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The crystal structures of three forms of Escherichia coli thicredoxin reductase have been
refined: the oxidized form of the wild-type enzyme at 2-1 A resolution, a variant containing
o cysteine to serine mutation at the active site (Cys138Ser) at 20 A resolution, and a
complex of this variant with nicotinamide adenine dinucleotide phosphate (NADPY) at
23 A rcsolution. The enzyme mechanism involves the transfer of reducing equivalents from
reduced nicotinamide adenine dinucleotide phosphate (NADPH) to a disulfide bond in the
enzyme, vie a flavin adenine dinncleotide (FAD). Thioredoxin reductase contains FAD and
NADTPH binding domains that are structurally similar to the corresponding domains of the
related enzyme glutathione reductase. The relative orientation of these domains is, however,
very different in the two enzymes: when the FAD domains of thioredoxin and glutathione
reductases are superimposed, the NADPIH domain of one is rotated by 66° with respect to
the other. The observed binding mode of NADP™ in thioredoxin reductase is non-productive
in that the nicotinamide ring is more than 17 A from the flavin ring system, While in
glutathione reductase the redox active disulfide is located in the FAD domain, in
thioredoxin reductase it is in the NADPH domain and is part of a four-residue sequeice
(Cys-Aia-Thr-Cys) that is close in structure to the corresponding region of thioredoxin (Cys-
Gly-Pro-Cys), with a root-mean-square deviation of 922 A for atoms in the disulfide bonded
ring. There are no significant conformational differences hetween the structure of the wild-
type enzyme and that of the Cys1388er mutant, except that a disulfide bond is not present
in the latter. The disulfide hond is positioned productively in this conformation of the
enzyme, i.e. it stacks against the flavin ring system in a position that would facilitate its
reduction by the flavin. However, the cysteine residues are relatively inaccessible for
interaction with the substrate, thioredoxin. These results suggest that thioredoxin reductase
must undergo conformational changes during enzyme ecatalysis. All three structures
reported here are for the same conformation of the enzyme and no direct evidence is
available as yel for such conformalional changes. The simplest possibiliby is that the
NADPH domain rotates between the conformation observed here and an orientation similar
to that seen in glutathione reductase. This would alternately place the nicotinamide ring
and the digulfide bond near the flavin ring, and expose the cysteine residues for reaction
with thioredoxin in the hypothetical conformation. Such jarge-scale rotation is plausible
because the NADPH domain of thioredoxin reductase makes relatively few inter-domain
contacts with other parts of the dimeric enzyme. It is remarkable that these two enzymes,
which catalyze very similar reactions and have clearly diverged from a common origin; are
so different in the details of their active site architecture and their reaction mechanisms,
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1. Introduction

Thioredoxin reductase catalyzes the reduction by
NADPHY of a redox-active disulfide bond in the
small protein thioredoxin (Moore ¢t al., 1964;
Zanetth & Williams, 1967 Ronchi & Williams, 1967,
Thelander, 1968) and is a member of the family of
pyridine nuclectide-disulfide  oxidoreductases
{Schirmer & Schultz, 1987, Williams et al., 1991;
Williams, 1992). These enzymes couple the oxida-
tion of nicotinamide adenine dinucleotide (phos-
phate) (NAD(PJH) to the reduction of substrates,
that usually contain disulfide bonds. The enzymes
themselves contain a redox active disulfide and a
tightly bound flavin cofactor (FAD). The flavin ring
system mediates the transfer of reducing equiva-
lents from NADPH to the disulfide bond. Other
members of this enzyme family include glutathione
reductase (Schulz et al., 1978), mercuric ion reduc-
tase (Schiering ef af., 1991), lipoamide dehydro-
genase {Mattevi ef al., 1991), trypanothione
reductase (Kuriyan e al., 199le; Hunter et al.,
1992), NADH peroxidase (Stehle et al., 1991, 1993).

Glutathione reductase is a well-understood
member of this enzyme family, and it ean serve as
the prototype for describing the reaction mechan-
ism. The availability of high resolution crystal
structures for the enzyme alone and in complex with
its substrates and cofactors has resulted in a
detailed understanding of the structural basis of the
reaction mechanism (Schule e al., 1978, 1982
Thieme et al., 1981; Pai & Schulz, 1983; Karplus &
Schulz, 1987, 1989, Pai et al., 1988; Karplus ef al.,
1989). The architecture of glutathione reductase is
modular: there are two Rossman-type nucleotide-
binding domains (Rossmann et al., 1975) that bind
FALD and NADIH, respectively. Figure 1 shows a
schematic representation of the dimeric enzyme,
based on Schulz ef al. (1978) and illustrates how two
sets of the nucleotide binding domains are brought
together by a pair of “interface” domains. The
hinding site for NADPH places the nicotinamide
ring in close contact with the re face of the flavin
ring system, allowing the stereospecific transfer of a
hydride ion (Manstein ef al., 1988). The enzyme’s
own disulfide bond, which is reduced by the flavin,
is adjacent and on the other (s7) side of the flavin
ring system. This redox active disulfide bond is at
the base of a deep crevice in the structure formed at
the dimer interface in which glutathione binds. The

t Abbreviations used: NADPH, reduced nicotinamide
adenine dinuclotide phosphate; FAD, flavin adenine
dinucleotide; NADP", nicotinamide adenine dinucleotide
phosphate; r.m.s., root-mean-square; F,, observed
structure factor; F calculated structure factor;

2., calculated phase angle; B, = ZE(J;— (I,
where [ is a particular measured value of the intensity
of a reflection, including symmetry related ones, and
{1} is the average value of the intensity for that
reflection. The inner summation is over all
measurements for a particular reflection. and the outer
summation is over all unique reflections.

NADPH domain

interface

interface

NADPH domain
GLUTATHICNE REDUCTASE

NADPH domain

FAD domain FAD domain

THIOREDOXIN RECUCTASE
{crystal structure)

THIOREDOXIN REDUCTASE
(hypothetical rotated NADPH domain)
Figure 1. Schematic representation of the dimeric
forms of glutathione reductase, thioredoxin reductase as
derived from the crystal structure and thioredoxin redue-
tase with a rotated NADPH domain (based on Schulz ef
al., 1978). The rotation brings the NADPH domain into a
configuration, with respeet to the FAD domain, similar to
that in glutathione reductase and also allows productive
interaction between the nicotinamide ring of NAPDH and
the isoalloxazine ring system of FAD. The izoalloxazine
ring system, the nicotinamide ring and glutathione are
indicated as fl. nic and GSSG, respectively. The enzyme’s
own disulfide group is indicated ag 2 small black circles.

final step in the reaction, the disulfide/dithiol inter-
change with the substrate, occurs at this site. Tt is
clear from the crystallographic studies that gluta-
thione reductase has independent binding sites for
all the players in the catalytic cycle. Thus, NADPH
oxidation and substrate reduction can proceed with
no major conformational changes in the enzyme,
This enzyme architecture is seen to be essentially
unchanged in mercurie ion reductase, trypanothione
reductase, lipoamide dehydrogenase and NADH
peroxidase.

