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Electron  nuclear double resonance (ENDOR) spec- 
troscopy is used to  probe  the  coordination of the mixed 
valence  (Fe(II)*Fe(III))  diiron  cluster of the  methane 
monooxygenase hydroxylase  component ("OH-) iso- 
lated  from Methylosinus trichosporium OB3b. EN- 
DOR resonances are observed  along the  principal  axis 
directions g, = 1.94 and g, = 1.76 from at least  nine 
different  protons  and  two  different nitrogens. The ni- 
trogens  are  strongly coupled and  appear  to be  directly 
coordinated  to  the  cluster  irons.  The  ratio of their 
superhyperfine coupling  constants is roughly 4:7, 
which  equals  the  ratio of the  spin  expectation  values 
of the Fe(I1) and Fe(II1) in  the  ground  state  and  suggests 
that  at least  one  nitrogen is coordinated  to  each  iron of 
the mixed valence  cluster.  Moreover,  the  superhyper- 
fine  and  quadrupole  coupling  constants  assigned  to  the 
Fe(II1) site (AN = 13.6 MHz, PN = 0.7 MHz) are com- 
parable  with those  observed for  semimethemerythrin 
sulfide (AN = 12.1 MHz, PN = 0.7 MHz), for  which the 
nitrogen  ligands are histidines. At  least  three of the 
coupled protons  exchange slowly when "OH- is in- 
cubated  in  D20,  and 2H  ENDOR resonances are subse- 
quently  observed.  These  observations are also  consist- 
ent with  histidine  ligation of the  iron  cluster. On ad- 
dition of the  inhibitor  dimethyl sulfoxide (Me2SO) to 
"OH- the  EPR  spectrum  sharpens  and  shifts dra- 
matically. Only one set of  14N ENDOR resonances is 
observed  with  frequencies  equal to those  assigned  to 
the Fe(II1)-histidine  resonances of uncomplexed 
"OH- suggesting that  the nitrogen  coordination  to 
the Fe(I1) site is altered  or possibly lost in  the  presence 
of Me2S0. 2H  ENDOR resonances are observed in  the 
presence of de-Me2S0  indicating  that  the  inhibitor 
Me2S0 binds near  or possibly to  the  diiron  cluster.  In 
contrast, no 2H  ENDOR resonances are observed  from 
&-methanol upon addition  to "OH-. Thus,  the 
changes  observed in  the  EPR  spectrum of  "OH- upon 
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addition of methanol may result  from  binding  to a site 
away from the  diiron  cluster or from  bulk  solvent 
effects  on  the  protein  structure. 

Soluble methane monooxygenase (EC 1.14.13.25, "0)' 
isolated from Methylosinus trichosporium OB3b is composed 
of three  protein  components (1): a  40-kDa  reductase contain- 
ing FAD and a  [2Fe-2S] cluster, a 16-kDa cofactorless com- 
ponent  B,  and a 245-kDa  hydroxylase  with an ( ( ~ p y ) ~  subunit 
structure  containing two p-(H/R)-oxo-bridged dinuclear  iron 
clusters.' The  function of the enzyme in vivo is to catalyze 
the 0; and  NADH-dependent  oxidation of methane  to  meth- 
anol. This is the  first  step  in  the  catalytic  pathway utilized 
by methanotrophic  bacteria  to provide carbon  and energy for 
growth  (4, 5 ) .  MMO also  catalyzes the  adventitious oxidation 
of many  other  saturated  and  unsaturated, linear, branched, 
and cyclic hydrocarbons (6). 

Mossbauer and  EPR  studies of the hydroxylase component 
(MMOH) have characterized some of the electronic properties 
of three  oxidation  states of the  diiron  site  (3, 7). The fully 
oxidized diferric state ("OH') is diamagnetic at  low tem- 
perature  and does not give an  EPR signal. The one electron 
reduced form ("OH-) gives an  EPR  spectrum  in which the 
g values are all below 2 (gl = 1.94, g, = 1.86, g3 = 1.76). Such 
spectra  are  characteristic of Fe(I1). Fe(II1) clusters  in  proteins 
and model complexes when  the  irons experience an  antifer- 
romagnetic  exchange interaction He, = -2JS1. S2 (8, 9); for 
"OH- the exchange  coupling is J = -30 cm" (10). The 
fully reduced diferrous state ("OH2-) gives rise to  an 
integer-spin EPR signal at  g = 16  resulting from a ferromag- 
netic coupling ( J  > 0) of the  irons  (7). 

MMOH  has been  identified as  the  site of the oxygen acti- 
vation  and  insertion reaction by two experimental  ap- 
proaches. First, "OHZ- produced by chemical or electro- 
chemical  reduction in  the absence of the  other two  MMO 
components  can cycle to "OHo with formation of hydrox- 
ylated  product when  exposed to  substrate  and O2 (1). Second, 

MMOH, hydroxylase component of MMO; MMOH', Fe(II1) .Fe(III) 
The abbreviations used are: MMO, methane monooxygenase; 

state of  "OH;  "OH-, Fe(I1) .Fe(III)  state of  "OH;  "OH2-, 
Fe(I1) .Fe(II)  state of MMOH; Me'SO, dimethyl sulfoxide; EXAFS, 
extended x-ray absorption fine structure; ENDOR,  electron nuclear 
double resonance; rf, radio frequency; MOPS,  4-morpholinepropane- 
sulfonic acid; MES, 2-(N-morpholino)ethanesulfonic acid. 

'The chemical state of the bridging oxygen in the hydroxylase 
cluster  has not been unambiguously established  although  a proton- 
ated or otherwise substituted oxygen is suggested by EXAFS (2) and 
Mossbauer (3) studies. We use the general term  p-(H/R)-oxo-  to 
include oxo-, hydroxo-, and R-oxo-ligands. 
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"OHo alone  can catalytically yield product when exposed 
to  a substrate  and hydrogen  peroxide independent of the 
presence of O2 (11). 

Oxo-bridged diiron clusters  are also observed in a variety 
of other  proteins (12-14) including  hemerythrin, ribonucleo- 
tide reductase, purple acid phosphatases,  and  uteroferrin. 
However, MMOH is the only protein for  which the  p-(H/R)- 
oxo-bridged diiron  cluster  is  known  to catalyze  oxygenase 
reactions. For  this reason, it  is of interest  to  determine  the 
structural  and electronic properties which make  the  diiron 
site of MMOH unique. Thus  far,  no  determination of any of 
the iron  ligands has been reported,  although  the  EXAFS 
spectra  (2)  are suggestive of an  oxygen or nitrogen  environ- 
ment  and  the lack of a visible optical  spectrum from the 
cluster (1) suggests the  absence of ligands  capable of charge 
transfer  interactions  such  as cysteine and tyrosine. 

The  interaction of substrates  with  the diiron cluster of 
MMOH also remains uncharacterized.  Addition of alternate 
substrates,  products,  and  inhibitors (5 ,  15, 16) to "OH- 
have been  shown to  perturb  the  EPR  spectrum  indicating a 
change  in  the  environment of the  cluster. However, it  has  not 
been previously demonstrated  whether  the  perturbation  re- 
sults from the ligation of the  small molecules to  the  cluster, 
binding  to  the  protein  near  the  cluster,  or  to bulk solvent 
effects  on  the  protein  structure. 

