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ABSTRACT: The E subunit of the human heterotetrameric negative transcription elongation factor (NELF-
E) contains a canonical �R��R� RNA recognition motif (RRM) that binds to a wide variety of RNA
sequences. These induce very similar conformational changes in the RRM as determined by nuclear
magnetic resonance spectroscopy. Although the RNA binding interface of a canonical RRM is mainly
located at its �-sheet surface, for NELF-E RRM large chemical shift perturbations are observed for residues
in the flexible C-terminal region and the loop between �3 and R2, and both regions are distant from the
interface. We determined the solution structure of single-stranded transactivator responsive element (TAR)
RNA-bound NELF-E RRM. This structure clearly shows that RNA binding to NELF-E RRM induces
formation of a helix in the C-terminus. The RNA-bound form of NELF-E RRM is very similar to the
RNA-bound form of U1A RRM, although the C-terminus of the NELF-E RRM is unstructured in the
free protein, whereas it is helical in the U1A protein. Thus, RNA binding to NELF-E RRM induces a
conformational change toward the U1A structure, resulting in highly similar RNA binding conformations
for both proteins.

The RNA recognition motif (RRM),1 also known as
ribonucleoprotein (RNP) domain or RNA binding domain,
is one of the most common RNA binding domains, and
proteins containing this domain are involved in most steps
of eukaryotic gene expression (1–3). RRM domains typically
consist of 90 amino acids and fold into modules with a
�1R1�2�3R2�4 topology, where the four �-strands form an
antiparallel �-sheet (4). Whereas one surface of the �-sheet
is involved in hydrophobic packing with the two R-helices,
the other is the RNA binding surface. RRM domains contain
two highly conserved ribonucleoprotein motifs, RNP1 and
RNP2, located in the central �-strands. The aromatic amino
acids of the RNP motifs are thought to be involved in base-
stacking interactions with unpaired RNA bases (3). The RRM
target RNAs are diverse in sequence and secondary structure.
In general, RRMs use loop regions as well as N- and
C-terminal extensions along with variations in the �-sheet
surface (5) to obtain RNA binding specificity, but individual
RRMs use different mechanisms for RNA recognition
depending on their RNA target.

Negative transcription elongation factor (NELF) is a
heterotetrameric protein of four subunits, NELF-A, NELF-
B, alternatively spliced NELF-C or NELF-D, and NELF-E
(6). As a general transcription factor, NELF is involved not
only in the regulation of human gene expression (7, 8) but

also in the regulation of HIV-1 transcription by arresting the
elongation complex (9, 10). The RNA binding activity of
the NELF-E RRM is crucial for the function of NELF, and
deletion of NELF-E RRM completely abolishes the function
of NELF (11, 12). NELF is recruited to the elongation
complex by binding to the nascent transcripts of RNA
polymerase II (Rpol II) via the NELF-E RRM (11). The
negative effect of NELF on HIV-1 transcription is counter-
acted by NELF-E phosphorylation and phosphorylation of
the C-terminal domain of Rpol II by positive transcription
elongation factor b (p-TEFb) which in turn is recruited to
the elongation complex via Zn2+-dependent interaction with
HIV-1 transactivator (Tat) protein (10, 13–15). NELF-E
RRM exhibits a canonical topology, that is, a four-stranded
antiparallel �-sheet surface packed against two R-helices, and
the N- and the C-termini are unstructured in solution (16).
Here we explore details of the structural changes induced
into the NELF-E RRM upon RNA binding utilizing NMR
spectroscopy.

MATERIALS AND METHODS

NMR Spectroscopy. 15N- and 13C,15N-labeled NELF-E
RRM was expressed and purified as described (16). Synthetic
RNA oligonucleotides purified by HPLC were purchased
from biomers-GmbH, Ulm, Germany. All NMR experiments
were performed at 298 or 303 K on Bruker Avance 700 and
Avance 800 spectrometers equipped with cryogenic cooled
1H/13C/15N triple-resonance probes with pulsed-field gradient
capabilities. NMR titration experiments were performed on
15N-labeled NELF-E RRM (0.1 mM) by measuring a series
of 2D 1H-15N HSQC spectra with addition of unlabeled
single-stranded TAR RNA oligonucleotides at various molar
ratios, and 1H-15N resonance shift and line width changes
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were monitored by analysis of these spectra. Normalized
chemical shift changes were expressed as the weighted
geometric average of 1HN and 15N chemical shift changes
for each residue, and normalized chemical shift changes
larger than 0.04 ppm were considered significant (31).

