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ABSTRACT. Putidaredoxin (Pdx), a CyBeS, ferredoxin from Pseudomonas putideexhibits redox-
dependent binding to its physiological redox partner, cytochrome R480YP101), with the reduced

form of Pdx (PdX binding with greater affinity to oxidized camphor-bound CYP101 than the oxidized
form, Pd®. It has been previously shown that Pdg more dynamic than Pé&xn all accessible time
scales, and it has been proposed that Bamples only a fraction of the conformational substates populated

by Pd»¥ on a time average. It is postulated that the ensemble subset populated'lyy thdxsame subset

that binds CYP101, providing a mechanism for coupling the Pdx oxidation state to binding affinity for
CYP101. Evidence from a variety of sources, including redox-dependent shifts ahd'*C resonances,
indicates that the metal cluster binding loop of Pdx is the primary determinant of redox-dependent
conformational selection. Patterns of paramagnetic effects suggest that the metal cluster binding loop
contracts around the metal cluster upon reduction, possibly due to the strengthening of hydrogen bonds
between the sulfur atoms of the metal cluster and the surrounding polypeptide NH and OH groups. Effects
of this perturbation are then transmitted mechanically to other affected regions of the protein. A specific
mutation has been introduced into the metal binding loop of Pdx, G40N, that slows conformational exchange
sufficiently that the ensemble of conformational substates in° Rde directly observable as severe
broadenings or splittings in affected NMR resonances. Many of the residues most affected by the mutation
also show significant exchange contribution$¥s T, relaxation in wild-type Pdk As predicted, G40N

Pdx shows a collapse of many of these multiplets and broadened lines to form much sharper resonances
that are essentially identical to those observed in wild-typ€e’,Rddicating that Pdxoccupies fewer
conformational substates than does Pdis is the first direct observation of such redox-dependent
ensembles at slow exchange on the chemical shift time scale. These results confirm that conformational
selection within the F£, cluster binding loop is the primary source of redox-dependent changes in protein
dynamics in Pdx.

The importance of protein dynamics in modulating protein dependent putidaredoxin reductase (PdR) to CYP101 by Pdx
function is now undisputed1¢3). We are particularly  in two discrete events per turnover (for a review, seelyef
interested in the role that protein dynamics plays in modulat- The interactions between Pdx and CYP101 are quite specific.
ing interactions between biological electron transfer partners. CYP101 exhibits little or no cross reactivity with ferredoxins
To that end, we are investigating the links between oxidation from homologous monooxygenase systems. Bovine adreno-
state, structure, and dynamics in the RS, ferredoxin doxin (Adx) is capable of transferring the first electron to
putidaredoxin (Pdx). Pdx is the physiological reductant and CYP101, but substrate turnover is not observed in the
effector for cytochrome P45, (CYP101)! CYP101 is the camphor hydroxylase system reconstituted with Adx replac-
primary component of the camphor hydroxylase system from ing Pdx 6). Even terpredoxin, a ferredoxin from another
Pseudomonas putidand catalyzes the &ohydroxylation Pseudomonasionooxygenase enzyme system that is highly
of camphor by molecular oxygen in the first step in camphor functionally and structurally homologous to Pdx, exhibits
metabolism byP. putida The hydroxylation requires two  no more than 2% of the activity of Pdx in the reconstituted
electrons, which are shuttled sequentially from the NADH- camphor monooxygenase system (H. Gong, unpublished

results).
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Ficure 1. Backbone representation of the solution structure of
oxidized Pdx as described in r&d. The orientation of the structure K7¢%
is approximately the same as in Figure 2 of i€ The iron—

sulfur cluster is shown as four spheres. Backbone positions marked/GURE 2: F&S; binding loop and C-terminal cluster of Pdx from

in red are affected by the presence of the G40N mutation as shownt!€ Structure in ret0. The region shown is approximately the top

PR : ; P third of the structure shown in Figure 1, as viewed from the upper
in Figure 5. The backbone region shown in white is the metal cluster . . > .

binding loop (Val 36-His 49), and is not directly observable in  19ht of Figure 1. Residues His 49, Tyr 51, Ala 76, and Ser 82 are
1H-detected NMR experiments. The side chains of Tyr 33 and His INVolved in the hydrogen bonding network proposed to transmit

; ; . ~sredox-dependent conformational changes from the metal cluster
ﬁ%g.re shown, as well as the expected location of the side chain Ofbinding loop (backbone shown from Cys 39 to His 49) to the

C-terminal cluster. Side chains of cysteinyl ligands to the metal

o . cluster (Cys 39, Cys 45, Cys 48, and Cys 86) are shown as light
of the oxidized form (Pd¥ (6, 7). This prevents product |ines.

inhibition in the electron transfer between CYP101 and Pdx,
a functionally important effect since two distinct binding and than for Pdg, indicating more restricted motions of NH
electron transfer events between the two proteins are requirechonds in Pdkthan in PdR The time scales measured by
for each turnover of the CYP101 enzym®).( Upon N relaxation methods (picosecond to nanosecond) are
determining the structure of Pd9,(10) (Figure 1), we began  shorter than those examined by amide exchange (millisecond
to examine redox-dependent differences betweer? Bdd to kilosecond). It is clear that Pdx dynamics exhibit similar
Pdx as reflected by changesiH chemical shifts and nuclear redox effects over the whole range of experimentally
Overhauser effectsl(). We found that the largest changes accessible protein motions. Redox-dependent dynamic cor-
in the diamagnetiéH spectrum were observed in a region relations have also been observed for cytochrbgever a
of the protein we termed the C-terminal cluster, which is range of time scalesl§).
formed by the interactions of a number of residues adjacent Still, the mechanism by which the oxidation state of the
to the metal center. The C-terminal cluster includes the side Fe,S; cluster affects local dynamics in Pdx remains unclear.
chains of His 49, Tyr 51, Leu 71, Val 74, Thr 75, Ala 76, PdxX appears to sample a larger conformational space on a
Leu 78, Lys 79, Ser 82, Pro 102, and Trp 106 (Figure 2). time average than does PdXhe potential energy surface
The largest diamagnetitH and !N shift changes upon  traced by large-scale protein motions is rough, and can be
reduction of Pdx occur specifically at residues 49, 76, 77, envisioned as a series of substates that are separated by low
and 106 12). Trp 106 is the C-terminal residue of Pdx, and potential barriers {7—19). We have postulated that Pdx
is critical for the binding interaction between Pdx and occupies only a fraction of the substates occupied by Pdx
CYP101 @3). The indole ring of Trp 106 fits into a groove  (Figure 3), giving rise to smaller-amplitude motions in Pdx
in the surface of Pdx between the methyl group of Ala 46 in than in PdR (11, 20). On the basis of this model, we
the metal binding loop and Val 74 in the C-terminal cluster. predicted that Pdxshould be entropically favored relative
We interpreted the spectral changes at Trp 106 in terms ofto PdX, and that this should lead to predictable temperature
an increased occupancy of the Trp 106 indole in this groove effects on the reduction potential of Pdxl). The predicted
upon reduction 11). Other workers have noted redox- temperature effects have now been observed experimentally
dependent changes in local dynamics for Trp 106 as well by Vilker and co-workersZ1).
(14). Recently, we used selectiveN and**C labeling combined
Later, we compared amide proton exchange rates as awith double-resonance techniques to assign most of the para-
function of oxidation state at the metal cent&2)( We found magnetically shifted and broadened amifl¢ and *C=0
that, in general, Pdxwas more dynamic than Pghwith resonances in Pdx in the vicinity of the iresulfur cluster
regions near the metal binding site and the C-terminal clusterof Pdx in both oxidation states?2, 23). Although our
being most affected. Sari et allg) examined the local interpretation of these data is not yet complete, these
dynamics of the diamagnetic regions of Pdx as a function assignments provide evidence for significant conformational
of oxidation state using®N relaxation methods. They differences in the metal binding loop of Pdx as a function
observed that order parameters for Rggre generally higher  of oxidation state (vide infra). On the basis of these data,
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Oxicizedd the stop codon. For the Pdx mutants described here, the left
top primer includes an engineerdtld restriction site as
part of the initiating Met start codon. The right bottom primer
contains an engineereBanH| site. Care was taken in
constructing the primers to ensure that there was enough
DNA between the restriction site and the end of the primer
(at least 5 bp) so that the restriction endonuclease was able
to cut the DNA. Mutagenic primers were designed to melt
at a temperature close to the melting point of the side primers,
and were synthesized at the Brandeis University Oligonucle-
otide Synthesis Facility.

