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Abstract: Escherichia colribonucleotide reductase (RNR) catalyzes the conversion of nucleotides to deoxynucleotides.
An initial step in this process has been postulated to be a coupled proton and electron transfer between the essential
tyrosyl radical {Y122) on the R2 subunit and a cysteine residue (C439) on the R1 subunit, the site of nucleotide
reduction. One of our long-term goals is to generate the cysteinyl radical on R1 in the absence of R2 using a
photoreactive peptide that binds to the R2 binding site of R1. Toward this end, the synthedisloydioxypyridine-

2-thione derivative of tryptophan, designed to generate a tryptophan radical with a quantum of near-UV/visible
light, is described. Laser flash photolysik. = 355 nm) of this derivative gave rise to a transient absorption
spectrum which showed a ground state depletion centered at its absorption maximum near 370 nm and a broad
absorption band at 490 nm. The latter band partially decayed with a lifetime @is to leave an underlying band

at 510 nm with a much longer lifetime. We have assigned the transient at 490 nm to the 2-pyridylthiyl radical and
the transient at 510 nm to the neutral tryptophan radical. The addition of methyl methacrylate, a known thiyl radical
quencher, suppressed the transient at 490 nm while the addition of trifluoroacetic acid caused a shift in the tryptophan
radical absorbance to 560 nm consistent with protonation to form the corresponding cation radical. Using comparative
actinometry, the quantum yields forND bond cleavage and tryptophan radical formation were found to b& 1.0

0.1. This selective method for generating tryptophan radical, when incorporated into the appropriate peptide, may
make this a useful probe for the study of electron transfer between the R1 and R2 subunits of RNR and may be
generally applicable to other systems.

Introduction photolyaséand in the intermediate compouhaof cytochrome
c peroxidasé. Tyrosyl radicals have been identified in photo-
The role of protein radicals, in particular those of aromatic system |12 galactose oxidaskprostaglandin H synthaseand,

residues, as intermediates in electron transfer has become a topief particular interest to this laboratory, the class | ribonucleoside
of growing interest to both chemists and biologists. Tryptophan

radicals have been observed during the photoactivation of DNA
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diphosphate reductasesThe reductase frorscherichia coli pound, and its conversion to tryptophan radical with a high
contains two subunits, each of which is homodimeric. The quantum yield, is reported.

larger subunit, R1, contains the active site, the binding site for

allosteric effector, and the five cysteine residues required for Experimental Section

catalysis' The RZ Subunlt cpntalns the stab]e tyrosyl .rad|cal General Procedures. NMR spectra were recorded on a Varian XL-
("Y122)ju-oxo-bridged diferric cluster that is essential for 300 spectrometer. UVivisible spectra were recorded on a Hewlett-
catalysis® The crystal structures of Rand R2 have recently  packard 8452A diode-array spectrophotometer, and mass spectra were
been determined, and molecular modeling of their interagtion recorded on a Finnegan System 8200 mass spectrometer. All reagents
has shown that a distance-o85 A separate®r122 in R2 from were purchased commercially and used without further purification.
the essential cysteine (C439) in the R1 subunit. This has led N-(BOC)-L-tryptophan Ethyl Ester 1. N-Acetyl-L-tryptophan ethyl
to an intriguing hypothesi$ that long-range electron transfer  ester (800 mg, 2.92 mmol) was dissolved in dichloromethane (8 mL).
is required for catalytic turnover in order to generate the Di-tertbutyl dicarbonate (700 mg, 3.21 mmol) was added followed
cysteinyl radical 1C439) on R1 that ultimately initiates the :)é’a2&%’;%;%2?&22)53’;&'2‘;;;% r:g;qoé’;]?; rggc]iot%a’fal\zsrrl ?olr:jnzr:]e
: . . Y
ki reucionrocess Oneproped ) e E3Ccn 1 o537, s vt o efoa (.7
o . L .2 g, 100%) which was suitable for use without further purification. A
a hydrogen-bonded matrix involving the aromatic side chains gma) portion (200 mg) was triturated with 1/1 petroleum ether/ether
of amino acids, all of which are conserved in class | reductases. g mL) to give a pale yellow solid (150 mg), mp 994 °C: *H NMR
Although site-directed mutagenesis studies have offered evi- (cDCl;, 300 MHz) 6 8.10 (d, 1H, H-7), 7.50 (d, 1H, H-4), 7.35 (s,
dence in support of this extraordinary mechanism, in that 1H, H-2), 7.30 (m, 2H, H-5, H-6), 6.06 (d, 1H, C®¥, 4.92 (m, 1H,
mutation of these side chains to non-redox-active residuesa-H), 4.15 (g, 2H, O€ly), 3.25 (ddd, 2H3-CH,), 1.98 (s, 3H, COEl3),
reduces the activity to the background level of chromosomally- 1.65 (s, 9H, C(€l3)s), 1.25 (t, 3H, CHCHs); UV/vis (CH3CN) Amax
encoded RNR! no positive evidence yet exists for such an 230 € = 22000 M cm), 264 ¢ = 8600 M™* cm™), 286 ¢ =
electron transfer mechanist. 5300 ML cm?), 204 € = 5300 M om 3); HRMS calcd for
As part of our goal to generat€439 on R1 in the absence CacHziN20s (MHT) 375.1920, found 375.1920.

