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ABSTRACT: The RNA helicase DbpA promotes RNA remo-
deling coupled to ATP hydrolysis. It is unique because of its
specificity to hairpin 92 of 23S rRNA (HP92). Although DbpA
kinetic pathways leading to ATP hydrolysis and RNA unwind-
ing have been recently elucidated, the molecular (atomic) basis
for the coupling of ATP hydrolysis to RNA remodeling remains
unclear. This is, in part, due to the lack of detailed structural
information on the ATPase site in the presence and absence
of RNA in solution. We used high-field pulse ENDOR
(electron—nuclear double resonance) spectroscopy to detect
and analyze fine conformational changes in the protein’s ATPase site in solution. Specifically, we substituted the essential Mg>*
cofactor in the ATPase active site for paramagnetic Mn>" and determined its close environment with different nucleotides
(ADP, ATP, and the ATP analogues ATPYS and AMPPnP) in complex with single- and double-stranded RNA. We monitored the
Mn*" interactions with the nucleotide phosphates through the *'P hyperfine couplings and the coordination by protein residues
through ">C hyperfine coupling from *C-enriched DbpA. We observed that the nucleotide binding site of DbpA adopts different
conformational states upon binding of different nucleotides. The ENDOR spectra revealed a clear distinction between hydrolyzable
and nonhydrolyzable nucleotides prior to RNA binding. Furthermore, both the '*C and the >'P ENDOR spectra were found to be
highly sensitive to changes in the local environment of the Mn”* ion induced by the hydrolysis. More specifically, ATPyS was
efficiently hydrolyzed upon binding of RNA, similar to ATP. Importantly, the Mn”" cofactor remains bound to a single protein side
chain and to one or two nucleotide phosphates in all complexes, whereas the remaining metal coordination positions are occupied by
water. The conformational changes in the protein’s ATPase active site associated with the different DbpA states occur in remote

coordination shells of the Mn”* ion. Finally, a competitive Mn>" binding site was found for single-stranded RNA construct.

B INTRODUCTION

DEAD-box protein A (DbpA) is one of five Escherichia coli
DEAD-box helicases." Helicases bind and remodel nucleic acids
or nucleic acid—protein complexes in an ATP-dependent
manner.” They are encoded by virtually all organisms from
viruses and bacteria to humans and constitute one of the largest
classes of proteins.” DEAD-box helicases are part of superfamily
2 (SF2).* The name of this family is derived from the conserved
DEAD motif (Asp Glu Ala Asp), also known as Walker B motif.®
Members of the DEAD-box RNA helicase family were found to
participate in a variety of biological processes such as translation
initiation, ribosome biogenesis, RNA splicing, microRNA func-
tion, RNA transport, viral RNA replication, and many other
process that were recently reviewed.”” DbpA was proposed
to take part in ribosome biogenesis, but to date its biological
function is unclear."® DEAD-box helicases form a unique family
of nonprocessive helicases within SF2. Nonprocessive helicases do
not translocate along long duplexes of nucleic acids and unwind
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them; instead, they are thought to unwind and remodel short
RNA structures at specific key positions.” They consist of two
well-conserved RecA-like domains, with up to 13 characterized
conserved motifs, which are essential for their basic functions
such as RNA helix disruption and ATP hydrolysis.** Additional N
or C terminal auxiliary domains confer the specific function to
each of the helicases.

DbpA from Escherichia coli and its Bacillus subtilis homologue,
YxiN, are unique among the DEAD proteins because their ATPase
activity is strongly enhanced by the presence of an RNA molecule
that contains the hairgin 92 of 23S rRNA (HP92) with either 3’
or ' extensions."””"* DbpA was shown to unwind short <9bp
(base pairs) RNA duplexes positioned 3’ or 5 to the HP92" as
well as long duplex RNA stretches'* in an ATP-dependent
manner. Despite some recent progress in the field,” including
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Figure 1. (a) Schematic representation of the relative positions of the
three DbpA domains showing the ATPase and RNA recognition sites.
(b) Atomic resolution structure of the DEAD-box helicase Mg>* binding
site. The presented structure is based on the crystal structure of eIF4AIII,
in the Exon Junction complex, PDB accession code 2HYL**

detailed elucidation of the DbpA kinetic pathway leading to ATP
hydrolysis and RNA unwinding,'* the fine molecular and chemi-
cal mechanisms associated with the different states DbpA adopts
during the catalytic cycle are not yet fully understood.

The structure of the DbpA/RNA/nucleotide complex has not
yet been determined. Homology modeling and biochemical data
suggest that it consists of the helicase core formed by two RecA
domains and an additional C-terminus domain that confers
its specificity to the HP92 of the 23S rRNA.'®"'® A structural
model (see the scheme in Figure 1a) of the homologous YxiN,
which includes all three domains, has been recently proposed
on the basis of SAXS (small-angle X-ray scattering) ' and FRET
(Forster energy transfer)”® measurements. DbpA is known
to adopt different conformations upon binding of ADP, ATPYS,
and RNA.>! YxiN exhibits a closed conformation, with the
two RecA domains in proximity upon simultaneous binding of
AMPPnP and RNA.** This closed conformation, with the two
RecA domains forming a common interface, was observed in the
crystal structures of the homologous DEAD-box proteins, Vasa,
elF4AIIl, Mss116p, DDX19 cocrystallized with AMPPnP, and
short polyU RNA fragments.23726 The nucleotide binding site is
formed at the interface between the two RecA domains. Amino
acids from the Walker A and Walker B (DEAD-box) motifs (N-
terminal RecA domain) and motif VI (C-terminal RecA domain)
interact with the bound nucleotide and are involved in ATP hydrolysis
either directly or through structural water and an essential Mg**
cofactor. The precise roles of the different conserved amino acids
are difficult to elucidate. On the basis of crystal structures and
biochemical data available for homologous DEAD-box proteins,””**
the following has been proposed: a conserved glutamate (Glul154
in DbpA sequence) of the DEAD motif activates the catalytic
water molecule that attacks the y phosphoryl group of ATP. The
two conserved arginine residues (Arg331, Arg334 in the DbpA
sequence) from motif VI interact directly with the 3 phosphoryl
group through H-bonds and are thought to function as a sensor
for ATP versus ADP discrimination in a manner similar to arginine
finger, first identified in Ras.”” The Q motif positioned upstream
to the Walker A motif confers specificity toward the ATP nucleotide
through stacking interactions with the adenine base.”’ The direct
coordination environment of the Mg** ion varies in different
crystal structures of DEAD-box RNA helicases; the observed
coordination schemes are summarized in Table S1. In general, it
is coordinated to two nucleotide phosphates, one or two oxygen
atoms belonging to the carboxyl or hydroxyl groups of the
protein residues and water molecules. A representative structure

of the DEAD helicase ATP binding site of eIF4AIIl is presented
in Figure 1b.

