Available online at www.sciencedirect.com

SCIENCE@DIRECT° ]OURNALOF
CHROMATOGRAPHY A

v,

ol TSR
ELSEVIER Journal of Chromatography A, 1076 (2005) 71-82

www.elsevier.com/locate/chroma

High-performance catalytic chromatography
The adapter approach

Suchareeta Mitra, Harry W. Jarrétti_uis A. Jurado

Department of Molecular Sciences, 858 Madison Avenue, University of Tennessee Health Science Center, Memphis, TN 38163, USA

Received 28 January 2005; received in revised form 29 March 2005; accepted 1 April 2005

Abstract

A sequence-specific DNA that bindscoRl endonuclease was immobilized on glycidioloxypropyl-silica and Sepharose by cyanogen
bromide (CNBr)-activated coupling. Elution of bound enzyme by conventional affinity strategies (increase of salt concentration) or by
catalysis-induced elution (adding a Mgofactor required for catalysis) was compared. Greater yield and fold-purification was obtained with
catalysis-induced elution for both DNA-silica and DNA-Sepharose columns, and silica gives higher performance than Sepharose. Sodium
dodecylsulfate polyacrylamide gel electrophoresis showed primarily a single badd®rendonuclease for catalysis-induced elution from
DNA-silica columns. Since catalysis-induced elution decreases the lifetime of DNA affinity columns, an alternative approach for preparing
re-usable DNA columns was also developed. In this approach, a single stranded adapter DNA sequence is first coupled to silica or Sepharose
and then annealed with another DNA sequence that contains a complementary, single stranded tail and the duplex bindigoRite for
endonuclease. After use, replacing the hydrolyzed DNA regenerates the column. For this adapter approach, Sepharose gives better purity thar
silica and comparable yields and catalytic based elution gave the highest purity and yield, regardless of support. Substrate DNA with either a
tail (for annealing to the column) at one end or both ends were compared and the former gave higher purity. Finally, enzyme binding to the
substrate in solution (“trapping”) or on a pre-bound substrate column was compared and trapping gave higher yield and similar purity to the
alternative. Thus, trapping with a single tailed substrate oligonucleotide on a Sepharose adapter column and using catalytic elution gave the
highest performance.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction does affinity chromatography and but relies upon catalytic
specificity since catalysis of substrate to product is used for
Specific sequence DNA, immobilized on low-pressure elution[7]. Here, we focus on the catalytic chromatography
supports such as Sepharose, has been used for the isolation @ff EcoRl as a model for this new mode. In the absence
alarge number of proteins, e.qg., transcription factors, restric- of Mg?*, EcoRl endonuclease binds its cognate DNA
tion enzymes, DNA and RNA polymerases, ¢1:6]. Since restriction sequence. After washing the column to remove
restriction enzymes recognize a specific sequence of DNA contaminant proteins, addition of required cofactorZ¥g
with high affinity, these proteins can be isolated using DNA results in the specific and selective elution of bolwdRI
affinity adsorbents containing the appropriate sequence.  endonuclease. Elution is dependent on enzyme catalysis of
Catalytic chromatography is a variant of enzyme affinity the bound immobilized substrate. This single step purifi-
chromatography but different from it. Catalytic chromatog- cation approach resulted in a homogenous protein with a
raphy uses the specific biological affinity for substrate, as higher yield and fold-purification than conventional affinity
chromatography7]. Thus, by combining specific biological
* Corresponding author. Tel.: +1 901 4487078; fax: +1 901 4487360 affinity with catalytic specificity, catalytic chromatography
E-mail addresshjarrett@utmem.edu (H.W. Jarrett). could significantly improve purification of enzymes. Elution
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of bound enzymes by catalysis-induced elution has alsoet al. showed that single step purification BEORI to
occasionally been reported for the specific and selective apparent homogeneity could be obtained by catalysis-
purification of other enzymeg8,9]. In fact, catalytic based elution from sequence-specific oligodeoxynucleotide
chromatography actually pre-dates affinity chromatography columng[7]. This catalytic chromatography has been shown
[10]. However, the greater purity and yield obtainable with to give higher purity and yield than conventional salt
catalytic chromatography when compared to conventional elution.

affinity chromatography was only recently shoijii. While giving higher purity and yield7], catalytic elu-

