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Summary

Pax5 is a critical regulator of transcription and lineage commitment in B lymphocytes. In B cells,
mb-1 (Ig-a) promoter transcription is activated by Pax5 through its recruitment of Ets family proteins
to a composite site, the P5-EBS (Pax5-Ets binding site). Previously, X-ray crystallographic analysis
revealed a network of contacts between the DNA binding domains of Pax5 and Ets-1 while bound
to the P5-EBS. Here, we report that Pax5 assembles these ternary complexes via highly cooperative
interactions that overcome the autoinhibition of Ets-1. Using recombinant proteins, we calculated
Kb(app) Values for the binding of Pax5, Ets-1 and GABP proteins, separately or together, to the P5-
EBS. By itself, Pax5 binds the P5-EBS with high affinity (Kp = 2 nM). Ets-1(331-440) bound the
P5-EBS by itself with low affinity (Kp = 136 nM). However, autoinhibited Ets-1(280-440) alone
does not bind detectably to the suboptimal sequences of the P5-EBS. Recruitment of Ets-1(331-440)
or (280-440) resulted in highly efficient ternary complex assembly with Pax5. Pax5 counteracts
autoinhibition and increases binding of Ets-1 of the mb-1 promoter by >1000-fold. Mutation of Pax5
GIn22 to alanine (Q22A) enhances promoter binding by Pax5; however, Q22A greatly reduces
recruitment of Ets-1(331-440) and (280-440) by Pax5 (8.9- or >300-fold, respectively). Thus,
GIn22 of Pax5 is essential for overcoming Ets-1 autoinhibition. Pax5 wild type and Q22A each
recruited GABPa/B1 to the mb-1 promoter with similar affinities, but recruitment was less efficient
than that of Ets-1 (reduced by ~8—fold). Our results suggest a mechanism that allows Pax5 to
overcome autoinhibition of Ets-1 DNA binding. In summary, these data illustrate requirements for
partnerships between Ets proteins and Pax5.
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Introduction

A significant problem is posed by the simultaneous expression of transcription factors with
similar DNA-binding specificities. This is particularly true when members of the same protein
family possess highly related DNA-binding domains. Inappropriate DNA binding in the wrong
cells at the wrong time could result in chaotic patterns of gene expression. How, then, are
different, but highly similar, proteins recruited to their appropriate target genes in vivo? This
problem is solved in part by the action of specific partner proteins that stabilize DNA binding
and influence DNA recognition. DNA binding can also be modulated by autoinhibitory
mechanisms that must be overcome for DNA binding to occur.

The Ets family of proteins (at least 27 in humans, 26 in mice) have in common a conserved
ETS DNA-binding domain (DBD)(reviewed in ref.1), which belongs to the ‘winged helix-
turn-helix motif’ superfamily2. Binding of ETS domains to specific binding sites including the
core sequence 5'-GGA(A/T)-3' has been characterized extensively. The ETS domain
recognizes the core sequence and flanking nucleotides, while DNA binding is augmented by
interactions with partner proteins bound to adjacent sites (e.g. Ets-1 and RunxZ1). This results
in synergistic transcriptional activation. Alternatively, a partner protein can influence Ets DNA
binding without directly contacting the DNA. For example, the Ets family member GA-binding
protein o (GABPa) interacts stably with DNA and binds it more efficiently in complexes with
its non-DNA binding partner GABPf313-5.

DNA binding of Ets family proteins is modulated by autoinhibition (reviewed in ref. 6). For
example, the archetypal Ets protein Ets-1 (Fig. 1) is constrained by N-terminal and C-terminal
domains that inhibit its DNA binding7-9. A set of a-helices within these domains assembles
distinct conformers that regulate DNA binding by the ETS domain. In its unbound form, the
a-helices of Ets-1 pack together in a four-helix bundle10-12. DNA binding is coupled with
the unfolding of an a-helix (HI-1) within the N-terminal autoinhibitory domain. By interacting
with other DNA-binding proteins including Runx1 (also known as AML1/PEBP2a/
CBFa213; USF114, AP-115, NF-kB16 and Pax517-19, Ets-1 is released from its autoinhibited
state. Analysis of these partnerships suggests that two distinct mechanisms overcome Ets-1’s
autoinhibition via direct interactions with the ETS domain (Pax5) or with its N-terminal
autoinhibitory domain (Runx1).

The Pax family of DNA binding proteins includes essential regulators of development in higher
eukaryotes. Their importance was revealed by Pax gene mutations that give rise to
developmental abnormalities such as Waardenberg syndrome and cancer (reviewed in refs.
20,21). Pax proteins also control cell identity and lineage commitment. The hallmark of the
Pax family is the highly conserved paired domain22, a 128 residue DBD consisting of N-
terminal and C-terminal helix-turn-helix domains (NTD and CTD) connected by a short linker.
Other sequences in Pax proteins mediate transcriptional activation or repression in different
contexts. Similar to Ets proteins, the overlapping and degenerate DNA recognition by Pax
proteins suggests the need for partnerships to target genes appropriately in vivo.