The mechanistic aspects of the coupling between ATP hydrolysis
and RNA remodeling in DbpA is a key issue that is still unresolved.
Its understanding requires atomic-level structural information
about the ATPase active site because small changes in the active
site are expected to start the cascade of events, which eventually
leads to RNA helix disruption and remodeling. Magnetic reso-
nance spectroscopic techniques, known to effectively provide
structural information in solution, have not yet been applied to
RNA helicases. In this work, we explored the structure of the
ATPase site of DbpA by high-field (W-band, 95 GHz) pulse
electron—nuclear double resonance (ENDOR) spectroscopy, using
the essential divalent cation cofactor in the ATPase active site as a
probe. We substituted the Mg>" cofactor for the EPR active ion
Mn** (§=5/2; 1=5/2). Mn*" is a common substitute for Mg2+
because of their similar properties,*®*' and DbpA retains its
ATPase activity upon this substitution.”* We probed the local
environment of Mn>" in the DbpA ATPase active with different
ATP analogues and RNA substrates. High-field measurements
are highly advantageous because of their high sensitivity to Mn**
and the simplicity of its EPR spectrum, and their high resolution
in terms of the ENDOR frequencies.*®

We found that the binding of different nucleotides and RNA
substrates resulted in distinct and highly reproducible ENDOR
spectra. The spectral changes were specifically correlated with
the binding of ADP, ATP, and the ATP analogues ATPyS and
AMPPnP, which resulted in local changes in metal—cofactor
coordination and metal protein interactions. In all of the
investigated protein states, the Mn>" cofactor remained bound
to a single protein side chain of DbpA, whereas other metal
coordination positions were occupied by the nucleotide phos-
phates and water molecules. Upon binding of RNA, structural
changes in the protein occur beyond the first coordination shell
of the Mn®" ion. The ENDOR spectra were highly sensitive to
ATP hydrolysis upon RNA binding and showed that ATPyS is
also efficiently hydrolyzed. Finally, using ENDOR spectroscopy,
we could also detect the formation of a Mn®* binding site in the 5’
extension of the single-stranded RNA, the affinity of which was
comparable to that of the enzyme ATPase site.

B EXPERIMENTAL SECTION

Protein Preparation. DbpA protein was overexpressed and pur-
ified as described previously."* Briefly, the E. coli strain BL21 (DE3)
pLysS cells containing the DbpA vector were grown in M9-ZB medium
at 37 °C. Overexpression was induced with 0.2 mM isopropyl f3-p-
thiogalactopyranoside at Aggo = 0.5, and the cells were grown at 30 °C
with vigorous shaking for ~12 h. The cell pellet was collected by
centrifugation and resuspended in a 20 mM MOPS, pH 6.8/250 mM
NaCl/1 mM DTT/protease inhibitor mixture (Complete mini EDTA-
free, Roche) and then sonicated on ice. Cell debris was removed by
centrifugation, and the supernatant was diluted to a final buffer
concentration of 20 mM MOPS, pH 6.8/100 mM NaCl and loaded
onto a DEAE column equilibrated with 20 mM MOPS, pH 6.8/100 mM
NaCl/1 mM DTT/1 mM PMSF/1 mM benzamidine. The flowthrough
was then loaded onto an SP column equilibrated with the same buffer
and eluted with a linear gradient of 0.1—1 M NaCl. The relevant protein
fractions were pooled together and loaded onto a gel filtration HiLoad
16/26 Superdex 75 prep grade column equilibrated with 20 mM
HEPES, 200 mM NaCl, pH 7.5. The clean fractions were combined
to provide the final protein sample. Protein purity was estimated to be
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above 90% based on SDS PAGE, and protein concentration was estimated
by optical absorption at 280 nm using an extinction coefficient of & =
25200 cm” ' M~ ', The ATPase activity of the protein was measured with the
commercially available EnzChek Phosphate Assay Kit (Molecular Probes
Invitrogen). The protein was concentrated to ~0.2—0.7 mM in 50% glycerol
using Vivaspin concentrators (Sartorius) and stored at —80 °C until use.

Uniformly *C-labeled DbpA was overexpressed in the M9 minimal
media with the "*C -labeled p-glucose (Cambridge Isotopes) as the only
carbon source and purified as the natural abundance protein. The extent
of "*C labeling was confirmed by mass spectrometry to be ~95%. The
ATPase activity of the '*C-labeled protein was within the usual batch-to-
batch difference for unlabeled DbpA protein purification as measured by
an ATPase activity assay.

RNA Preparation. All RNA constructs were purchased from Dhar-
macon, deprotected as instructed, purified by cutting a single band from
the denaturating polyacrylamide gel, extracted with phenol, precipitated
with 70% ethanol, dried using a SpeedVac, and then stored as dry powder
at —20 °C until use.

