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ABSTRACT: Previous NMR relaxation studies of the isolated RNase H domain of HIV-1 reverse transcriptase
at low pH have revealed that it is substantially more dynamic and less ordered than the relatively stable
and catalytically activeE. coli RNase HI. Using more recently developed techniques, we have investigated
the dynamic behavior of the RNase H domain of HIV-1 reverse transcriptase at a more physiological pH
(6.8), under a variety of solution conditions: no Mg2+, 80 mM Mg2+, and 80 mM Mg2+ plus AMP
ligand. In addition, we have repeated the previous measurements on a sample containing 100 mM sodium
acetate, pH 5.4. Under all conditions studied, the order parameters from NMR relaxation analysis are
uniformly high (>0.8) for most of the domain with the exception of the C-terminal region. Subtle differences
can be found among the conditions studied, although the statistical significance of the differences is
marginal. Residues 71-114 show a slight increase in order parameter with the addition of 5′-AMP.
Conformational exchange, measured with CPMG relaxation dispersion experiments in the presence of
Mg and AMP, were detected for some NH sites, predominantly located in the N-terminal region of the
protein near strandsâ2 andâ3 and helixRA (residues 28-69). In contrast with earlier studies indicating
pathologically extreme dynamic behavior that apparently correlated with inactivity of the isolated domain,
the relaxation analysis under the conditions of the present study yielded parameters that are more similar
to those of the activeE. coli RNase HI. A comparison of the order parameters obtained from a model-
free analysis of the relaxation data with the B-factors in the crystal structures of the RNase H domain,
both for the isolated domain and for the full HIV-1 reverse transcriptase structure, suggests that the dynamic
behavior is similar in all cases.

The human immunodeficiency virus (HIV) is a retrovirus,
which requires the reverse transcription of viral genomic
RNA into DNA (1-3). This process is catalyzed by a
bifunctional enzyme, HIV reverse transcriptase (RT),1 which
consists of two subunits, p51 and p66. Both subunits contain
a DNA polymerase domain, while p66 contains an additional
ribonuclease H domain (RNase H). The RNase H domain
performs two functions. It degrades the RNA template and
specifically removes the RNA primer from the RNA/DNA
hybrid. The domain can be isolated and expressed as a stable
protein, which is either inactive (4, 5) or very weakly active
(6, 7).

The basis for the inactivity of the isolated RNase H domain
of RT has been the object of many studies and considerable
speculation. It has been suggested that inactivity of the
isolated domain could result from the absence of critical
binding residues present in the full RT structure (8) or from
structural and/or dynamic differences between the isolated
RNase H domain and the RT-incorporated RNase H domain.
A very substantial case can be made for the first explanation
given above. For example, construction of a chimeric RNase

H domain that contained the additional structural elements
from theE. coli RNase HI (residues 76-102) resulted in a
hybrid enzyme with∼10-fold greater nucleolytic activity
than the full RT (9). Restoration of activity to the isolated
RNase H domain also has been achieved by the addition of
a His-tag to either the N- or C-terminal positions, although
the nucleolytic activity of the resulting constructs was
lower than that of the full RT enzyme (7). Since both the
His-tag and the additional loop are basic in nature, it has
been suggested that the activity observed for these constructs
could result from enhanced binding of the nucleic acid
substrate.

A second proposed explanation for the inactivity of the
isolated RNase H domain of RT is that its structure differs
significantly from that adopted in the full RT molecule.
However, comparisons of the crystal structures of this domain
in isolation or in intact RT do not appear to indicate any
major differences (8, 10). A recently determined solution
structure also shows homology to the crystal structure of the
isolated domain, with the exception of the C-terminal helix,
for which the corresponding resonances are strongly ex-
change broadened (10). A more complete analysis of the
ensemble of crystal structures for RT indicates that this helix
is also frequently absent in the crystalline state, leading to
the conclusion that even in the full RT molecule, this
structural element has marginal stability (10). Recent studies
of the histidine-containing active site loop, which is adjacent
in sequence to the C-terminal helix in the RNase H domain,
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also were interpreted to indicate that this region of the
isolated domain remains structured (11).

A third proposal for the inactivity of the isolated RNase
H domain of HIV-1 RT is based on the previous conclusion
that its intramolecular dynamic behavior is so extreme that
it results in inactivity. In addition to the exchange broadening
noted above for the C-terminal helix, NMR relaxation data
obtained for the isolated RNase H have indicated that the
isolated domain is characterized by extensive internal mobil-
ity throughout its structure (12). In this study, a substantial
fraction (35%) of the order parameters derived using a
Lipari-Szabo analysis were<0.7 (12, 13). In addition to
the C-terminal residues, the loop regions betweenâ-strands
â1 andâ2 and betweenR-helix RB andâ4 were identified as
particularly mobile regions of the protein (12). A comparison
of the dynamic behavior of the RT RNase H domain with
that of theE. coli RNase HI led to the proposal that loss of
structure and concomitant increase in residue mobility is a
critical determinant of the loss of catalytic activity of the
isolated RNase H domain (14). It was further concluded that
since the dynamic differences between the two enzymes are
not localized to the C-terminal region, the loss of activity
correlated more significantly with the overall increase in
dynamic behavior and the apparent instability of the entire
isolated RNase H domain.

