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Reactive oxygen species play a central role in catalysis by many
Fe oxygenases. Several oxygen intermediates have been extensively \
characterized for heme and non-heme enzymékpwever, no @ ______
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intermediates were directly observed for th&etoglutarate¢KG)- S
dependent dioxygenas&Escherichia coliTauD is a typicablKG- Y
dependent hydroxylase that transforms taurine (2-aminoethane- -~ \\"\ 250 M'em”!
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sulfonate) to aminoacetaldehyde and sulfite while decomposing ——— ;
aKG to succinate and C{¥ Spectroscopic and structural studies 3%0 400 |45°m /500 0% 80 o
have shown thatKG coordinates to the iron by the C-1 carboxylate wavelengi fnm

i , . . . :
and C-2 carponyl groupfs. Taurine does not bind directly to iron Fe(ll)TauD with @ at—38°C. (A) Transient difference absorption spectra
upon formation of a taurineKG-Fe(ll)TauD complex, but creates 5o shown versus that obtained at 4.8 s. An empirical baseline at74%5

an open metal coordination site for oxygen which reacts readily nm was used for all data, and spectra were smoothed. (B) Temporal profile
with this compleX Proposed intermediates in the, @action at 318 nm averaged over the 31323-nm window. The optical path length
include Fe(lll)-superoxo or Fe(IV)-peroxo species, an Fe(lV) was 0.025 cm. The delay from the reaction start was a_c_hleved by varying

) . . flow rates at a fixed dead volume o2 uL. Sample composition: Anaerobic

peroxyh_emlketal bicyclic complex, and Fe(IV)-oxo. Stopped-ﬂqw solution containing 0.55 mM TauD (purified as the apoprotein), 0.5 mM
UV —visible and freeze-quench sbauer and EPR spectroscopies  ferrous ammonium sulfate, 1.2 mM taurine, 1.2 nG, and 0.1 mM
reveal an Fe(lV) intermediate exhibiting an absorption maximum ascorbate in 25 mM Tris, pH 8.0, 50% v/v ethylene glycol mixed with an
near 318 nnf.The identity of the intermediate remains unknown, equal volume of @saturated buffer of the same composition. Arrows

but this species is responsible for abstracting a hydrogen atom fromIlndlcate temporal and spectral positions probed by rR.

taurine? Here, we combine oxygen isotope difference resonance 189 p-t cm~1).6 The observed molar absorptivity of this band is
Raman (rR) spectroscopy with cryogenic continuous flow to provide in reasonable agreement with earlier repbfts.
evidence that the hydrogen atom abstraction in TauD is accom- At longer delay times, the-525-nm band disappears, leaving
plished by an Fe(IViFO species. the spectrum dominated by a UV absorption below 400 nm. Figure
The method of continuous flow, whereby two reactants are 1B shows that temporal changes at 318 nm follow an exponential
continuously mixed and passed through the excitation laser beam,gecay with a molar extinction change of 1 mMem-L. The decay
is an inclusive approach to achieve time-resolution in biological rate is in good agreement with an extrapolation of reaction rates
rR experiments. The Fe(lV) species of TauD was reported to be gpserved at #C and 25°C (not shown). The amplitude of the
maximized at~20 ms in the presence of,Cat 5 °C® In a absorption change is in good agreement with the value of 0.7 mM
continuous-flow system with 2L dead volume, a 20-ms delay  cm2 estimated from the recently published transient spédteken
would be achieved at a flow rate of 6 mL/min. Given the extended together, these observations show that the pathway for reaction of
periods of spectral accumulation of rR scattering required for weak TauD with G, is not significantly affected by either temperature or
chromophoresegis 1.5 mM™ cm™),2 such a flow rate would  ethylene glycol. Consequently, the phase of the reaction observed

Figure 1. UV—vis absorption changes in the reaction of taulih&s-

require prohibitive amounts of protein sample. at~150 ms for the sample at38 °C corresponds to that probed
To reduce the sample consumption to a manageable level, werecently by M@sbauer spectroscopy @20 ms at 5°C8

developed a modified version of our original miXethat allowed Figure 2 shows the transient rR spectrum of tauciiez-

us to achieve fast and complete mixing of liquid reactants entirely Fe(ll)TauD in its reaction with @at the delay time and excitation

at cryogenic temperaturésBy addition of 50% ethylene glycol indicated in Figure 1. The spectrum is shown as a difference of
to the reaction medium, we were able to carry out continuous- the data obtained wittfO, versus that obtained witFO,, where
flow rR and UV—vis absorption measurements-aB8 °C while all the vibrations not involving oxygen bound to a chromophore
maintaining fluidity and optical transparency of the sample. are canceled. An absolute rR spectruntf isotope used in the

