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ABSTRACT
We describe a simple, general method to link proteins covalently to DNA.

The method uses two reagents, N-acetyl-N'-(p-glyoxylylbenzoyl)cystamine and
2-iminothiolane. The former reacts specifically with nonpaired quanine residues
and upon reduction generates a free sulfhydryl group. The latter reacts with
a protein to provide another sulfhydryl group which is subsequently conjugated
to DNA by an intermolecular disulfide interchange reaction. Using this method
a2-macroglobulin was conjugated to plasmid DNA encoding the Herpes simplex
virus-1 thymidine kinase gene or a DNA fragment containing the E. coli chlor-
amphenicol acetyltransferase gene. Up to 20% of the total DNA was conjugated
to a2-macroglobulin and the a2-macroglobulin-DNA conjugate had a protein/DNA
molar ratio of approximately two. The whole reaction takes place under very mild
conditions in aqueous solution. The structure of DNA appears not to be signif-
icantly affected by the chemical modification. This method may prove useful
in ligand directed gene transfer studies.

INTRODUCTION

One of the medical applications of gene splicing technology could be the
introduction of DNA into cells with genetic defects. One way to accomplish

this is to direct DNA to cells within an intact organism by linking the DNA to
a protein that will be bound by a specific receptor on the cell surface and

subsequently be internalized. Thus by coupling a gene to a protein ligand, one
could confer receptor-selectivity to that gene.

Several different approaches have been used to crosslink proteins to
nucleic acids: these include ultraviolet irradiation (1-3), bifunctional chemi-

cal (4, 5) and photochemical cross-linking (6-8). Among the latter, phenyl-
glyoxyl derivatives are widely used for protein-nucleic acid cross linking.
Under mild conditions, glyoxyl derivatives react specifically with nonpaired
quanine residues to form adducts with known structures (9-10). Thus, glyoxyl
derivatives have been extensively used as probes to study the structures of
ribosomes (11-15). Recently, Expert-Bezancon and Hayer described the synthesis
of N-acetyl-N'-(p-glyoxylylbenzoyl)cystamine (16). In the present study, we
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describe the use of this compound as a bifunctional reagent to couple plasmid
DNA encoding either the Herpes simplex virus-1 (HSV-1)thymidine kinase gene
(LE578) or the E. coli chloramphenicol acetyltransferase gene (CAT) to a2-
macroglobulin (a2M) via mixed disulfide formation.

EXPERIMENTAL PROCEDURES
Materials

Selenium dioxide, 4-acetylbenzoic acid, and acetic anhydride were purchased
from Aldrich. 5,5'-dithio-bis-(2-nitrobenzoic acid) and 2-iminothiolane hydro-
chloride were obtained from Pierce. Dithiothreitol was from Bethesda Research
Laboratories. Activated thiol-Sepharose 4B was from Pharmacia Fine Chemicals.
The plasmid LE578, containing the Bam Hi DNA fragment encoding HSV-1 thymidine
kinase (17) was a gift from L. Enquist (Molecular Genetics, Minneapolis, Minne-
sota). The plasmid pASV-cat containing the CAT gene (18) was generously provided
by C. Gorman and B. Howard (NIH). Kpn I, Nde I, and Bam HI were purchased from
New England Biolabs. Terminal transferase was obtained from P-L Biochemicals
and [Ec-32P]dGTP was from New England Nuclear (800 Ci/mmol).
Buffers

(1) Buffer A: 0.05 M triethanolamine hydrochloride, 15 mM boric acid, pH
7.8

(2) Buffer B: 0.05 M triethanolamine hydrochloride, 15 mM boric acid, 50
mM NaCl, 50 mM dithiothreitol, pH 7.8

(3) Buffer C: 0.05 M triethanolamine hydrochloride, 15 mM boric acid, 0.1
M-NaCl, 1 mM EDTA, pH 7.8

(4) Buffer D: 0.05 M triethanolamine hydrochloride, 15 mM boric acid, 0.1
M NaCl, 1 mM EDTA, 50 mM dithiothreitol, pH 8.2

(5) Buffer E: 0.014 M NaCl, 50 mM phosphate, 1 mM EDTA, 0.1% bovine serum
albumin, pH 7.4
Synthesis of N-acetyl-N'-(p-glyoxylylbenzoyl )cystamine

