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Abstract

We report here the first three-dimensional structure of a mammalian thioltransferase as determined by single crys-
tal X-ray crystallography at 2.2 A resolution. The protein is known for its thiol-redox properties and dehydro-
ascorbate reductase activity. Recombinant pig liver thioltransferase expressed in Escherichia coli was crystallized
in its oxidized form by vapor diffusion technique. The structure was determined by multiple isomorphous replace-
ment method using four heavy-atom derivatives. The protein folds into an «/8 structure with a four-stranded mixed
B-sheet in the core, flanked on either side by helices. The fold is similar to that found in other thiol-redox pro-
teins, viz. E. coli thioredoxin and bacteriophage T4 glutaredoxin, and thus seems to be conserved in these func-
tionally related proteins. The active site disulfide (Cys 22-Cys 25) is located on a protrusion on the molecular surface.
Cys 22, which is known to have an abnormally low pK, of 3.8, is accessible from the exterior of the molecule.
Pro 70, which is in close proximity to the disulfide bridge, assumes a conserved cis-peptide configuration. Muta-
tional data available on the protein are in agreement with the three-dimensional structure.
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thioltransferase

Thiol-disulfide oxidoreductases, which include the thioltrans-
ferase, glutaredoxin, thioredoxin family of proteins, play a vi-
tal role in maintaining the redox status of sulfhydryl groups
inside the cell and thus participate in catalyzing and/or regulat-
ing a variety of cellular functions (Holmgren et al., 1986; Wells
et al., 1993). They typically transfer electrons from NADPH to
the substrate in reactions coupled with other specific enzymes.
Thioltransferase and glutaredoxin derive their reducing equiv-
alents from glutathione, which in turn is linked to the glutathi-
one reductase/NADPH system, whereas thioredoxin utilizes the
thioredoxin reductase/NADPH pathway for the same purpose.
Thioltransferase (Askelof et al., 1974) and glutaredoxin (Holm-
gren, 1976) were initially discovered due to different properties
but were later found to be highly homologous in mammalian
cells and in fact were shown to be one and the same protein by
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immunological studies (Gan & Wells, 1988). Thioredoxin, on the
other hand, has similarities in function but not in the primary
structure.

Thioltransferase is widely distributed in living cells. It has been
isolated from a variety of sources, e.g., yeast (Nagai & Black,
1968), bovine liver (Racker, 1955; Hatakeyama et al., 1984), rat
liver (Askelof et al., 1974), pig liver (Gan & Wells, 1987a), hu-
man placenta (Larson et al., 1985), and human red blood cells
(Papov et al., 1994). The protein is found to be highly conserved
in its primary sequence. Pig liver thioltransferase is one of the
most extensively characterized proteins in this family. It has been
purified (Gan & Wells, 1986), sequenced (Gan & Wells, 1987b),
cloned (Yang et al., 1989), and expressed to a high level in Esch-
erichia coli (Yang & Wells, 1990). The protein (MW 12 kDa) is
a single polypeptide chain of 105 residues. The N-terminus, nor-
mally found acetylated in the natural enzyme (Gan & Wells,
1987b), is free from modifications in the recombinant form. The
lack of modification, however, does not seem to have a signifi-
cant influence on the catalytic or the kinetic properties of the
E. coli-expressed protein. PLTT, like other members of the thiol-
disulfide oxidoreductase family, is characterized by the presence
of two Cys residues separated by two other residues in its ac-
tive site. It has been proposed that the two Cys residues (22 and
25) can assume dithiol or disulfide forms in a reversible fash-
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ion. The two states of the protein have distinguishable isoelec-
tric points, 6.1 for the reduced form and 6.9 for the oxidized.
In the recombinant protein these values shift to 6.9 and 7.9,
respectively, probably due to the absence of the N-terminal
blocking group (Yang & Wells, 1990). Chemical modification
experiments using iodoacetamide (Gan & Wells, 1987¢) have
shown that Cys 22 has an abnormally low pK, of 3.8. Many of
the functionally important residues have been identified and
characterized by site-directed mutagenesis experiments { Yang &
Wells, 1991a). Thioltransferase catalyzes thiol-disulfide inter-
change among a broad range of substrates, which include small
molecular weight disulfides and protein molecules (Mannervik
& Axelsson, 1978). In addition to this well-known thiol-redox
property, it has been shown to possess dehydroascorbate reduc-
tase activity, a function also displayed by protein disulfide isom-
erase in vitro (Wells et al., 1990, 1995).