Primers for the mutations were as follows: Pdx side
. primers, 5GAGGATAAACATATGTCTAAAGTAGTG-3'

. Substaecoordinates (Tm=56.3°C) and 5-TTTTGGATCCCAGTGGTTTACC-
o o e B oo ATT-3" (T 57.3°C); P mitagenic prmers; SGA
occupies a subset (highlighted by shading) of the conformations TTGTGGCAGCGCCAGCTG-3(Tm = 61.7 °C) and 5
occupied by the oxidized form. The G40N mutation is proposed to CAGCTGGCGCTGCCACAATCA-3(Tm = 61.7 °C) for
raise the barriers between substates, slowing conformational inter-AG41, B-TGATTGTAACGGCAGCGCCAGCTG-3(Tm =
conversipn. The figurei is i[lustrative only; no rgal vqlqes for the 63.8°C) and 5-=CAGCTGGCGCTGCCGTTACAATCA-3
energy differences are implied by the vertical axis, so it is unscaled. (T = 63.8°C) for G40N, 3-TGATTGTGGCAACAGCGC-

. e . . CAGCTG-3 (T = 63.8°C) and 5-CAGCTGGCGCTGT-
we identified Gly 40 and Gly 41, two sequential glycine TGCCACAATCA-3 (Tm = 63.8 °C) for G41N, and 5
residues in the metal binding loop of Pdx, as potential hinges TGATTGTAACAACAGCGCCAGCTG-3 (T, = ,60.4°C)

for m_uItiresidue conformational fluctugtions. We reasoned and 5-CAGCTGGCGCTGTTGTTACAATCA-3 (T, =
that, if we were to mutate those glycines to more confor- 60.4°C) for GAON/G41N.

matri]onally kr)est,trictive resfidues,t_we rlnigrLt séu:;ceedfifr_] _SIO\g’in? PCRs for the four-primer method were performed in 29
EXC ;\lnge de weeﬂ con ortr)na |onad_su IS abesNSMuR'C'enhydosteps, each step consisting of 1 min of denaturatiorf (95
e able to detect those substates directly by Metnoas.; in of annealing (48C), and 1 min of extension (7X).

We performed a series of site-directed mutagenesis eXperi“Tem -
; . ; plate (200 ng) and 50 pmol of each primer were used
ments at residues 40 and 41, of which one mutation, G40N, per reaction, combined with AL of Pfu DNA polymerase

achieved the desired slowing. We now report the results of (Stratagene), 1@L of 10x Pfu buffer, 0.85uL of dNTP

Effect of G0N mutation

—®B ——~30~0T

= = @ DD

these experiments. (25 mM), 6 uL of 25 mM MgCl,, and sufficient distilled
MATERIALS AND METHODS water to give a total reaction volume of 1Q0.. Upon
completion, 20uL of the parallel reaction mixtures was
Site-Directed Mutagenesis and Plasmid Constructidre loaded on a 2% agarose electrophoresis gel; the product

Pdx gene ¢amB used for the current experiments was bands were identified by size and cut from the gel, and the
obtained from the plasmid pKM536, a pUC18-derived DNA was extracted using a QIAGEN gel extraction kit. The
construct that places theamB gene under transcriptional two resulting gene fragments, one from each parallel PCR,
control of thelac promoter, originally obtained from S. G.  were used as templates in a second PCR, in which they
Sligar (University of Illinois, Urbana, IL). TheamBclone mutually prime each other and extend the gene to its full
in pKM536 contains significant'5and 3 flanking regions length. The complete Pdx gene containing the desired
that lack useful restriction sites. It was desirable to engineer mutation was then amplified by a third PCR using the
restriction sites into theamBgene that simplified the use original side primers. After confirmation of the presence of
of the PCR (polymerase chain reaction) methodology in the full-length gene product in the PCR mixture via gel
introducing mutations and permitting insertion of the gene electrophoresis, the product was isolated using the QIAGEN
into pET-derived vectors for improved expression. A four- gel extraction kit and doubly digested witdd and BanH|
primer mutagenesis method was used for introducing both (NEB and Promega, respectively) for 24 h at°® under a
the mutations and the restriction sites. This method uses twomineral oil cover layer. Expression plasmid pET28g(
“side” primers and two “middle” mutagenic primers. The (Novagen) was digested in the polylinker region witbe

side primers introduce appropriate restriction sites at the 5 andBanHI under similar conditions. After purification, 50
and 3 termini of the gene, and the middle primers introduce fmol of doubly digested vector and 150 fmol of the doubly
the desired mutation. Two separate PCRs are run in parallel.digested gene insert were mixed with kb of T4 DNA

The first reaction is between the “left top”'{5orimer on ligase (NEB) and 1.%L of 20 mM ATP and diluted to a
the sense strand and the middle mutagenic primer on thefinal volume of 30uL in the appropriate buffer. The ligation
antisense strand. The second reaction is between the “rightvas allowed to proceed for 16 h at 26 or for 24 h at 4
bottom” (3) primer on the antisense strand and the middle °C. Two microliters of the ligation mix was then added to a
mutagenic primer on the sense strand. The products of the50uL suspension of electrocompetent XL1-Blscherichia
two reactions are two gene fragments. The first gene coli, which were then transformed via electroporation. Five
fragment contains an engineered restriction site, the starthundred microliters of cold LB was added to the transformed
codon, and the'=end of the gene through the mutation site. cells, and the cells were allowed to grow for 20 min at 37
The second fragment contains the mutation site through the°C prior to plating on agar containing appropriate nutrients
3 end of the gene and an engineered restriction site following and selective antibiotics. The entire length of the mutant gene
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was sequenced using the dideoxy terminator method toVoyager TOF mass spectrometer operating in the positive
confirm that the desired mutation was present and that noion mode. Samples were desorbed from a sinapinic acid
random mutations had been introduced. matrix. Calculated masses are 11 411 Da for WT Pdx, 11 470