The previous dynamic characterization of the HIV-1
RNase H domain was clearly a significant contribution to
the literature. However, since the previously reported studies,
several important developments in methodology for protein
relaxation measurements have occurred such as the introduc-
tion of relaxation-compensated CPMG sequences used to
measureT2 and relaxation dispersion (15). Probably the most
important development is the introduction of pulse sequences
for relaxation data acquisition that avoid saturating the water
resonance (16-18). This problem had been appreciated for
some time and is presumably the reason that the previous
study was performed at low pH (5.4), at which the exchange
rate of labile amide protons is reduced. In terms of analysis,
model selection for Lipari-Szabo “model-free” analysis
continues to improve from the Mandel et al. protocol
introduced in 1994 to the Akaike Information Criteria (AIC)
of d’Auvergne and Gooley in 2003 (13, 14, 19). In light of
numerous new developments and our observation that Mg
strongly affects the HSQC spectra (10), it seemed appropriate
to reinvestigate the relaxation characterization of the RNase
H domain under the previous conditions as well as some
more physiologically relevant ones.

As noted above, we have recently performed NMR
measurements on the isolated RNase H domain of HIV-1
RT at neutral pH in the presence of high Mg2+ concentrations
and found the domain to be sufficiently well behaved to allow
a structural determination for all but the C-terminal region
(10). To fully evaluate previous proposals regarding the
relationship of internal dynamics with enzyme activity, we
now have performed a relaxation analysis of the dynamic
behavior of this domain at neutral pH (6.8), in an “apo-state”
with no salts, in the presence of Mg2+, and in the presence
of Mg2+ plus AMP. AMP and other mono- and dinucleotides
have been reported to be weak inhibitors of the RNase H
activity of HIV-1 RT (20, 21). Interestingly, Chattopadhyay
et al. reported improved crystal growth when the RNase H
domain was incubated with Mg2+ and AMP (22). The studies

described here provide further insight into the behavior of
this essential enzymatic activity in the life cycle of HIV.

MATERIALS AND METHODS

NMR Methods.The sample preparation was exactly as
described previously (10). Four different solution conditions
were studied. They are referred to as: “low pH”, “Apo”,
“Mg”, and “Mg plus AMP”. All solutions contain 0.05-0.1
mM AEBSF, 50 µM DSS, and 10%2H2O. The low-pH
buffer, consisting of 100 mM sodium acetate-d3, pH 5.4, is
intended to mimic the previous studies. The other buffers
contain zero (Apo) or 80 mM MgCl2 (Mg), 10 mM Tris-
d11, pH 6.8. In some studies, 20 mM 5′-AMP (Mg plus AMP)
was also added to the Mg sample. The numbering of the
amino acid residues in the protein is 1-138, which includes
four N-terminal residues (MNEL) followed by residues 427-
560 of the HXB2 strain of HIV-1. Hence, adding 422 to the
residue number in the current study gives the corresponding
residue in the p66 subunit of HIV-1 RT for strain HXB2.
The numbering used facilitates comparisons with previous
NMR studies (12, 23, 24). A uniformly labeled [15N, 13C]-
RNase H sample was used for backbone and side chain
assignment, as well as relaxation experiments (T1, T2, and
NOE). The RNase H samples used in the relaxation disper-
sion experiments were uniformly15N labeled. The concentra-
tion of the protein was initially 1.0 mM, and upon addition
of MgCl2 and AMP it was approximately 0.8 mM. A series
of HSQC spectra obtained at different concentrations showed
a linear dependence of intensity on concentration from 0.5
to 1mM and was only slightly nonlinear out to 1.5 mM,
indicating minimal aggregation at the concentrations used
for relaxation measurements (data not shown).

The NMR spectra of the RNase H domain in the various
buffers were assigned in separate studies. The assignments
in 100 mM sodium acetate pH 5.4 were taken from the
BRMB as assigned by Powers et al. (24). The shifts therein
were referenced to TSP as opposed to DSS in our sample;
therefore, the resonances generally differed by a constant
offset but could be readily identified. Compared to the
previous 107 peaks that were analyzed, we confidently
assigned 98 that had no significant overlap. The HSQC
spectra of the sample with 80 mM MgCl2 was assigned
previously with standard triple-resonance techniques (10).
The assignments of the HSQC spectrum for the apo-state
were made by following the titration from 0 to 80 mM MgCl2

(10). The assignments for the Mg+ AMP spectrum were
made using standard triple-resonance techniques and will be
reported elsewhere.

The relaxation data were acquired at 11.7, 14.1, and 18.8
T on Varian INOVA spectrometers. TheT1, T2, and NOE
data were acquired according to Farrow et al. at 11.7 and/or
14.1 T (18). The relaxation dispersion data were acquired
according to Mulder et al. (25), as indicated. The spectra
were processed with NMRPipe and analyzed with NMR-
VIEW on LINUX (Red Hat 7.2) and Macintosh (OS X 10.2)
workstations (26, 27). Experimental uncertainties in the R1

and R2 measurements were calculated from Monte Carlo-
simulated estimates using the standard deviation of the noise
(28). The error in the NOE experiment was calculated as
the standard deviation in the noise divided by the intensity
of the peak in the reference spectrum. The relaxation analysis
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module of NMRVIEW 5.0.4 was corrected to properly output
errors as posted on our website (http://dir.niehs.nih.gov/
dirnmr). The value for rotational correlation time was
calculated from the trimmed-mean ofR2/R1 using the
software QUADRIC 1.11 (29, 30). The fits of theT1, T2,
and NOE data to model-free equations were performed with
Modelfree 4.15. For the purpose of fitting the data, the errors
were assigned according to the fit, but the minimum error
was set to 4%. The value used for15N CSA was-170 ppm
and the N-H bond length was 1.02 Å.

