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| Introduction

Reversed-phase HPLC has become an essential tool in the separation and analysis of
proteins and peptides. It is widely used in the biotechnology industry to characterize
protein therapeutic products and to analyze these for product identity and impurities.
Reversed-phase HPLC plays a vital role in the separation of peptides from digested
proteomes prior to protein identification by mass spectrometry. It is also used to
purify many proteins and peptides during investigative studies and is used for large
scale purification of protein therapeutic drugs.

Reversed-phase HPLC has found a central role in protein studies because of its
versatility, sensitive detection and its ability to work together with techniques such as
mass spectrometry. Most of all, however, reversed-phase HPLC is widely used
because of its ability to separate proteins of nearly identical structure. As illustrated
by the separation of bovine, human and porcine insulin variants (Figure 1), reversed-
phase HPLC is able to separate very similar proteins. Bovine and human insulin
differ by only three amino acids and are well separated. Bovine insulin has an
alanine at residue 8 and a valine at residue 10 on the insulin ‘a’ chain and an alanine
at residue 30 of the ‘b’ chain. Human insulin has a threonine at residue 8 and an
isoleucine at residue 10 on the ‘a’ chain and a threonine at residue 30 of the ‘b’

Figure 1 Separation of
closely related insulin UV absorbance

Human
. ) 215
variants by RP-HPLC nm Bout Insulin
» ovine
Conditions Insulin
Column: ACE 5 C18,
4.6 x 250mm

Porcine
Insulin

Eluent: 29.3 - 31.7% ACN in
0.1% TFA over 16 min at 1.0
mL/min

Sample: bovine, human and
porcine insulin

J\J

T T T L] T T

8 10 12 14 16 18
Minutes
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Introduction l

chain. Porcine and human insulin differ by just one amino acid (porcine has an
alanine at residue 30 of the ‘b’ chain; human insulin has a threonine at that position)
and are baseline resolved. In another example rabbit insulin was separated from
human insulin even though they differ by one amino acid, threonine in place of
serine (Reference 1).

The high resolving capability of reversed-phase HPLC extends to peptides as well.
In Figure 2, two peptides are shown to be well resolved although differing by only
a single amino acid, serine versus threonine.

It is this high resolution capability that is the foundation for the widespread use of
reversed-phase HPLC for the separation of proteins and peptides.

Figure 2. Separation of closely related peptides by RP-HPLC. Two decapeptides differ
by a single amino acid, a serine in one case and a threonine in the other.

Conditions

Column: C18 wide pore,

4.6 x 250 mm

Eluent:

A. 0.1% TFA in water

= A0S U A AQSVPWGISR  AQTVPWGISR
Gradient: 0 - 35% B over

73 min

(Reference 2)

40 45 50 55 60 65 mins
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. Mechanism of Protein/Peptide Retention

In reversed-phase HPLC the
particle surface is very
hydrophobic due to the
chemical attachment of
hydrocarbon groups to the
surface (wavy red lines in
Figure 3). Proteins are
retained by the adsorption of
a face of the protein (termed
the “hydrophobic foot”) to the

hydrophobic surface (Figure Figure 3. The relatively large protein molecule is
3). Since proteins are large adsorbed onto the hydrophobic surface by means
of the hydrophobic effect

compared to the thickness of
the hydrophobic surface, only
a portion of the protein adsorbs to the hydrophobic surface. Much of the protein lies
above the surface and is in contact with the mobile phase. The net interaction caused

by this hydrophobic adsorption is very strong resulting in the protein remaining
adsorbed to the surface (Figure 4A) until a specific concentration of organic solvent
is reached, at which time the protein desorbs from the surface and elutes from the
column (Figure 4B). Although there is some interaction with the surface as the
protein moves down the column after the initial adsorption/desorption, further
interactions are minor and do not contribute to separation. Separation is
accomplished by the single adsorption/desorption process. The concentration of

Figure 4. Proteins entering the
column adsorb to the hydrophobic
surface near the top of the column (A)
and remain adsorbed until the organic
modifier concentration reaches a
specific concentration, when the
protein desorbs from the surface (B).
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Mechanism of Protein/Peptide Retention

organic modifier required to desorb the
protein is highly specific and is a function of
the size of the hydrophobic foot. For further
details see Reference 3. \

Re{ention

Biphen

The adsorption/desorption retention
(black)

mechanism leads to protein retention (PrdOtEITS

. . . . red, e
behaviour that is different than with small green
molecules in reversed-phase HPLC. While

small molecules change retention slowly \..__

with changes in organic solvent 5 20 m 20 20

concentration (Figure 5, biphenyl), the Percent organic

retention of proteins changes abruptly once
Figure 5. Retention versus organic

the required concentration of organic solvent X
solvent concentration

is reached, resulting in a rapid change in

retention (Figure 5, proteins). This results in

the sharp peaks usually seen with proteins and peptides (Figure 6A). The large
change in retention with small changes in organic solvent concentration means that
isocratic elution is seldom useful with proteins because peaks become broad and
small changes in organic solvent concentration result in large changes in protein
retention (Figure 6B).

Figure 6.

A. Peptides and proteins elute with sharp peaks during gradient elution.

B. With isocratic elution protein peaks, in this case lysozyme, are broad and small
changes in organic solvent result in large changes in retention.

A B

42% ACN with 0.1% TFA

40% ACN with 0.1% TFA

39% ACN with
0.1% TFA

L

0 30 60 min 0 10 20 min
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| Column Characteristics

Particles. Proteins and peptides are separated by interacting with the
hydrophobic surface of particles packed in columns. The particles in the
column are usually made of silica because silica is physically robust,

it is stable under most solvent conditions (except at pH greater

than 6.5) and silica can be made into spherical particles of various sizes
with pores of different diameters.

Silica purity. The purity of the silica used in HPLC columns is important in
separation performance. Metal ion impurities cause peak tailing and loss of
resolution as shown in Figure 7A (0.01 and 0.005% TFA). Silica with metal
impurities (Figure 7A) requires the use of high concentrations of an ion-pair reagent,

Figure 7. Silica purity affects peptide peak shape, especially at low concentrations of ion-
pairing reagent. High purity silica can be used at much lower concentrations of ion-pairing
reagent than silica of lower purity.

A. Lower purity silica: B. High purity silica:
Viydac C18, 4.6 x 250 mm ACE 5C18, 4.6 x 2560 mm
0.1% TFA
_ |
0 20 min 0 10 20 min
0.01% TFA
0 20 min 0 10 20 min

0.005% TFA

0 10 20 30 min 0 10 20 min

Eluent: Gradient 10 - 55% ACN in 37.5 min with TFA as indicated
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Column Characteristics |

trifluoroacetic acid (TFA), to maintain good peak shape. The use of low
concentrations of TFA results in poor peak shape and loss of resolution. With high
purity silica (Figure 7B), TFA concentrations as low as 0.005% result in good
peptide peak shape. This is especially important in LC-MS because TFA causes a
signal reduction when using the electrospray interface. Low concentrations of TFA
result in better detection signal in LC-MS (see pages 22 - 25)

Pore Diameter. Using small pore (~ 100 angstrom) silica normally used in reversed-
phase HPLC results in inferior protein separations. Wide pore silica (~ 300 angstrom
diameter) gives much better separations of proteins (Reference 4). As illustrated in
Figure 8, proteins cannot enter small pores, leaving only the very small exterior
surface for separations to occur. Wide pore silica allows proteins and even larger
peptides to enter the pore and fully interact with the surface, thus resulting in better
peak shape and resolution. Wide pore silicas are universally used today for protein
separations. Small peptides, such as those resulting from protease digests, can enter
the pores of small pore silica and interact with the surface and therefore small pore
silicas may be used for separating protein digests. However wide pore silicas also
separate peptides well and result in different selectivity and resolution.

Figure 8. Small pore (~ 100
angstrom) particles commonly used
in reversed-phase HPLC (left) do
not permit most proteins to enter the
pores, thus limiting surface

Fi
d

Cman
frTa

interaction. Particles with wide o B

(~300 angstrom) pores (right) allow

proteins to enter and interact with

the hydrophobic surface. 100 300
angstrom ] angstrom™

pores pores
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| Column Characteristics

Hydrophobic surface. The silica is Figure 9. The hydrophobic surface is

modified with a hydrocarbon formed by the chemical
molecule in order to create a attachment of hydrophobic
hydrophobic surface. A chlorosilane ligands to the silica surface

by means of an

with an attached hydrocarbon chain, .
organochlorosilane.

such as octadecylchlorosilane, is
reacted with the silica (the surface
of which consists of polar silanol
groups) to attach the hydrocarbon to
the silica surface (Figure 9). The
organosilane molecules do not react
with every silanol on the silica
surface because of steric hindrance

and a significant number of polar

silanols remain on the surface. A
process called “end-capping” whereby a small organosilane is subsequently reacted
with the silica surface, further reduces the number of polar silanol groups.

Choosing the separation surface. The chemistry used to modify the silica surface
allows various organic groups to be attached to the silica. The most common
modification is attachment of a linear, aliphatic eighteen carbon chain resulting in a
“C18” or ODS type column (Figure 10A). As shown, the organochlorosilane reacts
with many of the silanols, but not all. This creates a fairly thick layer of hydrocarbon
on the surface. It is to this thick hydrocarbon layer that proteins and peptides adsorb.

The C18 column is particularly useful for the separation of peptides less than 2-3,000
daltons and is usually the column of choice for the separation of peptides resulting
from protease digestion of proteins (see pages 26 - 31) as well as the separation of
natural and synthetic peptides. A less hydrophobic phase results from the attachment
of butyl (C4) groups to the silica surface (Figure 10B). The butyl phase is most
suitable for protein separations but can also be used to separate large or hydrophobic
peptides.
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Column Characteristics ‘

Proteins can be separated
with a C18 column,
however some proteins
have poor peak shape or
tailing peaks on Ci8
columns and C4 columns
are recommended for
protein separations.

