys Cys Val Ala Lys Ala Phe lle Arg  Val  Thr Val Met GIn Asn lle Lys

Glu Asn His Tht GIn Cys Tyr Cys Ser Thr Cys Tyr His His Lys e

20
Lys

Ala
60
Glu
80
Leu

Figure 1.4: Amino acid sequence of eCGa (adapted from Combarnous 1992)

Bhardwaj and colleagues performed homology modeling and molecular docking analysis on
eCGa and its interaction with a GnRH antagonist ganirelix. Their study gained great
structural and functional insights into the subunit (Bhardwaj et al. 2017). Figure 1.5 displays

their 3D homology modeling results.
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1.3.2 The B subunit of eCG
The B-subunit of eCG is composed of 149 amino acids with a carboxy-terminal peptide

(CTP) formed from residues 122 to 149 as shown in Figure 1.6 (Legardinier et al. 2005). In
1985, Bousfield et al. reported that eLH and eCG share the same CTP (Bousfield et al.
1985). Later in 1987 Sugino et al. found that the two hormones in fact share identical primary
structures of their beta subunits, suggesting that a single gene encodes both beta subunits
(Bousfield et al. 1987; Sherman et al. 1992; Bousfield et al. 2001). There is however a
difference in molecular weight between eLH and eCG in their heterodimeric forms. This is
thought to be due to variations in the carbohydrate content of the beta subunits.
Approximately 45% of eCG’s molecular weight can be attributed to carbohydrates while in
eLH it is only about 30% (Martinuk et al. 1991).

Ser Arg Gly Pro Leu Arg Pro Leu Cys Arg Pro lle Asn  Ala Thr Leu Ala Ala Glu Lys
30 40
Glu Ala Cys Pro lle Cys lle Thr Phe Thr  Thr Ser lle Cys Ala Gly Tyr Cys Pro Ser
50 60
Met  Val Arg  Val Met Pro Ala Ala Leu Pro Ala lle Pro Gin Pro Val Cys Thr Tyr Arg
70 80
Glu Leu Arg Phe Ala Ser lle Arg Lleu Pro Gly Cys Pro Pro Gly val Asp  Pro Met Val
90 100
Ser Phe Pro  Val Ala Leu  Ser Cys  His Cys Gly Pro  Cys Gln lle Lys Thr  Thr Asp Cys
110 120
Gly val Phe Arg Asp GIn Pro Leu Ala Cys Ala Pro Gin Ala Ser Ser Ser Ser Lys Asp

130 140
Pro Pro  Ser Gln  Pro Leu  Thr Ser  Thr Ser  Thr Pro  Thr Pro Gly Ala Ser Arg Arg  Ser

Ser His Pro leu Pro lle Lys  Thr  Ser |

Figure 1.6: Amino acid sequence of eCGp with the CTP indicated from Pro 122 to Ser 149 (adapted
from Bousfield 1987 and Sherman 1992).

A disruption in the FSH-like activity of a tethered reCG, where amino acids 94 to 96

(Gln,lle,Lys) of the beta subunit was changed to three Ala residues, was reported by Park et

13



al. and similarly Combarnous revealed that amino acids 102 to 104 also play a critical part in

signal transduction to FSH receptors(Combarnous 1992; Park et al. 2010).

1.3.3 Subunit glycosylation
The a-subunit of eCG has an average molecular weight of 16.96 kDa and contains two

complex-type N-glycans located at asparagines (Asn) 56 and 82 (Christakos and Bahl
1979). Min et al. replaced Asn 56 with GIn in a reCG (recombinant eCG) transfected in CHO-
K1 cells. They found that the mutant eCG had significantly less LH-like activity but
interestingly had increased FSH-like activity compared to the wild type hormone. This finding
was in contrast to earlier beliefs that the N-linked oligossacharide on Asn 56 was essential
for both LH- and FSH activity (Min et al. 1996).

The 43.72 kDa B-subunit holds one N-glycan at Asn 13 with the CTP O-glycosylated at
twelve serine or threonine residues (Fig 1.7) (Bousfield et al. 2001). Min et al. also deleted
the CTP of the B subunit of a single chain reCG that they created in CHO-1K cells to
investigate its role in the LH- and FSH activity of ecG. The deletion showed only slightly
reduced LH activity with FSH activity remaining at about half of the wild type hormone. This
indicated that both LH- and FSH activity were not greatly impacted in the O-de-glycosylated
mutant (Min et al. 2004).

The N-glycosidically linked carbohydrate chains, of the beta subunit of eCG is comprised of
mono-, di-, tri- and tri'-antennary N-acetyllactosamine type glycans that are partly a1-6
fucosylated at the Asn-bound GIcNAc residue. These glycans also possess a2-6 and a2-3
linked N-acetyl and N-acetyl-4-0-acetylneuraminic acid residues as its sialic acid elements.
The O-linked chains are formed by tri-, tetra-, penta- and hexa-saccharides (Damm et al.
1990).

Although the beta subunits of both eLH and eCG are glycosylated at identical positions,
Bousfield et al. reports that there are differences in the length, structure and composition of
the carbohydrate chains (Bousfield et al. 2001). eLH as well as eCG induced marked
increases in ovarian weight and oestrogen production in 27-day old rats, indicating that both
hormones possessed the dual LH/FSH activity first only credited to eCG. However, eLH
appears to have decidedly less of an effect than eCG (Moudgal and Papkoff 1982).
Investigation of the terminal residues, of the N- and O-linked oligosaccharides, on the beta
subunits indicate that this difference in hormonal effectiveness can be attributed to the extent
of its sialylation. The N-linked oligosaccharides on eCG usually terminate with a sialic acid in
the sequence Siaa2,3 or 6GalB1,4GIcNAc where N-linked oligosaccharides on eLH usually
have one or two branches terminating in a sulphate with the sequence SO,-
4GalNAcB1,4GIcNAc (Smith et al. 1993). This results in 10% of the carbohydrate content of

14



eCG consisting of sialic acid which infers a very low isoelectric point (pl) of 1.8 to the
hormone. This is a property exclusive to eCG which can be used in purification (Muller et al.
2011b). Sialic acid residues on the N- and O-glycans of the beta subunit of eCG also play
an important role in its extended life span within the serum compared to eLH (Matsui et al.
1994).

-°§" N- glycan
-~ -~ ? O-glycan
H H
eCG a-subunit N —C
1 56 82 96
. i 292929 Y
eCG B-subunit N —{ | CIp }-C
1 13 122 149
O GlcNAc
A | Man
O | Fucose
0] Gal
l 1 | GalNAc
Ser/Thr & | Sialicacid
N-glycan O-glycan

Figure 1.7: Schematic representation of N- and O- glycosylation sites on the a- and B subunits of
eCG (adapted from Legardenier 2005).

1.3.4 eCG concentration in equine serum
The concentration of eCG in the serum of pregnant mares are affected by a number of

different factors such as the number of foetuses present and the breed, size and parity (the
amount of prior successful pregnancies) of the mare. In a 1938 study, Cole reported that the
maximum concentration of eCG (then called PSMG) was inversely proportional to the size of
the mare and that a fourfold difference was found between ponies and larger breeds. He
also noted that mares of smaller breeds reached the highest eCG concentrations at earlier
stages of gestation compared to larger breeds (Cole 1938). These findings were confirmed
by Day and Rowlands, almost ten years later, and they showed that there were significant
variations in eCG concentrations between individual mares at comparable stages of
gestation. No positive correlation was found between the age of the mare and eCG
production but they did note that successive pregnancies in Shetland ponies caused a

marked reduction in eCG levels (Day and Rowlands 1947). In a subsequent study increased
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levels of eCG was found in the serum of mares carrying twin foetuses, with one foetus in

each horn of the uterus (Amoroso et al. 1948).

Allen compared the eCG concentration between a group of six Welsh Mountain pony mares
and ten thoroughbred mares between days 20 and 150 of gestation for the Welsh ponies

and days 20 and 120 for the thoroughbreds. The data he obtained is shown in Figure 1.8.
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Figure 1.8: eCG (or PMSG) concentration in the serum of (a) six Welsh Mountain pony mares versus
(b) ten thoroughbred mares (copied from Allen 1969).

He used a quantitative haemagglutination inhibition assay and found a great disparity in eCG
concentration not only between breeds (therefore the sizes of the mares) but also between
the individuals of a specific breed, confirming Day and Rowlands earlier report in 1947. eCG
was first detected around days 35 to 41 of gestation for both breeds which sharply increased
to a maximum at approximately days 55 to 60 for the ponies and days 60 to 65 for the
thoroughbreds. eCG in both breeds slowly decreased till days 120 to 130 when very low
levels were detected in the serum. Strikingly a difference of 102 IU eCG(PMSG)/ml was
found between a multiparous pony and a maiden pony with reduced variances in the
thoroughbreds. In fact it was noted that in the ponies the highest concentrations were
produced by three maiden mares in their first pregnancy, whereas two thoroughbred
multiparous mares showed the highest overall eCG production. Therefore the ponies
showed an effect of parity on eCG concentration levels but none was found within the
thoroughbreds (Day and Rowlands 1947; Allen 1969a).
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Later Allen investigated the effect of foetal genotype on eCG production in mares and
donkeys (Fig 1.9). Mares carrying horse foetuses showed maximum eCG levels of 101-143
IU/ml at day 60 of gestation, with donkeys carrying donkey foetuses at much lower maximum
concentrations of 53 IU/ml and 32 IU/ml at days 47 and 55 respectively. The mares carrying
donkey foetuses showed the lowest maximum eCG levels of 17 to 22 Ul/ml on
approximately day 48 of gestation. Remarkably the donkey carrying a hinny foetus showed
the highest maximum eCG concentration of 203 IU/ml at day 60 of gestation suggesting that
this interspecific genetic combination might be preferable to a horse carrying a horse foetus

as a commercial source of eCG (Allen 1969b).
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Figure 1.9: eCG (PMSG) concentration in the serum of mares and donkeys carrying a (a) horse
foetus (horse female x horse male), (b) donkey foetus (donkey female x donkey male), (c) mule
foetus (horse female x donkey male) and (d) hinny foetus (donkey female x horse male) (copied from

Allen and Short 1997).

1.4 Equine serum albumin
Equine serum albumin (ESA) is the most common protein found in equine serum as is the

case with most mammals. The protein has a molecular weight of 67.5 kDa which is very
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close to eCG’s weight of 60 kDa (Svedberg and Sjogren 1930). The 583-residue
polypeptide is a heart-shaped protein comprising of three helical domains each of which is
divided into two subdomains (Fig 1.10) (Majorek et al. 2012)

Figure 1.10: Protein structure of Equine Serum Albumin (Majorek, PDB 3V08).

Serum albumin functions as an enzyme, antioxidant, transport protein and ligand to many
substances and proteins in the serum (Kajal and Pathania 2021). In mammals, albumin is
produced in the liver and is water soluble with a pl of approximately 5 (Peters 1985). One of
the most important steps in the purification of eCG from pregnant mare serum is the
depletion of ESA, however since ESA is much more abundant in the serum (albumin makes
up to 60% of proteins in horse serum) and of such similar molecular weight, to eCG, this can

also be the most challenging step.

