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Electron paramagnetic resonance (EPR) spectra are presented for iron complexes of catecholate, tironate, and a
3,4-dihydroxyphenylalanine (DOPA)-containing peptide of sequence Ac-Ala-DOPA-Thr-Pro-CONH, (“‘AdopaTP”).
This peptide was prepared to model potential metal—protein cross-links in the adhesive used by marine mussels,
Mytilus edulis, for affixing themselves to surfaces. Spectra are shown for iron bound to each ligand in mono, bis,
and tris coordination environments. For example, the catecholate complexes { Fe(cat)}, { Fe(cat),}, and [Fe(cat)s]*~
are provided. Detailed simulations are presented to describe the origin of spectra for the iron—catecholate and
iron—peptide species, which show that the spectral features can be accounted for only with the inclusion of D- and
E-strain. The spectroscopy of each compound is shown under both anaerobic and aerobic conditions. When exposed
to air, the high-spin Fe®* signal of [Fe(AdopaTP)s]*~ decreases and an organic radical is formed. No other sample
exhibited an appreciable radical signal. These data are discussed in light of the biomaterial synthesis carried out
by marine mussels.

Introduction Scheme 1
. e HoN.__COOH
The common blue musséjytilus edulis affixes itself to z S03
surfaces by generation of an impressively strong adhesive. @OH OH /@OH
This marine hc_)I(_jfast is produced b)_/ surfape appl?cation of OH OH 08 OH
proteins containing the unusual amino acid 3,4-dihydroxy- Catechol DOPA Tiron

phenylalanine (DOPA, Scheme™1}. Extensive cross-linking OH
of these DOPA-containing proteins yields the final, cured 0 H ©
adhesive matrix.4 At this time, the exact mechanism and ANJ\”/” NINNQ
products of these cross-linking processes remain to be identi- A0 R 0 07 NH,
fied unambiguously.

The transition metal content of mussel glues is typically " o
elevated relative to surrounding waters. In particular, iron,

. . i AdopaTP
zinc, and copper levels in adhesive pladqifesan be well

over 100 000 times that found in open seawate@ur
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In a series of studies, we extracted the DOMotein

marine mussel adhesive synthesis. More broadly, this study

precursor to adhesion from marine mussels. This adhesivemay aid the understanding of iron interactions with other
precursor was reacted with various reagents in order tocatechol-containing molecules found in siderophgtés,

compare curing abilitie¥:"3 Of all the biologically available
metal ions examined, Feand Mr¥* brought about the great-
est degrees of curing:*?An electron paramagnetic resonance
(EPR) spectroscopy study of intact glue produced by live
mussels revealed a prominent high-spin (hs$) Bignal and
the presence of an organic radical in this matéd&imilar
hs-Fé* and radical signals were also found in a solid pro-
duced by cross-linking the DOPA-containing protein pre-
cursor of mussel glues with Fel3

melanin?334and the enzymatic degradation of organic com-
pounds by enzymes such as the intradiiland extradict’-38
dioxygenases.

Experimental Section

Sample Preparation. Anaerobic samples were prepared by
standard Schlenk techniques under an argon atmosphere. In a typical
preparation, 100 mL of water was added to a 250 mL Schlenk flask
and sparged with argon for at least 30 min. Ligand was then added

To better understand the bonding and spectroscopy ofto the water, followed by iron(lll) nitrate. Different binding modes
marine biomaterials, we have employed comparisons with (mono, bis, tris) were obtained by titration of metégand solutions

model complexes. Although interactions between iron and

catechol-like ligands have been studied extensively, and to
some degree by EPR spectroscopy, a systematic and descri|dg

tive EPR spectroscopic investigation has not been reptréd.
Herein, we present EPR spectroscopic data and simulation
for iron bound to catecholate, tironate, and a DOPA-

containing peptide designed to mimic mussel adhesive pro-

teins. Each irorrligand system is shown in the mono, bis,
and tris Fe(L) (n = 1—3) coordination environments, both

with base (NaOH). In two previous papers, we provided details on
how each complex was generated in solution and assigféd.
riefly, the catecholate complexes were formed by starting with a
mildly acidic 3:1 mM catechol/Fe(N£); solution. Two equivalents

of base (NaOH) per iron were added to maximize -tiks

S‘s,pectroscopic changeffax = ~700 nm), fully deprotonate one

catechol, and yield the mono [Fe(cat)komplex. Four total
equivlents of base per iron deprotonated two catechols and maxi-
mized formation of bis [Fe(caf)” (Amax = 576 nm). Excess base
(7.5 equiv) then provided the tris [Fe(cd®y species Amax =

anaerobic and aerobic. Simulated spectra show that experi483 nm). Isosbestic points showed clean conversion between
mentally observed differences arise from changes in the discreet species. Analogous titrations were performed in reverse,

rhombic character of the zero-field tens@)( In addition
to providing comparisons for biomaterial spectroscopy, we
find interesting reactivity with oxygen. The generation of
organic radicals occurs only in the DOPAeptide models,

not the catecholate or tironate analogues, and only when

binding iron in a tris Fe(DOPA)coordination environment.

starting with basic solutions of [Fe(cg® and adding in acid (HCI).
Identical species were observed when data were compared to the
base titrations. Potentiometric titrations were also performed and,
again, the same complexes were observed. Last, our data and
assignments of Fe(catjn =1—3) are in agreement with a prior
study in which these compounds were formed by base titration.
Aerobic samples were prepared by two methods, both exposing

These spectroscopic, reactivity, and simulations insights may anaerobic samples to air and also generating the complexes from
help to understand the cross-linking processes involved infyjly aerobic solutions. More consistent results were obtained with
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complexes prepared from fully aerobic solutions. Thus, the aerobic
samples described below are of compounds prepared in air. Base
titrations of aerobic irorrligand solutions provided U¥vis spectra

with similar Anax values to the analogous titrations performed
anaerobically. Reverse titrations of acid (HCI) into basic solutions
of Fe(L); also yielded similar data when comparing anaerobic versus
aerobic samples.

Model complexes of the ligands 1,2-dihydroxybenzene (catechol,
Scheme 1), 4,5-dihydroxy-1,3-benzenedisulfonic acid (tiron, Scheme
1), and the DOPA-containing peptide Ac-Ala-DOPA-Thr-Pro-
CONH, (“AdopaTP”, Scheme 1), were prepared in 3:1 ratios of
ligand/metal concentrations. For catechol and tiron, the ligand
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concentrations were 30 mM and the Fe@iZoncentrations were The effects oD-strain can be included with a joint distribution
10 mM23° The AdopaTP peptide was synthesized by methods functionP(D,E) and performing a discrete summing or integration
reported previously* Owing to the difficulty of obtaining large of possible values db (3/2D,;) andE ((Dyx — Dy)/2). AsD-strain
quantities of peptides, the DOP#4veptide models were prepared can be attributed to random dislocations of atoms around the metal
in a 3:1 ratio with a peptide concentration of 3 mM and an FeplO  ion centerP(D,E) is usually taken as a 2-D Gaussian distribution.
concentration of 1 mM? Our previous report discusses formation The contours for this 2-D error function will be ellipses. If the
of each{Fe(pepy} complex in detaif® For direct comparison to correlation betwee® andE is zero, the major and minor axes of
the peptide systems, a set of-Featecholate complexes were also the ellipses will lie along th® andE andP(D,E) can be written
prepared at 3 mM catechol and 1 mM Fe(§}§3oncentrations to as a product of two Gaussian functions. If the correlation coefficient,
ensure that the behavior of the compounds did not change with ¢, is not zero, the major and minor axes will be rotated. This rotation
concentration. No significant differences were observed when is given by diagonalization of the error mattk
comparing the 30:10 and 3:1 mM catechol/Feg\Csystems.
Glycerol was added to each sample to a final concentration of 10% R— AD? ev/3ADAE
to act as a glassing agent. Samples were then frozen and stored in ev/3ADAE AF?
liquid nitrogen.

