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Fig. 5, Relative abundance histograms for the five partially identified series of petro porphyrins occurring
in (a) Gilsonite bitumen, (b) La Luna shale, ~tnd (e) Bosean oil. Assignment is based on similarity (±5)
of KRI values 10 those of dcrivatised porphyrins of known structure and by extrapolation from them on
Kovats' plots (see Fig. 3a,b). Abundances are derived from ion intensity data!il. Compounds of elucidated
structure which have been co-injected are: A(t) series, C 30, C31 and en; A(2) series, C29 (partially iden­
tified); A(3) series. C 29 (partially identified); A-2(1) series, C32 ; A-2(2) series, C31 and C32 . The structure
of A(I) C29 is known from comparison of abundance with the work of Quirke et oJ. 33. As contrasted to
ref. 14, the data are plaited here by carbon number rather than KRI, allowing more direct comparison
between different samples. in which KRI values differ by up to ± 5 units for the same components.

There is reason to suppose, by analogy with the behaviour of standards, that
if the points on the Kovats' plots are joined by straight lines with gradients of ca,
40-50 KRI units per carbon number, then these lines represent pseudo-homologous
series· oC structurally related petroporphyrins, Further evidence for t·his· hypothesis
has come from co-injection experiments. Table I sets out the standards employed,
their GC-MS characteristics (KRI values and major MS ions), and indicates occur­
rences of co-incidence wilh a component of the La Luna porphyrins, Co-injection
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expts. 1 and 2, column A). However, total binding was subsequently achieved when
the phosphate concentration in both the lysing solution and urea-phosphate was
reduced to 0.05 M (Table I, expts. 3 and 4, column B). Evidently, a considerable
reduction in phosphate concentration is required for satisfactory DNA binding when
using Shoyab's procedure.

Apart from satisfactory binding, another parameter that deserves attention is
the purity of the DNA eluted from HaP columns, especially when it is being isolated
from tissue lysate. One of the ways to achieve this is by ensuring that the phosphate
concentration of the washing buffer solution is just sufficient to elute RNA and pro­
tein without desorbing the DNA. This condition is not satisfied by 0.05 M sodium
phosphate which enhanced the DNA-HaP interaction but did not effect the complete
elution of RNA and protein from the column (Table I, expts. 5 and 6, column B).
As a result of this, Shoyab's procedure was abandoned.

Markov and Ivanov9 used a method slightly different from S,hoyab's to load
and elute DNA from HaP columns. In their procedure, lysing solution was omitted
and the columns were equilibrated with urea-phosphate solution containing 0.2 M
sodium phosphate. When DNA was loaded and eluted using this procedure, a sig­
nificant amount was also eluted in the washing buffer, UP (8 M urea, 0.24 M sodium
phosphate, pH 6.8) and 0.15 M sodium phosphate, pH 6.8 (data not shown). Hence
the concentration of phosphate in UP was reduced to 0.15 M. As a result, 100%
binding was achieved (Table II, expts. 1 and 2, column A). Under the same condi­
tions, BSA was loaded and completely eluted in the washing buffer (Table II, expts.
3 and 4, column A). However, when RNA was applied about 75% of it was eluted

TABLE II

EFFECT OF REDUCING THE PHOSPHATE CONCENTRATION OF UREA-PHOSPHATE SO­
LUTION ON THE ADSORPTION OF DNA, RNA AND BSA TO HaP

DNA, BSA and RNA were dissolved separately in lysing solution and 0.5 ml of each was loaded on 3.0
cm x 1.0 cm HaP columns pre-equilibrated with urea-phosphate (UP). After loading, the columns were
washed with UP (8 M urea, 0.15 M sodium phosphate, pH 6.8), 0.15 M sodium phosphate (A) and
additionally with 0.20 M sodium phosphate (B) and then tightly bound DNA, BSA or RNA was eluted
with 0.48 M sodium phosphate, pH 6.8.

