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ABSTRACT: The SLIP1—SLBP complex activates translation of SLIP1 dimer SLBP phosphorylation
replication-dependent histone mRNAs. In this report, we describe
how the activity of the SLIPI-SLBP complex is modulated by
phosphorylation and oligomerization. Biophysical characterization
of the free proteins shows that whereas SLIP1 is a homodimer
that does not bind RNA, human SLBP is an intrinsically
disordered protein that is phosphorylated at 23 Ser/Thr sites
when expressed in a eukaryotic expression system such as
baculovirus. The bacterially expressed unphosphorylated SLIP1—
SLBP complex forms a 2:2 high-affinity (K;, < 0.9 nM) heterotetramer that is also incapable of binding histone mRNA. In
contrast, phosphorylated SLBP from baculovirus has a weak affinity (K, ~3 pM) for SLIP1. Sequential binding of
phosphorylated SLBP to the histone mRNA stem—loop motif followed by association with SLIP1 is required to form an “active”
ternary complex. Phosphorylation of SLBP at Thrl71 promotes dissociation of the heterotetramer to the SLIP1—SLBP
heterodimer. Using alanine scanning mutagenesis, we demonstrate that the binding site on SLIP1 for SLBP lies close to the
dimer interface. A single-point mutant near the SLIP1 homodimer interface abolished interaction with SLBP in vitro and reduced
the abundance of histone mRNA in vivo. On the basis of these biophysical studies, we propose that oligomerization and SLBP
phosphorylation may regulate the SLBP—SLIP1 complex in vivo. SLIP1 may act to sequester SLBP in vivo, protecting it from
proteolytic degradation as an inactive heterotetramer, or alternatively, formation of the SLIP1—SLBP heterotetramer may
facilitate removal of SLBP from the histone mRNA prior to histone mRNA degradation.
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Replication—dependent histone mRNAs synthesize histone synergizes with the cap to stimulate translation in vivo.” SLBP
proteins that package newly replicated DNA into is also required for the translation of histone mRNAs and is
chromatin." Instead of a poly(A) tail, they end in a 26- found on polysomes in the presence of an intact stem—
nucleotide stem—loop structure in their 3'UTR. This sequence loop.>'®"" In a heterologous yeast system using reporter
forms the binding site for stem—loop binding protein (SLBP).” mRNAs, the physical interaction of SLBP with the translation
SLBP functions in processing of the histone pre-mRNA in the initiation machinery was found to require eIF4G and elF3'°
nucleus,” in export of the histone mRNP* to the cytoplasm, and (Figure 1A of the Supporting Information). The translation
in translation® and regulation of the stability® of the histone regulatory functions of SLBP have been mapped using deletion
mRNA. Similar to the poly(A) tail on poly(A)-containing mutagenesis to a 1S5-amino acid region in the N-terminal
mRNAs, the stem—loop cis element at the 3’ end of histone domain of human SLBP® (Figure 1C of the Supporting
mRNAs is necessary for efficient histone protein synthesis in Information). Multiple interactions between SLBP and the
vivo®™® (Figure 1A of the Supporting Information). Early
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elF4F complex have been proposed,'®™"” yet the molecular

details of these complexes and the mechanism of SLBP-
mediated translation regulation remain to be understood.

Recently, another histone mRNA-specific translation initia-
tion factor was identified in mammalian cells called SLBP-
interacting protein (SLIP1)'* (Figure 1B of the Supporting
Information). Human SLIP1 (hSLIP1) is important for
upregulating histone protein synthesis via a direct protein—
protein interaction with SLBP. hSLIP1 is a 222-amino acid
protein (M, ~ 26 kDa) that on the basis of sequence homology,
belongs to the “middle domain of eukaryotic initiation factor
4G domain” (MIF4GD) family of proteins in the Pfam
database'*™'* (Figure 1B of the Supporting Information).
Other members of the MIF4GD family that are homologous to
hSLIP1 include the middle domain of eIF4G,16 PAIP1,"
DAPs5,'* PDCD4," Upf2,*° CTIF,>' and CBP80.>* hSLIP1
interacts specifically with the 15-residue translation activation
region in Xenopus SLBP1 (also conserved in human SLBP) and
stimulates the translation of histone mRNAs in Xenopus
oocytes.12

It is not known how hSLIP1 and hSLBP regulate the
translation of histone mRNAs. The proposed model is one in
which hSLIP1 may form a bridge between hSLBP and the
eIF4F initiation complex at the 5" end of the mRNA'* (Figure
1A of the Supporting Information). Direct association of
hSLIP1 with eIF3 has recently been shown to be important for
efficient histone mRNA translation.”® The crystal structure of a
protein (UniProt entry QSEAQI) from Danio rerio (zebrafish)
that is 72% identical in sequence to hSLIP1 (Figure 2 of the
Supporting Information) has been determined to a resolution
of 1.92 A as a protein of unknown function as part of the CESG
Structural Genomics Consortium [Protein Data Bank (PDB)
entry 2120]** (Figure 1B of the Supporting Information). The
protein has been annotated as MIF4Gdb in the UniProt
knowledgebase. MIF4Gdb is a homodimer in the asymmetric
unit in the crystal (Figure 1B of the Supporting Information),
although several dimers pack against each other in the unit cell.
Each MIF4Gdb homodimer is a crescent-shaped molecule
composed of 13 a-helices and two 3,j-helices that forms six
HEAT-like motifs.”> Each monomer resembles the middle
domain of eIF4G (MIF4G) in its overall folding topology. The
overall structure® is consistent with MIF4Gdb being a
molecular adaptor that could act as a scaffold for protein—
protein interactions to help assemble components of the
protein translation machinery.

To understand the structure and mechanism of assembly of
hSLBP and hSLIP1 proteins on histone mRNA, we formed
complexes of unphosphorylated and phosphorylated full-length
human SLBP (hSLBP) with hSLIP1 and characterized their
biophysical properties by gel filtration, analytical ultracentrifu-
gation (AUC), and atomic force microscopy (AFM). We report
that the unphosphorylated hSLBP—hSLIP1 complex exists in a
2:2 stoichiometry to form a high-affinity (K, < 0.9 nM)
heterotetramer that is incapable of binding histone mRNA.
Formation of the hSLBP—hSLIP1—-histone mRNA ternary
complex requires pre-binding of the hSLBP monomer to the
histone mRNA stem—loop, followed by interaction with
hSLIP1. Characterization of the bacterially expressed trans-
lation activation domain of hSLBP (residues 1—110) by NMR
spectroscopy shows that the N-terminal domain of hSLBP is
disordered in solution. Using mass spectrometry, we have
identified 23 new phosphorylation sites in the baculovirus-
expressed hSLBP protein that may also be sites of
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phosphorylation in mammalian cells. To identify the binding
interface on hSLIP1 for hSLBP, we used the structure of
MIF4Gdb as a guide to design a number of single-site mutants
in hSLIP1. The affinity of mutant hSLIP1 proteins for full-
length baculovirus-expressed hSLBP was measured by Surface
Plasmon Resonance (SPR). A single-point mutant R202A
hSLIP1 that lies close to the hSLIP1 homodimer interface
abrogated binding to hSLBP in vitro but had no effect on the
structure or oligomeric properties of hSLIP1. In vivo biological
studies confirmed the importance of this residue in regulating
histone mRNA abundance. These data support a model in
which both oligomerization and phosphorylation play im-
portant regulatory roles in the assembly of the hSLBP—
hSLIP1-RNA complex. The functional implications of
hSLBP—hSLIP1 complex hetero-oligomerization and hSLBP
phosphorylation for regulation of histone gene expression are
discussed.

B EXPERIMENTAL PROCEDURES

Protein Expression. Full-length phosphorylated human
SLBP was expressed in a baculovirus expression system as
previously described.”® hSLIP1, hSLIP1 mutants, and the N-
terminal domain of hSLBP (residues 1—110, WT and W75A)
were expressed as (His)q-tagged proteins from vector pET28a
(Novagen). The proteins were purified using Ni*" affinity and
gel filtration chromatography using standard protocols. hSLIP1
and hSLBP mutants were made using Quickchange muta-
genesis (Stratagene). Uniformly “N-labeled and "*N- and "*C-
labeled N-terminal domains (hSLBP-ND) of WT and W75A
hSLBP (1—110) were generated for NMR studies by expressing
the proteins in M9 minimal medium with ["*NJammonium
chloride and [**C]glucose as the sole sources of N and '*C,
respectively. MIF4Gdb from D. rerio was expressed as a
maltose-binding protein (MBP) fusion protein. The MBP tag
was cleaved with TEV protease. hSLIP1 was co-expressed with
full-length hSLBP in Escherichia coli from vector pRSF-Duet
(Novagen). The hSLIP1 protein has a (His)s tag, whereas
hSLBP was untagged. The complex was purified using nickel
affinity chromatography followed by gel filtration chromatog-
raphy. The mutant (R202A hSLIP1—-hSLBP) and the N-
terminal domain of human SLBP (residues 1—100) (hSLIP1—
hSLBP100) complexes were expressed and purified like the
wild-type hSLIP1—hSLBP complex. Formation of the complex
between the respective proteins was monitored on a HiPrep
Sephacryl 200 26/60 column (GE) equilibrated in phosphate-
buffered saline (pH 7.4) and run at a flow rate of 0.5 mL/min.
The column was standardized with RNase A, carbonic
anhydrase, cytochrome ¢, BSA, and blue dextran.