Throughout this paper, metaligand complexes will be presented ~ Note the factor o/3 that appears because?(+ 3€2), not (D2 +
in braces to indicate that part of the coordination environment which E?), is invariant to coordinate transformation. The vectors corre-
is known. In this format{Fe(cat}, for instance, designates one sponding to the major and minor axes of the error ellipses will be
bound catecholate ligand but does not identify the remaining ligands, . . .
which are likely to be either water or hydroxi@eOn the basis of F = cosOD + sin 0E/v/3
spectroscopic titrations, complete formulations of the catecholate . . .
complexes, for example, may be Fe(cat)(OH)@Hor mono, G =sin 6D + cosOE/v/3

[Fe(caty(OH)(OHy)]2~ for bis, and [Fe(cag)®~ for tris.3® where

Instrumental Parameters. Experiments were performed on a
Varian E-line Century Series EPR spectrometer with E102 micro- 2R,
wave bridge at the University of lllinois, Urbar&hampaign. All tan® = Ry — Ry,

data presented herein were taken at 15 K, unless otherwise stated.
Bridge frequency was tuned t69.078 GHz with a microwave The length and width of the ellipse correspondingte= 1/2 are
power of 0.2 mW. Gain settings were determined starting with the

respective tris Fe(ls)complexes, with the most intense signals in AF = (coS OR,, + sin’ OR,, + 2 cosfsin r )2
the g ~ 4.2 region. After saturation was observed, the gain was
reduced to yield full spectra. This gain setting was then used, AG = (co€ 0r, + sin” 6Ry; — 2 cosf sin 0r,,)"12

unchanged, for the mono and bis complexes of a given ligand. The
gain settings were 250 for all catecholate samples, 125 for the TransformingP(D,E) to the system wher® is diagonal gives a
tironates, and 2000 for the peptide complexes. Most experimentsdistribution function,P(F,G), which can be represented as the
were run with a sweep width of 4000 G, centered at 2205 G. When Product of two uncorrelated Gaussians:

looking at the organic radical region, a sweep width of 2000 G,

centered at 3205 G, was used. The modulation amplitude was 10 G.P(F’G) n
Where provided, resonance intensities are in arbitrary units. In2vin2iz [ In2F - Fy’ _In2G -Gy’
Simulations. Simulation and fitting of electron paramagnetic AFAG AF2 ex AG?
resonance spectra used the automated simulation program SIM-
PIPM?#2 which is based on QPOW.The spin Hamiltonian: Where AF or AG represent the half-width at half-height of their
respective distributions. Note that,dfis equal to one, eitheAF
H=pB-g'S— j,B-g,’| +hS:D-S+ hl-A-S or AG is zero andP(F,G) reduces to a single Gaussian.

Because integration df and G is accounted for by discrete

is solved by exact diagonalization. Because 98% of naturally symming of spectra over a large number of possible values, compu-
abundant Fe has no nuclear spin, the nuclear Zeeman and hyperfingational times are long and spectra show noise or graining due to
terms are neglected. The spin Hamiltonian parameters are varietihe finite stepping of values fdf and G.46 If the variances irD
using the SIMPLEX method to minimize the RMS deviation andE are small, the effect ob-strain can be accounted for by
between experimental and calculated spettra. using a Gaussian line width that is proportional to the dispersion

The frequency-swept spectrum obtained upon diagonalization is of the spin Hamiltonian with respect to the strained variable, i.e.,
transformed into a field-swept spectrum by iterative, Newton  the partial gradient of the energy. SIMPIPM can calculate this
Raphson solving of the eigenfield equation for each desired Gaussian broadening analytically, and this gradient method can
transition. However, iterative methods do not always converge and reproduce very well the variation in line width for discrete transi-
have trouble for nearly degenerate solutions. To improve the accu-tjgng47.48 However, for the systems studied here, the straid is
racy and speed of convergence, the DIIS (direct inversion of the o the same order @ itself; such calculations will not accurately

iterative subspace) method of Pulay is u$e@ihis method works  reproduce the overall spectral line shape when individual transitions
by effectively improving the guess Hessian.

(46) Yahiaoui, E. M.; Berger, R.; Servant, Y.; Kliava, J.; Cugunov, L.;

(41) Sever, M. J.; Wilker, J. Jetrahedron2001, 57, 6139-6146. Mednis, A.J. Phys. Condens. Mattd994 6, 9415-9428.

(42) Nilges, M. J.SIMPIM; University of Illinois: Urbana-Champaign, (47) Nilges, M. J.; Belford, R. L.; Francesconi, L. Simulation of Strain
2002. in EPR Spectra Using Methods of GradiemM®th Rocky Mountain

(43) Nilges, M. J. Thesis, University of lllinois, Urbar&hampaign, 1979. Conference on Analytical Chemistry: Denver, 1998.

(44) Mattson, K. Thesis, University of lllinois, Urbar&hampaign, 1991. (48) Rahimi-Moghaddam, P.; Upadrashta, Y.; Nilges, M. J.; Weil, J. A.

(45) Pulay, PChem. Phys. Lettl98Q 73, 393-398. Appl. Magn. Res2003 24, 113-125.
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Anaerobic In addition to these resonances was an isotropic but some-
9=8074 what asymmetric feature gt= 4.24 similar to that typically
@) " | g=pass found for hs-F&" in a completely rhombic environmeri/D

g=4.239
1 / {Fe(cat)} = 1/3)16.17.20,23294952 A get of weak peaks in the region from

g~ 2.2tog~ 1.9 was just discernible above the noise level.

g=4.219 With an apparent splitting of around 90 G, these features
L—J\/f {Fe(cat)o} are most likely due to Mn(ll). The appearance daf & 4.3
peak in addition to the peaks@t= 8, 5, and 3 could suggest
that there may be the presence of more that one type of metal
[Fe(cat)s]3- centeré

We point out a marked similarity between the EPR spectra
of { Fe(cat) and another iron-catecholate complex, [Fe(HDA)-