Expt.* % Distribution of recovered macromolecule

A B

UP 0.15 M 0.48 M UP 0.15 M 0.20 M 0.48 M

I 0.0 0.0 100.0
2 0.0 0.0 100.0
3 2.1 97.9 0.0
4 2.5 97.7 0.0
5 55.6 19.3 25.6
6 57.5 18.3 24.3
7 54.6 11.9 33.5 0.0
8 0.0 0.0 50,0 50.0

* Mean loads: 230 Jlg DNA in expts. I, 2 and 8; 1640 Jlg BSA in expts. 3 and 4; 160 Jlg RNA in
expts. 5-7.
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in the washing buffer while the remaining 25% was subsequently eluted in 0.48 M
sodium phosphate, the eluting buffer (Table II, expts. 5 and 6, column A).

Consequently, 0.2 M sodium phosphate was introduced as an additional wash­
ing solution after 0.15 M. This solution caused RNA to be eluted completely in the
washing buffer (Table II, expt. 7, column B), but when DNA was chromatographed
under identical conditions the 0.20 M sodium phosphate desorbed 50% of the DNA
(Table II, expt. 8, column B).

The effect of 0.20 M sodium phosphate on the adsorption of DNA and RNA
to hydroxyapatite, Table II, suggests that the elution of both substances overlaps at
this concentration. To resolve this, a gradient elution of DNA and RNA from HaP
was performed with the sodium phosphate concentration between 0.15 and 0.20 M
(see Fig. 1). It was deduced that 0.18 M phosphate can desorb RNA completely
without any effect on the stability of the DNA-HaP interaction.

The procedure of Markov and Ivanov9 was, therefore, modified as follows.
The column was equilibrated with UP containing 0.15 instead of 0.24 M sodium
phosphate. After loading, the columns were washed sequentially with UP, 0.15 M
and additionally with 0.18 M sodium phosphate before eluting the DNA with 0.48
M sodium phosphate, pH 6.8. This procedure was successfully used to establish the
maximum useful capacity of HaP columns and also for separating RNA and DNA
in nucleic acid extracts.

0.15-0.2 M NaP Gradient 0.48 NaP
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Fig. I. Continuous gradient elution of 1.0 mg RNA (0-0) and 0.30 mg DNA (e-e) from a 3.0 cm
x 1.0 cm HaP column. The column was equilibrated and loaded as described in Table II. After washing
with UP, gradient elution between 0.15 M (40 ml only) and 0.20 M sodium 'phosphate (40 ml only) was
commenced. Two-ml fractions were collected and the absorbance at 260 nm and conductivity of each were
measured. Conductivities were converted into phosphate molarities (A-A) using an appropriate cali­
bration curve.
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The chromatographic behaviour-of DNA loaded on HaP columns pre-equili­
brated and subsequently washed with lysing solution or urea-phosphate containing
different amounts of phosphate described in this paper highlights a problem inherent
in a number of published procedures for HaP column chromatography. These re­
portsS•9 suggest that DNA can be loaded on HaP columns pre-equilibrated and later
washed with solutions whose phosphate concentration is 0.24 M. On the basis of the
present observations, this concentration appears to be rather high for these purposes
and may be responsible for the premature elution of DNA in the washing buffer, as
experienced in this work and by others lo . This view is confirmed by the observation
(see Table II) that DNA can even be eluted by 0.20 M phosphate. Furthermore, this
single factor, more than any other, explains why all attempts to bind DNA in lysing
solution or urea-phosphate containing a higher phosphate concentration (0.24 M)
were completely unsuccessful. Still, a recent report l 1, like the earlier ones S,9 recom­
mends 0.24 M phosphate for column equilibration and DNA loading. In view of the
present results, it is probable that some proportion of DNA is eluted prematurely
from the column when 0.24 M sodium phosphate is used for column equilibration
and DNA loading.

Since the concentration of phosphate is a potent factor that determines the
strength of nucleic acid-HaP interactionl ,6, the actual concentration of phosphate
in the lysing solution used for sample loading, column equilibration and washing
should be evaluated and stated. The reason is that (as in this work) when solid urea
is dissolved in a solution of 0.24 M sodium phosphate, the volume changes lead to
a new phosphate concentration of ca. 0.15 M, that shown to allow complete DNA
binding. Indeed, this is the way Johnson and Illanll prepared their 8 MjO.24 M
urea-phosphate solution. The concentration (0.24 M) stated does not reflect the ac­
tual concentration of phosphate in this solution, and may therefore be misleading.

