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Abstract: Many chromatin-associated proteins contain two sequence motifs rich in phenylalanine/
tyrosine residues of unknown function. These so-called FYRN and FYRC motifs are also found in
transforming growth factor beta regulator 1 (TBRG1)/nuclear interactor of ARF and MDM2 (NIAM),
a growth inhibitory protein that also plays a role in maintaining chromosomal stability. We have
solved the structure of a fragment of TBRG1, which encompasses both of these motifs. The FYRN
and FYRC regions each form part of a single folded module (the FYR domain), which adopts a
novel o + P fold. Proteins such as the histone H3K4 methyltransferases trithorax and mixed lineage
leukemia (MLL), in which the FYRN and FYRC regions are separated by hundreds of amino acids,
are expected to contain FYR domains with a large insertion between two of the strands of the

p-sheet.
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Introduction

In recent years, it has become clear that chromatin
structure plays a central role in regulating proc-
esses, such as transcription, DNA repair, and DNA
replication. Consequently, proteins that modify or
remodel chromatin are currently subject to intense
interest. Many of these proteins are modular and
contain domains that reoccur in numerous nuclear
proteins.! The FYRN and FYRC sequence motifs are
two poorly characterized phenylalanine/tyrosine-rich
regions of around 50 and 100 amino acids, respec-
tively, that are found in a variety of chromatin-asso-
ciated proteins [Fig. 1(A)].' They are particularly
common in histone H3K4 methyltransferases most
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notably in a family of proteins that includes human
mixed linage leukemia (MLL) and the Drosophila
melanogaster protein trithorax. Both of these
enzymes play a key role in the epigentic regulation
of gene expression during development,® and the
gene coding for MLL is frequently rearranged in
infant and secondary therapy-related acute leuke-
mias.'® They are also found in transforming growth
factor beta regulator 1 (TBRG1), a growth inhibitory
protein induced in cells undergoing arrest in
response to DNA damage and transforming growth
factor (TGF)-pl.'! As TBRG1 has been shown to
bind to both the tumor suppressor pl4ARF and
MDMZ2, a key regulator of p53, it is also known as
nuclear interactor of ARF and MDM2 (NIAM).'? In
most proteins, the FYRN and FYRC regions are
closely juxtaposed, however, in MLL and its homo-
logues they are far distant and it is not clear if each
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Figure 1. A: Domain architectures of selected proteins that contain FYRN and FYRC motifs. For convenience only the
C-terminal regions of MLL and MLL2 are shown. The taspasel cleavage sites in MLL are indicated with arrows. ATX1, JMJ16
and AtMBDS are all proteins from Arabidopsis thaliana. ATX1 is a histone H3K4 methylase* and JMJ16 is a Jumonji C (Jm|C)
domain containing histone H3K4 demethylase.’> AtMBDS is a methyl-CpG binding domain (MBD) containing protein involved
in plant development.® Q01FM8 is a chromodomain helicase from the alga Ostreococcus tauri.” The domains shown are
those identified by the SMART database.® B: Crystal structure of the FYR domain of TBRG1 shown as ribbon model in
stereoview. Secondary structure elements are labeled. The FYRN and FYRC regions are colored in blue and red, respectively.

motif corresponds to an independent protein module
or if both motifs are components of a single domain.
To be fully active, MLL must be proteolytically proc-
essed by taspasel, which cleaves the protein
between the FYRN and FYRC regions.!®* The
N-terminal and C-terminal fragments remain associ-
ated after proteolysis apparently as a result of an
interaction between the FYRN and FYRC regions.
How proteolytic processing regulates the activity of
MLL is not known. Intriguingly, the FYRN
and FYRC motifs of a second family of histone
H3K4 methyltransferases, represented by MLL2
and MLL4 in humans and TRR in Drosophila
melanogaster, are closely juxtaposed.

Although FYRN and FYRC motifs are found in
proteins that play important roles in the regulation
of cell growth and differentiation, little is known
about their structure and function. In this study, we

Garcia-Alai et al.

report the crystal structure of a fragment of TBRG1
that contains these motifs and show that each forms
part of a single protein module, which adopts a novel
o + B fold. The structure provides insights into how
these motifs mediate the heterodimerization of the
products of the proteolytic processing of MLL and
allows the identification of potential ligand binding
sites.

Results and Discussion

The FYRN and FYRC regions of TBRG1 are
components of a single domain FYR

with a novel o + B fold

Attempts were made to express and purify the
FYRN/FYRC regions of several of the proteins in
which they are closely spaced. A fragment of TBRG1
(residues 179-324), proved the most amenable to
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Figure 2. Thermodynamic stability of the FYR domain.

