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ABSTRACT: Stem-loop binding protein (SLBP) is a 31 kDa protein that is central to the regulation of
histone mMRNAs and is highly conserved in metazoans. In vertebrates, the N-terminal domain of SLBP
has sequence determinants necessary for histone mRNA translation, SLBP degradation, cyclin binding,
and histone mRNA import. We have used high-resolution NMR spectroscopy and circular dichroism to
characterize the structural and dynamic features of this domain of SLBPDOrosophila(dSLBP). We

report that the N-terminal domain of dSLBP is stably unfolded but has nascent helical structure at
physiological pH and native-like solution conditions. The conformational and dynamic properties of the
isolated domain are mimicked in a longer 175-residue region of the N-terminus, as well as in the full-
length protein. Complete resonance assignments, secondary structure propensity, and motional properties
of a 91-residue N-terminal domain (GXK108) of dSLBP are reported here. The deviatiodtdf, 13C2,

and!3C? chemical shifts from random coil reveals that there are four regions between residuésiR8
S50-L57, S66-G75, and F91:N96 that have helical propensity. These regions also have small but positive
heteronuclear NOEs, interresiddey NOEs, and small but significant protection from solvent exchange.
However the lack of medium- and long-range NOEs in'30- and'3C-edited spectra, fast amide proton
exchange rates (all greater than E)sand long*®N relaxation T, T,) times suggest that the domain

from dSLBP does not adopt a well-defined tertiary fold. The backbone residual dipolar couplings (RDCs)
for this domain are small and lie close to 0 Hz Hz) for most residues with no well-defined periodicity.

The implications of this unfolded state for the function of dSLBP in regulating histone metabolism are
discussed.

The stem-loop binding protein (SLBP)which binds the for RNA binding and pre-mRNA processing is located
conserved 26 nucleotide hairpin at tHeed of all metazoan  toward the C-terminal end, whereas the N-terminus of
replication-dependent histone mRNAs, is important for mammalian SLBP andenopusSLBP1 (xSLBP1) has been
regulation of histone mMRNA processing, translation, and shown to be important for translation of histone mRN8), (
degradation. SLBP has been isolated and cloned fromregulation of SLBP degradatiof) cyclin binding (0), and
mammals {, 2), Drosophila(3), Caenorhabditis elegand, nuclear import of histone mMRNA4Y9). In the nucleus, SLBP
5), Xenopus laeis (6), and Strongylocentrotus purpuratus facilitates histone pre-mRNA processing by stabilizing U7
(7). In vertebrate an®rosophilaSLBPs, the region required  small nuclear ribonucleoprotein (snRNP) binding to the

histone pre-mRNAX2). SLBP remains bound to the mature
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A. DOMAIN ORGANIZATION OF DROSOPHILA SLBP
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Ficure 1: Part A depicts the domain structure of dSLBP. The
Drosophilaorthologue of SLBP has a two-domain structure as is
delineated in this study. The RNA binding domain is present at
the C-terminal end extending from residues +241. Residues
261-276 have previously been shown to be important for pre-
MRNA processing but not for RNA binding per ). No function

has yet been assigned to residuedl 3. The two constructs used
for our studies are (i) residues 1708, identified by limited
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the structural and motional properties of a 91-residue
“structural domain” reveals four regions in this domain that
prefer helical conformations in solution. Therefore dSLBP
belongs to the growing family of intrinsically disordered or

unfolded proteins that undergo a folding transition upon
recognition of their biological targets.

MATERIALS AND METHODS

Protein Expression and Purification and Sample Prepara-
tion. To identify stable domains of dSLBP, we subjected full-
length, wild-type, baculovirus-expressed SLBP to limited
proteolysis and MALDI mass spectrometry as descridél (
The residues corresponding to the N-terminal domain (NT,
residues G17#K108) identified by limited proteolysis and
residues MtK175 were subcloned into théldel and
BanH1 restriction sites of the vector pET15b. Full-length
Drosophila SLBP-4E (wherein the last four serines in the
extreme C-terminus were mutated to glutamic aciti3)(
was subcloned into thé&ldel/Xhal sites of the bacterial
expression vector pET28a. All proteins were expressed with
either N- or C-terminal His tags, which does not influence
the function of SLBP. Unlabeled and uniformi§N-labeled
full-length dSLBP-4E, dSLBP NT, and dSLBP NT175 were
expressed by growing BL21(DE3) RIL CodonPlus cells
(Stratagene) transformed with the respective pET vectors at
20 °C in the presence of 1 mM IPTG in Luria broth or
minimal media. The resulting full-length and N-terminal

proteolysis and mass spectrometry and used for detailed NMR proteins were expressed with an N-terminal hexahistidine

characterization, and (ii) residues-175, used for in vivo analysis

tag with the sequence MGSSHHHHHHSSGLVPRGSH,

as well as characterization by CD and NMR. Part B shows the \yhich has no apparent effect on the structure of the protein.

comparison of the amino acid sequence required for translation of

histone mMRNAs in vertebrate SLBPs with similar regions in other

SLBPs. The underlined residues have been shown to be critica
determinants for activation of translation (N. Gulseren, R. Thapar,

and W. F. Marzluff, unpublished). Alignment of the relevant region
in SLBP proteins from human (hSLBPXenopugxSLBP1), sea
urchin (suSLBP)Ciona (cSLBP), Drosophila (dSLBP), andC.
elegans(ceSLBP) is depicted.