Mass Spectrometry. Baculovirus-expressed phosphory-
lated hSLBP proteins were treated with a chloroform/water/
methanol mixture to remove trace amounts of detergent. The
intact protein mass was determined on a Waters Qtof-Micro
mass spectrometer, with detailed sample preparation and
instrument parameter settings described in the Supporting
Information.

For the determination of phosphorylation sites of hSLBP,
full-length hSLBP was enzymatically digested, phosphopeptides
were enriched with titanium oxide, and liquid chromatography
with tandem mass spectrometry (LC—MS/MS) was performed
on an LTQ Orbitrap Elite MS system. Data were searched
utilizing a MASCOT Protein Search engine. Detailed methods
for sample preparation, instrument settings, and database
searching are described in the Supporting Information.
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NMR Spectroscopy. hSLBP and hSLIP1 proteins used for
NMR experiments were dissolved in 20 mM Tris-acetate buffer,
50 mM NaCl, and a 90% H,0/10% D,O mixture (pH 6.0).
NMR data were collected on either a Varian Inova 600 MHz
spectrometer equipped with a S mM z-gradient triple-resonance
probe or an Inova 700 MHz spectrometer with a cryoprobe.
Heteronuclear NMR experiments used to obtain backbone
assignments of human SLBP (residues 1—110, W75A) were
two-dimensional (2D) '"H-"N HSQC, 'H-"3C HSQC, three-
dimensional (3D) HNCA, 3D HN(CO)CA, 3D CBCA(CO)-
NH, 3D HNCACB, and 3D CCC-TOCSY. A 75 ms 3D
N-'H NOESY-HSQC spectrum was also collected. In-
formation about backbone dynamics was obtained from
measurement of "N relaxation rates. >N T, and T, relaxation
rates and steady-state {'H}—"N NOEs were measured using
well-established pulse sequences.”” All relaxation rate and
steady-state {"H}—'°N NOE experiments were conducted at 25
°C and 600 MHz. For the T, experiments, 512 X 256 complex
points were collected with relaxation delay times of 10, 100,
200, 300, 400, 600, 800, 1000, and 1200 ms; the T, experiments
were performed with relaxation delay times of 14.4, 28.8, 57.6,
86.4,100.8, 115.2, 129.6, 144, 158.4, and 172.8 ms. The steady-
state {'"H}—"°N NOE experiment was performed by collecting
two identical data sets recorded with and without proton
presaturation. The saturation period consisting of a train of
120° proton pulses was 4.9 s. The interscan delay period was S
s. NMR chemical shift mapping experiments were performed
on an Inova 700 MHz spectrometer equipped with a cryoprobe.
Unlabeled hSLIP1 was titrated into a solution of '*N-labeled
hSLBP-ND, and the perturbations were mapped in the hSLBP-
ND 'H-"N TROSY spectrum as a function of increasing
SLIP1 concentration.

Analytical Ultracentrifugation (AUC). Sedimentation
velocity experiments were performed on a Beckman Optima
XL-I analytical ultracentrifuge equipped with Rayleigh optics.
The cells were equipped with sapphire windows and 12 mm
charcoal-filled Epon centerpieces. Apparent sedimentation
coefficient distribution 0patterns were computed by the time
derivative method.”®>° The hSLIP1 dimer and hSLBP—
hSLIP1 complex fractions from gel filtration were dialyzed
extensively against phosphate-buffered saline (PBS) at 4 °C
overnight and then subjected to AUC at 50000 rpm and 20 °C.
The molar mass was computed from sedimentation velocity
profiles using SEDANAL, which uses a nonlinear least-squares
curve fitting algorithm to fit data to solutions of the differential
equation (the Lamm equation) describing sedimentation. Fits
were performed on time difference data to remove the time-
independent systematic baseline components. Values of s and D
produced by the fitting procedure were substituted into the
Svedberg equation to obtain the molar mass of the protein, M,:

o

_ RT S
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2

where p is the density of the buffer and v, is the partial specific
volume of the protein, which were computed from the amino
acid sequence using Sednterp.31 The frinctional ratio, f/f,, was
computed from the following two relationships:
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where the symbols have their usual meaning.

AFM Sample Preparation and Imaging. For sample
deposition, a specially modified mica surface (APS mica) was
prepared by incubation of freshly cleaved mica in 167 uM 1-(3-
aminopropyl)silatrane as previously described.**"** hSLIP1,
hSLBP, and hSLBP—hSLIP1 complex samples were deposited
on the APS mica immediately after dilution with PBS buffer.
The sample concentrations were 8 and 24 nM for free hSLIP1
and SLBP, respectively, and 2—8 nM for the complexes.
Samples were incubated on the APS mica surface for 2 min,
washed with deonized water (AquaMax Ultra, LabWater.com),
and dried in a stream of argon gas. All AFM images were
acquired in air using a MultiMode AFM NanoScope IV system
(Veeco/Bruker Instruments, Santa Barbara, CA) operating in
tapping mode. Regular tapping mode silicon probes (Olympus,
Asylum Research, Santa Barbara, CA) with a spring constant of
~42 N/m and a resonance frequency between 300 and 320
kHz were used. Volume analysis was performed using the enum
tool in FemtoScan [Advanced Technologies Center, Moscow,
Russia (http://www.nanoscopy.net/manual/en/nodel16.
html). Protein volumes were converted into masses (in
kilodaltons) based on the conversion coefficient of 1.3 obtained
from the volume measurement for proteins with known
molecular masses as described previously.>> The data were
summarized as histograms using OriginLab (OriginLab Corp.,
Northampton, MA).

Surface Plasmon Resonance (SPR). Kinetic SPR studies
were performed on a Biacore X instrument. A biotinylated
hSLBP antibody was made toward the C-terminal 13 amino
acids of hSLBP and was immobilized on a Biacore SA
(streptavidin) sensor chip. Approximately S0—60 response
units (RUs) was loaded onto the chip. Baculovirus-expressed
phosphorylated SLBP was bound to the antibody and the RUs
monitored as they reached the expected R, The chip was
primed in BiaCore HBS-P buffer [10 mM Hepes (pH 7.4), 150
mM NaCl, and 0.005% Surfactant P20]. The hSLIP1 analyte
concentrations were in the range of 1—50 uM, and all samples
were prepared by dialyzing the hSLIP1 and hSLBP stock
solutions against HBS-P buffer for 8—12 h. For determination
of hSLBP—hSLIP1 binding kinetics, 120 uL of either wild-type
or mutant hSLIP1 was injected onto the chip in the association
phase at a flow rate of 30 pL/min followed by a 10 min
dissociation phase during which only HBS-P buffer was
injected. The bound protein was removed by short 20 s
injection bursts of 3 M NaCl to restore the baseline. At least
four or five sensorgrams were collected with varying protein
concentrations. The data were analyzed using BiaEvaluation
version 3.0. The control channel was subtracted; the sensor-
grams were aligned, and the data for four or five sensorgrams
were globally fit by least-squares analysis to a 1:1 Langmuir
binding model. Both the association and dissociation phases
were fit simultaneously. The best fit of the data was determined
by the randomness of the residuals and the lowest value of y*
(goodness of fit) obtained. At least two independent sets of
measurements were performed for each protein.

Computational Prediction of Protein—Protein Inter-
action Sites on SLIP1. To identify putative hot spots of
interaction on hSLIP1 for hSLBP, we used the MIF4Gdb
crystal structure as an input into Consurf (http://consurf.tau.
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Figure 1. Human SLIP1 is a novel homodimer that does not bind RNA. (A) Gel filtration profiles for hSLIP1 and the zebrafish orthologue called

MIF4Gdb on an 5200 column (GE). hSLIP1 and MIF4Gdb migrate as

higher-order oligomers as well as at the apparent molecular mass of the dimer

(M, ~ 52 kDa). (B) Sedimentation velocity profiles of hSLIP1 in the absence and presence of RNA. The samples were dialyzed against 10 mM
potassium phosphate buffer (pH 7.4), 140 mM NaCl, and 2.7 mM KCl. For each sample, two different concentrations are shown (0.5 and 0.17 mg/
mL). Sedimentation velocity profiles for hSLIP1 samples in the presence of a 2-fold molar excess of the histone mRNA stem—loop are colored cyan
and pink. (C) AFM images of hSLIP1 at 24 nM. Blue arrows point to the two monomers. The hSLIP1 dimers are elongated in shape. (D)
Histograms summarizing the volume measurements for the unbound hSLIP1 protein at 8 and 24 nM. For the 8 nM sample, N = 80 and bin size =
10. A conversion coefficient of 1.3 was used for globular proteins, which gave the monomer molecular mass of 27 kDa, corresponding to the SLIP1

monomer. For the 24 nM sample, N = 224 and bin size = 10.

ac.il/).*® Consurf identifies functionally important regions on
the surface of a protein with a known 3D structure based on
phylogenetic relationships between homologues. We were
particularly interested in identifying contiguous regions of
highly conserved residues that were rich in charged or
hydrophobic residues, because this is usually suggestive of a
hot spot for protein—protein interactions. We also structurally
aligned the MIF4Gdb structure with the available structures of
yeast elF4GI (PDB entry 2VSO) and human eIF4GII (PDB
entry 1HU3). These structures superimpose with backbone
root-mean-square deviations of 2.78 and 3.00 A, respectively,
and are most closely related to MIF4Gdb. This comparison
allowed us to identify possible specificity-defining residues that
occupied structurally similar positions in hSLIP1 and eIF4G but
were different in sequence (Figure 7A and Figure 2 of the
Supporting Information). hSLIP1 differs from eIF4GI and
elF4GII in the N-terminal HEAT repeats, whereas the C-
terminal HEAT repeats are more closely related between these
proteins. We also identified several residues toward the C-
terminus of hSLIP1 that lie close to the dimer interface that
preliminary small angle X-ray scattering (SAXS) data collected
with an SLBP peptide (data not shown) suggested could be a
possible interaction site for SLBP.

