Let us say you have an impure
solution containing a protein
of interest.

Q: How do you (a) analyze
what you have and (b) purify
what you want?
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Note: proteins are usually mixed with a

detergent, sodium dodecylsulfate (SDS),
and a tracking dye to make the sample.
The SDS binds to the protein and gives it
size-dependent negative charge and
consistent hydrodynamic properties.
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Myosin 200,000

3-Galactosidase 116,250
Glycogen phosphorylaseb 97,400

Bovine serum albumin 66,200
Ovalbumin 45,000

Carbonicanhydrase 31,000

Soybean trypsin inhibitor 21,500
Lysozyme 14,400

Ol

logM,

Polyacrylamide Gel Electrophoresis (PAGE)

m, * Unknown
standards protein

Unknown
protein

)

Relative migration



Polyampholyte Character of a
Tetrapeptide and Isoelectric Points

Group pKa
a-NH;* 9.7
Glu yv-COOH 4.2
Lys e-NH;+  10.0
o-COOH 2.2

Isoelectric Point (pl), pH at
which molecule has net zero
charge, determined using
computer program for known
sequence or empirically (by
isoelectric focusing)




TABLE 3-6 The Isoelectric Points
of Some Proteins

Protein pl
Pepsin <1.0
Egg albumin 4.6
Serum albumin 4.9
Urease 5.0
[B-Lactoglobulin 5.2
Hemoglobin 0.8
Myoglobin 7.0
Chymotrypsinogen 9.5
Cytochrome ¢ 10.7

Lysozyme 11.0



Isoelectric Focusing

Electrophoresis through polyacrylamide gel in
which there is a pH gradient.

/ pH of the gel

pl 7.46 pl7.36 pl 7.23

|

Accumulation
of protein

pH

pl 7.30

pl 7.44

‘ Position in gel 5
Cathode Anode
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Protein concentration



Isoelectric Focusing
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Two-Dimensional Gel Electrophoresis

e Separate proteins based on pl in 1st dimension
e Separate proteins based on molecular weight in

2nd dimension

=
=z
First |N—' 5 . .
dimens::)sn /| Decreasing Isoelectric focusing
soclectric || pl gel is placed on SDS
s?e ectric [ polyacrylamide gel.
ocusing G
-
N

Isoelectric focusing

gel is placed on SDS

polyacrylamide gel. ] Secqnd
dimension

SDS polyacrylamide
gel electrophoresis
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Figure 5.11

The solubility of
most globular
proteins is
markedly
influenced by pH

and ionic strength.

This figure shows
the solubility of a

typical protein as
a function of pH
and various salt
concentrations.

Solubility, mg of protein/milliliter

© 2005 Brooks/Cole - Thomson
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“Salting Out”: Ammonium Sulfate
Precipitation in Protein Fractionation
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Centrifugation

Low-speed, high-speed, or

Copyright @ 2000 Benjamin'Cummings, an imprint of Addison Wesley Longman, Inc.

ultracentrifugation: different
spin speeds and g forces

Centrifugation Methods

eDifferential (Pelleting) - simple
method for pelleting large particles
using fixed-angle rotor (pellet at
bottom of tube vs. supernatant
solution above)

eZonal ultracentrifugation (e.qg.
sucrose-gradient) — swinging-bucket
rotor

eEquilibrium-density gradient
ultracentrifugation (e.g. CsCl) -
swinging-bucket or fixed-angle rotor



Zonal Centrifugation: Sucrose-
Gradient Preparative Centrifugation

0F’repam density gradient. QThe tube is placed in a “swinging bucket” rotor.
Dense When the rotor revolves, the tube moves to
SUCTOSe Less dense a horizontal position. The macromaolecule i/
ﬁolulion = _~ sucrose layer sediments, resolving into —
i _~"y solution components [ —
-~ R '\, <
P 1 ] ' T
[!! .| o) Hotor
9 The macromolecular ) exa ‘
solution is layered on R T
Qfaf'd'l top. Itis less dense .
{8 L than the sucrose NE g ]
z !
! |
Sucrose R a
gradient

o The bottom of the celluloid lube is
pierced by a hypodermic needle,
and fractions are allowed 1o drip

| inlo a senes of lubes. These can

= then be analyzed.

Jesuuus

Separates by sedimentation coefficient
(determined by size and shape of solutes)

Copyright @ 2000 Benjamin/Cummings, an imprint of Addison Wesley Longman, Inc.



