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ABSTRACT

To assess which residues of Oct-1 POU-specific
(POUSs) are important for DNA recognition and stimula-
tion of adenovirus DNA replication we have mutated 10
residues of the POUs helix-turn—helix motif implicated
in DNA contact. Seven of these turned out to have
reduced DNA binding affinity. Of these, three alanine
substituted proteins were found to have a changed
specificity using a binding site selection procedure.
Mutation of the first residue in the recognition helix,
GiIn44, to alanine led to a loss of specificity for the first
two bases, TA, of the wild-type recognition site
TATGC(A/T)AAT. Instead of the A, a T was selected,
suggesting a new contact and a novel specificity. A
change in specificity was also observed for the T45A
mutant, which could bind to TATAC(A/T)AAT, a site
hardly recognized by the wild-type protein. Mutation of
residue Arg49 led to a relaxed specificity for three
consecutive bases, TGC. This residue, which is critical
for high affinity binding, is absent from the structurally
homologous lambdoid helix~turn-helix motifs.
Employing a reconstituted system all but two mutants
could stimulate adenovirus DNA replication upon
saturation. Mutation of residues GIn27 and Arg49
impairs the ability of the Oct-1 POU domain protein to
enhance replication, with a concomitant loss of DNA
contacts. Since the POU domain binds the precursor
terminal protein~DNA polymerase complex and guides
it to the origin, lack of stimulation may be caused by
incorrect targetting of the DNA polymerase due to loss

of specificity.

INTRODUCTION

The POU domain is a DNA binding motif shared by a family of
transcription factors involved in tissue-specific gene expression
and cell differentiation. Besides transcriptional activation POU
domain proteins are also involved in DNA replication (1-4). The
isolated Oct-1 POU domain, which lacks the transactivation

domain, enhances adenovirus DNA replication through an
interaction with the adenovirus pTP-DNA polymerase complex
(5). The POU domain consists of two separate DNA binding
subdomains, a C-terminal 60 amino acid POU homeodomain
(POUd), closely related to the classical homeodomains (6,7),
and an N-terminal 75 amino acid POU-specific domain (POUs),
unique to the POU domain gene family. These subdomains are
connected by a 14-29 amino acid flexible linker region which
results in combined specificity of both subdomains and increased
affinity (8,9). The intact Oct-1 POU domain recognizes the
conserved sequence, TATGC(A/T)AAT (10), as determined in a
binding site selection procedure. The 5" half of this site,
TATGCA, is recognized by the POUs domain and the 3’-end,
TAAT, by POUd. The A/T overlap in the recognition sequence
seems to be contacted by both subdomains (11,12).

Extensive structural studies of the isolated subdomains (13-16)
and the intact POU domain in complex with DNA (12) have
established the folding topology of the POU domain. The POUhd
structure is a tri-0t-helical structure with helices 2 and 3 forming
a helix—turn-helix (HTH) recognition motif. POUs is a
tetra-oi-helical structure which also uses helices 2 and 3 asa HTH
DNA recognition motif. The other helices (helix 1 in POUhd and
helices 1 and 4 in POUs) stabilize the HTH motifs through
extensive hydrophobic packing of the core. Most specific DNA
contacts are made by helix 3 of both subdomains, which extend
into the major groove.

The POUhd DNA binding helix differs from the POUs
recognition helix in several respects. Upon binding in the major
groove the POUhd recognition helix becomes extended by two
o-helical turns at the C-terminus, allowing it to make extra
contacts (12,16). Furthermore, the POUhd recognition helix
contains a basic C-terminus typical of eukaryotic homeodomain
proteins (17), which fixes the helix into the major groove. The
POUs HTH element on the other hand is structurally similar to the
DNA binding domain of bacteriophage A and 434 proteins
(13,14), with the exception of the turn between both helices,
which is four amino acids longer in POUs. Besides this structural
resemblance, the POUs domain also docks onto the DNA in a
similar way. Analogous amino acids make identical side chain
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base contacts (11), suggesting a shared DNA recognition
mechanism between bacteriophage and eukaryotic HTH motifs.

In this study we have investigated the role of a number of residue
side chains of Oct-1 POUs that have been implicated in making
DNA contacts based on structural data (14). These solvent-ex-
posed amino acids were exchanged for alanines and probed for
reduced affinity. Moreover, relaxed or altered specificities of the
mutant proteins Q44A, T45A, R49A and L55A were assayed using
arandom binding site selection procedure, allowing a deduction of
each specific residue base contact. Comparison of the binding
characteristics of POUs with the homologous lambdoid HTH
motifs showed that there are essential differences. Furthermore, all
substituted proteins were assayed for their ability to stimulate in
vitro adenovirus replication.