The catalytic approach is broadly applicable. Most en- tion has the disadvantage of short column lifetime; i.e., the
zymes require one or more cofactors and approximately column substrate is converted to product, often irreversibly.
one-thirds of all enzymes require a metal ion, as does To remove this limitation, a new approach is here explored
EcaRl. While we have used DNA substrates as the basis in which an adapter column is prepared to reversibly bind
for these studies, other substrates could be easily used fosubstrate. After chromatography, the product can be stripped
this approach. Indeed the first uses of catalytic elution meth- away and replaced with fresh substrate for subsequent uses.
ods involved collagenase bound to collag&f], purifica- This approach also has the advantage that a single adapter
tion of SNAP receptors by ATP hydrolysis-dependent elu- column can be used for multiple, different substrates or other
tion [8], and plant ribulose bisphosphate carboxylase (Ru- uses.
bisco) large subunilN-methyl transferase elution witB- Biomolecular HPLC of proteins has progressed from
adenosylmethionin@], all non-DNA binding proteins. Even  the conventional soft gels used for low-pressure liquid
if catalysis cannot be paused by leaving out a cofactor, otherchromatography to silica-based supports, which often have
approaches can be envisioned. These would include using in-greater resolution and speed of separation. Combining con-
hibitors, especially uncompetitive inhibitors, or adding prod- ventional affinity chromatography with HPLC to yield high-
uct to the mobile phase for readily reversible reactions to performance affinity chromatography (HPAC) should result
favor the enzyme—substrate complex. Furthermore, most en4n improved selectivity14]. However, a limitation of HPAC
zyme reactions involve multiple substrates and leaving out is that most coupling procedures for silica supports require
one or more of these could serve the same role as leavingcomplex chemistries and are not widely used. Recently,
out a cofactor to pause catalysis, depending on the mechawe modified the most common coupling chemistry in low-
nism. Elution in these other cases would be by adding the pressure chromatography (i.e., cyanogen bromide (CNBr)
missing components or by removing factors (inhibitors or activation) to diol-silica HPLC supporf45-17] These de-
products) impeding catalysis in the forward direction. In our velopments have now allowed a direct comparison of sil-
previous study, we also showed that DNA polymerase can beica and Sepharose using the same DNA coupling chem-
retained on a DNA template column by using a futile cycle istry, and mobile phases to determine which perform best
in which the exonuclease and polymerase activities partici- for conventional affinity chromatography and the catalytic
pate and then using the polymerase activity for elution. The approach. The results show that a single support does not
method is clearly not limited to DNA-binding enzymes or always give the best performance by all criteria but that
EcaRl restriction endonuclease we used here as a model butcatalytic elution surpasses conventional methods regardless

can be adapted to virtually any enzyme. of support. The adapter approach also allows two alterna-
EcaRlI purification provides a good example of the chang- tives where enzyme binding occurs in solution or on a col-
ing strategies in purifying DNA-binding protein&caRl umn. Solution binding gives higher yield and is technically

purification originally was accomplished with fives steps easier.

including chromatography using phosphocellulose, hydrox-

yapatite and finally DNA-cellulose chromatograpfiyl].

The DNA-cellulose was heterogeneous, fragmented nuclear2. Experimental procedures

DNA. Later, purification with only two chromatographic

steps was developed using ion-exchange (phospho-cellulose®.1. Materials

followed by gel filtration chromatography (Sephadex G-

150) [12]. The same group also demonstrated a single step  Unless stated otherwise, all reagents were of the highest-
purification employing immunoaffinity chromatography. grade purity available. Growth media were from BIO 101
Another one step purification using sequence-specific (Vista, CA, USA) and molecular biology reagents from New
oligonucleotide affinity chromatography with a double England Biolabs (Beverly, MA, USA) and Gibco BRL (Life
stranded eicosomer containing the recognition site for Technologies, NY, USA). Acetone (HPLC grade, Fisher, St.
EcoRl was only partially successful, yielding 75-85% Louis, MO, USA) was used and stored oveﬁtBore molecu-
purity [13]. Apparently homogeneoUscoR| was obtained  lar sieves. Sepharose 4B and CNBrwere obtained from Sigma
by combining oligodeoxynucleotide affinity chromatogra- (St. Louis, MO, USA), purifiedecoRl was from New Eng-
phy with DEAE-cellulose chromatography in a two-step land Biolabs, diol-silica was Nucleosil 300—70 OH from All-
procedure[4]. All of these earlier studies had used salt tech Associates Inc. (Dearfield, IL, USA, Macrosphere GPC,
gradient elution from DNA columns. Recently, Jurado 300A pore, 7um beads) and triethylamine (TEA) was from
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Fisher (St. Louis, MO, USA). Anhydrous solutions of CNBr (50 ml). Activated resin was transferred to a solution that
(1.0M)and TEA (1.5 M) were prepared in anhydrous acetone contained 120 nmoles of the self-complementary, annealed
for silica. For activation of Sepharose beads, CNBrand TEA DNA sequence (EcoSph) that binds tBedRl endonucle-
solutions were prepared using 60% acetone. Synthetic DNAase. The mixture was placed on a wheel rotator overnight at
sequences used were ethanol-precipitated from TE (10 mM4°C. For coupling this DNA to Sepharose, the cyanoethyl
Tris, 1mM EDTA, pH 7.5) and washed with 70% ethanol transfer procedure that uses 60% acetone was [is¥d
immediately prior to coupling. For coupling to diol-silica or Uncoupled DNA recovered after washing the supports with
to Sepharose, purified DNA was dissolved in coupling buffer coupling buffer was used for absorption measurements at

(0.1 M NaHCQ, pH 8.3, 0.5 M NaCl). 260 nm and by difference the amount that coupled was deter-
mined. A total of 105 nmoles DNA coupled/ml of Sepharose
2.2. Oligonucleotides used and 95 nmoles coupled/ml of packed silica beads. Remain-

ing reactive groups were consumed with blocking buffer
(0.1 M Tris, pH 8.0, 0.5 M NacCl). Similarly, 50 nmoles of the

Name  Sequence (AC)s oligonucleotide was coupled yielding 19.6 nmoles/ml
EcoSph  5NH,-GCATGOGAATTC GCAT-3 Sepharose and 20.4 nmoles/ml packed silica beads. It should
(AC)s  5-NH2-ACACACACAC-3 be noted thaEcdRl, when loaded onto the columns, is in the
EcoGT ~ B-GCATGOGAATTC GCATGTGTGTGTGT-3 sub-nanomole range and so there is enough DNA attached to

«EcoGT B3-ATGCGAATTC GCATGC-3 ; ;
FooD 5. CATGOATGOSAATTC GCATGCATGGTGTGTGTGT.S the column for trapping the entire amount loaded. Columns

EcoGT-1 5GCATGOGAATTC GCATGCATGCATGCTGTGTGTGTG-  Were stored at4C in TE containing 10 mM Nagiwhen not
3 in use.

