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Abstract

Engineering disulfide bridges is a common technique to lock a protein movement in a defined conforma-
tional state. We have designed two double mutants of Escherichia coli 5'-nucleotidase to trap the enzyme
in both an open (S228C, P513C) and a closed (P90C, L.424C) conformation by the formation of disulfide
bridges. The mutant proteins have been expressed, purified, and crystallized, to structurally characterize the
designed variants. The S228C, P513C is a double mutant crystallized in two different crystal forms with
three independent conformers, which differ from each other by a rotation of up to 12° of the C-terminal
domain with respect to the N-terminal domain. This finding, as well as an analysis of the domain motion
in the crystal, indicates that the enzyme still exhibits considerable residual domain flexibility. In the double
mutant that was designed to trap the enzyme in the closed conformation, the structure analysis reveals an
unexpected intermediate conformation along the 96° rotation trajectory between the open and closed enzyme
forms. A comparison of the five independent conformers analyzed in this study shows that the domain
movement of the variant enzymes is characterized by a sliding movement of the residues of the domain
interface along the interface, which is in contrast to a classical closure motion where the residues of the
domain interface move perpendicular to the interface.

Keywords: X-ray crystallography; 5'-nucleotidase; protein engineering; disulfide trapping; disulfide ge-

ometry; domain rotation; protein movement; protein flexibility; TLS refinement; protein conformation

Many extracellular proteins contain disulfide bridges that
provide the protein with extra rigidity (Thornton 1981).
Consequently, the stability of proteins can be greatly en-
hanced with the help of genetically introduced disulfide
bridges, including an improved thermal stability (Velanker
et al. 1999; Almog et al. 2002). Engineering disulfide bonds
into proteins became an important tool for an analysis of the
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role of protein motions for enzyme catalysis (Matsumura
and Matthews 1989), and in general, for detecting func-
tional protein conformational changes (Lee et al. 1995; Ka-
wate and Gouaux 2003). Trapping of a protein motion does
not only demonstrate the importance of the movement but
also enables an analysis of individual protein conformers in
solution where otherwise different conformational states are
likely to be present. The presence of the open and closed
forms of the enzyme in equilibrium has been demonstrated
for citrate synthase, for which both an open and a closed
conformer were crystallographically observed, even in crys-
tals grown in the same crystallization drop (Liao et al.
1991). Locking a protein in a specific conformation may
allow for an unambiguous assignment of experimental sig-
nals (e.g., from spectroscopic studies) to the respective con-
formation.

In Escherichia coli 5'-nucleotidase (5'-NT), a versatile
enzyme that hydrolyses mono-, di-, and trinucleotides as
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well as nucleotide sugars (Neu 1967) and bis(5'-nucleosi-
dyl) polyphosphates (Ruiz et al. 1989), a domain rotation
has been hypothesized as a crucial step in the catalytic
mechanism of the enzyme (Knofel and Striter 2001). Pre-
vious structure analysis showed that the protein consists of
two domains linked by an a-helix. The active site of 5'-NT
is located at the interface between the two domains. The
N-terminal domain bears the core catalytic residues includ-
ing the two metal ions and an Asp-His dyad, whereas the
C-terminal domain contains the substrate specificity pocket
where the nucleosyl group is bound. In the open conforma-
tion, ATP binds more than 20 A away from the catalytic
center (Knofel and Striter 1999, 2001b). This enzyme con-
former is obviously inactive. After a domain rotation of
about 96° to the closed conformation, the substrate analog
inhibitor AMPCP is bound to the same residues of the C-
terminal domain but positioned within the active site in a
catalytically competent position. It has been hypothesized
that the domain rotation is a crucial step in the catalytic
mechanism of the enzyme, most likely to enable substrate
binding and product leaving (Kndfel and Striter 2001a).

An analysis of nine independent conformers in four crys-
tal forms showed that the protein crystallizes either in an
open or in a closed conformation with an interdomain ro-
tation angle (rotational difference of the relative orientation
of the two domains) of at least 80° between the two states
and a maximum rotation of more than 96° (Knofel and
Striter 1999, 2001a,b). The 96° movement can be described
as a rotation of the domains around an axis that passes
through the domain center and residues of the helix that
connects the two domains (the hinge region). A comparison
of nine independent conformers of wild-type 5'-NT in four
crystal forms showed that all interdomain rotation axes are
located approximately in one plane, which includes the do-
main centers and the hinge region in the interdomain helix.
All movements are such that residues of the domain inter-
face move along the interface. This type of movement is in
contrast to the common classical closure motion where the
rotation axis is perpendicular to the axis connecting the
mass centers of both domains and the residues of the do-
main interface move perpendicular to the interface.

The fact that 5'-NT crystallizes in the closed state both in
the presence and in the absence of an inhibitor indicates that
the conformers have similar energy, and that there is no
large barrier to rotation even in the absence of a bound
substrate or inhibitor. It is therefore likely that the protein
assumes different conformations in solution. We therefore
decided to trap the protein in a closed and in an open con-
formation to pursue analysis in solution. The trapped pro-
teins can serve as conformational reference states for the
interpretation of spectroscopic data of proteins containing
EPR spin labels or fluorescent labels. With the help of these
reference states the assignment of the conformation(s) and
mobility of the wild-type protein in solution will be greatly
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facilitated. Furthermore, a kinetic analysis of the trapped
conformers in comparison to the wild-type enzyme will
demonstrate to what extent the domain rotation is necessary
for the catalytic function of the enzyme. The present crys-
tallographic study defines the structure and mobility of the
trapped variants and turns out to be of crucial importance to
the interpretation of the ongoing kinetic and spectroscopic
analysis. To assess the success of this approach, especially
with respect to the orientation and remaining flexibility of
the domains, we determined the structures of the trapped
5'-NT enzymes.

