aa Journal of Biomolecular NMRL7: 311-322, 2000.
1\1 KLUWER/ESCOM 311
© 2000KIluwer Academic Publishers. Printed in the Netherlands.

Amino acid-specific isotopic labeling and active site NMR studies of
iron(I1)- and iron(lll)-superoxide dismutase from Escherichia coli

David L. Sorkirf & Anne-Frances Mille?
aDepartment of Chemistry, The Johns Hopkins University, Baltimore, MD 21218, U.S.A.
bDepartment of Chemistry, University of Kentucky, Lexington, KY 40506-0055, U.S.A.

Received 23 February 2000; Accepted 23 May 2000

Key words:active site, assignments, Fe, non-heme iron, paramagnetic, redox, superoxide dismutase

Abstract

We have developed and employed multiple amino acid-specific isotopic labeling schemes to obtain definitive
assignments for active siféd NMR resonances of iron(l)- and iron(lll)-superoxide dismutase (Fe(l)SOD and
Fe(11)SOD) fromEscherichia coliDespite the severe relaxivity of high-spin Fe(lll), we have been able to assign
resonances to ligand Hi81 protons near 100 ppm, afidanda protons collectively between 20 and 50 ppm, in
Fe(ll)SOD. In the reduced state, we have assigned all but 7 ligand protons, in most cases residue-specifically. A
pair of previously unreported broad resonances at 25.9 and 22.1 ppm has been conclusively assigfqutoe the

tons of Asp 156, superseding earlier assignments (Ming et al. (188d). Chem.33, 83-87). We have exploited

higher temperatures to resolve previously unobserved ortho-like ligand His proton resonances, and specific isotopic
labeling to distinguish between the possibilitie$®fande1 protons. These are the closest protein protons to Fe(ll)

and therefore they have the broadest(Q00 Hz) and most difficult to detect resonances. Our assignments permit
interpretation of temperature dependences of chemical shifts, pH dependences and H/D exchange rates in terms of
a hydrogen bond network and the Fe(ll) electronic state. Interestingly, Fe(11)SOD’s axial His ligand chemical shifts
are similar to those of the axial His ligand Bhodopseudomonas palustagtochrome ¢ (Bertini et al. (1988)

Inorg. Chem, 37, 4814-4821) suggesting that Fe(I)SOD’s equatoriapA&p~ ligation is able to reproduce some

of the electronic, and thus possibly chemical, properties of heme coordinatioréfar Fe

Abbreviations:Asp, aspartate; FeSOD, iron-containing superoxide dismutase; His, histidine; NOE, nuclear
Overhauser effect; NOESY, 2D nuclear Overhauser spectroscopy; Tyr, tyrosine; WEFT, water-eliminated
Fourier transform; INEPT, insensitive nuclei enhanced by polarization transfer; DSS, sodiuding&ghyl-2-
silapentane-5-sulfonate; HEPES, N-(2-hydroxyethyl) piperazifé2hthanesulfonic acid); IPTG, isoprop8dp-
thiogalactopyranoside.

Introduction This enzyme is a member of the class of non-
heme, non-sulfur mononuclear Fe proteins which in-

Fe-containing superoxide dismutase (FeSOD) cat- cludes lipoxygenase, isopenicillin N synthase and 2,3-

alyzes the disproportionation of,0to O, and HO; dihydroxybiphenyl 1,2-dioxygenase (Feig and Lip-

by the following cyclic mechanism: pard, 1994; Que and Ho, 1996). EPR and optical
05 + Fe(lll)SOD— O, + Fe(ll)SOD spegtrophotqmetry of F¢ as well as other methods
O, + 2H* + Fe(ll)SOD — Hp0; + Fe(lll)SOD. provide rich information as to the state of the metal

ion and its interactions with substrate analogs. In or-
*To whom correspondence should be addressed. E-mail: der to understand the interactions between the protein
afm@pop.uky.edu and the metal ion, as well as between the protein

fsrgﬁqptlﬁzglr}:ﬁzsmatenan'he individual assignments are available and the substrate, we also need spectroscopic probes
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of the protein. NMR is ideally suited by its applica-
bility in solution under turnover conditions and its
compatibility with titrations.

E. coli FeSOD is a 42 kDa homodimer, each
monomer of which contains a single Fe ion coordi-
nated in a trigonal bipyrimidal geometry by the
Ns of three His residues (axial His 26 and equatorial
His 73 and His 160), equatorial monodentate Asp 156,
and one axial solvent molecule, at neutral pH in both
oxidation states (Lah et al., 1995; Miller and Sorkin,
1997). The Fe coordinated solvent molecule is thought
to be water in Fe(l1)SOD and hydroxide in Fe(l11)SOD
(Stallings et al., 1991). A second hydroxide ion coor-
dinates to Fe(lll) with a pK of9 (Fee et al., 1981;
Stallings et al., 1991; Tierney et al., 1995) while in
Fe(I)SOD an active site pK of 8.5 is observed, but
this ionization is ascribed to non-ligand residue Tyr
34 (Sorkin et al., 1997; Sorkin and Miller, 1997).
Fe remains high spin above and below these pKs in
both oxidation states. Both the above two pH events
affect activity by causing 4 to increase (Bull and
Fee, 1985). The protein may also participate directly
in additional events that affect activity, including sub-
strate binding in both the oxidized (Fee et al., 1981;
Vathyam et al., 2000) and reduced states (Whittaker
and Solomon, 1988; Vathyam et al., 2000).

