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Identification of a Neutral Flavin Radical and Characterization of a
Second Chromophore in Escherichia coli DNA Photolyase'

Marilyn Schuman Jorns,* Gwendolyn B. Sancar, and Aziz Sancar

ABSTRACT: DNA photolyase from Escherichia coli is a blue
protein exhibiting absorption maxima at 580, 475, and 384
nm. One of the two chromophores present in this enzyme has
been identified as the blue neutral flavin adenine dinucleotide
(FAD) radical on the basis, in part, of visible absorption and
electron spin resonance (ESR) data. The enzyme-bound
radical (esgo = 3.6 X 10° M! cm™) is stable toward O, or
K;Fe(CN)q, is reversibly reduced by dithionite, and is con-
verted to oxidized FAD upon aerobic denaturation. Dispro-
portionation of the radical is observed upon anaerobic dena-
turation, consistent with an N-5 unsubstituted radical. The
absorbance of the enzyme at A >500 nm is due only to the

Ultraviolet light causes formation of cyciobutane dimers
between adjacent pyrimidine bases in DNA. The reaction,
which can cause mutation, cancer, and death (Harm, 1981),
is photochemically reversible. The dimer absorbs at shorter
wavelengths that favor monomer formation while dimer for-
mation is favored at longer wavelengths (Rupert, 1962) (eq
1).  Action spectra observed for DNA photolyase vary

280 nm
Py + Py _’@—F Py-Py 9]

somewhat depending on the source, but all exhibit maxima
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FAD radical whereas the band at 384 nm reflects contributions
from both the radical and a second chromophore. The latter
is labile when protein free at neutral pH (A, = 360 nm,
= 5.5 % 1072 min! & O,), a reaction that is readily monitored
by the loss of an intense absorption band at 360 nm following
enzyme denaturation under conditions where radical oxidation
is immediate. This decomposition is pH dependent and the
chromophore is stable at acid pH. Native photolyase is
fluorescent (emission A, = 470 nm, excitation A, = 398
nm). An unlikely fluorescent flavin radical can be excluded
by the position of the emission maximum. The enzyme
fluorescence is attributed to the second chromophore.

in the near-UV or visible region [418 nm, Anacystis nidulans
(Saito & Werbin, 1970); 366 nm, yeast (Rupert & To, 1976);
360-380 nm, Escherichia coli (Jagger & Latarjet, 1956;
Setlow, 1966); 400 nm, human (Sutherland et al., 1974); 435
nm, Streptomyces griseus (Jagger et al., 1969)]. Since direct
excitation of pyrimidine dimers does not occur with near-UV
or visible light, it has been proposed that the reaction might
be a photosensitized process involving an enzyme-bound
chromophore that absorbs in the near-UV or visible region.
This hypothesis has not been easy to evaluate since DNA
photolyase is usually present in very low levels in cells and
isolation of even very modest amounts of enzyme has required
heroic efforts. Nevertheless, Eker and his co-workers (Eker
et al., 1981) recently showed that the enzyme from S. griseus
does contain a chromophore that was identified as an 8-
hydroxy-5-deazaflavin derivative. Studies with yeast DNA
photolyase I (one of two photorepair enzymes present in this
organism) show that FAD! is released when the enzyme is
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heated (Iwatsuki et al., 1980; Madden & Werbin, 1984). The
structure of the chromophore in the intact enzyme is not
known. It cannot be FAD itself since the absorption spectrum
of the enzyme (A, = 380 nm) is very different from that
expected for oxidized FAD (A, = 450, 375 nm). The yeast
chromophore is probably a labile FAD derivative that de-
composes upon denaturation.

Sancar and his co-workers recently cloned the E. coli
photolyase gene and joined it to a strong inducible promoter.
In contrast to the parent strain, which contains only 10-20
copies of enzyme per cell, DNA photolyase constitutes 15%
of total protein in induced cells containing the restructured
gene (Sancar & Rupert, 1978; Sancar et al., 1983; Sancar et
al., 1984). Preliminary studies on the cloned enzyme showed
that it exhibited an absorption spectrum similar to that of the
yeast enzyme and that FAD was also released upon heating
(Sancar & Sancar, 1984).