Pax5 (also known as B cell-specific activator protein/Pax5a) is a key factor in the development
of B cells and the embryonic midbrain23. In the absence of Pax5, B cells do not develop past
an early pro-B cell stage and do not assemble complete immunoglobulins (1g). Pax5 activates
as many as 170 genes of the B cell-specific transcriptome, including genes necessary for B cell
signaling, adhesion, migration, and immune receptor function24;25 and is crucial for B cell
lineage commitment and identity26;27. In the absence of Pax5, progenitor cells promiscuously
express genes of other hematopoietic lineages and differentiate into other cell types.

The mb-1 gene, which encodes the Ig-associated protein Ig-a, has served as a model system to
study functions of Pax5 in early B cells (reviewed in ref. 28). Previously, we demonstrated that

J Mol Biol. Author manuscript; available in PMC 2010 September 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fitzsimmons et al.

Results

Page 3

mb-1 promoter transcription requires Pax5. Pax5 recruits Ets proteins to bind an adjacent
suboptimal (5'-CCGGAG-3') Ets binding site within the P5-EBS18;19;29;30. X-ray
crystallographic studies revealed intimate interactions between Pax5 and one of its Ets partners,
Ets-1, on the P5-EBS17. Pax5 recruits Ets-1 via a network of specific contacts. Important
residues in Pax5 for these interactions include a highly conserved glutamine residue (GIn22)
within Pax5’s N-terminal -hairpin motif, which contacts two residues in Ets-1. Other residues
make additional contacts that strengthen interactions between the two proteins and the P5-EBS.
A novel consequence of these cooperative interactions is a conformational switch (induced
allostery) that increases protein:protein interactions and allows Ets-1 to recognize the
suboptimal EBS in the context of the ternary complex.

Our previous studies suggested that interactions between Pax5 and Ets proteins are cooperative;
however, these interactions were not examined quantitatively. Here, we used equilibrium DNA
binding analysis to measure interactions on specific DNA between recombinant Pax5 and its
partners Ets-1 or GABPa/B1 (proteins used previously in X-ray crystallographic studies; refs.
4,17). The data demonstrate that the assembly of ternary complexes comprising Pax5 and Ets-1
on the P5-EBS is highly cooperative. We conclude that the assembly of complexes including
Ets-1 requires the abrogation of autoinhibition because Ets-1(280-440) does not bind
detectably to the mb-1 promoter by itself. GIn22 of Pax5 is essential for this mechanism. A
different set of interactions mediates binding of the P5-EBS by GABPa or GABPa/p1. DNA
binding by Pax5 and GABPa/B1 is less cooperative than Pax5 and Ets-1 and does not depend
upon GIn22. Our findings suggest that Pax5 uses distinct mechanisms to orchestrate highly
cooperative interactions in partnership with different Ets proteins. We hypothesize that these
partnerships are important for regulating mb-1 and other genes in the context of functional
synergy and combinatorial regulation of transcription.

Binding of Pax5(1-149) wild type and Q22A mutant proteins to the P5-EBS site

To determine the apparent Kp’s of Pax5 bound to DNA by itself or in complexes with Ets
transcription factors, residues 1-149 of human Pax5 were expressed in E. coli and purified to
homogeneity. We previously demonstrated that GIn22 of Pax5 is important for the recruitment
of Ets proteins to the mb-1 promoter by Pax519. Therefore, we generated Pax5 proteins without
(WT) or with mutation of GIn22 to alanine (Q22A). To estimate the fraction of functional DNA
binding proteins in these preparations, we measured their DNA-binding activities in
quantitative electrophoretic mobility shift assays (EMSA). A constant amount of protein was
incubated with a 32P-labeled double stranded DNA probe comprising a high affinity Pax5
binding site of the Cd19 promoter31 prior to fractionation of bound vs. free probe in non-
denaturing polyacrylamide gels. The Cd19 probe DNA titration experiments were performed
by the addition of increasing amounts of unlabeled Cd19 probe DNA. Representative data are
shown in Supplementary Fig. 1. These experiments indicated that the active fractions of Pax5
(1-149)WT or Q22A proteins were 100 or 63.8% active, respectively.