The relaxation data were fit to the five motional models
described by Mandel et al. (13, 14). The purpose of the fitting
procedure is to select from among five dynamic descriptions
for the nuclei that correspond to: (1) internal motion so rapid
that its only effect is to reduce the order parameter from 1
to S2; (2) fast internal motion that produces a significant
spectral density and hence contributes significantly to the
observed relaxation; (3) a slow (µs to ms) component of
motion that results in exchange broadening and consequent
contribution to the transverse relaxation rate; (4) a combina-
tion of models 2 and 3 in which bothτf (fast-time-scale
motion) andRex (rate of chemical exchange) contribute to
the observed relaxation; (5) two components of internal mo-
tion corresponding toτf < 100-200 ps and a slower com-
ponent characterized byτs with τf < τs < τc, and conse-
quently two independent order parameters for the different
types of internal motion:S2, Sf

2, andSs
2 ) S2/Sf

2. Model
selection was based on Akaike’s Information Criteria (AIC),
which bases the selection on the minimum AIC defined by:

whereø2 is defined according to [2] andk is the number of
model-free parameters in the motional model (19). This
approach biases the analysis toward models that require fewer
adjustable parameters and is superior to previous statistical
methods in balancing under- versus over-fitting the number
of parameters (19). The error in the fit is given by

in which R1ij, R2ij, and NOEij are the measured values and
R̂1ij, R̂2ij, and NÔE1ij are the fitted values forith spin and the
jth static field (14). The corresponding experimental uncer-
tainties are given byσR1ij, σR2ij, andσNOEij.

The relaxation dispersion data used the output intensities
from NMRVIEW and were analyzed with MATLAB scripts
to fit the equations given by Tollinger et al. (31).

B-Factor Comparisons.The B-factors for the RNase H
domain were analyzed from six crystal structures, four from
the p66 subunit of RT [1RT7 (32), 1RTD (33), 1RTH (34),
and 1C9R (35)] and two from the isolated domain [1HRH
(8) and 1RDH (22)]. Further, the structures 1C9R and 1RTD
belong to the p66/p51 in complex with double-stranded
DNA. Since the NMR analysis concerned15N dynamics, it
seemed appropriate to use the B-factor from the backbone
nitrogen of each residue, where available. In the case of

1RDH, only the CR coordinates were available, so the B-fac-
tors for the CR were used. The four p66 subunits of RT had
very similar mean B-factors over all residues. With respect
to the above list they were 50( 15, 52( 15, 58( 29, and
51( 30. The p66 structures include 2 from theP212121 space
group (1RT7 and 1RTH) where the C-terminal helix is not
observed and two where it is observed (1C9R and 1RTD).
Note that 1RTD had two molecules in the asymmetric unit,
so up to five data points could be used for averaging the
B-factors of p66. In cases where data were missing, e.g.,
the C-terminal helix, only the available data points were used.
For the isolated RNase H, domain there were two molecules
in the asymmetric unit in both cases, so up to four data points
were used to calculate the average B-factor where data were
available. The isolated domains also had similar overall mean
B-factors, with subtle differences between the molecules in
the asymmetric unit: 1HRH-A 36( 12, 1HRH-B 36( 11,
1RDH-A 29 ( 11, 1RDH-B 28( 10.

Order Parameter Predictions.The prediction of fast-time-
scale order parameters from crystal structures was calculated
using the program of Zhang and Brushweiler (36). The
program predicts order parameters based on a contact model
and is based on empirical observations of previously
measured order parameters and corresponding crystal struc-
tures. The RT structure used was 1RT7. Hydrogen atoms
were added and side-chains completed where necessary using
CNS (37).

RESULTS

Fast-Time-Scale Dynamics.The dynamic behavior of the
RNase H domain on a time scale of nanoseconds to
picoseconds was assessed by measuring15N R1, R2, and
steady state15N{1H} NOE relaxation parameters at 11.7 and
14.1 T. TheR1, R2, and NOE data at 14.1 T obtained under
all solution conditions are presented in Figure 1. Following
the discussion given by Davies et al., we have labeled the
helicesRA, RB, RD, andRE, since the helix corresponding to
RC in E. coli RNase H is not present in the HIV RT RNase
H domain (8). Addition of Mg2+ ions results in many
significant shifts of the amide resonances, greatly improving
the dispersion of the1H-15N HSQC spectrum (10). Some
of the most congested regions of the spectrum, corresponding
to shifts near the random coil values, show particular
improvement. The overlap in the apo state is significant, so
that at 11.7 T we are only confident of 59 amide resonances
that are sufficiently well-resolved to allow accurate relaxation
measurements. The increased signal-to-noise and dispersion
at 14.1 T allows us to report measurements on 83 amide
resonances. Similarly, we found that the low-pH sample had
98 resolvable resonances at 14.1 T. As shown in Figure 1,
several of the loop regions are relatively mobile, with
elevatedR1, and lowerR2 and NOE ratios. In particular, the
region betweenâ4 andRB, the region betweenRB andRD,
and the N- and C-terminal regions of the protein appear to
be highly dynamic. In the full RT structure, the loop between
RB and RD makes contact with other residues in the p66
subunit, so that the enhanced mobility for these residues may
result from the elimination of the interactions with other
residues in the p66 subunit. ElevatedR2 values were also
measured for residues at both ends of helixRE, probably
resulting from conformational exchange. Overall, the relax-
ation behavior under all conditions appears to be very similar.