In  this  study new insight  into  the ligation and  structure of 
the diiron cluster  in "OH- is gained  from ENDOR spec- 
troscopy.  Moreover, an  assessment of the  interaction of in- 
hibitory molecules is provided. Since few ENDOR  studies of 
oxo-bridged  diiron proteins  exist (17), the  present  study  pro- 
vides  a  basis  for the  interpretation of ENDOR  spectra from 
this  important  protein class. 

EXPERIMENTAL  PROCEDURES 

Protein Purification-The  growth of M. trichosporium  OB3b and 
the purification and  characterization of MMOH of the soluble meth- 
ane monooxygenase were as previously  described (1, 18). 

Chemicals-MOPS, MES, sodium  ascorbate,  and  phenazine  meth- 
osulfate were obtained  from Sigma. D20, ds-MezSO, and  d,-methanol 
were  all of 99% or  greater  purity  and were obtained from Aldrich. 
Water was  deionized and glass  distilled. All other chemicals were 
reagent grade or  better  and used without purification. 

General Procedures-Enzyme activity was  routinely assayed  as 
previously  described (1, 18) by monitoring  the  rate of 0 2  uptake 
during  furan oxidation  using  a Clarke type oxygen electrode a t  room 
temperature.  The  MMOH utilized had a specific activity of between 
800 and 1400 nmol/min/mg. Similar values were obtained by meas- 
uring  the  rate of propene  oxidation  to  propene oxide with  gas  chro- 
matography a t  30 "C. Protein  concentrations were determined  as 
previously  described (1). Anaerobic conditions were established by 
repeated cycling  between  vacuum and argon atmospheres.  Traces of 
0, were removed from the  argon by passage over a BASF copper 
catalyst at  150 "C. Anaerobic sample  transfers were made using gas 
tight  Hamilton syringes. 

Sample Preparations-ENDOR  and  EPR  samples of "OH- 
(nominally 1 mM in a total volume of 180-250 ~ l )  were prepared 
under anaerobic conditions  in Teflon-sealed reaction vials. One of 
two reduction  procedures were used: 1) addition of 1 equivalent of 
sodium dithionite  (2 reducing equivalents  assuming  the presence of 
two diiron clusters  in  MMOH)  in 100 mM MOPS buffer, pH 7.0 (or 
MES buffer pH, 6.0). plus 0.5 mM phenazine  methosulfate followed 
by  incubation for  5  min at 25 "C; 2) addition of 10 mM sodium 
ascorbate to "OHo in  the  presence of 0.3 M MezSO  or  d6-Me2S0 
in 100 mM MOPS, pH 6.5 or 7.0, plus 0.2 mM phenazine  methosulfate 
followed by incubation for  5 min a t  25 "C. After addition of the 
appropriate  reductant,  the  samples were transferred anaerobically to 
a serum-stoppered EPR tube  and  then frozen in liquid  nitrogen. All 
buffers contain 4% glycerol. Sodium dithionite was prepared  in an- 
aerobic,  buffered solutions  and  quantified before use by titration of 
potassium ferricyanide solutions (erlO = 1.03 mM" cm-I). Concen- 
trated solutions of sodium ascorbate were prepared daily in anaerobic, 
doubly  distilled water. 

Samples of "OHo were exchanged into  DzO a t  4 'C by passage 
through  an aerobic Sepharose  G-25 column  (12 X 60 mm) equilibrated 
in 100 mM MOPS buffer, pD 7.0 (as measured by a pH electrode a t  
4 "C). After  exchange, the  samples were concentrated by centrifuga- 
tion with  a centricon YM-30 concentrator (Amicon) to a protein 
concentration of nominally 1 mM. The  total  time allowed for exchange 
with D20  was a t  least 8 h. The  catalytic  activity of MMOH was 
unaffected by exchange into  D20.  For  samples  containing  methanol 
or  dl-methanol,  these compounds were added  from 1 M stock solutions 
to  anaerobic "OH- samples. 

The sulfide-bridged  derivative of semimethemerythrin  (19,20) was 
generously  provided by Dr. Donald M. Kurtz,  Jr., University of 
Georgia. 

EPR and  ENDOR  Instrumentation-ENDOR  spectra were re- 
corded on a Bruker 200D EPR/ENDOR  spectrometer  with  the mi- 
crowave bridge tuned  to  detect  the  absorption  component of the EPR 
resonance. The  ENDOR rf components  consist of a  Wavetek  fre- 
quency synthesizer  and a 300W EN1  broad  band rf amplifier. The 
microwave/rf probe  consists of a Bruker cylindrical TMo11 cavity and 
a rf helix (Q = 500 with  helix). The rf helix has 18 turns of copper 
ribbon  wrapped around a quartz  cryostat finger that  is  part of an 
Oxford ESR 9  liquid  helium cryostat. The rf circuit was connected  to 
a 50 ohm load. ENDOR  spectra were observed by fixing the magnetic 
field at an   EPR resonance  and  applying  partially  saturating micro- 
wave power while  sweeping the  NMR  transition with a rf source. To 
enhance  the  signal-to-noise ratio, the rf source was  frequency  modu- 
lated a t  12.5 kHz; consequently, the  spectral  output  appears  as  the 
derivative of the  absorption with respect to frequency. The  spectra 
were  digitally  recorded on a Bruker Aspect 2000 computer. 

EPR spectra were recorded on a Varian E109 spectrometer 
equipped with an Oxford ESR 910 liquid  helium cryostat.  The mag- 
netic field for the  EPR  and  ENDOR  measurements was calibrated 
with a NMR  gaussmeter  and  the microwave and rf frequencies were 
measured  with a frequency counter.  The  analyses  (simulation,  inte- 
gration,  peak  assignment, etc.) of the digitized (1000 points) EPR 
and  ENDOR  spectra were performed on  an  IBM-PC compatible 
computer  using software written by the  authors. 

RESULTS 

EPR Spectroscopy of MMOH--The low temperature  EPR 
spectrum of  "OH-, shown in Fig. l A ,  is composed of a 
majority  species (85%, g, = 1.94, gz = 1.86, g3 = 1.76) and a 
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FIG. 1. X-band EPR spectra of "OH-. Nominally 1 mM 

hydroxylase was partially reduced to maximize the "OH- in: A, 
100 mM MES buffer, pH 6.0; B, 100 mM MOPS buffer, pH 7.0, in 50 
mM methanol;  and C, 100 mM MOPS buffer, pH 7.0, in 0.3 M Me2S0. 
Spin  quantitation found mixed valence cluster  concentrations of 0.6 
f 0.1 mM (uersus a Cu" standard) for these samples.  Signal inten- 
sities  are normalized to give equal  second integrals of the mixed 
valence  species. Instrumental  parameters:  temperature, 10 K; micro- 
wave power, 0.02 milliwatts at  9.130 GHz;  gain, 4000. 
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minority species (15%, g = 1.98, 1.87, 1.70); in  addition  to a 
resonance at  g = 2.00 which is preparation  dependent  and  has 
been previously assigned to a  radical  species (1). The  spectrum 
of "OH- plus  product (50 mM methanol) is shown  in Fig. 
1B  (21). The  resonance  at g, is  sharper,  but  the  resonance  at 
g3 is broader and  has  shifted  to g, = 1.74. The  spectrum of 
"OH- plus 0.3 M MezSO is shown in Fig. 1C; all features 
are  sharper. As with  methanol,  the  addition of MezSO does 
not significantly change  the values of gl and g,, but g3 shifts 
in  this case to 1.80. The  sample homogeneity appears  to be 
improved  upon addition of Me,SO, since  the  intensity of the 
minority species is significantly reduced. The half-width at  
half-heights of the gl feature for "OH- in  water,  methanol, 
and MezSO are 2.9, 1.8, and 1.3 millitesla, respectively. Sam- 
ples equivalent to  those of Fig. 1, A-C, were prepared  instead 
with DzO (A), &-methanol ( B ) ,  and  d6-MezS0 (C). Compar- 
ison of the  features  at  gl for these  samples showed no  change 
in linewidth  relative to  the  protic equivalent. 