«EcoGT-1 5-GCATGCATGCATGGSAATTC GCATGC-3 For one variant of the adapter approach, activation,
coupling, annealing, and regeneration procedures were
performed by an “in flow procedure” using an HPLC
system [17]. For these procedures, 1.5g diol-silica re-
suspended in anhydrous acetone was sonicated under
vacuum for 5min. After centrifugation, the supernatant
was removed and the support resuspended in anhydrous
acetone (2ml) and packed into a stainless-steel col-
umn (5¢cmx 0.46cm) at 2ml/min using anhydrous ace-
tone as the mobile phase. For activation, 1ml CNBr
(2.0M) and 1ml TEA (1.5M) anhydrous solutions were
2.3. Annealing oligonucleotides pumped at 1 ml/min to a mixer and then onto the pre-
packed diol-silica column. All steps were performed at
EcoSph and EcoD are self-complementary (i.e., annealsygom temperature (2@C). Flow was stopped for 3min
with itself). Other double stranded DNAs were made by mix- tg allow reaction with hydroxyl groups. Reagent excess
ing EcoGT with its complementary strandEcoGT; sim-  \yas removed by washing with 50ml of anhydrous ace-
ilarly EcoGT-1 andaEcoGT-1 are complementary. In all  tone at 2 ml/min. The activated column was then washed
cases, annealing of oligonucleotides was by heating t€95  \ith water (20ml) and coupling buffer (50ml). Then,
for Smin, cooling slowly to 4C over an hour in a thermal- 120 nmoles DNA was recirculated overnight at 0.1 ml/min

“NH>" in these DNA sequences refers to thé- 5
aminohexyl moiety added on the last cycle of DNA synthesis
(Integrated DNA Technologies, IA, USA). THecoRl re-
striction sequence (GAATTC) is shown in bold. The first two
of these were covalently coupled to supports in the various
experiment, and the last five are used to charge the{AC)
adapter supports.

cycler. for coupling. Uncoupled DNA was collected and absorp-
tion at 260 nm measured to determine, by difference, the
2.4. CNBr activation and DNA coupling amount of DNA coupled. Remaining reactive groups were

consumed by overnight recirculation of blocking buffer
For activation of diol-silica with CNBr and TEA and cou-  at 0.1 ml/min.

pling to DNA we followed the published proced|fil—-17]
Briefly, 1.59 diol-silica was suspended in 2ml anhydrous 2.5. “Charging” adapter columns
acetone and bath sonicated under vacuum for 5min. After
centrifugation, the supernatant was removed and the support The annealed EcoGAEcoGT or EcoD DNA, with 3
transferred to a small beaker to which sufficient anhydrous (TG)s tails (Fig. 4), was recirculated overnight at 0.1 ml/min
acetone was added to yield an approximately 50% slurry through the complementary (Ag€adapter DNA column with
and cooled to-15°C. For activation, 1 ml anhydrous CNBr  the column being immersed in a water bath maintained at
(1.0 M) was added and 1 ml anhydrous TEA (1.5M) was 4°C. The amount of double strand DNA used for anneal-
added dropwise over 3 min. The temperature of the activationing was double the amount of adapter DNA present on the
reaction was maintained at15°C throughout. After activa-  column. Non-annealed DNA was collected and used for ab-
tion, excess reagent was removed by filtration and the sup-sorption measurements at 260 nm to determine the amount
port washed with ice-cold water (50 ml) and coupling buffer of DNA loaded onto the column.
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2.6. Preparation of crude bacterial extracts tein concentrations are comparable regardless of the method
used.

Escherichia coli(strain RY13), an over-expressing strain
for EcaRl endonucleaspt], was grown at 37C in rich me- 2.9. Purification of EcoRI endonuclease
dia (Superbroth). A crude bacterial extract, prepared as de-
scribed in[7], was dialyzed against 0.1 M KCI in buffer B For these experiments, the resulting DNA-silica and -
(25 mM N-(2-hydroxyethyl)piperaziné¥-(2-ethanesulfonic ~ Sepharose were slurry-packed into stainless-steel columns
acid) (HEPES), pH 7.8, 7mMB-mercaptoethanol, 1mM (5cmx 0.46cm) at 0.5ml/min using buffer B containing
EDTA, 0.1% igepal (v/v), and 10% glycerol (v/v)) and stored 0.1 M KCI as the mobile phase. A crude bacterial extract

in —85°C. from E. coli strain RY13 was loaded (typically 4Q), the
column was washed with 10 ml of buffer B containing 0.1 M
2.7. EcoRIl endonuclease assay KCI, and 10 ml buffer B containing 0.25 M Kd¥]. Bound