Protein Expression, Reconstitution, and Purificatidvild- Da for G40N and G41N Pdx, 11 354 Da faG41 Pdx, and
type and mutant Pdx were expressedEircoli strain BL21- 11527 Da for G40N/G41N Pdx. Observed masses were
(DE3)pLysS by induction of T7 RNA polymerase production 11413 Da for WT, 11 470 Da for GAON Pdx, 11 469 Da
with IPTG. Bacteria were grown at 37 in LB supple- for G41N Pdx, 11 527 Da for G40N/G_41N Pdx, and 11 355
mented with 20Qug/mL ampicillin (amp) (Sigma) and 34 Da for AG41 Pdx. Calculated mass differences between WT
ug/mL chloramphenicol (chl) (ICN). Electrocompetent BL21- @nd mutants are as follows: G40N Pdx, 57 Da (57 Da
(DE3)pLysS cells were transformed with the appropriate Observed); G41IN Pdx, 57 Da (56 Da observed); G40N/G41N
plasmid construct the day before growth and allowed to grow PdX, 114 Da (112 Da observed); an@41 Pdx,—57 Da
on chl- and amp-containing LB plates overnight. Separate (756 Da observed).
colonies were used to inoculate 5 mL cultures in LB with  Reduced Pdx samples were prepared in a Coy anaerobic
amp and chl that were grown for 3.5 h and transferred to 50 chamber under a 5%495% N, atmosphere. Reduction was
mL of a minimal medium/amp/chl mixture. The 50 mL achieved by the addition of a small exce$ad M sodium
cultures were grown for an additional 2.4 h and transferred dithionite solution that was freshly prepared in a degassed 1
to 1 L of aminimal medium (M9)/amp/chl mixture. H°N- M Tris-HCI buffer (pH 7.4). Upon reduction, the color of
labeled samples were desired, the M9 was prepared containthe protein changes from a chocolate brown to a clear ruby
ing 1 g of 15NH,CI (CIL) as the sole nitrogen source. After red, so the extent of reduction can be followed visually. After
the cultures reached an optical density of 1 at 600 nm, they complete reduction, the sample was passed threugy mL
were induced with IPTG (final concentration of 1 mM) and spin column packed with P2 gel (Bio-Rad) that had been
harvested after-812 h. equilibrated with degassed 90%,®Y10% DO [20 mM

For most of the mutants, it was necessary to reconstitute & T1iS-HCI (pH 7.4)] buffer. This effected buffer exchange

the metal cluster into the protein after harvest. Only WT Pdx and remoyal of excess dithionite and oxidation products of
and GA4ON were expressed with an intact metal cluster, andthe reduction reaction.

even for these samples, reconstitution greatly improved Multidimensional NMR ExperimentSwo-dimensional
yields. Reconstitution was achieved using a modified version and three-dimensional NMR experiments were performed
of the protocol of JainZ4). Thirteen grams of cell paste on either a Varian Unity Inova 500 11.74 T spectrometer or
was suspended in 39 mL of lysis buffer [66 mM Tris-HCI @ Varian Unity Inova 600 14 T spectrometer. The Inova 500
(pH 8.0), 1 MM DTT, 3.9 mg of DNAse 1, 2.9 mg of RNAse operates at 499.709 and 50.641 MHz fof and ™N,

A, 104 mg of lysozyme, and 10 mg of tosyl chloride] and respectively. The Inova 600 operates at 599.699 and 60.774
the mixture stirred overnight. The cells were cracked by MHz for *H and **N, respectively.'H chemical shifts are
sonication, and sufficient urea was added to the suspensiorfeferenced to external DSS using théresonance of bO

with stirring under argon to reach a final urea concentration as the internal referenc€N chemical shifts are referenced

of 8 M. Sufficient DTT was added to reach a final to external liquid ammonia using tHel resonance of kO
concentration of 10 mM. After the mixture had been stirred as the internal referenc2g). Coherence selection in all two-
under argon for 5 min, sufficient fresh FeGlolution and ~ and three-dimensional experiments was achieved using
Na$S solution was added to reach a final concentration of pulsed field gradients, and sensitivity enhancement and phase
0.5 mM each. After being stirred for 10 min under argon, Sensitivity in the"®N dimension was obtained using Rance-
the solution was diluted 8-fold by adding 130 mL of degassed Kay acquisition and combinational processing schers (
and argon-saturated 50 mM Tris-HCI (pH 7.4), followed by 27). GARP 8) composite pulse decoupling was used for
160 mL of aerobically prepared 50 mM Tris-HCI (pH 7.4). broadband decoupling 6fN during acquisition.

The dilute solution was stirred under air for an additional ~ H—5N HSQC,5N Ty, 15N T,, and three-dimension&H—

15 min, and then the pellets were removed by centrifugation. 15N NOESY-HSQC andH—N TOCSY-HSQC experi-
The cleared supernatant was then loaded onto a DEAE ionments were performed on both the 500 and 600 MHz
exchange column pre-equilibrated with 50 mM Tris-HCI (pH spectrometers2(, 29, 30). Unless otherwise noted, experi-
7.4). A salt gradient (0.7 M KCI) was used to elute ments were performed at 1C (290.15 K), with the'H
reconstituted ferredoxin from the column (elution occurs at carrier frequency of proton positioned at the water signal
~0.4 M KCI). The purities of the eluted fractions were and carrier frequency dfN set at 118 ppm. Spectral widths
determined spectrophotometrically by measuring Agg/ of 8082 (11.74 T) and 10 000 Hz (14 T) were useddr

Aggo ratio. Fractions with ratios of0.25 were collected,  and spectral widths of 1833.3 (11.74 T) and 3000 Hz (14 T)
concentrated, and applied to a P30 (Bio-Rad) size exclusionwere used fof*N. N T, and T, experiments were carried
column pre-equilibrated with Nsparged 50 mM Tris-HCI  out using 128x 1024 complex points, with a total of 64
(pH 7.4) containing 1 mM DTT. Fractions from the P30 scans pet; point. To determiné®N T, values, two separate
column with anAgzs/Azg ratio of >0.66 were concentrated  runs were performed with variable delay$ ¢f 20, 60, 200,

and buffer exchanged using a P2 (Bio-Rad) spin column pre-450, 700, and 950 ms and 40, 80, 250, 510, 750, and 1000
equilibrated with a 90/10 $D/D,0O mixture [20 mMd-Tris- ms, respectively. Fof, measurements, variable delays of
HCI (pH 7.4) and 1 mM DTT]. Samples were typically-2 both independent runs were 30, 50, 70, 90, 110, 150, 190,
mM for NMR experiments. MALDI-TOF mass spectrometry and 230 ms. To ensure complete recovery of the magnetiza-
was used to confirm the presence of the appropriate mutation.tion, delay times of 1.5 s were used between acquisitions.
Mass spectra were obtained on a Perseptive BiosystemsProtein concentrations of~1 mM were used for>N
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relaxation measurements for both P@xd PdX The two-
dimensional *H—N HSQC-NOESY experiment 3()
was implemented for the Varian spectrometers by S. S.
Pochapsky.