We describe here the three-dimensional structure of the re-
combinant PLTT determined by X-ray crystallography at 2.2 A
resolution. This forms the first X-ray structure report of a mam-
malian protein from the thiol-oxidoreductase family of proteins.
Thioredoxin from E. coli (Holmgren et al., 1975; Katti et al.,
1990) and glutaredoxin from T4 bacteriophage (S6derberg et al.,
1978; Eklund et al., 1992) have been studied by X-ray crystal-
lography earlier. NMR structures have been reported for E. coli
glutaredoxin, E. coli thioredoxin, and human thioredoxin in ox-
idized and reduced forms (Dyson et al., 1990; Forman-Kay
et al., 1991; Sodano et al., 1991; Xia et al., 1992). Because of
the high degree of sequence homology among thioltransferases,
the present structure might serve as a template for the three-
dimensional folds of other proteins in this entire family.

Results and discussion

Overall fold

Thioltransferase is a globular protein with approximate di-
mensions of 22 A x 30 A x 38 A. The basic fold consists of a
B-pleated sheet in the core of the molecule flanked on either side
by helices (Fig. 1; Kinemage 1). On one side the helices run
roughly parallel to the strands, whereas on the other side, one
of the helices stretches across the sheet. The sheet, being in the
center of the molecule, is largely formed of hydrophobic resi-
dues. Helices, on the other hand, show an equal distribution of
hydrophobic and hydrophilic residues. Nonpolar residues make
van der Waals-type contacts with those of the sheet to create two
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Table 1. Secondary structure elements in thioltransferase

82 83 B4

B-Strands Bl

Residues 13-18 41-47 71-75 76-80
Helices al @l al3 ad ol
Residues 1-8 22-33 52-64 81-92 93-102

large hydrophobic cores on either side of the sheet, whereas the
polar residues are distributed mostly on the exterior surface.

Secondary structure

Thioltransferase is a compact molecule with a large fraction of
its residues (nearly 88%) belonging to well-defined secondary
structural elements. The fold consists of two units, ofaf3 and
BBca connected by a helix (Table 1; Kinemage 1). These second-
ary structural elements are linked by intervening reverse turns.
Helices account for nearly 55% of the sequence and sheet for
about 21%. The structure is stabilized by sequentially short-
range and long-range interactions. The nonregular segments are
also found to be positioned firmly in place through strong in-
teractions often mediated by backbone atoms. These features
are consistent with the known relatively high thermal stability
of the protein (Gan & Wells, 1986).

The central 3-sheet consists of four strands, of which three
run in one direction and one in the opposite direction. The
strands are mixed such that three are antiparallel (31,83,34),
with only the edge strand (32) rununing parallel to the adjacent
strand (S 1) (see Fig. SA). The pattern of the parallel (p) and the
antiparallel (a) strands may be described as 2pla3a4. The reg-
ularity in hydrogen bonding pattern is broken between 33 and
(34 due to a 3-bulge at residue 78. The bulge accentuates the twist
in the 8-sheet. 3-Bulges have been observed at structurally anal-
ogous sites, between the last two consecutive antiparallel strands,
in the structures of other thiol-oxidoreductases (Katti et al.,
1990; Eklund et al., 1992).

Helices @1 and «3 pack on one side of the sheet. o2, a4, and
«S are on the other side. «3, which connects two nonadjacent
strands, runs across the sheet. All of the helical stretches are
straight and indicate no significant bending in their helical axes.
a4 and o5 are contiguous in sequence but distinct in structure.
A break at Gly 92 between them leads to an abrupt change in

Fig. 1. Stereo view of the C* backbone of
thioltransferase. The N- and C-termini and
active site disulfide are labeled. The active
site is located on a protrusion on the sur-
face of the protein.
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direction by nearly 90°. E. cofi thioredoxin and T4 glutaredoxin
have only one C-terminal helix in place of a4-a5.