L) | ) | } 1 J L] 1J L} 1 J
500 1000 1500 2000 2500 3000 3500 4000

magnetic field (Gauss) (DBC)J?", prepared to mimic an enzyme active sfiélhe

coordination environment of [Fe(HDA)(DBCG)] is com-

b) prised of the two oxygens of 3,5-tirt-butylcatecholate
10x {Fe(cat)} (DBC) and the donors of the HDA ligand: two carboxylates,

one phenolate, and one amifi&Siven that an iron coordina-
tion environment comprised of predominantly oxygen donors
8x {Fe(cat),} has been shown previously to provide a similar spectrum,
we conclude that the coordination environmen{ 6&(cat}
contains the two catecholate oxygens, as well as the oxygens
of water or hydroxide ligands to complete the coordination

1x [Fe (cat)]?- sphere.
{Fe(cat)}. Iron(lll) bis-catecholatef Fe(cat)}, exhibited
1300 1350 1400 1450 1500 1550 1600 1650 1700 a spectrum that appeared quite different from that of the
magnetic field (Gauss) mono counterpart (Figure 1a). The rhompie 4.22 signal

Figure 1. EPR spectra of anaerobic iron(lll) catecholate complexes of now dominates the spectrum, but in the low-field wing, a

(8) the full spectral region and )lan expansion of thg ~ 4.2 signal only. ; ~ i icti i
The vertical scales of each spectrum are adjusted as labeled to aIIowpalr of features ag ~ 8.1 and 5.5 can still be distinguished.

comparisons. Here the spectrum of the mono species is expanded 10-foldCloSer examination of the = 4.22 signal showed a distinct
verti(;ally relative to the tris complex. The bis compound is expanded 8-fold splitting (Figure 1b)_ Unlikq'_ Fe(cat} , no other features were
relative to [Fe(cag}*". apparent in regions of the spectrum beyond thay ef 4.3
collapse into a non-Gaussian line shape. To reproduce the line shapdn the {Fe(caty} sample. Like thg Fe(cat} spectrum, the
accurately and eliminate the graining due to the summing over finite appearance of peaks atrg8 and 5, in addition to the ¢
values ofF and G, we have used a hybrid method. Because the 4.3 peak in the spectrum ¢fe(cat)}, suggests that there
distribution inF andG is Gaussian, we can calculate the strain in  may be two components present.

F andG as a convolution of two Gaussians, one that is large and
calculated by discrete summing and the other that is smaller and
incorporated in the line width calculated by the gradient method.

[Fe(cat)]® . Figure 1a shows that the spectrum of iron-
(I) catecholate in the tris coordination environment,
[Fe(caty]®, is typical of completely rhombicE/D = 1/3)
hs-Fé*. In addition to the nearly isotropic though somewhat
asymmetricg = 4.22 signal, which arises from the middle
The ratio of the splitting into discrete and gradient components is Kramer’s doublet, we observed an edge in the low-field wing
optimized to give the best compromise between spectral fidelity of the g = 4.22 signal ag ~ 9.6. This signal ag ~ 9.6
and noise/graining. arises from the two other Kramer’s doublets, which unlike
the middle doublet, give rise to rather anisotropic features.
There was no observable evidence of splitting in ghe

Spectra of Anaerobic{ Fe(cath} (n = 1-3) Catecholate 422 signal of the tris environment, as opposed to that present
Complexes. {Fe(cat}. In the case of iron(lll) mono- i the bis environment.

catecholatef Fe(cat}, several features were observed which Simulations of Anaerobic {Fe(caty} (n = 1—3) Cat-

are similar to those when iron is chelated with catechol and echolate SpectraThe differences in EPR spectra observed
catechol-like ligands® As can be seen In Figure 1, a pair fo, jron—catecholate complexes can be ascribed primarily
of well-defined features were found gt= 8.10 and 5.45, 4 ditfarences in the rhombic character of the zero-field

as well as a broader feature arouper 3.2-2.6. High-spin - yo,qr b The spectra are typical of high-spin iron(lll) for
iron(l11) centers with an intermediate rhombic charac# which the magnitude of the zero-field tensBi(1 + 3122

~ 0.1—0.15) often give rise to signals of this natdt&/ 194952 h (A = E/D) is larger than the microwave frequenay,In

+ AF?

gradient

AF2, = AF3

discrete

Results

(49) Aasa, RJ. Chem. Phys197Q 52, 3919-3930.
(50) Chen, C.-H.; Lee, Y.-Y,; Liau, B. C.; Elango, S.; Chen, J. H.; Hsieh, (51) Palmer, GBiochem. Soc. Trand985 13, 548-560.
H.-Y.; Liao, F.-L.; Wang, S.-L.; Hwang, L.-Rl. Chem. Soc., Dalton (52) Simaan, A. J.; Banse, F.; Girerd, J.-J.; Wieghardt, K.; Billirérg.
Trans.2002 Chem.2001, 40, 6538-6540.
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this low-field limit, the energy levels can be described by g-factor
three doubly degenerate Kramer's doublets each having an “"":";""g' '6' - "1 o 5
effective spin of 1/2%53If the zero-splitting is larger than A l" ﬂ
the microwave energy, transitions between the three doublets (- f__.'
cannot occur. 1

If the temperature is larger th@hk, transitions involving '
all three doublets can occur. However, in most cases, only o . I
one or maybe two of the Kramer's doublets are readily b JiJL— NG [
observed in the EPR spectrum. For the case of axial '
symmetry withl = 0, only the lowest doublet with effective A AN,
g values ofg = 6 andgy = 2 is observed (assuming the true S~ ~
g value of 2 and > 0; for D < 0, the ordering of the three n N
doublets is reversed). The other two doublets have effective AN Wl
g principal values ofy = 6 andgs = 0 andg =10 andg; = d /W
0.4253Because the intensity of the first-derivative spectrum
will vary as the inverse square of the spectral width, these f Ha /\ \
two highly anisotropic doublets will have an extremely small e J\UJ . experimental
intensity. In the case of rhombic symmetdy= 1/3, there UW
is one doublet, the middle one, which will have an isotropic bbbl i,

. . . 240 540 1040 1440 1840 2240 2640 3040 3440 3840

g of 4.29. The lower and upper doublets are anisotropic with o
values ofg,, gy, andg, at 0.86, 0.61, and 9.68 and 0.86, magnetic field (Gauss)
9.68, and 0.61, respectively. Again, because the spectralfigure 2. Simulated and experimental spectra @fe(cat). (a—d)

. . . . Simulated spectra with varying amounts of strain; remaining parameters as
width of the anisotropic doublets is much greater than that jisied in Table 1. (a) No strain i or E. (b) AD = 0.048 cnt* AE =
of the isotropicg = 4.3 doublet, usually only thg = 4.3 0.005 cnl. (c) AD = 0.143 cnt AE = 0.015 cntl. (d). Best fit; AD =
feature is readily observed. For symmetry between axial and©-191 cm* AE = 0.019 cm™. (¢) Experimental.
rhombic symmetry, it is possible to observe features from show differing sensitivity to the values d@ and E, the
both the low and middle doublets. overall shape of the spectrum can be highly dependent upon