Circular Dichroism. All CD experiments were conducted at
25 °C using a JASCO J-815 CD spectrometer. The
concentrations of SLIP1 and the SLIP1—-SLBP complex were
S uM in 20 mM sodium phosphate buffer (pH 7.0).

Additional methods are reported in the Supporting
Information.

B RESULTS

Human SLIP1 Forms a Novel Homodimer. The 1.92 A
crystal structure of MIF4Gdb (PDB entry 2120) is a
crystallographic dimer and shows burial of an extensive
interface of 888 A with 21 polar and nonpolar residues from
each monomer contributing to dimer formation via electrostatic
and hydrophobic interactions, respectively (Figure 1B of the
Supporting Information). The homodimer is unique to
MIF4Gdb and is absent from other proteins in the MIF4GD
family, all of which exist as monomers. We sought to determine
whether hSLIP1 exhibited biophysical properties similar to
those of MIF4Gdb and if the two proteins were also dimeric in
solution by gel filtration and analytical ultracentrifugation
(Figure 1AB and Table 2 of the Supporting Information).
hSLIP1 and MIF4Gdb are both dimeric at concentrations of >1
mg/mL. When a concentrated solution (>20 mg/ mL) of
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hSLIP1 or MIF4Gdb is loaded onto a Sephacryl 200 column, a
substantial portion of the protein self-associates and elutes in
the void volume. A fraction of the hSLIP1 and MIF4Gdb
proteins elute as homodimers based on the elution volume and
the sedimentation coefficient s-value (Figure 1A,B).
Oligomeric and RNA Binding Properties of hSLIP1 at
Physiological Concentrations. To determine if hSLIP1
forms a dimer at physiologically relevant concentrations, we
subjected the hSLIP1 sample to sedimentation velocity by
analytical ultracentrifugation (AUC) analysis and AFM
imaging. We used sedimentation velocity to determine the
hydrodynamic parameters of hSLIP1 in the presence and
absence of the 26-nucleotide histone mRNA stem—loop RNA
(Figure 1B). Gel filtration fractions corresponding to the
hSLIP1 dimer were dialyzed extensively against PBS buffer
before the samples were subjected to AUC. In a concentration
range of 0.1—0.5 mg/mL (~10 uM) (Figure 1B), the hSLIP1
sample showed the main peak was at an s, of 3.62,
independent of concentration (Table 1). That value combined

Table 1. s-Values and Molecular Masses of Proteins and
RNA Measured by Analytical Ultracentrifugation at 20 °C

molecule s-value® (S) expected molecular mass (Da)
wild-type hSLIP1 34 54414
wild-type hSLIP1 with RNA 34 54414
R202A SLIP1 3.36 54244
R202A with RNA 3.17 54244
E200A SLIP1 2.5 27149
E200A SLIP1 with RNA 14 unfolded
hSLIP1-SLBP 6.7 116986
histone stem—loop RNA 2.5 8911

“Errors are +0.01 S in this range.

with a molar mass of 54414 g/mol, a partial specific volume of
0.733 cm®/ g, and a hydration value of 0.38 g/g, derived from
the amino acid composition, gives an f/f, value of 1.22 due to
shape alone. This corresponds to a prolate ellipsoid having an
axial ratio of 4.6, a length (hydrated) of 159.4 A, and a diameter
of 347 A. These dimensions are consistent with hSLIP1
forming an elongated rodlike shape similar to that observed for
MIF4Gdb. Sedimentation velocity patterns revealed some
protein sedimenting at s* ~5.7 S and some at higher s-values,
consistent with hSLIP1 forming higher-order non-reversible
aggregates at 0.5 mg/mL. Varying the concentration over a 27-
fold range had no effect on the shape or position of the
boundary. The addition of a 2-fold molar excess of histone
mRNA stem—loop had no effect on the sedimentation
coefficient, and the observed s-value for the mixture (hSLIP1
dimer + RNA) was that of the sum of hSLIP1 and RNA alone,
indicating that the hSLIP1 dimer did not bind RNA (Figure
1B). This was confirmed by gel retardation or electrophoretic
mobility shift assay (EMSA) experiments as discussed below
(Figure 6E).

We also examined the concentration dependence of dimer
formation by AFM (Figure 1C,D). AFM allows one to examine
the structural features of a macromolecule at nanometer
resolution. An image of the hSLIP1 protein deposited on the
APS mica surface at 24 nM is shown in Figure 1C. The shape of
the protein molecules is uniform; the protein appears to be
slightly elongated, which is consistent with the crystal structure
of MIF4Gdb. The measured AFM volume for hSLIP1 is 55
nm?>. However, at a concentration of 8 nM, the protein volume
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decreases to 35 nm® (Figure 1D). Using the conversion
coefficient for AFM volume measurements,”> we conclude that
at this concentration hSLIP1 is a monomer, suggesting that the
monomer—dimer equilibrium exists in this concentration range.
No evidence of the formation of large aggregates at these
nanomolar concentrations is observed.

The N-Terminal Domain of hSLBP Is Intrinsically
Disordered in Solution. To date, full-length hSLBP has not
been characterized structurally or biophysically because it is
difficult to express in bacteria. Functional studies have shown
that sequences in the SLBP N-terminal domain [residues 1—
110 (hSLBP-ND)] are important for translation initiation of
histone mRNAs,> SLBP degradation,37 and cyclin binding‘37
This region has also been proposed to be the binding site for
hSLIP1.'> Recombinant hSLBP-ND was expressed for
structural characterization by NMR spectroscopy. Figure 2A
shows 'H-""N HSQC spectra for uniformly '*N-labeled
human SLBP-ND recorded at 600 MHz. The spectra are
characterized by a narrow chemical shift dispersion of ~1 ppm
in the amide proton region over a pH range of 4—8 that is
typical of either intrinsically disordered proteins®® or coiled
coils.*” NMR spectra of coiled coils such as leucine zippers are
infamous for the lack of chemical shift dispersion in the amide
proton region.40 To distinguish between these possibilities, we
collected 2D and 3D NOESY data and made "N relaxation
measurements. Only 89 of 123 expected amide resonances are
observed in the "H—""N HSQC spectra of hSLBP-ND recorded
at 600 MHz (Figure 2A), with additional resonances of weak
intensity appearing at 700 MHz with a cryoprobe (Figure 2D).
The intrinsically disordered nature of hSLBP-ND was
confirmed by N—'H heteronuclear NOE data (Figure 2E)
and the lack of medium- or long-range NOE connectivities in
2D NOESY data collected with a range of mixing times (75—
300 ms) as well as a 75 ms 3D "*N-edited NOESY spectrum
(data not shown). The NOESY spectra show a paucity of cross-
peaks, and few dNNs indicative of a helical polypeptide were
present. We also expressed the W75A mutant of hSLBP-ND
because wild-type hSLBP-ND is prone to aggregation at
millimolar concentrations required for NMR analysis and the
aggregation is attributed directly to Trp75. However, mutation
of Trp75 to alanine did not appreciably affect the spectral
characteristics of the "H—'"N HSQC NMR spectra, indicating
that the spectral characteristics of hSLBP-ND are not due to
aggregation and are intrinsic to the flexible nature of this
domain in solution (Figure 2B,C). It was not possible to obtain
unambiguous assignments for backbone amide and '*C
resonances for either hSLBP-ND or the hSLBP-ND W75A
mutant using triple-resonance NMR data because of the
missing cross-peaks.

We also characterized the backbone dynamics of the W75A
SLBP-ND protein on the nanosecond and picosecond time
scales by measuring the '*N T, and T, relaxation rates as well as
the ""'N—'H heteronuclear NOE. The '"N—'H heteronuclear
NOE is a good indicator of internal dynamics in a protein and
ranged from —0.44 to 0.64, with the average value being 0.05
(Figure 2E). In contrast to the N-terminus of dSLBP,*" where
the lines are sharp and the relaxation rates are very long (**N T,
ranges from 123 to 719 ms), hSLBP-ND shows shorter
relaxation times for all peaks (average '*N T, of ~100 ms).
Taken together, the collapse in amide 'HY NMR chemical
shifts near random coil values (8.0—8.4 ppm), the lack of
medium- and long-range NOEs, and the backbone relaxation
times indicate that in the absence of bound targets such as
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Figure 2. NMR and AFM characterization of human SLBP. (A) '"H—""N HSQC spectrum of the translation activation domain of hSLBP-ND
collected at 600 MHz, pH 6.0, and 25 °C. (B) '"H—"N HSQC spectrum of the hSLBP-ND W75A mutant collected under the same conditions used
for panel A. (C) Overlay of the WT (blue) and W75A mutant (red) spectra. (D) "H—"*N HSQC spectrum of human SLBP-ND WT collected at
700 MHz with a cryoprobe. Several additional peaks of low intensity appear at higher field. (E) {'"H}—"°N heteronuclear NOE spectrum collected
with NOEs. Positive NOEs are colored blue and negative NOEs green. (F) 'H—"*N HSQC spectrum of hSLBP-ND in the presence of an equimolar
amount of hSLIP1 collected at a frequency of 600 MHz at 25 °C and pH 6.0. (G) AFM image of full-length baculovirus expressed hSLBP at 24 nM.
Blue arrows point to the aggregates in the sample. The hSLBP monomers that are unstructured or partly structured are shown in the inset. Yellow
arrows point to partially unstructured monomers. (H) Histogram summarizing the volume measurements for the unbound structured component of
hSLBP protein at 24 nM. For the 24 nM sample, N = 118 and bin size = 10.

hSLIP1, the N-terminal domain (residues 1—110) of human
SLBP does not adopt a stable fold in solution.