A: Denaturation curves of a fragment of TBRG1 that
encompasses the FYRN and FYRC motifs fitted to a
two-state model following the intrinsic fluorescence of
tryptophan (left: y-axis; white circles, dotted line) and molar
ellipticity at 222 nm (right: y-axis; black circles, dashed line)
as a function of [GdmCI]. B: Thermal denaturation of the
same protein monitored by DSC. The apparent melting
temperature (T,,,) is 41.8°C.

study as it could be easily expressed in E. coli, was
simple to purify and readily crystallized. Chemical
denaturation of this protein by GdmCl shows a coop-
erative unfolding profile typical of a two-state transi-
tion when monitored both by intrinsic tryptophan
fluorescence and by circular dichroism [Fig. 2(A)].
Thermal denaturation of the protein monitored by
differential scanning calorimetry (DSC) also
revealed a single unfolding transition with a mid-
point of 41.8°C [Fig. 2(B)]. This data indicates that
in TBRG1 the FYRN and FYRC regions are not sep-
arate independently folded domains but are compo-
nents of a distinct protein module. Crystals of the
protein were grown by hanging-drop vapor diffusion,
and its structure was determined to 1.6 A resolution
using multiple wavelength anomalous dispersion
phasing and a selenomethionine-substituted deriva-
tive (Table I). The FYRN and FYRC motifs both
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form part of a single FYR domain that adopts an
o + P fold consisting of a six-stranded antiparallel
B-sheet followed by four consecutive o-helices
[Fig. 1(B)]. The FYRN region corresponds to
B-strands 1-4 and their connecting loops, whereas
the FYRC motif maps to B-strand 5, B-strand 6 and
helices ol to a4. The two central B-strands are
twisted and much longer than those at the periphery
of the B-sheet (strands 1 and 6). Strands 2 and 3 are
connected through the longest loop in the protein,
which is stabilized by a network of hydrogen bonds.
A short turn connects B-strand 6 to helix o1, and a
longer loop places the short helix o2 in an L-shaped
conformation with respect to ol. This motif is fol-
lowed by two a-helices displaying a similar L-shaped
conformation (a3-loop-a4). A search of the protein
data bank using DALI'® revealed no significant simi-
larity to other structures.

Role of conserved residues

A structure-based sequence alignment of selected
FYRN/FYRC motifs is shown in Figure 3(A). Most of
the conserved tyrosine and phenylalanine residues,
after which these motifs are named, are involved in
interactions that stabilize the fold. The side chains
of Y216, Y234, F247, and F294, for example, all
form part of the main hydrophobic core of the pro-
tein that comprises residues in the helices, the sheet
and some of the loop regions [Fig. 3(B)]. The other
residues that make up this core are also conserved
or are replaced by other hydrophobic amino acids.
Y317 and F322 are in an extended loop region at the
C-terminus of the protein and are involved in hydro-
phobic interactions that help to position the C-termi-
nus of the domain close to the N-terminus, a feature
often seen in protein modules [Fig. 3(B)]. The side
chains of most of the conserved tyrosines form
hydrogen bonds that stabilize the fold. The hydroxyl
of Y234 in strand 4 hydrogen bonds to the carbonyl
of A223 and the amide of M225, which are in the
turn between strands 3 and 4. Other residues
are involved in long-range hydrogen bonds that link
the two motifs. The hydroxyl of Y222, which is at
the end of B-strand 3, for example, hydrogen bonds
to the Ne group of H268 in ol [Fig. 3(D)]. Although
H268 is replaced by a tryptophan in most other
FYRC motif containing proteins, it is likely that sim-
ilar interactions are formed with the Ne group of
this amino acid. The hydroxyl of Y216 forms a
hydrogen bond with the carbonyl group of F294,
which is at the C-terminus of helix 2. Interestingly,
the carbonyl groups of the two preceding residues in
this helix form hydrogen bonds with the side chain
of a highly conserved arginine (R220) in B-strand 3,
suggesting that the correct positioning of this helix
is critical to the stability of the fold [Fig. 3(D)]. Anal-
ysis of the conservation of solvent-exposed residues
using the ConSurf server'® reveals two potentially
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Table I. Summary of Data Collection and Refinement Statistics of the FYR Domain of TBRG1