In light of the fact that the prototypic gluta-
thione reductase mechanism involves such exquisite
spatial relationships between the different reaction
partners, the gene sequence of thioredoxin reductase
revealed surprising features (Russel & Model, 1988).
On the one hand, sequence similarity with gluta-
thione reductase indicated clearly that thioredoxin
reductase is a closely related enzyme (Williams et
al., 1991). However, the interface domain of gluta-
thione reductase is entirely missing. Since this
domain is a central component of the dimer inter-
face and the active site of glutathione reductase (see
Fig. 1}, thioredoxin reductase must have a com-
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Table 1
X-ray dota collection and refinement statistics

Resclution

(A) Reflections Unigue 9%, Complete Beymmt
A. X-ray dota collection
(Cys 1388er) enzyme, FAST 20-0 to 20 135,848 21,981 87 0-064
detector at Brookhaven
Synchrotron
(Cys 1383er} enzyme soaked with 200 to 2-3 54,6560 17,238 94 G056
10mM NADP+, RAXIS on
rotating anode
Wild-type enzyme, RAXIS in 20-0 to 2-10 54,700 19,643 85 0057

rotating anode

(Cys1388er) enzyme

(Cys1388er) enzyme
soaked in 10mM NADP?

Wild-type
enzyme

B. Refirement

Resolution 6to20A 6 to 23 A 6to 21 A
Reflections (I 2) 21,102 16,181 18,50%
Number of atoms 3494 3510 3404
Solvent molecules 164 158 164
Crystallog_ra;.)hic _R-fa.ctor 177% 17-9% 19-2%,
r.m.s. deviation in bond length 01T A 0-008 A 0008 A
r.m.s. deviation in bond angles 2:9° 2:3° 23°

T Boymm, agreement factor between intensities of symmetry-related reflections.

pletely different architecture, Ancther surprising
finding is that the enzyme’s redox active disulfide is
not present in the FAD domain (where it is found in
glutathione reductase), but is, instead, in the
NADPH domain. The crystal structure of a mutant,
thioredoxin reductase (Cys138Ser) has been deter-
mined previously (Kuriyan ef al., 199158), and shows
that the enzyme contains NADPH and FAD-
binding domains that are very similar to those of
glutathione reductase. Thioredoxin reductase is
dimeric, but the dimer interface is formed mainly by
the FAD domain instead of the interface domain,
which is missing (Kuriyan et al., 1991b). The
NADPH domain is rotated by about 66° relative to
its orientation in glutathione reductase. This results
in the enzyme’s redox active disulfide (located in
this case in the NADPH domain) stacking against
the re face of the flavin ring system in a position
that corresponds to the location of the nicotinamide
ring of NADPH in glutathione reductase. NADPH
is known to transfer a hydride ion to the flavin with
the same stereospecificity in thioredoxin reductase
as is observed for glutathione reductase (Manstein et
al., 1988), suggesting that the interaction between
the nicotinamide ring and the flavin is similar at
some point in the reaction eycle. However, the
observed conformation of thioredoxin reductase in
the crystal structure is inconsistent with the binding
of NADPH in a productive mode.

The original structure determination of thio-
redoxin reductase was done using an active site
mutant (Cysl138Ser) that crystallizes more readily.
Here, we describe details of the structure of wild-
type Fscherichia coli thioredoxin reductase, and
show that it is essentially identical to that of the
mutant enzyme. We have so far been unable to
obtain erystals of the enzyme complexed with either

NADPH or thioredoxin, and thus have no direct
views of the enzyme in its reduced state. However,
the structure of the NADP* complex clearly shows
the location of this nucleotide in the enzyme and,
together with other details of the structure, quite
clearly implicates a large conformational change
during catalysis.

2. Materials and Methods

(a) Determination and refinement of the structures
of the mutant (Cysi38Ser) and wild-type forms of
thioredoxin reductase

Purified proteins were obtained as described by
Prongay el al. (1989). Thioredoxin reductase contains a
single redox-active disulfide at the active site, formed
between Cys135 and Cysld8. For reasons that are not
clear, mutant forms of the protein where either cysteine is
replaced by serine crystallize somewhat more readily than
the wild-type enzyme. However, crystals of the wild-type
enzyme can be obtained that are large enough for high
resolution data collection (Kurivan et al., 1989), and
crystals of all 3 forms of the enzyme are isomorphous
{(space group P6,22, a=b=1238A, ¢=81564 |
molecule in the asymmetric unit). X-ray data to 2:0 A
resolution were obtained for the (Cysi38Ser) mutant at
beamline X12-C, Brookhaven National Synchrotron
Light Source, Upton, New York. A FAST area detector
(Enraf-Nonius, Delft, The Netherlands) was used, with
X-rays of wavelength 1-1 A. Intensities were integrated
over 01 deg. oscillations, using exposures of 10 to 20s.
A total of 135,848 measurements of 21,981 unique reflec-
tions to 2:0 A resolution were merged with an overall
R w1} of 8:49,. Data from 6 A to 2:0 A were used in the
refinement, which proceeded using simulated annealing
and least-squares optimization, essentially as described by
Weis el al. (1990) and implemented in the program
X-PLOR (Briinger, 1988). Examination of electron
density maps and manual adjustments to the model were
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carried out using the programs FRODO and O (Jones,
1985; Jones et al., 1991}. Details of the final model are
given in Table 1.

X-ray intensity data collection for the wild-type
crystals was carried out using a Rigaku R-AXIS TIC
imaging phosphor area detector, mounted on a Rigaku
RU200 rotating anode X-ray generator (Molecular
Structure Corp., Houston}. Typical crystal to detector
distances and exposure times were 100 mm and 30 min,
respectively, for 1 deg. oscillations. Data processing and
reduction were done entirely by software provided by
Rigaku. X-ray data collection statistics are reported in
Table 1. Reflections between 6-0 and 21 A resolution with
[ Fadl = 26(|F )y were used for refinement, which started
from the highly refined model for the (Cys138Ser) mutant.
A difference electron density map showed the presence of
a disulfide bond between Cysl35 and Cysl38. The stereo-
chemical restraints were modified to account for the
disulfide. Least-squares refinement (using the Powell
optimization in X-PLOR (Briinger, 1988)) resulted in an
R-factor of 1929, from an initial value of 27-49. The
root-mean-square (r.m.s.) deviation from ideal values for
bonds and angles is 0.008 3 and 2-3° respectively,
{Table 1).

