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where Set/tO) is the normalized response and it is
again required that tlt" > 2/3.

The ideal response for a non-retained pulse input
to a straight tube of circular cross-section is derived
similarly. The elution time t for an element offluid at
a radial distance r from the center of the tube is given
by

dr/ R = _-,--_"""",-;,;;,
dt

Set/tO) = ~ CtOY (A9)

where it is required that tit" > 1/2. For tjt" ~ 1/2,
Set/tO) = o.

to

(
to)1/2

4t 2 1 -
2t

In the case ofan input pulse uniformly distributed
across the tube cross-section, we have brn/b(r/R) «:
r]R = [1 - to/(2t)F/2. It follows that for elution of
the sample from the tube

to
detector response o: 4t 2

Normalizing this result to unit area on the tjt?
scale, we obtain
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TABLE VI

SELECTION OF SALTS FOR CEC OF PEPTIDES AT pH 2.2

No." Salt Molality Valency Ionic strength

meat ion manion Zcation Zanion 1 b r0

I Potassium chloride 1.0 1.0 1+ 1- 1.0
2 Potassium phosphate 1.0 1.0 1+ 1- 1.0
3 Lithium chloride 1.0 1.0 1+ 1- 1.0
4 Lithium perchlorate 1.0 1.0 1+ 1- 1.0
5 Lithium sulphated 1.0 0.24,0.38 1+ 1-,2- 1.4
6 Sodium chloride 1.0 1.0 1+ 1- 1.0
7 Sodium perchlorate 1.0 1.0 1+ 1- 1.0
8 Sodium phosphate 1.0 1.0 1+ 1- 1.0
9 Sodium sulphated 1.0 0.24,0.38 1+ 1-,2- 1.4

10 Ammonium chloride 1.0 1.0 1+ 1- 1.0
11 Ammonium phosphate 1.0 1.0 1+ 1- 1.0
12 Ammonium sulphated 1.0 0.24,0.38 1+ 1-,2- 1.4
13 Calcium chloride 0.25 0.50 2+ 1- 0.76
14 Magnesium chloride 0.25 0.50 2+ 1- 0.76
15 Magnesium sulphated 0.25 0.12,0.19 2+ 1-,2- 0.94

a Used for identification of salts in figures and tables.
b Displacing ionic strength calculated by 10 = mcal;onz~aHon'

c Ionic strength in the eluting buffer calculated by 1 = 0.5I(m,z;). The buffer concentration and protolytic equilibria are taken into
account for this calculation only.

d Molality and valency stated for HSO; and SOf-, respectively.

spectively. This corresponds to making the salt con
centration for a divalent displacing ion one quarter
of the concentration of a monovalent ion (see Ta
bles V and VI). Preparation of the eluting buffers
with constant I D ensures that all gradients have the
same rate of increase in displacing ionic strength per
unit volume. This should be contrasted with the ap
parent gradient slope, defined earlier in this paper,
as the elution strength depends not only on the ionic
strength but also on the identity of the displacing
ion. The elution strength of a salt will hereafter re
fer, except where explicitly stated, to eluents with
constant displacing ionic strength.

The ion exchanger will initially be loaded with a
certain amount ofcounter-ions from the pH-adjust
ing reagent, as the column is equilibrated with the
starting buffer. Complications due to mixed ionic
forms of the ion exchanger may occur if the pH of
the eluents is adjusted with the same acid or base for
all salts. The pH of the eluents should therefore be
adjusted with the acid or base corresponding to the
displacing ion when possible. A certain amount of
the displacing ion, determined by the buffer concen-

tration and pH, will inevitably be present in the
starting buffer. This leads to differences in the elu
tion strength of the starting buffer, as discussed lat
er in this paper.

