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ABSTRACT: The three-dimensional structure of reduced DsbA fieseherichia coliin aqueous solution

has been determined by nuclear magnetic resonance (NMR) spectroscopy and is compared with the crystal
structure of oxidized DsbA [Guddat, L. W., Bardwell, J. C. A., Zander, T., and Martin, J. L. (1997)
Protein Sci. §1148-1156]. DsbA is a monomeric 21 kDa protein which consists of 189 residues and

is required for disulfide bond formation in the periplasmEofcoli. On the basis of sequence-specifit

NMR assignments, 1664 nuclear Overhauser enhancement distance constraints, 118 hydrogen bond distance
constraints, and 293 dihedral angle constraints were obtained as the input for the structure calculations by
simulated annealing with the program X-PLOR. The enzyme is made up of two domains. The catalytic
domain has a thioredoxin-like fold with a five-stranggdheet and three-helices, and the second domain
consists of four-helices and is inserted into the thioredoxin motif. The active site between Cys30 and
Cys33 is located at the N terminus of the fitsthelix in the thioredoxin-like domain. The solution
structure of reduced DsbA is rather similar to the crystal structure of the oxidized enzyme but exhibits a
different relative orientation of both domains. In addition, the conformations of the active site and a loop
between strandd5 and helixa7 are slightly different. These structural differences may reflect important
functional requirements in the reaction cycle of DsbA as they appear to facilitate the release of oxidized
polypeptides from reduced DsbA. The extremely oy palue of the nucleophilic active site thiol of

Cys30 in reduced DsbA is most likely caused by its interactions with the dipole of the active site helix
and the side chain of His32, as no other charged residues are located next to the sulfur atom of Cys30 in
the solution structure.

The formation of disulfide bonds in secretory proteins is all thiol—disulfide oxidoreductases, although there is only
often a slow and rate-limiting step during protein folding 10% sequence identity between the catalytic domain of DsbA
and is catalyzed by enzymes in viv)( In the periplasmic and E. coli thioredoxin (2, 14). The second domain
space oEscherichia colithe thiol-disulfide oxidoreductase  (residues 63138) exclusively consists ai-helices and is
DsbA is required for the introduction of disulfide bridges inserted into the thioredoxin motif. The active site of DsbA
into folding polypeptides?, 3). DsbA possesses a catalytic (Cys30-Pro31-His32-Cys33) is located at the amino-terminal
disulfide bond and randomly oxidizes reduced, unfolded end of the firsti-helix in the thioredoxin-like domain. While
proteins in an extremely rapid disulfide exchange reaction the thiol of Cys30 is solvent-exposed and acts as a nucleo-
(4—6). Reduced DsbA is then reoxidized by disulfide phile in reduced DsbA, the thiol of Cys33 is buried in the
interchange with DsbB, a protein from the inner membrane interior of the protein 13, 15—17).
of E. coli (7—11). Despite the structural similarities with other thialisulfide

DsbA is a soluble monomer of 189 amino acids (The oxidoreductases such as thioredoxin, glutaredoxin, thiol-
crystal structure of oxidized DsbA has been determined to transferase, and protein disulfide isomerasé, (8, 19),
1.7 A resolution and has revealed that DsbA consists of two DSbA shows remarkable biophysical properties which make
domains 12, 13). The catalytic domain (residues-62 and it unique in this protein family. The enzyme is the most
139-189) has the thioredoxin fold, the common motif of 0Xxidizing thiol-disulfide oxidoreductase with a redox po-

tential ') of —122 mV @0, 21), compared to a value of

T This work was supported by grants from the Deutsche Forschungs-_27-0 m\( for th'e most reducing member'of the protein

gemeinschaft (Sonderforschungsbereich 533 der Ludwig-Maximilians- family, thioredoxin @2, 23). Reduced DsbA is more stable

Universita Miinchen), the ETH Ziich, and the Fonds der Chemischen  than the oxidized form24), and the enzyme shows very
Industrie. high reaction rates with thiol substrates even at low gH (

*The coordinates of the 20 best conformers and the energy- g 15 25). Thus, DsbA is an ideal oxidant for reduced

minimized mean structure of reduced DsbA have been deposited in : . . - P
the Brookhaven Protein Data Bank (accession codes 1a24 and la23).p0|yp(':‘p'[Ides in the bacterial periplasm. The oxidative force

* Corresponding authors. For a proof query contact Rudi Glocks- Of DSbA, its destabilizing disulfide bond, and its fast disulfide
huber. Phone:+41 (1) 633-6819. Fax=+41 (1) 633-1036. exchange reactions can, at least qualitatively, be explained

§ Max-Planck-Institut fu Biochemie. e
| Eidgerimsische Technische Hochschuléridgerberg. by the extremely low K, of 3.5 of the nucleophilic thiol of

" Present address: Bijvoet Center for Biomolecular Research, Utrecht CYS30 @6). In addition, DsbA has been shown to interact
University, Padualaan 8, NL-3584 CH Utrecht, The Netherlands. specifically with reduced, unfolded polypeptides and appears

S0006-2960(98)00136-6 CCC: $15.00 © 1998 American Chemical Society
Published on Web 04/16/1998




6264 Biochemistry, Vol. 37, No. 18, 1998 Schirra et al.

to possess a peptide binding site-6, 25, 27) which has cells @8) harboring the plasmid pRBI-PDI-T749). The
been attributed to a hydrophobic region in the vicinity of cells were grown at 28C in a M9 minimal medium 50)
the active site disulfidel@). However, the molecular basis containing ampicillin (10Qug/mL) and 1 g/L**NH,CI as
for the low K, value of Cys30 in reduced DsbA is not yet the sole nitrogen source. Selecti?dl labeling of glycines
completely understood because the structure of reduced DsbAand serines was achieved with M9 minimal medium that
has not been determined so far. It is generally assumed thatontained 1 g/l*>NH,Cl, 1 g/L [*>N]glycine, and the residual
interactions between the Cys30 thiolate and the dipole of unlabeled amino acids, except for serigd)(
the active site helixd6, 28—30) as well as the residues of For preparation of uniformly>N and*3C doubly labeled
the dipeptide between the two active site cysteirzds Z3, DsbA, cells were grown in a minimal mediund3) that
31-35) are mainly responsible for theKp of DsbA’s contained 1 g/L>NH,4Cl and 1 g/L [3C]glucose as sole
nucleophilic cysteine. Additional mechanisms have been sources of nitrogen and carbon.
discussed for DsbA and the homologous protein thioredoxin, Purification of DsbA by anion exchange chromatography
such as a charged hydrogen bond between the thiolate andn DE52 cellulose and hydrophobic chromatography on
the thiol or the amide hydrogen of the buried cystei2® (  phenyl Separose was performed as previously descritid (
36—39) or interactions with charged residues in the vicinity The DsbA concentration was determined by its absorbance
of the active site 40). at 280 nm 20). The purified protein was shown to be fully
Apart from this, a structural comparison of oxidized and oxidized. Purified DsbA was dialyzed against 20 mM-H
reduced DsbA should shed light on the physicochemical PO)/NaOH, at pH 3.7 and concentrated te-3.5 mM.
properties of the enzyme. It has for example been speculated=inally, the protein was reduced in the NMR tube by a 5-fold
that both domains of DsbA could move relative to each other molar excess ofl;-DTT and kept under nitrogen. The
when the protein is reduced and that such a movement couldsamples contained either 5%® (v/v) (“samples in HO")
be of functional significancel@, 41). On the other hand, or 100% QO in a volume of 50QuL.
the structural comparison of the oxidized and reduced forms NMR Spectroscopy. (1) General ConditionSpectra
of human anck. coli thioredoxin andE. coli glutaredoxin were recorded at 300 K on Bruker AMX600, DRX600, and
revealed only slight local differencegq, 37, 39, 42—47). DMX750 spectrometers with triple-resonance self-shielded
Overall, knowledge of the three-dimensional structure of zgradient 5 mm probes. Quadrature detection in the indirect
reduced DsbA is required for understanding the extraordinary dimensions was achieved using the TF33) (or the States
properties of this enzyme at a molecular level. TPPI method %4). Sweep widths were 14.17 ppm ftH,
Here we report the determination of the three-dimensional 34.53 ppm for'>N, and 75.3 ppm fo3C. Carriers were
structure of reduced DsbA at pH 3.7 and 300 K in solution positioned at 4.73 ppmti), 119.24 ppm ¥N), and 34.11
by NMR! spectroscopy. We compare the structure of ppm (C) for the respective nuclei. NOESY experiments
reduced DsbA with the crystal structure of the oxidized were recorded with a pulse sequence in which the last 90
protein (L3) and discuss the structural differences between pulse was either substituted by a jurmeturn sequenceéb)
both redox forms with respect to their functional significance. or followed by a 3-9—19 WATERGATE sequenceg) to
suppress the water resonance. TOCSY experiments used the
MATERIALS AND METHODS MLEV16 sequence7) for isotropic mixing and included a
Materials. 1,4-DithioL-threitol (DTT), amino acids, presaturation of the water resonanbg)(for measurements

