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AN example of two related enzymes that catalyse similar reactions
but possess different active sites is provided by comparing the
structure of Escherichia coli thioredoxin reductase with glutathione
reductase’. Both are dimeric enzymes that catalyse the reduction
of disulphides by gyridine nucleotides through an enzyme disul-
phide and a flavin®. Human glutathione reductase contains four
structural domains within each molecule: the flavin—adenine di-
nucleotide (FAD)- and nicotinamide—adenine dinucleotide phos-
phate (NADPH)-binding domains, the ‘central’ domain and the
C-terminal domain that provides the dimer interface and part of
the active site>*. Although both enzymes share the same catalytic

FIG. 1 Stereo diagram of electron density at 2.0 A resolution
for the FAD group and redox-active disulphide of mutant TR
(Cys 138 to Ser). The model for the FAD group and residues
134-138 in TR are shown in thick lines, with the sulphur and
oxygen side-chain atoms of residues 135 and 138 indicated
with open circles. The N*° atom of the flavin ring system is
at the bottom. The model for residues 57-63 in GR* is also
shown in thin lines. The C, atoms of the GR FAD/central
domains were optimally superimposed on TR (Figs 2 and 3).
This transformation results in the FAD groups of the two
proteins being closely aligned (r.m.s. deviation, 0.8 A). The
resulting orientation of the active-site residues 57-63 in GR
are shown in thin lines, with the redox-active sulphurs of
residues 58 and 63 indicated by open circles. The electron
density was generated using coefficients (|F,| —|F.|) exp (ie), 3
where F, and F, are the observed and calculated structure
factors and «a. is the calculated phase, with the FAD group
and residues 134-138 omitted from the phase calculation.
The final refined structure (Fig. 2) was used for the calculation.
Contour levels corresponding to 3.5 s.d. above the mean are shown. Crystals
of the (Cys 135 to Ser) mutant protein®, space group P6322, with a=b=
123.7 A and c=81.6 A (ref. 17), were soaked for 16-20 h in 40% polyethyl-
ene glycol (M,=3,500) with 0.2 M lithium sulphate and either 2 mM ethyl
mercury phosphate (EMP) or 0.2mM 14-diacetoxy mercury-2,3-
dimethoxybutane (Baker’'s dimercurial). An Enraf-Nonius FAST area detector
system mounted on an Elliot GX-21 rotating anode X-ray generator was
used to collect data sets to 3 A resolution, using only one each of the native
and derivative crystals. The resulting native data set is 95% complete to
3 A resolution, and has an overall Rsym(/) of 5%. Five mercury sites for the
EMP derivative and two sets of paired sites for the Baker’s dimercurial were
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mechanism and similar tertiary structures, their active sites do not
resemble each other®S. We have determined the crystal structure
of E. coli thioredoxin reductase at 2 A resolution, and show that
thioredoxin reductase lacks the domain that provides the dimer
interface in glutathione reductase, and forms a completely different
dimeric structure. The catalytically active disulphides are located
in different domains on opposite sides of the flavin ring system.
This suggests that these enzymes diverged from an ancestral
nucleotide-binding protein and acquired their disulphide reductase
activities independently.

Thioredoxins are small redox-active proteins that have diverse
functions. In E. coli, thioredoxin is reduced by NADPH-depen-
dent thioredoxin reductase (TR; ref. 7). The three-dimensional
structure of TR was determined by multiple isomorphous
replacement (Fig. 1) and consists of two molecules which inter-
act closely to form a symmetric dimer. Each molecule has three
clearly delineated domains, which correspond to the FAD,
NADPH and central domains of glutathione reductase (GR)
(Fig. 2). The tertiary structure of TR is very similar to that of
the first three domains of GR, the chief differences being a
change in the orientation of the NADPH domain and the dele-
tion of a helix (Fig. 2). Nineteen of the 21 B strands in TR
correspond to elements in GR; the other two are located at the
N terminus and near the redox-active disulphide that is a distinct
feature of the TR sequence (Fig. 3). Likewise, five of the seven
a helices and three of the four 3, helices in TR align with
corresponding elements in GR. A notable feature of the struc-
tural alignment is the relative displacement of the NADPH
domains in the two enzymes. This corresponds to a rotation of
one of these domains by 66° about the two 3 strands that connect
it to the FAD and central domains, leaving the backbone
structure relatively unperturbed (Fig. 2). On aligning the
FAD/central domains and the NADPH domain separately, the
root-mean-square (r.m.s.) deviation in C, positions is 1.8 A for
the FAD/central domains and 2.0 A for the NADPH domain
for core residues comprising about 70% of the TR sequence.
Including in the alignment only those C, atoms that deviate by
less than 2.5 A results in r.m.s. deviations of 1.1 A both in the
FAD/central domains and in the NADPH domain, with 54%
and 65% of the TR residues satisfying this criterion in the two
parts of the structure, respectively. These results are similar to