MATERIALS AND METHODS
DNA constructs and site-directed mutagenesis

The wild-type Hisg Oct-1 POU domain expression construct was
obtained by PCR amplification using Oct-1-specific primers that
contained Ndel and BamHI sites (5" primer, GACCCGGCCCA-
TATGGACCTTGAGGAGCTTG: 3’ primer, GGCCGGATCC-
TTAGTTGATTCTTTTTTCTTTC; restriction sites underlined).
The Hisq POUHd construct was made using the same 3’ primer
and a 5’ linker-specific primer containing a Ndel site (5" primer,
GAGCCCCCGCATATGAATTCTC CAGGAATTG). PCR
products were cloned in the pET15b vector (Novagen) and
verified by dideoxy DNA sequencing. For site-directed muta-
genesis the POUs domain, including a part of the pET15b
plasmid, was excised by digestion with Xbal and EcoRI and
cloned in the pALTER™-1 vector (Promega). Site-directed
mutagenesis was performed using the oligonucleotide-directed in
vitro mutagenesis system as recommended by the manufacturer
(Promega) and verified by sequence analysis.

Expression and purification of wild-type and mutant
POU proteins

Oct-1 POU constructs in pET15b were expressed in Escherichia
coli BL21(DE3) plysS cells using the T7 expression system
(pET15b) (18). The His-tagged fusion proteins were purified on
Ni-NTA columns essentially as described by the manufacturer
(Qiagen) with the following modifications. Overnight cultures
were 1:100 diluted in LB medium (50 pg/ml ampicillin, 30 pg/ml
chloramphenicol) to a volume of 0.5 1 and grown at 37°C until an
ODgqg of 0.7 was reached. Protein expression was induced by
addition of isopropy] thiogalactopyranoside to 1 mM. Four hours
after induction cells were harvested (3000 g, 10 min, 4°C) and
resuspended in 10 ml cold lysis buffer [50 mM sodium phosphate
buffer, pH 8.0, 5 mM B-mercaptoethanol, 5 mM sodium
metabisulfite (NaMBS), 0.1 mM phenylmethylsulphony! fluor-
ide (PMSF)]. After a freeze/thaw step (overnight —20°C) 0.5 ml
10 mg/ml lysozyme was added and incubated for 60 min at 4°C,
followed by sonification (30 s, 300 W). Dnase I and Rnase A were
added to a final concentration of 5 pg/ml and 1 pg/ml,
respectively, and the mixture was incubated for 30 min at 4°C on
arotating wheel. NP-40 was added to final concentration of 0.1%
and NaCl to a final concentration of 300 mM. Cell fragments and
insoluble material were removed by centrifuging twice (10 min
at 10 000 g, 20 min at 40 000 g). Extracts were loaded on a 5 ml
DEAE-Sephacel column. The flow-through was loaded on a

1.5 ml Ni-NTA column (Qiagen). The column was washed with
10 ml buffer A (50 mM sodium phosphate buffer pH 6.0, 300 mM
NaCl, 5 mM B-mercaptoethanol, 5 mM NaMBS, 0.1 mM PMSF,
10% glycerol) followed by 10 ml buffer A containing 15 mM
imidazole. The His-tagged proteins eluted at ~200 mM imidazole
employing a 25 ml linear gradient ranging from 15 to 500 mM
imidazole. Fractions containing the His-tagged proteins were
pooled and diluted to 100 mM NaCl with buffer B (50 mM Tris
pH 8.0, 10% glycerol, 5 mM B-mercaptoethanol, 0.5 mM DTT,
0.1 mM PMSF) and loaded onto a 1.5 ml Sepharose Fast Flow S
column. The column was washed with buffer B, 50 mM NaCl and
eluted with a 30 ml linear gradient of 50-1000 mM NaCl.
Wild-type Oct-1 POU domain and the mutants all eluted at ~400
mM NaCl. Protein concentrations were determined using the
BioRad dye agent with bovine serum albumin as standard. All
proteins were completely homogeneous and did not contain any
breakdown products, as shown with Coomassie staining of a
SDS—polyacrylamide gel.

