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Abstract

The isolated HIV-1 RNase H domain is inactive. This inactivity has been linked to the lack of structure in the C-
terminus of the isolated domain. Thermodynamic stability experiments on the RNase H domain as well as a deletion
mutant lacking the C-terminal helix have implied that this region is structured. His539 residing in a loop preceding
the C-terminal helix was studied by NMR to determine the stability and conformational properties of this region. The
stability of the structural environment of His539 matches that of the entire RNase H domain. Furthermore, His539 is
locked into a defined tautometric state in the folded protein andKisip shifted compared to a freely accessible
His, suggesting that this region is structured. The data support the view that the overall dynamics rather than the lack
of structure in a small portion of the protein render activity of the isolated HIV-1 RNase BDO2 Elsevier Science
B.V. All rights reserved.
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1. Introduction of the 66 kDa subunitY427-L560 of the heter-
odimeric RT. This activity is essential for viral

The heterodimeri¢66 kDa and 51 kDa subun-  infectivity [4—€]. RNase H degrades the RNA
its) reverse transcriptaséRT) harbors a DNA-  portion of the DNA/RNA hybrid, formed after the
polymerase and an RNase H activ[t;[_’o’]. The initiation of minus-strand DNA SyntheSiS, prOdUCGS
active protein is produced by asymmetric cleavage the plus-strand RNA primer and removes the RNA
of a homodimerid 66 kDa subunix precursor. The ~ template during minus-strand synthesifor a
RNase H activity resides in the C-terminal portion review, see[7]). Surprisingly, the isolated RNase

H domain is inactive[8—10, whereas the struc-
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(Thr89 to Asp 102 inE. coli RNase H. Thirdly, t, and¢; dimensions with spectral widths of 6944
the C-terminal region of HIV-1 RNase H appears and 2102 Hz, respectively. States-TPPI was used
to be unstructured compared to the corresponding [20] for quadrature detection. The data were proc-

region in theE. coli homologue[9,11]. The dif-
ferent structural properties are deferred from the
lack of electron density in the crystal structure and
the failure to obtain structural information for this
region by NMR. The C-terminal portion of the
protein comprises helix E and the preceding
His539-containing loogResidues 538-5601n the
heterodimeric RT, this region diffracts very well.
The structural properties of this region in the
isolated HIV-1 RNase H domain were, therefore,
connected to the inactivity of the isolated HIV-1
RNase H domain. His539, which resides in this
loop is not essential for activity, but contributes to
the catalytic efficiency(k.,) in both RNase H
homologueq13—15. Replacement of His by Asn
renders HIV-1 infectivity[6].

In contrast to all structural data, thermodynamic
data clearly show a stabilization of HIV-1 RNase
H by its C-terminal helix E and the His-containing
loop [16,17. This implies that this region is not a
random coil structure.

To address this contradiction, we used 1D and
2D NMR to determine the stability and structural
properties of the region close to His539. Our
results suggest that the His539-containing loop is
folded in the isolated RNase H domain.

2. Material and methods
2.1. NMR spectroscopy

NMR experiments were recorded on a Bruker
DRX-500 spectrometer operating at 26. Two
dimensional H®> N HMQC experimen{48] opti-
mized for observation of His aromatic JNH and
3JN couplings were recorded on uniformly  N-
labeled HIV-1 RNase H in 20 mM sodium phos-

essed using Felix 97.0Biosym Tech). Typically
skewed sinebell window functions were applied in
t, andt, before zero-filling and Fourier transfor-
mation. Chemical shifts are referenced to HO
(4.77 ppm, 25°C) and external liquid ammonia
(*N) [21]. Uncertainties in chemical shifts are
0.02 ppm fort H and 0.2 ppm fo¥* N.