from lower eukaryotesDrosophila (3) and C. elegang4,
5).
Similar to mammalian SLBPs, evidence frdnosophila

A single doubly labeled*{N, 13C) sample of the N-terminal

jdomain (residues 17108) was prepared by growings-

cherichia coliBL21(DE3) RIL CodonPlus cells (Stratagene)
transformed with the plasmid in minimal medium containing
1.0 g/L of 99%*NH,CI and 3 g/L of 99%'3C-glucose as
the sole sources of nitrogen and carbon, respectively. The
protein was further purified using immobilized metal-affinity
chromatography using Rii ions followed by gel filtration
over an S100 column. In addition, a specificafij-labeled

G/S sample, and a uniformly®N-labeled sample with

genetics suggests that dSLBP also shuttles between theselectively unlabeled lysine were used for assignment

nucleus and the cytoplasm implicating a cytoplasmic role
for the N-terminal domain of dSLBPL#). MoreoverSlbp
mutant embryos expressing a C-terminal fragmenSibip

verification. The proteins were-95% pure as judged by
SDS-PAGE. The identity of all constructs was confirmed
by DNA sequencing as well as electrospray mass spectrom-

that comprises only the RNA binding and processing domain etery. All triple resonance experiments were performed on

(RPD) is unable to complement the leth&@lbp mutant
phenotype (D. J. Lanzotti, Ph.D. thesis, University of North
Carolina at Chapel Hill). Although this deletion mutant is

a single 2 mM uniformly ¥N,*3C)-labeled NMR sample in
50 mM Tris buffer, 50 mM NaCl, 5 mM DTT, 0.1% sodium
azide, pH 6.0, in HOPH,0 (90:10).

capable of restoring histone processing, it is unable to restore  NMR Measurement®MR data was collected at 258

viability in vivo suggesting that it is defective in an essential
function of dSLBP, most likely its ability to activate
translation of histone mRNA.

SLBP fulfills for histone mRNA the regulatory roles in
translation and degradation functions that poly(A) binding
protein (PABP) fulfills for polyadenylated mRNAs. There-
fore to provide further insights into the function of the
N-terminus of dSLBP and as part of our ongoing effort to
understand structurdunction relationships involving dSLBP,

and pH 7.0 on Varian Inova 600 MHz spectrometers
equipped wih a 5 mmz-gradient triple resonance probe.
Heteronuclear NMR experiments used for obtaining back-
bone and side chain assignments of the N-terminal do-
main (residues 17108) of SLBP consisted of 20:,'H)
HSQC and 3D HNCA, HN(CO)CA, HNCO, HNCACB,
CC(CO)NH total correlation spectroscopy (TOCSY),
HC(CO)NH TOCSY {m = 21 ms), and HCCH TOCSY
(isotropic mixing time of 18 ms). Triple resonance experi-

we have characterized the conformational properties of thisments were collected as previously describdé—(19).

domain using circular dichroism and NMR spectroscopy. We
show that the dSLBP N-terminus (residues1l’5) is not
stably folded in solution. Detailed NMR characterization of

Spectra were processed using the program Felix 98.2
(Accelrys). The proton chemical shift was referenced using
DSS as an internal standard, whereas ¢ and '°C
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chemical shifts were referenced using the respective gyro-
magnetic ratios. NOE information was obtained from a 3D
(**>N,'H) NOESY—HSQC (mixing time of 75 ms) and a 3D
(C, *H) NOESY—HSQC (mixing time of 100 ms) antdnue
coupling information from a 3D HNHA. The chemical shift
indices were calculated using the program CHl)(

We tried to measure hydrogen exchange rates of slowly
exchanging amides at® and pH* 7.0 for both NT (17
108) and NT175 proteins bfH—2H exchange using short
15 min HSQCs, but none of the amides were protected 2
min after exchange intéH,0. The measurement of exchange
rates of rapidly exchanging amide protoks¢ 1 s1) was
carried out by the method of Spera, lkura, and BaX).(
Two identical {H,>N) HSQC spectra were recorded either

with presaturation of water between scans or using gradients

Thapar et al.
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for water suppression. Pairs of spectra were collected at 25rgyge 2: Far UV CD scans of SLBP-NT (residues-1708) and

°C at pH values of 6.01, 6.90, and 7.#40.05. Hydrogen
exchange ratesk{,9 were calculated at pH 7.0 as outlined
in Spera et al.Z1). The intrinsic hydrogen exchange rates
(kint) were calculated by the method of Bai et &2) using
an in-house Fortran program written for this purpose.
Protection factorsK) for individual amides are defined as
the ratiokin/Kobs

5N T; andT, relaxation rates and steady-stétel} —5N

NOEs were measured using the pulse sequences describe

by Farrow et al. 23). All relaxation rates and steady-state
{*H} —15N NOE experiments were measured atZ5at 600
MHz. For theT; experiments, 51Z 256 complex points
were collected with relaxation delay times of 5, 50, 150, 250,
350, 400, 450, 500, 750, and 1000 ms, andithexperiments
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-statg'H} —°N NOE experiment was performed
by collecting two identical datasets 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 5 s. All spectra were recorded with 256 complex
t; increments in the indirect dimension. The spectral widths
were 4801 Hz in the amide proton and 1100 Hz in tié
dimension. For th&; experiments, 180proton pulses were
applied every 5 ms during the relaxation delay period, and
for the T, experiments, 180pulses were applied every 625
ms and proton 180pulses every 10 ms. Peak intensities
were extracted from all spectra, and the data were fit using
the program Curvefit (Palmer, A., 1998).

