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Comparison of Retention and Binding Behavior
of dUTP and Biotin-Conjugated dUTP Using
an Immobilized Silver Ion Chromatography Support

SANJAY AGARWAL, ANTONIO A. GARCIA,* and DALE MILES
DEPARTMENT OF CHEMICAL, BIO AND MATERIALS ENGINEERING
ARIZONA STATE UNIVERSITY
TEMPE, ARIZONA 85287-6006, USA

ABSTRACT

A gel filtration chromatographic packing was modified to contain immobilized
silver ions in order to study the retention and binding behavior of biotin-Iabeled
b-dUTP versus dUTP. The immobilized silver column retains unlabeled dUTP
(with the retention time depending on sodium chloride concentration in the mobile
phase), but no affinity binding is evident with dUTP. In the absence of sodium
chloride, dUTP was seen to have a retention time of 66 minutes using a 10.3-mL
immobilized silver column, while b-dUTP is fully bound to Jhe immobilized silver
column. Approximately 90% of b-dUTP is recovered when b-dUTP is applied to
the immobilized silver column using 10~3 M PBS and eluted using 0.2 M NaCl
in the mobile phase. These results demonstrate the potential for using silver ions
in immobilized soft metal affinity chromatography (ISMAC) in order to selectively
target biotin labeled molecules. An analysis of the data yielding mathematical
models with specific focus on the interaction between chloride and silver ions is
provided in order to guide method development for other biotin-Iabeled oligonucle-
otides.

* To whom comments or questions should be addressed. TELEPHONE: (602) 965-8798;
FAX: (602) 965-0037; E-MAIL: tony.garcia@asu.edu
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2 AGARWAL, GARCIA, AND MILES

INTRODUCTION

Immobilized metal affinity chromatography (IMAC) is a highly versatile
method whose selectivity can be varied by a judicious choice of Iigand
and metal ion as well as by varying the modes of elution. Porath introduced
the concept of metal chelate chromatography (1) which was later renamed
immobilized metal affinity chromatography (2). This method was devel-
oped primarily for protein fractionation on the basis of the relative content
of surface accessible imidazole, tryptophan, and cysteine residues as well
as terminal amino groups, but in recent years there has been increased
interest in separating nucleotides (3).

IMAC columns are generally packed with derivatives of a hydrophilic
crosslinked biopolymer. Some of the insoluble matrix supports used in-
clude cellulose, polystyrene gels, polyacrylamide gels, porous glass, and
agarose. The most commonly used metal ions are Zn(II), Ni(II), Co(II),
and Cu(II) which are classified as borderline Lewis acids by Pearson (4).
In this work Ag(I) has been the Iigand of choice since soft acids have an
affinity for soft bases such as thioethers (4). The purpose of this work
is to extend the application of IMAC to the separation of biotin-labeled
biomolecules by what we term immobilized soft metal affinity chromatog-
raphy (ISMAC) using the soft metal ion Ag(I).

The thioether group on biotin is a particularly useful target Iigand since
it is a nonradioactive marker molecule used as a probe for the specific
detection of target nucleic acid sequences (5). Biotin is currently widely
used in DNA/RNA (6) detection due to the extremely high binding con-
stants of biotin-streptavidin complexes. However, the downside of this
technique is the difficulty in reversing the complex under reasonably mild
conditions. Recovery of the biotin-labeled oligonucleotide molecule is cru-
cial since oligonucleotides need to be released for subsequent use in re-
combinant DNA methods. Our studies are aimed at developing a useful,
selective method employing ISMAC for recovering biotin-labeled oligonu-
cleotides. Some of the intended applications are: 1) the isolation of full
length oligonucleotides from failure sequences that result during auto-
mated solid support synthesis; 2) study of DNA/protein complexes; and 3)
the isolation of PCR products resulting from incorporation of biotinylated
primers.

IMAC has been used to separate biotinylated proteins and nucleic acids.
RecA-coated biotinylated probes have been used to recover plasmid DNA
bearing a specific nucleotide sequence. Recovery of the DNA was accom-
plished by adding avidin to the reaction mixture followed by chromatogra-
phy using a cupric iminodiacetic acid. However, in this case, complex-
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RETENTION AND BINDING BEHAVIOR OF dUTP 3

ation of the copper ion with avidin, not biotin, resulted in retention of the
conjugate on the column (7).