The hSLBP N-Terminal Domain (residues 1-110)
Interacts Weakly with hSLIP1. To determine whether
hSLBP-ND could independently bind hSLIP1, we performed
NMR chemical shift perturbation experiments. Unlabeled
hSLIP1 dimer (~54 kDa, at natural isotopic abundance) was
titrated into a solution of uniformly '*N-labeled hSLBP-ND
(~12 kDa), and the changes the hSLBP-ND NMR resonances
were recorded by collecting a series of 'H—'*N TROSY spectra
at 700 MHz in response to increasing amounts of hSLIP1
dimer added (Figure 2F and Figure 3 of the Supporting
Information). Such chemical shift NMR mapping experiments
are well-established in the literature and can provide important
information about the binding site, the affinity, and the
specificity of the interaction depending upon the chemical
exchange regime being sampled by NMR.*** To follow the
effects of binding of hSLIP1 to hSLBP-ND in solution, we
collected a series of "H—'"N TROSY spectra for which the
hSLBP-ND concentration was held constant (0.2 mM) and the
amount of hSLIP1 dimer was increased from 0 to 2.2 molar
equivalents. Titration of substoichiometric amounts of hSLIP1
dimer (up to 0.5 equiv) into a solution of '*N-labeled hSLBP-
ND resulted in differential broadening of a subset of cross-
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peaks (21 peaks) in the "H—""N TROSY spectrum (Figure 3 of
the Supporting Information). Most of the remaining cross-
peaks did not change their chemical shifts and showed a smaller
change in peak intensity under these conditions. The observed
decrease in peak intensity for the fraction of cross-peaks likely
results from the “intermediate” chemical exchange regime on
the NMR time scale expected for a low-affinity complex we
estimate from SPR measurements (see below). In general, peak
broadening is observed for weakly interacting systems (in either
fast or intermediate exchange) where the K; > 10 M. Under
these conditions, there would be an averaging of the line widths
of hSLBP-ND resonances in the presence and absence of
hSLIP1, and this effect will be experienced by resonances that
are part of the hSLBP—hSLBP binding site. The disappearance
of ~21 peaks in the beginning of the titration is consistent with
previous mutagenesis studies that proposed only a 15 amino
acid region in hSLBP-ND was important for translation
activation® and hSLIP1 binding.'” In the presence of a >1.5-
fold molar excess of the hSLIP1 dimer, an overall broadening
was observed due to the large molecular weight of the resulting
complex (M, ~ 78 kDa) that has a long rotational correlation
time, and hence, there was a general loss of intensity of almost
all peaks in the spectrum. These spectral changes are likely due
to binding of the two proteins because the addition of 0.5 M
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NaCl to the complex reversed the effects and we were able to
recover the spectrum of hSLBP-ND. Therefore, the interaction
of the isolated N-terminal domain with hSLIP1 is weak, and the
electrostatic effect of a high salt concentration can modulate the
interaction.

Baculovirus-Expressed Human SLBP Is Phosphory-
lated at 23 Unique Ser/Thr/Tyr Sites. To determine
whether the properties of the N-terminal domain were also
reflected in full-length hSLBP, we expressed full-length hSLBP
in baculovirus. As mentioned earlier, full-length hSLBP proteins
cannot be expressed in bacteria as they are rapidly degraded
and susceptible to proteolytic degradation. Because the
baculovirus-expressed hSLBP protein is known to be
phosphorylated at multiple sites,>”** we first characterized
the phosphorylation state and the degree of chemical
heterogeneity in baculovirus-expressed hSLBP using high-
resolution LC—MS/MS along with a phosphopeptide enrich-
ment method as described in Experimental Procedures. To
identify all possible sites of phosphorylation, we used a bottom-
up analysis approach using both tryptic and Glu-C peptide
digests of hSLBP. This approach allowed us to obtain 85.2%
coverage of the hSLBP sequence (Figure 3D), with multiple
peptides that showed enrichment of the same phosphorylation
sites. All phosphopeptides were detected with a very high mass
accuracy and are summarized in Figure 3E and Table 3 of the
Supporting Information. The assignments were manually
validated via MS/MS fragmentation patterns. Panels A—C of
Figure 3 show representative MS/MS spectra for the C-
terminal $270-phosphorylated peptide that was identified using
this approach. This analysis showed that when expressed in
baculovirus, hSLBP is a hyperphosphorylated protein with at
least 23 sites being phosphorylated (Figure 3E). We observed
phosphorylation at Ser20, Ser23, Thrl71, and Thrél as
previously reported,®”**** although most of the sites we have
identified herein are new and were not previously known. We
identified 11 phosphorylation sites C-terminal to the SLBP
RPD at Ser220, Ser221, Ser222, Thr226, Ser277, Ser278,
Tyr235, Ser236, Thr238, Ser247, and Ser270. We have
previously confirmed that hSLBP is phosphorylated in
HEK293 cells at Ser221, Ser222, and Thr226.*° Because a
baculovirus is a eukaryotic expression system, at least a subset
of the sites we report here may be biologically relevant.
Nevertheless, the mass spectrometry analysis showed that
baculovirus-expressed SLBP is a chemically heterogeneous
mixture of several phosphorylated species, thereby preventing a
thorough biophysical characterization of free hSLBP using
equilibrium methods.

Because AFM is a single-molecule method, we imaged
baculovirus-expressed hSLBP to determine whether structural
states that corresponded to partially disordered hSLBP could be
detected. AFM analysis of baculovirus-expressed hSLBP
showed that even at a concentration of 8 nM, hSLBP forms
aggregates (Figure 2G), the number and size of which increase
over a period of 1 week (L. S. Shlyakhtenko, unpublished
observations). The hSLBP monomers at 8 nM were partially
unstructured as evidenced in Figure 2G (inset) by the
formation of filamentous protein segments. Such protein
morphology is characteristic of IDP regions in proteins,46
suggesting that the intrinsic disorder of the N-terminal domain
characterized by NMR is consistent with AFM imaging of full-
length hSLBP. However, a fraction of the protein did adopt a
more compact shape that could be integrated. Volume
measurements showed that the distribution of the structured
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Figure 3. Mapping of phosphorylation sites in baculovirus-expressed
full-length human SLBP by LC—MS/MS. (A—C) Identification of C-
terminal phosphorylation in hSLBP by LC—MS/MS. Purified hSLBP
was enzyme digested with Glu-C, followed by trypsin, prior to
injection onto a C18 RP column attached to a NanoAquity UPLC
system in line with a Hybrid Orbitrap Elite mass spectrometer.
Peptides were separated over a 50 min linear gradient as shown in the
total ion chromatogram (TIC) in panel C. The extracted ion
chromatogram corresponding to the modified peptide is shown in
the inset of panel C eluting in the 31 min region. (B) Collected high-
resolution MS scan illustrating the exact mass (1676.6936 Da)
determined for the modified peptide (asterisk). The subsequent MS/
MS scan for the g-isolated modified peptide (asterisk) is presented in
panel A, with corresponding b- and y-fragment ion series labeled. The
site of fragmentation on the modified peptide backbone is represented
by the top half-bracket and the bottom half-bracket for the y- and b-
ions, respectively. (D) Total coverage (85.2%) of the observed
phosphopeptides mapped onto the sequence of hSLBP. The peptide
coverage is colored red, whereas sequences that were not detected in
the bottom-up approach are colored black. (E) Ser, Thr, and Tyr
residues for which we conclusively identified phosphopeptides in
baculovirus-expressed hSLBP mapped on the SLBP sequence and
colored red and yellow.

hSLBP monomers (molecular mass of 32 kDa) is centered
around 44—4S nm® (Figure 2H), close to ~42 nm® that is
expected for a 32 kDa protein (calculated from a conversion
coefficient of 1.3). We conclude that the chemically
heterogeneous full-length baculovirus-expressed phosphory-
lated hSLBP appears on the AFM images as a mixture of
structured and unstructured conformations. Phosphorylation at
several sites likely contributes to the structural heterogeneity we
observe in the AFM analysis. The AFM data also confirm that
hSLBP is prone to aggre%ation, which is a characteristic feature
of a number of IDPs.*”*
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Figure 4. Biophysical characterization of the unphosphorylated hSLBP—hSLIP1 complex. (A) Gel filtration profile of the hSLBP—hSLIP1 complex
copurified in the bacterial expression system after nickel affinity chromatography as the initial step. The SDS—PAGE gel of the corresponding
fractions is shown. The apparent molecular mass of SLBP on a 4 to 20% SDS—PAGE gradient gel is ~37 kDa, and that of hSLIP1 is 26 kDa. The
presence of hSLBP and hSLIP1 was confirmed by Western blotting using antibodies specific for the two proteins. hSLBP is present only in the first
peak corresponding to the complex, whereas hSLIP1 is present in all fractions. The final concentrated sample of the complex shows a stoichiometric
amount of hSLBP and hSLIP1. (B) Circular dichroism (CD) spectra of 5 uM free SLIP1 dimer (blue) and the HSLBP—hSLIP1 complex (red). The
CD spectrum of free SLIP1 dimer shows double minima at 209 and 222 nm that are typical of helical secondary structure in proteins. There is an
increase in the magnitude of the helical signal in the complex that could correspond to increased helical character of hSLBP in the complex. (C) Gel
retardation experiment (EMSA) comparing the binding of full-length baculovirus-expressed SLBP (lane 2), the SLBP RNA binding and processing
domain (lane 3), and the bacterially expressed and purified hRSLBP—hSLIP1 complex (lane 4) shown in panel A. The free probe that is **P-labeled at
the 5’ end is shown in lane 1. (D) Sedimentation velocity profiles of the hSLIP1—hSLBP complex shown in panel A at four different concentrations
[0.20 (red), 0.10 (blue), 0.03 (green), and 0.01 mg/mL (black)]. No concentration-dependent change in the normalized sedimentation patterns was
observed, demonstrating that there is no dissociation of the complex over this concentration range. (E) Sedimentation velocity profiles of the free
histone stem—loop RNA (black), the hSLIP—hSLBP complex (blue), the hSLIP1—hSLBP complex with a 2-fold molar excess of histone stem—loop
RNA (green), and the renormalized sum of the curves for free RNA and the hSLIPI—hSLBP complex (red), demonstrating that there is no
interaction between the RNA and the complex under these conditions.