The binding of WT Pax5 to the P5-EBS probe (Fig. 2a-b) is of moderate affinity (Kp = 2.40
+ 0.47 nM). Binding of the P5-EBS probe by Pax5(1-149)Q22A was slightly more efficient
(Kp = 1.72 £ 0.37 nM). We also assessed the binding of Pax5(1-149)WT or Q22A to an P5-
EBS probe with mutations that disrupt contacts by the Pax5 CTD (data not shown; ref. 18).
The mutations reduced DNA binding (increased Kps) of each protein by 6.3— (WT) or 9.2—
fold (Q22A). We conclude from these results that the Q22A mutation has only small effects
on the DNA binding of Pax5 by itself (summarized in Table I).
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Binding of Ets-1 to the P5-EBS is blocked by its autoinhibitory domains

Previous studies demonstrated that Ets-1 binds the mb-1 promoter very weakly in the absence
of Pax519. To measure Ets-1 DNA binding quantitatively, we expressed and purified truncated
murine Ets-1 proteins without (Ets-1(331-440)) or with its N-terminal autoinhbitory domain
(Ets-1(280-440)). Relative activities of these proteins were first estimated using an optimal
(high affinity) Ets binding site (EBS) in a competitive EMSA (87.9 or 79%, respectively;
Supplementary Fig. 2). Using this information, we adjusted the active concentrations of the
proteins for use in titration experiments with the P5-EBS probe. Binding of the EBS probe by
Ets-1(331-440) and (280—440) was similar to that reported by Wang et al.32.

We measured binding of the two truncated Ets proteins to the P5-EBS probe (Fig. 3a-b). The
binding of Ets-1(331-440) to the P5-EBS probe was greatly reduced (Kp = 139 + 5.29 nM)
relative to binding to an optimal EBS (0.89 + 0.036 nM). In contrast, binding of the P5-EBS
probe by Ets-1(280-440) was not detected. We conclude that the suboptimal EBS of the
mb-1 promoter is recognized inefficiently by the Ets-1 ETS domain. These experiments
demonstrate that the autoinhibitory domains in Ets-1(280-440) block its binding to the
suboptimal EBS of the mb-1 promoter.

Pax5 recruitment of Ets-1 to the P5-EBS is highly cooperative and requires GIn22

Our previous studies suggested that recruitment of Ets-1 by Pax5 is highly cooperative. To
measure these interactions quantitatively, we performed EMSA by incubating the P5-EBS
probe with constant amounts of Pax5(1-149)WT or Q22A mutant proteins and increasing
amounts of Ets-1(331-440) or (280-440). As shown in Figs. 4a-b, recruitment of Ets-1(331-
440) by Pax5(1-149)WT or Q22A occurred at different Kps (0.89 £ 0.14 nM vs. 7.89 £ 0.76
nM, respectively). The Kp of ternary complexes assembled with Ets-1(331-440) was enhanced
only slightly (2.7—fold) relative to the Kp of WT Pax5 binding by itself (2.40 nM). However,
the Kp of the ternary complexes was enhanced in a highly cooperative fashion relative to the
binding of Ets-1(331-440) alone (an increase of 153-fold). Notably, the Q22A mutation, which
is predicted to disrupt Pax5 interactions with Ets-1, reduced ternary complex assembly by 8.9—
fold. Thus, GIn22 is confirmed as important for the recruitment of Ets-1 to bind the mb-1
promoter.

Ternary complex assembly by Pax5(1-149)WT or Q22A was also measured with Ets-1
(280-440), which is capable of autoinhibition (Figs. 4c-d). The Kp (0.49 + 0.05 nM) calculated
for ternary complexes comprising Pax5(1-149)WT, Ets-1(280-440) and the P5-EBS probe
compares favorably with that calculated for Ets-1 (331-440) (i.e. 0.89 nM). The lack of binding
of Ets-1(280-440) to the P5-EBS probe by itself prevented definitive estimates of cooperativity
in the presence of Pax5(1-149). However, the weakest binding observed in our studies (which
was calculated for the binding of Ets-1 to a mutated mb-1 promoter probe; data not shown),
suggested our ability to estimate Kps as high as 570 nM. Thus, using this value to estimate the
high end of the detectable range, we estimate that the binding of Ets-1(280-440) was increased
by >1000-fold in the presence of Pax5(1-149)WT.

In the context of ternary complex assembly with Ets-1(280-440), the Q22A mutation in Pax5
had even larger effects than it did with Ets-1(331-440). In this context, the mutation increased
the Kp to 162 + 44 nM. It is notable that ternary complexes assembled with the Pax5(1-149)
Q22A protein had higher Kps relative to the binding of the Q22A mutant protein by itself.
Thus, DNA binding by Pax5(1-149)Q22A is de-stabilized by interactions with the Ets-1
proteins.
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Analysis of ternary complexes including Pax5, GABPa/f1 and the P5-EBS

In addition to Ets-1, we previously demonstrated that Pax5 recruits GABPo/B1 in nuclear
extracts to assemble complexes on the mb-1 promoter18;30. To determine Kps of these
interactions we expressed the Ets domain of GABPa (residues 311-430) by itself or in
stoichiometric (1:1) complexes with its partner GABPB1 (residues 1-157). This segment of
GABPp1 includes the ankyrin repeats, but lacks the homodimerization domain3. Similar to
our quantitative studies with Ets-1, we calculated the relative activities of recombinant
GABPa and GABPa/B1 to be 43.7 and 34.3%, respectively (Supplementary Fig. 3).