In this paper, we report studies which show that the blue
neutral FAD radical is the flavin derivative present in the E.
coli enzyme. This enzyme also contains a second chromophore
that contributes to the absorption of the enzyme at 380 nm
and that is probably responsible for the visible fluorescence
of the enzyme.

Experimental Procedures

Materials. Horseradish peroxidase, catalase, and glucose
oxidase were purchased from Sigma. Glucose oxidase was
purified before use as previously described (Jorns et al., 1983).
NaDodSQ, was obtained from Bio-Rad Laboratories. Silica
gel 60 F254 TLC plates were from Merck. Cellulose (Cel
300-10 UV 254) TLC plates were purchased from Brinkmann.

Methods. Cloned E. coli DNA photolyase was purified to
homogeneity, as judged by polyacrylamide gel electrophoresis,
by a procedure that will be described elsewhere (Sancar et al.,
1984). The specific activity of the enzyme (4.0 X 10 pmol
h™ (mg of protein)™’, as determined by the method described
by Sancar et al.,, 1984) was measured before and after re-
cording absorption spectra and was found to be unchanged.
Similar results were obtained for two separate preparations
of the enzyme that were used in these studies. Concentrated
stock solutions of enzyme were stored at —80 or —-20 °C in 50
mM Tris, pH 7.4, containing 50 mM NaCl, 1.0 mM EDTA,
10 mM DTT, and 50% glycerol. All handling of the enzyme
was done under yellow light. Except where noted, reactions
were conducted in 50 mM Tris, pH 7.4, containing 50 mM
NaCl, 1.0 mM EDTA, 1.0 mM DTT, 5% glycerol, and 10%
sucrose. This solution will be referred to as standard buffer.
Protein concentration was calculated by using the absorbance
of the enzyme at 280 nm (corrected for the contribution of
the flavin chromophore) and an extinction coefficient for the
protein moiety (e,50 = 82 500 M™! cm™) calculated by using
the number of tryptophans (15) determined from the DNA
sequence of the gene for photolyase apoenzyme (A. Sancar
et al., unpublished experiments) and the extinction coefficient
for tryptophan (Fasman, 1976). The flavin contribution was
estimated by using an extinction coefficient determined for
free FAD (e = 21200 M~! cm™).

For ESR experiments samples were placed in 100-uL ca-
pillary tubes, frozen in liquid nitrogen, and then inserted into
a standard 4 mM quartz ESR tube, which was located in the

! Abbreviations: FAD, flavin adenine dinucleotide; FMN, flavin
mononucleotide; NaDodSO,, sodium dodecyl sulfate; BSA, bovine serum
albumin; Tris, tris(hydroxymethyl)aminomethane; EDTA, ethylenedi-
aminetetraacetic acid; TLC, thin-layer chromatography; ESR, electron
spin resonance; DTT, dithiothreitol; Fl, flavin.
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FIGURE 1: Heat denaturation of photolyase. Curve 1 shows the
spectrum of native enzyme at 5.5 °C in 50 mM Tris, pH 7.4, con-
taining 50 mM NaCl, 1.0 mM EDTA, | mM DTT, 5% glycerol, and
10% sucrose. This buffer solution will be referred to as standard buffer.
Curve 2 was obtained after heating for 5 min in a boiling water bath.
Spectra are not corrected for a small negative deviation in the in-
strument base line at >515 nm.

Varian E-109B cavity Dewar liner. For each spectrum eight
scans were made. Spectra were computer averaged with an
SD systems S-100 microcomputer, which was interfaced to
the ESR spectrometer. Spectra were recorded at —90 °C at
the following instrument settings: microwave power, 0.3 mW,
modulation amplitude, 2.5 G; microwave frequency, 9.07 GHz.

Fluorescence measurements were made on an Aminco-
Bowman spectrophotofluorometer. Absorption spectra were
recorded on a Beckman 25 spectrophotometer.

