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ABSTRACT. Transcription of the ribosomal RNA genes of mammals by RNA polymerase | is rapidly
activated by epidermal growth factor via the MAP-kinase (ERK) signaling cascade. This activation is
mediated by direct phosphorylation of the HMG box DNA binding domains of the architectural transcription
factor UBF. Mutation of the ERK sites of UBF inhibits its normal function and blocks growth factor
activation of ribosomal transcription. UBF has little or no DNA sequence selectivity and binds throughout
the ribosomal genes, defining a specialized chromatin. Indeed, the HMG boxes of UBF induce looping
of the ribosomal DNA to create trenhancesome structure somewhat reminiscent of the nucleosome.
Here, we show that both ERK phosphorylation and mutations that simulate this phosphorylation decrease
the affinity of the individual HMG boxes of UBF for linear ribosomal DNA but have little or no effect

on the capacity of these HMG boxes to bind to pre-bent DNA and do not affect the overall binding
constant of UBF for the DNA. Electron spectroscopic imaging showed that ERK site UBF mutants do
not induce the characteristic DNA looping of teehancesomand associate with no more than half of
theenhancesomd)NA. The data demonstrate that ERK phosphorylation of UBF prevents DNA bending
by its first two HMG boxes, leading to a cooperative unfolding of dmhancesome

Ribosome biogenesis is a necessary function but at theoccurs within 10 to 15 min of cell stimulation and thus
same time a major undertaking for all organisms. Expressionrepresents one of a limited number of so-called immediate
of the highly repeated ribosomal RNA genes and the more gene responseg)( Conversely, withdrawal of growth stimuli
than 200 ribosomal and accessory protein genes accountsvas found to induce an immediate shutdown of human and
for more than 50% of total nuclear transcription in proliferat- mouse ribosomal RNA transcriptio2)( Given the length
ing mammalian cells. The 18S, 5.8S, and 28S ribosomal of the cell cycle, the reason such a rapid activation of
RNAs (rRNAs) are transcribed as a single 45S precursor by ribosomal transcription should be necessary in mammalian
a specialized polymerase, RNA polymerase | (RPI). These cells is not quite clear. It is perhaps related to the role the
rRNAs form the structural and catalytic scaffold of the nucleolus plays in the regulation of cell proliferation than
ribosome, and as such, their production can only be regulatedg ribosome biogenesis per s&(7). On the other hand, a
at the transcriptional level. Alone, transcription of the rRNA  yapid shutdown of rRNA transcription is analogous to the
genes by RPI accounts for some 35% of all nuclear \ell-documented phenomenon in microorganisms referred
transcription activity. Until quite recently, it was assumed g a5 the “stringent response” and could possibly play a
that the ribosomal RNA genes of mammals respond to gjmjlar protective role.
changes in cell proliferation and growth rate, but do so in The “stri v lati f 1ib | RNA t ini
an indirect and sluggish way. This opinion was mainly based . € sthingent” regulation of nbosoma ranscription
on cell starvation and hormone treatment of mammalian mammalian cells was shown to depend on a direct

tissue culture, and the results seemed quite logical given thatshosphorylftir(])n ok fir;t tV\]iO HM%;SXbDTAAAgiEqmg
the ribosome typically has a half-life of three or more days 4oMains of the transcription factor y “Kinase

(1). Recent work, however, has demonstrated that transcrip-(ERK1/2) @), Figure 1B. A similar response, dependent on

tion of the ribosomal genes in mouse and human respondst€ Phosphorylation status of Rm3/TIF-IA, was later ob-

rapidly and directly to growth factor stimulation. Activation S€"ved and was shown also to depend on activation of the
ERK cascade§). In the sequence of events leading to the
assembly of a RPI preinitiation complex, UBF was originally
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Institutes of Health Research and a FCAR-FRSQ SfQuedhec) believed to be the first factor to bind the ribosomal DNA

scholarship to G.P. where it was thought to enhance recruitment of the other
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Ficure 1. A model for theenhancesomand the mode of HMG box binding to DNA. (A) Structural model of #rehancesomderived
predominantly from ESI datél8, 20, 21). The dimerization domain and HMG boxes-3 of core UBF are shown as blue ellipsoids and

the DNA as a bent red rod. The long arm (N- and C-terminal peptides) of the HMG boxes and the inter box linkers are shown checkered.
Linker lengths are approximately to scale, but their indicated positions are purely speculative, the longef3bamké@r being placed
approximately along the major groove. (B) The positions of the ERK1/2 phosphorylation sites within the HMG boxes 1 ah@pofs