AIC ) ø2 + 2k (1)

ø2 ) ∑
i)1

N

∑
j)1

M {(R1ij - R̂1ij)
2

σR1ij
2

+
(R2ij - R̂2ij)

2

σR2ij
2

+

(NOEij - N̂ÔEij)
2

σNOEij
2 } (2)
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At neutral pH, there appears to be a slight increase in the
average NOE going from apo (0.67( 0.24) to Mg (0.76(
0.28) or Mg plus AMP conditions (0.76( 0.29). Neverthe-
less, the overall appearance of the relaxation data from the
N-terminal residue to the end of strandâ5 is characteristic
of a well-folded protein.

In addition to the loops noted above, a number of residues
in â-strands 1-3 were characterized by elevatedR2 values,
particularly in the presence of Mg and Mg plus AMP. These
three strands make up the antiparallel half of the coreâ-sheet

and pack against the C-terminal helixRE, which is known
to be dynamic. Presumably, motion of the C-terminal helix
could produce a time-dependent variation in the magnetic
environment of these residues, resulting in exchange broad-
ening. Finally, Asp21, which is located in the middle of the
strandâ1, as well as some nearby residues, exhibit highly
elevatedR2 values. Since this is the only residue involved
in binding both divalent metal ions observed in the crystal
structure (8), this broadening probably results from the
exchange of the Mg2+ ions and any associated conformational

FIGURE 1: Measured relaxation parameters at 14.1 T. Presented are theR1 (a), R2 (b), and{1H}-15N NOE (c) for RNase H in the low-pH
(cyan circles), apo (green triangles), Mg (red squares), and Mg plus AMP (blue diamonds) buffers measured at 14.1 T. Error estimates were
similar for all fitted measurements but for clarity are displayed only for one set of data. The errors displayed are from (a) AMP, (b) low-pH,
and (c) apo solutions.
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rearrangements related to ion binding. On the basis of the
KD values previously determined, at 80 mM Mg2+, metal
site A is fully occupied, while site B is∼68% occupied.
The elevatedR2 values are not found in the apo state,
supporting the notion that Mg2+ binding is the cause of this
result.

To analyze the data with the model-free formalism (13),
we first considered motional anisotropy of the protein
diffusion, which can interfere with the mobility analysis of
the individual residues. In the crystal structure of the isolated
RNase H domain, 1HRH (8), the principal moments of inertia
have normalized ratios of 1.8:1.4:1, indicating the possible
significance of motional anisotropy. To account for possible
anisotropic diffusion, theT1/T2 data were fit to a model that
allowed isotropic, axially symmetric, or fully asymmetric
diffusion (29). The principal axes of the diffusion tensor
determined in this way for the protein under all solution
conditions were within a few degrees of the inertia tensor
(data not shown) determined from the 1HRH structure. The
rotational correlation time (τc) was initially estimated from
the trimmed-mean ofT1/T2 data (29, 30). In the case of the
Mg plus AMP solution, the fit to an isotropic diffusion model
compared with the fit using an axially symmetric diffusion
tensor yielded a marginally reducedø2: the F-test for the
apo state was 5.3, and theF-test for Mg+ AMP was 3.6.
However, in the case of the Mg only buffer, the data fit
significantly better to the axially symmetric diffusion model
(F-test) 11.7), but there was no further improvement when
fitting to a fully asymmetric diffusion tensor (F-test) 1.1).
For the axially symmetric model, the ratio of the diffusion
rates about the parallel vs perpendicular axes (Dparallel/
Dperpendicular) of 1.2 is near 1.0, so that the deviation from
isotropic motion is small. This probably results from the
contributions of the hydration sphere as well as the partially
disordered C-terminal region of the protein.

Several different subsets of the relaxation data measured
at 11.7 and 14.1 T were fit with the model-free formalism
in order to assess the validity of the data and the sensitivity
of the conclusions to the various measurements for all three
solution conditions. Specifically, the model-free analysis was
applied using three different sets of data: (1) data only
acquired at 14.1 T, (2)T1 and NOE data acquired at both
fields but onlyT2 data at either field, or (3) using onlyT1

and NOE data and fitting the original Lipari-Szabo equa-
tion (model 2) (13). The order parameters determined did
not vary significantly using any of the subsets of data de-
scribed above. The individual residue variations were usually
on the order of a few percent. Selection from among the
five model-free “models” also showed a limited dependence
on the above data fitting options. At most, model selection
changed for 10-15% of the residues, dependent on the data
subset used, but the order parameters did not change
significantly. In addition, all of the above data were fit using
an axially symmetric diffusion model, even if the previous
tests indicated that it might not provide a significantly better
description of the motion. This is consistent with value of
Dparallel/Dperpendicularclose to 1.0. The correlation coefficients
of S2 for different data input are typically greater than 0.9.
In summary, neither the diffusion model nor the inclusion
of different data subsets strongly affected the results.