For anaerobic experiments, a specially constructed cuvette
was made anaerobic as previously described (Jorns & Hersh,
1975). In control experiments to check for residual oxygen,
the main compartment of the cuvette contained 1.0 mL of
standard buffer plus BSA (2 mg/mL), o-dianisidine (0.01%),
horseradish peroxidase (5 ug/mL), and 5 uL of a saturated
glucose solution. The cell was made anaerobic and then mixed
with glucose oxidase (0.15 nmol) from a side arm. Oxidation
of o-dianisidine was monitored at 440 nm [e ~ 1.2 X 10* M!
cm™! (Duley & Holmes, 1975)] but was not detectable, in-
dicating residual oxygen at less than 1| uM. As an extra
precaution in experiments with photolyase, glucose and glucose
oxidase were added to scavenge oxygen.

Results

Concentrated (8 mg/mL) solutions of E. coli DNA pho-
tolyase are blue. The absorption spectrum of native enzyme
(Figure 1) exhibits maxima at 580, 475, and 384 nm and
prominent shoulders at 625, 505, and 450 nm. The spectrum
of the enzyme, particularly in the 500-700-nm range [a region
overlooked in preliminary studies (Sancar & Sancar, 1984)
when the spectrum of the enzyme was zeroed at 500 nm], is
similar to that observed for the blue neutral radicals bound
to other flavoproteins (Miiller et al., 1972). However, relative
to absorbance at 580 nm, the absorbance of the photolyase
at 384 nm is about twice the intensity expected for a neutral
flavoprotein radical. Heat denaturation of the enzyme (Figure
1) results in the disappearance of the long-wavelength ab-
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Table I: Identification of the Flavin Component Liberated by
Heat Denaturation of DNA Photolyase®

R,
solvent? matrix FAD heat extract ~FMN
A silica 0.52 0.52 0.35
B silica 0.046 0.046 0.10
C silica 0.079 0.079 0.15
B cellulose 0.12 0.12 0.21
D cellulose 0.55 0.54 0.50

“DNA photolyase was heated for 5 min at 100 °C and denatured
protein was removed by centrifugation. The heat extract was desalted
by phenol extraction (Jorns & Hersh, 1975) before TLC. ®The
following solvent systems were used: A, butanol-ethanol-0.01 M
sodium acetate, pH 5.5 (1:1:1); B, butanol-acetic acid~water (4:1:5),
upper layer; C, butanol-acetic acid-water (12:3:5); D, 5% NaH,PO,
in water.
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FIGURE 2: Denaturation of photolyase with NaDodSO,. A stock
solution of photolyase was diluted into standard buffer containing
0.77% NaDodSOQ, at 25 °C. Curves 1-5 were recorded after 50 s
and 7, 16, 30, and 101 min, respectively. For comparison, curve 6
shows the spectrum obtained for a comparable dilution of native
enzyme in standard buffer at 5.5 °C. Curve 7 is the difference
spectrum obtained when curve S is subtracted from curve 1.

sorption band and the appearance of a typical oxidized flavin
spectrum without any indication of a second chromophore in
the 380-nm region. TLC studies show that the heat extract
contains a single fluorophore that comigrates with FAD (Table
D).

Evidence for a second chromophore was obtained by stud-
ying the denaturation of the enzyme with NaDodSO,. Ad-
dition of 0.77% NaDodSQ, at 25 °C results in the immediate
disappeararice of the absorption band around 580 nm and the
appearance of oxidized flavin, as judged by the increase in
absorption at 450 nm (Figure 2). The initial spectrum after
NaDodSO, addition also shows an intense band at 360 nm,
which decays in a relatively slow first-order reaction (k = 5.59
X 102 min™) to yield a typical flavin spectrum (A,sp/ 4375 =
1.17 vs. Ays0/ A37s = 1.22 with FAD), similar to that observed
after heat denaturation. The results indicate that the pho-
tolyase contains a second chromophore that decomposes upon
denaturation at neutral pH to product(s) that do not absorb
significantly in the visible region. The spectrum of the pro-
tein-free second chromophore can be calculated by correcting
the spectrum observed immediately after NaDodSO, addition
for the contribution due to oxidized flavin. The calculated
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FIGURE 3: ESR spectrum of photolyase. Panel A shows the spectrum
observed with photolyase in 50 mM Tris, pH 7.4, containing 50 mM
NaCl, 1.0 mM EDTA, 10 mM DTT, and 50% glycerol. The signal
observed for buffer alone is shown in panel B. Panel C shows the
difference spectrum of enzyme minus buffer. Each division on the
X axis represents 10 G.