UBF are indicated as are the sequences of the sites and the corresponding phosphorylation site mutations used in the present study. (C) The
HMG box—DNA binary structure for HMG-D 38) is used as a generalized model for nonsequence-specific HMG boxes. The position
within this structure corresponding to the ERK phosphorylation site of UBF boxes 1 and 2 is indicated pyTR&incoming and exiting

DNA duplexes have been extended by solid red cylinders to better indicate the DNA bend induced by HMG-D. (D) The upper panels show
the ERK2 phosphorylation of the HMG boxes 1 and 2XehopusJBF and of the corresponding ERK-site-A mutant boxes. “Stain”

refers to the coomassie-stained SEFRAGE and "P@' to the Phosphoimager analysis of these gels. The lower graphic displays the relevant
regions of HPLC fractionation of trypsin-digested unphosphorylated and partially phosphorylated HMG box 1. MALDI-TOF was used to
identify and to quantitate the peptides in each HPLC fraction, and the data are given as a histogram.

found bound throughout the transcribed region of the polymeraseZ3). Here, we have studied the structural effects
ribosomal genes and indeed throughout the whole gene repeabf phosphorylating and pseudophosphorylating the ERK sites
unit (16—18). Thus, it would appear more likely that UBF on UBF. Our findings demonstrate that ERK phosphorylation
defines a specialized ribosomal gene chromatin (rchromatin)leads to a major unfolding of thenhancesomstructure.
and hence might regulate gene activity by modulating The data, thus, suggest that RPI transcription is growth-
accessibility to this chromatin. regulated by the remodeling of rchromatin.

UBF bends about 140 bp of ribosomal DNA into a near
360 loop, a structure that is called the ribosoreahance- EXPERIMENTAL PROCEDURES
someand distantly resembles the chromatin nucleosome Isolation and Expression of Xenopus UBF Mutants.
(18—21), Figure 1A. This DNA looping is the result of in-  Mutants were assembled in the vector pGEX-2T, expressed
phase bending induced by the three N-terminal HMG boxes in Escherichia coliand purified as previously describetd(
of UBF, Figure 1A,B (8, 21; see alsdb, 22). In a recent 24). Nbox123 (core UBF) was produced by fusing amino
study, we have found that ribosomal transcription is regulated acids 16-383 of Xenopus laeis UBF2b 5) to GST, which
at the level of the transcription elongatid28). Surprisingly, was not cleaved from the final product. Point mutations were
we found that UBF presents a very effective block to the introduced by PCR using mutated primers and were each
elongating RPI and that ERK phosphorylation of UBF sequenced. UBF box 1 (amino acids £1@B4) and box 2
relieved the blockage, allowing unimpeded passage to the(amino acids 194266) as well as the box 1-T117E and
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T117A and the box 2-T201E and T201A mutants were (1% SDS, 0.2 M NaCl, and 20 mM EDTA). Footprints were

expressed irk. coli after subcloning fronX. laevis UBF2
into the BanHI/EcaRI site of pGEX2T.