Both  methanol  and  Me2S0 were found to  function  as  in- 
hibitors of the  reconstituted enzyme  system.  However, the 
inhibition did not conform to a  single class  in  either case, 
obviating  direct  determination of K, values. In a standard 
assay  containing 4 mM furan,  50%  inhibition was observed 
on  addition of 6 mM methanol  or 12 mM Me,SO. Both  small 
molecules can be removed from  the enzyme by gel filtration 
techniques  to  restore full  activity.  Moreover, an  EPR spec- 
trum of  "OH- like that shown in Fig. lA is observed after 
the small molecule is removed. The  EPR  spectra of samples 
for which the  diiron  cluster is reduced before addition of 
either  methanol  or  MezSO  are  equivalent  to  the respective 
EPR spectra of samples  that were reduced after  small mole- 
cule  addition.  Mossbauer spectra of the complexes  formed by 
these molecules with "OHo show that  the  diiron  cluster 
remains  antiferromagnetically coupled and  no measurable 
amount of mononuclear ferrous  or ferric  iron is formed  when 
the complexes are made.4 

The  samples of "OH- giving the  EPR  spectra of Fig. 1 
were used for the  ENDOR  measurements  presented here. 
Current  techniques designed to maximize "OH- give 
roughly equal  amounts of all three  oxidation  states (3). Thus, 
EPR signals at  g = 16 from "OH2- and at g < 2 from 
"OH- are observed from  these samples. ENDOR  spectra 
were observed for the g < 2 signal; the integer spin g = 16 
signal  has weak intensity a t  g = 2 (7) and,  thus, should not 
affect ENDOR  signals  from  the mixed valence  form.  Although 
the  EPR  signals from "OH- represent a t  best  one-third of 
the  total iron (3),  ENDOR  spectra were observed  from  'H, 
2H, 14N, and 57Fe (enriched)  with  an  adequate signal-to-noise 
ratio for protein  concentrations of nominally 1 mM. The 57Fe 
ENDOR  results will be presented elsewhere  in combination 
with  the associated  Mossbauer  spectroscopy. 

Frozen  solution ENDOR  spectra  are  simplest to  interpret 
at the  extrema, g, or g3, of the  EPR  spectrum.  The  ENDOR 
spectra a t  these two g  values are composed of NMR reso- 
nances from a single orientation of the  diiron  site  with respect 
to  the magnetic field, thus  sharp  resonances  are observed. In 
this  study, we present  data  taken  at  these two principal  axis 
g values. The  interpretation of the full angular  set of ENDOR 
data  taken at intermediate g values (cf. Ref. 22) requires 
additional  measurements. 
'H, 'H ENDOR Spectroscopy-The ENDOR  spectrum  from 

'H ( I  = 1/2) consists of two resonances at  frequencies v = 

The relative amounts of species are  estimated from  double inte- 

B. G .  Fox, E. Munck, K. K. Andersson, M. P. Hendrich,  and J. 
gration of simulated EPR  spectra using the given g values. 

D. Lipscomb, unpublished  result. 

IAH/2 f vHI,  where AH is  the  superhyperfine coupling constant 
and vH is  the  proton  Larmor frequency (14.90 MHz for 350 
millitesla). The  proton  ENDOR  spectrum of  "OH- at  gl is 
shown in Fig. 2A. All ENDOR  spectra  presented in this  paper 
are only  observed within  the  narrow  temperature range of 7- 
14 K. For  temperatures  outside  this range,  unfavorable  relax- 
ation  rates quickly diminish  the  ENDOR effect. The  proton 
spectra  are  plotted  as v - vH, so that  the AH value for a pair 
of resonances  is given by twice the absolute  value of the 
frequency of a resonance position.  At least  nine resolved pairs 
of proton  resonances  are observed as  noted with  arrows on 
the lower frequency half of each  pair shown in Fig. 2 A .  The 
AH values  for  all resonances observed  in Fig. 2 are listed  in 
Table I. The  resonance  corresponding  to  the  largest  super- 
hyperfine constant, AH = 7.8 MHz,  is  noted  with  an asterisk 
and will be  referred to later.  The  EPR  spectrum of "OH- 
has more than  one species, thus  proton  resonances  with weak 
intensity (e.g. the  pair  with IAH/21 = 2.4 MHz) may be 
associated with a minority species. The  proton  spectrum at 
the  other  EPR  extremum, g3, shown in Fig. 2B, contains six 
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FIG. 2. Proton ENDOR spectra of "OH-. A ,  g, = 1.94, pH = 
14.88 MHz; B, g3 = 1.77, pH = 16.29 MHz. The position of the lower 
frequency  resonance of each  proton  pair is  noted  with an arrow. The 
vertical bars  indicate an empirical  correlation of resonances between 
g, and g3. The sample  conditions are given in Fig. 1A. The  spectra 
are normalized to  the  same vertical scale and  the off-resonance  base 
line has been subtracted.  Instrumental  parameters:  temperature, 10 
K; microwave power, 50 milliwatts a t  9.495 GHz; gain, 1.25 X lo6; 
time  constant, 0.1 s; 65 scans; rf sweep rate, 0.33 MHz/s; frequency 
modulation, k25  kHz at  12.5 kHz; rf attenuation, 6 dB. 

TABLE I 
Proton superhyperfine  constants a t  g, for "OH- 

Sample conditions are given in Fig. 1. Abbreviations: ex, exchange- 
able  in D20; $, empirical  correlation of A H  values observed at  g, and 
~ 3 ,  A,H, = 0.9 ApH3. 

Addition Principal 
axis A" 

MHz 
None g1 7.8,  4.8, 3.6$, 3.1, 2.7$,,,  1.8$,,,  1.3$,,, 0.9, 0.7$ 

g3 4.1$, 3.0$.,, 2.0$,  1.5$,,, 0.8$, 0.4 

Methanol" g, 7, 4.1, 3.5, 2.9.,, 1&, 1 . L ,  0.7, 0.3 

MezSO g1 7.9, 6.7, 2.8$, 2.5$, 2.1, 1.4$, 0.8, 0.3 
2 3  13.0, 9.1, 4.4, 3.2$, 2.8$, 2.2, 1.6$, 0.8, 0.4 

No values at g3 are given due to  the broad EPR resonance and 
concomitant low signal-to-noise ratio of the  ENDOR spectrum. 
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resolved pairs of resonances. It is observed that five pairs of 
resonances at gl and g3 obey the empirical relation, A2 = 
0.9 AS; these are noted in Fig. 2 and Table I. 

