logs had binding affinities similar to those of
the RNA oligonucleotides (Table 1), consis-
tent with the notion that 2'-O-methyl:RNA
hybrids have affinities and geometries similar
to RNA:RNA duplexes (16). The binding
affinity of 2'-O-methyl phosphorothioate oli-
gonucleotides for TAR was approximately ten
times lower than that of 2'-O-methyl phos-
phodiesters. DNA and phosphorothioate an-
alogs showed no detectable binding to the
12-base oligonucleotides and very slight bind-
ing to the 17-base oligonucleotides. This may
be because the structure of DNA:RNA hy-
brids is different from that of RNA:RNA
duplexes and because pseudo-half-knotting
geometries appropriate for A-form helices are
not optimal for DNA:RNA complexes. In
addition, 2'-deoxyoligonucleotides hybridize
to RNA much less tightly than do RNA (17)
or 2'-O-methyl analogs.

Although considerable efforts are being
directed at targeting RNA for therapeutic
purposes, target site selection is still largely
an empirical process. Analysis of the RNA
target structure and bound complex stabil-
ity and structure can assist in the design and
optimization of functional antisense oligo-
nucleotides (18, 19). By selection of rela-
tively simple, short RNA structures, such as
hairpin loops, and by binding with appro-
priately designed oligonucleotides, stable
pseudo-half-knot structures can be formed.

Knowledge of the structure of a drug-
target complex can also facilitate additional
improvement in drug design. For example,
results of the OP*Cu experiment could be
used to design oligonucleotides to specifi-
cally cleave TAR near C-19. Moreover,
these data demonstrate approaches to cre-

ate nuclease-stable oligonucleotides that
bind RNA with high affinity.
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Combining Experimental Information from Crystal
and Solution Studies: Joint X-ray and
NMR Refinement

Boaz Shaanan,* Angela M. Gronenborn, Gerson H. Cohen,
Gary L. Gilliland, B. Veerapandian, David R. Davies,
G. Marius Clore

Joint refinement of macromolecules against crystallographic and nuclear magnetic reso-
nance (NMR) observations is presented as a way of combining experimental information
from the two methods. The model of interleukin-1B derived by the joint x-ray and NMR
refinement is shown to be consistent with the experimental observations of both methods
and to have crystallographic R value and geometrical parameters that are of the same
quality as or better than those of models obtained by conventional crystallographic studies.
The few NMR observations that are violated by the model serve as an indicator for genuine
differences between the crystal and solution structures. The joint x-ray-NMR refinement
can resolve structural ambiguities encountered in studies of multidomain proteins, in which
low- to medium-resolution diffraction data can be complemented by higher resolution NMR

data obtained for the individual domains.

With the emergence of NMR as a tech-
nique for determining the three-dimension-
al structure of proteins alongside crystallog-
raphy (I), combination of experimental
data from both methods opens a new ave-
nue for the elucidation of macromolecular
structures. A potential major hurdle in
implementing such an approach, however,
has been the apparent discrepancy between
models derived by the two methods. Typi-
cally, the root-mean-square (rms) differ-
ences between backbone atoms of structures
determined by the two methods are ~1.0

, with local differences of up to 2.0 A or
more (2, 3). Moreover, models obtained
from crystallographic studies are frequently
incompatible with the NMR data, as man-
ifested in a relatively large number of nu-
clear Overhauser effect (NOE) violations;
conversely, models obtained by NMR pro-
cedures tend to fit the x-ray data poorly (R
values of 0.40 to 0.50). In this report we
present a joint x-ray-NMR refinement and
demonstrate that crystallographic and
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NMR data can be combined to produce
models that are compatible with both ex-
perimental methods in that they have a
minimal number of NOE violations and R
values comparable to those derived from
refinement against the crystallographic data
alone. Further, the residual NOE violaticns
in the combined model can serve as a
reliable measure of genuine differences be-
tween the solution and crystal structures. A
likely application of the method would be,
for example, in the determination of struc-
tures of multidomain proteins.

