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ABSTRACT Complexes of point-mu-
tated E. coli single-stranded DNA-bind-
ing protein (Eco SSB) with homopolynu-
cleotides have been investigated by
optical detection of magnetic reso-

nance (ODMR) of the triplet state of
tryptophan (Trp) residues. Investigation
of the individual sublevel kinetics of the
lowest triplet state of Trp residues 40
and 54 in the poly (dT) complex of Eco
SSB-W88F,W135F (a mutant protein
whose Trp residues at positions 88 and
135 have been substituted by Phe)
shows that Trp 54 is the most affected
residue upon stacking with thymine
bases, confirming previous results
based on SSB mutants having single
Trp -, Phe substitutions. (Zang, L. H.,
A. H. Maki, J. B. Murphy, and J. W.
Chase. 1987. Biophys. J. 52:867-872).
The T, sublevel of Trp 54 shows a
fourfold increase in the decay rate con-

stant, as well as an increase in its
populating rate constant by selective
spin-orbit coupling. The two nonradia-
tive sublevels show no change in life-
time, relative to unstacked Trp. For Trp
40, a weaker perturbation of T, by
thymine results in a sublevel lifetime
about one-half that of normal Trp. Trp
54 displays a 2 |El transition of negative
polarity in the double mutant SSB com-
plex with Poly (dT), but gives a vanish-
ingly weak DI -|E signal, thus implying
that the steady-state sublevel popula-
tions of Tx and T, are nearly equal in
this residue. Poly (5-BrU) induces the
largest red-shift of the Eco SSB-
W88F,W 135F Trp phosphorescence
0,0-band of all polynucleotides investi-
gated. Its phosphorescence decay fits
well to two exponential components of
1.02 and 0.12 s, with no contribution
from long-lived Trp residues. This

behavior provides convincing evidence
that both Trp 40 and 54 are perturbed
by stacking with brominated uridine.
The observed decrease in the Trp |D|
values further confirms the stacking of
the Trp residues with 5-BrU. Wave-
length-selected ODMR experiments
conducted on the IDI + |El transition of
Eco SSB-W88F,W135F complexed
with poly(5-HgU) indicate the presence
of multiple heavy atom-perturbed sites.
Measurements made on poly (5-HgU)
complexes of Eco SSB mutants in
which each of its 4 Trp residues has
been replaced in turn by Phe demon-
strate that Trp 40 and 54 are the only
Trp residues undergoing stacking with
nucleotide bases, as previously pro-

posed (Khamis, M. I., J. R. Casas-Finet,
A.H. Maki, J. B. Murphy, and J. W.
Chase. 1987. J. Biol. Chem.
262:10938-45).

INTRODUCTION

Optical detection of triplet state magnetic resonance
(ODMR) at zero magnetic field has been applied previ-
ously to the complexes of Escherichia coli single-strand
binding protein (Eco SSB) with a variety of single-
stranded homopolynucleotides (1), providing evidence for
the occurrence of stacking interactions between its trypto-
phan residues and nucleotide bases. These stacking inter-
actions are believed to contribute to the binding and
stabilization of the protein-nucleic acid complex. From
studies of genetically engineered Eco SSB proteins whose
tryptophan residues were selectively replaced by phenyl-
alanine, one residue at a time, there is evidence that
among its 4 Trp residues at positions 40, 54, 88, and 135,
the only stacked Trp residues are Trp 40 and 54 (2). The
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identical pattern of stacked Trp residues has been found
in an E. coli plasmid-encoded SSB protein (3). ODMR
studies carried out on wild-type and point-mutated Eco
SSB proteins bound to poly(deoxythymidylic) acid have
shown that there is a unique interaction between Trp 54
and thymine bases in the complex, which produces a

reversal in polarity of the Trp 54 ODMR signals and a

decrease in the average phosphorescence lifetime
(2, 4, 5). Further studies on the triplet state sublevel
kinetics of this residue were carried out recently (7),
which showed that the decrease in lifetime originates
exclusively from the selective enhancement of the T.
sublevel decay rate.
We have undertaken the preparation by site-directed

oligonucleotide mutagenesis (for a review, see reference
8) of a double point-mutation of the Eco SSB protein in
which Trp residues at positions 88 and 135 h-ave been
replaced by phenylalanine. This mutant protein (desig-
nated Eco SSB-W88F,W1 35F) contains only the two Trp
residues at positions 40 and 54 which we believe function
in stacking interactions with single stranded polynucleo-
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tides. Here, we report our studies of complexes formed
between Eco SSB-W88F,W135F and single-stranded
polynucleotides.