The order parameters reported in Figure 2 reflect what
we consider to be the most reasonable fits and assume

isotropic diffusion in all cases. For the Mg and Mg plus AMP
conditions, we report the fit usingR1 and NOE data obtained
at 11.7 and 14.1 T andR2 at 11.7 T only (38). UsingR2 data
from only one static field obviates the need to assume a field
dependence ofRex (39). For the low-pH and apo states, we
report theS2 values using only the 14.1 T data as discussed
above. As can be seen from Figure 1, theR1, R2, and NOE
profiles show a qualitatively similar residue number depen-
dence for all solution conditions. After model selection,τc

was optimized again by fixing the motional model and fitting
for the bestτc. Only residues that met the Modelfree program
criteria for a “good” fit based on Monte Carlo-simulated error
distributions were used for the refitτc (14). The τc values
were 9.8 ns for the low-pH sample, 9.7 ns for the apo protein,
9.6 ns for the Mg only sample, and 9.7 ns for the sample
containing Mg plus AMP. After this iterative procedure, the
rotational correlation time was fixed and the data fit again
to the motional models for selection and determination of
final values.

Table 1 summarizes the model selection, and Figure 2
shows various plots ofS2. A more detailed tabulation of the
fitted parameters is provided in Supporting Information. As
is apparent from Figure 2a, the dynamic descriptions of the
RNase H domain at neutral pH are very similar. A close
inspection of Table 1 reveals that there is a relatively greater
requirement for models 3 and 4 for the sample containing
Mg only, indicating a greater requirement for “slow” dynamic
behavior, characterized byτex, constrained by the relation:
τf < τc < τex. A comparison of the order parameters reported
previously for the RT RNase H domain measured at low
pH (Figure 2b) with the results obtained here indicates
significant differences between the two studies performed
under nominally identical conditions. Alternatively, the
variability of the relaxation data among the four conditions
described in the present study is more limited. Additionally,
the number of residues with less complicated motional
descriptions is similar to that of the catalytically activeE.
coli enzyme, as shown in Table 1.

The plots ofS2 for RNase H under the solution conditions
studied here are very similar. The mean and standard
deviations for different regions of the protein are shown in
Table 2. The overall correlation of theS2 values from the
different solutions is constantly positive. Pearson’sr is >0.5
for all S2 comparisons, except for the low-pH versus apo,
which is 0.1. Upon inspection, the datasets are actually very
similar (see Table 2 and Figure 2), but the narrow range of
values exaggerates the differences between the correlation
coefficient for the two datasets. TheS2 values for the two
samples containing Mg show the greatest similarity, withr
) 0.74. In all cases, the C-terminal region, with the exception
of residues 132 and 134-136, displays significantly lower
order parameters than the rest of the domain, as has been
observed before (12). For these residues, the values ofø2

are generally higher than those of the other residues,
suggesting that none of the dynamic models provides a good
description of the motion.

The effects of AMP addition were assessed as a compari-
son of theS2 values using eq 3:

∆S2 ) S2
Mg+AMP - S2

Mg (3)
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By defining ∆S2 in this way, numbers greater than zero
indicate greater order in the presence of AMP. There appears
to be a general rise in∆S2 beginning approximately after
residue 71, which is the beginning of strandâ4 (data not
shown). In fact, the average∆S2 for residues 1-70 is 0.00
( 0.04, where the same average for residues 71-114 is 0.09
( 0.06. These are statistically overlapping distributions, but
the trend is apparent (also see Table 2). The correlation
coefficient of S2

Mg and S2
Mg+AMP for various regions also

confirms this trend. For residues 1-70, Pearson’sr equals
0.75; for residues 71-114, r equals 0.38, and for residues
115-138,r equals 0.79. The change inS2 for residues after
number 70 is shown schematically on the structure in Figure
3. We note that heteronuclear NOE data for the apo state
also show that residues 1-70 typically have lower NOE
values than the other two conditions.

Slow-Time-Scale Dynamics. The slow,µs to ms motions
of RNase H were examined using CPMG relaxation disper-

FIGURE 2: Comparison of order parameters under different solution conditions. (a) Order parameters for RNase H determined under different
solution conditions: low pH (cyan circles), apo (green triangles), Mg (red squares), and Mg plus AMP (blue diamonds). (b) Order parameters
taken from Powers et al. (12). The secondary structure is indicated. Error estimates were similar for all four solutions but for clarity are
displayed only for the Mg-only sample.

Table 1: Summary of Model Selectiona

RNase H domain of HIV-1 RT E. coli RNase HIc

0 Mg2+,b

100 mM sodium
acetate, pH 5.4

0 Mg2+,
100 mM sodium
acetate, pH 5.4

0 Mg2+,
pH 6.8 80 mM Mg2+

80 mM Mg2+

+ 20 mM AMP

0 Mg2+,
100 mM sodium
acetate, pH 5.5model

selected no. of residues % no. of residues % no. of residues % no. of residues % no. of residues % no. of residues %