EcaRl endonuclease was eluted either by a linear increase
For this assay, gl of each fraction was added into a in salt concentration (0.25-0.5 M KCI) for a typical affinity
50l reaction mixture that containsylg of A phage DNA chromatography experiment or with a linear Mg@tadient
as the substrate and 50 mM NaCl, 100 mM Tris—HCI, pH (0 to 50 mM Mg*) for a catalytic chromatography experi-
7.5, 10mM MgCj, and 0.025% Triton X-10(4,7]. Reac- ment. Flow rate was 0.5 ml/min throughout. One ml fractions
tion was performed at 37C for 60 min and was stopped by were collected and assayed tecdR| endonuclease activity
the addition of 12.5ul of 50% glycerol, 100 mM EDTA, pH as described aboyé,7].
7.5, 1 mg/ml bromophenol blue. The reaction products were  After using the double-stranded adapter DNA-silica
analyzed on agarose electrophoresis gel containing ethidiumor -Sepharose columns for catalytic chromatography, the
bromide. The bands were visualized by ultraviolet light with cleaved, annealed DNAF{g. 4) was removed with 70C
an Alpha Innotech camera system and active fractions werewater. Alternatively, the DNA column was placed in a water
pooled. TotalEcoRI endonuclease units present in pooled bath equilibrated at 70C and washed with buffer B con-
fractions from affinity, catalytic, or the RY13 crude extract, taining 0.1 M KCI to remove remaining DNA. Absorption
were assayed by using3of serial dilutions of each enzyme. (260 nm) was used to record the elution of the remainder
To account for differences in the buffers used as the mobile DNA sequence. Further, for reusing the column, fresh DNA
elution phase for each chromatographic strategy (affinity and (either ECOGT&EcoGT or EcoD) was used again to charge
catalytic), pooled fractions were diluted in buffer contain- the column as described above, again monitoring absorption
ing the remaining component required to equal the compo- 260 nm to follow the course of annealing. The resulting re-
sition of the other enzyme to be tested. Serial dilution of generated double-stranded DNA column was used for purifi-
commercially supplieEcdRl enzyme (New England Bio- cation of EcoRI endonuclease by affinity followed by cat-
labs, 20 unitgdl) provided a standard. After digestion, sam- alytic chromatography as described above. Chromatography
ples were applied to the gel and densitometry of the restrictedwas using a Rainin ternary HPLC system unless otherwise
fragments was determined by using the Alpha Innotech cam- stated.
era system and NIH Image software. One uniEcfRI| en-
zyme activity was defined as the amount of enzyme required
for the digestion of Jug of A DNA during a 60 min reaction 3. Results and discussion
at 37°C.
In this study, two different purification procedures (i.e.,
2.8. Protein concentration affinity and catalytic chromatography) were applied to
sequence-specific DNA-Sepharose and -silica columns
Protein concentration was measured, following precipita- to study the purification ofEcoRl endonuclease as a
tion with trichloroacetic acid, by the bicinchoninic acid mi- model for catalytic chromatography. For these initial
croassay procedure provided by Pierce Chemical Co. Bovineexperiments, the self-complementary DNA sequente 5
serum albumin was the standard. Alternatively, for proteins NH,-GCATGOGAATTC GCAT-3 (EcoSph) was directly
present in very low concentration, the concentration was coupled using CNBr-activated supports. For Sepharose,
measured by loading the samples on sodium dodecylsulfate-CNBr-activation was by the method of Kohn and Wilchek
polyacrylamide gel electrophoresis (SDS-PAGE) followed [18] and for diol-silica the new, anhydrous cyanoethyl
by silver staining (Bio-Rad Laboratories kit). Serially di- transfer method15-17] was used. Both supports, packed
luted equal amounts of three standard proteins (bovine seruninto stainless steel columns (5 cn.46 cm), were used for
albumin, egg albumin and carbonic anhydrase) were used.the purification ofEcaRl endonuclease on an HPLC system.
The NIH Image software was again used to determine the The strategy for binding the enzyme from a crude bacterial
density of the standard protein bands and the concentra-extract (RY13) was similar to that used previously and relies
tion of unknowns. This method was also compared to the on the fact thaEcoRl binds DNA in the absence of Mg
BCA method and a conversion factor derived so that all pro- but is catalytically inactiv§7]. Bound enzyme was eluted by
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either a salt gradient (for a typical affinity chromatography These experiments also show that CNBr coupling strate-
experiment) or by adding Mg (for a catalytic chromatogra-  gies previously available only for soft gels like Sepharose can
phy experiment). This last procedure will cause elution of the be directly applied, without modification, to the new CNBr
bound enzyme after hydrolysis of its column—DNA substrate silica method15-17] The amounts coupled are similar (see
[7]. Section2.4), and performance and flow rate can be increased
In the original report, the column was washed with 33 col- by moving to the uniform, small-diameter porous silica, al-
umn volumes of buffer containing 0.1 M KClI, followed by 33  lowing high-performance affinity chromatography and high-
column volumes containing 0.25 M KCl, prior to elutionwith  performance catalytic chromatography (HPCC) variations of
a step gradient to either 0.4 M KCI or to 50 mM MgCfor existing soft gel methods.
affinity and catalytic elution, respectively. Under these con-  The purified proteins were also examined by sodium
ditions, apparently (by SDS-PAGE) homogené&iesR| was dodecylsulfate-polyacrylamide gel electrophoresis as shown
obtained by catalytic elution. Here, we used less extensivein Fig. 2 The position ofEcarl (arrow) was confirmed by
column washing (12 column volumes for each buffer) and electrophoresis of commercially obtain&gtoRI (data not
elution with a linear gradient to either 0.5M KCl or 50mM shown). DNA-silica columns gave higher purity for both
MgCl,. Under these conditions, lower purity is obtained but affinity and catalytic chromatography than DNA-Sepharose.
this allows us to observe differences in the purity more read- This s in substantial agreement witable 1 though the table
ily and to also detect differences in the elution peak width would predict slightly higher purity for catalytic/Sepharose
which reflects chromatographic performance. Even though than affinity/silica. Also, the affinity-Sepharose suffered from
these conditions are less than optimal, quite high purity was both low yield and low purity and because of the extra pro-
observed under some chromatographic conditions which will teins present, it is hard to locate the faidoR| band in this

be described. lane. Nevertheless, itis clear that highest purity was obtained

by catalytic elution on the homogenous, small bead diam-
3.1. Direct coupling: catalytic chromatography on silica eter silica, a procedure we call high-performance catalytic
gives higher performance chromatography.