HaP has been successfully used for different nucleic acid separation problems.
One of these is the separation of DNA and RNA present in cellular or nuclear lysates
after in vivoS and in vitro3 modification by radiolabelled chemical carcinogen. This
enables investigators to establish which of the two is more susceptible to chemical
modification by the carcinogen. The use of HaP in this kind of investigation and the
fact that DNA can be desorbed from HaP columns prematurely under certain con­
ditions as noted in this paper indicate the importance of accurate monitoring of the
purity of RNA or DNA eluted from HaP columns, especially when the sample chro­
matographed contains both substances and HaP is the sole separation and purifi­
cation technique used. In such situations, the problem of cross-contamination can
be minimized if the appropriate concentration of phosphate for column equilibration,
sample loading and column washing is not exceeded.
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SUMMARY

Insulin monoiodinated in Tyr A14, A19, Bl6 and B26 can be separated from
insulin and diiodoinsulins using reversed-phase high-performance liquid chromato­
graphy on LiChrosorb RP-18 columns. Monoiodoinsulins with high and low specific
activities were isolated from a number of buffer systems without any reduction in
binding affinity and biological activity in isolated rat fat cells. The reason for the
previously observed reduction in the binding affinity was probably column bleeding,
i.e., chemical degradation of the column support.

INTRODUCTION

Iodination of insulin leads to a heterogeneous mixture of insulin, mono- and
diiodinated insulins. Insulin monoiodinated in Tyr A14, A19, Bl6 or B26 can be
isolated after iodination in urea-containing buffer using disc electrophoresis/ion-ex­
change chromatography1,2. It has been shown that Al4 monoiodoinsulin exhibits
the same binding affinity and biological activity in fat cells as native insulin, making
it an ideal tracer for insulin3.

Several groups have been studying the isolation ofmonoiodoinsulins, recently
mostly using reversed-phase high-performance liquid chromatography (RP­
HPLC)4-12. It is generally accepted that the Al9 isomer shows a decreased binding
affinityl-4,13 and the B26 isomer an increased binding affinity in isolated rat adipo­
cytes2,3,7,8. The receptor binding properties of these isomers also differ in other cell
types, such as hepatocytes and cultured human IM-9 lymphocytes1,2,5-8.

We have recently described several RP-HPLC systems for the separation of

* Presented in part at the 4th International Symposium on HPLC of Proteins, Peptides and Poly­
nucleotides, Baltimore, 1984, Poster Nos. 113 and 728.

0021-9673/86/$03.50 © 1986 Elsevier Science Publishers B.Y.
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insulin and all four monoiodoinsulins using different C1S columns, organic modifiers
and triethylammonium buffers at various pH values9-12.14.15. We observed a reduced
binding affinity of these HPLC-purified monoiodoinsulin tracers to isolated rat adi­
pocytes compared with the affinity of similar tracers isolated by disc electrophore­
sis/ion-exchange chromatography. Different observations of the deterioration of the
biological properties of other peptides and proteins after RP-HPLC fractionation
have been published in recent years16- 23 , although some reports of retention ofbio­
logical activity have also been published24.25.

The present paper describes the RP-HPLC separation of all four monoiodoin­
sulins with maximum specific activity, as well as the preparative isolation in milli­
gram-amounts of insulin and monoiodoinsulins with low specific activity using RP­
HPLC on LiChrosorb RP-18 columns. By employing different isolation procedures
it was possible to obtain monoiodoinsulins (and insulin) with retained biological
properties in isolated rat adipocytes.

MATERIALS AND METHODS

Insulin
Highly purified porcine insulin was prepared as described previously10.

Iodinated insulin with high specific activity
Insulin was iodinated in phosphate buffer containing 6 M urea using the lac­

toperoxidase method as described previously1.26. The average iodination degree was
0.14 I/mol of insulin. The iodination mixture (40 jil) was adjusted with 15 jil glacial
acetic acid to pH about 3 prior to Rp·:HPLC fractionation as described below.