located by Patterson map and difference Fourier analysis. Refinement of
heavy atom parameters®® resulted in phasing powers, f,/E of 1.37 and
1.27 for EMP and Baker's dimercurial, respectively, including anomalous
scattering. The phases were further improved by solvent flattening®®,
increasing the mean figure of merit from 0.59 to 0.85. These phases were
used to calculate a map at 3 A resolution, from which the main chain was
readily traced. Refinement at 3 A resolution was carried out by restrained
molecular dynamics using the programs X-PLOR?°2' and FRODO?2. The
resulting structure was used directly to initiate refinement at 2 A resolution,
using data for the (Cys 138 to Ser) protein (Fig. 2).
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FIG. 2 Stereo diagram of the C, atoms of TR and the FAD/
central domains and the rotated NADPH domain of GR. Thick
lines, TR C, atoms (residues 1-316) and all nonhydrogen
atoms of the FAD group. The last four residues are not visible
in the electron density map. The active-site cysteines are
indicated by shaded circles, below the flavin ring system. Thin
lines, GR FAD (residues 18-158), central (291-356) and
NADPH (159-290) domains, and the FAD group®. The active-
site cysteines are indicated by shaded diamonds, above the
flavin. The FAD/centrat (taken together) and the NADPH
domains of GR were superimposed on the corresponding
domains of TR by rigid-body rotations and translations (Fig.
3). Once the FAD/central domains of the two proteins were
brought into alignment, the NADPH domain of GR was rotated
by 66° as a rigid body in order to align it with the NADPH
domain of TR. This motion can be described as a rotation
about the two-stranded B-sheet separating the regions, with atoms in the
hinge region (residues 160 and 289) shifting only by ~1.5A. The helix
formed by residues 63-80 in GR is missing in TR. The structural mode! of
TR is for a (Cys 138 to Ser) mutant. Data to 2 A resolution were measured
at Beamline X12-C, Brookhaven National Laboratory (in collaboration with R.
M. Sweet). The current model for this mutant includes 2,447 non-hydrogen
protein and FAD atoms and 217 water molecules, with individual temperature
factors refined for all atoms. The R-factor is 17.7% for data between 6 A
and 2.0 A, including 21,106 observed structure factors with amplitudes
greater than 2, which corresponds to 93% of the unique data. The deviations
from ideal bond iengths and angles are 0.0019 A and 3.2°, respectively, and

the deviations obtained on superimposing globin structures with
comparable sequence identity®.

The redox-active cysteines are in different locations in the
two enzymes (Figs 1 and 2). But, both enzymes have sequence
or structural similarities in the regions corresponding to the
disulphide of the other enzyme. The sequence TSDGFF (single-
letter amino-acid notation) in GR (residues 176-181) aligns with
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only three non-glycine residues have backbone dihedral angle values in
disallowed regions of the Ramachandran diagram?3. The structures of the
two TR mutants are very similar, with rm.s. deviations of backbone atoms
of 0.1 A and with the terminal sulphur and oxygen atoms of residues 135
and 138 in positions that are indistinguishable at this resolution. This
suggests that these structures provide good models for that of the wild-type
enzyme. Details of the structure and refinement at 2 A resolution will be
published separately (T.S.RK., R. M. Sweet, CHW. and J.K., manuscript in
preparation). The structural model for GR is that of Karplus and Schulz,
refined at 1.54 A resolution (Protein Databank Entry 3GRS)*.