2.2. Stability measurements

The amount of folded His539 was determined
from the integrals of the unfolded and folded signal
for the Hel proton of His539. To isolate the signal
for this proton from the amide backbone proton
region in the 1D NMR spectrum, all backbone
amide protons were exchanged against deuterium
by unfolding and refolding HIV-1 RNase H using
5 M deuterated urea and deuterated sodium acetate
buffer, pHe..q 5.5. The equilibrium between the
folded and unfolded state was determined from the
integrals of the His539 signals for the folded and
unfolded form. The overall stability of the protein
was obtained by following loss of secondary struc-
ture upon addition of urea using far-UV circular
dichroism at 222 nm. Thermodynamic stability
was determined from the denaturant dependence
of the equilibrium between the native and unfolded
state, as previously describ§2?].

2.3. pK, measurements

All exchangeable protons in HIV-1 RNase H
were substituted with deuterium. The protein was

phate buffer pH 7.5 or 50 mMd -sodium acetate incubated in 20 mM g -sodium acetate buffer pH
buffer pH 5.0 and in the same buffers containing 3.0 and adjusted to the indicated pH values using
5 M urea. The experiments were optimized by a deuterated 1 M sodium phosphate solution, pH
setting the delay, during whickt N arld H signals 9 or NaOD above pH 9. Protein precipitate, which
become antiphase, to 22 ms as described previouswas observed between pH 6—7, was removed by
ly [19]. ThelH transmitter was set to H O and the centrifugation prior to recording NMR spectra.
5N carrier was set to 201 ppm. A total of The signal for the K1 proton was followed by
2048x 128 complex points were collected in the *H-NMR using a 0.9 mM sample and 400 scans.
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3. Results

3.1. Thermodynamic stability of His539 against
denaturant-induced unfolding

HIV-1 RNase H contains a single His539 in the
loop connecting strand 5 and helix E. The signal
for the Hel in the histidine side-chain is well-
detectable in the amide region of a 1D NMR
spectrum after all amide backbone and side-chain

protons have been exchanged against deuterium.

This allowed us to determine whether this His is
in an unfolded or folded region of HIV-1 RNase
H. If this region is unfolded, a single peak for
Hel of His539 should be observed in the 1D NMR

spectra in the absence and presence of increasing

amounts of urea. However, if His539 locates in a
folded region of the protein, distinct folded and
unfolded His-signals should be observable if both
conformations are at slow exchange on the NMR
time scale( <ms). As shown in Fig. 1a, the signal
for His539 initially shifts linearly downfield upon
the addition of increasing amounts of urea. This
shift does not reflect unfolding. It mirrors the
change in solvent upon urea addition and is observ-
able throughout the titration experiment. However,
at a concentration above 3 M urea, a second peak
is observable. This signal increases in volume with
increasing amounts of urea while the other peak
decreases. At fully denaturing urea concentrations
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the second peak sharpens, indicating an increase

in the mobility of this region due to complete
denaturation of the protein. This supports that
His539 is located in a folded region of HIV-1
RNase H. Integration of the peak areas for the
unfolded and folded signals yields a thermodynam-
ic stability of the region close to His539 of 4.8
kcal/mol (¢,,=3.6 M, m=1.33 kca/molM. This
local stability is identical to the global stability of
the protein(Fig. 1b solid ling.

3.2. pK, value for His539

A shift of the pK, value of a histidine side-
chain due to protein structure formation can pro-
vide for additional structural information of this
specific region. While a g,-downshift indicates
H-bonding or the proximity of His to a base, an

Fig. 1. Thermodynamic stability of His539 in HIV-1 RNase H.
(@) *H NMR spectra for* H signal of His539 in the presence
of 0-4.9 M urea in 50 mM g sodium acetate buffer, pH 5.0;
(b) Relative integrals of the unfoldetl dHsignal of His539
(circles). The relative error is indicated for each point by a bar.
The solid line represents a fit of the global stability of HIV-1
RNase H against urea denaturation followed by far-UV circular
dichroism at 222 nm in the same buffer as described dpr

increase in the K, points to an interaction with
an acidic amino acid. TheKy value for His539

in the folded protein is 6.1. It was determined
from the chemical shift dependence of theeH
signal on the pH in a range from pH 2.9-10.2 at
25°C (Fig. 2). The K, values for His in a random
coil environment were measured for barnééet
and 6.52 [23]. Compared to those values, the
pK, of His539 is decreased. This suggests an
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Fig. 2. pK, determination of His539 in folded HIV-1 RNase H.
The chemical shift of thé K signal of His539 was determined
as a function of pH. At the indicated points!a H-NMR spec-
trum was recorded and the chemical shift for this signal deter-
mined. A 20 mM d -sodium acetate buffer was used which
was titrated with either 1 M sodium phosphate, pH 9, or NaOD
above pH 9. The error for each data point is smaller than the
size of the used symbols.