ampicillin, and polymyxin B sulfate were purchased from in water. Essentially the same pulse sequences were used

Sigma (Deisenhofen, Germany). Isopropyb-thiogalac- for measurements in JO, with the exception that no water
toside (IPTG) was from AGS GmbH (Heidelberg, Germany). SUPPIession was necessary. -

[15NJAmmonium chloride andfC]glucose were obtained 2 Dle;taAcqwsmon.Thelfgllowmg spectra were recqrded
from Campro Scientific (Emmerich, Germany)..@was N the"N-labeled sample®N-NOESY-HSQC &9) with

: ; ; 180 x 68 x 1K data points irf, f, andfs, respectively, and
from Cambridge Isotope Laboratories (Cambridge, Great A 1 12 3 .
Britain). DE52 cellulose was purchased from Whatman &Mixing time of 110 ms antiN-TOCSY-HSQC €0) with

(Maidstone, United Kingdom) and phenyl Sepharose from 176 x 54_>_< 1K da;% points and a spin-lock period of 61.5
Pharmacia (Uppsala, Sweden). All other chemicals were MS: Additionally, a*N-HSQC spectrumdl) was recorded

from Merck (Darmstadt, Germany) or Fluka (Buchs, Swit- With 108 x 1K* data points inf, andf,, respectively (*
zerland) and of the highest purity available. denotes complex data points). For identification of glycine
Sample PreparationFor the preparation of uniformizN- and serine residues,'aN-HSQC spectrum with a size of 64
N ;
labeled DsbA, the protein was overproducedtircoli BL21 x 1K* data points was rec_orded on the Gly and Si¢-
labeled sample. The following spectra were recorded on the
uniformly >N and **C doubly labeled sample in 5%,D:

1 Abbreviations: 2D, two-dimensional; 3D, three-dimensional; NMR, _ _ _
nuclear magnetic resonance; NOE, nuclear Overhauser effect; NOESY,Ct HNCA (62), HN(CA)CO (63), ct-HNCO 62, 69, CB

NOE spectroscopy; TOCSY, total correlation spectroscopy; CBCANH, CANH (65), CBCA(CO)NH (64), HBHA(CBCACO)NH
intra- and interresiduéH®, 1N, 13C#, and 13C* correlation; CBCA- (66), HBHA(CBCA)NH (67), HNHA (68), HNHB (69), ct-

(CO)NH, interresidu@HN, 15N, 13C#, and'3C® correlation; ct, constant R * * *
time; HBHA(CBCA)NH, intra- and interresidugiN, 15N, *H?, andH* HCACO (70), and HCCH-TOCSYTI) (114% x 49* x 512

correlation; HBHA(CBCACO)NH, interresidugi™, 15N, 1H#, and'He data pOintS with an 18 ms mixing time for the HCCH-
correlation; HCACO, intraresiduéHe, 13C*, and 3C' correlation; TOCSY (a DIPSI-3y sequenc&?) was used for isotropic
HNCA, intra- and interresiduéHN, N, and '*C* correlation; HN- mixing)); HCCH-TOCSY (180*x 70* x 1K* data points

(CA)CO, intra- and interresidu@i™, 15N, and*3C’ correlation; HNCO, ; i ; - andC- -
interresidue'HN, 15N, and13C’ correlation; HNHA, intraresiduéHN, with & 16 ms spin 10Ck tlme).’ a . NOE.SY H‘.Q"QC 73
15N, and *H* correlation; HSQC, heteronuclear single-quantum cor- (172 x 124 x 512* data points with a mixing time of 100

relation; rmsd, root-mean-square deviation; SA, simulated annealing. ms). In addition, @*C-NOESY-HSQC spectrum (216%
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64* x 1K* data points) with a 120 ms mixing time was
recorded on the doubly labeled sample dissolved i6.D

A homonuclear 2D NOESY spectruri4) with a mixing
time of 60 ms (960x 2K* data points) and a 2D TOCSY
spectrum with a spin-lock period of 40 ms (5&2K* data
points) were recorded on an unlabeled DsbA sample;D.H
In addition, a 2D NOESY spectrum with a mixing time of
40 ms (1050x 2K* data points) was recorded on an
unlabeled sample in 100%,0. An amide proton exchange
experiment was performed after lyophilization'efi-labeled,
reduced DsbA in 20 mM BHPQOJ/NaOH at pH 3.7 and
dissolving the protein in BD. Within 24 h, 10'*N-HSQC
spectra (128« 1K* data points) were recorded. Additional
15N-HSQC spectra were recorded after 1, 2, and 8 weeks.

(3) Processing of Data.All spectra were processed and
analyzed with the in-house written programs CCNMR and
GLXCC (75). Zero filling or linear prediction was used to
prolong the number of time domain points fn and f..
Before Fourier transformation, the data were multiplied with
an appropriate window function (Gauss window or shifted
squared sine).

Chemical Shift AssignmentUnlabeled, uniformly*>N-
labeled,*>N and*3C doubly labeled, and selectively glycine
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tions. However, in some cases, additional terms were added
to the upper bounds corresponding to the pseudoatom
correction introduced by Whrich 81).