Other columns used for
polypeptide separations
include phenyl phases
(Reference 6), which are
similar to C4 columns in
hydrophobicity, and polar
embedded or polar
endcapped columns
which enhance polar
interactions between
peptides and the particle
surface. This may result
in different selectivity for
peptides.

Figure 10.

A. C18 hydrophobic phase is
best suited to separation
of peptides smaller
than ~ 2000-3000
daltons

B. C4 hydrophobic phase is
best suited to
separation of
peptides greater
than ~ 3000
daltons and
proteins

Peptide selectivity. Column selectivity for peptides is affected by the nature and

characteristics of the bonded phase as well as the underlying silica surface. Different

reversed-phase columns may offer different peptide selectivity. In particular:

@® The amount of phase (“carbon load”) on the silica affects selectivity. When less

hydrocarbon is attached to the surface (lower carbon load), polar silanols may

affect the separation more than on columns with higher carbon load, thus

resulting in different selectivity.

@ Different manufacturing processes yield silica with different properties, which can
affect peptide selectivity.

Page 9
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| Column Characteristics

Column length. The more interaction
small molecules have with the particle
surface the better the resolution and long
columns give higher resolution than short
columns. Proteins, however, adsorb near
the top of the column, are subsequently
desorbed and do not interact appreciably
with the particle surface after being
desorbed (Figure 11). Although data
suggests that some interaction does occur
between a protein and the particle surface,
the interaction is not selective and does not
contribute to resolution between proteins.
Column length is not important in protein
separations and short columns separate
proteins as well as long columns.

Figure 11. Proteins adsorb and
desorb near the
top of the
column. Once
desorbed,
proteins interact
minimally with the
hydrophobic
phase, thus
longer columns
do not increase
resolution with
proteins as they
do with small
molecules.

Figure 12. In contrast to proteins, peptides are
usually better resolved on longer columns.

Since peptides interact less
strongly with the hydrophobic
reversed-phase surface than

A. 150 mm column.

1

B. 250 mm column.

—k

proteins, length appears to play a
greater role in peptide and
protein digest separations. As
illustrated in Figure 12, longer
columns usually result in better
resolution for peptides than
shorter columns. Fifteeen or
twenty-five centimeter
columns are recommended for
peptide separations.

0
Column: C18 small pore, 4.6 x 150 or 250 mm
Eluent: Gradient: 0 - 70% ACN over 60 min
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Column Characteristics l

Column Diameter. The standard diameter of analytical HPLC columns is 4.6 mm.
These columns are best run at flow rates of ~1 ml/min. Smaller bore columns are
commercially available and are used for specific reasons and purposes. Narrow bore
columns (~2 mm i.d.) are run at flow rates of ~ 200 microlitres/min and thus use less
solvent than 4.6 mm i.d. analytical columns. Narrow bore columns also exhibit about
five times the sensitivity of standard analytical columns. This is because the amount
of solvent passing through the detector per minute is lower, resulting in a higher
concentration of protein or peptide in the peak. Concentration dependent detectors,
such as the UV detector and electrospray mass spectrometer, show greater sensitivity
with smaller bore columns.

Microbore columns operate at flow rates of ~50 microlitres/minutes and therefore
their use results in even better sensitivity, about 50 times that of an analytical
column. Finally, capillary columns operating at 1 - 50 microlitres/minute flow

rates exhibit even higher relative sensitivity, about 200 times the sensitivity of an
analytical column. Microbore and capillary columns, however, require specialized
instruments because of the flow rates being used and the greater significance of
extra-column dead volume. Much greater care must be taken in the use of very small
bore columns. Column characteristics are summarized in Figure 13 and also in the
Appendix. See Reference 5 for details regarding the use of small bore columns.

Figure 13.
Characteristics of
columns of different

°

diameters

Column type Analytical Narrow Bore Microbore Capillary
Diameter 4.6 mm 2.0 mm 1.0 mm <1mm
Flow rate ~ 1 ml/min ~200uL/min ~50 ul/min 5-50 uL/min
Relative sensitivity 1 5 50 200

www.ace-hplc.com Page 11




. Mobile Phase

Proteins are desorbed . , .
Figure 14. Proteins are desorbed from the hydrophobic

surface when the organic modifier concentration reaches a
surface with an organic specific value.

from the hydrophobic

solvent (Figure 14).
When, during the
solvent gradient, the
amount of organic
solvent reaches a precise
concentration which is
unique to each protein,
the protein desorbs from
the hydrophobic surface
and continues down the

column and elutes from
the column.

Acetonitrile. The organic solvent most commonly used in polypeptide reversed-
phase chromatography is acetonitrile. Acetonitrile is used because it:

® Is volatile and easily removed from the sample.

@® Has low viscosity and thus low back pressure.

® Is quite transparent to low wavelength UV light.

@ Has a long history of successful separations.

Isopropanol. Isopropanol plays a particular role in polypeptide chromatography.
While seldom used as the sole organic modifier because of its high viscosity (and
consequent high back pressure), it is useful to improve recovery of some
polypeptides, particularly very hydrophobic proteins. In such cases isopropanol is
added at a constant concentration of 1 - 5 percent to enhance recovery or elution of
hydrophobic polypeptides.

Other organic modifiers. Organic modifiers such as methanol or ethanol are
seldom used except for very hydrophobic proteins (Reference 7). Ethanol is also
used for large scale process purification of proteins because of its low toxicity.

Page 12 www.ace-hplc.com



Mobile Phase .

Gradient elution. Polypeptides are almost always eluted using a solvent gradient
where the relative concentration of organic solvent is slowly increased during the
separation. Proteins and peptides elute when the concentration of the organic
modifier rises to the precise concentration required for desorption. As illustrated in
Figure 15, the slower the rate of change of organic modifier concentration (the
gradient slope), the better the resolution of these protein subunits. In this example a
slope of 0.25% per minute resulted in significantly improved resolution compared to
a slope of 0.5% per minute.

Figure 1 (Page 2) shows Figure 15. Reducing the rate of change of organic solvent
the separation of insulin in the gradient generally improves resolution.

variants which were A. cytochrome ¢ subunits

separated with a solvent B. Re-chromatography of a fraction collected from the

middle of chromatogram A.
Column: C4 wide pore, 4.6 x 250 mm
(Reference 8)

change of 0.15% per
minute. A gradient slope

as low as 0.05% per minute B. 35 - 45% ACN, 40 min
may be used for maximum slope = 0.25%
resolution.

A reduction of the
gradient slope to A. 25 -50% ACN, 50 min
improve resolution must slope = 0.5%
be tempered with the
need for keeping
analysis time as short as
possible. However,
adjusting the gradient
slope is important in
optimizing resolution of
proteins and peptides.

www.ace-hplc.com Page 13



| Mobile Phase

Peptides sometimes exhibit a peculiar behaviour as the gradient slope is decreased
(Figure 16). Instead of improving resolution as expected, resolution is sometimes
reduced leading to coelution and, sometimes, even a reversal of elution order. In
the example in Figure 16, peptides 11 and 12 are best separated with a 45 minute
gradient. When the gradient time is extended to 90 minutes, resolution between
peptides 11 and 12 decreases and, with a gradient of 160 minutes, the two peptides
coelute. This retention behaviour is due to effects of the peptide-surface interaction,
the cause of which is not well understood. It is, therefore, important when
developing peptide separations, particularly when separating protease digest
samples, to observe changes in resolution as the gradient slope is decreased. If
resolution decreases instead of increasing then the slope must be carefully
optimized to maximize overall resolution.

Figure 16. Resolution between peptides sometimes decreases as the rate of change

in the solvent concentration decreases (gradient time is increased). This can lead to
reduced resolution or coelution, as exemplified by peptides 11 and 12 in the peptide map
of human growth hormone. In some cases peptides may even reverse elution order.
(Reference 10)

Sample. Tryptic digest of human growth hormone. Shown is a part of the peptide map.

45 min 90 min 160 min

12 1 +12
12 1

-

Column: C18 wide pore, 4.6 x 150 mm
Eluent: Gradient: 0 - 60% ACN over time as indicated with 0.1% TFA in the aqueous
solvent and 0.08% TFA in the organic solvent forming the gradient.
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Mobile Phase l

The reversed-phase chromatography of proteins and peptides requires a reagent,

called an “ion-pair”,

added to the mobile phase in order to achieve good peak shape.

It is believed that metal impurities on the silica surface are responsible for poor

protein/peptide peak shape in the absence of an ion-pair reagent.

Trifluoroacetic acid. The most commonly used ion-pair reagent is trifluoroacetic
acid (TFA). TFA added to the mobile phase at a concentration of ~0.1% results in
good peak shape on most columns (Figure 17). Lowering the concentration of TFA
improves LC-MS detection sensitivity (see pages 22 - 25) but may result in poor

peak shape on silica columns
because of impurities on the silica
surface (Figure 17B). High purity
silica columns, however, can be used
at very low concentrations of TFA
(Figure 17A - 0.01% TFA).

The TFA concentration may
affect peptide selectivity. In
Figure 17A (high purity silica), two
peptides coelute with a TFA
concentration of 0.1% but are
resolved with a TFA concentration
of 0.01%. (In Figure 17B - lower
purity silica - the two peptides
remain unresolved). Generally,
varying the concentration of TFA
from 0.2% to 0.01% may improve
the selectivity of peptide separations
on high purity silicas. The
concentration of TFA may also be
increased to solubilize hydrophobic
proteins or peptides, however some
columns may not be stable at TFA
concentrations higher than 0.1%.

