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ABSTRACT: Site-directed mutagenesis and time-resolved fluorescence spectroscopy were used to evaluate
the contributions of individual amino acid side chains to the binding of DNA prirtemplates to the

3'—5' exonuclease site of the large proteolytic fragment (Klenow fragment) of DNA polymerase |.
Mutations were introduced into side chains that have been shown crystallographically to be in close
proximity to a DNA 3 terminus bound at the 35 exonuclease site. The wild-type residues were replaced

by alanine in each case. To assess the effects of the mutations on DNA binding, time-resolved fluorescence
anisotropy measurements were performed on dansyl-labeled prievaplates bound to the mutant
enzymes. In contrast to techniques that simply monitor the overall binding of proteins to DNA, the time-
resolved fluorescence anisotropy technique was used to determine the fractional occupancies of the
polymerase and’'35' exonuclease active sites of Klenow fragment. Equilibrium constants describing
the partitioning of DNA between the two active sites were obtained for nine different mutant enzymes
bound to both matched and mismatched DNA sequences. Mutations of Leu361 and Phe473 caused the
largest effects, significantly destabilizing the binding of mismatched DNA substrates to'-tte 3
exonuclease site relative to DNA bound at the polymerase site, consistent with structural data showing
that the side chains of these residues are involved in intimate hydrophobic interactions wittetharaal

and penultimate bases of the primer strand [Beese, L., and Steitz, T. A. (E8€BD J. 10 25-33].
Mutations of the His660 and Glu357 side chains also resulted in significant effects on the binding of
mismatched DNA to the'3-5 exonuclease site. Surprisingly, mutation of Tyr497 increased the partitioning

of mismatched DNA into the'3-5' exonuclease site, suggesting that the tyrosine side chain in the wild-
type enzyme destabilizes substrate binding, despite crystallographic data showing that Tyr497 is H-bonded
to the DNA substrate. The effects of mutating the amino acid side chains that serve as ligands to two
divalent metal ions bound at thé-3%' exonuclease site, designated A and B, indicated that metal A also
helps to bind DNA to the '3-5' exonuclease site. These results demonstrate that the time-resolved
fluorescence anisotropy technique can be used to quantify the energetic contributions associated with
each of the crystallographically defined DNArotein contacts at the-35' exonuclease site.

The Klenow fragment of DNA polymerase | has two determine whether a DNA substrate will occupy one or the
separate enzymatic activities, &3’ polymerase activity = other of the two active sites are not well understood. In
that is used to extend a nascent DNA strand during DNA this paper, we present a detailed study of the amino acid
replication and a '3-5' exonuclease activity that acts in side chains that are involved in the binding of DNA to the

opposition to the polymerase activity and is used to edit 3—5' exonuclease site of Klenow fragment.
misincorporated nucleotides. Klenow fragment is an attrac-

tive model system for structurdunction studies of a DNA
replication enzyme, owing to the availability of high-
resolution crystal structures of the enzyme and its complexes
with DNA substrates (reviewed in rdf). The active sites

Early biochemical studies of Klenow fragment indicated
that the preferred substrate for the-3' exonuclease activity
was single-stranded DNA), implying that the enzyme was
capable of melting the primer terminus while carrying out
for the polymerase and'35 exonuclease reactions are an editing reaction on a double-stranded DNA substrate. This

located in separate structural domains of the protein and areproposal §ubsequently was confirmed by struct.ural .StUd'eS
separated by about 35 2+4), indicating that there must of crystalline complexes of Klenow fragment with S|_ngle—
be two different binding modes for a DNA primetemplate  Stranded and duplex DNA substrat@s §) and by solution
depending on whether the enzyme is carrying out DNA studies employing chem_lcal_ly pross-lmked duplex DNA
polymerization or an editing reaction. The mechanisms that substratesq). These studies indicated that the exonuclease
site melts out the last four base pairs at the priméef@ninus

T Supported by the National Institutes of Health (Grants GM44060 of a duplex DNA substrate. Time-resolved fluorescence
to Pé%pr"ésagicﬁyzgﬁi%rm C.M.J). spectroscopic studies of oligonucleotide duplexes containing

tThe Sc?ipps ,gesearch' Institute. the fluorescent nucleotide analogue 2-aminopurine also have

8 Yale University. been used to monitor the melting of a DNA duplex terminus
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(a) tions necessarily must be more favorable in stabilizing the
single-stranded region of DNA than the basmse interac-
tions that stabilize the duplex.

Crystallographic studies of Klenow fragmeridNA com-
plexes have provided considerable information on the BNA
protein interactions at thé-35' exonuclease site. A crystal
structure of Klenow fragment complexed with a tetranucle-
otide identified the amino acid side chains that form the 3
5' exonuclease active site and revealed many of the inter-
actions between the protein and the DNA substrate9)
(Figure 1). The structural data define an extended single-
Tyr 487 stranded DNA binding pocket, formed by a group of side
chains that make hydrophobic contacts with the unstacked
nucleotide bases or are hydrogen-bonded to the sugar
phosphate backbone. A structure of an editing complex of
Klenow fragment with an 11-base pair duplex DNA substrate
Asp 424 containing a 3overhanging single strand showed that the

