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ABSTRACT: EcoRI endonuclease has two tryptophans at positions 104 and 246 on the protein surface. A
single tryptophan mutant containing Trp246 and a single cysteine labeling site at the N-terminus was
used to determine the position of the N-terminus in the protein structure. The N-termini ofEcoRI
endonuclease are essential for tight binding and catalysis yet are not resolved in any of the crystal structures.
Resonance energy transfer was used to measure the distance from Trp246 donor to IAEDANS or MIANS
acceptors at Cys3. The distance is 36 Å in apoenzyme, decreasing to 26 Å in the DNA complex. Molecular
modeling suggests that the N-termini are located at the dimer interface formed by the loops comprising
residues 221-232. Protein conformational changes upon binding of cognate DNA and cofactor Mg2+

were monitored by tryptophan fluorescence of the single tryptophan mutant and wild-type endonuclease.
The fluorescence decay of Trp246 is a triple exponential with lifetimes of 7, 3.5, and 0.7 ns. The decay-
associated spectra of the 7- and 3.5-ns components have emission maxima at∼345 and∼338 nm in
apoenzyme, which shift to∼340 and∼348 nm in the DNA complex. The fluorescence quantum yield of
the single tryptophan mutant drops 30% in the DNA complex, as compared to 10% for wild-type
endonuclease. Fluorescence changes of Trp104 upon binding of DNA were inferred by comparison of the
decay-associated spectra of wild type and single tryptophan mutant. Fluorescence changes are related to
changes in proximity and orientation of quenching functional groups in the tryptophan microenvironments,
as seen in the crystal structures.

Like other Type II restriction endonucleases,1 EcoRI is a
homodimer that cleaves its palindromic recognition sequence
GAATTC in the presence of cofactor Mg2+ (2). EcoRI
endonuclease finds its recognition site on a large DNA by
facilitated diffusion (3-5), whereby the protein binds non-
specifically to DNA (6, 7) and diffuses along the DNA helix
to its specific site (8). Like other highly specific DNA
binding proteins, the structural and energetic complementarity
of the protein-DNA interface of the specific complex is
achieved in a cooperative, concerted manner via major

conformational transitions, in which both the structures of
the apoenzyme and the DNA site are dramatically changed
(9-11); 1QC9.pdb (12). The conformational transitions are
accompanied by burial of large amounts of previously
hydrated nonpolar surface and restriction in configurational
and vibrational degrees of freedom of protein, DNA, and
water molecules trapped at the protein-DNA interface (13-
15). These factors are absent in nonspecific complexes (14).

Protein conformational changes associated with specific
DNA binding are apparent in the crystal structures of the
apoproteins and cognate DNA complexes forEcoRV (16-
18), BamHI (19, 20), and EcoRI (10, 21), 1QC9.pdb.
Recently, seven crystal structures ofEcoRI apoenzyme and
cognate DNA complexes were determined by John M.
Rosenberg and co-workers (1QC9.pdb, 1ERI.pdb, 1CK-
Q.pdb, 1QPS.pdb, 1CL8.pdb, 1QRH.pdb, 1QRI.pdb). The
protein conformational change in theEcoRI-DNA complex
includes local folding of residues 122-129 in the inner arm
and retraction of N-terminal residues 17-19 and C-terminal
residues 276-277. The N-terminal residues 2-16 are not
resolved in any of theEcoRI structures.2 This unresolved
region is essential for DNA cleavage as well as maximal
stability of the complex (22). Proteolytic deletion of the first
11 residues completely abolished cleavage activity, yet the
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truncated enzyme still bound specifically to cognate DNA
with about a factor of 60 lower binding affinity. Removal
of the first three residues had little effect, only lowering
binding affinity by a factor of 2. This suggests a key role
for the N-terminal region ofEcoRI in the conformational
transitions leading to tight DNA binding and catalysis.

Previously, we showed by site-directed fluorescence
spectroscopy (23) and chemical cross-linking that the N-
termini of EcoRI are close together on the protein surface,
presumably at the dimer interface (24). Neither cognate DNA
nor cofactor Mg2+ affected the proximity and mobility of
the second amino acid residue in the protein sequence.EcoRI
endonuclease has two tryptophans at positions 104 and 246,
which are on the protein surface remote from the protein-
DNA interface (10, 21). This paper examines the effects of
cognate DNA and Mg2+ on the tryptophan environments in
a single tryptophan mutant and wild-type enzyme. In
addition, the distance between Trp246 and the N-termini is
determined by resonance energy transfer in the absence and
presence of DNA and Mg2+. The energy transfer data
together with the crystal structures specify the location of
the N-termini.

EXPERIMENTAL PROCEDURES

Materials. N-iodoacetyl-N′-(5-sulfo-1-naphthyl)ethylene-
diamine was from Molecular Probes (Eugene, OR) and 2-(4′-
maleimidylanilino)naphthalene-6-sulfonic acid was from
Sigma Chemical Co. (St. Louis, MO). Glass-distilled glycerol
(EM Science, Cherry Hill, NJ) was used in buffers for optical
experiments. The 13-nt sequence d(TCGCGAATTCGCG)
was synthesized by Gene Lab in the Louisiana State
University School of Veterinary Medicine or by the Pitts-
burgh DNA Synthesis Facility, purified, and annealed (24).
All other chemicals were the highest grade available.

NaCl buffer contains 10 mM sodium phosphate buffer,
pH 7.0, NaCl at the indicated concentration, 1 mM EDTA,
and 7 mMâ-mercaptoethanol. The following NaCl buffers,
10% glycerol withoutâ-mercaptoethanol, were used for
optical experiments: endonuclease andN-acetylcysteine
conjugates, 0.6 M NaCl;EcoRI-DNA complex, 0.1 M
NaCl; EcoRI-Mg2+ complex, 0.6 M NaCl, 20 mM MgCl2.

