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Abstract

Recent advances in the separation of transcription factors (TFs) are reviewed in this article. An overview of the transcription factor families
and their structure is discussed and a computer analysis of their sequences reveals that while they do not differ from other proteins in molecular
mass or isoelectric pH, they do differ from other proteins in the abundance of certain amino acids. The chromatographic and electrophoretic
methods which have been successfully used for purification and analysis are discussed and recent advances in stationary and mobile phas
composition is discussed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction available along with foot printing techniques which could be

used to characterize the DNA element bound by TFs within

Transcription factors (TFs) are an interesting and complex the promoter region. These footprints could then be synthe-
group of proteins. TFs bind to the promoter region of genes sized and attached to suitable chromatography supports to
and either activate or repress transcription. The promoter make a very selective, specific oligonucleotide DNA-affinity
region contains specific DNA sequences (called variously chromatography which was more or less specific for a sin-
an enhancer or repressor “element” or “footprint”) that are gle TF. This technique suffers from some unexpected prob-
bound with high affinity and specificity to individual TFs lems. For one, while most TFs bind their footprint element
and this complex of proteins either recruit or fail to recruit with very high affinity (often in the picomolar range), they
active RNA polymerase. This determines whether or not a and most other DNA-binding proteins will bind any DNA
messenger (or other type) of RNA is produced and ultimately sequence with somewhat lower affinity. The high concen-
expressed. Genetic regulation is the direct result of thesetration of DNA attached to supports encourages these lower
interactions and this controls the cell cycle, differentiation, affinity interactions and specific elution of only the protein
and ultimately the cell’s biology and fate. of interest has proved challenging. To circumvent this prob-

A recent search for “transcription factor” in the PubMed lem, competitor DNA and other substances (detergents, hep-
nucleotide database reveals over 40,000 entries. Only aarin, moderate salt concentrations) are added to the mobile
few hundred of these have ever been purified, and a muchphase to lessen these weaker interactions. Alternative meth-
smaller number purified to homogeneity and characterized ods for eluting DNA-affinity columns have been developed
at the protein level. The purifications that have succeededwhich can also improve the selectivity of the chromatog-
were all arrived at empirically but certain strategies recur. raphy. Also, protein binding of the DNA at low concen-
Most have been purified from nuclear extracts and have trations in solution and then “trapping” the DNA—protein
used ammonium sulfate or other methods to concentrate thecomplexes in various ways has also provided a way to in-
sample. Some TFs occur in large complexes and for thesecrease the specificity of the method and the protein purity
separation by size exclusion chromatography (SEC) hasobtained.
proved useful. lon-exchange chromatography (IEC), primar-  Other kinds of affinity chromatography have also
ily cation exchange but also anion exchange, has often alsossometimes been useful. While most intracellular pro-
been used. The combination of all of these methods thoughteins are not glycosylated, apparently some TFs are
has usually resulted, at best, in a few hundred-fold purifi- and lectin affinity chromatography has been useful in
cation. Since many of the TFs are present in only very low these cases. Also, Procion dyes are known to bind with
amounts in the cell, purification of tens-of-thousand-fold nucleotide binding proteins, including DNA-binding
are usually required and so these methods alone give onlyproteins, and affinity chromatography on Procion dye
very poor enrichment. Purification to homogeneity has usu- columns (e.g. Cibacron—-Sepharose) has sometimes been
ally required the application of affinity chromatography used.
techniques. Here we give an overview of the TFs, their chromatogra-

The most obvious and widely used kind of affinity chro- phy, and purification. We also investigated, using the exten-
matography is DNA-affinity chromatography. The first pu- sive database of TF sequences, whether there are any prop-
rifications to use this technique used fragmented genomicerties unique to this group of proteins. This analysis reveals
DNA attached to supports to purify those proteins which that as a group TFs are quite similar to other types of pro-
bind the DNA. Later, oligonucleotide synthesis became teins but there are some differences.
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Table 1
Transcription factor amino acid composition, relative molecular mass, and isoelectric point analysis

Hydrolase Alcohol dehydrogenase Dayhoff Transcription féctor Protein

X S.D. PP X S.D. P X sb. P X S.D. P X S.D.
Ala 7.73 3.28 0.71 9.00 2.20 0.008 8.36 4.18 0.248 8.07 3.44 0.390 7.49 3.32
Arg 5.70 3.09 0.207 3.20 142 <0.001 3.91 2.82 0.043 5.35 1.32 0.363  4.99 243
Asn 4.36 2.28 0.848 5.02 1.62 0.125 4.46 3.00 0.969 4.26 2.19 0.661 4.44 2.08
Asp 5.54 181 0.005 4.82 0.97 0.275 5.00 2.28 0.232  4.47 1.61 0.920 4.51 1.76
Cys 2.07 1.65 0.193 2.06 1.49 0.184 2.57 3.54 0.094 1.80 1.06 0.537 1.62 1.81
Gln 3.87 2.01 0.704  2.09 0.76 <0.001 3.34 2.00 0.328 5.21 199 <0.001 3.72 1.82
Glu 6.04 3.13 0.975 5.13 2.08 0.050 5.79 3.34 0.657 5.88 2.15 0.705 6.06 2.58
Gly 8.20 2.46 <0.001 8.78 214  <0.001 8.80 3.18 <0.001 6.95 3.29 0.188 6.21 221
His 2.72 1.68 0.052 234 1.05 0.358 2.98 2.22 0.020 3.11 1.33<0.001 2.11 1.36
lle 5.70 243 0.088 7.35 2.28 0.100 421 251<0.001 3.11 150 <0.001 6.55 251
Leu 9.47 2.86 0.594 8.30 1.61 0.002 8.43 3.61 0.043 8.40 2.70 0.016 9.78 2.93
Lys 4.76 2,52 0.004 6.78 1.63 0.586 8.42 4.15 0.012 543 1.45 0.040 6.49 3.30
Met  2.23 1.02 0.257 1.27 1.02 <0.001 211 1.90 0.248 2.29 1.40 0.495 247 1.09
Phe 3.83 1.40 0.158 3.94 0.99 0.226 4.05 217 0.433 3.03 117 0.001 4.42 2.57
Pro 4.85 1.88 0.697 4.78 1.06 0.500 4.76 2.94 0.643  7.99 2.42<0.001 5.00 2.01
Ser 6.41 2.39 0.217 4.37 1.47 <0.001 6.51 4.00 0432 1071 220 <0.001 7.05 281
Thr 4.79 2.30 0.013 7.88 2.87 <0.001 5.40 2.64 0.294 564 1.90 0.505 5.91 2.10
Trp 161 1.16 0.132 1.28 0.88 0.990 1.30 112 0.904 0.89 0.64 0.029 1.28 1.03
Tyr 3.01 1.34 0.479 197 0.77 <0.001 3.06 1.83 0.649 237 1.33 0.004 321 1.53
Val 7.17 1.85 0.264 9.65 1.23 <0.001 5.96 3.28 0.190 5.04 139 <0.001 6.71 2.25
pl 6.63 1.87 0.032 7.31 1.19 0.466 7.69 1.72 0.657 7.72 1.69 0.433 753 1.83

MW 40593 29053 0.405 26415 10143 0.004 15367 831k0.001 66067 63330 0.096 47157 47292

@ The TF data was chosen by searching the PubMed protein database for “TF NOT putative NOT partial”. The total number of entries was then
multiplied by 50 random numbers to select individual sequences. For the other proteins, the same search string was used except replacing “TF” with
“hydrolase”, “alcohol dehydrogenase”, or “protein”. The Dayhoff dataset is figlmProtein parameters were determined by sequence analysis using the
online program PROT-PARAM.

b X is the mean#{ = 50), S.D. the standard deviation, aRds the probability resulting from a two-tailed Student:test comparison to the random
protein dataset.