Here, we report on three crystal structures of two trapped
variants of E. coli 5'-nucleotidase: one crystal structure of
the double mutant P90C, L424C that was designed to lock
the enzyme in a closed state (designated 5'NT-C), and two
crystal structures, further on abbreviated as 5'NT-O1 and
5'NT-02, of the double mutant S228C, P513C that was
designed to lock the enzyme in an open state. Our study
strengthens earlier conclusions that appropriately engi-
neered disulfide bridges do not interfere with the structural
integrity of the protein but also demonstrates that the disul-
fide constrained proteins can retain considerable residual
flexibility.

Results and Discussion

Domain cross-link

Two disulfide variants of 5'-NT were produced and puri-
fied. In both proteins the disulfide bridge forms spontane-
ously during expression in E. coli without the need to add
oxidizing agents. This was demonstrated by adding the sub-
strate bis-p-nitrophenyl phosphate (BPNP) to the culture
medium. Because 5'-NT is a periplasmic enzyme, the en-
zyme activity can be monitored without lysis of the cells.
BPNP is hydrolyzed to p-nitrophenyl phosphate and p-ni-
trophenol, resulting in a yellow color. Upon addition of
DTT, BPNP is hydrolyzed more rapidly (data not shown).
Because DTT reduces the disulfide bridge to form free cys-
teine thiols, this finding indicates a successful formation of
the cystine bridges. Moreover, the two purified disulfide
proteins were shown, by Ellman’s assay (1959), to have no
free thiols and by gel chromatography to elute as monomers
(no intermolecular cross-linking). The kinetic and spectro-
scopic analysis of the variants will be published elsewhere.
The P90C, L424C double mutant (5'NT-C) crystallized
with two molecules in the asymmetric unit (5S'NT-CA and
5'NT-CB). The S228C, P513C double mutant crystallized
in two different crystal forms. The first crystal form has two
molecules in the asymmetric unit, which are referred to as
5'NT-O1A and 5'NT-O1B, while the second has only one
molecule in the asymmetric unit and is called 5'NT-02.
To unbiasedly establish the presence of the intended di-
sulfide bonds in the crystallized proteins, electron density
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disulfide bridges at the positions of the introduced cys-
teines. The 5'"NT-C crystal, for which data were collected at
a synchrotron beamline, shows a break in the density of the
disulfide bond and an alternate open conformation for the
Cys90 residue (Fig. 1A). The density features early signs of
radiation damage at the cystine bridge (Ravelli and Mc-
Sweeney 2000). Data sets of the two structures of the open
form of 5'-NT were taken at a rotating anode home source
and the disulfide bridges appear unaffected by radiation
damage (Fig. 1B,C).

Geometry of the disulfide bridges

The positions of the engineered disulfide bonds used for
trapping the enzyme conformers were predicted with the
program SSBOND (Hazes and Dijkstra 1988) using the
most open (PDB ID 1lhpl) and the most closed (PDB ID
lhpu chain C) 5'-NT structures found so far (Knofel and
Striter 1999, 2001a). SSBOND predicts possible cystine
bridges to engineer into a protein on the basis of the distance
between Cg positions and the energies of possible disulfide
bond conformations.

The disulfide geometry has been analyzed to assess the
flexibility of the bonds and to compare the actual disulfide
bridges with the predicted ones. The parameters describing
the geometry of the engineered disulfide bridges in the re-
fined structures, together with the parameters for the pre-
dicted “optimal” disulfide bridges, are summarized in Table 1.

For the disulfide bridge between Cys-90 and Cys-424 in
the closed enzyme form, three energetically similar disul-
fide conformations were predicted by SSBOND (Table 1).
Figure 1. 2Fo—Fc map around the disulfide bridges. The residues shown Interestingly, the disulfide conformers found in both mol-
have been omitted from map calculation. (A) Chain A of the 5S'NT-C ecules in the asymmetric unit (5'NT—CA and 5'NT-CB) are
structure. (B) Chain A of the 5'NT-O1 structure. (C) 5'NT-O2 structure. similar to each other but adopt nonstandard conformations

and do not match any of these predicted conformers. The
maps have been calculated omitting the coordinates of the ~ unfavorable bond geometry is also reflected in the higher
cysteines and the two adjacent amino acids (Fig. 1). These energy content of the disulfide bridges in the crystal struc-
omit maps clearly show electron density for interdomain tures compared to the predicted ones (Table 1). The 5'NT-

Table 1. Geometry of engineered disulfide bonds

Energy
X1 X2 X3 X2 X1 Ca-Ca CB-CB  (kcal/mole)”

thpu C° 1 -44.3 -136.5 90.9 95.8 427 5.83 3.95 3.10
2 —-147.2 1204 -109.6 157.3 41.9 5.83 3.95 5.49

3 —-145.0 65.9 1123 -155.7 156.7 5.83 3.95 5.55

5" NT-C chain A -103.6 169.2 =781  -126.0 —-60.3 6.11 3.60 11.69
5" NT-C chain B -91.9 177.5 -94.0 -120.6 —62.1 6.16 3.59 8.91
1hp1© -73.35 66.3 127.6 -83.5 -l46.1 5.60 4.39 5.47
5" NT-O1 chain A —67.4 178.6 -96.2 745 -158.1 5.29 422 9.77
5" NT-O1 chain B -70.4 1743 -94.7 782 -166.4 5.35 4.13 4.04
5" NT-02 —65.3 65.4 108.2 -80.4 —-149.8 5.27 4.24 4.69

“ Total energy of the energy bond according to the algorithm of Hazes and Dijkstra (1988).