Site-Directed Mutagenesis.Site-directed mutagenesis was
performed using the ALTERED SITES system from Prome-
ga (Madison, WI). Asn3Cys mutation was described previ-
ously (24). The gene fragment betweenHindIII and SalI sites
for residues 68-277 of the C-terminal sequence ofEcoRI
endonuclease and methyltransferase from an expression
vector pSCC2 (25) was cloned into pSELECT-1 vector in
the multiple cloning site. Mutagenesis was conducted using
the double-stranded template protocol provided by the
manufacturer. The oligonucleotide carrying the Trp104Tyr
mutation, d(GGC TTC AGC AAC AAG TAC TAC TCT
ATA TTC ACC ATA ATC ATC), also carried a silent
mutation to create a diagnosticScaI restriction site (AG-
TACT) for screening mutants. TheHindIII -SalI insert
carrying the newly createdScaI restriction site in pSE-
LECT-1 was cloned back into the modified pSCC2 expres-
sion vector (24), which was then renamed pW104Y referring
to the Trp104Tyr mutation. DNA sequencing of the insert
confirmed the mutation. TheMluI-HindIII gene fragment
in pW104Y was replaced with theMluI-HindIII fragment

from pN3C carrying the Asn3Cys mutation to give the
expression vector pN3CW104Y carrying the double mutation
Asn3Cys and Trp104Tyr.

Protein Purification.Wild-type and mutant endonucleases
were purified and assayed as described elsewhere (24).
N3CW104Y mutein eluted at the same salt concentration as
wild-type enzyme on the three columns used: P-11 phos-
phocellulose, HTP hydroxyapatite, and BioRex-70 (26). The
enzymes were>99% pure as judged by SDS-PAGE.
Protein concentration was determined by the BioRad protein
assay using anEcoRI endonuclease standard solution, whose
concentration had been determined by amino acid analysis.
Molarity of endonuclease solutions is based on a dimer
molecular mass of 62 kDa. Purified endonuclease was stored
at -70 °C in 0.6 M NaCl buffer, 10% glycerol.

Equilibrium association constantsKA for endonuclease and
24-nt cognate DNA d(GGGCGGGTGCGAATTCGCGGG-
CGG) were determined by membrane filtration as described
previously (24). Binding conditions were 10 mM Bis-tris
propane, pH 7.3, 0.16 M NaCl, 1 mM EDTA, 5µM DTT,
and 100µg/mL bovine serum albumin, 22°C.

Fluorescent Labeling. Labeling of N3C and N3CW104Y
muteins with 1,5-IAEDANS or MIANS was performed as
before (24). The labeling reaction for 1,5-IAEDANS was
allowed to go for 10 h. Because MIANS is essentially
nonfluorescent until reacted with sulfhydryl, the MIANS
reaction was followed by fluorescence at 320 nm excitation
wavelength, 450 nm emission wavelength. The reaction with
MIANS was complete after 15 min for [MIANS]/
[N3CW104Y] ratios of 0.6-6.4. Ratios of 2.4 and 6.4 gave
the same intensity increment, consistent with accessibility
of Cys3 and inaccessibility of Cys218 (24). The extent of
labeling after removal of unreacted probe was estimated
spectrophotometrically, using extinction coefficients of 6.1
× 103 M-1 cm-1 at 337 nm for 1,5-IAEDANS and 1.7×
104 M-1 cm-1 at 327 nm for MIANS (27). With two
cysteines per homodimer, labeling was stoichiometric with
molar ratios of probe to endonuclease between 1.96 and 2.0.

The labeling site was confirmed by peptide mapping.
Enzyme was digested by partial acid hydrolysis in 60%
formic acid for 3 days at 37°C (28). Peptides were separated
by RP-HPLC (C18 column, 300 Å pore size, 5µm particle
size), gradient: 35-55% B in 25 min; A, 0.1% TFA in
water; B, 0.085% TFA in acetonitrile/2-propanol (1:1).
Peptides were detected by UV (214 nm) and fluorescence
(tryptophan, excitation 280 nm, emission 350 nm; IAEDANS,
excitation 330 nm, emission 480 nm; MIANS, excitation 320
nm, emission 430 nm). Formic acid cleavesEcoRI endonu-
clease at the unique Asp74-Pro75 bond to generate 8.2 kDa
N-terminal and 22.9 kDa C-terminal fragments. Peptides
were identified in a separate experiment with unlabeled
enzyme by monitoring tryptophan fluorescence of the 22.9
kDa C-terminal fragment during HPLC and by high-
resolution SDS-PAGE using a Tris/Tricine buffer system
(29). IAEDANS or MIANS fluorescence was observed only
in the N-terminal fragment of labeled enzyme, indicating
specific labeling of Cys3 and no reaction of Cys218. Labeled
enzyme was stored at-70 °C in 0.6 M NaCl buffer, 10%
glycerol, and was dialyzed into the same buffer without
â-mercaptoethanol prior to optical experiments.

N-Acetylcysteine conjugates were made by reacting 1,5-
IAEDANS and MIANS with a 5-fold molar excess of
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N-acetylcysteine at room temperature in the dark for 24 h.
The product was purified by flash chromatography on a silica
column. Purified conjugate migrated as a single spot on TLC
developed withn-butanol/water/acetic acid (2:2:1).