In the Eco SSB-W88F,W135F/poly (dT) complex,
studies of the triplet state sublevel kinetics were done
monitoring selectively Trp 40 and Trp 54 by choosing
appropriate excitation and emission wavelengths. Trp 40
yields ODMR transitions of normal positive polarity,
which can be discriminated readily from the negative
ODMR signals of Trp 54. From these measurements the
triplet state properties of Trp 40 were obtained and
compared with those of Trp 54. A reduction of both the T,
sublevel lifetime and average triplet state lifetime of Trp
40 were observed, although these were of a smaller
magnitude than reductions observed recently for Trp 54
(7, 9).
We have extended our studies to the investigation of

Eco SSB-W88F,W135F protein complexes with bromi-
nated and mercurated polynucleotides. The triplet state
kinetic properties of the stacked tryptophans in these
complexes change dramatically as a result of external
heavy-atom perturbations in the binding environment
(1, 10, 11). These heavy atom effects occur if there is an
overlap of the perturber atom and the perturbed molecule
wavefunctions, resulting in an enhancement of spin-orbit
coupling. The spin-orbit coupling operator varies as r-3
relative to the perturber atom (12), and thus drops off

rapidly with increased distance of the perturbed molecule.
Therefore, the heavy atom perturbation is a probe of close
range interactions. Because the Ty and T, sublevels of Trp
are not normally radiative, the IDI + JEl ODMR signal is
not observed in the absence of a heavy atom perturbation;
however, the presence of a heavy atom in the vicinity of
the chromophore induces these sublevels to decay radia-
tively, producing a IDI + JEl signal at -4.4 GHz.

Wavelength-selected ODMR experiments were per-
formed on the complex of Eco SSB-W88F,W135F with
poly(5-HgU). The observed discontinuity in the plot of
peak frequency of the IDI + JEl transition versus emission
wavelength within the 0,0 band confirms that both Trp 40
and 54 are indeed residues involved in stacking with the
nucleic acid bases, as suggested earlier (2).

MATERIALS AND METHODS

Sample preparation
Eco SSB-W88F,W135F was prepared by site-directed oligonucleotide
mutagenesis as described by Mark et al. (13). The mutant gene was
subsequently cloned into a vector which allows temperature-dependent
expression under regulation of the phage lambda leftward promoter.
Purification of the mutant protein was done according to previously
published procedures for the preparation of wild type Eco SSB (14, 15)
with minor variations. The sequence of the mutant protein was
confirmed by HPLC tryptic peptide mapping and sequencing of the

altered peptides (data not shown). Specific details of the mutagenesis,
purification procedures, and protein chemistry will be published else-
where.
Eco SSB-W88F,W135F protein concentration was determined by

amino acid analysis. Protein samples were found essentially free (<2%)
of contaminants as judged by sodium dodecyl sulfate/polyacrylamide
(15%) gel electrophoresis according to the method of Laemmli (16).
Poly(5-HgU) and poly(dT) (P. L. Biochemicals, Milwaukee, WI) were

used without further purification. According to the manufacturer,
>70% of the uridine bases in the poly(5-HgU) supplied are mercurated
covalently at the 5-position. Poly(5-BrU) was prepared by reaction of
bromine with poly(U) in a modification of the procedure used to prepare
poly(5-BrC) (17) as described previously (1 1). The concentration of the
polynucleotide samples was determined spectrophotometrically using
the following extinction coefficients (per mol gr of nucleotide): poly(5-
HgU), 267 1.5 X 104 M-' cm-'; poly(5-BrU), E278

- 6.9 x 10 M-1
cm-' (18); poly(dT), ,4 8.52 x 103 M-1 cm' (19). Stock solutions
were prepared by dissolving the polynucleotide of interest in water. All
chemicals were on the highest available purity.
Eco SSB-W88F,W1 35FF/polynucleotide complexes were prepared by

mixing appropriate volumes of concentrated stock solutions with a 20
mM sodium cacodylate buffer (pH 7.0) containing 10 mM 2-mercap-
toethanol, 1 mM EDTA and 0.3 M NaCl, and were incubated at 37°C
for 10 min. The final protein concentration in the complexes was -1 x

10-4 M; polynucleotides were added to a final 16-20:1 molar ratio.
Samples contained 30% (vol:vol) glycerol (spectrophotometric grade,
Aldrich Chemical Co., Inc., Milwaukee, WI) as cryosolvent.

Instrumental
Samples were pipetted into 1-mm inside diameter. Suprasil quartz
sample tubes (Heraeus-Amersil, Inc., Sayerville, NJ) and placed within
a microwave slow wave copper helix terminating a coaxial transmission
line. This was then immersed in liquid nitrogen or liquid helium for
spectroscopic measurement. The excitation source was a 100 W high
pressure mercury arc lamp and housing (model ALH-215; Photochemi-
cal Research Associates, London, Ontario, Canada) after a 12 cm

NiSO4 (500 g L-') infrared solution filter and a 10 cm monochromator
(model H-10; Instruments SA, Metuchen, NJ) operated at a 16 nm

bandwith. Emission at right angle to the excitation path passed through
a high pass WG-345-2 glass filter and was collected by a 1 m

monochromator (model 2051, GCA/McPherson Instrument Corp.,
Acton, MA) equipped with either a 600 or 1,800 groove/mm grating
(with slits set for 3.0 or 1.5 nm bandwith, respectively), and detected by
a cooled photomultiplier tube (model 9789 QA; Electron Measurements
Inc., Neptune, NJ). Data analysis were performed on a PRO-350
microcomputer (Digital Equipment Corp., Maynard, MA) interfaced to
a TN-1550 1024-channel signal averager (Tracor Northern, Inc.,
Middleton, WI). Microwave frequencies were generated by a HP 8350B
or HP 8690B sweep oscillators connected to a HP 8349A microwave
amplifier (Hewlett-Packard Co., Palo Alto, CA).