In the low-field limit, the EPR spectrum depends only D-strain and unlesB-strain is considered, a proper analysis
upon the asymmetry parametérand is independent of the ~ Of the spectrum cannot be made.
value of D. If the value ofD/h is close to the microwave {Fe(cat}. The EPR spectrum of the 1:1 complex of iron
frequency, the effectivg values will show a second-order ~and catecholate (Figure 1a) gives rise to features that can be
shift proportional to the ratio of the microwave energy to interpreted at first sight to have dn tensor with a inter-
the value ofD. The effectiveg values will also depend Mmediate value ot around 0.1 and a second component with
slightly upon the principal values of the trgematrix. Ifthe 4 = 1/3 (g = 4.3). The simulated features gt= 8.10 and
value of D is further decreased, one approaches the high-5.52 (Figure 2) are due to thg, feature for the middle
field limit where D < hv. Here there are five putatively ~doublet andg, feature of the lowest doublet, respectively.

allowed transitions. Then, = —1/2 to 1/2 will be atg = 2 The gx andg; features of the middle doublet and teand
(or the trueg value), while the other founns = —5/2 to gy features of the lowest doublet are not resolved due to

—3/2,mi= —3/2t0—1/2,m= 1/2 to 3/2, andns = 3/2 to D-strain. The effect oD-strain upon the spectrum is shown
5/2 transitions, will be distributed aroulgd= 2. The spacing  in the simulations of Figure 2. For the top spectrum with no
of the multiplet pattern aroungl= 2 is now dependent upon  strain (Figure 2a), three of the other four features are visible

T i

D to the first order. (the fourth feature a = 1.52 is just out of spectral range).
The ability to observe spectral features also depends on'WhenD-strain is included (Figure 2b), the featuregat=
D-strain. In general, there is a random spreadadnd E 2.14 is completely washed out and the two features =t

values which arise from random distortions of ligand 2.67 and 3.22 are heavily broadened but still resolved. To a
geometry around the iron atom. For metal complexes in first approximation, the smaller the effectigevalue, the

solution, this is often attributable to hydrogen bonding of 9reater will be the line broadening. As tfe-strain is

the solvent to the metal or ligand atoms and/or poor glassing'ncreased (Figure 2c and d) the high-field part of the EPR
of the solvent when the sample is frozen. The effect of spectrum for the two doublets collapses to a single broad

D-strain will be to broaden features, particularly those for (1200 G peak to peak) line at abagt= 3.5 and only the
which their values ofer are sensitive to the value & and two low field componen_ts are resolved. In addition, a p_eal_<
E. In the low-field limit, the spectra are dependent primarily 2t9 = 4.3 grows in. This peak appears because the distri-
on the asymmetry parameter,= E/D, and as such, line bution of D and E will give rise to the possibility of sites
broadening of a specific feature will depend primarily on having4 = 1/3 (g = 4.3), as well as sites having a broad

its sensitivity toE/D rather tharD. Because different features ~ "ange of other values df. Though theg = 4.3 peak repre-
sents only a small fraction of sites, it is relatively intense

(53) Wickham, H. H.: Klein, M. P.: Shirley, D. AJ. Chem. Phys1965 since atl = 1/3 the anis_otropy for the middle doublet' com-
42, 2113-2117. pletely collapses. The simulations clearly show that, in order

7740 Inorganic Chemistry, Vol. 45, No. 19, 2006



EPR Spectroscopy of IrorCatecholates

Table 1. EPR Simulation Parameters foFe(cat)} and{Fe(pep)}

Do (cm™) Eo (cm™1) A AD (cm™) AE (cm™) € Oiso W; (Gauss)
Fe(cat) 0.817 0.098 0.120 0.191 0.019 —0.675 1.997 24.0
Fe(cat) 0.421 0.104 0.247 0.324 0.018 —0.925 1.989 12.1
Fe(cat) 0.319 0.095 0.299 0.135 0.030 —0.638 1.992 35.1
Fe(pep) 0.157 0.023 0.146 0.163 0.010 0.186 1.991 42.4
0.440 0.105 0.243 0.341 0.037 —0.016 1.981 22.0
Fe(pep)® 0.427 0.106 0.248 0.326 0.016 —-0.921 1.983 12.4
0.138 0.021 0.155 0.102 0.009 0.0 1.984 40.6
Fe(pep) 0.312 0.098 0.313 0.130 0.041 —0.362 1.984 26.2

aTwo components or double distribution. Ratio of components is 4°3ftuo components or double distribution. Ratio of components is 4.4:1

to fit the experimental spectrum, particularly the width and
position of the broad peak gt= 3.5, a relatively significant
D-strain AD/Dy = 0.23; AE/E; = 0.20) has to be included
and that suclb-strain is large enough to producga= 4.3
peak.

splitting of theg = 4.3 peak. IfD is in the low-field limit,
as/A approaches the value of 1/3, they, andz components
of the middle doublet collapse to a single peakD[{1 +
349)]Y?h is decreased away from the low-field limit, two
principal values of the effectivg matrix will start to move

Parameters used in the simulation of the spectrum of toward the trug value faster than the third one, resulting in
{Fe(cat}) are listed in Table 1. Because we are near the low- a splitting of the line. The net effect is that the sharp peak

field limit where the spectrum depends primarily BsiDo,
AD/D, and AE/E, the accuracies of the values DB§, E,
AD, andAE are limited, and the values determined foy
andEg probably represent lower limits. The sign@fandE
is indeterminate. To obtain more accurate valueBgéand

atg = 4.3 will be diminished and sites with small values of

D, which are more readily split, are more pronounced in the
spectrum. The observed splitting, which is found to be
dependent upo® and 4, can be used to approximate the

value of D. The splitting of theg = 4.3 line will also be

Eo, as well as their sign, other experiments (higher frequency dependent upon the anisotropy of the tgumatrix and the

and/or lower temperature) would be needed.

{Fe(cat)}. From a first look the spectrum d¢f~e(cat)},
which is dominated by a peak gt= 4.3, we might assign
the spectrum to a rhombic system with= 1/3 (Figure 1).
However, close inspection and simulation show this initial

quartic splittingsa and F.5* In our simulations, we have
assumed that the anisotropy in the tgumatrix, as well as
the values ofa andF, are zero. Although these terms are
small, the inability to determine them independently limits
the accuracy of the values & and E obtained from the

analysis is not the case (Figure 3). Not only are there wings simulations.

on theg = 4.3 signal extending out 500 G or so, but there
are a low field peak ag = 8.1 and a sharp shouldergt=
5.5. Even though the two anisotropic doublets Ao+ 1/3
are expected to give rise to a very weak featurg &t 9.6,
we find something different. Instead, the featureg at 8.1
and 5.5 are those that are expected whésin the ranges

In our initial report on EPR spectra of mussel adhesive
plaques, protein, and models, we found this splitting of the
g = 4.3 signal for bis complexé8.We used this splitting to
help distinguish bis coordination from mono and tris, in
which no splitting was observed. These simulations show
that, indeed, splitting aj = 4.3 appears to be characteristic

of 0.10-0.15. As such, on second sight, one may consider for iron bound by two catecholates. Consequently, this

this spectrum as being due to two species, one jvith1/3
and another witid around 0.12. Simulations of the spectrum

spectral feature may prove to be useful for future studies in
which EPR spectroscopy is used to identify the coordination

show something different (Figure 3). Rather, a single speciesenvironment of iron in biological samples.

