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ABSTRACT. Structural differences in the [2Fe-2S] ferredoxin, putidaredoxin (Pdx), from the camphor
hydroxylation pathway oPseudomonas putidaave been investigated as a function of oxidation state of

the iron cluster. Pdx is involved in biological electron transfer to cytochrome R48DYP101). Redox-
dependent differences have been observed previously for Pdx in terms of binding affinities to CYP101,
NMR spectral differences, and dynamic properties. To further characterize these differences, structure
refinement of both oxidized and reduced Pdx has been carried out using a hybrid approach utilizing
paramagnetic distance restraints and NMR orientational restraints in the form of badkNaesidual

dipolar couplings. Use of these new restraints has improved the structure of oxidized Pdx considerably
over the earlier solution NMR structure without RDC restraints, with the new structure now much closer
in overall fold to the recently published X-ray crystal structures. We now observe better defined relative
orientations of the major secondary structure elements as also of the conformation of the metal binding
loop region. Extension of this approach to structure calculation of reduced Pdx has identified structural
differences that are primarily localized for residues in the C-terminal interaction domain consisting of the
functionally important residue Trp 106 and regions near the metal binding loop in Pdx. These redox-
dependent structural differences in Pdx correlate to dynamic changes observed before and may be linked
to differences in binding and electron transfer properties between oxidized and reduced Pdx.

Electron transfer is an important event in biological Extensive spectroscopic, kinetic, and thermodynamic data
systems and is often controlled via modulation of redox statesdescribing the interaction between Pdx and CYP101 is now
in proteins. An example of such an electron transfer system available, providing insights into the mechanism of electron
is the camphor hydroxylation pathway in the soil bacterium transfer (—14). The electron transfer between Pdx and
Pseudomonas putidaAn important component of this CYP101 is a tightly regulated redox process involving
pathway is the 106 residue, two iretwo sulfur [2Fe-2S] interconversion of Pdx between the oxidized {FE€*",
ferredoxin, putidaredoxin (PdxX)that serves as an electron Pdx) and reduced (Fé-Fe**, Pdx) forms. In two sequential
shuttle between the NADH-dependent flavoprotein, puti- steps corresponding to single turnover of product, °Pdx
daredoxin reductase (PdR), and the heme protein, cytochromeaccepts one electron at a time from PdR and, upon reduction,
P45Q.»(CYP101). The role of Pdx is to sequentially transfer transfers it to camphor-bound CYP101. The redox-dependent
two electrons to CYP101 in the catalytic cycle of camphor hinding to CYP101 is quite specific for Pdx in terms of its
hydroxylation. The Pdx/CYP101 interaction is one of the effector activity, as evidenced by the drastic reduction in
best characterized electron transfer couples and has longroduct turnover upon replacement of Pdx with other
served as a model system for study of biological redox homologous electron donor$5). Redox-dependent differ-
coupling between [2Fe-2S] ferredoxins and type Il cyto- ences are also apparent in binding affinities to CYP101, with
chrome P450s. PdX binding oxidized CYP101 with an affinity 100-fold
higher than Pdk (2, 3). This is important in a functional
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mechanism for coupling oxidation state and binding affinity determination protocols, including structural refinement of
(23). Whether the dynamic changes in certain regions are both small and large proteins, de novo structure determination
also overlapped by structural changes requires a detailedof small proteins, characterization of interdomain relation-
analysis of structural differences between the redox forms. ships in multidomain proteins, and structure elucidation of
The structure of Pdxwas first determined using solution  protein complexes29—35). However, there are few ex-
NMR spectroscopy24) and later refined using additional amples in the literature of RDC application for structural
NOE restraintsZ5). Paramagnetic metalloproteins often pose refinement of paramagnetic metalloproteins in different redox
a limitation in application of traditional NOE-based NMR states, and that too mainly employing self-orientation in
approaches due to nonavailability of sufficient restraints in external magnetic field from the inherent magnetic anisotropy
regions affected by paramagnetism. The presence of unpaireaf the paramagnetic moiet3§—38). Structure determination
electrons in the [2Fe-2S] cluster in both oxidation states at of proteins in different redox states offers an excellent
ambient temperature makes the cluster highly paramagneticopportunity for use of RDC-based methodology since the
In Pd¥, the paramagnetic effect of the metal cluster leads structure variations between the redox forms are usually small
to severe line broadening and/or hyperfine shifts of proton and RDCs are quite sensitive to such variations. If structure
resonances located within a radius 7oA from the metal for one of the redox forms is available, then a feasible
cluster, hampering detailed structural analysis of this func- approach for structure determination of the other forms will
tionally important region due to lack of structural data. As be to impose RDC restraints measured for them onto the
a result, for structure determination of Pgdhe region around  closely related known structure to determine the unknown
the metal cluster had to be modeled on the basis of the crystaktructures. We demonstrate this methodology in high-
structure of a related [2Fe-2S] ferredoxin, bovine adreno- resolution structure determination of P&nd PdX starting
doxin (26). Recently, several high-resolution X-ray crystal from the known lower resolution NMR structure and
structures of functional mutant versions of Pdvave been converting it to the new structures using RDC restraints
published 27, 28). These structures are fairly high resolution, measured in external orienting media for Paxd Pd%

