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Summary

The solution structures of staphylococcal nuclease (nuclease) H124L and its ternary complex, (nuclease-
H124L)*pdTpCa®*, were determined by ab initio dynamic simulated annealing using 1925 NOE, 119
@, 20 X" and 112 hydrogen bond constraints for the free protein, and 2003 NOE, 118 @, 20 X' and 114
hydrogen bond constraints for the ternary complex. In both cases, the final structures display only small
deviations from idealized covalent geometry. In structured regions, the overall root-mean-square devi-
ations from mean atomic coordinates are 0.46 (+0.05) A and 0.41 (+0.05) A for the backbone heavy
atoms of nuclease and its ternary complex, respectively. The backbone conformations of residues in the
loop formed by Arg®'-Gly*, which is adjacent to the active site, are more precisely defined in the ternary
complex than in unligated nuclease. Also, the protein side chains that show NOEs and evidence for
hydrogen bonds to pdTp (Arg®, Lys*, Tyr® Arg®, Tyr'", and Tyr'") are better defined in the ternary
complex. As has been observed previously in the X-ray structures of nuclease-WT, the binding of pdTp
causes the backbone of Tyr'"® to change from an extended to a left-handed a-helical conformation. The
NMR structures reported here were compared with available X-ray structures: nuclease-H124L [Truckses
et al. (1996) Protein Sci., 5, 1907-1916] and the ternary complex of wild-type staphylococcal nuclease
[Loll and Lattman (1989) Proteins Struct. Funct. Genet., S, 183-201]. Overall, the solution structures of
nuclease-H124L are consistent with these crystal structures, but small differences were observed between
the structures in the solution and crystal environments. These included differences in the conformations
of certain side chains, a reduction in the extent of helix 1 in solution, and many fewer hydrogen bonds
involving side chains in solution.

Introduction

Staphylococcal nuclease (nuclease), a 149-residue pro-
tein without disulfide bonds, has served for many years as
a model system for studies on protein folding, stability,
heterogeneity, dynamics as well as protein structure—func-
tion relationships. This Ca**-activated extracellular phos-

phodiesterase, which degrades both DNA and RNA to 3'-
nucleotides, has been isolated from two strains of Staphy-
lococcus aureus. By convention, wild-type nuclease (nu-
clease-WT) has the amino acid sequence of nuclease A
from the Foggi strain of Staphylococcus aureus, and nu-
clease-H124L has the sequence of nuclease A from the V8
strain of S. aureus. The X-ray crystal structure of the

*Constraint files and atomic coordinates for the 30 conformers that represent the solution structure of unligated nuclease-H124L and those for
the 30 conformers that represent the solution structure of the (nuclease-H124L)*Ca**s-pdTp ternary complex will be deposited with the Protein
Databank (PDB, URL http://www.pdb.bnl.gov) as well as with BioMagResBank (BMRB, URL http://www.bmrb.wisc.edu) along with associated
NMR parameters under accession numbers 4052 (unligated nuclease) and 4053 (ternary complex).
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ternary complex of nuclease-WT with thymidine-3',5'-
bisphosphate (pdTp) and Ca** was determined in the
laboratories of Cotton and Hazen (Cotton et al., 1979)
and was refined subsequently by Loll and Lattman (1989).
Also, refined crystal structures have been reported for
unligated nuclease-WT (Hynes and Fox, 1991), unligated
nuclease-H124L (Truckses et al., 1996), and several mu-
tant nucleases (Hynes et al., 1989,1994; Stites et al., 1991;
Hodel et al., 1993,1995; Keefe et al., 1993; Libson et al.,
1994; Truckses et al., 1996).

Although assignments of NMR resonances for nuclease-
WT (Torchia et al., 1988,1989), nuclease-H124L (Wang et
al., 1990a,b,c,1992a,b), and three mutants (Baldisseri et
al., 1991) were obtained, no full solution structure has
been reported. Here we describe the refined solution
structures of nuclease-H124L and the (nuclease-H124L)+
pdTpeCa®* ternary complex calculated with structural
constraints derived from NMR data. They are compared
with one another and with the respective X-ray structures.
These solution structures provide further information
about the structure and dynamics of this protein in sol-
ution and improve our understanding of the changes
caused by complexation with the inhibitor and calcium.

Materials and Methods

Sample preparation

Protein samples were produced and purified as described
in previous studies (Wang et al., 1990a,c; Royer et al.,
1993), with stable isotope labeled amino acid precursors
added to the growth medium as appropriate. For the
preparation of nuclease-H124L labeled uniformly with *C
and N (all sites labeled to 98% and 95%, respectively),
(*NH,),SO, and “C-labeled glucose were substituted in
place of the respective unlabeled compounds. Similarly,
‘block’ *C-labeled valine and leucine (Tate et al., 1995),
obtained as a generous gift from M. Kainosho of Tokyo
Metropolitan University, were incorporated into separate
samples of nuclease-H124L. The preparation of deu-
terated samples as well as uniformly ""N-labeled samples
has been described previously (Wang et al., 1990a,c). All
NMR samples contained 3.5-5.0 mM protein (or com-
plex) and 300 mM KCI; the pH meter reading of samples
dissolved in H,O was 5.1 and that of samples in D,O was
5.5.

NMR spectroscopy
Table 1 summarizes the acquisition parameters for the
NMR experiments used in determining the solution struc-

ture of nuclease-H124L and its ternary complex. Results
from previously reported (Wang et al., 1990a,c,1992a,b)
2D and 3D homonuclear and heteronuclear experiments
were also used and included in the table for completeness.
All NMR data were acquired at a temperature of 318 K on
Bruker AMS500 or AM600 spectrometers. The 3D and 4D
triple-resonance data were collected on a Bruker AMS500
instrument modified to include triple-resonance capabil-
ities and (for some experiments) single-axis gradient hard-
ware (Mooberry et al., 1994). Unless otherwise stated,
solvent suppression was achieved by on-resonance low-
power presaturation of the water signal during the relax-
ation delay, and quadrature detection in the indirectly
detected dimensions was obtained with States-TPPI phase
cycling (Marion et al., 1989b). Most triple-resonance
experiments were collected with initial delays in the in-
direct dimensions set to give zero- and first-order phase
corrections of 90° and —180°, respectively. Spectra were
processed on Silicon Graphics workstations using the
Felix software package (Biosym Technologies Inc., San
Diego, CA, U.S.A.). When appropriate, time domain con-
volution (Marion et al., 1989a) was used to remove the
residual H,O signal during processing. For the 3D and
4D experiments, the time domain data in the indirectly
detected dimensions were extended by 50% using standard
linear prediction techniques or by 100% for constant time
data using mirror image linear prediction. The processing
of the 4D HN(CO)CAHA and HNCAHA data sets was
aided by time domain analysis of the indirectly detected
dimensions using the CHIFIT software package (Chylla
and Markley, 1995). All spectra were referenced to inter-
nal TSP (0.0 ppm) in the 'H dimensions. The "*C and "N
chemical shifts were referenced indirectly to TSP using the
ratios 0.251449530 and 0.101329118, respectively, for the
zero-point frequencies (Wishart et al., 1995).
Two-dimensional homonuclear E.COSY (Griesinger et
al., 1982) experiments at 600 MHz were recorded of uni-
formly 50% 2H-labeled nuclease-H124L (in the free state
and the ternary complex) in D,0O. Uniformly '“N-labeled
nuclease-H124L in H,O was used to collect 2D 'H-"N
HMQC-J (Forman-Kay et al., 1990; Kay and Bax, 1990)
spectra at 600 MHz using time-proportional phase incre-
mentation (TPPI) (Marion and Wiithrich, 1983). The
3JNgo coupling constants were extracted using the pro-
gram HMQCJFIT (Goodgame and Geer, 1993). Two-di-
mensional homonuclear DQF-COSY experiments (Rance
et al., 1983) were acquired of unlabeled nuclease-H124L
in the binary complex with Ca** and pdTp, respectively,
in D,0. Two-dimensional NOESY experiments (Jeener et

Abbreviations: nuclease, staphylococcal nuclease; nuclease-H124L, recombinant nuclease containing leucine at position 124 (sequence identical to
that of nuclease A produced by the V8 strain of Staphylococcus aureus); nuclease-WT, recombinant nuclease containing histidine at position 124
(sequence identical to that of nuclease A produced by the Foggi strain of S. aureus); pdTp, thymidine-3',5'-bisphosphate; rms, root mean square;
rmsd, root-mean-square deviation. The nomenclature for atom names follows the recommendations of the [UPAC-IUB Commission on Biochemi-

cal Nomenclature [(1970) Biochemistry, 9, 3471-3479].
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Fig. 1. Methyl region of the 2D "H-*C HMQC spectrum of staphylococcal nuclease-H124L isolated from E. coli grown on media containing (A)
block "*C-labeled leucine and (B) block "*C-labeled valine. As described in more detail in the text, 'H-""C cross peaks from pro-R methyls are
doublets whereas signals from pro-S methyls are singlets. Methyl signals are labeled by the one-letter amino acid code and residue number, with

superscripts R and S indicating the chiral assignments.