Cruciform DNA Mobility Shift Assay$he cruciform DNA
structure was prepared according to procedures ir2@ef
Four oligonucleotides, one of thedP-end-labeled: '5
CCCTATAACCCCTGCATTGAATTCCAGTCTGATAA-
3; 5-GTAGTCGTGATAGGTGCAGGGGTTATAGGG-3
5-AACAGTAGCTCTTATTCGAGCTCGCGCCCTATCAC-
GACTA-3; and 5TTTATCAGACTGGAATTCAAGCGC-
GAGCTCGAATAAGAGCTACTGT-3 were annealed in
TMS (100 mM NaCl, 10 mM Tris-HCI, pH 7.5, and 10 mM
MgCl,) and subsequently eluted from a 6.5% PAGEK, 1
TBE. Each mobility shift reaction was performed in 2D
consisting of 5uL of 2x Binding Buffer (16% Ficoll, 200
mM NacCl, 20 mM HEPES, pH 7.9, 10 mM KCI, 2 mM
EDTA, 2 mM spermidine, and 1 mM DTT), 2L (100 fmol)
of cruciform DNA in TMS (TBS plus 10 mM MgG), and
3uL of TBS (10 mM Tris-HCI, pH7.5, and 100 mM NacCl)
containing varying amounts of the respective HMG box

proteins. ERK-phosphorylated HMG boxes were added in

kinase buffer; see below. After 30 min incubation on ice
and the addition of LL of 0.1% xylene cyanol, the samples

were loaded on a 6.5% PAGE (30 acrylamide:0.8 bisacryl-

amide) in 0.5 TBE, separated fo4 h at 11V/cm, dried,

resolved on 8% TBEurea sequencing gels and data
analyzed on a STORM 860 Phosphorlmager (Molecular
Dynamics).

ESI Analysis of ProteirDNA Complexe<Core wild-type
UBF and T117E and T210E mutants (amino acies370)
were expressed and used as GST-fusions as previously
described 18). Each UBF (1ug) was incubated in 2hL
of 50 mM HEPES (pH 7.6), 5 mM MgG| 80 mM KCl,
and 1 mM DTT with 200 ng of th&. laevis 1.1 kbBamHI
enhancer DNA fragment2Q, 30). After 15 min at room
temperature, the mixture was chromatographed on a 0.5 mL
column of Sepharose CL-2B to separate DNA-bound UBF
from free protein. The column buffer contained 10 mM
HEPES (pH 7.2), 5 mM MgGJ 1% formaldehyde, and 0.5%
glutaraldehyde. The peak DNA fraction (&) was placed
on a 1000-mesh copper electron microscope grid, which
had been coated wita 3 nm carbon film and glow-
discharged immediately before usgl). After 30 s, excess
sample was washed from the grid with® and the grid
was air-dried after all but a thin layer of the® had been
removed.

ESI analysis of DNA-protein complexes has been previ-
ously described 31, 32). A brief description follows.
Estimation of the masses of the UBBNA complexes was

and autoradiographed. In the case of competition assayScarried out on a reference image recorded at 120 eV in the
complexes on the cruciform DNA were first allowed 0 glectron energy loss spectrum. DNA was used as an internal
assemble for 10 min on ice, then the given excess of linear 155 standard, and the mass of the complex was estimated
double-stranded RNA polymerase | promoter UCE DNA (S5 v comparison of integrated optical density of the complex
GTTCAGGTGTCCGTGTCGCGCGTCGCCTGG_GCCGGC' with the integrated optical density over a defined length of
GGCGCAG) was added, and complexes were incubated forpna | Net phosphorus images were obtained by subtraction

a further 60 min on ice before analysis. This incubation time ¢ the 120 eV reference image from a 155 eV energy loss

was determined to allow the reactions to achieve equilibrium image recorded at the peak of the phosphorus L2,3 ionization
binding to the two DNAs. Upshifts used polyclonal antibod- edge, after alignment and normalization. Results were

ies raised against either homogeneous xUBF-HMG box 1 compared quantitatively with a multiple parameter back-

or full-length XxUBF.

ground correction using two pre-edge images recorded at

ERK Phosphorylation of Recombinant HMG1 Boxes in 105 and 120 eV (see réfl).

Vitro. The purified HMG boxes 1 and 2 of xXUBF were
phosphorylated in vitro using MEK1-activated ERK27Y.

