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ABSTRACT: EcaRI 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-termiBcdsil
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 A in apoenzyme, decreasing to 26 A in the DNA complex. Molecular
modeling suggests that the N-termini are located at the dimer interface formed by the loops comprising
residues 221232. Protein conformational changes upon binding of cognate DNA and cofactor Mg
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 max#845aand~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 Il restriction endonucleaseBcaRl is a conformational transitions, in which both the structures of
homodimer that cleaves its palindromic recognition sequencethe apoenzyme and the DNA site are dramatically changed
GAATTC in the presence of cofactor Mg (2). EcoRl (9—11); 1QC9.pdb L2). The conformational transitions are
endonuclease finds its recognition site on a large DNA by accompanied by burial of large amounts of previously
facilitated diffusion 8—5), whereby the protein binds non- hydrated nonpolar surface and restriction in configurational
specifically to DNA 6, 7) and diffuses along the DNA helix  and vibrational degrees of freedom of protein, DNA, and
to its specific site §). Like other highly specific DNA  water molecules trapped at the proteDNA interface (13—
binding proteins, the structural and energetic complementarity 15). These factors are absent in nonspecific complekds (
of the protein-DNA interface of the specific complex is Protein conformational changes associated with specific
achieved in a cooperative, concerted manner via major DNA binding are apparent in the crystal structures of the
apoproteins and cognate DNA complexes EmoRV (16—
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droxymethyl)-amino methane. D).
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truncated enzyme still bound specifically to cognate DNA from pN3C carrying the Asn3Cys mutation to give the
with about a factor of 60 lower binding affinity. Removal expression vector pPN3CW104Y carrying the double mutation
of the first three residues had little effect, only lowering Asn3Cys and Trpl04Tyr.
binding affinity by a factor of 2. This suggests a key role  Protein Purification.Wild-type and mutant endonucleases
for the N-terminal region oEcdRl in the conformational  were purified and assayed as described elsewh2fe (
transitions leading to tight DNA binding and catalysis. N3CW104Y mutein eluted at the same salt concentration as
Previously, we showed by site-directed fluorescence Wild-type enzyme on the three columns used: P-11 phos-
spectroscopy 23) and chemical cross-linking that the N-  phocellulose, HTP hydroxyapatite, and BioRex-26)( The
termini of EcoRI are close together on the protein surface, enzymes were>99% pure as judged by SD$AGE.
presumably at the dimer interfac®yj. Neither cognate DNA ~ Protein concentration was determined by the BioRad protein
nor cofactor M@* affected the proximity and mobility of ~ assay using acoRl endonuclease standard solution, whose
the second amino acid residue in the protein sequéitaR| concentration had been determined by amino acid analysis.
endonuclease has two tryptophans at positions 104 and 246Molarity of endonuclease solutions is based on a dimer
which are on the protein surface remote from the pretein molecular mass of 62 kDa. Purified endonuclease was stored
DNA interface (L0, 21). This paper examines the effects of at—70°C in 0.6 M NaCl buffer, 10% glycerol.
cognate DNA and Mg on the tryptophan environments in Equilibrium association constarks for endonuclease and
a single tryptophan mutant and wild-type enzyme. In 24-nt cognate DNA d(GGGCGGGTGCGAATTCGCGGG-
addition, the distance between Trp246 and the N-termini is CGG) were determined by membrane filtration as described
determined by resonance energy transfer in the absence ang@reviously @4). Binding conditions were 10 mM Bis-tris
presence of DNA and Mg. The energy transfer data propane, pH 7.3, 0.16 M NaCl, 1 mM EDTA, /M DTT,
together with the crystal structures specify the location of and 100ug/mL bovine serum albumin, 22C.

the N-termini. Fluorescent LabelingLabeling of N3C and N3CW104Y
muteins with 1,5-IAEDANS or MIANS was performed as
EXPERIMENTAL PROCEDURES before @4). The labeling reaction for 1,5-IAEDANS was

) ) ) allowed to go for 10 h. Because MIANS is essentially
Materials N-iodoacetylN'-(S-sulfo-1-naphthyl)ethylene-  onfluorescent until reacted with sulfhydryl, the MIANS

diamine was from Molecular Probes (Eugene, OR) and2-(4 eaction was followed by fluorescence at 320 nm excitation

maleimidylanilino)naphthalene-6-sulfonic acid was from \4yelength, 450 nm emission wavelength. The reaction with
Sigma Chemical Co. (St. Louis, MO). Glass-distilled glycerol p;ANS was complete after 15 min for [MIANS]/