Figure 17. The effect of TFA concentrations
on peak shape and selectivity

A. ACE 5C18-300
High purity silica

B. Viydac 218TP
Lower purity silica

0.1% TFA

w A

1 mn 0 14 in

2 0.01% TFA

024 8 0 12 % nn 810 % i

Eluent: Gradient 20 - 32% ACN in 15 min with
TFA as indicated

Sample. 1. Angiotensin Il
3. Angiotensin |

2. Angiotensin Il

www.ace-hplc.com
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| Mobile Phase

Alternative ion-pair reagents. Although TFA is by far the most commonly used
ion-pair reagent, other reagents such as phosphoric acid and heptafluorobutyric acid
(HFBA) are sometimes used in protein/peptide separations.

As illustrated in Figure 18, phosphoric acid can sometimes separate peptides that are
not separated by TFA. Phosphate is used at concentrations around 20-30 mM,

pH 2 - 2.5. Phosphate buffers have also been shown to offer better separations of
some proteins than TFA. While phosphate buffer is usually used at low pH like TFA,
phosphate buffers can also be adjusted to higher pH, providing an opportunity to
change selectivity and resolution (see page 17). The principal drawback of using
phosphate as an ion-pair reagent is that it is not volatile, making it difficult to remove
from the peptide.

Heptafluorobutyric acid is sometimes used as an ion-pair reagent for basic proteins
such as histones (Reference 9).

Figure 18. The use of ion-pair reagents other than TFA may result in different selectivity

Conditions A.0.1% TFA
Column: C18 wide pore, 4.6 x 2,3
250 mm
Eluent: 1
A. Gradient4 -40% ACN in 18

min with 0.1% TFA, pH 2
B. Gradient 4 - 40% ACN in 18

min with 20mM phosphoric

acid, pH 2 B. 20 mM phosphoric acili
Sample.
1. bradykinin 1 2 3
2. neurotensin
3. bombesin
4. eledoisin

0 2 4 6 8 10 12 14 16 min
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Mobile Phase l

The effect of pH on peptide retention. Reversed-phase mobile phases used for
peptide separations are generally adjusted to low pH, whether using TFA, phosphoric
acid or other ion-pair reagents. At low pH, carboxylic acid groups - the carboxy
terminal group and the side chains of aspartic and glutamic acid - will be protonated
and only slightly polar. Increasing the mobile phase pH to 6 -7 will cause the
carboxylic acid groups to ionize, making the peptide less hydrophobic. This reduces
the retention of all peptides, but particularly affects peptides containing aspartic or
glutamic acid (Figure 19). The retention of aspartic and glutamic acid containing
peptides will be reduced more than other peptides, thus changing selectivity.
Although increasing the mobile phase pH for peptide separations is not used
frequently, it can be useful in certain cases (see page 36 for an example).

Figure 19. The pH of the mobile

phase affects peptide retention, A.0.1% TFA, pH 2.0
particularly of those containing

acidic amino acid residues 182 3
(aspartic and glutamic acids).

Conditions t
Column: ACE 5 C18-300 , 4.6 x y N
250 mm 3
Eluent: B. 10 mM NH,OAc, pH 7.0

A. Gradient 20 - 32% ACN in 15 5
min with 0.1% TFA, pH 2 1

B. Gradient 20 - 32% ACN in 15 L/
min with 10mM NH,OAc, pH 7

Sample.

1. Angiotensin I

2. Angiotensin I 0 2 4 6 8 10 12 14 min
3. Angiotensin |
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| Mobile Phase

Flow rate. The mobile phase flow rate has little effect on reversed-phase HPLC
resolution. As illustrated in Figure 20, the resolution of peptides from a tryptic map
is about the same when using flow rates of 0.5, 1.0 or 2.0 ml/min. The gradient
volume however, must be constant in order to maintain the resolution. This requires
reducing the gradient time as the flow rate is increased. The system pressure
increases as the flow rate is increased and pressure may limit the flow rate that can be
used. Higher flow rates also decrease detection sensitivity slightly but may increase
solubility of large or hydrophobic proteins.

Figure 20. The mobile
phase flow rate has little
effect on peptide resolution.
The total gradient volume
must be held constant as
flow rate is changed in order

to maintain resolution.
Conditions
Column: C18 small pore, 7.5 10 12.5 min
4.6 x 250 . .

X mm 1 ml/min, 40 min r ‘
Eluent: 10 - 50% l
acetonitrile with 0.1% I g ,\
TFA over time and with ‘ ' E 'lL/U '| ', ,‘wl‘j U "
flow rate as indicated .,,_f»,f'.,/"“-«—k»-»\l AUV L_m *K LA

I

Sample. tryptic digest of 0 5 10 15 20 25 min
B-lactoglobulin

2 ml/min, 20 min

0.5 ml/min, 80 min

'Mmm ~L

40 50 min
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When separating polypeptides by reversed-phase HPLC, detection is normally by
UV absorption at 214-215 nm. The peptide
bond absorbs well in this wavelength range Figure 21. The increasing

and provides the most sensitive detection for | concentration of acetonitrile during

polypeptides of all types a gradient changes the dielectric
' constant of the mobile phase which

One concern when using the low UV region results.in.an increasing baseline due
for detection is absorbance by the mobile :; _T_;Ah.'fzéne;zfeizzoﬁ);‘ nce spectrum
phase. Acetonitrile does not absorb UV light

at 215 nm, however TFA absorbs slightly

in this region. During gradient elution, the
increasing concentration of organic solvent
causes the dielectric constant of the solution
to change which results in a shift in the
absorbance spectrum of TFA in the low UV
region. This absorbance shift results in an
upward drift of the baseline as illustrated in Figure 21. It is particularly noticeable
when sensitive detection is required. As an example, peptide maps will often display
an increasing baseline
(Figure 22). A common
practice to avoid this

UV absorbance

0 10 20 30 40 50 60 70
Percentage acetonitrile

Figure 22. A baseline shift may be seen in a peptide map
due to the change in TFA absorbance as the organic

baseline shift is to reduce solvent concentration increases.

the TFA concentration in
the organic solvent
relative to the aqueous
solvent. If 0.1% TFA is
added to the aqueous
solvent, then 0.08-0.09%
TFA is added to the
organic solvent. This
results in a flatter
baseline during peptide
map elution.
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| Effect of Temperature

Column and mobile phase temperature can
affect peptide separations in two ways.
Retention is reduced slightly with increased
temperature. However, more importantly, the
relative retention (selectivity) of peptide pairs
depends on the temperature. Changes in
selectivity with temperature affects resolution
and temperature can be an important factor in
optimizing the separation of a series of
peptides, such as those produced during the
protease digestion of a protein. The separation
of a series of synthetic peptides as a function
of temperature is shown in Figure 23. Peptide
retention decreased slightly as the temperature
was increased but, more importantly,
resolution between peptide pairs changed with
the changes in temperature.

It is therefore important to control the
temperature of column and mobile phase
when separating peptides. Temperature is also
an important variable to optimize when
developing peptide separations, particularly
separations of peptide maps.

The separation of peptides in a peptide map

Figure 23. Increasing the
temperature reduces the retention
of peptides. More importantly, the
temperature affects the relative
retention or selectivity, which affects
resolution

18° C Fe/Gy

10 40 50 min

Conditions

Column: C8, 2.1 x 150 mm

Mobile phase: Gradient from 0 to
30% acetonitrile in 0.05% TFA over
60 minutes

Sample: synthetic helical and
nonhelical peptides (Reference 12)

can be significantly affected by temperature as shown in Figure 24. In this example
of the separation of peptides from the tryptic digest of human growth hormone,
raising the temperature of the column not only affects peptide selectivity but can also
cause a reversal on elution order. Peptides 7 and 8 are much better resolved at higher
temperatures. Peptides 11 - 13 are best resolved at 40° C and raising the temperature
to 60° C causes peptides 11 and 12 to nearly co-elute. Peptides 14 and 15 are well
resolved at 20° C with peptide 15 eluting first. Raising the temperature to 40°C
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Effect of Temperature .

Figure 24. The relative retention

o

of peptides from the digestion of 8 13 20°C.
a protein is often significantly 2 1 N2 14
affected by the temperature. 10 9 15 h n
Conditions A
Column: C8 wide pore, 4.6 x 8 40° C.
150 mm
Mobile phase: Complex 7 11 12 13 15
gradient from 0 to 60% 10 9 14
acetonitrile in 0.1% TFA over
60 mlnuFes 8 60° C.
Sample: . 1+12 13 15
Tryptic map of human growth 14
hormone 10 9 J\ A
(Reference 13)

15 20 25 30 min

causes peptide 14 to elute before peptide 15. Raising the temperature to 60° C

improves resolution between 14 and 15. Clearly, the column temperature can have a

significant effect on resolution in a
peptide map.

Protein resolution is less affected by
temperature than peptide resolution,
however protein peak shape and
recovery is generally improved at
higher temperatures, especially for
large or hydrophobic proteins.
Monoclonal antibodies chromatograph
with poor peak shape at ambient
temperatures but peak shape improves
considerably when higher
temperatures are used (Figure 25).
Large or hydrophobic proteins often
chromatograph best at elevated
temperatures.

Figure 25. The effect of temperature on the
RP-HPLC chromatography of a recombinant
monoclonal antibody. (Reference 14)

35°C

55°C

|y, 70°C

15

20 25 30 40 45 min

Conditions

Column: C8 wide pore, 3.5 micron,
4.6 x 150 mm

Mobile phase: Complex gradient:
20-90% ACN with 0.1% TFA.
Sample:

Recombinant monoclonal antibody
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| Reversed-Phase HPLC - MS

The combination of reversed-phase HPLC and mass spectrometry (MS) provides a
powerful tool for protein/peptide analysis. Mass spectrometry interfaces with
reversed-phase HPLC by means of the electrospray ion source, developed in the
1980s by John Fenn and colleagues. The benefits of using mass spectrometry on-line
after chromatography include:

@ MS is a very sensitive detection technique.

@ MS provides the molecular weight of separated peptides/proteins.

@ MS can specifically detect proteins or peptides by mass.

@ Fragmentation information can help identify peptides.