with the structure of the C85S/C73S mutant PEROQQ) Paramagnetism of the metal cluster precludes use of this
showing the best resolution at 1.47 A. All of the crystal methodology in the immediate region surrounding the metal
structures are quite similar in overall fold to the NMR  cluster within a radius of 7 A. One of the approaches
structures. These now provide detailed insights into the frequently used for structural interpretation of residues in
structural features of the regions surrounding the metal clusterthe paramagnetic region is to calculate a distance between a
as also other important regions in Pdeffering clues to  npycleus and metal center from paramagnetic contributions
the redox-dependent function of the protein. However, lack to nuclear re|axationw’ 40) Recenﬂy, Sequence-specific
of a high-resolution structure for the functionally important NMR assignments and distance restraints from enhancements
PdX prevents any detailed comparison of structural differ- i relaxation times for backbon&C’, 15N heteronuclear
ences. resonances within the paramagnetic region of bott? Bdg
Preliminary NMR studies on Péiky Pochapsky and co-  pdx have been reported28, 41), making it possible to
workers (8) have provided partial structural information by  develop a hybrid approach that combines the paramagnetic
identifying the differences in chemical shifts and NOE and orientational information. Here, we present refined
restraints between Petland PdX These are localized mainly  solution NMR structures for both oxidized and reduced Pdx
to a region known as the C-terminal cluster region, consisting obtained using this hybrid approach and describe the
of residues belonging to a loop region surrounding the metal structural features in the regions undergoing conformational
cluster as well as residues in and around the C-terminus ofchanges between the two redox forms. Our results indicate
the protein. It was inferred from these studies that while the redox-dependent structural differences in Pdx that correlate
overall folds of PdR and Pd% did not differ dramatically, to previous|y observed dynamic Changes and may be linked
the tertiary structural restraints for the C-terminal cluster to differences in binding and electron transfer properties
region did differ. This preliminary structural analysis, petween Pdkand Pdx
although explaining some of the structural differences
between PdXand Pdx qualitatively, is not sufficient to MATERIALS AND METHODS
explain the observed redox-dependent effects and binding
differences to CYP101. In an effort to investigate the redox- Sample Preparation and NMR Spectroscopypression
dependent structural differences in Pdx in detail, we have and purification of **N-labeled Pdx followed published
determined high-resolution solution NMR structures of Protocols 5). Plasmids for expression of Pdx were kindly
oxidized and reduced Pdx, helping us to further characterizeProvided by Dr. Thomas Pochapsky (Brandeis University).
the relationship between oxidation state and structure/functionAfter purification, samples of Pdx were concentrated and
in Pdx. In doing so, we have developed and applied an dialyzed against NMR sample buffer (50 mM Tris-HCI, pH
approach involving structure refinement of homologous 7-4, 50 mM KCl, 90% HO:10% D,O) before being used
protein structures that utilize paramagnetic distance restraintsfor the NMR experiments. Typical NMR samples had a
and NMR orientational restraints in the form of residual concentration range from 1 to 2 mM. Samples of Reare
dipolar couplings. prepared anaerobically by reduction of Pdsing methods
Residual dipolar coupling (RDC) measurements in aligned described previously2g).
media are increasingly being used in lieu of, or in combina-  All NMR experiments were carried out on a Varian Unity
tion with, traditional NOE-based distance restraints for Inova 600 MHz spectrometer. RDC measurements on both
purposes of biomolecular structure determination. They PdX and Pdk were carried out in an identical fashion.
currently find numerous applications in NMR structure Different alignment media, bicelles, and phage were used
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for RDC measurements. Two sets of data in 5% (w/v) bicelle Val 74 H’'—Trp 106 H). Changes in NOE patterns for other
solution (DMPC:DHPC, 2.9:1) were collected: a data set at residues in the diamagnetic region upon reduction have been
25 °C corresponding to the isotropic phase of bicelles and a detailed previously 8). These changes were additionally
data set at 29C corresponding to the aligned phase of the incorporated for structure refinement of P.dkhe complete
bicelles. For measurements in phage, a sample of Pdx wagestraint set for the diamagnetic region is described in Table
prepared in the absence and presence of 10 mg/mL Pfl phagé. In the paramagnetic region, a total of 28 distance restraints
(Asla Ltd., Latvia) corresponding to the isotropic and aligned derived from paramagnetic relaxation enhancements and
phase for measurementsl—1°N couplings were measured corresponding to distances between Fe atoms and backbone
for each sample at 2% from a two-dimensional sensitivity-  1®N and13C' atoms in residues affected by paramagnetism
enhanced HSQC experiment coupled in tk¢ dimension (residues 3848, 85-87) were used during the structure
(42). RDCs were extracted as a difference in splitting refinement calculations (see Supporting Information). Se-
between the isotropic and aligned phase. For each NMR gquence-specific assignments for backb&@ (carbonyl) and
experiment, a total of 1024 256 complex data points were 5N resonances of P&xand Pdkhave been made previously
collected in the direct and indirect dimensions, respectively, for these residues using double-labeled samples and selective
followed by linear prediction and zero filling to a final data difference decoupling experimentlj. The distances in both
set of 1024x 1024 complex data points. Typically, a sweep Pdx¥ and Pdkwere allowed a variation 0f0.8 A.
width of 8000 Hz for the directly detected proton dimension ~ RDCs were included in the refinement as restraints with
and 1800 Hz for the indirectly detected dimension was estimated measurement errors of 2 Hz in bicelles and 1.5
employed, resulting in a 1.7 Hz/point resolution for the Hz in phage for Pd% while for Pdx they were 1.5 and 1.0
coupled dimension!H chemical shifts in spectra were Hz, respectively. Fitting of RDC data to the crystal structure
referenced against external DSS using the water signal asof the C73S/C85S PdX10QQ) using the program MOD-
an internal referencé®N chemical shifts were referenced ULE (44) gave estimates for the initial values of axial and
to external liquid ammonia using thel resonance of bD. rhombic components of the alignment tensor in bicels (
All sets of data were processed and analyzed using the Felix= —10.2 Hz,R = 0.15) and phageD, = —6.1 Hz,R =
software package (Molecular Simulation Inc.). For RDC data 0.38) for structure calculations. This fit was deemed reliable
analysis, sequence-specific backbdfé—'H assignments  on the basis of the excellent correlation observed between
for Pdx¥ and Pd% published previously were used¥). measured RDCs and back-calculated RDCs from the crystal
Structure CalculationStructural calculations for P&and structure in the correlation plot for PelIxFigure 2A). The
Pdx were performed on a Silicon Graphics Octane worksta- estimated axial and rhombic values were then input as
tion using the simulated annealing protocol in XPLOR-NIH starting values during the structure refinement process of
(43). The FgS, metal cluster was modeled into the protein  PdX. The values oD, andR were further optimized using
initially using bond geometry and distance restraints for the the method of Clore et al.2@). For Pdx, preliminary
metal cluster and ligating cysteines obtained from the crystal calculations were run witR values in the range 0.+10.21
structure of Adx 26). As summarized in Table 1, a total of in steps of 0.02 anB, values in the range-8.0 to—12.0 in
1271 NOE distance restraints, 160 dihedral angle restraints,steps of 0.2 corresponding to bicelle medium. The optimum
and 155 RDC restraints were used for structure refinementvalues were selected on the basis of the parameters that gave
of Pdx. Structure refinement of Ptixas carried out with  the lowest energy structure, and their values correpond to
1273 NOE distance restraints, 160 dihedral angle restraints,D, = —9.5 Hz, R = 0.19. The optimum values for phage
and 150 RDC restraints. The NOE and dihedral angle were similarly found to bé&k = 0.48 in a range oR = 0.33
restraints are similar to the restraints used for calculation of to R = 0.52 andD, = —5.5 Hz in the range-4.5 to —6.5
the previous 1PDX structure and were retrieved from Hz. For Pd% a similar optimization protocol was followed,
BioMagResBank. The previous NMR structure calculation and optimum values for bicelles were found tobe= 0.24
utilized restraints from gallium-substituted Pdx (GaPdx) in in arange oR= 0.15-0.27 andD, = —4.7 Hz in the range
addition to the Pdx restraintsl® 39). In the current —4.5t0—6.5 Hz, while the optimum values for phage were
calculation, all modeling restraints from GaPdx were re- found to beR = 0.43 in a range oR = 0.33-0.52 andD,
moved so as not to bias the calculated structure toward= —2.8 Hz in the range-2.5 to —4.5 Hz.
structural features in GaPdx. Due to considerable sequence Structures were calculated via simulated annealing in
homology in the metal binding region and overall structural torsion angle space, starting with coordinates from the
and functional homology with Adx, dihedral angle restraints previously reported NMR structure of Pd§PDX) within
for backbone¢, y angles in the metal binding region the program X-PLOR-NIH 43). A square-well pseudo-
(residues 3848, 85-86) and side chain; angles for the potential for RDC restraints was used in the target function.
four ligating cysteines from the Adx structure (1AYF) were Refinement via simulated annealing incorporating low-
retained for modeling. The backbone dihedral anglesmd temperature stages was carried out in two steps using a
1y for the paramagnetic residues were modeled with a rangegeneral protocol described by Chou et ad5)( a low-
of £40° and+60° for PdX and Pdkrespectively, allowing temperature cooling step from 200 to 10 K in steps of 10 K,
for conformational flexibility around the metal center. In followed by Verlet dynamics for a period of 10 ps in steps
Pdx, all interresidue NOEs to the side chains of Tyr 33 and of 2 fs, and final minimization over 50 cycles in 250 steps.
the C-terminus residue Trp 106 that exhibit strong local During the cooling stage, the NOE restraints were scaled
dynamics were removed to allow them to orient under the down using a scaling factor from 20 to 0.2 kcal rmof 2,
influence of RDCs¢ide infra). These NOEs were absentin while the RDCs were ramped up from 0.0001 to 2.0 kcal
Pdx calculations as well, except for cases where a strength-mol~* A~2 for bicelles and 1.5 kcal mot A~2 for phage,
ening of a particular NOE was observed upon reduction (e.g.,respectively. The backbone dihedral angle force constants
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Table 1: Structural Statistics for the Calculated Ensemble of Pdx measure_d on §N-enric_hed_ sample of oxidized and reduced
Structures Pdx partially aligned in bicelle and Pfl phage media. As
detailed in Table 1, a total of 15®yy couplings for PdX