al., 1979) were acquired at 600 MHz with a mixing time
of 250 ms using uniformly 50% *H-labeled nuclease-H124L
(in the free state and the ternary complex) in D,O and
H,O. Three-dimensional 'H-"N NOESY-HMQC (Marion
et al., 1989¢c) spectra were recorded at 600 MHz on a
uniformly “N-labeled nuclease-H124L (in the free state
and the ternary complex) in H,O. A mixing time of 120 ms
was used. A 250 ms 'H-’N 3D HMQC-NOESY-HMQC
spectrum (Ikura et al., 1990) was acquired at 600 MHz
for N-labeled nuclease-H124L in the ternary complex.
Two-dimensional 'H-*C HMQC data at 600 MHz were
acquired of nuclease-H124L (in the free state and the
ternary complex) selectively labeled with either the block
BC-labeled valine or leucine (Tate et al., 1995). Phase-
sensitive data were collected using TPPI (Marion and
Wiithrich, 1983). Three-dimensional HNCO, 3D HNCA
(Grzesiek and Bax, 1992), 4D HNCAHA (ternary com-
plex only), and 4D HN(CO)CAHA (Kay et al., 1992)
data were collected on samples, dissolved in H,O, of [U
98% “C, U 99% '“N]-nuclease-H124L and its ternary
complex with pdTp and calcium ion. Three-dimensional
HCCH-COSY (Bax et al., 1990) and 3D HCCH-TOCSY
(Kay et al., 1993) data were collected on samples, dis-
solved in D,0, of [U 98% "*C, U 99% "*N]-nuclease-H124L
and its ternary complex. Undesired transverse magnetiza-
tion in the HCCH-TOCSY experiments was purged by
the use of pulsed field gradients (Bax and Pochapsky,
1992); the mixing time (FLOPSY-8 scheme) was 17 ms.

Resonance assignments

The majority of resonances in the spectra of nuclease-
H124L and its ternary complex have been assigned previ-
ously (Wang et al., 1990a,b,c,1992a,b). These assignments,
especially those of side chains, were extended with the
help of triple-resonance and 'H-"*C heteronuclear experi-
ments (Table 1).

Stereospecific assignments

Stereospecific 'H and "*C assignments of the methyl
groups of nine valines and 12 leucines were obtained from
the 2D 'H-C HMQC spectra of two protein samples
that incorporated, respectively, block '*C-labeled valine or
leucine (Fig. 1). The block labeled amino acids were iso-
lated from proteins prepared by microbial fermentation,
using a mixture of 98% *C [®C]glucose and unlabeled
glucose at 15% and 85%, respectively, as the sole carbon
source (Tate et al., 1995). The resulting "*C labeling pat-
terns for valine and leucine reflect the mechanism (includ-
ing the stercospecificity) of the biosynthetic pathway. The
majority of the valine molecules that contain '*C at the C¥
position are labeled with *C at the pro-R methyl carbon
but not the pro-S methyl carbon; whereas most of the
valine molecules that contain '*C at the CY position are
labeled with '*C at the pro-S methyl carbon but not the
pro-R methyl carbon. Similarly, the majority of the leu-
cine molecules that contain *C at the C® position are
labeled with "*C at the pro-R methyl carbon but not the
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TABLE 1
PARAMETERS FOR NMR EXPERIMENTS*
Experiment Parameters®
Dimension Nucleus Time points Frequency Acquisition time Carrier frequency
points (ms) (ppm)
2D NOESY®¢! t, 'H 750¢ 4096 53.3 4.53
t, 'H 4096¢ 4096 29.1 4.53
2D NOESY®¢<h t, 'H 698¢ 4096 46.9 4.53
t, 'H 4096* 4096 274 4.53
3D NOESY- HMQC®¢ t 'H 256¢ 256 17.7 4.53
t, BN 28 64 12.3 119.4
ty 'H 512¢ 512 70.7 7.55
3D HMQC-NOESY-HMQC®% t, BN 32 64 14.1 119.4
t, N 64 128 28.2 119.4
ty 'H 2048¢ 2048 141.3 4.53
2D E.COSY** t, 'H 6002 4096 46.2 4.53
t, 'H 4096¢ 4096 315 4.53
2D E.COSY*! t, 'H 800¢ 4096 61.6 4.53
t, 'H 4096* 4096 315 4.53
2D HMQC-J*¢ t BN 878¢ 4096 200 119.9
t, 'H 40968 4096 274 4.53
2D HMQC-J*¢! t BN 917¢ 4096 209 119.9
t, 'H 4096* 4096 274 4.53
2D DQF-COSY®ktm t, 'H S51¢ 4096 394 4.53
t, 'H 4096¢ 4096 315 4.53
2D DQF-COSY*" t, 'H 600¢ 4096 46.2 4.53
t, 'H 4096* 4096 315 4.53
2D HMQC!® t, BC 480¢ 2048 94.6 21.4
t, 'H 2048¢ 2048 157.5 4.53
2D HMQC!? t BC 410¢ 2048 80.8 21.4
t, 'H 2048¢ 2048 157.5 4.53
2D HMQC*4* t, BC 512¢ 2048 31.7 38.8
t, 'H 2048¢ 2048 157.5 4.53
3D HNCO% t BN 48 256 233 117.9
t, BC 64 256 35.8 175.0
ty 'H 1024 2048 158 4.53
3D HNCO* t, BN 55 256 26.7 117.9
t, BC 64 256 35.8 175.0
ty 'H 1024 2048 158 4.53
3D HNCA% t BN 36 256 17.5 117.9
t, BC 64 256 11.5 59.2
ty 'H 1024 2048 158 4.53
3D HNCA®* t, BN 32 256 15.6 117.9
t, BC 64 256 11.5 59.2
ty 'H 1024 2048 158 4.53
4D HNCAHA t BC 10 64 3.62 53.4
t, 'H 8 64 3.55 4.53
ty BN 16 64 7.78 117.9
t, 'H 512 1024 78.8 4.53
4D HN(CO)CAHA® t, BC 9 64 3.26 534
t, 'H 8 64 3.55 4.53
ty BN 16 64 7.78 117.9
ty 'H 512 1024 78.8 4.53
3D HCCH-COSY** t, 'H 128 256 32.0 2.85
t, BC 32 128 8.32 42.5

ty 'H 1024 2048 158 2.85
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TABLE 1
(continued)
Experiment Parameters®
Dimension Nucleus Time points Frequency Acquisition time Carrier frequency
points (ms) (ppm)
3D HCCH-TOCSY**! t, 'H 128 256 28.2 3.07
t BC 128 256 14.6 42.5
ts 'H 512 1024 112.6 3.07

* Data were collected at 500.13 MHz for 'H unless otherwise stated.

® Number of points given in the time domain refers to complex points
unless otherwise stated. Number of points in the frequency domain
of processed data refers to real points.

¢ In D,0.

¢ In H,O.

¢ Data were collected at 600.13 MHz for 'H.

" Nuclease-H124L 50% uniformly labeled with 2H.

¢ Real points.

" Nuclease-H124L 50% uniformly labeled with *H in the ternary com-
plex.

! Uniformly "*N-labeled nuclease-H124L.

J Uniformly “N-labeled nuclease-H124L in the ternary complex.

¥ Nuclease-H124L at natural isotopic abundance.

pro-S methyl carbon; whereas most of the leucine mol-
ecules that contain '>C at the C° position are labeled with
BC at the pro-S methyl carbon but not the pro-R methyl
carbon. Thus, for both valine and leucine, the "*C reson-
ance of each pro-R methyl group is predominantly a
doublet as the result of one-bond *C-"*C coupling, where-
as the resonance for each pro-S methyl group is chiefly a
singlet (Fig. 1).