Methods
At liquid N2 temperature (77 K) rapid spin-lattice relaxation equalizes
the triplet sublevel populations, so that the average phosphorescence
lifetime can be obtained from the phosphorescence decay measurement.
Decays were deconvoluted by a nonlinear least squares Marquardt
algorithm designed to minimize the chi-square of the fitting function
and whose goodness of fit was monitored via a residuals plot. Quenching
of the spin-lattice relaxation is achieved at 1.2 K by pumping on the
liquid He bath in which the sample is immersed. All ODMR and low
temperature phosphorescence decay measurements were done under
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these conditions. In the slow passage ODMR experiment the phospho-
rescence intensity was monitored while sweeping the microwaves
through a pair of triplet sublevels, inducing magnetic resonance transi-
tions in zero magnetic field. The measurements were performed by
adjusting the sweep rate so that passage through a transition was slower
than the longer-lived triplet sublevel decay time in the resonance pair.
Rapid passage effects on slow passage ODMR signals were compen-
sated by extrapolation of the peak frequency to zero sweep rate.
The fast passage ODMR experiments were performed by sweeping

the microwaves through a transition faster than the shorter-lived
sublevel decay time of the pair. These transient measurements were

collected for the Eco SSB-W88F,W135F/poly(dT) complex, in order to
determine the lifetime of the radiative T. sublevel of Trp 40 and 54.

Microwave-induced delayed phosphorescence (MIDP) measure-

ments (20) were performed in order to obtain the nonradiative decay
constants for the Ty and T, sublevels in the SSB-W88F,W135F/
poly(dT) complex. In MIDP, optical pumping is carried out until all
sublevel populations are at their steady state. Then optical pumping is
ceased, the sample luminescence decays and at some time delay t, a

microwave pulse is used to excite a transition between a sublevel pair
(TX- Ty, TX - Tz). This causes a change in signal intensity due to
population transfer between the sublevels. The pulse is applied at
different delay times, and a semi-log plot of the relative intensity (I/IO)
versus time yields a straight line whose slope equals the rate constant of
the nonradiative sublevel.

In wavelength-selected ODMR experiments, it is possible to monitor
different chromophore sites, based on the fact that the presence of
multiple emitting sites may be revealed as a discontinuity in a plot of
zero-field splitting parameters versus emission wavelength, even though
their phosphorescence bands are not resolved. Discontinuities, when
observed within a composite 0,0-band, are due to distinct chromophore
populations that undergo different environmental perturbations. Time-
resolved ODMR experiments were performed with the mercury-deriva-
tized polynucleotide complexes, since the resulting short-lived perturbed
triplet state is able to respond to rapid sweep rates, while the unper-
turbed triplet states cannot.

RESULTS

i Eco SSB-W88F,W135F and its
poly(dT) complex
The phosphorescence spectrum of the double point-
mutated Eco SSB-W88F,W1 35F exhibits a well-resolved

0,0-band which peaks at 411.2 nm (Table 1). Its phospho-
rescence decay profile shows a major contribution of a

component which exhibits a characteristic Trp lifetime of
-6 s (Table 1). This protein produces ODMR transitions
at 1.75 and 2.57 GHz (IDI - El and 2 1E4 respectively; see

Table 1). The IDl + JEl signal is not observed. Wave-
length-selected ODMR experiments performed on the
DI - JEl signal identify two distinct Trp sites in the
protein, with a discontinuity in the plot of frequency
versus wavelength at =413 nm (Fig. 1 A). No discontinu-
ity is observed when monitoring the 2 JEl signal as a

function of wavelength, however (Fig. 1 B).
The phosphorescence of the SSB-W88F,W1 35F/

poly(dT) complex shows a red-shift of its 0,0-band maxi-
mum to 415.1 nm (Table 1). The phosphorescence decay
shows a biexponential profile which was resolved into two
components whose values are 5.1 s (63%) and 2.6 s (37%)
(Table 1). Comparable lifetime components were

obtained upon excitation at 312 nm, where tyrosine
residues should not be excited. Therefore, the 2.6 s

component cannot be attributed to the contribution of Tyr
residues to the protein phosphorescence. On the basis of
previous studies of the triplet state of Trp 54 in poly(dT)
complexes of a single point-mutated SSB protein, W88F,
(7), we assign this component to Trp 54 (see below). The
5.1 s component, which is in the range characteristic of
Trp residues, is assigned to Trp 40. Further evidence for
these assignments is presented below.
The interaction of Trp 54 with thymine bases gives an

unusual set of IDI - JEl and 2 tEl ODMR signals of
negative polarity (4), whereas for Trp 40, the signals are

of normal positive polarity (Fig. 2 A). This difference in
polarity allows for identification of either Trp 54 or 40 in
the complex. Choosing appropriate excitation and emis-
sion wavelengths enabled us to selectively measure these
residues (Xe,,, = 295 nm, Xcm = 410 nm for Trp 40;
lec = 312 nm, Xem = 418 nm for Trp 54). The peak
frequencies and the zero field splittings for the IDl - Et