1.5 The purification of eCG from pregnant mare serum: A historic

overview
In 1937 Cartland and Nelson described the first method for producing highly purified eCG

from the serum of pregnant mares. The process firstly included a serum preparation step
where the pH was adjusted to 6 in order to allow a flocculent precipitate of inactive proteins
to separate. Subsequent precipitation was performed with various concentrations of alcohol
and acetone ranging from 30-90% v/v. The hormone remained in solution in acetone up to
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50%uv/v and alcohol up to 60%, but completely precipitated in solutions of 70-80% acetone
and alcohol. Therefore, most of the plasma proteins could be removed by precipitating the
crude plasma with 60%v/v alcohol or 50% acetone, and then eCG would be obtained by

precipitating the supernatant with 70% alcohol or acetone.

The precipitate containing active eCG was washed with alcohol and ether and vacuum dried
to produce a white, water-soluble powder yielding 70-90% of the eCG present in the crude
plasma. Their purified protein contained a high concentration of sodium citrate which they
corrected by re-dissolving the active precipitate in water and then repeating the above-
mentioned process but making the final step a precipitation at 65% acetone (Fig 1.11). This
method showed a 130-fold purification of eCG. (Cartland and Nelson 1937).

Cartland and Nelson, Goss and Cole, 1940
1937

Precipitate with 50% (v/v) Precipitate with 50% (v/v)
acetone at pH 6 acetone atpH 6

¥ @

Precipitation with 70% (v/v) Precipitation with 70% (v/v)
acetone acetone

Wash precipitate with alcohol
and ether
Precipitate with 50% (v/v) Precipitate with pH gradient
acetone to remove salts

¥

Precipitate with 65% (v/v) Freeze in water or dry
acetone

Wash precipitate with alcohol
and etherand dry

Figure 1.11: Schematic representation of the steps involved in the purification processes described

¥

Precipitate with 50% (v/v)

acetone

by Cartland and Nelson as well as Goss and Cole (adapted from Cartland and Nelson 1937; Goss
and Cole 1940).
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Goss and Cole expanded on the research of Cartland and Nelson by suggesting that the first
active precipitate, obtained after precipitation with 70% acetone, should be redissolved in
50% acetone at a pH of 6 to obtain a further 2-fold purification (Fig 1.11). This 50% acetone
solution is then pH fractionated in steps until eCG precipitates in a higher purity between pH
5.5 and 4.5 (Goss and Cole 1940).

A few years later (1967) Gospodarowicz and Papkoff described the two-step process that
would later be known as the classical method to purify eCG from the serum of pregnant
mares (Fig 1.13). In their method the pH of the serum is first adjusted to 3 with
metaphosphoric acid (HPO5) to precipitate most of the major plasma proteins after which the
pH of the supernatant is increased to 4.5 by adding sodium hydroxide (NaOH). Two cold (-
20 °C) ethanol precipitations follows, the first with 50% (v/v) ethanol after which 75% (v/v)
ethanol is added to the supernatant in the second precipitation. Following this the precipitate
is then dissolved in water and dialyzed against distilled water to be lyophilized. In the second
purification step a final eCG extract is produced by performing gelfiltration, using a
Sephadex G-100 column which increases the specific activity fivefold (from 600 1U/mg,
obtained after the 75% ethanol precipitation, to 3000 1U/mg) and then lastly performing
cation-exchange chromatography with a sulfoethyl Sephadex C-50 column to increase
specific activity another six times (2500 IU/mg to 15800 IU/mg) (Fig 1.12 (1))
(Gospodarowicz and Papkoff 1967).

Subsequent eCG purification methods have attempted to improve either on the number of
steps required for this classical method or the amount of chemical reagents needed whilst

improving the yield of protein.

Schams and Papkoff employed the processes of the second purification step, in the classical
method, to further purify commercially available eCG. In their study commercially available
eCG, with an activity of 2500 IU/mg, was first applied to a cation exchange sulfoethyl
Sephadex C-50 column and then to a Sephadex G-100 column for gel filtration. This yielded
a 35% increase in activity (10 500 IU/mg) (Schams and Papkoff 1972).

In 1978, Christakos and Bahl used three similar chromatography steps to purify a crude
preparation containing 1600 1U/mg eCG. Firstly gelfiltration with a Sephadex G-100 which
gave a twofold purification (3200 1U/mg eCG), followed by anion exchange chromatography
on a DEAE-Sephadex A-50 column which yielded 10 300 IU/mg protein and lastly multi-
modal chromatography (this type of chromatography combines hydrophobic interaction
chromatography and ion-exchange chromatography) on hydroxyapatite to yield an eCG end
product of 13 700 1U/mg (Fig 1.12 (2)) (Christakos and Bahl 1979).
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Figure 1.12: (1) Polyacrylamide gel electrophoresis of eCG fractions. (a) Unfractionated, (b) 600
IU/mg obtained after precipitation with 75% ethanol, (c) 3000 IU/mg obtained after gel filtration, and
(d) 15 800 IU/mg obtained after cation exchange chromatography; in the classical purification method
described by Gospodarowicz and Papkoff. Electrophoresis performed at pH 8.3 in Tris-glycine buffer
for 30 minutes at 200 V, stained with amido black (copied from Gospodarowicz and Papkoff 1967). (2)
Polyacrylamide electrophoresis of eCG fractions obtained by Christakos and Bahl from (e) crude
preparation containing 1600 1U/mg eCG, (f) after gel filtration on Sephadex G-100 (3200 1U/mg), (g)
after DEAE-Sephadex A-50 column chromatography (10300 IU/mg) and (h) multi-modal
chromatography on hydroxyapatite (13 700 I1U/mg). Electrophoresis was done on a 7%
polyacrylamide gel, at pH 8.3 for 1 hour at 5mA. Visualization was done via Coomassie blue staining
(copied from Christakos and Bahl 1979).

The group also used the same three columns on urea-dissociated PMSG and obtained
purified homogeneous preparations of the a- and B-subunits. However recombination proved
problematic and full binding activity of the proteins could not be regained, suggesting that the
subunits are not as stable as human chorionic gonadotropin (hCG) or simply that optimal

recombination conditions were not met (Christakos and Bahl 1979).

After testing chromatography on a Quaternary Aminoethyl (QAE)-Sephadex A50 (anion
exchange) column and a Sephadex G-200 (gelfiltration) column, Moore and Ward found an
optimal one-column purification method using hydroxyapatite to further purify partially
purified eCG preparations. A crude preparation of 2500 IU/mg eCG was purified to an
activity of 12 000 IU/mg in the non-adsorbent fractions (Moore and Ward 1980).

In their effort to produce eCG in vitro from equine trophoblast cells Aggarwal et al. found that
a small adjustment to Gospodarowicz and Papkoff's classical method allowed for better
purification from the culture medium reclaimed from monolayers of horse chorionic tissue.
They suggested that a pH of 7.5 be used at the 50% ethanol precipitation step instead of 4.5

to prevent partial eCG precipitation at this point. Interestingly the eCG produced in vitro had
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a smaller molecular weight compared to that of the hormone purified from serum which was
believed to be due a lower carbohydrate content of the in vitro produced protein. This also
coincided with reduced bioactivity, in FSH and LH assays, for eCG purified from culture

medium (Aggarwal et al. 1980).

In 1998 Gonzales and co-workers developed an alternative method where the initial
enrichment step was substituted by a direct adsorption to chromatographic media in a batch-
wise fashion. This would eliminate the exposure of eCG to solvents and could be performed
at room temperature on large scale. 10 L of plasma (adjusted to pH 4) was first concentrated
to a volume of 5 L by ultrafiltration and then buffer exchanged (to 100 mM Sodium acetate
buffer, pH 4) by diafiltration. 300 g of DEAE-Sephacel (a weak anion exchanger bead) was
added to 10 L of the diafiltrate and incubated with gentle mixing for 1.5 hours. After the gel
settled the supernatant was discarded and some washing steps followed. eCG was eluted
using 100 mM sodium acetate buffer at pH 4.5 with 0.3M NaCl. They reported an excellent
recovery of more than 90% of the protein which was comparable with the classical
methaphosphoric-ethanol precipitation process but showed a 1.5 times higher yield. Finally
cation exchange chromatography was performed on the eluate using S-Sepharose giving a
total eCG recovery of more than 70% with a final potency of approximately 4000 1U/mg
(Gonzalez et al. 1998).

Miiller et al. described a purification method that improved on the classical method by
decreasing the amount of ethanol needed by 66%. The classical method was followed at first
but after the precipitation with 50% ethanol the crude eCG was desalted and concentrated
by diafiltration. Consequently magnetic anion exchanger beads with N,N-diethyl-ammonium
functional groups (DEAP) were synthesized for the final chromatography step in the
purification process. This process reached a protein yield of 79% with a product having 1200
IU/mg activity which would be suitable for commercial use (Fig 1.13) (Muller et al. 2011b).
The group was however still unsatisfied with the fact that precipitation steps were still
needed in order to produce an intermediate product suitable for chromatography and set out
to investigate the direct application, of eCG affinity-liganded magnetic adsorbents, to the

serum of pregnant mares (Fig 1.13).
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Figure 1.13: Schematic representation of the steps involved in the classical eCG purification and

modifications to it by Muller et al. and Ebeler et al. (adapted from Miiller et al. 2011a)

The beads were synthesized by immobilizing eCG-specific mAB onto the carboxylated M-
PVA through N-hydroxysuccinimide (NHS) ester activation. This process was performed on
small scale using an automated high gradient magnetic fishing (HGMF) ‘rotor-stator’ device.
The process involved firstly mixing the magnetic affinity sorbents (2g) with 1 L of serum and
then capturing the eCG-enriched sorbents with a magnetic filter that depleted the serum.
After up to seven washing steps (with 0.1 M, sodium phosphate buffer at pH 7) elution was
performed using 0.1 M ammonium citrate, pH 3. This process improved on the purification
factor of the previously presented process but presented a lower eCG yield of 50%
(compared to 79%) and the adsorbents lost up to 30% binding capacity over 30 process
cycles, lowering their reusability (Mudller et al. 2011a). Later in 2019, Ebeler and co-workers
designed a HGMF-device, that was Good Manufacturing Practice (GMP) compliant with an
automated clean-in-place (CIP) routine, to purify eCG based on the strategy mentioned

above (Fig 1.13). The device comprised of a separation compartment surrounded by an
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electromagnet. Densely perforated metal discs, which serve as matrix elements, were
stacked in the separation compartment. They used a double counter-current binding
process, where fresh unloaded magnetic particles (My) were first incubated in serum (S;)
that had previously been incubated with loaded magnetic particles (M;) before being
incubated in fresh serum (Sy), (Fig 1.14) to increase protein yields to over 95% (Ebeler et al.
2019).