EPR Sample Preparation. RNA constructs were dissolved in RNA
folding buffer (S0 mM HEPES, 100 mM NaCl, 30% (v/v) glycerol, pH
7.5) and folded by gradually cooling from 95 °C to room temperature.
Folded RNA was mixed with an equimolar amount of nucleotide (ADP,
AMPPnP, ATPyS)/Mn** solution and a slight excess of DbpA. The ADP
and AMPPnP nucleotides were purchased from Sigma Aldrich and the
ATPyS from Merck Biosciences. The final composition of the samples
was nucleotide/RNA/Mn>" ratios of 1:1:1 and a slight excess of the protein
(~10—30%). The final concentration varied from ~0.075 to 0.15 mM,
depending on the batch of protein and RNA used. The sample was
thoroughly mixed by pipetation, loaded into W-band EPR tubes (i.d.
0.64 mm, o.d. 0.8 mm), frozen in liquid nitrogen, and finally stored in
liquid nitrogen until measured. Al ENDOR samples, except those
prepared with ATP nucleotides that were prepared only once, were
prepared and measured two or more times using independent RNA/
DbpA preparations for all types of samples.

The binding constants for nucleotide analogues and RNA are well-
known for DbpA'® (see Table S1 in ref 15). They were determined for
Mg™*, and we assumed that they are not much different for Mn*>*. On the
basis of these binding constants, the binding of RNA to the protein is
rather strong and will result in ~90—95% complex formation, whereas
the addition of Mn>" /nucleotide will result in ~75% and ~50% complex
formation for tertiary complexes with the ADP and ATP analogues,
respectively. This means that a significant amount of the free Mn**/ADP
(or ATP analogues) is present in solution. To reduce the amount of free
Mn”*/nucleotide, we could in principle reduce the Mn>* concentration
turther, but this was not possible due to S/N considerations because
Mn”" is used as a probe in our experiments. Alternatively, the DbpA
concentration could be increased, but here we faced problems due to
limited solubility. RNA binding to DbpA requires precisely folded RNA
molecules. The presence of the misfolded RNAs will result in less
complex formation than was previously calculated.

EPR and ENDOR Spectroscopy. The frozen EPR samples were
loaded into the EPR probehead while immersed in a liquid N, bath, and
then the entire cold probe was transferred to the precooled cryostat.

All spectra were acquired on a home-built W-band EPR spectrometer.****
Echo-detected EPR spectra were recorded using a 7r/2—7—m—T—echo
pulse sequence by varying the magnetic field. The *'P ENDOR spectra were
recorded using the Davies ENDOR (7 —gp—71/2—T—7—T— echo),* and
13C ENDOR spectra were recorded using Mims ENDOR (m/2—1—7/
2—Tpe—71/2—T—echo)¥ pulse sequences, where the echo intensity is
recorded as a function of the frequency of the RF 7t pulse. MW pulse
durations were 12.5—17.5 ns for 77/2 pulses in the Mims ENDOR sequence
and 100 ns/200 ns for 77/2, 7 pulses, respectively, in the Davies ENDOR
sequence. The length of the RF pulses was 20—30 and 40 us for the *>'P and
13C ENDOR experiments, respectively. For the Mims ENDOR experiments,

7 was set to 500 ns. For all ENDOR spectra, the magnetic field value was set
to 3364 mT (maximum of the low-field line of the |—1/2) — |1/2) Mn**
sextet), and the MW frequency was 94.9 GHz. The spectra were measured at
10 K with a repetition time of 1 ms*® and 1 shot per point using the random
acquisition protocol.® The experiment was repeated until the desired S/N
ratio was achieved, and the accumulation time ranged from 3 to 24 h.

The frequency axes in the *'P and '*C ENDOR spectra are given with
respect to the 31p and *C Larmor frequencies, Vre—V31p, VRE— V130
respectively. This allows one to directly read the hyperfine coupling from
the spectrum. When the point dipole approximation applies, the
principal components of the hyperfine coupling tensor are given by:

Al = Ao — T1; AL = Ao + 2T1 (1)

where Ay, is the isotropic component, and (—T, —T, 2 T, ) are the
anisotropic principal components. T'| is related to the electron—nuclear
distance, , according to:

3|t 8e8nBBy
_ Mo 2
' 47 hTJ_ ( )

All spectra were baseline corrected and normalized to the strongest signals
(0:1) to ease the comparison in terms of frequency shifts. However, when
the intensities of the ENDOR lines are of interest, then the ENDOR
spectrum should be displayed according to the ENDOR effect:

. _ I(RE,) — I(RE) G)
I(RFo)
where I(RF,,) and I(RF¢) denote the echo intensity acquired with and
without on-resonance RF irradiation, respectively.
Differences in the S/N ratio in the ENDOR spectra of different samples
are due to variability in the sample concentrations and accumulation times.

B RESULTS AND DISCUSSION

Twelve different complexes of the type (**C)DbpA/Mn>*/
nucleotide/RNA, prepared with four types of nucleotides (ADP,
ATP, ATPyS, and AMPPnP) in all possible combinations with
dsRNA (double-stranded RNA), ssRNA (single-stranded RNA),
and without RNA, were measured. The structures of the ATP
analogs and the RNA constructs are shown in Figure 2. The
minimal 33mer ssRNA construct, which is known to trigger
DbpA ATP hydrolysis, consists of an HP92 hairpin followed by a &'
extension.'” The dsRNA construct was formed by annealing the
ssRNA molecule with an 11mer RNA complementary to the 5’
extension. The double-stranded region of this dsRINA construct is
too long to be efficiently unwound by DbpA."* We specifically
chose a dsRINA that cannot be efficiently unwound, and therefore
it can model the DbpA—RNA state prior to unwinding, whereas
the complex with the ssRNA represents the state after unwinding.

The Mn>" W-band echo-detected (ED) EPR spectra of all
samples are similar, exhibiting six resolved >> Mn hyperfine lines
of the central |—1/2, M) = |1/2, My) transitions with a hyperfine
splitting of 9 mT, superimposed on a broad background arising
from all other transitions. Some typical spectra are shown in the
Supporting Information (Figure S1). Small variations in the
intensities and line-widths of the central transitions are attributed
to the presence of free Mn®", the amount of which varied between
different preparations. The observed changes were found to be
within the experimental error, as concluded from a comparison of
duplicates.