(EM S_cience, Cherry Hill, NJ) was used in buffers for optical [N3CW104Y] ratios of 0.6-6.4. Ratios of 2.4 and 6.4 gave
experiments. The 13-nt sequence d(TCGCGAATTCGCO) the same intensity increment, consistent with accessibility

was synthesized by Gene Lab in the Louisiana State 5t cys3 and inaccessibility of Cys2184). The extent of
University School of Veterinary Medicine or by the Pitts- |apeling after removal of unreacted probe was estimated

burgh DNA Synthesis Facility, purified, and annealed)( spectrophotometrically, using extinction coefficients of 6.1
All other chemicals were the highest grade available. x 108 M~ cmt at 337 nm for 1,5-IAEDANS and 1.%
NaCl buffer contains 10 mM sodium phosphate buffer, 10 M~ cm™ at 327 nm for MIANS 27). With two
pH 7.0, NaCl at the indicated concentration, 1 mM EDTA, cysteines per homodimer, labeling was stoichiometric with
and 7 mMg-mercaptoethanol. The following NaCl buffers, molar ratios of probe to endonuclease between 1.96 and 2.0.
10% glycerol without-mercaptoethanol, were used for The labeling site was confirmed by peptide mapping.
optical experiments: endonuclease aNehcetylcysteine  Enzyme was digested by partial acid hydrolysis in 60%
conjugates, 0.6 M NaClEcoRI-DNA complex, 0.1 M formic acid for 3 days at 37C (28). Peptides were separated
NaCl; EcoRlI-Mg*" complex, 0.6 M NaCl, 20 mM MgGl by RP-HPLC (Gs column, 300 A pore size, m particle
Site-Directed MutagenesiSite-directed mutagenesis was size), gradient: 3555% B in 25 min; A, 0.1% TFA in
performed using the ALTERED SITES system from Prome- water; B, 0.085% TFA in acetonitrile/2-propanol (1:1).
ga (Madison, WI). Asn3Cys mutation was described previ- Peptides were detected by UV (214 nm) and fluorescence
ously @24). The gene fragment betweegtindlll and Sal sites (tryptophan, excitation 280 hm, emission 350 nm; IAEDANS,
for residues 68277 of the C-terminal sequence BEORI excitation 330 nm, emission 480 nm; MIANS, excitation 320
endonuclease and methyltransferase from an expressiomm, emission 430 nm). Formic acid cleaesoR| endonu-
vector pSCC225) was cloned into pSELECT-1 vector in  clease at the unique Asp7#ro75 bond to generate 8.2 kDa
the multiple cloning site. Mutagenesis was conducted using N-terminal and 22.9 kDa C-terminal fragments. Peptides
the double-stranded template protocol provided by the were identified in a separate experiment with unlabeled
manufacturer. The oligonucleotide carrying the Trp104Tyr enzyme by monitoring tryptophan fluorescence of the 22.9
mutation, d(GGC TTC AGC AAC AAG TAC TAC TCT  kDa C-terminal fragment during HPLC and by high-
ATA TTC ACC ATA ATC ATC), also carried a silent  resolution SDSPAGE using a Tris/Tricine buffer system
mutation to create a diagnostfacd restriction site (AG- (29). IAEDANS or MIANS fluorescence was observed only
TACT) for screening mutants. Thelindlll —Sal insert in the N-terminal fragment of labeled enzyme, indicating
carrying the newly created®cd restriction site in pSE-  specific labeling of Cys3 and no reaction of Cys218. Labeled
LECT-1 was cloned back into the modified pSCC2 expres- enzyme was stored at70 °C in 0.6 M NaCl buffer, 10%
sion vector 24), which was then renamed pW104Y referring glycerol, and was dialyzed into the same buffer without
to the Trp104Tyr mutation. DNA sequencing of the insert S-mercaptoethanol prior to optical experiments.
confirmed the mutation. Th#llul—Hindlll gene fragment N-Acetylcysteine conjugates were made by reacting 1,5-
in pw104Y was replaced with thigllul —Hindlll fragment 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. o7

The product was purified by flash chromatography on a silica ] P

column. Purified conjugate migrated as a single spoton TLC o6 N

developed witn-butanol/water/acetic acid (2:2:1). ] -
Fluorescence Measuremengshsorption and fluorescence 05 /x§ \

measurements were performed at@ as described2d). a 2

Excitation wavelength was 295 nm for tryptophan and 320 °
nm for 1,5-IAEDANS and MIANS. Fluorescence quantum
yields ® were measured relative to tryptophan in water using
a value of 0.14 at 28C (30). Time-correlated single photon
counting measurements used a rhodamine 6G dye laser fo