DNA binding studies

The probes used for band shift assays were double-stranded
oligonucleotides containing the adenovirus 2 (Ad2) or adenovirus
4 (Ad4) binding site, end-labelled with T4 polynucleotide kinase
and purified by preparative polyacrylamide gel electrophoresis.
The sequences are: Ad4, CGAATATGCAAATAAGGC; Ad2,
AGGCCAATATGATAATGAGGGGGT. Sites selected from the
binding site selection procedure were digested with EcoRI and
Xbal and end-labelled with [ai-32P]dATP using the Klenow
fragment. The DNA concentrations were determined by absorp-
tion at 260 nm. The concentration of input DNA was 1 nM.
Binding reactions were carried out for 60 min on ice in 20 pl
binding buffer (20 mM HEPES-KOH, pH 7.5, 1 mM EDTA,
1 mM DTT, 0.025% Nonidet P-40, 4% Ficoll). Free DNA and
protein-DNA complexes were separated on a 15% polyacryl-
amide gel (37.5:1) run in 0.5x TBE at 4°C. Dried gels were
exposed and quantified by liquid scintillation counting of gel
slices corresponding to free and bound DNA. The equilibrium
dissociation constant (Kq) was calculated at half saturation from
the equation K4 = Py — Dy, (19). The total protein concentration
(Py was calculated using a deduced molecular mass of 19.7 kDa
for all Hisg—POU proteins and 10.8 kDa for Hisg-POUHd.

Binding site selection

The random site used in the first selection round (5-CTCGCAC-
CGAATTCCTCGAAATTNNNNNNNNCGACAGGATCCGCT-
GAACTGACCTGACC-3") was rendered double-stranded using
radiolabelled primer A (5-GGTCAGGTCAGTTCAGCG-3"),
Klenow fragment and dNTPs (20). Binding reactions were
performed as described above with 1 pg poly(dI-dC), 0.5 ng probe
and 5 ng purified POU domain. Protein—-DNA complexes were
separated on a 10% polyacrylamide gel (37.5:1) run in 0.5x TBE
at 4°C. Following exposure of the wet gel, the bound DNA
fragments were cut out and eluted. After ethanol precipitation
~5% of the selected DNA was amplified in 15 PCR cycles with
150 ng primer A and primer B (5-CTCGCACCGAATTCC-
TC-3"). An aliquot (0.5 ng) of this amplified material was used in
the next round of selection. After eight rounds of selection bound
DNA fragments were eluted, digested with EcoRI and BamHI
and cloned into the vector pUC18, followed by sequencing of the
insert with T7 sequenase (USB).
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Figure 1. Ribbon presentation of the Oct-1 POUs helix—turn-helix motif using
the program Molscript (38). Amino acids that were mutated are indicated in
three letter code followed by numbering according to Klemm et al. (12). Ala52
placed between brackets has not been mutated. The helix 3 axis is placed
horizontally and faces the major groove.

Ad DNA replication in vitro

Replication reactions (21) were performed in a total volume of 15
ul containing 30 ng Xhol-digested adenovirus 5 (Ad 5) TP-DNA,
25 mM HEPES, pH 7.5, 50 mM NaCl, 1.5 mM MgCl,, | mM
DTT, 40 uM dATP, dTTP, dGTP and 500 nM [c-32P]dCTP (400
Ci/mmol), 15 ng precursor terminal protein—polymerase complex,
0.5 ug DNA binding protein, 2 binding units POU protein. All
replication proteins were purified as described before (5). Reac-
tions were incubated for 1 h at 37°C and stopped by addition of 1.5
ul stop mix (40% sucrose, 1% SDS, 0.1% bromophenol blue, 0.1%
xylene cyanol). Replication products were analysed on a 1%
agarose gel (0.5x TBE, 0.1% SDS) run at 50 V for 16 h. After
electrophoresis gels were dried and exposed. One binding unit
POU is defined as the amount of protein that could bind 50% of the
Ad2 probe in a band shift assay (1 ng for wild-type POU domain).

RESULTS
DNA binding affinity of POUs mutants

Mutated residues present at the protein—-DNA interface of the HTH
motif of Oct-1 POUs are indicated in Figure 1. All residues were
mutated to alanine except for residue GIn27, which was changed
to Glu, because we did not want to disturb the hydrogen bond
between the side chains of GIn27 and GIn44. This hydrogen bond
is present both in the crystal structure of the Oct-1 POU-DNA
complex (12) and in the highly related A repressor HTH motif (22).