The 'H NMR spectrum of Fe(l)SOD was first
reported by Ming et al. (1994) who collectively as-
signed the three ligand Hi&L protons and ascribed
spin systems to the ligand Asp and a nearby Trp.
Fe(11)SOD fromMethanobacterium thermoautotroph-
icum has also been observed b NMR (Renault

2D NOESY and 1D NOE experiments are success-
ful in identifying spin systems (Thanabal and La Mar,
1989), but multiple amino acid residues may have the
same type of spin system. For example, the, p’
proton spin system occurs for possible ligand residues
His, Asp, Asn, Tyr, Ser, and Cys. Although small
molecule model compounds (Lauffer et al., 1983; Wu
and Kurtz, 1989) and previously assigned proteins
suggest ranges of chemical shifts for these ligands,
these ranges overlap and it is possible for compounds
to exist that do not fall in the previously observed
range. Amino acid-specific isotopic labeling provides
unambiguous identification of residue type (Withrich,
1969; Weiss et al., 1986; Sadek et al., 1993). We have
utilized this technique to obtafH NMR assignments

of Fe(ll) and Fe(Il)SOD that could not be accurately
made using other methods.

Line widths and relaxation rates are also useful
tools in assigning paramagnetically shifted resonances
(Bertini and Luchinat, 1986; Thanabal and La Mar,
1989). Line width (1/B) is proportional to 1/ (where
T, is the transverse relaxation time and r is the distance
from the resonating nucleus to the metal ion) when
dipolar (including Curie) relaxation prevails. Curie
relaxation (Gueron, 1975) is the dominant paramag-
netic mechanism for proton relaxation in Fe(I)SOD
(Lansing and Miller, unpublished). Hyperfine and
ligand centered dipolar relaxation may make ligand
resonances somewhat broader than those of equidis-
tant non-ligand protons. Nonetheless, the distance
dependence of line width is extremely useful for as-
signing resonances of proteins for which the structure

and Morgenstren-Badarau, 1999). Unfortunately, the is known (Satterlee, 1986). If some paramagneti-
assignments reported encompassed only a few tenta-cally shifted resonances are assigned and their line
tive assignments of the ligands and one second spherewidths measured, a distance versus line width cali-
residue. Thus, in order to be able to exploit the capabil- bration curve can be established. Expected resonance
ities of NMR in the study of the interactions between line widths for unassigned protons can then be cal-
the FeSOD protein and Fe, substrate and inhibitors, culated based upon their distances to the metal ion,

as well as catalytically important pH equilibria, many
more definitive assignments are needed.
Paramagnetically shifted NMR resonances were
among the first biomacromoleculdH NMR reso-
nances studied in detail (Redfield and Gupta, 1971).

establishing a criterion for assignment.

We have combined exceptionally clean isotopic la-
beling with 1D NOE *H-1°N INEPT and 2D NOESY
spectra, as well as consideration of line widths and
H/D exchangeability. Thus, we now report 19 new

However, they are often challenging to assign becauseFe(l1)SOD resonance assignments including some for

wide dispersal of chemical shifts from their charac-
teristic diamagnetic values precludes identification on
the basis of chemical shift alone, and fast relaxation
rates make multi-dimensional experiments difficult or
impossible (but see for example (LaMar et al., 1973;
Bertini and Luchinat, 1986; Cheng and Markley,

1995). In favorable cases (line widths~1000 Hz)

resonances which have not previously been detected,
and several which correct previous assignments. We
also report the first assignments of the poorly resolved
Fe(lI)'SOD 'H NMR spectrum. These assignments
will enable the effects of exogenous ligand binding
and amino acid ionization and mutation to be analyzed
in terms of specific FeSOD protons. To our knowl-



edge, this work represents the most complete set of

metal site’H NMR assignments for a member of the
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[*H] His [2H] FeSOD was purified fronE. coli
BL21 with plasmid pRLK3 (Vathyam et al., 1999)

class of mononuclear high spin non-heme, non-sulfur grown aerobically in M9 media made witk 98%

Fe enzymes.

Experimental

Isotopic labeling. While all FeSOD samples were
purified fromE. coli as described previously (Sorkin
and Miller, 1997), the growth conditions for each
labeling scheme varied as follows:

Unlabeled (Sorkin and Miller, 1997) antPN] Fe-

2H,0, using 0.2% v/v{H] glycerol as the main car-
bon source and containing 200 mgfhistidine. The
addition of L-His was postponed until Ofgp = 0.2
(11 h prior to harvest) to minimize solvent ex-
change of thel position. Expression was induced at
ODgpo = 1.0 and cells were harvested 4 h later.

[H] Asp FeSOD was overexpressed usifg
coli auxotrophic strain JK120 (Parker and Friesen,
1980) containing plasmid pHS1-8 (Carlioz et al.,
1988) grown anaerobically in defined media contain-

SOD (Vance et al., 1997) were prepared as previously ing 400 mg/l BH] D-L-aspartate (Hu and Redfield,

described.
[¢1-°H] His FeSOD was purified frori. coliBL21

1993) but otherwise the same as that of Muchmore
et al. (1989) except containing half the concentra-

bearing the overexpression plasmid pRLK3 (Vathyam tions of bases and amino acids and 10 times the

et al., 1999) grown aerobically in M9 media, to which
400 mg/l g1-2H] L-His was added. This labeling

concentrations of micronutrients.
[*H] Asp [?H] FeSOD was purified fronE. coli

method was previously shown to be successful without BL21 with plasmid pRLK3 (Vathyam et al., 1999)

the use of an auxotrophic strain (Browne et al., 1973;

grown aerobically in M9 media made wits 98%

Banci et al., 1990; Pappu and Serpersu, 1994). The ad-?H,0, using 0.2% v/v {H] glycerol as the main car-

dition of [e1-H]-L-His was delayed until Ofyo= 0.2

(7 h prior to harvest) to minimize solvent exchange
of the label which occurs with a half-life of 56 h at
pH 7.6 at 37C. Expression was induced with 1 mM
final concentration of IPTG added at @g= 1.0, and
harvesting followed 4 h later. Following the example
of imidazole studies (Vaughan et al., 1976)-£H]-
L-histidine was made by heating pD L€His in?H,0
for16 hat 73C.