As a first step in developing a technique for selective recovery of biotin-
labeled oligonucleotides, we chose to study the simple oligonucleotide
dUTP with and without a biotin label (Fig. 1). One of our primary concerns
was whether the highly charged phosphate groups would interact with the
immobilized silver ions, thus causing loss of selectivity. Previous studies
of ISMAC centered on amino acids and biotin-labeled BSA (8, 9) showed
that chloride ions can play a competitive role for silver ion sites. Our
studies with dUTP were aimed at manipulating sodium chloride concentra-
tions in the mobile phase in order to moderate ion-ion interactions as
well as in providing a very mild eluent for recovery of b-dUTP. Prior to
the development of the immobilization method employing thiourea which
is also used in this work, immobilized silver ions were easily removed
from the stationary phase by low concentrations of phosphate and chloride
salts (8). Thiourea-immobilized silver ions allow for phosphate and chlo-
ride salts to be used in the sample and mobile phases and, most impor-
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FIG. 1 Structures of dUTP and b-11-dUTP.
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4 AGARWAL, GARCiA, AND MILES

tantly, provide a valuable tool for eluting bound species since the interac-
tions of chloride and silver ions are still quite strong.

Another focus of this study is on the reuse and long-term behavior of
the immobilized silver column. In order to detect changes in column be-
havior as well as to aid chromatographers who wish to scale-up this tech-
nique, we employed a low pressure, low-end preparative scale (i.e., 1 cm
I.D. x 13 cm; 10.27 mL) column in this work. While providing peaks of
lower quality, the results provided here give a more representative picture
of the behavior of a useful system when using oligonucelotides in recombi-
nant DNA methods.

EXPERIMENTAL

Reagents

All chemicals used were of reagent or better grade. Henceforth either
the reagent names or the nicknames will be used in this paper.

Equipment

A low pressure chromatography system (Bio-Rad Econo System, Bio-
Rad Labs, Richmond, CA) was used in this work. The setup was designed
to minimize tubing length in order to reduce dead volume and loss of
pressure. Individual equipment in the chromatography system included:
1) a 1 cm I.D. x 20 cm long borosilicate columns with polymeric bed
support; 2) a dual wavelength (254/280 nm) flow through a UV detector
for monitoring of effluents. The optics module comes with a mercury lamp
(with phosphor screen) and a 2-mm path length flow cell. Noise = 2.0 x
10~4 AU maximum from peak to peak (flowing liquid); 3) biocompatible
silicone tubing (0.8 mm I.D.) for plumbing the system except for the peri-
staltic pump where Pharmed tubing (0.8 mm I.D.) was used; and 4) a two-
channel, bi-directional, variable speed peristaltic pump programmable for
fraction collections, fraction size, void volume, and total run volume.
Degassing of the mobile phase was performed by vacuum degassing using
an Ultrasound bath Model Branson 2200 (Baxter Scientific Product,
McGraw Park, IL).

In addition to the chromatography system, a silver electrode Model 94-
16 (Orion Research, Los Angeles, CA) was used to measure the amount
of silver immobilized onto the Biogel P200 packing (Bio-Rad Laboratories,
Hercules, CA). Mobile phase buffer pH was determined using a Corning
multipurpose combination glass electrode and a pH meter (Fisher Scien-
tific, Los Angeles, CA).
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Preparation of Control and Silver Ion Modified Gels

A measured quantity of the Biogel P200 was placed in a 250-mL Erlen-
meyer flask with an excess quantity of D.I. water, preferably in the ratio
of 30 mL water per gram of dry gel in order to hydrate the gel. The
Biogel series of resins offers a wide fractionation range. Biogel P200 has
a fractionation range of 30,000 to 200,000 Daltons. This gel was selected
in order to eliminate size exclusion effects so that oligonucleotides of up
to 50 mers could be studied. The system was kept at room temperature
for 24 hours, by which time the gel has swollen to a volume of 26.7 mL
per gram of dry gel (8). The gel is thoroughly washed with D.I. water and
set aside for reaction with glutaraldehyde (Sigma Chemical Co., St. Louis,
MO) that has been reacted as follows in order to allow the glutaraldehyde
to polymerize (9). The glutaraldehyde is polymerized at 70°C for 36 hours
in a water bath. The reaction is given ample time for completion, and the
unreacted glutaraldehyde remaining in the flask is washed at least six
times with D.I. water.

Thoroughly washed hydrated gel is reacted with 25 wt% polymerized
glutaraldehyde in the ratio of 35 mL of glutaraldehyde per gram of dry
gel. The system is kept in a water bath equipped with a shaker at 50°C
for 24 hours. The amido group on the gel reacts with the double bond of
the glutaraldehyde. Hydrogen ion is evolved in the process (9).