with a median value of = 0.25 and a very large strain in
D (AD/Dg = 0.77; AE/Ey = 0.17) will reproduce the spec-

[Fe(cat)]®~. The spectrum of [Fe(calf~ consists of a
peak alg = 4.3 and a peak @ = 9.6 (Figure 1). Both peaks

trum. Also noticeable under closer inspection is the 25 G can be assigned to sites witi= 1/3. However, to reproduce

g-factor
ey T T LB T T
12 8 6 4 2
1
x5 /)l
= e Simulated
n
X5
~ :wﬂ_#,/% experimental
_____ - | — — e
|
240 640 1040 1440 1840 2240 2640 3040 3440 3840

magnetic field (Gauss)

Figure 3. Simulated and experimental spectra{ 6&(cat)}. Inset shows
g = 4 region at higher resolution.

the wings about thg = 4.3 feature and the wing extending
from the g = 9.6 feature to higher fields, considerable
D-strain must be includedAD/Dy = 0.42; AE/E; = 0.32,
Figure 4). The median value df = 0.30 is close to 1/3.
Similar spectra have been observed for iron in borate glasses,
and such spectra have been interpreted in term®-of
strain#é55 While theg = 4.3 feature shows distinct asym-
metric line shape, there is no splitting as is seen in the 1:2
complex. This occurs for two reasons. First, the median value
of A is much closer to 1/3, and as such, there are more sites
having conditions necessary for an isotropic or nearly
isotropic g matrix, that is{ = 1/3 andD in the low-field

(54) Golding, R. M.; Kestigian, M.; Tennant, C. \W..Phys. C: Solid State
Phys.1978 11, 5041-5049.

(55) Berger, R.; Kliava, J.; Yahiaoui, E.-M.; Bissey, J.-C.; Zinsou, P. K;
Beziade, PJ. Non-Cryst. Solid4995 180, 151-163.
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Figure 4. Simulated and experimental spectra of [Fe@&t) Inset shows
g = 4 region at higher resolution.

limit. Second, the distribution i and E is not as well

correlated as that for the 2:1 complex, which decreases reso-

lution. The values oDy = 0.32 cmt* andA = 0.31 are fairly

typical for tris chelation to oxygen or nitrogen bidentate

ligands to irork:57

Reviewing the simulation parameters in Table 1, the most

visible trend is that of the increase in the median valug of

as the number of coordinated catecholates increases. The
[Fe(cat}]®>~ complex is expected to have a trigonally distorted

octahedral geometry for which the median valué ef 0.31

is quite reasonable. Unlike the tris coordinated complex, the
mono and bis complexes require the coordination of water

Weisser et al.

Anaerobic
g=8094
R PP
10x 7 {Fe(tion)}
1x ,9=4217 {Fe(tiron)}

[Fe(tiron)s] &

/\ =4238
1x /g

500 1000 1500 2000 2500 3000 3500 4000
magnetic field (Gauss)

b)

10x .
{Fe(tiron)}

1x {Fe(tiron)}

1x [Fe(ti on)q] 9

1300 13.50 14;00 125_0 15.00 15:50 16.00 16.50 1700
magnetic field (Gauss)

Figure 5. EPR spectra of anaerobic iron(Hjironate complexes of Ja
the full spectral region and {tan expansion of thg ~ 4.2 signal only.

or buffer molecules to complete the coordination sphere. As The vertical scales of each spectrum are adjusted as labeled to allow
such, there should be a definite axial component to the ligandcomparisons.

field around the iron atom, particularly for the mono complex
where a strong axial component is expected along the bisecto

through the two oxygeniron bonds of the metalligand
complex. While the accuracy of the absolute value®ef
andEy is limited, it is seen that the value & is roughly

yhombic charactet! Figure 5b displays an expanded view

of this spectral region, yet does not show signs of splitting
in {Fe(tiron}} like that seen i Fe(cat}}. A spectrum of
this same sample obtained at a temperature of 77 K (data

the same for all three catecholate complexes and the valud'©t Shown), rather than the 15 K used for all spectra shown

of Dp is found to decrease with increasing coordination

here, exhibited clear splitting similar to that seen {&te-

number. This is consistent with the picture of the bis and (Cat}-

especially the mono complex having a strong axial ligand

[Fe(tiron)s]®. The EPR spectrum of [Fe(tirof)y, like

field component as a result of the catecholate ligand(s) notthat of [Fe(cag]*", was dominated by g = 4.24 hs-Fé&"

forming a complete coordination sphere.

Spectra of Anaerobic{Fe(tiron),} (n = 1—3) Tironate
Complexes. {Fe(tiron)}. The mono-tironate complex,
{Fe(tiron}, displayed a spectrum quite similar to that of
{Fe(cat}, as shown in Figure 5a. The well-defined hs-Fe
features are seen gt= 8.10, 5.44, and 4.26, as well as the
broad feature aroungl= 3. Unlike the analogoug-e(cat},

feature (Figure 5a). Unlike [Fe(calj~, the [Fe(tiron)]®~
spectrum was more symmetrical than either the mono or bis
compounds. Similar to the spectrum of [Fe(glat) we found
no evidence of splitting in the center of the signal and
observed a flat baseline.

Spectra of Anaerobic {Fe(pep)} (h = 1-3) Peptide
Complexes.After studying the EPR spectra of catecholate

no extra features were apparent in later regions of the @nd tironate complexes, we move to iron complexes of a

spectrum of Fe(tiron}.

{Fe(tiron),}. The iron(lll) bis-tironate{ Fe(tiron}} (Fig-
ure 5a), appeared similar {&-e(cat)} (Figure 1a). Again, a
very weak hs-F& feature is seen near~ 8.1, as well as
the strong resonance centeredyat 4.22 (Figure 5b). The
bis complex showed more spectral intensitygat 4.22

compared to the mono species, indicating an increase i

(56) Biaso, F.; Duboc, C.; Barbara, B.; Serratrice, G.; Thomas, F.;

Charapoff, D.; Beguin, CEur. J. Inorg Chem 2005 467-478.
(57) Collison, D.; Powell, A. Klnorg. Chem.199Q 29, 4735.
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DOPA-containing peptide. The peptide examined here is of
sequence Ac-Ala-DOPA-Thr-Pro-CONKAdopaTP), cho-

sen to represent the amino acid composition of Mefp-3, a
protein employed by marine mussels in adhesive synthe-
sis#%861 This peptide was synthesized by our methods pub-

n(58) Warner, S. C.; Waite, J. HMarine Biol. 1999 134, 729-734.

(59) Vreeland, V.; Waite, J. H.; Epstein, . Phycol.1998 34, 1-8.

(60) Papov, V. V.; Diamond, T. V.; Biemann, K.; Waite, J. 8. Biol.
Chem.1995 270, 20183-20192.