H

X
H81 Noy—Fe

N

52
HC B H

[¢1,52-2H] His FeSOD was produced the same
way as f1-2H] His FeSOD, except by using],52-
2H]-L-histidine, which was made by heating flame
sealed ampoules efHis dissolved irfH,O with 1 M
NaCP’H at 121°C for 2 h.

[62-2H] His FeSOD was produced the same way
as was §1-2H] His FeSOD, except by using2-2H]-
L-histidine which was made by heating pH ¥Q p2-
2H]-L-histidine inH,0 for 16 h at 73C.

bon source and containing 200 mg/lleaspartate and
125 mg/l ofL-methionine. The addition of methionine
and aspartate was delayed until = 0.8 to min-
imize leak of protons from aspartate to other amino
acids. L-methionine was added to suppress the pro-
duction of threonine and lysine from aspartate. FeSOD
contains no Met. Expression was induced 20 min later
and harvesting occurred 2 h after induction.

[*H] Tyr [?H] FeSOD was purified fronk. coli
QC774 with plasmid pHS1-8 (Carlioz et al., 1988)
grown anaerobically in M9 media made with 98%
2H,0 and 88 mg/L-tyrosine using 0.3%2H] acetic
acid as the carbon source. We find that usifig][
glycerol as a carbon source is a much more reliable
method of growingg. coli in 2H,0 than using {H]
acetic acid.

NMR spectroscopy. All data were collected on a
Bruker AMX300 spectrometer at 303 K unless oth-
erwise noted. FeSOD samples contained no buffers or
salts unless specifically indicated and were reduced,
after degassing, with sodium dithionite in 0.1 M
NaOH and flame sealed in NMR tubes unless oth-
erwise noted. pHs were determined by the use of
internal indicator molecules’ chemical shifts from in-
ternal DSS as previously described (Sorkin and Miller,
1997). The pD ofH,0 solutions was also determined
using these indicators without correction for isotope
effects and is designated by the symbolpH
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The super-WEFT (Inubishi and Becker, 1983) from the 1.8 A resolution crystal structure, with the
pulse sequence used to obseriH][ Asp [2H] caveat that the solution structure may differ slightly.
Fe(I1)SOD contained no relaxation delay, a 9 ms delay
following the 180 pulse and a 10 ms acquisition time.

No water presaturation was used. All other super- Results
WEFT sequences contained a 15 ms relaxation delay,
a 35 ms delay between pulses and a 25 ms acquisitionAt first glance, the paramagnetically shifted reso-
time. Water was saturated during both delays. nances of Fe(l1)SOD appear well resolved (Figure 1).
1D NOE difference spectra were collected in in- However, by examining the pH (Sorkin and Miller,
terleaved blocks of 240 transients. Each transient 1997) and temperature dependence of the Fe(I)SOD
contained a 200 ms delay during which water and an- 'H NMR spectrum, as well as through isotopic la-
other frequency were irradiated, followed by a°90 beling, additional paramagnetically shifted resonances
pulse and 50 ms acquisition time. A spectrum col- are revealed, demonstrating that the spectrum is a
lected with a resonance of interest 75% saturated washighly overlapped collection of resonances. For ex-
subtracted from another spectrum collected using the ample, in the 20-27 ppm range we find a total of at
same power of saturation applied the same numberleast six resonances. As the pH is increased above
of Hz to the other side of the resonance nearest the the active site pK of 8.5, the sharp resonaachifts
one being saturated in the first scan. Alternately, if downfield revealing a broader, less pH dependent, fea-
there was no evidence of saturation of the closest res-ture (Figures 2A and 2B). This feature is composed
onance to the one being saturated, the experimentalof two resonances, one solvent exchangea®)eafd
spectrum was subtracted from one obtained with off- one non-exchangeable’jl. The existence of the ex-
resonance saturation, the same number of Hz from thechangeable proton was confirmed by observikd] [
water resonance but on the other side of it. Tyr [2H] Fe(I)SOD in 1H,0 versus?H,0. In spec-

NOESY spectra consisted of 1514 points in the tra of [*H] Tyr [2H] Fe(l1)SOD in H,0, f and €
direct dimension and 256 in the indirect dimension. are observed (Figure 2C), but upon transfefkpO
Water was saturated during the 200 ms relaxation de- € rapidly andf slowly disappear, leaving no reso-
lay and during the mixing time. Three NOESYs were nances in the 20-27 ppm range (data not shown). On
collected, with mixing times of 7, 15, and 30 ms, and the other hand, the existence of the non-exchangeable
acquisition times of 50 ms in all cases. resonance&’ is confirmed by its presence in spectra