Iodinated insulin with low specific activity
A 150-mg amount of insulin was iodinated on a preparative scale (25 mg/ml)

analogously to the method for preparing iodinated insulin with high specific activity,
except that the added iodide was "cold" Na1271plus I mCi 1251-as tracer. The average
iodination degree was 0.16 I/mol of insulin. To remove lactoperoxidase and iodide,
the iodination mixture was applied to a 90 cm x 2.5 cm J.D. Sephadex G-50 column
eluted with 0.1 M ammonium hydrogencarbonate, pH 8.0. The fractions containing
the iodinated insulin were pooled and lyophilized.

RP-HPLC.
The HPLC system consisted of a Spectra-Physics SP 8700 chromatograph, a

U6K (Waters) injector and a Pye Unicam UV detector. The columns were LiChro­
sorb RP-18, 5 jim, 250 mm x 4 mm J.D. (Merck) and LiChrosorb RP-18, 7 jim, 250
x 25 mm J.D. (Merck). The buffers were 0.25 M triethylammonium phosphate
(TEAP), pH 4.0 and 0.25 M triethylammonium formate (TEAF), pH 6.0. Acetonitrile
and isopropanol were used as organic modifiers. The columns were eluted isocrati­
cally, the eluate collected in I-min fractions (Pharmacia, FRAC 300 fraction collec­
tor) and the radioactivity was measured in a 16-channel y-counter (Hydrogamma 16)
or in a manual gamma spectrometer (M0lsgaard Medical ApS, Denmark) equipped
with a damping device (1000 times damping) made from stainless steel. All separa­
tions were performed at room temperature.
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Reagents
Phosphoric acid and formic acid (p.a.) were from Merck, triethylamine (99%)

from Janssen Chimica and acetonitrile and isopropanol (HPLC grade S) from Rath­
burn Chemicals. All other chemicals were of analytical reagent grade.

Distilled water was drawn from a Millipore Milli Q plant and all buffers were
filtered (0.45 /lm, Millipore) and vacuum/ultrasound degassed before use.

Silicon estimation .
The silicon content in the column eluate (0.25 M TEAF, pH 6.0-21.5% iso­

propanol) was measured using inductively coupled plasma atomic emission spectrom­
etry (ICP-AES). The effect of different organic modifiers on the silicon content was
analyzed using graphite-furnace atomic absorption spectrometry (GFAAS).

Isolation procedures
(1) A Sep-pak C1S cartridge (Waters) was prewashed with 10 ml

isopropanol-water (90:10, v/v) followed by 10 ml water. The pooled HPLC fractions
were diluted in 1 volume of water and loaded on the Sep-Pak, followed by 10 ml
water and 10 ml of 1 M acetic acid. The [125l]insulin was eluted with 5 ml
isopropanol-l M acetic acid (90:10, v/v).

(2) Gel chromatography on a 70 cm x 1.6 cm J.D. Fractogel TSK HW-40 (s)
(Merck) column eluted at 20 ml/h with 0.1 M ammonium hydrogencarbonate pH 8.0
containing 40% ethanol. The pooled fractions containing the [125I]insulin were di­
luted in 2 volumes of water and lyophilized.

(3) Extraction with cyclohexane: 4 volumes of cyclohexane were shaken with
the pooled fractions from HPLC or the concentrate from the Sep-Pak. The water
phase was isolated, flushed with nitrogen and lyophilized.

The purity of the monoiodoinsulins
The purity was determined using analytical RP-HPLC (as described above).
The iodine distribution was determined using oxidative sulphitolysis and en­

zymatic cleavage of the separated A- and B-chains as previously described13 .
The diiodoinsulin content was estimated by disc electrophoresis, slicing the gel

and measuring the radioactivity in the slices13. The content of diiodoinsulin with two
iodine atoms in the same tyrosine group was determined by pronase digestion fol­
lowed by gel chromatographic determination of diiodotyrosine (DIT) as described27 .

Biological determinations
The binding affinity to isolated rat adipocytes was measured as previously

described1-3,13.
The biological actlVltIes of mono[125I)iodoinsulin and mono-

[127,125I]iodoinsulin were determined using the enhancement of the conv.ersion of
[U-14C]glucose into lipid in isolated ratadipocytes as described- previously2,3:lil
some of the determinations of mono[12 7,125I]iodoinsulin the conversion. of [3·
3H]glucose into lipid was measured without separation of the water and toluene
phases.