An initial set of stereospecific assignments for reson-
ances from non-degenerate (non-overlapped) -methylene
protons was obtained by the analysis of *J,a8 coupling
constants and intraresidue NOE intensities (Zuiderweg et
al., 1985; Hyberts et al., 1987; Arseniev et al., 1988). This
approach yielded stereospecific assignments for 21 resi-
dues of unligated and 25 residues of ligated nuclease-
H124L. Furthermore, diastereotopic, non-degenerate [3-
protons and, in some cases, degenerate (B-protons were
assigned by the following procedure. For diastereotopic
non-degenerate B-protons, a tentative assignment of the
two B-protons was made. If the calculated set of struc-
tures revealed a well-defined conformation for the given
side chain, and the distances from these [3-protons to the
surrounding structure were consistent with the experimen-
tal data, the assumed chirality was employed in successive
structure calculations. Otherwise, the tentative assignments
were interchanged, and the analysis was repeated. This
approach led to stereospecific assignments for 54 and 49
resolved pairs of B-proton resonances in nuclease-H124L
and its ternary complex, respectively. The additional non-
degenerate B-proton resonances assigned stereospecifically
for unligated nuclease but not for the ternary complex
were those of GIn®, His*, Lys™, Lys*, and Arg®. The
distance constraints to degenerate [B-methylene protons

' Nuclease-H124L at natural isotopic abundance in the ternary com-
plex.

™ Nuclease-H124L at natural isotopic abundance in the binary com-
plex with Ca*.

" Nuclease-H124L at natural isotopic abundance in the binary com-
plex with pdTp.

° Nuclease-H124L selectively labeled with [*CP"]-Val.

P Nuclease-H124L selectively labeled with [*C**']-Leu.

9 Nuclease-H124L selectively labeled with [*CPY']-Val in the ternary
complex.

" Nuclease-H124L selectively labeled with ['*C*®]-Leu in the ternary
complex.

¢ Uniformly *C,"”N-labeled nuclease-H124L.

* Uniformly "*C,""N-labeled nuclease-H124L in the ternary complex.

were attributed to one proton stereospecifically if the set
of structures demonstrated that the local conformation
was well-defined and if only one of the B-protons was
close to the NOE partners. Similar adjustments were made
for degenerate 'H® and 'HF signals from aromatic rings.

TABLE 2
SUMMARY OF EXPERIMENTAL CONSTRAINTS USED
FOR THE STRUCTURE CALCULATIONS®

Nuclease-H124L Nuclease-H124L
ternary complex

Constraints

NOE distance

Intraresidue 764 762
Sequential: (i—j)=1 494 530
Medium-range: 1 <(i—-j)<5 248 258
Long-range: (i—j)=5 419 440
Intramolecular (pdTp)° 27
Intermolecular
(pdTp—nuclease) 13
Hydrogen bonds
Nuclease 112 114
Intermolecular
(pdTp-—nuclease) 6
Torsion angles
@ torsion angles 119 118
X' torsion angles 20 20
pdTp ribose torsion angles® 45
Stereospecific assignment
B-protons 54 49
y-methyl groups of valine 9 9
&-methyl groups of leucine 12 12

2 Experimental constraints were imposed on residues Lys'—Asp'*.

" These constraints were derived from the conformation of pdTp in
the crystal structure of the nuclease-WT ternary complex (Loll and
Lattman, 1989).
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Fig. 2. Plot of the number of NOE distance constraints for every residue: (A) nuclease-H124L; (B) (nuclease-H124L)*pdTp+Ca*" ternary complex;
pdTp is shown as residue 144. The constraints are specified as follows: white (lower) — intraresidue; crosshatch — sequential NOE constraints ((i —
j)=1); white (upper) — medium-range NOEs ((i —j) =2-4); diagonal crosshatch (top) — long-range NOE:s including intermolecular protein—pdTp

NOE:s in the case of the ternary complex.

NOE distance constraints

Interproton distance constraints used for the structure
calculations are summarized in Table 2 and Fig. 2. They
were derived from NOE cross-peak intensities, which were
determined by measuring cross-peak volumes and count-
ing cross-peak contour levels in the 2D 'H NOESY and
3D 'H-"N NOESY-HMQC spectra (Wang et al., 1990c,
1992a,b) previously recorded on samples of 50% deuterated
and 95% uniformly '“N-labeled protein, respectively. The
mixing times were 250 and 125 ms for the 2D and 3D
experiments, respectively. All the constraints were com-
bined to make one set of distance constraints for nuclease-
H124L and one for the nuclease-H124L ternary complex.

For calibration purposes, the NOEs were divided into
four types: NOEs between pairs of single non-amide
protons, NOEs between a single (non-amide) proton and
a methyl group, NOEs between pairs of methyl groups,
and NOEs involving amide protons. The intensities and
contour levels measured for the different types of NOE
cross peaks were converted to distances by calibration
against NOEs between pairs of protons at known fixed
distances (Momany et al., 1975) or against NOEs corre-

sponding to estimated distances in the case of NOEs to
amide protons. The H®-H® distance of Trp'*’ (2.5 A) and
the distance between the centroids of the two y-methyl
groups of Val’™* (3.2 A) were used as calibration distances
for NOEs between single protons and for NOEs between
methyl groups, respectively. The distance between the -
proton and the centroid of the methyl B-protons of Ala'
(3.0 A) was used to calibrate NOEs between a single
proton and a methyl group. Ala" was chosen (among
nine alanines) because the intraresidue 'H NOE cross
peaks of Ala' are isolated from others in all proton—
proton connectivity regions. Also the amide proton of
Ala" exchanges slowly with bulk water. Thus, the HN-H*
(2.9 A) and HY-HP (2.6 A) distances of Ala'* were used
for the calibration of NOEs to amide protons in the 3D
"H-""N spectra; these two distances were estimated from
2D '"H NOESY (H,0) spectra by reference to other cross
peaks corresponding to known fixed distances. The rigid
model approximation was used in converting NOE inten-
sities to interproton distances (Gondol and Van Binst,
1986), and distance constraints involving pseudoatoms
were taken into consideration as described by Wiithrich



et al. (1983). This led to four upper-bound distance con-
straints: 2.7, 3.5, 5.3, and 6.5 A. The 6.5 A upper bound
was set somewhat arbitrarily after inspection of the whole
data set and considering the possible effects of spin diffu-
sion. A lower bound of 1.8 A was used for all four ranges.

Hydrogen bond constraints

The presence of backbone hydrogen bonds in regions
of regular secondary structure was deduced from a quali-
tative interpretation of NOE patterns according to criteria
laid out by Wagner et al. (1987) and from experimental
amide hydrogen exchange rates (Wang et al., 1990c; Loh
et al., 1993). Forty-eight hydrogen bonds were found in
both nuclease-H124L and its ternary complex. In calcula-
tions of both structures, each of these hydrogen bonds
was represented by two distance constraints: 1.8-2.3 A for
the distance between the hydrogen and the acceptor atom
and 2.4-3.3 A for the distance between the donor heavy
atom and the acceptor atom. Additional hydrogen bonds
within and between loop and turn regions were determined
by the following strategy. Ten structures were calculated
on the basis of all initial experimental constraints includ-
ing hydrogen bonding constraints for regular secondary
structure. These structural models were inspected for the
presence of additional hydrogen bonds. A hydrogen bond
was assumed to be present if the distance between the
acceptor and donor heavy atoms was less than 3.4 A and
if the donor atom---hydrogen---acceptor atom angle was
greater than 110°. This analysis suggested the following
additional hydrogen bonds in both structures: Arg®
HY...Gly*® O, Gly*® H™.--Thr*® O, Asp*® HY.--Arg® O,
Leu® HN...Arg® O, Ile’® HY...Thr®* O, and Asp"
HN...Thr* O. The analysis also indicated additional hy-
drogen bonds in unligated nuclease for Leu*® HY-.-Asp®!
O and Leu® HY---Ala” O and in the ternary complex for
Gly*® HN.--Asp® O, Gly” H .--Asn'"® 0%, and Glu'*
HN..-Asn'” O. Table 1 of the Supplementary Material
lists the geometry of these hydrogen bonds in the 10
preliminary structural models, and is available upon re-
quest. The existence of most of these additional hydrogen
bonds is supported by slow hydrogen exchange rates
(Wang et al., 1990c; Loh et al., 1993). Thus, in the final
structure calculations these hydrogen bonds were in-
cluded as constraints. They appear to stabilize the con-
formation of loop and turn regions, leading to reduced
rmsd values.

Torsion angle constraints

Backbone @torsion angle constraints were obtained for
119 and 118 residues of nuclease-H124L and its ternary
complex (Table 2), respectively, from vicinal spin—spin
coupling constants, *J;Nya (Pardi et al., 1984). For *Jy;Nya
<6.0 Hz, @ was restrained near —60°; for *J,;Nya>9.0 Hz,
@ was restrained between —100° and —140°; and for *J,;Nya
values between 6.0 and 9.0 Hz, @ was restrained between
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-80° and —160°. For residues with 6.0 Hz <3J;Nya < 7.0
Hz and with a strong HY-H® intraresidue NOE, @ was
restrained between +50° and +80° (Wiithrich, 1986; Kline
et al., 1988). Errors of £50° and £30° were allowed, re-
spectively, for @ constraints in nuclease-H124L and its
ternary complex. For each structure, 20 X' torsion angle
constraints were obtained from *Jay;8 coupling constants
measured as passive couplings in E.COSY spectra (Grie-
singer et al., 1982). An error range of £30° and +20°, re-
spectively, was used for X' angle constraints in nuclease-
H124L and its ternary complex. Forty-five torsion angle
constraints for ribose protons of pdTp, obtained from the
X-ray structure of the nuclease-WT ternary complex (Loll
and Lattman, 1989), were used to restrain the conforma-
tion of pdTp.