The local environment of the Mn>" ion in all of the sample
types investigated was explored through W-band (95 GHz) pulse
ENDOR spectroscopy. Here, we focused on *'P Davies ENDOR*
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Figure 2. The nucleotides and the RNA constructs used in this work. (a) Structure of the ATP analogues ATPyS and AMPPnP, and (b) double-
stranded (dsRNA) and single-stranded (ssRNA) constructs. The sequence of the ssRNA corresponds to the nucleotides 2531—2563 of 23S

E. coli rRNA.
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Figure 3. W-band Mims '*C ENDOR spectra of the DbpA/RNA/Mn>"/nucleotide complexes studied in this work, as labeled in the figure. All spectra
are normalized to (0:1) and centered around ¥(**C) = 36.03 MHz. The resolved hyperfine couplings are denoted by arrows and marked in the figure.

for monitoring the coordination of Mn** to nucleotide phos-
phates and *C Mims ENDOR®’ for monitoring the coordina-
tion to DbpA.

The H,O ligands of a Mn?" ion have a well-defined and unique
"H ENDOR spectrum.*’ Accordingly, "H ENDOR can be used
to report on the presence of water ligands and, in principle, also
on their number.*"** The determination of the number of bound
water molecules relies on the intensity of the ENDOR effect.
Indeed, we have observed 'H signals that are typical of water
ligands (see Figure S2, Supporting Information); however, due
to the presence of Mn(H,0)s”" and unbound Mn>* —nucleotide

complexes in the samples, a quantitative analysis of the spectra in
terms of the number of water ligands was not possible.

The Divalent Metal Cation Interaction with DbpA Resi-
dues. The *C Mims ENDOR spectra of the DbpA/ Mn**/
nucleotide/RNA complexes are shown in Figure 3. The presence
of unbound Mn**/nucleotide complexes or RNA in the solution
does not interfere with the '>*C ENDOR signals because the only
source of these signals is bound DbpA. A common major feature
in all 12 spectra is the relatively high intensity of the matrix line at
the *C Larmor frequency, V(13C) = 36.03 MHz, arising from
remote >C nuclei. Spectra with good S/N ratios also exhibit
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Table 1. Summary of the Measured Hyperfine Parameters

sample atom |T.| (MHz)
Dpr/Mn2+/nucleotide/RNA B3¢ 0.35£ 0.1
or
07+0.1
DbpA/Mn*"/ADP/RNA Bc 025+ 0.1
DbpA/Mn”*/ADP/RNA *p 0.75+£0.10

|Aiso| (MHz) R (A) assignment
0.8540.1 39403 Cp Thr 54
or or or
0.14 0.1 31403 Cp Thr 54 or Cs Glu 154
~0 43403
41401 3.52+0.15 B-*'PO, ADP

several resolved shoulders on the wings of this line from >C
nuclei that are close to Mn>". On the basis of comparison with
earlier work on a relevant model system, MnHCO; 7),43 and on
Mn?* in the GTPase active site of Ras,** we assign these shoulders
to hyperfine splittings of a single "*C nucleus with |Aij| and |A 4|,
as noted in Figure 3. These shoulders, although not as clear in all
spectra, do have appreciable signal intensity in all of them, indicating
the same binding mode of this '>C nucleus in all samples.

There are two possible interpretations of |Ayy| and |A; ]|,
depending on their relative signs. ENDOR simulations of the
DbpA/Mn”*/AMPPnP/ssRNA spectrum for the two options
were carried out (Figure S3, Supporting Information). A simula-
tion with opposite signs yielded A;;, =0.1 £ 0.1 MHzand T, =
0.7 £ 0.1 MHz. Using the point dipole approximation, which
applies for a positive T, (see eq 1), we obtained a Mn>*—"*C
distance of 3.1 £ 0.1 A. The second possibility corresponds to
Ay) and A, | having the same sign, and simulations for positive
values yielded A, = 0.85 = 0.1 MHz, T, = 0.35 & 0.15 MHz.
Again, using the point-dipole approximation, this yields a
Mn**—"C distance of 3.9 & 0.3 A. The two options differ in
the signal intensity at the Larmor frequency region. Unfortu-
nately, due to the presence of the strong matrix line, the
simulations cannot be used to unambiguously determine the
relative sign of the A, and Ay, although the simulations with
|A1)i| and |A; | | having the same sign show a somewhat better fit
to the experimental spectrum. It is important to point out here that
both interpretations of the "*C ENDOR spectra reveal a direct
binding of the amino acid residue to the Mn>* ion most probably
via an oxygen atom as discussed later. This is based on the short
distance obtained for the first option and the appreciable A;, for
the second. In the derivation of the distances, we neglected any
possibility of a significant spin densities on the bound oxygen and
its coordinated '”C because these are expected to be low and cause
deviations of the anisotropic hyperfine interaction from axial
symmetry that is well within our experimental error.*’

We attemlpted to differentiate between the two options by
recording a "*C ENDOR spectrum at a magnetic field position
just outside the central |—1/2) — |1/2) EPR transitions. There,
the main contribution to the electron spin echo comes from the
|-3/2) — |—1/2) EPR transitions. This ENDOR spectrum is
then asymmetric with respect to the >C Larmor frequency and
is dominated by nuclear transitions within the M, = —1/2
and —3/2 manifolds. This allows one to determine the absolute
sign of the hyperfine coupling.*® The spectra obtained hinted
toward the option of positive A;) and A, |, but because of the
limited signal-to-noise (S/N) ratio and appearance of additional
lines belonging to the M = —3/2 manifold of smaller "*C hyperfine
couplings, this assignment remained ambiguous. In addition,
attempts to determine the sign of the hyperfine coupling by variable
mixing time ENDOR™*™ were unsuccessful due to S/N limitations.