One nanomole of bacterially expressed HMG box was

phosphorylated by activated ERK2 in 80 of kinase buffer
(20 mM HEPES, pH 7.3, 10 mM Mggll mM benzamidine,
and 1 mM DTT) containing 1 mM ATP (&Ci y[3?P]ATP)
and incubated at 30C for 30 min. Mock phosphorylation

RESULTS

The nonspecific subclass of HMG boxes, to which those
of UBF belong, do not selectively bind DNA, and hence,
their binding properties are difficult to analyze by such
common techniques as electrophoretic mobility shift analysis

was performed either in the absence of ATP or using heat- (EMSA) or gel shift for short. However, in general, HMG

inactivated ERK2. Microbore HPLEC5 (2—80% CHCN,
0.1%TFA) fractions of partially{30%) ERK2-phosphory-
lated, trypsin-digested HMG-box1 were analyzed by MALDI-

boxes strongly bend the DNA to which they bir@BJ, and
the HMG boxes of UBF are no exception to this rule)(
Not surprisingly, therefore, HMG boxes display an elevated

TOF (Proteomic and Mass Spectrometry Centre, University Selectivity for, and binding to, naturally bent or highly
of Toronto) to identify peptides. Measured masses deviatedflexible DNAs. In particular, HMG boxes typically bind

from those calculated by less than 0.2 Da.

DNase Footprinting.Footprinting was carried out as
previously described@). Briefly, unless otherwise indicated,
3 pmol wild-type, mutant, or ERK2-phosphorylated Nbox123
protein was incubated with 3 ng of-F?P]-labeled DNA
template (317 to+118 of theX. laevis ribosomal gene) in
50uL (80 mM KCI, 10% glycerol, 0.1 mM EDTA, 0.5 mM
DTT, 10 mM HEPES, pH 7.9, and 0.01 mg/mL poly €A
T) for 15 min on ice. After the addition of 56L of DNasel
buffer (10 mM MgC} and 5 mM CagGl) and 5uL of DNase

cruciform DNA structures with &p of the order of 106 M
(34). Thus, we first analyzed the binding of the HMG boxes
1 and 2 ofXenopudUBF to cruciform DNA.

Cruciform Binding by the HMG Boxes of UBF Is Only
Minimally Affected by Mutation of the ERK SitddMG
boxes 1 and 2 of xUBF and corresponding ERK site mutant
boxes were expressed in bacteria and purified by affinity,
Figure 2C. The&p for binding of the wild-type HMG box 1
of UBF to cruciform DNA was estimated from gel shift
assays to be about/AM, Figure 2A, and corresponded to

I, reactions were incubated for 2 min at room temperature that measured previously for the same combination of HMG

and then stopped by the addition of 100 of STOP buffer

box and cruciform DNA sequenc8&4). Though HMG box
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Ficure 2: The binding of the UBF HMG boxes to cruciform DNA is not significantly affected by the ERK site mutations. Increasing
amounts of wild-type and mutant HMG box 1 (A) and box 2 (B) were used in gel shift assays with a 100 fmol of cruciform DNA complex;
see Experimental Procedures. (C) Typical SIPAGE, coomassie blue-stained analysis of HMG box proteins used in this study.

(D) Upshift of HMG box-cruciform complexes with polyclonal anti-xUBF antibodies; left panel, anti-UBF box1; right panel anti-UBF

box2.

1 predominantly induced an upshift of the cruciform DNA,
some downshifting, that is, toward higher mobility, was also

to lie in a broadened DNA minor groove, Figure 1C. Thus,
exchange of the relatively bulky threonine side chain for a

observed. When HMG box 2 was analyzed, the predominantsingle methyl group might then have optimized HMG box

shift was toward higher mobility. Despite this difference,
the Kp for cruciform binding by HMG box 2 was about 3
uM, that is, quite similar to box 1 and again well within the
typical range for HMG boxes. Both the up- and downshifts
observed for boxes 1 and 2 could be further upshifted by

contacts with the bent DNA substrate. However, theET
mutation of HMG box 1 also increased the affinity of this
box for cruciform DNA, though to a lesser extent than did
the T—A mutation. On the other hand, the-E mutation of
box 2, as the FA mutation, had no significant effect on

antibodies directed against these boxes, demonstrating thatruciform binding by box 2. Thus, while mutation of the

the gel shifts were indeed due to binding by the respective
HMG boxes, Figure 2D. Cruciform downshifts are probably
due to the induction or stabilization of a slightly different
cruciform conformation34), but, as will be seen in Figure
4, small amounts of Mg eliminated this downshift without
affecting the HMG box binding parameters.