Water Accessibility to the  Diiron Cluster-"OHo was 
incubated  in DzO following the protocol given under  "Exper- 
imental Procedures" for a period of 8 h,  after which "OH- 
was prepared. The proton  ENDOR  spectra of  "OH- at gl 
in HzO (solid line) and DzO (dashed  line) are overlaid in Fig. 
3A. The difference spectrum, Fig. 3B, indicates that  at least 
three protons are exchangeable. The resonances andAH values 
of these protons are noted with arrows in Fig. 3B and with 
"ex"  in Table I. Roughly half of the intensity of the proton 
resonances with AH = 2.7 MHz is lost upon sample deutera- 
tion. The resonances with AH = 7.8 MHz are broader for this 
sample, thus  it is difficult to determine from the  data pre- 
sented  in Fig. 3, A and B ,  if the proton is exchangeable. 
However, an examination of these resonances from several 
other  data  sets indicates that  this proton is not exchangeable. 
The difference ENDOR spectrum  HzO-DzO at g3 (not shown) 
shows at least two exchangeable protons with AH values of 
3.0 and 1.5 and with intensity similar in magnitude to those 
at g,. Notice that  the AH values of these two protons obey the 
empirical relation A$ = 0.9 AS and  the corresponding pro- 
tons  at gl are exchangeable. 

The effect of deuterium exchange is also evident from the 
observation of a 'H ENDOR resonance at  gl as shown in Fig. 
4A. The difference spectrum  DzO-HzO shows two features 
near the deuterium Larmor frequency &' (2.29 MHz for 350 
millitesla). The ' H  signal is also observed at  g3 (not shown), 
shifted to slightly higher frequency in accordance with the 
increase in magnetic field at  g3. Due to  the anomalous line- 
shape of the deuterium  spectra further  interpretation  and 
assignment of coupling constants is not possible at  present. 

ENDOR Spectra of "OH- in  the Presence of Product- 
The 'H and 'H ENDOR spectra at  gl were examined for the 
following three samples of  "OH- plus 50 mM methanol  in 
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FIG. 3. Proton ENDOR spectra at g, of "OH- in 50 mM 
methanol and in D20. A, comparison of the  ENDOR  spectra of 
"OH- in 100 mM MOPS, pH/pD 7.0, HzO (solid line) and DzO 
(dashed  line) after 8 h of incubation. D, as in A except  with 50 mM 
methanol. The difference spectra HzO-DzO are shown in traces B 
(without  methanol) and C (with  methanol). The lower frequency 
resonances of the exchangeable protons  are indicated with an arrow 
in B and C.  The spectra are all normalized to  the same  vertical scale. 
Instrumental parameters:  temperature, 10 K; microwave power, 20 
milliwatts at  9.37 GHz; gain, 1 X lo6;  time constant, 0.1 s; 50 scans; 
rf sweep rate, 0.2 MHz/s; frequency modulation, f 2 5  kHz at  12.5 
kHz; rf attenuation, 6 dB. v H  = 14.7 MHz. 

I I I I I I I I I  
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FIG. 4. Deuterium ENDOR difference spectra at g, of 
"OH-. "OH- in 100 mM MOPS buffer, pD 7.0, prepared in 
DzO ( A ) ,  methanol/DZO ( B ) ,  d4-methanol/Dz0 (C), ds-MezSO/HzO 
(D) (pH 7.0). The spectrum of the equivalent  samples having no 
deuterium have been subtracted from each and  the resulting  spectra 
are normalized to  the same vertical scale. The vertical bar is located 
at  the deuterium  Larmor frequency, uD = 2.25 MHz. The sample 
conditions are given in Figs. 3 and 5. Instrumental parameters: 
temperature, 10 K; microwave power, 20 milliwatts at  9.38 GHz; gain, 
1 X lo6;  time constant, 0.2 s; 15 scans; rf sweep rate, 0.2 MHz/s; 
frequency modulation, f100 kHz a t  12.5 kHz; rf attenuation, 6 dB. 

buffered HzO or DzO: methanol/HzO, methanol/DzO, and d4- 
methanol/DzO. The proton  spectrum for "OH- plus meth- 
anol/HzO is shown in Fig. 3 0  (solid line); it has approximately 
the same number of resonances as uncomplexed "OH- but 
the resonances are  shifted to new positions. For example, the 
largest observed coupling is now AH = 7 MHz (resonance 
marked with an asterisk), decreased from 7.8 MHz in uncom- 
plexed "OH-. The superhyperfine constants  at gl are given 
in Table I. For "OH- plus methanol/DzO (Fig. 3 0 ,  dashed 
line), the intensities of at least three pairs of proton reso- 
nances  are reduced. The difference spectrum shown in Fig. 
3C is similar to  that of uncomplexed "OH-, Fig. 3B. The 
resonances and AH values of these  protons  are noted with 
arrows in Fig. 3C and with "ex" in  Table I.5 The exchange of 
protons for deuterons  near the iron  site also gives rise to  the 
'H signal shown in Fig. 4B; it is similar  in  shape and intensity 
to  the spectrum of uncomplexed "OH- in Fig. 4A. 

If any of the remaining proton resonances in  the ENDOR 
spectrum of  "OH- plus methanol/D20 (Fig. 3 0 ,  dashed 
line) originate from the methyl  protons of methanol, then 
these should disappear for "OH- plus d4-methanol/Dz0, 
and new deuterium resonances should be observed. However, 
no  such changes are observed in either  the proton (not shown) 
or deuterium (Fig. 4, B and C )  spectra. 

ENDOR Spectra of "OH- in the  Presence of MezSO- 
The proton  ENDOR  spectra at  gl = 1.94 and g3 = 1.80 of 
"OH- plus 0.3 M MezSO are shown in Fig. 5, and  the 
superhyperfine constants  are given in  Table I. Some of the 
proton resonances also obey the empirical relation A$ = 
0.9 AS as noted  in  Table I. Fig. 5 shows a pair of resonances 
at  v - vH < -6 MHz, which have no partners at  u - vH > +6 
MHz; they can be assigned to nitrogen and will  be discussed 

The loss of signal amplitude of the associated  resonance in DzO 
of Fig. 3 0  (due to a  broadened  resonance) was not observed in a 
second  sample. Thus,  the proton  with AH = 7  MHz does not  appear 
to be exchangeable. 
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FIG. 5. Proton ENDOR spectra for "OH- in 0.3 M MezSO. 
A, gl = 1.94, pH = 14.88 MHz; B,g3 = 1.80, vH = 16.02 MHz.  Resonance 
pairs for protons with large AH values are  indicated with arrows. The 
pair of nitrogen resonances  marked "N a t  g, is  not observed a t  g3. 
The off-resonance base  line is flat  and  the  spectra  are normalized to 
the same vertical scale. The sample was prepared  in 100 mM MOPS 
buffer, pH 6.5. Instrumental  parameters:  temperature, 10 K, micro- 
wave power, 40 milliwatts at 9.463  GHz;  gain, 6.3 X lo6; time  constant, 
0.1 s; 10 scans; rf sweep rate, 0.4 MHz/s;  frequency  modulation, +50 
kHz  at  12.5 kHz; rf attenuation,  10 dB. 