Asp 501 3 terminus was bound to the¢-35 exonuclease site in a
Asp 355 fashion identical to that seen in the tetranucleotide complex,
with the duplex portion of the substrate occupying a cleft
between the polymerase and exonuclease dom@jinsThis
cleft also appears to be used in the polymerase mode of
binding (L0). In addition to the side chains involved in
DNA—protein contacts, the crystallographic studies of Kle-
now fragment also have identified two binding sites for
divalent metal ions within the '35 exonuclease site,
designated A and B4(9). Experiments in which the amino
acid side chains that serve as the metal ligands were removed
from the active site by site-directed mutagenesis have
established the importance of both metals in the 33
exonuclease reactiod,(11).
J While the crystallographic studies have identified many
Leu 381 of the DNA—protein contacts at the-35' exonuclease site,
they do not provide any information on the energetics of
these interactions or indicate which side chains are the most
important for binding the DNA substrate. To evaluate the
energetic contributions of the crystallographically defined
F DNA—protein contacts, we have used a series of mutant
derivatives of Klenow fragment in which individual amino

Phe 473 acid residues at the’35' exonuclease site were replaced
FIGURE 1: Important side chains at thé-&' exonuclease active DY alanine. The resulting mutant proteins were characterized
site of Klenow fragmentd). (a) A bound dinucleotide at thé-35' by means of time-resolved fluorescence anisotropy measure-
exonuclease active site. The dinucleotide is shown in gray, with ments employing dansyl-labeled primeemplate oligo-
the phosphorus at the scissile phosphodiester in pink. The proteingclectides as substrates for the enzyme. Ina previous study,

side chains illustrated are those that interact with the substrate or .
that serve as metal ligands. The two divalent metal ions at the active V€ demonstrated that the fluorescence anisotropy decay of

site are represented by the spheres marked A and B. (b) A more@ dansyl probe site-specifically attached to DNA can be
distant view of three residues of single-stranded DNA bound to uniquely analyzed in terms of two environments for the
the exonuclease region. The view is rotated relative to that of panel dansyl probe, corresponding to the polymerase and exonu-
a, as can be seen from the positions of the Leu361 and Phe47 lease modes of bindingl?). The nature of the two
side chains. The His660 side chain has two conformations in the . . . .
presence of bound DNA: The major conformation (green) interacts [UOréscent species was confirmed by experiments with
with the third base from the’'®nd, and the minor conformation ~ mismatched DNA substrated) and by earlier studies
(cyan) forms a hydrogen bond to the third phosphate (also illustrated employing epoxy-modified substrates that bound tightly to
is Arg455, which interacts with the third phosphate; this residue the po|ymerase s|td6) Here we have used this technique

was not part of this study). Other side chains interacting with the : : TS
phosphodiester backbone have been omitted for clarity. This to quantify the effect of mutations on the partitioning of DNA

illustration was created by Chad Brautigam using the program VMD Substrates between the polymerase anreb3exonuclease
(27) and was rendered using POV-Ray. sites. The resulting data are used to evaluate the energetic

contributions of individual amino acid side chains to the
induced by Klenow fragment8]. The ability of the binding of DNA at the 3-5' exonuclease site.
exonuclease site to melt an extended region of duplex DNA
at its 3 terminus raises interesting questions about the MATERIALS AND METHODS
interactions that are involved in binding the resulting single-  Construction and Purification of Mutant Desatives of
stranded bases to the exonuclease site, because these intera€lenow Fragment.Plasmids for overproduction of Klenow

Leu 361

C
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fragment derivatives having mutations in the-8' exonu- Data Analysis. The time-dependent fluorescence aniso-
clease center have been described previoddlyl4). The tropy, r(t), was computed from polarized components of the
H660A mutation, which affects a side chain from the time-resolved fluorescence according to eq 1:
polymerase domain, was constructed and subcloned into an

overproducer plasmid following previously published pro- ) = 1, (® — 150 (1)
cedures 15). Where necessary (see the text), single muta- o IH(t) + 21(t)

tions were combined with the D424A mutation, which

essentially abolishes the exonuclease activiy, ising wherel | (t) andl(t) are the intensity decays measured with
standard procedure$). The mutant proteins were obtained the emission polarizer oriented parallel or perpendicular to
by heat induction in the host strain CJ3767Y and were the excitation polarization, respectively. Previous time-
purified by a four-stage fractionation procedure using FPLC resolved fluorescence studies have shown that the dansyl
(Pharmacia-LKB) 17). probe is partitioned between two distinct local environments,

Oligonucleotide Synthesis and Labelingligonucleotides ~ @n @queous environment permitting extensive local rotation
were synthesized on an automated DNA synthesizer (Phar-2nd a hydrophobic environment in which rotation of the
macia Gene Assembler Plus) using standaityanoethyl probe is markedly restricted2). These environments are
phosphoramidite chemistry, and purified by reverse phaseassouated with different binding modes of the polymerase
HPLC using an acetonitrile/triethylammonium acetate eluant DNA complex. Specifically, the exposed probes correspond
system. To prepare dansyl-labeled oligonucleotides, a!© DNA primer—templates bound to Klenow fragment with
protected 5-(propylamino)deoxyuridine residue was intro- € primer 3terminus in the polymerase active site, while
duced during automated synthesis and subsequently wadhe buried probes correspond to bound priflemplates

deprotected and labeled with dansyl chioride, as described"ith the 3 terminus at the'3-5' exonuclease site. Therefore,
previously (8). the observed time-dependent anisotropy was represented by