No detectable binding of GABPa (311-430) was observed on the P5-EBS probe in the absence
of GABPp1 (Fig. 5a-b). However, a Kp of 234 + 25 nM was calculated for the binding of
GABPo/B1 to this probe. We examined ternary complex formation between Pax5(1-149)WT
or Q22A proteins and GABPa alone (Fig. 6a-b) or GABPa/B1 (Fig. 6. c-d) on the P5-EBS
probe. In the presence of GABPa (311-430) alone, Pax5(1-149)WT or Q22A each assembled
ternary complexes with similar affinities (Kp = 17.8 £ 0.74 nM vs. 6.14 £ 5.38 nM,
respectively). Assembly of ternary complexes with Pax5(1-149)WT was enhanced by the
addition of GABPB1 (K p = 4.08 = 0.38 nM), but little or no effect of the Q22A mutation was
observed (Kp = 3.36 £ 0.14 nM). In conclusion, Pax5(1-149)WT cooperatively recruited
GABPo/B1, but with decreased affinity (8.3-fold) relative to its recruitment of Ets-1(280-440).
Moreover, the binding of Pax5:GABPa/B1 complexes to the P5-EBS probe was not
cooperative, because the binding of Pax5:GABPa/B1 ternary complexes was less efficient than
the binding of Pax5 alone. GIn22 is not important for the recruitment of GABPa/p1, because
the Q22A mutation did not affect ternary complex assembly with Pax5.

Discussion

Recruitment of Ets proteins by Pax5 to the P5-EBS

Although relatively little is understood of mechanisms involved in Pax5-mediated
transcriptional activation, the importance of Pax5 DNA-binding partners has been recognized.
The interaction of Pax5 with partners is necessary to augment its DNA-binding specificity. In
addition to Ets proteins, previously hypothesized interactive partners of Pax5 include p53 and
TBP33 and PU.1/Sfpil34. Structural determinations are only available for complexes
including Pax5, Ets-1 and specific DNAL7; however, information concerning the degree of
cooperativity between proteins in these complexes has not been available.

In previous studies, semi-quantitative EMSA suggested that Pax5 binds the mb-1 promoter
with relatively high affinity by itself and recruits Ets-1 with a high degree of
cooperativity18;19. Asymmetry of this cooperativity was evident in the relative lack of
detectable Ets-1 binding to the P5-EBS probe alone, but efficient binding to the probe of Ets-1
together with Pax5. In this report we confirmed these results in a quantitative fashion. By itself,
Pax5 bound the P5-EBS probe with moderate affinity (Table I). In contrast, Ets-1(331-440)
bound the P5-EBS probe with very low affinity. Furthermore, binding of Ets-1(280-440) alone
was undetectable due to the autoinhibitory domains of Ets-1. Recruitment of autoinhibited
Ets-1 or the Ets-1 ETS domain similarly enhanced the binding affinities of ternary complexes
with Pax5, although the Kp(app)’s of these complexes suggest lower affinities than those
reported for partially activated or autoinhibited Ets-1 binding to an optimized EBS
(Kp=10711M and 10710M, respectively)35. When considered in the context of our previous
structural studies of Pax5:Ets-1:DNA ternary complexes, these observations suggest a potential
mechanism for the alleviation of Ets-1 autoinhibition by Pax5, which we detail below.

J Mol Biol. Author manuscript; available in PMC 2010 September 18.
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Recruitment of Ets-1(331-440) by Pax5 and effects of the Q22A mutation

Ets-1(331-440) binds poorly to the P5-EBS sequence, giving a Kp of 139 £ 5 nM. The low
affinity of Ets-1(331-440) for the P5-EBS sequence is primarily due to a single residue Tyr395,
which is located at the protein-DNA interface (Fig. 7). Tyr395 can potentially clash with bases
in the major groove of the ETS binding site in the P5-EBS sequence. In the absence of Pax5,
this steric clash is facilitated by the bending of the DNA around the recognition helix of the
ETS domain, which lies in the major groove.

In the presence of Pax5, Ets-1(331-440) binds with an affinity of 0.89 + 0.14 nM, showing a
dramatic increase in its affinity for the mb-1 promoter. The crystal structure of the paired
domain of Pax5 and Ets-1(331-440) bound to the P5-EBS sequence showed that Pax5
increased the affinity of Ets-1 for the P5-EBS by three related mechanisms17. First, Pax5
stabilizes Ets-1 on the DNA via direct contacts with the ETS domain of Ets-1 through hydrogen
bonds and hydrophobic interactions. Secondly, Pax5 directly contacts Tyr395 and stabilizes it
in a rotamer conformation that promotes an optimal interaction with a nearby base. Finally,
the contacts made by Pax5 facilitate DNA binding by Ets-1 by preventing the DNA from
bending around Ets-1’s recognition helix. These last two effects relieve the steric clash between
Tyr395 and the suboptimal ETS binding site in the P5-EBS sequence.