2. Overview of transcription factor homology family the random protein data. Importantly, 92% of the TF data
motifs are from the zinc finger (seBection 2.2, helix-turn-helix
(HTH) (seeSection 2.}, helix-loop-helix (seeection 2.5,

One of the largest and most diverse classes of DNA-bindingand leucine zipper (seBection 2.4 families, all of which
proteins are the TFs. TF DNA-binding specificity is con- are composed of highlg-helical structures. Some of the
ferred through distinct structural motifs present in the observed divergence between the two groups can be ex-
DNA-binding domains. These motifs also provide the basis plained by structural attributes. For example, residues lle,
for their classification. The characteristics of these motifs Leu, Phe, Trp, Tyr, and Val are bulky, hydrophobic groups
(the preponderance ai-helices in DNA-binding regions, that are found with a high probability iB-sheetq1], and
the charge interaction with DNA and RNA polymerases, are in low abundance in the TFs data. Also, pro and ser
etc.) suggests that TFs may differ ihqr amino acid com-  are found in high abundance in turns and are significantly
position due to alkalinity or acidity required for DNA or higher in the TF data. Finally, other residue divergence
polymerase binding. Variance ih pmino acid composition,  could be explained by function, as GlIn, His, and Ser are of-
or relative molecular mass could be utilized for TF purifi- ten involved in hydrogen bonding of TFs to DNA nucleotide
cation. However, the data ifable 1shows a comparison bases and are significantly higher in the TF data perhaps due
of four sets of 50 proteins, all randomly chosen from the to the number of sharp turns in many of these structures.
database. One set is TFs, and another three sets are non-TFEhe Dayhoff datasef?] was an early work that analyzed
of various types. These data suggest that as a group TFsequenced proteins. While this work was extremely im-
are not significantly different from other proteins in charge portant in developing proteomics, the data available at the
or molecular massTable 1shows that all of the protein time was limited. And, as shown, sequenced proteins were
families have distinct amino acyl residues with significant usually of low relative molecular mass and represented a
variance from random proteins. Much of the variance within small population of proteins relative to the data available
each group can probably be explained by structural andtoday. The differences shown in the Dayhoff data are not
functional attributes distinct to each group of proteins. The easily explained by structural divergence as many of the
TF data shows 11 residues that differ significantly from proteins were hormones, toxins, and inhibitors with no pre-
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dicted secondary structure. The Dayhoff data was included participate in many metabolic activities including develop-
because of its foundation in modern proteomics and as ament. Hundreds of HTH proteins have been identified and
comparison to the random dataset used in comparing TFs,are widely distributed in prokaryotes and eukarydfe$3].
as no TFs were sequenced at that time. Also, the DayhoffIn general, the HTH motif is composed of 20 or 60 amino
data acts as a comparison of residue divergence of randonacid residues containing twe-helices connected by a turn
proteins from several families to the other protein datasets. of about 1-20 amino acids. The helices are positioned at
Alcohol dehydrogenases were chosen as a highly homolo-120° to each other, and the carboxyl-terminal helix is the
gous family of proteins for comparison. The alcohol dehy- DNA-recognition helix and binds within the major groove
drogenases show 11 residues that are significantly differentof DNA. The HTH maotif is a small domain contained within
from the random protein data. Much of the divergence can structurally diverse proteins. HTH motif proteins have been
be explained by structural differences. Many alcohol dehy- classified by the surrounding structural elements such as,
drogenases are composed of large regionB-sheets and  «-helices, 3-strands, or hair-pins that are spatially close
are thus very different from most TFs. The observed diver- to the HTH motif and close off the hydrophobic core. A
gence is indicative of th@-sheet structural composition. more detailed discussion of the structurally diverse families
For example, Val and Thr are in high abundance in the al- of HTH TFs can be found5,14]. A few of the HTH TFs
cohol dehydrogenase data and bulky hydrophobic residuesare: the Cro and lambda repressfi5], lac repressor and
are characteristic g8-sheets. Further charged residues are purine repressdfii4,16], histone 5 and hnf3[17], diptheria
often found ina-helices and residues of this type would be toxin receptor[14], catabolite activator protein, lexA, and
expected in less abundancefirsheet proteins, as indicated birA [14], some homeodomain TH48], and heat shock
with glu, gIn, and arg. Finally, the hydrolase proteins were factor 1 (HSF1)19].
included because the hydrolase enzymes are a very diverse A major difference between some of the prokaryotic and
group containing both helical and sheet structures. The ex-eukaryotic HTH proteins is that prokaryotic HTH proteins
pected result from this dataset would be that few residuesare not able to interact with DNA as a monomer and the
would differ significantly from the random protein dataset. HTH motif is not independently stable and requires other
As expected, the hydrolase dataset has four residues thastructures to confer DNA-binding activity. Binding is often
differ significantly from the random dataset, as compared as a dimer but others, suchlas repressor bind as a tetramer
to six residues in the Dayhoff dataset. In conclusion, all of [19]. By contrast, some eukaryotic HTH homeodomain pro-
the datasets tested display significant differences of someteins can bind DNA as a monomer and the HTH motif alone
residues. Many differences can be explained by structure,can bind to DNA without other structural supp§ai.
and the TF data does not differ from the random protein
dataset in relative molecular mass or p

Many families of TFs with distinct motifs have been iden-
tified and classified. Structural variety within families makes  Zinc finger proteins are among the most abundant
classification of TFs complex. The wide structural variety of proteins in eukaryotic genomes. Their functions are ex-
the TF families is rather difficult to mentally envision, and to traordinarily diverse and include DNA recognition, RNA
assist the reader, many of the TFs mentioned in this review, packaging, transcriptional activation, regulation of apopto-
that have available structural data, have been listed with cor-sis, protein folding and assembly, and lipid binding. The
responding PDB files iTable 2 A thorough discussion of  Xenopus laevi§F, TF IlIA, was the first zinc finger mo-

2.2. Zinc finger motif

TF families is beyond the scope of this review, but several
more detailed reviews of TFs and DNA-binding proteins are
available, includindg3,4]. However, many of the more thor-
oughly characterized TF motif families are briefly discussed
in this review including helix-turn-heli¥5]; Wintjens[14]

(p. 741), zinc fingef6], zinc binuclear clustef7], leucine
zZipper[8], helix-loop-helix[9], andp-ribbon motifs.

2.1. Helix-turn-helix motif
The helix-turn-helix, family of TFs was the first

DNA-recognition motif discovered and was identified by
X-ray crystallographic analysis. Some of the first HTH pro-

tif protein described[20]. Since that time, many other
proteins have been identified as zinc finger TFs, includ-
ing SP1, glucocorticoid receptor, zip268, p55, WZF1, and
GATA1-GATA4 [21-24]} Zinc chelation is the common
feature of zinc finger TFs and is required for DNA-binding
activity. Zinc is chelated by various combinations of Cys
and His residues in a tetrahedral coordination, while in-
tervening amino acids form a finger-like protrusion re-
sponsible for DNA-recognition; thus, the name zinc finger
motif. Different zinc finger TFs vary not only in sequence,
but they also vary in structure and are classified into zinc
finger TF families. A brief discussion of some identified
zinc finger TF families will follow: the classic zinc finger,

tein structures described were the lambda phage Cro pro-Cys—Cys—His—His, family contains SP1 and TF IIIA with a

tein, theEscherichia colicatabolite activator protein (CAP),
and the lambda repressfit0-12] Since their discovery,
members of the HTH TF family have become the most thor-
oughly studied family of DNA-binding proteins and they

consensus sequence of CysopX—Cys—X o—His—X3_s—His

[21]. TF 1IIA contains nine finger sequences of about 30
residues each and other classic zinc finger proteins are
similar, though others generally contain fewer of the mo-
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Table 2
Transcription factor structure file list
Transcription factor Family PDB fife MMBDP
Lambda Cro HTH 4CRO, 1LRP 3151, 1574
CAP HTH 2CGP, 1CGP 13307, 512
Lambda repressor HTH 1LLI, 1LMB 1553, 1555
lac repressor HTH 1L1M, 1JWL, 1LBI 19908, 17832, 4547
Histone 5 HTH 1HST 1258
LexA HTH 1LEA, 1LEB 1517, 1518
BirA HTH 1BIA, 1BIB 365, 366
Paired HTH 1PDN 3805
Engrailed HTH 1HDD, 2HDD, 3HDD 1136, 7633, 8560,
Antennapedia HTH 9ANT, 1AHD 8759, 208
Heat shock factor HTH 1HKT, 2HTS, 3HSF 1201, 2736, 4041
TF A Zinc finger 1TF3, 1TF6 6403, 8100
SP1 Zinc finger 1SP1, 1SP2 5777, 5776
Glucocorticoid receptor Zinc finger 1GLU, 2GDA, 1LAT 1055, 2689, 4278
GATA1 Zinc finger 1GAU, 1GAT 1000, 1001
p55 Zinc finger 1HVO, 2ZNF 4938
GAL4 Cg binuclear cluster 1D66, 1WA6 697, 7497
PPR1 G binuclear cluster 1PYI 2002
HAP1 G binuclear cluster 1PYC, 1HWT 4900, 10272
LAC9 Cs binuclear cluster 1CLD 10684
PUT3 G binuclear cluster 1ZME, 1AJY 8434, 6450
C/EBP Leucine zipper 1HJB, 1104, 1CI6 15977, 15976, 15196
GCN4 Leucine zipper 1GK®6, 1KD8 18650, 17965
AP-1, FOS-JUN Leucine zipper 1FOS 3506
JUN Leucine zipper 1JUN 4637
CREB Leucine zipper 1DH3 14498
MyoD bHLH 1MDY 1661
Myc bHLH 1A93, 2A93, INKP 8749, 9293, 21886
Mad bHLH INLW 21892
Max bHLH INLW, INKP, 1E91 21892, 21886, 14566
Met J B-Ribbon 1CMA, 1CMB, 1CMC 548, 549, 550
Arc B-Ribbon 1ARQ, 1ARR 269, 270
Mnt B-Ribbon 1MNT, 1QEY 1699, 10915
DNA-binding protein I B-Ribbon 1NI8, 1HUU, 1HNR 22129, 9396, 3492
Integration host factor B-Ribbon 1IHF 5137
Transcription factor 1 B-Ribbon 1EXE, 1WTU 14831, 5120
TBP B-Ribbon 1VOK, 1PCZ, 1TGH 5684, 5296, 4896
MotA Double wing 1KAF, 111S, 1BJA 17914, 15730, 9221

@ PDB structural files are available http://www.rcsb.org/pdb
b Structural files are also available laitp://www.ncbi.nlm.nih.gov/Structure/MMDB/mmdb.shtml

tif. Each contains two Cys residues at the amino terminal for budding, a low relative molecular mass nucleic acid
end and two His residues at the carboxy-terminal end. binding protein cleaves the complex. In many retroviruses,
Another zinc finger type is the Cys—Cys—Cys—Cys family this protein contains either one or two regions with the fol-
containing the glucocorticoid and estrogen receptors andlowing consensus sequence Cys—Kys—X—His—X4—Cys
GATAL. Members of this family contain a highly conserved [26].