Figure 1.14: Schematic representation
Mﬂ¢ of the double counter-current binding
process used by Ebeler and co-

S .-"". x\_ M'l .-'"' ..x'\. 5 1 1
0 | I,& \ 2 workers. The fresh serum (Sy) is firstly
o S AN , incubated with preloaded magnetic
M ¢ ' particles (M;) and then with unloaded
2 magnetic particles (My) after which

eCG is eluted from the particles. (copied from Ebeler et al. 2019)

A one step purification process was proposed by Sharifi and co-workers who immunized
rabbits by injecting 25 IU of eCG in order to prepare polyclonal antibodies. eCG was
subsequently extracted directly from plasma via the solid-phase extraction (SPE) method
and the end product had a concentration of 5250 mg/ml (Bradford method with serum
albumin and gamma globulin for standards). The group suggested that the reduced amount
of solvents needed for the purification process would be a more cost effective method for the
production of eCG (Sharifi et al. 2014).

Baieli et al. synthesized an affinity matrix to purify eCG directly from plasma. Firstly chitosan
beads were fixed with wheat germ agglutinin (WGA), which they previously found successful
in purifying glycoconjugates (Baieli et al. 2017). The matrix was then incubated with equine
plasma, for 4 h at 25°C after which eCG was eluted using 1.0 M D-GIcNAc, pH 7 & 1% (v/v)
Tween 20. After three consecutive cycles an average yield of 60% eCG with a specific
activity (1290 Ul/mg) suitable for commercial use, was obtained. The matrix also maintained
its chromatographic performance when the process was scaled up 500 times in volume
(Baieli et al. 2020).

Today research is on-going in the search for an optimal method to purify eCG from the
serum of pregnant mares in quantities suitable for commercial use. This is mainly due to the
fact that recombinant production of the protein is still in its commencement phase and

pregnant mare serum therefore remains the primary source of eCG.
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1.6 Strategies used today in the purification of eCG from serum

1.6.1 Acid and/or alcohol precipitation

Mammalian blood plasma is a complex biological material containing hundreds of proteins
that perform a myriad of physiological functions. Total plasma protein concentration in adult
non-thoroughbred horses range between 53-73 g/L (Rossdales Laboratories 2022). The
most abundant proteins in equine plasma, as is the case in most mammals, are albumin
(60%), globulins (30%) and fibrinogen (4%) Only 1% of whole plasma proteins is attributed
to low abundance proteins such as hormones, enzymes and pro-enzymes (Anderson and
Anderson 2002; Farrugia 2010).

This huge dynamic range of individual protein concentrations (up to 10 orders of magnitude)
makes the purification, identification, and quantification of the low abundance proteins much
more challenging. As we have seen, some processes have been developed to tackle this
problem. One of the most extensively used of these processes is known as fractionation or
precipitation by the use of organic solvents such as ethanol, acetone and isopropanol. This
process mostly exploits the solubility of the proteins and by adjusting the sample pH the

protein pl also influences the resultant precipitate and supernatant (Yang et al. 2020).

As previously noted the classical purification method developed by Gospodarowicz and Cole
start with a metaphosphoric acid (MPA) precipitation step (Gospodarowicz and Papkoff
1967).

MPA is used to precipitate especially water soluble proteins, a property which distinguishes it
from other phosphoric acids. The acid has a general formula of (HPO3)n, where “n” denotes
the number of phosphoric acids present in the cyclic structure of MPA (Fig 1.15). MPA is a
transparent, hygroscopic solution that dissolves very slowly in cold water, eventually
changing to phosphoric acid (HsPOy). Its pK, of 2.1 makes MPA perfect for purifying eCG

(Briggs 1940; Chemistry 2017; Tyner and Francis 2017).
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Figure 1.15: Diagram showing the production of MPA by heating phosphoric acid (prepared using

Chemsketch Freeware).

Another acid used for protein precipitation is Trichloroacetic acid (TCA) which is much less
expensive than MPA. The molecular formula is C,HCI;O, which is the result of adding
chlorine to acetic acid (Fig 1.16). TCA is usually a white to colourless crystalline substance
with a sharp odour. Concentrations of 10% (w/v) and 20% (w/v) usually yield the best
precipitation results as it is thought that this halogenated derivative of acetic acid induces an

acid-state (A-state or molten globule) in the protein that causes the protein to precipitate.
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Figure 1.16: Diagram of the production of TCA from acetic acid and chlorine (prepared using

Chemsketch Freeware).

This A-state also appears to be completely reversible. In fact, the precipitation extent versus
concentration can be plotted as a U-shaped curve with 15% TCA as the optimal

concentration (Sivaraman et al. 1997; Rajalingam et al. 2009; Koontz 2014).
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We also found one group who combined Isopropanol with 1% TCA to deplete human serum
albumin and since the removal of albumin is a logical target in the purification of eCG we

wondered whether this method could be adopted for use with horse serum (Liu et al. 2014).

1.6.2 Albumin affinity chromatography
Affinity chromatography allows for the selective purification of analytes. This is achieved

through the means of liquid chromatography where an affinity ligand is used as a stationary

phase in a column.

Cuatecasas et al. were the first to introduce affinity chromatography for the purpose of
purification in 1968 (Cuatrecasas et al. 1968). There are nhumerous different types of affinity
ligands such as enzymes, proteins, antigens, hormones, biomimetic dyes, enzyme
substrates or inhibitors etc. The type of ligand immobilized to the resin of the column is

determined by the purpose or the compound and matrix from which it is to be purified.

Albumin affinity chromatography is widely performed using metal ion-, immuno-, and dye-

affinity ligands, in human serum.

Odaba et al. developed a bead with 2-methacrylamidohistidine as a bio-ligand and
discovered that the chelation of Cu(ll) onto the beads effected an increase in the maximum
adsorption of human serum albumin (HSA) with only trivial adsorption of other proteins such
as fibrinogen and y-globulin. It was also possible to reuse the Cu(ll) chelated beads without

losses in adsorption capacities (Odaba et al. 2001).

Raoufinia and co-workers used immuno affinity chromatography (IAC) to isolate HSA. They
immunized rabbits to produce a suitable polyclonal HSA-antibody which was functionalized
to cyanogen bromide (CNBr) -activated Sepharose beads. SDS-PAGE and Western blot
analyses showed a 98% purity of HSA isolated, indicating that IAC was a robust method of
isolating HSA (Raoufinia et al. 2016).

IAC ligands are extremely specific but unfortunately their use is also expensive due to high
production costs, the extensive purification steps involved and storage precautions. To
circumvent these drawbacks dye ligands is considered as one of the important synthetic
alternatives to anti-bodies. The former is able to bind various proteins and can easily be
immobilized, especially on matrices bearing hydroxyl (OH") -groups. Dye ligands are also
commercially available and inexpensive. These ligands are synthesized to interact with the

active sites of proteins by mimicking the structure of cofactors and substrates for those
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proteins. Protein separation is usually performed on dye affinity systems in the form of

spherical sorbents or as affinity membranes.

The observation of an unexpected interaction between Blue Dextran (Cibacron Blue and
dextran conjugate) and certain kinases during size exclusion chromatography, initiated dye
affinity chromatography (Dean et al. 1985). Earlier studies showed that it was possible to
purify several proteins e.g., phosphofructokinase, glutathione reductase, erythrocyte
pyruvate kinase and several coagulation factors when performing size exclusion
chromatography with Blue Dextran (Kopperschlager et al. 1968; Kopperschlager et al. 1971;
Bohme et al. 1972). It was found that the dye, Cibacron Blue F3G-A, bound the proteins in
each case. In 1971, Roschlau and Hess were the first to immobilize Cibacron Blue on
Sephadex G-200 directly for use in the purification of yeast pyruvate kinase (Réschlau and
Hess 1972). Today dyes used in dye-ligand affinity include Reactive Red 120, Congo Red,
Reactive Blue 4, Mimetic Blue 1 A6XL, Green HE4BD and Cibacron Blue F3GA (Denizli and
Piskin 2001).

Figure 1.17 shows one application of
such a dye fixed to a resin, displaying
an affinity for albumin. The Cibacron
Blue F3GA is covalently attached to the

sepharose.

Sepharose

Figure 1.17: Partial structure of Cibacron Blue F3G-A linked to Sepharose to create Blue Sepharose
(copied from Merck 2022).

1.6.3 Ultrafiltration
Ultrafiltration (UF) is a membrane-based, size exclusion process, where a fluid is placed

under pressure on one side of the perforated membrane of a particular pore size. Molecules
between 1 kDa — 1000 kDa can be separated by UF if they differ in size by at least one order
of magnitude. UF is much less expensive than other purification or separation techniques, it
is also easy to use and has a high throughput of product with easy scalability. Relatively mild
operating conditions such as low temperatures, no chemical additives or phase changes and
low pressures, avoids denaturation and deactivation of the biological products (Christy and
Vermant 2002).
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UF membranes are usually made of certain polymers, metallic or ceramic materials. Ceramic
membranes are mostly employed in the biotechnological and pharmaceutical industry due to
their sturdiness and ability to endure chemical or thermal sterilisation. Metallic membranes
are mostly only used in small scale applications. Polymeric membranes are the workhorses
of UF applications. There are many different polymers that can be used in UF membranes
but most commercially available membranes are either polyethersulfone or polysulfone (Cui
2005).

Sieving, in UF, is only one of the mechanisms that affect protein transmission. System
hydrodynamics, trans membrane pressure coupled with membrane resistance,
hydrophilicity as well as the porosity and morphology of the membrane all affect the flux
of the protein solution. Electrostatic charge also plays an important role, hence protein to

protein interactions, solution pH and ionic strength become critical (Wan et al. 2005).
1.6.4 lon exchange chromatography (IEX)

IEX is one of the most popular separation methods in liquid chromatography and its history

stretches back to Biblical times. Exodus 15: 22-25, from the Holy Bible, reads as follows:

?2Then Moses led Israel from the Red Sea and they went into the Desert of Shur. For three
days they travelled in the desert without finding water. * When they came to Marah, they
could not drink its water because it was bitter. (That is why the place is called Marah) ** So
the people grumbled against Moses, saying, “What are we to drink?” % Then Moses cried out
to the LORD, and the LORD showed him a piece of wood. He threw it into the water, and the

water became fit to drink.

This shows the first recorded use of ion-exchange chromatography in that Moses,
unwittingly, rendered the water drinkable by removing salt-bearing minerals containing
calcium, magnesium and sodium. Other ancient records also indicate early knowledge of
desalination techniques such as Aristotle’s Problematica where the use of sand filters, to
obtain drinking water from the sea and other impure origins, is discussed. Sir Francis Bacon
wrote a method of obtaining fresh water at the coast of Barbary in Sylva Sylvarum: A natural

history in ten centuries:

Digge a hole of the sea-shore somewhat above high-water mark and as deep as low-water

mark, which when the tide cometh will be filled with fresh water and potable.