Relaxation data were processed using Felix, version 98.0
(Biosym Techologies, San Diego, CA), operating on a Silicon
Graphics Qworkstation. A Gaussian window function was
applied in the directly detected dimension and & Sitifted
sine bell applied in the indirectly detected dimension. Peaks
were identified on the basis of previously published assign-
ments (2), and integrated peak volumes for 72 residues were
determined from each data s&iN T, and T, values were
extracted using a nonlinear least-squares curve fit of the
integrated peak volumes as a function of delay tim&he
reported!®N T; and T, values represent the average of two
independent runs. For each residue, percentage errofs for
and T, represent the deviation between the experimentally
determined results for two individual runs and the average
reported. It was determined that for all residues, the percent-
age error does not exceed 2.5%.

RESULTS

Stability, Metal Cluster Incorporation, and Spectroscopic
Characterization of Mutant<Of the mutations generated in
Pdx for this study, only G40N spontaneously incorporates
an iron—sulfur cluster in vivo. The other mutants (G41N,
G40N/G41N, andAG41) are all expressed as apoproteins,
and the efficiency and stability of % cluster incorporation
of metal upon reconstitution vary from mutant to mutant.
The UV—visible spectra of wild-type and G40N Pdare
essentially identical, witlinacat 280, 325, 415, and 455 nm
and similar extinction coefficients. In both th®G41 and
G41N mutants, the 415 nm band red-shifts-#20 nm, and

Pochapsky et al.

F 104
r 105
r 106
r 107

= G69

- G31
r 108
r 109
r 110
11
112
r 113
F114
r 15
F116
r17
F118
F 119
F 120
F 121
122

«G10

Gao~ N8t N645

Nats
E72ey,
Qe ¥ 7
- V74
« ot

- T75

- -
F56 o3

=529
=c7

Y -
55 apry Nsa D9

D1g =Loa = K59
N30s

v2s

E65,

Vo, Dss o
Y51 = VO9eemwQ105
DI03= = w5
23 - e

Ne4== DIg 582 =

A5 e Tl gokn =135
£67.. <RE6 =iz

N30
= o0 V6O
D95

= (86

=188
= A27

-t
T

JoT G-z

= R83

822 == o va 123

124
125
126
127
128
129
130
F131
F132
133

=R13
$7= Dico =V3
= oE4
E54 & s
= Vviol
15

- V21

HBs - - AT6

- Wi106

<AB3

vas & T =R104ex
- P
= V17 iz =Vvs2 -Hs

W106e
- K2

10.0 9.5 9.0 7.5 7.0 6.5

FIGURE 4: 14 T (600 MHZ'H) *H—5N HSQC spectrum of 1 mM

WT Pdx at 290 K and pH 7.4 in 50 mNd-Tris-HCI buffer, with

a 90/10 HO/D,O mixture. The spectrum was obtained with
maximum resolution in thé>N dimension (completé>N decay
envelope). The spectrum is plotted at a level sufficient to show
most features without overlap. Resonances of D34 and R104 are
observed, but only at contours lower than those plotted.

It is of interest to note that a new pair dH—N
correlations corresponding to the side chain Njoup of
Asn 40 are observed in the HSQC spectrum of G40N Pdx
in the region where the amide Niroups of Asn and GIn
are usually found. These represent the first diamagnetic
resonances to be assigned for any residue in the metal cluster
binding loop from Val 36 to Cys 48 of Pdx. It also indicates
that the NMR-derived structural model of this region of the
protein is correct insofar as it predicts that the side chain of
a residue in position 40 should project away from the metal
cluster (L0). The same structure also predicts that non-glycine

the 455 nm band broadens and loses significant intensity mutations at position 41 should interfere with the proper
relative to the 415 nm band. Because of the relative instability jigation of the metal cluster because the side chain of residue
of all of the mutants except for G40N, it was impractical to 41 would project into the metal cluster binding site. Poor in
collect more than one-dimensional NMR spectra to charac- yjvo incorporation of the metal cluster and low stability

terize the reconstituted holoproteins. In all cases, it was cleareyhibited by the G41N and G40N/G41N mutants are thus
from the 1D*H NMR spectra of the reconstituted ferredoxins gjso rationalized by the structural model.
that some folded structure was present after reconstitution. Comparison of WT and G40N P#{—15N HSQC Spectral
However, only in the case of the GAON mutant did we Maps Although Pdg has a diamagnetic ground state, thermal
identify the downfield-shifted resonances of His 49,1 population of unpaired spin states results in significant
and Ser 82 OH. Both of these protons are strongly hydrogenparamagnetic bleaching of the NMR spectrum of WT ®dx
bonded in the C-terminal cluster of wild-type Pdx and (Figure 4), including the loss of all backbone NH correlations
provide useful markers for complete and stable folding in for residues 24, 3649, and 84-87. Several more NH
the C-terminal region of the protein. correlations are lost in WT Péxwhich has a paramagnetic
Spectroscopic comparison of WT Pdx and G40N Pdx electronic ground state, including those of Leu 23, Val 50,
indicates that overall structural integrity is maintained in the Met 70, Leu 71, Arg 83, and lle 881p). Patterns of
mutant. Within experimental error, amide exchange rates in paramagnetic broadening observed in both oxidation states
the slow exchange regime (which can be measured by theof G40N Pdx are identical with those observed in WT Pdx
rate of H-D exchange on a time scale of hours to days) are (see Figure 5).
the same in WT and G40N P#IxThe assignments of all The primary differences between WT and G40N Pdx are
resonances in the G40N mutant in both oxidation states werefound in the'H—*N HSQC spectra of the oxidized forms.
confirmed using data from 2EH—N HSQC-NOESY and  Figure 5 shows théH—1°N HSQC spectra of G40N Péx
3D H—'"N NOESY-HSQC experiments. With the exception and of G40N Pdx Positions marked by boxes on the two-
of the specific changes to be discussed below, there was nadimensional spectra indicate positions of residues that are
significant difference in chemical shift assignments for either significantly perturbed between the WT and G40N Pdx
oxidation state between WT and G40N Pdx. Observed NOE spectra, but are comparable in intensity and line width in
patterns are also very similar, indicating that there is no the WT and G40N Pdxspectra. Differences between WT
significant structural perturbation resulting from the G4A0N and G40N Pdkare observed at the NH correlations of Val
mutation. 6, Ser 7, His 8, Gly 10, Arg 12, Arg 13, Ala 27, Ser 29, Asn
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differences are seen at many of the other resonances listed
above (Figure 5), usually as an increased level of broadening
of the G40N resonance relative to the corresponding WT
resonance.