. . . . L N-Carboxylic Acid 2. Carbamatel (6.87 g, 19.0 mmol) was
of R2 using a photoreactive peptide that binds to the R2 binding dissolved and stirred in dry ether (75 mL). The solution was cooled

site on R1i3we have sought to prepare amino acid derivatives 1, o °c and saturated HCl gas in ether (75 mL) was added. The
which will, in a site selectie fashion, give rise to amino acid  container was flushed with argon gas, sealed with a septum cap, and
radicals, in particular those of tryptophan, with a quantum of stored for 12 h at 4C. A white solid (2.6 g) was filtered, rinsed with
near-UV light. The two known methods for generating tryp- cold ether, and drieth vacua The mother liquor was concentrated,
tophan radicals in solution, pulse radiolysis in the presence of redissolved in cold ether (30 mL), and mixed with HCI(g) in ether (30
azidé4 and direct photoionization ai < 300 nm!®> are mL). After 12 h at 4°C in a sealed container, a white solid again
unsuitable for such studies in that the former is often a highly Precipitated which was filtered, dried, and combined with the initial
destructive technique that is inappropriate for this application, 0t to give a total yield of 4.6 g (76%), mp 13d20°C: *H NMR
while the latter suffers from a lack of selectivity in a polypeptide (CDCl, 300 MHz) 6 8.10 (d, 1H, H-7), 7.50 (d, 1H, H-4), 7.45 (s,

matrix. We were thus presented with the challenge of finding iﬂA)H'f)ig'?ﬁ ("Z]HZH(');S' };'3())’ ?Jéi (dz’:};’_éﬁ?’ g'gg ((r; é:

a thermally stable tryptophan derivative which could be COCHs), 1.28 (t, 3H, CHCHa); UVAVis (CHsCN) Amax 228 € = 22 000
incorporated into a peptide and photolytically cleaved to generate pm-1 cm-1), 264 ¢ = 8100 M cmY), 284 ¢ = 4600 M2 cm%), 294
the corresponding radical. The identification of such a com- (¢ = 4100 Mt cm2); HRMS calcd for GeH1eN205 (MH ) 319.1294,

found 319.1295.

(4) Whittaker, J. W. InMethods in Enzymologylinman, J. P., Ed.;

Academic Press: New York, 1995, p 262. N-Hydroxypyridine-2_-tf_1ione_ Ester 3. _N-Qarboxylic acid2 (3.50
(5) Karthein, R.; Dietz, R.; Nastainczyk, W.; Ruf, H. Bur. J. Biochem. g, 11.0 mmol) and 2;Aithiopyridine 1,1-dioxide (3.05 g, 12.1 mmol)
1988 171, 313-320. were combined and stirred in dichloromethane (120 mL) while shielded
(6) (@) Reichard, PScience1993 260, 1773-1777. (b) Larsson, A; from ambient light. The suspension was cooled t8Q) and trin-
Sjaberg, B.-M.EMBO J.1986 5, 2037-2040. butylphosphine (85%, 3.5 mL, 2.41 g, 11.9 mmol) was added dropwise.