DNA-binding domain that consists of about 70 residues

with a consensus sequence of GX—-X;7—-C—X—C 2.3. Zn(llpCys binuclear cluster motif

[24,25] This family uses four Cys to bind zinc, and has

two zinc finger regions. In the three-dimensional (3D) The DNA-binding domain of Zn(IRCyss, or Gs, bin-
structure, these two zinc fingers are not separated into dis-uclear cluster motif protein was first characterized in the
crete units but are interwoven into a single globular domain Saccharomyces cerevisia@AL4 protein [25]. The G
with extensive interactions between the two finger units. binuclear cluster DNA-binding domain has been identi-
Finally, the retroviral zinc finger family, Cys—Cys—His—Cys fied exclusively in fungal proteins primarily as TF&7].
contains the retroviral protein p55. During the assembly and This characteristic is distinct to this TF family as all other
budding stages of the retroviral life cycle, a large polypep- DNA-binding protein families are not restricted to the Fun-
tide is produced and forms a complex with viral RNA. After gal Kingdom. More than 100 known or predicteg @oteins

the complex has been transported to the cell membranehave been identified. Some of the best characterized are


http://www.rcsb.org/pdb
http://www.ncbi.nlm.nih.gov/Structure/MMDB/mmdb.shtml

274

GAL4, PPR1, LEU3, HAP1, LAC9, and PUTF,28-31]
This zinc chelating TF family is very different from the zinc
finger family (seeSection 2.2 with a conserved sequence
of Cys—X%—Cys—X%—Cys—X—Cys—X%—Cys—X%—Cys [32].
The G binuclear cluster proteins consist of six con-
served cysteines, which form twa-helical structures
that tetrahedrally coordinate two zinc ions to form a

R.A. Moxley et al. / J. Chromatogr. B 797 (2003) 269-288

2.5. Basic helix-loop-helix motif

The basic helix-loop-helix, or bHLH, family of TFs was
first identified in murine proteins as E12/E440]. Over
240 bHLH proteins have been identified and are widely dis-
tributed from fungi to humangt1]. In S. cerevisiagbHLH
TFs regulate many important metabolic pathways including

cloverleaf-turn-helix shaped structure. The two zinc atoms Phosphate uptake and phospholipid biosynthgsis-44]

are coupled by two bridging cysteine residues into a binu-

bHLH proteins are required in multi-cellular organisms

clear cluster with a short distance between the metal atoms;for many developmental processes including neurogenesis,

thus the name Zn(I)Cyss binuclear clustef28]. The G
binuclear structure directly participates in DNA recogni-
tion and binding[7,28]. The DNA-binding sites consist of

myogenesis, hematopoiesis, and pancreatic development
[45-47] A highly conserved bipartite structure of domains
for DNA binding and protein—protein interaction is char-

conserved trinucleotide dyads, usually in a symmetrical acteristic of the bHLH protein§40,48] The bHLH motif
configuration containing an internal variable sequence of consists of two aliphatie--helices joined by a random-coil

defined lengthf33]. For example, GAL4 and LAC9 bind to
CGGN11CCG, and PPR1 and UAY bind to CGGRCG
[27].

2.4. Leucine zipper motif

The leucine zipper, or bZIP, motif was first discovered
in rat liver nuclear extracts as CAAT/enhancer binding pro-
tein, or C/EBP, by McKnight and co-worke}8]. Since the

loop structure of variable length. A basic region located
amino terminal of the first helix mediates DNA binding
[40,48]) The HLH region is comprised of many hydropho-
bic residues that are the site of protein—protein interaction.
Due to the many bHLH proteins that have been identi-
fied, different classification schemes were devised. One
scheme based on tissue distribution, dimerization abilities,
and DNA-binding specificities was developed by Murre
et al. [40,48], and a brief description of this classification

discovery of the bZIP motif, members have been identified model will follow: Class | bHLH proteins also known as E
in such diverse kingdoms as fungi, plants, and animals andproteins include E12, HEB and daughterless. Class | pro-

include GCN4, Fos, Jun, CREB, and Ig/EB®4,34,35]
Leucine zipper proteins contain two distinct domains: a

teins are expressed in multiple tissues and can form either
heterodimers or homodimers and bind only to the E box

leucine zipper region that mediates dimerization, and a ba- Site [40,49] Class Il proteins include MyoD, myogenin,

sic region that confers DNA-binding. The bZIP family is

and Atonal and are incapable of forming homodimers and

characterized by a heptad repeat of leucines over a region oforeferentially form heterodimers with Class | proteins.

30-40 residues that form-helices with a periodicity of 3.6
amino acids per turfd]. Leucines occur at every seventh

Also, Class Il proteins are expressed in a tissue-restrictive
pattern [40]. Class Ill proteins include the Myc family,

residue, placing them on one side of the helix, and these TFE3, and SREB1 and contain a leucine zipper adjacent

a-helices allow dimerization of monomers by forming a
coiled-coil where the leucines interact hydrophobically and

to the HLH motif [50,51] Class IV proteins include Mad,
Max, and Mxi and can heterodimerize with the Myc pro-

zip the monomers together; hence, the name leucine zippeiteins (Class Ill) or Class IV proteins, or homodimerize

[36]. Dimerization results in the formation of a “Y”-shaped

[41,52] Class V proteins lack a basic region and are neg-

structure where the leucine zipper forms the stem of the ative regulators of Class | and Class Il proteins. Id1-4 and

“Y”. The forked basic region is rich in highly conserved

emc are examples of Class V proteifs3,54] Finally,

arginines and is usually about 30 residues long per monomerthe Class VI proteins are defined by having a proline in

[37]. The two-fold symmetry of the “Y” fork basic region

their basic region and include Hairy and Enhancer of Split

extends along the major groove and mediates DNA-binding [55,56}

and recognition[3]. Evidence indicates that the putative

recognition sites are between 9 and 10 base pairs; meanin@.6. g-Ribbon motif

that in order for the more distal region of the basic domain
to contact the DNA, the DNA helix must be bgdf. As in
many DNA-binding proteins, bZIP proteins must dimerize
in order to bind DNA. Leucine zipper proteins not only form

The B-ribbon motif family of TFs is unique in that a
B-sheet is used to bind DNA while the other TF families bind
DNA usinga-helices. Generally, the family is simply classi-

homodimers, but also form heterodimers. Heterodimer- fied as DNA-binding proteins that use anti-parafetheets
ization plays several different roles in bZIP TFs such as to interact with DNA[3]. There are three classes@afibbon

regulating activity, as in CREB, and altering DNA-binding
specificity [38]. For example, AP-1 consists of one
Fos-family monomer and one Jun-family monomer which

motif proteins that are separated base®esheet composi-
tion, protein—protein interactions, and DNA-binding speci-
ficity abilities [57]. A more detailed discussion @Fribbon

bind different sites as heterodimers than as homodimersTFs can be found57], and a brief overview will follow:

[39].

the Met J protein family contains Met J, Arc, Mnt, Tra Y,
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and the F episomg7]. Met J proteins form dimers with  ing the nuclei intact, is cell lysis with a low concentration
a core composition of foua-helices, two from each sub- of the non-ionic detergent NP-40. This is followed by
unit. An anti-parallelB-ribbon formed from the amino ter- low speed centrifugation, which separates the intact nuclei
minal end of each monomer protrudes from the core and from remaining cellular and cytoplasmic debris. The tran-
interacts with the major groove of DNA. Also, all of the scriptional components are then extracted from the nuclei
Met J proteins bind to specific element sequences. Anotherby resuspending the cell nuclei in a moderate salt buffer
B-ribbon family member is the HU family. The HU fam- (0.38-0.42M KCI or NaCl). These moderate salt concen-
ily consists of HU, or DNA-binding protein I, integration tration elute TFs bound to the nuclear DNA without eluting
host factor (IHF), and TF 1 (TF1)57]. HU family pro- non-specific DNA-binding proteins such as histones. A
teins form dimers and have a core composed of two helices,higher concentration of salt may extract TFs more effi-
one from each monomer at the amino terminal regions andciently (and should be tried for new TFs) but contamination
a three-stranded anti-parallgisheet from the carboxy ter- by other nuclear proteins may result (i.e. such as histone
minal regions followed by a short hel{67]. The B-sheet H1, which is typically released at 0.6 M KCI). Optimiza-
binds the minor groove of DNA, resulting in a relatively low tion of the extraction conditions is therefore always helpful
DNA-binding specificity. A final member of th@-ribbon for obtaining the highest specific activity for the TFs of
TFs is the TATA-box binding protein (TBP), which recog- interest.

nizes the TATA-box consensus sequence (TATA a/t A a/t)  After extraction, proteins are precipitated with ammonium
[57]. TBP is quite distinct from the otheB-ribbon pro- sulfate and then dialyzed to reduce the salt concentration.
teins as the structure consists of a 10-stranded anti-paralleDignam and Roeder found 53% to be optimal concentration
B-sheet twisted into the shape of a “saddle” that interacts for precipitation of proteins. A different percentage may be
with DNA and sits on the DNA like a saddle on a horse optimal for other proteins.