Reverse PN to 1H) INEPT spectra were acquired  of Fe(11)SOD in2H,0 at high pH (Figure 2D). Addi-
both with and without refocusing, but in all cases with- tionally, two broader resonances are found at 26 and
out decoupling. An acquisition time of 25 ms and 22 ppm (not lettered in Figure 2, see Figures 1 and
a relaxation delay of 500 ms were used. Water was 8), which are obscured by the overlapping sharper res-
saturated during all delays. onances in unlabeled FeSOD. These resonances are

For the purpose of measuring exchange rates, sol-discussed in detail below. Resonances in other por-
vent exchange was initiated by repeated concentrationtions of the spectrum are similarly overlapped, such
and dilution with?H,0 of Fe(lll)SOD, at pH 6.0 to  asj’, which overlapg andk at low pH, and at high
minimize premature exchange, in Centricon ultrafil- pH while being observed in isolation near pH 8.5 at
ters. Four cycles of concentration and dilution by a 16 ppm (see Figure 2 in Sorkin and Miller (1997)).
factor of four with?H,O were used to obtair99% Thus, many more protons have shifted resonances
2H,0. Samples were then reduced in valve and septum than might be guessed, and the paramagnetic spectrum
sealed NMR tubes and the pD was increased to the de-must encompass many second-sphere residues. Hence
sired value by injecting 0.1 M NaBi. Super-WEFT it is a valuable probe of the residues that modulate the
spectra were then acquired over a period of 116 h for chemistry of the active site but are difficult to assign
the pH* 7.0 sample and 24 h for pt¥.8. by reference to model compounds.

Distances of protons from Fe were obtained using

the Fe(I)SOD X-ray crystal structure coordinates of 1Wwe use the symbdlto designate previously unreported resonances
for downfield resonances a—p so as to maintain the lettering system

Lah et_ al. (1995) and_ the Biosym Insightll molecular of Ming et al. (1994); however, we have adopted the letters r—z for
modeling program. Distances are quoted to tenths of A upfield resonances.

in accordance with the precision &f0.3 A expected



315

o

T l ¥ ¥ T [ ¥ ¥ T ]7 ¥ T T l T T ¥ I T T L] I T T ¥ ‘ ¥ ¥ L) l
ppm 80 60 40 20 0 -20

Figure 1. 1H NMR super-WEFT spectra (300 MHz) of unlabeled Fe(l)SOD in 9890/10%2H,0, pH 7.0, with 50 mM HEPES and 100
mM NacCl at 3C°C (top and inset) and 5TC (bottom).

Solvent exchange of Fe(I)SOD protondAs a first Ligand His assignments of Fe(Il)SODThe ligand
step towards assigning and resolving the many res- His 81 protons provide a convenient entry-point from
onances in Fe(I)SOD’s spectrum we classified them which to assign the other ligand His protons. To un-
according to solvent exchangeability, and thus chem- ambiguously identify protons of histidinestH] His

ical type. In addition to the four resonancasb, c, [2H] FeSOD was produced. This sample produtiés
and f, which were reported to be exchangeable by spectra containing only the resonances of histidines
Ming et al. (1994), we also find, i, j, j’, n, andp and thus both minimizes spectral complexity and over-
to be exchangeablé®N-1H reverse INEPT showf lap, but also identifies any resonances visible as those

i, j, k, n, p, andx to be resonances of NH protons of His (when the sample contains orfli,0). Reso-
(data not shown) and thus resonances of His, GIn, Asn nances, b, andc are the three ligand Hi&l proton
or Trp side chains, or backbone NHsReverse IN- resonances (Ming et al., 1994). NOE difference spec-
EPT is used because the relaxation time3%f are tra of unlabeled and-H] His [2H] Fe(1)SOD in1H,0O
much longer than those 6H, making it advantageous  allowed each ligand Hi81 proton to be linked to its
to transfer from®>N and digitize 'H. Nonetheless,  corresponding, p’ pair (Figure 3, also see below).
resonances, b, c, €, andj’ were unobservable in By partially saturating peak, NOEs toe, g, and]
the reverse INEPT spectra, probably due to their fast were observed, as well as NOEs to non-His pdaks
relaxation rates. h (and/orh’), ando. When peakb of [1H] His [2H]
ment exchange rates lofand x are immeasurably slow. FGSOD WaS” partially Saturgtefi EOLEE to.ﬂﬁp?\llrcl)’E
The exchange rates of protofisi, j were measured by observing andv as well as tas were obtained. Likewise, S
decreases in resonance intensity upon exchange of Fe(Il)SOD into from ¢ to sandt were observed.
2H,0. The exchange rates are 0.0320.0007, 0.09@t 0.002, and NOESY spectra ofl[H] His [2H] Fe(I)SOD in
0.0328+ 0.0014 i1 at pH* 7.0 and 0.11% 0.009, 0.34+ 0.02, 21,0 with mixing times of 7, 15, and 30 ms reveal
and 0.151 0.011 hr1 at pH* 7.8, respectively. ’ ' .

three strong cross peaksy, st, andr-v (Figure 4).
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Figure 2. 1H NMR super-WEFT spectra (3@, 300 MHz) of un-
labeled Fe(1)SOD pH 6.8 in 90%H,0/10%2H,0 (A), unlabeled
Fe(I)SOD pH 10.6 in 909%H,0/10%2H,0 (B), [*H] Tyr [2H]
Fe(l)SOD pH 8.2 in 90%'H,0/10% 2H,0 (C), and unlabeled
Fe(ll)SOD pH: 10.5 in2H,0 (D).
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Figure 3. 1H NMR NOE difference spectra (3@, 300 MHz, sat-
uration time 200 ms) ianzo of unlabeled Fe(ll)SOD witha
saturated (top) JH] His [2H] Fe(1)SOD withb saturated (middle),
and fH] His [2H] Fe(11)SOD withc saturated (bottom).
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Figure 4. 1H NMR (30°C, 300 MHz) super-WEFT spectrum (top)
and NOESY spectrum with 30 ms mixing time (bottom) Hﬂ[ His
[2H] Fe(I)SOD in2H,0.