We recorded transient absorption spectra during the anticipatedsubtraction is shown for comparison, reduced by a factor of 1000.
decay of the Fe(IV) specié$as shown in Figure 1A. The spectrum  The most prominent vibration can be seen at 821 dor 160 and
at the shortest delay time exhibited a weak visible absorption 787 cnt? for 180. A second vibration was observed at 583/555
centered at 520530 nm and previously assigned to the charge- cm for 160 and®O, respectively.

transfer transition of the Fe(Ij-keto acid bidentate complexsgo The presence of intense vibrations of ethylene glycol at 865 and
1089 cmt made it difficult to achieve reliable subtraction in these
' Department of Biochemistry and Molecular Biology. regions. Nevertheless, using several independent preparations of
; Department of Chemistry. the enzyme, we found that it was impossible to achieve complete

§ Department of Microbiology and Molecular Genetics. . . .
#Current address: Idexx Laboratories, One Idexx Drive, Westbrook, ME 04092. cancellation of both bands simultaneously. The spectrum in Figure
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- occur but has never been observed nor is likely to be stable enough
3 to achieve a detectable population. Lack of evidence for additional
electron donors and an apparent absence of Fe(lll) during tufhover
do not support external reduction. OxidationadkG by a ferric
superoxo complex is an intriguing possibility that would lead to a

"°0-"%0)x1000

¥ w3 i formation of a peroxyhemiketal bicyclic compléxt should be
[ noted, however, that the superoxg)( all end-on (I, Il ), and
o_ | ———— T some side-onlY{/ ) peroxy species are expected to exhibit an intense
200 400 600 800 1000 1200 (¢ = 1000 M1) absorption in the near UV and/or visible
Raman shift / cm”" region!>~17which was not detected. While the six-coordinated side-
Figure 2. Cryogeniclé0,/180, isotope difference spectrum of taurinG- on peroxy speciesd\{ ), which is characterized by absorption below

Fe(ll)TauD during its reaction with ©The spectra were acquired at 0.22 300 nm, is a rare exceptidi,the frequency of itsvre-0 Mmode
s delay time,—38 °C; excitation, 363.7 nm at 70 mW, path length 0.75  gppears to be too low to be responsible for the observed 583/555

mm; scattered light was collected at°9feometry; spectral slit width 17 = - . .
cm1, resolution 2.1 cmY/pixel at 800 cm; calibration using acetone and cm* mode. Ongoing studies seek to discriminate between these

acetonitrile; accumulatior h per isotope in 35 min increments in alternating ~ POssibilities.
order; fluorescence background was corrected using a polynomial function.
Asterisks indicate positions of solvent bands. Sample composition was the ~ Acknowledgment. Supported by the NIH (GM063584 to

same as in Figure 1. R.P.H.; GM025480 to the late Gerald T. Babcock) and the Michigan
Scheme 1. Structures and Characteristic Vibrations (*60/10 State University Agricultural Experiment Station.
Shifts) of Potential Oxygen Species
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FoV(26-40)  pon(22-24) o (13-24) Fe" (13-20) Fe" (~29) (2) Kitagawa, T.; Mizutani, Y Coord. Chem. Re 1994 94, 685-735.
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2 represents the subtraction factor that provides the most neutral (4) prescott, A. G.; Lioyd, M. DNat. Prod. Rep200Q 17, 367—383.
balance between the two regions. The frequencies of the residual (s) Eichhorn, E.; van der Ploeg, J. R.; Kertesz, M. A.; Leisinger]. Biol.
bands, most clearly the positive band at 859-&nappear to be Chem.1997, 272, 23031-23036.
shifted from those of ethylene glycol. We therefore conclude that  (6) Ryle, M. J.; Padmakumar, R.; Hausinger, R BRochemistry1999 38,
at least one addition&tO/*%0 sensitive mode is likely to be present. 152_78_1528(_5' . _ _ _

Structures and characteristic frequencies of oxygen intermediates " ELTSZﬁJNN: BRg'dlg\;vi'\:" J‘]..iE.(?IITaOLTS’irI‘I.gg.r’, E?S?%oicﬁ,'PDEil’olélr?grcrjfith}yS"
that could give rise to the observed vibrations are shown in Scheme 2002 41, 5185-5192.
1. Vibrations in the 800 cmt region could originate from either (8) Price, J. C.; Barr, E. W.; Tirupati, B.; Bollinger, J. M.; Krebs, C.
theveeo Of 1213101 o o of I, Il , or IV .15-17 These compounds Biochemistry2003 42, 7497-7508.
are, however, distinguished by the magnitude of the downshift upon (9 Price, J. C.; Barr, E.W.; Glass, T. E.; Krebs, C.; Bollinger, J. M., Jr.

