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Abstract: The crystal structure of a covalently cross-linkeakt- the two engineered disulfide bridges and the dimer interface in the
tobacillus casethymidylate synthase has been determined at 2.8 Amutant enzyme. Gokhale et 4994 reported that the oxidized
resolution. The sites for mutation to achieve the bis-disulfide linkedtriple mutant remained soluble and retained secondary structure
dimer were identified using the disulfide modeling program MODIP. even at 90C, in contrast to the wild-type enzyme that precipitates
The mutant so obtained was found to be remarkably thermostablat 52°C. Furthermore the bis-disulfide cross-links abolished the
This increase in stability has been reasoned to be entirely a coraggregation observed for the wild-type enzyme at moderate con-
sequence of the covalent gluing between the two subunits. centrations of the chaotropes, urea, and guanidinium chloride. The
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Table 1. Summary of crystallographic data
and refinement statistics

Disulfide cross-links are an important stabilizing element in theT | ber of reflect g 44,495
structures of many globular proteins. Disulfide engineering has otal number of reflections measured . '
been advanced as an approach to stabilizing structures of proteiAvera“‘]’e number of times each intensity was estimated 3.69

I1’%tal number of unique reflections 11,008

that lack such covalent cross-links in the native st8&uer etal.,  \umber of unique reflections in the resolution range 10-2.8 A

1986; Wells & Powers, 1986; Wetzel, 1987; Scrutton et al., 1988; yjth |/4(1) > 2.0 10,115
Shirakawa et al., 1991; Wakarchung et al., 10%hd the energetic  completeness in the resolution range 10-2.8 A with

contributions have been evaluatéthmma & Privalov, 1998 In I/o(1) > 2.0 85.4%
the case of multimeric proteins, disulfide cross-linking of subunitsCompleteness in the last resolution shell 3.0-2.8 A 73.0%
affords mutant structures that are prevented from dissociation. SudRrmergé 9.07%

a device permits a study of the chain unfolding process without thénitial R*-factor for the WT ts model in the cell

attendant complications of concomitant chain dissociation. We havcla of ITf155(;/Ef188C7fC24ﬁT W sl in the coll 31.3%

been exploring the potential use of intersubunit disulfide cross™u&! free R -factor for the WT ts model in the ce

. . . . . . of T155C/E188C/C244T 30.2%

links in the model proteintactobaccilus caseihymidylate syn- . b . . )

h khal | | : falci Final R°-factor for reflections with/a(1) > 2.0 in the

t ase (ts) (Go ale et al.,, 199%4and Plasmodium falciparum range 10.0-2.8 A 20.3%

triosephosphate isomeraggopal et aI_., 199p In the case_Of 1S, @ Final ROfactor for all reflections in the range 10.0-2.8 A 23.5%

mutant(T155C/E188( C244T), bearing two intersubunit Cross- Final freeR>-factor for reflections with/a(1) > 2.0 in the

links (155-188 188-1553 Fig. 1A,B) has been shown to be re-  range 10.0-2.8 A 25.6%

markably stabilized against thermal denaturation and chaotropEinal freeRP-factor for all reflections in the range 10.0-2.8 A 25.2%

induced aggregatiofGokhale et al., 1994; Agarwalla et al., 1996 ~Number of nonhydrogen atoms in the model 2,587

In this paper we describe the crystallographic characterization oRMS deviation in bond angle§) 1.913
RMS deviation in bond lengthdl) 0.015

Reprint requests to: M.R.N. Murthy, Molecular Biophysics Unit, Indian
Institute of Science, Bangalore 560 012, India; e-mail: mrm@mbu.iisc. 2Defined asX> [{I) — kly|/=(1) X 100.
ernet.in. bDefined as3 |F, — kF¢|/SF, X 100.
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Fig. 1. A: Ribbon drawing of the molecule &f. caseits prepared using Insight(Biosym Technologies Inc., San Diego, California
The sites of mutation, residues Cys155 and Cys188, are indicated. The two monomers are drawn in differer:s8tetes. view
of the dimer interface at the site of mutation in the two subunits.