Column Chromatography
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Chromatography

Sample containing l l l l o
proteins or peptides . Liquid flow
Ny = s
N i
“si|Liquid |,
flow 9
Iy it
v ke
Separation according to: | | B
-molecular weight/ size ' | E
-charge
-hydrophobicity ‘ - -~ ~
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Proteins are Amphiphilic Macro-Ions

Surface Potential [EHINDOODNT =5.000 0.000 5.000 I0NODDEN > - <

Positively-charged basic residues

(K, R, & H)
A
Hydrophobic ‘“patch”
Macromolecular
dimensions: .5 40 A
Ligand binding pocket
(active site)
v

Negatively-charged acidic residues (E & D)

>>>The charged groups, hydrophobic regions, size, and solvation affect the
biophysical properties of the protein and largely determine its purification behavior.



Different Types of Chromatography

Gel filtration/size exclusion - separates by size (molecular
weight) of proteins

lon exchange (cation exchange and anion exchange) -
separates by surface charge on proteins

— Cation exchange: separates based on positive charges of
solutes/proteins, matrix is negatively charged

— Anion exchange: separates based on negative charges of
solutes/proteins, matrix is positively charged

Hydrophobic interaction - separates by hydrophobicity of
proteins

Affinity - separates by some unique binding characteristic
of protein of interest for affinity matrix in column



lon-Exchange Chromatography

@ Large net positive charge
O Net positive charge

O Net negative charge

@ Large net negative charge

Polymer beads with
negatively charged
functional groups

Protein mixture is added ®
to column containing
cation exchangers.

123456

Proteins move through the column at rates determined by their
net charge at the pH being used. With cation exchangers, proteins
with a more negative net charge move faster and elute earlier.

—— High-salt
elution

elution \ / \
buffer \
-

buffer 3
N ®
> <€
8
<
8
<
Q
s g
Sample mixture ~ o
Chromatography -
column
M=
:IQ i
] | |
) )
2 O O
) )
| B |
i b —— -
/ !/ / \'J \'/ \_'/

Fractions sequentially collected
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Ion Exchange (IEX) Chromatography

TM4

[NaCl]

sample  ___ gradient

equilibration - application elution

high salt wash

1-4 cv

unbound molecules elute
before gradient begins

et WA S| et T2-EUIliDration

tightly bound molecules

*" elute in high salt wash

2cv

Column volumes [cv]

Fig. 31. Typical

The net surface charge of proteins varies according to the surrounding pH. When
above its isoelectric point (pl) a protein will bind to an anion exchanger, when
below its pl a protein will behind to a cation exchanger. Typically IEX is used to
bind the target molecule, but it can also be used to bind impurities if required.
[EX can be repeated at different pH values to separate several proteins which
have distinctly different charge properties, as shown in Figure 32. This can be
used to advantage during a multi-step purification, as shown in the example on

page 24.

IEX gradient elution.




Gel Filtration Chromatography

(e}

Amount of solute

Small

molecules Volume of effluent

Large

polymer beads molecules

Protein mixture is added ‘-
to column containing CUCDO
cross-linked polymer.

Protelr! molecules separate 5§ O U U U U |\ W/ U/
by size; larger molecules g e Copyright 1999 John Wikey and Sans, Inc. Al rights reserved.
34

pass more freely, appearing
in the earlier fractions.



Gel Filtration (GF) Chromatography

GF separates proteins with differences in molecular size. The technique is ideal for
the final polishing steps in a purification when sample volumes have been reduced
(sample volume significantly influences speed and resolution in gel filtration).
Samples are eluted isocratically (single buffer, no gradient Figure 41). Buffer
conditions are varied to suit the sample type or the requirements for further
purification, analysis or storage step, since buffer composition does not directly
affect resolution. Proteins are collected in purified form in the chosen buffer.

high
molecular
] weight

low
molecular
‘sample weight
injection
volume
> . .
- intermediate
molecular weight
equilibration

|l1 1cv ._I -

Column Volumes [cVv]

Fig. 41. Tvpical GF elution.




The principle of gel filtration -- excluded volume
[Note: gel filtration chromatography is also sometimes
called “‘size exclusion chromatography’’]

V, = “void volume”

V, = “bed volume”

V., = “elution volume”

Vi=Vt-V0

Fig. 3. Diagrammatic
representation of V, and V.
Note that V-V _ wi [l include
the volume of the solid
material which forms the
matrix. (Fischer, L.
Laboratory Techniques in
Biochemistry and Molecular
Biology. Vol. 1 part II. An
introﬁuction to Gel
Chromatography. North
Holland Publishing
Company, Amsterdam.
Repraduced by kind

permission of the Authors

and the Publisher).