Jistance restraints Pax Pax and .1501DNH (;ouplings for PdXx were ob.tained in both '
NOE restraints in diamagnetic region 1271 1273 media, excluding deQenerate and amblg_uous Qata. Th'$
metal restraints 28 28 represents most of the residues observable in the diamagnetic
hydrogen bond restraints 36 37 region of Pdx. In Pdx there is loss of some RDC data

dihedral angle restraints relative to Pdf due to increased paramagnetic effects for
f;ta' ;20 9120 residues 23, 50, 71, and 88. Slight broadening is also
" 14 14 observed for residues 6@7. This is due to an increase in
X 44 44 the radius (ca. 8 A) around the metal cluster affected by line
ligating cysteines from X-ray 8 8 broadening, resulting from a larger manifold of unpaired

rei'gt‘;‘l"" dipolar coupling restraints (total) 155 150 electron states populated at room temperature ifi.Pdx
5% DMPC:DHPC (2.9:1.0) 77 75 Figure 1 shows selected regions from the two-dimensional
10 mg/mL phage 78 75 15N-coupled spectra depicting RDC measurements for a set

'esl\tlrg'lrz“(fg'gt%”s 15 13 of residues in Pdx in the two aligned media. Owing to good
dihedrals ¢ 5°) 0 0 alignment of Pdx in both media, the spread of measured
dipolar couplings RDCs is reasonably large-@2 Hz to+15 Hz in bicelles

bicelle (>3 Hz) 0 0 and—14 Hz to+10 Hz in phage for P, and with most
phage ¢2 Hz) . 0 0 resonances being well separated, RDC measurements were

structural quality and coordinate precision . . . .
backbone RMSD to obtained with considerable accuracy. The quality of the

mean (A) residues-2106 0.3 0.7 acquired data is illustrated via a correlation plot (Figure 2A)
mean (A) secondary structures 01 03 between experimental RDCs for Pdand back-calculated
X-ray (10QQ) (A) residues 1106 12 16 RDCs from the 1.47 A crystal structure of the C73S/C85S
X-ray (10QQ) (A) secondary structures 0.8 1.0 -
% of residues in Ramachandran plot mutant Pd (10QQ). Good agreement is observed between
most favored regions 83.7 80.3 experimentally measured RDCs and the crystal structure,
additionally allowed regions 15.9 19.4 with only few measurements (residues 8, 23, 26,58, 74,