Generally the recognition of the phenomenon of ion exchange is accredited to two English

agricultural scientists, Thompson and Way, who were the first to observe the adsorption of
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ammonium ions to certain soils. They found that an ion exchange function was performed by
complex silicates in the soil and they prepared materials of this type in the laboratory, from
sodium silicate and sodium aluminate (Thompson 1850; Way 1850). Materials of this type
was used by Gans, in 1906, to soften water and treat sugar solutions (Gans 1905). Folin and
Bell performed the first analytical application of ion-exchange in 1917. They separated
ammonium from urine using a synthetic zeolite (Folin and Bell 1917). Whitehorn was the first
to use ion exchange in column chromatography, in 1923, when he showed that other amines
besides ammonia were also readily adsorbed by a synthetic aluminosilicate (Whitehorn
1923). The first use of an anion exchange column was for the determination of sulfate in
natural -and industrial wasters (Bahrdt and Anal 1927).

In 1935, Adams and Holmes synthesized the first organic ion exchangers. They discovered
that crushed phonograph records displayed ion exchange properties (Adams and Holmes
1935). The middle 1940’s saw the development of polystyrene-divinylbenzene-based resins,
through the copolymerization of styrene cross-linked with divinyloenzene (Table 1).
Polystyrene-divinylbenzene resins offered more stability, strength and exchange capacity
than their predecessors and it was through this innovation that the complete
demineralization of water was made possible. In the late 1940’s a quaternary ammonia was
attached to the polystyrene-divinyloenzene support but modern day chromatography was
only introduced in 1975 with the industrialization of the technique by Small et al. who
developed a column that allowed conductivity detection (Small et al. 1975).
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Table 1.1: Historical development of ion-exchange chromatography (adapted from Lucy 2003; Kumar

and Jain 2013).

Scientist/Source Breakthrough

Holy Bible

Aristotle

H.S. Thompson

H.S. Thompson & J.T. Way

R. Gans

O. Folin &R. Bell
J. Whitehorn
A. Bahrdt & Z. Anal
B.A.Adams & E.L. Holmes

G.F. D’alelio
G. E. Boyd, J. Schubert, & A. W.
Adamson

C. H. McBurney

A. Skogseid

J. A. Marinsky, L. E. Glendenin, & C.

D. Coryell

D. K. Hale, D. Reiechenberg, N. E.
Topp, & C. G. Thomas

R. M. Barrer & D. W. Breck

H. P. Gregor, K. W. Pepper, & L. R.
Morris

M. A. Peterson & H. A. Sober

F. Helfferich

T. R. E. Kressmann & J. R. Millar

J. Weiss

H. Small, T.S. Stevens & W.C
Bauman

Moses decalcifies water
Aristotle discovers that sea water loses part of its salt
contents when percolated through certain sands

Experiments with passing a solution of manure through a
filter made of ordinary garden soil and finds that the
ammoniais removed from solution

Recognition of the phenomenon of ion exchange and
description of its basic characteristics

Discovers that zeolites can be used to soften hard water.
Invents processes of synthesizing zeolites and designs
the equipment— This zeolite water softener is later used
to recover gold from sea water

First analytical application of ion exchange
The first use of ion exchange in column chromatography
The first use of an anion exchange column
Synthesizes the first organic ion exchanger
Invents sulphonated polystyrene polymerization cation

exchangers

Demonstrates the applicability of ion exchange for
adsorption of fission products in traced amounts

Invents aminated polystyrene polymerization anion
exchangers

Prepares potassium-specific polystyrene cation
exchanger chelating resin

Discovers promethium, an element found in nature,
attributed to ion exchange

Development of carboxylic addition polymers as weak
acid cation exchanger

New zeolites as molecular sieves with ion exchange
properties

Invents and develops chelating polymers

Develops cellulose ion exchangers
Lays foundation for the new theoretical treatment of ion
exchange
Invents and develops of isoporous ion exchange resins
Thermally re-generable ion-exchange and water
desalination based on it

Industrialization of ion exchange chromatography

~ 1400 BC

~330BC

1845

1850

1906

1917

1923

1927

1935

1942

1942

1047

1947

1947

1949-1956

1951-1956

1952-1971

1956

1959

1960

1964

1975

lon exchange chromatography separates biomolecules based on their net surface charge.

Charge properties like the charge density, surface charge distribution and the differences in

the overall charge of the molecule affect the degree of interaction that takes place.
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Therefore, ion exchange chromatography involves the binding of a charged sample molecule
to an oppositely charged functionalized group attached to a resin/matrix. This binding is

electrostatic and reversible which grants a valuable separation method.

The amphoteric nature of proteins makes them excellent molecules for separation by ion
exchange chromatography as their net charge change gradually as the pH of their
environment changes. As we know, the isoelectric point (pl) of a protein is the pH at which
the molecule carries no net charge. At a pH below its pl, a protein will have a positive net
charge and easily bind to a cation exchanger whereas at a pH above its pl the molecule will
exhibit a negative net charge and bind an anion exchanger. The choice between using an
anion —or cation exchanger, for protein separation, typically only depends on the stability of
the protein at a pH above or below its pl. Elution of the biomolecules usually involves
changing the ionic strength of the buffer, therefore allowing the salt ions (usually Na* and
CI") to compete with the bound proteins on the resin and in some instances also adjusting
the pH. This technique is powerful and provides separation even for biomolecules differing
by a single charged amino acid (Grodzki and Berenstein 2010; Acikara 2013).

1.6.5 Lectin affinity chromatography (LAC)
In the last decade, the use of lectin affinity enrichment has been a very popular approach for

studying glycosylation profiles. Lectins are proteins that interact with specific carbohydrate
moieties of oligosaccharides linked to other biomolecules. They are found in bacteria and
animals but have most comprehensively been studied in plants. In plants they act as a
defence mechanism by identifying foreign pathogens through attaching to their surface
oligosaccharides. These proteins usually bind glycans weakly but gain high avidity through
the binding of multiple subunits, which strengthens the interaction. The proteins do however
exhibit extremely high specificity as they can recognize the structure of a glycan down to a
single sugar residue (Weis and Drickamer 1996; Hirabayashi et al. 2015). Different analytical
techniques have been developed, in the past, based on the affinity of lectins towards
glycans. Today we have lectin blotting or lectin microarrays, lectin histochemistry and
enzyme-linked lectin assays which all incorporate the use of lectin proteins to provide
guantitative and qualitative analysis for glycosylation profiles (Dan et al. 2016). Apart from

these techniques, lectin-based affinity sorbents can be used in glycoprotein enrichment.

Lectins are categorized into classes based on their specificities toward different glycans and
their biological origins. Special thought should thus be given to choosing a suitable lectin for
analytical needs. Lectins can be immobilized to insoluble resins in many formats like on
magnetic beads, monoliths or on patrticles to be used in cartridge, capillary or column setups

for use in solid phase extraction (SPE) or dispersive solid phase extraction (dSPE)(see Fig
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1.18). Other methods include filter-based enrichment, where a membrane with a specific
MWCO is used in combination with free lectins or lectin-sorbents to separate glycosylated

and non-glycosylated biomolecules (Hashim et al. 2017; Hendrickson and Zherdev 2018).
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Figure 1.18: Diagram depicting the general workflow of (A) lectin-based SPE and (B) lectin-based
dSPE. The sample is initially mixed in solution with lectin-functionalized sorbents in order for glyco-
molecules to bind the sorbents. Centrifugation or the application of a magnetic field can separate
compounds with no affinity for the lectins to the supernatant. After some additional washing steps,

desorption of the target glycoproteins is performed (copied from Goumenou et al. 2021).

Research shows that lectin affinity enrichment has, in the past, been applied more for the
isolation of N-glycosylated proteins but the isolation of O-glycosylated proteins are also
possible (Durham and Regnier 2006; Chalkley et al. 2009; Trinidad et al. 2012; Nagel et al.
2013; Vakhrushev et al. 2013; Darula et al. 2016; 2017).

1.6.6 Hydrophobic interaction chromatography (HIC)
The well-known fact that hydrophobic proteins tend to interact, or self-associate, in aqueous

solutions form the basis for many biological interactions, such as protein-substrate
interactions, protein folding and protein transport across cell membranes (Janson 1998). HIC
exploits this fact and is used both in preparatory and analytical scale protein purifications. In
this technique the hydrophobic regions in macromolecules bind hydrophobic ligands on
chromatography resins. Researchers Van Oss et al. (1986) suggested that, despite the

complex mechanism involved in hydrophobic interactions, van der Waals forces were the
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major contributing factor. This makes the use of HIC advantageous since minimal denaturing

of the macromolecule takes place leaving its biological activity intact (van Oss et al. 1986).

These interactions usually occur in an environment with a high salt concentration because
this favours hydrophobic interactions. In water, nonpolar molecules self-associate or
aggregate and in doing so effect a net increase in the entropy of the environment as the
highly ordered structures of water molecules around each protein become less structured

when aggregation takes place.

Figure 1.19: Diagram showing the
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The highly ordered molecules around individual macromolecules are disrupted as the
surface area of the hydrophobic sites, of the protein that is exposed to the polar solvent, is
decreased (Fig 1.19 A). Increased entropy is the favoured thermodynamic state and
therefore these hydrophobic interactions occur spontaneously. The same principle applies to
the interaction between hydrophobic proteins and hydrophobic ligands attached to
adsorbents in HIC (Fig 1.19 B) (McCue 2009).

The addition of organic solvents or salts, to the solvent, can weaken or strengthen
hydrophobic interactions between the adsorbents and the proteins. The well-known
Hofmeister series indicates the effects of different ions on hydrophobic interactions
(Hofmeister 1988). Anions in the Hofmeister series are listed below in decreasing lyotropic

(ions which promote hydrophobic interactions) order:
PO,®>S0,° > CH;COO > CI' > Br > NOs > ClO, > I > SCN’

Cations in the Hofmeister series are listed below in increasing chaotropic (ions which

weaken/disrupt hydrophobic interactions) order:

NH," > Rb" > K> Na' > Cs" > Li* > Mg? > Ca®" > Ba*
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To clarify, in the above series ammonium ions most strongly promote hydrophobic
interactions while barium ions weaken them (Pahlman et al. 1977). The two most commonly
used lyotrophic salts, in aqueous solution, are sodium chloride and ammonium sulfate. The
strength of the hydrophobic interactions in aqueous solution can also be altered by the use
of organic solvents. Organic solvents commonly used to weaken hydrophobic interactions
include acetonitrile, alcohols and glycols. These are usually added during the elution process
in order to elute strongly bound proteins of interest (Melander and Horvath 1977; Fausnaugh
and Regnier 1986). The pH of the mobile phase also affects protein retention in HIC. An
increase of the pH usually results in decreased hydrophobic interactions between proteins
and hydrophobic ligands. This is likely due to the change in the net charge of the protein with
increased pH levels. Similarly the opposite is true for a decrease in the pH of the mobile
phase (Porath et al. 1973; Strop et al. 1983; Montel et al. 1995).

The mobile phase properties are not the only conditions that affect HIC performance,
stationary phase characteristics such as the chemical nature of the backbone, substitution
level of the resin and the type of hydrophobic ligand also play a part as well as the
temperature of the system (Porath et al. 1973; Melander et al. 1984; Arakawa 1986; Lin et
al. 2000).