The purification ofEcoRI endonuclease by affinity (pan- 3.2. The adapter approach: catalytic chromatography
els A and B) and catalytic chromatography (panels C and on Sepharose surpasses silica
D) on Sepharose and silica under these conditions is shown
in Fig. 1 Elution of EcaRl endonuclease is observed by its Previous results from our laboratory have indicated that
characteristic cleavage patternophage DNA. For DNA- the first use of catalysis-induced elution on sequence-specific
silica columns Fig. 1B and D), as expected for its small, DNA-Sepharose columns is accompanied by 80% hydroly-
homogeneous bead size£71.5um), a sharper peak is ob-  sis of the bound DNA. For those experiments, 3ml DNA-
tained in contrast to Sepharose (45-120) (Fig. 1A and Sepharose columns that contain 8.3 nmoles/ml were used for
C). This is especially noticeable for affinity chromatography purification of 0.3 ml of RY13 crude extract. On the sec-
(contrast panels A and B). The activity also elutes earlier ond use, a further 8% of the DNA substrate was digested
in the gradients from the silica columns. The cause of this when the same column was re-used and yield suffered. Thus,
was not investigated but probably arises from different void catalysis-induced elution rapidly diminishes column capacity
(excluded) volumes for the supports. and eventually the column must be discarfi§dIn contrast,

Catalytic chromatography for these columkgy( 1C and DNA-silica columns used in this study containing 95 nmoles
D) was performed by a Mgglgradient to induce catalytic = DNA/ml were re-usable for at least seven times of catalysis-
elution [7]. Again, a sharper peak f&coRl endonuclease induced elution oEccRl endonuclease. However, the eluted
activity is observed with DNA-silica (contrast panels C and EcoRI endonuclease activity decreases for each successive
D), however, the difference is not great suggesting that cat- catalytic elution (data not shown), and the column must even-
alytic rate, in addition to column characteristics, may be an tually be replaced. To overcome this unique disadvantage a
important factor governing peak width. re-usable, sequence-specific DNA column was developed.

To investigate the yield and purity obtained by affinity This approach is depicted iRig. 3. A single stranded
and catalytic chromatography on both DNA-Sepharose andoligonucleotide is coupled to the column. The same AC)
-silica columns, active fractions from three separate exper- oligonucleotide we had used previously for transcription fac-
iments were collected and assayed EmoR| activity and tor trapping[19] was used. The adapter can anneal a (5T)
protein concentration. The results, showable 1 demon- tailed, double-stranded oligonucleotide which will serve as
strate that a significantly higher yield and fold-purification substrate foEcoRI. The annealed column can then be used
were obtained for catalytic chromatography on either sup- for either affinity or catalytic chromatography and when per-
port and these differences have a high statistical significance formance decays, simply washing with hot water will release
The higher purity presumably results from the specificity of the substrate oligonucleotide which can then be replaced
catalysis-induced elution previously repor{étl Silica gave with fresh oligonucleotide to regenerate the column. A sim-
better performance than Sepharose. ilar strategy of annealing a single stranded tail to a single
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Affinity A.Sepharose
KCI (wash) Elution with increase of KCI
0.1M 025 M 025 M ——— 0.5 M KCI

-E+E| 1 2 3 4|8 121820(2224 2526 272829 3031 32 3334 3536 3738 3940 4142 4344 4546 47 48 4950

B.Silica
KCI (wash) Elution with increase of KCI
0.1M 0.25 M 025 M ———— > 0.5 MKClI

-E+E| 1 2 3 4|8 121820|2224 2526 272829 3031 32 3334 3536 3738 3940 4142 43 44 4546 47 48 4950

N o R e o e e e e e e e e

Catalytic C.Sepharose
KCI (wash) Elution with increase of KCI
0.1 M 0.25M 0.256 M =——— 0.5 M KCI

AE+E| 1 2 3 4|8 1218 202224 2526 272829 3031 32 3334 3536 3738 3940 4142 4344 4546 47 48 4950

D.Silica
KCI (Wash) Elution with increase of KCI
0.1M 0.25M 026M —— = 0.5MKCI

-E+E|1 23 4 \8 1218 20| 2224 2526 272829 3031 32 34 3536 3738 3940 4142 4344 4546 4748 4950

N o i
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Table 1
Summary ofEcaRl purification (using direct coupling of EcoSph oligonucleotide)
Sample Total protein (mg) Total units Specific activity (units/mg) Yield (%) Fold-purification
Crude 0.324 279 861 - -
Sepharose
Affinity chromatography 0.00366 166 45,355 598° 53+ 7°
Catalytic chromatography 0.00345 238 68,986 189 80+ 8
Silica
Affinity chromatography 0.00306 193 63,072 89141 73+ 15°
Catalytic chromatography 0.00292 272 93,151 91.3 108+ 1.4

2 The details of the purification condition are described in Sec®iand the legend oFig. 1 Total units of EcoRI endonuclease activity and protein
concentration were determined as described in Se2ti@tatistical analysis is Student'gest with two-tailed distribution and two-sample, unequal variance)
of three separate experimenis<(3) to compare yield and fold-purification.

b The results footnoted by b—d are all statistically different. For yield, affinity and catalytic chromatography on Sepharose have pRb&IRA62 that
they are the same.