TABLE 1 Tryptophan phosphorescence lifetimes, zero field ODMR frequencies, and zero field splitting parameters
in complexes formed between various single-stranded polynucleotides and point-mutated Eco SSB proteins

Lifetime
Sample Ao,o components* D-E 2E D + E IDI |El

nm GHz
EcoSSB-W88F,W135F 411.2 5.6 s(82%), 1.6 s(18 %) 1.75 2.57 +t 3.03 1.28
Eco SSB-W88F, W135F/poly(dT) 415.1 5.1 s (63%), 2.6 s (37%)
Trp 40 1.74 2.58 -4 3.03 1.29
Trp 54 1.57 2.36 -4 2.75 1.18

Eco SSB-W88F, W135F/poly(5BrU) 416.6 1.0 s (56%)I, 0.12 s (44%)i 1.69 2.33 4.02 2.86 1.16
Eco SSB-W88F, W135F/poly (5HgU) 414.9 <10 ms (87%), 5.6 s (13%) 1.84 2.56 4.40 3.12 1.28

*Measured at Xop T = 77 K, unless otherwise indicated.
tSignal is not observed.
1Phosphorescence measurements were made at 4.2 K.
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FIGURE 1 (A) Plot of the IDI -IE ODMR frequency versus emission
wavelength within the 0,0-band in free Eco SSB-W88F,W135F
(1.3 x 10-4 M, open squares) and Eco SSB-W88F,W135F/poly(dT)
(1.3 x 1O-4 M:2.4 x IO-' M,full squares) (B) Plot of the 21EODMR
frequency versus emission wavelength within the 0,0-band in Eco
SSB-W88F,W135F (open squares) and Eco SSB-W88F,W135F/
poly(dT) (inverted triangles, positive signals; triangles, negative sig-
nals). Excitation was at 295 nm (16 nm bandpass) and emission slits
were set at 1.5 nm resolution. Frequencies were corrected for fast
passage effects by extrapolation to zero sweep rate. The sample temper-
ature was 1.2 K. Error bars represent ±5% FWHM (full width at half
maximum) of the peak.

and 2 JEl transitions of each Trp chromophore in the
complex are reported in Table 1. The IDI + JEl transition
was not observed for either of the Trp residues. We did
not observe the IDI - E transition for Trp 54 (Fig. 2 A)
under steady state conditions. This transition frequency
was obtained from a modified nonsteady state slow pas-

sage ODMR experiment in which microwaves are swept
after cessation of optical pumping and allowing free
decay of the sample to occur (data not shown). There is an
initial depopulation of the T% sublevel before the micro-
wave sweep. The peak frequency is determined after
subtraction of a baseline extrapolated from the initial
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FIGURE2 (A) Slow passage DI|-|El and 2 El ODMR transitions of
Trp 40 and 54 in Eco SSB-W88F,W135F complexed with poly(dT). For
Trp 40, excitation was at 295 nm, with emission monitored at 410 nm.
The sweep rate was 58 MHz s-' (10 scans). Trp 54 signals were
collected with excitation at 312 nm, with emission monitored at 418 nm.
The sweep rate was 58 MHz s-' (8 scans). Excitation monochomator
slits were set at 16 nm resolution; emission bandpass was 1.5 nm. The
sample temperature was 1.2 K. (B) Fast passage ODMR transitions of
Trp 40 (IDI - El) and Trp 54 (2 |El). The sweep rate was 100 GHz s-
for both Trp 40 (500 scans) and for Trp 54 (1,000 scans). (C) Decay
rate constants obtained from fast passage ODMR measurements are ex-
trapolated to zero optical pumping intensity by using a set of neutral
density filters. Open circles are data from Trp 54, while closed circles
originate from Trp 40.
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portion of the phosphorescence decay. When extrapolated
to zero sweep rate, the DI -|E transition of Trp 54 was
found to be 1.57 GHz (Table 1). This is identical to the
value previously reported for the W88F SSB mutant (7).

