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ABSTRACT The crystal structure of Lys-7-(dinitrophen-
ylene)-Lys-41-cross-linked ribonuclease A has been determined
by molecular replacement and refined by restrained least-
squares methods to an R factor of 0.18 at 2.0-A resolution.
Diffraction intensity data were collected by using a conven-
tional diffractometer and an x-ray area detector. Comparison
of the thermostable cross-linked protein and the native enzyme
shows them to be structurally similar, with a rms difference in
backbone and side-chain atoms of 0.52 and 1.34 A, respective-
ly. Native and modified proteins additionally show 35 common
bound solvent sites and similar overall temperature factor
behavior, despite localized differences resulting from cross-link
introduction, altered crystal pH, or lattice interactions with
neighboring molecules. These results are discussed in the
context of proposals on the origins of thermostability in the
cross-linked enzyme.

Bovine pancreatic RNase A is a small 124-residue protein
catalyzing the cleavage of single-stranded RNA. RNase A
was among the first enzymes to be structurally characterized
by x-ray crystallography (1) and has been the subject of
numerous investigations ofprotein stability and folding. Here
we report the crystal structure determination ofRNase A that
has been chemically cross-linked by reaction with 1,5-
difluoro-2,4-dinitrobenzene to produce an adduct with
dinitrophenylene (DNP) covalently linking the E-amino
groups of RNase lysine residues 7 and 41. The structure
determination was motivated by recent reports on the ther-
mal unfolding properties of Lys-7-(DNP)-Lys-41-cross-
linked RNase (2). These studies showed that at pH 2, the
cross-linked protein melted at a temperature some 250C
higher than the native enzyme under similar conditions.
Introduction of the DNP cross-link catalytically inactivates
RNase A and thus eliminates enzyme assays as a test of
protein structural integrity. Consequently, the structure de-
termination of the modified protein was carried out to
establish the nature and extent of structural alterations
resulting from cross-link formation.

METHODS
Crystals and Data Collection. DNP-cross-linked RNase was

crystallized from 30% (vol/vol) ethanol/water solutions buff-
ered at pH 8.0 (3). Crystals belong to the orthorhombic space
Coup P212121, with a = 37.05 A, b = 41.26 A, and c = 75.64
A and contain a single molecule per crystallographic asym-
metric unit. Two sets of x-ray diffraction intensities, collect-
ed by different methods, were used in the structure deter-
mination.
A diffractometer data set was collected on a Krisel-

controlled Huber diffractometer utilizing an Elliott GX-21

x-ray source. The data set included measurements of all
unique reflections from infinity to 2.0-A resolution, together
with Friedel mates in a shell from 2.1- to 2.0-A resolution.
Intensity data were collected as step scans and subsequently
integrated (4), corrected for background, absorption (5),
Lorentz polarization, and radiation damage effects (6). A
total of 10,701 observations of 8301 unique reflections was
collected. The scaling R factor on intensity (1) for 3443
symmetry-related reflections (Friedel mates in the 2.1- to
2.0-A resolution range and zonal reflections throughout
reciprocal space) was 0.081.
Another set of diffraction intensities was collected by using

a Xentronics area detector mounted on a modified Supper
oscillation camera, also utilizing the GX-21 rotating anode
x-ray source. The detector was mounted 12 cm from the
crystal with an angle of 200 between the detector normal and
the x-ray beam. In this configuration, data from infinity to
2.2-A resolution were intercepted by the Xentronics detector
face. Data were collected as a succession of oscillation
frames, each corresponding to a 512 x 512 x 8 bit digitized
image of the diffraction pattern integrated over a 10-min
oscillation range. Individual frames were written to magnetic
tape and subsequently processed as described by Durbin et
al. (7). A total oscillation range of 1830 was scanned during 22
hr of x-ray exposure to collect 13,282 observations of 5213
unique reflections. The Xentronics data scaled with an
internal R factor of 0.038 (on 1) and scaled to the diffractom-
eter data with an overall R factor of 0.065. In the combined
data set, 99% of the theoretically possible reflections to 2-A
resolution were measured with 95% having I > a(I).