(b) The structure of the enzyme/NADP" complex

Crystals of the mutant (Cys13838er) enzyme were used
for NADP" binding studies since crystals of the wild-type
enzyme were not available in large numbers. The erystals
were stabilized in 409, polyethylene glycol (average
molecular mass of 3-:3kDa) and 200 mM ammonium
sulfate and were soaked in 10 mM NADP™ or 10 mM
NADPH (Boehringer-Mannheim, Germany) for 1 week at
21°C. Soaking crystals in higher concentrations of
NADP* or NADPH was attempted, but led to crystal
cracking andjor loss of diffraction. No attempt was made
to exclude air from the crystallization setups. Electron
density maps obtained from soaks with either NADP* or
NADPH are similar, and we assume that the oxidized
form is bound in either case and the structure described is
for the NADP* form. X-ray intensity data cecllection
proceeded as for the wild-type enzyme (Table 1}, Initial
refinement was carried out using the model of the mutant
enzyme from which the water molecules were deleted. A
difference electron density map was calculated using this
mode! and with coefficients (|F | —|F |)e~*. Clear density
features corresponding to bound cofactor were observed
in the NADPH domain (Fig. 2). The NADPH domain of
glutathione reductase (including the model for bhound
NADPH) was then superimposed on that of thioredoxin
reductase, and it was clear that the density features in the
difference map corresponded closely to the structure of
NADP* as observed in glutathione reductase (Pai ¢t al.,
1988; Karplus & Schulz, 1989). As in glutathione redue-
tase, density for the nicotinamide ring is very weak. A
model for NADP* was constructed based on the electron
density and the co-ordinates of NADPH from glutathione
reductase. This model was then used in & 2nd round of
least-squares refinement using X-PLOR, with stereo-
chemical parameters for NADPH kindly provided by
Martha L. Ludwig and Carl C. Correll (University of
Michigan, Ann Arbor, Michigan, U.S.A.). The water
molecules were reincorporated into the model, deleting
only those that were within 5 A around the NADP?
molecule. At the end of this round of optimization, the
R-factor was 1829, Analysis of temperature factors
indicated that the occupancy of NADP™ is likely to be

Figure 2. Electron density around the NADP™
molecule, shown in a chicken wire representation. The
electron density map was ealculated using (|1F | —|F |)e
coefticients, where |F_| is the observed structure factor
amplitude and |F | and g, are the amplitudes and phases
calculated from a model of the mutant enzyme that does
not include the NADP* model. The contours shown are at
1'0 (blue) and 2-0 (red) standard deviations above the
mean value of the electron density in the map. The
NADP* molecule is shown as overlying yellow stick
figures. Note that the nicotinamide ring is not well local-
ized in the electron density,

partial. The occupancy of the cofactor was set to 03,
which results in temperature factors for the NADIP* that
are comparable to those for side-chains observed to co-
ordinate the cofactor. Despite the partial binding, density
for the adenine and pyrophosphate components of
NADP* are unambigucus. The nicotinamide ring,
however, is largely disordered and cannot be placed
clearly in the electron density.

All co-ordinates and X-ray structure factors have heen
deposited in the Protein Data Bank, Brookhaven
National Laboratory, Upton, New York. Accession
numbers for the Cys138Ser mutant are 1trb and ltrbsf.

3. Results
{a) Quality of the structure

The accuracy of the atomic model was first
checked by caleulating electron density maps uging
coefficients (|F,|—|F )e ™, with various parts of
the structure deleted from the model used for struc-
ture factor calculations (omit maps). Maps calcu-
lated using coefficients (2F,— F)e ™  show
continuous density for the backbone of the entire
molecule, except for one loop in the NADPH
domain (residues 224 to 232). Very few side-chains



804 Refined Structure of Thioredoxin Reductase

Figure 3. Electron density around the redox active
disulfide, shown in a chicken wire representation. The
electron density map was calculated using (|FD|—|Fc|)e"“‘
coefficients, where |F,| is the observed structure factor
amplitude, and |F | and &, are the amplitudes and phases
calculated from a model of the wild-type enzyme that
does not include residues 134 to 139 (the redox active
disulfide includes Cys135 and Cys138) and the FAD. The
overlying stick figures in yellow represent the refined
atomic co-ordinates. The redox active disulfide is
indicated by its participating sulfur atoms. Also indicated
is the C4a atom of the FAD that is involved in thiolate
adduct formation.

are in poor density, and these are arginine and
lysine residues on the surface of the molecule
fresidues 184, 188, 189). A representative omit
map, obtained by deleting the redox active
cysteines and intervening residues (135 to 138) is
shown for the wild-type structure in Figure 3. This
map shows strong density for the two sulfur atoms
in the disulfide bridge, in contrast to maps calcu-
lated for the Cys138Ser mutant, which clearly show
the lack of the disulfide bond.

The dependence of the R-factor on resolution is
shown in Figure 4 for the Cys138Ser mutant, and
implies an apper limit of about 0-25 A for the overall
error in atomic positions (Luzzati, 1952). The iso-
tropic temperature factor profile and solvent access-
ibility for the enzyme is shown in Figure 5. The
highest temperature factors occur in the loops
connecting secondary structural elements. However,
temperature factors in a region of the NADPH
domain beween residues 176 and 232 are signifi-
cantly higher on average than in other regions of the
structure. Notably residues 223 to 232 corre-
gponding to a disordered surface loop in the

0.4 : . . ,
0.35
0.30
03 ors I
§ Q.20
£ g2 -
@ 0.1
0.10
0.1 L
o . : : . .
o 0.1 0.2 0.2 0.4 05 0.5

ifd

Figure 4. R-factor wersus resolution (1/d) for the
(Cys138Ser) enzyme. The lines corresponding to the upper
estimates of errors in atomie co-ordinates are taken from
Luzzati (1952). d is the Bragg spacing in A.