Residual dipolar couplings (RDC) were measured by
preparig a 2 mM {°N,3C)-labeled sample of the shorter
91 amino acid domain (SLBP NT) in the presence of Pfl
phage (Asla). The same NMR sample was used for the
isotropic and anisotropic measurements. About 10 mg of Pfl1
phage was used in the anisotropic sample as verified from
the 10 Hz splitting of the HDO signal. For the measurement
of Ly couplings tH,**N) IPAP—HSQC NMR spectra were
recorded at 600 MHz. The spectra were acquired with
spectral widths of 5000 Hz itH and 1100 Hz ift°N. RDCs
were determined from the difference in one bokidy
couplings between isotropic and anisotropic samples (RDC
= yn(aligned) — Jyy(unaligned)). Data were processed
and analyzed using NMRPipe. The periodicity in fitay
couplings was assessed according to Mesleh and Ogé)la (

Circular Dichroism.CD scans were performed in 20 mM
sodium phosphate buffer, pH 7.0, at 25. The conforma-

SLBP-NT (residues +175). Both samples of SLBP-NT were in
20 mM sodium phosphate buffer, pH 7.0, at/8@d. The CD scans
were performed at 25C.

tional stability of the N-terminal domains was determined
using thermal denaturation. Thermal unfolding was moni-
tored by observing the change in ellipticity at 222 nm as a
function of increasing temperature. The heating rate was 30
‘aC per hour in a cuvette with a path length of 1 mm.

RESULTS

Drosophila SLBP (dSLBP) gives two protease-resistant
fragments when digested with a number of protea&sk (
One fragment corresponds to the C-terminus of dSLBP,
which contains the region necessary for histone pre-mRNA
processing consisting of residues H¥M2276, and the
second fragment contains a portion of the amino terminus
from residues G17K108 (Figure 1). The remainder of the
protein (amino acids 108172) is very glycine- and serine-
rich and likely unstructured.

Circular Dichroism Suggests Helical Secondary Structure
Exists for the N-Terminus of dSLBP.

Figure 2 shows a CD spectrum of the two dSLBP
N-terminal constructs that we have employed for our studies
measured at neutral pH and 26. The CD spectrum for
the longer N-terminal construct {1175) shows double
minima at 209 and 222 nm, which is indicative of helical
structure. The shorter N-terminal domain shows minima at
204 and 222 nm suggesting that some helical structure is
present; however, the minimum at 204 nm is shifted from
the expected value of 209 nm reflecting contributions from
random coil. The mean molar ellipticity at 222 nm is a rough
measure of helical content in proteins, and this value is quite
small for both N-terminal construct8£, = —2110 and,,
= —1842 for residues 1175 and 17108, respectively).
Therefore, only a small percentage of the molecule exists in
a helical conformation at neutral pH and Z5. Surprisingly,
no appreciable increase in helical content (as interpreted from
the ellipticity at 222 nm) is observed for the 175-residue
construct compared to the 91 residue domain suggesting that
residues that lie outside the 91-residue domain are mostly
flexible and unstructured. This is in agreement with our
results from limited proteolysis experiments that showed
residues 17108 were resistant to proteolytic degradation
and with NMR characterization of the longer 175-residue
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FiIGURE 3: (*H,'®N) HSQC spectra collected at a frequency of 600 MHz at@&nd pH 6.0 of (A) full-length SLBP-4E mutant (residues
1-276), (B) the N-terminal domain (residues 175), and (C) the shorter (91-residue) N-terminal domain. *Neand!H spectral widths
were set to 1100 and 4801 Hz, respectively, to maximize resolution. All spectra were collected under identical spectral conditions.

fragment reported here. The observations from the CD scanssmaller domain. Moreover, many of the cross-peaks for this
were further emphasized in the CD-monitored thermal domain could be superimposed onto the spectrum of the
denaturation profiles of the two constructs (data not shown) longer 175-residue domain suggesting that any residual
that did not show a cooperative unfolding transition as would structure is likely to be similar between the two N-terminal
be expected if the domains were well ordered. constructs. To characterize the structural features of dSLBP-
NT, we completely assigned the backbone and side chain
NMR Characterization of a Smaller 91-Residue Fragment gjiphatic resonances of this domain using standard double
of dSLBP NT and triple resonance techniques (3D HNCA, HNCOCA,

. HNCACB, CBCA(CO)NH, HNCO, CC(CO)NH TOCSY,
m ]q_| 15 -
Comparison OffH,™N) HSQC Spectra of Full-Length and HCC(CO)NH TOCSY, and HCCH TOCSY) as described
N-Terminal Fragments of dSLBfFigure 3 shows a com-

. 15 ) in Materials and Methods. The assigned spectrum of the
parison of the H,™N) HSQC spec;tra of full _Iength dSL.BP’ smaller 91-residue domain used for this study is shown in
residues MEN175 of the N-terminal domain, and residues