All peptide bonds were restrained to be planar and
trans, with the exception of that between Lys''® and Pro'"’,
which was constrained to be planar and cis (Hinck et al.,
1993). One-dimensional 'H NMR spectra have shown
that approximately 10% of the molecules have a trans
Lys'"'*~Pro'"” peptide bond. However, it has not been
possible to make extensive separate assignments for this
minor population.

Constraints for pdTp

The nucleotide inhibitor pdTp was modeled in the
structures of the complex either as a flexible molecule
restrained by 11 intramolecular NOEs, 13 intermolecular
protein—pdTp NOEs and six intermolecular hydrogen
bond constraints, or as a rigid structure fixed by 72 (dis-
tance and torsion angle) constraints derived from its
conformation in the X-ray structure of the nuclease-WT
ternary complex (Loll and Lattman, 1989) and the 13
protein—pdTp NOE constraints. With the flexible model,
the position and conformation of pdTp in the complex
were undetermined. The final family of structures report-
ed here are ones in which the pdTp conformation was
fixed. This had no effect on the conformation of the
protein but made it easier to visualize the position of the
nucleotide.

A preliminary set of structures for the nuclease-H124L
ternary complex was derived without hydrogen bonds to
pdTp. Of these structures, 50% or more showed average
distances of 4.4 A between the Tyr® O" and the O3 phos-
phate oxygen of pdTp, 3.9 A between the O35 phosphate
oxygen of pdTp and the Arg®” N, and 3.2 A between the
OS5 phosphate oxygen of pdTp and the Arg® N°. Since
this indicated general agreement with the X-ray structure
of the (nuclease-WT)*pdTp+Ca>* ternary complex (Loll
and Lattman, 1989), the hydrogen bonds between the
side-chain donor groups of residues Arg®, Lys¥, Tyr®,
and Arg®, and the phosphate oxygen acceptor groups of
pdTp deduced from the crystal structure were assumed to
be present, and constraints at these positions were used in
the final structure determinations.
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Fig. 3. Superposition of the 30 conformers that represent the NMR-derived solution structure on the corresponding structure determined by X-ray
crystal diffraction: (A) solution structure (colored) of nuclease-H124L (this work) and the crystal structure (black) of the same protein (Truckses
et al., 1996); (B) solution structure (colored) of the (nuclease-H124L)*pdTp+Ca*" ternary complex (this work) and the crystal structure (black) of

the (nuclease-WT)*pdTp+Ca” ternary complex (Loll and Lattman, 1989).

Strategies used in the structure calculations

The program X-PLOR v. 3.1 (Briinger, 1992) was used
for the calculations of 3D structures of nuclease-H124L
by ab initio simulated annealing starting from template
coordinate sets (Nilges et al., 1991). Extended strands of
nuclease-H124L alone and nuclease-H124L with the mono-
nucleotide bisphosphate inhibitor (pdTp) served as the

TABLE 3
STRUCTURAL STATISTICS

starting templates, respectively, for the structures of nu-
clease-H124L and the (nuclease-H124L)spdTp+Ca*" ter-
nary complex. In the ternary complex, the protein chain
was designated as segment A and pdTp as segment B.
The topology and parameter files used for pdTp were
generated by modifying the topology and parameter files
for DNA provided with the X-PLOR software package.

Nuclease-H124L

Nuclease-H124L ternary complex

SAQ SA[ X-ray® SAQ SAL X-ray"

Rmsd from experimental NOE distance constraints (A) 0.0051+£0.0006  0.005 0.082 0.0052+£0.0006  0.0045 0.068
Rmsd from experimental torsion angle constraints (°) 0.04£0.02 0.049 0.437 0.08 £0.02 0.071 0.584
Rmsd from idealized covalent geometry

Bonds (A) 0.0009 £0.0001  0.0008 0.009 0.0011£0.0005  0.0009 0.017

Angles (°) 0.23+0.01 0.23 1.693 0.25+0.02 0.25 0.037

Improper (°) 0.20+0.01 0.20 1.225 0.24+0.01 0.24 0.050
X-PLOR energies (kcal mol™)

E (bond) 2.0+0.2 1.50 459 2.5+0.3 2.14 620

E (angle) 36+1 35.96 2164 42+1 41.4 4078

E (VDW) 1.5+0.7 1.17 234 3+1 1.52 746

E (NOE) 2.7+0.6 2.57 679 2.9+0.7 2.17 478

E (CDIH) 0.02£0.01 0.021 1.69 0.06 £0.03 0.056 2.85

E (improper) 74+0.4 7.73 12508 10.4£0.3 10.44 12371

[SAD ensemble of 30 structures; [SAL[],: mean structure obtained by superposition of backbone N, C% and C atoms for all residues; [SALt
regularized mean structure obtained by restrained regularization of the mean structure (Nilges et al., 1988).
@ X-ray coordinates are from the 1.7 A structure of nuclease-H124L (Truckses et al., 1996).
® X-ray coordinates are from the 1.65 A structure of the (nuclease-WT)spdTp+Ca®* ternary complex (Loll and Lattman, 1989).



The dynamic simulated annealing protocol used was
essentially that described in the X-PLOR manual. A soft-
square function was used for the distance and torsion
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angle constraints, and a simple quartic potential was
applied for the van der Waals term during the dynamic
simulated annealing. Force constants for the NOE-de-
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Fig. 4. Plots of various structural parameters versus the residue number of the protein for the 30 conformers that represent the structure of
nuclease-H124L. Average rmsd values from the mean structure coordinates (the unstructured ends of the protein (Ala'-Lys® and Asp'*-GIn'*)
are not shown) for (A) backbone heavy atoms (C°% C', N, O), (B) side-chain heavy atoms, and (C) all non-hydrogen atoms. Mean pairwise rmsd
values of (D) @ and (E) W angles among the 30 structures. (F) Average percent solvent accessibility. Solvent-accessible surfaces were calculated
using the algorithm of Lee and Richards (1971), as implemented by the program X-PLOR, using a 1.4 A solvent molecule radius. Fractional
solvent accessibility was calculated with respect to Gly-X-Gly tripeptides (Chothia, 1975).
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Fig. 5. Plots of various structural parameters versus the residue number of the protein for the 30 conformers that represent the structure of the
(nuclease-H124L)*pdTp+Ca’* ternary complex. Average rmsd values from the mean structure coordinates for (A) backbone heavy atoms (C°%, C',
N, O), (B) side-chain heavy atoms, and (C) all non-hydrogen atoms. Mean pairwise rmsd values of (D) @ and (E) Y angles among the same 30
structures. (F) Average percent surface accessibility calculated as described for Fig. 4.

rived distance constraints were maintained at 50 kcal
mol™ A throughout the refinement process. Torsion
angle constraints were initialized to 5 kcal mol™ rad ™ and
increased to 200 kcal mol™ rad™ at the beginning of an-
nealing. The dynamic annealing was carried out over 120

ps of restrained dynamics at high temperature (2000 K).
Then, the annealing proceeded stepwise from 2000 to 100
K in 50° decrements, with each step consisting of 1.57 ps
of restrained molecular dynamics. The force constant on
the repulsive term was increased stepwise during this pro-



153

Fig. 6. Stereoview showing the relative positions of the well-defined side chains of residues Ala'?, Leu®, Ile”, Val”, Phe*, Phe’, Ile'"®, Tyr’!, and
1le”* in the family of 30 structures of the (nuclease-H124L)*pdTpCa** ternary complex.

cess from 0.003 to 4.0 kcal mol™ A™. The final structures
were the result of 200 subsequent cycles of potential ener-
gy minimization. Separate sets of 90 structures were gen-
erated for nuclease-H124L and its ternary complex. Struc-

A

tures that showed local structural deviations from the
mean coordinates or displayed a large number of viola-
tions or higher values for various terms in the target
function were excluded from further refinement. All of

Fig. 7. Stereoscopic views of the secondary structural elements of the (nuclease-H124L)*pdTp=Ca’* ternary complex: (A) a-helix; (B) B-sheet.
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Fig. 8. Superposition of the regularized mean backbone coordinates of the NMR solution structures of nuclease-H124L (red) and the (nuclease-
H124L)*pdTp+Ca*" ternary complex (blue). The mean coordinates of the inhibitor, pdTp, are shown in black. (A) View of the whole protein. (B)

113

Close-up of Tyr

between 'HF of Tyr'"> and 'H® of Tyr'" in the ternary complex but not in unligated nuclease. The positions of the side chains of Tyr

are shown to illustrate this difference between the structures.

the well-refined structures satisfied the experimental con-
straints. Refined structures that showed relatively high
rmsd values with respect to the experimental and geomet-
ric constraints were excluded, and a final set of 30 struc-
tures was considered for structural analysis. All calcula-
tions were carried out on Silicon Graphics computer
workstations (4D/220 GTX). The software packages IN-
SIGHTII (v. 2.3, Biosym Technologies), X-PLOR, and
HBPLUS (McDonald and Thornton, 1994) were used for
structural analysis.