NADPH domain show very high mobility. This loop
is not close to either the disulfide or the NADPH
binding site. Excluding this region (223 to 232) of
high mobility, the average B-factor for main-chain
atoms is 189 A, A Ramachandran plot for both
glycine and non-glycine residues of the mutant
enzyme is shown in Figure 6 (Ramachandran &
Sasisekharan, 1968). Only three of the (¢,if) com-
binations fall outside the conformational energy
map for glycine and aianine tripeptides {Brant &
Schimmel, 1967; Peters & Peters, 1981). These
residues are Thr47, Asp58 and Lysl84. Except for
Lys184, for which the density is poor, all other
residues are unambiguously defined by the electron
density.

apy arz ON3 ON1  anz O3
PO C o OICOO OO o—~——io) F-oc—oa———]
5
0 FAD domain NADPH domain FAD domain
o oo oo m o coooo o oo oo o
- - Ll L) - - L] LI |

be + - + -

average b-factor

o S0 00 150 2o 250 300

residue number

Figure 5. Average isotropic temperature factors for
protein  backbone wersus residue number for the
(Cysl388er) wmutant enzyme. B-factors are in A% The
sequence boundaries of the 2 domains are indicated.
Secondary structure elements are reported with arrows
indicating f-sheets and cylinders indicating o-helices.
Circles indicate regions of the structure with solvent
accessibility of side-chain atoms above 20 A% Filled
circles indicate regions of the structure involved in dimer
formation. {+) indicates regions of the structure involved
in crystal contacts and not in dimer formation.
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1‘.. E %

w2 (b)Y Comparison of the structures of wild-type enzyme
and CysI38Ser mutant

The structures of the wild-type and mutant
enzyme are essentially identical, except in the
immediate vicinity of the changed residue. The
overall r.m.s. deviation in backbone and side-chain

% o atom positions for the two structures are 0-15 and
N Pl 110 % S g 0-31 A, respectively. There is little structural differ-
. ence (r.m.s. deviation in backbone of 0:09 A) in the

geometry of the region corresponding in the wild-
type to the redox active disulfide. The only signifi-
cant shift is for the hydroxyl group of Ser138 in the
i Cys138Ser mutant structure, which moves by (-4 A,
i ; compared to the equivalent sulfur atom in the

oo Ei—r-—’i;—w\ L . Cys138 side-chain of the wild-type enzyme.
=180 =120 -60 [} B0 120 1680
. . ® {c) Structure of the thioredoxin reductase monomer
Figure 6. Conformational angles for the (Cysi38Ser) o
mutant enzyme (Ramachandran plot). The non-glycine A diagram showing the organization of secondary
residues are indicated by x and the glycines by crossed  structure elements is presented in Figure 7 and a
squares. schematic representation of the three-dimensional
backbone fold of the molecule is shown in Figure 8
FAD
DOMAIN
o
. . |
active sile .
helicesinGR o |
A o e linGR |
LT I

59

Figure 7. Schematic drawing of the secondary structure of thioredoxin reductase. a-Helices are shown as cylinders and
B-strands as arrows. The intervening loops are indicated with continuous lines, The numbers at the beginning and the
end of the secondary structural elements are the sequence numbers of the boundary residues. The FAD and NADPH
domains are boxed. Elements of the secondary structure in the 2 domains that can be aligned in 3 dimensions are shown
with shaded arrows or eylinders. Dashed boxes indicate sheets A and B in the 2 domains, with sheets A and B indicated
as Ap and Bg in the FAD domain, and Ay and By in the NADPH domain. Likewise, the helices are labeled ag, 2tp,, op; in
the FAD domain, and oy;. tnz, 8y, ong in the NADPH domain. Note that for clarity, the antiparallel f-sheet that
connects the FAD domain and the NADPH demain is included in the NAPDH domain. Broken lines indicate structural
elements of glutathione reductase that do not have counterparts in thioredoxin reductase.
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NADPH DOMAIN

disulfide

FAD DOMAIN

Figure 8. Schematic ribbon drawing (Kraulis, 1991) of
the enzyme monomer showing the pesition of NADP?
relative to the positions of the 2 other elements of the
active site, FAD and redox active dithiol. The a-helices
are shown as ribbon helices, §-strands as ribbons with
arrows, and loops are drawn as single lines. The redox
active dithiol is indicated as filled circles, and the FAD
and NADP” as balls and sticks. Note that the orientation
of the molecule is different from that presented in Fig. 13:
the f-sheet connecting the FAD and NADPH domains is
here clearly visible. Note that the nicotinamide ring of
NADP” is not well localized in the electron density.

{Kraulis, 1991}. The molecule is clearly comprised of
two compact sub-structures, which correspond to
the FAD and NADPH binding domains. The FAT
domain contains two non-contiguous regions of
sequence (residues 1 to 112 and residues 249 to 320),
and the NADPH domain (residues 113 to residue
248) represents an insertion in the FAD domain.
This architecture closely resembles that of gluta-
thione reductase, except that the interface domain
is lacking. Another important difference is the loca-
tion of the redox active disulfide bond, which in
thioreodoxin reductase is in the NADPH domain.
In each domain there are two fi-pleated sheets,
which are designated A and B in Figure 7. Parts of
sheets A and B of the NADPH and FAD domains of
thioredoxin reductase have extensive similarities
{see Fig. 7). Residues 7 to 111 of the FAID domain
and residues 146 to 242 of the NADPH domain form
the major part of sheets A and B in both domains,
The structures of these regions are similar, except
for an insertion in the loop between residues 37 and
59 in the FAD domain. Interestingly, this loop is an
essential structural element of the dimer interface
(see Fig. 11(a)). When the residues of this loop are
excluded from the alignment of the two regions, the

Table 2
Occurrence of 3 g-helices in the Cys1388er mutant
Residue ¢ e
Glnd2 —61 —24
Leud3 =75 —-17
Thra4 —-72 -4
Thr45 —101 2
Gly140 -6l —36
Phel4] 70 —21
Phel42 —62 —26
Tyr143 —104 24
Ala250 —58 —38
Tleu2s1 —57 —26
Phe252 — 100 -2
Asp286 —&67 —20
Val287 —61 —25
Met288 —113 15

r.m.s. deviation in C* positions is 23 A. Both regions
contain fi-o-fi-u-f folds (residues 7 to 82 of the FAD
domain, and residues 146 to 204 of the NADPH
domain) or “Rossman folds”’ (Rossmann ef al., 1975}
that form the binding sites for both dinucleotides.
The observed similarities between the FAD and
NADPH domains of thioredoxin reductase are con-
sistent with the suggestion of Schulz (1980) that the
two domains have arisen by gene duplication.

The domains are not, however, strictly similar in
their secondary structural topology. One strand
{residues 2 to 6) is added to the conserved part of
sheet A of the FAD domain, and two antiparallel
strands (residues 274 to 284) to the conserved part
of sheet B of the same domain, and one short strand
{residue 131 to 133) runs parallel to the conserved
part of sheet B of the NADPH domain. These
features extend sheet A and sheet B of the FAD
domain to a four and six-stranded f-sheet, respec-
tively, and sheet B of the NADPH domain to a five-
stranded f-sheet.