Taking into account that an A, value of ~1 MHz was
observed for MnHCO3(_),43 and Ay, &~ 0.46 MHz was reported

for serine bound to Mn** in the GTP active site of Ras,** along
with the indications provided by the simulations and the
attempts to determine the sign of the hyperfine couplings
described above, we prefer the option of the same signs that
yield Ay, = 0.85 £ 0.1 MHz and a ">*C—Mn*" distance of 3.9 &
0.3 A, but we cannot exclude the second possibility, and therefore
we listed both in Table 1.

A survey of crystal structures of related proteins (see the
Supporting Information, Table S1) indicates that the most com-
mon amino acid residue coordinated to Mg”* is the hydroxyl group
of the conserved threonine of the Walker A motif. This corresponds
to Thr 54 in DbpA. This residue is highly conserved across the SF1
and SF2 superfamilies,* and mutations of this residue abolish the
ATPase activity of the enzymes.* The distance between Mg*"and
the 3 carbon of the conserved threonine in all crystal structures
ranges from 3.05 to 3.86 A (see Table S1). Another residue that
was found to directly coordinate Mg”* is the conserved glutamate,
the second residue of the Walker B (DEAD/DExH) motif. The
observed range of the Mg”*—0 "*C Glu distances is 3.05—3.11 A.
On the basis of the above survey, the ">C nucleus with A, JandA; |
is assigned to either the 3 carbon of Thr 54 or the J carbon of Glu
154. In several crystal structures of DEAD-box proteins, the Mg>"
ion is bound to the protein through H-bonded water molecules and
has no direct contact with any protein residue. We exclude this
scenario for the DbpA active site arrangement because we observed
a *C nucleus with either a significant isotropic contribution to the
hyperfine interaction or a close distance to Mn>" of ~3.1 A in all
DbpA/nucleotide complexes investigated, independent of the
nucleotide type and the presence of RNA.

Interestingly, the e Ayj and A, ;| signals exhibit the highest
relative intensity in spectra of all of the AMPPnP complexes.
Examination of the ENDOR effect (see eq 3) of the spectra
shown in Figure 3 reveals that this intensity difference results
from a weaker v(**C) line in the AMPPnP spectra. The shoulders
appeared stronger in the spectra displayed in Figure 3 due to
normalization according to the v( 3C) line. Because the v(**C)
line represents interaction with remote 13C nuclei, this difference
indicates changes in protein conformation around the Mn** ion
for the AMPPnP complexes.

Another pair of resolved features is observed in the “C
ENDOR spectra in all of the complexes except those with an
AMPPnP nucleotide. These are denoted as |A,)| and |A, | in
Figure 3. For these shoulders, we obtained |A,) | = 0.25 & 0.10
MHz and |A, || = 0.5 & 0.1 MHz, respectively, and calculated
Ao ~ 0, T| = 0.25 & 0.10 MHz, and a Mn**—"3C distance of
43+03A, assuming the A, and A, | have opposite signs. The
option of the same sign yields unrealistic values. This distance is
more difficult to interpret, and it belongs either to a "*C nucleus
located farther away from the Mn>* ion on the residue that
directly coordinates Mn** or to a "*C nucleus from a different
residue that is spatially close. In the absence of a crystal structure,
it is difficult to assign this distance to a specific atom or to a specific
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Proposed structures for the ATPase active site in the AMPPnP bound states
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Figure 4. Schematic representation of the structure of the active site based on ENDOR-derived constraints. The number of water ligands was
determined based on the assumption that Mn”" is six coordinated. The two possible Mn**—"3C distances found are noted.

amino acid residue. A schematic representation of the Mn™*
coordination in the active site, based on the above analysis, is
illustrated in Figure 4. The measured *C hyperfine parameters
are summarized in Table 1.

In the absence of its essential RNA cofactor, the ATP hydro-
lysis of DbpA occurs very slowly. This allowed us to observe the
trap})ed, ATP-bound state. Prior to adding RNA to the DbpA/
Mn”"/nucleotide complex, three distinct types of '*C ENDOR
spectra were observed: the first for ATP and ATPyS, the second
for AMPPnP, and the third for the ADP complexes (see Figure 3,
first row and Figure S4). The main differences between the three
types of spectra are in the overall shape of the v(**C) line, in the
resolved |A,)i| and |A, | | features, and in the small splitting close
to v(**C) (denoted by “*” in Figure 3 for the DbpA/Mn”*/ADP
complex). Most importantly, the spectra of DbpA with ATP and
ATPyS significantly differ from the spectrum of the AMPPnP
complex. This sug%ests that the protein part in the immediate
vicinity of the Mn™" cofactor in DbpA is sensitive to specific
single atom substitutions in the vicinity of the i phosphate in the
bound nucleotide. It distinguishes AMPPnP from ATP, whereas
it does not distinguish ATPyS from ATP

So far, we have detected differences in the Mn>* binding
site arising from different bound nucleotides. Next, we follow
the effect of RNA binding. The width of the v(**C) line of the
DbpA/ Mn?"/AMPPnP complex is larger than that of the DbpA/
Mn”*/AMPPnP/ssRNA and DbpA/Mn**/AMPPnP/dsRNA
complexes (see Figure SS). The change in the v('*C) width
indicates that some conformational changes took place in the
vicinity (<6 A) of the Mn>" ion, but not in the residue that directly
coordinates the ion. These structural changes may be responsible
for the cooperative binding of Mg®>*/ATP and RNA reported
earlier*”*® and can be related to the closed conformation YxiN
adopts upon simultaneous binding of RNA and AMPPnP.>*

Comparison of the '>C ENDOR spectra of DbpA/Mn**/ADP
in the presence or absence of RNA did not reveal any differences,
thus indicating that no significant rearrangement in the vicinity of
the Mn*" in the ATPase active site occurs upon RNA binding.
The weak coupling between ADP and RNA binding was reported
carlier.*® This differs from the AMPPnP-bound state, as pre-
viously discussed.

Since it was proposed that the conserved glutamate from the
DEAD motif activates the catalytic water molecule that attacks the y
phosphoryl group of ATP in homologous DEAD-box helicases,”
DbpA Glu 154 is expected to undergo rearrangement upon addition
of RNA, which promotes ATP hydrolysis. Because we have not
observed any rearrangement in the first coordination shell of Mn**
ion upon addition of RNA, it is tempting to speculate that the
coordinating residue is Thr 54 rather than Glu 154 in the first place.