Wild type and mutant constructs were cloned into the pET15b
expression vector (Novagen) containing at the N-terminus six
consecutive histidines. Bacterially expressed POU domains were
purified to homogeneity by successive application of anion
exchange, nickel affinity and cation exchange chromatography,
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Figure 2. Effects of amino acid substitution in the Oct-1 POUs domain on
binding to the Ad4 octamer sequence (TATGCAAAT). Aliquots (1 ng) of each
protein were tested in the band shift assay as described in Materials and
Methods. WT, wild-type; Hd, POU homeodomain.

as described in Materials and Methods. The various proteins were
tested for DNA binding in a band shift assay with a probe
containing the Oct-1 recognition site (TATGCAAAT), which is
the optimal binding site present in the Ad4 origin. As shown in
Figure 2, two of the mutant POUs domains, Q27E and R49A, did
not bind detectably (lanes 2 and 7), even at longer exposures (not
shown). Mutants Q44A and L55A showed strongly reduced
affinity (lanes 4 and 10). Substitutions at positions 43, 45 and 48
in helix 3 resulted in intermediate affinities (lanes 3, 5 and 6). No
drastic effects were seen when the side chains of Leu53, Asn54
and Asn59, located outside helix 3, were changed to a methyl
group. As for the latter two, this was unexpected, since these
residues have been predicted to make DNA contacts on the basis
of observed line broadening and chemical shift changes in
HMQC experiments (14).

In order to obtain a quantitative comparison of the mutants we
determined the POU domain concentration required for half
saturation of the Ad4 site (T-1A!T2G3C4ASA®ATS ), from which
the equilibrium dissociation constant (K3) was calculated (see
Materials and Methods). The results are summarized in Table 1. The
mutant POU proteins Q27E and R49A, for which no binding could
be observed in Figure 2, have Ky values 71- and 150-fold higher
respectively than the wild-type POU domain. We also determined
the equilibrium constants of the various mutant proteins for the
naturally occurring Oct-1 binding site of the Ad2 origin, TATGA-
TAAT, which is used for replication studies. The affinity of the intact
POU domain for the Ad2 site is lower than for the Ad4 site, because
the A at position 4 in the Ad2 site (underlined) is unfavourable for
POUs binding (23). The Ad2 site, in contrast, is more favourable for
POUhd binding than the Ad4 site, because the 3’ part of the Ad2 site,
TAAT, is the preferred site for isolated POUhd. As a result, the Ad2
Oct-1 site is biased toward POUhd binding, whereas the Ad4 site is
biased toward POUs binding. Thus deletion of the complete POUs
domain leads to a 340-fold lower affinity on the Ad4 site, compared
with only a 9.1-fold lower affinity on the Ad2 site (Table 1). In
agreement with this, mutations with grossly diminished affinities for
the Ad4 site (Q27E and R49A) have less reduced affinities for the
Ad2 site. Interestingly, the single mutation of residue GIn27 in POUs
has an even more drastic effect on binding to the Ad2 site (12-fold)
than complete deletion of the POUs subdomain (9.1-fold). This is
not the case on the Ad4 site, where the Q27E mutant is less affected
than POUhd (71-fold compared with 340-fold). The reduced affinity
due to this mutation, together with the unfavourable adenine at
position 4 of the Ad2 site, has thus resulted in a total loss of POUs
binding on the Ad2 site. Apparently, homeodomain binding of this
mutant is hampered by the presence of an ineffective POUs domain.
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Table 1. Equilibrium dissociation constants (Kg) of the Oct-1 wild-type and mutated POU domains for the Ad4 and Ad2 sites, calculated as described in

Materials and Methods

Ad4 site (TATGCAAAT) Ad2 site (TATGATAAT)

Kg (M) Mut/WT Kqg(M) Mut/WT Ratio Ad2:Ad4
Wild type 4.1x10°10 1.0 1.4%107° 1.0 34
Q27E 29x10-8 71 1.7x 108 12 0.6
S43A 9.4 x 10-10 2.3 4.3x 107 3.1 4.6
Q44A 1.4x 1079 33 6.6 x 109 47 47
T45A 9.8 x 10-10 24 4.6x 1079 33 47
S48A 12x1079 29 43 x 1079 3.0 3.6
R49A 6.1x 1078 150 9.4 %1079 6.7 0.2
L53A 49 x10-10 1.2 1.9x 107 1.4 39
N54A 47 x10°10 1.1 1.8 x 1079 1.3 3.8
L55A 1.9 x 1079 4.6 3.5%10°9 3.2 1.8
N59A 5.9x10-10 1.5 2.1x 1079 1.6 3.6
Homeodomain 1.4 x 1077 340 12x1078 9.1 0.1