Relative Intensity
N
S

../ ./

: 0.2.. ""‘::: A:“_\ s\

tryptophan and a DCM dye laser for 1,5-IAEDANS and | L “a 2

MIANS. Decay data were collected in 1024 channels 6f 12 o .:ﬂ:,,, - N :fi

83 ps/channel. Temperature was maintained &€4y a T e "

circulating water bath. Sample compartment was purged with ]

nitrogen to prevent condensation. Decay curves were de-  *° w0 a0 me | om0

convolved using the Beechem global progré&1) (Goodness

of fit was judged by reduced chi squarg® and the Ficure 1. Steady-state emission spectra normalized to wild-type

autocorrelation fl.mcuor.] of the weighted r.eS|duaIs. EcoRl endonuclease apoenzyme as described in Experimental
Fluores_cence intensity decay$) were fit to a sum of Procedures.—€) wild type: @) apoenzyme, @) EcoRI—DNA
exponentials complex, @) EcaRlI—Mg?+ complex. -+) N3CW104Y mutein: i)
apoenzyme,®) N3CW104Y-DNA complex, 4) N3CW104Y—

I(t) = Z(xi exp(—t/z) (1) Mg2+ complex.

Fluorescence Energy Transfefor a unique distance

With. amplitude'sai'and lifetimesz;. Decay curves vaUifﬁd between donor and acceptor, the efficiency of energy transfer
at different emission wavelengths were deconvolved simul- g jg

taneously assuming that lifetimes but not amplitudes were

independent of wavelength. Some data sets hao of a E=1—1pu/1p (5)
10-50 ps component due to scattered light. Decay-associated

emission spectrd;(1) were calculated by combining the Whererp andrpa are the donor lifetimes in the absence and

steady-state emission spectréii) and time-resolved data. ~ presence of acceptor. Average lifetinTesf multiexponential
donor decays were used in eq 5.

=S amly o (6)

én the presence of two acceptorsa becomes

Wavelength {(nm)

Fi(2) = oaW)riFA) Y oA, )

In constructing the DAS for wild type, the steady-state
emission spectrum was peak normalized. The steady-stat
spectra of wild type in the presence of DNA and Vgvere Toa = Tp + Ky + Koy @)
scaled relative to apoenzyme based on protein absorbance

at 295 nm. Assuming equal extinction coefficients for Trp104 wherek;; is the rate of energy transfer from the donor to
and Trp246, wild type has about twice the extinction acceptor,

coefficient of the single tryptophan mutant. In constructing

the DAS for N3CW104Y mutein, the steady-state emission ky = TD_l(ROi/ri)e (8)
spectra in the absence and presence of DNA anti Mgre

scaled to the same protein concentration as wild-type basedso thatE becomes

on protein absorbance at 295 nm. Figure 1 shows that the

relative intensities of the scaled spectra correlate well with E = [(Fe()l/rl)6 + (Rozlrz)e]/{ 1+ [(R01/r1)6 + (Rozlrz)e]}

relative quantum vyields. (9)
Fluorescence anisotropy decay were fit to a sum of
exponentials where Ry; is the Faster critical distance for transfer from
donor to acceptor. TheR, value in A for a donor/acceptor
r(t) = zﬁi exp(t/p,) 3 pair was determined from
with preexponentigh; and rotational correlation timg. The R, = 0.2110 ‘@)™ (10)

initial anisotropyr (0) = 6. Individual polarized decaylsy-
(t) andlyu(t) are deconvolved simultaneously with a magic
angle decay(t)

wheren is the refractive index of the medium taken to be
1.4, ®p is the donor quantum yield in the absence of
acceptor? is the orientation factor, and is the spectral

Iy (D) = 1(®)[1 + 2r(1))/3 (4a) overlap integral in M* cm™ nm*. The overlap integral was
calculated from the donor emission spectrém(d) and
lyy() = GI®[L — r))3 (4b) acceptor absorption spectrux(1). For random orientation

where the correction factd® ~ 1 in our instrument. J= [ FoDea@WA'd [ Fp(A)di (11)
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Table 1: Fluorescence Quantum Yields and Emission Maxima

sample P2 AmaxnM 7°ns
W246 in N3CW104¥ 0.18 338 51
+DNA 0.13 338 4.2
+Mg?* 0.19 340 4.3
W246+ W104 in wild typeé 0.24 337 4.5
+DNA 0.22 338 4.6
+Mg?* 0.21 339 3.9
IAEDANS-Cy¢ 492
IAEDANS-N3CW104Y! 485
MIANS-Cys' 459
MIANS-N3CW104Yd 450

aErrors are+ 0.02.° Emission wavelength 350 nriExcitation
wavelength 295 nnf Excitation wavelength 320 nm.

of donor emission and acceptor absorption dipoles, the value;

of «¥*> = 2/3; the corresponding values & andr are
designatedry(2/3) andrys The maximum uncertainty in
distance due to an unknown valueidfwas estimated from
steady-state and time-resolved anisotropy data by the metho
of Dale et al. 82) as described in Lakowicz et al33).
Maximum «?max and minimums?yi, values calculated from
depolarization factors were used to calculatg and rmin
values.