Affinity Chromatography

&

Protein of
interest

wd
Solutlon
of ligand

Protein mixture is
added to column
containing a
polymer-bound
ligand specific for
protein of interest. "

i \
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Protein Sequencing

Frederick Sanger was the first.
In 1953, he sequenced the two chains of insulin.

e Sanger's results established that all of the molecules of a
given protein have the same, unique sequence and that
the polypeptide chain is unbranched (apart from disulfide
crosslinks at some cysteines).

e Proteins can be sequenced in two ways:
- real amino acid sequencing (the “classic”
approach)

- sequencing the corresponding DNA of the gene (or
cDNA copy of the mRNA), then inferring the
protein sequence using the genetic code.



Primary Structure of Bovine Insulin

H; B chain

First protein to be fully sequenced;

I - Fred Sanger, 1953. For this, he won his
I A first Nobel Prize (his second was for the
|_Z;§Z_s_s_t:§i Sanger dideoxy method of DNA

. I sequencing).
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Direct Determination of a Protein Sequence

U‘I-bUOI\)—‘

An Eight Step Strategy

. If more than one polypeptide chain, separate.
. Cleave (reduce) disulfide bridges

Determine composition of each chain

. Determine N- and C-terminal residues

Cleave each chain into smaller fragments and
determine the sequence of each chain

6. Repeat step 5, using a different cleavage procedure
to generate a different set of fragments

/. Reconstruct the sequence of the protein from the
sequences of overlapping fragments

8. Determine the positions of the disulfide crosslinks



Comment re previous slide:

Obviously, it is easier to just sequence the gene for a
protein rather than laboriously sequence the protein itself
by direct methods. This is why most (>99%) of protein
sequences generated today are from indirect, inferential
nucleic acid sequencing data. However, for special cases,
e.g., characterizing a new protein isolated from a natural
source, direct sequencing is still required. Even in this
case, though, often only partial sequencing is required --
enough to generate a unique peptide “fingerprint” -- then
the rest of the sequence can be obtained by looking it up
in a database of protein sequences generated from DNA
sequencing data from the organism from which the
protein was isolated.



Example of
inferring protein
sequence &
function from
DNA sequence:
the human
genome data.

Cell adhesion (577, 1.9%)
Miscellaneous (1318, 4.3%) \ Chaperone (159, 0.5%)
Viral protein (100, 0.3% )l

Transfer/carner protein (203, 0.7%)

il

o \|_|

Transcription factor (1850, 6.0%)

Signaling molecule (376, 1.2%)

e*éj \\

Receptor (1543, 5.0%) ——__

Kinase (868, 28%) — W

ixop:mpsmn |vrn3|s

Select regulatory
molecule (988, 3.2%)

I'ransferase (610, 2.0%)

Synthase and synthetase
(313, 1.0%)

Oxidoreductase (656, 2.1%)
Lyase (117, 0.4%)
Ligase (56, 0.2%)
Isomerase (163, 0.5%)

Hydrolase (1227, 4.0%)

© 2005 Brooks/Cole - Thomson

lon channel (4006, 1.3%)
Motor (376, 1,2%)
Structural protein of muscle (296, 1.0%)
ene (902, 2.9%)
ct calcium-binding protein (34, 0.1%)
lular wransporter (350, 1.1%)

—Transporter (533, 1.7%)

Molecular function unknown (12809, 41.7%)

Figure 5.32 Proteins of the human genome grouped according to their molecular function. The
numbers and percentages within each functional category are enclosed in parentheses. Note
that the function of more than 40% of the proteins encoded by the human genome remains
unknown. Considering those of known function, enzymes (including kinases and nucleic acid
enzymes) account for about 20% of the total number of proteins; nucleic acid-binding proteins of
various kinds, about 14%, among which almost half are gene-regulatory proteins (transcription
factors). Transport proteins collectively constitute about 5% of the total; and structural proteins,
another 5%. (Adapted from figure 15 in Venter, J.C., et al., 2001. The sequence of the human genome.

Science 291:1304-1351.