Experiments were performed in triplicate and deviation was never >15%. Mutants are indicated in the single letter code followed by its position and the identity of
the mutation. Mut/WT indicates binding affinity relative to the wild-type POU protein on the indicated site. In the last column the ratio of the binding affinities on

the two binding sites is indicated.
Alanine substituted proteins have a changed specificity

Each of the alanine substitutions might lead to a change in
specificity of DNA recognition due to loss of a contact or gain of
a new contact. To determine this we employed a binding site
selection procedure for several of the mutants. We used a pool of
oligonucleotides in which part of the POUs recognition site was
randomized and the homeodomain recognition sequence was
kept intact, i.e. NNNNNNNNAAT. Selection was performed for
the wild-type and mutant proteins which showed strongly
reduced DNA binding: Q44A, T45A, R49A and L55A. Mutant
Q27E was not chosen, since in both the A repressor—-DNA
complex (24) and Oct-1 POU-DNA complex (12) this residue
makes phosphate backbone contacts. Proteins were incubated
with the labelled pool of oligonucleotides. After separation on a
polyacrylamide gel bound DNA fragments were eluted, PCR
amplified and used in a subsequent selection round (see Materials
and Methods). After eight rounds of enrichment selected sites
were cloned and sequenced. Figure 3A shows the individual sites
selected by the wild-type and the four mutants and the frequency
of bases at each position is shown in Figure 3B.

Most of the sequences selected by the wild-type POU domain
correspond to the optimal octamer binding site [TATGC
(A/T)AAT], except for position 4, where G, T or C were selected.
Binding studies with the individual sites revealed that the
variation in affinities of the POU domain for the different sites are
<2-fold. The highest affinity was obtained with a C at position 4.
Only site wt.43, TATTCTAAT, with a T selected at position 3, is
bound 2-fold more weakly.

For the Q44A mutant another pattern was observed. No T was
selected at position —1, but a random distribution was found. At
position 1 a T is selected instead of an A in 18 out of 19 cases
[consensus NTTGC(A/T)AAT]. This indicates that a contact
between Q44 and the Al residue exists which is lost upon
mutation. Moreover, a new contact between the alanine and the
predominantly selected T residue seems to have been gained. This

is confirmed by a quantitative determination of the K4 employing
one of the Q44A selected sites, GTTGCTAAT (44.03), witha T
at position 1. The wild-type POU domain binds with a 3-fold
lower affinity to this site relative to the canonical octamer site
(Fig. 4A, lanes 1 and 3), whereas Q44A has a 3-fold higher
affinity for this site, thus restoring binding almost to wild-type
levels (lane 4).

The consensus site of the T45A mutant differs from the
wild-type consensus site mainly at position 3 (Fig. 3B), where a
purine was preferentially selected. Comparison of site TATA-
CAAAT (45.42) with TATGCAAAT (wt.38) shows reduced
binding for the wild-type POU domain when an adenine is
present, whereas T45A is indifferent to an A or G at this position
(Fig. 4B). A cytosine or a thymine at position 3 reduces binding
for both the wild-type and mutant T45A (data not shown). The
preference for an A by mutant T45A suggests an interaction
between alanine and the T methyl on the opposite strand (see
Discussion).

Specificity is lost or changed at positions 2—4 in the sites
selected by mutant R49A, TAANG(A/T)AAT (Fig. 3B). This
may explain the 150-fold lower affinity of this mutant for the Ad4
site. The preference for a G residue at position 4 presumably
originates from the homeodomain, since the isolated homeo-
domain prefers GTAAT (23). Variations at positions 2 and 3 in
sites TAACGTAAT (49.45), TATCGTAAT (49.09) and TATGG-
TAAT (49.22) were tested for R49A binding and compared with
the isolated homeodomain (Fig. 5). Binding to site CTTGGTAAT
(44.13 ) with different bases at positions —1 and 1 was also tested.
The highest affinity site for the R49A mutant is TATGGTAAT
with G at position 3, which is also selected by the wild-type
protein (Fig. 5, lane 2). The affinity for this site, however, is only
slightly higher than for sites containing a non-consensus base pair
at position 3 (Fig. 5, lane 3), explaining why it is not preferentially
selected (Fig. 3B). Variation of position 2 in the sites TAACG-
TAAT and TATCGTAAT (Fig. 5, lanes 3 and 4) does not result in
different affinities of mutant R49A.
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Leu55 = Ala 55 selected:
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Figure 3. Results of binding site selection for the Oct-1 POU domain and POU
mutants. Bold letters indicate selected bases at corresponding positions of the
octamer site [TATG(A/T)AAT]. (A) Aligned oligonucleotides. Sites were
selected as described in Materials and Methods. e, identical sequence
independently selected. (B) Relative frequency (%) of the bases at each
position. Upper case indicates high constraint (265%). Lower case bases
indicates moderate constraint (50—-65%). — no strong selection. Pu, purine.