the active-site sequence TCDGFF in TR, and this hexapeptide
is the one with greatest sequence similarity in the entire align-
ment (Fig. 3). At the site of the GR disulphide (residues 58-63),
the first turn of the « helix is in structural alignment with a 3,
helix in TR (Figs 2 and 3). Together with the homology in
secondary structural elements and the presence of several other
clustered regions of relatively high sequence similarity, this
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FIG. 3 Sequence alignment of E. coli TR® and human erythrocyte GR* based
on secondary and tertiary structure (single-letter amino-acid notation). A
less extensive but similar alignment based on sequence alone has been
reported’. Boundaries between the FAD, central and NADPH domains are
shown by vertical lines; the N- and C-terminal segments constitute the FAD
and central domains, with the NADPH domain in the middle. Vertical bars
indicate sequence identity, and the active-site cysteines are boxed. The
overall sequence identity is 21%. Secondary structure code: E, B sheet; H,
a helix; 3, 3;, helix; the assignment for TR was done on the basis of
hydrogen-bonding patterns®*, with somewhat relaxed criteria as described
for GR*. Regions of tertiary structural similarity are shaded. The FAD/central
and the NADPH domains are treated separately for the evaluation of this
similarity, as their relative orientations differ (Fig. 2). A least-squares
procedure was used to superimpose C, atoms, initially by aligning the
secondary structure elements. Insertions and deletions in the sequences
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were then determined by increasing the list of residue pairs used in the
least-squares superpositioning and removing those that appeared to be
structurally inequivalent. Although subjective, the results are unambiguous
in most cases. Residues 47-59 of TR are underlined to indicate that they
do not align with the residues below. Only four aligned segments are not
considered to be structurally equivalent. All are helices that are present in
both structures but play unique roles in TR and have changed their orienta-
tions substantially: residues 60-72, 183-195 and 305-320 (TR) are part
of the dimer interface, and residues 135-14 include the redox-active cys-
teines. 137 residues in the FAD/central domains and 96 in the NADPH
domain are considered structurally equivalent. This corresponds to 72%
and 74% of the total in each part of the TR sequence, respectively, and the
root-mean-square deviation from equivalent residues in GR is 1.8 A and
2.0 A, respectively.
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suggests that both proteins have evolved from a common ances-
tor. The FAD and NADPH domains of TR and GR both contain
the Baf nucleotide-binding motif® and an additional anti-
parallel B sheet, and may have arisen by gene duplication'®,
Previous comparison of GR and an FAD-containing monoxy-
genase, p-hydroxybenzoate hydroxylase, revealed structural
similarity in their FAD domains and some common elements
in their central domains''. Elements of divergent as well as
convergent evolution were indicated, but distinguishing between
the two mechanisms was difficult because of the absence of
sequence identity, the lack of structural similarity in the NADPH

NADPH 2 ‘\

&S

FAD/central 2 €4
A
7

2 O\

FIG. 4 Schematic diagrams of the dimeric structures of a TR and b, GR (ref.
1). Helices are shown by ribbons, strands of 8 sheet by arrows2®. Domains
in different monomers within the dimers are labelled 1 and 2 and the FAD
domains of monomer 1 are in the same orientation. One of the NADPH
domains of GR is hidden. The approximate locations of the redox-active
cysteines are shown by shaded circles. The interface domains, shown here
for GR, have no counterpart in TR. The arrows indicate two symmetry related
loops that in TR interact across the dimer interface and are widely separated
in GR. The change in relative orientation of these loops indicates the large
change in relative orientation of the monomers. The total surface area buried
on dimer formation in TR is 2,950 A2, of which 39%, 44% and 17% are
contributed by the FAD, central and NADPH domains, respectively. This is
in contrast to GR, where the buried surface area is much farger (3,590 A?),
and where the interface domain provides the largest buried surface area
(57%), along with a smaller contribution® from the FAD domain (37%). The
accessible surface areas were calculated using a probe of radius 1.6 A
(ref. 26).
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domains and fundamental differences in the reactions cata-
lysed''. By contrast, TR and GR catalyse very similar reactions
that differ only in substrate, and share a sequence similarity
showing relationships in all three domains of TR

In contrast to the similarity in tertiary structure, the dimeric
forms of the enzyme are completely different (Fig. 4). Dimer
formation in GR involves an interlocking of the interface
domains, with each one making contacts with the interface and
FAD domains of the other molecule and forming the deep
crevices that are the binding sites for glutathione'. In TR, there
are two shallow depressions at the dimer interface, on the same
face of the enzyme. These are probably the thioredoxin binding
sites, as the side chains of both reactive cysteines are exposed
at each depression consistent with mechanistic studies'. Dimer
formation in TR requires no additional structural elements other
than those that are also present in GR (Fig. 4). The conformation
of the FAD group and its position in the FAD/central domains
is conserved between TR and GR (Fig. 2). Relative to the flavin
ring system, the other components of the catalytic machinery
are considerably rearranged: the redox-active disulphides are
on opposite sides of the flavin ring system in the two enzymes,
and the NADPH domains are rotated with respect to one
another. Note that the redox active cysteines in TR stack against
the flavin (Fig. 1) in a location that is coincident with that of
the nicotinamide ring of NADPH in GR'?, indicating that the
mode of pyridine nucleotide binding in TR is very different. In
GR the redox-active cysteines and the catalytic base (His 467)
are contributed by different monomers', whereas in TR the
probable active site base (His 245)'* is in the same molecule as
the cysteines.

The process of convergent evolution that has led to the alterna-
tive dimeric structures and active sites has occurred with the
preservation of the structural framework of the FAD/central
and NADPH domains, confirming the intrinsically modular
construction of these enzymes. Another example of the in-
dependent acquisition of similar function by proteins that have
diverged from a common ancestor is the dimeric clam
haemoglobin, which has subunits that resemble those of tetra-
meric mammalian haemoglobin'®. The dimer interface is com-
pletely different, however, and provides for an allosteric
mechanism which is unrelated to that found in mammalian
haemoglobins®’. O
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