103, and 106) falling outside experimental error limits.
were also scaled down from 300 to 50 kcal mioh 2 over Similar behavior is observed for RDCs measured in phage
the course of the cooling. Fifty structures were generated medium (see Supporting Information), except some ad-
each for Pdkand Pd% having no violations greater than ditional residues (residues 488, 33, 55, 63, 88, 93, and
experimental errors for the dipolar couplings, out of which 96) fall outside the fit. Most of these residues are present in
a cluster of 15 lowest energy structures for Pdxd 11 fairly dynamic regions of the protein as suggested by prior
lowest energy structures for Pdxas selected for analysis.  studies involving backbone dynamic0f and are thus likely
The structures were checked by PROCHECKg)( for to exhibit small structural deviations from the crystal structure
consistency of stereochemistry and bond geometry. An resulting from dynamic averaging of RDCs. In comparison,
individual conformer with lowest RMSD to the mean was the correlation plot obtained using the refined NMR structure
selected as a representative structure for comparison purpose§ PDX) shows poor fit of the RDC data in all regions of the
in each case. The conformational restraints used for calculat-protein, indicating a lower quality for this structure (Figure
ing the structures and coordinates for the structural ensemble2C).
have been deposited in the Protein Data Bank with accession Figure 3 shows the distribution of measured RDCs in

numbers 1YJI (Pdx and 1YJJ (Pdy. bicelle medium for residues in the diamagnetic region in
oxidized versus reduced Pdx. The overall RDC distribution

RESULTS ) P
is quite similar for both redox forms. However, one can see
Measurement of Residual Dipolar Couplings and Structure individual changes in RDC values outside of experimental
Refinement:Dyy backbone residual dipolar couplings were error limits. These are mainly localized to regions consisting
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Ficure 1. Residual dipolar coupling measurements for a representative set of resonances in spectra recordéeNasoypked HSQC
sequence at 600 MHz on *&N-labeled sample of PAX50 mM Tris-HCI, pH 7.4, 50 mM KCI, 90% kD—10% D,O). (A) Isotropic
solution, (B) aligned in 5% DMPC:DHPC (2.9:1.0) bicelle solution, and (C) aligned in 10 mg/mL phage soltighRDC values are
measured from the difference in peak splittings (shown in hertz).
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FiGURE 2: Correlation plot of experimentally measur#igyy; RDCs in bicelle solution versus back-calculated values for Pdx. (A) Crystal
structure (10QQ) fit to RDCs measured for Pdgorrelation coefficienR? = 0.96), (B) RDC-refined structure fit to RDCs measured for
Pdx (correlation coefficienR2 = 0.99), (C) 1PDX structure fit to RDCs measured for P¢borrelation coefficienR? = 0.30), and (D)
crystal structure (10QQ) fit to RDCs measured for Rdwrrelation coefficienR? = 0.91). RDCs used in the plot were measured with an
estimated precision of1.5 Hz.

metal cluster to rule out any significant pseudocontact shift
contributions.

Apart from dipolar coupling measurements, refinement of
protein structure utilized NOE, dihedral angle, and hydrogen
bond restraints that were included as described in the
Materials and Methods section. For the refined structure
12 30 40 S0 6070 B0 %0 100 10 ensemble of Pdxgenerated previously without RDC data

Residue Number (1PDX), 58.8% and 41.0% of defined backbapey values
for all non-glycinyl residues were mapped to the most
favored regions and additionally allowed regions of the
Ramachandran plot46). The corresponding values are
improved to 83.7% and 15.9%, respectively, for the en-
sembles generated with RDC restraints. In"Pthe corre-
10 20 30 40 5 6 70 8 9 100 110 sponding values are 80.3% and 19.4% respectively. A
Residue Number correlation plot of experimental versus back-calculated RDCs
FiGURE 3: Plot of IDyy residual dipolar coupling values versus ~for the RDC-refined structure shows the extremely good fit
residue number measured in 5% DMPC:DHPC (2.9:1.0) bicelle of a representative structure in the ensemble to the measured

solution for (A) Pd% and (B) PdX The couplings were measured RDCs, validating use of this structure refinement approach
with an estimated precision af1.5 Hz. (Figure 2B).

of His 8~Thr 11, Asp 16-Val 21, Asn 36-lle 35, Glu 54~ Comparison of RDC-Refined Structure with Bioaus
Glu 65, Cys 73-Leu 78, lle 88-lle 89, and the C-terminal ~ Solution NMR Structure and Crystal Structures of Oxidized

residues Asp 103Trp 106. The similarity in distribution ~ Pdx.The set of structures generated with RDC restraints is
pattern and individual residue differences is retained in phagesomewhat better converged than the previously refined NMR
media, indicating local structural changes while maintaining structures (1PDX); the backbone and heavy atom RMSD
overall global fold upon change in oxidation state. Our RDC Vvalues are 0.3 and 0.6 #espectively (0.2 and 0.5 A for the
results are thus in line with results obtained from previous diamagnetic region alone), compared to 0.5 and 0.8 A for
NMR studies where no redox-dependent chemical shift or the structures without RDC restraints. The observed im-
NOE intensity changes were observed for the majority of provements result from the better defined relative orientations
the residues in the diamagnetic regia®)( The only regions  of the two major helices (helix D and helix G) afiesheets
where chemical shifts and NOE differences were significantly (A and B) as also some of the loop regions. As can be seen
apparent include His 8, Ser 22, Val-2Be 35, portions of from the comparison with the C73S/C85S mutant crystal
the a-helix extending from Glu 65 to Cys 73, the loop Val structure (10QQ) in Figure 4, the new RDC-refined structure
74—Leu 78, which connects the helix to the Lys—79er 82 for PdX is now closer to the crystal structure in overall
type | turn, GIn 87lle 88, and the C-terminal residues Pro backbone fold compared to the previous NMR structure
102—Trp 106. On the basis of inspection of distances of these (overall backbone RMSD of 1.2 A compared to 2 A
residues from the metal cluster, most of these residues aregpreviously). Since the RMSD between the secondary struc-
well outside the paramagnetic sphere of influence of the ture elements of the RDC-refined structure and crystal
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Ficure 4: Ribbon representation of the (a) crystal structure (10QQ) of,RdxRDC-refined structure of Péx(c) RDC-refined structure

of PdX, and (d) previous NMR structure of Pd§dPDX). The different structural elements of Pdx are labeled with letterk As described

in ref 20. The label C-term stands for C-terminus of the protein. The [2Fe-2S] metal cluster is shown as spheres. The figures were prepared
using the program MolMol&4).