The samples for biological determinations were dissolved in 0.01 M hydro­
chloric acid to give two different stock concentrations (:::::: 0.3 and :::::: 0.1 mg/ml) and
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the optical density was measured at 277 nm. The insulin concentration was calculated
based on an optical density of 0.958 for an insulin solution containing 1 mg/ml in
O.oI M hydrochloric acid.

The concentration in the most concentrated stock solutions of insulin and the
monoiodoinsulins with low specific activity was determined using amino acid analysis
(Kontron Liquimat III). The determination was based on eight stable amino acids
from the 24-h hydrolysis in 6 M hydrochloric acid (lys, his, arg, asp, glu, gly, ala,
leu). The concentration in the more diluted solutions.was determined using staining
with Folin-Ciocalteau's reagent according to Lowry et al. 28 and with Coomassie
Brilliant Blue in the microassay procedure (Bio-Rad). Linear calibration plots were
obtained in the range 1-10 Jlg/ml. The validity was assessed by the identity of the
calibration plots for insulin and iodoinsulin substituted to an average of II/mol of
insulin.

RESULTS

Fractionation of iodination mixtures
The fractionation of 20 Jlg insulin iodinated with 1 mCi 1251- using isocratic

elution in TEAF-isopropanol, pH 6.0 is shown in Fig. 1. This iodination mixture
contained about 17.5 Jlg of unsubstituted insulin plus 2.5 Jlg of monoiodoinsulins.
The amount ofunreacted 1251- was in agreement with the amount (about 5%) deter­
mined by TCA precipitation of the iodination mixture. Using this buffer, baseline
separation of the four monoiodoinsulins and unlabelled insulin is obtained. Using
TEAP-acetonitrile, pH 4.0 as eluent, the critical separation between Al9 monoio­
doinsulin and unsubstituted insulin was less satisfactory, as previously reported11.

107 X CPS

10
A14

ELUTION TIME (min)

Fig. 1. 1socratic RP-HPLC separation of 50 III iodination mixture (20 IIg insulin iodinated with I mCi
1251-) using a 250 mm x 4.0 mm I.D. LiChrosorb RP-18 column (5 11m) eluted at 0.5 ml/min with 0.25
M TEAF, pH 6.0-21.5% isopropanol. The histogram represents the radioactivity in the collected I-min
fractions. The dotted fractions in each peak were pooled and purified further (see Materials and Methods).
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Fractionation of milligram amounts of iodinated insulin
Fractionation of [l27,125I]iodoinsulin in the TEAF-isopropanol, pH 6.0 sys­

tem on a 250 mm x 4 mm column was satisfactory only with an amount up to 1 mg
iodoinsulin containing about 170 f.lg of monoiodoinsulins (data not shown).

Scaling up to a 250 mm x 25 mm column and applying 25 mg of iodinated
insulin was satisfactory with respect to the separation of A19 monoiodoinsulin and
insulin, whereas A14 and B16 monoiodoinsulin were eluted as a single peak (data
not shown). When the same column was eluted with TEAP-acetonitrile, pH 4.0 a
satisfactory separation was obtained when 30 mg iodinated insulin were applied, as
shown in Fig. 2.

Column bleeding
The contents of silicon in eluates from different batches of the LiChrosorb

RP-18 column are given in Table 1. The influence of different organic modifiers on
the bleeding of silicon from a single LiChrosorb RP-18 column is shown in Table II.