spectrum (Figure 2, curve 7) exhibits a peak at 360 nm and
an intensity, relative to the initial native enzyme, which sug-
gests that about 50% of the absorbance of the enzyme in this
region is attributable to the second chromophore.

Rapid denaturation of the enzyme also occurs at 5.5 °C with
0.77% NaDodSO, as evidenced by the immediate appearance
of oxidized flavin. (The slow decay of the 360-nm chromo-
phore cannot be readily followed to completion under these
conditions owing to a delayed precipitation of NaDodSO,.)
A slow unfolding of the enzyme appears to occur at 5.5 °C
upon addition of NaDodSQO, at a 10-fold lower concentration
(0.077%) as evidenced by the slow first-order disappearance
of absorption at 580 nm (k = 1.33 X 1072 min™') accompanied
by a similar rate of appearance of oxidized flavin as monitored
at 450 nm (k = 1.35 X 102 min~!). Under these conditions
flavin oxidation occurs at a rate similar to that observed for
the decay of the second chromophore at 360 nm (k = 1.17 X
1072 min™!). This indicates that enzyme denaturation is rate
limiting for both reactions and is consistent with a model where
both chromophores are attached to the same enzyme molecule.

The amount of oxidized FAD released in denaturation ex-
periments corresponds to 0.70 mol of flavin/mol of enzyme
and can be used to calculate an extinction coefficient for the
enzyme at 580 nm (e = 3.6 X 10° M~ em™), which falls within
the range [(3.4-5.4) X 10 M~ cm™] (Miiller et al., 1972)
observed with other blue flavoprotein radicals. Assuming a
1:1 stoichiometry of flavin and the second chromophore, the
data can also be used to estimate an extinction coefficient for
the protein-free second chromophore (e3¢ = 7.8 X 10° M™!
cm™),

The ESR spectrum observed for DNA photolyase (Figure
3) exhibits a prominent signal with a line width of 19 G, similar
to that observed for neutral flavoprotein radicals, whereas red
anionic flavin radicals show a bandwidth of 14-15 G (Palmer
et al., 1971). The spectrum of the enzyme also contains an
unexpected narrow signal superimposed on the broader flavin
spectrum. This narrow signal is also observed with buffer alone
(possibly due to sulfur radical from DTT) and is completely
eliminated in the difference spectrum of enzyme minus buffer.
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FIGURE 4: Effect of dithionite on photolyase. Curve 1 is the spectrum
of the starting enzyme at 5.5 °C in standard buffer. Curve 2 was
recorded immediately after the addition of a few crystals of sodium
dithionite under aerobic conditions. Curve 3 was recorded 35 min
later. The spectrum recorded after 15.5 h was identical with the
starting spectrum.

The radical concentration in the sample used for EPR studies
was estimated at 1.09 X 10 M with potassium nitrosodi-
sulfonate (Fremy’s salt) as standard. This is in excellent
agreement with that predicted from visible absorption studies
(1.08 X 107* M) where experiments were typically conducted
with 10-fold lower enzyme concentrations.

A stable neutral radical is not formed with free FAD where
disproportionation of the radical to a mixture of oxidized and
fully reduced flavin is favored (eq 2). Neutral radicals can

2FIH. = FIH, + FI (2)

be stabilized against disproportionation when bound to certain
flavoproteins, but it is rather unusual to isolate an enzyme such
as DNA photolyase where the radical must also be extremely
stable toward air oxidation. In the case of NADPH cyto-
chrome P-450 reductase, the FMN component forms a radical
that is stable toward air oxidation but is easily oxidized with
stoichiometric amounts of K;Fe(CN)¢ (Iyanagi et al., 1974;
Vermilion & Coon, 1978). In tests with DNA photolyase, no
evidence for radical oxidation was obtained with a 10-fold
excess of K;Fe(CN)g or upon mixing the enzyme (107 M)
with phenazine methosulfate (10 M) as a potential mediator
to oxygen. On the other hand, the flavin radical in DNA
photolyase is readily reduced by dithionite (Figure 4). The
fully reduced enzyme is not stable toward air oxidation, which
results in the return of the original radical spectrum.