The dissociation constants Kd were determined from the
changes of chemical shifts of 15N-labeled NELF-E RRM
observed in a 1H-15N HSQC spectrum after gradual addition
of the respective unlabeled binding partners. Changes of
chemical shift of signals in the fast-exchange limit were fitted
to a two-state model.

δobs ) δP + (δPL - δP)[KD + (1+ r)[P]0

2[P]0
-
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2 - 4[P]0

2r
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] (1)

δobs, δP, and δPL are the chemical shifts for the actual mixture,
the free protein, and the completely bound protein, respec-
tively. [P]0 is the total concentration of NELF-E RRM, and
r describes the NELF-E RRM/RNA ratio.

To obtain the three-dimensional structure of RNA-bound
NELF-E RRM, standard double and triple resonance NMR
experiments were recorded. All NMR spectra for the structure
determination were recorded at 303 K with a 1:1 complex
of 0.5 mM uniformly 1H,15N- and 13C-labeled NELF-E RRM
and 0.5 mM unlabeled single-stranded TAR49–57 in buffer
containing 10 mM sodium phosphate, pH 6.9, 100 mM NaCl,
1 mM DTT, 10% D2O, and 0.03% of NaN3. Distance
restraints for structure calculation were derived from three-
dimensional 13C- and 15N-edited NOESY-HSQC experiments
with mixing times of 120 ms (36, 37). NMR data were
processed using in-house written software and analyzed with
the program package NMRview 5.2.2 (32).

Structure Determination. Backbone resonances of NELF-E
RRM in complex with TAR49–57 were mainly assigned by
following the resonances during the titration. Except for the
resonances involved in RNA binding, all resonances could
be assigned directly since they did not show any chemical
shift perturbations. The resonances exhibiting large chemical
shift changes were assigned by observing the characteristic
NOEs in 15N NOESY-HSQC spectra. Many protein reso-
nances in the complex gave chemical shifts and patterns of
NOE cross-peaks similar to those observed for the free
protein. Thus, most of the resonances were assigned by
comparing the constant time 1H-13C HSQC spectra of the
free and RNA-bound NELF-E RRM. Side chain resonance
assignments for residues involved in RNA binding were
achieved by following the trace of side chain protons in 3D
HCCH-TOCSY and identifying characteristic NOEs in 13C
NOESY-HSQC spectra. NOE cross-peaks identified in the
3D 15N and 13C NOESY-HSQC spectra in an iterative pro-
cedure as well as hydrogen bonds and 3JHNH scalar coupling
constants were converted into distance and backbone torsion
angle restraints, respectively, as described (16, 33). In total, 1929
distance restraints, 32 dihedral angles, and 24 hydrogen bonds
were used for the structure calculation (Supporting Informa-
tion, Table 1). All structure calculations were performed with
the program X-PLOR 3.8.5.1 using the three-step simulated
annealing protocol (33, 34) with floating assignment of
prochiral groups (35) as described (16). The structural

coordinates were deposited in the Protein Data Bank (PDB
accession code 2jx2).

RESULTS AND DISCUSSION

RNA Binding Studies. To understand the RNA recognition
process by NELF-E RRM in detail and to study the general
features of RNA recognition by this protein motif, we
performed NELF-E RRM-RNA binding studies by NMR
using various single-stranded RNA oligonucleotides derived
from the stem region of HIV-1 TAR RNA (Figure 1). Amide
proton chemical shifts are usually a very sensitive probe to
study side chain perturbations by direct ligand interaction
or by protein conformational changes on ligand binding.
Addition of unlabeled TAR1–10 to 15N-labeled NELF-E
RRM led to chemical shift changes in the 1H-15N HSQC
spectra for the residues located in the �-sheet surface of
NELF-E RRM (Figure 2), most remarkably for L42, V44,
C75, and V78 in the central �-strands but also for E81, K82,
and M83 in the loop between �3 and �2 as well as M113,
L114, D115, A116, and A117 in the C-terminus. Unambigu-
ous assignment of the amide and nitrogen resonances was
facilitated as all resonances were in the fast-exchange regime
on the NMR time scale and thus could be traced easily during
titration. Although NELF-E RRM binds to all TAR RNA
oligonucleotides used in this study, binding resulted in

FIGURE 1: Secondary structure of HIV-1 TAR RNA. Sequences of
RNA oligonucleotides used for the binding studies with NELF-E
RRM are shown in different colors.
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different dynamics of the system as evidenced by different
chemical exchange kinetics (Figure 3).