structure is quite low (0.8 A) (Table 1), the majority of the and were likely biased toward the GaPdx structure in its side
RMSD results from differences in loop structures, especially chain orientation Z5, 47). To alleviate the bias, all inter-
the region comprised of residues Gly-3¥al 36 that is at residue NOEs to the side chain were removed and Tyr 33
the beginning of the metal binding region. In the 1PDX was allowed to adopt conformations based on the backbone
structure ensemble, this region exhibits considerable con-RDCs. A range of conformations averaging around a side
formational heterogeneity in solution that is also retained to chain orientation only slightly exposed to the solvent was
some extent in the current set of structures. The observedstill found in our case. Interestingly, in another recently
heterogeneity may be due to a combination of several factors.published crystal structure of the C73G mutant Pdx (1R7S),
For one, there are few interresidue NOE contacts for residuesthe side chain of Tyr 33 is found in a conformation
in this region with the rest of the protein. Second, this region intermediate between our structure and the 10QQ structure.
is known to possess the highest mobility in the entire Itis likely that the side chain of Tyr 33 is sampling a range
molecule, as demonstrated by previous dynamic studies onof conformational states as part of mobility in this region,
Pdx. This has implications for redox-dependent function, as leading to observation of the different conformations. Other
discussed in the next section. Even in the 10QQ crystal minor structural differences between the current structure and
structure, this region along with the C-terminal region was the crystal structure are observed for residues Ghy\28l
found to exhibit the highesB-factor values in the three 21 in the loop region C connecting strand B of {hsheet
independent molecules of the crystal form, indicating con- and helix D as also the extended loop comprising residues
siderable flexibility in this part of the molecule. Not Ala55—Ala 63. These regions contain some of the residues
surprisingly, this region displays a different conformation with lowest order parameters in Pd9( 20), so it is not

in a recently published second crystal structure of the C73G surprising to see higher RMSD between the structures in this
mutant Pdx (1R7S)28). region on account of mobility.

In terms of other significant structural differences for this ~ Use of paramagnetic distance restraints from backbone
region, the side chain of Tyr 33 is only partially solvent carbonyl and nitrogen atoms to the metal center for residues
exposed in the majority of our structures as in the previous Asp 38-Cys 48 has also improved the structure of the metal
NMR structure, in contrast to the crystal structure where it binding loop compared to 1PDX. The metal binding loop is
is completely solvent exposed. In the previous structure now conformationally similar to that observed in the crystal
calculation of 1PDX, most of the interresidue NOE contacts structures with the metal center and cysteine ligands oc-
for Tyr 33 were derived from the measurement of GaPdx cupying almost identical positions. Comparison with the
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10QQ crystal structure indicates that the paramagnetic PdX by extension of region Gly 31Asp 38 connecting the
distance restraints used in our calculation match quite well helix and metal binding loop. As a result of this movement,
within experimental error with the distances observed in the the loop region C consisting of residues Asp—Mal 21
crystal structure (see Supporting Information). As a result, moves closer toward helix K, twisting strand B from the
the loop retains some of the important structural features central 5-sheet region in the protein and in turn affecting
observed in the crystal structure. The side chains of Thr 47 the conformation of residues His—&hr 11. On the C-
O"H—Cys 45 8 and Ser 42 @H—Ser 44 OH are within terminal side of the protein, helix G is also slightly displaced
hydrogen-bonding distances similar to that in the crystal from its position, moving away from the metal binding region
structure. A key interaction between the carbonyl group of (ca. 1 A) by extension of loop Lys 59sn 64 accompanied
Ser 44 and the carboxyl group of Asp 38 that helps to by structural changes in the C-terminal interaction domain.
stabilize the metal binding loop is also now observed. The Most of the residues in the loop Lys 5&sn 64 exhibit some
hydrogen-bonding pattern around another key residue, Hisof the lowest order parameters in Pdat increase dramati-
49, is also preserved in our structure. His 49 is conserved incally in PdX, signifying reduction in dynamic character of
plant and vertebrate-type [2Fe-2S] ferredoxins and has beerthis loop. Extension of this loop might be a way of achieving
suggested to act as a mechanical linker in transmitting redox-this.
dependent conformational changes from the metal binding The region with highest RMSD to the Pdstructure
loop to the C-terminal cluster regioA& 49). The imidazole (RMSD > 3 A) involves another loop region, Gly 34Asp
ring of His 49 is within hydrogen-bonding distances of 38, that is located at the start of the metal binding region.
residues Ser 82, Ala 76, and Arg 104 that are part of the This region shows considerable flexibility and conformational
C-terminal cluster and can likely interact via intermediate heterogeneity in solution in both Ptdand PdX structures,
water molecules observed in the crystal structure. The with lowest order parameters for the two residues Tyr 33
observation of these key interactions illustrates the successand Asp 34 10). In Pd¥, this region becomes less dynamic,
of our hybrid approach in reproducing detailed structural resulting in an increase in order parameters for Tyr 33 and
features around paramagnetic [2Fe-2S] centers using minimalAsp 34. The structure of Ptxnay help to explain, in part,
orientational and distance data like those used here. this observation. The region in Pdgontaining these two
One of the more functionally important regions in Pdx residues is now extended relative to the Psixucture and
other than the metal binding loop is a region known as the closer to His 8Thr 11, making it conformationally more
C-terminal interaction domain consisting of the C-terminal restrictive and thus less dynamic. This change in conforma-
residues GIn 105Trp 106, residues His 49, Tyr 51, and tion causes the side chain of Tyr 33 to be slightly more buried
Val 74—Ser 82. While His 49, Tyr 51, and Ser 82 are than in the Pdkstructure, reducing its motion, while at the
involved in a stabilizing hydrogen-bonding network around same time exposing the side chain of Asp 34 to the solvent.
the metal cluster, site-directed mutagenesis studies haveSite-directed mutagenesis has implicated Asp 34 as one of
highlighted the importance of Trp 106 in the binding the residues important in binding interactions with CYP101
interaction of Pdx with CYP014(@). Modification of Trp via salt bridge formation with a basic residue in CYP101
106 with a nonaromatic residue greatly reduces the binding (51). This structural change in the side chain of Asp 34 can
affinity, in turn affecting the electron transfer to CYP101. increase the possibility of such an interaction, making"Pdx
The side chain of Trp 106 has been shown to be fairly bind tighter to CYP101. Another important residue impli-
dynamic from both NMR dynamic studies and fluorescence cated in binding interactions and also electron transfer to
quenching studies2(, 49, 50), sampling multiple confor-  CYP101 by site-directed mutagenesis studies is Asp 38, the
mational states. Similar conformational heterogeneity is other aspartate residue in this regiobl)( There is no
observed in our RDC-refined ensemble just as in the 1PDX significant change for the side chain of Asp 38. It is still
structure ensemble. However, the average conformation ofsolvent-exposed, except that it now points toward the
the side chain places it away from other residues in the C-terminus carboxylic group of Trp 106 and is closer to Thr
interaction domain in parallel with the conformation observed 47 that is involved in hydrogen-bonding interaction with one
in the crystal structure. In cases with strong motional effects of the ligating cysteines, Cys 45 (Figure 5). Interaction of
such as in Pd% the averaged RDC selects a conformation side chain of Asp 38 with Thr 47 may help to stabilize the
that is sampled quite frequently in solution and is similar to delocalization of unpaired electron density and subsequent
the one represented in our structure. We note here that, everlectron transfer, thus explaining its importance.
in the crystal structures, the side chain of Trp 106 has been Further inspection of the Ptgtructure identifies several
crystallized in different conformations in different crystal other regions in the protein that show distinct structural
forms of the protein, again pointing to the conformational differences. Among these include portions of helix G from
mobility of this residue. Glu 65-Cys 73, where the region around Arg-66lu 67
Structural Comparison between Oxidized and Reducedis observed to undergo slight extension. Differences are also
Pdx. The structure refinement of Pdwas carried out in  observed for Val 74Thr 75 and the Lys 79Ser 82 type |
manner similar to Pdx utilizing paramagnetic and RDC  turn that are now slightly closer to the metal cluster. We
restraints measured for PdXAs can be seen from Figure note that chemical shift changes are also observed for most
4c, there are no major conformational changes in the proteinof the above residues upon reduction. Some of these residues
as a response to redox state. The reduced structure retainare part of the C-terminal interaction domain. Ser 82 is
all major secondary structure elements observed irf.Pdx involved in a hydrogen-bonding network in this region with
However, there are some changes in the arrangement of theselis 49 and Tyr 51. Slight changes in the hydrogen-bonding
elements relative to P8xThe largest change is observed pattern are manifested in the form of lengthening of the
for helix D that is now displaced relative to its position in distance between Ser 82 @nd N1 of His 49 and shortening
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Ficure 5: Structural differences in the C-terminal interaction domain between (&)ddik(b) Pdk Redox-dependent differences in key
interactions between the side chains of His 49, Tyr 51, and Ser 82, side chains of Trp 106, Ala 46, and Val 74, and side chains of Asp 38
and Thr 47 are illustrated. The [2Fe-2S] metal cluster is shown as spheres. The figure was prepared using the prograr@3rasMol (