(61) Rzepecki, L. M.; Chin, S.-S.; Waite, J. H.; Lavin, M.Mol. Marine
Biol. Biotech.1991, 1, 78—88.
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Anaerobic {Fe(pep}}. As shown in Figure 6a, iron(lll) bis-peptide,
NG {Fe(pep)}, exhibited a spectrum similar to those of the
o |98 a-aze {Fe(pep)} {Fe(cat)} and{Fe(tiron}} complexes, with a typical rhom-
971985 bic hs-Fé" signal, centered af = 4.22, with a wing
stretching down to a broad pegk~ 8. Theg = 4.22 signal
1x J\/;”zs Felpep)) was found to be both more intense and narrower than in

{Fe(pep). This signal is unsymmetrical and comparable to
those of the catecholate and tironate bis complexes. Also
g=4225 [Fe(pep)l®] similar to the{ Fe(cat)} and{Fe(tiron}} spectra{ Fe(pep)}
displayed splitting of theg = 4.22 signal, shown more
conspicuously in the expansion provided in Figure 6b. A

500 1000 1500 _26019_ aisz_joo 3000 3500 4000 weak signal agy ~ 1.98 was also observed.
magnetic field (Gauss) [Fe(pep)]®~. The tris-peptide model complex, [Fe(pgp),
b) exhibited a spectrum similar to those of the [Fe(gat)and

8x [Fe(tironk]®~ complexes with a typical rhombic hs-Fe
T . (Feben} signal, centered a = 4.23, with a wing down tag ~ 9
(Figure 6a). When compared to tlge= 4.22 signal of

1x {Fe(pep),} {Fe(pepy}, this tris signal revealed no splitting. The intensity
at g = 4.23 was greater than for either the mono- or bis-
peptide complexes, a situation similar to that found for the
1x [Fe(pep),)* catecholate compounds.

Simulations of Anaerobic{Fe(pep)} (n = 1—3) Peptide
Spectra.{Fe(pep}. The spectrum of the 1:1 complex for
iron peptide (Figure 6) is quite different than that of the 1:1
o 6 EPR . bic ron(lil AdonaTP | . complex of iron and catecholate (Figure 1). While the
e e faepaTh Somnereap! @ features ag = 8.1, 5.5, and 4.3 are il seen, they are much
The vertical scales of each spectrum are adjusted as labeled to allowmore diffuse. The most significant difference is a sharp
comparisons. feature atg = 2 that has long tails on each side. Spectra

) ] . ) ) with features both a = 4.3 andg = 2 have been observed
lished previously: Note that the N-terminus of the peptide o jron in glassy states where tBestrain and average value

was acetylated and the C-terminal acid was changed t0 anyt b are such that there are sites that are near the low-field
amide. These modifications were made to prevent metal iy a5 ell as those near the high-field linftin the high-

binding from the termini and to focus chemistry on the amino field limit, the spectrum will now be centered around the
acid side chains. Since it is known that DOPA is necessary ;o g value, that is,g = 2. Figure 7 shows several

for cross-linking and adhesion to occur in mussel adhe- o\ 2tions forl = 0.15 for various values obo. When

sives?61.62such models should give us a better indication of D/h is greater than the microwave frequency (9.0 GHz or
potential iron-binding modes in mussel adhesives. Theseo 3 cnm), a spectrum with features gt= 8.1, 5.5 énd 4.3

spectra can be compared to those taken of the MaMN€iat is similar to that for the 1:1 complex of iron and
biomaterial*®

E A Fi " e F catecholate is observed. If the value gfi®decreased below
{ e(pep%._ Zpectrur’r; N t'lron(bl )dmffono—peptl_ & Fe- . the microwave frequency, the featureggat 8.1, 5.5, and
(pep}, contained severa noticeable dIlerences in comparn- 4 5 o come weaker and more diffuse and a broad feature(s)
son to the catecholate and tironate model analogues, as show

in Figure 6a. The pair of features gt= 8.10 and 5.45 in Qroundg = 2 appears. A® is further decreased, the center

; of the broad feature(s) @ = 2 sharpens. This feature is
the catecholate complex were replaced with broaderfeaturesdue to them, = —1/2 to 1/2 transition: the other four fine
atg = 7.90 andg ~ 5.4. Also seen is a rhombic hs¥Fe ’

. structure transitions will also contribute in the limit tHat
signal centered afj = 4.23, a value comparable to other

Fe-DOPA complexe§564A small degree of spliting was ~ Jo o to zero. While the simulation wiDo = 0.15 (Fig-
observable in this somewhat asymmetrical resonance Aure 7d) gives a reasonable fit to the experimental spectrum,

T " the g = 4.3 feature is much broader than that seen in the
major distinction between th{g~e(pep) spectrum and those

. . experimental spectrum. The fit could be improved if a
of { Fe(cat} and{Fe(tiron} was the occurrence of an intense, oo o o
highly unsymmetrical signal centeredgt= 1.985. Such a contribution from a second distribution withy = 0.44 and

signal may arise from either hs-Felow-spin F&*, or iron— 4 =0.24 was added in a 5:1 ratio. Because the distribution
iron coupling?52.65-67 patterns significantly overlap each other, it is difficult to
' ascertain if the second distribution arises from a chemically

1300 11;50 14.00 1;59 15:_00 1;50 16.00 1(;50 1700
magnetic field (Gauss)

(62) Waite, J. Hint. J. Biol. Macromol.199Q 12, 139-143. distinct species or if our choice of distribution function does

(63) Smith, J. J.; Thomson, A. J.; Proudfoot, A. E. I.; Wells, T. NEQr. not accurately describe the actual distributionDofind E

(64) #a'?/:gf’hgmvﬁ?_ztﬁi‘fIﬁ?g?ﬁf'wwe’ 3. Hoorg, Chem 1994 33, for the 1:1 complex. The simulation reproduces the features
5819-5824. in the experimental spectrum quite well, except that simula-
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Figure 7. Simulated and experimental spectra of Fe(pep)djeSimulated
spectra with differing values dbo but keepingEq/Do (A = 0.15), AD/D,

and AE/E constant; parameters as listed in Table 1.0a)= 0.63 cnTt.

(b) Do=0.32 cntL. (c) Do = 0.24 cnr. (d) Do = 0.16 cn7L. () Same as
(d) except with an addition of a second minor species (4:1 ratio) Bth

= 0.44 cnt! } = 0.24; other parameters as in Table 1. (f) Experimental.
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Figure 8. Simulated and experimental spectra of Fe(pelmset shows

g = 4 region at higher resolution.

tion predicts a weak feature gt= 1.75 on the high-field
tail of theg = 2 feature, which is not seen in the experimental

spectrum.