Sample Preparation.Before each measurement M a weighted sum of contributions from the exposed dansyl
: ; - b t), and the buried probeg(t), ding t 2:
dansyl-labeled 17-mer and 4uB/1 27-mer oligonucleotides probes(t), and the buried probes(t), according to eq

were mixed in a buffer of 50 mM Tris (pH 7.5) and 3 mM r(t) = f(O)rgt) + f,(Orp(t) 2)
MgCl,, heated at 80C for 10 min, and then allowed to cool

slowly to room temperature. Klenow fragment was then where the fractional contribution of exposed probes to the
added to a final concentration in the range ef12 uM. fluorescence anisotropy at timefg(t), is given by

For each DNA-protein complex, sufficient Klenow fragment \

was added to ensure that the DNA was fully bound, as :

determined by measurements of the fluorescence anisotropy XeZaie exp(—tt)

decay as a function of added protein. The higher protein f(t) = = 3)
concentrations X5 uM) were needed to ensure complete © Ne Np

binding of DNA substrates containing two or three consecu- XeZaie exp(-t/r,) + szaib expt/ty)

tive mismatched base pairs. 5 =

Time-R Fluor n tr luor n o
e-Resaked Fluorescence Spectroscopfyluorescence whererte, e, Ne, andxe are the fluorescence lifetimes, decay

?:I;?ey d n;?r?slirenk’:ggi \::vglrjitiﬁ)]erfgrer&ed duess”;?ibtgo‘la ;[r'lmde;t:gi:'amplitudes, number of decay components, and ground-state
elsewhere 193) %am les were ?neasu?e din quartz cuvettes mole fraction of the exposed dansyl probes, respectively.
: P q The corresponding parameters for the buried probes are

and excited at 318 nm using the frequency-doubled OUtputdenoted g a b subscript. An analogous expression was used
from a synchronously mode-locked and qav!ty-dumped DCM to represent the fractional contribution of the buried probes,
dye laser (Coherent 702). Sample emission was collectedfb(t)

at right angles to the excitation beam, passed through a
motor-controlled polarizer, and focused on the entrance slit
of a monochromator (JY H-10). The dansyl emission was
monitored at 535 nm. The output from the monochromator
was detected by a microchannel plate .photomult|pl|.er ro(t) = Bre €XPEUdy0) + Bre€XP(—ty) (4)
(Hamamatsu R2809U-01) and processed using standard time-

correlated single photon counting electronics (Ortec and where 1. and ¢ are the anisotropy amplitude and decay
Tennelec). Decays were recorded in 512 channels of atime for local rotation ¢ &~ 1 ns), respectively, anfe
multichannel analyzer (Ortec Norland 5510) using a sampling and¢,e are the corresponding quantities for overall tumbling
time of 88 ps per channel. For measurement of fluorescence(¢,. =~ 57 ns), respectively. A similar expression was used
anisotropy decay, the emission polarizer was alternatedto represent the time-dependent anisotropy of the buried
between vertical and horizontal directions every 30 s, and dansyl probes.

the decays collected with each polarizer setting were ac- The formalism outlined above does not allow for convolu-
cumulated in separate memory segments of the multichannetkion of the instrument response function. However, in this
analyzer. Movement of the polarizer and data accumulation work, convolution effects are considered to be negligible,
in the multichannel analyzer were under computer control. given the extremely narrow width of the instrument response
All measurements were performed atZD Time-resolved  function (45 ps fwhm) and the time scale of the motions
emission data were transferred to a Sparc LX workstation involved (=1 ns). The fractions of buried and exposed
for analysis. dansyl probes were obtained by globally fitting 36 time-

The anisotropy decay for the exposed dansyl probes is the
sum of contributions due to local rotation and overall
tumbling:
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Chart 1: Duplex DNA Sequences 0.30
* — L A
17*/27-mer 5'-TCGCAGCCGXCAAAATG No. of mismatches
AGCGTCGGCAGTTTTACATATAGCCGA-5" 0.25
17*/27G-mer 5'-TCGCAGCCGXCAAAATG > 020 -
AGCGTCGGCAGTTTTAGATATAGCCGA»F; ! 8— by
8 o5} i
17*/27GG-mer 5'-TCGCAGCCGXCAAAATG c d f
AGCGTCGGCAGTTTTGGATATAGCCGA—5‘ < lM‘ |
0.10 - i ‘
17*/27ATG-mer 5'-TCGCAGCCGXCAAAATG
AGCGTCGGCAGTTTATGATATAGCCGA—5' 0.05 + 0
a X denotes a deoxyuridine residue labeled at the 5 position with a
dansyl probe. 0.00 : ;
. . 0.30
resolved anisotropy decays, with thea, and¢ parameters B
for each probe population fixed at the values determined 0.25
previously (2), and theS parameters linked across all data T
sets. The entire set of anisotropy decays was fitted simul-
AR . . ; Z 020
taneously by optimizing the linked anisotropy amplitudes g
(B1e B2e P1py @NdB2y) across all data sets, while at the same £
time, the fraction of buried probesyj was optimized for 2 015
each data set. The anisotropy decay data obtained for the <
D501A mutant protein were also analyzed separately. In 0.10 |
all cases, the anisotropy data were assigned appropriate
weighting factors according to the valueslgft) and I(t) 0.05 |-
at each time point19). The quality of the fits was judged
by the global reducegf value and the local reducedvalues 0.00
for each data set. 0 5 10 15 20 25 30 35
In eq 3, the fractiorx, corresponds to the fraction of DNA Time (ns)