Fluorescence Measurements. Absorption and fluorescence
measurements were performed at 4°C as described (24).
Excitation wavelength was 295 nm for tryptophan and 320
nm for 1,5-IAEDANS and MIANS. Fluorescence quantum
yieldsΦ were measured relative to tryptophan in water using
a value of 0.14 at 25°C (30). Time-correlated single photon
counting measurements used a rhodamine 6G dye laser for
tryptophan and a DCM dye laser for 1,5-IAEDANS and
MIANS. Decay data were collected in 1024 channels of 12-
83 ps/channel. Temperature was maintained at 4°C by a
circulating water bath. Sample compartment was purged with
nitrogen to prevent condensation. Decay curves were de-
convolved using the Beechem global program (31). Goodness
of fit was judged by reduced chi squareør

2 and the
autocorrelation function of the weighted residuals.

Fluorescence intensity decaysI(t) were fit to a sum of
exponentials

with amplitudesRi and lifetimesτi. Decay curves acquired
at different emission wavelengths were deconvolved simul-
taneously assuming that lifetimes but not amplitudes were
independent of wavelength. Some data sets had<1% of a
10-50 ps component due to scattered light. Decay-associated
emission spectraFi(λ) were calculated by combining the
steady-state emission spectrumF(λ) and time-resolved data.

In constructing the DAS for wild type, the steady-state
emission spectrum was peak normalized. The steady-state
spectra of wild type in the presence of DNA and Mg2+ were
scaled relative to apoenzyme based on protein absorbance
at 295 nm. Assuming equal extinction coefficients for Trp104
and Trp246, wild type has about twice the extinction
coefficient of the single tryptophan mutant. In constructing
the DAS for N3CW104Y mutein, the steady-state emission
spectra in the absence and presence of DNA and Mg2+ were
scaled to the same protein concentration as wild-type based
on protein absorbance at 295 nm. Figure 1 shows that the
relative intensities of the scaled spectra correlate well with
relative quantum yields.

Fluorescence anisotropy decaysr(t) were fit to a sum of
exponentials

with preexponentialâi and rotational correlation timeφi. The
initial anisotropyr(0) ) Σâi. Individual polarized decaysIVV-
(t) andIVH(t) are deconvolved simultaneously with a magic
angle decayI(t)

where the correction factorG ≈ 1 in our instrument.

Fluorescence Energy Transfer. For a unique distancer
between donor and acceptor, the efficiency of energy transfer
E is

whereτD andτDA are the donor lifetimes in the absence and
presence of acceptor. Average lifetimesτj of multiexponential
donor decays were used in eq 5.

In the presence of two acceptors,τDA becomes

wherekTi is the rate of energy transfer from the donor to
acceptori,

so thatE becomes

whereR0i is the Förster critical distance for transfer from
donor to acceptori. TheR0 value in Å for a donor/acceptor
pair was determined from

wheren is the refractive index of the medium taken to be
1.4, ΦD is the donor quantum yield in the absence of
acceptor,κ2 is the orientation factor, andJ is the spectral
overlap integral in M-1 cm-1 nm4. The overlap integral was
calculated from the donor emission spectrumFD(λ) and
acceptor absorption spectrumεA(λ). For random orientation

I(t) ) ∑Ri exp(-t/τi) (1)

Fi(λ) ) Ri(λ)τiF(λ)/∑Ri(λ)τi (2)

r(t) ) ∑âi exp(-t/φi) (3)

IVV(t) ) I(t)[1 + 2r(t)]/3 (4a)

IVH(t) ) GI(t)[1 - r(t)]/3 (4b)

FIGURE 1: Steady-state emission spectra normalized to wild-type
EcoRI endonuclease apoenzyme as described in Experimental
Procedures. (s) wild type: (9) apoenzyme, (b) EcoRI-DNA
complex, (2) EcoRI-Mg2+ complex. (‚‚‚) N3CW104Y mutein: (9)
apoenzyme, (b) N3CW104Y-DNA complex, (2) N3CW104Y-
Mg2+ complex.

E ) 1 - τDA/τD (5)

τj ) ∑Riτi/∑Ri (6)

τDA ) τD + kT1 + kT2 (7)

kTi ) τD
-1(R0i/r i)

6 (8)

E ) [(R01/r1)
6 + (R02/r2)

6]/{1 + [(R01/r1)
6 + (R02/r2)

6]}
(9)

R0 ) 0.211(n-4ΦDκ
2J)1/6 (10)

J ) ∫ FD(λ)εA(λ)λ4dλ/∫ FD(λ)dλ (11)
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of donor emission and acceptor absorption dipoles, the value
of κ2 ) 2/3; the corresponding values ofR0 and r are
designatedR0(2/3) andr2/3. The maximum uncertainty in
distance due to an unknown value ofκ2 was estimated from
steady-state and time-resolved anisotropy data by the method
of Dale et al. (32) as described in Lakowicz et al. (33).
Maximumκ2

max and minimumκ2
min values calculated from

depolarization factors were used to calculatermax and rmin

values.
Molecular Modeling.Molecular modeling was performed

using InsightII 97.0 from Molecular Simulations Inc. (San
Diego, CA) on a Silicon Graphics Indy workstation. Super-
position was performed by best fit of the CR carbons using
Swiss PdbViewer (34) on a Macintosh G3. The following
structures were downloaded from the Protein Data Bank (12).
1QC9.pdb is a 3.0 Å structure of wild-typeEcoRI endonu-
clease. 1ERI.pdb is a 2.7 Å structure, and 1CKQ.pdb is a
1.85 Å structure of wild-type complexed with 13-mer cognate
DNA. 1QPS.pdb is a 2.5 Å structure of wild-type complexed
with Mn2+ and 13-mer cognate DNA cleaved at the recogni-
tion sequence. 1CL8.pdb is a 1.8 Å structure of wild-type
complexed with 13-mer DNA duplex with the inner adenine
in the recognition sequence replaced by purine. 1QRH.pdb
is a 2.5 Å structure of active site mutant R145K complexed
with 13-mer cognate DNA. 1QRI.pdb is a 2.6 Å structure
of active site mutant E144D complexed with 13-mer cognate
DNA. The structures were superimposed to a best fit of the
CR carbons using the 1.85 ÅEcoRI-DNA complex (1CK-
Q.pdb) as reference structure.