The discrepancies between models de-
rived from crystallographic and NMR
methods are generally ascribed to distor-
tions caused by crystal forces and differences
in the media in which the two experiments
are performed (2, 3). However, because
both methods produce models through pro-
cedures that aim to satisfy the experimental
data available to each technique and, at the
same time, sets of stereochemical restraints
(4, 5), the differences between the models
may equally well be a reflection of incon-
sistencies between the computational pro-
cedures rather than that of genuine varia-
tions emanating from different molecular
environments in the two experiments. The
X-PLOR suite (6) provides a natural frame-
work for testing this hypothesis. The struc-
ture selected as a test case was that of
interleukin-18 (IL-1B), for which high-
resolution NMR (7) and crystal structures
(8-10) have been reported.
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The restrained minimized mean NMR
model [entry 611B in the Brookhaven Pro-
tein Data Bank (PDB); the model includes
six water molecules (7)] was rotated and
translated in the unit cell to fit the crystal-
lographic model of Veerapandian et al. [en-
try 4I1B in the PDB (10)]. This model was
subjected to several rounds of joint simulat-
ed annealing refinement (I11) against the
NMR data and the x-ray observations. The
weights on the observations were increased
gradually during 200 steps of the simulated
annealing at 3000 K until the weights on
the x-ray terms were identical to those that
would be used in the absence of NMR
observations, and the weights on the NMR
observations were one-half of their values
in the NMR work on IL-18 (7). Such
gradual increase of weights ensures conver-
gence of the simulated annealing process to
a global minimum region (12). In the final
stages of the refinement, the weights on the
NMR observations were those used in the
NMR structure determination reported in
(7). Selection of the appropriate relative
weights between the experimental observa-
tions and the stereochemical restraints has
been an intricate aspect of restrained refine-
ment procedures (4, 5, 13) and is further
complicated in the case of joint refinement
(14), in which observations from two dif-
ferent techniques are involved. The net
effect of the weighting scheme applied in
this work was a refinement process domi-
nated by the x-ray target function with the
NMR observations and their linked target
function serving as an extra set of restraints.
Such a scheme guarantees convergence to a
low crystallographic R value even in cases
in which the differences between the solu-
tion and crystal structure are large (see
below). The agreement between the model
thus produced and the x-ray data was at
least as good as the agreement achieved in
the crystallographic studies of IL-1B (8-10)
or in the refinement in the absence of
NOEs (11), while the number of torsion
angle and NOE violations was very small
(Table 1). Alternative schemes, in which
higher weights were given to the NMR
observations, led to unacceptably high crys-
tallographic R values. Interestingly, the free
R value (13) of the model JR derived by the
joint x-ray-NMR refinement (0.254) is
somewhat lower than that obtained for the
411B model (0.286), which was refined
against x-ray data only (11), suggesting that
the phases calculated from the JR model are
more accurate than those derived from the
411B model. However, the significance of
such a small difference in the free R values
is difficult to assess until the ability of this
new measure to discriminate between the
phasing accuracy of similar atomic models is
established.

The Ca trace of the model obtained
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Fig. 1. Comparison between the IL-18 model after joint refinement (model JR, full bonds), the
NMR model (611B, single bonds), and the crystallographic (411B, single bonds) model (stereo).
The residual NOE violations after the joint refinement are marked by asterisks for internal and
sequential violations and dashed lines for long-range violations. Specific residues are marked by
the single-letter code (78) followed by a number, with asterisks for symmetry-related residues
(stereo). (A) Superposition of model JR and 411B. (B) Superposition of model JR and the NMR
model 6l1B with residues 10 to 15 and 25 to 45 from the symmetry-related molecule, which
interact in the crystal with residues around Tyr®® (single bonds for model JR and dashed bonds
for model 611B); (C) A detailed view of the interactions in the crystal between residues around
Tyr®® and residues in the loop 31 to 36. Residues from model JR (double bonds in the
symmetry-related molecule) are superimposed on residues from the NMR model 611B (single
bonds in the symmetry-related molecule). Long-range NOE violations are marked by short
dashes and hydrogen bonds and the salt bridge are marked by long dashes. Note that residues
31 to 36 are shifted in the crystal without causing any NOE violations, whereas the shift of
residues 79 to 97 entails such violations in model JR.
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Table 1. Agreement of IL-18 models with crystallographic and NMR observations.