Torsion Angle and Hydrogen Bond Constraint3he
distance constraints were supplemented with 131 backbone
¢ torsion angle constraints derived from fldg«yy coupling
constant data and with#p angles for the trans peptide bond
of the Xaa-Pro residues8f). The ¢ constraints were
introduced in two stages. At the initial stage of structure
calculation, only thosep constraints were used which
corresponded t&Jy«n coupling constants larger than 8 Hz
(¢ = —120+ 40°) (81). The other constraints and the 94
additionaly constraints were introduced at a late stage of
the refinement procedure (see below). Sixtyand 5y»
torsion angle constraints were derived from stereochemical
assignment of side chain protons. The minimum range
employed wast50° for v and £20° for the other torsion
angles. Hydrogen bonds were identified on the basis of NOE
patterns and deuterium exchange data during secondary
structure determination and later during examination of the
calculated 3D structure8Q, 81).

Structure Calculations and Refinemen#& total of 20
structures were calculated with the program X-PLOR 3.851

and serine'*N-labeled DsbA samples were used for the (82) using a simulated annealing protocol that starts from
assignment of proton resonances and structure determinatiofiandom coordinates or an extended conformation followed
of the reduced protein. Assignments of the NMR spectra py several rounds of short SA refinement. The basic protocol
of DsbA were made using heteronuclear triple-resonance ysed with minor modifications for the calculations has been
NMR methods 76). The assignment was carried out both  described previoush8(). For the final refinement, the NOE
manually and by using the program ALFA®) which was  taples were supplemented with 118 constraints for 59
modified for the assignment of triple-rt_esonan(_:e spectra. hydrogen bonds. In addition, the NOE tables were supple-
Backbone €and C resonances were assigned with HNCA, mented at this stage with theconstraints derived from the
CBCA(CO)NH, and CBCANH spectra. HNCO and HN- 33, constants of<8 Hz (80). Theg¢ constraints were
(CA)CO were used to assign thé @sonances. Hand H introduced for residues whosgevalues were close (within
resonances were assigned using HBHA(CBCACO)NH and 12() to the mean value in structures calculated without

HBHA(CBCA)NH. The resonance signals of the amino acid gihedral constraints and which fulfilled the Karplus equation
side chains were assigned wiit- and'>N-NOESY—-HSQC (8).

spectra, a HCCH-TOCSY spectrum, and a 2D NOESY
spectrum, all measured in 5%®, and with a3C-NOESY— RESULTS
HSQC spectrum in 100%40. The signals of the aromatic Sequence-Specific Assignment of the N, and °C
ring systems were assigned with the 2D NOESY and TOCSY Resonances and Identification of Cis Prolinehe NMR
spectra. spectra of reduced DsbA were recorded at pH 3.7 and 300
Stereospecific Assignments and Coupling Constats- K. Data collected at pH 4.0 served for confirmation of
reospecific assignments of8 protons and methyl groups  assignments. The NMR spectra of DsbA were assigned with
of valines and leucines were obtained using procedurestriple-resonance spectra and other 3D NMR methds (
described by Wagner et aZ§) and Hyberts et al.79). The ~ 81). As an example of the quality of the spectra, the-
assignment of ¢H protons was confirmed by data from the HSQC spectrum of reduced DsbA is shown in Figure 1.
HNHB spectrum 69). 3Ju«yn coupling constants were Proton resonances of all backbone atoms were assigned with
measured from a 30°N-separated M—H® correlation the exception of the amide protons of Alal and His32. The
spectrum HNHA 68) which yielded the coupling constants resonances of most of the aliphatic (84%) and aromatic
from the ratio of the M—H® cross-peak to the M-HN (70%) side chain protons could also be unambiguously
diagonal peak intensity. assigned. The Nibrotons of all asparagine and glutamine
Interproton Distance Constraintsinterproton distances residues could be assigned with the exception of the NH
were derived from the following spectra: 3EN-NOESY— groups of GIn8, GIn137, GIn146, Asn156, GIn160, and
HSQC in 5% BO, 3D 3C-NOESY-HSQC in 100% RO, GIn177, for which too few connectivities could be observed
2D NOESY in 5% RO, and 2D NOESY in 100% ED with in the spectra.
mixing times of 100, 200, 60, and 40 ms, respectively. The The complete spin systems of Pro15 and Pro51 could be
intensities of the NOE cross-signals were converted into identified. Both are in the trans conformation because strong
distance constraints as described previoust®).( The Ho(i)Pro—H*(i—1) NOE signals were observed in the
distance bounds of the distance constraints were sttto NOESY spectragl). The spin systems of Pro20, Pro31,
0.5 A for distance constraints between 2.2 and 3.5 A and to Pro151, and Pro163 could not be assigned completely, but
d + 0.8 A for distance constraints between 3.6 and 4.5 A. there were enough data to prove that Pro20, Pro31, and
All protons were explicitly defined in the structure calcula- Pro163 are also in the trans conformation because both the
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Ficure 1. HSQC spectrum of uniforml{?N-labeled reduced DsbA at 300 K and pH 3.7. The assignment of each resonance is indicated

next to the corresponding signal. A region with strong signal overlap (marked with a rectangle) is magnified at the left side of the figure.

Signals connected by horizontal lines correspond to side chaingibips of asparagine and glutamine.

HN(i+1)—H%({)Pro and H(i)Pro-H%({i—1) connectivities
could be observed for these residues. Prol51 is in the cis
conformation since a strong cross-signal betwegfPrh151)
and H(Val150) could be observed which is diagnostic for
the cis conformationg1). Data for Pro91 were ambiguous
as the cross-signal betweef(Mal90) and H(Pro91) could
not certainly be identified. The intensity of thé'(leu92)-
H*(Pro91) cross-signal was markedly lower than that of
equivalent cross-signals of other trans prolines. However,
the diagnostic F(Val90)—H*(Pro91) cross-signal could not
be identified due to spectral overlap. Therefore, the con-
formation of Pro91 was not constrained in the structure
calculations which resulted in a trans conformation for Pro91
in all structures calculated with X-PLOR.

Secondary Structure and Domains in Reduced DsbA.
Figure 2 summarizes sequential and medium-range NOEs

171-185, and fiveg-strands were found between residues
9—11, 22-25, 56-59, 152-155, and 159-161. Interstrand
HN@)—HN(), HN(i)—H%(j), and H(i)—H%(j) NOEs were
observed in all five strands, allowing the identification of
the corresponding hydrogen bonds between adjacent strands
(81). The five g-strands form the centrgd-sheet of the
thioredoxin-like domain with the topology 1a5a4a2p3, where
a denotes antiparallel and p parallel connections between
strands. The termini of the secondary structure elements are
generally the same as those for the crystal structure of
oxidized DsbA (3) with small deviations of one or two
residues. Only stran2 and the C-terminal helia7 were
three residues shorter.

The thioredoxin-like domain of DsbA is formed by the
five-strandeds-sheet and by helicegl, al', anda7 and
parts of helixa6. The long helixa6 spans both domains of

observed in the spectra of reduced DsbA. These NOEs arethe protein. The helical domain of DsbA which is inserted

the basis for the determination of the protein’s secondary
structure. Many sequentiaMd)—HN(i+1), HN(i)—HN(i+2),
and Hx(i)—HN(i+3) cross-signals, typical far-helices, were
found in the spectra (Figure 2)3-Strands were identified
by the presence of strong sequentig(if-HN(i+1) and
weak intraresidual Hi)—HN(i) cross-signals and by inter-
strand H'(i)—HN(j), HN(i)—H%(j) and Hi)—H*(j) NOEs
(81).