Normalized Chemical Shift Changes. In all titration
experiments, regardless of the RNA oligomer added, the
same set of amide resonances showed chemical shift
perturbations, although with different magnitude. This clearly
points to a general structural rearrangement of the NELF-E
RRM on RNA binding, independent of the specific sequence
of the oligomer. In particular, backbone amide protons and
nitrogens located in the �-strands, the loop between �3 and
R2, and the C-terminal region were strongly influenced, e.g.,
0.185 and 0.308 ppm in V44 in the TAR1–10 and the
TAR49–57complexes,respectively.TAR11–21andTAR49–57
induced the largest chemical shift changes, and the final
chemical shift changes in the TAR44–53 could not be
detected due to severe resonance broadening. Titration of
15N-labeled NELF-E RRM with TAR1–10, TAR6–15, and
TAR39–48 allowed the observation of chemical shift changes
for resonances under fast-exchange conditions for amino
acids located in the RNA binding region of NELF-E RRM.
From these data, Kd values of 21 µM, 35 mM, and 55 µM
could be determined (Supporting Information). Thus, NELF-E
RRM binds to all RNA oligonucleotides studied in similar
fashion with Kds in the micromolar range, but it does so with
differences in detail. The ability of NELF-E RRM to bind a
wide variety of single-stranded RNAs, albeit with different
affinities, is not surprising, since NELF is involved in
regulation of the expression of a wide variety of genes, and
the nascent transcripts of Rpol II differ widely in their
sequences (11).

Mapping of RNA Binding Interface. The RNA binding
surface of NELF-E RRM as obtained by chemical shift
mapping reveals subtle differences as compared to binding
interfaces of other RRMs (5, 17-19) (Figures 4 and 5). Like
other RRMs, NELF-E RRM uses the �-sheet surface and

the highly conserved RNP1 and RNP2 motifs to provide a
platform for RNA recognition. Usually, if only a single RRM
domain is present in a protein, this RRM uses loop regions
to provide additional RNA contacts (20–22). In the U1A
RRM snRNA complex, for example, loop 3 forms an
extensive hydrogen bond network and provides hydrophobic
contacts with RNA. NELF-E RRM, however, does not show
any significant chemical shift perturbation in the loop 3
region upon addition of RNA. Thus, the detailed mode of
RNA binding of NELF-E RRM is clearly different than the
mode of RNA binding of the U1A RRM.

Addition of RNA to NELF-E RRM results in remarkable
chemical shift changes for the resonances located in the
N-terminal part of R2 and the loop between �2 and �3. The
side chain resonances of N40, located close to this loop, show
a significant chemical shift change after RNA addition,
although the N40 side chain is located opposite to the RNA
binding �-sheet surface, indicating conformational changes
in regions of NELF-E RRM that are not directly involved
in RNA binding. The same is true for the N-terminal part of
R2; i.e., the amino acid side chains are not close to the binding
surface but are still perturbed on RNA binding.

Structure of RNA-Bound NELF-E RRM. Titration of
NELF-E RRM with TAR49–57 induced the largest chemical
shift changes in the protein and was thus studied more
closely. All distance restraints observed for free NELF-E
RRM (16) were also found in the TAR49–57 complex,
indicating that the structures of free and bound protein were
highly similar for amino acids 39–107. Forty additional

FIGURE 2: Titration of NELF-E RRM with TAR1–10. Overlay of
1H-15N HSQC spectra recorded during the titration with different
RNA/protein ratios. Key: black, 0.0; red, 0.25; green, 0.5; cyan,
0.75; magenta, 1.0; yellow, 2.0; blue, 3.0. Those amide resonances
showing the strongest chemical shift changes are indicated.

FIGURE 3: Interaction of NELF-E RRM with single-stranded TAR
RNA oligonucleotides. Overlays of the G39 amide cross-peak in
1H-15N HSQC spectra at each titration step are shown in different
colors. The color codes and RNA/protein ratios are as in Figure 2.
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interresidual NOEs were observed for NELF-E RRM in the
complex, these additional NOEs being mostly from reso-
nances in the C-terminal and the �3-R2 loop regions. Also,
significant changes were observed in the NOE pattern of M83
and Q111 on RNA binding, the bound protein showing strong
NOEs (0.3 Å) between the γ-protons of M83, Q111 and the

methyl group protons of A117, T79 (Figure 6), indicating a
conformational change of the C-terminus of the NELF-E
RRM upon binding to TAR49–57.