Mutation of GIn22 to an alanine in Pax5 results in the loss of a direct contact with Tyr395 of
Ets-1. The loss of this contact prevents stabilization of Tyr395 in the rotamer form and stable
interactions with the ETS binding site. This results in instability at the Ets-1-DNA interface
and a nearly 10-fold reduction in the affinity of Ets-1(331-440) for the P5-EBS sequence
(Kp =7.89 £ 0.76 nM). However, loss of this contact to Tyr395 does not affect the remaining
contacts between Pax5 and Ets-1 and the repositioning of the ETS domain on DNA by Pax5.
Therefore, Ets-1(331-440) can still bind with relatively high affinity to the P5-EBS sequence.

Pax5 relieves autoinhibition of Ets-1(280-440)

While Ets-1(331-440) does bind, albeit weakly, to the P5-EBS sequence, Ets-1(280-440) does
not show any significant interaction with the DNA sequence. Relative to Ets-1(331-440), Ets-1
(280-440) contains two additional helices in the region N-terminal to the ETS domain (Figs.
1 and 7). These two helices, HI-1 and HI-2, interact with two helices C-terminal to the ETS
domain, H4 and H5, to form a four-helix bundle32;36. The four-helix bundle packs against
helix H1 of the ETS domain. The N-terminus of helix H1 is involved in a dipole interaction
with the sugar-phosphate backbone of the ETS binding site and makes a direct hydrogen bond
to the DNA. Therefore, it is essential for the correct positioning of the ETS domain on the
DNA. The packing of the four-helix bundle onto H1 is proposed to directly alter its ability to
interact with the sugar-phosphate backbone. Thus, the affinity of Ets-1 for DNA is reduced.
The inability of Ets-1(280-440) to bind to the P5-EBS site is likely to be due, in part, to effects
of the inhibitory regions on helix H1 and as a result of the instability induced at the protein-
DNA interface by Tyr395.

When the paired domain of Pax5 is bound to the P5-EBS, Ets-1(280-440) binds with a similar
affinity to Ets-1(331-440). This means that Pax5 not only overcomes the effect of the sub-
optimal DNA binding sequence of the P5-EBS sequence, but also overcomes autoinhibition
of the ETS domain as well. It is intriguing to note that GIn22 of Pax5 hydrogen bonds with
GIn336 of Ets-1 (Fig. 7). GIn336 is the N-terminal residue of helix H1 of the ETS domain.
Therefore, this contact could serve to position helix H1 of the ETS domain onto the DNA in a
manner that allows the remaining protein-DNA contacts. These interactions would circumvent
the inhibitory effect that the four-helix bundle has on H1. This hypothesis would predict that
mutation of GIn22 of Pax5 to alanine would prevent Pax5 from efficiently relieving the effects
of Ets-1 autoinhibition. This would result in decreased affinity of Pax5:Ets-1 ternary complexes
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for the P5-EBS sequence. In support of this hypothesis, we demonstrated a greater than 300-
fold reduction in affinity of Ets-1(280—440) for the P5-EBS sequence in the presence of Pax5
(Q22A), giving a Kp of 162 + 44 nM.

Pax5 complexes with GABPa/B1

In contrast with Ets-1, complexes assembled with GABPa alone or with GABPa/B1 complexes
in the context of the mb-1 promoter are recruited differently by Pax5. The binding of Pax5 to
DNA is not enhanced by interactions with these proteins in vitro, but may be stabilized in vivo
by additional protein:protein interactions. The mechanism of GABPa/B1 recruitment by Pax5
is only partially understood. Although the DNA-binding specificities of Ets-1 and GABPa are
similar, the latter protein possesses only a subset of residues identified as important for
contacting Pax5. For example, equivalents of GIn336, Tyr395 and Asp398 are each present in
GABPa (GIn321, Tyr380 and Asp383), but Lys399 of Ets-1 is replaced by glycine (Gly384)
in GABPa. Consequences of this variation would include an inability of GABPa to interact
with Leu23 of Pax5. This variation may be sufficient to explain the reduced binding of
GABPa (or GABPo/B1) to the mb-1 promoter relative to Ets-1(331-440). However, it does
not explain the lack of effects of mutating GIn22 on Pax5’s abilities to recruit GABPa alone
or GABPo/B1. We interpret this to suggest the presence of other interactions between the ETS
domain of GABPa and the paired domain of Pax5, or between Pax5 and GABPf1, or both.
Further structural analysis will be necessary to dissect Pax5 interactions with intact GABPo/

BL.