In addition to enzyme-bound flavin, radicals stable toward
disproportionation can be formed with free flavin derivatives
containing an alkyl substituent at position N-5. Since pho-
tolyase contains a second chromophore along with the flavin
radical, it is conceivable that the second chromophore might
be attached to the 5-position of the radical and that the pro-
tein-free radical might be stable in the absence of oxygen. (In
this case, the substituent must be released upon radical oxi-
dation since the oxidized flavin recovered from denatured
DNA photolyase comigrates with authentic FAD in TLC
studies.) To test this hypothesis, the enzyme was denatured
in an anaerobic experiment under conditions (0.77% Na-
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FIGURE 5: Anaerobic denaturation of photolyase. After degassing,
the main compartment of an anaerobic cuvette, containing 0.9 mL
of buffer plus 10 uL of a saturated glucose solution, was mixed with
the contents of a side arm, which contained a mixture of catalase (1480
Sigma units), glucose oxidase (0.3 nmol), and photolyase in 120 uL.
Except for enzymes and glucose, the final composition of the buffer
corresponded to standard buffer. After a 15-min incubation at 0 °C,
the absorbance of photolyase was quickly checked at several wave-
lengths (shown by X) to verify that no denaturation had occurred
during the degassing procedure. The sample was warmed to 25 °C
and NaDodSO, (0.77%) was added from a second side arm. Curves
1 and 2 were recorded 2 and 60 min, respectively, after mixing. The
sample was made aerobic after 64 min and curve 3 was recorded.

DodSO,, 25 °C) where the radical is immediately oxidized
when oxygen is present. As shown in Figure 5, anaerobic
denaturation results in the immediate decay of the radical, as
judged by the disappearance of the long-wavelength absorption
band. An immediate increase in absorbance at 450 nm is also
observed, but the magnitude of this change is less than that
observed in aerobic experiments. No further changes are
observed at 450 nm upon incubation under anaerobic condi-
tions. Slow decomposition of the second chromophore
(monitored by decreases in absorption at 360 nm) does occur
under anaerobic conditions at a rate (k = 5.54 X 102 min™')
similar to that observed in aerobic experiments (k = 5.59 X
102 min™!). After complete decomposition of the second
chromophore, the sample was made aerobic, which caused a
32% increase in absorbance at 450 nm. The results show that
the protein-free radical is not stable under anaerobic conditions
but rather disproportionates to a mixture of oxidized and
reduced flavin as would be expected for an unsubstituted FAD
radical. The percent of oxidized flavin recovered upon air
oxidation is 18% less than expected on the basis of the stoi-
chiometry of the disproportionation reaction. This might
reflect a limited oxidation of the reduced flavin by small
amounts of disulfide or sulfur radical associated with the DTT
(1 mM) component of the buffer. No oxygen (<107% M) was
detected in control tests of the anaerobic system (see Methods).