The most commonly used ligands for HIC are linear chain alkanes (such as butyl and octyl)
and some simple aromatic groups (such as phenyl) (see Fig 1.20). The strength of the
hydrophobic interaction between the proteins can be increased by increasing the alkyl chain
length, however very long chain lengths can result in the irreversible adsorption of proteins
which then necessitates harsher elution conditions and cause denaturation of the proteins.
Therefore ligands with intermediate binding strength would be more useful as they provide
elution by simply decreasing the salt concentration (Yon 1978; Hofstee 1979).

In this study we investigated the current purification strategies for the purification of eCG
using eCG-spiked equine serum. Several of the purification steps we investigated include

methods first mentioned in the classical method of Gozpodarowicz and Papkoff.
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Figure 1.20: Schematic of the structures of some HIC ligands (copied from Queiroz et al. 2001)

1.7 Research aim and objectives

This study aims to investigate purification strategies for equine chorionic gonadotropin
(eCQ).

The objectives of this study (Fig 1.21) are to:

Investigate the efficiency of three serum precipitation methods.
Investigate the efficiency of albumin affinity chromatography in the
isolation/depletion of albumin from equine serum.

Investigate the efficiency of ultrafiltration in the purification process.

Investigate the efficiency of four different chromatographic techniques in the

isolation of eCG from equine serum.
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Figure 1.21: Diagram showing the objectives of the current study.



Chapter 2: Experimental materials and methods

2.1 Laboratory analysis

2.1.1 Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
Protein visualisation via SDS-PAGE was performed using the Mini-PROTEAN™ Tetra

system (Bio-Rad) operated according to the manufacturer’s instructions.

Sample preparation was done by mixing 15 pl of sample with 15 pl of a denaturing solution
(50 ul of beta-mercaptoethanol added to 950 ul of Laemmli sample buffer) and then boiling
at 100 °C for 10 minutes in a heat block. When loading the samples onto the gel, 6 pul of the
Page Ruler™ prestained protein ladder was usually loaded in the first lane followed by 12 pl
of sample per lane. The 12% polyacrylamide gel were electrophoresed in 10% TGS buffer
(25 mM Tris, 129 mM gycine, 0.1% w/v SDS; pH 8.3), obtained as a premix from BioRad, at
100 V for 2 hours. Gels are stained overnight in Coomassie brilliant blue R-250 solution and
then destained in a “destaining solution” made up of 100 ml glacial acetic acid (Sigma
Aldrich), 300 ml methanol and 500 ml dH,O. Gels were visualized and photographed with
the Chemidoc™ MP Imaging system from BioRad.

2.1.2 Quantitative analysis
Total protein was determined using a Pierce™ BCA Protein Assay Kit (ThermoFisher

Scientific) according to the manufacturer’s specifications. The eCG activity of samples were
assessed by the use of a Pregnant Mare Serum Gonadotropin Enzyme-Linked
Immunosorbent Assay (PMSG ELISA) kit, from Demeditec Diagnostics, according to the

manufacturer’s instructions.

This PMSG ELISA kit employs the sandwich principle to determine eCG activity. Standards
ranging from 0 to 800 mlU/ml are provided (Table 2.1). A standard curve is created each

time the test and it used to determine the quantities within the unknown samples.
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Table 2.1: Standard concentrations as provided in the PMSG ELISA kit (Demeditec Diagnostics).

Standard sample Concentration
eCG/PMSG [mIU/ml]

0
25
100
200
400
800

a A W N -~ O

2.2 Sample preparation and storage

2.2.1 Blood collection and storage
Ethics approval, for the project, was granted by the Interfaculty Animal Ethics Committee

with Project Number: UFS-AED2016/0081. Anipharm (Pty) Ltd kindly provided the blood
samples used in the current study. Approximately 150 ml of blood was taken from two
different non-pregnant mares. After a 30 minute period of incubation, at room temperature,
most of the fibrinogen and clotting factors formed a precipitate. This together with other
plasma constituents was removed by centrifugation at 2500 xg for 10 minutes. The serum
was stored in 50 ml conical tubes at -20 °C.

2.2.2 eCG-spiked equine serum
Serum samples (49 ml) were thawed and spiked with 1200 IU/ml (1 ml) of commercially

available eCG (Chronogest®) after thawing. Edta-free protease inhibitors, from Roche, were

also added before the sample was considered suitable for use or further storage at -20 °C.

2.3 Precipitation steps

2.3.1 Precipitation with MPA
An equal volume of 0.5 M MPA (Merck) was added to equine serum spiked with commercial

eCG. After mixing by inversion, samples where centrifuged, in an Eppendorf 5804 R
centrifuge, for 15 minutes at 9000 xg, at a temperature of 4°C. Thereafter, the pH of the
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obtained supernatants was raised to 7 by the addition of NaOH and it was fractionated with
50% & 75% ethanol (Gospodarowicz and Papkoff 1967). This involved adding an equal
volume of 50% ethanol and incubating at 4°C for 2 hours. The samples were then
centrifuged again at 9000 xg for 15 minutes, at a temperature of 4°C. The subsequent
supernatant was retained and an equal volume of 75% ethanol was added. After
centrifugation, at 9000 xg for 15 minutes at a temperature of 4°C, the supernatant was
discarded and the precipitate was re-suspended in 20 mM Sodium phosphate, pH 7 to be
stored until analysis.

Later in the study we negated the fractionation with 50% ethanol to reduce th loss of eCG at
this step. Al supernatants and precipitants were stored at 4°C before analyses by SDS-

PAGE, PSMG ELISA and in some instances BCA assay were performed.

2.3.2 Precipitation with TCA — comparing 15% concentration with 25%
Concentrations of 15% (v/v) and 25%(v/v) TCA were prepared from 100% (v/v) TCA stock

(Merck). To test and compare the effectiveness of both concentrations 5 ml of the respective
TCA concentration was added to 5 ml of sample and after mixing it was centrifuged at 9000
g’s for 15 minutes at a temperature of 4°C. The precipitate was discarded. An equal volume
(10 ml) of 75% ethanol was added to the supernatant and samples were incubated at 4°C
for 2 hours after which it was centrifuged again at 9000 g’s, for 15 minutes, at 4°C. The
resulting precipitate was re-suspended in 20 mM Sodium Phosphate buffer, pH 7 and stored
at 4°C. Analyses by SDS-PAGE, ELISA and BCA were performed shortly after.

2.3.3 Precipitation with Isopropanol containing 1% TCA
1% TCA was prepared from 100% TCA stock. 10 ml of 1% TCA (Merck) was added to 10 ml

of isopropanol (Merck) to create an organic solvent solution. One volume of sample was
added to four volumes of the organic solvent solution and mixed vigorously by vortex.

Samples were then centrifuged at 1500 g's, for 5 minutes, at 5°C.

The supernatant was buffer exchanged via diafiltration using filtration units from Amicon®
with a molecular weight cut off (MWCO) of 30 kDa. To perform the diafiltration the unit
containing the supernatant was centrifuged at 4000 xg, for 10 minutes, at 4°C where after 20
mM sodium phosphate buffer, pH 7 was added. The sample was then stored at 4°C until

analyses were done.

The pellet that formed after precipitation with isopropanol containing 1 % TCA was re-

dissolved in 10% methanol after which it was centrifuged at 2000g, for 2 minutes at 5°C. The
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precipitate was discarded and the supernatant was buffer exchanged as described above

before storage.

2.4 Albumin affinity chromatography

Equine serum was spiked with commercial eCG (Chronogest®) as described in Section
2.2.2. The pH of the samples were lowered to 2.3 with TCA (Merck) after which the samples
were centrifuged at 9000 g’s, for 15 minutes, at 4 °C. The precipitate was discarded and the

pH of the supernatant restored to 7 with the addition of NaOH.

The HiSreen Blue FF column (Cytiva) was manually equilibrated with 5 column volumes
(CV) of 20 mM sodium phosphate, pH 7. 2 ml of sample was manually loaded onto the
column and six fractions of 1.5 ml were collected of the flow through, wash, eluate and post-
elute wash. The buffer used to elute the albumin was 20 mM sodium phosphate, pH 7 with 2
M NaCl. All fractions were stored at 4°C for no longer than 3 days before analyses was
performed. After use, the column was washed with 4 CV of 70% ethanol and stored in 20%
ethanol at 4°C. All SDS PAGE- and quantitative analyses were performed as described in
Sections 2.1.1 and 2.1.2.

The column was regenerated between use by washing with 5 CV of 0.1 M NaOH followed by
washing with 4 CV of 70% ethanol. A last wash cycle of 5 CV was performed with the
equilibration buffer of 20 mM sodium phosphate, pH 7 where after the column was deemed

ready for use.

2.5 Ultrafiltration

The samples obtained after aloumin affinity chromatography (performed as in section
2.3) were analysed by SDS-PAGE to determine the presence of protein in each phase
(loading-, wash-, eluate- and post-elute wash fractions) of the chromatography. Phases

containing proteins were pooled and ultra-filtrated.

15 ml of sample was filtrated using ultrafiltration units from Amicon with a MWCO of 30
kDa. The filtration units were centrifuged at 4000 xg, for 30 minutes, at a temperature of
4°C. After centrifugation the resultant samples were concentrated to approximately 700

pl each, giving a concentration factor of 21.4. The retentate was removed from the
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membrane by re-suspension in 20 mM sodium phosphate, pH 7. The filtration unit was
discarded after use. The retentate and filtrate were stored at 4°C for further analyses by
SDS-PAGE, BCA and PSMG ELISA.

2.6 Selected chromatography methods

2.6.1 Sample preparation
Bovine serum albumin or BSA (Roche) was prepared by mixing 0.2 ug of the commercially

available compound with 1 ml of the appropriate binding buffer for the specific column. eCG
was prepared by dissolving the commercially available, lyophilized powder (Chronogest®) in
5 ml of the appropriate binding buffer specific to the experimental column. When performing
ion exchange with only eCG as sample, 1 ml of the above mentioned preparate was used.

When combining eCG and BSA for ion exchange chromatography, 0.2 ug of BSA was
dissolved in 1 ml of eCG preparate obtained by the addition of 5 ml of the appropriate
binding buffer to the commercially available, lyophilized powder. Spiked serum was obtained
as described in Section 2.2.2. The serum was precipitated with TCA, as mentioned in
Section 2.3.2, to deplete some of the highly abundant proteins and gain a clarified

homogenised protein solution.

2.6.2 Cation exchange chromatography

A one millilitre sulfopropyl fast flow column (Cytiva) was used to perform manual cation
exchange chromatography. The column was firstly washed with 10 ml of the elution buffer
(20 mM Citrate buffer, pH 6.2 with 1 M NaCl) and then equilibrated with 10 ml of the binding
buffer (20 mM Citrate buffer, pH 3.2). 1 ml of sample (BSA/eCG/eCG and BSA mixture/eCG-
spiked equine serum) was loaded. The flow through fraction was collected. After this the
column was washed with 5 ml of binding buffer. A stepwise pH gradient was used to elute
the proteins starting with 5 ml of 20 mM Citrate buffer, pH 4.2. The pH gradient was applied
as follows: pH 4.2 > pH 5.2 > pH 6.2 with the addition of 1 M NacCl for final elution. All
fractions, 5 ml each, were collected and stored at 4°C before analysis by SDS-PAGE, PMSG
ELISA and BCA.
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2.6.3 Anion exchange chromatography
A one millilitre quaternary ammonium fast flow column (Cytiva) was used to perform anion
exchange chromatography manually and by use of the Akta Prime Plus. We tested three

different methods of elution (Table 2.2) during the anion exchange chromatography.