Seveno-helices were identified between residues-37,
42—-48, 68-82, 85-97, 105-114, 119-127, 136-144, and

into the thioredoxin fold is formed by helices3, a4, and
o5 and parts of helbo6. Overall, the helical domain is
formed by residues 63138.

Tertiary Structure. The three-dimensional structure of
reduced DsbA was calculated from 1782 approximate
interresidue distance constraints. Intraresidue constraints
were used for stereospecific assignments of protons and
methyl groups, but these constraints were not used in the
structure calculations. The global fold of the polypeptide
chain is uniquely defined due to the large number of
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Ficure 2: Amino acid sequence of DsbA and survey of NMR data used to identify regular secondary structure. The sequential and medium-
range NOEs|{ — j| < 5), classified as weak, medium, strong, and very strong, are represented by the heights of bars. Medium-range NOEs
are indicated by lines connecting the two residues related by the NOE. g1t (i)—C°H(i-+1) NOEs of Pro residues are shown along

the same line as the®(HV)(i)—HN(i+1) connectivities. Open circles below the amino acid sequence indicate the positions of amide
protons that exchange within 17 min after dissolving a lyophilized protein samplgdrabD300 K and pD 3.7. Amide protons still visible

after 12 and 24 h are indicated by gray and black circles, respectively. The values’af-thecoupling constants (in hertz) are indicated

by filled (J < 7 Hz) and openJ > 7 Hz) squares. The chemical shift inde@0) is also indicated below the sequence with filled and open
squares designating-helices ang3-sheets, respectively. The arrows and helices at the top of the figure indicate the position of regular
secondary structure elements in reduced DsbA as determined from all NMR data.

nonredundant NOEs (Figure 3A,B). The average number and 0.96 A for all atoms (Figure 4). The average rmsd from
of interresidue constraints per residue is 9.4 which results the mean structure for thg andy angles was 19 and 15
from the extensive assignment of cross-signals in the NOESY respectively. Larger rmsd values (aboR A for the

spectra. backbone atoms and about°3®r the ¢ backbone torsion
A total of 20 structures were calculated by a simulated angles) were observed for the N and C termini of the protein
annealing method with the program X-PLOR 3.882)( All (residues 1, 2, and 186189).

structures satisfy the experimental constraints with small  Figure 4 shows that the backbone of reduced DsbA is well
deviations from idealized covalent geometry (Table 1). defined with the exception of residues4%3, 64-66, 97
Figure 3B shows the ensemble of 20 three-dimensional 99, and 163-173 and both termini of the protein. In general,
structures of reduced DsbA. The average rmsd from the the conformations of the side chains are also well defined.
mean structure for heavy atoms in the well-defined core of Most of the backbone torsion angles for non-glycine residues
DsbA (residues 3185, except for residues 453, 64-66, lie within allowed regions of the Ramachandran plot. The
97—99, and 163-173) was 0.63 A for the backbone atoms few non-glycine residues outside these regions (Tyr3, Asp5,
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Table 1: Parameters Characterizing the Structure Determination of

Reduced DsbA in Solution at pH 3.7 and 300 K

parameter [BA0

deviations from idealized geometry

bond lengths (A) (2984) 0.008 0.000
angles (deg) (5397) 0.572 0.006
impropers (deg) (1564) 0.3880.008
energies (kcal mot)
Enoe 1545+ 9.4
Etor 3.5+ 0.6
Evaw 279+ 2.2
number of residual constraint violations for all distance constraints
0.3A<rmsd<0.4A 6.0+ 1.0
0.4A<rmsd<05A 0.1+ 0.2
>0.5A 0
rmsd from experimental distance constraints (A)
all (1782) 0.041+ 0.001
sequential (664) 0.054 0.002
medium-range (483) 0.046 0.002
long-range (517) 0.022 0.006

Schirra et al.

in the crystal structure of oxidized DsbA. First, the energy-
minimized mean solution structure of reduced DsbA was
compared with the refined crystal structure of oxidized DsbA.
Superposition of the structures of reduced and oxidized DsbA
(using the @ atoms of residues-911, 22-25, 31-37, 42—

48, 56-59, 68-82, 85-97, 105-114, 119-126, 152-155,
159-161, and 17+185) yields an rmsd of 1.86 A for the
C* atoms. When the thioredoxin-like domain of reduced
DsbA (C* atoms of residues-911, 22-25, 31-37, 42-48,
56—59, 152-155, 159-161, and 17+185) is superimposed
onto that of oxidized DsbA, the rmsd in*@osition drops

to 1.20 A. Similarly, the helical domains {Catoms of
residues 6882, 85-97, 105-114, and 119126) can be
superimposed with an rmsd of 1.22 A for the @ositions.
However, when the helical domain of reduced DsbA is first
aligned with that of the oxidized protein, significant move-
ments are necessary for a subsequent superposition of their
thioredoxin-like domains, corresponding to different orienta-

H-bond distances (118) 0.0280.002

a[BAlTepresents the ensemble of the 20 final structures. The numbertlorls of the two d‘?”.‘a'“s (Figure 7). For reduced [.)SbA and
of bonds, angles, and impropers is given in parentheses. Force const(:lntg]onom,er A of oxidized DsbA, these movements involve a
used to calculate energy terms are the same as reported preve)sly ( translation of 1.76:-12.5, and 11.8 A along the y, andz
The rmsd of the interproton distance constraints was calculated asaxes, respectively, of the coordinate frame and a rotation
described in Holak et al80). The number of distance constraints is  of 20.2 about a rotation axis defined by spherical polar

given in parentheses. Besides the 1782 distance constraints, 293 dihedra&oordinates ofp = 84.2 (inclination against thg axis) and
angle constraints were used as input data for the structure calculations. '

¢ = 6.0 (azimuth, angle between thxeaxis and projection
of the rotation axis onto the—z plane). If the same fitting

Thr99, Leul4d?, and G|n146) are located at the structural procedure for reduced DsbA is app“ed using monomer B
interfaces of helices and sheets and connecting loops.  from the crystal structure of oxidized DsbA, the correspond-