Yeast photolyase I is fluorescent, exhibiting an emission
maximum at 475-480 nm and an excitation maximum at
375-380 nm (Iwatsuki et al., 1980; Madden & Werbin, 1984).
As shown in Figure 6, similar fluorescence properties are
observed for the E. coli enzyme. Excitation at 380 nm yields
an emission spectrum with a peak at 470 nm and shoulders
at 445 and 505 nm. The excitation spectrum obtained by
monitoring emission at 470 nm exhibits a maximum at 398
nm and a shoulder at 380 nm. A similar peak is seen in the
excitation spectrum when emission is monitored at 520 nm,
a wavelength where the enzyme fluorescence is considerably
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FIGURE 6: Fluorescence properties of photolyase. Except where noted, all enzyme data were collected at 5.5 °C in standard buffer. The same
buffer, minus glycerol and sucrose and with 10 mM instead of 1 mM DTT, was used with FAD. Panel A: Excitation spectra of photolyase,
recorded by monitoring emisssion at 520 and 470 nm, are shown in curves 1 and 2, respectively. Panel B: Excitation spectra of the enzyme
(emission at 520 nm) were recorded before (curve 1) and after (curve 2) heating for 5 min at 100 °C. Curve 3 is the excitation spectrum
of authentic FAD with emission monitored at 520 nm. Panel C: Emission spectra of photolyase (excitation at 380 nm) were recorded before
(curve 1) and after (curve 2) heat denaturation. Curve 3 is the emission spectrum (excitation at 380 nm) recorded at 25 °C after denaturation
with 0.77% NaDodSO, in standard buffer containing 0.1 M sodium citrate, pH 3.0, in place of 50 mM Tris, pH 7.4.

diminished but where oxidized FAD emits maximally. This
spectrum does show a weak band near 470 nm, which probably
reflects a trace amount of oxidized flavin. Aside from the fact
that fluorescence spectra are uncorrected, the observation that
the excitation maximum (398 nm) does not precisely match
the absorption maximum (384 nm) is not unexpected since
it is known that the absorption of the enzyme in this region
reflects contributions from two chromophores. While there
are no known examples of fluorescent flavin radicals, it is
unlikely that the fluorescence of the enzyme is due to the
radical simply because the emission band occurs at higher
energy than the lowest energy band in the radical absorption
spectrum. The results indicate that the fluorescence of the
enzyme is most probably due to the second chromophore,
which exhibits an absorption maximum at 360 nm when free
in solution.

Heat denaturation of the enzyme results in the disappear-
ance of the 470-nm emission band and the appearance of a
band at 519 nm (Figure 6), as expected for free FAD. The
heat extract also shows a weak band at 455 nm [similar to that
observed in preliminary studies (Sancar & Sancar, 1984)] that
is not seen with authentic FAD. This component is not de-
tectable in the excitation spectrum of the heat extract, which
is similar to that observed with FAD.

Unlike the slow decomposition of the second chromophore
observed upon denaturing the enzyme with NaDodSQ, at pH
7.4 (1, = 12.4 min, 25 °C), the same reaction is complete
immediately after mixing the enzyme with NaDodSO, at pH
10.1 whereas at pH 3.0 the free chromophore is stable for at

least 7 h (Figure 7). The results indicate that the decom-
position reaction is pH dependent. Companion fluorescence
experiments show that denaturation at pH 3.0 results in the
immediate disappearance of the emission band of native en-
zyme at 470 nm accompanied by the appearance of a band
at 519 nm due to oxidized FAD (Figure 6). The spectrum
is stable and does not show a peak at 455 nm. A slow ap-
pearance of an emission peak at 455 nm, similar to that ob-
served for the heat extract, is seen with enzyme samples de-
natured with NaDodSO, at pH 7.4 where the chromophore
is labile. The results suggest that the minor band at 455 nm
is associated with the decomposition of the second chromo-
phore. The loss of the emission band at 470 nm when the
sample is denatured at pH 3.0 suggests that the fluorescence
of the chromophore is quenched in acidic aqueous solution,
a point that will be pursued in further studies.

Discussion

That one of the two chromophores in E. coli DNA pho-
tolyase is the neutral FAD radical is supported by visible
absorption and ESR data. The enzyme-bound radical is re-
ducible with dithionite and stable against oxidation by O, [or
K;Fe(CN)¢], which does occur upon aerobic denaturation,
yielding oxidized FAD. Disproportionation of the radical,
observed upon anaerobic denaturation, is consistent with an
N-5 unsubstituted semiquinone although a hydrolytically labile
substituent cannot be ruled out. The second chromophore
slowly decays when free in solution at pH 7.4 (A ., = 360 nm)
but is stable at acidic pH. Along with the radical, it con-
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FIGURE 7: Effect of pH on the stability of the second chromophore
from photolyase. Identical dilutions of a stock solution of the enzyme
were made into various buffers. Curve 1 is the spectrum of native
enzyme at 5.5 °C in standard buffer. Curve 2 was obtained imme-
diately after diluting the enzyme into standard buffer at 25 °C
containing 0.77% NaDodSO, and 100 mM sodium carbonate, pH
10.1, in place of 50 mM Tris, pH 7.4. Curve 3 was obtained when
the denaturation was conducted at 25 °C in standard buffer containing
0.77% NaDodSO, and 100 mM sodium citrate, pH 3.0, in place of
Tris.