substrates bound to thé-%’ exonuclease site of the enzyme FIGURE 2: Fluorescence anisotropy decay profiles of dansyl-labeled

at equilibrium, andxe (X = 1 — ;) corresponds to the  pNa substrates bound to Klenow fragment. (A) Complexes of
fraction of DNA bound to the polymerase site. Therefore, p424A Klenow fragment with, from top to bottom, 17*/27ATG-
the equilibrium constant for partitioning of DNA from the mer (three consecutive mismatches at theBninus), 17*/27GG-
polymerase site to the'35 exonuclease sitelpe, Was mer (two consecutive terminal mismatches), 17*/27G-mer (single
computed as G-G mismatch at the '3terminus), and 17*/27-mer (fully base-
paired duplex). The fitted curves (solid lines) were obtained from
a global fit of 36 data sets to a two-state model (eq 2), as described
% in the text. The fitted fractions of buried dansyl probes, equivalent
pe — X_e 5) to the fractions of exonuclease-bound DNA, and the redyéed
values recovered for each data set are as follows: 17*/27ATG-
mer, X, = 0.996, 2 = 1.31; 17*/27GG-mery, = 0.301,y2 =
As X, becomes large, the value &fe becomes poorly  1.46; 17*/27G-mery, = 0.221,y,2 = 1.05; and 17*/27-menx, =
defined, and any measured fraction>00.95 was reported ~ 0.059,%2 = 1.15. (B) Complexes of the F473A/D424A double
as aKge of =19, It should be noted that,e describes the mutant Klenow fragment with the same set of duplex DNA

AL D . substrates. Anisotropy decay profiles are labeled as in panel A,
equilibrium distribution of DNA substrates in the polymerase 4 the fitted curvegy(solid ﬁnzs) were obtained from thF:a same

and 3—5 exonuclease sites and does not distinguish betweengiobal analysis. The fitted fractions of buried dansyl probes and
intra- and intermolecular mechanisms of forming the cor- reducedy? values recovered for each data set are as follows: 17/

K

responding DNA-protein complexes. 27ATG-mer,x, = 0.970,y,? = 1.24; 17*/27GG-merx, = 0.179,
2 = 1.17; 17*/27G-merx, = 0.074,y,* = 1.16; and 17*/27-mer
RESULTS Xo = 0.042,2 = 1.39.

Fluorescence Anisotropy Decays of Dansyl-Labeled DNA expected to favor binding of the DNA substrates at the 3
Bound to Mutant Detiatives of Klenow FragmentTime- 5" exonuclease sitdp). In each case, the dansyl probe was
resolved fluorescence anisotropy decays were recorded forattached to a deoxyuridine residue located seven bases
dansyl-labeled primertemplate oligonucleotides bound to upstream from the primer’3terminus, a position that
various mutant derivatives of Klenow fragment. Nine mutant previously was shown to experience different local environ-
enzymes were examined, and four different primmer ments according to whether the primer terminus was bound
templates were used as substrates in each case. Details ait the polymerase site or thé-&' exonuclease site of
the specific mutations are given later. The DNA substrates Klenow fragment {2, 13). Typical fluorescence anisotropy
(Chart 1) were either perfectly base-paired (17*/27-mer), decay profiles for the four dansyl-labeled substrates bound
contained a single preformed-G mismatch at the primer to one of the mutant enzymes, the D424A mutant (Asp to
3 terminus (17*/27G-mer), or contained two or three Ala at position 424), are shown in Figure 2A. The
consecutive 3terminal mismatches (17*/27GG-mer and 17*/ corresponding decays for the F473A/D424A double mutant
27ATG-mer, respectively). The presence of mismatches isenzyme are shown in Figure 2B. It is evident that the
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anisotropy decay of the dansyl probe is sensitive to both