Figure 3B shows an ensemble of the three-dimensionaling values are translation of= 3.5 A,y = —12.2 A, and
structures of reduced DsbA, calculated from 1782 ap- z= 10.5 A and a rotation of = 18.9 about an axis with
proximate interproton distance constraints. All structures are y = 78.2 and¢ = 9.3°. Comparison of monomer A and
basically similar to the crystal structure of the oxidized B of the crystal structure of oxidized DsbA vyields the
protein (Figure 5). Local differences are observed in loop following values: translation ok = —1.5 A,y = —1.2 A,
regions at the surface of the protein. Especially the loop andz= 1.25 A and a significantly smaller rotatiarof —2.9°
between residues 162 and 171, which is located between theabout an axis withy = 68.2 and¢ = 148.8. The largex
end of strangd5 and the beginning of helit7, has different  value for reduced DsbA corresponds to an orientation in
conformations in the ensemble of NMR models compared which the two domains of DsbA are more apart, thereby
to the X-ray models. The exact conformation in the solution enlarging the wedge-shaped cleft between them.
structure could not be determined as only a few medium-  To examine the different domain orientations further, we
and long-range NOE signals could be identified in the loop, checked the angles between secondary structure elements of
but the energy-minimized mean solution structure which the two DsbA domains in the two structures. There is a
approximates the average structure over time is clearly cleft between the two domains which is formed on one hand
different (Figure 6). In general, the backbone of the loop by helix al and sheetg2 andf33 of the thioredoxin-like
runs in the plane which is defined by strafil and helix ~ domain and on the other hand by heliegs ando3 of the
a7. However, in the crystal structure of oxidized DsbA, a helical domain. We fitted cylinders to all secondary structure
part of the loop comprising residues 16369 is bent and  elements and subsequently determined the angles between
lies below this plane with an angle of roughly°d@etween these cylinders with the program MOLMOIL83). The
this part of the loop and thé5—a7 reference plane. Inthe results are summarized in Table 2. In general, the intrado-
solution structure of reduced DsbA, the part of the loop which main angle differences are small for monomers A and B of
is folded “down” in the crystal structure of oxidized DsbA the crystal structure of oxidized DsbA<8.0°), indicating
is folded upward into thg5—a7 plane with residues Prol63 that the structures of the individual domains are practically
and Ser169 being the “hinge points” of this conformational identical in both monomers. The differences in interdomain
difference so that the backbone runs more or less within the angles between the two monomers are also sn¥8L 7).
plane from the end of strarftb to the beginning of the helix  The structures of the individual domains are only slightly
at. different in the structure of reduced DsbA as can be seen

Domain Association in Reduced DsbA.small but clear from the small differences in the intradomain angles between
difference in the relative positions of the two domains was oxidized and reduced DsbAg.7°). The largest differences
detected in the refined crystal structure of oxidized DsbA between the structures of the oxidized and reduced protein
between the two DsbA monomers in the asymmetric unit are observed for the interdomain angles. The absolute values
(13). We performed a detailed analysis of the relative of the angular differences are up to°28etween secondary
domain orientations in the solution structures of reduced structure elements from different domains, confirming that
DsbA and compared them with those in the two monomers the cleft between the two DsbA domains is wider in the
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FIGURE 3: (A, left) Ribbon drawing of the energy-minimized mean solution structure of reduced DSB&,X showing the regular secondary
structure and global fold of the protein. Secondary structure elements within the thioredoxin-like domain are colored in blue, and elements
within the a-helical domain are colored in red. The N and C termini of DsbA as well as all secondary structure elements are indicated. The
side chains of the two active site residues, Cys30 and Cys33, are shown explicitly withahd & atoms depicted as yellow and black
spheres, respectively. The orientation of the DsbA molecule in this figure is referred to as the “standard orientation” and will be maintained
in most figures of this paper. (B, right) Stereoview of the backbone atoms¥{NZ'Cand O) of all residues for the family of 20 structures

of reduced DsbA best fitted to N,°Cand C atoms of the regions with regular secondary structure (residuég 22-25, 31-37, 42-48,

56—-59, 68-82, 85-97, 105-114, 119-127, 130-144, 152-155, 159-161, and 17%185). This figure was produced with MOLMOL

(83).

structure of the reduced protein. The simplest description the different conformation of the flexible loop between strand
of the different domain orientation is probably a comparison 5 and helixa.7; the backbone of residues GIn16Mlet166
of the cleft’s size in reduced and oxidized DsbA. In the and the side chain of GIn164 from this loop form an extended
crystal structure of oxidized DsbA, the cleft is roughly 14 ridge at the lower edge of the groove that diminishes its width
A long and varies in depth (512 A) and width (8-11 A). (Figure 8). The right end of the groove is formed by the
In the solution structure of the reduced protein, its size is side chain of Aspl67 and the N terminus of hetid
considerably larger with a length of 20 A, a depth ef B (residues Pro31 and His32), thus separating residues Leu40,
A, and a width of 16-14 A, Thr168, Met171, Phel74, and Vall175 from the groove. At
Surface Features of Reduced DsbAeveral special the left end of the groove, the side chain of Arg148 forms a
surface features were identified in the crystal structure of flexible stalk that protrudes over the hydrophobic groove as
oxidized DsbA which may be important for the interaction well as over the incorporated hydrophobic pocket.
of DsbA with reduced unfolded polypeptides and other  This hydrophobic pocket is located inside the hydrophobic
proteins (3, 41). An extended hydrophobic patch and a groove, with dimensions of approximately 647 A and 5
hydrophobic groove incorporating a small hydrophobic A deep in oxidized DsbA. It is also formed exclusively by
pocket are located on one side of the DsbA molecule, closeresidues from the thioredoxin-like domain of DsbA: Phe36
to the active site cysteines. In addition, an acidic patch is and lle42 from helicest1 andal', Pro151 from the active
located in a second groove on the surface opposite to thesite, Met153 from stran@4, Leul61 from strang5, and
active site. All these surface features are also present in theTyrl78 from the C-terminal helba7. Glu24 is located
solution structure of reduced DsbA. Their general properties below the pocket and contributes to a net negative charge
are the same, but their detailed location and size are slightlywithin the pocket. In reduced DsbA, the hydrophobic pocket
different in most of the cases (Figure 8). is also present and its dimensions are roughly the same, but
The supposed peptide binding groove in oxidized DsbA it is formed by a slightly different set of amino acids:
is roughly 20 A long, 10 A wide, ah7 A deep. Itisformed  Met153 (which also participates in the oxidized protein) and
exclusively from residues of the thioredoxin-like domain, GIn160 and Asn162 from straifth. In addition, the entrance
i.e., Phe36 and Leu40 from helice¢ ando1', Pro151 from of the pocket is shielded by the side chain of Arg148 which
the extended strand between helk and strang4, GIn160 forms a basic stalk that protrudes over it.
from strand 55, and Prol63, GInl164, Thrl68, Metl71, The hydrophobic patch, with an area of approximately 12
Phe174, and Vall75 from the flexible loop between strand A x 16 A, is located near the active site cysteines of reduced
5 and the first turn of helixx7. The hydrophobic groove DsbA. It is formed by residues from both DsbA domains:
in reduced DsbA is formed by residues Phe36, Prol51, Phe29, just before the active site, Phe&dy66 from the
GIn160, Pro163, GIn164, Gly165, and Met166 and is shorter first hinge region between the two domains, Leu68 from helix
(17 A) and not as wide (89 A). This is mainly caused by 2, and Val150 from an extended strand between hedix
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Ficure 4: Residue-based root-mean-square deviations of the atomic coordinates among the SA structures from the energy-minimized

mean structure for the backbone atoms N, C, and O (red line), non-hydrogen side chain atoms (orange line), and all non-hydrogen
atoms together (blue line).