Results and Discussion
Structure calculations

A total of 2176 and 2261 distance, hydrogen bond and
torsion angle constraints were used to calculate the struc-

whose backbone conformation is different in the two structures. As the result of a conformational change, an NOE builds up

113 115

and Tyr

tures of nuclease-H124L and the (nuclease-H124L)*pdTpe
Ca’" ternary complex, respectively. In each case, the final
30 structures did not violate any NMR distance constraints
by more than 0.2 A, and experimental torsion angle con-
straints were satisfied to within 5°. Structural statistics for
both structures are listed in Table 3.

Backbone conformation

Best-fit superpositions of the backbone heavy-atom
coordinates of the 30 structures for nuclease-H124L and
its ternary complex, respectively, are shown in Figs. 3A
and B. The secondary and tertiary structures are the same
as described previously for the crystal structures of nu-
clease-WT (Loll and Lattman, 1989; Hynes and Fox,
1991) and nuclease-H124L (Truckses et al., 1996); the
protein consists of a highly twisted five-stranded [B-barrel



TABLE 4
ATOMIC RMS DEVIATIONS
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Nuclease-H124L

Nuclease-H124L ternary complex

Backbone atoms* All non-hydrogen atoms

Backbone atoms* All non-hydrogen atoms

Structured regions (His*~Thr* and Ala**-Trp'*)’

[SAUagainst [SAL], 0.46 £0.05 0.91+0.07 0.41+0.05 0.83+0.05
[SAOagainst (SA), 0.64+0.07 1.30+0.08 0.66 +0.06 1.17£0.06
[SAL], against (SA), 0.45 0.92 0.52 0.69
[($SA0against X-ray 0.6+0.2 1.2+0.7 0.6+0.2 1.1+0.6
[SAL], against X-ray 0.52 0.47
(SA), against X-ray 0.66 0.71

Segment (Pro“-Glu™)
[(SAOagainst [SAL], 2004 1.8+0.5
[$AOagainst (SA), 24+0.5 2.0x0.6
[SAL] against (SA), 1.65 1.04
[$A0against X-ray 2.8+0.6 32£0.8
[SAL], against X-ray 2.28 2.83

pdTp’
(SAOagainst [SAL], 0.6+0.1
(SAOagainst [SA[] 0.7+0.4

[SAD ensemble of 30 structures; [$AL]: mean structure obtained by superposition of backbone N, C%, and C atoms for all residues; [SALt
regularized mean structure obtained by restrained regularization of the mean structure (Nilges et al., 1988).

* The N, C% and C atoms of the backbone.

® The coordinates of His*~Thr* and Ala®-Trp"* were superimposed.
¢ The coordinates of residues Pro*~Glu®’ were superimposed.

4 The pdTp coordinates were superimposed.

(strands are formed by Lys’-Ala'’, Thr>-Met*, Pro*-
Arg®, Ile”™Phe’®, and Ala*~Tyr*), three a-helices (Glu>"—
Ala®, Met®™-GIn'®, and Glu'*-Glu'*), 10 B-turns, and
several loop regions. Except for the N- and C-termini
(residues Ala'-Leu’ and Ser'*'-GIn'*) and the flexible
loop formed by Pro*~Glu”, the structures are well deter-
mined by the NMR data, with rmsd values with respect
to the average (EmsdD) of 0.46 (+0.05) A and 0.41 (+£0.05)
A, respectively, for the backbone heavy atoms of nuclease-
H124L and its ternary complex. The backbone conforma-
tions of residues in regular secondary structural elements
are defined better than those in turn and loop regions
(Figs. 4A and 5A), which show slightly larger GimsdO
values. The pairwise rmsd values for the @ and Y angles
in the two structures are presented in Figs. 4D,E and
SD,E. The backbone torsion angles of the structures
within each family are very similar, with more than 80%
of the residues showing rmsd values less than 10°. Exclud-
ing the Pro*~Glu® segment and the termini, the average
angular rmsd values for the @ and ) angles in nuclease-
H124L are 9+4° and 12+ 16°, respectively, whereas those
of the ternary complex are 9+4° and 10 £4°, respectively.

The stereochemical quality of the backbone coordi-
nates of the two families of structures was analyzed using
the program PROCHECK (Laskowski et al., 1996). 96.4
+0.2% and 96.6 + 0.3% of residues in unligated nuclease
and the ternary complex, respectively, are in favorable
regions of torsion angle space. Except for Asn'*, all resi-
dues with @/ angles outside allowed regions are in un-

structured parts of the protein (N- and C-termini or the
Pro*~Glu* loop). Asn'*® is the only residue consistently
occupying unfavorable torsion angle space in all struc-
tures. Several hydrogen bonds appear to stabilize this
unfavorable conformation.

Side-chain conformations

Side-chain heavy atom [@msd[values are shown in
Figs. 4B and 5B. For all heavy atoms in structured re-
gions, the (msdvalues are 0.91 (+0.07) A and 0.83 (20.05)
A for the unligated protein and the ternary complex
(Table 4), respectively. Approximately 66% and 69% of
the side chains of unligated nuclease and its ternary com-
plex, respectively, exhibit @msdCOvalues less than 1.2 A.
Most alanine, glycine, proline, and threonine residues,
some aromatic rings, side chains of valine and leucine
residues with unambiguous stercospecific assignments,
and isoleucine side chains with several NOEs to neigh-
boring residues show well-defined conformations. Resi-

TABLE 5

CLASSIFICATION OF B-TURNS

B-turn residue Turn type B-turn residue Turn type
range range

19-22 I 119-122 I

27-30 T 137-140 T

83-86 I 138-141 I

94-97 T 139-142 1

115-118 Via 140-143 I
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Fig. 9. Ramachandran plot (experimental @ and  torsion angles compared with conformational energy contours) showing the distribution of
backbone @ and s torsion angles for residues Arg®—Glu®* and Ala'>~Tyr'"> among the 30 NMR solution structures of nuclease-H124L (dashed
lines) and of the (nuclease-H124L)*pdTp=Ca®* ternary complex (solid lines). The dots represent the backbone conformations of Tyr'" in the 30
conformers that represent the structure of the (nuclease-H124L)*pdTp*Ca*" ternary complex. Ellipses indicate the conformational space occupied
by representative residues in the ensemble of conformers. These ellipses were determined from the covariance matrix of the @ and | angles such
that the axes of the ellipse coincide with the eigenvectors of the covariance matrix and the lengths of the axes are equal to square roots of the
corresponding eigenvalues. The @/ covariance matrix was calculated for each residue by applying standard statistical procedures to the @ and Y
values derived from the ensemble of conformers representing each structure.

dues that are fairly inaccessible to solvent (less than 40%
solvent surface accessibility) are among this group of
residues with well-defined side-chain conformations. Al-
most all these residues are located in the a-helices or the
B-barrel; some of them (Ala', Ile", Leu®, Phe*, Ile”,
Val™, Phe’, Tyr®, and Ile’*) are shown in Fig. 6. On the
other hand, 14 and 7 residues in uncomplexed and com-
plexed nuclease, respectively, display large [imsdCvalues
(>1.5 A) and exhibit multiple X' angles. Most of these are
long, charged, fully solvent exposed side chains (e.g.,
lysine, arginine, glutamic acid, glutamine).

Details of the secondary and tertiary structures common to
nuclease-HI124L and its ternary complex

Representative elements of the secondary structure of
the nuclease ternary complex are shown in Fig. 7. Most
of the secondary structural elements derived from the
NMR data have been described previously (Wang et al.,
1990a,c,1992a,b) and are in agreement with the X-ray
structures of nuclease-WT (Loll and Lattman, 1989; Hynes
and Fox, 1991) and nuclease-H124L (Truckses et al.,
1996). The refined solution structural models allow a
more detailed analysis. Hydrogen bonding patterns and
torsion angles in the final structures suggest that Glu*’—

Ala® form helix 1. NOEs suggest that helix 2 is formed
by residues Met®-Ala'”. However, only residues Met*—
Arg'® have torsion angles characteristic of a helix. The
rest of the residues form a common C-terminal helix
capping motif (Aurora et al., 1994): Gly'” is in the left-
handed a-helical conformation, and an i,i+3 hydrogen
bond is deduced between Val'™ O and Gly'”” HY. Also, an
i,i+5 hydrogen bond was found between Leu'® O and
Leu'® H™. The same helix capping motif exists in helix 3
(Glu'>-Glu'), with Lys"* in the left-handed helical con-
formation. In this case, the 1,i+3 hydrogen bond of the
motif (between Lys'® O and Lys"*® HY) appears to be
present in the structure of the complex, but not in that of
unligated nuclease.