Model JR* NONOEt 411B% 611B§
R value 0.214 0.216 0.22911 0.45
Rms deviation from ideality
Bond length (A) 0.006 0.007 0.018 0.005

Bond angles (degrees) 2.2 29 3.5 2.1
NOE violations

Distance restraints{ 17/0/0 63/28/1 54/24/12 0/0/0
Dihedral restraints (>10°)

¢ 0 2 2 0

v 0 4 1 0

X4 2 25 19 0

*Model produced by joint x-ray-NMR refinement (77). tModel produced by conventional simulated annealing
refinement of the restrained minimized mean NMR structure 611B (7) against the x-ray data and without NMR
restraints (17). $X-ray structure described in (10). §Restrained minimized mean NMR structure described
in (7). |IWater molecules observed in the crystal were excluded. fValues are restraints from 0.5 to 1.0 A,
1.0t0 2.0 A, and greater than 2.0 A.

Table 2. Positonal rms differences between IL-18 models. The notation of the models is as follows:
411B is the crystal structure reported in (70); 611B is the restrained minimized mean NMR structure
reported in (7); JR is the joint x-ray—NMR structure reported in this work (77); NONOE is the model
produced by conventional simulated annealing refinement of 611B against the x-ray data alone (77).

Residues 3 to 151 (A) Internal residues* (A)

Models
Backbone All atoms Backbone All atoms
JR/411B 0.39 1.05 0.20 0.61
JR/NONOE 0.30 1.07 0.17 0.48
JR/6I1B 0.83 1.46 0.67 0.93
411B/NONOE 0.39 1.14 0.23 0.66
411B/611B 0.87 1.48 0.70 1.01
611B/NONOE 0.85 1.43 0.69 0.99

*Residues for which the surface accessibility is <40% of the same residue in an extended Gly-X-Gly tripeptide
segment (17).
SCIENCE *
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Fig. 2. Omit maps (19) of the region around
Leu®® and Leu®? (stereo). Maps are calculated
at 1o level, with the JR (yellow), NONOE (red),
and 411B (green) models superimposed. (A)
Map calculated with phases derived from the
model JR (77). Note the clear indication for an
alternative conformation for Leu®2. Identical in-
dication was found in a simulated-annealing—
omit map, which was obtained by further simu-
lated-annealing refinement at 1000 K of the
JR model against the x-ray and NMR data
omitting Leu®? and neighboring atoms within a
5 A radius. (B) Map calculated with phases
derived from model 411B (10).

from the joint x-ray-NMR refinement is
indistinguishable in most places from the
model 4I1B that was derived solely from
crystallographic information (10) (Fig. 1A
and Table 2), with the exception of one
region of large apparent discrepancy reflect-
ing differences in interpretation of the elec-
tron density map in the ill-defined segment
around Gly'*°-Gly!#® [this segment has a
different conformation in each of the four
independent studies (7-10)]. Superposition
of the NMR model 6I1B (7) on the JR
model, on the other hand (Fig. 1B), clearly
delineates regions with differences up to 4
A between the two models. Surprisingly,
the number of residual NOE violations
above 0.5 A in the joint refinement model
is only 17, compared to much higher num-
bers in the crystallographic and NONOE
models [Table 1 (3)], with most of the
long-range violations concentrated in one
region of the IL-1B structure around Tyr®°
(Fig. 1B). This region, and the region
around residues 31 to 36, are the ones that
differ most between the independent NMR
model 6I1B and the crystallographic model
411B (3). However, there are no residual
NOE violations around residues 31 to 36
despite the large shift in their backbone
conformation under the effect of the x-ray
data during the joint refinement. A closer
look at these two regions (Fig. 1C) reveals
that in the crystal the polypeptide around
Tyr*® interacts through a series of hydrogen
bonds (Oy Ser®*-O GIn!* and O Tyr™°-
Ne2 GIn??) and a salt bridge (082 Asp®-
Nn2 Arg!!) with the chain of a symmetry-
related molecule encompassing residues 31
to 36. In the crystal as shown by the joint
x-ray-NMR refinement, the 31 to 36 loop
moves away from its position in the NMR
model without violating the observed
NOEs, probably because of its inherent
flexibility, as judged by the relatively high
temperature factors of the residues in this
region (average B of 51 A? for backbone
atoms compared to 33 A? for the whole
structure). However, the structure around
Tyr*® is more rigid (average B of 31 A?). As
it is moved away from the position it occu-
pies in the NMR model, its conformation is
distorted, resulting in several NOE viola-