Ficure 5: Stereoview of the backbone superposition of the energy-minimized mean solution structure of reduced DsbA (blue) with molecules
A (red) and B (orange) from the asymmetric unit of the crystal structure of oxidized DsbA. The molecules were fitted to®athihd C

atoms of the regions with regular secondary structure (residud4,922-25, 31-37, 42-48, 56-59, 68-82, 85-97, 105-114, 119-

127, 130-144, 152-155, 159-161, and 17%+185). This figure was produced with MOLMOL.

and strandf4. The same amino acids contribute to the  In accordance with the structure of oxidized DsbA, the
hydrophobic patch in the structure of oxidized DsbA, and acidic patch is located in the wedge-shaped groove between
its size is basically similar. the two domains at the face of the molecule just opposite
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FiGURE 6: Detailed stereoview of the loop comprising residues-1B3 (located between straf® and helixa7), seen from the top of

the molecule. Superposition of the backbone atoms of the energy-minimized mean solution structure of reduced DsbA (blue) with molecules
A (red) and B (orange) from the asymmetric unit of the crystal structure of oxidized DsbAtaths within the loop are shown as small
spheres with the corresponding residue depicted beneath. This figure was produced with MOLMOL.

Ficure 7: Backbone superposition of the energy-minimized mean solution structure of reduced DsbA (blue) with molecule A from the
crystal structure of oxidized DsbA (red) in stereoview. Both molecules were fitted to the regular secondary structure elements of the
a-helical domain of DsbA (all N, € and C atoms of residues 6832, 85-97, 105-114, and 119-127). The atoms of helixt6, which

spans both domains of the protein, were excluded from the fit. The molecule is rotated toyt8€ left about the vertical axis with respect

to the standard orientation. This figure was produced with MOLMOL.

the active site. The groove is formed by heliedsandal’ Active Site. Most NOE signals within the active site of
and strandB2 from the thioredoxin-like domain and by DsbA are very weak. Therefore, some of the NOE patterns
helicesa2 ando3 from the helical domain of DsbA. The  could not be unambiguously assigned. Despite these dif-
acidic patch itself is formed by the following six residues: ficulties, the backbone conformation in the active site of
Glu37, Glu38, and Asp44 from helicesl and al’ and reduced DsbA is well defined, but the side chain conforma-
Glu85, Asp86, and Glu94 from helix3. In oxidized DsbA, tions are generally less precise. In particular, the conforma-
the acidic patch is formed by the same amino acids but its tion of the side chain of His32 is poorly defined, as well as
area is smaller than that in the reduced protein. This is they; angles of Phe29, Cys30, and Cys33. To visualize the
mainly a consequence of the different domain orientation. local differences in the side chain conformations of residues
In the structure of reduced DsbA, the wedge-shaped cleft 28—34, the energy-minimized mean solution structure of
between the two domains has dimensions of approximatelyreduced DsbA and the two molecules from the crystal
20 A (length) x 10-14 A (width) x 5—10 A (depth),  structure of oxidized DsbA were fitted onto the backbone
thereby exposing more of the acidic patch. The solvent- atoms of residues Cys3@ys33 (Figure 9). Most backbone
exposed surface area of Glu37, Glu38, Asp44, and Glu94 isconformations of residues 3@3 of reduced DsbA are nearly
up to 20% larger in reduced DsbA than in the structure of identical to their conformation in oxidized DsbA. The
the oxidized protein. differences in thep andy backbone angles of Pro31 and



6272 Biochemistry, Vol. 37, No. 18, 1998

Table 2: Comparison of Angles (in Degrees) between Regular
Secondary Structure Elements from Both Domains of DsbA in the
Crystal Structure of Oxidized DsbA and the Energy-Minimized
Mean Solution Structure of Reduced DsbA

oxidized DsbA

reduced DsbA

Schirra et al.

reduced DisbA oxidized

Hydrophobic Patch

molecule molecule mean NMR NMR- NMR-
A B A—B? model AP B
Intradomain Angles, Thioredoxin-like Domain :
p2—B3 236 234 02 225 -11 -09 Pocket
oal—p2 121.6 1215 0.1 128.2 6.6 6.7
ol—p3 1434 146.4 3.0 144.5 11 -19
Intradomain Angles, Helical Domain
a2—03 160.3 159.3 1.0 153.9 —-6.4 —-54 Grocve
o2—a4 26.1 24.0 21 22.6 -35 -14
o3—a4 134.6 135.9 13 133.0 -16 -2.9
Interdomain Angles between the Two Domains

ol—a2 30.4 275 2.9 16.8 —-13.6 —10.7
al—oa3 130.4 132.7 2.3 138.7 8.3 6.0
ol—a4 4.3 3.8 0.5 20.3 16.0 16.5
p2—02  139.2 137.6 1.6 126.7 —-125 -10.9
p2—a3 31.8 30.0 1.8 49.0 172 19.0
p2—04 1242 122.9 1.3 1085 —15.7 —-14.4
p3—a2 148.9 145.4 35 135.8 —13.1 -—-9.6
p3—a3 36.0 35.9 0.1 52.8 16.8 16.9
p3—a4 145.2 141.5 3.7 1242 —-21.0 —17.3

a Difference between molecule A and B in the crystal structure of
oxidized DsbA.P Difference between the energy-minimized mean
solution structure of reduced DsbA and molecule A in the crystal
structure of oxidized DsbA Difference between the energy-minimized
mean solution structure of reduced DsbA and molecule B in the crystal
structure of oxidized DsbA.

His32 compared to those of oxidized DsbA are smaller than

Ficure 8: Electrostatic surfaces of the energy-minimized mean
solution structure of reduced DsbA (left) and monomer A from
the crystal structure of oxidized DsbA (right) generated with

15°. However, the backbone angles for Cys30 and Cys33 GrasP @1). Surfaces are colored by charge (red is negative, blue

are different from those of the oxidized protein so that the

is positive, and white is uncharged or hydrophobic). Phsulfur

backbone starts to deviate before Cys30 and after Cys33.atom of Cys30 is depicted as a yellow sphere. The hydrophobic

The most prominent local difference in the active site loop
is the tilting of the ring of Pro31 by about 2@ward the
inside of the active site as a consequence of the diffepent
angle of Cys30. Another difference is the orientation of the
Cys30 &—CF bond. With respect to oxidized DsbA, it is
turned by about 30more in the direction of Pro31 and to
the outside of the loop formed by residues-32. The side
chain of His32 is largely disordered ji, but in the majority

pocket and groove as well as the acidic patch of the molecule are
denoted by arrows. The top orientation of the molecule is the same
as the standard orientation. The lower molecules are rotated 180
about a vertical axis.

39), and E. coli glutaredoxin 47). Most of the local

differences in main chain conformation occur at both termini
of the protein and in loop regions at the protein surface. They
may reflect crystal packing effects and the inherent mobility

of the structures, it clusters between the same two conforma-Of solvent-exposed regions. A good example is the region

tions present in oxidized DsSbA (A, = —sc; and By, =

ap). The side chain conformation of Cys33 also differs from
that in oxidized DsbA as a consequence of the different
Cys33¢ andy angles; the €&-Cf bond is rotated clockwise
by about 30 around the axis of heligl. The first loop of
the active site helix resembles more #-Belix than an
o-helix in oxidized DsbA. The B-helix character is even
more pronounced in the reduced protein.