Fast passage ODMR responses were obtained by
sweeping the microwave frequency (sweep rate = 100
GHz s-') through the IDI - El transition of Trp 40 and
the 2 lEl transition of Trp 54, during continuous optical
pumping. A negative transient response was observed for
Trp 54, while for Trp 40 the signal was positive (Fig.
2 B). The fast passage measurements were repeated with
a set of neutral density filters in the excitation path, and
extrapolated to zero optical pumping (Fig. 2 C) in order
to obtain the decay rate constant for the T, sublevel of
Trp 40 and 54. A single exponential fitting was obtained
for both chromophores, because T. is the only radiative
sublevel (the IDI + [E} signal is not observed). For Trp 40,
we obtained kx = 0.46 s-', while for Trp 54, it was found
that k. = 1.18 s-'.
The nonradiative rate constants for the Ty and Tz

sublevels of both Trp residues in the Poly (dT) complex
were obtained by the MIDP experiment, by pulsing the
Ty TXand Tz* T. transitions, respectively. A typical
MIDP response is presented in Fig. 3 A. A plot of the
natural logarithm of the ratio of intensities I/IO versus the
delay time of the microwave pulse is shown in Fig. 3 B, for
both Trp residues. The slope of the resulting straight line
is equal to the (nonradiative) decay rate constant, assum-
ing that spin-lattice relaxation is negligible. It was found
that for Trp 40, ky = 0.076 s-' and kz = 0.041 s-', while
for Trp 54, ky = 0.082 s-' and kz = 0.056 s-'. The kinetic
results are summarized in Table 2. The calculated aver-
age lifetime (ray) is T,, = 5.20 s for Trp 40 and Tav = 2.28 s
for Trp 54. These values are in good agreement with those
obtained by analysis of the phosphorescence decay profile
at 77 K (Tables l and 2).

Pulsed MIDP measurements were performed to obtain
the instantaneous relative populating rates, p,, of both
Trp residues (data not shown). Microwave pulses were
applied 30 ms after closing of the excitation shutter, after
brief optical pumping (0.2 s). For Trp 54, a microwave-
induced decrease of the phosphorescence intensity to half
of its initial value (data not shown), indicates that py and
p., the populating rates of the Ty and Tz sublevels, are
negligible compared with px. The same result was
obtained previously (7) for Trp 54 in the single point-
mutant, Eco SSB W88F. For Trp 40, identical experi-
ments show small but detectable py, p, relative to px.
These optical responses were difficult to analyze quanti-
tatively, however, since photoselection of Trp 40 is less
efficient than that of Trp 54.

Wavelength-selected ODMR experiments performed
on the 2 IEI signal of the SSB-W88F,W135F/poly(dT)
complex reveal two distinct Trp sites: a wavelength-
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FIGURE 3 (A) MIDP response of Trp 54 in Eco SSB-W88F,W135F/
poly(dT) complex. The sample was excited at 312 nm with 16 nm
bandpass, and monitored at 418 nm with 1.5 nm resolution (signal
averaging for 12 scans). (B) Time dependence of the natural logarithm
of the MIDP responses for DI -IE and 2 |El of Trp 40 (filled circles)
and 54 (open circles) in the Eco SSB-W88F,W135F/poly(dT) com-
plex.

TABLE 2 Comparison of triplet state kinetics of Trp 40
and 54 in Eco SSB-W88F, W135/poly (dT) complex
with normal tryptophans

Lifetimet
Sample k. ky kz ko.* Ta, component

s-1S S

Trp 40 0.46 0.076 0.041 0.19 5.20 5.1 (63%)
Trp 54 1.18 0.082 0.056 0.44 2.28 2.6 (37%)
RNAse T1I 0.26 0.076 0.051 0.130 7.69
Trpi 0.24 0.119 0.038 0.134 7.46

*kav = (kx + ky + k.)/3 = 1/Tr,.
tMeasurement made at 77 K, X,,c = 295 nm and X. = 415 nm.
5Reference 23.
IReference 24.
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independent, low frequency site exhibiting a negative
signal which originates from Trp 54, and a strongly
wavelength-dependent, high frequency site whose positive
signals originate from Trp 40 (Fig. 1 B). We were not
able to resolve these two sites when monitoring the
IDI -EI signal (Fig. 1 A), since the negative contribution
from Trp 54 is buried under the strong Trp 40 IDI - IEI
signal of opposite polarity at the excitation wavelength
used (295 nm).

ii SSB-W88F,W135F/poly(5-BrU)
complex
The phosphorescence spectrum of the SSB-
W88F,W1 35F/poly(5-BrU) complex shows a red-shift of
the 0,0-band maximum to 416.6 nm (at 4.2 K), and is
more resolved from the phosphorescence background of
5-BrU bases than it is at 77 K. However, even at 77 K the
Trp 0,0-band peaks at 415 ± 1 nm. Therefore, the
SSB-W88F,W135F/poly(5-BrU) complex, does not
show the pronounced red-shift induced upon cooling the
sample from 77 to 4.2 K which has been observed
previously for the poly(5-BrU) complexes of wild type
and single point mutations of Eco SSB protein (1, 2).
The phosphorescence decay profile of the SSB-