Having covalently attached polymerized glutaraldehyde on the gel, re-
action with thiourea (J.T. Baker Chemical Co.) provides the method for
immobilizing silver, presumably by soft acid-base interactions with the
sulfur atom of thiourea. After making sure that the glutaraldehyde-acti-
vated gel is washed thoroughly and is free of unreacted glutaraldehyde,
1.0 M thiourea is added to the system in the ratio of 25 mL per gram of
dry gel. The reaction is allowed to be carried out for 24 hours at 50°C in
a water bath with a wrist action shaker. After the reaction is complete,
excess thiourea is decanted and the thiourea-activated gel is thoroughly
washed with D.I. water.

The metal-free gel that we have developed is used as the control gel.
A control column is prepared using this Biogel P200/Glut./Thio. gel. The
control is compared to the gel activated with Ag(I) ions in order to measure
the amount of retention of dUTP (Boehringer Mannheim, Corp.) and b-
dUTP (Sigma Chemical Co., St. Louis, MO) on the immobilized silver
gel. Henceforth in this paper, the Biogel P200/Glut./Thio. activated gel
will be called the "control gel" and the corresponding column will be
known as the "control column" or simply "control."

Having prepared the control gel, silver is immobilized on the gel. A 1.0
N AgNO3 solution is added in the ratio of 0.5 mL per mL of swollen gel.
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6 AGARWAL, GARCIA, AND MILES

The reaction time is 24 hours at room temperature, at the end of which
excess AgNO3 solution is pipetted out and the gel is washed thoroughly
with D.I. water. It is difficult to remove all of the excess AgNO3 solution
by batch washing, hence when the column is loaded with this gel the
column is washed with D.I. water for 5 hours at a flow rate of 0.35 mL/
min. This ensures that no free silver ions remain trapped in the gel. The
amount of silver loaded was determined to be 0.02 mmol Ag(I) per mL
of gel. The column was packed to a height of 13 cm for a packing volume
of 10.27 mL, and therefore the silver ion loading on the column is 0.205
mmol. Garcia et al. (9) showed that the immobilization of the Ag(I) ions
is stable and that no leakage occurs even upon application of high sodium
chloride concentrations in different buffers. This Biogel P200/Glut./Thio./
Ag(I) gel will henceforth be known as the "immobilized silver gel" and
the column as the "immobilized silver column."

Preparation of Mobile Phase Buffers

Six different buffer concentrations (10~5 M PBS, 10~4 M PBS, 10~3

M PBS, 10~2 M PBS, 10~' M PBS, and 0.2 M PBS) were prepared.
Phosphate buffer was prepared by mixing 152.5 mL of 0.2 M NaH2-
PO4-H2O and 97.5 mL of 0.2 M Na2HPO4-7H2O and diluting the mixture
to 500 mL with D.I. water. Sodium chloride was added in concentrations
of 10"5, 10~4, 10~3, 10~2, 10"', and 0.2 M to prepare the corresponding
saline buffers. All buffers were degassed before use, using an ultrasound
bath and a vacuum pump.

Chromatography Conditions

The column was always equilibrated for at least 2 hours with the appro-
priate mobile phase buffer before a sample was run. The column was
equilibrated for 30 minutes between runs before running the next sample.
The columns were stored in D.I. water when not in use. It is interesting
to note that possibly due to the antibacterial nature of Ag(I) ions, no
bacterial growth or degradation of performance was noted on the immobi-
lized silver column even after several months of storage. Nearly all chro-
matography experiments were run at the conditions given in Table 1. Any
exceptions or additions to these conditions are noted in the discussion
section wherever necessary.

Column Inter- and Intravoid Volume Determinations

The void fraction for unactivated Biogel P200 was determined by a
batch technique, while the control and silver gel void volumes were mea-
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RETENTION AND BINDING BEHAVIOR OF dUTP

TABLE 1
Column Conditions for the Experiments in this Work

Parameter

Bed volume
Phosphate buffer concentration
Flow rate
Sample volume
Sample concentration
UV range
UV wavelength

Value

0.79 cm2 x 13 cm = 10.27 mL
0.05 M
0.35 mL/min
106 u.L
10 u.M
0.02 AUFS
280 nm

sured using a column technique. The immobilized silver column void vol-
ume was determined by chromatography with sodium benzoate. The batch
and column techniques are compared in order to establish the elution
volume for species that do not bind to the immobilized silver column and
are not excluded from the intraparticle volume.