Implications for the regulation of gene expression by Pax and Ets proteins

Autoinhibition represses DNA binding of multiple Ets proteins, including Ets-1, Ets-2, Etv4,
Elf3 and the Ternary Complex Factors (e.g. EIk-1)6;9;37. However, autoinhibition may be
overcome by direct interactions between inhibitory modules and partner proteins. In this
manner, Runx1 is predicted to interact with the first inhibitory a-helix (HI-1) of Ets-1 (Fig. 1).
This results in destabilization and unfolding of Ets-1’s autoinhibitory domains12. In turn, this
would facilitate Ets-1 DNA binding by relieving autoinhibition and stabilizing the ternary
complex.

Significant differences are evident between the release of Ets-1 from autoinhibition by Runx1
versus Pax5. There is currently no evidence for interactions between Pax5 and the inhibitory
domains of Ets-1. Instead, Pax5 interacts directly with the ETS domain of Ets-1 (and other Ets
proteins; refs.18,19). This type of interaction was initially predicted not to counteract
autoinhibition12; however, data in this paper suggest that interactions with Pax5 efficiently
inhibit the re-folding of inhibitory motifs necessary for autoinhibition of Ets-1.

The interactions we have defined between Pax5 and Ets proteins represent a special case of
combinatorial interactions. Several questions concerning the composition and functions of
these complexes remain to be answered. Our previous DNA binding and structural studies
determined the importance of sequences within the P5:EBS for promoting cooperative
protein:protein interactions. For example, we previously demonstrated that mutation of the last
guanine of the EBS within the P5-EBS to adenine (5'-CCGGAG-3' to 5'-CCGGAA-3')
reversed the relative DNA binding of Pax5 and Ets-119. Ets-1 bound the mutated site with
high affinity and recruited Pax5, which bound this site poorly in the absence of Ets-1. The
range of sequences able to facilitate Pax5:Ets DNA binding in vivo has yet to be determined.
Additionally, although it is certain that mb-1 transcription is regulated by Pax5 and requires
recruitment of Ets proteins, it remains unclear whether Ets-1, GABPa/B1 or other Ets proteins
perform this function (Pax5 can also recruit Fli-1, EIk-1 and Net to bind the P5-EBS in
vitro18). Resolution of this question has been hampered by the presence of adjacent Pax5-
dependent and Pax5-independent Ets binding sites in the mb-1 promoter. Recent studies using
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conditional knockout mice demonstrated reduced mb-1 transcription following the loss of
expression of Fli-1 or GABPa38;39. At other regulatory modules, variations in nucleotide
sequences and additional protein:protein interactions may allow Pax5 to assemble ternary
complexes with different Ets proteins. It is also notable that the overall fold and multiple
residues within the B-hairpin motif (NQLGG, including GIn22) are conserved perfectly
between Pax5 and the eight other mammalian Pax proteins and highly conserved between Pax
proteins of protostomes, deuterostomes, sponges and cnidarians40. In this regard, we
demonstrated previously that human Pax5 is capable of recruiting an Ets protein (Astl) from
C. elegans to bind the P5-EBS site in vitro41. We conclude that interactions between Pax5 and
Ets proteins are a highly conserved mechanism, but additional research in this area is needed
to define roles of these proteins in other contexts.

The functional properties and regulation of Pax5:Ets complexes remain to be dissected.
Recently, we determined that Pax5’s activation of mb-1 promoter transcription requires SWI/
SNF complexes that mediate chromatin remodeling42. We propose that the liaison between
Pax5 and Ets proteins concentrates domains required for transcriptional activation, while
bringing Pax5-dependent functions under the control of extracellular signaling pathways. In
this regard, studies have suggested that the inhibited state of Ets-1 can be reinforced by calcium
signaling-dependent phosphorylation of the inhibitory modules43. Together, these negatively
acting signals act as a rheostat to modulate Ets-1 DNA binding35. It is currently unclear
whether these modifications govern interactions with Pax5. This proposed model will direct
our future investigations.

Materials and Methods

Plasmids, expression and purification of recombinant proteins

Plasmids, expression and purification of human Pax5 wild type (1-149), Pax5 Q22A, Ets-1
(331-440), Ets-1(280-440), GABP« (311-430), GABPB1(1-157) and GABPo/p1
heterodimeric complexes were described previously4;12;17.

Electrophoretic mobility shift assays (EMSAS)

The P5-EBS probe was made by annealing 5'-
TCGAAGGGCCACTGGAGCCCATCTCCGGCACGGC-3' and 5'-
TCGAGCCGTGCCGGAGATGGGCTCCAGTGGCCCT-3'. Preparation of DNA probes and
conditions for EMSA were described previously41. To minimize in-gel dissociation of protein-
DNA complexes, EMSA gels were run for 1h at 200V. Bound and free DNA were quantitated
using a Molecular Dynamics STORM 860 Phosphorimager system (GE Healthcare,
Milwaukee, WI).

