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DsbA is a 21 kDa protein that facilitates disulphide bond formation and is required for the
correct folding and stability of a number of exported proteins in Escherichia coli, Crystals of
oxidized DsbA have been obtained from polyethylene glyeol 8000 (20 to 259),
0-1 M-cacodylate buffer (pH 65) and 1 9 2-methyl-2,4-pentanediol. Oxidation of the protein
is critical for reproducibly obtaining high quality crystals. The resuiting crystals diffract to
2 A and belong to the monoclinic space group €2 with cell dimensions e=1175 A,
b=650 A&, ¢76:3 A, f=1263" with two molecules in the asymmetric unit.
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Mutations that render Escherichia coli severely
tlefective in disulphide bond formation in exported
proteins have been described in two recent papers
(Bardwell et al., 1991; Kamitani et qf., 1992). In
these mutant E. coli strains, exported proteins lack
disulphide bonds, and are often improperly folded
and highly sensitive to protease degradation. The
vild-type gene affected by these mutations (dsb4,
also called ppfd) codes for a 21 kDa (189 residue)
seriplasmic protein {DsbA) exhibiting oxidoreduc-
ase activity. DsbA facilitates disulphide bond
‘ormation and the correct folding of exported pro-
eins and may therefore be useful in the in vitro
renaturation of improperly folded proteins.

Two DsbA homologues have also been identified;
TepG, also caller DsbA, (181 residues) from Vibrio
cholerae (Peek & Taylor, 1992, Yu et al., 1992) and
Por (180 residues) from Haemophilus influenzae
(Tomb, 1992). Complementation studies suggest
that these proteins perform similar functions to
E.coli DsbA. Although they originate from
different organisms, DshA, TepG and Por are highly
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similar in sequence; DsbA and TepG share 409
sequednee identity (Peek & Taylor, 1992); DsbA
and Por shared 459 identity, (Tomb, 1992). In
addition, all three proteins contain a sequence of
four residues (-Cys-Pro-His-Cys-) similar to that
found at the active site of proteins of the thio-
redoxin super-family of oxidoreductases {which
includes thioredoxin and protein disulphide
isomerase). Apart from this four-residue stretch,
there is little sequence similarity between DsbA and
the thioredoxin super-family (Bardwell et al., 1991).
However, on the basis of sequence homology
modelling and secondary structure assignment, Ellis
et al. (1992) predict that the structure of DshA
includes a thioredoxin structural motif,

We are interested in the structure of DsbA since it
will enable a better understanding of how it facili-
tates a step that is crucial to the folding, stability
and activity of other proteins. Structure determina-
tion will also answer the question of whether DsbA
forms a new structural class of oxidoreductase
enzymes, or if it is indeed a member of the thio-
redoxin superfamily as argned by Ellis et af. (1992).

To prepare DsbA for crystallization a number of
modifications were made to the criginal purification
scheme (Bardwell et al., 1991). DsbA was induced by
growing the overproducing strain JCB607 in
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Luria-Bertani broth (Sambrook et al., 1989) at 37°C
with shaking, to an Age nm of 0-2. IPTGT was
added to 1 mm and incubation continued to an
Agoo nm of 2. Cells were pelleted at 4000 g for
30 minutes at 4°C and then washed in 30 ml
10 mM-Hepes  (pH 7-8)  with  or  without
05 mM-EDTA (buffer A). The cells were then repel-
leted at 5000 g for ten minutes at 4°C. 25 ml of
buffer A containing 1 mg of Polymyxin B/ml was
then added to the cell pellet. Polymyxin B permea-
bilizes the outer membrane without significant inner
membrane permeabilization (Lehrer et af., 1988)
thereby releasing the periplasmic contents into the
supernatant. After a 30-minute incubation at 4°C
the mixture was centrifuged at 16,500g for
15 minutes at 4°C.