Within the helices, the hydrogen bonding pattern follows the
expected geometry fairly well. Distortions, if any, occur mostly
in the terminal turns. C-terminal ends often have a serine or a
threonine residue, which utilizes its side-chain hydroxyl group,
instead of the backbone amide, to complete the hydrogen bond-
ing interaction with the carbonyl oxygen atom of the previous
turn. In «1, the Ser 7 hydroxyl group hydrogen bonds to the car-
bonyl group of residue 4 (2.8 A) instead of the backbone am-
ide of residue 8. «2 ends with a hydrogen bond, Ser 33 OG- --O
residue 29 (2.8 A). At the end of «3, Thr 64 OG1 interacts with
the carbonyl oxygen of residue 60 (2.8 A).

Thermal parameters

Figure 2 shows the distribution of thermal parameters along the
polypeptide chain. The average B-values for the backbone at-
oms and all the atoms in the structure are 13.9 A% and 16,9 A2,
respectively. The entire polypeptide chain is well ordered. As
might be expected the 3-strands, which form the core of the mol-
ecule, exhibit the lowest B-values. Helices, being on the surface,
display relatively higher thermal factors. Two of the highest
peaks in Figure 2, at residues 21 and 51, correspond to loops ex-
posed to the solvent. At residue 21 the polypeptide chain makes
a sharp turn to form the protrusion that encompasses the active
site (Kinemage 1). Both the N- and C-termini are well positioned.
They, in fact, form lattice-stabilizing salt bridges in the extended
crystal structure.

Active site

The active site contains two cysteine residues separated by two
other residues in a sequence, Cys 22-Pro 23-Phe 24-Cys 25
(Kinemage 2). In the oxidized form, the S atoms of the two
Cys residues make a disulfide bridge forming a 14-membered
cyclic ring. It is located in a protruding region on the surface
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of the protein. Residues 19-22 (Lys-Pro-Thr-Cys), just prior to
the active site disulfide ring, form a reverse turn on the exterior
of the molecule to create the protrusion. Cys 22 occurs at the
amino-terminal end of helix «2 and is exposed to the exterior
of the protein as shown in Figure 1. The sulfur atom makes a
hydrogen bond with the main-chain nitrogen atom N25 (3.3 A).
These features are well conserved in thiol-oxidoreductases and
may have structural significance. Cys 25, the disulfide partner,
occurs almost one turn later in the interior of the molecule. Of
the two cysteines, Cys 22 is known to be more reactive from al-
kylation experiments. Its pK, is estimated to be as low as 3.8
(Gan & Wells, 1987¢). The thiol group of this reactive cysteine is
proposed to lead a nucleophilic attack on the substrates during
catalysis (Yang & Wells, 1991b). The partial positive charge at
the amino-terminal end of the helix (Hol, 1985) might contrib-
ute in enhancing the nucleophilicity of this thiol group. The
22SG- - - N25 cysteinyl hydrogen bond might also add to its re-
activity by stabilizing the thiolate form. The functional Cys 22,
being exposed to the exterior of the molecule, is accessible to giu-
tathione and other substrates.

Lys 19, Arg 26, and Lys 27 are the three charged residues clos-
est to the active site. They are displayed in a semicircle around
the disulfide bond, with their C* atoms located approximately
5.0, 6.3, and 8.3 A away from the S-S bridge as shown in Fig-
ure 3. The charged groups on their side chains lie further out
than their respective C* atoms in the oxidized form. Of the
three residues, Arg 26 has a potential to swing its side chain so
as to bring its positively charged guanidinium group closer to
the active site without much steric hindrance. It could thereby
stabilize the anionic thiolate group of Cys 22 in the reduced form
of the protein. Arg 26 may thus be critical for enhancing the re-
activity of Cys 22. Site-directed mutagenesis experiments have
shown that mutation of this Arg to Val greatly reduces the ac-
tivity of the protein (Yang & Wells, 1991a). Negatively charged
residues are distributed on the second annulus with their C* at-
oms roughly 15 A away from the active site and further out.
Asp 46 is the only residue (9.2 A) closer.