@ MS separates and measures based on charge and mass and is, therefore,
“orthogonal” to reversed-phase, which separates by hydrophobicity.

HPLC-MS is widely used for the analysis of peptide maps, providing an orthogonal
means of peptide detection (Reference 15). As illustrated in Figure 26, a total ion
mass chromatogram parallels the UV chromatogram, however the peaks are of
different magnitude because of orthogonal detection. Peaks that appear small by UV
detection may, in fact, appear more significant by MS (Figure 26, see *).

Figure 26. Separations

of peptide maps can be i MS Total lon Trace
monitored by both UV 40000
detection and mass 2000 %*
spectrometry. Peak height
is a function of the iz A
detection method and ‘2 -
differs significantly 2

Q0 0T ,
:)etweeré uv a!nlclj MSt ; 50'0 1u.o|o 15.0:) zu,ug ZG.D:J m;) 35,0‘0 AO.DID 500
races. Especially note &
the pair of peptides % :z UV 215 nm Trace
marked by the «. These c 0
appear to be small by o
UV detection but appear -
much more significant by 0 %
MS. (Reference 16) 0

Time {min) 500 10.00 15.00 2000 %00 3000 3.00 40.0 4500
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Reversed-Phase HPLC - MS l

By measuring the molecular weight of the peptide(s) present in each of the peaks,
mass spectrometry provides useful information that assists in identifying the peaks
separated by RP-HPLC. Since mass spectrometry is orthogonal to RP-HPLC, MS
also confirms the purity of each peak or shows that two or more peptides are co-
eluting and reports their molecular weights. Figure 27 illustrates this for three peaks
in a peptide map. Peak A, which elutes early in the separation, is a 439 dalton
tetrapeptide. Peak B is a glycopeptide, with an attached oligosaccharide or glycan.
This is confirmed by the presence in the MS spectrum of Peak B of ions of m/z 204
and 366, which are indicative of glycosylation. Peak C is a disulphide-linked
dipeptide - two peptides connected by a disulphide bond. The peptide is shown to be
in four ions: +1, +2, +3 and +4. A +4 ion is only possible with dipeptides that have
two amino termini and two basic amino acids.

Figure 27. Combining the separation power of reversed-phase with a second dimension
of mass spectrometry provides considerable information on peptide maps.
(Reference 18)

A. This peak is identified as a small peptide by MS.

B. The peak detected is identified as a glycan (sugar) containing peptide.

C. This peak is a dipeptide, two peptides connected by a disulfide bond.

204 m/z B +3 C
439 m/z /366 miz +2
ol Ll
| | |I. il L L
/ Vi

0 75 149 224 208 373 449 524 598 min
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| Reversed-Phase HPLC - MS

Two important aspects of HPLC-MS
are the optimum flow rate of the
electrospray interface and the effect of
trifluoroacetic acid on peptide
ionization.

The signal from a basic electrospray
drops off rapidly above 5 - 10
microlitre/minute flow (Figure 28).
This is incompatible with the flow
rates used with standard analytical
HPLC columns. Commercial
electrosprays now provide a high
shear flow of nitrogen gas parallel to
the electrospray (“pneumatic-assisted

Figure 28. The Red line indicates the
response versus flow rate of the basic
electrospray interface. The Blue line
indicates the same response for the
pneumatic-assisted electrospray.

Pneumatic-
assisted ESI

Basic ESI

1 10 100
uL/min

1000

electrospray”) which boosts the optimal flow region of the electrospray to 200 - 500
microlitre/minute (Reference 19). This is still below the optimum flow rate normally

used with standard analytical columns, consequently, scientists today generally use

narrowbore columns (~2 mm i.d.) at
flow rates of 200 - 300 microlitre/
minute when using HPLC-MS.

As shown in Figure 29, the presence
of TFA in the mobile phase flowing
into the electrospray results in
decreased signal for proteins and
peptides. This is due to the very
strong interaction between TFA and
polypeptides, effectively neutralizing
the polypeptide.

Page 24

Figure 29. TFA is shown to substantially
reduce the signal from peptides when using
the electrospray interface. (Reference 17)

1000 0.2% TFA - No TFA
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Reversed-Phase HPLC - MS .

There .are two.approaches to correct the Figure 30, High purity silica can be
reduction of signal due to the TFA: used with very low concentrations

of trifluoroacetic acid and maintain

@ Ignore the loss of signal. Often sufficient peptide peak shape.

signal remains to obtain useful data even
with the reduction in signal. In such cases
the signal loss can be ignored. A.0.1% TFA

® When the signal loss is too great, the best

solution is to use high purity silica ’
columns with reduced TFA
0

10 20 min
B. 0.01% TFA

concentrations. High purity columns can
be used with very low concentrations of
TFA and still maintain peak shape (Figure
30). Using high purity silica columns

results in good signal response and good L
peak shape.

o

10 20 min

. . . sy C. 0.005% TFA
Other options include the use of formic acid in N

place of TFA or the replacement, post-column,
of the TFA with acetic or propionic acid

(Reference 17). Formic acid, however, does not UL

give as good a peak shape as TFA or as good 0 10 20 min

—_

a separation, so performance is compromised. | cojumn: ACE 5 C18, 4.6 x 250 mm
This is acceptable in proteomic applications (high purity silica)

but not in the analysis of protein therapeutic Eluent: Gradient 10 - 55% ACN in
drugs. Replacement of the TFA post-column is | 37.5 min with TFA as indicated
cumbersome and causes the loss of resolution.
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| Peptide Mapping

Reversed-phase HPLC has become a standard method in the analysis and
characterization of proteins, especially of therapeutic drug products. As a result

of high resolving power and good detection sensitivity, reversed-phase analysis is
able to provide a great deal of information about proteins. Proteins are sometimes
analyzed as intact molecules, however, more often, the protein is broken in pieces
by cleaving the backbone at specific amino acid residues using protease enzymes.
The resulting peptide fragments are then analyzed by reversed-phase HPLC. This
technique, called peptide mapping, is a standard approach to the analysis of proteins.

Much information about a protein can be obtained by reversed-phase analysis of the
peptide fragments of the protein.

@® Comparison of the peptide map of an expressed protein with that of a reference
standard protein can ensure genetic purity and expression accuracy. Peptide
maps are often used as an identity analysis tool for protein therapeutic drugs.

@ Peptide maps allow the determination of protein degradation products such as
deamidated asparagine and oxidized methionine.

@ Peptide maps can determine or verify disulphide bond linkages which are
required to ensure tertiary structure and therapeutic efficacy.

@® Peptide maps can help determine the sites of glycosylation (addition of
carbohydrate entities) as well as opening the door to detailed identification of
the oligosaccharide attached.

@ Peptide maps performed with mass spectrometry detection provide an advanced
means of protein identification, peptide sequencing and data confirmation.

Protease digests are also used in the identification and quantitation of proteins in
studying biological proteomes (Reference 20).
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Peptide Mapping :

There are a number of protease enzymes which cleave the backbone of proteins,
usually at specific amino acid residues. These include:

Protease Specificity Characteristics
Trypsin Cleaves at the C-terminus Produces on average one
of lysine and arginine peptide for every 10-12 amino

acids. Trypsin is the most
commonly used protease.

Lys-C Cleaves at the C-terminus Produces 60-70% as many
of lysine peptides from a protein as
trypsin. The advantage of
Lys-C is that it remains active
in concentrations of urea as
high as ~4 M.

S. aureus V8 | Cleaves at C-terminus of Provides complementary
acidic amino acids glutamic| information to trypsin.
and aspartic acid.
Asp-N
Cleaves at the N-terminus Provides complementary
of aspartic acid information to trypsin.

Trypsin is the most commonly used enzyme to cleave proteins (protease). There are
five steps in the digestion of proteins by trypsin: (Note: an excellent review of tryptic
digestion is found in Reference 21)

1. Denaturation. Proteins must be denatured to be digested in reasonable time.
Proteins are denatured by incubation in a chaotropic reagent such as 6M
guanidine HCI or 8M urea buffered at neutral pH (~ 7.5) for ~30 minutes at
elevated temperature (37° C).

2. Reduction of disulphide bonds. Disulphide bonds prevent complete
denaturation of a protein. The disulphide bonds in a protein being digested are
usually reduced during the denaturation step by the addition of a reducing agent
such as dithiothreitol (DTT) at a concentration of ~20 mM.
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| Peptide Mapping

3. Carboxymethylation of free cysteines. If the reduced cysteines remain free
they are likely to reform disulphide bonds which are incorrect. To avoid this, free
cysteines are methylated by the addition of a reagent such as iodoacetic acid at a
concentration of ~ 60mM and incubated at 37° C for thirty minutes. The reaction
is quenched with 100 mM DTT.

4. Removal of salt. Digestion cannot proceed in the presence of urea or guanidine
because trypsin (a protein) will itself be denatured and lose enzyme activity. The
urea or guanidine must be removed or reduced below 1M concentration by ion
exchange or dialysis.

5. Trypsin digestion. After salt removal the protein is dissolved in a buffer, either
Tris or ammonium carbonate at pH 7.5 - 8.5 (the pH of maximal activity for
trypsin), one part trypsin is added to 20-100 parts of the protein being digested
and the protein is incubated at temperatures from subambient to 37° C.
Subambient temperatures require incubation times as long as sixteen hours.
Digestion at 37° C is complete in 1 - 4 hours, depending on the protein. If the
time, temperature or relative concentration of trypsin is too low, digestion will
be incomplete and potential cleavages may not occur, resulting in larger peptides
with internal lysine or arginine. If the time, temperature or concentration of
trypsin is too high then trypsin may digest itself, producing “auto-lysis” products,
that is peptides from trypsin, confusing interpretation. A common practice is to
perform a digestion omitting the protein but including the trypsin. The resulting
sample is chromatographed under the same conditions as the full protein digest,
thus revealing the extent of trypsin autolysis as well as the location of any trypsin
peptides in the peptide map. Digestion time, temperature and relative
concentrations of trypsin and protein are optimized in developing a tryptic
digestion protocol.