The supernatant, consisting of >909%, DsbA, was
filtered, diluted fourfold with water and purified by
ion-exchange chromatography using a Pharmacia
Mono-Q HR 10/10 FPLC column equilibrated with
buffer A at 4°C. DsbA was separated with a shallow
gradient into five fractions over a salt concentration
range of 40 to 60 mm-NaCl. Only the second fraction
ran as a single 21 kDa band on both 129, and 209,
{w/v) SDS/PAGE gels. This fraction also contained
over 509, of the total DsbA from this purification
step and was therefore used in subsequent steps.

The purified DsbA separated into two bands,
corresponding to oxidized and reduced protein, on a
Pharmacia TEF 4-6-5 gel (Fig. 1). These two forms
of DsbA could not be readily separated by
chromatographic methods, or fully interconverted
by air oxidation. However, the two bands could be
fally interconverted by the addition of reducing or
oxidizing agents (Fig. 1). Both the reducing and
oxidizing reactions are reversible (data not shown)
implying that a disulphide bond is involved in the
reaction. The only two cysteines are those in the
Cys-Pro-His-Cys sequence that forms the putative
active site of DsbA. This evidence suggests that the
FPLC-purified DsbA may be present as an equili-
brium mixture of the oxidized (disulphide) and
reduced (dithiol} forms of the two cysteines at the
active site. For crystallization purposes, DsbA was
oxidized by addition of 1-5 mm-copper (I}
[1,10-phenanthroline];.  The  precedent  for
employing this particular reagent was its use in the
erystallization protocol of bacterial aspartate
receptor to maintain the disulphide crosslink
(Jancarik ef al., 1991). After addition of copper (11}
{1,10-phenanthroline];, the DsbA solution was left

t Abbreviations used: {PTG, isopropy] fi-p-
thiogalactoside; MFID, mean fractional isomorphous
difference between the scaled structure factor
amplitudes of the native structure, Fy,r, and thoge for
the derivative structure, Fppg: MFID =
(B Fper— FratZl Fraagl) X 1005 R is the merging
R factor for measured intensities of symmetry related
reflections; B = (E.Z((7;— [I/Z.Z; I} x 100 where [, is
the scaled intensity of the ith observation of reflection
k. and [ is the mean intensity value for this reflection;
Se-Met, selenomethionine.

DsbA +DTT +CuP

OX (pl 5.4)
RED (pI 5.2)

Figure 1. DsbA is a mixture of reduced and oxidized
protein that can be interconveried with oxidizing and
reducing agents. This Figure shows 3§ lanes from a
Pharmacia TEF 4-65 gel. The lane labelled DsbA was
loaded with 4 gl of FPLC-purified DsbA. This has 2 bands
corresponding to the oxidized (pf 54) and reduced
(pf 52) forms of the protein. The +DTT lane was loaded
with 4 ul of FPLC-purified DsbA in 10 mM-DTT. In this
case there is only 1 band for the reduced protein (pf 52).
In the 3rd lane {+CuP) 4 ul of FPLC-purified DsbA in
1'5 mm-Copper (IT) [1,10-phenanthroline]; runs as & single
oxidized band with pf 54. Note that DTT from the
middle (4 DTT) lane leaches out and reduces some of the
oxidized DsbA in adjacent lanes. DTT, dithiothreitol.

on ice for two hours and then dialysed for 24 hours
at 4°C against buffer A to remove the oxidizing
agent and salt. Oxidation of the dialysed protein
was confirmed by iscelectric focussing with
Pharmacia TEF 4-6'5 gels, resulting in a single band
at pf 54. Subsequently, DsbA was concentrated to
22 mg/ml by ultrafiltration using Centricon-10
devices (Amicon),

Triangular pyramid protein crystals were grown
from this DsbA solution equilibrated against a
reservoir containing the precipitant polyethylene
glycol 8600 (20 to 259, w/v), 2-methyl-2.4-pentane-
diol (19%) in O-1 M-cacodylate buffer (pH 65) at
21°C. The initial volume of the hanging drop was
4 pl (2 pl protein mixed with 2 ul of reservoir).
Depending on the batch of protein, crystals grew
within & few hours to a size large enough
{05 mm x 0-4 mm x 0-3 mm) for data collection.
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However, it was sometimes necessary to use a
stieak-seeding/microseeding  technique (Stura &
Wilson, 1990) to provide nucleation sites.