o3 a4 oS

53 70 88 105

Residue #

Fig. 2. Plot of the average temperature factors (A?) for backbone atoms against residue number.
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Geometry of the disulfide bridge is very similar to that found
in E. coli thioredoxin and T-4 glutaredoxin. The side-chain
torsion angles are, x, = 168°, x, = —137° for Cys 22 and x, =
—63°, x, = 81° for Cys 25. The torsion angle about the S-S
bridge is 73°. These values are very close to those observed
in E. coli thioredoxin and T4-glutaredoxin structures. The
14-membered rings, shown superimposed in Figure 4, are geo-
metrically very similar, but different in sequence, Thioltransfer-
ases contain a very conserved Cys-Pro-Phe/Tyr-Cys sequence.
In thioredoxin and T-4 glutaredoxin, it changes to Cys-Gly-Pro-
Cys and Cys-Val-Tyr-Cys, respectively. These differences may,
to some extent, account for the differences in their characteris-
tics. Mutations in this short stretch of the polypeptide have been
shown to have a marked influence on the properties of thiore-
doxin (Krause et al., 1991) and glutaredoxin (Joelson et al.,
1990) molecules.

The disulfide bridge is located in a hydrophobic environment.
Ile 18, the aliphatic portion of Lys 19-Pro 20, just preceding o2,
and Val 69-Pro 70, from the loop between a3 and 83, surround
the disulfide bond. The S-S bond stacks on the Pro 70 ring. Pro-
line 70 assumes a cis-peptide configuration (see Fig. 7) and
projects its side chain away from the backbone toward the ex-
terior of the molecule. This cis-proline may have structural
significance. All thiol-oxidoreductases solved so far contain a
proline residue in cis-configuration at a structurally analogous
site. The proline-76-alanine mutant of thioredoxin, which is less
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Fig. 3. Stereo view of the C* backbone with
the side chains of charged residues, looking
down the active site disulfide bond, which is
shown in thick lines (highlighted by an aster-
isk). Lys and Arg residues are shown in solid
lines and Glu and Asp in dotted lines.

likely to have a cis-peptide at this site, was found to be less ac-
tive and less stable (Kelley & Richards, 1987).

Variants of the the wild-type protein

Many of the functionally important residues have been identi-
fied through-site directed mutagenesis experiments (Yang &
Wells, 1991a). Cys 22 variants were inactive, consistent with the
hypothesis that it plays a central role in the electron transfer re-
actions mediated by this protein. Arg 26 was found to be respon-
sible primarily for lowering the pK, of Cys 22. As discussed
above, the structure seems to support this hypothesis. Lys 27 has
been implicated in stabilizing the ES intermediate. It is close to
the active site and could possibly be a part of the interaction sur-
face with the substrate. There is a second pair of cysteines,
Cys 78 and Cys 82, in eukaryotic thioltransferases. Mutational
analyses indicate no direct role of these two cysteines in cataly-
sis. The structure indicates that Cys 78 is on 34 at the bulge
and Cys 82 is at the beginning of «4. The Sy atoms of these
two residues are more than 13 A apart and thus cannot form a
disulfide bond of relevance for catalysis. The amino-terminus
is located on the surface of the protein. In the present struc-
ture, it makes an intramolecular salt bridge with Asp 52.
N-acetylation, found in the wild-type natural enzyme, would in-
terfere with the salt bridge but can be accommodated easily with-
out any major alteration in the structure.

Fig. 4. Stereo view of the 14-membered ring
formed by the disulfide bond in thioltransferase
(Cys-Pro-Phe-Cys in solid lines) shown super-
imposed on that from E. coli thioredoxin 2TRX,
Cys-Gly-Pro-Cys in dashed lines) and T4-
glutaredoxin (1AAZ, Cys-Val-Tyr-Cys in dotted
lines). Numbering refers to the PLTT sequence.