[57]. Dignam and Roeder’s procedure has not been applied to
solid tissue extracts because it is difficult to generate sin-
2.7. Other motifs gle cell suspension necessary to efficiently distend the cells

prior to homogenization. The classic method of prepara-

Many additional families have been identified in studies tign of nuclear extract from tissue is that of Gorggi].
of TFs. Due to recent technological advances in genome The approach in the method is to disrupt the tissue first by
sequencing and proteomics, many more families will likely mincing with scalpel and scissors in cold isotonic buffer,
be discovered. This review has discussed the TF fami- fg|owed by incubation in hypotonic buffer. Then homog-
lies that are the most thoroughly studied and commonly epjzation with a motorized pestle is used and the extract
found. Other less studied or commonly found TF fam- s |ayered onto a glycerol step gradient and the nuclei are
ilies that have been identified include the zinc-binding, pelleted from cellular debris. The nuclei are then lysed, ex-
cysteine rich LIM motif, bipartite homeodomain proteins tracted with salt, and the transcription components are pre-
with the POU domain, non-histone high-mobility group cjpjtated with saturated solution of ammonium sulfate. Many
(HMG) proteins, and one of the most recently discov- ajternative methods have modified the Gorski’s procedure
ered is the MotA TF with an HK, or ‘double wing’ motif [65,66]
[58]. Using in vitro TF binding assays (e.g. EMSA, see be-
low), if the nuclear extract does not contain the desired
DNA-binding activity, whole cell extracts or cytoplasmic
extracts are tested. Some nuclear proteins leak into the cy-
toplasmic fraction during the nuclear extract preparation, or
3.1. Nuclear extract are naturally abundant in the cytosol and the DNA-binding

activity may be more abundant in non-nuclear fractions. A

The nuclear extract is a rich source of a variety of TFs, protocol quite often used for whole cell extract preparation
DNA-binding proteins and several enzymes involved in dif- is that of Manley and co-worker67]. While the proce-
ferent stages of transcription, recombination, replication and dure is highly recommended for HelLa cells, the method
repair[59-62] Therefore, a good preparation of nuclear ex- has also been applied to other tissue-culture lines. Briefly
tract is often essential for purification of TFs. the HelLa cells are incubated in a hypotonic buffer and

Dignam and Roeder procedui@s3] is widely used when  lysed by Dounce homogenization. In the same mixture,
the source of the preparation is from tissue-culture cells the nuclei are then lysed by addition of a lysis buffer and
ranging from HelLa cells to B cells (BJAB/Namalwa) to saturated ammonium sulfate. The chromatin is removed
prostate cancer cell lines (LNCaP). Briefly, the method by high-speed centrifugation and the supernatant contain-
is to suspend the cell pellet in a hypotonic medium that ing the soluble proteins is further precipitated with solid
causes the cells to swell. The distended cells are thenammonium sulfate. Finally, the pellet is resuspended and
disrupted with a dounce homogenizer leaving the nuclei dialyzed in a buffer compatible with further purification and
intact. An alternative method for cell disruption, but leav- assay.

3. Classical protein purifications methods used in TF
purification
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3.2. Chromatographic methods co-workers[73] isolated several fractions. Some of these
fractions were inactive on their own but together recreated
3.2.1. Size exclusion chromatography specific transcription. The fractions were TF IIA (0.1 M KCI
Size exclusion chromatography (SEC) is one of the most eluate), TF 1IB (0.35M KCI), TF lIC (0.5M KCI) and TF
effective conventional steps of TF purificati{88,69]. It is IID (1 M KCI). Reinberg and Roeder subsequently purified

useful because it separates proteins on the basis of a propertfactors TF 11B, and TF IIE employing DEAE—cellulose and
(i.e. size) that is unlinked to the DNA-binding activity of the heparin—-Sepharog@4].
protein. Since many transcription complexes can be quite  The number of columns needed for purification of
large (e.g. TF IID), this property can be exploited to gain DNA-binding proteins prior to an affinity column is vari-
relatively high purity. able. Transcriptions factors like SP1, AP-1, and lkaros
SEC is ideal for identifying early steps in transcription required only one gel filtration or ion-exchange column
complex assembly and has been successfully applied toprior to affinity chromatograph§68,75,76] However, other
studying activator-mediated binding of TF l1IBto TF IID. In  proteins including NFR<B required severa[77]. In the
one example, TF IID and TF |IB were incubated in the pres- case of NFxB, its unusually low abundance may explain
ence and absence of GAL4-VP16, and the excluded volumewhy additional purification steps were required to achieve
was complemented by addition of the missing factors and sufficient purity.
nucleotides. It was shown that TF IIB bound to TF IID only

in the presence of activator. Surprisingly, the activator pro- 3.2.2.1. Heparin. Heparin is a glycosaminoglycan con-

moted binding of TF IIB, but not the other general factors, sisting of alternating hexuronic acig-glucuronic acid or

even when TBP was substituted for TF I[I20, 71} L-iduronic acid) and-glucosamine residues. The polymer
Chromatography is also used for an immobilized tem- s heavily sulfated, carrying sulfamino (N-sulfate) groups at

plate technique and can be used to study different stagesc-2 of the glucosamine units and ester sulfate (O-sulfate)

of transcription complex assembly. The technique was first groups in various positions. It is extracted from the native

utilized to study factor addition in Pol Il transcription com- proteoglycan of intestinal mucosa. Heparin is linked or cou-

plexes[72]. The basic scheme is that complexes are assem-pled to Sepharose by cyanogen bromide activaia). It

bled from nuclear extract or fractionated factors on a plas- js employed in one of the steps for purification of TFs. It

mid DNA promoter template and then applied to a gel fil- s difficult to know sometimes what chromatographic mode

tration column. The column separates the plasmid DNA and heparin—Sepharose belongs to. The immobilized heparin acts

any attached factors away from free, unbound factors by as a cation exchanger in some cases due to its high con-

molecular sieving. The excluded (void) volume containing tent of anionic sulfate groups. However, heparin also mimics

the plasmid DNA and bound factors can then be assayed bythe similarly polyanionic structure of nucleic acids and may

immunoblotting or transcription complementation assays. also function as a DNA analog; in this case, the chromato-
A disadvantage of SEC, however, is that Iarge columns are graphic mode is aff|n|ty Chromatography_ |ndeed, heparin-

generally required for high resolution since the sample size and DNA-binding to TFs is competitive as discussed later

should be no more than a few percent of column volume. [79]. Salt gradient elution is most commonly used. Basal

TFs and several DNA-binding proteins elute in the range of

3.2.2. lon-exchange chromatography 0.2-0.5M KCI (as shown iffable 3 and the proteins or
lon-exchange chromatography separates proteins on theactors inhibiting transcription do not bind to the column

basis of ionic charge; elution is typically with consecutive [g0].

steps of progressively high concentrations of salt. Some-  Several different types of DNA-binding proteins have

times multiple steps of ion-exchange chromatography with peen purified using heparin chromatograp8y—85]

different supports are used, with different ranges of KCI  Besides using heparin-Sepharose, heparin is also used

concentration for elution. sometimes for eluting TFs from DNA-affinity columfig9]
lon-exchange columns can bind large amounts of pro- as heparin competes with the DNA for TF binding.

tein (typically 20—30 mg/ml support), and this property of-

ten makes them desirable as an early step of purification.