below. The  proton  ENDOR  spectra show three  pairs of reso- 
nances from protons  with large AH values that were not 
observed  for  uncomplexed "OH-; these  are  marked  with 
arrows in Fig. 5. Protons  with large AH values are expected to 
be very close to  an iron. The  resonance  pair  with AH = 7.8 
MHz  (noted with an  asterisk) is also observed  for uncom- 
plexed "OH- (see Fig. 2 A ) .  At g3, the low frequency  reso- 
nances for  two of the  noted  protons  are in the  same frequency 
region and  split by nearly  the  same frequency as  the  nitrogen 
resonances of Fig. 5A. However, this is coincidental since the 
high  frequency partners for the  proton  resonances  are clearly 
visible. The  three new pairs of resonances from strongly 
coupled protons  are also  observed  for "OH- plus perdeu- 
terated MezSO (d6-MezSO),  hence  they  do  not  originate from 
the MezSO methyl  protons  (data  not shown). Comparison of 
the  proton  signals for "OH- with MezSO  or  d6-MezS0  did 
not show any obvious  differences that could  be  assigned to 
the  methyl  protons. However, "OH- plus d6-Me2S0  in 
HzO gives rise to  the  deuterium signal  shown in Fig. 4 0 ,  
indicating  that  Me2S0  is close to  the  diiron  cluster. 

14N ENDOR Spectroscopy-The ENDOR  spectrum from 
I4N ( I  = 1) consists of four transitions a t  frequencies v = 
IAN/2 It v N  k 3PN/21, where AN is  the  superhyperfine coupling 
constant, vN is the nitrogen Larmor frequency (1.08 MHz  for 
350 millitesla) and PN is  the  quadrupole  constant (23). Since 
uN is known, the  spectra  are  most easily interpreted by iden- 
tifying  pairs of nitrogen  resonances  split by 2 v N ;  the coupling 
constants AN and PN are  then  determined from these pairings. 
The low frequency ENDOR  spectrum of  "OH- plus  Me2S0 
at gl has  three  distinct  resonances  as shown in Fig. 6A. These 
resonances  are  not associated with  protons  since,  as  shown  in 
Fig. 5A, no high  frequency proton  partners  are observed. The 
expected  four line  pattern  is reduced to  three  lines  due  to  an 
overlap of two resonances at v = 6.8 MHz. Each consecutive 
pair of resonances is split by 2 v N  as  indicated in Fig. 6A; the 
I4N constants  determined from this group of resonances  are 
A N  = 13.6 MHz  and PN = 0.7 MHz. The  sharp  nitrogen 
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FIG. 6. 14N ENDOR spectra of "OH- and semimethem- 
erythrin sulfide. A ,  "OH- in 100 mM MOPS,  pH 6.5, with 0.3 
M Me2S0, g, = 1.94, uN = 1.06 MHz; E ,  "OH- in 100 mM MOPS, 
pH 7.0, gl = 1.94; C ,  semimethemerythrin sulfide, pH 8, g, = 1.88, vN 
= 1.11 MHz. The spectra  are normalized to  the  same vertical  scale 
for a concentration of 1 mM, except  the  semimethemerythrin sulfide 
spectrum  has been  magnified by a factor of 2. The burs labeled Fe(iii)- 
N mark  the  resonance  assignments  for nitrogen coordinated to  the 
ferric site of the  diiron  pair. The off-resonance  base  line  has been 
subtracted.  Instrumental  parameters:  temperature, 10 K; microwave 
power, 20-50 milliwatts at 9.4 GHz;  gain, 1 X lo6;  time  constant, 0.1- 
0.2 s; 15-30 scans; rf sweep rate, 0.2-0.5 MHz/s; frequency  modula- 
tion, +50 - +lo0  kHz  at 12.5 kHz; rf attenuation, 6-10 dB. 

resonances  vanish at  g3, leaving  a broad signal valley for 
frequencies v < 4 MHz  (not  shown), similar to  that observed 
at g, in Fig. 6A. This  broad valley is only  observed for fields 
within  the  EPR  spectrum; for fields off EPR resonance the 
ENDOR  spectrum is flat. For a field 10 millitesla lower than 
that of Fig. 6A, the  broad valley is present  but  the  sharp 
features for v > 5 MHz  disappear,  indicating  that  the  sharp 
features  are  not associated with  the  broad valley. The  broad 
valley, also observed in  ENDOR  spectra of uteroferrin, may 
originate  from  remote  nitrogens (17,  24). No  other  features a t  
either low frequency or in the higher  frequency proton region 
can be ascribed to I4N for "OH- plus  Me2S0. 

The nitrogen resonances of uncomplexed "OH- are 
shown  in Fig. 6B. One  set of resonances with broader  features 
is at the  same position (AN = 13.6 MHz, PN = 0.7 MHz)  as 
that of "OH- plus Me2S0.  In  addition, a new set of 
resonances is observed  in the lower frequency  range of 2-5 
MHz. The location and grouping of this lower set of reso- 
nances is not obvious; however these  resonances occur at  
frequencies  typical of nitrogen  and  they  are  distinct from the 
broad valley of Fig. 6A. At g3, both  the low and high  frequency 
sets of resonances  disappear leaving  only  a broad valley (not 
shown)  similar  to  that of Fig. 6A. 

For "OH- plus  methanol,  the high  frequency set of 
resonances is observed in  the  same  position (AN = 13.6 MHz, 
PN = 0.7 MHz,  not  shown)  and  are  as  broad  as  those of Fig. 
6B. The  signal-to-noise of the  spectra was inadequate  to 
determine  whether  the low frequency set of resonances are 
present. 

14N ENDOR of Semimethemerythrin Sulfide-For compar- 
ison with  those of  "OH-, ENDOR  spectra of semimethem- 
erythrin sulfide were recorded under  similar  instrumental 
conditions. The  EPR  spectrum of the sample was homoge- 
neous  with g values at  gl = 1.87, g, = 1.69, g, = 1.41 as 
previously  described (19,20). The nitrogen ENDOR  spectrum 
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at gl is shown in Fig. 6C. The overall pattern of resonances  is 
similar  to  that observed for  uncomplexed "OH-. The high- 
est frequency  resonances can possibly  be  grouped as shown 
in Fig.  6C, giving coupling  values of AN = 12.1 MHz  and PN 
= 0.7 MHz. The lowest  frequency resonance ( u  = 3.5 MHz) 
overlaps  with other resonances. 

DISCUSSION 

The mixed valence form of MMOH  contains high spin 
ferric (S3 = 5/2)  and high spin  ferrous (Sz = 2) iron atoms 
which are  antiferromagnetically coupled to give a ground  spin 
state of S = 1/2. This  spin  doublet  is  the origin of the  EPR 
signals of Fig. 1. Relative to magnetically  isolated irons,  the 
antiferromagnetic exchange interaction reduces the  spin ex- 
pectation value <Si> of the individual  iron sites, where i = 2, 
3, corresponding to  the  ferrous  and ferric sites, respectively. 
T o  first order, an  ENDOR  experiment  measures  the  super- 
hyperfine  energy ASJ, = ZiAiSizIz  where  A is the effective 
superhyperfine coupling  for the  system  spin S = 1/2  state  and 
A,  is  the  intrinsic  superhyperfine coupling  for each  iron. If 
the exchange interaction  is  much larger than  the zero-field 
splitting of each  iron,  then  the effective  A is related  to  the 
intrinsic A,  by the  relation 

A = (7/3)A3 - (4/3)A2 (1) 

and  the  ratio of the  spin  expectation values is <S2>/<S3> = 
4/7. For a  nucleus  coupled  only to  the Fe(II1) site,  the  intrinsic 
coupling is given by Equation l', whereas  for the Fe(I1) site 
this coupling is given by Equation 1". 