The batch technique used for measuring Biogel P200 inter- and intrapar-
ticle void volume (Vo + Vp) consisted of weighing the dry gel and trans-
fering the gel to three Erlenmeyer flasks where 12.000 mL of D.I. water
was accurately added to each flask. The gel was allowed to swell for 48
hours, after which a 0.1 M solution of a solute (sodium benzoate or NaCl)
was added to each flask. The flask was rotated gently for a period of 24
hours, and then aliquots of the supernatant were removed for analysis.
Sodium benzoate concentrations were measured from the UV absorbance
at 265 nm. Chloride concentrations were measured by titration with a
silver nitrate stock solution. The total void fraction was calculated by
assuming that any difference between the volume permeated by the solute
and the total volume in the flask was equal to the apparent volume of the
hydrated solid gel. The total void fraction could then by determined as

. C *gel ' supernatant) (.A/solute'v^solute/
CO = 1 77

Vgel

The average value for the total void fraction determined in this fashion
was 0.957. The total void fraction was also calculated as

_ Vgel ~ (»gel + 'supernatant ~ 'water)
€° ~ V~,

' ge l

The total void fraction calculated using this equation was 0.964. The data
taken are summarized in Table 2.

L
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AGARWAL, GARCIA, AND MILES

TABLE 2
Determination of Void Fraction of Biogel P200 Using a Batch Method

Final
Amount of concentration

0.1 M solute Supernatant of solute Void
added (mL) + Vt (mL) (mmol/mL) fraction, eFlask Mass of gel (g) (mL)

0.400 10.673 0.1992° 14.377

0.400 10.673 0.1992* 14.377

0.01434
0.01442
0.01433
0.01436
0.01412

0.955
0.947
0.956
0.954
0.975

" Sodium benzoate.
b NaCl.

Experiments were also run to determine the void volume of both control
and immobilized silver columns. Sodium benzoate was chosen as the sol-
ute since it is well within the exclusion limit of Biogel P200 and it is
known not to interact with the control gel (8). There may be some ionic
interactions with the immobilized silver column. The results of these ex-
periments were compared to the batch experiments described above to
explore this issue.

The columns were first washed with D.I. water and then equilibrated
until a stable baseline was achieved. The buffer and columns were pre-
pared as discussed above. Run conditions were also as given above. So-
dium benzoate was prepared in 0.05 M phosphate buffer. A 106-(iL sample
of 2.5 x 10~5 M sodium benzoate solution was then injected into the
column and the experiment was run for 60 minutes. The results are shown
in Fig. 2.

It should be noted that we also observed that the control column void
volume varied depending on the flow rate. Also note that based on the
batch experiments, a retention time of about 28 minutes was expected for
the control column. We interpret the unusually low retention time for the
control gel as due to instability of the gel. Low void volumes indicate that
sections of the column have effectively been reduced due to gel compres-
sion in the control column. Gel collapse was also observed visually, espe-
cially at the top of the control column. This behavior was not found for the
immobilized silver column, presumably due to structural reinforcement by
the immobilized silver ions.

While the expected retention time is 28 minutes based on the batch
experiments with the control gel, the immobilized silver column gave a
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RETENTION AND BINDING BEHAVIOR OF dUTP

Silver

O
O

Control

Area: 19.3 cm2

Retention time: 30mins Bed Volume:
Void Volume: 10.5 ml Mobile Phase:

Injection:
Flow Rate:
Detection:

Column: (0.79cm x 20cm)
Control- Biogel P200/GIut/Thio
Silver- Biogel P200/Glut/Thio/Ag(I)

10.27 cc (bed height = 13 cm)
0.05 M Sodium Phosphate
pH = 7.0
0.1 ml of .00025 M Na-Benzoate
0.35 ml/min
UV, 0.02 AUFS. 280 nm

Chart Recorder: 0.5 cm/min. 200 mV

Area: 23.3 cm
Retention time: 9 mlns
Void Volume: 3.15 ml

10 15 20
Volume (ml)

25 30 3 5

FIG. 2 Sodium benzoate injection in order to determine control and immobilized silver
column void volumes.

retention time of 30 minutes. A retention time of 28 minutes was found
for dUTP using the immobilized silver column when the mobile phase
contained 0.1 M NaCl. The 2-minutes discrepancy is believed to be due
to weak, nonspecific interactions which can be eliminated using moderate
concentrations of NaCl in the mobile phase.