1 L ; oo . Am. Chem. So2003 125 13008-13009.
°OF*0 substitution. The downshift of 34 crhseen in Figure 2 is (10) Proshlyakov, D. A.; Pressler, M. A.; Babcock, G.RAroc. Natl. Acad.

a good match to typical values for ferryloxo speciBsc@lculated Sci. U.S.A.1998 95, 8020-8025. The principal modifications of the
by normal coordinate analysis and extensively documented for heme original setup includes a & 1 cn? quartz jacket enclosing the flow cell

. : . and replacement of circulating water cooling with counterflow gas cooling;
proteins and model compoun#i¥iThe O-O vibrations of peroxy temperature was controlled by a LakeShore model 321 temperature
speciesl -1V) typically exhibit a larger shift of~45 cnrt. While controller via a thermocouple located at the solution outlet/gas inlet. The

dead volume is estimated a2 uL based on the geometry of the mixing
chamber 1 uL) and quartz flow cell (0.75«< 0.25 mn#, ~1 ul).

(11) The reduced flow rates at lower temperature greatly conserved the sample;

the frequency of there—o Mode may be affected by the spin state
of the iron, the amplitude of th&0O/80 shift is likely to be less

sensitive as illustrated by speciés-1V .15-17 We therefore assign however, low velocity and the viscosity increase due to the presence of
the 821/787 cm! mode to structuré. ethylene glycol and low temperature caused a rapid drop in Reynold’s
. . . . . number and led to a strictly laminar flow, preventing spontaneous mixing
Since .Fe(IV‘7=O does not exhibit knOW_n wbrapo_ns in the 600 of two reactants. An externally driven rotor in our setup induced complete
cm ! region, the 583/555 cnt band most likely originates from a mixing.

precursor in the reaction sequence. Of particular interest is structure (12) Optical measurements were carried out by using an Ocean Optics SD2000

) . - . e : spectrophotometer equipped with 30@ solarization-resistant fibers and
V. Well-characterized in heme systems, it exhibitg-a.o that is DT1000 light source. Sample point was 0.7 mm in diameter centered at

close to the vibration reported here in both its frequency and the excitation laser beam used for rR measurements; path length was 0.025
amplitude of the®0/180 shift18 Prior studie& did not detect such cm. Approximately (2-4) x 10° 10-ms spectra were averaged.
an intermediate, perhaps due to its low population under corre- (13) Nakamoto, KCoord. Chem. Re 2002 226, 153-165.

i it (14) Rohde, J. U.; In, J. H.; Lim, M. H.; Brennessel, W. W.; Bukowski, M.
sponding conditions compounded by spectral overlap. The second R.. Stubna, A.: Mack. E.. Nam, W.. O, LScience2003 209 1037

mode of structure/ (vo-o) can be expected around 1100 ©m 1039.
with a1%0/*80 shift of ~70 cnm1.151618A weak derivative pattern (15) Girerd, J. J.; Banse, F.; Simaan, ASituct. Bonding (Berlin00Q 97,
is present at 1157/1095 crhin Figure 2, but interference from 145-177.

the solvent band at 1089 cthdoes not allow us to conclusively (16) Roelfes, G.; Vrajmasu, V.; Chen, K.; Ho, R. Y. N.; Rohde, J. U;
Zondervan, C.; la Crois, R. M.; Schudde, E. P.; Lutz, M.; Spek, A. L,;

identify thi'S vibraFiqn. . Hage, R.; Feringa, B. L.; Mhck, E.; Que, L.Inorg. Chem.2003 42,
A less likely origin of the 583 cm! band is avge-0 Mmode of a 2639-2653.
protonated end-on peroxyll (or Ill') or alkylperoxy species. (17) Neese, F.; Solomon, E.J. Am. Chem. S0d.998 120, 12829-12848.

Reduction of Qto the peroxy level requires an additional electron,  (18) Das, T. K.; Couture, M.; Ouellet, Y.; Guertin, M.; Rousseau, DPiac.
which could come from ironeKG, or an external source. Oxidation Natl. Acad. Sci. U.S.A2001, 98, 479-484.
of Fe would lead to the formation of Fe(IVO—O(H), which may JA039113J
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