The FAD domain also contains a two-stranded
f-meander (residues 257 to 264), which forms part
of the dimer interface (see Fig. 11(b)}, as well as an
extended a-helix at the C-terminal end of the
molecule (residues 294 to 314), which also contri-
butes residues to the dimer interface. The NADPH
domain contains a small helix {residues 122 to 127),
which seems to position the redox active disulfide.
The helix that contains the redox active disuifide
(residues 136 to 145} is in a 3, conformation at its C
terminus. 3, helices are also observed in sections of
the sequence comprising residues 42 to 45, residues
250 to 252 and residues 286 to 288 (Table 2).
Interestingly, three of these 3,, helices are
conserved in glutathione reductase. The one non-
conserved 3,, helix (residues 42 to 45) corresponds
to a long a-helix in glutathione reductase that
contains the redox active disulfide bond of that
enzyme. Finally, the connection between the two
domains of thicredoxin reductase consists of a short
antiparallel f-sheet, which comprises residues 113 to
117 and 244 to 248.
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Figure 9. Representation of the f-structures. Hydrogen bonds are indicated with continuous lines connecting donors
and acceptors, and their lengths are given in A, Strand polarities are indicated with arrows. (a), The sheet structure of
the FAD domain, (b), The parallel §-structure of the NADPH domain. (¢), The antiparallel f-structure of the NADPH
domain. {d), The 2-stranded structure connecting the FAD and NADPH domains. (e), The antiparallel f-meander of the

FAD domain.

The detailed hydrogen bonding geometries of the
f-sheets are iilustrated in Figure 9. The total
number of residues found in helices or sheets is 211
of 316, or 679%, of which 42%, are found in helices.
Approximately 339, of the polypeptide chain
occurs in the form of loops and turns connecting
z-helices and f-sheets. There are 12 reverse turns
with a 1-4 hydrogen bond, listed in Table 3.

The NADPH domain and the FAD domain do
not interact extensively in the monomer. Only two
hydrogen bonding interactions involve residues of
the NADPH domain and residues of the FAD
domain: one between Gly129 and Thr47 and
another between Argl30 and Glu48, the latter
forming an ion pair. Other contacts between the two
domains are mediated through five water molecules.
Most. of the other intramolecular ion pairs {Tabie 4)
occur at the protein surface. One ion pair (Aspbd/
Arg67) seems to play a role in structuring a loop of
the FAID domain involved in dimerization (see
Figure 11(a)).

(d) Dimer structure

In contrast to the similarity in tertiary structure,
the dimeric form of thioredoxin reductase is com-

pletely different from that of glutathione reductase.
Schematic diagrams of the dimer structure of gluta-
thione reductase and thioredoxin reductase are
presented in Figure 1. Dimer formation in ghuta-
thione reductase 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

Table 3
1-4 Hydrogen bonded reverse turns in the
Cys1388Ser mutant

Residues ¢2° W2° ¢3°  ¥3®  Type
38 E-41 G -0 117 103 —-1a I
52 W-55 b —64 128 100 0 11

127 F-130 R —55 128 80 2 IT

141 F-144 R —62 -26 —104 24 I

143 Y-146 Q —a8 127 70 25 1T

213 D-216 G —56 —30 —88 —40 ITT

252 F-255 Q —61 132 81 —4 It

250 E-262 Y 49 39 93 —18 I’

272 N-275 Q —70 —26 —94 3 1

278 [-281 V —H8 127 100 —6 II

285 G-288 M —67 —20 —-61 =25 111

286 D289 D —6l —~25 —118 15 1
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Table 4
lon-pairs within the Cys138Ser monomer with
separation given in A

Table 5
Hydrogen bonds that stabilize the Cys138Ser dimer
enzyme complex with distances given in A

A. fon-pairs within the FAD domain

5 H NE2 106 D OD1 29
55 D OD1 67 R NH2 30
308 D OD1 311 R NH1 2-6
66 D OD2 67 R NHI1 26

B. lon-pairs between the FAD and NADPH domain
130 R NH1 48 T OF2 32

C. Ton-pairs within the NADPH domain

125 E OE1 128 K NZ 32
147 K NZ 170 E OE1 1
147 K NZ 170 E OEZ2 30
170 E OE2 172 H NE2 27
205 R NH2 232 £ OE2 29
209 E OE2 221 R NE 30
209 E OE2 221 R NHI 2-8

binding site of glutathione. In thioredoxin redue-
tase, dimer formation involves primarily the FAD
domain and depressions at the dimer interface are
very shallow.

Residues involved in dimerization through hydro-
gen bonding are listed in Table 5. There is an
extensive network of residues involved in dimer
contacts. Most contacts are provided by the FAD
domains of each monomer. Three a-helices (a;, o,
and o) in the FAD domain provide half of the
regidues of the FAD domain involved in dimer-
ization (compare with Fig. 10{(c)). Two loops (37 to
59 and 265 to 273) provide most of the remaining
contributing residues of this domain. These two
loops are clearly visible at the surface of the struc-
ture and form two arms that seem to take hold of
the other monomer (Fig. 10). Detailed illustrations
of the contribution of these two loops to the dimer
interface are given in Figure 11. Other residues
involved in dimer stabilization are contributed by
the NADPH domain through contacts with the
FAD domain of the other monomer. This type of
contact is not observed in glutathione reductase. A
total of 28 water molecules are involved in stabil-
izing the molecule at the dimer interface and do not
appear in clusters as in glutathione reductase. In
glutathione reductase, the largest solvent cluster is
at the dimer interface and contains 104 molecules
(Karplus & Schulz, 1987).

The total interface area buried upon dimerization
is 2000 A2, which is smaller than the dimer interface
surface of glutathione reductase (3590 A?)
(Richards, 1977; Janin & Chothia, 1990). However,
this amounts to nearly 219, of the total accessible
surface of the monomer instead of 15%, in gluta-
thione reductase. In thioredoxin reductase, the
interface area can be subdivided into six regions
shown in Figure 10. Two involve contacts between
the NADPH domain of one monomer with the FAD
domain of the other monomer and are shown in the
upper right and lower left circles of Figure 10(a).
The four other parts are indicated in the upper
central and lower central circles of Figure 10{a) and

A. Interactions between FAD domains

23 Y OH 204" 3 OEI 27
26 R NE 50" E OE2 31
26 R NH1 50" E OE2 B
50 E O 71" H NE2 2-8
4 GO 67 R NH2 32
54 G N 71" H NE1 30
56 P O 74 K NZ 27
57 N OD1 74 K NZ 31
259 E OEK1 270' H NE2 2-5
259 E OE2 270" H NE2 30
267 8 OG 267 8 0G 2-9
202 Y OH 2713 AN 32
308 D OD1 292" Y OH 27
308 D OD2 202 Y OH 34
B. Imteractions befueen FAD and NADPH domains

26 R NH1 138° 3 O 2-9
26 R NH2 138" 5 O 28
28 N O 144" R NE 30
166 N O 28" N ND2 28
180 R NE 314 DO 2-8
189 R NHI1 314" D OD! 30
183 R NH2 314" D ODI1 25
193 K NZ 314 D OD1 32
193 K NZ 314 D OD2 31
310 E OEI 166" N 01 32
314 D O 166 N O™ 30

10(b} and include an extensive and continuous
interface between the two FAD domains. The circles
shown in Figure 10{a) and 10(b) indicate regions
where surface loops from the two FAD domains
interact with each other. These circles define upper
and lower contact areas which are equivalent since
they are related by the 2-fold symmetry axis which
is in the middle of the dimer and perpendicular to
the plane of view in Figure 10. There is a hydro-
phobic core formed at the interface, between the
two central circles in the Figure, and this involves
close packing of the side-chains of Prol5, Prob3,
Trps2, Leu64, Met68, T1e296 and Ala299 with each
other and with their symmetry-related equivalents.
This hydrophobic core i3 a consequence of dimer
formation, and is distinet from the hydrophobic
cores that are within each separate domain.