The "*C ENDOR spectra of DbpA/Mn”*/ATP with and without
dsRNA differ, the former being similar to DbpA/Mn>*/ADP and
DbpA/Mn**/ADP/ds(ss)RNA (see Figure S6). The changes
are small, and the main differences are in the width and line
shape of the matrix line at "*C Larmor frequency and the presence
of the Ay and A, features. Because the relative changes are
subtle, any conclusions based on these data alone would be
ambiguous. However, because these observations are supported
by the much more significant changes in the *'P ENDOR spectra,
discussed next, we can justify pointing out these differences here.
We attribute these changes to ATP hydrolysis induced by RNA
binding, generating the ADP-bound state of DbpA. Similar
behavior is observed for ATPyS, which is presumably only slowly
hydrolyzable; this will be discussed later. We did not detect any
difference between the '*C ENDOR spectra of the dsRNA and
ssRNA complexes for all types of bound nucleotides.

To summarize, *>*C ENDOR was shown to be a sensitive tool
that can reveal subtle changes in the conformations that the
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Figure 5. W-band Davies *'P ENDOR spectra of the complexes studied in this work as labeled in the figure. All spectra are normalized to (0:1) and
centered around ¥®'P) = 58.03 MHz. The resolved hyperfine couplings are denoted by arrows and marked in the figure.

ATPase active site adopts upon binding of various nucleotides. It
provides quantitative data on the close protein coordination
(first—third coordination shells) of the Mn®" ion. Moreover, it
reveals the coupling between RNA binding and conformational
changes in the ATPase active site that occur not in the residue
directly coordinating the Mn>* metal cofactor but farther away.

The Divalent Metal Cation Interaction with the Nucleo-
tides’ Phosphates. The *'P Davies ENDOR spectra of all
samples under investigation display a doublet with an average
splitting of 4.5 MHz centered at the *'P Larmour frequency,
v(*>'P) = 58.03 MHz (Figure 5). The spectra differ in the details
of the line shape of this doublet.

In the first row of Figure 5, we present *'P ENDOR spectra for
the Mn*/nucleotide complexes without DbpA and without RNA.
>'P ENDOR spectra of the ADP/Mn”* and ATPyS/Mn”" com-
plexes were reported and analyzed in a previous publication.*” Tt
was found that in the ATPyS/Mn>" complex the nucleotide is
bound to Mn** with two phosphates directly coordinating the ion.
We extend this condlusion to AMPPnP/Mn?* and ATP/Mn**
because all three complexes have virtually identical spectra. The
gradual slope toward the center of the spectrum (see Figure S7)
was attributed to the presence of two magnetically inequivalent *'P
nuclei with slightly different hyperfine couplings.*” These spectra
have symmetric-looking line shapes, and we will refer hereafter to
this type of spectra as ATP-type spectra. The line shape of the
Mn**/ADP complex has a sharp edge toward the center of the
doublet (see the arrows in Figure $ for the ADP/Mn”* spectrum
and Figure S7), whereas for the ATP-type spectrum the edge is
more gradual.

The second row of Figure S presents spectra of the DbpA/
Mn”"/nucleotide complexes without RNA. The spectra of
DbpA/ Mn?* /ATPyS, AMPPnP, and ATP are generally similar
to the corresponding spectra of the Mn>"/nucleotides without
DbpA, shown in the top row of Figure 5. This shows that the
mode of Mn>" binding to ATP and its analogs does not change
upon binding to DbpA in the absence of RNA. On the basis of the
available crystal structures of the DEAD proteins cocrystallized
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with AMPPnP,23726’5()’51 we can conclude that in the ATP,
ATPyS, and AMPPnP complexes with DbpA, Mn®" is coordi-
nated by the 3 and y phosphates.

The line shape of the DbpA/Mn**/ADP spectrum (Figure S,
second row) is significantly different from that of the spectrum of
Mn>*/ADP alone (Figure S, first row). With DbpA, the Aj and
A singularities become resolved and yield |A4| | =35.6 0.1 MHz
and |A,| = 3.3 & 0.1 MHz, as indicated in Figure 5. From these,
we derived |A;y,| =4.1 & 0.1 MHz and | T | = 0.75 & 0.10 MHz,
and a Mn**—>'P distance of 3.52 & 0.15 A. This is in close
agreement with the Mg**—>'P (8 ADP) distances observed in
the crystal structures of the DEAD proteins cocrystallized with
Mg2+/ADP (see Table S1 and references therein.)

The spectra with the sharp edge toward the doublet center
and the resolved powder pattern singularities will be referred
to hereafter as ADP-type spectra. ADP-type spectra therefore
represent a significant rearrangement of the ADP/Mn** complex
upon binding to DbpA, with only one phosphate directly
coordinating the Mn*" ion, as opgosed to two phosphates in
free Mn”*/ADP.*”>* The above *'P ENDOR data establish
W-band *'P ENDOR as a sensitive method that can distinguish
between the ADP and ATP-bound states of DbpA. It comple-
ments the *C ENDOR sensitivity to Mn”" interaction with the
protein interactions in different states. The Mn>" phosphate
coordination for the DbpA-bound states is schematically illu-
strated in Figure 4 for the ADP- and AMPPnP-bound complexes.

The third row of Figure S presents the spectra of the DbpA/
Mn2* /nucleotide/dsRNA complexes. The spectra of DbpA/
Mn**/ADP/dsRNA and DbpA/ Mn**/AMPPnP/dsRNA retain
the respective spectral features of those complexes without
dsRNA. (Compare the third and second rows in Figure S.)
Because the shape of the 4.5 MHz doublet of all of the ADP- and
AMPPnP-bound complexes does not change upon the addition
of dsRNA, we can conclude that no significant changes in the
nucleotide phosphate coordination occur upon binding of dsRNA.