Each of these six resonances have line widths of
~160 Hz, indicating they are approximately equidis-
tant from Fe(ll). We collectively assign these cross
peaks to the threg, B’ proton pairs of the three lig-
and Hi¢, all of which are between 5.6 and 6.3 A
from Fe(ll). These connectivities confirm the propos-
als based on the 1D NOEs from the ligand Ris
protons.

The possibility that any of the NOESY cross peaks
are those of non-ligand His 30 or His 31 is eliminated
by consideration of the 1D NOE data, which connects
eachp pair to a ligand1 proton, and the fact that no
His 30 or 31 protons are within 4 A of a ligaid pro-
ton. Thep protons of His 30 are closer toiron (4.8 and
5.2 A) than are the ligand Hisprotons (5.6 to 6.3 A),
while thep protons of His 31 are at 6.0 and 7.7 A.
Thus, peakw, which is broader than the ligand His
B protons is likely that of a His 3@ proton, because
the closer ligand protons are all accounted for (below)
and the His 3@ protons are the only non-ligand His
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Table 1. Fe(I)SODIH NMR assignments

Resonance  Assignment Chemical shift
(ppm)
a His 263 83.9°
aja’ His 73 and 1662 93
b His 16081 428
b’ /b” His 73 and 1661 7P
c His 7331 36.4
¢ His 2652 4
d Asp 1568 25.¢
d Asp 1568 22.12
e His 26 pro-$ 23.6%
g His 26 pro-Rp 18.3
h Trp 7772 17. 7
j His 26 NH 14.%
k Tyr 27 NH 14.2
I Tyr 34¢ 13.8
o Trp 77¢3 11.8
r His 1608 2.82
Figure 5. Mod_el of th_e active site of Fe(I)SOD based on the s His 738 0.72
crystallographic coordinates of Fe(ll)SOD (Lah et al., 1995). For .
simplicity many atoms are not shown, however, all but three residues t H!S 738 —0.8
with an atom within 6 A of Fe(ll) are represented. In particular, H u His 160a -3.2
atoms far from Fe(ll) and backbone atoms that were not assigned Vv His 1608 —4.8
are omitted. To aid in their identification, ligands’ atoms are twice w His 308 5.7
as large as those of non-ligands. y Ala 1618 _10.8
z Trp 1588 or Trp 122n2k2 —23.72
protons closer to iron than the ligand Hisprotons, @H 7, 30°C.
and therefore the only ones that could have broader °PH7.50°C.
resonances.

The relatively sharp (70 Hz) resonanudis as- Fe(ll) cytochrome cfrom Rhodocyclus gelatinosus

signed tp a ligand His proton base.d upon its Cross (Bertini et al., 1993a) and the analogous resonances of
peaks withr andv. Thea protons of His 26 and His 73 Rhodopseudomonas palusizigochrome tare found
are 5.4 and 5.6 A from Fe(ll) and are expected to have at 21 and 14 ppm (Bertini et al., 1998). These chemi-

lti(';rfsw\mzz tsrir(:t”gfr ;?stq%%eisogtgzlgvi;d :n%jpsrr?éul q cal shift values are in good agreement with those of
' ) y (24 ppm) andy (18 ppm).

therefore have a narrower resonance. On this basis we Fe(I)SOD His51 proton resonanca is found at

a_?sti)gljrulto thea andr agdv to thep pro.ton"s oth]jts ﬁGO 88, 84, and 81 ppnh at 43, 43, and, 42 ppm, archt
(Table 1). L;n"’llss'?_?e Z&arémﬁgggtgig SNITed res0- 36, 36, and 36 ppm at 20, 30 and*4D. Resonances
nances in the’H] His ["H] Fe(ll) SPecrum ¢ have similar chemical shift values and tempera-

may be those of His 30 and 31 protons, the two lig- ture dependencies, but differ substantially from those

anda protons unobseryed in the NOESY and SIOWIY of a (also see Ming et al. (1994)). Thus we conclude
exchanging protons which were trapped by the protein thata, and thereforee andg, correspond to the axial

during purification, when it was exposed'td;0. His 26 whileb andc, and therefores andt, as well
Resonances andg were !oreviously assigned_ to asr, v, andu, are equatorial His protons. The corre-
the B pr.OtonS of Asp 156 .(M.mg et al., 1994). Ming spondingp protons of these resonances show similar
et al. dismissed t_he poss!blllty that the;e resona}ncespattems_ The chemical shifts of resonaneesandg,
were those of a ligand His on the basis that “iis but notb, r andv norc, s andt agree well with the

protons are found at ca. 10 ppm fef coordinated axial His chemical shift values of some heme proteins.

residues"_. However, resonances at 24 a_nd 14_ PPM The 51 proton of the axial ligand His has a chemical
were assigned to the ligand Hisprotons of high-spin - g ot 94 ppm inR. palustrisFe(ll) cytochrome cat
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Figure 6. 1H NMR super-WEFT spectra (5@, 300 MHz) of His
labeled Fe(I)SOD irfH50. [¢1-2H] His Fe(I)SOD (top), §2-2H]
His Fe(I)SOD (middle), andefl 52-2H] His Fe(ll)SOD (bottom).
For comparison to unlabeled Fe(ll)SOD see th€ GGpectrum in
Figure 1.