W88F,W135F/poly(5-BrU) complex (at 4.2 K) was fit to
two short components of 1.0 s and 0.12 s (Table 1),
indicating the presence of only heavy atom perturbed Trp.
Excitation was carried out at 312 nm to avoid the
contribution of Tyr residues to the phosphorescence. The
proportion of the two decay lifetimes varies across the
0,0-band, being larger for the shorter component at
longer wavelengths (Fig. 4). The wavelength-selected
phosphorescence half-life plots are identical, however, at
77 K and 4.2 K; the SSB-W88F,W135F/poly(5-BrU)
complex lacks the previously observed temperature effect
on the decay halflife (2), which was attributed to an

energy trapping mechanism.
The SSB-W88F,W135F/poly(5-BrU) complex exhib-

its the otherwise dark IDI + JEl slow passage ODMR
signal, which must originate from Br-perturbed Trp in the
complex (Fig. 5 A). A transient response to microwave
rapid passage through this signal decays with a lifetime of
0.10 s. Peak frequencies of the ODMR signals and zero

field splittings are given in Table 1. It is noteworthy that
IDI and IEI both decrease with respect to the values in the
free protein.

iii SSB-W88F,W135F/poly
(5-HgU) complex
The phosphorescence spectrum of this complex shows a

resolved 0,0-band which peaks at 414.9 nm (Table 1).
The phosphorescence decay profile exhibits two compo-
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FIGURE 4 Plot of the phosphorescence decay half-life versus wave-
length for the complex of poly(5-BrU) (2.1 x 10- M) with Eco
SSB-W88F,W135F (6.9 x 10-' M). Measurements were made at 77 K
(open circles) and 4.2 K (filled circles). The sample was excited at 295
nm (16 nm bandpass), and each phosphorescence decay analyzed was
the result of 64 accumulations.

nents: one with a lifetime <10 ms which originates from
the Hg-perturbed Trp residues, and another minor com-

ponent of 5.6 s which originates from Trp residues stacked
with nonmercurated bases. Unlike the brominated poly-
uridylic acid, which is completely derivatized, poly(5-
HgU) is only 70% mercurated.
The slow passage ODMR transitions of the SSB-

W88F,W135F/poly(5-HgU) complex are shown in Fig.
5 B, and the peak frequencies are reported in Table 1. The
observed increase in the IDI value for the Hg-perturbed
Trp relative to unstacked Trp is characteristic of pertur-
bation by Hg (21).
The wavelength dependence of the IDI + JEl transition

peak frequency for the Eco SSB-W88F,W135F/poly(5-
HgU) complex is shown in Fig. 6 A. Due to the more

symmetric lineshape of the IDI + JEl signals, all wave-

length-selected ODMR plots of poly(5-HgU) complexes
presented here have been constructed monitoring this
transition. Fig. 6 A shows two distinct sites whose transi-
tion frequencies are relatively wavelength-independent
having a discontinuity at X,, = 414 nm. The site which
contributes to the blue edge of the 0,0-band is character-
ized by higher transition frequency (4.37 GHz), while the
site which contributes to the red edge displays a lower
ODMR transition frequency (4.33 GHz). In order to
investigate the individual contributions of Trp 40 and 54
to the wavelength-selected ODMR plot presented in Fig.
6 A, singly point-mutated Eco SSB proteins were com-

plexed with poly(5-HgU). Because we applied the same

rapid sweep rate used for the study of the double point-
mutated complex, only the heavy atom-perturbed Trp
residue(s) contributed to the signal. In Fig. 6 B, plots are
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presented for the poly(5-HgU) complexes of Eco SSB-
W54F (squares) and Eco SSB-W40F (triangles).
Neither one of these systems displays discontinuities in
the wavelength-selected ODMR plots, suggesting that in
each case only one Trp residue undergoes a heavy atom
perturbation, in agreement with previously reported
results (2). Moreover, the two perturbed chromophores
are characterized by a wavelength-independent transition
frequency. Each frequency agrees within experimental
error with one of the two sites shown by Eco SSB-
W88F,W135F/poly(5-HgU). This result demonstrates
that the blue-shifted, high-frequency site of the double
point-mutated complex originates from Trp 40, while the
red-shifted, low-frequency site is due to Trp 54. To
provide further evidence for this assignment, Eco SSB-
W88F was complexed with poly(5-HgU) and studied in a
similar way. As shown in Fig. 6 C, the wavelength-
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FIGURE 6 Plot of the |DI + |El ODMR peak frequency vs. emission
wavelength through the heavy atom-perturbed Trp 0,0-band in the
complexesof poly(5-HgU) with: (A) EcoSSB-W88F, W135F; (B) Eco
SSB-W54F (squares) and Eco SSB-W40F (triangles); (C) Eco SSB-
W88F; (D) Eco SSB-W135F. Microwave sweep rate was 20 GHz s-'.
Excitation wavelength was 295 nm (16 nm bandpass); emission slits
were set at 1 nm resolution. Individual points were acquired after
accumulation of 10,000 scans. Error bars are ±5% FWHM of the
peak.
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selected ODMR plot of this system exhibits two sites with
a discontinuity in slope at 414 nm indicating that Trp 40
and 54 both undergo stacking with 5-HgU bases. In
contrast with the double point-mutated protein complex,
the two sites now display a wavelength-dependent transi-
tion frequency (Fig. 6 C). However, when the poly(5-
HgU) complex of Eco SSB-W135F is studied, we

obtained a plot showing two wavelength-independent sites
(Fig. 6 D) that is practically indistinguishable from that
of Eco SSB-W88F,W135F (Fig. 6 A). Trp 135 is known
to be located outside the DNA binding domain (22).
Taken together, the wavelength-selected ODMR plots of
the poly(5-HgU) complexes of the four singly point
mutated Trp 1- Phe Eco SSB proteins and the Eco
SSB-W88F,W135F mutant show that Trp 40 and 54 are

the only Trp residues which undergo heavy atom pertur-
bation in the complexes.