However, the disadvantage of IEC is many DNA-binding 3.3. Affinity chromatography

proteins elute from these supports under comparable condi-

tions. Therefore, sometimes separation from other proteins  Affinity chromatography is a method of separating and

is incomplete. purifying proteins using the biochemical specificity towards
Phosphocellulose was one of the earliest ion-exchangetheir ligands. Here, we discuss various ligands that are used

support used for the separation of factors controlling tran- for purification of TFs.

scription by RNA polymerase Il from cultured human KB

cells (KB S-100). KB S-100 extract is loaded onto a phos- 3.3.1. Lectins

phocellulose column at 0.1M KCI and then eluted with  The rationale for conducting lectin affinity chromatog-

successive steps of higher salt concentration. Matsui andraphy is that a number of RNA polymerase Il TFs, in-
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Table 3

Various salt concentrations used in heparin chromatography

Transcription factor Source Supports used Elution at different salt concentrations Reference
ERF1 MCF7 cell nuclear extract Heparin—Sepharose 0.6 M KCI [187]
TEF1 Rat kidney nuclear extract Heparin—agarose 0.2-1.0, 0.4, 0.5 and 0.6 M KCI [90]
NF1-L Rat liver nuclear extract Heparin—Sepharose 0.35M KCI [188]
UEF3 Hela cell extract Heparin—Sepharose 0.45M KCI [189]
GRIP170 HelLa S3 nuclear extract Heparin—Sepharose 1.5M KCI [190]
NF-AT Jurkat cell nuclear extract Heparin—Sepharose 0.3 and 0.4 M KCI [191]
H2TF1 Hela cells Heparin—agarose 0.1-1M KCI [192]
ASP Mouse Y1 cell nuclear extract Heparin—agarose 0.3M KCI [193]
TF llIC HelLa nuclear extract Heparin—agarose 0.6 M KCI [194]

cluding SP1, serum response factor and RNA polymerase
Il itself were shown to be glycosylatef6—89] and the
N-acetylglucosamine sugar residues covalently attached
to the protein are avidly bound by the lectin wheat germ
agglutinin (WGA). TEF1, a TF that binds the human
transforming growth factos« promoter is also glycosy-
lated and WGA affinity chromatography is used in one
of the multiple steps of purificatiofi90]. SP1[87] and
LR1 from B lymphocytes[91] have been purified us-
ing the combination of lectin affinity and DNA-affinity
chromatography.

3.3.3.1. Heterogeneous sequenb®A-affinity chromatog-
raphy was originally developed with heterogeneous or
non-specific DNA, such as fragmented calf thymus DNA or
salmon- or herring-sperm DNA, attached to supports such
as cellulose and eventually agarose. These non-specific
DNA columns bind all DNA-binding proteins without much
preference, usually offering little selectivity for any specific
protein.

One of the earliest and most popular bioselective adsor-
bent containing nucleic acid used is DNA cellulose. DNA
polymerasg¢100] and RNA polymerasg4.01] were purified
by DNA adsorption to cellulose and are the first group of
DNA-binding proteins to be purified. The DNA ligand here
is either physically entrapped within the matrix of cellulose
fibers or covalently cross-linked to it using ultraviolet light.

Polynucleotides have also been used as matrix bound lig-
ands for affinity chromatographyt02]. The most common
polynucleotide affinity matrices are those containing poly
dT or poly U [103-105]for isolation of eukaryotic mR-
NAs. These rely on complementary nucleotide interactions
(i.e. annealing) between the matrix bound polymer and
the 3-terminal polyA sequence associated with eukaryotic
mRNAs. A few years later, using poly(dG:dC), a matrix
was prepared which contained the Z-form of DNIPO6].
With this material, Z-DNA-binding proteins were isolated
from a partially purified protein extract frorbrosophila

3.3.2. Procion dyes

Triazine dyes such as Cibacron Blue F3G-A and Procion
Red dyes have been very successfully used in dye-ligand
affinity chromatography for the purification of enzymes in-
teracting with nucleotides and other heterocyclic compounds
[92,93] Cibacron Blue has been particularly suited for pu-
rification of NADT-dependent dehydrogenases whilst Pro-
cion Red is more selective for NADRlinked enzymes.
Cibacron Blue chromatography has been useful too in pu-
rification of serum albumin®4], anti-DNA antibodie$95],
DNA-binding proteins constituting chromati@6], T7 RNA
polymerasg97] and restriction enzymd®8]. TF 1lIB pu-
rification from S. cerevisiag[99] utilizes Cibacron Blue
F3GA-Sepharose in one of the multiple step of purification.
Elution of proteins from Cibacron Blue and other Procion

d is d by NaCl aradient ith sodium thi i [107] or a mammalian tumor cell lingL08]. Briefly, cer-
yes Is done by Nat1 gradients or with sodium thiocyanate. ;, DNA-binding proteins like polymerases and histones,
Sodium or potassium thiocyanates are chaotropic agent

d ; here the d o Swhich do not have preference for a specific DNA sequence,
and are necessary in some cases where he dye—protein ing, , 1,¢ purified using non-specific DNA columns. Whereas
teraction is too stable to be disrupted by gentler means.

Dve-ligand affinity ch t hv h b idel low abundance DNA-binding proteins having specificity
ye-ligand affinily chromatography has not been widely qyargs a specific consensus sequence such as TFs are pu-
used in purification of TFs.

rified using specific DNA-affinity columns as discussed in

- th t section.
3.3.3. DNA-affinity chromatography © hext section

For the purification of DNA-binding proteins, the DNA

is either adsorbed or linked covalently to a chromatographic 3.3.3.2. Homogenous sequencdFs and restriction en-
support and used for DNA-affinity chromatograpigble 4 donucleases are DNA-binding proteins that show a high
shows some of the various categories of DNA-binding pro- affinity for a specific double-stranded DNA sequence; the
teins purified by this method. This technique has been devel-affinity for any other DNA sequence is several orders of
oping as more specific DNA sequences and more selectivemagnitude lower. This specific sequence is referred to as the
supports are used. Here, we discuss in detail the develop-footprint’ region of TFs[109,110]or the restriction site in
ments of the technique chronologically. case of restriction endonucleases. The restriction site for var-
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Table 4

List of various functions of proteins purified by DNA-affinity chromatography

Class of proteins Binding affinity Sequence specificity Reference

ssDNA dsDNA

Restriction endonucleases — + High [120,195]

Transcriptional enhancers/ + + High [68,69,87,118,119,127,196-212]
promoter proteins

Transposition — + High [213,214]

Recombination + — Low [215]

DNA repair + — Low [216]

DNA replication + + Low [121,200,217-220]

ss: single-stranded; ds: means double-strande}l; fot found; ¢+): found.

ious restriction endonucleases is well known. The footprint head to tail orientation. This method paved the way to the
sequence bound by TFs can be determined by techniqueslevelopment of using of concatemers linked to the chro-
such as DNAse | foot printing89,111] methidiumpropyl matographic support.
EDTA-Fe(ll) foot printing [112], and dimethyl sulfate
methylation protection[113], and others, DNA-affinity = 3.3.3.4. Concatemers.DNA concatemers have been
chromatography utilizes this sequence linked to a suitable widely used in the purification of TFs, some of which are
chromatographic supports such as Sephaf68gl14,115] shown inTable 5 Concatemers are tandem repeats of DNA
or silica [116,117] for the purification of DNA-binding sequences, ligated together. DNA columns with concate-
proteins. Since sequence-specific DNA-binding proteins mers, free from extraneous plasmid sequences were first
are generally present in small amounts, and are difficult to used for purification of SP1 TR22].
purify to homogeneity by other modes of chromatography, = Concatemers are made by ligation of single copy of
DNA-affinity chromatography offers a good technique to DNA strands containing the footprint sequence and flank-
isolate site-specific binding proteins from complex mix- ing overhangs. The overhangs help in ligating one copy
tures. Due to high selectivity of DNA binding and effective to another and thus multimers of identical sequences are
means for elution, high purification of proteins often results formed Fig. 1). Some studies suggest that longer DNA se-
from a single step. guences may function better than simple, discrete and short
footprints for TF purification[68,69] However, there are
3.3.3.3. Discrete oligonucleotide.Specific DNA-affinity ~ Some disadvantages to the concatemeric method. Longer se-

columns, using short, simple and discrete oligonucleotides, quences in concatemers means additional sequences, which
were the last to be developed for purifying sequence-specificin this case are the inter-footprint sequences produced by
DNA-binding protein. Several ways have been developed to ligation. These sequences could have potential sites for
link the sequence to the chromatographic support. In aden-other DNA-binding proteins present in the crude extract.
ovirus major late TF (MLTF), the MLTF DNA-binding site  Binding of other proteins to these sites could block the bind-
was end-labeled with biotin, and protein was purified on the ing site for specific proteins, thereby decreasing the yield
DNA bound to streptavidin agarose bedd48]. Purifica-  and purity of specific DNA-binding protein. Sometimes
tion of CAAT DNA-binding protein used an affinity column  ligation has to be repeated several times to obtain long con-
consisting of double-stranded specific oligonucleotide se- catemers. This is not only time consuming but also leads
quence covalently linked through a 10-nucleotide lohg 5 to loss of oligonucleotides. Also, ligation of footprints can
overhang on one DNA strand coupled to CNBr-activated result in circular DNAs, which may couple ineffectively or
Sepharose-4ﬂ_19]; Sing|e_stranded DNA sequence regions bind other proteins. Ligation also makes DNAs of different
couple more efficiently. The restriction enzynigdR|, has lengths, which can result in heterogeneous stationary phase.
also been purified using palindromic sequence of the en- Recently, monomeric, concatemeric and poly(A):
zyme coupled through & Spacer arm with terminal thiol ~ Poly(T) tailed DNA columns were compared. The study sug-
group[120]. gested that there is no distinct advantage in using columns
A further progressive step of using discrete sequences inmade by concatemeric sequences and better purity can be
DNA-affinity chromatography was while purifying nuclear ©obtained by using short, discrete oligonucleotides. For pro-
factor | (NF]_) from S-3 Hel a cell nuclear extract. Here the teins which have lower affinity for discrete footprints, DNA
affinity matrix was prepared using plasmid DNA that con- extended with poly(A):poly(T) tail gives better resolution of
tains 88 copies of NF1 binding site from the adenovirus ori- Proteins than either discrete or concatemeric coluf@as
gin of replication[121]. This plasmid was constructed by ~ Hence, sometimes columns having just the footprint re-
means of a novel cloning strategy that generated concate-gion or the footprint region extended with a simple DNA
nated NF1 binding sites arranged exclusively in the direct sequence could be a better option for purification of TFs.
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Table 5