Two other crystal forms of oxidized DsbA grow
from similar conditions. Neither is very useful for
X ray erystallographic analysis; one grows as highly
tvinned, thin plates and the other form is rod-
shaped with a large cell edge of over 350 A.
(1 A=0-1 nm). Also, attempts to grow crystals of
reduced DsbA by the addition of reducing agent (25
ic 50 mM-dithiothreitol) to the reservoir results in
tte formation of extremely thin needle-shaped
crystals.

Crystallographic data from the triangular-
p./ramid crystals have been measured on an RAXIS
11C image plate area detector connected to a Rigaku
R U200 copper target rotating anode X-ray source.
Crystals of oxidized DsbA diffract to bevond 2 A
a1d belong to the monoclinic €'2 crystal form, with
a unit cell of a=1175 4, b=650 4, ¢=763 A,
f=126-3°. The unit cell and space group were
confirmed both with diffractometer measurements
a1d by precession photographs. Native data 879
complete to 2 A and 939, complete to 2:25 A, with
a1 R, of 359, were measured from a single
oxidized DsbA crystal (-1 mm x 6-6 mm x -6 mm},

There is a striking difference between the quality
of crystals grown from oxidized DshA and those
grown from an equilibrium mixture of the oxidized
and reduced forms of DsbA. Most notably, the
diffraction quality of the equilibrium mixture DsbA
crystals is highly variable. Some crystals diffract
veakly or not at all while others from the same drop
ciffract strongly to beyond 2 A. In contrast, all
cxidized DsbA crystals tested to date diffract
strongly. Those equilibrium mixture DsbhA crystals
that do diffract belong to the same space group and
possess the same unit cell lengths and angles as the
«xidized DsbA crystals. However, structure factors
reasured from four different equilibrium mixture
crystale merge with a mean fractional isomorphous
cifference (MFID) that varies between 12 and 209/
(over resolution limits ranging from 2-5 A to 3 A),
indicating that these crystals are not isomorphous.
Conversely, crystallographic structure factors for
three oxidized DsbA crystals merge with MEFID of 5
to 79%,. Clearly, the crucial oxidation step during
protein purification is essential for the growth of
isomorphous DsbA crystals of uniform diffraction
quality.

The unit cell volume of the oxidized DsbA
crystals is 469,650 A%, The crystal density is
-159 gjem* and the density of the mother liquor is
015 gfem® (measured using an organic solvent
density gradient with salt solution calibration
similar to that described in Matithews, 1985).
substituting these values into equation (8) of
Matthews (1985), gives two molecules of DsbA per
wymmetric unit. The calculated cell volume per
it mass, ¥V, is then 2:8 A® which is within the
-ange found for other protein crystals and indicates
1 solvent content of 569, (Matthews, 1968). 2-fold
1on-crystratiographic symmetry perpendicular to b*

is indicated from self-rotation functions caleulated
using MERLOT (Fitzgerald, 1988),

Preliminary studies of heavy atom binding have
not yielded useful heavy atom derivatives.
However, the DsbA overproducing K. coli strain
JCB607 is a methionine auxotroph {Bardwell ef al.,
1991) and we have successfully expressed DsbA
from this strain in minimal media replacing methio-
nine with seleno-methionine (Se-Met) (details to be
published elsewhere). The Se-Met DsbA produced
was purified and crystallized using the same pro-
cedures described for native protein. Mass spectro-
scopie analysis of this modified protein {D. Fenys &
B. Chait, personal communication) indicates that
all six methionines in the DsbA sequence {and there-
fore 12 methionines in the asymmetric unit) are
substituted with Se-Met, with essentially 1009, effi-
ciency. In addition, the resulting Se-Met DsbA
crystals are isomorphous with native DshA crystals
(MFID 1192,) and a difference Patterson map
exhibits strong peaks consistent with the presence
of ordered Se atoms. Tt is our intention to use the
Se-Met DsbA crystals in multiple wavelength
anomalous scattering experiments for phase
determination (Hendrickson, 1991).