A3 = 3/7A (1') 

A2 = -3/4A (1") 

The absolute  signs of the A  values are  not  determined  and 
only magnitudes are given. For "OH-, the  ratio of the 
zero-field splitting of Fe(I1) to  the exchange  coupling is  not 
zero, therefore  Equation 1 is an  approximation  and  the  in- 
trinsic A, values can only  be estimated from the measured 
t?ffective A values. However, from  the observed g values it  is 
possible to  estimate  that  the  error  introduced by this  approx- 
imation is less than  15% (9). 

The magnitude of an  intrinsic Ai value has two contribu- 
tions: a contact  part (ACODtaCt) from an  overlap of unpaired 
electron  density of the  metal  onto  the nucleus of interest,  and 
a through space  magnetic dipolar  part (Adipole). The  dipolar 
contribution  can be no larger than 

&pole 5 2 gepgnpn/r7 (2) 

where g, = 2, g, = 0.403 (14N) or 5.585 ('H), Be and f in  are  the 
electron  and  nuclear  magnetons, respectively, and r is the 
iron-nucleus distance. 

14N ENDOR Spectroscopy-The presence of strongly cou- 
pled nitrogen in  the  environment of "OH- is evident from 
the ENDOR spectra.  Moreover, one  set of nitrogen  resonances 
with  AN = 13.6 MHz is observed  for both  the uncomplexed 
enzyme and  the  Me2S0  and  methanol complexes,  suggesting 
that  the  interaction of a t  least  one  nitrogen  with  the  metal 
cluster  is  unperturbed by inhibitor or product binding. Since 
the nitrogen  ligands encountered  in  proteins  are unlikely to 
coordinate simultaneously to  both iron atoms,  it is reasonable 
to evaluate  the  intrinsic A, values from  Equations 1' and 1" 
for  the Fe(II1) and Fe(I1) sites, respectively. If the  AN = 13.6 
MHz set of resonances  originates  from  an  interaction  with 
the Fe(II1) site,  the  intrinsic coupling  from Equation 1' is 
A: = 5.8 MHz.  Alternatively, the  resonances may originate 

from an  interaction  with  the Fe(I1) site,  in which  case Equa- 
tion l'' gives A2 = 10.2 MHz. In  either case, these  intrinsic 
A? values are comparable to  those previously measured from 
iron ligated nitrogens  in myoglobin (25)  and  the Rieske center 
(26,27)  (see  Table 11). They exceed the  largest possible dipolar 
contribution, which is 5 1.5 MHz according to  Equa- 
tion 2  for a closest approach  Fe-N  distance of r = 2 A. Hence, 
the  intrinsic Af;' value is  dominated by the  contact  term, 
implying direct  iron-nitrogen ligation, thus providing the  first 
direct  identification of specific ligands to  the  diiron cluster. 

Uncomplexed "OH- displays  a  second set of  14N reso- 
nances  in  the lower frequency range of  2-5 MHz. Coupling 
constants for this lower frequency set of resonances cannot 
presently be determined unambiguously, but  it is reasonable 
to  assume  that  the value AH/2 is not  greater  than  the  centroid 
of the  set,  that  is AN/2 5 3.5 MHz. The  uncertainty derives 
from  the  fact  that we cannot rule out  the possible existence 
of resonances below 1 MHz which are difficult to  detect. If 
the low and high  frequency sets of resonances  are assumed to 
be  associated with  nitrogens  bound  to  the Fe(I1) site  and 
Fe(II1) sites, respectively, then  the  ratio of the AN-values (=7/ 
13.6) approximates  the  ratio of the  spin  expectations <S2>/ 
<S3> = 4/7. This  agreement  strongly implies that  the  sets of 
resonances  have been  correctly  assigned. For  these assign- 
ments,  the  intrinsic  superhyperfine  constants  are  then A? I 
5.3 MHz  for  the Fe(I1) site (low frequency set)  and A: = 5.8 
MHz  for  the Fe(II1) site  (high frequency set). A lower bound 
of  Ai? 2 3 MHz  can be fixed from  the  upper frequency limit 
of the  resonances  in  the  range 2-5 MHz  with  the  assumption 
lPNl 5 1.3 MHz (see Table 11). Thus  the value of  A? is well 
above the  dipolar  limit of 1.5 MHz, suggesting that  the asso- 
ciated  nitrogen  is  also directly coordinated  to  an iron. 

Nitrogen ligands in  proteins could potentially derive from 
several  sources  including  peptidyl nitrogen  and histidine. 
Table I1 contains a list of the  nitrogen  superhyperfine  and 
quadrupole values found  for various proteins.  The  crystal 
structure of hemerythrin  has been determined  and shows that 
all nitrogen ligands of the  irons of the  diiron  cluster derive 
from  histidine (28). The  nitrogen  ENDOR  spectrum of sem- 
imethemerythrin sulfide reported here  shows  a pattern  similar 
to  that of "OH- and reveals both high and low frequency 
sets of resonances. The higher  frequency resonances for hem- 
erythrin give the coupling constants  AN = 12.1 MHz  and PN 
= 0.7 MHz which are close to  those observed for "OH- 
and assigned to  the  Fe(II1)-N  site.  The magnitude of the 
quadrupole  constant  is closely dependent  on  the electronic 
properties of the molecule containing  the  nitrogen  atom. 
Together,  these findings strongly suggest that  at  least  the 
high  frequency set of nitrogen  resonances  in "OH- also 
originates  from  one  or more histidine(s)  coordinated  to 
Fe(II1). The  same conclusion can be  reached  by  considering 
the  ENDOR  spectra of uteroferrin.  NMR  studies of uterofer- 
rin  indicate  that  each  iron of the active site  is  coordinated  to 
one  histidine (29). The  nitrogen  ENDOR  spectra of uterofer- 
rin (17) have  insufficient  signal-to-noise  to  make a  positive 
assignment,  but  it  appears  that a three-line  pattern  similar  to 
that  most clearly  observed in "OH- plus MeZSO, is also 
observed in  uteroferrin  (see Fig. 8 of Ref. 17). If this  is  the 
case, the coupling  values would be AN = 10.6 MHz  and PN = 
0.7 MHz, which are  similar  to  the values reported here  for 
"OH-. 

Addition of MezSO to "OH- causes  the  EPR  resonances 
to shift  and  both  the  EPR  and  nitrogen  ENDOR  spectra  to 
sharpen.  Such  changes clearly show that MezSO interacts 
with  the "OH- so as  to significantly alter  the  environment 
of the  diiron  cluster. Nevertheless, the  observation of the high 
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TABLE I1 
I 4 N  superhyperfine  and  quadrupole  constants of Fe-histidine  bonds  for  various  proteins 

A: and A? are the intrinsic A values calculated  from  Equations 1' and l", assuming that the nitrogen in question 
interacts only with the Fe(II1) or  Fe(I1) site, respectively. 
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Protein A N  AqN AqN P N  Refs. 