The Unphosphorylated Full-Length hSLBP—hSLIP1 determinants for complex formation that lie between residues
Complex Forms a High-Affinity Heterotetramer That Is 111 and 270 of hSLBP. This is consistent with results from the
Impaired in Histone mRNA Binding. To characterize the NMR chemical shift mapping experiments discussed above,
structural and biophysical properties of the hSLBP—hSLIP1 indicating that the interaction between the N-terminal domain
complex, we co-expressed the two proteins in bacteria. We and hSLIP1 is of weak affinity. The elution profile over a gel
expressed full-length hSLBP as well as hSLBP-ND in a co- filtration column suggests that two monomers of hSLBP bind
expression system in which only hSLIP1 was (His)s-tagged. one dimer of hSLIP1 yielding an apparent molecular mass of
Full-length hSLBP formed a very stable complex with hSLIP1 ~110 kDa by gel filtration, which is close to the expected
and was copurified with hSLIP1 over a nickel affinity column as molecular mass of the heterotetramer of 116 kDa. The circular
well as a gel filtration column (Figure 4A). The proteins form a dichroism (CD) spectra of free hSLIP1 and the hSLBP—
stoichiometric complex as visualized by sodium dodecyl hSLIP1 complex (Figure 4B) confirm the helical secondary
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE) and structure of hSLIP1, and an increase in the magnitude of the
were confirmed by Western blotting (Figure 4A). However, we CD signal at 222 nm for the complex suggests that complex
could not form a stable complex with hSLBP-ND, the putative formation may induce helical structure, possibly in hSLBP.
site of interaction with hSLIP1,'” indicating that contrary to We next analyzed the hydrodynamic properties of the
previous reports that suggest the N-terminal domain is hSLBP—hSLIP1 complex by AUC. The main peak in the
sufficient for hSLIP1 binding,'* there are additional sequence sample showed an s-value of 6.7 S with a corresponding molar
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mass obtained by curve fitting of ~125 kDa (Figure 4D). This
is close to a species consisting of two hSLIP1 monomers and
two SLBP monomers (theoretical molar mass of ~116 kDa),
indicating that the complex was a heterotetramer. Additionally,
there was some evidence of the presence of a species at ~250
kDa (a dimer of the species at 125 kDa) as well as a species at
~50 kDa that could be a slight excess of the hSLIPI1
homodimer or the hSLBP—hSLIP1 heterodimer. Statistical
analysis also suggested that the observed s, value of 6.93 S
(corrected) would be consistent with a mostly globular
structure of the heterotetramer. That value combined with a
molar mass of 116986 g/mol, a partial specific volume of 0.724
cm’/ g, and a hydration value of 0.417 g/g, derived from the
amino acid composition, gives an f/f, value of 1.1. The
corresponding hydrated sphere would have a sedimentation
coeflicient value of ~7.60 S, and therefore, the heterotetramer
would have an f/f, frictional ratio due to shape alone of 1.10.
This corresponds to an ellipsoid of revolution with an axial ratio
of ~2.8 using the Perrin equation, a typical value for nearly
globular proteins. If the protein were modeled as a prolate
ellipsoid, the expected length (hydrated) would be 148.2 A and
the diameter 53.5 A. The prediction of a globular complex in
solution as well as the tetramer species obtained by
sedimentation velocity was confirmed by AFM images (Figure
64, inset). Altogether, AFM images revealed the existence of
four different species in the sample. Two small protein volumes
of 35 and 55 nm® likely represented the free hSLIP1 monomer
and the hSLIP1 dimer, respectively, and protein volumes of
85—90 nm® likely corresponded to the hSLBP—hSLIP1
heterodimer (estimated volume of ~75 nm®). The hetero-
tetramer has a protein volume of 165 nm?, well within the range
expected for a molecular mass of 116 kDa (expected volume of
~151 nm?).

When the concentration dependence of the sedimentation
velocity profile was tested down to 85 nM, no dissociation of
the hSLBP—hSLIP1 complex was observed (Figure 4D). This
indicates that the complex is remarkably stable with a Kj, value
estimated to be less than 0.9 nM. This is a surprising result and
indicates that residues 111—270 (the RNA binding domain and
additional C-terminal residues) participate in formation of the
heterotetramer. To determine whether the RNA binding
domain was capable of forming a dimer, we collected mass
spectrometry data on the unphosphorylated bacterially ex-
pressed hSLBP RNA binding domain as well as the
phosphorylated baculovirus-expressed RNA binding domain.
When expressed in baculovirus, the hSLBP RBD is
phosphorylated at only one site, a conserved threonine
(Thr171) in the TPNK sequence.***’ Phosphorylation at
Thr171 is important for the kinetics of histone mRNA binding
by SLBP.* The unphosphorylated hSLBP RBD mass spectrum
clearly showed evidence of strong monomer (32.7%) and dimer
(35.3%) peaks (almost equimolar), and smaller peaks were also
observed for the trimer, tetramer, and hexamer (Figure SA).
The monomer, dimer, trimer, and tetramer species are also
present in the mass spectrum of the phosphorylated
baculovirus-expressed RBD; however, the monomer species
predominated (86.6%), and only 5.6% mass corresponded to
the dimer, 3.9% to the trimer, and 3.8% to the tetramer (Figure
5B). Therefore, the hSLBP RBD tends to self-associate, and
this association is enhanced when the protein is not
phosphorylated at Thr171 in its RNA binding domain.

To test whether the unphosphorylated hSLBP—hSLIP1
complex could bind the histone mRNA stem—loop structure,
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Figure S. Analysis of the phosphorylated and unphosphorylated SLBP
RNA binding and processing domains (RPD) by mass spectrometry.
(A) MALDI-TOF mass spectrum of the bacterially expressed
unphosphorylated hSLBP RPD. The monomer:dimer:trimer:tretra-
mer:hexamer mass ratio obtained from the peak intensities was
32.7:35.3:9.9:12.4:9.7. (B) Electrospray mass spectrum (ES-MS) of
the phosphorylated hSLBP RBD obtained on a Qtof-Micro mass
analyzer. The mass obtained was 11783.00 Da, corresponding to a
single phosphate at Thr230, cleavage of the N-terminal Met, and
acetylation of the N-terminal serine. On the basis of peak heights, the
monomer:dimer:trimer:tetramer ratio was 86.6:5.6:3.9:3.8.

we added up to 2 molar equivalents of RNA. The
sedimentation profile observed for the mixture (hSLBP—
hSLIP1 complex + RNA) was essentially the same as that for
the sum of the patterns seen for RNA alone and the complex
alone (Figure 4E). If the RNA caused the complex to dissociate,
we would expect a shift in the main peak at 6.7 S to lower
values. The main peak, corresponding to the complex,
remained solidly at 6.7 S, and the peak at 2.5 S (the RNA)
did not interact with the complex. The hSLBP—hSLIP1
complex and RNA behave as independent species. To confirm
that the hSLBP—hSLIP1 complex did not interact with RNA,
we performed EMSA or gel retardation experiments (Figure
4C). We formed a stable complex of **P-labeled histone stem—
loop RNA with baculovirus-expressed phosphorylated full-
length hSLBP (Figure 4C, lane 2) as well as the hSLBP RBD
(Figure 4C, lane 3); however, no discernible shift of the labeled
RNA probe was observed in the presence of the unphosphory-
lated hSLBP—hSLIP1 complex (Figure 4C, lane 4). Therefore,
the interaction of the unphosphorylated full-length hSLBP with
hSLIP1 results in an inactive heterotetramer that does not bind
histone mRNA. The inability of the unphosphorylated hNSLBP—
hSLIP1 complex to bind RNA could be because the hSLBP
RBD is auto-inhibited in the heterotetramer, hSLBP needs to
be phosphorylated at Thr171 to bind RNA efficiently, or both.
We have shown previously** that phosphorylation of the
hSLBP RBD at Thrl71 in the highly conserved TPNK
sequence is important for formation of a stable complex with
the histone mRNA stem—loop.