In most sites selected by R49A the consensus bases are selected
at positions —1 (T) and 1 (A). When C and T bases are present at
these positions, CTTGGTAAT (44.13 ), instead of the consensus
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Figure 4. Mutants Q44A and T45A binding specificities different from the
wild-type. (A) Wild-type and mutant Q44A binding was assayed in a band shift
experiment using two probes, a wild-type selected site, TATGCTAAT (lanes 1
and 2), and a mutant selected site, gtTGCTAAT (lanes 3 and 4). (B) Wild-type
and mutant T45A binding was assayed in a band shift experiment using two
probes, a wild-type selected site, TATGCAAAT (lanes 1 and 2), and a mutant
selected site, TATACAAAT (lanes 3 and 4).
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Figure 5. Mutant R49A still contacts the first two bases in the recognition site.
Binding of mutant R49A (10 ng) to four different sites (lanes 1-4) compared
with homeodomain binding (lane 5). Sites tested were 44.13 (lane 1), 49.22
(lanes 2 and 5), 49.45 (lane 3) and 49.09 (lane 4).

TA, TATGGTAAT (49.22), POUs binding in mutant R49A is
completely lost and its affinity is even lower than homeodomain
binding (Fig. 5, lanes 1, 2 and 5). This shows that these first two
bases are essential to anchor the POUs domain of the R49A
mutant protein.

Finally, substitution of the invariant Leu55 to alanine, which
results in a 4.6-fold lower affinity for the Ad4 site (Table 1), does
not result in a preference different from the canonical octamer
site. Indeed, of all sites tested mutant LS5A had the highest
affinity for the site TATGCAAAT. The lower affinity therefore
might be caused by a lost non-specific DNA contact or by an
overall destabilizing effect on HTH conformation as a result of
this substitution (see Discussion).

Mutants Q27E and R49A do not enhance in vitro
adenovirus replication

Earlier experiments showed that the presence of the POUs
domain is required for the POU domain to stimulate in vitro
adenovirus DNA replication (19,25). We therefore assayed the
various mutants for their ability to stimulate adenovirus type 5
DNA replication in a reconstituted system (Fig. 6). The AdS
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Figure 6. Stimulation of Ad DNA replication in vitro by mutant POU proteins.
Replication was performed employing a reconstituted system (see Materials
and Methods) in the absence (lane 1) or presence of two binding units of each
purified protein. The origin-containing fragments B and C, as well as the
single-stranded B and C fragments (ss-B and ss-C) originating from a second
round of replication, are indicated.

origin contains an Oct-1 binding site identical to the Ad2 site
described above. For comparison of the stimulation by each
mutant we corrected for differences in DNA binding affinity and
added equal binding units (see Materials and Methods). Frag-
ments B and C are the origin-containing fragments obtained when
Ad5 DNA-TP complex is digested with Xhol. Under these
conditions all but two mutants stimulated similarly to the
wild-type. Mutants Q27E and R49A, which showed 12- and
6.7-fold lower affinity, respectively, did not enhance replication
(Fig. 6, lanes 3 and 8), even when higher concentrations sufficient
to saturate the binding site were used. In contrast, mutant Q44A,
with a 4.7-fold lower affinity for the Ad2 site, reaches wild-type
stimulation levels. One explanation for the lack of stimulation by
Q27E and R49A could be that they are not properly targeted to the
origin sequence, but are mislocated on the 36 000 bp genome due
to their lower specificity, whereas mutant Q44A retains sufficient
specificity. To test this a labelled oligonucleotide (20mer)
containing the Ad2 site was challenged with the intact 36 kbp Ad5
genome (Fig. 7). Whereas the wild-type and Q44A showed the
profile expected for two POU binding sites per genome (one at
each molecular end), Q27E and R49A were competed out very
rapidly, indicating additional binding sites recognized by the
homeodomain.