. : Figure 4. Despite the narrow chemical shift dispersion in
G17-K108 of the N-terminus. Remarkably, the chemical . . . 5
shifts of resonances in both the full-length protein and the the amide proton dimension of 0.4 ppm, th,{*N) HSQC

175-residue and 91-residue N-terminal domains have a verySpECtrum of the 91-residue protein collected with a sweep

narrow dispersion in the amide proton region of 0.4 ppm width 0f4'8 kH.Z in the am|d(_a proton region and 1.'1 kHz in
that is centered around the random coil chemical shift the N d|men5|9n resulted in very g_ood resolutlon_of all
(between 8.2 and 8.4 ppm) (Figure 3). THE{5N)-HSQC cross-peal_<s. Triple resonance expenments that utlllzegl the
spectrum of the full-length SLBP protein reveals that only resolution in thé&_—’N and13Ci’ dimensions to resolve p_otentlal
50/262 (276 residues 14 prolines) of the expected cross- SPectral overlap iffC* and*H* enabled complete assignment
peaks are observed in the spectrum at 600 MHz, and thesePf all observable b_ackbone and side chain resonances for
cross-peaks are also centered between 8.2 and 8.4 ppm. Thi'e smaller N-terminal fragment (G+K108) (Figure 4).
remaining peaks are absent from the spectrum either due tdesidues that remain unassigned include residues S23,
chemical exchange broadening especially of the C-terminal N58—S60, S63, and C64 that are not observed in the NMR
residues (from the RNA binding and processing domain or SPectra. The assignment of glycine and serine residues was
RPD) or due to rapid amide exchange. We show in the also confirmed from specifically labeled samples. Amide
accompanying papetLf) that the RNA binding domain is ~ cross-peaks corresponding to nine glycines have been aliased
only partly folded and the cross-peaks for residues in this in the spectrum and hence appear downfield shifted in Figure
domain are exchange-broadened in HSQC spectra. The RPE-
is fully functional in RNA binding. Therefore the properties The chemical shifts of backbonrl®, 13C* 13C# and!3C'
of both the N-terminal and C-terminal domains are reflected nuclei are strongly correlated with secondary structure and
in the full-length protein. are commonly used to predict backbone dihedral angles in
Backbone Chemical ShiftSince the domain that we a folded protein. For an unfolded protein, the deviation of
identified from limited proteolysis experiments corresponded *H%, 3C%, 13C#, and*3C' chemical shifts from random coil
to residues G17K108 and there is no appreciable change are the best measure of secondary structure propensity since
in the CD spectrum between the 91-residue and 175-residughey are sensitive to small deviations from random coil
constructs, we decided to focus our NMR studies on the values. A downfield shift of thé&*C* resonance by-2.5 ppm
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Ficure 4: (*H,N)-HSQC spectrum of uniformly**N-labeled ,
sample of the N-terminal domain (residues—1D8) of SLBP ES-UD 1

collected at &H frequency of 600 MHz at pH 6.0 and 2&. This

is the minimal N-terminal domain that was identified using limited |
proteolysis and mass spectrometry. The spectrum was collected with ﬂ'u 0.00
a 2 mM sample with 128 increments and eight scans tper < '
increment (total acquisition time is 1 h, 8 min). The residue-specific = 1
assignments of cross-peaks arising from the backbone amide group: Y 500
are indicated. Resonances marked with negative numbers denote '
nonnative residues from the vector that was left as a solubility
enhancement tag. Glycine residues that have been aliased in the
spectrum are denoted by asterisks Side chain amide protons of
asparagine and glutamine residues are shown connected by dashe
lines. Four additional side chain resonances of weak intensity are
observed in the spectrum, and these are denotekl. as

(pp

-10.00

-15.001

1723 29 35 41 47 53 59 65 71 77 83 89 95 101 107

Residue

.. . . . . . . iati 3 3 3
is indicative ofo-helical structure, whereas an upfield shift F/GURE 5t In part A, the deviation of M, °C*, 3/, and*C
chemical shift values from random coil sequence-corrected as

by ~1.7 ppm is suggestive g-sheet. Figure 5A shows the  previously described is depicted as the corresponding chemical shift
chemical shift indices (CSI) for § C*, C/, and C and the indices (CSI) calculated using the program CSI. in part B, the
composite CSlI for all heteronuclei, which indicate that there (AC* — A3Cf) chemical shift difference measured from a 3D
are five putative helical regions in the molecule that HNCACB spectrum is shown as a function of residue number. H1

mpri resi 4 H2 mpri resi 7
cortespond {0 GI7S20, 126-V43, H49-ESp, AGD-T72,  ComPises fesidics 2645, 12 comprises esiduee 59057,
and F89-L92. The correlation of3C* and *C# chemical N96.
shifts with secondary structure further increases by calculat-
ing the AC* — ACP) shift, where theA shift corresponds  S50-L57, S66-G75, and F9+N96. No clear trend is
to the deviation from random coib, 26). Figure 5B shows  observed for the remaining residues, suggesting that these
the (AC* — ACP) shift values for residues in SLBP-NT. are present in an extended conformation or a coil. The
There are four regions that show positive valuesAfC* magnitude of theAC* — A'3CF) shift is largest for residues