Molecular ModelingMolecular modeling was performed
using Insightll 97.0 from Molecular Simulations Inc. (San
Diego, CA) on a Silicon Graphics Indy workstation. Super-
position was performed by best fit of the €arbons using
Swiss PdbViewer34) on a Macintosh G3. The following
structures were downloaded from the Protein Data Bagk (
1QC9.pdb is a 3.0 A structure of wild-tyfggcoRl endonu-
clease. 1ERI.pdb is a 2.7 A structure, and 1CKQ.pdb is a
1.85 A structure of wild-type complexed with 13-mer cognate
DNA. 1QPS.pdb is a 2.5 A structure of wild-type complexed
with Mn?* and 13-mer cognate DNA cleaved at the recogni-
tion sequence. 1CL8.pdb is a 1.8 A 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 A structure of active site mutant R145K complexed
with 13-mer cognate DNA. 1QRI.pdb is a 2.6 A structure
of active site mutant E144D complexed with 13-mer cognate
DNA. The structures were superimposed to a best fit of the
C, carbons using the 1.85 BcoRI—DNA complex (1CK-
Q.pdb) as reference structure.

RESULTS

Single Tryptophan MutaniSubstitution of Trpl104 with
tyrosine does not affect the activity BtoRI endonuclease.
N3CW104Y mutein, which has a single tryptophan at
position 246, cleavesl-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 x 10'° M) as wild type (7.5

+ 0.3 x 10 M~1). The absorption maximum at 278 nm is
the same in the single tryptophan mutant and wild-type

Watrob et al.

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 Mg?* 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 50
ps with some improvement in2 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 M§" complexes. The drops in quantum
yield and average lifetime upon binding of DNA or Fig
are about the same within error. These drops result primarily

(Jrom changes in the relative amplitudes of the different

ifetime components. The lifetimes do not appear to change
appreciably in the presence of DNA or Kfgcofactor. This
hypothesis was put to a more rigorous test by global analyses
of the wavelength data sets for N3CW104Y mutein,
N3CW104Y-DNA complex, and N3CW104¥Mg?" com-

plex with one to three of the lifetimes linked. Global analyses
of any two data sets with all lifetimes linked gave acceptable
% 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 ¥fgand 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. Mg+ binding has much smaller
effects, causing only slight enhancement of both DAS with
no spectral shift for the 7-ns DAS anes-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 Mg?" to examine the mobility of Trp246. Fits of the
anisotropy data to a single exponential gave acceptable
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
EcdRl endonuclease estimated by the StekEmstein
equation is about 73 n24). The initial anisotropy(0) =

enzyme. The fluorescence emission maxima at 338 nm are0.14 of Trp246 is low as compared to the fundamental

also the same within error (Table 1), consistent with partially
exposed tryptophans. Binding of cognate DNA or cofactor

anisotropy of 0.25 for tryptophan in wate35) and 0.2+
0.26 for tryptophan in rigid proteins36—39) at 295 nm

Mg?" does not shift the spectra of either the single tryptophan excitation wavelength, diagnostic of fast motion unresolved
mutant or wild-type enzyme. The fluorescence quantum yield on the 25-ns time scale of the experiment. The amplitude of
of Trp246 is 0.18 (Table 1). DNA binding quenches the the~100-ns rotational correlation time increases from 0.11
fluorescence of Trp246 about 30%, whereas*Mginding for NS3CW104Y mutein to 0.13 for N3CW104YMg?*
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Table 2: Tryptophan Fluorescence Decay Paranteters

sample 04(350)p 71ns 02(350) 72Ns 73NS 7(350) ns i
W246 in N3CW104Y¥ 0.57 6.7 0.35 34 0.69 51 1.37
+DNA 0.37 7.2 0.39 3.4 0.70 4.2 1.46
+Mg?" 0.42 6.8 0.38 35 0.71 4.3 1.43
W246 in IAEDANS-N3CW104Y 0.464+ 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
+Mg?* 0.46+ 0.01 5.90+ 0.06 0.34+0.01 25+ 0.1 0.50+ 0.05 3.7 1.09
W246 in MIANS-N3CW104Y 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 53+ 0.1 0.33+ 0.03 1.9+ 0.2 0.26+ 0.06 2.2 1.41
+Mg?* 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 typé 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
+Mg?* 0.20 7.2 0.60 3.8 0.65 3.9 1.72