We are grateful to Peter Model for suggesting this
collaboration; Lim Wong for performing the initial
crystallization trials; Berkely Lynch for advice on the use
of copper (IT) [1,10-phenanthroline]; as an oxidizing
agent; Wei Yang, John Horton and Wayne Hendrickson
for useful information on expression and handling of
Se-Met proteins; Jean-Francois Tomb for making avail-
able hia data on Por prior to publication and Kirk Clark
for suggestions on the purification of DsbA. We thank
David Feny6 and Brian Chait for mass spectroscopy
measurements made at the National Resource for Mass
Spectrometric Analysis of Biological Macromolecules.
This work wag supported in part by NIH grants
RO1-GM45547 (J.K.) and 5 R37-GM38922 (J.B.) and the
Pew Foundation (J.K.). J.C.A.B. was supported by a
Heien-Hay Whitney Foundation Fellowship.

References

Bardwell, J. C. A., McGovern, K. & Beckwith, J. {1991).
Identification of a protein required for disulfide hond
formation in vive. Cell, 67, 581-589.

Ellis, L. B. M., Saurugger, P. & Woodward, C. (1992).
Identification of the three-dimensional thioredoxin
motif: related structure in the ORF3 protein of the
Staphylococcus aureus mer operon. Biochemistry, 31,
4882-4801.

Fitzgerald, P. M. (1988). MERLOT, an integrated
package of computer programs for the determination
of crystal structures by molecular replacement,
J. dppl. Crystallogr. 21, 273-278.

Hendrickson, W. A. {1991). Determination of macro-
molecular structures from anomalous diffraction of
synchrotron radiation. Science, 254, 51-58.

Jancarik, J.. Scott, W. G., Milligan, D. L., Koshiand
D. E., Jr & Kim, S.-H. (1991), Crystallization and
preliminary X-ray diffraction study of the Hgand-
binding domain of the bacterial chemotaxis-
mediating aspartate receptor of Salmonella typhi-
muriwm. J. Mol. Biol, 221, 31-34.



1100 J. L. Martin et al.

Kamitani, 8., Akiyama, Y. & Ito, K. (1992).
Identification and characterization of an Escherichia
coli gene required for the formation of correctly
folded alkaline phosphatase, a periplasmic enzyme.
EMBO .J. 11, 57-62.

Lehrer, R. 1., Barton, A. & Ganz, T. (1988). Concurrent
assessment of inner and outer membrane permeabili-
zation and bacteriolysis in K. coli by multiple-wave-
length spectrophotometry. J. I'mmunol. Methods,
108, 153-158,

Matthews, B. W. (1968). Solvent content of protein
crystals. J. Mol. Biol. 33, 491-497.

Matthews, B. W. (1985). Determination of protein
molecular weight, hydration and packing from
crystal density. Methods Enzymol. 114, 176-187.

Peek, J. A. & Taylor, R. K. {1992}, Characterization of a
periplasmic  thiol :disulfide interchange protein
required for the functional maturation of secreted

virulence factors of Vibrio cholerae. Proc. Nat. Acad.
Sci., U.8.4. 89, 6120-6214.

Sambrook, J., Fritsch, E. F. & Maniatis, T. (1989).
Molecular Cloning—A Laboratory Monual, 2nd edit.,
Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY.

Stura, E. A. & Wilson, I. A. (1990}. Analytical and
production  seeding  techniques.  Methods, «
Companion lo Methods in Enzymology, 1, 38-49.

Tomb, J.-F. {1992). A periplasmic protein disulfide
oxidoreductase is  required for Haemophilus
influenzae RD transformation. Proc. Nat. dcad. Sei.,
7.8.4. 89, 10252-10256.

Yu, J.,, Webb, H. & Hirst, T. R. (1992}, A homologue of
the Escherichin coli DsbA protein involved in disul-
phide bond formation is required for enterctoxin
biogenesis in Vibrio cholerae. Mol. Microbiol. 6,
1049-1958.

Edited by E. Huber