A 19 INSULIN

5

120

A14

906030
O+---r--,...--,--.....

o

15

10

10· X CPM

o

1.28

0.64

ELUTION TIME (min)

Fig. 2. Isocratic RP-HPLC separation of 300 Jll iodinated insulin (30 mg insulin iodinated to 0.16 Ilmol
containing trace amounts of 1251-) using a 250 mm x 25 mm J.D. LiChrosorb RP-18 column (7 Jlm) eluted
at 5 mllmin with 0.25 M TEAP, pH 4.0-26% acetonitrile. The continuous curve represents the UV ab­
sorbance at 210 nm and the histogram represents the radioactivity in the collected I-min fractions. The
dotted fractions and fractions 53-56 containing insulin were pooled and purified further (see Materials
and Methods),
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TABLE I

THE CONTENTS OF SILICON (ng/rnl) IN ELUATES FROM DIFFERENT BATCHES OF LI­
CHROSORB RP-18, 5-Jlrn COLUMNS ELUTED WITH 0.25 M TEAF, pH 6.0-21.5% ISOPROPAN­
OL

Column batch No. Silicon (ng/ml)*

414999 188
415000 216
415016 30

Eluent II

* By ICP-AES, see Materials and Methods.

Isolation of monoiodoinsulins
The recovery of monoiodoinsulins concentrated using Sep-Pak is shown in

Table III. It was possible to obtain 90% of the monoiodoinsulin in 1 ml (loaded
volume up to 50 mI). The recovery in the water phase after extraction with cydo­
hexane was ca. 90%.

Purity of monoiodoinsulins
The purity of monoiodoinsulin tracers with high specific activity was evaluated

using the different methods summarized in Table IV. These results are representatives
for several batches.

The purity of monoiodoinsulins with low specific activity is shown in Table V.
Although the purity was ca. 95%, the B-chain labelled monoiodoinsulins were less
pure than the A-chain labelled ones, probably because the amount of B-chain incor­
poration is lower than that of the A-chain incorporation.

Binding affinity of monoiodoinsulin tracers
Full binding affinity relative to that of the same isomer prepared by disc elec­

trophoresis/ion-exchange chromatography was retained following isolation by gel
chromatography in 40% ethanol (A), extraction with cydohexane (B) and dilution
in large volumes of albumin-containing buffer (C) (Table VI).

TABLE II

THE CONTENT OF SILICON (ng/rnl) IN ELUATES FROM LICHROSORB RP-18, 5-Jlrn COLUMN
NO. 208810.

Eluent

0.25 M TEAF, pH 6.0-21.5% isopropanol
0.25 M TEAF, pH 6.0-27% acetonitrile
0.25 M TEAF, pH 6.0
Eluent

* By GFAAS, see Materials and Methods.

Silicon (ng/ml)*

504
244

88
56
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HMG 14­

HMG17-

1 234 5
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rig. 5. Acetic acid-urea PAGE of fraclions from HPLC (rig. 4). Lanes: I = proteins from peak I:
2 = PCA-soluble proteins which were applied to the column: 3 = protein from peak 2; 4 = proteins
from peak 3; 5 = protcills from pc:ak .;.

trile gradient. The elution profile obtained with total PCA-soluble proteins from
He·La S3-cells is shown in Fig. 4 (only the first part of the profile is shown). The
subsequent gel analysis of some of the peaks (Fig. 5) revealed that HMG I (peak 3,
lane 4) was separated from HMG Y (peak 2. lane 3) and was not contaminated by
any other proteins. Another protein (peak 4, lane 5) with higher mobility than HMG
17 also seems to be obtained pure from this column. HMG Y and 14 were eluted in
the same peak (peak 2, lane 3). which excludes the use of this HPLC column for a
single-step purification of these proteins. HMG 17 was slightly contaminated by some
unidentified proteins (peak I. lanc I).

HPLC was also used to fractionate the mixture of HMG I and Y obtained
from chromatography on Blue Sepharose. Analysis by acetic acid-urea PAGE re­
vealed that the resulting HMG Y and I preparations were essentially pure (Fig. l.
lanes 6 and 7). From )09 HeLa cells, approximately 40 JJg HMG I and 10 pg HMG
Y were obtained, which is a higher recovery than that obtained by preparative
PAGEJ.

There is an alternative procedure for purification of HMG I without using
HPLC. When fractions 24-30 from the phosphocellulose column (Fig. 2) were used
instead of fractions 24-35, a preparation containing about 80% of the total amount
of HMG I and no HMG Y (results not shown) was obtained. HMG I can then be
purified to homogeneity by Blue Sepharose chromatography.

DISC SSIO,

The low-molecular-weight HMG proteins are relatively abundant chromo­
somal proteins without enzymatic activity. Their identification ha been based on
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