Native SeMet
Data collection
Space group P32 P3:2:
Cell dimensions
a, b, c A) 53.867, 53.867, 91.297 53.976, 53.976, 91.297
o, B, v (°) 90, 90, 120 90, 90, 120
Molecules/AU 1 1
Peak Inflection Remote
Wavelength A) 0.9796 0.9797 0.9798 0.9763
Resolution (A) 32.6-1.6 41.6-2.0 32.6-2.0 32.6-2.0
Rgym Or Rpperge” 0.079 (0.422) 0.068 (0.163) 0.054 (0.134) 0.059 (0.160)
I/cl 18.8 (5.7) 23.7 (12.3) 20.0 (10.0) 17.4 (8.3)
Completeness (%) 99.8 (98.9) 98.7 (97.9) 98.9 (98.0) 98.5 (97.6)
Redundancy 10.3 (10.4) 10.5 (10.9) 5.3 (5.5) 5.3 (56.5)
Refinement
Resolution (A) 23.3-1.6
No. reflections 20876
Ruork/Rirec” 0.178, 0.202
No. atoms
Protein 1118
Ligand/ion 6 (2 Glycerol)
Water . 160
B-factors (A%)
Protein 19.64
Ligand/ion 28.09
Water 29.24
RM.S.D. ]
Bond lengths (A) 0.012
Bond angles (°) 1.391
Ramachandran® 90.0%, 0.0%

Values in parentheses refer to the last resolution shell.

* Roym = ZpZ; 1 I(h,i)—I(h) | /Z,Z; I(h,i) where I(h,i) are symmetry related intensities and I(h) is the mean intensity of the

reflection with unique index .

b Rryst (%) = ZIF, — F.|I/ZF,, where, F, is the observed structure factor amplitude, and F_ is the structure factor calcu-

lated from the model.

 Riree (%) is calculated in the same manner as R.ys using 5% of all reflections excluded from refinement stages using

high-resolution data.
4 R.M.S.D., root-mean-square deviation.

¢ Percentage of residues in the “most favored region” of the Ramachandran plot and percentage of outliers (PROCHECK).

functionally important regions [Fig. 3 (C,D)]. One of
these consists of a pocket on the protein surface
lined by Y212 and F247, which also contains a
highly conserved serine (S263). The second group of
conserved solvent-exposed residues includes Y222
and R220. Two tryptophan residues, corresponding
to A223 and H268 in TBRG1, that are conserved in
FYRN/FYRC motifs from chromatin-associated pro-
teins are also predicted to be located in this region
of the protein, which would result in a different
shape complementarity of this surface patch and
hence potentially different molecular recognition fea-
tures of the FYR domain.

Implications for the proteolytic

processing of MLL

Based on the degree to which structurally important
residues are conserved, in particular those that par-
ticipate in long-range interactions that link the
FYRN/FYRC regions, it is likely that in other pro-
teins these motifs adopt a similar fold to that seen
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in TBRG1. For proteins such as MLL, in which the
FYRN/FYRC motifs are separated by hundreds of
amino acids, the structure is expected to contain a
large insertion between strands 4 and 5 of the sheet.
This would explain why, when MLL is cleaved
between the FYRN/FYRC motifs, the products of the
reaction remain associated, as during this process
the protein essentially is cut within an exposed loop
of a folded domain. Why the FYRN/FYRC motifs of
MLL and related proteins, but not those of the
MLL2/MLL4 family of histone methyltransferases,
have a protease cleavable insertion between them is
not clear. Proteolytic processing is required for the
correct nuclear sublocalization of MLL, although the
mechanism by which this is achieved has not been
determined. It seems unlikely that the cleavage of
this loop would directly affect the structure or func-
tion of the fold. It has been suggested that in the
uncleaved form of MLL the FYRN and FYRC
regions are held in a conformation that prevents
them from associating and proteolysis allows them
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Figure 3. Sequence conservation in FYR domains. A: Structure-based alignment of the sequences of selected FYR domains.
The large insertions in MLL and related proteins are indicated in parentheses. Residues are colored based on degree of
sequence conservation. B: Ribbon representation of the TBRG1 FYR domain showing the position of conserved phenylalanine
and tyrosine residues in the hydrophobic core of the domain in green. C: Surface representation of the TBRG1 FYR domain
highlighting conserved solvent-exposed residues. Highly conserved residues are colored green. Residues equivalent to the
tryptophan residues conserved in chromatin-associated FYR domains are colored yellow. D: Stereo view of the two
conserved surfaced patches. Hydrogen bonds mediated via the side chains of R220 and Y222 are highlighted with a black
dashed line. The color-coding is the same as in panel (C).

to come together to form a functional unit.!®> This  regions are integral to the fold and the potential
hypothesis is consistent with the structural data  binding sites identified from sequence conservation
presented here, as both the FYRN and FYRC are composed of residues from either side of the
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cleavage site. It is, however, possible that the prote-
ase targets a regulatory module located within the
insertion between the FYRN and FYRC regions and
their role in proteolytic processing is only to serve as
a means of ensuring that the resulting fragments do
not dissociate. It will only be possible to distinguish
between these possibilities once the function of these
motifs in MLL and related proteins has been
established.