The final structure calculation resulted in an ensemble of
20 structures showing no distance restraint violation larger
than 0.2 Å, no violation of a dihedral angle restraint larger
than 3°, and only small deviations from the idealized covalent
bond geometry. As expected, the overall global fold of
NELF-E RRM remains intact in the complex (Figure 7). The
C-terminus of NELF-E RRM, however, is undergoing a
major conformational change. Whereas it is highly flexible
in the free state, it is stabilized by numerous hydrophobic
contacts (I65, T79, M83, M113, L114, A116, A117, and
T118) in the RNA-bound conformation, forming a short 310

helix from M113 to D115, close to the �3-R2 loop. This
structure formation correlates perfectly well with the large
chemical shift changes observed in this region on RNA
binding. The C-terminus of NELF-E RRM is located close
to the highly conserved aromatic amino acids in the RNP
motif and is thus likely involved in RNA binding (Figure
7c), and the basic residues located C-terminally to �4 (R109,
K110) could be involved in electrostatic interaction with the
phosphate backbone of the RNA. These structural rearrange-
ments involving the C-terminus reinforces the concept of

FIGURE 4: Normalized weighted chemical shift changes for NELF-E
RRM upon binding to RNA oligonucleotides. Normalized chemical
shift changes larger than 0.04 ppm are indicated by a dashed line.

FIGURE 5: Mapping of RNA binding interface. Ribbon representation
of RRMs whose structures [NELF-E (2bz2), U1A (1urn), Sxl (1b7f),
HuD (1fxl)] in the complex with RNA are known. Residues
involved in RNA binding are highlighted in green. For NELF-E
RRM the amide chemical shift perturbations (those residues showed
normalized chemical shifts larger than 0.04 ppm upon binding to
TAR49–57) were used to map the RNA binding interface.

FIGURE 6: Comparison of 13C NOESY-HSQC spectra of free and
RNA-bound NELF-E RRM. Interresidual NOEs observed between
the C-terminus and around the �3-R2 loop region are labeled in
the NOESY slices of the NELF-E RRM-TAR49–57 complex. The
corresponding NOEs not present in the NOESY spectra of free
NELF-E RRM are indicated by open circles.
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binding by induced fit which is observed in many other RNA
binding proteins (23–26).

Structural Differences in the C-Terminal Regions of RRMs.
The C-terminal extensions of RRM domains are often key
in RNA recognition, in several cases forming a helix in the
free state that is stabilized by hydrophobic interactions with
RNP motifs (4, 27, 28). The C-terminal helix of U1A,
CstF64, and hnRNP-F RRMs masks the RNA binding
�-sheet surface in the absence of the target (Figure 8) (29).
In U1A RRM the C-terminal helix is repositioned on target
binding such that the RNP motifs are accessible for the RNA
and, at the same time, the C-terminal helix can also contribute
to the specific target RNA hairpin recognition (20). Even
though the structure of the CstF64 RRM-RNA complex is
unknown, it was predicted from NMR relaxation and
chemical shift data that the C-terminal helix of CstF64 RRM
unfolds upon binding to RNA, rendering the RNP motifs
accessible for RNA recognition (30). Quasi-RRMs of
hnRNP-F, however, recognize RNA without undergoing
major conformational changes in the C-terminal helix that
also maintains hydrophobic contacts with the RNP motifs
(28). Thus, the RNA-bound conformations of NELF-E RRM
and U1A are very similar even though they are different in
the free state (Figure 8).

In conclusion, a wide variety of RNA sequences binds to
the NELF-E RRM and induces very similar conformational
changes in the protein on binding. While the RNA binding
interface is mainly located at the �-sheet surface, rearrange-
ment of residues located in the flexible C-terminal region
and the loop between �3 and R2 is taking place on binding.
Comparison of the free vs the RNA-bound conformation of
NELF-E RRM with other RRMs from the known complexes
indicates the mechanism of RNA recognition to be unique

for NELF-E, but a complete three-dimensional structure of
the NELF-E RRM-RNA complex would be needed for the
detailed understanding of these differences at the atomic
scale.

SUPPORTING INFORMATION AVAILABLE

Structural statistics and determination of Kd values based
on chemical shift changes upon RNA titration. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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