The surface of the regions involved in contacts is
estimated to be 504 A2 for the NADPH/FAD upper
or lower contact area and 945 A? for the FAD/FAD
upper or lower contact area. Therefore, the
FAD/FAD domain interactions contribute most of
the dimer formation surface {659%,). Interestingly,
the contribution of NADPH/FAD domain inter-
actions to the dimer interface is not negligible.
However, one can note that the dimer interface
region involving the NADPH domain is located
opposite the site of NADPH binding and therefore
does not interfere with NADPH binding.

(e) Elements of the active site

The catalytic properties of thioredoxin reductase
distinguish it as a unique member of the family of
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NADPH 1

_dimer loop 2

dimer loop2 —

. dimer loop 1

dimer loop 1 -

(b)

flavoprotein disulfide reductases. For instance, thio-
redoxin reductase has an FAD with a redox poten-
tial which is less negative than that of other
members of the family and which is essentially the
same as that of the dithiol/disulfide couple. This
results in an enzyme which is able to undergo 4-elec-
tron reduction (O’Donnell & Williams, 1983). Also,
analysis of thioredoxin reductase variants mutated
at the redox active cysteines (Cysl38Ser and

OF1
dimer loop 2
OF3
OF2
dimer loop 2

Figure 10. The enzyme dimer looking down the 2-fold
axis. The 2-domain structure of each monomer is
indicated in red (FAD domain) and pink (NADPH
domain) for monomer 1, and dark blue (FAD domain) and
light blue (NADPH domain} for monomer 2. (a), Four
circles indicate regions of contact. The 2 most central
circles iabeled dimer loop 2 indicate 1 of the 2 loops
involved in dimer formation. Detail of the interactions
contributed by this structure iz presented in Fig. 11(h).
(b), The dimer was rotated 180° around an axis perpen-
dicular to the 2-fold symmetry axis of the molecule and
shows in the 2 circles the 2nd loop involved in dimer
formation. Detail of the interactions contributed by this
loop is presented in Fig. 11{a). {¢}, Ribbon drawing of the
enzyme dimer (Kraulis, 1991). «-Helices are shown as
ribbon helices, f-strands as ribbons with arrows, and
loops are drawn as single lines. The redox active dithiol is
indicated as filled circles and the FAD as balls and sticks.

Cys1358er) resulted in the identification of Cys138
as the thiol interacting closely with the flavin and it
was proposed that the other thiol (Cys135), by
analogy to glutathione reductase and lipoamide
dehydrogenase, was the interchange thiol. Both
mutants retained some catalytic activities,
suggesting that both cysteine residues are relatively
close to the flavin and that thioredoxin reductase
has & more open active site than glutathione reduc-
tase {O'Donnell & Williams, 1985; Prongay ef al.,
1989; Prongay & Williams, 1990, 1992). The analy-
gis of the X-ray structure below discusses these
points in detail.
(1Y The FAD binding site

The FAD group is very well defined in the elec-
tron density map and its conformation s virtually
identical to that of FAD in glutathione reductase.
The FAD molecules in glutathione reductase and
thioredoxin reductase superimpose with a r.m.s.
deviation between the two structures of only 0-36 A.
Also, as mentioned before, the binding site of the
FAD molecules do not significantly differ from that
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MONOMER 2

MONOMER 1

MONOMER 2

MONOMER 1
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Figure 11. Schematic representation of the 2 large
loops involved in dimer formation. (a), Dimer loop 1.

(b), Dimer loop 2.

observed in glutathione reductase (Schulz ef al.,
1982). The hydrogen bonding interactions between
protein and FAD are shown in Figure 12(a). The
FAT binds in a rather elongated conformation with
the flavin portion reaching out towards the NADPH
domain, but deeply buried in the protein, while the
adenine portion extends to its surface. The isoallox-
azine ring system is located at the o-helix side of the
parallel fi-sheet, while the adenine part is at the

other side of this sheet (Fig. 8).
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Figure 12. Schematic drawing of the FAD (a) and
NADP* (b) molecules. Residues interacting with FAD
and NADP* are in boxes. Also in boxes is the type of
atom involved in the interaction as well as the distances
in A between donors and acceptors. Broken lines indicate
hydrogen bonding. When the same atom contributes 2
interactions with the dinucleotide, the distances are
indicated on the broken line. The circle indicates disorder.
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As in glutathione reductase, the si-face of the
isoalloxazine ring system is covered by a poly-
peptide chain. However, in glutathione reductase
this segment of the chain contains the redox active
disulfide and is part of an extended helix. In thio-
redoxin reductase this segment of the chain is part
of a short 3,4 helix that does not contain the redox
active disulfide, which is, instead, in the NADPH
domain on the re-face of the isoalloxazine ring
system (Fig. 3).

A common feature of glutathione reductase and
other flavoenzymes, which is also seen in thio-
redoxin reductase, is the involvement of an
extended C-terminal helix (helix 2z, in thioredoxin
reductase) in stabilizing the N1-O2% region of the
ring system. The helix dipole field may influence the
charge distribution in the ring and therefore affect
the catalytic properties of the enzyme (Hol et al.,
1978). Also, as observed in glutathione reductase
and p-hydroxybenzoate hydroxylase, a peptide
NH-group in the first turn of this helix (residue 295)
forms hydrogen bonds with N1 and 02" of the
isoalloxazine ring system. The ribitol chain interacts
with residues {Asp286, Arg293 and GIn294) in the
loop connecting this C-terminal helix.

As in glutathione reductase, the N-terminal
region of helix ag, of thioredoxin reductase (residue
14 to 29} is very close to the pyrophosphate, and its
dipole field may stabilize the negative charge of this
group (Hol ef al., 1978). As in glutathione reductase,
and unlike p-hydroxybenzoate hydroxylase, there
are no positively charged side-chains to compensate
the negative charge of the pyrophosphate of the
FAD (Wierenga et al., 1979, 1983).

Another feature that is common to glutathione
reductase and p-hydroxybenzoate hydroxylase is
the stabilization of the adenine ribose moiety.
Backbone atoms of residues in the second strand of
the parallel f-sheet of the Rossman fold (Thr35) and
in the following loop (Met37, Glu38) contribute
binding interactions with the ribose, while the loop
connecting this sheet to the contiguous antiparallel
f-sheet is involved in interacting with the adenine
(His83 and TleB4).