25°C (Bertini et al., 1998), and 75, 76, and 78 ppm
in sperm whale, horse and human deoxymyoglobin at
35°C (Bougault et al., 1998), with values for those of
other heme proteins falling in this range (Bertini et al.,
1993d). Since we have assigniedr, v, andu to His
160 (above)¢, s andt are assigned to the remaining
ligand His, His 73 by default.

Resonancg¢was previously assigned to thepro-
ton of Asp 156 due to reported NOESY cross peaks
with eandg (Ming et al., 1994). We also observe these
cross peaks in samples where the solvehitigO, and
in 2H,0 samples before exchangejofith solvent is
complete; however, our observations thés solvent
exchangeable and presenti™N-1H reverse INEPT
spectra preclude its assignment to arpyroton. Reso-
nance is most likely the backbone NH proton of the
same ligand His aa, e, andg, His 26. The narrow res-
onance line width of (90 Hz) is also more consistent
with the backbone amide proton of His 26 (7.9 A from
Fe) than thex proton (5.4 A). The distances from the
two His 26p protons to thex proton are 2.6 and 3.0 A,
while the distances to the backbone NH proton are 2.3
and 2.7 A. The intensity of a NOESY cross peak is
inversely proportional to% where r is the distance
between the two nuclei producing the cross peak. Be-
causep protons can be just as close to the backbone
NH as to thex proton and backbone NH protons can

o
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~J
93]

72

3 3.23.43.6
103 x YT (1/K)

3 3.23.43.6
103 x 1T (1/K)

Figure 7. Temperature dependence of the Fe(INSGB NMR
spectrum at pH 7.0 (filled circles) and pH 10.1 (open circles). Best
fit straight lines are shown: (a) pH 7.0,y —9.3144+ 28.446x,
R = 0.99995, pH 10.1, y= —7.5135+ 27.017x, R= 0.99993;
(b) pH 7.0 y = 22.905 + 5.9409x, R= 0.99878, pH 10.1
y = 24053 4+ 5.8273x, R = 0.99816; (c) pH 7.0
y = 28.124+ 4.699x, R= 0.9983, pH 10.1 y= 23.563+ 4.699x,
R 0.99941; (w) pH 7.0, y= 17.61 + —7.1049,
R = 0.99996, pH 10.1, y= 16.91+ —6.5702x, R= 0.99995;
x) pH 7.0, y = 23461 + -9.6099x, R = 0.9998,
pH 10.1, y = 2452 4+ -9.7325x, R = 0.99973; (y)
pH 7.0, y = 10.813 + —6.6309x, R= 0.99921, pH 10.1,
y = 16.304+ —8.7619x, R= 0.99954.

exchange extremely slowly, NOE data is insufficient
to distinguish the two cases and additional information
such as from°N-1H reverse INEPT or COSY spectra

is necessary. However, COSY spectra are difficult to
interpret in paramagnetic systems as cross peaks can
arise due to cross-correlation relaxation effects in ad-
dition to true scalar coupling (Bertini et al., 1993b;
Qin et al., 1993). We also detect a cross peak between
g andk in NOESY spectra of unlabeled FeSOD (data
not shown), buk is also an NH proton resonance so
the o proton of His 26 remains unassigned, possibly
because its proximity to Fe hinders the detection of a
NOESY cross peak. Likewise theproton of His 73

is 5.6 A from Fe(ll) and remains unassigned.

