Biochemical and Biophysical Research Communications 258, 54-59 (1999) ®
Article ID bbrc.1999.0583, available online at http://www.idealibrary.com on IIl E %I.

A New Assignment Strategy for the Hyperfine-Shifted
3C and N Resonances in Fe,S, Ferredoxins

Nitin U. Jain and Thomas C. Pochapsky*

Department of Chemistry, Brandeis University, Waltham, Massachusetts 02254

Received March 11, 1999

Assignment of hyperfine-shifted resonances in para-
magnetic metalloproteins such as Fe,S, ferredoxins
poses a major experimental challenge due to hyperfine
shifts and/or severe line broadening. We have explored
the possibility of using structural data from homologous
proteins as part of an assignment strategy for the
sequence-specific assignment of hyperfine-shifted back-
bone carbonyl (**C’) and nitrogen resonances (**N) in
Fe,S, ferredoxins. This strategy is based on the assign-
ment of resonances in the paramagnetic region to par-
ticular types of amino acid residues using selective iso-
tope labeling. Reduced metal-nuclear distances are then
calculated from experimentally determined T, relax-
ation times for those resonances and the calculated dis-
tances aligned with the distances of nuclei at corre-
sponding amino acid sequence positions in the crystal
structure of a structurally homologous protein. The
comparative assignment approach has met with success
in correctly predicting the *C’ and **N assignments in
Pdx° from the crystal structure data of two similar and
related ferredoxins, namely bovine adrenodoxin and
Anabaena ferredoxin. Sequence-specific assignments
made in this fashion were verified by selective *C’{**N}

decoupling experiments. © 1999 Academic Press

The ferredoxins form an important class of electron
transfer proteins. The structure and function of these
proteins have been under investigation for several de-
cades. Putidaredoxin (Pdx) is a Fe,S, ferredoxin from the
camphor hydroxylation pathway of the soil bacterium
Pseudomonas putida (1). The presence of unpaired elec-
trons in the Fe,S, cluster in both oxidation states at
ambient temperatures makes the active site of Pdx and
other Fe,S, ferredoxins highly paramagnetic and difficult
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to investigate by NMR due to severe line broadening and
hyperfine shifts. Sequence-specific assignments are usu-
ally impossible to make close to the metal centers of such
ferredoxins using conventional 'H-based multidimen-
sional experiments. However, the relatively narrower
line widths of **C, N nuclei under the same conditions
offer the possibility of obtaining sequence-specific assign-
ments of the backbone and side-chain *C, N reso-
nances. By using an appropriate combination of samples
selectively double- or multiple-labeled with *C’ and N
at the backbone carbonyl and nitrogens, we were able to
assign some of the *C’ and N resonances in Pdx
sequence-specifically via difference decoupling experi-
ments (2). This strategy has allowed us to investigate the
redox dependence of hyperfine shifts and potential hydro-
gen bonding patterns of many of the residues in the Pdx
metal binding site (2). Most of the remaining **C’ and **N
assignments for Pdx in the vicinity of the metal cluster
have now been completed and are reported here.
Although the combination of selective labeling and
decoupling experiments described here and in Ref. 2
forms an effective strategy for paramagnetic resonance
assignment in ferredoxins, the process is in fact quite
expensive and labor intensive. A much simpler and
cost effective strategy would be quite useful. We now
report the possibility of using structural data from
structurally homologous proteins as part of such as-
signment strategy in Fe,S, ferredoxins such as Pdx.
The solution structure of the oxidized form of Pdx
(Pdx®) has been solved using NMR spectroscopy (3, 4).
There is as yet no X-ray crystal structure available for
Pdx. Due to severe line broadening and a lack of NOE
constraints, the structure within a radius of 8 A from
the metal center was modeled from the crystal struc-
ture of a plant ferredoxin from Anabaena (5). Recently,
a refined structure of Pdx° has been obtained using
additional restraints for the diamagnetic region (6).
The metal binding site and environs for this structure
was modeled on the recently published crystal struc-
ture of a structurally similar ferredoxin, bovine ad-
renodoxin (Adx) (7). Adx has a greater homology to Pdx
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FIG. 1.