1 14 13 55 56 25 30 32 40 67 61 67 58
2 7 7 25 26 52 63 16 20 33 30 9 8
3 15 15 13 13 1 1 23 29 4 4 29 25
4 39 36 5 5 5 6 9 11 3 3 2 2
5 32 30 0 0 0 5 6 2 2 9 8

a Different motional models for the RNase H domain of HIV-1 RT under different solution conditions are compared with those found for the
catalytically activeE. coli RNase H (12, 14). The number of residues that fit to a given motional model and the corresponding percentage requiring
each model are indicated. Note that in previous analysis of the relaxation data of the RNase H domain of HIV-1 RT (12), six motional models were
used. The analysis included an additional model similar to model 4, which includedS2

f, and restrictedS2
s to range from 0.7 to 0.9. In the table, this

model is grouped with model 4 because it includes anRex term. b Taken from Powers et al. (12). c Taken from Mandel et al. (14).
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sion experiments acquired at 11.7 and 18.8 T for both
samples containing Mg and at 14.1 T for the low-pH state
(15, 25). The CPMG data were fit according to previously
published procedures (31). Examples of typical relaxation
dispersion data are shown in Figure 4. The plot of resonance
intensity versusνCPMGfor Glu92 shown in Figure 4a is typical
of 79% of the residues. A second group of 21% of the
residues, typified by the plot for Thr48 in Figure 4b, fall
into the fast exchange group, for which anRex value could
be extracted from the analysis (Table 3). Statistically, only
three fits were significantly improved using the slow
exchange equation of Tollinger et al. (31), and examination
of the spectra eliminated the conclusion that these residues
undergo slow chemical exchange. Of course, the most
severely exchange-broadened resonances corresponding to
residues in the C-terminal helix are not included in the table,
since they have not been observed.

The model selection approach appears to indicate that the
apo and Mg-AMP samples can be described primarily by
models 1 and 2, while the Mg sample shows an increased
requirement for models 3 and 4, which include anRex term.
Specific exchange effects can be observed for Asp21 and
residues nearby in space. Since Asp21 is involved in binding
both of the complexed metal ions in the reported crystal
structure (8), this suggests that exchange of Mg2+ from
binding site 2 is slow enough to lead to exchange broadening.
Asp21 has one of the broadest1H line-widths measured in
RNase H (16 Hz versus the mean 12( 2 Hz). Also, on the

basis of our previous study, site 2 is only partially occupied
at 80 mM Mg2+, supporting an exchange contribution (10).
The CPMG experiments indicate that most of the residues
of the RNase H domain do not exhibit detectable slow
exchange behavior. In general, the correlation of residues
requiringRex terms obtained from the CPMG analysis relative
to that derived from the model-free analysis was found to
be marginal. This is likely attributable to two reasons. First,
the rates measured are close to the detectable limit (τex ∼
ms) for this experiment, so the rates measured are likely to
be imprecise. Indeed, theτex terms predicted from the model-
free analysis are on the order of 1 ms (Supporting Informa-
tion). The shallow dependence of intensity versusνCPMG

shown in Figure 4a makes the fitting of the parameters very
difficult, as discussed by Kempf and Loria (40). Second, the
CPMG studies depend on the size of the chemical shift
difference,∆ω, between two states, and this parameter varies
widely from residue to residue. In fact, the residues that show
slow exchange behavior in the CPMG studies correlate
strongly with those that exhibit the largest chemical shift
differences upon addition of Mg2+ and subsequently AMP.

Despite some inconsistencies, we note the following
generalizations. Residues that show detectable slow-motion
exchange are located predominantly in the N-terminal half
of the protein. In the solution containing Mg2+, 15 residues
show detectable exchange and 12 are located in the N-
terminal half. In the solution containing Mg2+ plus AMP,
21 residues show detectable exchange and 13 are located in
the N-terminal half. Although the total number of residues
with Rex contributions increases, only nine specific residues
show exchange contributions in both solutions. Nevertheless,
the clustering of residues exhibiting slow exchange behavior
in the N-terminal portion of the protein is probably signifi-
cant. The residues that exhibit exchange contributions are
shown in red on the structures in Figure 3a,b, where 3a shows
the Mg-only sample and 3b shows the Mg plus AMP sample.
A closer examination of the residues experiencing slow
exchange in the coreâ-sheet revealed that many were likely
to interact with the C-terminal helix,RE. The fact that in the
presence of AMP more residues show detectableRex may
be attributed to the conformational exchange of helixRE.
Gly82, which shows detectableRex and is located in the
middle of helixRB, is also identified in Figure 3. This residue
is located next to Ile83, which has been identified as part of
the HIV-1 RT primer grip (41).

Finally, relaxation dispersion experiments for the amide
side chains were performed at 11.7 and 14.1 T (data not
shown). In this study, the NH2 groups were not assigned;
however, no NH2 cross-peaks showed any dependence on
the CPMG field strength. Therefore, the NH2 groups undergo
primarily fast-motion dynamics.

DISCUSSION

HIV-1 reverse transcriptase (RT) is characterized by both
DNA polymerase and RNase H activities that are localized
on separate active sites. The RNase H domain has been
isolated and studied by both X-ray crystallography (8, 22)
and NMR (10-12, 23, 24). As discussed in the Introduction,
the isolated domain is inactive, or nearly so, and three
explanations have been proposed to explain this result: (1)
the isolated RNase H domain adopts a significantly different

Table 2: Average Order Parameters by Regiona

solution conditions

residues low pH apo Mg Mg+AMP

all 0.94( 0.08 0.93( 0.06 0.89( 0.10 0.89( 0.12
1-70 0.95( 0.09 0.94( 0.04 0.93( 0.06 0.92( 0.07
71-114 0.94( 0.05 0.92( 0.08 0.87( 0.09 0.92( 0.05
115-138 0.79( 0.13 0.79b 0.74( 0.18 0.65( 0.19

a Order parameters were averages for different regions of the protein
for four different solution conditions as described in the text.b n ) 1.