RESULTS

Single Tryptophan Mutant. Substitution of Trp104 with
tyrosine does not affect the activity ofEcoRI endonuclease.
N3CW104Y mutein, which has a single tryptophan at
position 246, cleavesλ-DNA into the same restriction
fragments as wild type as judged by agarose gel electro-
phoresis. The mutein binds to cognate 24 bp oligomer with
the same affinity (7.6( 0.2 × 1010 M-1) as wild type (7.5
( 0.3 × 1010 M-1). The absorption maximum at 278 nm is
the same in the single tryptophan mutant and wild-type
enzyme. The fluorescence emission maxima at 338 nm are
also the same within error (Table 1), consistent with partially
exposed tryptophans. Binding of cognate DNA or cofactor
Mg2+ does not shift the spectra of either the single tryptophan
mutant or wild-type enzyme. The fluorescence quantum yield
of Trp246 is 0.18 (Table 1). DNA binding quenches the
fluorescence of Trp246 about 30%, whereas Mg2+ binding

has no effect within error. The quenching of Trp246
fluorescence by cognate DNA indicates a conformational
change near the protein surface far from the DNA binding
site.

Changes in protein conformation reported by Trp246 were
explored in more detail by time-resolved fluorescence studies
of N3CW104Y mutein. Time-resolved emission spectral data
of N3CW104Y in the absence and presence of cognate DNA
or Mg2+ were acquired at 10-nm intervals from 320 to 400
nm. In all cases, global analysis gave good fits to three
exponentials with lifetimes of about 7, 3.5, and 0.7 ns. Fits
to four exponentials resolved a stray light component of<50
ps with some improvement inør

2. Table 2 gives the results
from the four-exponential fits omitting the stray light
component. The average lifetime of Trp246 drops about 15%
in both the DNA and Mg2+ complexes. The drops in quantum
yield and average lifetime upon binding of DNA or Mg2+

are about the same within error. These drops result primarily
from changes in the relative amplitudes of the different
lifetime components. The lifetimes do not appear to change
appreciably in the presence of DNA or Mg2+ cofactor. This
hypothesis was put to a more rigorous test by global analyses
of the wavelength data sets for N3CW104Y mutein,
N3CW104Y-DNA complex, and N3CW104Y-Mg2+ com-
plex with one to three of the lifetimes linked. Global analyses
of any two data sets with all lifetimes linked gave acceptable
ør

2 values. However, a comprehensive global analysis of the
three data sets with all lifetimes linked gave a poor fit. A
series of analyses linking various lifetimes confirmed no
significant lifetime changes upon binding of Mg2+ and a
slight increase in the long lifetime from 6.7 to 7.2 ns upon
binding of DNA.

Figures 2 and 3 show the decay-associated emission
spectra of the 7- and 3.5-ns lifetime components of Trp246
in N3CW104Y mutein. (The poorly resolved 0.7-ns DAS is
not shown.) The 7- and 3.5-ns DAS have maxima at 345
and 338 nm. The 7-ns DAS of Trp246 is quenched upon
addition of DNA. A >5 nm blue shift accompanies this
intensity drop, indicating a change in tryptophan environ-
ment. The 3.5-ns DAS is only slightly quenched by DNA
but red shifted by>10 nm. Mg2+ binding has much smaller
effects, causing only slight enhancement of both DAS with
no spectral shift for the 7-ns DAS and<5-nm red shift for
the 3.5-ns DAS.

Time-resolved emission anisotropy of N3CW104Y mutein
was measured in the absence and presence of cognate DNA
or Mg2+ to examine the mobility of Trp246. Fits of the
anisotropy data to a single exponential gave acceptableør

2

values, which were slightly improved by assuming two
rotational correlation times (Table 3). The 1-ns rotational
correlation time was attributed to internal motion of Trp246,
and the 100-ns rotational correlation time was attributed to
protein global motion. The rotational correlation time of
EcoRI endonuclease estimated by the Stokes-Einstein
equation is about 73 ns (24). The initial anisotropyr(0) )
0.14 of Trp246 is low as compared to the fundamental
anisotropy of 0.25 for tryptophan in water (35) and 0.21-
0.26 for tryptophan in rigid proteins (36-39) at 295 nm
excitation wavelength, diagnostic of fast motion unresolved
on the 25-ns time scale of the experiment. The amplitude of
the∼100-ns rotational correlation time increases from 0.11
for N3CW104Y mutein to 0.13 for N3CW104Y-Mg2+

Table 1: Fluorescence Quantum Yields and Emission Maxima

sample Φa λmaxnm τjb ns

W246 in N3CW104Yc 0.18 338 5.1
+DNA 0.13 338 4.2
+Mg2+ 0.19 340 4.3
W246+ W104 in wild typec 0.24 337 4.5
+DNA 0.22 338 4.6
+Mg2+ 0.21 339 3.9
IAEDANS-Cysd 492
IAEDANS-N3CW104Yd 485
MIANS-Cysd 459
MIANS-N3CW104Yd 450
a Errors are( 0.02. b Emission wavelength 350 nm.c Excitation

wavelength 295 nm.d Excitation wavelength 320 nm.
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complex and to 0.17 for N3CW104Y-DNA complex, sug-
gesting partial hindrance of the fast motion of Trp246 in the
complexes.