Aside from the much smaller values Bf andE,, the 1:1

Weisser et al.
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Figure 9. Simulated and experimental spectra of Fe(pejmset shows
g = 4 region at higher resolution.

similar to that of the 1:2 iron catecholate complex, there are
a couple of differences. First, tlge= 8.3 and 5.6 features
are more diffuse, and second is the appearance of a weak
but distinct feature agg = 2. Simulation showed that the
experimental spectrum could be well accounted for with a
double distribution. The major component hag and 1
values that are similar to those for the 1:2 catecholate com-
plex. The minor second component has and A values
similar to the major component in the 1:1 peptide complex.
As the distributions for the two components overlap, it may
be that the correct distribution &f andE for the 1:2 complex
is so large that it includes sites wheeis close to zero.
However, because the values b§ and A for the second
component are similar to those for the primary component
for the 1:1 complex, it is more likely that there is some 1:1
complex present in the putatively 1:2 complex and vice versa.
Each of the compounds discussed in this paper were gener-
ated from base addition to solutions of metal and ligand. As
discussed previously, each compound was considered fully
formed when UV~vis absorption changes maximized during
a titration3°4° However, we cannot rule out the possibility
of incomplete formation for any given complex.

[Fe(pep)]®. The spectrum of the 1:3 peptide complex,
which is shown in Figure 9, is very similar to that of the 1:3
catecholate complex. The values bBfand E are, within
experimental error, the same for both systems. The only
significant difference between the two is that the residual
line width for the catecholate complex is greater than that
for the peptide complex.

Spectra of Aerobic {Fe(cat)} (n = 1—3) Catecholate

peptide spectrum differs in that a much smaller correlation Complexes.Thus far we have examined only samples pre-

coefficient betwee andE is needed. Not only is it smaller

pared anaerobically. Marine mussels often synthesize their

than those of any of the three catecholate complexes but als@lues in the turbulent and aerated waters of the intertidal

it is opposite in sign. This suggests that the origin of the zone. We wish to compare spectra of these iron complexes
strain in the 1:1 peptide complex is more complicated than in the presence and absence of oxygen. The compounds
for the catecholate complexes and may arise from multiple described below were prepared in air. The descriptions below

sources. The ratio dDy andE, of 0.15 is similar to that for

focus on differences in the anaerobic versus aerobic com-

the 1:1 catecholate complex implying that the 1:1 peptide plexes.

complex is indeed a 1:1 complex.

{Fe(cat}. For the aerobic mono-catecholate sample,

{Fe(pep}}. The spectrum of the 1:2 iron peptide complex, {Fe(cat}, we found a spectrum similar to that seen under

which is shown in Figure 8, is dominated byga 4.3 feature

anaerobic conditions with hs-Fepeaks ag = 8.05, 5.50,

which shows a 25 G splitting. While the spectrum is very and 4.24. The intensity of this highly strained rhombicx
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Aerobic

g= 8.054
a) | 9=54 g=2.068

g= 4.244
20x / | {Fe(cat))

&(‘J\ﬁ“& {Fe(cat),}
,9z4218 [Fe{cat)g®

5.00 1500 1500_ 2(.)0_0 2;)00 3500 3500 4(!)00
magnetic field (Gauss)

b)

20x {Fe(cat)}
ax {Fe(cat)}
1x [Fe(cat)g]®
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Figure 10. EPR spectra of aerobic iron(IHcatecholate complexes of

(a) the full spectral region and Jlan expansion of thg ~ 4.2 signal only.

The vertical scales of each spectrum are adjusted as labeled to allow
comparisons.

0.12) hs-F&" spectrum was weaker than that occurring under
anaerobic conditions, and a new featurggat 2.068 was
seen (Figure 10a).

{Fe(cat)}. Aerobically preparedFe(cat)} samples showed
spectra that were similar to those prepared anaerobically.
While the feature afj ~ 8.1 was observed, that at~g 5.5
was not (Figure 10a). Thg ~ 8 feature in this spectrum
was less intense than that seen in the complimentary anaero
bic sample of Fe(cat)}, while theg = 4.24 signal intensity
was significantly greater, suggesting some small change in
the magnitude of th®- andE-strain. No evidence was seen
for a signal in theg ~ 2.0 region.

[Fe(cat)]® . The EPR spectrum of [Fe(cg, which is
very similar to that of the anaerobic counterpart (Figure 10a),
was dominated by @ = 4.22, which is better shown in
Figure 10b, indicating that like the anaerobic systerns
close to 1/3.

Spectra of Aerobic {Fe(tiron),} (n = 1-3) Tironate
Complexes. Spectra taken of aerobically prepar¢&e-
(tiron)}, { Fe(tiron}}, and [Fe(tirond]®~ (Figure 11) were all

Aerobic
a)

g=28.054
= g=4258

10x {Fe(tiron)}

g=4209
1x /

g=4233
w’_//%

500 1000 1500 2000 2500 3000 3500 4000
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W
—o
N

{Fe(tiron),}

[Fe(i ron),]*

b)

10x {Fe(tion)}
1x {Fe(tiron),}
1x [Fe(tiron)g]®
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Figure 11. EPR spectra of aerobic iron(IHtironate complexes of fa

the full spectral region and {tan expansion of thg ~ 4.2 signal only.

The vertical scales of each spectrum are adjusted as labeled to allow
comparisons.

{Fe(pep) (Figure 12) appeared quite different than that of
anaerobic{Fe(pep) (Figure 6). This aerobic spectrum
showed hs-F& signals aty = 7.62 and 4.35. Thg = 4.3
resonance was significantly broader than the anaerobic
counterpart (Figure 6b) with thg = 5.4 feature being no
longer resolved. These results suggest that there are small
but significant differences in the distribution & and E
values between the anaerobic and aerobic samples. A major
change occurred in thg ~ 2.0 region of the spectrum for
this sample. Whereas in anaerolplee(pep) we observed
one highly unsymmetrical signal, which results from h§*Fe
sites with values ob smaller than the microwave frequency,
here with aerobid Fe(pep) we found the region split into
two distinct features. The first of these signals occurred at
g = 2.08 and the second was @t= 1.96. Theg = 1.96
arises from hs-Fe sites with small values db, while the
origin of theg ~ 2 signal is not clear. Possibilities include
low-spin F&* or iron—iron coupling?:52:6567

{Fe(pep}}. The EPR spectrum of aerobically prepared
{Fe(pepy} exhibited characteristics much like those of the
anaerobic sample. The spectrum in Figure 12a is dominated

similar to those seen under anaerobically prepared conditionspy a signal aty = 4.24 with a wing stretching down to a

(Figure 5). For the aerobid-e(tiron} spectrum, a very weak
signal atg ~ 2.0 is seen. Unlike the anaerobically prepared
bis sample, aerobid Fe(tiron}} showed a well-defined
splitting of theg ~ 4.22 feature, seen in Figure 11b.
Spectra of Aerobic Mono, Bis and Tris Fe-Peptide
Complexes{Fe(pep}. The EPR spectrum of aerobic, mono

broad peak around ~ 8. Splitting was again apparent in
the g = 4.24 peak (Figure 12b). Weak signal(s) were also
observed betweeg ~ 2.2 and 1.9. Thgy = 1.9 signal is
similar to those seen in the anaerobically prepdfes{pep;}

and probably also arises from sites which have very small
values ofD andE.
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Figure 12. EPR spectra of aerobic iron(Il)AdopaTP complexes of Ja

the full spectral region, (ban expansion of thg ~ 4.2 signal only, and {c

an expansion of the organic radical region in [Fe(g¥p) The vertical
scales of each spectrum are adjusted as labeled to allow comparisons.