The intermidiate compound, p-carboxyphenylglyoxal was synthesized by the
oxidation of p-acetylbenzoic acid with selenium dioxide according to (19, 20).
p-Carboxyphenylglyoxal was further reacted with cystamine and acetic anhydride
to form N-acetyl-N'-(p-glyoxylylbenzoyl)cystamine according to (16). The final
purification step was modified as follows. After the reaction as described in
(16), the reaction product (yellow oily residue) was applied to a silica gel
column (3 cm x 35 cm) using 1-butanol :acetic acid:water (5:3:2 v/v) as eluant.
The eluate (flow rate: 0.5 ml/min; 2 ml/fractlon) was monitored by the absorption
at 350 nm. Fractions 88-91 were pooled and evaporated to dryness. The dry
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residue was further purified by preparative thin-layer chromatography (Whatman,
PLK5F) using a solvent system of benzene:acetic acid:water = 24:2:4 (v/v/v).
The band with a Rf of 0.38 was scraped and the pure product was eluted with
30% methanol in ethylacetate. The purity of this compound was confirmed by

thin-layer chromatography (Whatman, MK6F) in two solvent systems: (A) benzene:
acetic acid:methanol = 24:2:4 (v/v/v); (B) ethylacetate:acetic acid = 9.5:0.5

(v/v) with a Rf of 0.35 and 0.21, respectively. This compound has an mc =
2,940 and Elcm = 4,552 in aqueous and absolute methanol solution, respectively.
The structure was further confirmed by PMR in CD30D:

0

-C-CH3 (2.00 ppm); -CH2CH2-S-S-CH2CH2- (3.0 ppm); phenyl protons (8.2 ppm,
0

quartet); HC-C- (8.1 ppm).
I
0

Preparation and Derivatization of [125IVax-Macroglobulin
a2M was prepared from whole human plasma as described previously (21, 22).

a2M was iodinated using the chloramine-T procedure (23). The specific activity
of [1251]a2M was 1 l.Ci/oig.

a2Mwas derivatized according to (24). [125I]a2M (5.8 mg; 1.5 iCi/mg) in
1.2 ml of 10 mM Tris was dialyzed against 50 mM phosphate buffer, pH 7.6 for
20 hrs at 0°C. After filtering through a 0.45 jM Millipore Unit (Swinnex-HA),
the [125I]ca2M solution was cooled to 0°C and 2 mg of 2-iminothiolane hydro-
chloride in 0.14 ml H20 was added. After incubation for 10 min at 0°C, the
excess iminothiolane was separated from protein by a Pharmacia prepacked column
PD-10. Two fractions containing the highest concentration of a2M were pooled
(2.7 mg in 1.1 ml) and 60 pl of 0.2 M 5,5'-dithio-bis-(2-nitrobenzoic acid) in
2 M phosphate, pH 7.6 was added to give a final concentration of 10 mM. After

standing for 30 min at 22°C, the degree of derivatization of a2M was quantified
by measuring the absorbance at 412 nm (Eklm = 13,600 M-1) (25). The excess

5,5'-dithio-bis-(2-nitrobenzoic acid) was separated from the protein on a PD-10
column as described above. Two radioactive peak-fractions were pooled (1.8 mg
in 0.9 ml) and used for subsequent conjugation of a2M to G-tailed DNA.
Addition of Homopolymer Tracts to Linear DNA

The 8.1 kb plasmid LE578 (150 ig), containing the HSV-1 thymidine kinase
gene, was cleaved by approximately 250 units of Kpn I as described by the manu-

facturer. The resulting DNA was extracted once with an equal volume of phenol/
chloroform/isoamyl alcohol (24:24:1), and once with an equal volume of chloro-
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form/isoamyl alcohol (24:1). The aqueous phase was made 0.3 M with sodium
acetate (pH 5.5), precipitated with two volumes of ethanol, resuspended in water,

and again restricted with Kpn I as above to ensure complete digestion. The
addition of dGTP to the linearized plasmid LE578 was achieved using the procedure
essentially as described by Roychoudhury et al. (26). The 700 pl reaction mix-
ture contained 50 mM Tes (N-tris[hydroxymethyl]-methyl-2-aminoethane sulfonic
acid) (pH 7.4), 40 mM KCl, 2.0 mM a-mercaptoethanol, 1.0 mM CoCl2, 400 U/ml
terminal transferase, 15-20 mM cold dGTP, 35-150 pCi/ml [a-32P]dGTP, and 80