963



tions. Thus the difference between the re-
gion around Tyr*™ in the NMR model and
the crystallographic studies reflects a genu-
ine difference between the solution and the
crystal conformation. The differences
around the loop encompassing residues 31
to 36, however, although arising from crys-
tal interactions, are misleading, because as
shown by the joint x-ray-NMR refinement
and the concomitant lack of NOE viola-
tions, the crystallographic model is consis-
tent with the NMR observations (15).

An attractive aspect of the joint x-ray—
NMR refinement method is a decreased
necessity for human intervention in re-
building the model throughout the process.
Because the NMR observations ensure
maintenance of proper local interactions
between side chains, they can assist in
selecting side chain conformations during
interpretation of the electron density map,
as demonstrated for example in the case of
Leu® and Leu®?. Several NOE interactions
between the side chain protons of these two
residues and protons of the adjacent Leu?¢
and Leu®, as well as dihedral NMR re-
straints on the x,; angles, lock their side
chains in a conformation that is different
from the one observed in the refinements
without NOE restraints (models 4I1B and
NONOE). The resulting electron density
map confirms the choice of conformation
for both Leu® and Leu®? (Fig. 2). Unlike
the maps produced by the refinements with-
out NOEs (Fig. 2B), it also indicates that
alternative conformations are possible, par-
ticularly for Leu8? (Fig. 2A). Such amplifi-
cation of the information contained in the
diffraction data, together with the improve-
ment in the ratio of parameters to observa-
tions, suggest that incorporation of the
NMR observations, where available, has
the potential of improving the convergence
of crystallographic refinement procedures.

Although previous studies have shown
that structures determined by NMR can be
used as initial models for solving crystal
structures by the molecular replacement
method (16), the present study opens the
way for a full amalgamation of the NMR
and x-ray data throughout the structure
determination process. A typical situation
in which the diffraction data can be com-
plemented by the NMR observations is in
studies of multidomain proteins, for which
only the overall structure can be modeled
reliably from medium to low-resolution
electron density maps, but more detailed
models of the individual domains can be
obtained from NMR data pertaining to
higher resolution.
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A Critical Role for Conserved Residues
in the Cleft of HLA-A2 in Presentation of a
Nonapeptide to T Cells

France Latron, Laszlo Pazmany, Joanna Morrison, Robert Moots,
Mark A. Saper,* Andrew McMichael, Jack L. Strominger

The peptide binding cleft of the class | human histocompatibility antigen, HLA-A2, contains
conserved amino acid residues clustered in the two ends of the cleft in pockets A and F
as well as polymorphic residues. The function of two conserved tyrosines in the A pocket
was investigated by mutating them to phenylalanines and of a conserved tyrosine and
threonine in the F pocket by mutating them to phenylalanine and valine, respectively.
Presentation of influenza virus peptides and of intact virus to cytolytic T lymphocytes (CTLs)
was then examined. The magnitude of the reduction seen by the mutation of the two
tyrosines in the A pocket suggests that hydrogen bonds involving them have a critical
function in the binding of the NH,-terminal NH,* of the peptide nonamer and possibly of
all bound peptide nonamers. In contrast, the mutations in the F pocket had no effect on

CTL recognition.

The class I and class 1T glycoproteins en-
coded in the major histocompatibility com-
plex (MHC) of all vertebrates examined
have a central role in immune recognition;
they present peptides derived from foreign
antigens to the T cell receptor complex on
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the effector cells of the immune system.
These molecules are extremely polymor-
phic, which leads to the rejection of allo-
geneic or xenogeneic grafts. The elucida-

tion of the crystal structures of two class I
human molecules, HLA-A2 and HLA-