— ARCP) shifts, and these correspond to residues1235, S66-L77 with the largest difference being 8 ppm for E71,
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Table 1: Vicinal®Jyu, Coupling Constants antH—'°N Residual
Dipolar Couplings {Dnn) (in Hz) for Residues G17K108 of »
dSLBP & 41

. . . o o o o
residue 3Jyne Dnu @ residue 3Jype Dnn @ residue 3Jywe Dnn @ o _ o o o o0

oN2t——% v 0o —© 6o
G17 b E52 70 0 H M87 +2.4 s =< 6 000 00 6 ®o o® o o
S18 +0.6 A53 6.0 +18 H A88 6.6 —1.2 3 8 o °
G19 b S54 66 —12 H F89 7.7 —-18 % c 0 e e &=
S20 75 b S55 -2.4 H E90 +1.2 ce b o oo o o ooo o
L21 -1.2 S56 -12 H Fo1 -18 H > 3 2] o e o o0 o
N22 b L57 64 +12 H L92 86 +24 H w= o © ee o o
S23 b N58 b D93 +0.6 H T °
S24 b S59 b G9% 78 0 H - -4
A25 b S60 b Vo5 7.8 +1.8 H
S26 b A6l 7.8 O N96 7.2 —-1.8 H % , , . . . . :
S27 b A62 +1.8 E97 5.5 0 20 30 40 50 60 70 80 a0 100
28 7.0 +1.8 H S63 b veg 7.1 +1.2 .
S29 7.0 430 H Cé4 b K99 6.8 +3.0 Residue
130 73 +12 H G65 b F100 7.5 +1.8 Ficure 6: Residual dipolar couplings measured for the N-terminal
D31 68 0 H S66 —2.4 E101 7.2 -3.0 domain of Drosophila SLBP. Small but significant changes in
V32 81 0 H L67 58 +12 H R102 7.6 +2.4 dipolar couplings are observed in the sequence suggesting differ-
K33 63 +30 H A88 57 +12 H L103 82 O ences in the relative alignment of residues in the protein. The
P34 b H K& 80 0 H V104 81 06 experimentally measured dipolar couplings are plotted as a function
T35 +1.1 H K70 65 —24 H K105 79 +24 of residue number.
M36 +49 H E71 66 +12 H E106 7.8 —12
Q37 65 +12 H T72 84 -12 H E107 7.8 +24 . .
338 ND H A73 73 —18 H K108 83 0 and a-*C-edited NOE,SY spectrum collected on this molecule
W39 79 +12 H D74 63 418 H show that weakdyn's exist for some residues, but no
A40 72 -12 H G75 7.8 O medium-range NOEs were identified. In addition, the spectra
‘E?jzl 6.4 ‘g-g : T;? Z;; 8 show a paucity of long-range NOEs, and the intraresidue
Va3 67 —18 H E78 78 —12 correlations are strong suggesting that the molecule is largely
R44 72 418 H S79 65 +1.2 unfolded. Figure 9 summarizes the limited numbedg§
A45 7.6 +1.8 H K80 87 -3.0 NOEs observed in the four putative helical regions in the
E46 70 O D81 6.2 —18 molecule.
F47 65 0 G82 59 +1.2 : . . . .
1 -

Gas8 b £83 71 412 _ Dnn Residual Dlpolar CouplingsResidual dipolar cou
H49 82 +1.2 G84 79 —1.2 plings (RDCs) are important probes of backbone structure
S50 0 H R85 b and dynamics 47, 28). In well-folded molecules, RDCs
D51 +12 H ES86 -1.2

provide orientation information for individual &H bond

2 Refers to helical secondary structure propensity as is estimated fromvectors with respect to the magnetic field such that in an
all of the NMR parameters combinetiNot determined. ideal helix, all the NH bond vectors align similarly along

the helical axis and hence would be oriented with similar

whereas all other residues have value8 ppm, which angular coordinates with respect to the principal axis of the
suggests conformational averaging. Therefore the pattern ofalignment tensor. This results in distinct sinusoidal patterns
the CSI and A13C* — A3CP) shifts is consistent with helix  termed “dipolar waves” where the periodicity would be 3.6
being present for four regions in the molecule; however, the for ideal a-helical geometry. To test whether the RDCs
small magnitude of the shifts suggests conformational suggest the presence of either stable or nascent helical
averaging exists for these helical regions as well. structure, SLBP-NT was aligned in the presence-&0 mg