Cleavage of Polypeptides for Analysis

e Strong acid (e.g. 6M HCI) - not sequence specific

e Sequence-specific proteolytic enzymes
(proteases)

e Sequence-specific chemical cleavage (e.g.
cyanogen bromide cleavage at methionine
residues)



Protease Specificities

TABLE 3-7 The Specificity of Some Common
Methods for Fragmenting Polypeptide Chains

Reagent (biological source)* Cleavage points'

Trypsin Lys, Arg (C)
(bovine pancreas)

Submaxillarus protease Arg (C)
(mouse submaxillary gland)

Chymotrypsin Phe, Trp, Tyr (C)
(bovine pancreas)

Staphylococcus aureus V8 protease Asp, Glu (C)
(bacterium S. aureus)

Asp-N-protease Asp, Glu (N)
(bacterium Pseudomonas fragi)

Pepsin Phe, Trp, Tyr (N)
(porcine stomach)

Endoproteinase Lys C Lys (C)
(bacterium Lysobacter
enzymogenes)

Cyanogen bromide Met (C)

*All reagents except cyanogen bromide are proteases. All are available
from commercial sources.

fResidues furnishing the primary recognition point for the protease or
reagent; peptide bond cleavage occurs on either the carbonyl (C) or the
amino (N) side of the indicated amino acid residues.



Cyanogen Bromide Cleavage
Methionine Residues

Methionine

residue
——
R! O OJ R) O
! |
—N—CH=C—N-~CH—C—=N—CH—C—
1 i
b H Ci H
HA
O 0
Cyanogen \ S =CH
bromide :
Methy!
thiocyanate
H, (|) R, O
i
—N—CH=C—=N—CH—C + HaN—CH—C —
1
H H CH J(
CH
—

Homoserine
lactone
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CNBr
fragments
- - >

CNBr CNBr

Phe —Trp—Meét™ Gly —Ala — 888 Leu—Pro—Meét Asp —Gly— BgE Cys —Ala—Gin
A
! |
Trypsin trypsin trypsin

fragments ‘ ’
B S s

\/
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Protein Sequencing: Edman Degradation

R O R, O R 0
4 L
+ H,;N—CH—( NH—CH—C—NH—CIH—(
|}
Phenylisothiocyanate Polypeptide
(PITC)
OH
Y
- I R 0 R O
20 Y
NH - ( NH CH C—~NH—CH—C-—NH—~CH—C

PTC polypeptide
anhydrous

F,CCOOH

+
+ HN—CH—C—NH—CH—C

Original polypeptide less
its N-terminal residue

Thiazolinone derivative

PTH-amino acid

Copyright 1999 John Wiley and Sons, Inc. All rights reserved

PTC = phenylthiocarbamyl

F,CCOOH = trifluoroacetic acid

PTH = phenylthiohydantion



Polypeptide

(a)

(b)

———

NO, NO,
N02
FDNB NO,
Ho: 'TH ITH Free
6m HCI i ino- i
R'—CH M R'—CH 2 abiG lde‘ntlfy amino term.mal
| acids residue of polypeptide.
c=o0 coo"
5 |
2,4-Dinitro- HN 2,4-Dinitrophenyl
phenyl RZ— CIH derivative
derivative I of amino-terminal
of polypeptide E =0 residue
N; Phenylisothio- 'TH |\I|H
I cyanate S5>C
¢ ¥ - l\ll P g N S Identify amino-terminal
S I CF.COOH 5\ / H* 5 I 1 T residue; purify and recycle
R R'—CH 3 C—CH HN CH remaining peptide fragment
/~ OH C'= 0// \R’ 41 through Edman process.
G||\1|-|z Anilinothiazolinone Phenylthiohydantoin
Rz—CI H derivative of amino derivative of amino
| acid residue acid residue
C= % i
2 Mt —C—c —N—C—c A, Shortened
PTC adduct W g H H |c|> peptide



Separation of Amino Acids by HPLC
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Another, more modern way, to sequence
proteins is via mass spectrometry. The mass
spectrometry method also meshes well with
modern proteomics databases where one can
have “look up” tables of peptides based on their
mass. Thus mass spectrometry can facilitate
peptide fingerprinting and subsequent gene
product identification. Mass spectrometry can
also be done on very small amounts of material
(even impure material), which is another
advantage.