Temperature dependence of Fe(ll)SORIthough
the His 26 81 resonance appears to be the most
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strongly shifted resonance in the 30 spectrum, the ~ Asp 156 assignments of Fe(Il)SODBoth [2H] Asp
closest Fe(I)SOD protein protons to iron are the six Fe(l)SOD and }H] Asp [2H] Fe(Il)SOD were ob-
ligand His 82 and el protons (see below), which  served to identify the proton resonances of ligand
are 3.2-3.4 A from Fe. The corresponding resonancesAsp 156. None of the previously known resonances
could be more strongly shifted and should also be were absent from th&H NMR spectrum of §H] Asp
broader, explaining the difficulty of observing them Fe(lII)SOD. Instead, a broad loss of signal intensity,
at room temperature (see also Ming et al. (1994)). At relative to spectra of unlabeled Fe(ll)SOD, was ob-
50°C three broad~{ 4000 Hz) featuresa/a’, b'/b”, served in the 19-27 ppm range (data not shown),
andc’) are observed and have relative areas of approx- suggesting a broad Asp resonance or resonances in this
imately 2:2:1 (Figure 1). These were confirmed to be region. This hypothesis was confirmed by the obser-
His 32 ande1 protons by their absence in the spectrum vation of [tH] Asp [?H] Fe(ll)SOD (Figure 8). Two
of [¢1,52-2H] His Fe(I1)SOD (Figure 6). Featut® /b” resonances, both with line widths ofL500 Hz, were
is absent from spectra off-°H] His Fe(1)SOD, while detected at 26 and 22 ppm. We assign these resonances
a/a’ andc are absent from spectra of2-2H] His to thep protons of Asp 156, which are 4.4 and 4.5 A
Fe(I)SOD. Featur&’/b” is therefore assigned to two  from Fe(ll).
ligand Hisel protons. Becaudg andb” have nearly
identical chemical shifts they are most likely res- Non-ligand assignments of Fe(I)SODNOEs from
onances of the two equatorial His, His 73 and 160. His 26 protons provide three non-ligand Fe(l1)SOD
Likewise featurea’/a” is assigned to two equatorial assignments. We observe a NOESY cross peak be-
His 82 protons, whileg’ is assigned to the axial His 26 tweenk and His 26f proton resonancg (data not
82 proton. A thirde1 proton resonance, that of His 26, shown). Resonande is observed in®°N-1H reverse
is unobserved, probably due to overlap with sharper INEPT spectra, which demonstrates that it is bonded
resonances. In general, proton resonances are found to an N atom (data not shown). The NH proton of Tyr
upfield of their correspondiri® proton resonancesfor 27 is only 2.5 A from the His 28 pro-R proton, so we
His residues coordinated to high-spin Fe(ll) through assigrk to the Tyr 27 NH proton. This proton is 8.0 A
N32 (Goff and La Mar, 1977; La Mar et al.,, 1977; from Fe, consistent with the narrow line width (80 Hz)
Balch et al., 1985; Wu and Kurtz, 1989; Bertini et al., of k. Since the pro-R His 28 proton is only 2.5 A
1998). We therefore expect the proton resonance of  from the Tyr 27 NH proton while the pro-S proton is
His 26 to be in the 30 te-20 ppm range, obscured due 3.8 A away, and a NOESY cross peak betw&end
to resonance overlap. g but notk andeis observed, it can be concluded that
The temperature dependence of the paramagneti-g corresponds to the pro-R ardo the pro-S His 26
cally shifted Fe(I)SOD resonances was investigated § proton. We observe 1D NOEs from the His &b
above and below the active site pK of 8.5 (Sorkin proton (peala) to k, h ando (Figure 3) and NOESY
and Miller, 1997) (Figure 7). At pH 7.0 Fe(Il)SOD cross peaks have also been observed betweand
was stable on the time scale of the experiment until o (Ming et al., 1994). The Trp 7%2 proton is 2.7 A
70°C was reached and rapid precipitation occurred. from the His 2631 proton. We assigh, which has a
At pH 10.1 Fe(l)SOD was stable until 8C was line width of ~160 Hz, to the Trp 742 proton which
reached, and then became gelatinous yet clear in-is 6.3 A from Fe, ana (70 Hz) to the Trp 723 proton
stead of precipitating. While some resonances show (8.0 A from Fe). Of the non-ligand peaks observed in
pH dependence only in the 14 0O intercept, others  the NOE difference spectrum of unlabeled Fe(l1)SOD
such as ligand Hi$1 proton resonance also ex- with a saturatedk ando probably arise from indirect
hibit changes in the slope. The latter demonstrates asaturation transfer through His B6protons (peake
change in the paramagnetic component of the chemi- andg), while h is a result of a NOE directly from the
cal shift. The very nearly linear temperature dependen- His 2631 proton (peala).
cies (R> 0.998 in all cases), both at low and high pH, We assign resonangeto the methyl protons of
suggest that no low-lying excited electronic states are Ala 161, based upon its integrated area-@& protons
populated in the temperature range observed and/orand line width of 660 Hz at 30C (Figure 1). The Ala
small zero-field splitting. 161 methyl protons come as close to Fe as 4.0 A as
the group rotates. These are the only methyl protons

3For nomenclature please see the His structure scheme in thewithin 7 A of Fe(II) and therefore the onIy methyl
Methods section.
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Figure 8. 1H NMR super-WEFT spectra (3, 300 MHz) of £H]
Asp [2H] Fe(I1)SOD in2H,0.

protons that could have proton resonance line widths

of 660 Hz.

Beyond the ligand His ortho-like protons, the next
closest proton to Fe(ll) is a Trp 1%8proton, at 3.7 A.
This was previously assigned kgMing et al., 1994)
which has a line width of 90 Hz at 3@. We expect
the resonance line width of this proton to be at least
as broad as resonanz¢1600 Hz at 30C, Figure 1),

which is a non-ligand resonance as it is absent from

IH NMR spectra of }H] His [2H] Fe(Il)SOD and
[1H] Asp [2H] Fe(I1)SOD, and is present irfifi] Asp

Fe(I1)SOD. The previous assignments of this and other
Trp 158 protons to a spin system of narrow resonances

(Ming et al., 1994) seem doubtful due to their prox-
imity to Fe(ll). Resonance is the broadest observed
non-ligand Fe(lI1)SOD resonance. Whienay be that

of a Trp 158p proton, it could also be that of either
the Trp 12202 or¢2 proton, which are 3.9 and 4.2 A
from Fe(ll), respectively. The only other protons ex-
pected to be non-solvent exchangeable within 5 A of
Fe(ll) are those of the Ala 161 methyl (to which we
assigry) and thes2 Tyr 34 proton, which is 4.3 A from
Fe(ll) according to the crystal structure. However, res-
onancez is absent from the spectra o] Tyr [2H]
Fe(l)SOD.

We tentatively assign a 450 Hz wide resonariQe (
at 13.5 ppm (at 30C) observed in the spectrum of
[1H] Tyr [?H] FeSOD (data not shown) to th2 Tyr 34
proton, or both Tyr 34 protons if the phenol group

S

yaes

&

ppm 100 50 0

Figure 9. 1H NMR super-WEFT spectra (3T, 300 MHz) of
[1H] His [2H] Fe(ISOD in 1H,0 (A), unlabeled Fe(ll)SOD in
1H,0 (B), [¢1,52-2H] His Fe(ll)SOD in2H,0 (C), and unlabeled
Fe(ll)SOD in2H,0 (D).