tributes significantly to the intense absorption band of the
enzyme at 384 nm and is probably responsible for all of the
fluorescence of the enzyme at 470 nm.

Assuming the enzyme repairs DNA via a photosensitized
reaction, it is reasonable to suppose that the light required for
catalysis is absorbed by one of two chromophores. Action
spectra could be used to discriminate between the two chro-
mophores, but available data, obtained with crude enzyme or
in in vivo studies (Jagger & Latarget, 1956; Setlow, 1966),
are not useful since they show a maximum in the region
{360-380 nm) where both chromophores absorb and were not
extended into the 500-700-nm region where only the flavin
radical absorbs. Evidence in favor of the second chromophore
is provided by the fact that no dimer repair is observed for
“dark” controls when assay mixtures are prepared under yellow
light, which would be absorbed only by the flavin radical.
While speculations regarding the mechanism of the E. coli
enzyme are clearly premature, the presence of a flavin radical
as a potential electron donor or acceptor is particularly tan-
talizing since it is known (Helene & Charlier, 1971, 1977,
Roth & Lamola, 1972) from model reactions that one-electron
reduction or one-electron oxidation results in monomerization
of thymine dimers.

Aside from the fact that the spectrum of yeast DNA pho-
tolyase I in the 500-700-nm region is not known, the enzyme
exhibits an absorption spectrum similar to that of the E. coli
enzyme. Both enzymes exhibit similar fluorescence properties
and yield oxidized FAD upon denaturation. On the basis
primarily of the absorption band at 380 nm it was suggested
that the yeast enzyme might contain a 4a,5-reduced FAD
derivative (Iwatsuki et al., 1980). A similar proposal was made
for the E. coli enzyme in preliminary studies (Sancar &
Sancar, 1984) when the absorbance of the enzyme in the
500-700-nm region was not known. While further work is
needed to determine whether the yeast enzyme contains a pair
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of chromophores similar to those of the E. coli enzyme, the
results with these enzymes, along with the data on the S.
griseus enzyme, point to an important role for flavin derivatives
in enzymic photorepair of DNA and suggest that flavin-con-
taining photolyase enzymes may be isolated from other or-
ganisms. The photolyase from E. coli described in this paper
(M, = 53994) has been referred to as photolyase F (Sancar
et al., 1984) in order to distinguish it from an entirely different
RNA-containing protein {photolyase R, M, = 36800) also
isolated from E. coli (Sutherland et al., 1973; Snapka &
Sutherland, 1980; Cimino & Sutherland, 1982). Photolyase
F appears to be the major enzyme in E. coli since it is
1000-fold more active than photolyase R and cells mutated
at the gene, which codes for the apoenzyme of photolyase F,
have very little photoreactivating activity (Sancar & Rupert,
1978).

Flavin-containing photolyase enzymes may be grouped with
several other flavoenzymes that also catalyze reactions that
do not involve a net oxidation-reduction. In oxynitrilase, flavin
functions as a structural component at the active site (Jorns,
1979). Flavin is not bound at the active site in glyoxylate
carboligase where it apparently functions to maintain the gross
conformation of the enzyme (Chromartie & Walsh, 1976).
Although the oxidation—reduction properties of flavin are not
directly involved in catalysis with either enzyme, these prop-
erties may be important in regulation since the enzymes are
inhibited when the flavin is reduced. N-Methylglutamate
synthetase may represent the closest model for the photolyase
reaction in the sense that catalysis with the synthetase involves
a cyclic oxidation-reduction process where flavin functions as
a typical redox catalyst (Jorns & Hersh, 1975).
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Preferential Stimulation of the in Vivo Synthesis of a Protein by Polyamines in
Escherichia coli: Purification and Properties of the Specific Protein’