Coupling Constants and NOEBhe3Jyy, Vvicinal coupling of Pfl phage under similar conditions used for the analysis
constant is known to be empirically correlated with the of other NMR parameters (pH 6.0 and 50 mM NacCl at 25
backbonep angle via the Karplus relationship. Residues with °C). The final concentration of phage in the NMR sample
8JwHe < 6 Hz are correlated with helical conformation, was assessed by the splitting of the HDO signal, which was
whereasdyy, values of>8 Hz are correlated witff-strands. 10 Hz. Small shifts in the spectrum of dSLBP-NT caused
Residues witlJy, values between 6 and 8 Hz are expected by anisotropic averaging of the chemical shift tensor
to either lack stable secondary structure or have unusualconfirmed the weak alignment of dSLBP-NT. The chemical
dihedral angles associated with these couplintane shifts of amide cross-peaks did not change dramatically, and
couplings were measured for 58 residues in a 3D HNHA no significant broadening of resonances was observed
spectrum for which the cross-peaks were well resolved andindicating that the SLBP-NT domain does not associate
the peaks were not exchange-broadened. Of these, only threstrongly with the phage. Figure 6 and Table 1 summarize
residues havély, values (Table 1) oi<6 Hz suggestive  the RDC values for backbone-N\H vectors extracted from
of helical or turn structure. These residues are L67, A68, IPAP—HSQC spectra. The RDC values for SLBP-NT are
and E97. The remaining residues have couplings between Gsmall and range from-2.4 to +4.9 Hz. Most of the RDC
and 8 Hz indicating that it is likely that the backbone dihedral values lie withint2 Hz, and there is no apparent periodicity
¢ for these residues exchanges rapidly between an ensembléhat is characteristic of helices. When the data is fit to the
of conformations in solution. The presence of helical “dipolar wave” equations as described by Mesleh et2),(
structure can be identified from the patterndaf, dun, dsn;, most of the protein has a very low “periodicity” scoreX),
and dys short anddy v, dags. Medium-range NOEs in  indicating that no one stretch of residues is readily distin-
NOESY spectra. A 75 ms 3PN-edited NOESY spectrum  guishable as helical compared to any other region. Since the
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uncertainity in the measurements isl Hz, we cannot
ascertain whether the small RDC values reflect the lack of
persistent long-range structure in SLBP-NT or averaging
about the N-H bond. Since the other NMR parameters
suggest that SLBP-NT lacks stable tertiary structure and the
backbone is highly flexible, the latter is probably correct,
although we cannot rule out the former.

Shortle and colleagues observed laf@g values for
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A131A staphylococcal nuclease 8 M urea for theA131A
staphylococcal nuclease mutant in the presence of increasing
amounts of ureadl). In this study, the authors suggested
that the RDC values reflected persistent structure in the
protein and the'Dyy values were not affected by local
disorder. This result is contrary to initial expectations that
isotropic averaging about the NH bond vector, which is
characteristic of unfolded proteins should result in RDC
values that lie close to zero. It is also contrary to recent
experimental results on a themally denatured GB1 domain
that found no significant RDCs. However, a recent theoretical
study suggests that neglecting end effects, RDCs will be
small, negative, and monotonic for random flight chains of
length similar to SLBP-NT Z9). It is tempting to conclude
therefore that the variability in the measurements presented
here reflect some persistent structure in SLBP-NT, although
the error in the measurements is large compared to the range :
of couplings.

Amide Exchange RateBhe protection of backbone amides
from exchange with solvent is observed either when the
peptide is structured in the vicinity of the exchanging NH
and lies in a hydrogen bond or when the amide is buried in
a hydrophobic core and hence inaccessible to solvent. Amide
exchange methods have long been used to detect loca
structure as well as serve as reporter groups in protein(b
folding. We performed HD exchange experiments using
NMR for the 91 amino acid SLBP-NT and the longer 175
amino acid domain. The experiment was performed & 5
to decreasdX at a pH of 7.0 and with a dead time of 2
min. However under these conditions none of the amides
are protected from exchange with @ suggesting that the
amides exchange rapidly on the NMR time scale (the half-
life is on the order of milliseconds). We conclude therefore
that none of the amides exist in stable, persistent secondary
structure. To measure exchange rates of fast-exchanging
amides (i.e., wherk'* occurs faster than 1%, we utilized
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the method of Spera, Ikura, and Bafl] whereby the ppe——— . — —
exchange rate can be extracted from the ratios of the cross- 30 40 5 60 70 80 90 100
peak intensities in spectra collected with and without water Residue

saturation. Figure 7A shows pOFtIODS of tHel (*N) HSQ,C FiGure 7: Part A shows measurement of fast-exchanging backbone
spectra of SLBP-NT collected at different pH values in the amides for residues F£K108 from HSQC spectra collected with
presence of either gradients or presaturation for water and without presaturation of water at three different pH values.
suppression. As is evident from Figure 7A, the cross-peak The left panels show HSQC spectra collected without presaturation

intensities decrease considerably when the pH is increased .HZOd and tne ”@i'ht p‘.”‘”e('f IshOW s_pgctra coller::ted with dpresatu-
f 6.01 to 7.74. At neutral pH ( H6 9) there is also a ration .urlngt ere aXEltIOI"I. elay perio .qutB S. ows amiae pl’.OIOI"I
rom ©. o ‘ pH (p > protection factors determined for all amides in the N-terminal
large contribution to the amide proton exchange rate due todomain (residues 17108) of dSLBP.

cross-saturation by water. By measuring spectra at different

pH values, the tru&"™ can be calculated as described in for residues that lie in regions of helical propensity as is
Materials and Methods. To take into account the inductive predicted from heteronuclear chemical shifts. However even
and steric contribution of the side chain at the-(1) position for these residues, only a 10-fold protection from ex-
to the exchange rate, protection factors (defined as the ratiochange relative to the intrinsic exchange rate for a random
kH*/kin) were calculated for all amides. Figure 7B shows the coil peptide is observed (as compared to protection by
logarithms of the protection factors plotted against residue 10°—10°-fold for folded proteins), reflecting the highly
number. The strongest protection from exchange is observeddynamic behavior of the backbone of this domain. Neverthe-
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Ficure9: Summary of residual secondary structure and amino acid
sequence of the N-terminal domain@fosophilaSLBP. Residues
that have been assigned are designated by a plus sign; the pattern
of dwyn's is denoted by closed rectangles; residues Wiy, < 6