a Excitation wavelength 295 nmi.Zo;(350)= 1. ¢ Global analysis of data from 326100 nm emission wavelength, 10 nm interval&rrors are
standard deviations of at least three experiments at 350 nm emission wavelength.
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FIGURE 2: Decay-associated emission spectra of 7-ns componentFIGURE 3: Decay-associated emission spectra of 3.5- or 4-ns
normalized to steady-state spectra in Figure-1). \ild type: (@) component normalized to steady-state spectra in Figure)iwild
apoenzyme, @) EcoRI—-DNA complex, &) EcoRI—Mg?" com- type: @) apoenzyme,®) EcoRI-DNA complex, @) EcoRI—
plex; (--+) N3CW104Y mutein: M) apoenzyme, @) N3CW104Y— Mgzt complex; ¢-+) N3CW104Y mutein: M) apoenzyme, @)
DNA complex, @) N3CW104Y—-Mg?" complex. N3CW104Y-DNA complex, @) N3CW104Y—-Mg?" complex.

complex and to 0.17 for N3CW104Y-DNA complex, sug-
gesting partial hindrance of the fast motion of Trp246 in the
complexes.

lifetime heterogeneity in the DNA and Mg complexes.
Linking only one or two lifetimes reduceg? to 1.3. The

Wild-Type Endonucleas®Vild-type enzyme contains two average lifetime and guantum yield change “t.ﬂe .'f at all
. . . within error upon binding of DNA or Mg". The lifetimes

tryptophans per subunit, which together have a quantum yield .
of 0.24 (Table 1). The net effect of DNA or Mgon wild- of the 7- and 4-ns components decrea;e somewhat in the
type fluorescence is about 10% quenching, in agreement withECORI~DNA complex. However, there is no change in
previous observations dEcoRI—DNA complex @0, 41). average lifetime because of compensating changes in am-
This becomes more interesting in light of the fluorescence Plitudes. Binding of M@" causes only small decreases in
changes in the single tryptophan mutant. The wild-type the amplitudes of the 7- and 4-ns components.
tryptophans are too far apart for Frirp energy transfer, The decay-associated spectral changes upon binding of

becausdR, = 4-16 A for self-transfer42) and the closest  pn differ in the single tryptophan mutant and wild-type

distance between Trp104 and Trp246 in any of the crystal enz : < ali
) . o yme. The 7-ns DAS of wild type is slightly enhanced
structures is the intrasubunit distance~a30 A. Therefore, with little shift in maximum. Since the 7-ns DAS of Trp246

the contributions of Trpl04 and Trp246 to wild type . " S
fluorescence are essentially independent. The steady—emissio'pS quenched upon addm_o n of DNA’ _the en_hancement inwild
ype must be due to an increase in intensity of the 7-ns DAS

spectra in Figure 1 show that the two tryptophans do not . :
contribute equally to wild-type fluorescence. W104 appears ©f TrP104. Conversely, the 4-ns DAS of wild type is
to dominate the spectra. This is not surprising, as the two Significantly quenched by DNA without a spectral shift.

tryptophans are in unique environments (Figure 4). Recall that Trp246 had only a slight decrease in intensity

Time-resolved measurements in the absence and presenclut a significant spectral shift. This is strong evidence that
of cognate DNA and Mg give lifetimes of 6-7, 3—4, and the large decrease in the 4-ns DAS of wild type is due to
0.6-1 ns, similar to the values for Trp246, wig# values Trp104. Unlike the mutein, wild type exhibits a significant
of 1.3—2.4 (Table 2). The highey,? values reflect greater  decrease in the 7-ns DAS upon binding of MgThis must
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Table 3: Anisotropy Decay Parameters

sample B ¢$1ns B2 ¢$2ns r(0) Ve
W246 in N3CW104Y 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 0.5+ 0.01 0.17+ 0.01 1724+ 4 0.204 0.01 1.64
+Mg?* 0.1440.02 80+ 40 0.144 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-Cysd 0.215+ 0.003 0.33+ 0.05 0.214 1.87
IAEDANS-N3Cef 0.09 1.7 0.11 149 0.20 1.73
MIANS-Cysoh 0.333+ 0.002 0.85+ 0.05 0.364 1.42
MIANS-N3C¢! 0.02 0.65 0.29 160 0.31 1.70

aErrors are standard deviations of at least three experimeisitation wavelength 295 nm, emission wavelength 350 fExcitation wavelength
320 nm, emission wavelength 500 nfit= 14.4 ns.® Fundamental anisotropy values from re#5. 7= 14.1 ns ¢ Excitation wavelength 320 nm,
emission wavelength 450 nihiz= 0.35 ns. 7= 3.4 ns.