of the distance between His 492Nand Tyr 51. This change  encies as a function of oxidation sta&3). Upon reduction,
might be partly responsible for mechanically transmitting the the >N resonances for these two residues show increased
effects of change in oxidation state of the metal cluster to relaxation rates as do theN resonances of Cys 39, Cys 45,
the C-terminal interaction domain, as has been suggestedCys 48, and Cys 86, indicating a shortening of distances
previously. between their backbone nitrogen atoms and the metal cluster.
The C-terminal cluster region in Pdis also now more ~ On the other hand, theN resonances of Gly 41, Ala 43,
compact (Figure 5) than in Pelxiue to movement of Val ~ and Ala 46 relax more slowly, and their chemical shifts move
74 toward the metal cluster and the Trp 106 side chain into toward the diamagnetic region of the spectrum upon reduc-
the region adjacent to the metal center forming a tight tion. We interpret these changes as small, localized structural
hydrophobic pocket comprising residues Vat-#a 76, Ala changes around the metal center, causing the loop to constrict
46, and Trp 106. The side chains of Ala 46 and Val 74 are around Cys 39 and Cys 45 due to shortening of hydrogen
in close proximity to the indole ring of Trp 106, likely —Ponds between Ser 4€ys 39 and Thr 47Cys 45. As a
involved in hydrophobic interaction. The side chain of Ala result, these residues and the ligating cysteines move closer
46 is also now closer to the indole ring of Trp 106 compared t0 the metal cluster, while Gly 48Ala 43 moves away,
to its position in Pd% Interresidue NOEs have been observed ausing a slight deformation of the loop at Gly-4Ala 43.
for both of the side chains with the indole ring of Trp 106 The flexible nature of Gly 48Gly 41 has been suggested
that get strengthened in PdVe interpret this structural 0 Play a crucial role in controlling the redox-dependent
rearrangement in Pébas restricting the range of motions dynamic effects of Pdx, as observed by slowing down of
experienced by the side chain of Trp 106 in Pdraking it c_onformatlonal exchange upon restriction of t_h|_s movement
sample conformational states preferentially in proximity to Via replacement of Gly 40 with more bulky, rigid residues
the side chains of these residues. This agrees very well with(23). Results from our structure calculation of Pdupport
the observed changes in dynamics betweerPdel Pdx  this observation.
in this region, which had suggested narrowing down of = Comparison of RDC-Refined NMR and X-ray Crystal
conformational motion in this region upon reduction. This Structures of Reduced PutidaredoX¥ihile this paper was
would allow better interaction with similar aromatic residues under review, the X-ray crystal structures of C73S and C73S/
in CYP101 overcoming the loss of entropy due to restricted C85S mutants of reduced putidaredoxin also appeared in the
motion and explaining the role of this residue in modulating literature 66). At the same time, the crystal structures of
the binding interaction with CYP101. oxidized putidaredoxin were reevaluated under new condi-
Finally, small structural differences are also noticeable tions that prevented photoreduction of the crystalline C73S
within the metal binding region. Paramagnetic distance @nd C73S/C85S mutants during X-ray data collection.
restraints from relaxation rate measurements for hyperfine- Overall, there is good agreement between the X-ray crystal
shifted backboné®N, 13C' resonances and dihedral angle Structures of mutant Pdand the refined NMR structure of