(il) The NADPH binding site

One can easily recognize in the secondary struc-
ture elements of the NADPH domain of thioredoxin
reductase the typical fold which makes up the
dinucleotide binding site: the f-a-8-a-f or Rossman
fold (residue 146 to 204) with a f-strand added to it
{residues 237 to 242) and an additional antiparallel
fi-sheet (residues 206 to 236). This fold is very
conserved both in thioredoxin reductase and gluta-
thione reductase.

Difference map  calculated  using  the
(IF|—|F le~™ coefficients, where the structure
factor F, is calculated from the model for the
uncomplexed enzyme and ¥, is that measured for
the NADP* complex, revealed strong density
around the predicted dinucleotide binding site
(Fig. 2). The observed mode of binding is virtually
identical to that seen in glutathione reductase. As

found in glutathione reductase, NADP* binds in a
well-defined manner to the enzyme at the adenine
end, but the observed density is poor for the
nicotinamide ring. During refinement, occupancy
for the entire cofactor was set to half the occupancy
of the other atoms in the protein and that of the
nicotinamide moiety set to zero (that is, the nicoti-
namide ring was not included in the crystallo-
graphic term). The average temperature factor of
the NADPH domain is similar in the structures with
or without NADP~.

Hydrogen bonding interactions between the pro-
tein and the NADP* molecule are presented in
Figure 12(b). The region of the protein around the
2'-phosphate is positively charged with one arginine
residue (Argl76) stabilizing the negative charge of
the phosphate, and another arginine residue
(Argl81) interacting with the pyrophosphate and
the adenine ribose. These residues are contributed
by the loop of the Rossman fold connecting the
middle strand of the fold and the subsequent helix.
A similar pattern is observed in glutathione reduc-
tase where two arginine residues (218 and 224)
interact with the phosphate, and are involved in
neutralizing the pyrophosphate and stabilizing the
adenine ribose, The first helix of the f-a-f-a-f motif
contributes its dipole field to the stabilization of the
pyrophosphate. The interaction between the protein
and the nicotinamide moiety is not clear because of
the poor density around the nicotinamide ring.
Unlike in glutathione reductase, where there are as
many hydrogen bonds via water molecules as there
are directly with the protein, in thioredoxin reduc-
tase only one well-defined water molecule is
observed and it interacts with the pyrophosphate.
Finally, helix 294 to 314 (2g;), which plays an
important role in the interaction with the FAD,
does not have a counterpart in the NADPH
domain. Instead, helix ays plays a very different
role and presents the redox active disulfide to the
woalloxazine ring system.

The observed binding mode for NADP* places
the nicotinamide ring on the surface of the protein,
where it is more than 17 A from the flavin (Fig. 8).
It is unlikely that hydride transfer can occur
directly over this distance, implying that this is a
non-productive binding mode. It ig clear that the
binding of NADP* or NADPH at the concentration
used for the experiments described here is insuffi-
cient to trigger a conformational change in this
crystal form of oxidized thioredoxin reductase.
However, the use of higher concentration of
NADPH resulted in crystals cracking, which might
indicate a reorganization of the domains upon full
occupancy binding of the dinucleotide.

(it} The redox active disulfide site and potential
interactions with thioredoxin

A striking difference between glutathicne reduc-
tase and thioredoxin reductase, which was apparent
as soon as the sequence of thioredoxin reductase was
known (Russel & Model, 1988), is that the NADPH
domain and not the FAD domain contributes the
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active dithiol site in thioredoxin reductase. Figure 3
shows that the disulfide stacks against the re side of
the isoalloxazine ring system. The orientation of the
disulfide bond with respect to the flavin is different
in thioredoxin reductase and glutathione reductase:
it is more parallel to the isoalloxazine ring system in
the former, while it is nearly perpendicular in the
latter. However, one can clearly recognize the differ-
ence between the two thiols: one (Cys138} is nearer
the C4* atom of the FAD than the other (3-0 A for
Cys138 and 48 A for Cys135) and is therefore the
more likely candidate to form the covalent thiolate
adduct with the flavin after reduction {Prongay et
al., 1989; Prongay & Williams, 1990, 1992). The
conformation of the 17 atoms making up the disul-
fide bonded ring closely resembles that seen in thio-
redoxin with an r.m.s, of 0-22 A, despite the fact
that the structural scaffoldings are quite different in
the two proteins.

In lipoamide dehydrogenase and glutathione
reductase, an acid/base catalyst is involved in the
reaction mechanism. An active site histidine residue
in lipoamide dehydrogenase functions as a base
catalyst to deprotonate dihydrolipoamide for
nucleophilic  attack on the enzyme digulfide
(Matthews & Williams, 1976), while a histidine
residue (His467) in glutathione reductase acts as an
acid catalyst to protonate the first molecule of
glutathione (Wong et al., 1988). These acid/base
catalysts also form ion-pair partners for the nascent
thiclate in the apolar milieu of the active site. In
thioredoxin reductase, an active site base has been
implicated (O Donnell & Williams, 1983). His245 iz
the only histidine residue near the disulfide bhond,
but it is about 7-3 A from Cys135. Although it was
suggested that it could be the base catalyst involved
in the reaction (Kuriyan et al., 19914}, site directed
mutagenesis has shown that this is unlikely to be
the case (S. B. Mulrooney and C. H. Williams, Jr,
personal communication). His245 is homologous to
Arg29] in glutathione reductase and may play a
role in influencing the polarity near the FAD (Pai &
Schulz, 1983). Arginine 293 is located within 75 A
of Cys135 and could also provide potential stabiliza-
tion for the thiolate. Asp139 is the nearest potential
acid/base catalyst to the redox active disulfide
(62A from Cysl35 and 51A for Cysl38).
Mutagenesis of Aspl39 to Glu or Asn reduces
enzyme activity by 62 or 989, respectively; an
Aspl39Lleu mutant is without any measurable
activity. All three of these altered forms have
normal transhydrogenase activity showing that
catalysis involving only the FAD is unimpaired.
Aspl39Asn is reduced at the same rate as is the
wild-type enzyme, but reduced Aspl39Asn is
unreactive with thioredoxin (3. B. Mulrooney and
C. H. Williams, Jr, personal communication).

The substrate for thioredoxin reductase is
oxidized FKscherichia coli thioredoxin, the structure
of which has been determined at 1-68 A resolution
by X-ray crystallography (Katti el al., 1990). Tn its
oxidized configuration, the disulfide bond of thio-
redoxin reductase is not accessible for interaction

with the redox active disulfide bond of thioredoxin.
Simple modeling studies using the structures of the
two proteins make it clear that the formation of a
mixed disulfide bond between the two proteins,
which is thought to occur during catalysis, would
require significant changes in one or both partners.
In addition, the isoalloxazine ring system of the
FAD is also inaccessible to solvent, making a direct
interaction between thioredoxin and the flavin
highly unlikely.