Wild-Type Endonuclease. Wild-type enzyme contains two
tryptophans per subunit, which together have a quantum yield
of 0.24 (Table 1). The net effect of DNA or Mg2+ on wild-
type fluorescence is about 10% quenching, in agreement with
previous observations ofEcoRI-DNA complex (40, 41).
This becomes more interesting in light of the fluorescence
changes in the single tryptophan mutant. The wild-type
tryptophans are too far apart for Trp-Trp energy transfer,
becauseR0 ) 4-16 Å for self-transfer (42) and the closest
distance between Trp104 and Trp246 in any of the crystal
structures is the intrasubunit distance of∼30 Å. Therefore,
the contributions of Trp104 and Trp246 to wild type
fluorescence are essentially independent. The steady-emission
spectra in Figure 1 show that the two tryptophans do not
contribute equally to wild-type fluorescence. W104 appears
to dominate the spectra. This is not surprising, as the two
tryptophans are in unique environments (Figure 4).

Time-resolved measurements in the absence and presence
of cognate DNA and Mg2+ give lifetimes of 6-7, 3-4, and
0.6-1 ns, similar to the values for Trp246, withør

2 values
of 1.3-2.4 (Table 2). The higherør

2 values reflect greater

lifetime heterogeneity in the DNA and Mg2+ complexes.
Linking only one or two lifetimes reducesør

2 to 1.3. The
average lifetime and quantum yield change little if at all
within error upon binding of DNA or Mg2+. The lifetimes
of the 7- and 4-ns components decrease somewhat in the
EcoRI-DNA complex. However, there is no change in
average lifetime because of compensating changes in am-
plitudes. Binding of Mg2+ causes only small decreases in
the amplitudes of the 7- and 4-ns components.

The decay-associated spectral changes upon binding of
DNA differ in the single tryptophan mutant and wild-type
enzyme. The 7-ns DAS of wild type is slightly enhanced
with little shift in maximum. Since the 7-ns DAS of Trp246
is quenched upon addition of DNA, the enhancement in wild
type must be due to an increase in intensity of the 7-ns DAS
of Trp104. Conversely, the 4-ns DAS of wild type is
significantly quenched by DNA without a spectral shift.
Recall that Trp246 had only a slight decrease in intensity
but a significant spectral shift. This is strong evidence that
the large decrease in the 4-ns DAS of wild type is due to
Trp104. Unlike the mutein, wild type exhibits a significant
decrease in the 7-ns DAS upon binding of Mg2+. This must

Table 2: Tryptophan Fluorescence Decay Parametersa

sample R1(350)b τ1 ns R2(350)b τ2 ns τ3 ns τj(350) ns ør
2

W246 in N3CW104Yc 0.57 6.7 0.35 3.4 0.69 5.1 1.37
+DNA 0.37 7.2 0.39 3.4 0.70 4.2 1.46
+Mg2+ 0.42 6.8 0.38 3.5 0.71 4.3 1.43
W246 in IAEDANS-N3CW104Yd 0.46( 0.02 6.57( 0.06 0.43( 0.03 3.67( 0.05 0.57( 0.02 4.7 0.97
+DNA 0.35( 0.01 5.0( 0.1 0.35( 0.01 1.92( 0.08 0.22( 0.01 2.5 1.23
+Mg2+ 0.46( 0.01 5.90( 0.06 0.34( 0.01 2.5( 0.1 0.50( 0.05 3.7 1.09
W246 in MIANS-N3CW104Yd 0.56( 0.02 6.06( 0.06 0.29( 0.02 2.44( 0.09 0.22( 0.01 4.1 1.17
+DNA 0.27( 0.05 5.3( 0.1 0.33( 0.03 1.9( 0.2 0.26( 0.06 2.2 1.41
+Mg2+ 0.42( 0.05 6.1( 0.2 0.37( 0.03 2.8( 0.3 0.63( 0.09 3.7 1.06
W246+ W104 in wild typec 0.25 7.1 0.66 4.1 0.95 4.6 1.29
+DNA 0.45 6.3 0.54 3.2 0.63 4.6 2.38
+Mg2+ 0.20 7.2 0.60 3.8 0.65 3.9 1.72

a Excitation wavelength 295 nm.b ΣRi(350)) 1. c Global analysis of data from 320-400 nm emission wavelength, 10 nm intervals.d Errors are
standard deviations of at least three experiments at 350 nm emission wavelength.

FIGURE 2: Decay-associated emission spectra of 7-ns component
normalized to steady-state spectra in Figure 1. (s) wild type: (9)
apoenzyme, (b) EcoRI-DNA complex, (2) EcoRI-Mg2+ com-
plex; (‚‚‚) N3CW104Y mutein: (9) apoenzyme, (b) N3CW104Y-
DNA complex, (2) N3CW104Y-Mg2+ complex.

FIGURE 3: Decay-associated emission spectra of 3.5- or 4-ns
component normalized to steady-state spectra in Figure 1. (s) wild
type: (9) apoenzyme, (b) EcoRI-DNA complex, (2) EcoRI-
Mg2+ complex; (‚‚‚) N3CW104Y mutein: (9) apoenzyme, (b)
N3CW104Y-DNA complex, (2) N3CW104Y-Mg2+ complex.
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be due to Trp104, as the 7-ns DAS of Trp246 increases
slightly in the presence of Mg2+. The 4-ns DAS of wild type
decreases slightly with addition of Mg2+ and shifts<5 nm
to the red.