Hz are shown with filled circles; residues predicted to be helical
in the chemical shift index are denoted as h for helix. Residues
showing more than 10-fold protection from exchange relative to
random coil are depicted as star; those with higher than average
heteronuclear NOEs are depicted as n. On the basis of all the NMR
parameters combined, the following regions are expected to have
some residual helical structure: 2845, S50-L57, S66-G75,

and FOE-N96.

structure in the four “helical” regions in the protein. Some
residues in the regions 12841 (helix-1) and S66G75
(helix-2) show small but positive heteronuclear NOE values,
and these values are also smaller than average for residues
S50-S56 and S66L77. The differences in backbone motion
between the helical regions and the rest of the molecule were
also apparent in the relaxation times (Figure 8A,B), which

less it does suggest that transient structure exists for thesevere lower than the averagl and T, values determined

helical regions.
5N Relaxation Rates and Heteronuclear NOHhe

for the entire molecule. The values of the relaxation
parameters determined clearly indicate that rapid internal

motional properties of the N-terminal domain of dSLBP on Motion exists for all amides, consistent with the protein being
measuring the!®N T, and T, relaxation rates for 67/91 NMR structural parameters that suggest that partly folded

backbone amides. Cross-peaks that were of weak intensity'€sidual helical propensity exists in four regions of this

or in regions of spectral overlap were left out of the analysis. domain.

I5N—1H heteronuclear NOEs anfdN T, and T, relaxation

NMR Characterization of the Longer N-Terminal Domain

rates were determined from intensity-modulated spectra asComprising Residues-1175. One possible explanation for
described in Materials and Methods and are shown in Figurethe observed properties of the smaller 91 amino acid domain

8. TheT; (Figure 8A) andT, (Figure 8B) relaxation times

is that it is an artifact due to premature truncation of the

were much longer than those expected for a small globular protein. Therefore we also analyzed NMR data for the longer

domain of~10 kDa. The!™N T; ranged from 384 to 1704

175 residue domain. As shown in Figure 2, the HSQC

ms with an average value measured over 67 amides of 1151.Zpectrum of the 175-residue domain also has a narrow

+ 40.11 ms, whereas théN T, ranged from 123 to 719 ms
with a mean value of 287.3 13.84 ms. The'>SN—1H
heteronuclear NOE, which is a good indicator of internal
motion in a protein backbone was negative for most
backbone amides (Figure 8C) and ranged fre®.17 to
+0.66. The meart®™N—H heteronuclear NOE value was
small and was determined to be 0:44.023. The relaxation

dispersion of chemical shifts in the amide proton region, and
many of the resonances from the smaller domain superimpose
onto the spectra of the 175-mer. Measurement of H/D
exchange rates for the longer 175-residue protein &€ 5
and pH 7.0 shows that similar to the smaller domain, all
amides exchange rapidly with solvent (with an exchange rate
of >0.01 s, which is the lower limit of exchange in this

parameters are also consistent with the presence of residuaéxperiment) and none of the amides are protected from



9398 Biochemistry, Vol. 43, No. 29, 2004 Thapar et al.

exchange 2 min after the addition of,@. It is therefore in regulating biological function. It has been suggested that
unlikely that stable secondary or tertiary structure exists for intrinsically unfolded proteins such as dSLBP may control
residues +175. In addition, as part of another study, we affinity and specificity separately during a binding event such
have also measured equilibriuthl/*H isotope effects for  that they pay an energetic penalty in conformational entropy
the 175 residue protein (data not shown). The equilibrium but are able to maintain highly specific interactions with their
fractionation factor ¢) or enrichment of protium vs deute- biological targets 3, 34). It has also been proposed that
rium in a protein at equilibrium is correlated with hydrogen the ability to maintain an unfolded state allows these proteins/
bond strength such that amides in strong H-bonds accumulatedomains to adopt unfavorable backbone conformations in
protium @ < 1), whereas amides in weak H-bonds ac- the bound state that would be energetically very costly if
cumulate deuterium@ > 1). In generalo-helical residues  the protein were folded into a unique structure. More
have lower¢ values than amides ifi-sheet residues. The structural and biophysical studies are therefore needed on
results indicate that 86% of all amides in the 175-residue free and bound forms of unfolded proteins to fully understand
protein havey values of>1 with values greater than the the biological relevance of being unfolded. Our characteriza-
average¢ value observed in proteins with well-defined tion of the “free” state of SLBP reported herein helps to
structure. Therefore both the H/D exchange rates and theunderstand the conformational transitions that the protein
2H/*H isotope effects suggest that amide hydrogen bonds inmust undergo when it binds eukaryotic translation initiation
residues 175 of the N-terminal domain of dSLBP are factors.
weak and the protein is not stably folded under native-like = SLBP is an adapter-like molecule that has been proposed
solution conditions. to bind other proteins as well as RNAZ). In the cell, there
is a pool of SLBP in the nucleus that is used to process