When peptide maps are to be used to determine the location of disulphide bonds,
a protein must be digested without reducing the disulphide bonds. Many proteins,
however, digest very slowly if the disulphide bonds are not reduced. In cases
where digestion is slow or poor in the absence of a reducing agent, then Lys-C
may be used in place of trypsin and the digestion performed in 4M urea to
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Peptide Mapping :

maintain the protein denatured during digestion. Surfactants that are sometimes
used to maintain proteins in solution during digestion degrade chromatographic
resolution and should be avoided.

See Reference 22 for an example of a peptide map of a monoclonal antibody.

Analysis of tryptic digestion. The peptides from a protein digestion are analyzed
by reversed-phase HPLC using a mobile phase containing TFA (see Pages 15 - 17)
and with a gradient starting at about five percent acetonitrile (starting concentrations
of acetonitrile of less than five percent may result in irreproducible chromatography
of early eluting peptides) and increasing to 70 percent acetonitrile (See Figure 31).
The length of the gradient time depends on the size of the protein being digested.
Large proteins produce more peptide fragments than small proteins and require
longer gradient times to separate all of the fragments. The peptides from small
proteins (less than ~20kd) can usually be separated in 45 - 60 minutes. Larger
proteins (20-50kd) require longer gradient times of 60 - 120 minutes. The largest
proteins (>50kd) require gradient times of 120 - 180 minutes. The flow rate is set at
1 - 2 ml/minute with the temperature adjusted to give the best resolution (See Pages
20 - 21). The column used is generally C18 reversed-phase. Columns with 100
angstrom or 300 angstrom pores may be used and will often differ in selectivity.

Figure 31. Peptide map of bovine serum albumin

Column: ACE 5 C18-300 wide pore, 4.6 x 150 mm
Mobile phase: Complex gradient from 4% - 70% ACN over 120 minutes,
with 0.1% TFA in both solvents.

0 20 40 60 80 100
Minutes
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Protein modifications result in changes in peptide retention. If a protein is
changed in any way due to translational or expression errors, degradation
(deamidation, oxidation) or process variation, the change will be reflected in one or
more of the peptide fragments. Due to the sensitivity of reversed-phase interactions
with peptides, any changes in a peptide result in a change in the retention time of that
peptide. In the example in Figure 32, two decapeptides that differ by one amino acid
- a threonine in one and a serine in the other - are separated by reversed-phase HPLC.
Not only is the difference only a single amino acid, but both of the amino acids are
hydroxy amino acids and they differ by the addition of a methyl group on the
threonine side chain. This illustrates that any change to a protein will be reflected in
a change in a peptide which leads to a shift in the retention of that peptide. The
essence of peptide mapping is the ability of reversed-phase HPLC to resolve peptides
with minor differences.

Figure 32. Separation of closely related peptides by RP-HPLC. Two decapeptides differ
by a single amino acid, a serine in one case and a threonine in the other.

Conditions

Column: C18 wide pore, f .
//Hu-

4.6 x 250 mm ser } iy

Eluent: ’/\ )/\ thr

A. 0.1% TFA in water

B. 0.08% TFA in ACN

Gradient: 0 - 35% B over

73 min
(Reference 2)

AQSVPWGISR
Q AQTVPWGISR

40 45 50 55 60 65 mins
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Comparison of the peptide map of test sample with the peptide map of a
reference protein. Peptide maps provide much information about proteins. A
common practice is to compare the peptide map of a test protein with the peptide
map of a reference protein. In Figure 33, the peptide map of methionyl human
growth hormone (as expressed in E. Coli) is compared with the peptide map of native
human growth hormone (lacking the methionine). The met-hGH peptide elutes later
than the non-met hGH peptide because methionine is hydrophobic. In this example
the second map is inverted for ease of comparison. In some cases a mixture of the
two digestion mixtures is chromatographed in order to confirm minor changes and
ensure that analytical artifacts are not responsible for changes in the peptide map.

Peptide map comparisons reveal changes and modifications to proteins such as
genetic changes, mis-translations, protein degradations (deamidation, oxidation) and
changes in post-translational modifications.

Figure 33. Comparison of peptide maps of native Met-hGH and hGH lacking the terminal
methionine. (Reference 24)

Conditions:

Column: C18 wide pore, 4.6 x 150 mm

Mobile phase: Gradient from 0 - 70% ACN with 0.1% TFA in each solvent.

Peptide map of Met-hGH

N-terminal peptide
with met

O T |
T

[l "'I ' H 'S W

N-terminal peptide
lacking met

Peptide map of hGH

0 10 20 30
Minutes
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| Protein Oxidation

When a protein experiences oxidizing Figure 34. Methionine is converted to
conditions, although several amino methionine sulphoxide under oxidizing
acids may be affected, the most likely conditions. (See References 23, 25, 30)
amino acid to be oxidized is
methionine, which is converted to
methionine sulphoxide (Figure 34). The
oxidation of a methionine residue

depends on its location in the protein. A

methionine buried in the interior of a F
protein is not likely to be oxidized.

Methionine side chains near the surface and in contact with the solvent are most
likely to be oxidized. Oxidizing conditions include heat, the presence of transition
metals and the presence of oxygen in the solution. Like deamidation, methionine
oxidation may lead to a loss or reduction of biological activity or, in some cases,
have no affect on biological activity. This depends on the location of the methionine
in the protein. However, the presence of a methionine sulphoxide indicates that the
protein has experienced oxidizing conditions and, therefore, methionine oxidation is
an indictor of the protein having experienced stress conditions.

Figure 35. Reversed-phase
separation of mono- and di-oxidized

recombinant coagulation factor Vlla rCF Vlla, met
from the native protein. 298 oxidized
Conditions rCF Vlla, met /

—_— 298, met 306

Column: C4 wide pore, 4.6 x dioxidized rCF Vlla, met
250 mm 306 oxidized

Mobile phase: Gradient from
37 - 47% acetonitrile in 0.1%
TFA over 30 minutes.
Sample: Recombinant
coagulation factor Vlla
partically oxidized with
hydrogen peroxide.
(Reference 31)

rCF Vlla
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Protein therapeutic drugs are routinely monitored for oxidation both because of the
possible effects on biological activity and as an indicator. The oxidation of a
methionine causes a decrease in the hydrophobicity of a protein and consequently an
oxidized protein will elute before the native protein in reversed-phase HPLC as
illustrated in Figure 35. Recombinant coagulation factor VIla (rCF Vlla) was
partially oxidized with hydrogen peroxide and the solution analyzed by reversed-
phase HPLC. The dioxidized protein (two oxidized methionine residues) elutes first.
The two variants with a single oxidized methionine elute next followed by the native
protein. Good resolution was seen between all four species. The remarkable
separation is that between the two singly oxidized protein variants. These each have
one oxidized methionine and differ only in which methionine is oxidized.

Methionine oxidation is usually monitored using a peptide map. As shown in Figure
36, peptides containing oxidized methionine elute significantly earlier than peptides
with native methionine. T2 met* elutes well before the native T2 tryptic fragment
and T11 met** elutes well before T11 native, making identification and monitoring
easy.

Figure 36. Peptide maps of met125 oxidized hGH
partially oxidized human T11 Metox
growth hormone. \

Conditions TN

Column: C18 wide pore, \ Nativg
4.6 x 250 mm I I n Li l l J
Mobile phase: Gradient ” l | I e

from 0 to 40% acetonitrile
in 0.1% TFA over 120 met14 oxidized hGH

minutes.
(Reference 32)

T2 Met®® T2 Native

N/

0 20 40 60 80 100 120 min
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| Protein Deamidation

When subjected to either high
temperatures or high pH, proteins
often degrade. The most likely
chemical degradation to occur
under stressed conditions is the
conversion of the amide side chain
of asparagine to either aspartic acid
or isoaspartic acid (Figure 37).
Many proteins lose biological
activity when an asparagine is
deamidated although the biological

Figure 37. Asparagine is converted to
asparatic acid by exposure of the side chain to
high temperature and/or high pH. (References
23, 25, 26)

activity of some proteins is not affected. Even when deamidation does not cause a

reduction of biological activity, deamidation acts as an indicator of protein exposure

to adverse conditions. The likelihood of deamidation of a specific asparagine residue

depends on its location within the tertiary structure of the protein. The only

asparagine residues that will deamidate are those near the surface with access to the

solvent. Adjacent amino acid residues also affect the rate of deamidation. Glycine

located next to the asparagine greatly increases the likelihood of deamidation. Large

hydrophobic amino

acids such as leucine
and isoleucine next
to the asparagine Conditions
reduce the rate of
deamidation. 4.6 x 250 mm
Since deamidation
may affect
biological activity
and indicates
exposure to adverse
conditions, it is
common practice to
monitor protein

Column: C4 wide pore,

Mobile phase: 29%
Isopropanol, 71% 10
mM Tris-HCI, pH 7.5

Figure 38. Reversed-phase assay for deamidation of
human growth hormone (Reference 27)

Native
hGH
deamidated
products
0 5 10 15 20 min
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Protein Deamidation l

therapeutic drugs for asparagine deamidation. This is commonly done using
reversed-phase HPLC. An assay measuring deamidation of human growth hormone
by the reversed-phase chromatography of the intact protein molecule is shown in
Figure 38. This assay is run at pH 7.5 so that the aspartic acid resulting from
deamidation is ionized. This makes the deamidated growth hormone less
hydrophobic than the native protein, causing it to elute before the native protein.

A more common approach for determining deamidation is by the retention of
asparagine/aspartic acid containing peptides in a peptide map. In peptide maps
run at pH ~2, a deamidated peptide containing aspartic acid will be slightly more
hydrophobic than the native asparagine-containing peptide and thus elutes slightly
later than the native peptide as illustrated in Figure 39. The deamidated peptide is
easily identified and measured, providing a good method for measurement of
deamidation.