be due to Trpl04, as the 7-ns DAS of Trp246 increasesfrom Trp246 to each labeled Cys3, then eq 9 simplifies
slightly in the presence of Mg. The 4-ns DAS of wild type considerably
decreases slightly with addition of Mgand shifts<5 nm
to the red. E= 2R06/[r6 + 2R06] (12)
Labeled MuteinsThe labeled N3CW104Y muteins bind
tightly to DNA with K4 values lower by factors of-23 than
unlabeled mutein: 4.5 0.2 x 10 M~ for IAEDANS—
N3CW104Y and 2.7+ 0.3 x 10 M~ for MIANS—
N3CW104Y. The fluorescence emission spectra of probes
in the protein conjugates are blue-shifted-% nm as
compared to the cysteine conjugates (Table 1). The fluores- i ) i
cence of 1,5-IAEDANS and MIANS is environmentally —YUSe of a singleR, is valid, becaus&, depends only on the
sensitive 43, 44). The blue shift indicates that these probes 11P246 quantum yield in the absence of acceptor, the overlap
are in a more hydrophobic environment on labeled N3cw- Of the Trp246 emission and probe absorption spectra, and
104Y mutein relative to aqueous solution. the relat'lve o_rlentatlon of .the two chromophon_es. The first
Fluorescence anisotropy decays were measured for labeledW0 are identical for both inter- and intrasubunit pairs, and
N3C muteins. The anisotropy decays of IAEDANS- and thg third should_ be_ similar if not |_d_ent|cal, because the
MIANS-N3C were best fit by two exponentials (Table 3). anisotropy data indicate some mobility of both donor and

As before, the short rotational correlation time represents &cceptor (Table 3). o
local motion of the probe and the long rotational correlation ~ Distances calculated from eq 13 are given in Table 4. Both

time represents overall tumbling of the protein. Comparison Probes gave very similar distances: 37 A for IAEDANS and

of the r(0) values of labeled muteins and the fundamental 3° A for MIANS assumingc® = 2/3. Binding of cognate
anisotropiesro of the cysteine conjugates reveals some DNA decreased these distances to 25 and 27 A, respectively.

unresolved fast motion in the observed anisotropy decay of Binding of cofactor M§" had smaller effects on the distance.
MIANS-N3C. but not IAEDANS-N3C. On the basis of the UpPper and lower limits for the orientation factef were
relative §; values, the fraction of probe undergoing rapid calculqted using the time-resolved anisotropy_ data in Table
internal motion is about 50% for IAEDANS and 20% for 3 and literature values for the fundamental anisotrof88s (
MIANS. These results support our previous conclusion from 49)- The corresponding values Gfax andrmi» were estimated
studies of pyrene-labeled N3C mutein that the N-termini are ffoM thexma? andkmin” values (Table 4). The distance range
on the protein surface2d). averaged about 16 A._ Since both m_dozle)(and dansyl43)
Energy TransferThe average lifetime of Trp246 decreased flgorophores have mixed polarizations, the actual range of
from 5.1 ns in N3CW104Y mutein to 4.7 ns in the distances should be even narrowéé)(
IAEDANS conjugate and 4.1 ns in the MIANS conjugate
(Table 2). Energy transfer efficiencies were calculated from DISCUSSION
eq 5. The labeled N3CW104Y mutein has two Trp246 donors  Tryptophan is widely used as an intrinsic fluorescence
and two labeled Cys3 acceptors per homodimer. As discussedrobe of protein conformational changes upon ligand binding.
above, energy transfer between the two Trp246 residues isThe fluorescence lifetime and intensity are sensitive to the
negligible. Only one of the tryptophans will be excited per local environment of the indole ring. In addition, energy
homodimer. However, the excited Trp246 has two possible transfer from a tryptophan donor to a fluorescent label
acceptors: a labeled Cys3 in its own subunit and a labeledprovides distance information. A single tryptophan mutant
Cys3 in the other subunit. These two Cys3 residues are closeof EcoRl homodimer with a specific labeling site at the
together at the dimer interface in the absence and presenc@-terminus allowed us to monitor local structural changes
of cognate DNA and cofactor Mg, as judged by excimer  around Trp246 upon cognate DNA or cofactor Mginding
formation and covalent cross-linkin@4). Therefore, we and to locate the N-termini on the protein surface. This
assume that the intra- and intersubunit distances betweerN3CW104Y mutein has the same DNA binding and cleavage
Trp246 and the two labeled Cys3 acceptors are roughly theproperties as wild-type enzyme. Labeling Cys3 with
same. If we further assume the saRgevalue for transfer IAEDANS or MIANS decreased the binding affinity only

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

r = Ry[2(1E — 1)]¥° (13)
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A

E170 Q240

Ficure 4: EcoRI—DNA complex (1CKQ.pdb). (AEcoR] 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.