Structure Determination. The structure of cross-linked
RNase (RNase X) was solved by molecular replacement
using Patterson search methods. Refined coordinates for
RNase A (8) were obtained from the Brookhaven Protein
Data Bank (9) and used for the generation of probe Patterson
maps. The initial solution proceeded in three stages.
The first stage applied the rotation function to determine

the angular orientation of the RNase A probe molecule in the
RNase X crystal cell. RNase A coordinates were positioned
in an orthogonal P1 cell with 90-A edges and transformed to
produce coefficients for a probe Patterson incorporating
structure factors from 4- to 10-A resolution. The 4500 highest
peaks abstracted from the probe Patterson in a 5- to 20-A shell
about the origin, together with a corresponding peak set
computed from the RNase X intensity data, were used as
input to the Patterson rotation function (10, 11) incorporated
in the PROTEIN crystallographic software system (12).

Abbreviations: DNP, dinitrophenylene; RNase X, cross-linked
RNase.
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FIG. 1. Stereoscopic view showing the final 2F. -Fc electron density map and refined model for the DNP cross-linking group and adjacent
amino acid residues.

Initial searches on 50 increments over a range appropriate to
the RNase X cell Patterson symmetry (13) revealed a major
correlation peak 6.6 a above background. The angular
orientation was then refined by a 10 grid search in the vicinity
of the peak.
The second stage applied the translation function (14) to

establish the position of the rotationally oriented probe
molecule in the RNase X crystal cell. Separate searches were
made in orthogonal Patterson cell planes to locate superpo-
sition peaks relating molecules by the P212121 crystallograph-
ic screw axes. Major peaks found in each plane produced a
consistent solution defining the probe molecule translational
position. Combination of the rotation and translation results
produced an initial orientation that gave a crystallographic R
factor of 0.44 computed on data from 15- to 6-A resolution.
The probe molecule orientation was refined as a rigid body

by using the program CORELS (15), which altered the initial
orientation angles and displacements by about 50 and 1 A,
respectively. The crystallographic R factor computed from
the refined probe orientation was 0.33 based on data from 15-
to 6-A resolution and 0.38 on 20- to 3-A data. These results,
together with difference Fourier syntheses that clearly
showed the DNP group, provided evidence of the correctness
of the molecular replacement solution.

Structure Refinement. The oriented RNase A coordinates
were transformed and combined with the observed RNase X
structure factor amplitudes to produce an initial electron
density map using coefficients [2F0(RNase X) - FJ(RNase
A)] and the model phases. The structure was then rebuilt into
the modified electron density map using an Evans and
Sutherland PS300 graphics system. Atomic positions and
thermal parameters of the adjusted model were refined in 40
cycles by using the restrained least-squares method of
Hendrickson and Konnert (16), modified to incorporate fast
Fourier transform algorithms of Ten Eyck (17) and Agarwal
(18). Initial refinement cycles incorporated data from 20- to
3-A resolution, followed by gradual extension to include data
to 2.0-A resolution. Coordinates for the cross-link were
included in the refinement model when examination of a
2.2-A difference Fourier map clearly revealed the orientation
of the DNP group. The final RNase X model incorporates 75
bound solvent molecules and has a crystallographic R factor
of 0.184 for all 7853 reflections with I > (7(1) to 2.0-A
resolution. Fig. 1 shows representative electron density in the
final map in the vicinity ofthe DNP cross-link. Refined model
characteristics for RNase X and RNase A are summarized in
Table 1.

RESULTS

Structural Comparison of RNase A and RNase X. Fig. 2
Upper shows a superposition of the RNase A (8) and RNase
X backbone structures (based on least-squares fit of all
atoms common to both molecules) together with the location
of the chemically introduced DNP cross-link.
The cross-link connects Lys-7 on the RNase X amino

terminus a-helix with Lys-41 at the edge of the extended
antiparallel P-sheet comprising most of the remainder of the
molecule. Comparisons have been made here with the native
structure determined by Wlodawer and Sjolin (8), owing to
the similar data resolution and refinement methods used in
the structure determinations. The structures are very similar
overall, with a rms difference in backbone atom positions of
0.52 A and in side chain positions of 1.34 A (Fig. 3). With the
exception of the cross-linked lysine side chains and some