2002

C C

Katti et al.

N C N

Fig. 5. Schematic representation of the folding of (A) thioltransferase, (B) T4 glutaredoxin, and (C) E. co/i thioredoxin. 8-Strands
are shown as thick arrows and helices as rectangular boxes. Striped helices are on the front side of the sheet and open ones on
the other side. Location of the active site is highlighted with a circle.

Comparison among thioltransferases

Alignment of the primary structures of mammalian thioltrans-
ferases shows a high degree of sequence identity, exceeding 80%
(Wells et al., 1993). Even among the changes, most are found
to be conservative substitutions. In our model, all of the changes
map to the surface of the protein. The core and the overall fold
are completely retained. Thus, the present structure may be used
as a template for the structures of all of the proteins in the thi-
oltransferase family.

Comparison with other thiol-oxidoreductases

The overall fold of thioltransferase is very similar to that of
E. coli thioredoxin and T4 bacteriophage glutaredoxin. They es-
sentially contain a mixed 3-sheet in the core packed on either
side by helices. E. coli thioredoxin, which is 108 residues long,
has an additional 3-strand tagged on at the N-terminal end. Glu-
taredoxin, which contains only 87 residues, starts with 31 with-
out the first helix, as shown schematically in Figure 5. The fold
seems to be characteristic of these functionally related proteins.
Even in larger proteins, like bacterial DsbA and glutathione-S-
transferase, domains that mediate thiol-redox functions retain
the same fold (Reinemer et al., 1991; Ji et al., 1992; Martin
et al., 1993).

Even though the overall fold is similar in thioltransferase,
thioredoxin and glutaredoxin molecules, there are distinct dif-
ferences in the relative orientations of their secondary structural
elements in three dimensions. When these molecules are viewed

from a similar direction with respect to the active site disulfide
(Fig. 6), major differences are observed on the a1/a3 face of
the molecule. «1 in thioltransferase is packed more or less on
the middle of the B-sheet. It makes contacts with residues on the
central two strands. In thioredoxin, the analogous helix is shifted
laterally toward one end of the sheet due to its link with the ad-
ditional N-terminal strand. This helix is missing altogether in the
T4-glutaredoxin structure. Helix corresponding to «3, which
connects two nonadjacent strands of the mixed 3-sheet, varies
in length but is oriented spatially in a somewhat similar fash-
ion. The common four strands of the 3-sheet and the helix o2
show more striking similarities in their relative orientations. The
C-terminal helix in glutaredoxin is oriented close to a4, and in
thioredoxin it is somewhat similar to « 5. Thioltransferase con-
tains both.

The region close to the active site in thioltransferase is flat and
devoid of any pronounced clefts like in the thioredoxin struc-
ture. In this respect, it is distinctly different from T4 glutare-
doxin, which has been described as having a cleft-like active site
pocket created by surrounding loops (Eklund et al., 1992). Even
though the disulfide conformation is very similar in the three
molecules, the architecture of the neighboring region, especially
close to the « 3 helix, is very different due to the varying lengths
of this helix in the three proteins. Consequently, the segment
linking «3 to the B33c«a motif is seen to span spatially different
regions with respect to the molecule. These three proteins,
though functionally related, are known to interact with differ-
ent effector macromolecules in the cell. Differences in their
three-dimensional structures observed here might contribute in
conferring such specificities.