mismatches in the DNA substrates and mutations within the exonuclease Sites

Table 1: Partitioning of DNA between Polymerase ahd=S

enzyme. In general, each DN#orotein complex exhibits

R . do DNA nameé mutationg Kpe
a distinct anisotropy decay profile, indicating that the dansyl 727 -mer D355A 0,045
probe experiences a different environment, or distribution AATG D501A 0063 (0.046)
of environments, in each case. TTACA- E357A 0.054
To test whether the heterogeneous probe populations could D424A 0.063
be represented by two states of the dansyl probe, fluorescence E357A/D424A 0.044
; ; - L361A/D424A 0.058
anisotropy decay profiles for the entire set of 36 DNA FA73A/DA24A 0.043
protein complexes were globally fitted to a two-state model Y497A/DA24A 0.044
of exposed and buried dansyl probes, as described in H660A/D424A 0.057
Materials and Me_thods. The fluorescence I|f_et|mes _of the  17¢97G-mer D355A 0.204
exposed and buried dansyl probe were assigned different -AATG D501A 0.172 (0.190)
values, reflecting differences in the polarity of the surround- -TTAGA- E357A 0.114
ing environment. The values used are as follows; = D424A 0.283
1.01 ns;72¢ = 4.13 nS,73¢ = 11.9 ns,r1p, = 3.06 ns, and: E357A/DA24A 0.097
: T2e = 4. 3e = 2.9 NS0 = S » antray L361A/D424A 0.057
= 18.4 ns (the corresponding amplitudes arg = 0.30, F473A/DA424A 0.075
O2e = 0.67,03. = 0.03,a4p = 0.70, andoz, = 0.30). The Y497A/D424A 0.400
multiple lifetimes for each population reflect the nonexpo- HE60A/D424A 0.137
nential decay of the dansyl emission. These fluorescence 17*27GG-mer D355A 0.475
decay parameters were determined in a previous Wik ( -AATG D501A 0.412 (0.594)
The rotational correlation times for the two probe populations TTeeh ECZZ": g-zgi
also were fixed at the values determined previoughy € E357A/DA24A 0.290
¢1p = 1.2 ns andgze = ¢2o = 57 ns). The set of 36 L361A/D424A 0.211
anisotropy decays was fitted by optimizing the values of the FA73A/D424A 0.257
link nisotr mpli r [ whil YA97A/DA24A 0.511
r ed anisotropy amp tudes ac oss a de}ta sets, e HOBOA/DAZAA 0,266
simultaneously adjusting the fraction of buried probes for
each data set. In the case of the D501A mutant protein, the = 17*/27ATG-mer D355A =19
anisotropy decay data were also analyzed separately. An :?ATG N Egg%ﬁ 3-129(2 195
excellent global fit was obtained (global redugéd= 1.25), ATG DA24A ~19
and the reduceg? values for the individual data sets were E357A/D424A =19
between 1.0 and 1.5. Furthermore, the fitted values for the L361A//D424A =19
. : . FA73A/D424A >19
anls_otropy amplltgdes of each probE populatjéin (z_ 0.124, V497 AIDAZAA 1o
B2 = 0.086, 51, = 0.022, andB., = 0.228) are in close HE60A/DA24A =19

agreement with the values determined in a previous study “The bases near the ferminus of each primertemplate are
(12). These results confirm that the heterogeneous prObeincluded below the DNA name. See Chart 1 for complete DNA
populations can be adequately modeled by two states, onesequences. Mutations are abbreviated using the following convention:
state permitting extensive local motion of the probe and a The residue number is preceded by the one-letter code for the wild-
second state with restricted motion of the dansyl probe. Thesetype amino acid and followed by the code for the mutant amino acid.
two states of the dansyl probe correspond to DNA substrates, Equilibrium constant for partitioning of DNA between polymerase

\ . and 3—5' exonuclease sites, determined from a global fit of fluores-
bound .at the polymerase and—3&' exonuclease sites, cence anisotropy decays using a common set of probe parameters for
respectively 12).

each DNA-protein complex, unless otherwise indicated. See the text
Mutations in the Carboxylate Ligands to the Metal lons for details.K. values are the average of at least two determinations.
We examined previously characterized derivatives of Klenow Errors are£10% of the value obtained.Values in parentheses were

. - P _determined from a global fit of anisotropy decays obtained for the
fragment having alanine substitutions at each of the car DS501A mutant protein only. The anisotropy amplitudes and fractions

boxyk_ite side Chains that are seen crystallographically t0 of hyried probes were optimized separately from other data sets. See
coordinate two divalent metal ions at the-3' exonuclease the text for details.