dx.doi.org/10.1021/bi301074r | Biochemistry 2013, 52, 520—536



Biochemistry

Unphosphorylated
SLBP-SLIP1 complex

100 200 300 400 500 600
Protein Volume

Phosphorylated
SLBP-SLIP1 complex
4nM

Y - o
100 200 300 400 500 600
Protein Volume
N P L= " ) S
SLIP1-SLBP complex Add #P--Stem-loop RNA SLBP + Add SLIP1
30 min on ice 30 min on ice RP-pStem-loop RNA 30 min on ice
30 min on ice v/
E 123456789 F 1 2 3 4 5
# <« Probe +ERI2 -
(50 kDa)
Probe s
+ SLBP (FL) Probe + SLBP
(42 kDa) . “= RBD (25 kDa)
Free — ree = (L AR
probe probe

Figure 6. Analysis of the phosphorylated and unphosphorylated hSLBP—hSLIP1 binary and hSLBP—hSLIP1—histone mRNA ternary complexes by
AFM and EMSA. (A) AFM image of the bacterially expressed unphosphorylated hSLBP—hSLIP1 complex at 8 nM. The horizontal blue arrows
point to heterotetramers with protein volumes of around 180—200 nm?. The vertical arrows point to heterodimers with a protein volume of around
90 nm®. (B) Histogram summarizing the volume measurements for the complex in panel A. For the 8 nM sample, N = 272 and bin size = 10. (C)
AFM image of the baculovirus-expressed phosphorylated hSLBP—hSLIP1 complex at 4 nM. The horizontal blue arrows point to heterotetramers
with protein volumes of around 170 nm?. The vertical arrows point to heterodimers with a protein volume of around 90 nm?. The image shows an
increase in the population of heterodimers relative to heterotetramers in the sample. (D) Histogram summarizing the volume measurements for the
complex in panel C. The concentration of the protein was 4 nM; N = 700, and bin size = 10. The four maxima observed in panels B and D are
summarized in Table 2. (E) EMSA of baculovirus-expressed hSLBP and hSLIP1. The schematic showing how the reaction was performed is shown
above the gel. In all reactions, the histone mRNA probe was added last after the proteins had been incubated on ice for 30 min. The free histone
mRNA stem—loop probe (final concentration of 0.1 nM) that is labeled at the 5’ end with [y-**P]ATP is shown in lane 1, and the interaction of full-
length hSLBP (final concentration of 2 mM) with the histone mRNA probe is shown in lane 2. No interaction of hSLIP1 (final monomer
concentration of 6 mM) with histone mRNA occurs in the absence (lane 3) or presence (lane 4) of S mM cross-linking agent (DSP). In lanes 5—7,
hSLBP (2 uM) was incubated with increasing concentrations of hSLIP1 (12, 24, and 36 uM, respectively), and the reaction mixtures kept on ice for
30 min. This was followed by addition of the [y-**P]ATP histone stem—loop RNA for an additional 30 min. No interaction of either SLBP or the
complex is observed. Lane S shows the interaction of 2 yuM ERI2 exonuclease with histone stem—loop RNA (complex M, ~ 50 kDa), and lane 6
shows the interaction of the hSLBP RBD with histone stem—loop RNA (complex M, = 25 kDa). (F) EMSA showing the interaction of hSLBP with
the histone mRNA stem—loop RNA followed by addition of increasing concentrations of hSLIP1. Lane 1 shows the free probe (0.1 nM), and lane 2
shows the probe complexed to hSLBP (2 uM). Lanes 3—5 show the interaction of the hSLBP—RNA complex with 12, 24, and 36 yM hSLIP1,
respectively. The hSLIP1 protein was added to a preformed SLBP—RNA complex as depicted in the schematic above the gel.

Sequential and Ordered Assembly Is Required To the complex solution was deposited on the mica surface, the
Form the hSLBP—hSLIP1-Histone mRNA Complex. To volume measurements suggested that the hSLIP1 monomer
form a phosphorylated hSLBP—hSLIP1 complex, we performed (35 nm?), the hSLBP—hSLIP1 heterodimer (95 nm?), and the
AFM on an equimolar mixture of phosphorylated baculovirus- hSLBP—hSLIP1 heterotetramer (175 nm®) were present
expressed phosphorylated hSLBP and bacterially expressed (Figure 6C,D). To test whether the baculovirus-expressed
hSLIP1 at nanomolar concentrations. When a 4 nM dilution of phosphorylated hSLBP—hSLIP1 complex could form a ternary
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Figure 7. Mapping the binding site on hSLIP1 for hSLBP using computational prediction and Surface Plasmon Resonance (SPR). (A) The Consurf
algorithm was used to predict hot spots for protein—protein interaction on the surface of MIF4Gdb (PDB entry 2120). The conservation of residues
based on multiple-sequence alignment of hSLIP1 orthologues in eukaryotes is mapped onto subunit 2 of the MIF4Gdb homodimer. The
conservation is shown on a 0—9 scale and is represented by surface coloring, which varies linearly from blue (variable) to magenta (highly
conserved). Yellow suggests insufficient data. The sequence alignment of hSLIP1 orthologues is shown in the Supporting Information. (B) Ten of
the 15 highly conserved residues selected for these studies are shown. Residues E7, K10, R57, Y60, Q64, R76, and R157 are highly conserved and
may form one contiguous surface that could be a hot spot for hSLIP1-mediated protein—protein interactions. Residues E200, R202, and W206 form
a second surface that lies close to the dimer interface (shown in the inset). Other residues that were selected and expressed but are not shown on the
figure include H44, F7S, F87, R82, and R93. (C) Copurification of the R202A SLIP1 mutant with full-length hSLBP was attempted. The panels in
panel C show the SDS—PAGE gels after nickel chromatography showing only hSLIP1 protein bound the nickel column. The panels below show
Western blots for hSLBP and hSLIP1 on the same fractions that confirm that no SLBP protein was present in the fractions that had hSLIP1. (D)
Surface Plasmon Resonance sensorgrams are shown for the interaction of wild-type hSLIP1, R202A hSLIP1, and E200A hSLIP1 with hSLBP. The
experimental design for the secondary capture method used is shown. A biotinylated SLBP antibody toward the C-terminal 13 amino acids of hSLBP
was bound to a streptavidin chip. The ligand hSLBP was passed onto the chip until the change was no more than 50—60 RUs. The chip was washed
with buffer; then the respective wild-type and mutant SLIP1 analytes were passed across the chip at a flow rate of 30 #L/min, and the change in the
response was monitored. The sensorgrams for the wild type and R202A mutant are shown on the same RU scale. Four or five different hSLIP1
concentrations were used to fit the data.

complex with histone mRNA, we performed EMSA analysis hSLIP1 (Figure 6E, lanes 5—7) and the reaction mixture was

two ways, as shown in panels E and F of Figure 6. In the incubated on ice for 30 min followed by addition of **P-labeled
absence of hSLIP1, hSLBP formed a high-affinity complex with histone mRNA stem—loop RNA, no binding of hSLBP to the
the **P-y-labeled histone mRNA stem—loop RNA as shown in stem—loop RNA was observed, similar to that observed for the
lane 2 of Figure 6E, whereas the isolated hSLIP1 did not bind bacterially expressed unphosphorylated hSLBP—hSLIP1 com-
the histone stem—loop RNA in an EMSA in the absence plex. However, when hSLBP was incubated with the histone
(Figure 6E, lane 3) or presence (Figure 6E, lane 4) of the cross- mRNA stem—loop RNA first, followed by the addition of
linker dithiobissuccinimidylpropionate or DSP (Pierce). Full- hSLIP1, the hSLBP remained bound to the histone mRNA
length phosphorylated hSLBP bound the histone stem—loop (Figure 6F) even in the presence of a 10-fold molar excess of
RNA as a monomer, because the complex migrated between hSLIP1. No evidence of a ternary histone mRNA—SLBP—

the hSLBP RBD—RNA complex [M, = 25 kDa (Figure 6E, lane SLIP1 complex was observed under these conditions. As we
9)] and the ERI2—histone mRNA complex [M, = 50 kDa show below, phosphorylated (and monomeric) hSLBP interacts
(Figure 6E, lane 8)]. Remarkably, when full-length phosphory- weakly with hSLIP1 with a K, of ~3 uM, and it is likely that
lated hSLBP was mixed with increasing concentrations of the ternary complex (1:1:1 RNA—hSLBP—hSLIP1 complex)
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has a fast off rate and is not detected in a gel retardation
experiment. This is an important result as it indicates that the
assembly of the translation initiation complex requires
prebinding of hSLBP to the histone mRNA as a monomer
first, followed by interaction with hSLIP1. Taken together with
previously published data on the effects of Thr171 phosphor-
ylation on RNA binding*** and the mass spectrometry data
shown in Figure S, our data suggest that phosphorylation of
hSLBP in the RBD (at Thr171) facilitates interaction with
histone mRNA and promotes disruption of the heterotetramer
to preferentially form a 1:1:1 RNA—hSLBP—hSLIP1 complex.

hSLBP Binds hSLIP1 near the Homodimer Interface.
Using the MIF4Gdb crystal structure as a guide, we mutated 15
residues in hSLIP1 that comprised two contiguous surfaces, as
potential binding sites for hSLBP as described in Experimental
Procedures (Figure 7B). Each residue was mutated to alanine,
expressed in E. coli, and purified to homogeneity. We were able
to express all single-site alanine mutants with the exception of
W206A, which was severely destabilized and shuttled into
inclusion bodies when expressed in E. coli. We established a
Surface Plasmon Resonance (SPR) assay to study the
interaction of hSLIP1 with baculovirus-expressed full-length
phosphorylated hSLBP (Figure 7D). We used an indirect
capture method in which the biotinylated hSLBP antibody
(made toward the C-terminal 13 amino acids of hSLBP) was
bound to a streptavidin chip (Figure 7). Baculovirus-expressed
full-length hSLBP was bound to the antibody, and wild-type or
mutant hSLIP1 proteins were passed onto the chip and the
binding kinetics derived from the SPR sensorgrams. When low
concentrations of the hSLBP—antibody complex are loaded
onto the chip, the hSLBP ligand is expected to be a monomer.
The experimental design allows a monomer of hSLBP to
interact with either a monomer or a dimer of hSLIP1. The data
showed that hSLIP1 binds the hSLBP monomer with a slow on
rate and a moderate off rate (Figure 7D and Table 2), yielding a