FIGURE 3: Motional subdomains of the RNase H domain of HIV-1
RT. A ribbon diagram model of the RNase H domain based on
crystallographic data (10) is presented. Residues 1-70 are shown
in blue, 71-114 are in green, and 115-138 including the C-ter-
minal helix RE are colored yellow. Residues 71-114 showed an
increased order parameter upon addition of AMP. The secondary
structure elements and Mg binding residues 21, 56, 76, and 127
are indicated, as is Gly82, mentioned in the Discussion. Residues
that show measurableRex in the Mg (a) and Mg plus AMP (b)
solutions are red, and residues with elevatedR2 values are shown
in orange.
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structure than it does when it is part of the full RT molecule;
(2) inactivity of the isolated domain results from pathologi-
cally extreme intramolecular dynamic behavior; (3) the
isolated domain does not bind to the RNA-DNA hybrid
substrate with sufficient affinity to support activity. In
general, these explanations need not be mutually exclusive.
In addition to the fundamental questions raised by these

hypotheses, an evaluation of their relative merits is central
to the determination of whether the isolated domain can be
used for inhibitor development, since it is much more
complex to analyze effects in the full RT molecule.

Relation to PreVious NMR Dynamics Characterization.
The solution conditions studied here were initially designed
to study the response of the enzyme to Mg ions and to AMP
at neutral pH. The Mg2+ binding affinity of the isolated
RNase H domain is very low (10). While the Mg2+

concentration used in the present studies is much greater than
the physiological levels, the high concentration has been
introduced to compensate for the absence of substrate, which
would provide additional metal ion ligands and hence
stabilize the ion-complexed structure. Because the results of
these studies were so different from previous results, we
repeated the measurements using the solution conditions (pH
5.4) that had been described previously (“low pH”).

Previous NMR relaxation studies of the RNase H domain
from HIV-1 RT concluded that it is an extremely dynamic
entity (12). This extreme intramolecular dynamic behavior
is evident from the order parameters summarized in Figure
2b (12). The most highly mobile regions were identified as
the C-terminal residues and the loop regions between
â-strandsâ1 andâ2 and betweenR-helix RB andâ4. Mandel
et al. subsequently studied the dynamic behavior ofE. coli
RNase HI and found that this enzyme is characterized by a
much narrower range of order parameters than the RNase H
domain of RT (14, 42). On the basis of these comparisons,
they concluded that the increase in dynamic mobility
compared toE. coli RNase HI was critical to the lack of
catalytic activity of RT RNase H domain (14). However, as
is apparent from Figure 2a, the dynamic behavior of the
RNase H domain studied under a variety of conditions is
substantially more homogeneous than the previously reported
behavior, with the primary exception of the C-terminal
segment, which remains highly mobile. In general, the
addition of MgCl2 and AMP increases the{1H}-15N NOE
ratio (Figure 1c), which is indicative of reduced internal
flexibility. In fact, with both Mg2+ and AMP in the solution,
the numbers of residues that fit to different motional models
are similar to the catalytically activeE. coli RNase H (14)
(see Table 1). However, it should be noted that the C-terminal
helix, RE, is observable in NMR studies of theE. coli RNase
HI, while it is subject to severe exchange broadening in the
HIV RT RNase H domain, indicating slow conformational

FIGURE 4: Examples of the relaxation dispersion data. The dependence of the intensity of the signal versus CPMG field strength (νCPMG)
for residues Glu92 (a) and Thr48 (b) in the 80 mM Mg-only solution is presented. The data at 11.7 T are indicated with circles, and the
data at 18.8 T are indicated with squares. These examples illustrate the best fit to the equations in Tollinger et al. (31) corresponding to no
detectable exchange (a) and fast exchange (b).

Table 3: Rex Values Derived from CPMG Experimentsa

residue SS
low pH
τex (ms)

Mg only
τex (ms)

Mg + AMP
τex (ms)

5 0.34
12 0.71
13 0.19
15 0.56
27 0.51
28 0.06
31 â2 0.11
34 â2 0.11 0.16
35 â2 0.22 0.47
38 0.27
42 â3 0.84 7.53 0.32
44 â3
45 â3 0.62
48 â3 0.21 0.25 0.29
55 RA 0.94
56 RA 0.56
57 RA 0.42 0.39
59 RA 0.47
60 RA 0.06 1.21
67 0.40
68 0.05 0.06
70 â4 0.61
82 RB 0.06 0.24
84 RB 0.40
91 1.35
93 0.28
95 1.00

102 RD 0.34
108 â5 0.41 0.32
113 1.46
118 0.98
119 0.64
120 0.19 0.17
121 1.17
123 RE 0.12
138 0.35 0.34

Slow motions of the RNase H domain were investigated using
relaxation dispersion methods. For each residue that was adequately
resolved and for which there was adequate signal-to-noise, the results
are presented under both solution conditions. The time constants (τex)
are in ms. The secondary structure is noted next to the residue number.
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exchange between two or more states. Since this helix (RE)
can be observed in some of the crystal structures of RT, we
conclude that at least one of these states contains this
structure, while in the remaining state(s) the helix may move
or unwind.