DNA-affinity chromatography (using concatemers)

Transcription Source Salt concentration for elution Competitor DNA Reference

factor

NRE Hela cells 1M KCI Salmon sperm DNA [221]

BBF Fibroblasts and HelLa cells 0.25, 0.6 and 1M NaCl - [222]

Leu3 Saccharomyces cerevisiae 1M NacCl Salmon sperm DNA [223]

NAF Porcine intestinal 0.15-0.5M KCI Sheared salmon sperm DNA [224]

43 kDa pets Bovine spleens 1M KCI Calf thymus DNA [225]
factor

ASP Mouse Y1 cell nuclear extract 0.5 and 1M KCI Poly(dl:dC), salmon sperm DNA, [193]

tRNA and GC box sequence

TF NIA Hela cells 0.17-0.33M (NH))2SOy - [226]

PCF HrpG2 nuclear extract [227]

TBPF Acanthamoebauclear extract 0.4M KCI - [228]

NF1-L Rat liver nuclear extract 1.5 and 3.0M KCI Poly(dl:dC) [188]

UEF3 Hela cell extract 1M KCI Poly(dl:dC) [189]

ERF1 MCF?7 cell nuclear extract 0.8M KCI Mutant oligonucleotide [187]

TEF1 Rat kidney nuclear extract 0.2-1.0M KCI Poly(dl:dC) [90]

Annealing of complementary

GATC/GGGCGG - "
oligonucleotides
CCCGCCLTAG
P — GATCIGGGCGG Phosphorylation of 5° protruding ends
CCCGCCETAG — P with polynucleotide kinase
" .
GATCIBGECGGHATCECGCCOEATC Ligation of annealed
oligonucleotides

[CCCGCCTTAGBECGGGECTAG l l

CNBr-activation of Sepharose (S)

o <

Crude protein Elution of protein with salt

extract load

Fig. 1. Purification of sequence-specific DNA-binding proteins with DNA-affinity chromatography using concatemers of DNA sequence. The encircled
“S” represents the support, in this case Sepharose.

4. Recent developments in DNA-affinity 4.1. Oligonucleotide trapping
chromatography
This is a method in which a double-stranded DNA

DNA-affinity chromatography offers the highest selectiv- js constructed containing the footprint of a TF with a
ity of any chromatographic method and hence is widely used single-stranded (T@)tail. The method involves incubation
in purification of DNA-binding proteins. Here we discuss of the DNA strands at a very low concentration (as low as
new techniques developed over the past few years. ThesesQ nM) with crude protein extract containing TF for 30 min
developments could help in purification of DNA-binding on ice. The DNA—protein complex forms in solution and
proteins in a lesser number of steps and reduce the effortsis then trapped by loading this mixture onto a column with
required significantly. decameric oligonucleotide (A€)attached to the support.
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At 4°C, the (TG} region anneals with the column (A§7)
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the footprint sequence with an additional homopolymeric

as the sample DNA—protein complex passes through thetail (T1g:A1g tail) (Fig. 3). The method relies on the discov-

column. Elution of the TF can then be achieved using
high salt, which disrupt the DNA—protein interactions or
by using moderate temperatures (2523 and low salt
concentration (e.g. water) to melt the (AGnd (TG} hy-
brid and elute the DNA—protein complex. It was observed
that when high salt is used, the TF free of DNA is eluted

ery that TFs elute from the simple DNA columns at lower
heparin concentrations in the mobile phase than when more
complex DNAs are used. Briefly, the crude extract contain-
ing the TF is first loaded onto the simpler DNA column;
the column is thoroughly washed to remove any unbound
protein and then the more complex column is connected to

and when temperature/low salt is used, the TF bound to the outlet of the simple column. The TF from first column
the oligonucleotides is eluted. Chimeric green fluorescentis eluted with a combination of low salt and low heparin

protein-CAAT enhancer binding protein (GFP-C/EBP) and
TF B3 from Xenopuseggs have been highly purified with
the trapping methodil23]. Another related approach is to
use biotinylated DNA and (strept)avidin columns to per-
form TF trapping[123]. When the two (biotin and tailed
DNA) methods were compared, the tailed DNA method
gave higher purity.

The only major drawback to the method is that the
high concentration of DNA on the column can encourage
non-specific binding of proteins that have a low affinity for
DNA. Addition of several competitors such as heparin, mu-
tant DNA footprints (LE3), non-specific DNA (fragmented
salmon sperm DNA) and single-stranded DNAg)Tcan be
added to the sample during trapping to improve purity.

4.2. Catalytic chromatography

The principle of the method is exploitation of both spe-
cific biological affinity and catalytic specificity to selectively
purify enzymesEcaRlI restriction endonuclease and DNA
polymerase oE. coli have been purified using this method
[124]. In this chromatographic mode, the enzyme binds im-

concentration. At this low heparin concentration, the TFs
elute from the first (simple) column but will still bind to
the second (complex) column. The columns are then dis-
connected and the second, complex column is eluted with
high salt resulting in highly purified TF devoid of hep-
arin. This method has been useful for purificationlad
repressor, C/EBP andenopusB3 TF [125]. This method
can be used for the purification of any TF as long as the
DNA footprint of the TF is known and two high speci-
ficity columns having different affinities for the TF can be
generated.

4.4. Methods for selective elution of DNA columns

4.4.1. Salt elution

TFs on binding to DNA, displaces Neand other counter
ions from the DNA[126]. Thus, high Na concentration
diminishes the DNA—protein interaction. This displacement
is common to all TFs and, thus salt gradient elution has
only limited selectivity. Salt elution is the most common
method for eluting proteins from DNA-affinity columns.
A step gradient or a linear gradient with increasing salt

mobilized substrate coupled to a column support in the ab- concentration is normally employed; NaCl and KCI are

sence of a required cofactor. With the addition of missing
cofactor (e.g. M+ for EcoRl or dNTP for DNA poly-

the most common salts used. A linear salt gradient helps
in separation of different proteins. Proteins that bind to

merases) the enzyme converts substrate to product and sehe DNA with lower affinity elute at lower salt concen-

lectively elutes from the columri{g. 2). The advantage of

tration. The protein of interest usually has the highest

this method is high resolution but the disadvantage is short affinity for the specific coupled DNA and elute at high
column life. This is because the elution by catalysis alters salt or later in the gradient. Salt elution has only moderate
the column and does not allow the column to be reused. A resolution but if combined with the property of tempera-
further step of development of this chromatographic mode ture, it improves the purification (as discussed in detail in
was reusing the same column by coupling short adapter se-Section 4.4.3

guences to the chromatographic support (as discussed in the

Section 4.} In this approach, the substrate DNA is con-
structed with a (GTp tail and annealed to the (Ag)ol-
umn. After conversion to product, the product DNA can be

4.4.2. Ligand-specific elution
Certain TFs have specificity towards a specific ligand and
when bound to it, lose the DNA-binding activity. For ex-

stripped from the column by elevated temperature and low ample thelac repressor proteins is unable to bind to DNA

salt concentration and re-charged with fresh DNA. Catalytic
chromatography is only useful for DNA-binding enzymes
and is not generally applicable to TFs.

4.3. Bi-column method
In this method, two DNA-affinity columns are used—one

a simple DNA column with the minimal footprint sequence
of the TF, and the other a complex DNA column containing

when it is bound by ligands such as IPTGaxttose. In such
cases, the TFs can be eluted from DNA-affinity columns us-
ing the specific ligands. Leblond-Francillard and co-workers
achieved several fold enrichmentla€ repressor complexed
to operator using this approa¢h27].