In a number of cases, peaks are split into groups of
relatively well-defined resonances that we interpret as
representing conformational substates at slow exchange on
the chemical shift time scale (Figures 6 and 7). This is
particularly noticeable for the NH resonances of Gly 10 and
Thr 75 (Figure 7b). Even in WT Péxthese resonances show
evidence of multiplicity (see Figure 7b), suggesting a
heirarchy of substates, some of which are at slow exchange
only in G40N Pdg, and others that are at slow exchange in
both the WT and G40N forms at a given temperature. Figure
7a is particularly instructive in this regard. At all three
temperatures that are shown (280, 290, and 300 K), the NH
resonance of Tyr 33 in WT Péis observed as a clear singlet
with a line width that is relatively unaffected by the
temperature changes. In G40N Pdx very broadened Tyr
33 NH resonance at 280 K broadens to become essentially
undetectable at 290 K (although some broad intensity is
observed near the noise). At 300 K, a smaller line of low
intensity appears near the position of the WT resonance,
suggesting that the fast exchange regime is being approached
for some subset of the accessible conformational substates.
In the same set of spectra, both lle 32 and lle 35 undergo
similar transformations; narrower, more intense lines are
observed in WT than in G40N Peikor both resonances at
the same temperatures, indicating faster exchange in WT
Pdx. Evidence for conformations at slow exchange persists
in the G40N PdX spectrum even at 300 K in the form of
lower-intensity side peaks apparently associated with both
lle 32 and lle 35 resonances.

Most remarkably, reduction of G40N Pdx results in the
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Ficure 5: 14 T (600 MHz'H) *H—1N HSQC spectra of 1 mM
G40N Pdx at 290 K and pH 7.4 in 50 mTris-HCI buffer, with
a 90/10 HO/D,O mixture: (a) spectrum of G40N P#land (b)

spectrum of G40N PdxBoth spectra were obtained using identical S .
acquisition and processing parameters. ThecRapectrum was  collapse of the broadened and multiplied peaks observed in

obtained first; the sample was then reduced and thé fubctrum G40N Pd into peaks with chemical shifts essentially
acquired. Both spectra are plotted at a level such that featuresidentical to those of WT PdxWe interpret this collapse as
unaffected by the mutation and change in oxidation state are gn indication that fewer conformational substates are oc-

represented by the same number of contours, but differences.  .: 4 : ;
between the oxidized and reduced spectra are emphasized. FeaturecsLJpIed in Pdxthan in Pdg, and that the same states are

labeled in red (marked with boxes in the spectrum of G40NPdx  occupied in both G40N Pédand WT Pdx (see Figure 6).
differ from the corresponding features in WT Pgdkut revert to Time Scales of Affected Motiorihe temperature depen-

WT patterns in G40N PdxSee the text for details. Features labeled dence of the G40N Pdspectra confirms that the spectral

in green (circles on the spectrum of GAON Rdare lost to  perturbations introduced by the mutation are the result of
paramagnetic broadening in both WT and GA4ONPdx dynamic processes that are slow to intermediate on the
30, lle 32, Tyr 33, Asp 34, lle 35, Tyr 51, Thr 75, Lys 79, chemical shift time scale (Figures 7 and 8). However, it is
Asp 103, Arg 104, GIn 105, and Trp 106. Perturbations are important for the conclusions we draw from the G40N mutant
also observed at thesN resonances of His 8 and His 49, as to establish that corresponding processes in WT Pdx are
well as the NH signals of Arg 13 and Trp 106. More detailed faster on the chemical shift time scale. We would expect
comparisons of some of the affected resonances between WThat such processes might be of the right order of magnitude
and G40N Pdkxand Pdx are shown in Figure 6. In some to contribute to line broadening (i.€l; processes) in WT
cases, the affected resonance in G40NC°Hehoroadened  PdX. Indeed, many of the resonances that show the largest
significantly relative to the corresponding resonance in the differences between G40N and WT Pdauxe clearly broad-
WT spectrum at the same temperature. For example, the NHened relative to peaks that are unaffected by the mutation
resonances of Ser 29, Asp 34, and Arg 104 are broadeneceven in WT Pdf (see Figure 4). These include the

78 7.0 85

to indetectability at 290 K in G40N Péxbut are apparent
(although also broadened) in WT Pdxt the same temper-
ature. The NH resonances of lle 32, Tyr 33, and lle 35 are
almost as completely broadened in G40N Pdk 290 K,
although inspection of 2BH—N HSQC spectra near the
noise shows a complex overlapped series of low-intensity

resonances of Tyr 33, Asp 34, Val 50, Arg 104, and GIn
105. To judge the importance of exchange contributions to
apparent transverse relaxation rates for different residues,
we applied a selection criterion based on the analystabf
TJ/T, ratios @2). If, for a certain residue, th®N T,/T, ratio

is more than one standard deviation above the mean, then it

broadened peaks near the normal positions of these resoean be assumed that @R, term must be included in

nances in WT PdX(see Figure 6). Smaller but still detectable

transverse relaxation rate calculations. We determined that



5608 Biochemistry, Vol. 40, No. 19, 2001 Pochapsky et al.

a b

G40N({ox) WT(ox) AN G40N(ox)

1155
6.5
til.4

G20
N81

1.4

TTe
B3]
EVER
ppm)
IEER
ppm)

D2_NI5 (ppm)
D2_NI5 (ppm)
D2_I5N (

mx
s
5
DZ_NI5 (
' i13.1

G96

X
1186

114.0
14,0

G96

s
e
iiis
1as '

W 104 182 Ge TS ee o4 ez 166 164 102 100 98 96 54 92 94 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.6 9.4 9.2 9.0 8.8 8.6 5.4 8.2 8.0 7.8
. ppm DI_HI tppm) DI_H! (ppm) DI_H! (ppm)}

G40N(red) WT(red) G40N(red)p v WT(red)
e

D34 | i D34 (L) : AL ; .