Labeled Muteins. The labeled N3CW104Y muteins bind
tightly to DNA with KA values lower by factors of 2-3 than
unlabeled mutein: 4.5( 0.2 × 1010 M-1 for IAEDANS-
N3CW104Y and 2.7( 0.3 × 1010 M-1 for MIANS-
N3CW104Y. The fluorescence emission spectra of probes
in the protein conjugates are blue-shifted 7-9 nm as
compared to the cysteine conjugates (Table 1). The fluores-
cence of 1,5-IAEDANS and MIANS is environmentally
sensitive (43, 44). The blue shift indicates that these probes
are in a more hydrophobic environment on labeled N3CW-
104Y mutein relative to aqueous solution.

Fluorescence anisotropy decays were measured for labeled
N3C muteins. The anisotropy decays of IAEDANS- and
MIANS-N3C were best fit by two exponentials (Table 3).
As before, the short rotational correlation time represents
local motion of the probe and the long rotational correlation
time represents overall tumbling of the protein. Comparison
of the r(0) values of labeled muteins and the fundamental
anisotropiesr0 of the cysteine conjugates reveals some
unresolved fast motion in the observed anisotropy decay of
MIANS-N3C, but not IAEDANS-N3C. On the basis of the
relative âi values, the fraction of probe undergoing rapid
internal motion is about 50% for IAEDANS and 20% for
MIANS. These results support our previous conclusion from
studies of pyrene-labeled N3C mutein that the N-termini are
on the protein surface (24).

Energy Transfer. The average lifetime of Trp246 decreased
from 5.1 ns in N3CW104Y mutein to 4.7 ns in the
IAEDANS conjugate and 4.1 ns in the MIANS conjugate
(Table 2). Energy transfer efficiencies were calculated from
eq 5. The labeled N3CW104Y mutein has two Trp246 donors
and two labeled Cys3 acceptors per homodimer. As discussed
above, energy transfer between the two Trp246 residues is
negligible. Only one of the tryptophans will be excited per
homodimer. However, the excited Trp246 has two possible
acceptors: a labeled Cys3 in its own subunit and a labeled
Cys3 in the other subunit. These two Cys3 residues are close
together at the dimer interface in the absence and presence
of cognate DNA and cofactor Mg2+, as judged by excimer
formation and covalent cross-linking (24). Therefore, we
assume that the intra- and intersubunit distances between
Trp246 and the two labeled Cys3 acceptors are roughly the
same. If we further assume the sameR0 value for transfer

from Trp246 to each labeled Cys3, then eq 9 simplifies
considerably

and the distancer between Trp246 donor and labeled Cys3
acceptor is given by

Use of a singleR0 is valid, becauseR0 depends only on the
Trp246 quantum yield in the absence of acceptor, the overlap
of the Trp246 emission and probe absorption spectra, and
the relative orientation of the two chromophores. The first
two are identical for both inter- and intrasubunit pairs, and
the third should be similar if not identical, because the
anisotropy data indicate some mobility of both donor and
acceptor (Table 3).

Distances calculated from eq 13 are given in Table 4. Both
probes gave very similar distances: 37 Å for IAEDANS and
35 Å for MIANS assumingκ2 ) 2/3. Binding of cognate
DNA decreased these distances to 25 and 27 Å, respectively.
Binding of cofactor Mg2+ had smaller effects on the distance.
Upper and lower limits for the orientation factorκ2 were
calculated using the time-resolved anisotropy data in Table
3 and literature values for the fundamental anisotropies (33,
45). The corresponding values ofrmax andrmin were estimated
from theκmax

2 andκmin
2 values (Table 4). The distance range

averaged about 16 Å. Since both indole (42) and dansyl (43)
fluorophores have mixed polarizations, the actual range of
distances should be even narrower (46).

DISCUSSION

Tryptophan is widely used as an intrinsic fluorescence
probe of protein conformational changes upon ligand binding.
The fluorescence lifetime and intensity are sensitive to the
local environment of the indole ring. In addition, energy
transfer from a tryptophan donor to a fluorescent label
provides distance information. A single tryptophan mutant
of EcoRI homodimer with a specific labeling site at the
N-terminus allowed us to monitor local structural changes
around Trp246 upon cognate DNA or cofactor Mg2+ binding
and to locate the N-termini on the protein surface. This
N3CW104Y mutein has the same DNA binding and cleavage
properties as wild-type enzyme. Labeling Cys3 with
IAEDANS or MIANS decreased the binding affinity only

Table 3: Anisotropy Decay Parametersa

sample â1 φ1 ns â2 φ2 ns r(0) ør
2

W246 in N3CW104Yb 0.119( 0.007 53( 6 0.119( 0.007 1.55
0.035( 0.001 0.90( 0.06 0.108( 0.007 103( 6 0.143( 0.008 1.20

+DNA 0.14( 0.04 120( 30 0.14( 0.04 1.74
0.033( 0.003 0.51( 0.01 0.17( 0.01 172( 4 0.20( 0.01 1.64

+Mg2+ 0.14( 0.02 80( 40 0.14( 0.02 1.67
0.032( 0.005 0.6( 0.3 0.13( 0.03 100( 20 0.16( 0.03 1.38

IAEDANS-Cysc,d 0.215( 0.003 0.33( 0.05 0.214e 1.87
IAEDANS-N3Cc,f 0.09 1.7 0.11 149 0.20 1.73
MIANS-Cysg,h 0.333( 0.002 0.85( 0.05 0.364e 1.42
MIANS-N3Cg,i 0.02 0.65 0.29 160 0.31 1.70

a Errors are standard deviations of at least three experiments.b Excitation wavelength 295 nm, emission wavelength 350 nm.c Excitation wavelength
320 nm, emission wavelength 500 nm.d τj) 14.4 ns.e Fundamental anisotropyr0 values from ref45. f τj) 14.1 ns.g Excitation wavelength 320 nm,
emission wavelength 450 nm.h τj) 0.35 ns.i τj) 3.4 ns.