The resonances are therefore assignedltprotons

of the ligand His residues. This is a common chem-
ical shift range for high spin Fe(lll) ligand Hisl1
protons, when His is B2 coordinated (Lauffer et al.,
1983). In the 20-50 ppm range, the same pattern
of resonances is seen in unlabeled Fe(ll)SOWB][
His [2H] Fe(111)SOD, and §1,82-2H] His Fe(l11)SOD.
These resonances are therefore thogeaofd/ora His
protons.

Discussion
There have been relatively few studies of the Fe(ll)

sites of mononuclear non-heme, non-sulfur proteins.
In the case of isopennicillin-N synthase (IPNS), sig-

rotates rapidly. This resonance is highly overlapped by nals were observed in a similar chemical shift range
sharper resonances in spectra of unlabeled Fe(l1)SOD.to the signals of FeSOD; however, few were assigned
and the assignments were based on the assumption of
Ligand assignments of Fe(l)SODThe 1H NMR three ligand His (Ming et al., 1991), whereas crys-
spectrum of Fe(ll)SOD, unlike that of Fe(I)SOD, tal structures later revealed only two (Roach et al.,
contains no sharp paramagnetically shifted resonancesl995). Preliminary studies of FeSOD have also been
due to the longer spin relaxation time of high spin reported (Ming et al., 1994; Renault and Morgenstren-
Fe(Ill) (Figure 9). Despite the breadth of the paramag- Badarau, 1999). But the few proposed assignments
netically shifted features, some collective assignments were supported primarily by chemical shift compar-
are possible. The feature in the 80 to 120 ppm range isons with model compounds or/and NOESY spin
is two or more resonances, all of which disappear systems. It is crucial to remember that NOESY cross
upon transfer of the protein frortH,0O into 2H.0. peaks link protons near in space, gt necessarily
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in the same side chain. Although specific labeling is dependende(Bertini et al., 1998) (but s€gBougault
tedious and sometimes costly, it provides essential de-et al., 1998)). Moreover, His 26&. proton exchanges
finitive assignments and tests of proposals made basedmore slowly with solvent than those of either of the
on NOESYs, etc. (Bertini et al., 1994; Bougault et al., other ligand Hi§ suggesting that His 26 is firmly teth-
1998). Our revisions of the Fe(I)SOD assignments ered in place by hydrogen bonding or deeply buried.
underline the subtlety of the factors that determine Thus, Fe(ll)SOD’s equatorial HisAsp triad repro-
chemical shift. That chemical shift comparisons with duces at least some aspects of the electronic structure
models proved an insufficient basis for assignment is produced by a porphyrin. Moreover, this parallel holds
also informative, as it indicates that the protein active for the catalytically active enzyme, since the reac-
site engenders significantly different Fe(ll) electronic tion of Fe(l)SOD with G~ appears to proceed via
and/or geometric structure from the models (Bertini an outer sphere mechanism (Whittaker and Solomon,
et al.,, 1999). Comparison of enzyme chemical shifts 1988; Miller, 2001). Thus Fe(ll)SOD may represent
and those of models may provide a sensitive probe of a case in which the electronic state and some of the
the faithfulness with which the model reproduces the reactive possibilities of a heme have been produced
enzyme, and will be very interesting to correlate with without recourse to a porphyrin, without committing
chemical activity. as many coordination sites.
The chemical shifts and line widths of paramag-
netically shifted resonances reflect the electronic state
of the metal ion, via the susceptibility tensor, and Conclusions
the covalency via hyperfine coupling. Both will con-
tribute to the resonances of ligand protons but the We have assigned theH NMR resonances of most
latter is usually considered to be negligible for non- Fe(l1)SOD ligand protons, as well as some Fe(ll)SOD
ligand protons. Although we have not separated the non-ligand and Fe(Il)SOD ligand protons. These are
dipolar and hyperfine contributions, it is nonetheless the most complete set of metal sittl NMR as-
interesting to compare the chemical shifts (and line signments yet obtained for a non-heme, non-sulfur,
widths) of our resonances with those assigned to anal- mononuclear Fe protein. Our results show the utility
ogous protons in other systems. FeSOD’s Fe(Il) might and feasibility of amino acid-specific isotopic labeling
be most closely related to other sites from the group as well as the limitations of other techniques for ob-
of mononuclear non-heme, non-sulfur Fe(ll) proteins. taining paramagnetic metal sitel NMR assignments
Such Fe(ll) binding sites with Asp and His ligation of proteins. We obtain chemical shifts that are signif-
have been compared and found to display a commonicantly different than those observed in compounds
‘2-His 1-carboxylate facial triad’ motif which has been thought to model the active site of Fe(l)SOD, and
proposed to confer on these sites chemical versatility show that the axial His has chemical shifts very similar
and Q-activating capability (Hegg and Que, 1997). to those of an analogous ligand in a porphyrin system,
The three empty or labile coordination sites of these suggesting possible functional parallels as well.
enzymes were proposed to be crucial to the enzymes’
ability to activate Q to attack substrate, by enabling
them to bind both simultaneously, in contrast to heme Acknowledgements
proteins which can only coordinate one substrateor O
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be the cause of FeSOD’s two-step reaction with one anticipated diamagnetic chemical shift for a His proton. The
O3~ in each step. In view of FeSOD’s intermediacy same behaviour occurs iR. palustris cytochrome € This has
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and hemes, i is interesting that FeSOD's axial His Deane0TeLe hemica sning (e oo, 1366y orf o cont
protons’ chemical shifts are very similar to those of et al,, 1998).
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