¢ Purity, Sepharose, affinity compared to catalyfie;0.01216.

4 Yield, silica, affinity compared to catalyti®=0.07295.

€ Purity, silica, affinity compared to catalytie,=0.05496.

stranded DNA adapter has been reported to result in useful
Sepharose Silica DNA columns for the purification of other DNA binding pro-
Cr Aff Cat Aff Cat teins[ZO]_

As shown inFig. 4, EcoRlI binds to the freshly charged
(substrate annealed) column (panel A), no binding was found
once the hydrolysed DNA was stripped from the column with
hot water (panel B), and upon recharging with fresh substrate
DNA, Ecarl again bound and eluted. Thus, the (A@3apter
approach functions as expected.

The peak oEccdRlI elutes slightly earlier on the recharged
column. This is likely due to changes in the column bed re-
sulting from the temperature and mobile phase changes used
during recycling. This does not affect the utility of the ap-
proach.

Recycling a single (AG)}Sepharose or -silica column
through eight cycles of charging, use, and regeneration
showed no deteriation of capacity or performance showing
these adapter columns are also durable as expected (data not
shown).

Adapter affinity and catalytic chromatography on
Sepharose and silica were compared in experiments analo-
gous toFig. 1 (data not shown but submitted for review).

Fig. 2. SDS-PAGE of the proteins purified by affinity and catalytic chro- ; " ; ;
matography on both DNA-Sepharose and DNA-silica columns using EcoSph Again, silica gave narrower peaks and hlgher resolution.

oligonucleotide. The active pooled fractions eluted by affinity (Aff) or cat- Over"’_‘”’ adapter columns and columns prepared by direct
alytic (Cat) chromatography on sequence-specific DNA-Sepharose and - Coupling gave remarkably similar chromatography; however,
silica columns were separately pooled. Polyacrylamide (12%) gel elec- the balance sheet did reveal differences.
trophoresis{23] and staining w?th silver is shown. Crude bacterial extract The balance sheeflgble 2 shows the comparison of
(Cr) is also shown for comparison, using 1/100th as much as used for the go K argge, silica, affinity, and catalytic chromatography for
actual purification of the fractions shown. The mobility (Mr) of standards is he ECoGT&ECOGT ch d ad | Adai
shown in kDa. The arrow shows the mobility B€dR| endonuclease. t e_ co co charged adapter co ur_nns. ga_m cat-
alytic chromatography always gave the higher purity and

Fig. 1. Ecarl endonuclease purification by affinity chromatography on sequence-specific DNA-Sepharose and DNA-silica columns using EcoSph oligonu-
cleotide. 4Qul of crude bacterial extract was loaded onto the 5¢fh46 cm column equilibrated in buffer B containing 0.1 M KCI. After washing the column

with low salt concentrations, bound proteins was eluted with a linear salt gradient (0.25-0.5 M KCI) for 100 min (panels A and B) or a linegradgdk

(0-50 mM) for 100 min (panels C and D). One millilitre of fractions was collected and the flow rate was 0.5 ml/min throughout BeaRthassay, 3.l of

each fraction was added to a pDassay mixture. The reaction products were analyzed on a 1% agarose electrophoresis gel stained with ethidium bromide.
“—E” is assay mixture withouEcaR| added and “+E” is the same with New England Biol&tsR| added and serves as a positive control. The positive control

of panel C is absent. The numbers in the figure refer to the column fractions assayed.
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3’ AC Tail Adapter

@ NH, (AC) ,; 3" —

l Add annealed oligos

CSD—NH2 (AC) ; ATGCGAATTCGCATGC 3’
(TG) ;~TACGCTTAAGCGTACG 5’

Load RY 13 extract .

@ NH, (AC) ATGCHGCATGC ¥
(TG) ;~TACG CGTACG 57 5’ ATGCG
+
0.1 M KCl wash {TG) ;TACGCTTAA
0.25 M KCl wash
Elution
/\ Water at 70°C
Affinity (T KCI) Catalytic (T MgCl,)

®—NH2 (AC), ATGCGAATTCGCATGC 3
(TG) .~TACGCTTAAGCGTACG 5 H, (AC) 5 ATGCG
(TG) .~TACGCTTAA
+ +

. . + AATTCGCATGC3'
GCGTACG 5
Fig. 3. Schematic representation of the affinity and catalytic chromatography witlh @d@pter approach for the purificationldoRl.