Neither the F-A mutation of the ERK site of box 1 nor
of box 2 reduced the affinity of these boxes for cruciform
DNA, Figure 2. The A mutations, therefore, did not
significantly affect the structure of either box. Indeed, the
T—A mutant box 1 displayed an enhanced affinity for the
cruciform DNA, binding 4-5 times more tightly than the
wild-type, while the corresponding mutation in box 2 had
little or no effect. Our previous observations of DNA bending
by these boxes had assigned a large #312° bend to box
1 but only a 7 bend to box 2 18). Thus, the increase in
affinity of box 1 due to the A mutation also corresponded
with the preference of this box for a larger DNA bend angle.
The N-terminal peptide of the HMG boxes has been shown

ERK sites of box 1, but not of box 2, increased affinity for
cruciform DNA, none of the mutations led to a reduction in
affinity. This was a somewhat surprising result, given that
previous data suggested that phosphorylation of HMG box
1 reduced its binding to linear DNA2J.

ERK Site Mutations Affect the HMG Box Affinities for
Linear DNA. The very limited effects of the ERK site
mutations on the affinity of the HMG boxes for cruciform
DNA showed that the structures of the boxes had certainly
not been affected by these mutations. We next asked whether
the T-E mutations simulated the phosphorylated state of
the boxes by significantly reducing their affinity for their
natural substrate, the linear ribosomal DNA. To determine
this, a natural UBF-preferred site from the UCE of the human
RPI promoter 14) was used to compete with cruciform DNA
for the HMG boxes.

The wild-type HMG box 1 and 2 complexes on cruciform
DNA were partially competed by a 50-fold excess of
linear UCE duplex DNA and fully competed by a 100-fold
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Ficure 3: ERK site mutant boxes have a reduced affinity for linear duplex DNA. Wild-type and mutant HMG box 1 (A) and box 2 (B)

(20 pmol) complexed with cruciform DNA (100 fmol) were subjected to a challenge with increasing amounts of a linear duplex UCE

DNA. In both cases, the FE mutation reduced the affinity for the linear DNA; see Experimental Procedures.

excess, Figure 3. Thus, th€ values of both boxes for
the linear DNA duplex lay between 10 and 10° M,
similar to that estimated previously for box 1 and for other
sequence nonspecific HMG boxe®(33). The linear UCE
DNA was, however, unable to detectably compete for the
mutant box 1, Figure 3A. TheTE mutant box 1 formed
cruciform complexes, which were completely resistant to
competition even by a 1000-fold excess of UCE DNA.
Surprisingly, T=A mutation of box 1 had a very similar
effect, also reducing thi€ for the linear UCE DNA to well
below 102 M. However, when HMG box 2 was similarly
analyzed, only the FE mutation reduced its affinity for the
linear DNA. The T=E mutant box 2-cruciform complex
could not be competed by a 100-fold excess of UCE DNA,
but was fully competed by a 500-fold excess. Thus,ET
mutation of HMG box 2 caused a 10 times reduction in
affinity for the linear UCE DNA, that is, to between 10
and 10“ M.