Table 1. Comparison of least-squares refinement parameters for
RNase A and RNase X

Parameter RNase A RNase X

Resolution limits 10.0-2.0 A
Reflections 7708

I> 3a(1)
Crystallographic R factor 0.159
Protein atoms 951
Water molecules 128

Geometric conformity*
Distances
1-2
1-3
1-4

Planes
Peptides
Other

Chiral volumes
Thermal parameters
1-2
1-3

0.025 A
0.065 A
0.067 A

20.0-2.0 A
7853

I> (1)
0.184
951
75

0.024 A
0.038 A
0.044 A

0.022 A 0.022 A
0.007 A o.009 A
0.215 A3 0.283 A3

0.967 A2 1.056 A2
1.580A2 1.634 A2

RNase A parameters are from ref. 8 or are computed from data
deposited in the Brookhaven Protein Data Bank (9).
*Values given are the rms deviation from ideal geometry. Thermal
parameter values are the mean difference in isotropic temperature
factor between pairs of atoms. The notation 1-2, 1-3, and 1-4
refers to atoms pairs related through a bond, abond angle, or torsion
angle, respectively.
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FIG. 2. (Upper) Stereoscopic views of DNP-cross-linked RNase (solid lines) superimposed on RNase A. (Lower) A space filling
representation of the cross-linked protein that illustrates the packing about the DNP group (lightly contoured and slightly below and to the right
of center).

adjacent residues (Fig. 4), differences in conformation gen-
erally reflect alternative lattice contacts made in the RNase
A and RNase X crystal cells. A comparison of the 75 refined
solvent molecules found in RNase X with the 128 localized in
RNase A shows that 35 positions are common (rms error <
1 A) to both molecules.

Alterations Associated with Cross-Link Introduction. Fig. 4
shows a comparison of the local structural environments of
lysine residues 7 and 41 in the native and cross-linked
proteins. The observed alterations reflect steric effects of
cross-link group introduction, together with differences due
to crystal pH and phosphate ion concentration. In the RNase
A structure determined with phosphate present at pH 5.3, the
side chain of Lys-7 is solvent exposed at the molecular
surface, and Lys-41 forms an ionic or hydrogen bond with an
oxygen of inorganic phosphate bound to the imidazole group
of His-12 at the enzyme active site. In RNase X, the side
chains of lysine residues 7 and 41 reorient to allow formation
of the DNP cross-link. Steric interactions formed with the
lysine side chains or the DNP group cause small shifts (0.5-1
A rms) in adjacent side chains of Gln-11 and Arg-39. In
addition, a change also occurs in the side chain orientation of
His-119, which together with His-12 and Lys-41, plays a
central role in the RNase catalytic mechanism. The reori-
entation of His-119 may reflect differences in the crystal pH
between RNase A (pH 5.3) and RNase X (pH 8.0) and
absence of bound phosphate in RNase X. The higher pH of
the RNase X crystals may result in deprotonation of the
His-119 imidazole group and the accompanying loss of the
hydrogen bond formed between His-119 and Asp-121 in the
native structure. Concomitantly, lack of a bound phosphate

ion in RNase X could result in loss of interactions stabilizing
the active site arrangement in RNase A or simply provide
space allowing His-119 reorientation. We find no evidence in
the RNase X electron density map for an alternative His-119
conformation similar to that reported by Moss et al. (19) in
RNase A.
Comparative Temperature Factor Behavior. Atomic tem-

perature factors (B values) obtained during crystallographic
refinement give estimates of protein dynamical behavior in
solution (20). Fig. 3 compares the backbone B-value behavior
in RNase A and RNase X and shows that B-value variations
are slightly larger in the cross-linked protein. This could
result from increased local flexibility of the cross-linked
enzyme, differences in lattice packing interactions (21), or the
occurrence of lattice disordering phenomena whose effects
are manifest in refined B-value behavior (22). Despite these
differences, comparison of the molecules yields a correlation
coefficient of 0.60 that is typical of many protein structures
determined in alternate crystal forms (21). Moreover, the
average B value for atoms of the DNP cross-link is 23 A2, a
value comparable to other exposed side chains or the more
flexible regions of the protein backbone. These results
suggest that the introduction of the DNP cross-link has no
major effect on the folded proteins dynamical behavior and,
most notably, does not decrease RNase flexibility in the
crystal lattice.