modeling restraints from Adx structure have been used to Wild-type Pdx reported here. Just as in the case of £dx
loosely constrain the placement of the loop region around Observed differences between the NMR and crystal structures
the metal cluster. The region around the metal cluster consistgfo" PdX again correspond mainly to regions known to be
48, and Cys 86) that ligate the [2Fe-2S] metal cluster. Two immediately following and preceding these helices. This is
(Fel), while the other two, Cys 48 and Cys 86, ligate the r€gions in the crystal structures, particularly in the loop
other Fe atom (Fe2). Recent crystal structures of Pebeal ~ r€gions. Extension of these loop regions {8, 30-35)

the presence of hydrogen bonds between the backbonedPparentin our Pdstructures is similar in nature to a slight

nitrogen of Ser 44 to’Sof Cys39 and the backbone nitrogen "edox-dependent motion of two distinct lobes of Pdx
of Thr 47 to S of Cys 45. Thr 47 is a residue that is (residues £35, 52-61, 85-101 and residues 361, 62-

conserved in several [2Fe-2S] ferredoxins and likely impor- 84, and 102-106) detected between the oxidized and reduced

tant in delocalization of unpaired electron density from the Crystal structures.

metal cluster via the hydrogen bond. Interesting} and Structure analysis of the corrected oxidized models with
13C' hyperfine-shifted resonances of Ser 44 and Thr 47 showthe reduced mutant crystal structures revealed that the
significant chemical shift changes and temperature depend-carbonyl oxygen of Cys 45 in the Cys 4Bla 46 peptide
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bond flips from an “in” conformation in Pdxto an “out” (45), highly paramagnetic regions in proteins such as Pdx
conformation in Pdx Such a flip is not observed in our remain inaccessible to acquisition of RDC restraints owing
structure, where the carbonyl oxygen is predominantly in to more efficient relaxation of nuclei compared to the time
an “in” conformation. It is not clear at this point whether needed foiJ-couplings to evolve. For such regions, use of
this discrepancy arises due to mutation of the redox-sensitivedistance restraints from paramagnetic relaxation enhance-
Cys 73 residue that is hydrogen-bonded to Met 70, which is ments proves quite beneficial and complementary in ap-
in turn interacting with the carbonyl oxygen of Cys 45, or proach. Utility of such distance restraints has been exploited
due to lower resolution of the paramagnetic distance databefore in ferredoxins and other proteins containing para-
used for residues around the metal cluster in"PAside magnetic moieties3(7, 39, 40, 55); however, this is the first
from this, there are no significant structural differences for case of application of a hybrid approach combining RDC
other residues in the metal binding loop between the NMR restraints measured in externally aligned media and para-
and crystal structures, since similar hydrogen-bonding pat- magnetic distance restraints for determination of high-
terns are maintained in the two redox forms. An exception resolution structures of a [2Fe-2S] ferredoxin in different
is the flexible residue Gly 40, which is found to be at a larger redox forms. One of the aims of this study was to evaluate
distance from the metal center in the NMR structure than the efficacy of such an approach in refining lower resolution
the crystal structures. Tightening of the upper part of the structures to higher resolution from homologous structures
metal binding loop in the crystal structures of Pdxsimilar in paramagnetic [2Fe-2S] ferredoxins. Use of the lower
to that observed in our NMR structure. resolution 1PDX structure instead of the higher resolution

In the region preceding the metal binding loop (Gly-31 crystal structures for structure determination of Pdg-
Asp 38), the presence of multiple conformations is apparent ditionally serves the purpose of testing how structurally
in the crystal structures as is also the case in the NMR remote the homologue can be in applying this approach. The
structures. Increased interaction between the peptide fragmentact that our hybrid approach was successful in reproducing
lle 32—Ile 35 with Ser ZAsp 9 and Pro 102Asp 103 is most of the structural details inherent in the high-resolution
observed: however, the extent of these interactions andcrystal structure and correlating structural properties with
conformational changes differs in different molecules in the dynamic changes in Pthgives rise to the intriguing
crystal lattice. The only residue with no major redox- possibility of using even more remote structural homologues
dependent conformational Change is the functiona”y impor- or even modeled ferredoxin structures in future. This augurs
tant residue Asp 38, in line with the NMR structure. From well for rapid structure determination of ferredoxins in
the crystal structure data, it was concluded that redox- various redox forms and of paramagnetic proteins in general.
dependent structural rearrangement of Tyr 33 and Asp 34 A potential difficulty in application of such an approach
might play an important role in transmitting the redox signal would be from lack of sequence-specific assignments in the
from the active site to the neighboring residues via stabilizing Paramagnetic region. In Pdx, however, this has been over-
hydrogen-bonding interactions. This ties in well with the come previously with rigorous experimental sequence-
NMR studies of Pochapsky and co-worke3) which specific assignments of backbone heteronucléar >N
suggest that the metal binding loop in Pdx consisting of the resonances via selective decoupling experiments on double-
flexible residues Gly 40 and Gly 41 is the primary deter- labeled samples. Such a strategy may not be the most
minant of redox-dependent conformational selection and efficient strategy for other [2Fe-2S] ferredoxins due to
changes in dynamics. Tightening of the metal binding loop associated costs of preparing a large number of selectively
can lead to the rearrangement and stabilization of surroundinglabeled samples and the inherent time involved in making
residues in Pdwia these flexible residues, thus modulating these assignments one at a time. An alternate strategy would

the redox-dependent binding to CYP101. be to utilize the assignment scheme based on homologous
structure comparisons as suggested by Jain and co-workers
DISCUSSION (56). Paramagnetic restraints in form of distance measure-