yield when compared to affinity chromatography regardless  The most likely cause of this disparity in which support
of which support was used. Interestingly though, for the functions best for direct-coupling and adapter is that the latter
adapter approach, Sepharose gave greater purity and companust use a more complex DNA (the annealed oligonucleotide
rable yield to that obtained with silica. The highest purity was is 26-mer for the (AG) adapter approach versus 16-mer used
obtained with catalytic chromatography using (A@yapter for direct coupling) and the 300 pore silica may be inad-
Sepharose anBig. 5 shows that thisEcaRl obtained is in equate for the longer DNA. Clearly, the pore size needs to
a very high state of purity. Affinity chromatography on the be optimized for adapter silica but until then, Sepharose pro-

same support yields less pure enzyme. vides a very workable alternative.
Table 2
Summary ofEcaRlI purification (using the (AG)adapter approach)
Sample Total protein (mg) Total units Specific activity (units/mg) Yield (%) Fold-purification
Crude 0.219 698 3181 - -
Sepharose
Affinity chromatography 0.00153 406 266,568 585.8 84+ 11.8
Catalytic chromatography 0.00135 461 341,448 466.2 107+ 10.7
Silica
Affinity chromatography 0.00328 338 108,821 48:312.8 34.3+ 115
Catalytic chromatography 0.00345 498 139,541 H.39.6 43.6+ 16.5

2 The details of purification conditions are described in the legerfigf5. Total units ofEcaRI endonuclease activity and protein concentration were
determined as described in SectidnStatistical analysis (Studentdest with two-tailed distribution and two-sample, unequal variance) of three separate
experimentsr{=3) to compare yield and fold-purification.

b Fold-purification is statistically different when comparing Sepharose to silica, for either affinity or catalytic chromatography. No othacetffare
significant.
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A.New column after annealing A. Sepharose
KCI (wash) Elution with increase of Mg™
01 M 025 M O mM —————— 50 mM Mg*
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B. After removal of cleaved DNA from the column (with 70 degree C water )

KCI (wash) Elution with increase of Mg**

0.1M 0.25M 0 mM ————— 50 mM Mg*
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C. Regenerated column

KClI (wash) Elution with increase of Mg2+

0.1 M 0.25M _—

-E+E[1 2 3 4 |8 1218 20|2224 2526 272829 3031 32 3334 3536 37 38 3940 4142 4344 4546 4748 4950

Fig. 4. Catalytic chromatography &cadRI endonuclease on regenerative DNA-Sepharose column using @&2pter oligonucleotide. A crude bacterial
extract fromE. coli strain RY13 (40Qul) was loaded on the charged (with Eco@ECoGT annealed duplex) column, the column was washed with 8 ml of
buffer B containing 0.1 M KCI, and 8 ml buffer B containing 0.25 M K[Z]. BoundEcdRI endonuclease was eluted with a linear Mg@iadient (0 to 50 mM

Mg?2* for 30 min followed by another 30 min wash with 50 mM) for catalytic chromatography. Flow rate was 0.2 mli/min throughout. Fractions of 0.4 m| were
collected and assayed fBcaR| endonuclease activity. The run was peformed using the Gilson 9000 HPLC system. Eod®i@assay, wul of each fraction

was added into a 20l assay mixture. The reaction products were analyzed on a 1% agarose electrophoresis gel stained with ethidium bromide. (A) Initial
binding and elution by catalytic chromatography from charged, double-stranded DNA-silica columns. (B) After stripping the column of annealéd DNA w
hot water, chromatography is repeated &edRI flows through the column and appears in the first two fractions only (data not shown). (C) Binding and elution

of bound proteins after recharging the DNA-silica column with Eca&EtoGT.

3.3. Assingle tail functions better than a two-tailed ternatively, a single, self-complementary DNA, in this case
substrate EcoD, could be used but this would produce a duplex con-
taining a double (D) Xail, one on both strandEig. 6shows

The adapter approach using (Ac3epharose was further  that either the double or single tailed approach retain sim-
investigated to learn what substrate DNA and enzyme bind- ilar amounts ofEcaRl activity during loading and washing
ing methods function best. Preparing single tailed (S) sub- and a similar amount elutes with ¥g However, when the
strate DNA, such as the ECoGiEcoGT duplex requirestwo ~ same amount of each eluted protein is compared by silver
complementary oligonucleotides, one containing the tail. Al- stained SDS-PAGE, the single tail approach yields a sample
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Sepharose
Cat

Aff

Fig. 5. SDS-PAGE of the protein purified by Sepharose affinity and catalytic
chromatography on the DNA-Sepharose column using the {&Gapter.
The method used for purification is described in the legenéligf 1 The
active pooled fractions eluted by affinity (Aff) and catalytic (Cat) chromatog-
raphy were pooled, separated by SDS-PAGH, and staining with silver.
The arrow shows the mobility dcaRI endonuclease.
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Fig. 6. Single and doubled tailed substrate DNA give similar yield but differ-
ent purity. A 1 ml (ACk-Sepharose column was charged with 660 pmoles
of either annealed EcoGAECcoGT or the self complimentary EcoD sub-
strate DNA, yielding DNA containing either a single (GTil (S), or DNA
containing a double (D) tail, one at each end of the duplex, respectively.
RY13 extract (10Gul) was applied to each column and the column was then
washed with 10 ml of buffer B containing 0.1 M KCI, 10 ml buffer B contain-
ing 0.15 M KClI, and eluted by 15 ml of buffer B containing 0.15 M KCl and
50 mM MgCb. Fractions from each were pooled and assaye&¢oR| ac-
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Fig. 7. Trapping gives higheryield than the adapter approach. A 1 ml column
of (AC)s-Sepharose column was used for adapter (A) chromatography by
precharging it with 10 ml of Buffer B with 0.1 M KCI containing 660 pmoles
(66 nM) of annealed EcoGT-dEcoGT-1 at a flow rate of 0.2 ml/min (an-
nealing to the column was not by overnight recycling as was done for
Figs. 1, 4 and pfollowed by washing with 10 ml of buffer B containing
0.1 M KClI, and then applying 100l of RY13 extract to bind to the column.
Alternatively, trapping (T) was performed by mixing 10 ml of the 66 nM
EcoGT-1&EcoGT-1 with 10Qul of RY13 extract, and this mixture was ap-
plied to the (AC}-Sepharose. Both columns were then washed and eluted
as described ifrig. 7. The experiments were performed in duplicates and
the bars show the standard deviation. Phealue (two tail Student's-test)
gives a value of 0.177.