3100 3400

[Fe(pep)k]®. The spectrum for the aerobic [Fe(pgp)
complex, shown in Figure 12a, appeared quite similar to the
anaerobic counterpart. Thgg = 4.22 signal was slightly
sharper and more intense then the same signal in the anaer
bic spectrum. Another difference was the appearance of
small, sharp signal a = 2.000, which is expanded in Fig-
ure 12c. This signal was not present in the anaerobic
counterpart. The narrow width and location of this signal
are both characteristic of organic radic&s’* Furthermore,
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growth of thisg = 2.000 signal in air coincides with a loss
of hs-Fé' intensity relative to this same sample when
anaerobic. Control solutions of the peptide in base, but with-
out any iron, did not display the clear presence of a radical
species.

Discussion

Examination of EPR spectra for the anaerobic—Fe
catecholate model complexes showed sufficient differences
to distinguish among the mono, bis, and tris binding modes.
The g ~ 4.3 hs-Fé" signal became progressively more
intense during the progression from mono to bis to tris
compounds. For example, the three catecholates of [F¢tcat)
yielded the most intensg~ 4.3 resonance, whereas for the
mono specieg Fe(cat}, the smallest signal was observed
in this region. In general, simulations showed that differences
in these spectra could be attributed to differences in the
rhombic character of the zero-field tensdd)( with the
rhombic characteri(= E/D) increasing in the series mono
< bis < tris. Simulations also showed that the spectra for
the Fe-catecholate and Feironate samples could be
explained in terms of a single hsFespecies having a broad
distribution of D andE values. These spectra are typical of
hs-Fé* in which the magnitude of the zero-field tensor is
greater than that of the microwave frequeney. (

EPR spectra of the peptide complexes were generally
similar to both the analogous catecholate and tironate samples
with regard to hs-F& signals. The same splitting patterns
and general arrangement of signals were observed in all bis
and tris samples, indicating a similarity in the rhombic
character /D), as well the magnitude of strain D andE,
among the catecholate, tironate, and peptide samples for these
two coordination environment3he intensity and shape of
features il Fe(pep), however, were less well defined than
those of{Fe(cat} and{Fe(tiron}.

The most significant difference between the catecholate
and peptide spectra is the appearance of a 1:1 complex for
which a large portion of the distribution contains a significant
number of sites outside of the low field-limit, that is, the
appearance of g = 1.9 peak resulting from sites having

Q_ow values ofD andE. In the 1:1 complexes, the coordination

sphere is most likely completed by bound solvent (water or
hydroxide). In the case of the peptide complex, weak
coordination to other groups on the peptide could also occur
and this binding may give rise to the atypical value®Dgf
andEo. To bring about these low values Bf and Ey, the
symmetry around the iron would have to be closer to
octahedral or the strength of the ligand field reduced. The
bis and tris catecholate and peptide species were much more
similar. Also, unlike the Fecatecholate or Fetironate
complexes, simulation of the mono and the bis peptide
spectra required the use of two separate distributior3 of
andE values, suggesting the presence of two distinct species.
Of the EPR spectra observed for the catecholate, tironate,
and peptide complexes prepared under an inert atmosphere,

(73) Pierpont, C. G.; Buchanan, R. i@oord. Chem. Re 1981, 38, 45—
87.
(74) Stubbe, J.; van der Donk, W. &hem. Re. 1998 98, 705-762.
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the tris species showed the greatest rhombic character relativassignment given that oxygen is required to form this radical.
to the mono and bis analogues. Splitting of the anaerobic Perhaps a multistep process is at hand in which &i-Fe
and aerobic hs-FP¢ signals of the bis-coordinated samples catecholate species can first undergo valence tautomerism
may prove to be a characteristic spectral feature useful forto yield an Fé"—semiquinone. Subsequent reaction of this
identification of this coordination environment in biological oxidized ligand with @ may then generate an oxygenated
samples. Consequently, these model spectra show that disand radical-bearing ligand. However, we do not observe any
tinct features can be found among the coordination modessignificant radical in anaerobic [Fe(pg}ls), thus disfavoring
examined. In the case of adhesive plaques isolated from livethe initial valence tautomerism. A similar valance tautom-
mussels, we found a relatively simple spectrum predominatederism process was proposed to take place for intradiol cat-
by ag ~ 4.2 signal* We can now say with more confidence echol dioxygenase'$:?® A possible mechanism of action for
that the plaque spectrum is that of a tris [Fe(DOH) this enzyme involves catechol binding to arfFeenter fol-
complex. Furthermore, [Fe(pep) appears to be the pre- lowed by valence tautomerism to ar?Fe semiquinoné®28
dominant observable Fe species contained in mussel Reaction with oxygen then yields a ligand-based peroxy
adhesive plaques. radical®>?8 Prior to oxygen exposure, model complexes of

When comparing either iron(IH)catecholate or iron(l1H this enzyme active site displayed no radical species by EPR
tironate samples generated anaerobically versus in air, bothspectroscopy?-?® More work must be performed in order to
preparation methods yielded complexes with similar EPR identify the origin and identity of such radical species in
spectral characteristics. By contrast, the-peptide com- enzymes and biological materials.
plexes brought to light some interesting differences when .
comparing the samples prepared in air versus under an inerCOnclusions
atmosphere with regard to formation of organic radicals. A The EPR spectra of iron bound by catecholate, tironate,
radical was observed for the [Fe(pgp) complex prepared  and the AdopaTP peptide in mono, bis, and tris coordination
in air but not the analogous [Fe(cdf. These results are  environments have been presented. These spectra may
consistent with an earlier report in which no radical was provide useful data for identification of bonding motifs in
observed in the analogous tris catecholate complex [Fe-biological systems. Such models of potential metaotein
(cat)]®.** Neither{ Fe(pep) nor{Fe(pep)} formed a radical interactions allow comparisons with data collected from
when prepared aerobically. The radical signal in the tris marine mussels. Prior studies showed that adhesive plaques
peptide complex was weak. This lack of intensity may indi- and an iron cross-linked protein solid both contained an
cate that formation of the radical species is low or that sub- organic radical. Data presented here indicate that Fe(DQPA)
sequent reactivity such as radieahdical coupling may have  moieties and oxygen are required to generate such radical
decreased the observable resonance. In contrast to anaerobigpecies. Protein-based radicals may provide a route to
samples, these results indicate that aerobic-Hwatecholate  radical-radical coupling for the generation of organic cross-
complexes do not provide suitable models for DOPA- links or protein-surface binding for the creation of surface
containing biological models. If [Fe(calj~ was taken to bonding.
be a good model for [Fe(DOP4¥, the oxygen reactivity
might have been missed.

Interestingly, a radical was also observed in iron- an
DOPA-rich whole adhesive plagues taken from live mussels
atg = 1.99713 Thus, an [Fe(DOPAJ)*~ species and oxygen
appear to be required for radical generation in this biological
material. At this time, the identity of these radicals is un-
known. Although valence tautomerism processes can directly
generate ligand-based radic#l$? we disfavor such an  1C060685P
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