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Iron-sulfur clusters demonstrate a variety of redox, structural,
and catalytic roles in proteins and enzymes,1-¢ and so they serve
as useful paradigms for understanding the role of protein side
chains in regulating the physicochemical properties of metal-
loredox prosthetic centers. Extensive studies of model cluster
complexes, native ferredoxins, and high-potential iron proteins
(HiPIPs) have greatly advanced the understanding of cluster
chemistry in proteins.™1* To extend this work to systematic
structure-function studies, we recently reported an efficient
expression system for Chromatium vinosum HiPIP.14 This
affords us the opportunity to apply an array of molecular biology
protocols (site-directed mutagenesis, isotope labeling, and in-
corporation of modified aminoacids) both toexplore the chemistry
of the [Fe,S;] prosthetic site and to examine the effect of
systematic changes in structural and stereoelectronic factors that
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Figure 1, (Top) Schematicillustration of the putative w-complex formed
between the reduced [Fe,S,] cluster and Tyr-19. (Bottom) Representative
19F NMR spectra obtained for reduced and oxidized HiPIP (5 mM in
200 mM NaCl, pH 6.5) after 400 and 750 scans, respectively, with a line
broadening of 10 Hz. T, values are quoted for 25 °C. Resonance
frequencies are relative to 3-fluorotyrosine obtained at pH 10 (7, ~ 6
s): a, 9.44 ppm; b, 3.05 ppm; ¢, 15.4 ppm.

might regulate the physicochemical properties of protein-bound
clusters. Here wedescribe the effect of replacing Tyr-19, a residue
that lies in close proximity to the [Fe,S,] core (Figure 1),13¢ with
3-fluorotyrosine (a structurally conservative replacement).!® This
strategy affords a convenient spectroscopic probe of the dynamics
of ring motion, and electronic coupling between the [ Fe4S4] cluster
and the aromatic ring.

The utility of 'F NMR spectroscopy in studies of biological
molecules has previously been demonstrated.1é17 The 1F NMR
spectrum of reduced HiPIP (Figure 1) shows two peaks (a and
b)ina 1:2ratio (approximately), consistent with the two possible
orientations of the ring face relative to the cluster (Figure 1).
This result suggests restricted rotational motion of the ring around
the Cg—C, bond in the reduced state.!® Recent molecular
dynamics and NOE studies have verified the proximity of the
tyrosine and cluster, with only minor structural deviations from
the crystallographic model.®z Ferricyanide oxidation produced
a single downfield-shifted resonance (c), consistent with crystal-

(15) 3-Fluorotyrosine modified HiPIP was obtained by growing an
Escherichia coli cell line containing the HiPIP expression vector in a minimal
medium supplemented with 100 mg/L of each amino acid (3-fluorotyrosine
replacing Tyr).!* Minor perturbations are noted in optical properties and
high-field tH NMR. In the reduced state the paramagnetically-shifted
resonances moved upfield (<0.5 ppm), but moved downfield (1-5 ppm) for
oxidized protein.
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the polarity of the C-F bond, C**-F%-, may promote a favorable interaction
with the cluster.
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Figure 2. Temperature dependence of !9F resonance frequencies (relative
to 3-fluorotyrosine) and line widths; a (@), b (), c (W). The reference
line width did not vary with temperature over the range employed.

lographic results that show movement of Tyr-19 away from the
cluster in the oxidized state,!3 with increased rotational freedom.
Figure 2 shows the temperature dependences of the resonance
frequencies and line widths (Av,;) for a, b, and ¢,2 while
relaxation times (73,25 °C) are noted in Figure 1. For resonance
¢ in the oxidized sample, the decrease in line width expected for
faster rotation is likely to be offset at higher temperatures by a
more substantial contribution from the paramagnetism of the
cluster. At lower temperatures the line width of ¢ does indeed
decrease with rising temperature (up to 25 °C), but this is not
observed for signals a and b in the reduced state.

The larger Avy/; and shorter T for resonance a, relative to b,
are consistent with one of the H-3 ring protons of Tyr-19 lying

(20) Since 7— interactions with the cluster are likely in the reduced form,
the magnetic contribution could be dipolar or contact in origin. Intheoxidized
state the effect is likely to be dipolar.
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closer to the cluster, as suggested by X-ray studies. However,
these effects cannot be rationalized by a simple dipolar model
since there is a scalar contribution resulting from electronic
coupling of the cluster and tyrosine. For such protein samples,
the relatively small H-F couplings of fluorotyrosine (3/yr ~ 9
Hz) do not contribute greatly to the observed line widths, while
the influence of chemical shift anisotropy (CSA) in the presence
of neighboring protons is also negligible.1’»21 At lower tem-
peratures, both the similarity in line widths (Avy;;) for 1°F
resonances obtained in the oxidized and reduced forms, where
the paramagnetism of the cluster is very different, and the absence
of a correlation between the temperature profiles in Figure 2
suggest that Ay, is dominated by exchange broadening rather
than the paramagnetism of the cluster. Using the resonance line
width of free 3-fluorotyrosine as a reference, upper and lower
limits for the rotational exchange rate (k;) of the tyrosine ring
in the reduced and oxidized proteins, respectively, were estimated
from standard theory:2!-22 reduced, k(25 °C) < 50 s!; oxidized
k(25°C) > 7 X 104571, These data are consistent with previous
estimates of k. for hindered rotation around the C4—C,, bond of
a tyrosine side chain.16b

Electronic coupling of the cluster and tyrosine is also reflected
by the positive change in cluster reduction potential (AAE®’ ~30
£ 10 mV), which correlates with the shift for the Y**/Y couple
(Y = Tyror F-Tyr) (AAE®’ ~ 37 £10mV). Theshift toa more
positive potential is consistent with the stabilizing influence of
the electron-withdrawing fluorine. While this result does not
directly support a major role for tyrosine in defining the absolute
potential of the cluster, it does indicate a substantial electronic
coupling between these centers that may be of functional
significance. Finally, these results confirm the use of fluorinated
aromatic aminoacids as useful probes of the electronic, structural,
and dynamic properties of such residues in redox proteins.

(21) For low molecular weight proteins such as HiPIP (M, ~ 9600), the
contribution to line broadening from CSA is negligible (<3 Hz)!6> and has
been omitted from the estimation of k. noted below in footnote 22.

(22) The exchange rate (k;) is defined by either k; ~ x(Avy2) or k; ~
w(vx—1,)2/(24py),) in the slow and fast exchange limits, respectively; Harris,
R. K. Nuclear Magnetic Resonance Spectroscopy; Longman: London, 1986;
pp 119-131. For the latter, we take »x — »,, the difference frequency for the
two environments in the slow exchange limit, to be equivalent to the value in
the reduced state (~1500 Hz). This appears a reasonable estimation, given
the minor influence of the paramagnetic cluster on fluorine chemical shift
values.