0.3 or 0.6 kcal/mol. Thus, we expect results of fluorescence Location of N-TerminiThe distance between Trp246 and
studies of labeled muteins to apply to wild-type enzyme. fluorescent probes at Cys3 ikcoRl homodimer was
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Table 4: Fluorescence Energy Transfer

R()(Z/s)a 213 TImax  Trin

sample A) " kmad Kmin (/i) ) (R)
IAEDANS-N3CW104Y 0.08 21.7 252 0.20 36.6 45.7 29.9
+DNA 0.40 205 3.02 0.14 24.6 31.7 19.0
+Mg2*+ 0.14 218 2.72 0.18 33.1 419 26.6
MIANS-N3CW104Ye 0.20 24.7 2.75 0.15 34.9 442 27.2
+DNA 0.48 234 3.31 0.09 26.6 34.8 19.1
+Mg?*+ 0.14 249 2.97 0.12 37.8 485 28.4

a Ry was calculated fok? = 2/3.°J =5.63 x 108 M~ cm™! nnt.
€J=123x 108M1tcm?®nm

Watrob et al.

The crystal structure oEcaRI—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 22B82.
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 2282 to form part of the
subunit interface. The residues closest to their counterparts
in the other subunit are Ser229 and 1le230, with intersubunit

estimated via resonance energy transfer. Both IAEDANS and yistances of 5.9 and 4.6 A. Assuming that the N-terminal

MIANS gave similar distances 0f36 A in apoenzyme

region traverses the protein surface, the shortest distance from

(Table 4). Binding of cognate DNA decreased this distance ger17 to these residues is about-4Z A. A fully extended

by about 10 A for both probes. Binding of cofactor Mg

polypeptide chain of 15 amino acids has a length of 54 A,

probably has negligible effects. We can interpret the apparentyore than enough to cover this distance. The energy transfer
distance change upon DNA binding in three ways: (i) the eyperiments give through-space distances between Trp246
distancer between labeled Cys3 and Trp246 decreased, (i) gnd the two fluorescent probes at Cys3 of about 36 A in
the relative orientation of the two chromophores changed, apoenzyme and 26 A in the DNA complex. Intrasubunit

or (iif) a combination of (i) and (ii). Previously, we showed

through-space distances between Trp246 and Ser229 and lle

that the N-termini of N3C mutein are close together and 230 from the crystal structures are 37 and 35 A in apoenzyme

partially immobilized on the protein surfac24). Formation

and 38 and 35 A in the DNA complex. Intersubunit distances

of a disulfide bond between the two Cys3s and of excimers gre 39 and 36 A in apoenzyme and DNA complex. The
between pyrene-labeled Cys3s limits the distance betweengnergy transfer distance of 36 A measured for apoenzyme

N-termini to 2.5-18 A 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 distanceébetween

is consistent with the proposed location of the N-termini near
Ser229 and 11e230.

Local Conformational Changedypical of single tryp-
tophan containing proteins, the single tryptophan at position

Trp246 and labeled Cys3 measured by energy transferpsg in N3CW104Y mutein gave triple exponential fluores-
depends on the relative orientation of the chromophore .once decays. The origin of this complexity is unknown.

transition dipoles throughk?. In the labeled muteins, the

However, the decay-associated emission spectra clearly

anisotropy data show that both chromophores undergo localieyea| conformational changes in the microenvironment of

and segmental motions (Table 3), which tend to randomize 11,246 The intensity changes and spectral shifts of the 7-
their orientations. The anisotropy data were used to calculatey,q 3 5.ns DAS upon binding cognate DNA are most likely

maximum and minimum values faf, which dictates a-8
A uncertainty in the measuredvalues (Table 4). Given the

attributable to global conformational changes in the protein
that affect the microenvironment of Trp246. Figure 4, panel

range of distances between the N-termini and the calculatedc  shows the microenvironment of Trp246 in the wild type

range inr values due to uncertainties ¥, we cannot
distinguish interpretations (i) and (ii).