DISCUSSION histone pre-mRNA as it is transcribed. When SLBP binds

We have characterized the structural and dynamic proper-to the pre-mRNA, it can then interact with a protein in the
ties of the N-terminal domain of dSLBP. Our data shows U7 snRNP, assisting in the recruitment of U7 snRNP to the
that dSLBP is an intrinsically unfolded protein and its pre-mRNA @5). Once the histone mRNA is processed SLBP
N-terminal domain has transient helical structure in four remains bound to theé 8nd of the mRNA and accompanies
regions of the molecule. The term “intrinsically unfolded” the RNA to the cytoplasm. The N-terminal region of SLBP
or “intrinsic disorder” has been used to describe polypeptide must interact transiently with a number of different proteins
chains that are by their inherent nature not structured asto stimulate translation, is a substrate for multiple protein
opposed to polypeptides that are normally structured but cankinases, is required for nuclear import of SLBP, and is
be induced to unfold using denaturants. The spectroscopicrequired for targeting SLBP for degradation. Therefore a
properties of the N-terminal domain of SLBP are very similar functional advantage of being unfolded may be the ability
to that of FIgM ang3-dystroglycan, both of which have been of dSLBP to bind numerous target86j. SLBP is also a
well characterized by NMR and are regarded as being phosphoprotein and is phosphorylated at numerous sites in
intrinsically or natively unfolded30). The motional proper-  the N- and C-terminal domain87, 43). Phosphorylation of
ties of the N-terminal domain of SLBP are very different the N-terminal domain of human SLBP has been shown to
from that of the C-terminal RPD, which is also not stably be important for degradation of hSLBProsophilaSLBP
folded but of which the HSQC spectrum is suggestive of has been shown to be phosphorylated at T120 in the
slower exchange between multiple conformatiah).(The N-terminus; however, the functional significance of this
N-terminal domain of SLBP gives one cross-peak per residue phosphorylation is uncleat4). Since phosphorylation sites
indicating that, although unfolded, the different conforma- are frequently disordered in proteins, this may be another
tions are in fast exchange on the NMR time scale. The reason dSLBP evolved to be inherently unfolded.
exchange broadening observed for the C-terminal RPD Comparison of NMR Parameters of dSLBP NT with NMR
suggests that the time scale of exchange is much slower,Studies of Other Unfolded Moleculgstom a biophysical
that is, occurs on the millisecond time scale, and the RPD stand-point, dSLBP resembles a folding intermediate where
has features of a molten globule-like stal&)( The features  transient secondary structure persists due to local interactions
of both the N-terminal domain and the C-terminal RPD are between residues, but long-range interactions are not present
present in the full-length protein; therefore, our results on (38—40; for reviews, see ref§1 and42). Our data on dSLBP
the individual domains are relevant to the properties of the are similar to those reported for the native state of FIgM in
intact molecule. which the C-terminal domain is unfolded but favors helical

Biological Releance of Intrinsic DisorderBioinformatics conformations 33). Similar to FIgM, some of the residues
approaches estimate that-351% of proteins in the eukary-  have helical propensity as is estimated from heteronuclear
otic genome have regions of low complexity or global chemical shifts; however, the relaxation timesandT, are
disorder in which 40 or more consecutive residues are long suggesting that a compact globular state does not exist.
predicted to be unfolded(). Frequently these regions are The native state of dSLBP also has properties similar to the
deemed to be important for recognition of other proteins or denatured state of th&131A construct of SNase in that the
nucleic acids although there are very few examples whereinamide exchange rates are fast suggesting that hydrogen bonds
dynamics has been directly correlated with biological func- are not stable and there is little stable packing of residues
tion (32). Global disorder in intrinsically unfolded proteins on the nanosecond to picosecond time scale as is estimated
is less well characterized than local disorder and the role of from relaxation data39). However, in contrast tA\131A
global disorder in modulating protein function is not well staphylococcal nuclease, we do not observe large RDC values
understood. Therefore structural characterization of thesethat are indicative of persistent long-range structure, and our
proteins is necessary to understand the importance of disorderesults are more consistent with recent studies on a thermally



Characterization of th®rosophilaSLBP N-Terminal Domain

denatured domain of GB1 that showed no significdb 8.

couplings 45).

NMR spectroscopy is uniquely suited for the study of ¢
unfolded proteins; however, the number of NMR parameters
available that are sensitive to the detection of residual
structure is small. We have characterized the N-terminal
domain of SLBP in detail. Our results show that deviation

of heteronuclear chemical shifts from random coil remains 10.

the single most important measure of residual structure since
the 3Jyhe and Dy couplings are usually averaged and few
medium and long-range NOEs are observed. We also show

that the backbone RDC values in an unfolded molecule such 11.

as SLBP lie close to zero hertz. It is important to characterize
residual structure in these unfolded proteins, both from the
viewpoint of protein folding and for understanding disoreer
function relationships as opposed to structtitenction
relationships. The challenge in the coming years will be to
develop methods that allow better characterization of the
residual and persistent structure in these molecules.

In summary, we have provided the first insight into the
molecular features of dSLBP. Future structural characteriza-
tion of dSLBP bound to protein and RNA targets will help
to understand the structural changes that occur in dSLBP
upon binding translation initiation factors and the role of
intrinsic disorder in molecular recognition for this biologi-
cally important protein.
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