E ) 2R0
6/[r6 + 2R0

6] (12)

r ) R0[2(1/E - 1)]1/6 (13)
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0.3 or 0.6 kcal/mol. Thus, we expect results of fluorescence
studies of labeled muteins to apply to wild-type enzyme.

Location of N-Termini.The distance between Trp246 and
fluorescent probes at Cys3 inEcoRI homodimer was

FIGURE 4: EcoRI-DNA complex (1CKQ.pdb). (A)EcoRI homodimer depicting (green and dark blue) cognate DNA, (yellow) Trp104,
(white) Trp246, and (light blue) proposed location of N-termini at intersecting loops. (B) Microenvironment of (yellow) Trp104 and nearby
side chains: (white) S54, (red) R56, (green) K98, (dark blue) E103. (C) Microenvironment of (yellow) Trp246 and nearby side chains:
(green) H114, (white) F168, (dark blue) E170, (red) Q240.
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estimated via resonance energy transfer. Both IAEDANS and
MIANS gave similar distances of∼36 Å in apoenzyme
(Table 4). Binding of cognate DNA decreased this distance
by about 10 Å for both probes. Binding of cofactor Mg2+

probably has negligible effects. We can interpret the apparent
distance change upon DNA binding in three ways: (i) the
distancer between labeled Cys3 and Trp246 decreased, (ii)
the relative orientation of the two chromophores changed,
or (iii) a combination of (i) and (ii). Previously, we showed
that the N-termini of N3C mutein are close together and
partially immobilized on the protein surface (24). Formation
of a disulfide bond between the two Cys3s and of excimers
between pyrene-labeled Cys3s limits the distance between
N-termini to 2.5-18 Å in both the presence and absence of
DNA. We do not expect the W104Y mutation to have a
significant effect on the distance between N-termini, as it
does not alter enzyme activity. The distancer between
Trp246 and labeled Cys3 measured by energy transfer
depends on the relative orientation of the chromophore
transition dipoles throughκ2. In the labeled muteins, the
anisotropy data show that both chromophores undergo local
and segmental motions (Table 3), which tend to randomize
their orientations. The anisotropy data were used to calculate
maximum and minimum values forκ2, which dictates a(8
Å uncertainty in the measuredr values (Table 4). Given the
range of distances between the N-termini and the calculated
range in r values due to uncertainties inκ2, we cannot
distinguish interpretations (i) and (ii).

Figure 4, panel A, of the DNA complex shows the first
R-helix R1 at the outside of each subunit. BothR1 helices
are pointing away from the DNA interface and in the
direction of the loops formed by residues 221-232. The tips
of the R1 helices turn back toward the protein. In the
apoenzyme structure,R-helix R1 also points away from the
DNA and toward the loops, but the tips turn outward away
from the protein. Superposition of the structure of wild-type
apoenzyme (1QC9.pdb) upon the highest resolution structure
of EcoRI-DNA complex (1CKQ.pdb) gave a RMSD value
of ∼0.7 Å. The intersubunit distance between the first
resolved residue of the N-terminus (Ser17) decreases by>
10 Å in the DNA complex (81.1 Å for apoenzyme vs 68.5
Å for DNA complex). Visual inspection suggests that the
N-termini are slightly frayed in different directions in the
two structures. We propose that this results from a change
in conformation of the unresolved region of the N-termini,
as other intra- and intersubunit distances are the same in
apoenzyme and DNA complex. A change in backbone
trajectory of Ser17, Gln18, and Gly19 at the tip ofR1 might
translate to a change in distance or orientation of the
N-termini relative to Trp246.

The crystal structure ofEcoRI-DNA complex (1CK-
Q.pdb) limits the possible locations of the N-termini at the
dimer interface. Given the symmetry and experimental
distance constraints, the most likely location is the vicinity
of the intersecting loops formed by residues 221-232.
Looking down the DNA helix, these two loops span the
central plane of the complex that runs through the subunit
interface and lie on the opposite side of the structure from
the DNA binding interface (Figure 4, panel A). The loops
cross each other at residues 227-232 to form part of the
subunit interface. The residues closest to their counterparts
in the other subunit are Ser229 and Ile230, with intersubunit
distances of 5.9 and 4.6 Å. Assuming that the N-terminal
region traverses the protein surface, the shortest distance from
Ser17 to these residues is about 42-47 Å. A fully extended
polypeptide chain of 15 amino acids has a length of 54 Å,
more than enough to cover this distance. The energy transfer
experiments give through-space distances between Trp246
and the two fluorescent probes at Cys3 of about 36 Å in
apoenzyme and 26 Å in the DNA complex. Intrasubunit
through-space distances between Trp246 and Ser229 and Ile
230 from the crystal structures are 37 and 35 Å in apoenzyme
and 38 and 35 Å in the DNA complex. Intersubunit distances
are 39 and 36 Å in apoenzyme and DNA complex. The
energy transfer distance of 36 Å measured for apoenzyme
is consistent with the proposed location of the N-termini near
Ser229 and Ile230.