(A) *C NMR spectrum of a Pdx® sample (pH 7.4, 10% D,0, 290 K) selectively labeled with [**C’] Gly (scrambled to [**C’] Ser and

[**C'] Cys)/[**N] Gly (scrambled to [**N] Ser and [**N] Cys); (B) Difference spectrum obtained by subtraction of a spectrum with selective
decoupling at the **N frequency of neighboring Gly41 from a reference spectrum where the decoupler frequency was set off-resonance (~90

ppm). This assigns the *C’ resonance of Gly40.

than does Anabaena ferredoxin in terms of both se-
guence and function. A high degree of structural sim-
ilarity also exists between Pdx and Adx. However,
there are differences in redox potentials and reactivi-
ties of ferredoxins even within the same class (8), and
it is possible that small variations in the environment
of the metal cluster can effect these changes. Whether
such variations arise solely due to subtle structural
changes (i.e., changes in the H-bonding pattern in the
active site) or due to larger structural differences re-
mains to be seen. For these reasons, it is useful to
obtain an independent evaluation of the structural en-
vironment in the paramagnetic region.

One of the approaches frequently used for structural
interpretation of hyperfine broadened and shifted
NMR signals is to calculate a distance between a nu-
cleus and metal center from paramagnetic contribu-
tions to nuclear relaxation. Alternatively, distances
calculated from relaxation times have been used for
making tentative assignments of paramagnetic reso-
nances in several metalloproteins including ferredox-
ins and hemeproteins (9—11). However, recent attempts
to correlate metal-nuclear distances with N relax-
ation in Pdx° encountered difficulties due to a lack of
unambiguous N resonance assignments near the
metal cluster (9, 12).

We have now made nearly complete unambiguous
assignments for backbone **C’ (carbonyl) and N res-
onances of Pdx° using the double labeling strategy
described previously (2). Three samples of selectively
labeled Pdx°® were prepared as follows: (1) [**C'] Gly
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(scrambled to [*°C’] Ser and [**C’] Cys) and [**N] Gly
(scrambled to [®N] Ser and [**N] Cys); (2) [*°C'] Gly
(scrambled to [**C’] Ser and [**C’] Cys) and [*N] GIn;
(3) [**C’] Gly (scrambled to [*°C’] Ser and [**C’] Cys)
and [*°N] Ala. Selective difference decoupling experi-
ments were performed on these samples as described
previously (Fig. 1) (2, 13). This allowed us to assign
most *C’ and N backbone resonances in the para-
magnetic region, with the exception of the **C’ reso-
nances of Thr47 and GIn87, and N resonances of
Cys39 and Cys48). Assignments are listed in Table 1.
Relaxation times for the assigned **C’ (Fig. 2) and
N resonances were measured using an inversion re-
covery pulse sequence 180-7-90 (Fig. 3). Longitudinal
relaxation times T, were obtained from the initial slope
of the plot of In[l, — 1./21,] vs In[7] (13). *N T, values
thus obtained are listed in Table 2 and those for **C’ in
Table 3. The relaxation time T, for a nucleus under
paramagnetic influence is given by Eq. [1] (14):
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TABLE 1

List of *C’ and N Assignments in the Paramagnetic
Region of Pdx°®

N resonances 3C’ resonances

8 (ppm)? Assignment 8 (ppm)® Assignment
109.5 G37° 174.8 G40°
117.6 G40° 175.0 G37°
156.2 G41° 175.4 G41°
132.1 S44 174.2 S42°
139.5 S42 175.2 S44°
131.0 A46° 173.5 A43
137.5 A43° 181.6 A46
151.0 C86° 171.0 C45°
136.2 C45° 173.4 C48°
135.4 C85 173.7 C86°
126.7 C39/C48° 175.7 C85°
107.2 C39/C48° 177.3 C39°

2 All ®N chemical shifts are reported relative to external liquid
ammonia.

® All *C chemical shifts are reported relative to the methyl reso-
nance of external DSS.

°New N and **C’ assignments reported in this work.

electron-nuclear dipolar interaction and the third from
Curie spin relaxation, which is usually negligible for
these systems (14). The contact term can be significant
for nuclei directly bonded to the paramagnetic metal
cluster. However, for nuclei such as **C’ and **N that
are at least three covalent bonds away from the metal
cluster, the contact term is likely to be small and dipo-
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lar relaxation can be assumed to predominate. The
dipolar relaxation term may then be used to estimate
distances of nuclei from the metal cluster. For the
current calculations, a value of 0.5 X 107" s for the
correlation time 7, was used, which is similar in mag-
nitude to the value found in high spin Fe®*" ferredoxins
(15). A weighted average spin number <S,> of 1.67
was used instead of S(S + 1) to represent the popula-
tion of various unpaired electronic spin states with
increasing temperature (9). The distances then calcu-
lated by using the dipolar term in Eqg. [1] are listed in
Tables 2 and 3.