(7) (@) Mao, S. S.; Holler, T. P.; Yu, G.-X.; Bollinger, J. M., Jr.; Booker, ; :
S.: Johnston, M. I.; Stubbe, Biochemistryl 992 31, 9733-9743. (b) Mao, After 30 min, the clear yellow solution was charged to a flash column

S.'S.; Holler, T. P.: Bollinger, J. M., Jr.; Yu, G.-X.; Johnston, M. I.; Stubbe that had been preequilibrated in 1/1 ethyl acetate/hexanes. Gradient

J.Biochemistry1992 31, 9744-9751. (c) Mao, S. S.; Yu, G.-X.; Chalfoun, elution to 8/1 ethyl acetate/hexanes gave a yellow foam that was dried
D.; Stubbe, JBiochemistry1992 31, 9752-9759. (d) Aberg, A.; Hahne, in vacua Crystallization from ethyl acetate gave a yellow solid (2.26

S.; Karlsson, M.; Larsson, A.; Orimdd.; Ahgren, A.; Sjderg, B.-M.J. g, 48%), mp 164167 °C: 'H NMR (CDCls;, 300 MHz) ¢ 8.15 (d,

Biol. Chem.1989 264 12249-12252. 1H, H-7), 7.84 (d, 1H, N-HPT), 7.68 (d, 1H, N-HPT), 7.60 (s, 1H,
ES; Nﬁlrdlund, PI<I EI((qund, HJ. Mol. Biol. 1993 232 123-164. H-2), 7.58 (d, 1H, H-4), 7.28 (m, 3H, H-5, H-6, N-HPT), 6.72 (t, 1H
9) Uhlin, U.; Eklund, H.Nature 1994 370, 533-539. L ! ! v ' ! ! ! e ! !
(10) Stubbe, JJ. Biol. Chem.199Q 265, 5329-5332. N-HPT), 6.15 (d, 1H, COMN), 4.95 (m, 1Ho-H), 4.13 (m, 2H, OC1y),
(11) (a) Climent, I.; Sjberg, B.-M.; Huang, C. YBiochemistry1992 3.25 (m, 2H,B-CHy), 2.00 (s, 3H, COE), 1.19 (t, 3H, CHCHy);

31, 4801-4807. (b) Ekberg, M.; Sahlin, M.; Eriksson, M.; Bjerg, B.-M. UV/vis (CH3CN) Amax 232 € = 24 000 Mt cm™2), 260 € = 12 000

J. Biol. Chem1996 271, 20655-20659. (c) Burdi, D.; Silva, D. J.; Stubbe, ~ M~1 cm?), 288 € = 19 000 M cm™1), 290 ¢ = 17 500 Mt cm?),

J Unpublished observations. 366 nm ¢ = 5960 M1 cm-3); HRMS calcd for GiHzaN:0sS (MH*)

(12) A recent paper, however, has reported significant levels of enzymatic
activity in the mouse R2-Y177F mutant. This result has led the authors to 428.1280, found 428'1271' . . .
propose that transient protein radicals formed during R2 cofactor regenera- _Flash Photolysis. Laser flash photolysis experiments utilized the
tion are capable of catalyzing nucleotide reduction in the R1 subunit via 355 nm, frequency-tripled output from a NYAG laser (10 ns pulse

long-range electron transfer. See: Henriksen, M. A.; Cooperman, B. S.; duration, <10 (mJ/cr)/pulse) as excitation sourée. The sample

g%im, J. 8. Li, L-S.; Rubin, HI. Am. Chem. Sod.994 116, 9773~ absorbance was 0.35 at the laser wavelength, corresponding to a
(13) Climent, I.; Sjberg, B.-M.: Huang, C. YBiochemistry1992 31, concentration of 52M. Samples were irradiated in 2010 mm path
5164-5171. length quartz cuvettes, and a flow system was used to ensure irradiation
(14) Adams, G. E.; Aldrich, J. E.; Bisby, R. H.; Cundall, R. B.; Redpath, Of a fresh aliquot of solution with each successive laser pulse to avoid
J. L.; Willson, R. L.Radiat. Res1972 49, 278-289. complications due to photoproduct excitation.