Local Conformational Changes. Typical of single tryp-
tophan containing proteins, the single tryptophan at position
246 in N3CW104Y mutein gave triple exponential fluores-
cence decays. The origin of this complexity is unknown.
However, the decay-associated emission spectra clearly
reveal conformational changes in the microenvironment of
Trp246. The intensity changes and spectral shifts of the 7-
and 3.5-ns DAS upon binding cognate DNA are most likely
attributable to global conformational changes in the protein
that affect the microenvironment of Trp246. Figure 4, panel
C, shows the microenvironment of Trp246 in the wild type
EcoRI-DNA complex (1CKQ.pdb). Trp246 is partially
buried in the loop region just before the lastR-helix R6 at
the C-terminus of each subunit about 15 Å from the DNA
duplex (Figure 4, panel A). His114, Glu170, and Gln240
are the closest amino acid side chains likely to affect
tryptophan fluorescence. All three side chains quench 3-me-
thylindole fluorescence by an excited-state electron transfer
mechanism in intermolecular quenching experiments: the
imidazole ring of histidine is a strong quencher, protonated
carboxyl is a moderate quencher, and the amide group of
glutamine is a weak quencher. In the crystal structure of
apoenzyme (1QC9.pdb), the partially accessible imidazole
ring of His114 is about 8.9 Å away from the indole ring,
the buried carboxyl of Glu170 is 6.5 Å away, and the amide
group of Gln240 is about 4.1 Å away. The peptide bond has
been shown to quench indole fluorescence via intramolecular
electron transfer (47). The peptide bonds of Phe168, Leu169,
Tyr238, Thr239, Glu245, and Trp246 are within 6 Å of the
indole ring. Superposition of the structures of apoenzyme
and DNA complex shows relatively little change in overall
peptide backbone structure but clear changes in position and
orientation of the side chain functional groups. Distances
from the indole ring to four of the six nearby peptide bonds
decrease slightly in the DNA complex. The distance to the

Table 4: Fluorescence Energy Transfer

sample E
R0(2/3)a

(Å) κmax
2 κmin

2
r2/3
(Å)

rmax
(Å)

rmin
(Å)

IAEDANS-N3CW104Yb 0.08 21.7 2.52 0.20 36.6 45.7 29.9
+DNA 0.40 20.5 3.02 0.14 24.6 31.7 19.0
+Mg2+ 0.14 21.8 2.72 0.18 33.1 41.9 26.6
MIANS-N3CW104Yc 0.20 24.7 2.75 0.15 34.9 44.2 27.2
+DNA 0.48 23.4 3.31 0.09 26.6 34.8 19.1
+Mg2+ 0.14 24.9 2.97 0.12 37.8 48.5 28.4

a R0 was calculated forκ2 ) 2/3. b J ) 5.63× 1013 M-1 cm-1 nm4.
c J ) 1.23× 1013 M-1 cm-1 nm4.
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imidazole ring of His114 decreases slightly to 8.5 Å
accompanied by a distinctive change in orientation, and the
distance of the amide group of Gln240 increases dramatically
to 6.0 Å.

Clearly, Trp104 dominates the fluorescence of wild type.
This suggests greater static quenching of Trp246 than Trp104
fluorescence in wild type. Conformational changes in the
microenvironment of Trp104 are readily apparent by com-
paring the decay-associated emission spectra of the two
tryptophans in wild type with the single tryptophan in
N3CW104Y. Trp104 is more solvent-accessible than Trp246
in both crystal structures as judged by Connolly surface
analysis. It is located at the N-terminal end ofâ3, which is
within the â-meander formed by antiparallelâ-sheetsâ1,
â2, and â3 (21). Trp104 is sandwiched between four
hydrophilic residues Ser54, Arg56, Lys98, and Glu103
(Figure 4, panel B) and is located∼25 Å from the DNA
(Figure 4, panel A). The only possible quenching side chain
is the positively charged amino group of Lys98, which is
6.0 Å from the indole ring in the apoenzyme. Lys quenches
by an excited-state proton-transfer mechanism (48). The
solvent-exposed carboxyl of Glu103 is most likely depro-
tonated and thus unable to quench tryptophan fluorescence.
The peptide bonds within 6 Å of theindole ring of Trp104
are Val97, Gly102, Glu103, and Trp104. Comparison of the
structures of apoenzyme and DNA complex reveals a small
decrease in distance of the Lys98 amino group to 5.8 Å in
the DNA complex. As in the case of Trp246, relatively little
change was observed in the peptide backbone in the vicinity
of Trp104 when the two structures were superimposed. Slight
increases in distance between the indole ring and the peptide
bonds of Trp104 and Glu103 are offset by decreases in
distance of Val97 and Gly102. The presence of fewer
quenching functional groups in the microenvironment of
Trp104 appears to account for the reduced static quenching.

The N-terminal regions ofEcoRI endonuclease spanning
from Ser17-Ser2 of one subunit to Ser2-Ser17 of the other
subunit can be regarded as a long-open loop (49). Loops
are typically found on the protein surface and play important
roles in biological function (50). In the case ofEcoRI
endonuclease, the hydrophilic N-terminal region lies on the
protein surface (24), stabilizes theEcoRI-DNA complex,
and is essential for DNA cleavage (22). The tryptophan
residues ofEcoRI endonuclease are embedded in the protein
surface, some distance from both subunit and DNA inter-
faces. The alteration in tryptophan microenvironment upon
DNA binding implies structural perturbations at the protein
surface. Conformational changes at the protein-DNA in-
terface are thus transmitted to the protein surface. Presum-
ably, interactions of the N-terminal region with the protein
surface would likewise be felt at the protein-DNA interface.
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