"OH- 

Semimet-Hemerythrin S 
Uteroferrin* 
Met-myoglobin 
Rieske Center of Phthalate Dioxygenased 

13.6  5.8 
MHz 

0.7 This work 
5 7 a  
12.1 

5 5 . 3  
5.2  0.7 

10.6  4.5  0.7  17 
(8.3, 8.1,  11.6)'  (0.3, 0.8, -1.1)' 25 

(2.5,  2.9,  4.3)  (0.9, 0.5, -1.3)  26 
(3.4,  3.7,  5.2) (0.8, 0.4,  -1.2) 

This work 

a This nitrogen  may not be from histidine. 
* Mixed valence state of the diiron  cluster.  Values given here are determined by analysis of the published spectra 

e The values in  parentheses are the coupling constants along the principal axis directions. For the w-(H/R)-oxo 
(17). 

diiron  proteins, only the magnitude of one principal axis value has been  measured. 
Reduced state of the diiron  cluster.  The A? values are calculated  for the two 14N from Table I of Ref. 26. 

frequency set of nitrogen  resonances at AN = 13.6 MHz  in 
both complexed and uncomplexed samples suggests that  the 
coordination  and geometry of the Fe(II1) site  is largely unal- 
tered by the MezSO interaction.  In  contrast,  the low frequency 
nitrogen  resonances  are  no longer observed: suggesting that 
the Fe(I1) site  has undergone substantial  alteration.  The loss 
of the  ENDOR signal is  consistent  with  the  displacement of 
a nitrogen ligand(s)  from  the Fe(I1) site  upon  addition of 
Me2S0,  but  it  is  also conceivable that a significant  change  in 
geometry at  this  site could result  in  the loss of the  ENDOR 
signal  without ligand displacement. 

Recently, we have shown  that  the  component B of the 
MMO  system  forms a complex with  the  MMOH  a-subunit 
(10)  essential for rapid  turnover coupled to NADH. The  EPR 
spectra of the "OH- and "OH2- states  in  this complex 
are significantly different  than  those of uncomplexed MMOH. 
In  contrast,  the  reductase  component  binds  to  the  MMOH p- 
subunit  without  alteration of the  lineshape of the  EPR spec- 
tra.  This suggests that  the  diiron  cluster  is located in  the a- 
subunit. Accordingly, the  amino acid  sequence of the a- 
subunit  determined from the nucleotide  sequence of the 
cloned gene (30)  contains  two sequences with  strong homology 
to  the iron  binding regions of the  diiron  cluster of Escherichia 
coli ribonucleotide reductase B2 subunit (31, 32). Each of 
these sequences contains a single histidine,  His147a  and 
His246a. This  is  consistent  with  our  observation of nitrogen 
ligation at each  iron of "OH- and suggests that  the  nitro- 
gen at  each  iron may derive from histidine. The complete loss 
of nitrogen  ENDOR  associated  here  with  the Fe(I1) site  on 
addition of MezSO is  also  consistent  with  the  presence of a 
single nitrogen ligand at   the Fe(I1) site,  but  as described  above 
other  explanations for the loss of the signal are possible. 

The  variation of Fe(II1)-N  couplings A: in  Table I1 
(MMOH > hemerythrin > uteroferrin)  is presumably due to 
breakdown of the  assumption J >> D;  used in  Equation  1, 
where D; are  the zero-field splittings for each iron. Including 
a first  order  correction gives AN = (7/3)Ay(1 + (4/15)(8D3 + 
3Dz)/J) (9). Accurate  values for Di  are  not  yet available  for 
these  proteins,  but we expect  roughly Dz = 5 cm" and  D3 z 
0.5 cm" (33-35). For  uteroferrin (J = -9.9 cm" (35)),  the 
correction  to  the value of A: can be 30%, which is of the  order 
of magnitude of the  variations  in A:. The  correlation of the 
nitrogen  superhyperfine  constant  AN  with  the  exchange cou- 
pling J is  important for the  present  study because the  nitrogen 

The proton frequency region was checked carefully for resonances 
which had no proton partner; no evidence for such a resonance was 
observed. 

data  can provide a measure of the  variations  in  the exchange 
interaction. If the value of J changes, then  the  AN value will 
also  change,  barring  compensation by changes  in  either A: or 
D;. The high  frequency set of nitrogen  resonances  is observed 
with  the  same coupling constant  AN = 13.6 MHz for "OH- 
in  water,  methanol,  and MezSO. This lack of change suggests 
that  these  inhibitors  do  not appreciably  affect the exchange 
interaction,  therefore  the electronic  configuration of the p- 
(H/R)-oxo-bridge is also  not appreciably  changed. 

'H and 'H ENDOR Spectroscopy-Assessment of the  pro- 
ton  ENDOR  spectra  can  potentially yield information  con- 
cerning at least four aspects of the active site  structure: 1) the 
accessibility of water  to  the active site, 2) the identification 
of ligands with  protons coupled to  the diiron cluster, 3) the 
distance of the coupled protons from  a given iron,  and  4)  the 
extent of interaction of small molecules with  the active site. 
Some  insight  into  each of these  aspects accrues  from the 
current  study  as discussed below. 

The active site of "OH- is accessible to  water  as shown 
by the  fact  that at least  three of the  nine magnetically distinct 
coupled protons  can be  exchanged  for  deuterium. However, 
over an  8-h period these  protons have  exchanged in only  a 
portion of the molecules in  the sample. The incomplete  ex- 
change suggests that  water access to  the  site  is  restricted.  In 
contrast,  complete exchange of the exchangeable protons  near 
the  diiron  sites of ribonucleotide reductase,  hemerythrin  (36), 
and  uteroferrin  is observed  for incubation  times significantly 
less than 8 h.7 

The  nitrogen  ENDOR  results  presented here demonstrate 
the presence of at least  one  and probably  two histidine iron 
ligands. Thus,  it  is  reasonable  that  at  least some of the 
exchangeable protons  are associated with  the  nonbonding 
nitrogens of these ligands.  Conversely, the A  values of the 
exchangeable protons  support  the presence of histidines  in 
the  cluster  coordination. An estimate of the maximum  value 
of the  superhyperfine coupling  for  a proton  can be made by 
assuming  that  the  histidine  coordinates  to only one iron' and 
that  the  magnitude of the  superhyperfine  constant is due 

Although the exchange kinetics have not been reported, typical 
incubation periods necessary for proton exchange in these proteins 
are less than 1 h. T. Elgren and L. Que, Jr., personal communication. 

'For certain orientations of the molecule with respect to the 
magnetic field direction, the dipolar contribution to AH from the 
coupling of a proton to the more distant iron of the pair can be large, 
thus invalidating the assumption. Currently, the lack of information 
regarding the orientation of the g tensor of "OH- with  respect to 
the molecule makes determination of the relative dipolar contribu- 
tions impossible. 
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solely to the magnetic dipole intera~tion.~  The exchangeable 
proton fqr histidine coordination is-typically at a  distance of 
4.9-5.3 A from Fe(II1) or 5.2-5.8 A from Fe(I1) (29). From 
Equations 1 and 2, a  proton 5 A from the Fe(II1) or Fe(I1) 
site gives AH 5 2.9 MHz or AH 5 1.7 MHz, respectively. Thus, 
the AH values of the exchangeable protons  are compatible 
with assignment to  the exchangeable proton of a histidine. 