® 1hpu C: chain C of PDB ID lhpu used as model for the most closed form of bacterial 5'NT, three possible
conformations were predicted.

¢ lhpl PDB ID for the most open form of bacterial 5'NT
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O2 structure, in contrast, matches closely the target model.
In the 5'NT-O1 crystal, the disulfide conformers of the two
molecules in the asymmetric unit are again similar to each
other but do not match the predicted conformers. The dif-
ference of the disulfide conformations in the 5'NT-O struc-
tures indicates that there might be an equilibrium between at
least these two conformational states in solution. A remark-
able difference between the two forms of the 5'NT-O struc-
tures is the switch from a left-handed disulfide bond in
structure 1 to the right-handed disulfide bond in structure 2
(Fig. 2).

In total, three different geometries were observed for the
disulfide bridges (Fig. 2). Based on the Ca—Ca and CB—Cf3
interatomic distances, and the torsion angles x3, x1, and x'1
(see Fig. 2 for definition of the angles), the 5'NT-C disul-
fide linkage may be classified as a left-handed spiral, as first
identified by Richardson (1981; Srinivasan et al. 1990). The
X2 in the frans position is, however, highly unusual (Pe-
tersen et al. 1999). Likewise, the x2 torsion angle in the
left-handed 5'NT-O1 disulfide bond and the X'l torsion
angle in the right-handed 5'NT-02 disulfide bond assume
unusual conformations that strain the disulfide bridges (Pe-
tersen et al. 1999).

These atypical conformations of the disulfide bonds most
likely reflect the fact that the energetic benefits of favorable
interdomain contacts and crystal packing outweigh the rela-
tively minor energy penalties inflicted by an atypical disul-
fide bond geometry (Gorbitz 1994). It has been shown pre-
viously that atypical disulfide bridges can be built into a
protein and even stabilize it (Katz and Kossiakoff 1986),
and indeed, in many proteins with engineered disulfide
bridges the disulfide bond geometry is atypical without dis-
torting or destabilizing the structure of the protein (Villa-
franca et al. 1987; Clarke et al. 1995). Nevertheless, natural

Figure 2. Geometries of the disulfide bridges. Shown is a superposition
based on the cysteine backbone and the Cf atoms of the N-terminal do-
main. Green, chain A of 5'NT-C; blue, chain A of 5'NT-O1; red, 5'NT-
02. Carbon atoms are depicted in gray; nitrogen atoms, in blue; and sulfur
atoms, in yellow. For 5'NT-02 the denotations of atoms and dihedral
angles are shown (cf. Table 1). The descriptors for the C-terminal cysteine
are labeled by a prime.
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disulfide bridges in proteins are usually present in the low
energy conformations. Possibly, in these evolutionarily op-
timized structures, the cystine bridge has optimal stability
with respect to its reduction to two free cysteines.

Conformational analysis of the trapped mutants

The computer program DYNDOM (Hayward and Ber-
endsen 1998) was used to compare the targeted structures
and the experimental crystal structures. For a given pair of
conformers, the program determines the domains that move
as rigid bodies, and calculates the screw axis that describes
the domain motion.

The most surprising observation in this analysis was the
43.2° deviation of the 5'NT-C double mutant from its tar-
geted model (1hpu chain C; Fig. 3A,B). As the nine previ-
ously described conformers of 5'-NT have been found ei-
ther in an open or in a closed conformation (Knofel and
Striiter 2001a) the 5'NT-C structure represents the first in-
termediate conformation along the rotation trajectory. The
axis corresponding to the large 96° rotation passes through
the center of the C-terminal domain and residues of the
C-terminal end of the domain-connecting helix, where the
hinge region is located. This axis has shifted slightly so that
it passes through residues at the N-terminal side of the helix
(Fig. 3A,B). There are two pieces of evidence that support
the idea that this structure is a true intermediate conforma-
tion and not an artifact due to the incorporation of the cys-
teines. First, the rotation axis relating the 5'NT-C structure
(Fig. 3B) and the most closed wild-type structure (lhpu
chain C; Fig. 3A) coincides with the overall axis of rotation
calculated from the most closed and most open (1hpl, Fig.
3F) structures. Second, in comparison with the closed wild-
type structure three new interdomain contacts have been
formed, which are likely to stabilize the conformation: two
polar contacts between Ile-178 and Gly-179 on the N-ter-
minal domain and Asn-497 and Asn-517, respectively, on
the C-terminal domain, and one hydrophobic contact be-
tween Asn-180 and Gly-519. On the other hand, only one
polar contact, between Gly-88 and Lys-425, has been lost.