Figure 39. Peptide map of partially deamidated ribonuclease

Conditions

Column: C18 wide pore, 4.6 x 250 mm

Mobile phase: Complex gradient from 5% ACN in 0.1% TFA to 38%
acetonitrile in 0.1% TFA over 100 minutes. (Reference 28)

Partially deamidated
ribonuclease native
peptide
| deamidated

== peptide

0 20 40 60 80 100 min
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| Protein Deamidation

Sometimes a deamidated peptide is either poorly separated from the native peptide or
coelutes with another peptide in the map. If resolution is insufficient, the peptide

map can be run at elevated pH. As shown in Figure 40, a deamidated peptide that is
poorly resolved at low pH can be well separated from the native peptide by using a
pH of 6.5. In the low pH peptide map of partially deamidated human growth
hormone (Figure 40A) the deamidated peptide elutes slightly later than the native
peptide but is not resolved from another peptide in the map. The peptide peaks were
collected and re-chromatographed at higher pH (pH 6.5). The aspartic acid in the
deamidated peptide is ionized at higher pH and the deamidated peptide elutes well
before the native, asparagine-containing peptide (Figure 40B).

Figure 40. Separation of a deamidated peptide from a native peptide in a peptide map of
partially deamidated human growth hormone. (Reference 29)

A. Peptide map of partially deamidated hGH at pH 2 (0.1% TFA)
B. Re-chromatography of fractions collected in A containing the native peptide (top) and
deamidated peptide (bottom) chromatographed at pH 6.5

Column: C4 wide pore, 4.6 x 250 mm

A. Mobile phase: Gradient with B. Mobile phase: Gradient with ACN
ACN in 0.1% TFA, pH 2.0 in 30 mM NaPhosphate, pH 6.5
pH 2 pH 6.5
) native
native peptide

peptide deamidated

\ peptide | | N

deamidated
peptide
L
v D L | § v X § L4 1
20 30 40 50 min 0 10 20 30 min

Page 36 www.ace-hplc.com



Disulphide Bond Determination |

Proteins rely on correct disulphide
bonding to maintain tertiary structure
and biological activity. If disulphide
bonds are reduced or switched, a protein
will lose native tertiary structure and
will not be biologically active. HPLC
retention depends on the size of a
protein’s “hydrophobic foot” (Figure
41), which is affected by the tertiary
structure. Changes in disulphide bonding
usually increase the size of the “hydro-
phobic foot”, which causes an increase
in reversed-phase HPLC retention of the
protein. In Figure 42, native interleukin

Figure 41. Protein retention depends on
the size of the “hydrophobic foot”.
Reduced disulphide bonds allow the
protein structure to partially denature,
which enlarges the “hydrophobic foot” and
increases reversed-phase retention.

IT eluted significantly earlier than reduced interleukin II due to the change in tertiary

structure when the disulphide bonds were reduced.

Conditions

Column: C18 wide pore, 4.6 x 250 mm
Mobile phase: Gradient from 44.5

to 50.8% ACN over 90 minutes at

2 ml/min

Sample: Interleukin Il muteins
(Reference 33)

Figure 42. The “hydrophobic foot” of interleukin Il enlarges with the reduction
of disulphide bonds, resulting in increased retention in reversed-phase HPLC,

W

Native IL2 Reduced IL2 with

oxidized met

Reduced IL2
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Disulphide Bond Determination

Figure 43. Separation of insulin-like growth factor with normal disulphide linkages and
with switched disulphide bonds. (Reference 26)

rIGF, riGF,
_norma_l switched
disulphide disulphide
bonds bonds

Conditions 0 10 20 30
Column: C4 wide pore, 4.6 x 250 mm minutes

Mobile phase: Gradient from 20 to 38% acetonitrile:isopropanol (88:12) in 0.1% TFA
over 27 minutes. (Reference 34)

Even small changes in disulphide bonding can have sufficient effect on the
hydrophobic foot to change retention. Native insulin-like growth factor (IGF) has
disulphide bonds between Cys52 and Cys47 and between Cys48 and Cys6 (Figure
43A RED). After being subjected to 36 hours of air oxidation, the disulphide bonds
switched to between Cys52 and Cys48 and between Cys47 and Cys6 (Figure 43A
BLUE) in some of the IGF protein molecules. Insulin-like growth factor with the
switched disulphide bonds elutes later than the native protein (Figure 43), indicating
an increase in the size of the hydrophobic foot. Reversed-phase chromatography of a
native protein will often reveal changes in disulphide bonding or tertiary structure by
a change in reversed-phase retention.
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Disulphide Bond Determination .

If the disulphide bonds are not reduced during the protease digestion of a protein (by
omitting the DTT and carboxymethylation steps), then the peptide map will contain
disulphide linked dipeptides. Comparing a non-reduced map with a normal peptide
map with reduced disulphide bonds, allows determination of the location of the
disulphide bonds. Interleukin II was digested under both reducing and non-reducing
conditions and the peptide maps of both digestions were run by RP-HPLC (Figure
44). In Figure 44A the peptide labelled T7+T10 is a disulphide linked dipeptide. The
peptide map produced with disulphide reduction (Figure 44B) reveals two peptides
which appear as T7 and T10. This confirms that the disulphide bond is between these
two peptides. Monitoring all of the peptides in the protein digest allows assignment
and/or confirmation of all of the disulphide bonds in the protein. If two cysteines are
present in a tryptic peptide, then an alternative protease must be used to determine
which cysteine is involved in the disulphide bond.

Peptide mapping coupled with mass spectrometry is often used to determine the
location and state of disulphide bonds (Reference 35).

Figure 44. Comparison of peptide maps of interleukin Il with disulphide bonds intact (A)
and reduced (B). (Reference 36)

A
Conditions T -! 1 T74+10

-
Col : C18 wid ,4.6

umn wide pore X T2
Mobile phase: Complex gradient 4
from 5 to 80% acetonitrile in

0.1% TFA over 99 minutes
Sample:

A. Peptide map of interleukin Il \\_...__J
digested under conditions
leaving the disulphide bonds
intact.

B. Peptide map of interleukin Il
digested under conditions which
reduced the disulphide bonds.

T7

Sa

30 35 40 min
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‘ Protein/Peptide Purification

Reversed-phase HPLC is an effective tool for the purification of proteins and
peptides. Target proteins/peptides can often be resolved from impurities by reversed-
phase HPLC, collected as fractions and the fractions used for further studies, for
analysis by orthogonal analytical techniques or even for use as a therapeutic drug.

When analyzing proteins/peptides the goal in developing chromatographic conditions
is to optimize RESOLUTION and TIME. When separating proteins/peptides with
preparative chromatography, developing chromatographic conditions involves
optimizing three parameters (see Figure 45):

@® Yield is the amount of purified target protein/peptide that is obtained from each
chromatography step. Higher yields result in more practical purification processes
and lower costs.

@® Purity indicates the extent to which impurities have been removed from the
desired product. Higher purity results in better data from subsequent analysis or a
product with few impurities.

® Throughput is a measure of how much material is purified in a preparative cycle.
High throughput means more material for study or analysis or more drug
substance for pharmaceutical use at a given cost and time.

Since the goals of preparative purification differ from those of analytical
chromatography, separation conditions are optimized differently.

Figure 45. For preparative purification Yleld
of proteins or peptides the separation

conditions are optimized by finding the

most practical balance of yield, purity

and throughput

Throughput Purity
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Protein/Peptide Purification .

Sample loading. In analytical chromatography, small samples are loaded onto the
column to ensure that the amount of sample loaded does not affect resolution. If the
amount of sample loaded is too high, peaks will become broader and resolution will
be reduced. The amount of sample that can be loaded onto the column without band
broadening occurring (the “sample capacity””) depends on the size of the column
(See Appendix for a list of column dimensions and sample capacity). When
purifying a protein/peptide preparatively it is common practice to exceed the sample
capacity, that is to “overload” the column, in order to increase yield and throughput
(Figure 46). As much as 10 - 50 times the sample capacity can be loaded onto a
column if some loss of resolution is acceptable (Appendix, Maximum Practical
Load). Although the peaks in Figure 46 are broadened due to column overload, peak
shape remains fairly good, indicating that significant overload can increase yield
while preserving purity, although some loss of the target protein/peptide is
unavoidable.The peaks in Figure 47 are similarly broadened due to sample overload.

Fraction collection, analysis and pooling. When a column is overloaded, it is
common to discard the beginning and end of the peak. In Figure 46 the centre of
the peak indicated by the red area is collected. The leading and trailing edges are
discarded. This avoids collecting poorly resolved impurities and results in increased
purity and decreased yield. In preparative chromatography several fractions are
collected across the peak of interest and these are analyzed for impurities. Based on

Figure 46. In an example of
peptide purification,
preparative separation
involves overloading the
column with sample in order
to increase yield. Resolution
is reduced and the Preparative
beginning and end of a separation
peak must be discarded “overloaded”

in order to optimize purity, peaks
even though yield is slightly H L
reduced.

Analytical
Separation
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the analytical results, fractions with little or no impurities are pooled together while
those fractions near the beginning and end of a peak which contain significant
impurities are discarded. Choosing which fractions to pool and which to discard is a
matter of balancing purity and yield.

For instance, an “analytical” column of 4.6 x 250 mm dimensions can be used to
purify small amounts of polypeptide, up to about 200 micrograms, without loss of
resolution. However, in order to improve yield and throughput as much as 10
milligrams can be purified on a column of these dimensions with some loss of purity
or with some loss of yield. Careful selection of the portion of the peak to collect
results in an optimum balance between purity and yield.