DISCUSSION

The phosphorescence 0,0-band maximum of the doubly
point-mutated Eco SSB-W88F,W135F protein is found
at 411.2 ± 0.2 nm, while those for wild type Eco SSB and
Eco SSB-W88F are at 412.0 and 411.8 nm, respectively
(2). Therefore, though replacement of Trp 88 does not
affect the Trp phosphorescence 0,0-band maximum
within experimental error, replacement of both Trp 88
and 135 causes a blue shift of 0.8 nm, indicating that the
emission of Trp 135 lies to the red of the wild type
phosphorescence peak. The observed red-shift of Eco
SSB-W88F,W135F upon binding to poly(dT) relative to
the free protein (3.9 nm) is of the same magnitude as that
found for the wild type protein (4.0 nm). The magnitude
of this red-shift (2), as well as the appearance of charac-
teristic ODMR signals of negative polarity demonstrate
the occurrence of Trp 54 stacking in the poly(dT) com-
plex of the double mutant.

Based on the polarity of the slow passage ODMR
signal, it is possible to determine the triplet state kinetic
parameters of Trp 40 and 54 upon stacking with thymine
bases. The negative steady state ODMR response is
indicative of a highly selective intersystem crossing from
S1 to the T, sublevel in Trp 54. This sublevel populating
pattern has been observed previously (7) and stacking
also is known to enhance the radiative character of the Tx
sublevel. In Table 2, we can compare the kinetic proper-
ties of Trp 54 and Trp 40 with those of RNAse T, (a
protein which contains a single Trp residue), and free
tryptophan. It is evident that Trp 54 is the residue most
affected by stacking; the phosphorescence lifetime reduc-
tion originates exclusively from the T, sublevel, which
shows a fourfold reduction of its intrinsic lifetime relative
to the T. sublevel of normal, unstacked Trp. The other

two nonradiative sublevels of Trp 54 show no significant
change in lifetime (Table 2). These values are in very

good agreement with previous work, in which the triplet
state properties of Trp 54 were determined in a poly(dT)
complex of the Eco SSB-W88F mutant (7).

Trp 40, on the other hand, shows a smaller perturbation
upon complexing with poly(dT). The T, sublevel lifetime
is reduced likewise from that of normal Trp, while the Ty
and T, decay rate constants are unaffected, within experi-
mental error (Table 2). The positive steady state ODMR
responses, combined with the individual sublevel decay
rate constants suggest that the Trp 40 SI T, intersys-

tem crossing routes do not favor the T. sublevel to the
same extent that is found for Trp 54.
The calculated average lifetimes of both Trp 40 and 54,

presented in Table 2, agree well with the phosphorescence
decay components of the Eco SSB-W88F,W135F/
poly(dT) complex (Table 1), whose decay at 77 K was

fitted to a biexponential, giving 5.1 s for Trp 40 and 2.6 s

for Trp 54.
The Eco SSB-W88F,W 135F/poly(dT) complex shows

two positive ODMR transitions under conditions which
result in photoselection of Trp 40 (X, = 295 nm,

Xem = 410 nm). For Trp 54, red-edge excitation with
narrow bandpass (Xe, = 312 or 318 nm) and monitoring to
the red of the phosphorescence 0,0-band maximum yields
only a negative signal for the 2 JEl transition, while the
IDI - JEl signal is not observed (Fig. 2 A). Negative
DI - El and 2 JEl transitions were observed for all the poly
(dT) complexes of singly point-mutated Eco SSB proteins
which contain Trp 54. We can conclude that in the case of
Eco SSB-W88F,W135F the steady state populations of
the T7 and Tz sublevels of Trp 54 are not significantly
different.
The poly(5-BrU) complex of Eco SSB-W88F,W135F