interaction with a basic amino acid, e.g. formation
of a hydrogen bond. In the crystal structure of the
reverse transcriptas¢24], the closest base is
Lys550. Its Nz—atom is 4.66 A distant from the
Ne&l of His539. Although this distance would not
allow efficient hydrogen bonding, both atoms
could be closer in the isolated RNase H domain.
Unfortunately, no electron density is observed for
this region in the crystal structure for this isolated
domain [9]. Interestingly, the [, value for the
corresponding His124 in the structurally homolo-
gous RNase H fronk. coli is increased to pH 7.1
and was suggested to reflect the proximity of this
residue to a glutamic aciffl5]. In summary, the
decreased K, for His539 provides for further
evidence that this side-chain is not located in a
random coil region of HIV-1 RNase H.

3.3. Detection of the tautomeric state for His539
by 2D NMR

The protonation stat¢l5] and the tautomeric
form [25,26 of a His side-chain can be determined
from 2D HMQC NMR-experiments using & N
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patterns for the different tautomeric states of the
His side-chain nitrogens have been characterized
(for a summary, see Pelton et &1.9]).

In the case of HIV-1 RNase H, the assignment
of the His side-chaint H and®> N resonances is
straight-forward, since it contains only one such
residue. To obtain information about the protona-
tion state and the tautomeric form of this His
sidechain, we recorded HMQC spectra belgi
5.0) and abovedpH 7.8) the K, value of His539.
For a free histidine, both side-chain nitrogens can
be alternatively protonated above th&,pThere-
fore, a histidine located in a random coil part of a
protein should show the same properties as a free
histidine, where an average crosspeak pattern for
both possible tautomeric states should be observed
in a 1H-15N HMQC(Fig. 3, right side. However,
for His539 of HIV-1 RNase H at pH 7.4, the
observed M2-He2, Ne2-H32 and N6?-Hel cross-
peaks and their intensitied=ig. 3) are in agree-
ment with a tautomeric form where exclusively
Ne2 is protonated19]. The slight downfield'> N
chemical shift of N©2 from the expected value of
167.5 ppm to 172 ppm indicates that this nitrogen
serves as a hydrogen bond don@7,24. This
agrees with the observed decreas&d for His539
which also points to a base close to His539.

At pH 5.0, the >N chemical shifts of the
crosspeaks for Bll-Hel, N31-H82, Ne2-Hel and
N&2-H52 (Fig. 3) at 172 and 183 ppm show that
both side-chain nitrogens are protonated. Obvious-
ly the His539 environment within the folded pro-
tein is permissive to the protonation of both
histidine side-chain nitrogens. However, the num-
ber of crosspeaks as well as their chemical shifts
clearly indicate impaired rotation of the His side-
chain in the folded RNase H domain.

4, Discussion

The reason for the lack of activity of the isolated
HIV-1 RNase H domain has not been unambigu-
ously identified. It is not known if the lack of
substrate binding or the inability to catalyze confer
inactivity. Davies and colleaguelR9] associated
the lack of activity to a lack of structure in the C-
terminal region of RNase H which includes

labeled protein. The chemical shifts and crosspeak His539.
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Fig. 3. Tautomeric states of His539 in HIV-1 RNase H. HMQC spectreg of N labeled HIV-1 RNase H at {H0GrAM acetate

buffer) and pH 7.4(20 mM phosphate bufferin the presencdright) and absencéleft) of 5 M urea. The assignment of the
respective signals is indicated. At pH 7.4 in the presence of 5 M urea, a double assignment results for three signals due to the
exchange between protonation states. The signals in this window at 6.98'ppdimension and 212 ppn(**N dimension result

from an impurity.
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