Reduced metal-nuclear distances were calculated for
©C’ and **N nuclei in the Adx structure using Eq. [2]:

[2]

In this equation, d, is the reduced distance computed
from d; and d,, the distances between the nucleus and
each of the two iron atoms. These reduced distances
from Adx were then rank-ordered and compared with
the rank-ordered distances calculated from experimen-
tally determined *C’ and N T, values in Pdx°. These
orderings were then used to make tentative assign-
ments for the *C’ and N resonances of the nuclei in
Pdx® (Tables 2 and 3). A comparison of tentative as-
signments with the actual assignments revealed that
assignments made in this manner are largely incor-
rect. However, when resonances were grouped by
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FIG. 2. T, relaxation measurements using the inversion recovery sequence [180-7-90] (see text) on a [**N] uniformly labeled sample. The
corresponding value of T used in the sequence is shown at the end of each spectrum. Spectra were also collected for other values of = such as

5, 10, 20, and 30 ms (not shown in the figure).
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FIG. 3. T, relaxation measurements using the inversion recovery sequence [180-7-90] (see text) on a [**C’] Gly (scrambled to [**C’] Ser
and [*C’] Cys) sample. The corresponding value of 7 used in the sequence is shown at the end of each spectrum. Spectra were also collected
for other values of 7 such as 3, 7, 13, 20, 27, and 35 ms (not shown in the figure).

amino acid type (i.e., cysteines, glycines, serines, and
alanines) and then aligned with the corresponding re-
duced distances in Adx, all of the relaxation-derived
N assignments matched the actual assignments. Sim-
ilarly, except for Cys48 and Cys86, the **C’ tentative
assignments matched the actual assignments. How-
ever, the distances determined for the “*C’ nuclei of
Cys48 and Cys6 from the T, values are within experi-
mental error of each other, which may explain the
observed discrepancy. The N resonances of Cys39 and

Cys48 have not been unambiguously assigned as yet by
selective decoupling. However, based on the predicted
assignments from the Adx structure, we tentatively
assign the resonance at 107.2 ppm as that from the **N
of Cys39 and the resonance at 126.7 ppm from the **N
of Cys48. Efforts are currently under way to confirm
these assignments via semiselective isotope labeling
using intein-mediated peptide ligation (16).

These results imply that electron-nuclear dipole in-
teractions are probably similar in analogous positions

TABLE 2

Comparison of the Actual N Assignments in Pdx°® with Predicted Assignments
from Bovine Adrenodoxin and Anabaena Ferredoxin

Putidaredoxin Adrenodoxin Anabaena
5} T, value
(ppm) (ms)* dAs Actual assignment d, A° Predicted assignment d, A° Predicted assignment
109.5 64 5.15 G37 5.28 G37 — —
117.6 56 5.03 G40 4.49 G40 — —
156.2 19 4.20 G41 4.04 G41 — —
132.1 32 4.58 S44 4.10 S44 3.83 S44
139.5 47 4.89 S42 4.40 S42 4.05 S42
131.0 34 4.63 A46 4.50 A46 4.53 A46
137.5 30 454 A43 4.14 A43 3.76 A43
151.0 37 4.70 C86 4.17 C86 4.06 C86
136.2 22 431 C45 3.55 C45 3,51 C45
135.4 52 4.97 C85 5.20 C85 5.14 C85
126.7 58 5.06 C39/C48 4.28 C48 4.13 C48
107.2 29 451 C39/C48 3.88 C39 3.54 C39

2 Distances in Pdx° calculated from T, values by using Eq. [1] with a precision of +0.08 A.
® Reduced distances calculated from crystal structure of Adrenodoxin and Anabaena ferredoxin using Eq. [2].
¢ Calculated from the mean of three measurements. Standard deviation of the mean is about +2 ms.
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TABLE 3

Comparison of the Actual *C Assignments in Pdx°® with Predicted Assignments
from Bovine Adrenodoxin and Anabaena Ferredoxin