4. Discussion

The structure of thioredoxin reductase presents
two puzzles. Although the disulfide bond is located
close to the flavin ring system, consistent with bio-
chemical experiments, the substrate thioredoxin is
too bulky to fit into the space near the disulfide.
Also, it is known that the nicotinamide ring of
NADPH transfers a hydride ion to the flavin with
the same stereospecificity as seen in glutathione
reductase {Manstein ef al., 1988). That is, at some
point in the enzyme reaction, the NADPH group is
likely to adopt a conformation similar to that seen
in glutathione reductase and excluded in this struc-
ture of thioredoxin reductase by the orientation of
the NADPH domain.

Figure 1 illustrates the major differences between
the crystal structure of glutathione reductase and
that of thioredoxin reductase. While the topology of
the active site in glutathione reductase explains the
flow of electrons from NADPH to glutathione, it is
difficalt to envisage a similar mechanism in thio-
redoxin reductase (Shultz, 1992). This discrepancy is
a direct consequence of the position of the redox
active cysteine pair in the amino acid sequence of
thioredoxin reductase with the redox active disul-
fide located in the pyridine nucleotide demain
rather than in the FAD domain as in glutathione
reductase and lipoamide dehydrogenase (Russel &
Model, 1988). The structures reported here confirm
that the different compartments of the active site in
thioredoxin reductase have undergone a profound
reorganization, with no close contaet (in this con-
formation of the enzyme) between the nicotinamide
ring of the NADPH and the isoalloxazine ring
system of the FAD, and with the redox active
disulfide interposing between the two dinucleotides.
However, extensive similarities between individual
FAD and NADPH domains of both glutathione
reductase and thioredoxin reductase hint at a
possible reaction mechanism.,

As mentioned above, the NADPH domains of
thioredoxin reductase and glutathione reductase are
very similar. If the FAD domains are first aligned,
the NADPH domains can be superimposed by
rotating one of them by 66°. When such a rotation
s applied to the NADPH domain of thioredoxin
reductase, leaving its FAD domain fixed, the
nicotinamide ring of NADPH is brought in close
contact to the isoalloxazine ring system with the
nicotinamide C-4 above the isoalloxazine N-5
{Fig. 13). These two atoms are responsible for
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Figure 13. The proposed conformational change. The
conformational change involves a 66° rotation of the
NADPH domain about the 2 strands connecting this
domain and the FAD domain. This results in a conforma-
tion that resembles glutathione reductase in terms of the
relative orientation of the NADPH and FAD domains.
Schematic drawings of thioredoxin reductase are shown
before (a} and after (b) the conformational change.
a-Helices are shown in light blue, §-strands in pink, and
non-regular structure in white, NADPT, FAD and the
redox active disulphide are shown as solid spheres with
NADP™ in green, FAD in yellow, and the redox active
digsulphide in red.

hydride transfer between the two dinucleotides
(Blackenhorn, 1976). This juxtapositioning is a
consequence of the fact that this rotation of the
NADPH domain in thioredoxin reductase results in
a conformation that mimics that of glutathione
reductase.

When this rotation is applied, the redox active
dithiol moves to the surface of the protein where it
is now accessible to thioredoxin. Tt is important to
note that there is no large steric hindrance to
prevent this rotation from happening in thioredoxin
reductase. We modeled 5 degree rotation steps
around the rotation axis and showed that the
NADPH domain can rotate around this axis

without severe close contacts being created.
Optimization of the modeled structure by energy
minimization resulted in a structure with no close
contacts that cannot be alleviated by repositioning
side-chains (which we have not attempted).
Interestingly, the rotated glutathione reductase-like
configuration allows a cluster of charged residues
{Argl8l, Glul83, Lysl84) to fit into a charged
pocket formed on the other monomer by the tip of
the C-terminal helix and the loop connecting residue
24 to residue 29. This dimer interface interaction
could stabilize the NADPH domain onto the FAD
domain in its rotated conformation.

There is as yet no conclusive biochemical evidence
for the proposed mechanism. In thioredoxin reduc-
tase, both thiols at the active site are reactive to
alkylation, which had been interpreted as evidence
for a more open active site in this enzyme than in
glutathione reductase or lipoamide dehydrogenase,
where only the thiol that interacts with substrate
can be alkylated (Thorpe & Williams, 1976; Arscott
ef al., 1981). The crystal structures of thioredoxin
reductase that we have determined show, however,
that only ane thicl (Cys135) is accessible to solvent
(based on surface calculations using a probe of
radius 14 A (Richards, 1977)). Thus, the bis-alkyla-
tion of reduced thioredoxin reductase may result
from the rotation proposed here rather than a more
open active site. Altered forms of the enzyme in
which the active center cysteine residues have been
singly changed to serine (Cysl33Ser) and
(Cys138Ser) have significant catalytic activity {119
in the case of Cys}358er). A change in kinetic
mechanism  made estimation of the catalytic
activity of Cysl38Ser difficult, but the maximal
activity may have been as high as 609%, (Prongay ef
al, 1989), It was suggested that the single
remaining thiol could form a mixed disulfide with
thioredoxin and that the mixed disulfide could be
reduced by FADH, (Prongay ef al., 1989). In the
proposed rotated conformation, the mixed disulfide
is formed at some distance from the flavin, and it is
not clear how this reduction would proceed. Further
biochemical experiments, study of the interactions
of the crystals with NADPH under anaerobic condi-
tions and additional efforts to stabilize the rotated
conformer will be needed to resolve this.

Proteins can undergo major conformational
changes upon binding of their substrate. For
instance, the binding of glucose triggers a large
rearrangement of the two lobes of hexokinase A
(McDonald et al., 1979; Bennett & Steitz, 1980).
Similar observations have been made with other
kinases like adenylate kinase (Schulz et al., 1990).
Kinases have to shield their catalytic centers from
water to avoid the futile hydrolysis of ATP. For this
purpose, kinases undergo an induced-fit movement
(Koshland, 1958), the result of which iz the protec-
tion of the substrate and the active site from water,
In oxido-reductases, protection against water is also
necessary and, in glutathione reductase, such
protection is the result of the packing of the three
elements of the active site {the nicotinamide ring,
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the isoalloxazine ring and the redox active dithiol)
and their buried position inside the molecule or at
the dimer interface. In thioredoxin reductase, the
NADPH binding site is such that accessibility to
solvent is high and that a conformational change is
necessary to bury the nicotinamide and stack it
against the FAD where electron transfer can then
oceur.
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