DbpA Hydrolyzes ATPyS in the Presence of dsRNA. In
contrast to DbpA/ Mn2"/ADP and DbpA/ Mn2+/AMPPnP,
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which do not exhibit any significant change in the *'P spectrum
upon dsRNA binding, the DbpA/Mn*>"/ATP/complex switched
from the ATP-type in the complex without dsRNA to the ADP-
type spectrum in the presence of dsRNA. This is expected if ATP
is hydrolyzed. An additional doublet with a 9.2 MHz splitting that
appears in this spectrum is attributed to the small amount of
ssRNA present in this preparation; the source of this signal is
discussed next. Similar changes in the line shapes of the ENDOR
spectra were also observed for ATPyS. These changes are in line
with our earlier observations that in the presence of dsRNA, the
3C spectra of DbpA/Mn>"/ATPyS/become similar to those of
the analogous ADP complexes (Figure 3). (Similar spectral
changes were also observed for ssRNA.) This suggests that
DbpA, which is known to hydrolyze ATP only in the presence
of the specific RNA that contains the HP92 sequence,'” is able to
efficiently hydrolyze ATPyS as well.

The line shape of the 4.5 MHz *'P doublet in the spectra of
DbpA/Mn**/nucleotide/ssRNA complexes, shown in row 4 of
Figure S, is similar to that observed for the respective dsRNA
complexes. The complexes with ADP and AMPPnP nucleotides
retained their respective spectral features of the complexes with-
out ssRNA (apart from the additional 9.2 MHz doublet), whereas
the ATPyS and ATP complexes switched to an ADP-type
spectrum. We therefore can conclude that ATPyS hydrolysis
occurs efficiently with both ssRNA and dsRNA constructs, which
is expected because both constructs contain the HP92 sequence.

We want to stress here that the above conclusion was based
solely on the analysis of the ENDOR spectroscopic data. We then
confirmed this observation indezpendently by following ATPyS
hydrolysis using *>°S-labeled Mg™*/ATPyS. (See the Supporting
Information, Figure $9.) ATPyS is therefore not a good ATP
analogue for structural studies of DbpA/RNA. It was employed
in an earlier study of DbpA as a slowly hydrolyzable ATP analogue,”
but in that specific study the RNA cofactor used was different
from the one known to activate the DbpA ATPase activity, which
may account for the lack of rapid ATPyS hydrolysis. The inability
of DbpA to distinguish between the ATPyS and ATP nucleotides
suggests that either the interaction of the protein with the y phos-
phate of ATP is not sensitive to the sulfur substitution, or, more
likely, that not all terminal oxygen atoms of the y phosphate form
ATPase important interactions with protein residues, therefore
resulting in a lack of discrimination between ATPyS and ATP.
Efficient hydrolysis of ATPyS was reported for another DEAD-
box protein, eI[F4A.>* Our observation suggests that this reported
activity may be general for the DEAD-box family of RNA helicases.

High-Affinity Mn* Binding Site in ssSRNA. The results of the
>'P ENDOR measurements with ssRNA are depicted in the
fourth row of Figure S. In all complexes with ssRNA, an additional
doublet with an average splitting of 9.2 MHz, denoted by “*” in
Figure 5, appears. This doublet is assigned to *'P nuclei of the
ssRNA phosphate backbone. We attribute the appearance of this
doublet to the formation of a high-affinity Mn>" binding site
somewhere in the 5’ extension of the ssRNA construct, which
competes with the ATPase active site for Mn”* binding. The *'P
ENDOR spectrum of Mn>*/ADP/ssRNA without DbpA exhi-
bits the same doublet of 9.2 MHz (see Figure S8), thus confirming
that it is unique to ssRNA and that it does not involve DbpA. This
hyperfine coupling is close to that reported for the high-affinity
Mn** site in the hammerhead ribozyme (A3p ~ 8.5 + 0.5
MHz).>* The proposed formation of the high-affinity pocket is
illustrated in Figure 6a. The relative intensity of 4.5 and 9.2 MHz
doublets shows that the Mn>" binding site in ssRNA has a

(a) ssRNAcomplexes (b) dsRNAcomplexes

Mn?* 100%

Mn?* ~50%

Figure 6. Schemes illustrating (a) the formation of the high-affinity
binding site in the S’ extension of the DbpA, which competes with the
ATPase active site for Mn>* binding. (b) Mn®" high-affinity binding site
is no longer formed in the 5’ extension of the RNA molecule due to
Watson—Crick base pairing with 11mer complementary RNA.

binding affinity comparable to that of free or DbpA-bound
nucleotides.

The 9.2 MHz doublet is absent from the *>'P ENDOR spectra of
the DbpA/Mn”*/nucleotide/dsRNA complexes previously dis-
cussed (Figure S, third row), indicating that the affinity of dsSRNA
to Mn*" is considerably smaller than that of ssRNA. This is attributed
to S extension of 33mer RNA adopting a different conformation due
to the Watson Crick base pairing with an 11mer complementary
RNA, as illustrated in Figure 6b. The weak intensity of the 9.2 MHz
doublet in the DbpA/Mn>*/ATP/dsRNA spectrum is attributed to
small amounts of ssRNA present in that preparation.

Importantly, *'P ENDOR spectroscopy is able to monitor the
migration of Mn*" to the RNA molecule in the ssRNA con-
structs. Mn*" is used as a probe for different types of spectro-
scopic measurements, such as EXAFS, which usually cannot
distinguish different binding sites. The EXAFS data are fitted to a
model of a priori-assumed binding site with many variable
parameters. Therefore, a prior confirmation of the exact localiza-
tion of the probe at the target site (the ATPase active site in our
case) that can be supplied by ENDOR is crucial for the structural
analysis. Further studies are required to completely characterize
the Mn>" binding site in ssRNA. Of particular interest may be the
use of the 9.2 MHz *'P doublet to probe RNA unwinding for
shorter dsRNAs. For this to occur, the corresponding kinetics for
the Mn”* binding must be fast enough.