H H G20 = G20 // =
o - N81 3 3
t§ I o & R
2 2 sy oy

© © o 70

] @ i T

S [ / i

- o F56 i ® ( @

s B R s : T

106 164 102 100 ss 96 94 ez e 104 102 100 88 96 94 s2 9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 94 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8
DIHI (o) DIHI Cppm) D1_HI Cppm) D1_HI (ppm)
C |7~ GdoN(ox)

UVA A\

\

~

1207

el
120.7

121.3
21,3

D2_I5N (ppm)
D2_NI5 (ppm)

12i.9
129

122.5

122.5

1z3.0
123.0

e 7.2 T
Bi_H! (ppm)

0 Wited)
[ \‘ | A
| U B
| Pmiee L

Iy
N7

20,7
128.7

12,3

121.3
D2_ISN (ppm)

D2_15N (ppm)
121.9

21,9

122.5
122.5

123.0
123.0

7.0 68 66 74 7.2 70
DI_HI (ppm)

74 7.z
DI_HI (ppm)

Ficure 6: Comparison of selected regions of the 11.74 T (500 MH)z'H—1°N HSQC spectra of oxidized and reduced forms of WT and

G40N Pdx. Pdxand Pdxspectra were obtained using the same samples. $pabctra were obtained first; the samples were reduced, and

then the Pdxspectra were obtained. All four spectra (WT and G40N°Rahd WT and G40N Pdxwere obtained and processed using

identical acquisition and processing parameters. Samples werg atM, 290 K, and pH 7.4 in 50 mM-Tris-HCI buffer, with a 90/10

H,0/D,0 mixture. Spectra are plotted at a level such that reference signals (those unaffected by the mutation and change in oxidation state)
are represented by the same number of contours, but differences between the oxidized and reduced spectra are emphasized. Within a block,
Pdx spectra are shown on top, Pdyectra on the bottom, G40N spectra on the left, and WT spectra on the right. (a) Expansion containing

the Asp 34 signal. Gly 96 provides reference. (b) Expansion containing the Thr 75 signal. Phe 56 and Gly 20 provide reference. (c)
Expansion containing the Ala 27, lle 32, Tyr 33, and lle 35 signal$i bignals of Arg 12 and Arg 104 provide reference (signals are

marked with asterisks indicating that they are folded in iz dimension from their true resonance frequencies).

residues Val 6, His 8, Arg 12, Tyr 33, Asp 34, and Lys 79 affected by the G40N mutation in Ptso we assume that

in WT Pd¥ have T,/T, ratios more than one standard the motional behavior responsible for exchange broadening
deviation above the mean at both 11.74 and 14 T (Figurein WT Pdx at these residues corresponds to the same
9). These results are in agreement with those reported bymotional behavior observed in a slower exchange regime in
Sari et al. {5) for Pd¥ at 11.74 T. All of these residues are the G40N mutant. For these residues, approxirRateerms,
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FiGURE 7: Temperature dependence of corresponding regions of high-resolution 14 T (608HYIH2—'5N HSQC spectra of WT Pdand G40N Pdx Spectra were obtained at 280, 290, ang§
300 K. All spectra were obtained and processed using identical acquisition and processing parameters. Sufficient increments were obtahediinethson to obtain completéN T,* =
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Ficure 8: Downfield region of the 500 MHZH spectrum of G40N
Pdx shown as a function of temperature. Increased broadening of
the His 49 NH resonance (12.3 ppm) with increasing temperature
demonstrates that the processes causing the broadening are slo
on the chemical shift time scale. The phenomenon shown is
reversible.

for both fields, were calculated by assuming that

(1/T2)app= (1/T2)ave+ Rex (1)
where (1T5)appis the apparent transverse relaxation rate for
a given residue, as calculated from nonlinear curve fitting
of relaxation data, and (I)aw is the average transverse
relaxation rate of the neighboring residues that are not
affected by chemical exchange (that is, thRifT, ratios do

not differ from the mean by at least one standard deviation
unit). The simplifying assumption is made that the transverse
relaxation rate of nearby residues is a good approximation

of the residue’s own transverse relaxation rate in the absence residue

of chemical exchange. TH&x values shown in Table 1 are
likely underestimates of the reBl, terms, probably because
the “intrinsic” (1/T,)aveterms used still contain an unidentified
exchange contribution as well.

It has recently been pointed out by Millet et e83] that
in cases where exchange is slow on the chemical shift time
scale but takes place between sites with very different relative

Pochapsky et al.
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¥iGURE 9: 15N Ty/T, ratios as a function of magnetic field strength.

Measurements were taken on the same sample (1 mM WT, Pdx
at 290 K and pH 7.4 in 50 mMd-Tris-HCI buffer, with a 90/10
H,0O/D,O mixture) as described in Materials and Methods. Error
bars correspond to the percentage error offti€; ratio, calculated

as A(T./T,) = AT, + AT,, where AT, and AT, are taken to be
2.5%, as estimated from repeated measurements (see Materials and
Methods for complete description). The field-dependent behavior
of residue 105 is reproducible, and could be due to dynamic
processes involving the C-terminus of Pdx (seel#ffor more
details).

Table 1: ApproximateRex anda (scaling factor for field
dependence foRex as described in re33) for WT Pdx¥ Residues
That Exhibit a Significant Chemical Exchange Contributiorte
Transverse Relaxation Rate, As Indicated'®y T./T, Ratios
Differing by More Than One Standard Deviation from the Mean at
both 11.74 and 14 T (see Figure 9)

Rext (s (11.74T) Rex2(SH) (14 T) a
Val 6 1.98 2.54 1.3
His 8 2.44 2.95 1.0
Arg 12 1.87 3.26 2.9
Tyr 33 0.80 2.46 55
Asp 34 2.88 6.14 3.9
Lys 79 1.77 2.14 1.0

populations, it is possible to mistake the situation for a fast the scaling factors calculated from our field dependence for
exchange regime. These researchers provide fairly simpleRex@re all greater than 1, as expected for the fast exchange
criteria for determining whether such a situation exists for "€gime 83). We are currently examining alternative methods
the case of slow exchange between two unequally populatedfor evaluating the true contrlbutlon Qf multisite exchange to
sites. They use the static magnetic field dependendé\of ~ Observed nuclear relaxation behavior.

T, and _T2 values_to examine the exchange contributi_on to DISCUSSION
relaxation behavior. In the current case, we are considering

a series of conformations linked by exchange, with state Metal Cluster Binding Loop of Pdx as the Origin of Redox-
populations that may be quite similar across the exchange.Dependent Dynamic3.he sites to be mutated in this study
As such, we cannot quantitatively evaluate the exchangewere chosen primarily because of their predicted importance
contribution using the criteria of Millet et al. We note that in redox-dependent conformational selection in Pdx. It is
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Table 2: N Chemical ShiftsT; Relaxation Times, and Chemical
Shift Temperature Dependencies for Residues in the Metal Cluster
Binding Site of WT Pdg 5 cs6
T1 (Pd¥, PdX) *°N shift (Pd®, PdX) Ao, AT (Pdx, PdX) c
residue (ms) (6, ppm) (Hz, K) &0 g o
D38 42, 30 121.7,120.8 1.9,0.3 §
C39 29,8 107.2,* 182.5* 0.8;11.2 S s
G40 56, 25 117.6,124.2 0.61.1 4
G41 19,50 156.2,124.8 6.3,1.4 k]
S42 47,12 139.5,176.6 2.22.6 &0
AA43 30, 80 131.0,120.7 6.7,0.2
S44 32,10 132.1,87.9 5.8,9.8
C45 22,9 136.2, 140.8 1.6,6.6 s
A46 34, 60 137.5,121.0 7.2,0.1
T47 37,20 146.6, 85.6 5.7, 16.
c48 58, 4 126.7,% 272.7* 1.9-(60)* = Aesidu mambar
I(';884;_:, 552 %% 1123%'2’7 1123%'.88 11%28 FicUrRe 10: Carbonyl3C chemical shift change#) in parts per
Cc86 37,2 151.0, 260.5 1.7-60)* million as a function of oxidation state for residues in the metal
Q87 53,15 129.8, 160.2 1.68.3 binding loop (Gly 37Cys 48) and Leu 84Cys 86. Assignments
- - - X X - were made as described in r&f® and 23.
a Chemical shift assignments were made using selective labeling and
double-resonance techniques as reported elsewBgr@3). Assign- Taken together, these observations suggest a conformational