Five B-strands form a highly twisted B-barrel: (i) Lys’—
Ala'"; (ii) Thr-Met®; (iii) Pro*'-Arg®; (iv) Ile’>-Phe’’;
and (v) Ala®—Tyr*. Strand 1 contains two B-bulges in-
volving Ile', Asp" and Thr*, and Ile", Lys'® and Lys*, re-
spectively, allowing this strand to bend. In addition, Val*’—
Thr* and Ala'”-Val'" form a small antiparallel B-sheet.

Ten B-turns have been identified and classified (Table
5). Evidence for many of these turns came from NOE
patterns (Wang et al., 1990c,1992b). However, a clear
classification was only possible by inspection of the final



structures. The NMR data initially suggested that resi-
dues Ile"®-Asp®! form a turn; however, inspection of the
structures showed that the B-turn is formed instead by
Asp”-Thr*?. The NOE pattern for these residues is mis-
leading because of the B-bulge formed by Ile'®, Asp'’, and
Thr?. As expected, Tyr'">~Asn'"® form a type VI, B-turn
with the cis proline in the third position of the turn.

Nuclease contains three major loop regions. The con-
formation of the first loop, Pro*”~Glu”, is determined
mainly by intraresidue and sequential NOE constraints in
both structures and, therefore, is poorly defined with re-
spect to the rest of the structure. This is reflected in large
[tmsdOvalues for this loop (the highest approximately
7 A) in both structures. Superposition of the backbone
coordinates of this loop alone yields [imsdOvalues for
these residues of 1.96 (+0.38) A and 1.82 (x0.45) A, re-
spectively, for nuclease-H124L and its ternary complex
(Table 4). The sequential and short-range NOEs for this
loop are not enough to determine its conformation as
precisely as that for the rest of the protein. Nevertheless,
in most of the conformers, its configuration can be de-
scribed as that of an omega loop (Leszczynski and Rose,
1986). A comparison of the average conformation of this
loop in the two structures suggests that binding of the
inhibitor and Ca® causes rather subtle changes in its
conformation and its orientation with respect to the rest
of the structure, as has been observed in the crystal struc-
tures of nuclease-WT. The second loop, Asp’—Leu®,
consists of two well-defined lobes formed by Asp”’—Arg®
and Thr*-Leu®. The third loop, Ala'*~-Glu'*, is also well
defined, and consists of an extended stretch followed by
two [B-turns.

Comparison of the NMR solution structures of nuclease-
HI24L and its ternary complex

Protein coordinates  Superposition of the mean co-
ordinates of nuclease-H124L and the ternary complex
(Fig. 8A) reveals that the solution structures have ident-
ical secondary structural elements and that differences are
localized to one loop. Tyr'"® has a dramatically different
conformation in the two structures: it changes from an
extended conformation in free nuclease-H124L to a left-
handed a-helical conformation in the complexed protein
(Fig. 8B). A significant shift (approximately 70°) is ob-
served in the @ angle of the neighboring Ala'’. These
changes lead to reorientation of the side chain of Tyr!'",
positioning it closer to Tyr'" in the ternary complex as
revealed by an NOE between 'H® of Tyr'" and 'H® of
Tyr'"® (Wang et al., 1990b). Figure 9 illustrates the distri-
bution of torsion angles among the two sets of 30 struc-
tures for residues Arg®-Gly® and Ala'"*~Tyr'". Com-
plexation causes a decrease in torsion angle space for
Arg®-Gly®*, which is reflected in the smaller size of the
ovals in Fig. 9; quantitatively, it amounts to a decrease in
the @msdfor backbone atoms from 0.59 to 0.43 A. Also,
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the atom positions of the side chains of residues involved
in intermolecular protein—pdTp constraints (Arg®, Lys®,
Tyr®, Arg®, Tyr'®, and Tyr'") are defined more precisely
in the complex than in unligated nuclease: the [tmsd
values for these side chains are 1.63 and 0.84 A, respect-
ively, in nuclease-H124L and its ternary complex. More
detailed information on internal dynamics is needed to
determine whether this greater precision of side chains in
the ternary complex represents a real tightening of the
structure or whether it is simply a consequence of the
additional constraints observed for these side chains.

Hydrogen exchange Previous NMR studies showed
that overall amide proton exchange is more rapid in the
free protein than in the ternary complex (Loh et al., 1993).
These differences are not reflected in observable differ-
ences in overall backbone rmsd values (Table 4), suggest-
ing that the amide proton exchange results report on
different time scales of dynamics than can be detected in
these time-averaged coordinates. The amide exchange
results also indicated that a local opening occurs in the C-
terminal half of the protein (helices 2 and 3 and the turn
and extended segments between them) and that this dy-
namic process is eliminated in the ternary complex. No
evidence for this difference in local dynamics is evident
from the calculated structural models.

Chemical shifts Comparison of the NMR resonances
(‘HY, BN, BC®, BC', '"H* as well as 'HP) for the two pro-
teins shows that the largest chemical shift changes upon
ternary complex formation occur in two regions: Ala'”—
Tyr'" and Arg”-Thr*. Smaller changes occur mainly for
the "HY and "°N resonances of residues Gly*-Lys* and
Lys*-Gly®. Considering that the most significant confor-
mational differences are observed for Tyr'" it is not
surprising that the largest chemical shift differences occur
in the vicinity of this residue. According to the crystal
structure, Ca* is coordinated by Asp?', Asp®, and Thr*.
A change in the chemical environment caused by Ca** can
explain the chemical shift differences observed for these
residues, whose conformations are not appreciably differ-
ent in the two structures. Both Arg® and Arg®’ are thought
to hydrogen bond to the 5'-phosphate of pdTp; however,
significant chemical shift changes are only observed for
Arg®. Several other residues exhibit chemical shift changes
that can be accounted for neither by local interactions
with pdTp or Ca®* nor by observable conformational
changes. They may reflect subtle conformational differ-
ences in the ensembles of structures representing the un-
ligated nuclease and its ternary complex that are not
evident in the conformational models.

Evidence for a minor conformation In addition to the
strong resonances, weak minor peaks have been observed
for the side-chain atoms of residues Val™ (not shown),
Phe’”, Tyr”', His"' (not shown), and Trp' (Fig. 10).
These minor peaks are present in spectra of the free pro-
tein but not the binary or ternary complex with pdTp.
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Fig. 10. Aromatic region of a 2D 'H DQF-COSY spectrum of nuclease-H124L at natural isotopic abundance: (A) uncomplexed nuclease-H124L
(Wang et al., 1992a); (B) nuclease*Ca®* binary complex; (C) nucleasespdTp binary complex; (D) nucleasespdTpsCa** ternary complex (Wang et
al., 1990c). Assigned cross peaks are labeled with the one-letter amino acid code and residue number. Cross peaks assigned to the minor conforma-

tion are boxed and labeled with primed numbers.

Residues Val™, Phe™, and Tyr’' are located relatively near
Pro'". Thus, it is assumed that the extra peaks arise from
the minor population of protein molecules in which the
Lys''*~Pro'"” peptide bond is in the trans configuration;
the population of this minor species is about 10% in
uncomplexed nuclease-H124L but is close to 0% in the
ternary complex (Alexandrescu et al., 1989). Previous
studies have shown that mutations at nearby residues can
change the cis/trans equilibrium of this peptide bond
dramatically (Hinck et al., 1996). Thus, it is not surpris-
ing that the conformation of these residues is sensitive to
the configuration of the Lys''°~Pro""” peptide bond. The
presence of minor peaks for Trp'*, which is situated near
the C-terminus of the protein and far from the Lys!'!*-
Pro'"” peptide bond, suggests that longer range structural
changes are coupled to the configurational state of the
Lys''*Pro"” peptide bond.