The measured retention volumes for anion-ex
change chromatography of the eight proteins at pH
8.0 are shown in Table VII. Two peaks were present
for the protein amyloglucosidase, leading to a total
of nine variables. To give an indication of the elu
tion strength, the average retention volume for each
salt is also tabulated. No absolute definition of the
elution strength is available in IEC, but a higher
elution strength ought to result in a lower average
retention volume. As pointed out by Coenegracht et
al. [6], however, the average retention volume is not
an absolute measure of the elution strength only,
because specific effects also influence the average
retention volume.

In Table VIII the retention volumes for CEC of
the nine pep tides are shown together with the aver
age retention volumes.

A subset of ten salts, indicated in Table VII, was
selected to make a comparison between the effect of
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RESULTS AND DISC USSION

bance was at 280 nm and fluorescence detection was
at 470 nm after excitation at 382 nm. The chroma
tography system consisted of a Waters Model 712
WISP autosampler and a Waters Model 680 auto
mated gradient controller controlling Waters Mod
el 510 and Model M-6000 pumps. A Spectroflow
757 var iable-wavelength absorbance detector from
Applied Biosystems and a Spectro Vision FD-200
fluorescence detector were in-line to monitor col
umn effluent.

solving power required to separate TGFa-PE40
from host-cell proteins in crude celllysates. For the
analysis of crude cell lysates from fermentation
broths, samples were mixed with 6 M guanidine
HCI , acidified , centrifuged and then injected in the
HPLC system. As shown in the upper panel of Fig.
I, TGFa-PE40 was only a minor component in that
particular cell lysate . Comparison with the bottom
panel indicated that the identified peak is likely to
represent the product since its retention time corre
sponded with the purified reference material. In ad
dition, there was little interference in the 5-min re
gion from E. coli proteins determined by analyzing
a cell lysate lacking TGFa-PE40. It is also noted
that the total time of analysis was only 8 min and
column regeneration was completed within 2 min.

During process development, SDS-polyacryl
amide gel electrophoresis of TGFa-PE40 samples
sho wed the continual presence of an M, :::::; 40 000
protein. Samples enriched in TGFa-PE40 or the M,
:::::; 40000 protein were prepared and chromato
graphed on the HY-TACH non-porous C t a column
using a slightly modified linear gradient of aceto
nitrile from the conditions described in Fig . I (see
Experimental). It was found that the two proteins
could not be resolved and that they had a retention
time of4.24 min (Fig. 2). Analysis of the samples by

100
'E
Q)

80 '6
~
o

60 oS
III

40 ti-

8

TGFa-PE40

4 6

TGFa-PE40

2

An in-process HPLC assay was developed to
monitor TGFa-PE40 levels at each step of the fer
mentation and purification process. This rapid, re
versed-phase HPLC assay employed a short column
(30 x 4.6 mm 1.0.) packed with a micropellicular,
silica-based octadecyl stationary phase operated at
elevated temperature and with high mobile phase
flow-rate. Under these conditions, which facilitated
rapid and highly efficient separations and facile col
umn regeneration [10], the column provided the re-
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Fig. 2. Reversed-phase chromatograms of samples enriched in
TGFIX-PE40 or the M, "" 40000 protein. Approximately 7 JIgof
each protein were injected onto a HY-TACH non-p orous C I 8

column and chromatog raphed as described under Experimental.
The top chromatogram respresents TGFIX-PE40 and the bott om
chromat ogram represents the M , "" 40000 protein .

86o 2 4
Time (min)

Fig. I. Rapid reversed-ph ase HPL C chromatograms of a crude
cell lysate and TGFIX-PE40. Conditions: Glycot ech HY-TACH
CIS micropellicul ar (non-po rous) silica-ba sed colum n (30 x 4.6
mm 1.0.). Gradient : A: 0.1% TFA in water ; R: 0.1% T FA in
acetonitrile-water (80:20); temperature. 80'C; flow-rate. 2 mil
min; 0.05 AUFS. Top panel: a crude cell lysate contai ning
TGFIX-PE40 was mixed with 6 M guanidine HCl. acidified. and
centrifuged. Bott om panel: a TG FIX-PE40 enriched sample.
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