Although most of the focus in preparative chromatography is on sample mass,
sample volumes may also be large in preparative chromatography. Although sample
loops and injectors may be used, much higher volumes of sample can be injected by
“pumping” the sample onto the column. The inlet line of the pump is placed in the
sample container and the sample is loaded onto the column by the elution pump
itself. Very large volumes of sample can be loaded in this manner if loaded at low
organic solvent concentration (generally the sample is loaded in an aqueous media)
and the target protein/peptide is eluted with a gradient of increasing organic solvent.

Adsorbent particle size. While five micron particles are most commonly used for
analytical chromatography, preparative chromatography often uses adsorbents with
larger particle sizes. Particularly when loading the column with a sample in excess of
the sample capacity (overloading the column) column efficiency is of less importance
than in analytical chromatography. Columns packed with large particles separate
proteins and peptides as well as columns packed with small particles if the column

is overloaded. Consequently adsorbents of 10 micron and higher are often used for
preparative chromatography. The distribution of particle sizes is often greater as well.
Rather than very narrow particle size ranges of 0.5 micron or less, for

preparative chromatography larger particle size ranges such as 10 - 15 micron are
common. Larger particles are preferred for preparative chromatography because of
reduced back pressure and lower cost.
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Column diameter. Small bore columns (less than 2 mm diameter) are rarely used
for purification purposes because of very low sample capacity (Appendix). Small
scale laboratory purification may be accomplished on narrow bore (~2 mm diameter)
and analytical (4.6 mm diameter) columns. The chromatography conditions used for
such small scale preparative separations are typically the same as those used for
analytical separations. Where larger amounts of protein/peptide are needed, columns
of 10 mm and 22 mm diameter are used. As much as 1 mg of protein or peptide

can be purified on a 10 mm column and 5 mg can be purified on a 22 mm column.
Even more protein/peptide can be purified if column overload is acceptable, up to 50
mg on a 10 mm column and 200 mg on a 22 mm column. For purification of larger
amounts of protein or peptide, larger diameter columns of 50 mm, 100 mm or even
greater are used. As much as 5 grams have been reported to be purified on columns
of 50 mm diameter.

Column Length. Preparative columns tend to be relatively short compared to
analytical columns. This is because total column volume is more important than
length in preparative chromatography, particularly for proteins. Columns with
diameters as large as 60 cm and lengths of 12-15 cm (“pancake” columns) have been
used for large scale purification of protein therapeutic drugs (Reference 37). Column
dimensions are optimized for practicality rather than efficiency because columns

are generally overloaded in preparative chromatography and efficiency is much less
important than yield, purity and throughput.

Mobile phase components. As in analytical chromatography, acetonitrile
containing TFA is commonly used for small scale purification using columns up to
10 or 22 mm diameter. Larger scale purification often employs solvents such as
ethanol in place of the acetonitrile and acetic acid in place of the TFA. While
resolution is reduced using these mobile phases, they are more practical for large
scale use and the loss in resolution is parallel with the loss of resolution inherent in
overloading of columns.

References 38, 39 and 40 describe general conditions and sample loading for
preparative chromatography of proteins and peptides.
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Protein denaturation. It is commonly thought that reversed-phase chromatography
denatures proteins and thus the eluting protein does not represent the native protein
and may not be biologically active. Although reversed-phase HPLC does occur under
conditions that can denature proteins, native, biologically active proteins can be
obtained after reversed-phase chromatography. The organic solvent may weaken
hydrophobic forces, causing some loss of the tertiary structure of the protein. The
hydrophobic surface of the adsorbent also tends to cause some unfolding of a
protein. Protein unfolding, however, is usually slow compared with chromatographic
times and proteins may only be slightly denatured during reversed-phase
chromatography. Since disulphide bonds continue to hold the protein in a globular
form and unfolding is only partial, a protein eluting from a reversed-phase column
can often be restored to its native form by incubating the eluted protein in an
appropriate refolding buffer and allowing the native structure to reform. There are
many examples which show that reversed-phase HPLC is capable of producing
purified protein with native tertiary structure and biological activity. Reference 41
describes the reversed-phase purification of trypsin, which retains activity and is
subsequently used for tryptic digestions of proteins. Recombinant erythropoetin, a
commercially successful protein therapeutic, employs reversed-phase HPLC as part
of the isolation of the protein drug from its cell culture expression system (Reference
42). Granulocyte stimulating factor, another commercial protein therapeutic, is
purified using reversed-phase HPLC (References 43, 44). Recombinant human
insulin has also been purified in active form using reversed-phase HPLC (Reference
45).

Purification example. Figure 47 shows an example of the purification of a
synthetic peptide, gonadotropin releasing hormone (GnRH) antagonist. This
purification procedure was developed by:

(1 Establishing elution conditions on an analytical (4.6 x 250 mm) column.

'd Loading 1.2 grams of a synthetic peptide mixture on a 50 x 300 mm column and
eluting based on the conditions established in the first step (Figure 47)

(1 Fractions collected across the GnRH antagonist peak were collected and analyzed
by the analytical method and pooled for maximum yield and purity.
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(1 Fractions were desalted by re-chromatography on a reversed-phase column using
acetonitrile and trifluoroacetic acid as the eluting solvent.
(1 Final fractions were pooled for maximum yield and purity

From this single chromatographic purification step, 128 mg of purified peptide were
collected from a reaction mixture of 1.2 gm. The purification used the same organic
solvent used in analytical separations, acetonitrile, but used triethylammonium
phosphate in place of trifluoroacetic acid. The peaks are broadened due to the column
overload and the chromatogram is not as well resolved as analytical chromatograms.
However the peaks remain fairly compact and the eluent containing the target
peptide, GnRH, is easily collected.

Figure 47. Purification of 128 mg of a synthetic peptide, gonadotropin
releasing hormone. Note that the column is significantly overloaded, causing
the peaks to be very broad.

GnRH

U

0 20 40 60 min

Conditions

Column: C18 wide pore, 15 - 20 micron particle diameter, 50 x 300 mm.

Mobile phase: Gradient of acetonitrile and water containing triethylammonium phosphate.
Sample:

Gonadotropin releasing hormone

(Reference 37)
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Proteomics is the identification and quantitation of
cellular proteins in order to understand biological
changes, disease states and to develop biomarkers
for diseases and targets for therapeutic drugs.

Mammalian cells contain as many as 30,000 -
40,000 proteins if one counts modified versions of
one basic protein as one protein. If the variously

modified proteins are each counted individually, the

number of proteins is well over 100,000. The abundance or concentration of different
proteins in a cell can vary by several orders of magnitude. Any change to a cellular
system, such as ageing, becoming diseased or being treated with a therapeutic drug,
will cause a change in the relative abundance or expression of one or more of these
proteins. Proteomics seeks to identify each protein in a cellular system and to
identify and monitor changes to the protein such as modifications to the protein itself
(post-translational modifications) or changes in its relative concentration. If a certain
event causes a protein abundance to increase we say that the protein is up-regulated
by the event. If an event causes the protein abundance to decrease we say that the
protein has been down-regulated. Protein abundances may be changed significantly
when affected by cellular changes and changes in protein abundance are signals of
the changing event.

Post-translation modifications (PTMs) are changes to a protein after it has been
synthesized by the cell. PTMs include the addition of oligosaccharide chains
(glycosylation), modification of the N-terminus of a protein with an alkyl group such
as acetate (acetylation, etc), attachment of a phosphate group to a serine, threonine or
tyrosine (phosphorylation) and similar events. PTMs such as phosphorylation are
largely temporary and are used by the cell to transmit messages within the cell and
through the cell walls. PTMs such as glycosylation are structural and often affect
protein folding, interactions with other molecules and interaction with cell walls. All
of these represent the dynamics which occur within a living cell.
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A proteome represents all of the proteins present in a cell or in any sample being
studied. A complete cellular proteome can consist of as many as 40,000 individual
proteins with up to 10 - 20 different modified forms and varying in abundance by
several orders of magnitude.The goals of proteomics are clearly enormous, requiring
the most powerful of separation and analysis techniques.

Electrophoresis. In order
P Figure 48. Two-dimensional gel electrophoresis is able

to identify and/or quantitate to separate as many as 2000 - 3000 individual proteins
proteins, individual proteins Each spot represents one or more proteins.

must be separated from other Separation in the horizontal direction is
proteins as much as possible. by isoelectric point, related to charge.

For a great many years the

rimary means of separatin
p y P & Separation in the

intact proteins was by gel vertical direction

electrophoresis. Two is by size (SDS-

dimensional gel FVES), SIEllEr
g proteins move to = *1

electrophoresis (2DGE) the bottom of the

gel while larger "

.. . . proteins remain
their isoelectric point and near the top)

separates proteins first by

then by size (see Figure 48).
2DGE of entire cell
proteomes is extremely

complex and, while

separating as many as 2000 - 3000 proteins, many proteins are either not separated
from each other or are not visible on the gel because of low abundance. 2DGE
remains a powerful tool for protein separation. It is a well developed technique with
many experienced users, is capable of high resolution and can provide quantitation
of many proteins. Its limitations are that it requires a lot of manual effort and is time
consuming, it primarily measures more abundant proteins and has difficulty
measuring some important proteins such as membrane bound proteins.
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Chromatography. Chromatographic techniques have developed into powerful
separation techniques, capable of separating large numbers of proteins and

peptides. Any given chromatography technique by itself, however, will still be able to
separate only a small fraction of cellular proteins. As a result, combining
chromatography techniques has become a widespread method for protein separations
for proteomic analysis.