Fig. 6. C* backbone traces of thioltrans-
ferase (solid lines), E. coli, thioredoxin
(2TRX, dashed lines) and T4-glutaredoxin
(1AAZ, dotted lines) viewed from a simi-
lar direction with respect to the active site
disulfide (labels refer to PLTT). «1/a3 face
of the protein is on the left side.
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Materials and methods

Crystallization

Recombinant PLTT was purified according to the procedure de-
scribed by Yang and Wells (1990). The enzyme, usually stored
at —70°C in 25 mM phosphate, pH 6.5, 25% glycerol, was
thawed and treated with 10 mM hydroxyethyl disulfide at room
temperature for 30 min to convert it to the oxidized form. The
sample was dialyzed against 10 mM sodium phosphate buffer
at pH 6.5 to remove excess reagents and then concentrated to
10 mg/mL using Centricon 3 tubes (3,000 MW cutoff). The pro-
tein was homogeneous by SDS gels. It was crystallized by va-
por diffusion in a hanging drop setup. Five microliters of the
protein sample was mixed with 5 uL of the reservoir solution
containing 60% saturated ammonium sulfate, 100 mM acetate
buffer at pH 5.5, and then equilibrated against the reservoir at
4 °C. Rectangular plate-like crystals grew in clusters over a week
and were large enough (0.2 X 0.2 x 0.02 mm) for X-ray diffrac-
tion experiments. Typically, the crystalline clusters had to be cut
to separate a single crystal, as judged by extinction properties
under polarized light, before mounting for X-ray analysis. The
crystals were stored in an artificial mother liquor containing
100 mM acetate buffer at pH 5.5 with 70% saturated ammonium
sulfate solution.

Data collection

Single crystals, mounted inside sealed glass capillaries along
with a droplet of the synthetic mother liquor, showed X-ray
diffraction patterns extending to beyond 2.2 A resolution. The
crystals were characterized using 25 well-centered reflections col-
lected on a Rigaku AFC-5R diffractometer with CuK« radia-
tion from a Rigaku RU300 rotating anode source. They belong
to the monoclinic system, space group P2, witha =23.4, b =
64.4,¢=29.5A, and 8 =91.1°. The unit cell contains two pro-
tein molecules and 35% solvent with V,, = 1.87 A3/Da, which
is close to the lower end of the range of values observed for pro-
teins (Matthews, 1968). Three-dimensional X-ray diffraction
data were collected at room temperature using a multiwire
SDMS dual area detector system in 0.1° w frames, counting each

Table 2. Heavy-atom derivative data statistics
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frame for 30 s (Xuong et al., 1978). The crystals were stable un-
der X-ray irradiation for at least 2-3 days, long enough to col-
lect the entire data set from one single crystal. The data were
integrated and processed using the software package provided
by SDMS (Howard et al., 1985). Data sets from the derivative
crystals were complete to 2.8 A resolution with R, erge in the
range 4.4-6.2%. The native data set contains a total of 4,467
unique reflections extending to 2.2 A resolution (99% complete)
with R,,eree = 5.6%.

Structure determination

The structure was solved by the MIR method using four differ-
ent heavy-atom derivatives: (1) HgCl; (2) HgO; (3) HgAu dou-
ble derivative; and (4) pCMBS. The derivatives were prepared
by soaking native crystals in synthetic mother liquor contain-
ing the respective heavy-atom reagents at 1 mM concentration.
The double derivative was obtained by soaking gold chloride-
derivatized crystals in HgCl solution according to the same pro-
cedure. The pCMBS derivative had one single mercury site,
whereas the rest indicated heavy atom substitutions at multiple
locations. Phases obtained from the pCMBS derivative were
used to identify heavy atom sites in the other three by cross dif-
ference Fourier calculations. These positions matched the solu-
tions obtained independently by interpreting the difference
Patterson maps as well as by vector search procedure using the
program HASSP (Terwilliger et al., 1987). Heavy-atom deriv-
ative statistics are summarized in Table 2.