Table 2.2: Buffers and elution methods used during anion exchange chromatography

Method of elution Binding buffer Elution buffer

Stepwise pH gradient 20 mM Citrate buffer, pH 6.2 20 mM Citrate buffer, pH 3.2

with 1 M NaCl
Continuous NaCl 20 mM Sodium phosphate 20 mM Sodium phosphate
gradient buffer, pH 7 buffer, pH 7 with 1 M NaCl
Continuous pH 20 mM Sodium phosphate 20 mM Sodium phosphate
gradient buffer, pH 7 buffer, pH 4 with 1 M NaCl

The column was firstly washed with 10 ml of the applicable elution buffer (Table 2.2) and
then equilibrated with 10 ml of the applicable binding buffer (Table 2.2). 1 ml of the sample
(BSA/eCG/eCG and BSA mixture/eCG-spiked equine serum) was loaded. The flow through
fraction was collected. After this the column was washed with 5 ml of the applicable binding
buffer. The proteins were eluted using a stepwise pH gradient, continuous pH gradient or
continuous NaCl gradient as shown in Table 3. Fractions of 5 ml were collected at all phases
of the chromatography (wash, elution, post elution wash) and stored at 4°C before further

analysis was performed.

2.6.4 Lectin affinity chromatography

For this chromatography experiment we used a one millilitre HiTrap® Con A 4B column from
Cytiva. As the name suggests, this column comes prepacked with Con A which is a
tetrameric metalloprotein isolated from the jack bean (Canavalia ensiformis). This specific
lectin binds molecules containing a-D-glucopyranosyl, a-D-mannopyranosyl, and sterically
related residues. Con A requires the presence of both Ca?* and Mn?* to maintain its binding
characteristics and therefore these ions are included in the commercial columns in large

excess.

We manually performed LAC on eCG-spiked equine serum. The column was cleaned with
10 ml of the elution buffer (20 mM Tris, 500 mM NaCl, 300 mM methyl-D-glucoside, pH 7.4)
and then equilibrated with 10 ml of the binding buffer (20 mM Tris, 500 mM NacCl, 1 mM
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MnCl,, 1 mM CaCl,, pH 7.4). 1 ml of the eCG-spiked equine serum (obtained as described in
Section 2.2.2) was loaded onto the column and the flow through fraction collected. Following
this the column was washed with 5 ml of the binding buffer before the proteins were eluted
with 5 ml of the elution buffer. Fractions of all phases of the chromatography was collected
and stored at 4°C until analysis via SDS-PAGE, BCA and PSMG ELISA.

2.5.5 Hydrophobic interaction chromatography

A one millilitre Octyl fast flow column (Cytiva) was used to manually perform HIC on eCG-
spiked equine serum. After cleaning the column with 10 CV of elution buffer (50 mM sodium
phosphate, pH 7.0) it was equilibrated with 10 CV of the binding buffer (50 mM sodium
phosphate with 1.5 M ammonium sulphate, pH 7.0). 1 ml of the sample was loaded onto the
column and the flow through fraction collected. The column was washed with 5 CV of the
binding buffer before elution was performed. Fractions of all the phases of the
chromatography was collected and stored at 4°C before analysis by SDS-PAGE, PSMG
ELISA and BCA.
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Chapter 3: Results and discussion

3.1 Precipitation steps

3.1.1. The precipitation of eCG-spiked equine serum using MPA vs. TCA

TCA is one of the most commonly used acids in the precipitation of proteins and since it is
less expensive than MPA we compared the two in the purification of eCG from eCG-spiked
equine serum. In this study we compared precipitation using 0.5 M MPA to precipitation with
TCA of 15% (v/v) and 25% (v/v) concentrations. 12% SDS-PAGE analysis was performed
for the experiment (Fig 3.1).

As expected, most of the proteins precipitate out with each acid tested. There are indications
of faint bands, at approximately 70 kDa, in the sample containing the supernatant obtained
after precipitation with MPA (lanes 4) that is absent in precipitation with the two TCA
concentrations. It is important to note that the concentrations of eCG that were used in this
experiment is below that which is detectable on a SDS-PAGE gel with Coomassie staining.

Therefore, these faint bands are most likely equine albumin.

kDa 1 2 33445566 77 838

170
130

95
72

55
43

34

Figure 3.1: SDS-PAGE analysis of the precipitation of eCG-spiked equine serum using MPA vs. 15%
(v/v) TCA vs. 25% (v/v) TCA. Lane 1 is the Page Ruler™ prestained protein ladder; lane 2 is the eCG-
spiked serum; (from lanes 3 samples were analysed in duplicate) lanes 3 are the precipitate obtained
after precipitation with MPA; lanes 4 are the supernatant obtained after precipitation with MPA; lanes
5 are the supernatant obtained after precipitation with 15% (v/v) TCA; lanes 6 are the precipitate
obtained after precipitation with 15% (v/v) TCA; lanes 7 are the supernatant obtained after
precipitation with 25% (v/v) TCA; and lanes 8 are the precipitant obtained after precipitation with 25%
(viv) TCA.
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Looking at the quantitative results, it is important to note that the eCG content of the
commercially available product was found to be lower than that stated by the manufacturer
and also inter-batch inconsistent inconsistencies were evident. The eCG content in the eCG-
spiked equine serum was therefore also much lower than expected. This complicated
guantitative analysis by PMSG ELISA as the dilution factors had to constantly be adjusted

with each new vial used to spike the equine serum.

Quantitative analysis, by BCA and PMSG analysis (Table 3.1), show that precipitation with
25% (v/v) TCA results in the highest eCG losses (61% of the starting amount of eCG). This
could be due to the fact that the pl for TCA is much lower, at 0.77, than that of 0.5M MPA.
There is also a total eCG decrease of 43% and 60% in the samples that were precipitated
with 15% TCA (v/v) and 0.5M MPA respectively. Precipitation with 15% (v/v) TCA results in
the highest eCG vyield (57% of the original amount of eCG) between the three compared
precipitation methods. However, when looking at the purification of eCG, 0.5M MPA is more
efficient with a purification factor of 4.7 compared to 1.2 for 15% TCA and 1.03 for 25% TCA.

As previously mentioned the pl of eCG is 1.8 but due to the addition of an ethanol (EtOH)
precipitation step (Gospodarowicz and Papkoff 1967) most of the glycoprotein hormone is
expected to precipitate out after the complete process. Although results (Table 3.1) do show
more eCG in the precipitate, high amounts of eCG remain in solution in the supernatant as
shown for instance by the precipitation using 0.5M MPA where only 40% of the eCG is
retained in the precipitate. Precipitation with 0.5M MPA shows the biggest difference in eCG
content between the supernatant and the precipitate.

Table 3.1: Results of quantitative analysis, by BCA and PMSG ELISA, of the precipitation of eCG-
spiked equine serum using 0.5M MPA, 15 (v/v) TCA and 25% (v/v) TCA.

Total protein Total eCG % Yield Purification
(mg) (mlU) factor

eCG spiked equine serum 46 .4 14040 100 NA
Supernant MPA 29 1003 7 1.1

Precipitate MPA 4.0 5682 40 4.7

Supernatant 15% TCA 20 5523 39 9.1

Precipitate 15% TCA 21.2 7966 57 1.2
Supernatant 25% TCA 28 4222 30 5
Precipitate 25% TCA 17.3 5413 39 1

NA: Not Applicable
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3.1.2 The precipitation of eCG-spiked equine serum with 15% TCA

Taking a more in depth look at the precipitation with 15% TCA, it can be seen in our 12%
SDS-PAGE results (Fig 3.2) that the precipitation process is effectively reducing total
proteins in the sample as the decrease in protein bands from left to right indicates. eCG is
expected to remain in solution (lane 4) during the acid precipitation step and then precipitate
out (lane 6) during the EtOH precipitation step. This can, however, not be confirmed by SDS-
PAGE analysis alone as eCG does not show as a protein band at these concentrations, as

previously mentioned.

Figure 3.2: SDS-PAGE analysis of the precipitation of eCG-spiked equine serum using 15% TCA.
Lane 1 is the Page Ruler™ prestained protein ladder; lane 2 is the eCG-spiked equine serum; lane 3
is the precipitate obtained after the acid precipitation step of the process; lane 4 is the supernatant
obtained after the acid precipitation step of the process; lane 5 is the supernatant obtained after the
EtOH precipitation step of the process; lane 6 is the precipitate obtained after the EtOH precipitation
step of the process; (*) indicates where we expect to find the most eCG content.

We performed quantitative analysis by PMSG ELISA (Table 3.2). During the acid
precipitation step approximately half of the eCG is lost with other precipitating proteins such
as equine serum albumin. With the addition of 75% EtOH for precipitation, the process
becomes even more ineffective at eCG retention as a 62% protein loss from the previous
step is observed and, in the end, only retain 29% of the starting eCG. Most of the eCG
remained in solution during this last step of the precipitation process which is contrary to

what Gospodarowicz and Papkoff found in their study (Gospodarowicz and Papkoff 1967).
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There is also a difference between the amounts of eCG found in the precipitate when the
starting acid used was TCA versus MPA (Table 3.1). Since the last step (result generating
step) in the precipitation process is an EtOH precipitation step this begs the question of the
difference in the interaction of TCA with EtOH vs. MPA with EtOH.

Table 3.2: Results of quantitative analysis, by PMSG ELISA, of the precipitation of eCG-spiked

equine serum using 15% TCA. (*) indicates where we expect to find the most eCG content.

Total eCG or i
(miU) % Yield
eCG spiked serum 38005 100
Precipitate after acid precipitation
step 23100 61
+ Supernatant after acid precipitation
step 28223 74
Supernatant after EtOH precipitation
step 17635 46
% Precipitation after EtOH precipitation
step 11179 29

Looking firstly at the action of EtOH in protein precipitation we see that, as the concentration
of the organic solvent increases, it disrupts more and more hydrogen bonds between water
molecules and polar amino-acid residues of the protein thereby disrupting and replacing the
hydration shell around the protein molecules. The proteins then tend to aggregate and
precipitate out. Now focusing on TCA and MPA, TCA is found to be the most polar acid of
the two. This is due to structural differences in the molecules that cause TCA (Fig 1.16) to
show a greater net dipole moment than MPA (Fig 1.15) (The cyclic structure of MPA cancels

out most of its net dipole moment).