site @, 11) (Figure 1). One metal ion (designated A) is
bound to the protein by the side chains of Asp355, Glu357, the four dansyl-labeled substrates, on the basis of the fitted
and Asp501, while the other metal ion (designated B) sharesfractions of exposed and buried probes recovered from the
the Asp355 side chain with the A site and is also coordinated global analysis of the fluorescence anisotropy decay data (eq
by the side chain of Asp424,9). The alanine substitutions  5). For the fully base-paired substrate (17*/27-mer) Khe
cause a substantial decrease ir3 exonuclease activity  values are small for each mutant protein, indicating that the
(10*—10p-fold for the D355A, D424A, and D501A mutations  DNA strongly prefers to bind at the polymerase site in each
and almost 18fold for E357A), ensuring that the DNA  case (Table 1). Accordingly, it is not possible to discern
substrates were not degraded during the course of thedifferences in partitioning due to mutations at the-3
fluorescence measurements. A double mutant derivativeexonuclease site. The presence of one or two mismatches
containing both the E357A and D424A mutations was also within the DNA substrates results in greater occupancy of
examined. the 3—5 exonuclease site, such that the partitioning
The partitioning constank., describing the distribution  constants are different for each mutant enzyme (Table 1).
of DNA between the polymerase and-5' exonuclease sites  For the single-mismatch substrate (17*/27G-mer), ipe
was determined for each mutant enzyme bound to each ofvalue is largest for the D424A protein, is somewhat smaller
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for the D355A and D501A proteins, and is significantly DNA substrate exhibits a more rapid initial decay (not
smaller for the E357A protein. These results indicate that shown) and the recovered fraction of buried probes is
the E357A mutation reduces the partitioning of the mis- significantly smaller X, = 0.68) than those for the other
matched DNA into the '3-5' exonuclease site relative to  mutant enzymes, implying that the DNA is still partly bound
mutations of the other carboxylate side chains. In the caseat the polymerase site or that some of the DNA is free in
of the double-mismatch DNA substrate (17*/27GG-mer), the solution. To eliminate this latter possibility, the 17*/27ATG-
Kpe values are larger for each of the mutant enzymes, mer substrate was titrated with increasing amounts of the
reflecting the greater tendency of the DNA to bind at the D501A mutant protein and it was observed that the anisot-
3'—5' exonuclease site, but the smallest value is again seerropy decay profile remained constant. Moreover, the results
for the E357A mutant protein (Table 1). Taken together, obtained for the D501A mutant are reproducible in two
these results suggest that the Glu357 side chain is importanindependent protein preparations. Alternatively, the triple-
for binding DNA substrates at theé-35' exonuclease site.  mismatch substrate may in fact be bound mostly at the 3
To assess further the contribution of Glu3%g, values 5 exonuclease site, but the structure of that site may have
were also determined for the E357A/D424A double mutant changed in such a way that the local environment of the
enzyme (Table 1). Assuming that the effects of mutations buried dansyl probes is altered, resulting in the different
are additive, these values can be directly compared with theanisotropy decay profile. To test this possibility, a separate
corresponding data for the D424A mutant, thereby isolating global analysis was performed using only the data sets
the effect of the E357A mutation on the partitioning of the obtained for the D501A protein (with all four DNA
DNA substrates between the polymerase aneb3exonu- substrates). The resulting values for the anisotropy ampli-
clease sites. Thus, in the case of the single-mismatch DNAtudes of the buried probegi, = 0.034 and3,, = 0.195)
substrate, comparison of the relevéft values in Table 1 are different from the values obtained from the original global
indicates that the removal of the Glu357 side chain reducesanalysis g1, = 0.022 andfa, = 0.228), whereas the
the partitioning of DNA into the 3-5' exonuclease center remaining spectroscopic parameters are essentially the same
by a factor of 2.9. in both analyses. Moreover, the recovered fraction of buried
The partitioning data for the E357A/D424A mutant probes for the triple-mismatch substrate in this analysis (
enzyme can also be compared with corresponding data for> 0.95) indicates that the DNA is indeed bound mostly at
the E357A mutant. In this case, differences inkigvalues the 3—5 exonuclease site, as observed for the binding of
for the two proteins can be attributed to the D424A mutation, this DNA substrate to each of the other mutant enzymes.
again under the assumption that the effects of each mutationThus, it appears that the DS01A mutant does have a different
are additive. In fact, the results in Table 1 indicate that the structure than the other mutant enzymes, resulting in a
partitioning constants for complexes of the 17*/27G-mer different environment for the buried dansyl probes. On the
substrate with the E357A/D424A or E357A mutant enzyme basis of the anisotropy amplitudes, it appears that the buried
are very similar, indicating that the D424A mutation has dansyl probes observed for DNA substrates bound to the
relatively little additional effect on the partitioning of this D501A mutant are somewhat less restricted in their local
DNA. The same is true of the other DNA substrates (Table motion than those for any of the other DNArotein
1). It appears, therefore, that the D424A mutation has the complexes. Nonetheless, this change in the buried probe
least effect on partitioning of any of the carboxylate environmentis accounted for in the refinig values shown
mutations. It should be noted that thg. values for the in parentheses in Table 1.
17*/27-mer and 17*/27G-mer substrates bound to the D424A  Mutations in Residues That Contact the DNA Substrate.
mutant protein are somewhat smaller than those reported forWe examined a group of residues (Leu361, Phe473, Tyr497,
the same DNA sequences (referred to as 17A4B-C and and His660) that have been shown crystallographically to
17*TG-27B-G, respectively) in a previous stud$2j. It be in close proximity to a DNA ‘3terminus bound at the
seems likely that the previous measurements overestimate® —5' exonuclease site of Klenow fragmer® @) (Figure
the partitioning constants for these two priméemplates, 1). Alanine substitutions of Leu361, Phe473, and Tyr497
possibly due to problems in the synthesis of the original have been described previoushi(14); the alanine replace-
17*TG-27B-C and 17*TG27B-G oligonucleotides. We note  ment of His660, a residue within the polymerase domain,
that the present results for the 17*/27-mer and 17*/27G- was constructed following procedures established in earlier
mer substrates are reproducible in two independent DNA studies of polymerase domain mutani$)( Aside from
preparations and for multiple preparations of the D424A F473A, which caused a (% 10%-fold decrease in'3-5
protein. exonuclease activity, the other mutant proteins had substantial
The anisotropy decay profiles obtained for the triple- levels of 3—5' exonuclease activity [L361A and Y497A
mismatch DNA substrate (17*/27ATG-mer) are similar for reduced the activity by about 20-fold; H660A was similar
the D424A, D355A, and E357A mutant enzymes and indicate to wild type (C. M. Joyce, unpublished observations)]. All
that the DNA is bound predominantly 05%) at the 3-5' four mutations were combined with the D424A mutation,
exonuclease site in each case. This is also true of the E357AMhich essentially abolishes-35" exonuclease activity4],
D424A mutant enzyme. The correspondifig values are to prevent exonuclease degradation of the dansyl-labeled
reported as lower limits (Table 1). These results are DNA substrates during the fluorescence measurements and
consistent with previous observations showing that DNA to allow a comparison of the binding properties of the double
primer—templates containing multiple consecutive mis- mutant enzymes with the single D424A mutant as a control.
matches are bound predominantly at the3 exonuclease Typical fluorescence anisotropy decay profiles for the four
site of Klenow fragment ¥2). For the D501A mutant, dansyl-labeled DNA substrates bound to one of the mutant
however, the anisotropy decay profile for the triple-mismatch enzymes (F473A/D424A) are presented in Figure 2B.
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0.25 ——— 27GG-mer) bound to each of the mutant enzymes, although
Vas7A + Di2aA the overallKye values are larger (Table 1). It is important
020 | Da24A to note that the DNA duplexes are fully bound to the mutant
5 Fa73A + DasdA enzymes in all the measurements reported here, as detailed
L3614 + Dazdn in Materials and Methods. Thus, the smallés. values
measured for the mutant enzymes relative to the D424A
derivative reflect a change in the partitioning of DNA
between the polymerase ant—3 exonuclease sites, as
assumed here, rather than a partial dissociation of DNA from
the enzyme.