DISCUSSION

Comparison of the Solution Structure of Reduced DsbA
and the Crystal Structure of Oxidized DsbAhe low rmsd

between residues 163 and 174 which is located directly after
strandf5 and forms a mobile loop (residues 16869) and

the first turn of helixa7 (residues 178174). This stretch
adopts different conformations in the ensemble of NMR
structures when compared to the X-ray model (Figure 6),
and its rmsd values are the highest among the NMR models.
These deviations are most likely an inherent feature of the
loop’s flexibility and lead to a different average conformation
when comparing the solution structure with the crystal
structure. Indeed, preliminary relaxation measurements
(unpublished results) and increasBdactors for residues
163—169 in the crystal structure of oxidized DsbA point to
a higher flexibility of this segment in both redox states.

among the NMR models of DsbA allows an analysis of the Another reason for the structural difference could be crystal
structural differences between the solution structure of contacts between the two monomers in the asymmetric unit
reduced DsbA and the crystal structure of oxidized DsbA of the crystal structure involving residues 16874, which

(12, 13). Overall, the structures of oxidized and reduced also lead to different conformations of this region in both
DsbA are very similar, but the local differences between the monomers of oxidized DsbA. Residues 18¥4 have been
structures of both redox forms are more pronounced com- postulated to be important for the interaction with polypeptide
pared toE. coli thioredoxin @5), human thioredoxin37, substrates 1(3). Its flexibility may thus be an intrinsic
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Ficure 9: Detailed stereoview of the active site of DsbA. The backbone and heavy side chain atoms of resifB#ear28shown for the
energy-minimized mean solution structure of reduced DsbA (blue) and molecules A (red) and B (orange) from the asymmetric unit of the
crystal structure of oxidized DsbA. The structures were fitted to the backbone atoms, @hd3XC) of residues 36 33 (active site residues).

This figure was produced with MOLMOL.

property reflecting the function of DsbA, especially since a tagenesis experiments which proved that none of these
conformational difference in this loop affects the size of the residues is responsible for the low(pof Cys30 84). The
hydrophobic groove (see below). only interaction of the Cys30 thiolate with an amino acid

Conformational Differences within the Agti Site and side chain seems to be with His32, whose replacement by
Stabilization of the Cys30 Thiolate AniorThe structural several uncharged residues increased the Cyk3byp0.3—
differences in the active site between reduced and oxidized1.5 units 21, 85). Very similar observations were reported
DsbA are very subtle. All NOE signals present in the region for the exchange of the equivalent histidine in the catalytic
of the active site residues were examined very carefully. domain of PDI 83) andE. coli thioredoxin 85). Another
Unfortunately, not many active site NOEs could be included possible reason for the stabilization of the Cys30 thiolate
in structure calculations since a considerable number of would be a charged hydrogen bond with either theShe
resonances could not be assigned. Therefore, the precisiotdN proton of Cys3318, 29, 38, 43). As for the hypothesis
of the active site region in the structures of reduced DsbA of a shared proton between the sulfur atoms of Cys30 and
is not as good as in other parts of the protein, and statementCys33, no clear statement can be derived from the NMR
about structural differences in this region are generally not data since the side chain conformations of both residues are
as certain as those for the rest of the protein. As an examplenot well defined in the NMR models. Depending on jhe
the side chain conformation of His32 is largely disordered conformation of Cys30 and Cys33, the closest possible
in the structural family withy; angles distributed between distance between the’ &toms of the two cysteines is smaller
the —sc and ap conformations. The NOE intensity pattern than the covalent distance of 2 A, and the largest possible
between the Mand H resonances indicates eitherasc distance is 7 A. If the side chain conformation is the same
dihedral angle or a 1:1 equilibrium between thec and ap in both redox states, the distance would be 3.7 A. Thus,
conformations. Since theNoroton of His32 could not be  the possibility of a shared proton between thea®ms of
assigned, any information aboutHH? NOE intensities or Cys30 and Cys33 cannot be excluded in this NMR model,
from the HNHB spectrum is missing, and one cannot but it appears unlikely since theKp of Cys30 is not
distinguish between these two possibilities. significantly affected in the DsbA variant Cys33Ala (M.

In the crystal structure of oxidized DsbA, the His32 side Huber-Wunderlich and R. Glockshuber, unpublished results).
chain has two different conformations. In monomer A, it The same holds true for a hypothetical shared proton between
has a—sc conformation, although rotation around the-C S(Cys30) and M(Cys33). The distance between the two
Cf bond is generally unrestricted. In monomer B, the atoms varies between the covalent distance and 4.5 A,
conformation is ap. Thesc conformation is forbidden due depending on thg; conformation of Cys30. Regarding all
to a steric clash with the backbone of the other monomer, these arguments, we believe that the most probable reason
and the ap conformation is furthermore stabilized by crystal for the stabilization of the Cys30 thiolate is its favorable
contacts, e.g., a hydrogen bond betweé(Hi$32B) and O electrostatic interaction with the helix dipole of the active
(Lys98A). Thus, it seems that His32 can adopt both site a-helix (26, 30). In accordance, the Ky of the
conformations in both redox states of DsbA and that the bestnucleophilic thiolate has been shown to be extremely
interpretation of the NMR data is a conformational hetero- sensitive to amino acid replacements within the active site
geneity between thesc and ap conformations, which is also  helix and in particular to exchanges of the Xaa-Xaa dipeptide
yielded by the structure calculations. between the catalytic cysteine&l( 23, 31—-35). In the case

The thiolate anion of Cys30 is populated to at least 60% of DsbA, certain Xaa-Xaa mutations increase th&, pf
at pH 3.7. Nevertheless, the structure of the active site regionCys30 by more than 3 unit2f, 31).
in reduced DsbA reveals no unequivocal hint about the Domain Orientation. The orientation of the two domains
factors that stabilize the thiolate and cause the l&n@lue of DsbA is different in the reduced protein when compared
of the Cys30 thiol. The network of charged residues Glu24, to the crystal structure of oxidized DsbA. Superposition of
Lys58, Glu37, and Glu38 in the vicinity of the active site is the backbone of the mean solution structure of reduced DsbA
basically the same compared to the crystal structure of with the thioredoxin-like domain of molecule A of the crystal
oxidized DsbA. This is consistent with site-directed mu- structure of oxidized DsbA yielded a different orientation
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compared to fitting of the molecule to the helical domain of L A B B
molecule A of the crystal structure (Figure 7). This
difference corresponds to a wider cleft between the two
domains in reduced DsbA compared to that in the oxidized
protein. The angle of this wedge-shaped cleft, which is ] 7
formed by helicesx2 ando3 from the helical domain and ] ]
by helix a1 and sheet§2 andp3 from the thioredoxin-like 0+ I‘Jr-vﬁ*'—-v‘n‘r'mfvwm—-
domain of DsbA, is increased by about420°. This s, in r————
fact, the largest difference between the solution structure of 50 100 150
reduced DsbA and the crystal structure of oxidized DsbA. I~ 5T
If the observed different domain orientation was a conse- 10 B
quence of the reduction, the structural difference between
both redox forms of DsbA would be larger compared to that
reported for the one-domain thietlisulfide oxidoreductases
thioredoxin and glutaredoxin, which undergo only minor ] ]
structural changes upon reduction of the active site disulfide U ‘-‘1' L L S
bond @9, 37, 39, 42—47). ———— r
The relative orientation of the two domains in the solution 50 100 150
structure is exclusively defined by experimental NMR 15 - T T T
constraints. The nonbonded terms of the energy function 10E C 3
in X-PLOR are represented by a van der Waals repulsion :
term, and no Lennard-Jones, electrostatic, or hydrogen 05 E- _'
bonding terms were used in the NMR structure calculations : ]
(86, 87). The density of NOEs at the domain interface is 0.0 frr— .-J‘-r.llh—r,lluu-rrﬁwﬁ-ﬁ.zr».-ﬂ
equal to the density within the domains. However, NOE : ]
signals between protons in the cleft that should be present  -0.5 ———— 5'0 et 1(')0 et 1;0 ]
on the basis of the crystal structure of oxidized DsbA (if i
one assumes that the domain arrangement in reduced DsbA residue number
is the same as in the crystal structure of oxidized DsbA) are Ficure 10: Differences of chemical shifts between reduced and