The T—E mutation of the ERK sites of both HMG boxes
1 and 2 significantly reduced their affinity for the linear
ribosomal DNA, but in the context of HMG box 2, the-E
mutation had a significantly smaller effect than in the context
of box 1. Quite unexpectedly, the—A mutation also
severely reduced the affinity of box 1, but not of box 2, for
linear DNA. Though we presently have no structural
explanation for this effect, it does underline the key role the
N-terminal peptide plays in DNA binding by the HMG boxes
(33). The much greater DNA bend angle ascribed to HMG
box 1 (L8) clearly correlated with the more severe effects of

the phosphorylated peptide. Considering the bulk of the
phosphate group, we were very surprised to find that the
boxes bound cruciform DNA with an affinity similar if not
identical with that of the unphosphorylated boxes, Figure
4A,C. (Upshifts were systematically observed in these
experiments. This was found to be due to the addition of
the HMG boxes in kinase buffer, the resulting final 3 mM
MgCl, concentration changing the conformational preference
of the cruciform.) However, while the unphosphorylated
HMG box/cruciform complexes could be competed with
linear UCE DNA, this was not the case for the phosphory-
lated boxes, Figure 4B,D. Affinity for linear DNA was
reduced by at least 4 times for box 1 and at least 2 times for
box 2. Thus, the phospho-boxes behaved as did their
corresponding ERK site-fE mutants, confirming that these
mutations closely simulated HMG box phosphorylation.

Phosphorylation of Core UBF Changes Its Mode but Not
Its Affinity of DNA BindingSince T-E mutation of HMG
boxes 1 and 2 closely simulated their phosphorylation, we
used these mutations to determine if UBF phosphorylation
affected the architecture of ribosomal DNA within the
enhancesomeAs described above, thenhancesomés
formed when a dimer of UBF binds around 140 bp of
ribosomal DNA, and its formation requires only the core of
UBF, that is, the N-terminal dimerization domain and HMG
boxes 3 of UBF (Nbox123); see Figure 1A,B. We first
DNasel-footprinted single and double ERK site mutants of
core UBF (Nbox123) on th¥enopusRPI promoter, Figure
5; see Experimental Procedures. Consistent with the known

the ERK site mutations, suggesting that these mutationsbinding mode of core UBF1@), mutation of HMG box 1

specifically affect the ability of this box to bend DNA.
Phosphorylation of HMG Boxes 1 and 2 Reduces Binding

to Linear but Not Cruciform DNAWhen a coupled MEK-

ERK expression system was us@d); HMG boxes 1 and 2

(Nbox123-T117E) affected the DNA hypersensitivity im-
mediately flanking the binding site of this box a2, +1,
and +22, whereas mutation of the site in HMG box 2
(Nbox123-T201E) did not display these effects. The double

of UBF were also stoichiometrically phosphorylated and mutant T117/201E essentially eliminated all DNase | hy-
assayed for cruciform and linear DNA binding, see Experi- persensitivity due to Nbox123 binding. Surprisingly, none
mental Procedures. The specificity of the ERK2 phospho- of the Nbox123 mutations, including the T117/201E double
rylation was previously describe@)(but was verified here  mutation, significantly affected overall protection of the
for each of the boxes, Figure 1D. Phosphorylation was fully DNA. Titration of DNA accessibility at the initiation site,
blocked by mutation of the ERK sites. Further, MALDI- using the protection/hypersensitivities of base? to +1,
TOF analysis of tryptic digests of box 1 directly identified Figure 5, revealed that the affinity of wild-type Nbox123
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Ficure 4: Phosphorylated HMG boxes 1 and 2 bind cruciform T =t

DNA normally, but have reduced affinity for linear DNA. Wild-
type HMG boxes 1 and 2 were phosphorylated 3P@r mock- pmo:o 3 13 313 213 31 3

phosphorylated “mock” in vitro with activated ERK; see Experi- pgyre 5: Pseudophosphorylation of core UBF affects its ability
mental Procedures. (A and C)Gel shift assays with increasing to induce DNasel hypersensitivity in the RPI promoter but does
amounts of phosphorylated (A) and mock-treated (C) wild-type not affect its ability to protect the DNA nor its DNA affinity. (A)

HMG box 1 and box 2, respectively, with 100 fmol cruciform DNA.  coomassie-stained SBPAGE analysis of the Nbox123 proteins.
(B and D) Phosphorylated and mock-treated wild-type HMG box (B) Footprints of the wild-type (wt) and each of the Nbox123