Ligand-specific elution is highly selective and can yield
highly purified protein. But it has not been so widely used
since only a small number of TFs respond to specific
ligands.
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Step 1Coupling of (AC), to sepharose (S)

@—AC‘ACACACAC

i

Step 4
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Step 2 Annealing of complementary strands of DNA

TGETGTGTGTGTACGCTTAAGCGTACG
ATGCGAATTCGCATGC

+—

Crude bacterial extract containing Eco R1; load
on the column (j.e to step 3)

Step 3 = Step 1+ Step 2
v |

—ACACACACAC
TGTGTGTGTGTACGCTTAAGCGTACG

ATGCGAATTCGCATGC

t
L
Step 5 After washing the column, elute EcoR1)
//\\\‘-‘k
‘}//,/ \\\‘\H\‘

Catalytic chromatography
Eluent : Divalent cations eg. Mg*~
Column DNA degraded
Regeneration of column required

i

Step 6 Cleavage of recognition sequence after addition of Mg?*

v

GCGTACG
CGCATGC

'
( S ACACACACAC
TGTGTGTGTGTACGCE

ATGCGS

Step 7 Column fractions contain released EcoR1 and oligonucleotides

ACACACACAC

TGTGTGTGTGTACGCTTAA
ATGCT

®

Step 8 Elute oligos by washing the column with water at 70°C

Affinity chromatography
Eluent: high salt
No regeneration of column required

EcoR 1 restriction enzyme in the bacterial extract
binds the specific palindromic sequence
in absence of Mg®*

GCGTACG
AATTCGCATGC

@AC ACACACAC

Result: Ready to re-use the column for affinity

or catalytic chromatography

Fig. 2. Diagrammatic representation of catalytic chromatography with adapter approach. Shown are the steps required to perform puriidion of

As discussed earlier, the polyanionic structure of heparin ing. Hydrophobic interactions are important to both DNA

resembles the negatively charged backbone of DNA. Many and protein structure. Both the base stacking within DNA
DNA-binding proteins are thought to bind heparin because double helix and the clustering of hydrophobic amino acids
of this resemblance. Hence, heparin can be used as a comwithin the core of a protein are well appreciated. Also, to

petitor to elute DNA-binding proteins from DNA-affinity
columns. TFs C/EBP anlic repressor are eluted by hep-
arin from their respective DNA-affinity columr§9]. The

interact with DNA, amino acid side chains insert into the
hydrophobic environment of the DNA major groove or, less
frequently the minor groove. This is clearly seen in the struc-

elution of these proteins is highly dependent on the nature ture of DNA—protein complexes that have been resolved, e.g.
and concentration of DNA on the column and the concen- the yeast TF GAL4-DNA compleikl36]. The interactions
tration of heparin in the mobile phase. Heparin can thus be of DNA with proteins thus involve hydrophobic forces and
used as a general ligand where no specific one is known. because these forces derive from ordering of solvent water
[137], this entropic component to binding is temperature de-
4.4.3. Temperature pendent. Furthermore, the binding of TFs suchaasose
Protein—DNA interactions are generally temperature de- repressorléc repressor) didaces counter cations from the
pendent128-135] This is usually true and is not surpris- polyanionic DNA and this may also account for a large in-
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Crude bacterial extract containing fac repressor protein loaded
onto the column A

AATTGTTATCCGCTCACAATTCCAC
TTAACAATAGGCGAGTGTTAAGGTG

Wash the column A with buffer containing 0.1M NaCl

!

Connect the outlet of column A to the inlet of column B

'

Wash bi-column (A + B) with heparin (low concentration)

(T) ,(AATTGTTATCCGCTCACAATTCCAC
{A) ;¢ TTAACAATAGGCGAGTGTTAAGGTG
DNA binding proteins eluted from column A and binds to column B

;

Elute the protein from column B with high concentration of NaCl

!

Result: Highly purified transcription factor eluted

Fig. 3. Schematic diagram of purification Bf coli lac repressor protein by the bi-column method. Two different shades of “S” represents two different
oligonucleotides coupled to the Sepharose.

crease in entropjl 38]. Finally the heat capacity of the com- Besides the temperature, it was found that the more com-
plex of the TFs such asc or Cro repressor with DNA is  plex the DNA on the column, the higher the salt concentra-
markedly less than that of the individual components pre- tion required for elution. Thus, not only the temperature but
sumably because binding induces new conformations in theDNA complexity also affects the elution pattern.
protein, DNA or both and this also makes binding strongly =~ The role of temperature for elution of DNA-binding
temperature dependefit28,134,135] proteins and their purity is important in two ways. First,
Recently, Jarrett and Taylor showed the effect of at a particular temperature, many different DNA-binding
temperature on the elution of a fusion protein con- proteins present in a cell extract bind to the high con-
taining CAAT enhancer binding protein (C/EBP) se- centration of DNA present in a typical column. Eluting
guences from DNA-Sepharod@39]. It was found that such a column with salt at a different temperature in-
DNA-affinity chromatography gave higher purity than creases the chances of highly purifying the desired TF
Ni2t+-agarose chromatography and chromatography on thebecause of its characteristic temperature-salt dependence.
same DNA-Sepharose column at two different tempera- Second, in the “temperature jump” elution methidd0],
tures resulted in the greatest purification. Further, when aan abrupt temperature change causes elution. This latter
temperature range (from 4 to 6Q) was studied the salt method depends upon the peculiar temperature depen-
concentration for elution decreased about two-fold. dence of single TF-DNA complex and results in high
In a study of three different TFs by Jarrgtt40], the purification.
chromatography of all three was found to be temperature Hence, temperature, well below what causes denaturation
dependent and each had a distinctive behavior. When eacthof either proteins or DNA, can also be used for effective elu-
protein was eluted from its specific DNA column with a salt tion. This temperature-dependent affinity chromatography
gradient, the salt concentration at which elution occurs is provides an important new approach to TF purification.
highly temperature dependent. As temperature increased (in
the range of 4-3%C), less salt was required to elute C/EBP,
more salt was required to elutac repressor, while GAL4 5 Electromigration methods: TF assays
showed a biphasic response with the amount of salt decreas-
ing between 4 and 1% and then increasing above IO. The identification and characterization of many distinct,
This temperature dependence is not due to protein or DNA dissimilar TFs within several families such as SP1, C/EBP,
unfolding but rather is a property of complex formation. and AP-1, have been describp®2,141,142] Some char-
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acterized TFs within these families are distinct but simi-
lar, for example SP1, SP2, SP3, and 3P43]. However,
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including a form of high resolution gel filtration for the
separation of protein—DNA complex¢$54], and affinity

other TFs have not been fully characterized, and many morecoelectrophoresis (ACE) for determination of TF binding
have not yet been identified. The first step of characteriza- constantd155]. The major advantages of EMSA are high

tion is to purify the protein to adequate levels for sequenc-

ing and cloning. A prerequisite for the purification of any

specificity, ease of operation, and multiple samples can
be assayed simultaneously. Some disadvantages are rela-

protein is a highly sensitive and specific assay for detection tively long assay time, and difficulty in kinetic parameter
and identification. Clearly, having good detection methods determination.

is important for identifying TFs. TFs typically bind to their
DNA element with affinities in the picomolar range, and
bind to non-cognate DNA sequences with>100° lower
affinity. For examplelac repressor binds the Opl operator
with a Kq = 5 x 1071*M and to poly(AT) with aKg =
10-9M [144], and Cro repressor binds its element with
K4 = 6 x 10-13M and to a non-cognate DNA witk g =
4% 108 M [135]. The high binding affinity of TFs has been
utilized for the identification and characterization of TFs in
the techniques described below.

5.1. Electrophoretic mobility shift assay (EMSA)

The gel shift assay, or electrophoretic mobility shift as-

5.2. Capillary electrophoretic mobility shift
assay (CEMSA)

Capillary electrophoresis (CE146], has become an im-
portant method for the study of biomolecular interactions.
Capillary electrophoresis is a technique in which an elec-
trophoretic separation takes place in a narrow capillary filled
with ionic buffer or a gel matrix, usually polyacrylamide.
Typical analysis of proteins by CE include mass determi-
nation[156,157] enzyme micro assay458-160] separa-
tion of antigen—antibody complex¢s61,162] and peptide
mapping[163]. In addition to these wide applications, CE
has been demonstrated to separate DNA—protein complexes

say, provides a simple and rapid method for detecting TFs from complex mixtures of DNA and protein with high res-

and other DNA-binding protein§l45,146] The assay is

based on the separation of protein—oligonucleotide com-

olution [164]. As in EMSA (seeSection 5.}, the binding
of protein to DNA results in a band shift. The resulting as-

plexes from single- and double-stranded oligonucleotides say, CEMSA[165], combines EMSA and the high resolu-

migrating through non-denaturing polyacrylamide gels.
Protein—oligonucleotide complexes migrate more slowly

tion, high speed, and full automation of CE. The CEMSA
assay is performed by incubating a mixture containing pu-

than single- and double-stranded oligonucleotides; thus, rified protein, or a complex mixture of proteins, with a la-

when the TF binds the oligonucleotide, the complex is

beled oligonucleotide or other DNA containing the putative

shifted upward in the gel and separated from the unboundbinding site. Fluorochrome labeled DNA is typically used

oligonucleotides. The gel shift assay is performed by incu-

bating a purified protein, or a complex mixture of proteins,
with a labeled oligonucleotide containing the putative bind-
ing site. Gel shift assays typically us&-labeled oligonu-

cleotide probes but alternative labels are available includ-

ing biotin, digoxygenin, and fluorochromed47-149]
Since many DNA-binding proteins, including TFs, can
bind DNA non-specifically, some unlabeled competitors

may be used to minimize non-specific binding. Such com-

petitors include poly(dl:dC])68], single-stranded oligonu-
cleotides (for example, d§), fragmented salmon sperm
DNA, and heparin123] (seeFig. 4). Further, to enhance
DNA—protein interactions, bovine serum albumin or other

for detection. Following incubation, the mixture is injected
at one end of the capillary, either by electrokinesis or by
osmosis, and an electric field is applied across the capil-
lary. As the mixture migrates through the capillary due to
the applied electric field, differing electrophoretic mobilities
result in separation of each component into discrete bands
based on charge to mass ratio. The separated bands are de-
tected and quantified by laser-induced fluorescence (LIF)
detection. CEMSA has many advantages, for example, high
speed, high resolution, small sample quantity, reusability of
capillaries, and the ability to automate. The major disadvan-
tages are cost of equipment, only one sample can be run at
a time, and samples are not used after electrophoresis for

proteins and non-ionic detergents may be included in the other assays.