The large deviation from the predicted conformation is
made possible by the location of the interdomain link and
the nature of the domain rotation. The residues at the do-
main interface slide along the interface instead of moving
apart from each other. In the case of the 5'-NT-C structure,
the introduced disulfide bridge lies parallel to the axis of
rotation (Fig. 3B) and is located in close proximity to the
axis so that a large rotational movement is possible with
little distortion of the disulfide bridge. It is therefore likely
that the disulfide bridge allows such flexibility that the pro-
tein can occur in a closed conformation (for which the di-
sulfide bond was designed) as well as in the intermediate
conformation in solution.
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Figure 3. Comparison between wild-type and mutant structures, based on a superposition of the N-terminal domains, shown in gray.
The moving C-terminal domains are color-coded according to their position with respect to the N-terminal domain. The closed
conformation is depicted in red, and chosen as reference point (0.0°). The intermediate conformation is shown in yellow, and the open
conformations, in green. Arrows between two structures indicate the degree of rotation of the C-terminal domain between these
structures. The rotation of the C-terminal domain can be followed by the residues Arg 375 and Phe 498 (light-blue stick models) that
belong to the binding pocket and point in the closed conformation towards the active site (indicated by the metal ions shown in
magenta). The inner circle gives the degree of rotation relative to the reference structure. Because the interdomain rotation axes are
not colinear, the numbers in the outer circle do not add up to the overall rotation shown in the inner circle. The engineered disulfide
bonds are shown in red. The blue arrow represents the 96° axis of rotation between the most closed and the most open conformation,
and the red arrow marks the interdomain rotation axis between a structure and its counterclockwise neighbor.

In contrast to the two virtually identical molecules in the 3D) has a rotational difference of 5.6° to the open confor-
5'NT-C structure, the two proteins in the 5'NT-O1 struc- mation. The axis of rotation in Figure 3C, for the transition
ture differ by an interdomain rotation angle of 7.1° (Fig. between 5'NT-O1B and 5'NT-CA, coincides closely with
3C,D). Molecule B (Fig. 3C) differs from the most open the overall 96° rotation axis between the most closed and
conformation (Fig. 3F) by 11.9°, whereas molecule A (Fig. most open 5'-NT conformers. The 7.1° domain rotation
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between 5'NT-O1B and 5'NT-O1A is described by an axis
that passes through residues close to the active site at the
domain interface and through the hinge region at the C-
terminal end of the domain-connecting helix. This move-
ment is in agreement with previous data on the wild-type
enzyme showing that all rotation axes derived from a com-
parison of nine independent conformers lie approximately
in one plane, which goes through the centers of the two
domains and the interdomain helix (Knofel and Striter
2001a). All these rotation axes describe movements, which
either maintain the domain interface or in which residues of
the domain interface slide along the interface. No move-
ments have been observed so far, which correspond to the
classical domain closure motion, in which residues of the
domain interface move perpendicular to the interface.

The second structure (5'NT-02) that was determined for
the 5'NT-O enzyme is isomorphous to a crystal form of the
wild-type enzyme in the open state (lhpl). This structure
matches with an interdomain rotation angle of 0.1° almost
exactly the model (1hpl) it was designed to reproduce (Fig.
3E,F), which indicates that both structures are virtually
identical.

The maximum interdomain rotation angle between the
three conformers of the 5'NT-O enzyme is a rotation of
11.9° between 5'NT-O1B and 5'NT-02, suggesting that
incorporation of the disulfide bond still leaves the protein
with a considerable flexibility. The rotation angle of 11.9° is
even slightly more than the maximum interdomain rotation
angle of 10.4° for a comparison of the three open conform-
ers of the wild-type enzyme (Knofel and Striter 2001a).

Analysis of domain motion in the crystal

Due to crystal packing constraints, only a limited mobility
of the domains is generally present in crystals. Usually the
whole protein as well as the domains is more or less fixed
by the intermolecular interactions. Sometimes minor rota-
tional movement is possible and results in a weak and ill-
defined electron density for the whole domain and in large
crystallographic temperature factors (B-values).

It has been shown that a protein in different packing
environments can retain similar thermal factors, suggesting
that mobility as estimated by the B-factors is related to
mobility in solution (Artymiuk et al. 1979). In the case of
the nucleotidase, it could be shown that a limited mobility of
the C-terminal domain is present in one crystal form as
indicated by high B-values of the whole domain (Knofel
and Striter 2001a). An analysis of motion in the crystal as
inferred from static disorder (all data collections were at 100
K), thus seemed appropriate to investigate the flexibility of
the disulfide constrained proteins. We analyzed all three
crystal forms by a TLS refinement, which yields translation,
libration, and screw tensors that describe the mobility of the
domains (residues 26-340 and 360-550) in the crystal.
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The eigenvalues of the libration tensor describe the rota-
tional mobility around three perpendicular axes. The libra-
tion tensors of the N- and C-terminal domains of the mol-
ecules in the asymmetric units of the 5'NT-C as well as
5'NT-02 crystals are similar with respect to the relative
magnitude of the eigenvalues (Fig. 4). However, only for
5";NT-CA are also the eigenvectors of the librational ten-
sors of the two domains similarly oriented (with a maximum
angle of 23° between the eigenvectors), implying that the
tensors describe a rigid body movement of the whole pro-
tein with little interdomain movement. For molecules
5'NT-CB and 5'NT-02, the librational eigenvector direc-
tions of the two domains differ by more than 50°, indicating
that an individual movement of the domains takes place in
these two molecules.