RESULTS AND DISCUSSION

Control Column Results with dUTP

Four different salt concentrations ranging over four orders of magnitude
were investigated in order to study the effect of salt on the retention of
dUTP. The experiments were run as described above. Plots and results
are shown in Fig. 3. As the sodium chloride concentration is increased
from no salt to 0.1 M NaCl, the area of the peaks increases with a maxi-
mum at 0.01 M PBS and then decreases as the salt concentration is in-
creased further. The retention times are comparable to the sodium benzo-
ate experiments described above, thereby leading to the conclusion that
dUTP does not interact with the control column.
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10 AGARWAL, GARCiA, AND MILES

dUTP Column: Blogel P200/Glut/Thlo. 0.79 cm2 x 20 cm
Bed Volume: 10.27 cc (bed height = 13 cm)

Area- 10 3 (+0 4) cm2 Mobile Phase: 0.05 M Sodium Phosphate. pH = 7.0
Retention time: 6 mins Injection: 0.1 ml of 10 e-06 M dUTP

Flow Rate: 0.35 ml /mtn
Detection: 0.02 AUFS, 280 nm
Chart Recorder: 0.5 cm/min. 200 mV10"'M

10"5M

10T3M

O.OM

Area: 18.9 (±0.6) cm2

Retention time: 8 mins

Area: 16.5 (±0.4) cm2

Retention time: 6 mins

Area: 11.3 (±0.6) cm2

Retention time: 7 mins

0 50 100 150
Time (mln.)

FIG. 3 Effect of varying the mobile phase salt concentration on the retention and peak
area of dUTP on the control column. The area given for each chromatogram is the average

and standard deviation for three separate chromatograms.

Immobilized Silver Column Results with dUTP

The results from chromatography of dUTP using the immobilized silver
column is given in Fig. 4. They show the same trend as was seen on the
control column except for the fact that with no saline in the buffer, dUTP
shows a higher retention time and also considerable peak spreading. The
retention times of the peaks above 10~3 M are also roughly the same.
Small differences can be attributed to packing changes and flow character-
istics during the runs. Nevertheless, the trend of an increase in the area
of the peaks up to 0.01 M PBS and then a decrease on a further increase
of salt concentration is the same. Except for the 0.05 M PB (no salt) run,
the retention time for the other salt concentration runs is between 28 and
30 minutes. It was shown above that for sodium benzoate the retention
time is 28 minutes. The increased retention time when no saline is present
may be attributable to ion-ion interactions of dUTP with immobilized
Ag(I) ions.

Experiments were performed with lower salt concentrations (10~5 and
10~4 M NaCl) in order to better understand the effect of chloride ions.
These results are shown in Fig. 5. These runs show a decrease in retention
time and also peak spreading as the salt concentration is increased from
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RETENTION AND BINDING BEHAVIOR OF dUTP 11

dUTP

10"'M

lOf'M

O.OM

Column: Biogel P200/Glut/ThIo/Ag(I). 0.79 cm2 x 20 era
B e d V o I u m e : 1 0 - 2 7 c c ^ed h c 'ght = I 3 c m '

7.0
Area- 12 4 f±l 71 cm2 g
R r t ^ t i o n timV- i n mi M o b i I e p h a s e : 0 0 5 M s ° d l u n i Phosphate. pH
Retention time. 28 mins I n J e c t I o n . 0 . 1 ml of 10 e-06 M dtfTP

Flow Rate: 0.35 ml/min
Detection: 0.02 AUFS. 280 nm
Chart Recorder: 0.5 cm/min. 200 mV

Area: 19.8 (±0.2) cm2

Retention time: 29 mins

Area: 16.4 (±1.1) cm2

Retention time: 30 mins

Area: 29.5 (±0.4) cm2

Retention time: 66 mins

50 100
Time (min.)

150 200

FIG. 4 Effect of varying the salt concentration in the mobile phase on the retention and
peak area of dUTP on the immobilized silver column. The area given for each chromatogram

is the average and standard deviation for three separate chromatograms.

10"3M _A
IOT'M

U

55

lCTM

O.OM

FIG. 5

dUTP Column: Biogel P200/Glut/Thio/Ag(I). 0.79 cm2 x 20 cm
Bed Volume: 10.27 cc (bed height = 13 cm)

Area: 16.4 cm Mobile Phase: 0.05 M Sodium Phosphate. pH = 7.0
Retention time: 30 mins I n j e e t l o n : o. 1 ml of 10 e-06 M dUTP

Flow Rate: 0.35 ml/min
Detection: 0.02 AUFS. 280 nm
Chart Recorder: 0.5 cm/min. 200 mV

r\ Area: 19.7 cm2

Retention time: 45 mins

Area: 25.3 cm2

Retention time: 66 mins

Area: 29.5 cm2

Retention time: 66 mins

50 100 150
Time (min.)

200 250

Effect of varying the salt concentration in the mobile phase on the retention time
and peak area for dUTP on the immobilized silver column.
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12 AGARWAL, GARCIA, AND MILES

no salt to 10~3 M NaCl. The decrease in retention time can be explained as
a decrease in ion-ion interactions between dUTP and silver ions. Chloride
masks the immobilized silver ion sites and prevents dUTP from interacting
with the silver ions. At 10~2 and 10~' M NaCl the ion-ion interactions
between dUTP and the silver ions on the column become sufficiently
suppressed so that the retention time tends toward a constant value. This
suggests that at 10 ~3 M chloride ion concentration or higher, dUTP inter-
action with the silver ions can be virtually eliminated. Peak spreading
might be the result of the complex nature of interactions between the
antichaotropic solvent and the solute (10, 11).