Heavy-atom parameters were refined by a least-squares pro-
cedure to minimize lack of closure errors using the PROTEIN
package (Steigemann, 1992). Anomalous dispersion data were
included during phase calculation. The overall mean figure of
merit converged to 0.88 for data up to 3.0 A resolution. Elec-
tron density maps calculated at this stage were partially inter-
pretable. Three of the four strands in the 8-sheet and parts of
helices could be traced. Phases computed from the partial model
consisting of 76 residues built as “polyalanine” were combined
with the MIR phases with equal weighting. The combined mean
figure of merit increased to 0.89 and the maps revealed 91 resi-
dues with recognizable sequence. The phase combination pro-
cedure was repeated in two more rounds, using increasingly

Native pCMBS

Soak duration (h) 12
Concentration (mM) 1
Total reflections 21,047 10,617
Unique data 2,199 2,084
Complete to 2.8A 99.6% 96.1%
R-merge* 0.045 0.05
R-isomorphous® 0.14
No. of sites 1
R-cullis® 0.77

Phasing power¢ 1.15

HgCl HgO HgAu
12 96 12+12
1 1 1+1
23,591 16,372 10,951
2,167 2,165 2,179
99.4% 99.3% 99.5%
0.044 0.062 0.057
0.16 0.18 0.13
2 4 2
0.57 0.36 0.57
1.98 3.53 1.97

3 Remerge = £,Z,|1(h); — (I(A)| /E4E, 1 (h).
® R-isomorphous = L, | I(deri) — I(nati)| /L, I(nati).

¢ R-cullis = EY| FPH | + |FPops| — | FHear| /Z| FPHops| + | FPopl -

4 Phasing power = fu/RMS lack of closure error.
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Fig. 7. A section of the final 2F, — F_ electron density map with cal-
culated phases at 2.2 A resolution shown superimposed on Pro 70-
Arg 71-Val 72-Phe 73-Ile 74-Gly 75 of the protein model. The contours
are drawn at the 1.50 level. Arg side chain is clipped in the Z-direction.
Pro 70 has a cis-peptide configuration.

larger portions of the interpreted protein model (91 and 101 res-
idues). The maps generated at this stage (figure of merit = 0.92)
indicated very clearly the complete trace of the polypeptide chain
and the side-chain orientations.

The amino acid sequence fits the electron density maps un-
ambiguously as shown in Figure 7. The protein model was built
on an ESV work station using FRODO (Jones, 1978). The pro-
tein molecules pack in the unit cell without making any un-
acceptable contacts with the symmetry-related molecules.

Refinement

The structure has been refined using data between 8 and 2.2 A
resolution by a simulated annealing procedure followed by
positional refinement in the program package X-PLOR (Briin-
ger, 1992). The resolution was extended stepwise by adding data
in shells of (sin /). The atomic temperature factors were held
fixed at 18 A2 during the initial stages. The model was rebuilt
over the course of the refinement using (2F, — F,) and omit
maps. The individual isotropic B-factor refinement was initiated
at 2.4 A resolution (R = 0.24) setting the target B-factor devia-
tion for bonded atoms in the backbone and the side chains to

Katti et al.

Table 3. Refinement statistics

Resolution (A) 8-2.2
Number of unique reflections 4,369
R-factor 0.189
R-free 0.264
Non-hydrogen atoms of protein 818
Water molecules 67
Average B-factors (A?)
Backbone 13.9
All atoms 16.9
RMS bond length deviation (A) 0.012
RMS bond angle deviation (°) 2.7
RMS AB for bonded atoms (A:) 33

1.5 A2 and 2.0 A2, respectively. Water molecules were picked
from peaks larger than 3¢ in the difference Fourier maps using
the program SOLVENT (Katti et al., 1990) to make sensible hy-
drogen bonding interactions. Water molecules that refined with
individual Bs greater than 60 A% were omitted. The procedure
was repeated until no additional waters were picked. The
R-value for the final model, consisting of 105 amino acid resi-
dues and 67 water molecules, with acceptable stereochemistry
(o-bond =0.012 A, 6— bond angle = 2.7°) is 0.189 for all data
between 8 and 2.2 A resolution. The R-free calculated for 10%
of the test data set not included in refinement is 0.264. The re-
finement statistics are summarized in Table 3. The coordinates
have been deposited in the Brookhaven Protein Data Bank. The
Ramachandran plot shown in Figure 8 indicates that the back-
bone conformation lies well within the allowed region.
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Fig. 8. Ramachandran plot for the main-chain torsion angles (¢, ).
Glycine residues are marked as +.
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