Generally, the librational motion is of low magnitude in
these TLS groups. This situation is different for the two
molecules in the 5'NT-O1 crystal. Here the librational mo-
tion is in the C-terminal domain of higher magnitude than in
the N-terminal domain, and it is highly anisotropic. This is
due to a low number of contacts between the C-terminal
domain and the N-terminal domain or other molecules in the
crystal. There are 12 polar contacts, of which six are con-
tacts to the C-terminal domain of the second molecule in the
asymmetric unit, four are contacts to the equally mobile
start sequence of the protein, and only two are contacts to
the N-terminal domain, which shows less movement. When
the Ca atoms of this molecule are drawn as thermal ellip-
soids (Fig. 5), it can be seen that the C-terminal domain
displays a stronger and more anisotropic motion than the
N-terminal domain. The B-values of the main chain atoms

6
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Figure 4. Eigenvalues of the libration tensors of the individual TLS
groups. To visualize the libration magnitude and anisotropy in each TLS
group the eigenvalues are shown as a cumulative stack bar. Anisotropic
movement is present if the eigenvalues are of significantly different mag-
nitude. The axis with the lowest eigenvalue (black) is at the bottom; the one
with the highest (gray), at the rop.
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Figure 5. Flexibility in the crystal. Shown is molecule B of the 5'NT-O1 structure, color-coded according to the B-values from 30
A 10 100 A (cf. color-code bar in inser). (A) The Ca atoms are depicted as thermal ellipsoids. The ellipsoids are derived from rigid-body
movement of the two domains described by the libration tensors. The domain-bridging disulfide bond is shown in yellow as a stick
model. (B) The molecule is shown as a Ca-trace. The rotation axis between chain A and chain B of the 5'NT-O1 structure is shown
in black (cf. Fig. 3). The libration tensor of the C-terminal domain is shown in purple. The engineered disulfide bridge is shown in

yellow. (C) Same as in B, but the figure is rotated by 90°.

of the C-terminal domain have a mean value of 63.6 A?
compared to a mean value in the N-terminal region of 31.2
A?. Because the usually rigid secondary structural elements
show high B-values and anisotropic motion as well, it is
reasonable to assume that the thermal motion seen in the
crystal reflects a concerted motion of the C-terminal do-
main. The axis corresponding to the main libration compo-
nent (5.13 deg®) passes through the interdomain helix, runs
along the interface between the two domains, and passes
through a point close to the disulfide bond between the two
domains. Interestingly, the orientation of this axis is similar
to the rotation axis between the conformers 5'NT-O1A and
5S'NT-O1B (Figs. 3,5). Furthermore, this axis as well as the
axis corresponding to the second largest libration compo-
nent of the tensor lies almost perfectly in the preferred plane
for interdomain rotation axes in 5'NT (see introduction).

60+ A

55 — 1hp1
— 5'NT-02
513

o 228
g 354 l
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Residue Mumber

Of special interest is the question of whether the intro-
duction of disulfide bridge reduces disorder in the crystal
relative to the wild-type conformations. The isomorphous
crystals of the most open conformation of the wild-type
enzyme (lhpl) and the 5'NT-0O2 crystal are ideally suited
for such a comparison (Fig. 6A). Likewise, the 5'-NT crys-
tal form 1ho5 chain B (closed wild-type conformation)
(Knofel and Striater 2001a) of which the C-terminal domain
has only eight polar crystal contacts with C-terminal do-
mains of neighboring molecules, can be compared to the
5'NT-O1B structure that is also only weakly restrained in
the crystal (see above).

The B-value distribution of these two domains overlay
almost exactly (Fig. 6B), which again, corroborates the con-
clusion that the thermal factors are likely to reflect motions
in solution rather than crystal packing artifacts, because

1w B 1ho5 513
— 5'NT-01BI l
50-
804 228
70-
3 l
&
50—
40+
30+
20 T T T T T 1
0 100 200 300 400 500 600

Residue Number

Figure 6. Comparison of B-values. (A) Open form of wt 5'-NT (PDB ID lhpl) and 5'NT-0O2. The interruption of the X-axis is due
to missing residues in the structures. The B-value distribution of 5'NT-O2 has been scaled by a factor of 1.9 to that of 1hpl. (B) Closed

form of wt 5'-NT (PDB ID 1ho35, chain B) and 5'NT-O2B.
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both crystals are packed differently. Both comparisons
shown in Figure 6 indicate that the incorporation of the
disulfide bridge does not restrict the domain flexibility in
the crystal to any extent. This is in agreement with the
findings of many other studies (Pjura et al. 1990a,b; Jacob-
son et al. 1992; van den Akker et al. 1997). However, in
contrast to these studies, which have all found a marked
increase of the thermal factors at and/or around the sites of
the cysteine mutations, the 5'-NT variants show no compa-
rably elevated B-values at the sites of the mutations.

Structural integrity of the mutant proteins

Although disulfide groups can assume a number of different
conformations, insertion of a disulfide between two seg-
ments of a polypeptide chain always bears the risk of in-
ducing structural distortions both in the flanking sections of
the disulfide bond and, through long-range effects, in the
protein as a whole.

To determine the extent of the structural distortions of the
main chain, the N- and C-terminal domains from the disul-
fide-linked structures were superimposed on their respective
target structures (Fig. 7). Considering the high overall B-
values of the structures the overall displacement is within
the limits of variation due to disorder of loop regions, crys-
tallization effects, and data and refinement error limits. This
view is supported by the fact that the average atomic dis-
placement for the individual domains of the disulfide-linked
proteins is not greater than that for other 5'-NT wild-type
structures (data not shown). Furthermore, in all obtained
crystal forms a metal ion was found in the high affinity
binding site (as defined by McMillen et al. 2003) of the
active center. Uptake of this metal ion from the medium or
during purification argues for the functional integrity of the
proteins. Although small systematic long-range displace-
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ments have been detected in subtilisin disulfide variants
(Katz and Kossiakoff 1990), our results confirm the general
observation from structural studies that an engineered di-
sulfide cross-link does not perturb the protein structure as a
whole (Clarke et al. 1995; Ivens et al. 2002).