DISCUSSION

Positioning of a HTH recognition motif onto the DNA depends
on interactions of amino acid side chain groups with the
sugar—phosphate backbone. The primary determinants for spe-
cificity are interactions between side chains and bases. To assess
which residues of the Oct-1 POUs domain are involved in these
specific DNA contacts we exchanged several amino acids in the
recognition motif for alanine, thereby possibly eliminating the
ability to make base contacts. Selection of the optimal binding
sites for these mutants out of a pool of random sites enables
determination of lost or changed specificity due to the shortened
side chain. Such a search also allows detection of multiple
sequence changes, in case more than one base is contacted.

Contacts deduced from selection data compared with contacts
in the co-crystal of POU and related DNA binding domains

Selection data for Q44A are consistent with the co-crystal
structures of A repressor, 434 repressor and Oct-1 POU domain,

60
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Figure 7. Wild-type Oct-1 POU protein and mutant protein Q44A bind with
high specificity to the Ad2 origin recognition site, whereas mutant proteins
Q27E and R49A bind non-specifically to the complete adenovirus genome.
One binding unit of wild-type and mutant protein (see Materials and Methods)
was incubated with 0.25 ng Ad2 labeled probe and increasing amounts of Ad5
genomic DNA. After 1 h bound and free DNA were separated on a native
polyacrylamide gel. After quantification the percentage of bound Ad2 probe
was plotted against the total amount of Ad5 DNA in the reaction. @, wild-type
protein; M, mutant protein Q27E; 4, mutant protein Q44A; A, mutant protein
R49A.

in which bidentate hydrogen bonding links Gln44 to an adenine
at position 1 (24,26). The new specificity shown by Q44A is
analogous to the Q28A mutation in the 434 repressor, which
favours thymine at position 1 due to hydrophobic interactions
between alanine and the T1 methyl (27). Such a contact might
also exist in the POUs Q44A mutant. Employing the coordinates
of the crystal structure combined with an exchange of Gln for Ala
and the A:T base pair for T: A results in a distance of 3.56 between
the alanine and the T1 methyl (see Fig. 8). Also likely to be
involved in these hydrophobic interactions is the side chain
methylene group of Ser48, which is even closer to the T1 methyl
group (2.14 A; see Fig. 8). This Ser48 residue is absolutely
conserved in both the POUs class HTH motif and in the
GalR/Lacl HTH family (28), but not in the lambdoid family of
HTH motifs. In the Lacl protein-DNA complex the correspon-
ding serine methylene group indeed contacts a T (Fig. 9). This
suggests that the POUs domain has conflicting determinants for
sequence-specific recognition, with the GIn44 having a stronger
effect on sequence preference than Ser48. Identical alanine
substitutions at position 44 were made in the Oct-2 (11) and Brn-2
(29) POUs domains. Binding studies with these proteins,
however, show equal affinities for wild-type and mutant proteins
to the site TTTGCAAAT, which seems to contradict our data.
This paradox can be explained by the presence of a thymine
methyl at position —1 (underlined) which is in van der Waals
contact with the Cy and C8 of GIn44 (12,24). These contacts are
lost in the Ala44 mutant, as can be seen from binding site selection
data, where no T at position —1 is selected (see Fig. 3B). The gain
of an interaction between the newly selected T1 methyl and
mutant Ala44 is accompanied by the loss of contact with T at —1.
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The carboxyamides of GIn44 and GIn27 are linked by a
hydrogen bond, but this interaction is probably not essential for
GIn27-phosphate contact, since the Q44 A mutant, which cannot
hydrogen bond to GIn27, has only a 3-fold reduction in DNA
binding, whereas the Q27E mutant has a 70-fold reduced affinity
(Table 1). This severe reduction is probably caused by the
negative charge effect of the Q27E mutant disrupting both side
chain-side chain and side chain-backbone contacts (12).

The consensus binding site of the T45A mutant is
T-1AIT%(G/A)3C4A/T)SAAT (Fig. 3B). The selection of an A:T
base pair at position 3 suggests that the T’3 methyl group is in
close contact with Ala45. Model building indeed results in a
distance of 2 A (data not shown). A mutated A repressor with a
corresponding alanine substitution binds more tightly to a site
with an A:T base pair at position 3 (30). Affinity for the G:C at
position 3 cannot be explained by a contact with Ala45 (31).
Instead, this base pair is probably selected by Arg49 contacting
G3, as has been shown in the crystal structure (see Fig. 9).
Another scenario explaining the selection of either a G or A at
position 3 by T45A is a complete loss of contact by this residue
combined with a remaining preference for a purine by Arg49,
which hydrogen bonds A3 or G3 bases via N7. In the crystal
structure Thr45 also contacts T2 via O4. Thus one would expect
that in the T45A mutant such a contact is lost and a T would no
longer be selected. Base T2, however, is still selected in the T45A
mutant and this must be due by contacts from other residues
within the mutant protein or by the alanine itself. In the model
where T45 is exchanged for alanine the minimal distance between
the alanine and T2 methyl is 3.1 . Also within the range of van der
Waals contact is the Cy of Arg49 (2.55 A).