FYRN and FYRC motifs are found in association
with modules that create or recognize histone modi-
fications in proteins from a wide range of eukar-
yotes, and it is likely that in these proteins they
have a conserved role related to some aspect of chro-
matin biology. Based on the structural data reported
here, a binding rather than a catalytic function
seems more likely. The nature of a potential ligand,
however, remains unclear, as the FYR domain does
not resemble any of the protein modules known to
recognize potential binding partners such as modi-
fied histones. TBRG1-like proteins, in contrast, are
restricted to metazoans and appear to have evolved
in parallel with the p53/MDM2 pathway.'”!® As dis-
cussed above, the sequences of TBRG1-like FYRN
and FYRC motifs are distinct from those in other
proteins. Although TBRG1 is located in the nucleus,
it has not so far been shown to be associated with
chromatin. While it is possible that in TBRG1 these
motifs have a similar role to those in other proteins
and help to link the antiproliferative pathways in
which it is involved with chromatin, it is also possi-
ble that they may have acquired an alternative func-
tion. Even though FYRN and FYRC motifs are found
in an array of biologically and medically important
proteins, there is still, clearly, much to be learnt
about their function, and the data reported here will
provide a structural basis for these efforts.

Materials and Methods

Protein expression and purification

The DNA coding for residues 179-324 of human
TBRG1 was amplified by PCR from a human ¢cDNA
library (Clontech) and cloned into a modified
pRSETA (Invitrogen) expression vector containing a
hexahistidine-tagged lipoyl domain and a TEV cleav-
age site. Protein was expressed in E. coli C41(DE3)
and purified by Ni-affinity chromatography followed
by TEV protease cleavage. This was followed by a
second Ni-affinity chromatography step to remove
the cleaved fusion partner and gel filtration.

CD and fluorescence spectroscopy

CD measurements were performed using a Jasco
J-815 spectropolarimeter. FYR domain (20 mM) was
incubated with different concentrations of guanidi-
nium hydrochloride [GdmCl] for 4 h in 20 mM Tris
pH 7.5, 150 mM NaCl, and 1 mM DTT, while follow-
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ing the amplitude of the negative band at 222 nm as a
function of denaturant. Fluorescence measurements
were recorded on a Cary Eclipse fluorescence spectro-
photometer equipped with a Hamilton Microlab titra-
tor controlled by laboratory software. The excitation
and emission wavelengths were 296 and 330 nm,
respectively. Slit widths for both excitation and emis-
sion were kept at 7 nm, with a photomultiplier volt-
age of 600 V. Samples (1.4 mL) containing 5 uM FYR
domain in 20 mM Tris pH 7.5, 150 mM NaCl and
1 mM DTT were thermostatted at 25 + 0.1°C with
constant stirring. Refolding was carried out by inject-
ing 30 uL into an equal volume of 6 M GdmCl solution
containing an equimolar concentration of FYR
domain. The time between injections was 6 min.

Differential scanning calorimetry

Calorimetric measurements were performed by using
a VP-DSC microcalorimeter (MicroCal), equipped
with an AutoSampler. Scans were obtained at a
protein concentration of 180 uM, in buffer containing
50 mM potassium phosphate pH 7.2, 150 mM NaCl
and 1 mM DTT. A scan rate of 50°C/h was used over a
temperature range from 10-110°C. The reversibility
of the transition was checked by cooling and reheat-
ing the same sample. Results from the DSC measure-
ments were analyzed with the MicroCal Origin™
program.

Crystallization and structure determination

The FYR domain was crystallized at 3.4 mg/mL by
sitting-drop vapor diffusion in 1.0 M K/Na tartrate
and 100 mM HEPES, pH 7.5 at 17°C. Crystals used
for phasing were grown using selenomethionine-sub-
stituted FYR domain at the same concentration and
conditions as for the native proteins. The crystals
were flash-frozen in liquid nitrogen after the addi-
tion of glycerol to 20%. The FYR domain crystals
belonged to the spacegroup P3,2; with one molecule
in the asymmetric unit. Cell constants and crystallo-
graphic data are summarized in Table I. Datasets
were collected at beamline 102 of the Diamond Light
Source (native and seleno-methionine). All data
were indexed and integrated with MOSFLM and
further processed using the CCP4 package.!® Ini-
tially, five selenomethionine sites were found with
SHELXD?® using the peak dataset (Table I). The
coordinates of these sites were imported into
SHARP?! and phases were calculated using the
inflection and remote datasets. The model was built
manually with the program MAIN and refined using
CNS? and PHENIX.?® The coordinates and struc-
ture factors have been deposited in the protein data
bank (www.pdb.org) with the accession code 2wzo.
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