Putidaredoxin Adrenodoxin Anabaena
5 T, value
(ppm) (ms)© dA® Actual assignment d, A° Predicted assignment d, A° Predicted assignment
175.0 16 5.51 G37 4.82 G37 — —
174.8 17 5.55 G40 5.03 G40 — —
175.4 12 5.24 G41 453 G41 — —
175.2 21 5.75 S44 4.47 S44 4.41 S44
174.2 32 6.17 S42 5.02 S42 4.68 S42
181.6 17 5.55 A46 5.06 A46 511 A46
173.5 15 5.44 A43 4.74 A43 4.57 A43
177.3 12 5.24 C39 4.30 C39 4.02 C39
171.0 6 4.67 C45 3.87 C45 3.90 C45
175.7 32 6.17 C85 5.34 C85 5.29 C48
173.4 22 5.80 C48 5.12 C86 4.90 C86
173.7 24 5.84 C86 5.16 C48 4.95 C85

2 Distances in Pdx° calculated from T, values by using Eq. [1] with a precision of +0.08 A.
® Reduced distances calculated from crystal structure of adrenodoxin and Anabaena ferredoxin using Eq. [2].
¢ Calculated from the mean of three measurements. Standard deviation of the mean is about +2 ms.

in structurally homologous proteins. This property can
then be used to make tentative assignments for reso-
nances in the paramagnetic region of homologous
ferredoxins, first grouping resonances by residue type,
then rank-ordering relaxation-derived distances and
finally comparing those distances with those calculated
from a homologous structure.

Our success in predicting resonance assignments for
Pdx° from the Adx structure encouraged us to investi-
gate the usefulness of this approach in predicting the
set of Pdx° assignments from crystal structures from
less homologous ferredoxins such as Anabaena ferre-
doxin (5). The sequence of Anabaena ferredoxin is
shorter than that of Pdx by one amino acid residue in
the interval between the first two ligand cysteines
(analogous to Cys39 and Cys45 in Pdx) (Fig. 4). An
accurate representation for Gly 40 and Gly 41 in Pdx
therefore cannot be obtained from the Anabaena ferre-
doxin structure due to absence of an amino acid residue

Pix  GDCGGSASCATCI]LCCO]

37 38 39 40 41 42 43 44 45 46 47 48 84 85 86 87

Adx [GACEGTLACSTC|LGCQ]

44 45 46 47 48 49 50 51 52 53 54 55 90 91 92 93
AnabaenalF EC R AGACSTCILTCV]
39 40 41 42 43 44 45 46 47 483 49 77 78 79 80

‘+——>

Region in Anabaena ferredoxin missing an amino acid

FIG. 4. Amino acid sequence in the paramagnetic region of puti-
daredoxin (Pdx), bovine adrenodoxin (Adx) and Anabaena ferre-
doxin.
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at the corresponding position. We therefore decided not
to include the glycines for the purpose of distance com-
parisons. Despite sequence differences, this approach
still was able to predict the correct assignments for all
the cysteine, serine and alanine “*C’ and N reso-
nances in the paramagnetic region of Pdx® (Tables 2
and 3). We were somewhat surprised to note that the
correct assignments were predicted even for Ser42,
Ala43, and Ser44, which are closest to the variant
region in Anabaena. Apparently, the overall geometry
of the ligating cysteines and the metal cluster remains
basically the same in both proteins. This was also
inferred from the observation that the metal center of
the Pdx structure (in which the metal binding site was
modeled from the Anabaena ferredoxin structure) es-
sentially superimposes on the metal cluster of the Adx
crystal structure (7). Taken together, these observa-
tions suggest that this assignment strategy will be
general for the class of plant, bacterial and mammalian
ferredoxins discussed here (17). However, this ap-
proach still needs to be tested with relaxation and
structural data from other paramagnetic proteins as
well. We are currently testing the validity of this ap-
proach in the assignments of Adx and terpredoxin
(Tdx), another Fe,S, ferredoxin that is structurally
homologous to Pdx (18).

We expect that this assignment strategy, supple-
mented with a minimum number of difference decou-
pling experiments, should help in minimizing the ex-
pense and time required to make sequence-specific
assignments in paramagnetic metalloproteins such as
Fe,S, ferredoxins.
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