incubation mixture [150-153] The incubation mix-

ture is then loaded on a non-denaturing polyacryl-
amide gel and analyzed. The specificity of the DNA-binding
protein for the labeled oligonucleotide is established by

competition assays using unlabeled oligonucleotides con-

taining the putative binding site for the protein of interest or

5.3. Southwestern blot

Southwestern blotting was first used in screening com-
plementary DNA libraries constructed in bacteriophage ex-
pression vectors for the detection of DNA-binding proteins

other unrelated DNA sequences. Another test of specificity [166,167] The southwestern technique is a powerful tool
is the super shift assay. Binding a specific antibody to the for identifying and characterizing DNA-binding proteins by

TF of interest will result in shifting the protein-DNA band
further upward on the gel, forming a super shifted band.

their ability to bind labeled oligonucleotide probes contain-
ing the putative binding sit§l68]. The southwestern blot

Some techniques similar to EMSA have been developedassay is performed by separating whole cell extracts, nu-
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Fig. 4. Electrophoretic mobility shift assay. An electrophoretic mobility gel shift assay was performed in order to determine the maximum heparin
concentration that does not interfere with the specific shift band. A BL21 (DE3) bacteria extract of induced GFP-C/EBP (13) was incubated with
32p_labeled, annealed oligonucleotide, ACEP24GETGCAGATTG CG CAAT CTGC AGC-3), containing the C/EBP putative binding site (in bold)

(13), poly(dl:dC), incubation buffer, and variable heparin concentrations. The highest heparin concentration that did not effect the spbeifid sl

50ng/ml. Also, this figure demonstrates, by comparing the lane with no heparin to heparin containing lanes, that heparin aids in specific protein-DNA
interaction. But, at high concentrations, heparin interferes with GFP-C/EBP-ACEP24 interaction.

clear extracts, or purified proteins by SDS-polyacrylamide 5.4. 2D SDS-PAGE and sequencing/proteomics

gel electrophoresis (PAGE) and then transferring to nitro- (renaturation of 2D gels)

cellulose for screening with oligonucleotide probes. Protein

adsorbed onto nitrocellulose filters is probed with labeled, Two-dimensional polyacrylamide gel electrophoresis
double-stranded oligonucleotide. Two procedures greatly separates proteins by displacement in two dimensions ori-
increase the level of binding between oligonucleotide and ented orthagonally to one anothfk70,171] Separation
protein [169]. First, nitrocellulose filters are processed occurs by charge, using isoelectric focusing (IEF) in the
through a denaturation/renaturation regimen using 6 M first dimension, and by size, using SDS-PAGE in the sec-
guanidine hydrochloride. Second, oligonucleotide is cate- ond dimension[172]. High resolution 2D SDS-PAGE is
nated extensively using DNA ligase, (s8ection 3.3.314 considered the method with the highest resolution for the
Alternatively, double-stranded oligonucleotides may be la- separation of complex protein mixtures permitting the si-
beled by using reverse transcriptase or DNA polymerase multaneous analysis of hundreds or even thousands of pro-
Klenow large fragment and-32P-nucleotides. The com-  teins. Further, 2D SDS-PAGE is used to detect alterations in
bination of the denaturation/renaturation, catenation or gene expression using qualitative and quantitative compar-
extension procedures leads to stronger detection signalsisons and is used widely as an essential aspect of modern
The specificity of the DNA-binding protein for the labeled proteomics[171,173] Although, an in depth discussion of
oligonucleotide is established by competition assays using2D SDS-PAGE is beyond the scope of this review, more de-
unlabeled oligonucleotides containing the putative bind- tailed reviews can be fourfld74-177] The 2D SDS-PAGE

ing site for the protein of interest or other unrelated DNA is performed by loading purified protein, or a complex
sequences. Radioactive signals are detected by autoradiomixture of proteins onto IEF strips by in-gel rehydration or
graphy. A major advantages of using the southwestern blotcup-loading for the first dimensiod77]. Modern IEF has
assay is that specific DNA-binding signals can be detectedbeen greatly advanced with the introduction of immobilized
on duplicate filters, filters can be washed and reused by re-pH gradients (IPG) which increase pH gradient stability
peating the cycle of denaturation/renaturation, and the rela-and reproducibility{178] (seeFig. 5). IPG is based on the
tive molecular mass of specific DNA-binding signals can be principle that the pH gradient is generated by ‘immobilines’
determined using relative molecular mass markers. The use-which are co-polymerized with the polyacrylamide matrix.
fulness of this technique is limited by problems with protein IPG allows the generation of pH gradients of any desired
degradation during isolation, relatively long assay times, range between pH 3 and [279]. This large gradient range
and difficulties in achieving efficient electrophoretic separa- increases the resolution of each sample component allowing
tion and transfer of a wide molecular size range of proteins. for an overview of patterns over a large range of pH or a
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Fig. 5. 2D SDS-PAGE visualization. HelLa cells were lysed and approximatelyg3®f protein was desalted. The lysate was fo-
cused on a pH 4-7 IEP strip followed by 8-16% SDS-PAGE. The 2D SDS-PAGE gel was silver-stained. Figure borrowed from
http://www.piercenet.com/products/browse.cfm?fldiD=072BEB1B-0DA5-4FB9-BF9C-2F6EDBASDAB G ermission from Pierce Chemical Co.

narrow high-resolution fractionation of only a subset of iso- sorbed to cellulose, the DNA-affinity chromatography has
electric points. The second dimension of separation by 2D progressed to the point of using specific oligonucleotide se-
SDS-PAGE is performed most frequently using polyacry- quences and the supports and chromatographs have greatly
lamide gradient gels, resulting in spot formation of resolved improved. Mobile phases have progressed from simple
proteins. Protein detection is performed by radiolabeling buffered salt solutions to more recent mixtures containing
proteins, silver, copper, or zinc staining, or fluorescence competitor DNAs, detergents, and other additives to dimin-
[180]. Suspect spots are removed from the gel for further ish non-specific binding. New elution strategies have added
analysis. A very important method of facilitating protein further to selectivity. Electrophoretic methods in 2D or with
identification in proteomics, following spot removal, is sub- capillaries and much more sensitive and selective detection
jecting the protein to analysis by mass spectrometry. While have also improved analysis and characterization. Much
many methods exist, only a few are commonly used in pro- further improvement can be expected over the coming years.
teomics in conjunction with 2D SDS-PAGE spot removal, By analogy, much remains to be done. For example,
for example ES/FAB, QMS/QMS/QMS, MALDI/TOF, antibodies are now routinely purified by protein A (or
ES/TOF[181,182] However, MALDI/TOF is considered G)-Sepharose chromatography or using immobilized anti-

the technique of choice in proteomi§$83,184] Analy- gen columns. Dehydrogenases are routinely purified on
sis may involve exopeptidase/endopeptidase, or chemicalProcion dye columns. These strategies are well known and
degradation prior to mass spectral analy4i85,186] De- so widely used that few would attempt a new purification

pending on the technique, liquid chromatographic (LC) without relying on these standard approaches. TF purifica-
fractionation may be used to fractionate the peptides. Undi- tion may one day reach this level of standardization but it
gested protein can also be analyzed. Proteins are identifiechas yet to do so.

based on fragment MW or sequencing data or both. Due
to high costs of instrumentation, the mass spectrometric
method of choice is likely dependent on readily available
equipment. Another powerfgl me_t_hod_ used in con_jun_ction This work was supported by the United States Public
with 2D SDS-PAGE for the identification of DNA-binding  yeaith Service, National Institutes of Health, GM43609.
proteins is spot removal followed by EMSA analysis (see

Section 5.1 The 2D SDS-PAGE assay is highly desirable
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