Table 2. Rate Constants Derived from Surface Plasmon
Resonance for Full-Length Baculovirus-Expressed
Phosphorylated hSLBP toward hSLIP1 at 25 °C

ki Ky
hSLIP1 protein M1tsh) ko, (s7h) Kp (uM) (rel)®
wild-type hSLIP1 634 238 X 107 375+ 1.8
R202A hSLIP1 nd nd nd >100
K10A hSLIP1 542 117 X 107 215 + 09 0.57
R76A hSLIP1 181 549 X 107*  3.02 +22 0.81
E200A hSLIP1 8310 549 x 10°  0.066 + 0.02  0.0176
H44A hSLIP1 161 252 %107 156 + 54 4.16

“Kp values representing Kp(mut)/Kp(wt), ie., the interaction of
mutant hSLIP1 relative to the wild-type hSLIP1 protein.

Kp of 3.75 uM. This Ky, is orders of magnitude weaker than
that observed for the bacterially expressed unphosphorylated
hSLBP—hSLIP1 complex by AUC. The R202A mutation
completely abrogated binding of hSLIP1 to hSLBP at the
highest concentration tested (50 #M), whereas no appreciable
change in affinity was observed toward a number of other
mutants tested (Table 2). To confirm the inability of R202A
hSLIP1 to bind hSLBP, we expressed full-length hSLBP in the
same bacterial co-expression system as described earlier in
which R202A hSLIP1 was (His)s-tagged. No hSLBP copurified
with R202A hSLIP1 after nickel affinity chromatography
(Figure 7C). Surprisingly, the E200A hSLIP1 mutant showed
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a 10-fold increase in affinity toward hSLBP (Figure 7D and
Table 2). The E200 residue lies at the hSLIP1 dimer interface,
and in MIF4Gdb, this residue participates in a network of
hydrogen bonding interactions. Sedimentation velocity data
indicated that E200A hSLIP1 sediments at a lower s-value of 2.5
S and likely represents the hSLIP1 monomer (Figure SC of the
Supporting Information). Intriguingly, the addition of RNA
resulted in unfolding of the E200A hSLIP1 protein, indicating
that the protein is destabilized (Figure SC of the Supporting
Information). In contrast, the R202A hSLIP1 mutant
sedimented with an s-value of 3.4S and did not bind RNA,
like the wild-type hSLIP1 dimer (Figure SB of the Supporting
Information).

The R202A hSLIP1 Mutant Alters Histone mRNA
Abundance in vivo. To investigate whether disruption of
the hSLBP—hSLIP1 interaction observed in the R202A mutant
affected histone mRINA expression, we transfected flag-tagged
wild-type hSLIP1 and the R202A hSLIP1 mutant into HeLa
cells. The expression of the mutant R202A protein (Figure 8B)
was comparable to that of the wild-type exogenously trans-
fected hSLIP1 protein. There was no change in the cell cycle
distribution of HeLa cells due to overexpression of either wild-
type or R202A hSLIP1 24 h after transfection (Figure 8D).
However, 72 h after transient transfection, cells expressing wild-
type or R202A hSLIP1 accumulated in the G1 phase of the cell
cycle, and a reduction in the number of cells in the S phase of
the cell cycle was observed. This effect was much more
pronounced for the R202A mutant hSLIP1-expressing cells.
hSLIP1 is an essential protein in eukaryotes, and knockdown of
hSLIP1 by siRNA has been reported to result in cell death.'?
Consistent with this, we observed that significant (>50%) cell
death occurred within 24 h of the treatment of the HeLa cells
with an hSLIP1-specific siRNA. We were not able to rescue cell
viability by cotransfection of siRNA resistant R202A or siRNA
resistant wild-type hSLIP1. The ability to restore cell viability is
reported to be siRNA-specific.'"> We also compared the cellular
localization of the R202A hSLIP1 mutant to that of the
endogenous wild-type hSLIP1 protein as well as the exogenous
overexpressed wild-type hSLIP1 protein using CCD micros-
copy of HeLa cells (Figure 8A). To distinguish between S
phase cells and cells in the G, and G, phases of the cell cycle,
we pulse-labeled the transfected HeLa cells with the nucleoside
analogue (5-ethynyl-2'-deoxyuridine or EdU) and immunola-
beled the sites of EAU incorporation using the anti-EdU Alexa
Fluor 488 secondary antibody. EdU is incorporated only into
single-stranded DNA, and only S phase cells are labeled.*® The
spatial distribution of EdU containing fluorescent foci in the
cell nucleus also allows one to distinguish between early S,
middle S, and late S phase cells (A. Fritz and R. Berezney,
unpublished results) as previously determined following
bromodeoxyuridine incorporation.’>*' The endogenous
hSLIP1 protein is localized predominantly on the endoplasmic
reticulum, consistent with its role in mRNA translation, and
more diffuse staining was observed in the cytoplasm and
nucleus. An interesting property of endogenous hSLIP1 is that
although it does not appear to be regulated during the cell
cycle, hSLIP1 is excluded from lipid vacuole-like structures in
the cytoplasm particularly in cells that are in the late S stage of
the cell cycle (Figure 8A and Figure 6 of the Supporting
Information). The exogenously overexpressed wild-type and
R202A hSLIP1 proteins were also expressed throughout the
cell cycle and excluded from the lipid vacuoles. However,
overexpression of both wild-type and R202A hSLIP1 resulted
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Figure 8. Characterization of the WT and R202A mutant hSLIP1 proteins in vivo. (A) Subcellular localization of endogenous hSLIP1 and
exogenous wild type Flag-tagged hSLIP1 and the Flag-tagged R202A hSLIP1 mutant in HeLa cells was visualized in 0.5 ym optical sections using a
CCD microscope and deconvolution system as described in the Supporting Information. HeLa cells were transiently transfected with Flag-tagged
wild-type or mutant hSLIP1 as indicated. The cells were grown on coverslips, permeabilized, and pulse-labeled with EdU to stain for S phase cells
and labeled with DAPI for nuclear imaging. hSLIP1 is colored red, DAPI blue, and EdU green. The first panel shows two cells in late S phase with
endogenous hSLIP1 present predominantly on the endoplasmic reticulum. Diffuse staining indicates that some hSLIP1 is also present in the nucleus
and in the cytoplasm. The second panel shows cells transiently transfected with wild-type hSLIP1. The cell is in middle S phase and shows mostly
nuclear and some cytoplasmic staining. The third panel shows the localization of R202A hSLIP1. DAPI is colored blue and a-Flag-tagged hSLIP1
red. The individual staining patterns are also shown in Figure 6 of the Supporting Information. (B) Protein expression levels of transiently
transfected Flag-tagged wild-type hSLIP1 and Flag-tagged R202A hSLIP1 used for the CCD microscopy and qPCR experiments. The cells were
harvested 24 h after transfection and probed by Western blotting using an a-Flag antibody. (C) Real-time qPCR of histone genes in HeLa cells was
performed to compare mRNA levels in cells transiently transfected with either wild-type hSLIP1 or R202A hSLIP1. The average fold change
determined from the C, values using the comparative C, method is depicted with the standard errors derived from three independent data sets. Only
one band was observed for all genes analyzed, and the primers were specific for the target genes being tested. The data were normalized to GAPDH.
(D) hSLIP1 overexpression results in an increased level of accumulation of cells in the G, phase and a reduced level of accumulation in the S phase.
Cell cycle profiles of HeLa cells transiently transfected with either wild-type or R202A hSLIP1. Cells were pulse labeled with propidium iodide, and
the DNA content was analyzed by flow cytometry; the cell cycle distribution was determined using ModFit.

in more accumulation of hSLIP1 in the nucleus compared to either an increased level of degradation or a decreased level of
endogenous hSLIP1 (Figure 8A). No difference was observed processing or export of the histone message caused by
in the localization of the exogenous R202A hSLIP1 mutant disruption of the hSLBP—hSLIP1 interaction. A more detailed
compared to that of the exogenous wild type in vivo. functional characterization of the hSLIP1 R202A mutant is

We compared the expression of histone mRNA in cells necessary to understand the mechanism by which it regulates
expressing R202A hSLIP1 and wild-type hSLIP1 by qPCR histone gene expression. However, the biological data are
(Figure 8C). A significant reduction (by at least 60%) in the consistent with our biophysical experiments that suggest that
levels of the core histone mRNAs was observed in cells that R202 is an important “hot spot” on hSLIP1 for interaction with

overexpressed R202A hSLIP1 compared to cells that expressed SLBP.

wild-type hSLIP1, consistent with a role of hSLIP1 in
regulation of histone mRNA metabolism. Because R202A B DISCUSSION

hSLIP1 was expressed and localized in a manner similar to that The hSLBP—hSLIP1 complex is an example of a specific
used for wild-type hSLIP1, we attribute the decreased histone mRNA binding complex that assembles on the 3’-untranslated
mRNA levels in the R202A hSLIP1 mutant-expressing cells to region of histone mRNA to regulate its translation. Despite the
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available biological data that implicate these proteins in
bridging the 3’ end of the histone mRNA with the eIF4F
complex on the 5’ end,'>* there is no structural information
available about these proteins either free or complexed to each
other or bound to RNA. We sought to establish two pieces of
information from this study. First, our biophysical character-
ization of hSLIP1, hSLBP, and the hSLBP—hSLIP1 complexes
using equilibrium and single-molecule methods has allowed us
to describe a model for the overall architecture of the complex,
the stoichiometries of hSLBP and hSLIP1, and how the
complex may be activated by phosphorylation and oligomeriza-
tion. Second, we have mapped the site of interaction of hSLBP
with hSLIP1 using structural bioinformatics tools and
biochemical experiments to gain insight into how the two
proteins may associate in vivo to regulate histone gene
expression.