with higher amounts oEcaR| and less impurities (data not
shown but submitted for review). This may be because the
additional tail, present in the doubled tailed substrate is capa-
ble of binding other proteins not bound by the simpler, single
tailed oligonucleotide. Thus, a single tailed oligonucleotide
is preferable and was used for all further experiments.

3.4. Substrate binding in solution followed by trapping
gives similar results to column binding

Finally, the adapter approach allows two alternatives for
enzyme—-substrate binding. The substrate oligonucleotide can
be used to charge a column and the enzyme can then be ap-
plied to the charged column and allowed to bind there. This
has been the approach used in all experiments up to this point
and has been referred to as the adapter (A) approach. Alter-
natively, the substrate DNA can be mixed with the enzyme in
solution and allowed to bind there. The mixture can then be
applied to the column and allowed to anneal under flow, trap-
ping (T) the enzyme-substrate complex. In either case, the
column can then be eluted catalytically. These alternatives
are compared ifrig. 7. Trapping retains greater amounts of
the enzyme during washing and higher amounts of the en-
zyme subsequently elute in ¥y though the difference was
not statistically different=0.18,n=2). SDS-PAGE how-
ever showed that the two approaches yield enzyme of about
the same high purity (data not shown). Since trapping, form-
ing the enzyme—substrate complex in solution is the easier

tivity. EcoRI units were measured for only one run so standard deviation was approach and may give higher yieId it would be preferred.

not calculatedFigs. 6 and #vere performed using the Bio-Rad BiolLogic
DuoFlow metal-free chromatograph and 1 ml plastic syringe columns.

This experiment was preformed using 66 nM substrate
DNA (660 pmol) either mixed with 10Ql bacterial extract
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before chromatography or the same amount used to pre-ble to the widely used CNBr activation of Sepharose. The
charge the column. The yield (2810%) of enzyme activity =~ adapter approach circumvents the column destruction, inher-
recovered irFig. 7 is similar or somewhat higher than that ent in utilizing substrate hydrolysis for elution, by allowing
obtained inTable 2(catalytic, Sepharose, yield = 867.2%) used columns to be regenerate. In this approach, the sub-
where columns (5 cm 0.46 cm, 0.83 ml) were fully charged  strate DNA is never attached to the stationary phase and be-
using 40 nmol of DNA and 40l bacterial extract was used; comes instead just another addition to the mobile phase. The
the experimentifrig. 7used 60-fold lower amounts of DNA  single strand (GT) sequence used to bind the adapter col-
than that inTable 2 Thus, low amounts of DNA can be umn (AC) sequence should be present on only one strand
used with adapter columns, conserving substrate DNA. Theseof the duplex substrate sequence. Substrate binding in solu-
lower amounts can be used for trapping at low DNA concen- tion is somewhat easier than the alternative and trapping the
trations to promote specific enzyme—substrate binding andenzyme—substrate complex under flow through the adapter
still retain high yield. column maintains high yield. Perhaps most remarkable of

The main shortcoming of catalytic chromatography in all is that catalytic elution gives better performance under a
the past was the short lifetime inherent in converting a col- variety of conditions when compared to affinity chromatog-
umn substrate into product. This shortcoming was effec- raphy. The net result of these studies is that using trapping,
tively removed by using an adapter to bind the substrate with a single tailed substrate DNA, on (Aé>Hepharose with
reversibly. For other applications though, different adapter catalytic elution yields the highest performance chromatog-
technologies would need to be developed or new applica- raphy of all the options tested. The adapter approach used
tions of old supports would have to be tried. For example, could be readily extended to other polynucleotide utilizing
nitrilotriacetic—agarose binds transition metals and could be enzymes, which is a large and diverse group including DNA
used as an adapter support for some enzymes with metapolymerases, exo- and endonucleases, topoisomerases, ki-
ion cofactors. Substrates which contain a sulfhydryl or into nases and ligases. With the development of further adapter
which a sulfhydryl could be introduced, can be immobi- technology, adapter chromatography could be extended to
lized reversibly by disulfide formatiof21] with thiopropyl- virtually any enzyme and catalytic elution would likely give
Sepharose or other supports. Similarly, silver ions can alsohigh purity and yield.
be reversibly immobilized on thiol-supports and bind DNA
reversibly with high affinityf22]. While the adapter approach
may not always be feasible, itis likely it too could be applied
in most cases.

Thg aqlapterap'proach removes the I|m|tat|oq of short col- This work was supported by the National Institutes of
umn lifetime previously inherent to the catalytic approach

X ) Health (GM43609).
by allowing columns to be recycled rather than discarded.
Since catalysis-induced elution has the disadvantage of be-
ing potentially destructive to column lifetime, development of
re-usable DNA columns removes the only significant disad- References
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