ments and values marked with an asterisk are tentative, as described
in refs 22 and 23. All entries are reported as values for WT Pés change that moves the NH groups of Gly 41, Ala 43, and

the first value and WT Pdxas the second. Ala 46 further from the metal cluster upon reduction, while
moving the NH groups of Ser 42, Ser 44, and Thr 47 closer.
reasonable to assume that such redox dependence arisedn the basis of comparison with the crystal structure of
primarily within the FeS, binding loop. This surface-exposed oxidized adrenodoxin3@), the NH protons of Ser 44 and
00D (Gs7-D3g-C30-Gag-Gazr-SuzrAsz-SusCas-AssTarCagHag) Thr 47 are expected to form hydrogen bonds to the cysteinyl
contains three of the four cysteinyl ligands of the metal Sy sulfur atoms ligating Feof the metal cluster (Cys 39
cluster (underlined). The amino acid composition of this loop and Cys 45, respectively). The parallel behavior of i
is such that considerable backbone flexibility might be shifts of Ser 44 and Thr 47 upon reduction suggests increased
expected. Evidence from a variety of sources suggests thatunpaired spin delocalization onto these nitrogens in",Pdx
considerable differences in local conformation and dynamics presumably via those hydrogen bonds. This could reflect a
exist between Pdand PdXin this region. First, the largest  strengthening of the hydrogen bonds to the cluster from these
changes in NMR-accessible protein dynamics occur for amides, as expected due to the increased negative charge of
residues either sequentially or spatially adjacent to the metalthe cluster in Pdx A significant shortening of homologous
cluster binding loop 12, 15). Second?H ESEEM studies  S--*HN hydrogen bonds is detected in the X-ray crystal
of the closely related ferredoxin adrenodoxin (Adx) indicate structure of reducednabaenaPCC7119 ferredoxin com-
that H-D exchange within the metal cluster binding loop pared to the structure of the oxidized for@ir).
of that protein is highly redox-dependent. While exchange- Also pertinent are changes HC=O0 shifts within the
able protons near the metal cluster (presumably in the metalmetal cluster binding regioAC=0 resonances for residues
cluster binding loop) exchange rapidly with deuterons in the in the loop region also show an alternating pattern in redox-
solvent in Ad®, such exchange is much slower in A¢34). dependent hyperfine shifts (Figure 10). Since carbonyl groups
Finally, Markley and co-workers report evidence for sig- are notimplicated in direct interactions with the metal center
nificant conformational differences in the NMR-accessible (such as hydrogen bonding), the changeé$@+=0 hyperfine
regions of Adx homologous to Ser 22 and Leu 23 in Pdx shifts may more so reflect real structural perturbations than
(35). changes in unpaired spin density (i.e., changes in through-
Evidence for Redox-Dependent Conformational Changes space interactions with the metal cluster as opposed to
from Hyperfine-Shifted®N and*C ResonancefRecently, through-bond).
we reported redox-dependent hyperfine shifts and nuclear We interpret the pattern of redox-dependent changes in
spin relaxation rates for amidéN and3C=O0 resonances amide resonances in the cluster binding loop to mean that,
in both oxidation states of Pd®2, 23). Patterns of hyperfine  upon reduction, the polypeptide loop from Cys 39 to Ala 46
shifts, temperature effects, and nuclear spin relaxation ratesundergoes an increased “puckering”; that is, the NH groups
strongly suggest localized redox-dependent conformational of Ser 42, Ser 44, and Thr 47 move closer to the metal
changes in the Pdx metal cluster binding loop (Table 2 and cluster, while those of Gly 41, Ala 43, and Ala 46 move
Figure 10). Thé®N resonances of several residues (Gly 41, further away. This puckering would result from the strength-
Ala 43, and Ala 46) relax more slowly and move toward ening (shortening) of hydrogen bonds between the metal
the diamagnetic region of the spectrum upon reduction. The cluster and the binding loop amides in Pd&hortening these
shifts of these same resonances also show smaller temperbonds would result in a contraction of the binding loop
ature dependencies in Pdkan in PdR, evidence for less  around the metal center. The NH groups of Ser 42, Ser 44,
interaction with unpaired electron spin density. At the same and Thr 47 are probably forming hydrogen bonds to the
time, the!®N resonances of the adjacent residues (Ser 42, cluster, since these are the residues (along with ligands Cys
Ser 44, and Thr 47) show marked increases in relaxation39 and Cys 45) for whicH®N chemical shifts reflect the
rates, significant hyperfine shifts, and increases in temper-largest increases in the level of interaction with the metal
ature sensitivity of chemical shifts in Pdbelative to PdR center upon reduction. It should be noted that there will be
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differential effects in Pdxdepending on which of the two  diamagnetic resonances in the protein (vide supra). The
iron centers most influence a particular spin. Fe(1), which C-terminal cluster is also extremely sensitive to other
is expected to contain the extra electron gained by reductionperturbations in the metal binding loop, including metal
(38), will give rise to Curie-type behavior, while Fe(2) will  cluster reconstitutions4Q). The role of His 49 is likely to
give rise to anti-Curie temperature effec89). However, be critical in transmitting redox effects from the metal site
on the basis of structural considerations, ¥i¢ nuclei that to the C-terminal cluster. His 49 is sequentially adjacent to
are being compared (those of Gly 41, Ser 42, Ala 43, Ser the third cysteinyl ligand of the E&; cluster in the metal
44, Ala 46, and Thr 47) are all expected to be interacting binding loop (Cys 48). The side chain imidazole of His 49
primarily with Fe(1), so the comparison of redox-dependent is at the core of a well-defined cluster of residues that include
changes in®N resonances is valid within this set. Tyr 51, Val 74, Ala 76, Leu 78, Lys 79, and Ser 82 (Figure
Roles of Gly 40 and Gly 41 in Local Dynamicshe 2). The NMR structure of Pdx identifies a number of likely
proposed contraction of the metal binding loop of Pdx upon hydrogen bonds within the C-terminal cluster. These form a
reduction would require that some portion(s) of the polypep- network involving the phenolic OH of Tyr 51, the imidazole
tide be able to take up the slack that contraction would N.; of His 49 (which is not protonated), and the’/® of Ser
generate in the peptide chain. That portion of the chain should82. In turn, the well-resolved ;\H proton of His 49 appears
not be critical for ligating or hydrogen bonding to the iron to hydrogen bond to a backbone carbonyl (Ala 76). The
sulfur cluster, and should be without large steric barriers to imidazole of His 49 could act as a mechanical linkage
conformational changes. The adjacent loop residues Gly 40between conformational changes in the metal binding loop
and Gly 41 fit this description. The lack of side chains and and the C-terminal cluster. For example, the proposed
the accessibility of larger allowed regions of Ramachandran contraction of the metal binding loop upon reduction would
space for Gly would ease dihedral rotations for these two pull on His 49 and, in turn, on residues to which the His 49
residues considerably. Of the two Gly residues, only'thie imidazole is hydrogen bonded. This would reduce the
resonance of Gly 41 shows evidence of significant interaction amplitude of large-scale motions in the C-terminal cluster
with the metal cluster, and then only in Pdable 2). In region. A similar role has been proposed for the homologous
Pd¥, this resonance moves toward the diamagnetic envelopeHis 56 in bovine Adx 86). As expected, mutations of His
and shows smaller temperature effects than in°Pue 49 and Tyr 51 both are destabilizing in Pdx (R. Pejchal,
replaced Gly with Asn in the mutation experiments described unpublished results). It is interesting that the destabilizing
here because Asn is the only residue besides Gly thatmutations G41N, G40N/G41N, amtiG41 described in this
regularly occupies a positivebackbone dihedral angle, and study all result in a loss of the His 495N resonance as
both Gly 40 and Gly 41 are expected to have positive  well, confirming the tight linkage between the metal binding
angles 10). We expected that the side chain of Asn would loop and the C-terminal cluster.
increase the barrier to these hinge motions sufficiently so
that they might be considerably slowed in the mutant. At CONCLUSIONS
least in the G40N mutant, this appears to be the case. The data presented here provide strong support for the
The decreased stability of the other mutations (G41N, conformational selection model of redox-dependent structure
G40N/G41N, andAG41) also make sense in terms of the and dynamics of Pdx. The primary effect of the G40N
contraction model. The shortened metal cluster binding loop mutation is to increase the potential barriers to interconver-
of the deletion mutantAG41, should not be able to sion between substates, thereby slowing exchange between
accommodate the steric demands of the oxidized metal centeconformational substates in G40N Pdglative to WT Pd&
while maintaining the expected hydrogen bonding network, The slow interconversion between substates in G40N Pdx
and should be less able to stabilize the metal cluster. On theresults in broadening resonances for affected residues in
basis of the structure, the side chain of Asn 41 in the G41N G40N Pdx relative to WT Pdg or, when exchange between
and G40N/G41N mutants should interfere sterically with the substates is slow on the chemical shift time scale, splitting
metal cluster, and so destabilize the formation of the of individual resonances into multiple peaks corresponding
holoprotein. to the multiple occupied substates (Figure 8). On the basis
Coupling of Metal Binding Loop Conformational Changes of the complex nature of the spectral changes observed for
to the C-Terminal ClusterOne conclusion that can be some residues as a function of temperature, there appears to
reached from the NMR data shown here is that the mutationsbe a heirarchy of accessible conformational states in both
within the metal binding loop clearly affect protein dynamics WT and G40N Pd% Within the heirarchy, there is a range
in adjacent regions of Pdx. Three regions are affected in of potential barrier heights such that some interconversion
particular. The first includes the residues immediately processes are at slow exchange while some are at fast or
preceding the metal binding loop (Asn -30e 35) and intermediate exchange on the chemical shift time scale.
residues in contact with them (Val 6, Ser 7, His 8, Gly 10,  The data presented here do not allow us to conclude that
Ala 27, and Ser 29). The second includes residues near theequilibrium substate populations are unperturbed in G40N
beginning of thex-helix that contact the metal binding loop  PdX relative to WT. However, it is clear that upon reduction,
near Gly 40 and Gly 41 (Ser 22 and Leu 23). The most far- both G40N and WT Pdx occupy the same subset of
reaching effects, however, are observed in the C-terminal conformations, as indicated by their nearly identittd
cluster region. As described elsewherEl, (12), the C- 5N HSQC spectra at the same temperatures. If substate
terminal cluster shows considerable sensitivity to redox populations are perturbed in G40N Pdxhis should be
changes at the metal cluster in terms of amide proton reflected in the relative binding constants of G40N Paixd
exchange, and also includes the residues that exhibit thePdX for CYP101 as compared to the ratio of the same
largest chemical shift changes with oxidation state of any binding constants measured for WT Pdx 7). We have
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found that G40N Pdx exhibits 50% of the activity of WT
Pdx in the standard reconstituted PdR/Pdx/CYP101 assay
as measured by NADH consumption (R. Pejchal, unpublished
results). However, the Asn 40 side chain projects into the