pmoles of 3' hydroxyl ends/ml LE578 plasmid DNA (approximately 220 pg/ml). The

mixture was incubated for 30 min at 37°C, after which the reaction was terminated
by heating to 70°C for 5 min, and extracted once with an equal volume of phenol.
After centrifugation, the aqueous phase was chromatographed over G-100 Sephadex
previously equilibrated with 10 mM Tris (pH 8.0), 1 mM EDTA to remove unincor-
porated [a-32P]dGTP. The DNA in the void volume was ethanol precipitated
two times, dried in vacuo, and dissolved in 60 pl of buffer A for conjugation
to a2M (see below) .

A similar procedure was utilized for addition of homopolymer tracts to the
DNA fragment containing the CAT gene. The CAT gene was originally obtained
from the E. coli transposable element Tn9, which was cloned into a pBR322-SV40
hybrid plasmid containing the Rous sarcoma virus LTR promoter (pASV-cat, 18).
The plasmid pASV-cat was restricted by Nde I and BamHI, and the resulting 2.2
kb DNA fragment isolated, tailed, and prepared for conjugation as described
above.
Conjugation of a2-Macroglobulin to G-tailed DNA

The reaction of N-acetyl-N'-(p-glyoxylylbenzoyl)cystamine to unpaired qua-

nine residues of G-tailed DNA was carried out as described in (16). To a
solution of G-tailed DNA in 60 ul of buffer A was added 2.6 ul of 0.51 M

N-acetyl-N'-(p-glyoxylylbenzoyl)cystamin in absolute methanol. After the solu-
tion was kept at 230C for 2 hr, the DNA was precipitated two times by ethanol
and dried in vacuo. The modified DNA was redissolved in 50 PI of buffer B and
kept at 230C for 6 min. The reduced DNA was then precipitated two times by
ethanol was dried for 20 min. The precipitation step also serves the purpose
of removing excess dithiothreitol . The dry reduced DNA was dissolved in 60 jil of
buffer C. An aliquot (10 pl) was removed for assaying the degree of the conju-
gation (see below). The remaining DNA was precipitated by ethanol, dried and
to it was added the derivatized a2M (see above and Fig. 1). The solution was
kept at 230C for 18 hr, and the degree of conjugation was assessed by absorption
at 412 nm which which quantifies the release of 4-mercapto-2-nitrobenzoic acid.
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The excess [125I]a2M was separated from the DNA-a2M conjugate by Sepharose 4B
chromatography using buffer E as eluant.
Electrophoretic Fractionation of DNA-Protein Complexes

The labeled DNA-protein mixture was loaded directly from the column onto

agarose or polyacrylamide gels. Agarose gel electrophoresis was performed in
0.7% agarose in running buffer containing 40 mM Tris-acetic acid (pH 7.9),
20 mM NaAcetate, 2 mM EDTA. The gel was dried and subjected to standard auto-
radiographic techniques. Alternatively, samples were electrophoresed on a 3%
over 3.5% stacking polyacrylamide gel system in 40 mM Tris-HCl (pH 8.3), 1.25 mM
EDTA, 44.5 mM Boric acid, the gel again dried and subjected to autoradiography.
Determination of the Anount of N-acetyl-N'-(p-glyoxylylbenzoyl)cystamine Con-

jugated to G-tailed DNA

Activated thio-Sepharose 4B was swollen in water at 23°C for 4 hr. A
small column (0.5 x 7 cm) of thio-Sepharose 4B was equilibrated with buffer C
and an aliquot of reduced DNA (see above) was applied to the column. The
column was washed with buffer C until no more radioactivity was detected
('15-20 ml). The reduced DNA was then eluted with buffer D and the radio-
activity of the eluate was determined.