1 and box 2, respectively (10 pmol), complexed with cruciform mytants as compared with the naked DNA. Nbox123 hypersensitive
DNA (100 fmol) were subjected to a challenge with increasing sjtes are indicated by arrowheads and protection by {(C)

amounts of a linear duplex UCE DNA. Quantitative footprinting of the wt and mutant Nbox123 proteins.
Three amounts of Nbox123 proteins were analyzed, 0.3, 1, and 3

. T : mol. Base itions relativ he initiation si r
and the Tll?/ZO;E ERK site m,Utant were indistinguishable, i?]dicated, angc;ﬁéci)ni?iat(iaoﬁtsi(taet?eg;[ioens dte?fsci)ty sscta(:}njsmzljlrg1 ghown
close to the previously determinég of 20 x 107°M (19), for the gel region indicated (Scans).
while the single site mutants displayed a slightly reduced
affinity.

As with the T-E mutations, ERK phosphorylation did not =+ 14 kDa, core UBF dimer has &, of 147 kDa), Figure
significantly affect the overall binding affinity of Nbox123, 7D,E. However, 85% of the complexes contained half the
but did drastically change the observed pattern of DNA DNA than normally found in thenhancesom8 + 35 bp
hypersensitivity, Figure 6. The Nbox123-T201E mutant was versus the expected 135 bp). The folding of DNA within
used in these experiments to achieve the near-stoichiometriche mutant complexes was also quite unlike that seen in the
phosphorylation of HMG box 1 necessary to observe unmodifiedenhancesomen Figure 7, compare images B
footprinting changes. ERK phosphorylation essentially elimi- and C with A. DNA within the mutant complexes showed
nated the+2 and all other hypersensitive sites associated no sign of a 360 loop and was unusually compacted and
with HMG box 1 binding and bending, but did not affect appeared to be tightly kinked. Thus, even though a dimer of
overall pattern of protection. UBF was present in these complexes, at most only three

Simulated Phosphorylation of the ERK Sites [ms HMG boxes could effectively contact the DNA, leaving half
Enhancesome FormatioWisualization of complexes formed the enhancesome DNA free. A somewhat similar situation
between T117E (box 1) and T201E (box 2) mutant core UBF had previously been observed when UBF dimerization was
and the ribosomal DNA by electron spectroscopic imaging prevented 18). However, in that case, the DNA was clearly
(ESI) revealed that neither form of UBF was able to induce bent into a half enhancesomal turn, quite unlike the com-
the 360 DNA looping characteristic of thenhancesome plexes observed here. Thus, the ERK site mutations not only
in Figure 7, compare examples in panels B and C with panel prevented the interaction of core UBF with a full 135 bp of
A. The ESI technique allows the quantitation of both the enhancesomaDNA but also drastically altered the confor-
protein and DNA composition of individual complexes. A mation of this DNA, preventing the normal in-phase bending
majority (60%) of complexes contained a UBF dimer (137 necessary to form thenhancesome
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FIGURE 6: Increasing levels of ERK phosphorylation of HMG box 8 ean = 58135 bp
1 of core UBF prevent the DNase | hypersensitivity induced by c
this box but not the protection of the rDNA. (A) DNase | ) N &
footprinting of 3 pmol of the single Nbox123-T201E and double |s° - T201E -
-T117/201E HMG box mutants after increasing ERK2 phospho- puaie 1 ° 4 e;':;ie“’t"':e
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(B) Density profile of panel A over the RPI initiation site region,
“Scan” in panel A. ' . 0
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DISCUSSION DNA, b.p.
. FIGURE 7: Formation of theenhancesomeé prevented by UBF
Our data demonstrate that phosphorylation of the MAP- muytations that simulate ERK phosphorylation.«&) Examples
kinase (ERK) sites in HMG boxes 1 and 2 of UBF very of UBF—DNA complexes formed with wild-type core UBF and
significantly changes their interaction with linear but not bent the core UBF-T117E and T201E mutants. The total mass image,
DNA, leading to extensive changes in the structure of the in gray tone, is shown overlayed by the false color net phosphorus