shows the largest red shift of the phosphorescence 0,0-
band of any SSB mutant so far investigated (2). We
believe that the temperature dependence of the phospho-
rescence lifetime which is observed in poly (5-BrU)
complexes of wild type SSB, and in the single Trp Phe
mutants results from a thermal equilibrium distribution
of stacked (low energy, short lifetime) sites and unstacked
(higher energy, long lifetime) sites (2). Thus, as the
temperature is lowered, the lifetime of the phosphores-
cence which is observed at any wavelength becomes
shorter. In order for this phenomenon to occur, two types
of Trp residues (stacked and nonstacked) must be present
in the complex of the SSB protein with polynucleotides;
such is the case for wild-type SSB protein as well as for all
the single Trp point-mutations. In the Poly (5-BrU)
complex of the double point mutant SSB-W88F,W1 35F,
the phosphorescence lifetime at a given wavelength is the
same at 77 K as at 4.2 K (Fig. 4). We believe that this
constitutes evidence for the previous interpretation of
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thermal equilibration among emitting sites, as well as the
stacking (and therefore reduced lifetime) of both Trp 40
and 54. The fact that all the single Trp - Phe mutants
show this temperature dependence of the half-life of the
Poly (5-BrU) complexes supports the argument that
neither Trp 88 or Trp 135 is stacked with 5-BrU.

In the poly(5-HgU) complex of Eco SSB the phospho-
rescence 0,0-band is red-shifted relative to the free pro-
tein, while the phosphorescence lifetime is reduced by
three orders of magnitude to <10 ms due to a large
heavy-atom perturbation. This effect also allows the
otherwise dark IDI + lEt transition to be observed, under
rapid sweep conditions. There is an increase in the
radiative strength of the triplet sublevels, as a result of
spin-orbit coupling. The use of Hg as a perturber causes
an increase in the IDI value of Trp (21) which overwhelms
the expected decrease due to stacking.

Wavelength-selected ODMR studies conducted on the
poly(5-HgU) complexes of single point-mutated Eco SSB
proteins (in which each Trp, in turn, has been selectively
replaced by Phe) and the double point-mutated Eco
SSB-W88F,W1 35F show two Hg-perturbed, wavelength-
independent Trp sites which originate from Trp 40 (-4.37
GHz, blue-shifted) and Trp 54 (-4.32 GHz, red-shifted).
No other Trp residue is subjected to a heavy atom effect.
Although Trp 40 and 54 sites were resolved in previous
measurements on Eco SSB-W88F (2) by monitoring the
IDI - El transition of poly(5-HgU) complexes, Trp 40
was found to emit to the red and Trp 54 to the blue. The
opposite is observed by monitoring the IDI + JEl transition
of the Eco SSB-W88F,W135F mutant. The reason for
this disagreement remains unclear; possibly the absence
of Trp 135 in the double mutant affects the stacking
behavior of Trp 40 and 54 in this manner. The poly(5-
HgU) complex of Eco SSB-W88F displays an as yet
unexplained wavelength-dependence of the Trp 40 and 54
sites. This behavior is observed only when Trp 135, which
is located outside the DNA binding domain of the protein,
is simultaneously present in the protein complex.

CONCLUSION

This study, which is an extension of previous work (7, 9),
presents a detailed investigation of the triplet state decay
kinetics of Trp residues 40 and 54 in the poly(dT)
complex of a double point-mutated Eco SSB protein.
Optically detected magnetic resonance spectroscopy
shows that although both Trp 40 and 54 experience an
increase in the average phosphorescence decay constant,
the effect is much greater for Trp 54, which exhibits a
phosphorescence lifetime of only 2.3 s. This lifetime
reduction originates exclusively from a reduction of the
decay lifetime of the Tx sublevel of Trp 54. The molecular

details of the interaction of Trp 54 and 40 with thymine
bases are not known, though it seems clear that based on
the differences in their decay lifetimes and the opposite
polarity of their ODMR signals, they must be signifi-
cantly different.
The study of a poly(5-BrU) complex of Eco SSB-

W88F,W135F shows the presence of stacked Trp resi-
dues, as evidenced by the short-lived optical transient
measured from fast-passage experiments, and the reduc-
tion of the IDI zero field splitting parameter. Comparison
of wavelength-selected phosphorescence half-life plots
with published work on singly point-mutated Eco SSB
proteins (2) shows the absence of a previously observed
energy trapping mechanism. This, combined with the
observation of only short-lived components in the Trp
decay profile (of 1.0 and 0.12 s), gives evidence that both
Trp 40 and 54 are stacked in the complex.
The involvement of both Trp 40 and 54 in the binding

process is confirmed by a wavelength-selected time-
resolved ODMR study of Eco SSB-W88F,W1 35F bound
to poly(5-HgU). Comparison of this work with that done
with 5-HgU complexes of Eco SSB mutants in which
each of its Trp residues has been replaced in turn by Phe
demonstrates that Trp 40 and 54 are indeed the only Trp
residues of Eco SSB protein undergoing stacking with
nucleic acid bases.
The availability of Eco SSB mutants affecting every

Trp position has allowed us to identify the functional Trp
residues, construct a mutant containing only those resi-
dues (Trp 40 and 54) involved in stacking, and then to
study in detail its interaction with various homopolynu-
cleotides. These types of measurements can be extended
to include other aromatic residues that may also be
involved in the binding process, as has been previously
demonstrated by ODMR studies of the effect of site-
directed mutagenesis in the vicinity of Trp 54, leading to
the identification of Phe 60 as a functional residue (6).
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