Therefore, looking at Table 3.2, when adding an equal volume of 75% cold EtOH to the acid
solution at the second step in the precipitation process (Gospodarowicz and Papkoff 1967),
it is possible that TCA favours more interaction with the hydroxyl group of EtOH compared to
MPA (also see Table 3.1). This then inhibits EtOH, to a degree, from interacting with the
water molecules in the hydration shell around the proteins and results in more proteins
remaining in solution at this step than when using MPA as the first step in the precipitation

process.
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3.1.3 The precipitation of eCG-spiked equine serum using MPA vs. isopropanol
containing 1% (v/v) TCA.

Using a slightly different approach, Liu et al. precipitated human serum albumin with
isopropanol containing 1% TCA. In their study they tested a few different combinations of
organic solvent and acids, one of which was formic acid (Liu et al. 2014). Since formic acid is
less polar than MPA it would be interesting to see, in future research, if using this acid would
result in more eCG precipitating out during the EtOH step of the process than using MPA or

TCA as the first step in the precipitation process.

Lui and colleagues also found that using isopropanol containing 1% TCA precipitated 95% of
the total albumin in human plasma while retaining more than 80% of three low abundance,
therapeutic proteins that they tested for (Liu et al. 2014). We compared their method to
precipitation with MPA.

12% SDS-PAGE analysis was performed (Fig 3.3). In the precipitation with isopropanol
containing 1% TCA (v/v) (hereafter just isopropanol) more protein bands are visible in the
supernatant (lanes 3) than the precipitate (lanes 4) and these seem to be approximately the
size of equine serum albumin. This is due to the fact that unlike in the precipitation with
EtOH, isopropanol precipitation should result in most of the eCG remaining in solution after
the complete process. The quantitative results (Table 3.3) confirm this. Unfortunately,
precipitation with isopropanol results in even higher eCG losses than that of MPA (87%
compared to 60%). The comparison of the precipitation with isopropanol vs. MPA, results in
a purification factor of 0.7 for isopropanol and 0.6 for MPA but due to excessive eCG loss

with the Isopropanol method it was found inferior to the MPA method.
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Figure 3.3: SDS-PAGE analysis of the precipitation of eCG-spiked equine serum using MPA vs.
isopropanol. Lane 1 shows the Page Ruler™ prestained protein ladder; lane 2 is the eCG-spiked

serum; (from lanes 3 samples were analysed in duplicate) lanes 3 are the supernatant obtained after
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precipitation with isopropanol; lanes 4 are the precipitant obtained after precipitation with isopropanol;
lanes 5 are the precipitate obtained after precipitation with MPA; and lanes 6 are the supernatant

obtained after precipitation with MPA.

Table 3.3: Results of quantitative analysis, by BCA and PMSG ELISA, of the precipitation of eCG-

spiked equine serum using MPA vs. isopropanol containing 1% (v/v) TCA.

Total Protein| Total eCG o/ i Purification
% Yield
factor

eCG spiked equine serum 46.4 14040 100 NA
Supernatant Isopropanol 8.6 1870 13 0.7
Precipitate Isopropanol 8.7 4258 3 0.2
Supernatant MPA 2.8 1445 10 1.7
Precipitate MPA 28.5 5562 40 0.6

NA: Not Applicable

3.2 Albumin affinity chromatography

As previously mentioned albumin remains the biggest challenge in the purification of eCG
from equine serum. We investigated the efficiency of using an albumin affinity column in the
purification of eCG from equine serum. 12% SDS-PAGE analysis was performed on
fractions obtained through the chromatography process (Fig 3.4). It is clear that the affinity
column does bind albumin, as claimed by the manufacturers, but no conclusion about its

interaction with eCG can be drawn from the SDS-PAGE results.
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Figure 3.4: Results of 12% SDS-PAGE analysis after albumin affinity chromatography. Gel (A) and
(B) show the Page Ruler™ prestained protein ladder in lane 1. (A) Lanes 2-10 show wash fractions 1-

9. (B) Lanes 2-10 show post elution wash fractions 1-9; lanes 11-14 show elution fractions 1-4.

The quantitative results (Table 3.4) unfortunately shows that the column also binds eCG as

none of the protein is found in the wash and post elution wash fractions.

Table 3.4: Results of quantitative analysis, by BCA and PMSG ELISA, for albumin affinity
chromatography performed on eCG-spiked serum.

Total Protein Total eCG

mg miU

Pooled Wash ND ND
Pooled Eluate 5596 1918.2

Pooled post elution ND ND

ND: Not Detected

Therefore, both albumin and eCG bind the albumin affinity column and it can be assumed
that either the resin also displays an affinity for eCG or albumin and eCG might interact in

some way.

It is well known that albumin reversibly binds a great number of exogenous and endogenous
compounds. Albumin also acts as a carrier for thyroid hormones (Oppenheimer 1968). The
conformational adaptability of albumin plays an important role in its binding capacity as

cooperativity and allosteric modulation takes place among its binding sites causing the
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protein to act more like a multimeric protein. Under physiological conditions albumin
maintains a strong negative charge, however it binds reversibly to both cations and anions
(Varshney et al. 2010). Keeping the above mentioned facts in mind it the possibility of an
eCG-albumin interaction cannot be excluded. Since the albumin affinity column that was
used binds albumin by ionic -and hydrophobic interactions it would also be possible to also

bind eCG as both eCG and albumin contain a net positive charge at pH 7.

Elution by continuous salt gradient was not performed as by the time we performed this
experiment it was already clear from ion exchange experiments that using a salt gradient

was ineffective at separating the elution albumin and eCG.

3.3 Ultrafiltration

It is important to note that the eCG-spiked serum was first precipitated with TCA and then
run on the albumin affinity chromatography column resulting in a clear homogenous solution
on which we performed ultrafiltration. UF units from Amicon with a MWCO of 30 kDa was
used to investigate the efficiency of including this step in the purification of eCG from

equine serum.

Table 3.5 provides a summary of the quantitative results. Unfortunately, high eCG losses is
seen from the results as the 60 kDa protein is expected to remain in the retentate when
using a MWCO of 30 kDa. Only 3% of the glycoprotein hormone is retained.

Table 3.5: Results of quantitative analysis, by BCA and PMSG ELISA, for ultrafiltration performed on

eCG-spiked equine serum.

Total protein | TotaleCG |
m (miy) | "

eCG spiked serum i 143001
Retentate 7.2 3906 3
Filtrate 21 ND NA

NA: Not Applicable

The possible reasons for poor separation obtained in protein ultrafiltration were reviewed by
Nakatsuka and Michaels (1992). They suggested that the formation of a protein deposit on

the retentate surface of the membrane and also protein-protein interactions in the bulk
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solution could contribute to membrane fouling which is a major problem impairing effective
separation in ultrafiltration. Another of their reasons included protein adsorption within the
porous structure of the membrane (Nakatsuka and Michaels 1992). Previous purification
work by a colleague reminded us about eCG’s affinity for membranes (N. Lekena, personal
communication). Therefore, we propose that perhaps a combination of the three reasons
mentioned above might be responsible for the high total protein and eCG losses that our
results show.

Research has shown that it is possible to effectively separate proteins with fairly similar
molecular weight, via ultrafiltration, by adjusting the pH and salt concentration of the solution.
This is due to the electrostatic interactions between the proteins and membrane as well as a
so-called electrostatic self-rejection effect. (Saksena and Zydney 1994; Ehsani et al. 1997; Li
et al. 1997; Ghosh and Cui 1998). It would be interesting to see if adjusting the pH and/or
salt concentration could firstly result in higher eCG content for the retentate and then also
separate eCG and albumin.

3.4 Selected chromatography methods

3.4.1 lon exchange chromatography

a) Cation exchange

The pl of BSA is 5; therefore at a pH below 5 the protein should contain a net positive
charge and bind a cation exchange column, when loaded in a binding buffer of pH 3.2, as
was confirmed by 12% SDS-PAGE results (Fig 3.5). A protein band, of approximately 70
kDa, is seen at the fractions eluted with a citrate buffer at pH 5.2. There are also similar
sized, faint bands visible at the fractions eluted with a citrate buffer at pH 6.2.

kDa kDa
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Figure 3.5: Results of 12% SDS-PAGE analysis after cation exchange chromatography on BSA

eluted with a stepwise pH gradient. Lanes 1 are the Page Ruler™ prestained protein ladder; lanes 2
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are the flow through fractions; lanes 3 are the wash fractions; lanes 4 show elution with pH 4.2; lanes
5 show elution with pH 5.2; lanes 6 show elution with pH 6.2 and lanes 7 show elution with pH 6.2

containing 1M NacCl.

12% SDS-PAGE analysis was performed on fractions obtained after cation exchange on
commercially available eCG (Fig 3.6 A) and on a mixture of eCG+BSA (Fig 3.6 B). As
previously mentioned, no visible protein bands for eCG were found at the concentrations that
were used. Quantitative analysis (Table 3.6), by BCA, show that although there are no
bands present we see most of the eCG in the flow through with no other fractions containing
the protein. Therefore, a conclusion can be made that commercially available eCG did not
bind the cation exchange column. This is as expected for the glycoprotein hormone with its
pl of 1.8.
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Figure 3.6: Results of 12% SDS-PAGE analysis after cation exchange on eCG (A) and eCG+BSA
(B). Lanes 1 in (A) and (B) show the Page Ruler™ prestained protein ladder. (A) Lane 2 is
commercially available eCG; lane 3 is the flow through; lane 4 is the wash fraction; lane 5 shows
elution with pH 4.2; lane 6 shows elution with pH 5.2; lane 7 shows elution with pH 6.2; lane 8 shows
elution with a citrate buffer pH 6.2 containing 1M NaCl. (B) Lane 2 is the flow through; lane 3 is the
wash fraction; lane 4 shows elution with pH 5.2; lane 5 shows elution with pH 6.2 and lane 6 shows
elution with pH 6 and 1M NacCl.

It is interesting that when a mixture of eCG and BSA is run on the same cation exchange
column (Fig 3.6 B) we now see a band, similar to the molecular weight of BSA, in the flow
through and wash fractions. No conclusion can be made about eCG by only looking at the
SDS PAGE results, the quantitative analysis (Table 3.7) shows that eCG also behaves
different and is present in every fraction in approximately equal amounts.
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Therefore, when mixing commercially available eCG and BSA this resulted in altered column
binding properties for both proteins (Fig 3.6 B). Albumin is known to exhibit allosteric
changes when binding proteins (Varshney et al. 2010) and Fenton and Hutchinson showed
that these allosteric changes can be regulated by pH (Fenton and Hutchinson 2009).
Therefore the reverse is also possible, that allosteric changes in proteins could affect their pl
but without further investigation we cannot be sure of the exact interaction that takes place
between eCG and BSA in solution.