The distortions around the disulfide bridges themselves in
the mutant structures are slightly above the noise level (Fig.
7). These differences are partly due to the fact that the
Ca-atoms of the mutated residues are pulled towards each
other when the disulfide bridges form (Table 1). Another
effect might be that the hydrogen bonding pattern is dis-
turbed as a cause of the mutations. In the wild-type struc-
tures there are polar contacts between Ser-228 and Gly-514
in the open conformation and between Gly-88, Gly-91 and
Leu-424, Lys-425 in the closed conformation. These con-
tacts are lost in the mutants either through the mutations
themselves or through a different orientation of the domains
to each other due to the domain rotation. The large RMSDs
around residue 180 for 5'NT-O1A seen in Figure 7 concern
a flexible loop that is rearranged in this structure due to
crystal contacts of the residues Glu-182 and Tyr-183. These
contacts have not been observed in other 5'-NT structures.

Our results are in contrast to most structural studies with
engineered disulfide bonds where normally significant de-
viations around the disulfide linkage are found (Jacobson et
al. 1992; Wakarchuk et al. 1994; Almog et al. 1998). The
domain rotation of 5'-NT might assist to accommodate the
local packing restraints imposed by the inserted cross-link
by augmenting the flexibility of the disulfide bond.

Conclusions

Disulfide bridges are often incorporated into proteins to
analyze or prove the relationship between protein motion
and function. These studies are normally not assisted by

13
RMSD in A

2650 90 100 150 200 228250 300 360

700 424 450

500 513 548

Residue number (Cu atoms)

Figure 7. Root-mean-square deviations (RMSD) between backbone atoms of the mutant crystal structures and their respective target
structures (1hpu chain C for the closed conformation, and 1hpl for the open conformation). For calculation of the RMSD, the N- and
C-terminal domains were superimposed separately. Only the A-chains of the 5'NT-C and 5'NT-O1 crystal structures are shown.
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structural information. Our investigation of three structures
of disulfide-trapped 5'-NT variants implies significant gen-
eralizations for the analysis of proteins with engineered di-
sulfide bridges in solution:

1. The actual structure might differ considerable from the
disulfide-linked target structures, both in the conforma-
tion of the disulfide linkage but also in the global protein
conformation. In the case of the 5'NT-C disulfide-
trapped enzyme, the position of the C-terminal domain
differs by more than 40° from the predicted position.

2. The residual flexibility of the disulfide linked polypep-
tide chains might be larger than expected. A disulfide
bridge is highly flexible, and can assume different con-
formations in the same protein. This, in turn, helps to
accommodate different positions of the polypeptide
chains to be cross-linked.

3. The same flexibility of the disulfide bridge allows for
cross-linking polypeptide chains without distorting the
overall structure of the protein.

Furthermore, our analysis demonstrates that an incorpo-
rated disulfide bridge not necessarily restricts thermal mo-
tion in the crystal. However, the residual flexibility of the
disulfide linked domains is likely to be dependent on the
particular location and orientation of the linkage.

The new conformers of 5'-NT characterized in this study
corroborate previous results on the nature of the domain
rotation. All interdomain rotation axes are located approxi-
mately in one plane, including the domain centers and the
hinge region. As a result, residues of the domain interface
slide along the interface in contrast to a classical closure
motion where they move perpendicular to the interface to
open the binding cleft. This includes not only motions de-
rived from a comparison of conformers but also the mobility
of the C-terminal domain within the crystal lattice of one
crystal form. The novel intermediate conformation between
the open and closed enzyme forms not only agrees with this
description of the domain mobility but is almost perfectly
on the linear rotational path between the open and closed

Table 2. Oligonucleotides used for mutagenesis

conformers described by a rotation axis through the hinge
region and the center of the C-terminal domain. These find-
ings indicate that the conformations assumed by the engi-
neered proteins represent plausible approximations to the
transitions happening in the wild-type enzyme, although
this notion is difficult to prove experimentally. Ongoing
kinetic and spectroscopic studies on these variants show that
the information on the conformational flexibility of the di-
sulfide-trapped variants obtained from these -crystallo-
graphic structures is crucial for an understanding and inter-
pretation of the data.

Materials and methods

Cloning and mutagenesis

To avoid contamination of chromosomally expressed wild-type
protein, the ushA gene encoding 5'-nucleotidase was subcloned
from the pTRC99A plasmid (Knofel and Striter 1999) into a pET
28a vector (Novagen) to attach a 6x His tag to the protein. Us-
ing the oligonucleotides 5'-CCGGCTCGTATAATGTGTGG-3'
and 5'-ACAATAGGCCGCTCGAGCTGCCAGCTCACCTCACC-
3’ the gene was PCR amplified and digested with Ncol and Xhol
(New England Biolabs), and cloned into the new vector according
to standard techniques.

The mutations leading to disulfide bridge formation were de-
signed using the computer program SSBOND (Hazes and Dijkstra
1988). The PDB entries 1hpl and lhpu chain C previously de-
scribed to correspond to the most open and most closed confor-
mation of the protein (Kndofel and Striter 2001a) were used as
input coordinates for the program. SSBOND suggested the muta-
tions P90C, L424C and P181C, T501C to trap the enzyme in the
closed conformation and N180C, G398C and S228C, P513C for
the open conformation. The N180C, G398C double mutant could
not be expressed, the P181C, T501C double mutant did not fully
close the disulfide bridge, so that work with both these mutants
was discontinued. Mutagenesis was performed following the in-
structions of the Quick-Change-Mutagenesis Kit (Stratagene) with
the primers as listed in Table 2.