reduced triple mutant retained full enzymatic activity, while the 188 and 188-155should impede dissociation of interactions in
oxidized form showed only 15% of the wild-type activii@okhale  this region. The novel properties of the bis-disulfide bridged mu-
et al., 1996. tant provided the impetus for crystallographic characterization of
L. caseits is a dimer of identical subunits having 316 residuesthe interface. These sites were away from the active sites. The
each. The two subunits are related by a twofold axis of symmetrychance of alternative pairing of disulfides was ruled out by exces-
The dimer interface in ts is extensive and consists of interactionsively large distances. Disulfide bridges were generated using
made by three distinct segments of the polypeptide chain correMODIP with the following stereochemical parametearss =
sponding to residues 17-38, 174-190, and 201-@@sanna 1.87 A, yss= 11£, yt = —94°, x? = —150, Xi =97, xf =
et al.,, 1998. The lower part of the interface seen in Figure 1 98. Cysteine-244 was mutated to a threonine to circumvent com-
consists of a sandwich formed by the five-strangesheet struc-  plications due to thiol disulfide exchange in the protein. The C244T
tures, which also accommodates a cavernous active-site. The upp@utant has properties identical to the wild-type enzyme. The pro-
part of the interface harbors fewer intermolecular contacts withcedure for the mutagenesis, expression, and purification of the
residues 151-160 being primarily involved. Inspection of Figure 1enzyme has been described earli@okhale et al., 1994 Crystals
suggests that these segments may in fact correspond to a mooé the ts mutant were obtained by the hanging drop method in
fragile region. Application of the disulfide modeling program 50 mM phosphate buffer pH 5.8—6.2, 50 mM ammonium sulfate.
MODIP (Sowdhamini et al., 1989to the 2.8 A structure of.. Crystals appeared after 3 days and grew to sizes of0073 X
caseits (Hardy et al., 198Yyielded the sites of mutatiomesidues 0.3 mm. The mutant crystallized in the space grBég22 with the
155 and 18Bwhere strain free, symmetry related disulfide bridges cell parametera = b = 78.3 A, ¢ = 245.3 A. The asymmetric unit
could be introduced. Covalent cross-links between residues 155ef the crystal is compatible with one monom@fatthews coeffi-
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cient 2.76 ADa assuming a molecular weight of 34 kDa per x{ = —91.0T. It may be noted that the dimer has been used as the
monomey. Diffraction data were collected on a Siemens Nicolet asymmetric unit in the space gro®s, in the refinement protocol
area detector system. Data were processed using the XENGE®bntributing to the lack of symmetry between the two disulfide
program(Howard et al., 198y Data collection and refinement bridges, whereas wild-type. caseits is refined in the space group
statistics are given in Table 1. The structure was solved using th®6,22 with the monomer in the asymmetric unit and exact crys-
Molecular Replacement program AMoR®&lavaza, 1994 using  tallographic symmetry relating the two subunits. While exact two-
the polyalanine model of the PDB 4TMS coordinatelardy etal.,  fold symmetry should lead to identical stereochemical parameters
1987 and the structure was refined using X-PLCB(inger, 1992 for the two disulfide bridges, the small differences observed are a
As the disulfide was introduced across the dimer interface, theonsequence of the refinement protocol which is based on a dimer
dimer was generated and the refinement was carried out with thi the asymmetric unit. An independent refinement with strict non-
dimer coordinates in the space groBf,. This was essential as crystallographic symmetry imposed between the monomers did
X-PLOR did not accept a disulfide specification between symme-not significantly alter the refinement statistics.

try related subunits. The initial map calculated was examined for The remarkable stability of this mutant enzyme has been inter-
the electron density corresponding to the two disulfide cross-linkgpreted to be a consequence of covalent reinforcement of a poten-
using O(Jones et al., 1991; Fig. 2A)BThe stereochemical pa- tially fragile region of the interface, which may be involved in
rameters for the two disulfides observed in the crystal structure araon-native aggregate formation by partially unfolded structures

(155-188) re.s= 2.03 A, yo.s= —98.48, xi' = —62.88, x? = (Gokhale et al., 1994 Covalent cross-linking of the labile portion
—62.83, xj= —53.14, x7= —94.69 ; (188-155) rs.s= 2.13 A, of the interface has presumably made the dimer packing more
Xss= —103.18, xi* = —68.58, x? = —61.06, xj = —54.35, rigid.
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Fig. 2. A: 2F, — F. electron density maps at the oxidized site 155-188e disulfide density and approximate orthogonal geometry
about the S-S bond are depict&l. The symmetry related site 188155
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The RMS deviation between corresponding @toms of the triosephosphate isomerase: Restoration of stability by disulfide cross-
mutant and wild-type 4TMS structures, including segments of higl}_mr"”k'ng of subunits Biochemistry 38178-486.

. A . h | dy LW, Finer-Moore JS, Montfort WR, Jones MO, Santi DV, Stroud RM.
temperature factors, is 0.49 A. Inspection of the crystal structure 1987. Atomic structure of thymidylate synthase: Target for rational drug

does not reveal any significant change in the dimer interface in- design.Science 23%148—455.
teractions as a consequence of disulfide cross-linking. The obHoward AJ, Gilliland GL, Finzel BC, Poulos TL, Ohlendorf DH, Salamme F.

e 1987. The use of an imaging proportional counter in macromolecular crys-
served structural results suggest that enhanced stability is almost tallography.J Appl Cryst 20383-387.

entirely a consequence of covalently gluing the two subunits. Thegnes TA, Zou JY, Cowman SW. 1991. Improved methods for model building
present study thus emphasizes the utility of the disulfide modeling protein models in electron density maps and the location of errors in these
program MODIP for identifying sites for introduction of disulfide _ models.Acta Cryst A47110-119.
. . Navaza J. 1994. AMoRe: An automated package for molecular replacement.
bridges by mutagenesis. Acta Cryst A5157—163.
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