General Mechanistic Implications. The overall positioning
of ATP/Mn*" in the DbpA pocket is governed b;r multiple
interactions between the protein and the nucleotide/Mn * complex.
In all of the observed states of the active site, the Mn>* cofactor
was found to coordinate a single DbpA residue. This indicates
that the positioning of the nucleotide/Mn”* in the DbpA active
site is governed mainly by the interactions of the nucleotide
sugar, phosphate and base moieties with the protein. With three
and four water ligands in the ATP- and ADP-bound states,
respectively, the Mn>* metal cofactor is prone to ligand exchange
throughout the catalytic cycle.

RNA with a HP92 structure is known to activate ATP hydrolysis
of DbpA. Binding of the RNA molecule should therefore
promote changes in the protein in the vicinity of ¢ phosphate
of the ATP. The most probable candidate for activating the ATP
hydrolysis is a correctly positioned glutamate residue of the
DEAD motif.*® Amino acids surrounding the y phosphate adopt
specific positions upon binding of RNA, which in turn places the
ATP nucleotide in the correct spatial conformation suitable for
hydrolysis. Interestingly, prior to adding the RNA molecule, the
state that DbpA adopts is different for AMPPnP and ATP, with
ATPyS being similar to the ATP state. Upon addition of RNA,
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ATP, and ATPYS, but not AMPPnP, nucleotides undergo rapid
hydrolysis by DbpA.

Importantly, whereas DbpA can hydrolyze ATPyS, it still does
not promote RNA unwinding of RNA." It can be speculated that
a one-atom change in the leaving phosphate group may interfere
with the cascade of events needed for disruption of dsRNA. The
two arginines (331, 334) of motif VI were proposed to discri-
minate between the ADP- and ATP-bound forms of the DEAD-
box helicases.”® The absence of RNA unwinding with ATPyS
nucleotide suggests that some important interaction with one or
both residues is disrupted due to the presence of the thio group.
Perhaps the hydrogen bond, which normally involves an oxygen
atom, is not strong enough when the sulfur atom substitutes for
the oxygen. This weaker bond is in turn insufficient to trigger the
sequence of events that normally occurs after ATP hydrolysis.

According to the proposed mode of action for DEAD-box
helicases, the strand separation event is coupled to the formation
of the ATP or ADP-Pi bound, tense from, that disrupts the
double-stranded RNA structure. The release of ADP-Pi is then only
needed for enzyme recycling during multiple turnovers.'>>>*¢
Accordingly, a good ATP or ADP-Pi analogie would promote the
strand separation as well, by correctly mimicking the tense ADP-
Pi state. AMPPnP does not Eromote RNA remodeling in any of
the investigated systems.>>>” It is therefore unclear what type of
intermediate in the ATP-dependent RNA unwinding process is
trapped by AMPPnP. We provide experimental evidence that
AMPPnP is indeed positioned in a different manner as compared
to ATP and ATPyS in the active site of DbpA even prior to RNA
binding. The structure of the active site for the two nucleotides
differs in the arrangement of the DbpA side chains around the
bound Mn”*/nucleotide. ATP and ATPYS are initially posi-
tioned in a proper way to undergo hydrolysis; this is supported by
the "*C ENDOR spectra of the DbpA/Mn**/ATPYS complex
resembling more the DbpA/ Mn2*/ADP spectra than the DbpA/
Mn**/AMPPnP spectra. Although the Mn** coordination by
nucleotide phosphates is similar for ATP, ATPyS, and AMPPnP,
the protein states are different as is evident from the '*C spectra.
The nitrogen atom in P-NH—P is a hydrogen-bond donor as
opposed to oxygen in the P—O—P, which is a hydrogen-bond
acceptor. This may partially account for the ATPase active
site adopting distinct conformations in the ATP/ATPYS- and
AMPPnP-bound states.

Finally, we did not observe significant changes in the first
coordination shell of Mn>" upon binding of RNA in both the
AMPPnP and the ADP states. Changes are detected for
AMPPnP in shells farther away. We therefore suggest that the
fine changes that occur in the active site of the protein upon
binding of RNA occur mostly in the vicinity of the ¢ phosphate,
as previously discussed. Nevertheless, this does not exclude the
possibility that changes in the direct coordination of the Mn>"
cofactor occur during catalysis.

B CONCLUSIONS

The close environment of the Mn*" ion at the ATPase active
site in various states of DbpA, which are highly relevant to
understanding of its mode of action, was probed by W-band
ENDOR spectroscopy. Specifically, our findings are as follows:

(1) The Mn** ion is coordinated to a single amino acid in all

of the investigated states of DbpA. This residue is assigned
to either Thr54 in the Walker A motif or Glul54 in the
Walker B (DEAD) motif.

(2) Three different conformations of the ATPase active site
of DbpA prior to RNA binding were observed, the first
with AMPPnP, the second with ADP, and the last with
hydrolyzable ATPyS and ATP.

(3) The ATPase active site of DbpA cannot efficiently
differentiate between ATP and ATPyS, and both are
efficiently hydrolyzed in the presence of the RNA sub-
strate that contains the HP92 sequence.

(4) The first and second coordination shells of the Mn®" jon
in the AMPPnP/DbpA complexes are not affected by the
binding of the RNA substrates used in this study. How-
ever, changes in more distant shells do take place. Such
structural changes were not detected for the ADP state.

(5) We observed a migration of approximately S0% of the
Mn*" ions to a high-affinity binding site formed in the 5’
extension of the ssRNA construct. This site is not formed
in the §' extension of the dsRNA construct due to the
Watson Crick base pairing with 11mer complementary RNA.

We showed that Mn>" substitution for Mg™*, together with

high-field ENDOR spectroscopy, is an efficient tool for molec-
ular level (angstrom scale) investigation of the ATPase active site
of DEAD-box helicase. This study of the various trapped states of
DbpA/nucleotide/Mn>*/RNA paves the way for time-resolved
studies where the transition from state to state can be monitored.
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