Interestingly, theKge value for binding of the single-
mismatch DNA substrate to the Y497A/D424A mutant
0.00 e enzyme idarger than the corresponding value for the D424A
0 5 10 15 20 25 30 35 mutant (Table 1). A similar effect is observed for the double-
Time (ns) mismatch DNA substrate. These results suggest that the
Ficure 3: Fluorescence anisotropy decay profiles of the single- removal of the side chain of Tyr497 actually favors the

(rjnls_mai;ch DNfAKldupleXf(N*/Z?tG_'rPr?r) boimci to various muéant binding of these DNAs to the’'35' exonuclease site over
erivatives of Klenow fragment. The mutant enzymes used are ;i :

(from top to bottom) YA97A/IDA24A, = 0.284,72 = 1.19),  0inding to the polymerase site.

D424A (x, = 0.221,%2 = 1.05), H660A/D424A %, = 0.120,%,

= 1.17), FA73A/ID424A %, = 0.074,%2 = 1.16), and L361A/  DISCUSSION

D424A (%, = 0.054,? = 1.15). The values indicated in parentheses . o o )

are the fractions of buried dansyl probes, equivalent to the fraction ~We have quantified the contribution of individual amino
of DNA bound at the 3-5' exonuclease site, and the redugéd acid residues to the partitioning of DNA substrates between
values for each data Set, obtained from a g|0ba| fit (SO“d |ineS) to the polymerase and_35' exonuclease active Sites Of KlenOW

36 data sets, as described in the text. fragment. The experimental approach employed here to

Comparison of these data with the corresponding anisotropyProbe the DNA partitioning equilibrium is based on mea-
profiles for the D424A mutant (Figure 2A) reveals that the surements of the time-resolved fluorescence anisotropy decay
additional F473A mutation in the double mutant enzyme has Of dansyl-labeled DNA substrates bound to the enzyme. In
a significant effect upon the anisotropy decay profiles for @ previous study, it was demonstrated that the anisotropy
the DNA substrates containing one or two mismatches (17*/ decay of the dansyl probe could be represented in terms of
27G-mer and 17*/27GG-mer, respectively). Figure 3 pre- two distinct populations, a protein-bound state in which the
sents a direct comparison of the anisotropy decay profiles Probe was relatively solvent-exposed and a buried state in
for Compiexes of the 17*/27G-mer substrate with each of which the prObe was in more intimate contact with the pI’OteIn
the mutant enzymes and with the D424A mutant. It is (12). The buried probes were characterized by long emission

obvious that the anisotropy decay for each double mutantlifetimes and restricted local motion. The buried pOpulation
enzyme is different from that obtained for the “reference” Was observed to increase as mismatches were introduced into

derivative containing only the D424A mutation. This the DNA substrates, with a corresponding decrease in the
observation indicates that mutation of Leu361, Phe473, €xposed dansyl probes, suggesting that the buried probes
Tyr497, or His660 alters the partitioning of DNA between correspond to DNA primertemplates bound at the-35'
the polymerase and’35 exonuclease sites of Klenow exonuclease site of the enzyme while the exposed dansyl
fragment. probes represent DNA at the polymerase site. This assign-
To quantify the contribution of each side chain to the ment is confirmed by the results of this Study, which show
partitioning of the DNA substrates between the polymerase that the population of buried dansyl probes is also sensitive
and 3—5' exonuclease sitesl equiiibrium partitioning con- to mutations within the '3-5' exonuclease site. In addition,
stants were evaluated for each mutant enzyme from thethe assignment of the two probe populations is consistent
global analysis of the fluorescence anisotropy decay data.With previous studies in which an epoxy-AMP residue at
As in the case of the carboxylate mutants, the DNA substratesthe primer terminus was used to anchor the DNA substrate
containing one or two terminal mismatches are the most at the polymerase site, resulting in a homogeneous population
sensitive to mutations within the enzyme (Table 1). For the Of exposed dansyl probed3). The fractions of dansyl
DNA substrate containing a single mismatch (17*/27G-mer), Probes in the two environments are reflected in the shape of
the Kpe value for the L361A/D424A mutant enzyme is the anisotropy decay profile, allowing for the direct quan-
significantly smaller (0.057) than the corresponding value titation of the partitioning of DNA substrates between the
for the D424A mutant (0.283). Assuming that the effects Polymerase and'35' exonuclease sites. This partitioning
of the mutations are additive, these results indicate that theis described by the internal equilibrium constaiie
removal of the Leu361 side chain in the double mutant In this study, we have extended this approach to investigate
enzyme reduces the partitioning of DNA into thé-§' the effect of protein mutations on the DNA partitioning
exonuclease site by a factor of 5.0. A similar analysis of equilibrium. We studied mutations in amino acid residues
the F473A/D424A and H660A/D424A mutant enzymes that are seen by X-ray crystallography to be close to the 3
indicates that the removal of the Phe473 or His660 side terminus of a DNA substrate bound to thHe-8' exonuclease
chains reduces thK,. values for the 17*/27G-mer DNA  site (Figure 1). For each mutant derivative of Klenow
substrate by factors of 3.8 and 2.1, respectively. Similar fragment, a series of DNA substrates containing various
trends are observed for the double-mismatch substrate (17*humbers of preformed mismatches (zero to three) were