RESUL TS
Figure 1 shows the sequential steps in the conjugation of a2M to G-tailed

DNA. The strategy lies in the introduction of one or more sulfhydryl groups
in the DNA which is then conveniently conjugated to a protein by the formation
of mixed disulfide. The introduction of sulfhydryl groups into DNA was easily
accomplished by reaction of the DNA with N-acetyl-N'-(p-glyoxylylbenzoyl)
cystamine. The reaction was carried out in the presence of borate in order
to increase the stability of the adduct formed (see Fig. 1) as shown by Expert-
Begancon and Hayer (16). This reagent not only provides glyoxal groups to
form adduct with the unpaired quanine residues in DNA but also generates a

sulfhydryl group upon reduction. The unpaired quanine residues were easily
introduced into DNA by using dGTP and terminal transferase. In the present
study, -10-25 quanine residues were added to each 3'-OH end of DNA. Because
N-acetyl-N'-(p-glyoxylylbenzoyl)cystamine only reacts with unpaired quanine
residues, the coding capacity of the gene of interest is not affected. Thus,
this conjugation method is quite general and should be applicable for conjugat-
ing many proteins to DNA.

In addition to the generality of the method, the reaction scheme shown in
Figure 1 provides easy assay methods at each step. The number of dGTP trans-
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Figure 1. Reaction scheme for covalently linking a2-macroglobulin to G-tailed
LE578 plasmid DNA.

ferred to DNA was easily determined by 32p measurement. The degree of modifica-
tion of the quanyl residues in DNA by N-acetyl-N'-(p-glyoxylylbenzoyl)cystamine
was conveniently monitored by using thio-Sepharose 4B. The number of sulfhydryl
groups introduced into a2M and the degree of the conjugation in the final
reaction of a2M with DNA was easily determined by measuring the release of
4-mercapto-2-nitrobenzoic acid using absorption at 412 nm. Alternatively, the
degree of conjugation of a2M to DNA can also be estimated by measuring the
125I/32P ratio after separation of the a2M-DNA conjugate from unreacted a2M by
Sepharose 4B. As shown in Figure 2, the a2M-LE578 conjugate was well separated
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Figure 2. Separation of the unreacted ct2M from a2M-DNA conjugate by Sepharose
4B column chromatography, column size: 1.5 x 60 cm; eluate: buffer E (0.014 M
NaCli, 50 mM phosphate, 1 mM EDTA, 0.1% bovine serum albumin, pH 7 .4); flow rate:
8 ml/hr; fraction size: 1.4 ml/fraction.

from unreacted cz2M. Using DNA and a2M ranging from 90 uig-110 uig and 0.9 mg-
2.3 mg, respectively, the ratio of x2M/DNA in the ct2M-DNA conjugate was 2.5 ±

0.9 (Mean ± S.D., n = 5) as determined either by absorption at 412 nm or

125I/32p ratio.

Table 1. Yield of derivatized DNA LE578

DNA Yield

(% of total DNA)

G-tailed DNA (90-110 1g)a (100)

DNA reacting with N-acetyl-N'-(p-glyoxylylbenzoyl)cystamine 60-70

DNA conjugated to a2M 16-20

aRange of five different preparations.
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Figure 3. Autoradiogram of G-tailed LE578 plasmid DNA before and after conjunc-
tion. The LE578 DNA was linearized by digestion with Kpn I, and 32P-labeled
dGTPs were added to the 3' OH ends as described in Experimental Procedures.
DNA-containing samples were extracted with phenol/chloroform, ethanol precipi-
tated, and electrophoresed on 1% agarose. Lanes: (1) LE578 plasmid DNA tailed
using [a-32P]dGTP; (2) LE578 a2M conjugate pretreated with 3-mercaptoethanol
before phenolization to reduce disulfide bonds, thereby separating protein from
DNA.

Table 1 shows a summary of the yields in the conjugation of a2M to LE578
DNA. The overall yield ranges from 16 to 20% of the total DNA. In the prelim-

inary experiments, when GTP rather than dGTP was used to add to the 3'-OH end of

DNA, only an overall yield of 0.1% DNA-a2M conjugate was obtained. The reason
for the low yield was probably due to the degradation of the G-tails of the DNA
during conjugation by ribonuclease present as a contaminant in the a2M prepar-
ation. Therefore dGTP was used in the present study.

Figure 3 compares G-tailed LE578 plasmid DNA before and after conjugation
to a2M. It is clear that the size of the DNA was not affected by the mild
reaction conditions used in the modification of DNA and its subsequent conjuga-
tion to a2M, suggesting that the overall structure of the LE578 DNA remains
intact.