Kazuhiro Mitsui, Kazuei Igarashi,* Tomohito Kakegawa, and Seiyu Hirose

ABSTRACT: The possibility that polyamines can stimulate the
synthesis of special kinds of proteins has been examined by
using a polyamine-requiring mutant of Escherichia coli. It
was found that the synthesis of some proteins, particularly one
with a molecular weight (M;) of 62K, was significantly stim-
ulated following polyamine supplementation of polyamine-
starved celis. The preferential stimulation of the synthesis of

Rlyamines have been implicated in numerous growth pro-
cesses (Cohen, 1971; Tabor & Tabor, 1976). Since polyamines
are polycationic, they probably participate in many cellular
processes through their binding to DNA, RNA, ribosomes,
and phospholipid (Igarashi et al., 1982). It is well-known that
polyamines exhibit not only a sparing effect on the Mgt
requirement for polypeptide synthesis but also a stimulating
effect, which cannot be equalled by any amount of Mg?*
(Igarashi et al., 1974; Atkins et al., 1975; Hunter et al., 1977).
The stimulation of polypeptide synthesis by polyamines occurs
mainly due to a stimulation of the initiation complex formation
of polypeptide synthesis (Konecki et al., 1975; Salden &
Bloemendal, 1976; Igarashi et al., 1980a). In addition, we have
recently shown that, in QB RNA and MS2 RNA directed
protein synthetic systems, spermidine caused a marked stim-
ulation in the synthesis of RNA replicase without a significant
effect on the coat protein (Watanabe et al., 1981). Therefore,
we have examined the possibility of polyamines enhancing the
synthesis of special kinds of proteins in vivo using a poly-
amine-requiring mutant of Escherichia coli.

In this paper, we present evidence for the preferential syn-
thesis of a M, 62K protein under the influence of polyamines,
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this polyamine-induced protein of M, 62K (PI protein) was
followed by the stimulation of overall protein synthesis by
polyamines. PI protein was purified to homogeneity and some
of its properties were examined. From studies on the effect
of PI protein on MS2 RNA directed protein synthesis, it was
shown that this protein stimulated the synthesis of RNA
replicase by 2.2-fold in the presence of 1 mM spermidine.

along with its purificatiion and properties.

Materials and Methods

Bacterial Strain and Culture Conditions. A polyamine-
requiring mutant of E. coli used in this experiment was
MA261 (thr, leu, ser, thi, speB, speC), which was kindly
supplied by Dr. W. K. Maas. The cells were cultured in the
presence or absence of 100 ug/mL putrescine (media A and
B, respectively) by the method of Algranati et al. (1975).
When growth was sufficient to give an absorbance of 0.45 at
540 nm, the cells were harvested by centrifugation at 15000g
for 15 min. About 7 and 15 h of incubation were required
when media A and B were used, respectively. The cells were
washed once with a buffer containing 10 mM Tris-HCI (pH
7.5), 10 mM magnesium acetate, 60 mM NH,C], and 6 mM
2-mercaptoethanol, centrifuged as above, and stored at —80
°C until used. The cells cultivated in media A and B were
named, tentatively, unstarved and starved bacteria, respec-
tively.

Materials. The fractions containing elongation factors and
aminoacyl-tRNA synthetases (S-100 protein) and 0.3 M
NH,CI washed ribosomes were prepared from E. coli Q13 as
described previously (Watanabe et al., 1981). Initiation factor
2 was purified according to the method of Hershey et al.
(1977). Bacteriophage MS2 was grown and purified according
to the method described by Loeb & Zinder (1961). MS2
RNA was prepared from the phage by phenol extraction and
alcohol precipitation according to the procedure of Gierer &
Schramm (1956). The ribosomal S1 protein was purified as
described previously (Igarashi et al., 1981) according to the
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