proposed Pdx/CYP101 interfacial regietl), so it is unclear

from these measurements whether the lower activity of the 6.
mutant is due to changes in binding constants or interference
with electron transfer or some combination thereof. These 7
effects will need to be examined in more detail before firm
conclusions can be reached regarding the effect of the G40N

mutation on equilibrium substate populations in Rdx

The current results do allow us to localize elements of
redox-dependent changes to specific portions of the metal
cluster binding loop. The possibility of redox-dependent
conformational changes in metalloproteins is not a new idea
(42), although significant structural effects have not been

observed in most case43 44). However, in every instance

of which we are aware, metalloproteins exhibit dynamical

differences as a function of oxidation stai,(45, 46). Very
often (although not exclusively; see ré7), the oxidized

protein displays larger-amplitude motions than the reduced
form. We originally proposed that functional differences

between Pdkand PdX (e.g., tighter binding of Pdxto

CYP101) originated from dynamic changes rather than
structural ones (a structural entropy model). However, this
is too simplistic: changes in the amplitudes of motions by
definition imply structural differences, if only in displace-
ments around some average structure. We cannot yet say

with certainty whether the structures of Pdind Pd%both

center on the same average structure and differ only in rms
displacements around that mean, or if they have different 20.
average structures as well. The effect of dipolar interactions
on chemical shift cannot be ruled out even for residues
remote from the metal cented4). As such, the changes in

chemical shift between P&and Pdk cannot be taken as

firm evidence for different time average structures. Neverthe- 22.
less, there is precedent for redox-dependent conformational

perturbations in ferredoxins. Morales et 87) noted that
one peptide bond in the irersulfur cluster binding loop of

Anabaenderredoxin appears to reorient upon reduction so
as to allow the amide proton to form an additional hydrogen o5
bond to the metal cluster. It may well be that redox-dependent

structural and dynamical behavior such as is observed in Pdx 26.

is a fairly typical way of controlling activity as a function
of oxidation state in ferredoxins.
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