(15) (a) Baugher, J. F.; Grossweiner, L.Jl.. Phys. Chem1977, 81,
1349-1354. (b) McGimpsey, W. G.; Goer, H. Photochem. Photobiol. (16) For additional details of the laser flash photolysis experiment see:
1996 64, 501-509. (c) Bent, D. V.; Hayon, EJ. Am. Chem. Sod975 Aveline, B.; Hasan, T.; Redmond, R. Whotochem. Photobioll994 59,

97, 2612-2619. 328-335.
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aConditions: (a) HCI(g), ether (76%); (b) 2-8ithiopyridine 1,1-
dioxide, (Bu)sP, CHCl, (48%).
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Figure 1. Ground state absorption spectrum of compouhdn
acetonitrile.

Results and Discussion
The [(2-thioxo-(H)-pyridyl)oxy]carbonyl N-HPT) esters and

J. Am. Chem. Soc., Vol. 119, No. 28,6897
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Figure 2. (A) Transient absorption spectra®in aerated acetonitrile
recorded 2.5@) and 38 @) us after the initial laser pulse. The inset
shows the two-component decay recorded at 490 nm. (B) Transient
spectra of3 in the presence of methyl methacrylate (MMA; 100 mM)
recorded at a delay of 3/ (W) after the laser pulse and at a delay of
3.0us (O) in the presence of MMA (100 mM) and trifluoroacetic acid

350 400 650

carbamates have been used extensively as convenient sourcggoo mm).

of carbord” and nitroge®f centered radicals. Although these
derivatives have found application in peptide chemistfgr

the synthesis of amino acid analo§gheir use as a source of
amino acid radicals of biological relevariéehas not been
documented. The synthesis of tNeHPT-tryptophan analog

is shown in Scheme 1. The key synthetic transformation
required the removal of theert-butyl group from1 without
subsequent decarboxylatf3mf the N-carboxylic acid, a known
intermediate in the deprotection of such tryptophan derivatives.
To this end, treatment of carbamadtevith an ethereal solution
of HCI gas resulted in the precipitation 2fwhich was rapidly
filtered and driedin vacua Reaction of2 with 2,2-dithio-
pyridine 1,1-dioxide resulted in Barton este8 which was
isolated as a pale yellow solid. Its UV/vis spectrum, shown in

2A. No differences in transient spectra or kinetics were
observed when the photolysis was performed in the absence of
oxygen. The spectrum consists of a ground state depletion
centered near its absorption maximur870 nm) and a transient
absorption band at 490 nm. The latter band partially decayed
with a lifetime of approximately 1@s (Figure 2A inset) to leave

an underlying absorption band with a maximum at 510 nm
which, under the excitation conditions used, decays by second-
order kinetics over hundreds of microseconds. The initial
absorption loss at 370 nm is due to photolytic consumption of
the starting material; the initial absorption at 500 nm is the sum
of contributions from the 2-pyridylthiyl radical (P$)%%24and
tryptophanyl radical (Tr),1>25 both of which are known to

Figure 1, exhibits a broad characteristic absorption peak at 366absorb in this region. Following decay of the shorter-lived*PyS

nm (e = 5960 M1 cm™1), making3 a good candidate for studies
using laser flash photolysis with excitation at 355 nm.

The transient absorption spectrum measured& fllowing
laser excitation at 355 nm @&fin acetonitrile is shown in Figure

(17) (a) Barton, D. H. R.; Crich, D.; Motherwell, W. B.etrahedron
1985 41, 3901-3924. (b) Crich, D.; Quintero, IChem. Re. 1989 89,
1413-1432.

(18) Newcomb, M.; Weber, K. AJ. Org. Chem1991, 56, 1309-1313.

(29) Barton, D. H. R.; HerveY.; Potier, P.; Thierry, JJ. Chem. Soc.,
Chem. Commuril984 1298-1299.

(20) Barton, D. H. R.; HervgeY.; Potier, P.; Thierry, JTetrahedron 987,

43, 42974308.

(21) We note, however, a report describing the ugg-6fPT derivatives
to generate phenoxyl radicals. See: Togo, Y.; Nakamura, N.; lwamura, H.
Chem. Lett1991 1201-1204.