Quantitative analysis of DNA binding

Apparent equilibrium dissociation constants (Kp(app)) of protein interactions with 32p_|abeled
duplex probes were determined using quantitative EMSA as described above. For assays
containing only a single binding species, increasing concentrations of protein were incubated
with a fixed amount of radiolabeled duplex DNA. The DNA concentration was at least 10 times
lower than the estimated Kp value (~ 10711M). The fraction of free DNA, [D]/[Dt], was
determined by measuring the ratio of the free DNA [D] signal analyzed at each protein
concentration to the total DNA signal in a control lane containing no protein [Dt]. The fraction
of DNA in complex with protein, [PD]/[Dt], is equal to 1-([D]/[Dt]). Under EMSA conditions,
apparent Kps were measured as the concentration of protein required for 50% occupancy. Data
points are mean values of four experiments, except where specified otherwise. Error bars
represent standard deviation of the mean for each concentration. All data points were fitted to
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the rearranged mass action equation [PD]/[Dt] = 1/(1 + Kp/[P]) using nonlinear least-squares
analysis and plotted using Kaleidagraph (Synergy Software, Reading, PA).

To more accurately measure Kp values, we determined the fractions of active proteins in our
purified preparations. Reaction mixtures contained fixed concentrations of radiolabeled duplex
DNA and protein. The amount of protein utilized was 50- to 100-fold above the apparent Kp,
ensuring nearly complete occupancy of the probe in the range or stoichiometric interactions
with the DNA. Subsequently, unlabeled competitor DNA of known concentration was titrated
into the binding reactions, where it competed with 32P-labeled oligonucleotides for binding by
protein. Because the DNA concentration exceeded the Kp, it was assumed that DNA interacted
stoichiometrically with the protein. At 50% occupancy the concentration of oligonucleotide
competitor exceeded the amount of active protein by two-fold. The active protein concentration
was then calculated to be equivalent to one-half of the known molar oligonucleotide
concentration. Once the active concentration was known, the apparent Kp determined in the
original experiment was converted to a true Kp.

To measure cooperative DNA binding, the apparent DNA binding affinity of the first protein,
P1 (e.g., Ets-1 [331-440]) was determined in the presence of Pax5(1-149). The concentration
of Pax5(1-149) was > 10-fold above its Kp for the probe DNA. Competitive binding curves
were generated from the equation [PD]/[Dt] = 1/(1 +Kp/[P]) with the following assumptions:
(i) Disappearance of the binary complex (DNA + Pax5(1-149)) was measured; therefore,
[Dt] was defined as the binary complex signal in a control lane that contained DNA and Pax5
(1-149) alone. (ii) The binary complex signal (DNA + Pax5(1-149)) was used as [D] for
reaction mixtures with DNA + P1 + Pax5(1-149). (iii) The fraction of DNA bound in the
ternary complex (DNA + P1 + Pax5[1-149]) was defined as [PD]/[Dt], which was derived
from 1-[D]/[Dt].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Pax

Paired box binding factor
P5

EBS (Pax5-Ets binding site)
GABP

GA binding protein
Ets

E74-like transforming sequence
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Former names of Runx1, or runt-related transcription factor 1
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USF1
upstream transcription factor 1
AP-1
Activating protein 1
NF-«xB
Nuclear factor-xB
EMSA
Electrophoretic mobility shift assay
Fli-1
Friend leukemia integration 1
TBP
TATA binding protein
Etv4
Ets variant 4
EIf3
E74-like factor 3
PU.1/Sfpil
Purine box 1-SFFV proviral integration 1
Elk-1
ETS-like gene 1
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Fig. 1.

Recombinant proteins used in these studies. Proteins utilized in these studies include human
Pax5(1-149) and murine Ets-1(280-440), Ets-1(331-440), GABPa (311-420) and GABPB1
(1-157). Open boxes representa—helices. Arrows represent B-sheets. Filled boxes denote the
Notch-like/ankyrin repeats of GABPB1. Boundaries of the paired domain of Pax5 (15-143)
and ETS domains of Ets-1 and GABPa are indicated. The autoinhibitory domains of Ets-1
(shaded) and residues that are highlighted in the text are also indicated.
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Fig. 2.

Pax5(1-149)WT or Q22A bind similarly to the P5-EBS probe. (a) Representative equilibrium
DNA binding analysis by EMSA with increasing amounts of Pax5 (1-149) WT (upper panel)
or Q22A (lower panel) and a constant amount of the P5-EBS probe. (b) Non-linear least squares
analysis of DNA binding complexes in (a). Protein concentrations shown in the graph were
corrected for relative percent functional activities.
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Ets-1(331-440), but not Ets-1(280-440), binds to the P5-EBS probe. (a) Representative
equilibrium DNA binding analysis by EMSA with increasing amounts of Ets-1(331-440)
(upper panel) or (280-440) (lower panel) and a constant amount of the P5-EBS probe. (b) Non-
linear least squares analysis of DNA binding complexes in (a). Graphs were adjusted for active
protein concentrations as in Fig. 2b.
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Fig. 4.