unambiguously absent in the NOESY spectra up to mixing gﬁﬁiégg D(SAk;AS%EﬁpHdif?éze?]rc‘gjcf)gﬁgcf'?tetggniﬂﬁie”;t t(rEmg rser?ii‘?ue

times of 200 ms. Additionally, the value of angular itferences forsN backbone resonances, and (C) shift differences
difference is too large to be solely an effect of missing NOES. for HN backbone resonances. The differences in chemical shifts

The error in the rotation anglewas estimated with X-PLOR  are generally very small except for residues in vicinity of the active
to be+8°. This is considerably smaller than the total rotation Site of DSbA.
of the domains of = 20°, confirming the significance of in structure, and especially in charge distribution, occur in
the structural difference. Analogous observations regardingthe active site of DsbA. Cys30 shows the largé&¥ shift
the orientation of one subunit with respect to another have difference, whereas its change'id and*®N shifts is not so
been made for the solution and crystal structures of inter- pronounced. This can be expected since the conformation
leukin-8 @6). The solution structure of reduced DsbA and of Cys30 is basically the same in oxidized and reduced DsbA.
the crystal structure of the oxidized protein were however However, the Cys30 thiolate anion is populated to 60% at
obtained under different conditions. In particular, the pH pH 3.7. The negative charge should shift tifer€sonance
used for crystallization of oxidized DsbA was 6.8§], downfield, as is indeed observed. The largest difference in
whereas the solution structure was determined at pH 3.7. InTH and*®N shifts is observed for Cys33, possibly reflecting
addition, the algorithms used for structure calculations were different conformations of this residue in both redox states
different. To rule out possible influences of these factors at pH 3.7 in solution. However, the data for Cys30 and
on the comparison of the two forms of DsbA, we are Cys33 have to be considered with care since the “random
presently also determining the solution structure of oxidized coil” chemical shifts of cysteine residues in the disulfide,
DsbA by NMR spectroscopy under identical conditions (see thiol, and thiolate forms are different, at least f6€ (89).
below). Apart from the two active site cysteines, large chemical shift
Analysis of Differences between the NMR Spectra of differences are also observed for other residues close to the
Reduced and Oxidized DsbA at pH 3.7 and 300TKe*H, active site, namely, Ser27, Phe29, Tyr34, Glu37, and Ser43
15N, and3C* chemical shifts of the backbone resonances (Figure 10).
are highly sensitive markers for local conformational and  Implications of Structural Differences for the Reaction
electronic changes. We have completed the sequentialCycle of DsbA. The most prominent differences between
assignment of the backbone resonances of oxidized DsbAthe structures of oxidized and reduced DsbA are the distinct
at pH 3.7 and 300 K, which allows the analysis of chemical orientations of the two domains. Together with the different
shift differences caused by the different redox states of the conformations of the loop between sh@ét and helixa7,
enzyme. ThéH, >N, and*C® shifts are in general identical  the different domain orientations alter some surface features
within fractions of parts per million for reduced and oxidized of DsbA. If these structural differences are exclusively a
DsbA, except for the region around the active site (Figure consequence of the different redox states, they might play
10). Thus, as expected, the overall structure of the two redoxan important role in the reaction cycle of DsbA which
forms at pH 3.7 is very similar, and the largest differences consists of the following steps: binding of an unfolded,

23(*3Coy) [ppm]
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<
1
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Solution Structure of Reduced DsbA

reduced polypeptide by oxidized DsbA, oxidation and 2.
subsequent release of the polypeptide, binding and reoxida-
tion of DsbA by DsbB, and subsequent dissociation of the
DsbA—DsbB complex. It has been suggested that the
hydrophobic surface features surrounding the active site
disulfide are important for the binding of unfolded peptides
to oxidized DsbA and that the acidic patch, located in the
cleft at the opposite side of the protein, might be a binding
site for DsbB (3). Our observations are consistent with
this suggestion. The hydrophobic groove is shorter and
narrower in the solution structure of reduced DsbA; the
associated hydrophobic pocket has a different location, and
its entrance is partially blocked. Thus, the structural differ-
ences in the hydrophobic groove and the hydrophobic pocket 9.
should make binding of a peptide to DsbA more unfavorable.
In addition, the different domain orientation in reduced DsbA
may improve the accessibility of the acidic patch and possibly
enhance the binding to DsbB. The supposed lowered affinity
of reduced DsbA for unfolded polypeptides would also be
in agreement with the fact that the enzyme is a very efficient
oxidant but possesses a relatively weak disulfide isomerase
activity (4, 6, 17, 25). Thus, it appears that the observed
differences between the crystal structure of oxidized DsbA
and the solution structure of reduced DsbA are in good
agreement with the functional requirements for the enzyme’s
catalytic efficiency in vivo.

During preparation of this paper, we have learned that a
crystal structure of reduced DsbA has been determined to
2.7 A resolution (J. Martin, personal communication) and
that this structure is more similar to the crystal structure of
oxidized DsbA than to the solution structure of reduced
DsbA. Whether the differences between the solution and
crystal structures of reduced DsbA are caused by different
pH conditions, crystal packing effects, influences of the
refinement protocols, or other reasons cannot be decided at
this time, and future details will have to await an extensive 23-
analysis of the two structures determined by both NMR o4
spectroscopy and X-ray crystallography. '
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SUPPORTING INFORMATION AVAILABLE

A figure showing a strip plot from HNCA, CBCA(CO)-
NH, and CBCANH spectra, a rmsd plot of the torsion angles 31.
versus the amino acid sequence, a plot of the number of NOE
constraints versus the amino acid sequence, Ramachandran
plots for the family of 20 structures and for the energy-
minimized mean structure of reduced DsbA, and a sausage 35
plot showing the definition of the structures as the diameter
of a spline curve through the protein’s backbone (8 pages). 34.
Ordering information is given on any current masthead page.
In addition to the material available froBiochemistry a
table with the'H, 3C, and**N chemical shifts of reduced
DsbA is available from the authors upon request and will
be deposited with the BioMagResBank.
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