The constructs were sequenced (GATC Biotech GmbH) to con-
firm the mutations and to check for second site mutations.

Expression and purification

The proteins were transformed in E. coli ER2566 cells (New En-
gland Biolabs) and grown in LB medium. Expression was induced

Mutation

Oligonucleotide 5'—>3'

P90C forward

P90C reverse

L424C forward
L424C reverse
S228C forward
S228C reverse
P513C forward
P513C reverse

GCG ACA TTA ACA CTG GCG TGT GCG AGT CTG ACT TAC AGG ATG CC
GGC ATC CTG TAA GTC AGA CTC GCA CAC GCC AGT GTT AAT GTC GC
GGC GAT ATC AGC TCT AAA AAC GTG TGT AAA GTG CAG CCA TTC GGC
GCC GAA TGG CTG CAC TTT ACA CAC GTT TTT ATA GCT GAT ATC GCC
CGA TAA TGG TGA GCA CGG CTG TAA CGC ACC GGG CGA TGT GG

CCA CAT CGC CCG GTG CGT TAC AGC CGT GCT CAC CAT TAT CG

GGA TAT CCG CGC CTT GAT AAC AAA TGT GGC TAT GTG AAT ACC GGC
GCC GGT ATT CACATA GCC ACA TTT GTT ATC AAG GCG CGG ATA TCC
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at Agyy = 0.8 with 3 pM IPTG. Cells were grown for 5.5 h after
induction. Cells were harvested and resuspended in 20 mM
K,HPO, (pH 7.5) and 250 mM NaCl. Cells were lysed with a
French Press and centrifuged. The protein in the supernatant was
subsequently purified to homogeneity according to the following
procedure: The protein solution was loaded onto a metal-chelate
column (Poros MC 20, Applied Biosystems), washed with 25 mM
imidazole in 20 mM Tris (pH 8.0), and eluted with a gradient to
250 mM imidazole in the same buffer over 10 column volumes.
The protein was buffer exchanged in 20 mM Tris-HCl (pH 8.5), 10
mM betaine, 0.5 mM EDTA with a size-exclusion column (Seph-
adex G25 fine, Amersham Bioscience). The eluted fractions were
loaded onto an anion exchange column (PLSAX 1000 A/10 pm,
Polymer Laboratories) and eluted with a gradient from 20 mM
Tris-HCI (pH 8.5), 10 mM betaine, 0.5 mM EDTA to 500 mM KCI
in the same buffer over 20 column volumes. The final purification
step was a size exclusion column (Superdex 75, Amersham Bio-
science) equilibrated with 20 mM Tris-HCl (pH 7.5), 50 mM KCl,
0.5 mM EDTA. The protein was concentrated to 15 mg/mL as
quantified by a Bradford assay (Bradford 1976).

Crystallization

Crystallization was carried out in hanging drops by vapor diffusion
at 18°C. The double mutant S228C, P513C was obtained both in
a monoclinic (here referred to as 5'NT-O1) and a tetragonal (re-
ferred to as 5'NT-02) crystal form containing one or two mol-
ecules per asymmetric unit, respectively. The former crystals were
grown in 26% PEG 400 and 100 mM cacodylate (pH 6.5), whereas
2.1 M malonate (pH 6.5) was used as a buffer for the latter crystals.
The double mutant P90C, L424C crystallized in a tetragonal crys-
tal form (referred to as 5'NT-C) with two molecules per asym-
metric unit. The crystallization buffer contained 1.8 M Li,SO,,
100 mM Tris, 1 mM MnCl, 10 mM betaine, and 10% 2-methyl-
2.4-pentandiole. A droplet of 2 L protein solution (15 mg/mL)
and 2 pL of reservoir solution was mixed and equilibrated against
0.5 mL of reservoir solution. It is noteworthy that a change in the
crystallization reagent for the 5'NT-C enzyme variant from
(NH,),SO, to Li,SO, was necessary to overcome perfect twinning
of the crystals observed with ammonium sulfate.

Data collection

All data were collected at 100 K. Due to rapid radiation damage,
it was not possible to collect data sets for the 5'NT-O crystals at

Table 3. Data collection statistics

the synchrotron beamline ID29 in Grenoble. Both data sets for the
5'NT-O variants were therefore collected at home with an Enraf-
Nonius rotating anode generator with copper Ka radiation. The
data set for the 5'NT-C variant was collected in Hamburg at the
EMBL/DESY beamline BW7B running at a wavelength of 0.8453
A. The crystal was soaked in 3 M malonate prior to cryocooling.
All data sets were recorded with a MAR 345 imaging plate detec-
tor system, and were processed using the programs DENZO and
SCALEPACK (Otwinowski and Minor 1997). Details of the data
collection statistics are summarized in Table 3.

Structure determination and refinement

All three structures could be determined by molecular replace-
ment. The PDB entry 1hpl was used as a search model for the
5'NT-O structures, whereas the PDB entry 1hpu chain C (the most
closed of the four conformers in this crystal form) was used for the
5'NT-C structure. With the exception of 5'NT-O2 the search
needed to be carried out with the N-terminal residues 26-355 only
to obtain prominent solutions for the rotation function with the
AMoRe program (Navaza 1994). The C-terminal domain (residues
356-550) of the A chain of the 5'NT-O1 structure was subse-
quently found with the AMoRe program, the second C-terminal
domain could then be built by exploiting symmetry to chain A. In
the case of the 5'NT-C mutant the first C-terminal domain could
only be found with the program BEAST (Read 2001). The second
C-terminal domain was again built by symmetry to the first chain.
In the case of 5'NT-02, unambiguous rotational and translational
solutions were found with the program MolRep (Vagin and
Teplyakov 1997) using the entire search model. After a first com-
plete model has been established, each model was automatically
improved with the program ArpWarp (Perrakis et al. 1999).