A consistent  feature of the proton  spectra  in  water,  meth- 
anol, and  Me2S0 is the conserved pair of resonances with AH 
= 7-7.9 MHz at gl. The magnitude of the coupling indicates 
that  the proton associated with this resonance pair is close to 
an iron and probably associated with an iron ligand. The 
proton is not exchangeable with deuterium and also is not 
appreciably affected by the presence of Me2S0 suggesting that 
it is associated with the Fe(II1) rather  than  the Fe(I1) site. 
Given the probable presence of a histidine ligand(s)  on the 
Fe(II1) site,  candidates for this  proton(s) are  those on the 
carbons of the imidazole ring closest to Fe-N.  A typical 
distance for a  proton of this type from Fe(II1) is approximately 
3.4 A (29) giving AH 5 9.4 MHz from Equations 1' and 2, in 
agreement with the value observed experimentally. 

The relatively weak exchange coupling (3)  and  the  apparent 
lack of a short Fe-p-oxo bond (2) observed for MMOH are 
consistent with a  protonated or otherwise substituted oxo- 
bridge (38). A  proton in  this position would probably be 
exchangeable. The close distance would very likely give a 
large contact  contribution to  the superhyperfine coupling in 
addition  to  a large dipole contribution,  resulting in a signifi- 
cantly greater A value than  the largest of the exchangeable 
protons shown in Table I. It remains possible that one of the 
protons with large AN values detected in the g3 resonance of 
the  Me2S0 complex is associated with the bridging oxygen. It 
is also conceivable that  there  are larger superhyperfine cou- 
plings that have not been observed and which are associated 
with exchangeable protons (cf.  Ref. 17). However, two obser- 
vations suggest this may not be the case for "OH-. First, 
examination of the spectra  in the frequency range 1-50 MHz 
revealed no additional proton resonances. Second, an upper 
limit for superhyperfine couplings can be fixed from the  EPR 
signal. The variation in the linewidth of the  gl resonance (see 
"Results") suggests that  the largest unresolved superhyperfine 
coupling constants could be AH/2 = 81, 50, and 36 MHz, for 
"OH-,  "OH- plus methanol, and "OH- plus Me2S0, 
respectively. The lack of change in the linewidth of this 
feature upon deuteration suggests that if such large AH values 
exist, they would not be associated with exchangeable protons. 

Effect of Small Molecule  Association-The significant 
changes in  the  EPR spectra of  "OH- when complexed with 
methanol or  Me2S0 could result from either global changes 
in protein structure or direct interaction of the small molecule 
with the diiron cluster. In  the case of methanol, we find no 
change in  either the proton or deuterium resonances for 
samples prepared in methanol uersus d4-methanol. Thus,  un- 
der  the conditions utilized here, methanol  binds  far enough 
from the iron so that  the methyl protons  are not coupled. 
This implies that  the changes in the  EPR  and ENDOR signals 
likely reflect changes in the protein  conformation rather  than 
direct  interaction with the diiron cluster. 

Me2S0 causes a much larger alteration than methanol  in 

The assumption provides a  reasonable starting  point for the 
determination of proton  distances  (37), but  it is  approximate because 
i t  ignores the electronic contact contribution.  For example, the NH 
proton of Fe(II1)-His in uteroferrin has a  paramagnetic shift of 90 
ppm (300 MHz, 31 "C) (29). If this  shift is solely due to a contact 
contribution, then under the conditions of a  typical ENDOR experi- 
ment Aeontact = 0.5 MHz (3500 G ,  10 K), which is 40% of the largest 
possible dipolar contribution. 

the  EPR spectrum of  "OH-. For the  Me2S0 complex, new 
proton ENDOR resonances are observed with significantly 
larger superhyperfine couplings than those observed for the 
uncomplexed "OH-. These new resonances (A: = 6.5 
MHz, A; = 9.1, 13.0 MHz) do not derive from the methyl 
protons of Me2S0 since they are also observed in d6-Me2S0, 
nevertheless, d6-MepSO does bind close to  the diiron site since 
deuterium resonances are observed. The close proximity of 
Me2S0 is presumably responsible in part for the dramatic 
EPR spectral changes. This is the  first evidence for any 
molecule binding near the active site  cluster of "OH. 

Correspondence between the ENDOR Resonances at  gl  and 
g3-A correlation between several of the proton ENDOR 
resonances at gl and g3 was noted under "Results," namely, 
A$ = 0.9  AZ. The validity of this empirical correlation is 
strengthened by the observation that two of the correlated 
resonances exhibit equivalent decreases in intensity upon 
deuteration. In  the absence of specific isotopic substitutions 
of protons  near the active site, the empirical correlation is 
useful in  the identification of specific proton resonances which 
shift due to changes in protein ligation or environment. We 
currently have no  quantitative  explanation for this correlation 
which has  not been reported for other proteins. We have 
checked for such a correlation in the proton resonances of 
semimethemerythrin sulfide; it was not observed. The factor 
0.9 can possibly be attributed  to  the anisotropy of the elec- 
tronic  environment of the diiron  cluster, that is <Si>,l = 
0.9<Si>,3.  However, the expected large corresponding change 
in the dipolar angle would destroy the resonance correlation. 
Alternatively, the assumption that  the dipolar contribution 
to  the A value dominates may  be incorrect. However, this also 
seems unlikely since the five couplings are relatively weak 
and a calculation of the contact  contribution from NMR data 
indicates Adipole > AEOntaCt for the ENDOR  measurement^.^ 

Model for the Active Site Ligation of MMOH-The ENDOR 
measurements  reported here are consistent with an active site 
structure of  "OH- such as that shown in Scheme I. In 
addition to  the ligand nitrogens and associatedprotons shown, 
many other protons effectively couple with the electronic spin 
of the diiron cluster, and  thus must be associated with other 
ligands or groups within several angstroms of the cluster. 
Identification of these groups will require further ENDOR 
studies of  "OH- in which systematic isotopic replacements 
have been made. It should be noted that  the spectra  presented 
here have sufficient resolution to make such studies feasible. 
In addition,  a  systematic  study of suitable chemical model 
complexes will  be important for a  better  understanding of the 
ENDOR  spectra, the chemical environment of the metals, 
and for establishing  correlations with proteins. The  data 
available thus far also do not reveal the type of nitrogen 
ligand associated with the Fe(I1) site, although it is likely to 
be histidine based on the known structures of other proteins 

SCHEME I. 
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bearing oxo-bridged diiron clusters and the similarity of the 18. Fox, B. G., Froland, W. A., Jollie, D. R., and Lipscomb, J. D. 
nitrogen ENDOR spectrum observed with that of semime- (1990) Methods Enzymol. 188,  191-202 
themerythrin sulfide. The apparent displacement or reorien- 19. Kurtz, D. M., Jr., Sage, J. T., Hendrich, M. P.,  Debrunner,  P. G., 

and  Lukat, G. S. (1983) J. Biol. Chem. 258 ,  2115-2117 

unprecedented in spectroscopic studies of p-oxo-bridged din- 3472 
tation of this ligand  upon binding MeZS0 near the is 20. Lukat, G. S., and  Kudz, D.  M., Jr. (1985) Biochemistry 24,3464- 

uclear iron clusters and may  be related to the unique aspects 
of the cluster in  MMOH which allows catalysis of oxygenase 
chemistry. 
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