Table 3.6: Results of quantitative analysis, by BCA, after cation exchange on eCG.

eCG 0.5
Flow through 06
Wash ND

pH 4.2 ND

pH 5.2 ND

pH 6.2 ND

pH 6.2 & NaCl ND

ND: Not Detected

Table 3.7: Results of quantitative analysis, by PMSG ELISA, after cation exchange of eCG+BSA.

e comu

Flow through 28.5
Wash 23.6

pH 5.2 28.7

pH 6.2 29.7

pH 6.2 + 1M NaCl 28.3
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b) Anion exchange

Manual anion exchange chromatography was performed using a stepwise pH gradient to
elute the proteins. 12% SDS-PAGE analysis was performed on fractions obtained after
running pure commercially available BSA on the column (Fig 3.7 A). One band is present in
lane 3, the flow through, which corresponds to the proteins’ size. A fainter band of the same
size is also marked in lane 4, the wash fraction, with no other visible bands. Therefore, BSA

did not bind the column at pH 6.2.
A B
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Figure 3.7: Results of 12% SDS-PAGE analysis after anion exchange on BSA (A) and eCG (B).
Lanes 1 in both (A) and (B) show the Page Ruler™ prestained protein ladder. (A) Lane 2 shows
commercially available BSA; (B) lane 2 shows commercially available eCG; for both (A) and (B) lane
3 shows the flow through; lane 4 shows the wash; lane 5 shows elution with pH 5.2; lane 6 shows

elution with pH 4.2; lane 7 shows elution with pH 3 and lane 8 shows elution with pH 3 & 1M NaCl.
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Table 3.8: Quantitative results, via BCA, after anion exchange on BSA.

Total protein
(mg)

BSA 2.8

Flow through 2.1
Wash 0.1

pH 5.2 ND

pH 4.2 ND

pH 3.2 ND

pH 3.2 & 1 M NaCl ND

ND: Not Detected

This is quantitatively confirmed as there is no protein present in any of the elution fractions
(Table 3.8). 12 % SDS-PAGE analysis was also performed on fractions obtained after
running commercially available eCG on the same anion exchange column (Fig 3.7 B). Once
again no bands can be seen at these concentrations of eCG but the quantitative results
(Table 3.9) show only protein content in the flow through fraction, indicating that eCG also
didn’t bind the column at pH 6.2.

Table 3.9: Quantitative results, via BCA, after anion exchange on eCG.

(mg)

eCG 0.7

Flow through 0.6
Wash ND

pH 5.2 ND

pH 4.2 ND

pH 3.2 ND

pH 3.2 & 1M NaCl ND

ND: Not Detected
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In this experiment BSA as well as eCG was expected to bind the column, with the BSA
eluting first when applying a elution buffer with a pH lower than 5 and lastly it was planned to
elute eCG with the addition of salt. However, results (Tables 3.8 & 3.9) showed that neither
of the proteins bound the column when applied separately though column regeneration was
performed multiple times. The experiment was then repeated but this time eluting with a
continuous salt gradient. When using the Akta prime plus both proteins were seen binding
the column. It is possible that too much pressure was applied during the manual anion
exchange chromatography causing the inhibition of protein binding.

In chromatograms 1-5 that follows, the blue graph indicates the UV absorbance measured at
280 nm. The red graph shows the conductivity of the solution. The green graph shows the
concentration of NaCl/H*. In chromatograms 2-5 the size of the black dot indicates the
amount of eCG in the fractions, so that a big dot shows a large amount of eCG and a small
dot shows a small amount of eCG. Fractions with no dots contain no eCG. In chromatogram
4 the pink graph shows the pH.

Chromatogram 1 shows pure BSA on the column starting to elute just as the conductivity of
the solution (red graph) starts to rise. Similarly, in Chromatogram 2, eCG also elutes at the
start of the conductivity increase however is shows a double peak profile with most of the
eCG in the higher of the two. No other fractions tested contained eCG. Chromatogram 2
shows that the commercially available eCG is not completely pure as the first peak seems
very similar to that of Chromatogram 1 where we ran only albumin. It is also possible that the

different peaks in Chromatogram 2 represent different isoforms of the protein.

When running a mixture of eCG and BSA on the column (Fig 3.11) we see another double
peak profile however this time the highest peak is much higher than in Chromatogram 2.
Once again this highest peak contains most of the eCG with smaller amounts of the protein
detected in the small peak. Therefore the addition of BSA results in a superimposed peak
and we can rule out the possibility that the two peaks of Chromatogram 2 could be different
isoforms of eCG. It is also clear from this chromatogram that eCG co-elutes with BSA,

rending this elution method ineffective at separating the protein.
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Figure 3.9: BSA on an anion exchange column eluted with a salt gradient.
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Figure 3.10: eCG on an anion exchange column eluted with salt gradient.
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450

Figure 3.11: A mixture of eCG and BSA on an anion exchange column eluted with salt gradient.

We wanted to see what effect the presence of various other proteins, in equine serum, would
be on the eCG and albumin profile. Figure 3.10 shows a very similar profile to running a
mixture of commercially available BSA and eCG albeit much smaller peaks. The eCG
content of the two peaks are also approximately equal in contrast to that of the peaks in
Figure 3.11.

Chromatogram 5 shows the results for running a mixture of BSA and eCG on an anion
exchange column eluting with a continuous pH gradient. A double peak profile is once again
generated, around the point where the pH of the solution is 5, with the highest peak
containing most of the eCG. Therefore it seems that once again, when in combination, the
proteins exhibit some form of interaction which alters their column binding properties. In this
case eCG now elutes from the column early, at a pH of 5. This is very interesting and future

research on the exact interaction between the two proteins would be helpful.
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Figure 3.12: eCG-spiked equine serum on an anion exchange column eluted with a salt gradient.
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Figure 3.13: A mixture of eCG and BSA on an anion exchange column eluted with a pH gradient.
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3.4.2 Lectin affinity chromatography (LAC)

Since eCG is a highly glycosylated protein we performed lectin affinity chromatography in
order to isolate the glycoprotein hormone. 12% SDS-PAGE analysis was performed on
fractions obtained in the experiment (Fig 3.14). Multiple bands can be seen in the flow
through fractions (lanes 2) as un-glycosylated proteins are not expected to bind the column.
Bands around the 70 kDa and 52 kDa mark can be seen in the first 3 wash fractions (lanes
3). No bands are visible in either the elution (lanes 4) —or post elution wash fractions (lanes
5), leaving the question as to whether the proteins are still bound to the column or none of
the proteins bound the column.
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Figure 3.14: Results of 12% SDS-PAGE after LAC on eCG-spiked equine serum. Lanes 1 show the
Page Ruler™ prestained protein ladder; lanes 2 show the flow through fractions; lanes 3 show the

wash fractions; lanes 4 show the elution fractions and lanes 5 show the post elution wash fractions.

However, this question is answered in the quantitative analysis (Table 12) as high eCG
losses is seen. The sum of the eCG found in the flow through, wash, eluate and post elution
wash fractions do not add up close to that of the starting sample. This suggests that the eCG
is still bound to the column. Most of the total protein also did not bind the column however
the second highest amount of eCG is found in the eluate fraction, indicating that eCG did
bind the column. This is the first chromatography method investigated that seems to
separate the two proteins. The reason for its success being the fact that albumin is a non-
glycosylated protein (Varshney et al. 2010). Unfortunately the inability to elute the eCG
results in excessive losses of the protein. It would be interesting to try and further optimize

this chromatography method in future work.

62



Table 12: Results of quantitative analysis, by BCA and PSMG ELISA, after LAC on eCG-spiked

serum.

Total Protein | TotaleCG | , ... Purification
% Yield
factor

eCG spiked serum 6.1 793.3 100 NA
Flow through 7.5 190.3 24 0.2
Wash 1.9 76.5 10 0.3
Eluate 1.0 112.3 14 3.7

Post Elution wash 0.8 55.1 7 0.6

NA: Not Applicable

3.4.3 Hydrophobic interaction chromatography (HIC)

When performing HIC eCG-spiked serum was firstly precipitated with MPA of a pH 2 or pH
2.8. The SDS-PAGE results are displayed in Figure 3.9. The multitudes of protein in the
undiluted lanes 2, 3 and 4 containing the eCG-spiked serum, sample obtained after
precipitation with MPA at a pH of 2 and a pH of 2.8 formed a protein smear on the gel.
However, protein bands can be seen of approximately albumin’s size (70 kDa), in the wash,
elution and post wash fractions. It is also noted that the bands in lanes 7 and 8 (elution

fractions for both pH’s) are more distinct than those in lanes 5, 6, 9 and 10.
kDa 1

170
130 =

o5 —N
72

5 6 7 8 9 10

55

43 —

34

T .
?.

T e

Figure 3.15: Results of 12% SDS-PAGE analysis after HIC on eCG-spiked serum. Lane 1 shows the

Page Ruler™ prestained protein ladder; lane 2 shows eCG-spiked serum; lane 3 shows sample

25
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obtained after precipitation with MPA at a pH of 2; lane 4 shows sample obtained after precipitation
with MPA at a pH of 2.8; lane 5 shows the wash fraction (of sample precipitated with pH 2 hereafter
mentioned just as pH 2); lane 6 shows the wash fraction (of sample precipitated with pH 2.8 hereafter
mentioned just as pH 2.8); lane 7 shows the elution fraction (pH 2); lane 8 shows the elution fraction
(pH 2.8); lane 9 shows the post elution wash fraction (pH 2) and lane 10 shows the post elution wash
fraction (pH 2.8).

As previously mentioned it was found that the eCG content in the commercially available
products varied greatly and that is the reason for the very low eCG concentration in this
experiment. The results of the BCA and PSMG ELISA analysis (Table 13) show that most of
the total protein as well as a high amount of the eCG is found in the eluate and post elution
wash fractions. The highest amount of total protein is found in the eluate where the highest
amount of eCG is in the post elution wash fraction suggesting that the column might bind
both albumin and eCG but elute albumin before eCG. Once again this chromatography
method seems to separate albumin and eCG (Table 13) and even provide a higher
purification factor (9.43) compared to LAC (3.7). Future work should focus on repeating the

experiment with greater eCG concentrations and optimization.

Table 13: Results of quantitative analysis, by BCA and PSMG ELISA, after HIC on eCG-spiked

serum.

Total protein | Total eCG | Purification

(mg) factor
eCG spiked serum 15.9 0.596 NA
Wash 2.9 0.16 1.49
Eluate 6.5 0.65 2.7
Post elution wash 43 1.50 9.43

NA: Not Applicable
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Chapter 4: Conclusion

eCG is a glycoprotein hormone widely used in agriculture and animal breeding programs
because of its dual hormonal activity in non-equine species which promotes ovulation and

the onset of oestrous.

Since eCG is still mostly obtained from the serum of pregnant mares it necessitates highly
efficient purification strategies. During our investigation of several of these purification
strategies we found that for the precipitation steps, MPA remained the most effective
precipitation agent although this resulted in high eCG losses. Equine serum albumin remains
the biggest problem in the isolation of eCG from serum due to its similar molecular weight as
well as possible protein-protein interactions between the two proteins resulting in the
alteration of their ionic properties. These changes prevent the use of ligand affinity and ion
exchange in the separation of the two proteins. Lectin affinity chromatography displays
positive results for the separation of eCG and albumin but future research should focus on
methods to better elute the eCG from the resin. Hydrophobic interaction chromatography

showed good separation of eCG and albumin on small scale.
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