Mutations were introduced manually with the program O (Jones
et al. 1991), which was also used for manual rebuilding against the
electron density maps.

The refinement and building of a loop (residues 322-331) miss-
ing in the 1hp1 search model was carried out with the CNS pack-
age using a simulated annealing protocol (Brunger et al. 1998).
The loop could be built in the 5'NT-O1 structure but not com-
pletely in the 5'NT-O2 structure where residues 324-329 have
been omitted due to weakly defined electron density. For refine-
ment the CNS package was used (Brunger et al. 1998). Water
molecules were added automatically in CNS according to the cri-
terion that they had a peak height above 2.8 ¢ in the F,~F ;. map
and at least one hydrogen bond (between 2.0 and 3.5 A) connect-
ing water and any other atom. All water molecules were checked

5" NT-01 5" NT-02 5" NT-C
Space group P21 P41212 P41212
Cell dimensions (A) 80.49, 93.70, 82.90 83.13, 83.13, 180.66 97.68, 97.68, 312.05
Cell angles (°) 90, 97.71, 90 90, 90, 90 90, 90, 90
Mole/asym. unit 2 1 2
Resolution range (A) 20-2.1 (2.17-2.10)* 20-2.33 (2.41-2.33) 30-2.1(2.18-2.1)
Unique reflections 194,970 193,519 89,316
Completeness overall (%) 98.4 (90.8) 99.7 (100) 95.1 (95.6)
Overall 1/(I) 11.3(2.1) 28.4(11.8) 17.2 (4.7)
Overall Ry, (%) 5.5(32.0) 6.6 (16.5) 6.9 (26.7)
Data redundancy 2.812.4) 7.0 (6.8) 3.2(3.3)

# Numbers in parentheses refer to the outer resolution shell.
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Table 4. Refinement summary

5" NT-01 5" NT-02 5" NT-C
Resolution range A) 20.0-2.1 20.0-2.3  20.0-2.1
R-factor 16.6 16.8 15.6
R 21.5 22.0 20.5
Protein atoms® 8174 4048 8194
Water molecules 746 389 921
RMSD
Bond length (A) 0.029 0.024 0.022
Bond angles (°) 2.17 1.74 1.74
Average B-factor (A% 420 (B = 444) 320 26.1
(A = 36.8)
Main chains 39.2 30.4 23.5
Side chains and waters 44.5 33.7 28.4
Ramachandran plot®
(% residues)
In most favorable 87.9 (b) 89.6 89.6 (b)
regions 88.4 (a) 90.4 (a)
In allowed regions 10.5 (b) 9.3 9.6 (b)
10.2 (a) 8.4 (a)
In regions generously 1.1 (b) 0.4 (a) 0.5 0.2 (b)

allowed

In disallowed regions 0.4 (b) 0.9 (a) 0.7 0.7 (b) 0.7 (a)

* Ryyee calculated using 5% of the reflections.
® Nonhydrogen protein atoms inserted in the model/asymmetric unit.
¢ Calculated with Procheck (Laskowski et al. 1993).

manually. After convergence of the restrained refinement the co-
ordinates were further refined by 20 cycles of TLS refinement
followed by 15 cycles of restrained refinement with REFMAC
(Murshudov et al. 1997). In between iterative refinement cycles
the following heteroatoms could be defined: two sulfate, two car-
bonate, and two manganese ions in the 5'NT-C structure, and one
in each 5'NT-O structure. For unknown reasons, the Ni** ion was
only seen in chain A of the 5'NT-O1 structure but not in chain B.
The refinement summaries are presented in Table 4. Residues
His-252 (metal coordinating residue) and His-289 have in all struc-
tures consistently been found to assume disallowed positions in a
Ramachandran plot. Thr-87 lies outside the allowed region in
5'NT-C as well as residue GIn-161 in the structures 5'NT-02 and
5'NT-O1A. All coordinates were deposited in the PDB with the
following codes: 10I8 (5'NT-C), 10D1 (5'NT-O1), and 10EI
(5'NT-02).

Structure analysis and generation of figures

Omit maps were calculated using the CNS software package
(Brunger et al. 1998). For coordinate superpositions the program
LSQKAB was used (Kabsch et al. 1976). TLS analysis was per-
formed with the program TLSANL (Howlin 1993). The rigid do-
mains were chosen as indicated in the text. The interdomain screw
axes were calculated using the program Dyndom (version 1.5) by
a pairwise comparison of the structures (de Groot et al. 1998;
Hayward and Berendsen 1998; Hayward and Lee 2002). The
CCP4 program suite was also used to calcultate crystal contacts
with the program CONTACT, and B-values were extracted from
the PDB files with the help of the program BAVERAGE (Bailey
1994).

Figures 1-3 were generated using the programs MOLSCRIPT
(Kraulis 1991) and Raster3d (Merritt and Murphy 1994) with the

help of the graphical user interface MOLDRAW (N. Striter, un-
publ.). Figure 5 was prepared with the program MOLSCRIPT,
POVScript+ (Fenn et al. 2003), and POV-ray. Figures 4, 6, and 7
were plotted with the program Origin (Microcal Software).
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