Comparisons with available X-ray structures
Overall protein fold The family of NMR-derived
structural models for the free protein was compared with

the crystal structure model of nuclease-H124L (Truckses
et al., 1996). Similarly, the family of structural models for
the ternary complex of nuclease-H124L was compared
with the X-ray structure of the nuclease-WT ternary
complex (Loll and Lattman, 1989). Superpositions of the
respective structures are shown in Fig. 3. The secondary
and tertiary structures are basically identical in both
cases, except for the following differences in helix 1 and
at the C-terminus. Tyr**-Pro’® form the N-terminus of
helix 1 in the crystal structures, but have a poorly defined
conformation in both solution structures. They seem part
of the flexible loop that precedes this helix. Ser'*! is the
last residue at the protein C-terminus defined by the
X-ray diffraction data. In contrast, NOE distance con-
straints were obtained up to Asp'®, leading to a well-
defined conformation up to Trp'*” and to an imprecise,
but still helical, conformation for the next two residues.
In comparing the X-ray structures with the respective
experimental NMR constraints, it was found that the
X-ray structure of nuclease-H124L (Truckses et al., 1996)
violates 24 of 1968 NOE constraints (for residues 7



TABLE 6
VIOLATIONS OF EXPERIMENTAL NOE CONSTRAINTS IN
THE CRYSTAL STRUCTURE*

Atoms assigned to NOE NMR exp. dis- Measured Differ-

tance (upper distance ence

limit) (A) A) A)
Nuclease-H124L
Glu' HY Glu'"® H” 3.10 (3.5) 4.09 0.99
Glu' HN Lys’ H¥ 5.50 (6.5) 6.87 1.37
Ile'® HN Ile'® HM! 2.70 (3.5) 3.90 1.20
Ile' H® Ile' H™ 3.10 (3.5) 3.74 0.64
Ile'® H® Ile'® H"? 2.30 (2.7) 3.27 0.97
Phe* HY! Met® H? 2.60 (2.7) 3.97 1.37
Lys® H® Lys® H* 2.30 (2.7) 3.30 1.00
Met® HN Phe® H® 3.40 (3.5) 4.11 0.71
Met® H® Asn® HP 2.90 (3.5) 3.86 0.96
Asn® HY Asn® H* 3.40 (3.5) 4.74 1.34
Asn® H®'  Lys* H® 4.20 (5.3) 5.58 1.38
Ala® HY Met® H® 3.30 (3.5) 5.06 1.76
Lys** HY Lys** H?” 2.90 (3.5) 437 1.47
Arg®” HN Arg®” H” 2.90 (3.5) 4.77 1.87
Lys’” HY Asp” H” 3.40 (3.5) 3.83 0.43
Lys” HN Lys” H" 2.80 (3.5) 3.77 0.97
Lys'® HN Ile'® H®" 6.00 (6.5) 7.00 1.00
Asn'” H”  Asn'“ H” 4.50 (5.3) 591 1.41
Ser'?® HN Leu'* H® 5.80 (6.5) 7.08 1.28
Gl HY  Leu"’ HM 5.50 (6.5) 6.71 1.21
Lys® HY  Trp'* HY 3.30 (3.5) 4.26 0.96
Ile'” HY Ile' H" 2.80 (3.5) 3.88 1.08
Trp HY  Leu™ H™ 5.00 (5.3) 5.75 0.75
Trp'® H®  Lys'® H” 470 (5.3) 5.83 1.13
Nuclease-H124L ternary complex

Leu’ HY Leu’ H* 3.40 (3.5) 3.79 0.39
His® HY Leu’ H®" 4.50 (5.3) 5.68 1.18
His® HY His® H® 4.50 (5.3) 5.66 1.16
Thr"® HY Leu” H” 3.40 (3.5) 4.86 1.46
His* H" Pro* HY 3.00 (3.5) 3.77 0.77
His* H® His* H® 3.40 (3.5) 4.18 0.78
Lys® HN Lys* HY 2.90 (3.5) 3.76 0.86
Val® HN Thr® H® 3.40 (3.5) 3.93 0.53
Asn® HN Glu® H* 3.20 (3.5) 3.84 0.64
Asn® H®'  Lys* H” 4.40 (5.3) 6.48 2.08
Phe™ H® Phe* H® 3.40 (3.5) 4.22 0.82
Ala® HY Leu® H 3.40 (3.5) 3.80 0.40
Asn'™® HY  Met® H 3.00 (3.5) 3.81 0.81
Leu® HN  Leu'® H 3.50 (5.3) 5.52 2.02
Ala'® HN Leu'® HP 3.90 (5.3) 5.52 1.62
Lys'* HN Lys'* H* 5.00 (5.3) 5.51 0.51
Asn'® H®  GIn'® H" 4.00 (5.3) 5.68 1.68
Asn'® H*  Leu" HY 5.00 (5.3) 5.72 0.72
Trp'® HY  Tle™ B 4.70 (5.3) 6.90 22

Trp'® H®  Lys'™® H” 4.40 (5.3) 5.86 1.46

®

Experimental distances were derived from NOE data. Some experi-
mental distances have been adjusted to include pseudoatoms (*). The
measured distances are for the crystal structures; in the case of free
protein, distances for the crystal structure of nuclease-H124L (Truck-
ses et al., 1996) are listed, whereas distances for the crystal structure
of the (nuclease-H124L)*pdTp+Ca** complex (Loll and Lattman,
1989) are listed for the ternary complex.

through 141) by more than 0.2 A (Table 6), but satisfies
all the torsion angle constraints. Most of the violated
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NOE constraints are between side-chain atoms or between
side-chain and backbone atoms. However, two of them
are between backbone hydrogens; these involve residues
in the C-terminal half of helix 1 (a 0.71 A violation in the
distance between H™ of Met® and H® of Phe® and a 1.76
A violation in the distance between H™ of Val® and H®
of Thr®). In the case of the ternary complex, the X-ray
structure of nuclease-WT (Loll and Lattman, 1989) viol-
ates 20 of 1970 distance constraints (for residues 7 through
141) by more than 0.2 A (Table 6) and all the torsion
angle constraints are satisfied. Only one of the violated
NOE constraints is between backbone hydrogens (a 0.4 A
violation in the distance between H™ of Val® and H* of
Thr®). As in the free protein, this violation is located in
helix 1; nevertheless, in both cases the conformation of
this helix is very similar in the solution and crystal struc-
tures. The only significant difference is at the C-terminus
of this helix in the free protein. The conformations of
Asn® and Val® in the crystal structure are slightly differ-
ent, as described below, resulting in a geometry for the
last helical hydrogen bond (between HY of Val® and H*
of Thr®) that is more strained in the crystal structure
than in the solution structure.

Backbone atom positions  Residue-by-residue compari-
sons of the solution and crystal structures are shown in
Figs. 11 and 12. The structured regions of the conformers
derived from NMR data (residues 8-41 and 58-140)
superimpose on the X-ray structure of nuclease and its
ternary complex, respectively, with an rmsd for backbone
coordinates of 0.6 (¥0.2) A in each case. This global
correspondence is reflected in the similarity of the local
conformation throughout the structured parts of the
protein. As shown in Figs. 11C,D and 12C,D, the en-
semble of @and Y angles in most cases includes the corre-
sponding value in the X-ray structure. The only signifi-
cant exceptions are the @ and  values for Asn® and
Ala® in the free protein which do not include the X-ray
values, which is consistent with the significant violation
of the NOE between HY of Ala® and H® of Met® (Table
6). Excluding the flexible loop, the average torsion angle
deviations between the X-ray and solution structures are
13 (£7)° for @ and 15 (29)° for Y in the free protein and
11 (£6)° for @ and 13 (£6)° for Y in the ternary complex.

As stated above, the conformation of the flexible loop
(Pro*-Glu”) is not defined precisely in either the solution
or crystal structures. However, the position of the loop in
the X-ray structures is clearly outside the family of con-
formers that represent this loop in the NMR structure.
Among the small number of experimental constraints for
this loop, few are violated by the crystal structures. This
indicates that the calculated family of NMR conformers
does not sample fully the conformational space for these
loop residues allowed by the NMR constraints alone; this
result may be explained by a high empirical energy for
these residues in the crystal structure.
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Fig. 11. (A) Rmsd values of heavy-atom backbone coordinates for the 30 structures of nuclease-H124L relative to the 1.7 A X-ray structure
(Truckses et al., 1996). Residues in structured regions were used for the superposition. (B) Rmsd values of all heavy-atom coordinates for every
residue among the 30 structures relative to the X-ray structure. Comparison of (C) @ and (D) Y angles in the NMR and X-ray structures. The
dotted lines show the maximum (top) and minimum (bottom) difference from the average angle among the 30 NMR structures. The solid line
indicates the difference between the angle in the X-ray structure and the average angle among the NMR structures. (E) Comparison of X' angles
in the family of NMR structures and the X-ray structure. Only residues that have heavy-atom coordinate rmsd values from the average NMR
coordinates less than or equal to 0.7 A are shown. Vertical lines display the maximum and minimum deviations of X' from the average value
among the NMR structures and dots indicate the difference between the X-ray and the average NMR X' angles. The large deviations from the
average X' angle, indicated for some residues, are due to outliers. Small vertical lines are shown to aid in identification of the residues. In all these
graphs, Ala'-Lys® and Glu'-GIn'* are not shown as these residues do not have defined X-ray coordinates.
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Fig. 12. (A) Rmsd values of heavy-atom backbone coordinates for the 30 structures of nuclease-H124L relative to the 1.65 A X-ray structure of
the (nuclease-WT)*pdTp+Ca*" ternary complex (Loll and Lattman, 1989). Residues in structured regions were used for the superposition. For an
explanation of (B)—(E), see the caption to Fig. 11.