(22) (a) Jasys, V. J.; Kelbaugh, P. R.; Nason, D. M.; Phillips, D.; Rosnack,
K. J.; Saccomanno, N. A;; Stroh, J. G.; Volkmann, R.JAAm. Chem.
Soc.199Q 112 6696-6704. (b) White, P. InPeptides, Chemistry and
Biology, Proceedings of the 12th American Peptide Symposium; Smith, J.
A., Rivier, J. E., Eds.; ESCOM: Leiden, The Netherlands, 1992; pp-537
538.

the absorption spectrum of Tri3 revealed with its absorption
maximum at 510 nm (Figure 2A). The transient carbamoyloxyl
radical arising from initial N-O bond homolysis was not
observed in agreement with our previous wdrand with the
results of Ingold and co-worke?8who also failed to observe
the characteristic transient absorptions of these intermediates
when produced by a 308 nm laser pulse of similar duration (10
ns), a possibility being that decarboxylation takes place within
the duration of the laser pulse.

A number of experiments were carried out to confirm the
assignment of the transient absorption spectrum to a tryptophan

(23) Bohne, C.; Boch, R.; Scaiano, J.X2Org. Chem199Q 55, 5414~
5418.

(24) Aveline, B. M.; Kochevar, I. E.; Redmond, R. W. Am. Chem.
Soc.1995 117, 9699-9708.

(25) Priz, W. A.; Siebert, F.; Butler, J.; Land, E. J.; Menez, A.;
Montenay-Garestier, TBiochim. Biophys. Actd982 705 139-149.

(26) Chateauneuf, J.; Lusztyk, J.; Maillard, B.; Ingold, KJUAmM. Chem.
Soc.1988 110,6727-6731.
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Figure 3. Laser energy dependence of ground state depletion monitored

at 370 nm Q) compared to tryptophan radical formation monitored at
510 nm @) in the presence of methyl methacrylate in acetonitrile
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comparative technigdéusing benzophenone (BP) in benzene
as a reference actinomet&-{gp)= 1.0 andergpy= 7220 M1
cm1 at 525 nmz%30 The photolysis of3 was performed in
the presence of MMA in order to avoid complications due to
the absorbance of PyS®y-o and ®trpe Were calculated for
optically matched solutions of sample and reference using the
following equations:

Dy o= CDT(BP)(AN7O/AT(BP))(6T(BP)/EGS) 1)

@rrp = Prp)Arrp/Arep)(€1Epf€TrR) 2
whereegs andetgp are the molar absorption coefficients of the
ground state at 370 nm (5900 ¥cm1) and of tryptophan
radical at 510 nm (1800 ¥ Crn_l).1561 An-0, ATRP, andAT(Bp),
which are the initial slopes of plots of absorbance versus laser
intensity for ground state depletion, Tfermation, and triplet

solution, referenced against the triplet state formation of benzophenoneState production from benzophenone, respectively, were obtained

in deaerated benzene monitored at 525 B Samples were optically

from Figure 3. Substitution of these values into eqs 1 and 2

matched at 355 nm (absorbance 0.35). The data for triplet benzophenongave a quantum yield of 18 0.1 both for N-O bond cleavage

formation were fitted by a linear equation while the data for ground
state depletion and Trpformation were fitted by second-order
polynomials.

radical. In the presence of methyl methacrylate (MMA, 100
mM), an efficient thiyl radical quenché&?;?’ the absorption of
PyS is not observed and the transient spectrum (Figure 2B)

and for tryptophan radical formation. The remarkable efficiency
for the photolysis of3 compares favorably with a previous
report*onN-HPT esters where a quantum yield of 0.5 for@®@
bond homolysis was determined, and is nearly an order of
magnitude more efficient in yielding Trpthan the photo-
ionization of tryptophan?®

In summary, a tryptophan derivative has been synthesized

consists of ground state depletion due to precursor consumptionyhich gives rise to the corresponding radical in high quantum

and the absorption due to Frpvhich is unaffected by MMA
under these conditions. When the photolysis is carried out in
the presence of both MMA and trifluoroacetic acid (TFA; 100
mM), where protonation of Trp(pKa = 4.5'%) would be
expected, the result is a shift of the transient absorption
maximum to 560 nm, distinctive for the formation of tryptophan
cation radical>?® These experiments confirm that homolytic

yield following photolysis under conditions where other amino
acids are optically transparent. Efforts are currently underway
to incorporate this derivative into small peptides in order to
probe the electron transfer between the R1 and R2 subunits of
ribonucleotide reductase. These results will be reported in due
course.
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