The R49A mutant lacks the ability to discriminate base pairs at
positions 2—4 (Fig. 5). In the co-crystal Arg49 makes only two
contacts (G3C#; see Fig. 9). The POU protein-DNA complex
(12) shows that the long side chain of Arg49, which protrudes into
the major groove to make contact, is stabilized via a complex of

van der Waals interactions with the side chains of residues Thr45,
Asn54 and Leu55. It could be possible that Thr45, which is
involved in selecting T2 (see above), is unable to select this
thymine in the absence of the stabilizing arginine side chain. Also
possible is that Arg49 is indeed involved in determining the T2
contact (see above).

L55A showed a reduction in DNA binding, but no changed
sequence preference. This lower affinity is apparently due to a
decrease in stability of the protein in the complex. The effect of
mutating LeuS55, therefore, may be an indirect effect on the Argd9
side chain. A similar guiding of the arginine side chain occurs in
the Lac repressor (Arg22; see Fig. 9), which is stabilized via a
hydrogen bond with GIn26 (6). The involvement of residue Asn54
in guiding the essential arginine might explain the chemical shift
change of the NH; group of Asn54 upon complex formation, even
though the residue itself is not in close proximity to the DNA (14).

In conclusion, the site selection procedure employed here,
coupled to quantitation of binding affinities, reveals base contacts
that agree to a large extent with contacts seen in the co-crystal
structure and suggests additional contacts. As shown here, a loss
of specificity does not in all cases mean a loss of a direct base
contact, but can also be caused by an indirect effect via a loss of
stabilizing amino acid side chain interactions (e.g. the T2 contact
in the R49A mutant; see above). Moreover, loss of a direct base
contact does not always influence specificity when other amino
acid side chains contact the same base pair.

POUs: a combination of prokaryotic and lambdoid
HTH motifs?

Although the Oct-1 POUs tetra-a-helical structure is very similar
to the DNA binding domain of the A and 434 repressors and cro,
and an analogous contact is made by the two conserved glutamine
residues at the beginning of helices 2 and 3 with Al in the
recognition sequence (11,32), other contacts made by the POUs
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recognition helix map better to the prokaryotic recognition helix
of the Lac repressor, belonging to the Lac/GalR family. The
contact at position 4 in POUSs is mediated via a bidentate contact
to G’4. An identical arginine—guanine contact essential for DNA
binding is made by the recognition helix of the prokaryotic Lac
repressor (Fig. 9). Furthermore, comparison of the POUs and
Lacl complexes reveals that identical phosphate backbone
contacts are made by corresponding serine and threonine residues
in these divergent species (6,12). This suggests that the eukaryo-
tic POUs HTH motif is a hybrid between the bacteriophage and
prokaryotic HTH motifs, possibly arising from horizontal
transfer (33). Alternatively, the DNA recognition motifs, as
presented here, have developed independently with identical
favourable side chain—base/backbone contacts.

An ‘accidental’ recombination/translocation event might have
taken place in linking an ancestral independent POUs-like
domain to a homeodomain, resulting in a protein with combined
affinity and specificity.

Leoss of specificity leads to a concomitant loss of
replication enhancement

The function of the POUs domain seems to be to increase the
specificity of the intact POU domain. A direct interaction
between the POUhd and adenovirus pTP-DNA polymerase
complex was shown to account, at least partially, for stimulation
of DNA replication (5). Direction of these proteins to their target

site is highly dependent on the specificity of the intact POU
domain. The covalent linkage of the POUs domain with the
homeodomain increases the specificity ~200-fold (23). Residue
Arg49 is involved in contacting three bases in the POUs
recognition site, therefore the loss of specificity due to mutation
to alanine explains why mutant R49A does not enhance
replication. Similar accurate targetting of proteins by the POU
domain also occurs in co-recruitment of the herpesvirus transacti-
vator protein VP16 (34-37).
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