Pax5 recruitment of Ets-1(331-440) or Ets-1(280-440) to bind the P5-EBS probe is highly
cooperative and requires GIn22 of Pax5. (a) Representative equilibrium DNA binding analysis
by EMSA with a constant amount of Pax5(1-149) WT (upper panel) or Q22A (lower panel),
increasing amounts of Ets-1(331-440) and a constant amount of the P5-EBS probe. (b) Non-
linear least squares analysis of DNA binding complexes in (A). Graphs were adjusted for active
protein concentrations as in Fig. 2b. (c) Representative equilibrium DNA binding analysis by
EMSA with a constant amount of Pax5(1-149) WT (upper panel) or Q22A (lower panel),
increasing amounts of Ets-1(280-440) and a constant amount of the P5-EBS probe. (d)
Nonlinear least squares analysis of DNA binding complexes in (c). Graphs were adjusted for
active protein concentrations as in Fig. 2b.
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Fig. 5.

Binding of the P5-EBS by GABPu is dependent on GABPB1. (a) Representative equilibrium
DNA binding analysis by EMSA with increasing amounts of GABPa/B1 (upper panel) or
GABPu (lower panel) and a constant amount of the P5-EBS probe. (b) Non-linear least squares
analysis of DNA binding complexes in (a). Graphs were adjusted for active protein
concentrations as in Fig. 2b.
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Cooperative binding of the P5-EBS by Pax5 and GABPa or GABPa/p1 does not require GIn22
of Pax5. (a) Representative equilibrium DNA binding analysis by EMSA with a constant
amount of Pax5(1-149) WT (upper panel) or Pax5 Q22A (lower panel), increasing amounts
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of GABPa and a constant amount of the P5-EBS probe. (b) Non-linear least squares analysis
of DNA binding complexes in (a). Graphs were adjusted for active protein concentrations as
in Fig. 2b. (c) Representative EMSA with a constant amount of Pax5(1-149) WT (upper panel)
or Q22A (lower panel), increasing amounts of GABPa/B1 complexes and a constant amount
of the P5-EBS probe. (d) Non-linear least squares analysis of DNA binding complexes in (c).
Graphs were adjusted for active protein concentrations as in Fig. 2b.

J Mol Biol. Author manuscript; available in PMC 2010 September 18.



1duasnuely Joyiny Vd-HIN 1duosnuey JoyIny vd-HIN

1duasnuely Joyiny vd-HIN

Fitzsimmons et al.

HI-1(unfolded)

J Mol Biol. Author manuscript; available in PMC 2010 September 18.

Page 23




1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Fitzsimmons et al. Page 24

Fig. 7.

Model of interaction between the paired domain of Pax5 and Ets-1(280-440) on mb-1 promoter
DNA. (a) Overview of the ternary complex. The paired domain of Pax5 is represented in
blue, the ETS domain of Ets-1 in magenta and the inhibitory regions of Ets-1 in green. Helix
HI-1 of Ets-1 is shown in its unfolded state. (b) Enlarged view of the interface between Pax5
and Ets-1 on mb-1 promoter DNA. Hydrogen bonds between GIn22 of Pax5 and GIn336 or
Tyr395 are indicated by dashed lines. A dashed line also indicates proposed interactions
between H1 of Ets-1 and the sugar-phosphate backbone of DNA. The figure was made using
VMD44,
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Proteins

Mean Ko, ("M) S.E.”
P5-EBS probe

Pax5(1-149) WT
Pax5(1-149) Q22A
Ets-1(331-440)
Ets-1(280-440)
Pax5(1-149) WT + Ets-1(331-440)
Pax5(1-149) Q22A + Ets-1(331-440)
Pax5(1-149) WT + Ets-1(280-440)
Pax5(1-149) Q22A + Ets-1(280-440)
GABPu(311-430)
GABPa(311-430)/BL(1-157)
Pax5(1-149) WT + GABPa(311-430)
Pax5(1-149) Q22A + GABPo(311-430)
Pax5(1-149) WT + GABPa/p19
Pax5(1-149) Q22A + GABPw/p1d

2.40 +0.47
1.72+0.37
136 +5.29
ND®
0.89 +0.14
7.89+0.76
0.49 + 0.05
162 +44.3
ND
234 +24.8
17.8+0.74
6.14 +5.38
4.08 +0.38
3.36+0.14

aApparent KD

b, . . . .
Values are results of two to four independent experiments. S.E. expresses the accuracy of the curve fit rather than the error reflected in the error bars.

CNot detected.

58P0 (311-430)/GABPB1(1-157).
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