Isolated hSLBP Is Intrinsically Disordered and
Phosphorylated at Several Ser/Thr Sites. We have
shown by NMR that hSLBP is an IDP.>* The global disorder
observed for the first 110 residues of the mammalian N-
terminus described here was also observed previously for
residues 1—175 of Drosophila SLBP.*' hSLBP and dSLBP
perform very similar functions in the cell; however, there is no
sequence identity between the N-terminal domains of dSLBP
and hSLBP, yet the lack of ordered structure appears to be
important for their function. At least a third of eukaryotic
proteins that participate in signaling and gene expression have
intrinsically disordered regions of 30 or more residues.>’
Analysis of binding mechanisms for several IDPs shows that the
increased conformational flexibility allows IDPs to interact with
numerous targets, provides greater surface area for interaction,
and facilitates better re%ulation of their function via posttransla-
tional modifications.*> Functional studies have shown that
the N-terminal domain of hSLBP must interact transiently with
numerous factors in the nucleus and the cytoplasm to regulate
histone mRNA processing, export, translation, and degrada-
tion.! We speculate that the intrinsic disorder of the N-terminal
domain may allow hSLBP to interact with multiple protein
targets in the histone ribonucleoprotein complex (RNP) and
also facilitate its ability to be phosphorylated by different
kinases.

We also show using mass spectrometry that hSLBP is
phosphorylated at 23 Ser/Thr residues when expressed in a
eukaryotic expression system such as baculovirus. Several sites
in the hSLBP N-terminal domain and the 11 sites in the region
C-terminal to the RNA binding and processing domain have
also been identified in mammalian cell lines***° (http://www.
phosida.de/). Hyperphosphorylation and aggregation are
hallmarks of many IDPs.>” It has been shown that IDPs are
on average targeted by twice as many kinases compared to
folded proteins in yeast.”* Multisite phosphorylation can help
fine-tune the binding affinity and kinetics of an interaction with
a binding partner depending on different conditions.”>>” It may
also regulate their cellular localization during specific phases of
the cell cycle. Phosphorylation at Ser20, Ser23, Thr60, and
Thr61 has been linked to SLBP degradati011,45‘60 whereas
phosphorgrlation at T171 is linked to SLBP localization and its
stability.” Additional phosphorylation sites may regulate
association of SLBP with other factors involved in histone
mRNA metabolism.

Oligomerization Coupled to Phosphorylation May
Regulate the Availability of SLBP to the Histone mRNP.
We have shown that hSLBP can exist in two distinct complexes
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with hSLIP1 where the binding affinity is modulated by hSLBP
phosphorylation. Whereas unphosphorylated hSLBP forms a
very stable complex (K < 0.9 nM) with the hSLIP1 dimer,
phosphorylated hSLBP forms a complex with hSLIP1 that is at
least 3 orders of magnitude weaker in affinity but that can
assemble on histone mRNA. We propose here that both
complexes may be functionally relevant. The low-affinity
complex may be required during translation, allowing hSLBP
to orchestrate its interactions with multiple targets in the
translation initiation complex more effectively. What is the
possible biological role of the high-affinity unphosphorylated
hSLBP—hSLIP1 heterotetramer that does not bind histone
mRNA? We have shown that the high-affinity unphosphory-
lated hSLBP—hSLIP1 heterotetramer complex involves addi-
tional sequence determinants in the hSLBP RBD. We suggest
that one role of hSLIP1 may be to sequester the newly
synthesized hSLBP in the cytoplasm and prevent its proteolytic
degradation. IDPs are particularly susceptible to ubiquitin-
dependent® and ubiquitin-independent degradation path-
ways,”> and several IDP clients are associated with “nanny’-
like proteins that help protect the IDP from degradation.®®
Examples of this include Hdmx that binds the disordered
transcription activation domains of p33 and p73%* and c-Jun
and c-Fos that function as part of the AP-1 complex, among
many others.”> Consistent with this hypothesis, full-length
hSLBP cannot be expressed in bacteria and is prone to
proteolytic degradation. Surprisingly, no proteolytic degrada-
tion of hSLBP was observed either by Western blotting or by
mass spectrometry in our co-expression system with hSLIPI.
Therefore, hSLIP1 may act as a guardian, protecting the newly
synthesized hSLBP from degradation in vivo. Similarly, at the
end of the S phase, the formation of the unphosphosphorylated
hSLBP—hSLIP1 complex may facilitate removal of hSLBP from
the histone mRNA, when hSLBP and histone mRNA need to
be degraded.

The phosphorylation site that may be particularly relevant to
regulate oligomerization of the complex lies in the hSLBP RBD
at Thr171. Thrl71 phosphorylation promotes formation of a
monomeric hSLBP—RNA complex and may couple RNA
binding activity to the oligomeric state of the complex. We
show by mass spectrometry that threonine phosphorylation in
the RBD in the highly conserved ''TPNK sequence* is
important for triggering the dissociation of the dimer to the
monomer. Therefore, it is likely that the two hSLBP RBDs
interact in the context of the unphosphorylated heterotetramer,
thereby forming a high-affinity complex and occluding the RNA
binding interface. Recent structural bioinformatics studies®®
suggest that phosphorylation sites in proteins tend to be
enriched at protein—protein interfaces especially for hetero-
oligomers. While phosphorylation has modest effects on
protein conformation and stability in a third of the cases
studied, phosphorylation has a large energetic effect on
destabilizing a hetero-oligomeric state. Our results for the
hSLBP—hSLIP1 complex are consistent with such a proposed
role for phosphorylation.

Implications for the Regulation of Histone mRNAs.
There is a growing body of evidence that the hSLBP—hSLIP1
complex likely functions as a complementary unit, to regulate
not only the translation of histone mRNA but also other
histone gene-specific processes.”® hSLIP1 functions both in the
nucleus and in the cytoplasm,***” and we observe both nuclear
and cytoplasmic staining by microscopy. On the basis of our
study, we propose a model (Figure 7 of the Supporting
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Information) for how the hSLIP1—hSLBP complex may
function to regulate histone mRNA metabolism. We suggest
that hSLIP1 may associate with hSLBP as an inactive
heterotetramer when hSLBP is translated, thereby protecting
it from proteolytic degradation in the cell. We propose that the
heterotetramer is recruited to histone locus bodies, the site of
transcription of histone genes. hSLBP is activated by hSLBP
phosphorylation at Thr171, and the complex assembles into the
histone processing complex. In support of this, hSLIP1 (or
ADO23) has been reported to be important for transcription of
histone H4.°® hSLIP1 interacts with the C-terminus of the
histone H4-specific transcriptional regulator HiNF-P.%® HiNF-P
physically interacts with the histone gene coactivator p220~*AT
and upregulates histone H4 gene transcription at the G1-S
phase transition of the cell cycle. The hSLIP1-hSLBP—histone
mRNA ternary complex is likely exported to the cytoplasm
where it stimulates translation of histone mRNAs. At the end of
the S phase, hSLBP is dephosphorylated at Thr171 by Pinl and
PP2A,% resulting in dissociation of the hSLIP1-hSLBP—
histone mRNA ternary complex, facilitating histone mRNA
decay and hSLBP ubiquitination. We speculate that hSLIP1
may aid in removal of unphosphorylated hSLBP from the
histone mRNA at this time. hSLIP1 may be involved in all steps
of histone biogenesis, besides translation of the mRNA, and act
as a scaffold for recruitment of factors involved in regulation of
histone mRNA metabolism.

The hSLIP1 homodimer is unique in the MIF4G family of
proteins. The AFM data we have reported indicate that both
the monomer and the dimer could exist at physiological
concentrations of hSLIP1. hSLBP appears to recognize hSLIP1
near the dimer interface. We identified a single-point mutation,
R202A, in hSLIP1 that abrogated binding to hSLBP. In
contrast, the hSLIP1 E200A mutant that disrupted dimer
formation also increased the affinity for hSLBP. This would
suggest that the active complex that assembles on the histone
mRNA may consist of one molecule of hSLBP and one
molecule of hSLIP1 monomer. Overexpression of R202A
hSLIP1 resulted in slower cell cycle progression of HeLa cells
into the S phase and greater accumulation of cells in the G1
phase of the cell cycle. The R202A hSLIP1 protein also
repressed histone mRNA abundance. The exact mechanism of
this decreased level of expression of histone mRNA in R202A
hSLIP1-expressing cells is not clear. It could result from an
abrogation of the hSLBP—hSLIP1 interaction in vivo, resulting
in defective histone gene transcription, processing, export, and
degradation of the histone message. A detailed biological
characterization of the R202A SLIP1 mutant in vivo should
provide new information about the roles of hSLIP1 in
regulating multiple pathways that control histone gene
expression.
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