Control Column Results with b-dUTP

Chromatograms for b-dUTP interactions with the control column are
shown in Fig. 6. The antichaotropic effect 6f the salt is clearly visible
here too, but it is more prominent here than it was with the dUTP runs.
It is reasonable to expect stronger interactions because of the presence
of biotin and Cn hydrophobic groups in the solute. Retention times are
more or less the same, and slight variations may be due to packing and
flow characteristics. As expected, peak area increases with increasing salt

B-11-dUTP

lff'M

1O2M

O
cd

103M

O.OM

Area: 26.1 (±1.1) cm2

.Retention time: 9 mins

Column: Biogel P200/Glut/Thio (0.79cm2 x 20cm)
Bed Volume: 10.27 cc (bed height = 13 cm)
Mobile Phase: 0.05 M Sodium Phosphate. pH = 7.0
Injection: 0.1 ml of 10e-06 M B-11-dUTP
Flow Rate: 0.35 ml/min
Detection: 0.02 AUFS. 280 nm
r h a r t RprorrVr- Q ft pm /min 200 mV

Area: 45.0 (±2.3) cm2

Retention time: 9 mins

^

Area:23.9 (±1.1) cm2

Retention time: 6 mins

S

Area: 15.9 (±0.9) cm 2

Retention time: 8 mins

50 100
Time (min.)

150 200

FIG. 6 Effect of varying the salt concentration in the mobile phase on the retention and
peak area of b-dUTP on the control column. The area given for each chromatogram contains

the average and standard deviation for three separate chromatograms.
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concentration, but the peak for the 10 3 M PBS run has a considerable
shoulder, due likely to the antichaotropic nature of the phosphate buffer.

Retention times are more or less the same as expected, and in conjunc-
tion with the sodium benzoate and dUTP experiments, it can be concluded
that no retention or affinity interactions take place on the column.

Immobilized Silver Column Results with b-dUTP

Experimental results for the application of b-dUTP to the immobilized
silver column are given in Fig. 7. It can be seen from the data and plots
that if no saline is passed through the column, 100% of the b-dUTP injected
is retained on the immobilized silver column. However, we did not deter-
mine the capacity of the column with no sodium chloride in the mobile
phase since b-dUTP is rather expensive. The retention percentage de-
creases as salt concentration is increased to 0.1 M PBS. The column ca-
pacity decreases as salt concentration is increased. It is also noticed that
the retention time for 0.01 M PBS is slightly higher than for others. The
antichaotropic effect of the salt is also seen although it is less obvious
here than it was with the control run because of the affinity binding of the

1CTN

O.OM

B-11-dlITP
Area: 22.1 (±0.4) cm2 Column: Biogel P200/Glut/Thio/Ag(I). 0.79 cm2 x 20 cm
Retention time: 31 mins Bed Volume: 10.27 cc (bed height = 13 em)

Mobile Phase: 0.05 M Sodium Phosphate. pH = 7.0
Injection: 0.1 ml of ip e-06 M dUTP
Flow Rate: 0.35 ml/min
Detection: 0.02 AUFS. 280 nm
Chart Recorder 0.5 cm/min. 200 mV

Area: 26.3 (±0.6) cm2

Retention time: 36.5 mins

Area: 12.66 (±2.3) cm2

Retention time: 31 mins

Area: 0.0 (±0.0) cm2

Retention time: —

50 100 150
Time (min.)

200 250

FIG. 7 Effect of varying the salt concentration in the mobile phase on the retention and peak
area for b-dUTP on the immobilized silver column. The area given for each chromatogram is

the average and standard deviation for three separate chromatograms.
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14 AGARWAL, GARCIA, AND MILES

solute to silver ions. Affinity binding dominates over all other nonspecific
interactions.

It was seen that dUTP is strongly retained on the immobilized silver
column due to ionic interactions when there is no NaCl in the mobile
phase buffer. Also, the addition of small amounts of NaCl lowers the
dUTP retention time. However, b-dUTP is bound to the immobilized sil-
ver column and is not eluted until a much higher concentration of saline
is introduced into the mobile phase, as will be shown in the next section.