Having successfully coupled a2M to LE578 DNA we next determined if other
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Figure 4. Autoradiogram showing the effect of s-mercaptoethanol on the az2M-
CAT gene conjugate. The conjugate was electrophoresed after column chromato-
graphy without prior phenolization on either 0.7% agarose (A) or 3.5% polyacryl-
amide (8). Lanes: (a) 6,000 cpm of the DNA fragments from plasmid pASV-cat x
Nde I x Bam HI, enriched in the 2.2 kb species and tailed with [a-32P]dGTP; (b)
7OW,OOO cpm of 1251-labeled, purified az2M; (c) 500 cpm of the at2M-CAT DNA con-
jugate untreated; (d) 500 cpm of the conjugate treated with 100 mM S-
mercaptoethanol for 30 min (37%C) prior to electrophoresis; (e) same as (a)
except 1,000 cpm were loaded; (f) same as (b); (g) same as (c) except 1,100 cpm
were loaded; (h) same as (d) except 1,100 cpm were loaded. The vast majority
of the bands displayed in lanes c, d, g, and h result froM 32P irradiation, not
1251. The squares (s) indicate the location of the readily detectable DNA
species which include the 5 kb partially digested pASV-cat plasmid and two
DNA fragments of 2 .8 and 2 .2 kb . For easy comparison, lanes (c) and (d) are
exposed for a longer time period than (a) and (b).

DNAs would lend themselves readily to this conjugation technique. The cs2N was

coupled to the 2.2 kb DNA fragment containing the E. coli CAT gene using the
same method with a slightly higher yield of 44% and a molar ratio az2M/DNA = 1.5.
The fact that conjugation was achieved using a variety of DNA moieties indicates
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the versatility of the technique.
In order to definitively prove that a2M was conjugated to the CAT gene

by disulfide linkage and not by some unknown mechanism, we electrophoresed the

a2M-CAT gene conjugate on native 0.7% agarose or 3.5% polyacrylamide gels with
and without prior exposure to 100 mM 0-mercaptoethanol . The autoradiograms
shown in Figure 4 (A and B) reveals that 8-mercaptoethanol treatment results
in a reduction in the size of diffuse 32P-labeled high molecular weight DNA-
protein complexes (lanes c and g) to sizes equivalent to original labeled DNA
fragments (lanes d and h). Further proof of the nature of the protein-DNA
linkage was obtained by incubating the ca2M-CAT gene conjugate with 8-mercapto--
ethanol, and chromatographing the resulting mixture over Sepharose 4B. We
discovered that the protein-specific 125I radioactivity previously associated
with the 32P-labeled DNA was dramatically reduced by 75%. Taken together, these
results strongly suggest that a2M and the CAT gene are coupled by a disulfide
bond.

Determination of the released 4-mercapto-2-nitrobenzoic acid at 412 nm
showed that seven to nine lysyl residues on a2M were modified. This modifi-
cation should not affect its binding to cell surface receptors significantly.
Previously a2M has been derivatized similarly and conjugated to horseradish
peroxidase. The a2M-horseradish peroxidase conjugates were bound to cellular
receptors and internalized by fibroblastic cells as well as unmodified a2M (24).
Furthermore, preliminary experiments showed that the internalization of the a2M-
DNA conjugate by Swiss 3T3-4 cells is at least partially via the a2M receptor
(unpubl i shed results).

DISCUSSION
We describe here a simple method performed under mild conditions by

which DNA can be conjugated to proteins. The method has been designed so that
the conjugation takes place at unpaired quanine residues that have been intro-
duced at the ends of the DNA. This should not interfere with the coding capacity
of the DNA. Such conjugates should have many uses. One that we are interested
in is to use such conjugates to direct DNA to recipient cells having specific
receptors or other recognition components on their surface. Because many tissue
culture cell lines have a2M receptors on their surface, an a2M-DNA conjugate
containing either the thymidine kinase gene or the CAT gene should be useful
in initiating such investigations. Either of these genes could be effectively
used as markers for expression. Another possible use concerns the nature of
DNA replication. A number of viruses have been found to have proteins conju-
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gated to DNA in their virions. Such complexes have been suggested to have a
role in DNA replication (27). The ability to synthesize DNA-protein conjugates
may facilitate understanding of the role of such complexes.
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