ments from relaxation measurements or other restraints such

Direct structure refinement against RDC restraints has beenas pseudocontact chemical shifts can then be acquired fairly
applied to other protein systems befo88,(52—54). In all rapidly for the assigned resonances, allowing structure
cases, application of RDC constraints has resulted in determination of these regions.
substantial improvement in the rate of convergence and Although the RDC-refined structure of Ptagrees quite
quality of protein structures. Use of RDCs in addition to NOE ' el| overall with the crystal structures, some differences still
restraints overcomes some of the shortcomings of the NOE-remain as discussed in the Results section. The differences
based approach, such as poor definition of regions due togre observed due to disorder within the NMR ensemble in
lack of sufficient long-range NOE contacts. In our case, upon some regions of the structure, most notably in the loop region
incorporation of RDC restraints, we have noticed remarkable connecting helix D and the metal binding region, as also
improvement in the structure of Pthover the structure  the Joop regions connecting the first two strands, A and B,
reported previously without RDC restraints, especially in the jn the 8-sheet. Comparison with dynamics studies indicates
definition and relative orientation of secondary structure the presence of motions, on different time scales, for all of
elements and regions adjacent to the metal binding l0op these regions of difference. For Pdin most regions of the
including the C-terminal cluster region. The improvements sequence, the crystal structure provides good representation
are reflected in the increased agreement of experimentalof the average structure in solution. However, even in the
restraints and improved quality of the Ramachandran plots. crystal structures, the observed RMSD for different inde-

While RDC-based approaches aimed at refining structurespendent molecules in the same structure and between
based on structural homology have been described beforedifferent crystal structures is highest for the regions of
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a)

Ficure 6: Comparison of regions affected due to (a) redox-dependent conformational changes in the backbone structure of Pdx and (b)
redox-dependent changes in backbone dynani@s Residues exhibiting RMSD 1.6 A and greatest mobility < 0.89) are colored

in red, while residues exhibiting RMSD in the range 4126 A and moderate mobility (0.89 & < 0.93) are colored in green. The
[2Fe-2S] metal cluster is shown as spheres. The figures were prepared using the program MdiMol (

difference due to conformations likely affected by crystal with dynamics in a redox-dependent manner. How these
contacts. For these regions, the NMR ensemble reported herestructural changes are implied in terms of an electron transfer
may therefore provide a more realistic structural representa-mechanism though is not clear, except for speculating that

tion in solution. the changes would lead to a more favorable orientation of
There is precedent for redox-dependent conformational certain residues (e.g., Asp 34, Asp 38) for the binding
changes in ferredoxins5{—60). Like Pdx, in almost all interaction and electron transfer to CYP101.

cases, the changes are not dramatic. While redox-dependent It is not hard to rationalize some of the differences
dynamical differences have also been observed for theseobserved between solution structures of oxidized and reduced
ferredoxins 61, 62), lack of high-resolution structural data Pdx in terms of a dynamic picture. A hypothesis has been
in both redox forms has prevented correlation of structural offered by Pochapsky and co-workers to couple conforma-
changes to these differences in greater detail. Results fromtional changes with changes in dynami@8)( According

our structure determination for Pdx have allowed us to to their model, as a result of decrease in local dynamics,
localize the subtle yet important changes to regions of the PdX populates a subset of low energy barrier conformational
protein that have been implicated in functional and dynamic states populated by P8xThe observed structure of Pdx
effects previously. The identity of residues deemed to be would then correspond to a weighted average of the
important in this role from previous NMR and mutagenesis conformational states in this subset, which would be only
studies has now been confirmed in the present structuralslightly different from the weighted average of conforma-
study. Reduction of the Fe atom in the metal cluster causestional states populated by Ptxn such a case, the observed
discernible structural effects in the metal binding region that differences in structure between Pénd PdXare likely to

is transmitted through small but distinct changes in the region be maximal in the regions affected most by the dynamics
leading up to the C-terminal cluster. Constriction of the metal and the remaining differences calibrated as a function of the
binding loop around Cys 39 and Cys 45 would likely pull amount of change in dynamics. The fact that we see structural
on adjacent regions through mechanical linkers, such as Hischanges as a function of redox state for the very same regions
49, that are connected to the metal cluster via a series ofinvolved in redox-dependent dynamic changes, as shown by
hydrogen-bonded and hydrophobic interactions. The primary a comparison in Figure 6, lends strong credence to this
effect of this would be to cause changes in the regions in its possibility in Pdx. If the subset of conformational states
immediate vicinity, such as the region preceding the metal populated by Pdxs the same as that populated by Pdx bound
binding loop (Asn 36-Val 36) that would have to undergo to CYP101, then a mechanism for coupling oxidation state
an extension to accommodate this change. Part of thisto binding affinity is available. There are several lines of
extension would come via moving down of helix D on the experimental evidence to support this. First, the regions
other end, reducing the overall dynamics of the affected affected by changes in dynamics correlate with the regions
region as has been observed. These structural changes arthat change in structure upon change in oxidation state.
likely to be transmitted in a secondary manner to the residuesSecond, the correlation of RDCs in the two alignment media
in contact with the primarily affected regions (His-&ly is relatively poor in regions known to undergo redox-
11, Val 17Leu 23). On the C-terminal side, changes in dependent changes in structure and dynamics as discussed
conformation of the metal binding loop might cause the side in the Results section. This would indicate motional proper-
chain of Ala 46 to move closer to the indole ring of Trp ties for these regions reflected in the time-averaged RDCs.
106, causing its motion to be restricted and reinforcement Third, population of multiple conformational substates by
of the interaction with Val 74. An overall slowing of Pdx has now been experimentally observ@gd)( Substitu-
dynamics would be the likely effect for this region as well. tion of a flexible residue, Gly 40, in the metal binding loop
The explanation of structural changes proposed here mightwith a conformationally restrictive residue, Asn, slows down
thus provide a mechanism to effectively correlate structure exchange between conformational substates of the dynamic
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regions adjacent to the metal binding loop in Pdwile 11
causing little change in exchange rates of Piikis implies
redox-dependent selection of certain conformational states
by Pdx. And, finally, an earlier binding interaction study of
Pd¥ with CYP101 identified residues affected by binding
that are similar to the residues affected by reduct&s). (It

is highly conceivable that the subset of conformational states

populated by Pdxs also populated by CYP101-bound Pdx

thus reproducing some of the redox-dependent changes uponl3-

binding to CYP101. A detailed structural study of the
structural changes in Pdx upon binding to CYP101 will have

to be carried out to test this further. The hybrid approach 14.

employed here for structure determination of Pdx is bound
to be quite useful in such an application.

15.
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