Recovery of b-dUTP from the Immobilized Silver Column

Based on observations that the mobile phase chloride ion concentration
lowers the amount of affinity binding of b-dUTP, experiments were carried
out in order to determine the extent to which bound b-dUTP can be re-
covered from the immobilized silver column. Experiments were carried
out on the immobilized silver column where the b-dUTP sample was ap-
plied to the column using 10"3 M PBS buffer and eluted with 0.2 M PBS.
After zeroing the baseline when the buffer was changed and comparing
the effect of the buffer change on the detector using the control column,
the amount of b-dUTP recovered was determined to be 90% (11). This
result indicates that the soft acceptor/donor affinity binding can be re-
versed using the relatively mild and, certainly inexpensive, buffer concen-
tration swing method.

Mathematical Models for Interpreting Immobilized Silver
Column Data

dUTP Model for the Effect of Chloride Ions

The effect of chloride ions on the chromatography of dUTP on the
immobilized silver column is interpreted based on the work of Noctor,
Wainer, and Hage (12) who derived equations to predict competitive dis-
placement at a single site and when solute binds to a secondary site unaf-
fected by the competing agent. They showed that if a single site is involved
in binding the solute (dUTP) as well as the competitive agent (Cl~), the
capacity factor is determined by the following equation:

i-] +
 VoKl

KAAgrV1 J [AgT]

where the equilibrium constants are based on the following reversible
reactions:

Ag+—dUTP < *—* dUTP + Ag+
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RETENTION AND BINDING BEHAVIOR OF dUTP 15

Ag + —Cl- < '—* C\~ + Ag+

and the capacity factor is determined using the void fraction obtained from
the batch measurement for Bio Gel P-200. However, the data obtained in
our system exhibited deviation from the simple site competition relation-
ship in a manner similar to the systems investigated by Noctor and col-
leagues. In order to rationalize the deviation, they proposed that the solute
binds to sites on the affinity packing where the competitor has no interac-
tion with the solid phase. Noctor and coworkers (12) postulated that the
above equation be modified to the following form:

ci-] + VoKl

[AgT]

where X is an adjustable parameter obtained by fitting the data. This
approach can also account for the tendency of dUTP to bind to sites on
the immobilized silver columns which would likely be less attractive to
chloride ions since the interactions between silver and chloride ions are
quite strong in aqueous solution. Fitting the data for chloride concentra-
tions between 0 and 10~2 M provided a straight line (r2 = 0.9986) using
the values of X = 0.03, Kd = 3.7 x 10~6 and Kx = 1.05 x 10~4. It
should be noted that since the retention volume at a chloride concentration
of 0.1 M was equal to the void volume, this datum point could not be
used in the regression because the inverse of the retention factor is infinite.
Also, the value of K\ is highly dependent on the selected value of X for
the best fit, especially for X values greater than 0.025. Kd also depends
on X, but to a far lesser extent. This is due again to the use of data at
higher chloride concentrations where the capacity factor is close to zero.
Based on these observations, we recommend that chromatographers use
the values Kd = 5 x 10~6 and ^i = 10~3-10~4 in order to estimate the
effect of chloride ions at other conditions.

b-dUTP Model for the Effect of Chloride Ions

In order to predict how the affinity binding of b-dUTP is affected by
the chloride concentration in the mobile phase, we used the strategy of
starting from a discrete stage model of the continuous packed column.
Various discrete stage models have been used to rationalize chromatogra-
phy peformance such as the number of theoretical plates and the height
equivalent of a theoretical plate (H.E.T.P.). From the discrete stage
model, we then used the relationship between chloride ion concentration
and the fraction of b-dUTP bound as the basis for obtaining a structure
for correlating the data and obtaining a predictive empirical equation.
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16 AGARWAL, GARCfA, AND MILES

For the discrete stage model it is assumed that the rate of change of
b-dUTP in the immobilized silver gel phase is equal to a second-order,
irreversible reaction dictated by the concentration of immobilized silver
ions and the concentration of b-dUTP in the liquid phase. Thus the species
balance for b-dUTP in the /ith stage is given by

Q(Cn-l - C ) = e V n ^ f + (1 - < 0 V n ^

where

dqjdt = JfcCIAg-]

We further assumed that the concentration of free silver ions is lowered
solely by the presence of chloride ions in the mobile phase since the
amount of b-dUTP injected into the column is quite small. Based on a
simple mass action expression, this suggests that

r . + , [Ag-r][ 8 ] = TZW1
* i

so that when the chloride concentration is zero, all of the immobilized
silver ion sites are available for affinity binding to b-dUTP. Using the
boundary and initial conditions which simulate the injection of a perfect
pulse of b-dUTP at a concentration of Cr and solving the above equation
using the Laplace transforms provides the following equation for the frac-
tion bound:

C{ (JI - 1)!

with the initial and boundary conditions:

@ / = 0; C, = 0

@ / > 0; Co = Cf5(/)

Because this equation contains several adjustable parameters such as the
number of stages (/;), the reaction constant (A), and the equilibrium con-
stant (K\), rather that attach a specific meaning to these parameters it is
more useful to use the discrete stage analysis in order to rationalize an
empirical model. The equation above suggests that the affinity binding
data for b-dUTP can be fitted by finding the best linear fit to a plot of
ln(C,,/Cf)vs l/(« + [Cl~]) where a is an adjustable parameter. After fitting
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the data, the best least-squares fit yielded r2 = 0.9355 where the param-
eters and the empirical equation for predicting the effect of chloride on
the fraction of b-dUTP bound was determined to be as follows:

feU -1.772
2.25 x 10-3 + [Cl~]

CONCLUSIONS

Biotin-labeled dUTP can be bound to immobilized silver ions under
conditions where unlabeled dUTP is only retained, and not bound, on an
immobilized silver column. Chloride ions can moderate ion-ion interac-
tions between immobilized silver ions and dUTP as well as compete for
affinity binding sites with b-dUTP. The retention time of dUTP can be
shortened by adding sodium chloride, and at rather low salt concentrations
(0.001 M NaCl and higher) the retention time of dUTP shows that there
is no interaction with the column. At 0.001 M NaCl, about half of the b-
dUTP applied to the column is bound to the column while all of the applied
dUTP exits the column. About 90% of the bound b-dUTP can be then
recovered merely by adding 0.2 M sodium chloride to the mobile phase.
Mathematical models are provided to describe the competitive effect of
chloride ions with chromatography of dUTP and b-dUTP on the immobi-
lized silver column. Reproducible results with the immobilized silver col-
umn shows that addition of sodium chloride and various mobile phase
conditions do not degrade column performance. These results suggest
that immobilized silver ions could be useful in separating biotin-labeled
oligonucleotides from their unlabeled counterparts.

SYMBOLS

[AgT] total initial concentration of immobilized silver sites
Q feed concentration of b-dUTP
Cn concentration of b-dUTP leaving the /ith stage
[Cl~] equilibrium concentration of chloride ions
K,i dissociation constant of dUTP-immobilized silver

complex
A'dUTp capacity factor for the retention of dUTP
Kt dissociation constant of the inhibitor, chloride-immobi-

lized silver complex
Ve volume required to elute a sample
Vgei total volume of swollen gel (Vs + Vo + VP)
Vo interparticle void volume of the column (mL)
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18 AGARWAL, GARCIA, AND MILES

Vp internal pore volume of the gel (mL)
Vs solid volume of the gel (mL)
Vsupematant volume of supernatant above the gel after swelling and

settling
Vt total volume of the column
X adjustable parameter
e0 total void fraction of the gel ([ Vo + VpWt)
e void fraction of the column (V0/Vt)

ACKNOWLEDGMENT

The authors thank the National Science Foundation (BES-9521668) for
support for this work.

REFERENCES

1. J. Porath and J. Carlsson, Nature (London), 258, 598 (1975).
2. J. Porath and B. Olin, Biochemistry, 22, 1621 (1983).
3. J. Porath, G. Dobrowolska, and G. Muszynska, J. Chromatogr., 541, 333 (1991).
4. R. G. Pearson, Chem Br., 3, 103 (1967).
5. T. Takahashi, T. Mitsuda, and K. Okuda, Anal. Biochem., 179, 77 (1989).
6. X. Li and VV. M. James, Biotech. Histochem., 70, 234 (1995).
7. B. Rigas, A. A. Welcher, D. C. Ward, and S. M. Weissman, "Rapid Plasmid Library

Screening Using RecA-coated Biotinylated Probes," Proc. Natl. Acad. Sci., USA, 83,
9591-9595 (1986).

8. D. Miles and A. A. Garcfa, J. Chromatogr. A, 702, 173-189 (1995).
9. A. A. Garcia, D. H. Kim, and D. R. Miles, Reactive Polym., 23, 249-259 (1994).

10. J. Porath, Biotechnol. Prog., 3, 14 (1987).
11. S. Agarwal, "Separation of Biotin Labeled dUTP from Its Nonlabeled Counterpart

Using Immobilized Ag(I) Metal Affinity Chromatography," M.S. Thesis, Arizona State
University, 1996.

12. T. A. G. Noctor, I. W. Wainer, and D. S. Hage, J. Chromatogr., 577, 305-315 (1992).

Received by editor January 7, 1997
Revision received May 1997

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
2
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