Protein/Peptide ldentification by Mass

Spectrometry

Mass
Glass  Sample spectrometer
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Locating the Disulfide Bonds in Insulin

CH,SH
Lnon
CHOH
CH,SH

Dithiothreitol (DTT)

S

H

¥

N—N—2Z

S |
—cuz—ﬁ—o-
=0 O

Cysteic acid

residues

Disulfide bond

NH

(cystine)

b

0=C

| |
HC—CHy;—S—S—CH,—CH
|

HN

] |
-0 _ﬁ_CH’ —CIH

N\

HN

LL

NH

|
Hc| —CHy —S—CH,—C00™

C=0

’edu -

. HCEj,

ditp: ©On
Ilhloth,.ei':‘;l

NH
HC —CH,—SH H s—cu;—clu

C=0

rJ~

0o=C

HN
acetylation -H
iodoacetate

Acetylated
cysteine
residues

0=C

HN

“00C—CH;—S—CH; —?H

'L‘

iodoacetate
Sre=S
1 |
A chain: GlVEQCCASVCSLYOLENY(‘JN
) ®!
| |
S S
B chain: FYNQHLCGSHLVEALYLVCGERGFFYTPKA
Step 1: Test for free —SH with radioactive
iodoacetate or other
sulfhydryl-reacting reagents
cN Unchanged insulin molecule ., no free —SH groups
| |
S Step 2: Cleavage of Step 3: Mild acid hydrolysis
s entire molecule of entire molecule
i with chymotrypsin
LVCGERGFF
CA [CAS [CA S
Identification of | !
bond (3) as A20 - B19 s s s Qc .SVC
S S S S S
Lc LC LCG GIVEGC SVC
-— .~ —_—
| |
Identification of Identification of
bond (2) as A7 - B7 bond (1) as A6 - A11
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Determing Primary Structure of an
Entire Protein

a8 Procedure
/ hydrolyze; separate
amino acids
Polypeptide

react with FDNB; hydrolyze;
separate amino acids

reduce
disulfide
bonds (if present)

SH
\

cleave with trypsin;
separate fragments; sequence
\by Edman degradation

cleave with cyanogen
bromide; separate fragments;
\sequence by Edman degradation

aTMmoN>

OO

OO

W= NB_NW©N

Result

H 2 R 1
1 3 s 2
K 2 T1
L 2 Vi1
M2 Y2
P 3

2,4-Dinitrophenylglutamate

detected

GASMALIK
EGAAYHDFEPIDPR
DCVHSD
YLIACGPMTK

EGAAYHDFEPIDPRGASM
TKDCVHSD
ALIKYLIACGPM

Conclusion
Polypeptide has 38
amino acid residues. Tryp-
sin will cleave three times
(atoneR (Arg) and two
K (Lys)) to give four frag-
ments. Cyanogen bromide
will cleave at two
M (Met) to give three
fragments.

E (Glu) is amino-
terminal residue.

@ placed at amino terminus

because it begins with E (Glu).

placed at carboxyl terminus
because it does not end with
R (Arg) or K (Lys).

overlaps with

@and,allowing

them to be ordered.

establish @ @
TS il | | 1 Carboxyl
MIN0 I - A AYHDFEPIDPRGASMALIKYLIACGPMTKDCVHSD' 2" 2OXY
terminus | 1l [ | | terminus

©
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Reactions in Solid-Phase Peptide
Synthesis

Insoluble
cl— CHz polystyrene
Amino acid 1 with R
-amino grou rotected | = Attachment of carboxyl-terminal
;; F group p Fmoc _T_CH C O amlno acid to reactive
y Fmocgroup group on resin.
1
|
Fmoc —T—CH— —o —CHy~{ Y4 ¢-=====m=me=== -
\
H
R2Z O

Fmoc —N—éH _él_oz Protecting group is removed

| by flushing with solution

H containing a mild organic base.

Amino acid 2 with
N=C=N prote.c(ed ) R
@ «-amino group is < i
Dicyclohexylcarbodiimide activated at H3N—CH—C—0—CH
cc carboxyl group
(bca) by DCC.

«-Amino group of amino

acid 1 attacks activated
2
K o nH W @ carboxyl group of amino acid

2 to form peptide bond.

K)<:>>N 4

chyclohexylurea byproduct

R2 0 R1T 0 Reactions @ to @
[ 1ol repeated as necessary
Fmoc —"ll—CH —C—r‘ll—CH—c—o—cﬂz—@— ________________ /
H H

Completed peptide is
HF deprotected as in
@ reaction @: HF cleaves
ester linkage between
peptide and resin.

R R' 0
+ |l |l
H3N—CH—C—I‘II—CH—C—O' + F—CHy

H
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Special thanks for many slides in this lecture
again goes to Dr. Gabriel Fenteany, Dept. of
Chemistry, University of lllinois at Chicago
(www.chem.uic.edu/fenteany/teaching/452).
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