Hydrogen bonding According to geometric criteria structures. By contrast, hydrogen bonds observed in the
(Baker and Hubbard, 1984), most of the hydrogen bonds crystal structures involving side chains are not present in
observed in the crystal structures between backbone atoms most of the solution structural models. The NMR struc-

are also present in the corresponding family of solution tures would support the presence of some of these hydro-
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TABLE 7

NUMBER OF THE 30 STRUCTURES CONTAINING CERTAIN HYDROGEN BONDS

Donor

Acceptor

Nuclease-H124L*

Nuclease-H124L ternary complex®

Main chain to side chain hydrogen bonds observed in the X-ray structures

Arg® N Leu®® O 0(5) 1(1)
Arg® NV Val® O 1(1) 0 (1)
Arg® N™ Val¥ O 2(3) 1(1)
Thr®? OV Gly* O 5(12) 3(7)
Lys” N Asp” O 0 (4) 11 (17)
Lys” N Asp” O% 0 (0) 0(3)
Lys" N Asp” O% 0 (1) 0(2)
Lys® N Asp” O% 2(2) 4 (5)
Gly” N Asn'"® O 3 (10) 30 (30)
Tyr® N Asp® O 5(5) 4 (4)
Arg” N Asp® O 5(5) 5(5)
Ile” N Asn'® O¥ 17 (25) 1(18)
Asn'® N Leu’’ O 8 (27) 4 (4)
Val'' N Glu'? 0¥ 5(16) 0 (0)
Asn''® N® GIn* O 3(7) 1 (15
Thr'® N Asp” O 5(12) 11 (24)
His'*' N Tyr* O" 2 (10) 1(15)
Asn'*® N» GIn'® O 8 (21) 22 (28)
Ser'*! QY Asn'* O 0 (1) 1 (6)
Main chain to side chain hydrogen bonds not observed in the X-ray structures
Thr® O Ala® O 2(7) 0 (1)
Asn® N% Lys* O 10 (14) 5(15)
Asn'” N Asp” O% 03 0(9)
Ser'® OY Leu™ O 0(Q) 4 (6)
Ser! OY Lys"* O 2 (8) 3(7)
Side chain to side chain hydrogen bonds observed in the X-ray structures

Thr? 0¥ Asp? O% 3(6) 0 (0)
Tyr?” O Glu'® 0% 1(4) 2(5)
Arg® N™ Asp® O 2(5) 12
Lys® N* Gl 0% 1(4) 2(4)
Tyr® O Lys® N¢ 0 (0) 6(9)
Arg® N° Asp® O% 0 (0) 0(2)
Arg®” NV Asp® O% 0 (0) 2(4)
Tyr’ O Asp” O 3(5) 3(7)
Tyr” O Glu” 0¥ 3(8) 2 (10)
Arg'® N™ Glu'* O 0 (0) 0(2)
Arg!® N™ Glu'* 0% 1(1) 2(2)
Thr'® O" Asp” O% 1(D) 7 (10)
His'?' N# Glu™ 0% 4 (11) 5(17)
Arg'® N¢ Glu'2 O 12 0 (0)
Arg'?* N™ Glu'®? 0 1(1) 0(2)
Ser'® QY Glu'®! 0% 2(3) 0 (1)
GIn"' N Glu'® O 0 (1) 13

 Strict (loose) criteria for hydrogen bonding. Minimum angles: donor-proton—acceptor 110.0° (90.0°); proton—-acceptor—carbon 90.0° (90.0°);

donor—acceptor—carbon 90.0° (90.0°). Maximum distances: donor—acceptor 3.9 A (3.9 A); proton-acceptor 2.5 A (3.0 A).

gen bonds if less stringent geometric criteria were applied
(Table 7); however, available hydrogen exchange data
(Loh et al., 1993) lend no support to the existence of
these backbone-side-chain hydrogen bonds in solution.
By contrast, a few backbone—side-chain hydrogen bonds
not observed in the X-ray structures appear to be present
in the NMR structure (Table 7).

Conformation and mobility of side chains The average
rmsd between the NMR and X-ray structures for all
heavy atoms in structured regions is 1.2 (0.7) A and 1.1

(#0.6) A, respectively, for free and complexed nuclease.
Residues that are buried in the solution structure (i.e.,
have <20% solvent exposure in all 30 conformers) have
average heavy-atom rmsd values, with respect to coordi-
nates of the X-ray structure, of 0.8 (+0.3) A (0.9 A for
side chains only) and 0.8 (+0.4) A (0.9 A for side chains
only), respectively, for the free and complexed protein.
These side chains have well-defined conformations in the
NMR structures that are similar to those reported for the
X-ray structures. Most of the side chains with [Emsd0



values 0.7 A for all heavy atoms in the family of sol-
ution structure conformers have X' angles identical, within
experimental error, to those in the X-ray structures (Figs.
11E and 12E). However, although this analysis suggests
good general agreement between the conformations of
ordered side chains in the solution and crystal environ-
ments, the positions of several side chains in the crystal
appear to be stabilized by hydrogen bonds that are not
observed in solution (Table 7). For those side chains
whose positions are well defined in both the solution and
crystal structures (viz., Thr?, Tyr”, Thr®, Glu”, Tyr*
(complex only), Tyr”', Tyr®, Asp'®, Thr'®, and Ser'?), the
differences in hydrogen bonding can be interpreted as
indicating the existence of small conformational differ-
ences in the two environments. A second class of residues
has side chains that appear to be rigid in the crystal but
mobile in solution (viz., Glu', Asp®', Arg®, Asp®, Lys®,
Glu¥, Asp”, Asp®, Tyr® (free protein only), Arg®’, Asp”,
Glu', Arglos, His"', Glu'%, Argm, Glu'®, GIn"!, Glu'¥,
and Ser'*)). Nine of these residues (Lys®, Glu®, Lys*,
Tyr®, Asp”, Arg'®, Arg'®, GIn"', and Glu'*®) are more
than 40% solvent exposed. Surface residues certainly are
less ordered in solution than in the crystal, but some of
the apparent disorder may result simply from the low
number of structural constraints for surface residues that
lack nearby groups or from the quenching of NOEs by
internal motions. The other residues (Arg®, Asp®, Asp”’,
Asp®, Arg”, Glu'!, His™', Glu'?, Glu'®, and Ser'"') are
less than 40% solvent exposed (i.e., more buried). One
can be more confident that these residues are less ordered
in solution than in the crystal.

Additional evidence for the existence of small, but real,
differences in side-chain conformation in the solution and
crystal environments comes from the analysis of NOEs
that are incompatible with the crystal structures (Table 6).
Most of the side chains whose conformations violate
NOE constraints have relatively low thermal factors in
the models derived from X-ray data, indicating that the
conformations of these residues are ordered in the crystal.

Conclusions

Most of the structural features observed in the NMR
solution structures of staphylococcal nuclease-H124L and
the (nuclease-H124L)pdTpeCa** ternary complex are
identical, within experimental error, to those present in
the respective X-ray structures. The similarities include
the overall fold, the positions of B-bulges, the unfavorable
torsion angle space observed for Asn'*, and the C-ter-
minal helix capping motifs of helices 2 and 3. The N- and
C-termini of the solution structure are disordered, in
agreement with the lack of electron density for these
residues in the X-ray structures. In each of the NMR
structures (nuclease-H124L and its ternary complex), the
least structured stretch was Pro*~Glu*’; this mobile loop
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contains the functionally important Ca** binding site. This
result is consistent with the high B-factors observed for
Pro*~Tyr* in the corresponding X-ray structures; how-
ever, the disordered loop extends to Glu’’ in the NMR
structures, whereas Gly* and Pro*® form the C-terminus
of helix 1 in the X-ray structures. Ca®* and inhibitor
binding cause a dramatic change in the conformation of
Tyr'"® in solution (from an extended conformation to a
left-handed a-helical conformation), in agreement with
the crystal structures. In addition, complexation appears
to stabilize the conformation of residues Arg®-Gly*® and
the positions of the side chains that bind the nucleotide.
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