DISCUSSION
The preceding shows that the basic structural organization of
RNase A is unaltered by the introduction of a DNP cross-link

Biophysics: Weber et A



Proc. Natl. Acad. Sci. USA 82 (1985)

7-

6

5-
0)
0C 4-I.0
0

33.*0
a)

.0
w 2
C

o 1
0
0

E0
1

2'

C)

Co0-
C.

0)

E
0

Cu
0

I
10 20 30 40 50 60 70 80 90 100 110 120

a _ --4 ~ i ~ -G

10 20 30 40 50 60 70 80 90 100 110 120

Sequence

FIG. 3. Comparison of the refined structures of RNase A and RNase X. (Top) rms positional differences averaged over backbone and side
chain residues after least-squares superposition of the structures. (Middle) Molecular secondary structure with a-helices as black bars, 3-sheet
strands as open bars, and connecting loops as lines. (Bottom) Average backbone B-value behavior for the molecules as connected curves together
with positions of surface residues involved in crystal contacts (dots).

between lysine residues 7 and 41. Differences that do occur
between RNase A and RNase X are attributable to three
sources. These include local conformational changes result-
ing from steric interactions near the cross-link, differences in
crystal pH and phosphate content that cause a reorientation
of His-119, and numerous changes in surface residues or
loops that reflect alternative lattice contacts in the different

I

Arg 39

crystal cells. Additional similarities in the structures include
the common situation of 35 bound solvent molecules and
similar B-value behavior. Although crystal interactions
are known to influence side chain conformation, solvent
binding, and B-value behavior (21, 22), observed differences
between RNase A and RNase X are all typical of structures
of the same protein determined in different crystal environ-

-I
-Arg 39

FIG. 4. Stereoscopic view comparing the local environments of Lys-7 and Lys-41 in RNase X (solid lines) and RNase A (dashed lines). Note that
RNase A has a phosphate ion (P) bound to His-12, one of whose oxygen atoms is replaced by a bound water molecule (small cross) in RNase X.
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ments (21, 23) and reminiscent of differences observed
previously between RNase S and an isomorphous derivative
with DNP covalently linked to Lys-41 (24).
Recent studies comparing the thermal unfolding properties

of RNase A and RNase X at pH 2 have shown that the
cross-linked protein melts some 250C higher than the native
enzyme (2). This difference in behavior was attributed to
entropic effects that altered the relative free energies of
folding the native and cross-linked proteins. Specifically, the
stabilization of RNase X was ascribed to a reduction in
conformational entropy that predominantly manifests itself in
the proteins unfolded state. This results in a destabilization of
the unfolded state of the cross-linked molecule relative to the
folded states of RNase X and RNase A (2). Implicit in this
comparison of RNase A and RNase X is the assumption that
the folded molecules' free energies are essentially equivalent.
The present results suggest that, apart from local changes due
to chemical modification, bonded interactions contributing
enthalpic components of the free energy are essentially
conserved in the two structures. Moreover, to the extent that
the B-value behavior is indicative of the folded proteins'
dynamic behavior, the observed similarities suggest that
conformational entropic components of the folded mole-
cules' free energy are also similar. Differences that do occur
generally typify lattice packing effects that effectively trap
one of numerous conformational states simultaneously pres-
ent in solution (22, 23). Although charged group interactions
might also influence the relative stabilities of RNase A and
RNase X, the present results are consistent with the proposal
(2) that the differences in stability between the native and
cross-linked proteins primarily reflect entropic effects man-
ifest in the molecules' unfolded states. It is notable in this
context that comparisons of native and thermolabile mutants
of T4 phage lysozyme (25) have previously shown the
essential preservation of the native structure in crystals. This
may suggest that differences in thermal stability between
native and mutant proteins also reflect effects manifest in the
molecules' unfolded states, although these presumably differ
from the conformational entropy effects resulting from cross-
link introduction into RNase A.

Coordinates for RNase X have been deposited in the
Brookhaven Protein Data Bank (9).
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