. . (DNA) image in red. The DNA image has been slightly displaced
enhancesoméhosphorylation of UBF by ERK is a neces-  i,yarg the bottom right to aid visibility. The probable DNA

sary step in the activation of ribosomal transcription by trajectories through the complexes are indicated by a line diagram
growth factors such as EGR)( Our data, therefore, show in black. In the case of panels B and C, these trajectories are no
that activation of the ERK signaling cascade more than likely more than conjecture due to compaction of the DNA component.
regulates ribosomal transcription by modulating ribosomal (P and E) The masses of both protein and DNA components of
. o . . the mutant complexes. The measured protein and DNA masses of
DNA folding and its interactions with UBF. The data may 4 T117E and T210EUBF complexes analyzed are given in

also provide the basis for a structural explanation as to why histogram form. The data have been “binned” into 20 kDa or 20

the ERK site mutant UBFs are unable to mediate activation bp intervals, but the mean and standard deviations were calculated

of ribosomal gene transcriptiot2)( directly from the “unbinned” data. The expected UBF protein
The molecular basis for the architectural changes inducedgiﬂggﬁagﬂge‘iﬁnﬂ% masses are indicated as is the DNA content

; 9.

by ERK phosphorylation of UBF can be deduced from the

effects ERK phosphorylation and pseudophosphorylation

(T—E mutation) of the HMG boxes have on their DNA of core UBF, associated with only half thehancesomal

binding properties. We previously showed that ERK phos- DNA. Further, the DNA that remained closely associated

phorylation partially abrogates the interaction of the UBF with the mutant complex, though compacted, no longer

HMG box 1 with a linear target DNAZ). The present data  displayed the 360coiling characteristic of thenhancesome

show that pseudophosphorylation of both HMG boxes 1 and The inability to coil DNA was clearly consistent with the

2 significantly reduced their affinities for linear target DNA. conclusion that the individual mutant HMG boxes were

However, these same mutations had little or no effect on unable to bend DNA. The fact that mutant complexes

binding to cruciform (“bent”) DNA. The same was true for contained only half the normahhancesomBNA may also

the stoichiometrically phosphorylated HMG boxes of UBF. be indicative of a change in the bending capacity of the HMG

The data suggest that ERK site phosphorylation and ERK boxes; see below.

site mutation act in a very similar way, not so much to  ESI studies have strongly suggested that the DNA

prevent DNA binding as to reduce the capacity of the boxes architecture of theenhancesomeesults from six in-phase

to bend DNA. This was confirmed when the DNA affinity bends induced by six HMG boxes of a dimer of UBF, Figure

of mutant core UBF and the low-resolution structures of 1A (18, 21). For each of these bends to be in-phase, the

mutantenhancesomesere determined. Complexes formed relative position of HMG box binding must be precisely

between pseudophosphorylated core UBF, and linear ribo-defined. Each HMG box of UBF is tethered to the previous

somal DNA displayed a loss of DNasel hypersensitivity, but box by a conserved inter-box peptide. In the case of boxes

little or no change in DNA binding constant was detected. 1 and 2, this peptide is so short that it is necessary to postulate

The complexes predominantly contained the expected dimerthese boxes sit head-to-head along the DNA);( see
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A)

Dimerisation HMG boxes

b 8

Ficure 8: Diagrammatic representation of the possible effects of HMG box phosphorylation on the capacity of the adjacent HMG boxes
to bind to DNA. The HMG boxes are shown as blue ellipsoids joined by rigid linker peptides. (A) When the HMG boxes are not
phosphorylated, the minor groove binding sites for adjacent HMG boxes lie aligned along the upper surface of the DNA (red/purple). (B)
When the N-terminal and/or second HMG box is phosphorylated, it is loosened from the DNA. The resulting loss of bending and unwinding
of the DNA helix decreases its pitch displacing the minor groove binding sites, making them inaccessible to the subsequent boxes. A large
segment of the DNA is, thus, cooperatively released from UBF.
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