The substantial difference in dynamic characterizations
illustrated in Figure 2 is most likely the result of substantial
improvements in relaxation methodology and order parameter
determination methodology that have been made during the
past decade (14, 19). It also is worth noting that the very
low order parameters plotted previously (14) and reproduced
in Figure 2b are almost alwaysS2

f. They are derived from
model 5, which was selected 32 times (Table 1), or a hybrid
of model 4 and 5, which was fit 12 times. The hybrid model
is not currently used and was actually underdetermined based
on the data. The overallS2 is the product ofS2

f andS2
s, which,

if plotted, would make the graph appear somewhat less
disjointed. An attempt was made to refit the previous re-
laxation data with more recently developed analysis tech-
niques (data not shown). In general, we selected less com-
plicated motional descriptions, but much of the data were
difficult to fit, i.e., there was a large residual for all models.
The differences between the two studies are likely to be a
combined effect of improved pulse sequence methodology
and analysis.

As shown in the present study, the dynamic behavior of
the isolated RT RNase H domain is considerably more
uniform than was the case in the previous study; however,
the C-terminal region of the protein remains highly dynamic.
In addition to the slow dynamic behavior leading to broaden-
ing of the resonances of residues inRE, CPMG experiments
indicate that a number of residues in the N-terminalâ-sheet
are also subject to slow dynamic processes. This could be
the result of a slow opening and closing of theâ-sheet.
However, as can be seen from Figure 3, the C-terminal helix

rests against theâ-sheet formed from the three N-terminal
â-strands. Hence, theseâ-sheet residues will necessarily
experience the slow-time-scale dynamic motion of the
adjacent helix. Consistent with this interpretation, the amide
groups of residues for which the side chains interact directly
with the helix show this selective dynamic effect. This result
illustrates an important characteristic of dynamic character-
ization by NMR spectroscopy, i.e., time-dependent changes
in the magnetic environment of particular nuclei will show
up as slow (micro-millisecond) dynamic behavior, even if
the corresponding residues are immobile. Thus, the slow
dynamic characteristics of the N-terminalâ-sheet of the
RNase H domain probably indicate primarily motion of the
adjacent helix rather than motion of theâ-sheet itself.

Relation to Crystallographic Data.It is reasonable to
hypothesize that some of the enhanced dynamic behavior of
the isolated RNase H domain is a consequence of the absence
of stabilizing interactions that would be present in the full
RT heterodimer. For example, the loop located between
helicesRB and RD exhibits a significant increase in theR1

relaxation rate (Figure 1) and a decrease in the values ofS2

derived from the model-free analysis (Figure 2). In the full
RT molecule, these residues interact with the other residues
in the p66 subunit. However, in analyzing the results of order
parameter predictions based on a contact model (36), this
loop is predicted to be dynamic even in the RT structure
(data not shown). The loops adjacent to the C terminal helix
were also predicted to be highly dynamic, although the
active-site loop (residues 116 to 120) makes contact with
the P51 subunit in the full RT molecule. Similarly, an
examination of the RT structures in the protein database
indicates that there are no obvious structural interactions in
RT that would be expected to stabilize the C-terminal helix
of the RNase H domain. As discussed previously, the
variability in the appearance of the C-terminal helix in the

FIGURE 5: Average B-factors in RNase H. The average B-factors of the nitrogen backbone atoms are presented for the isolated domain
(solid line) and the domain as part of RT (dashed line) for each residue. For details, see Materials and Methods.
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ensemble of reported RT crystal structures also suggests that
helix RE has marginal stability in the full RT molecule (10).

A comparison of the crystallographic B-factors determined
for the isolated RNase H domain (8, 22) with those reported
for this domain in a set of RT crystal structures (32-35)
also provides insight into the effects of the full enzyme on
the behavior of the RNase H domain. As shown in Figure
5, the average B-factors for the isolated RNase H domain
show trends similar to the average B-factors from the
corresponding region of structures of the full RT mole-
cules, although the curves are displaced. The correlation
coefficient between the two curves is 0.69, showing reason-
ably good correlation. Although B-factor analysis cannot
separate static disorder from dynamic fluctuation, this
comparison provides further support for the conclusion that
the dynamic characteristics of the RNase H domain are
relatively unaffected by the remainder of the RT structure.
Finally, we note that the highest B-factors are generally
observed approximately after residue 115, which suggests
more mobility, as reflected in the NMR order parameters
for this region. Thus, multiple conformations of the C-ter-
minal helix are observed in the isolated domain as well as
in the RT molecule, and the isolated domain has dynamic
characteristics in the crystalline state that are similar to the
domain as part of HIV-1 RT.

In summary, NMR relaxation studies of the RNase H
domain indicate considerably less dynamic instability than
suggested by previous relaxation studies, most probably due
to the more limited methodology used in the earlier studies.
In general, the dynamic behavior is very similar to that
observed for the catalytically activeE. coli RNase HI,
suggesting that extreme dynamic instability is probably not
the reason for the inactivity of the isolated RNase H domain.
This conclusion is further buttressed by B-factor analysis
and other observations on the crystal structures of RT and
the isolated RNase H domain, which suggest limited dynamic
differences between the isolated and RT-incorporated RNase
H domain. Alternatively, recent NMR studies (unpublished)
provide additional support for the conclusion that the absence
of important substrate binding residues in the isolated RNase
H domain explains its inactivity.
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