
Abstract
Multi-dimensional chromatography is usually required for separating complex protein
samples (e.g. cell extracts, purified organelles, membrane preparations). Currently,
such chromatographic methods are often configured sequentially, i.e., when one
dimension of chromatography is performing the separation, other dimensions have to
wait until all the fractions have been collected from the first dimension and re-injected.
We describe here a ‘parallel’ 2D chromatography for protein separation. During this
chromatographic procedure, the second dimension of chromatography starts during
the process of the first dimension, and finishes immediately after the end of the first
dimension. The first dimension is an ion exchange chromatography performed with a
low flow rate, while the second dimension is carried out with two short reversed phase
(RP) columns at a high speed and a fast gradient. One anion and two small cation
exchange columns are connected in series, so that both anionic and cationic species
can be separated within a single run. The two non-porous RP columns are positioned
in parallel. When the first column performs separation, the second column is
collecting a fraction eluted from the first dimension. A switching valve is placed
between the ion exchange columns and the RP columns in order to perform collection-
separation switch between the two RP columns. Parallel 2D chromatography is
designed to improve the throughput and capacity of protein separation.
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This scheme illustrates a 2D chromatography system established for protein separation. Here, the first
and the second dimensions of chromatography are ion exchange chromatography (IEX) and
reversed phase chromatography (RP), respectively. IEX is carried out with a Waters � Alliance HT
system including a 10-port switching valve. The IEX columns, a Waters� Gen-Pak FAX (DEAE)
column and two Shodex� SP 420N columns (all non-porous), are positioned in series, a scheme we
call “ comprehensive IEX chromatography”. To collect fractions eluting from the first dimension, two
non-porous C18 columns are placed downstream of the first dimension. After one RP column finishes
collecting fraction, a gradient is employed to elute the proteins collected. Meanwhile, the other RP
column starts collecting fractions eluting from the IEX dimension. The switching valve is placed
between the IEX and RP columns so that the two RP columns can automatically switch for fraction
collection and gradient separation.

Samples and Separation Conditions

• Protein standard mixtures (all in 20
mM Tris containing ~0.75% TFA)

– 8 protein mixture (1.2 mg/ml
each): carbonic anhydrase,
hemoglobin, �-chymotrypsin, apo-
transferrin, ribonuclease, amylase,
� -chymotrypsinogen A, trypsin
inhabit

– 13 protein mixture (0.6-1.2
mg/ml each):8 protein mixture plus
insulin, cytochrome C, lysozyme,
conalbumin, �-Lactalbumin.

– 20 protein mixture (0.4-0.8
mg/ml each):13 protein mixture plus
phosphorylase b, peroxidase, human
albumin, �1-acid glycoportein, BSA,
fetuin, Carboxypeptidase B)

• Eluents for the First dimension (IEX)
– A: 20 mM Tris, pH 7.0
– B: A + 1M NaCl
– C: 20 mM phosphate, pH 7.0
– D: C + 1M NaCl

• Eluents for the second dimension (RP)
– A: 0.1% TFA in water
– B: 0.1% TFA in acetonitrile

• Detection: 280 nm
• Comprehensive IEX

– Place both cationic and anionic
exchange columns online and elute
these columns with the same mobile
phase, which contains both Tris and
phosphate buffers.

Experimental
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Comprehensive IEX of the 13-Protein Mixture

• Sample: 13 protein mixture

• Columns: A Gen-Pak FAX and two
Shodex SP columns in series

• Injection: 16 �l

• Gradient:
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Here is a separation of 13 proteins with the comprehensive ion exchange
chromatographic system. A 50 min gradient improved the separation in
comparison to a 15 min gradient.

These are chromatograms of individual proteins with the
comprehensive IEX chromatographic system. Most
proteins give sharp peaks. Multiple peaks can be seen
for some proteins.

Comprehensive IEX Chromatography of Individual Proteins
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Gradient:
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• Sample: 8 protein mixture

• Columns: Gen-Pak FAX (DEAE)

and Shodex SP 420N columns

• Injection: 20 �l

• Gradients

-- Chromatograms a, b and c:

Does Comprehensive IEX Work?
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-- Chromatogram d:
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A buffer was prepared for comprehensive IEX, that consisted of two buffer, Tris
and phosphate. Chromatograms a, b and c were all obtained with the two buffer
system, and Chromatogram d was acquired using a Tris buffer only.
Chromatograms a and d were very comparable, indicating that the two buffer
system was effective for both cation and anion separations. Chromatograms a
and b only used one mode of IEX column. However, if they were overlaid, the
middle part of the resulting chromatogram would be very similar to
Chromatogram c, which was acquired by using both modes of columns. Unlike
Chromatograms a and b, in which significant amounts of proteins eluted without
any retention, most proteins were well retained in Chromatogram c.