Figure 4, panel A, of the DNA complex shows the first
a-helix a1l at the outside of each subunit. Batii helices
are pointing away from the DNA interface and in the
direction of the loops formed by residues 22432. The tips
of the al helices turn back toward the protein. In the
apoenzyme structure-helix ol also points away from the

EcdRI-DNA complex (1CKQ.pdb). Trp246 is partially
buried in the loop region just before the lasthelix a6 at

the C-terminus of each subunit about 15 A from the DNA
duplex (Figure 4, panel A). His114, Glul70, and GIn240
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

DNA and toward the loops, but the tips turn outward away imidazole ring of histidine is a strong quencher, protonated

from the protein. Superposition of the structure of wild-type

carboxyl is a moderate quencher, and the amide group of

apoenzyme (1QC9.pdb) upon the highest resolution structureglutamine is a weak quencher. In the crystal structure of

of EcaRI—DNA complex (1CKQ.pdb) gave a RMSD value
of ~0.7 A. The intersubunit distance between the first
resolved residue of the N-terminus (Serl7) decreases by
10 A in the DNA complex (81.1 A for apoenzyme vs 68.5
A for DNA complex). Visual inspection suggests that the
N-termini are slightly frayed in different directions in the

apoenzyme (1QC9.pdb), the partially accessible imidazole
ring of His114 is about 8.9 A away from the indole ring,
the buried carboxyl of Glu170 is 6.5 A away, and the amide
group of GIn240 is about 4.1 A away. The peptide bond has
been shown to quench indole fluorescence via intramolecular
electron transfer47). The peptide bonds of Phel68, Leul69,

two structures. We propose that this results from a changeTyr238, Thr239, Glu245, and Trp246 are witlé A of the

in conformation of the unresolved region of the N-termini,

indole ring. Superposition of the structures of apoenzyme

as other intra- and intersubunit distances are the same inand DNA complex shows relatively little change in overall
apoenzyme and DNA complex. A change in backbone peptide backbone structure but clear changes in position and

trajectory of Serl7, GIn18, and Gly19 at the tipodf might

orientation of the side chain functional groups. Distances

translate to a change in distance or orientation of the from the indole ring to four of the six nearby peptide bonds

N-termini relative to Trp246.

decrease slightly in the DNA complex. The distance to the
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imidazole ring of His114 decreases slightly to 8.5 A
accompanied by a distinctive change in orientation, and the
distance of the amide group of GIn240 increases dramatically
to 6.0 A.

Clearly, Trp104 dominates the fluorescence of wild type.
This suggests greater static quenching of Trp246 than Trp104 6.
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 9
in both crystal structures as judged by Connolly surface
analysis. It is located at the N-terminal end@¥, which is 10
within the f-meander formed by antiparallgtsheetsfl, '
p2, and 3 (21). Trpl04 is sandwiched between four 11
hydrophilic residues Ser54, Arg56, Lys98, and Glul03
(Figure 4, panel B) and is located25 A from the DNA 12.
(Figure 4, panel A). The only possible quenching side chain
is the positively charged amino group of Lys98, which is
6.0 A from the indole ring in the apoenzyme. Lys quenches
by an excited-state proton-transfer mechanigt8).( The 14.
solvent-exposed carboxyl of Glu103 is most likely depro-
tonated and thus unable to quench tryptophan fluorescence. 15.
The peptide bonds withi6 A of theindole ring of Trp104 16.
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 Ain 17.
the DNA complex. As in the case of Trp246, relatively little
change was observed in the peptide backbone in the vicinity 18
of Trp104 when the two structures were superimposed. Slight
increases in distance between the indole ring and the peptide ™™
bonds of Trp104 and Glul03 are offset by decreases in »q.
distance of Val97 and Gly102. The presence of fewer
quenching functional groups in the microenvironment of 21.
Trpl04 appears to account for the reduced static quenching.

The N-terminal regions dEcoRl endonuclease spanning
from Serl7Ser2 of one subunit to SerBerl7 of the other 23
subunit can be regarded as a long-open lo#9).(Loops
are typically found on the protein surface and play important
roles in biological function §0). In the case ofEcaRl
endonuclease, the hydrophilic N-terminal region lies on the ,g
protein surface44), stabilizes theEcoRI—DNA complex,
and is essential for DNA cleavag®2). The tryptophan 26.
residues oEcaRIl 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 prot&NA in-
terface are thus transmitted to the protein surface. Presum- 28.
ably, interactions of the N-terminal region with the protein 29
surface would likewise be felt at the proteiDNA interface.

27.
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