Two dimensional chromatography. Following a pattern long used in protein
purification, John Yates and

Figure 49. Multidimensional Protein Identification

. Technology (MudPIT) consists of an initial fractionation
developed a technique for of a protease digestion of an entire proteome by ion
proteomic analysis called exchange chromatography followed by a lengthy
reversed-phase separation of the peptides from each
fraction of the ion exchange separation. Narrow

colleagues (Reference 20)

Multidimensional Protein

Identification Technique capillaries are packed with ion exchange beads and
(MudPIT). In this technique reversed-phase beads and the eluent from the
chromatography is directed into an electrospray mass

the proteins in a proteome are spectrometer.

first digested into relatively

small peptides using protease R
enzymes including trypsin. lon Exchange Reversed-phase

These peptides are then

fractionated by ion-exchange chromatography by increasing the salt concentration
in steps. In each step, the salt concentration is raised slightly and the least strongly
bound peptides are eluted onto reversed-phase beads. An acetonitrile gradient is run,
eluting the peptides by hydrophobicity (Reference 20). In the MudPIT approach the

ion-exchange and reversed-phase beads are packed into a narrow capillary in
sequence and the eluent from the reversed-phase section is directed into an
electrospray mass spectrometer (Figure 49). This is repeated multiple times producing
very significant separation of the peptides from the proteomic digest (Figure 50).

The advantage of two-dimensional chromatography of peptides from digested
proteomes is that breaking proteins into peptides allows separation and identification
of proteins that are missed by gel electrophoresis, such as hydrophobic, membrane-
bound proteins and low abundance proteins. The disadvantage is that information on
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Figure 50. In Multidimensional Protein Identification Technology (MudPIT) each step
increase in the salt concentration elutes peptides onto the reversed-phase portion of the
column and an acetonitrile gradient is run, separating the peptides by hydrophobicity.
(Reference 20)

IX Step 1 ... IX Step 4 .. 1XStep7_

ByEvASNRRR S

ErAsEvRERER A

PTMs is usually lost in the MudPIT approach. Also, many more peptides are formed
than there are proteins, on average 20 - 50 peptides per protein, which must be
separated.

More recent advances have used affinity chromatography, immobilized metal affinity
and lecithin affinity chromatography to further isolate sub-fractions of peptides either
prior to ion-exchange separation or at later stages.

Protein identification. Proteins separated by gel electrophoresis are generally
digested with proteases (trypsin in most cases) and the resulting peptides are
analyzed by MALDI mass spectrometry and identified by reference to protein
databases.

Peptides separated by MudPIT and related approaches are directed to an electrospray
mass spectrometer and the peptides identified by MS and MS/MS with the use of
protein databases. When a few peptides from a given protein are identified, the
protein itself can be identified.
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Column Typical Sample Maximum
Diameter Flow Rate Capacity Practical

(mm)  (mmin)  (ug) Load
Capillary 0075 000025 0.1 -
ACE 0.15 0.001 0.2 =
— ° 0.30 0.005 1 -
0.50 0.01 2 =
Microbore
ACE
— o 1.0 0.05 10 =
Narrow Bore
ACE 0 2.1 0.2 50 -
Analytical
-ACE— O 4.6 1.0 200 10 mg

Semi-Preparative

_ACE O 10 5.0 1mg 50 mg
Preparative
ACE... O 21.2 1030  5mg  200mg

Flow Rates can be varied by a factor of 2 without loss of resolution

Sample Capacity is the amount of polypeptide that can be
chromatographed without loss of resolution

Maximum Practical Sample Load is the maximum amount of
polypeptide that can be purified with reasonable yield and purity
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Amino acids are amphoteric, meaning that they contain both an acidic group
(carboxylic acid) and a basic group (primary amine). These, however, are condensed
with leading and following residues

in a peptide bond. A series of amino Blue represents
Nitrogen Red represents

! Oxygen

acids connected via peptide bonds
form a polypeptide backbone. The
characteristics of a protein/peptide

are determined by the side chains White ”
attached to the amino acid core. represents = (f;;,\
These are described and their Hydrogen ¥ represents
functions outlined in this appendix. Carbon
The name, three letter abbreviation Sidg Chain_ of
and single letter code are included. amino acid
residue
Amino Acid Characteristics Structure
Alanine Type: Hydrophobic
Ala Function: The side chain consists of a .
A methyl group, which is hydrophobic. -

As with other hydrophobic amino acids,
alanine assists with forming and
maintaining tertiary structure. < /\\

f

f

Arginine Type: Basic ’
Arg Function: The side chain has three ( }
R nitrogens closely grouped, making Arg the S
most basic amino acid with a pK of ~12.5.
Arginine forms electrostatic complexes with g oy

aspartic or glutamic acid (salt bridges),
strengthening tertiary structure.

It also interacts with acidic groups ‘O/,
being bound to a protein, such ¢

as the phosphate groups of nucleic acids.
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Amino Acid Characteristics Structure

Asparagine Type: Slightly polar
Asn Function: Asparagine is
N distinguished as being the primary
location for deamidation and for
being the point of attachment of
glycans (oligosaccharides).

Aspartic Acid Type: Acidic
Asp Function: Aspartic acid has a pK of
D ~4 and interacts with basic

amino acids forming electrostatic
complexes (salt bridges). Asp is
also the binding site for positively
charged groups such as metal ions,
required by many proteins to be

functional.
Cysteine Type: Slightly polar
Cys (sulphur-containing)
C Function: Cysteine plays a major

role in protein tertiary structure by
reacting with other cysteine side
chains and forming a covalent
linkage (disulphide bond) between
different parts of a polypeptide

chain.
Glutamine Type: Slightly polar
GIn Function: Glutamine does not
Q deamidate as easily as asparagine
and therefore is rarely a site of
deamidation.
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Amino Acid

Glutamic Acid
Glu
E

Characteristics Structure

Type: Acidic

Function: Glutamic acid has a
pK slightly greater than 4 and
interacts with basic amino acids
forming electrostatic complexes
(salt bridges). Glu is also the
binding site for positively charged
groups such as metal ions
required by many proteins to be
functional.

Glycine
Gly
G

Type: Neutral

Function: Glycine is very small
with a side chain of only a
hydrogen. It is a neutral extender
within the backbone.

Histidine
His
H

Type: Basic

Function: The side chain is
slightly basic with a pK of 6-7.
Histidine can bind acids but
binding depends on the
environmental pH.

Isoleucine
lle
|

Type: Hydrophobic

Function: As with other
hydrophobic amino acids,
isoleucine residues assist with
forming and maintaining tertiary
structure.
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| Appendix: Amino Acid Characteristics

Amino Acid Characteristics Structure
Leucine Type: Hydrophobic ’;"'
Leu Function: As with other hydrophobic _ :

L amino acids, leucine assists with % V&
forming and maintaining tertiary \&
structure. -

Lysine Type: Basic
Lys Function: The side chain is a primary \

K amine and has a pK of ~10.5. Lysine ‘ ¢
forms electrostatic complexes with -
aspartic or glutamic acid (salt bridges),
strengthening tertiary structure. ‘} g
It also interacts with acidic groups / 4
being bound to a protein, such 3
as the phosphate groups of
nucleic acids.

Methionine Type: Slightly hydrophobic ) —
Met (sulphur-containing) o

M Function: Methionine is the most
likely amino acid to be oxidized. It acts &
as an indicator of oxidation. /E
Methionine oxidation may also affect > 4
biological activity. k

Phenylalanine  Type: Hydrophobic and aromatic. o
Phe Function: As with other hydrophobic ( 5 /;L

F amino acids, phenylalanine assists ) W
with forming and maintaining tertiary 7/w =N
structure. Being aromatic, itis also /\ R,

a useful detection target by UV light
absorption.
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Appendix: Amino Acid Characteristics .

Amino Acid  Characteristics Structure
Proline Type: Slightly hydrophobic
Pro Function: Proline is unique in that its
P hydrophobic side chain is connected to the ™. A3 o
amino terminus. This creates a strain in the J
polypeptide backbone, tending to bend the ___\
backbone. This is a structural characteristic
assisting in the formation of tertiary structure.
Serine Type: Polar (hydroxy) 3 A
Ser Function: Serine is able to hydrogen bond /ﬂ-
S with other residues or parts of the protein. It
also can hydrogen bond with other proteins
or bound groups. Serine is also a site of ‘
phosphorylation on cellular proteins.
Threonine Type: Polar (hydroxy) F
Thr Function: Threonine is able to hydrogen -
T bond with other residues or parts of the 3
protein. It also can hydrogen bond with other
proteins or bound groups. Threonine is also
a site of phosphorylation on cellular proteins.
Tyrosine Type: Polar (hydroxy) and aromatic
Tyr Function: Tyrosine is able to hydrogen bond
Y with other residues or parts of the protein. It @.

also can hydrogen bond with other proteins
or bound groups. Tyrosine is also a site of

\ )
phosphorylation on cellular proteins. ' \\\ 7R
Tyrosine is aromatic and provides a P
UV absorption site. ( ““w.‘ .
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| Appendix: Amino Acid Characteristics

Amino Acid Characteristics Structure
Tryptophan  Type: Hydrophobic and aromatic
Trp Function: Tryptophan has a multi-ring ‘ ‘,_.
W system and can hydrogen bond to 5 & <
a small extent. It is aromaticand 4\? o "R
provides a site of UV light absorption. ¢ e
Tryptophan also has a slight natural ‘
fluorescence.
Valine Type: Hydrophobic
Val Function: The side chain of valine is a
\'} hydrophobic isopropyl group. As with other

hydrophobic amino acids, valine assists in >\//
forming and maintaining tertiary structure. Z x/

Abundance of individual amino acids. Hydrophobic amino acids are critical in
forming tertiary structure and are often found at the core of a protein. They represent
approximately 50% of the amino acids in a protein. Polar amino acids have many
important structural and functional purposes. They are quite abundant. The least
abundant amino acids are methionine, histidine, cysteine and tryptophan.

10
. grey = hydrophobic
8 g red = acidic
= _ green = hydroxy
= blue = basic
3 6 black = aromatic
< white = amide
® 4 yellow = sulphur
©
T
)
e 2
(]
o
0
Leu Ala Ser Gly Val Glu Lys lle Thr Asp Arg Pro Asn Phe GIn Tyr Met His Cys Trp
Amino Acid
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