Comprehensive IEX:
How Long Is Needed for Equilibration?
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These chromatograms illustrate the time needed for the comprehensive IEX, in which
all the columns involved are non-porous. BSA and �-chymotrypsinogen A were
injected separately onto the system to check the re-equilibration time for the DEAE and
SP columns, respectively. The results suggested that both columns could be re-
equilibrated within one minute even at a flow rate of only 0.25 ml/min.
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Ion Exchange

Since every time only a small portion of sample was collected by the second dimension, the loading
capacity of the 2D chromatographic system would be mainly determined by the first dimension. Here
are chromatograms used to determine the loading capacity of the first dimension. BSA and �-
chymotrypsinogen A were separately injected onto the comprehensive IEX system to test the DEAE
and SP columns, respectively. Amounts of protein up to 2500 �g were loaded, and except for the
largest loaded amount, no significant changes in the peak shapes were observed. This indicated that
the loading capacities for both proteins were about 1 mg.

Studies of Loading Capacity of the First Dimension

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

5.50

6.00

Minutes

0.00 10.00 20.00 30.00 40.00

�-chymotrypsinogen A

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

Minutes
0.00 10.00 20.00 30.00 40.00

BSA

50 �g

250 �g

500 �g

1000 �g

2500 �g

50 �g

250 �g

500 �g

1000 �g

2500 �g

Columns: DEAE + SP

Injection volume: 1-50 �l
Protein concentration: 50 mg/ml

6

1

50

0

0

50

50

0

0

50

0.25

0.25

30

45

6123812380.2525

0500500.250

Curve%D%C%B%AFlowTime

AU AU

AU

0.00

0.20

Minutes

0.00 5.00 10.00

AU

0.00

0.20

0.40

0.60

Minutes

0.00 5.00 10.00

AU

0.00

0.05

Minutes

0.00 5.00 10.00

AU

0.00

0.50

Minutes

0.00 5.00 10.00

Conalbumin

�-Chymo-
trypsinogen A

Albumin, human

Lysozyme

625

0
Curve%D

15.00 20.00

6

1

50

0

0

50

61238

050
Curve%D%C

Parallel Two Dimensional Chromatography of Proteins with
Ion Exchange and Reversed Phase Chromatography

Hongji Liu and Steven A. Cohen
Waters Corporation

C
o

p
yrig

h
t
W

a
te

rs
C

o
rp

.
2

0
0

1
H

o
n
g

jiLiu

Page 2



RP Chromatograms of an 8-Protein Mixture
with Various Gradient Profiles

Injection: 8 �l.Gradient profile Gradient profile
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RP Chromatograms: Different Equilibration Time
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These chromatograms demonstrate that, by using a non-porous
RP column, re-equilibration can be established in 1 min.

These chromatograms show the separation of an 8 protein sample with a reversed phase
chromatographic system. Comparison of Chromatograms a, b and c indicates that the gradient
duration time can significantly affect the separation of these proteins, In Chromatogram c, where
a 10 min gradient was employed, all the peaks are separated. Chromatogram d was obtained
using a similar gradient with a higher initial organic composition, and the protein resolution in
that chromatogram was improved compared to the separation in Chromatogram b.
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Gradient:
RP Chromatography of Individual Proteins

These are chromatograms of individual proteins with the reversed phase chromatographic
system. Like the comprehensive IEX chromatograms, most proteins give sharp peaks, and
multiple peaks can be seen for some proteins. However, the relative retention behavior of each
protein is different between these two chromatographic modes. For example, if mixed,
cytochrome C and �-amylase would co-elute from the comprehensive IEX system, but would be
well separated with the RP system.

Reversed Phase
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Conditions for Parallel 2D Chromatography of
Protein Mixtures

13 protein mixture
First dimension:IEX

Second dimension: RP
Flow rate: 1 ml/min

Gradient: 10-60% B in 4 min

Equilibration: 2 min at 90% A

Column switch: every 6 min
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20 protein mixture
• First dimension:IEX

• Second dimension: RP
-- Same as those for the 13 protein

mixture
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2D (IEX + RP) Chromatography of 13 Proteins
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IEX separation

RP separation

These are chromatograms of 13 proteins separated by an IEX/RP two dimensional
chromatographic system. Chromatogram a was obtained when only the IEX columns
were online, while Chromatogram b was acquired with both modes of columns online.

2D Chromatography of A 20 Protein Mixture:
First Dimension (IEX)
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These are chromatograms of 20 proteins separated by the two dimensional chromatographic system.
Shown here is the RP Chromatogram of the fractions collected from the IEX separation in the previous
figure. Seventeen proteins were identified by their retention behaviors.

2D Plot of 20 Proteins Separated with IEX and RP

0

0.5

1

1.5

2

2.5

3

3.5

4

RT (min) on the IEX System

R
T

(m
in

)
o

n
th

e
R

P
s

y
s

te
m

0 -6 30-36 36-426-12 18-2412-18 42-4824-30

This is a 2D plot of the 20-protein sample separated by the 2D chromatographic system, as shown
in the previous figure. Since the collection time for each fraction eluting from the IEX system was 6
mins, each lane on the x axis is 6 mins in width. The width of every black stripe, which represents a
RP peak, is equivalent to the peak width in the chromatogram.

Two Dimensional
2D Chromatography of 20 Proteins
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Summary
• Comprehensive ion exchange chromatography

has been successfully used for protein separation
– Faster analysis and lower sample consumption

• Column re-equilibration was very fast.
• Gradient slope affected protein separation

significantly
• Protein loading capacity is greater than 1 mg
• Parallel (IEX + RP) 2D chromatography of protein

was successfully realized.
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