0.15

Anisotropy

0.05 -
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examined, since these were expected to partition differently that the E357A single mutant and E357A/D424A double
between the polymerase and-8' exonuclease sites. Thus, mutant enzymes exhibit very simil&. values for a variety
the effects of mutations on the partitioning were examined of DNA substrates (Table 1). Since these two mutant
under a variety of conditions. The use of the different enzymes only differ at a single position, namely at residue
mismatched DNA substrates also facilitated the global 424, it appears that the alanine replacement of Asp424 has
analysis procedure used to treat the fluorescence anisotropyery little additional effect on the partitioning of DNA
decays. In the case of the fully base-paired substrate (17*/substrates between the polymerase aneb3exonuclease
27-mer), the fluorescence anisotropy decay was similar for sites.
each mutant protein, reflecting a predominant population of  The absence of any significant changes in the partitioning
exposed dansyl probes. This observation is in agreementof DNA substrates due to the D424A mutation also provides
with previous studies showing that a fully base-paired information on the role of the divalent metal ions at the 3
primer—template prefers to bind at the polymerase site, 5 exonuclease site. Previous studies have shown that the
reflecting the intrinsic affinity of that site for double-stranded D424A mutation results in the loss of one of the two metal
DNA (12). Accordingly, the matched substrate is not ions (metal B) at the'3-5' exonuclease sited]. Since the
sensitive to mutations at the-35' exonuclease site. In  D424A mutation has little effect on the partitioning of DNA
addition, the triple-mismatch DNA substrate (17*/ATG-mer) substrates, it appears that metal B does not contribute
exhibited a similar anisotropy decay pattern, indicative of a significantly to the binding of DNA at the'35' exonuclease
homogeneous population of buried dansyl probes, whensite. Metal B, however, does play an important role in the
bound to any of the mutant proteins (except the D501A catalysis of the 3-5' exonuclease reactio#d,(11), implying
protein, discussed later), showing that this DNA was bound that the interaction between metal B and the DNA substrate
predominantly at the'3-5" exonuclease site in all cases. The occurs in the transition state rather than in the ground state.
strong preference of multiple mismatched DNA for the 3 Our results indicate that the other metal ion at the53
5 exonuclease site arises from weaker binding at the exonuclease site (metal A) does play a role in binding the
polymerase site combined with an increased melting capacityDNA substrate. Metal A is bound to the protein by the side
of the duplex terminus1Q). Accordingly, it was only  chains of Asp355, Asp501, and Glu35% 9). Mutation of
possible to determine a lower limit for the equilibrium the Asp355 side chain results in the loss of metal A but has
partitioning constants under these conditions, and any no effect on the binding of metal BY. The K. value for
variations among the mutant proteins were outside the rangebinding the single-mismatch DNA substrate is smaller for
of the assay. the D355A mutant enzyme than for the D424A mutant (Table
In the case of the single-mismatch and double-mismatch 1), indicating that the D355A mutant is less proficient in
DNA substrates (17*/27G-mer and 17*/27GG-mer, respec- binding DNA at the 3-5' exonuclease site. This difference
tively), however, the fraction of buried dansyl probes was can be attributed to the loss of metal A in the D355A mutant
found to be different for each mutant enzyme. For these enzyme, rather than to the absence of a Diphotein
substrates, the partitioning equilibrium is poised between contact, because the Asp355 side chain does not appear to
binding of the primer terminus at the polymerase site and at interact directly with the DNA substrate9), Our data
the 3—5 exonuclease site. Accordingly, changes in the indicate, therefore, that metal A makes a small contribution
partitioning of these substrates fall within the most sensitive to binding the DNA substrate at th&-3%' exonuclease site.
range of the time-resolved fluorescence assay, allowing for The involvement of metal A in substrate binding is also
the quantitation of subtle changes in the energetics of BNA consistent with crystallographic data indicating that the
protein interactions at thé-35' exonuclease site due to the oxygen atoms of the'3erminal phosphate group interact
various mutations under study. Interestingly, Kpevalues with metal A @), and is consistent with the results of an
for the single- and double-mismatch substrates differ by only earlier mutagenesis stud$)( In addition, our data indicate
a factor of 2-3, whereas a previous study found a much that the removal of the Asp501 side chain also reduces the
larger difference in the partitioning of primetemplates partitioning of the single-mismatch DNA into the-3%'
containing a single €& mismatch or two consecutive-G exonuclease site, to the same extent as observed for the
mismatches ¥2). The double-mismatch substrate used in D355A mutant protein (Table 1). This effect probably also
this study has a T(primeg(template) mismatch at the reflects the loss of metal A from thé-35' exonuclease site.
penultimate position, which may be less destabilizing than In the case of the double-mismatch DNA substrate, however,
a GG mismatch. In fact, 3G mismatches are among the the Kpe values for the D355A and D501A mutant enzyme
most commonly formed mispairs in viv@2(), suggesting are similar to that observed for the D424A mutant (Table
that they are better tolerated in DNA than other mismatches. 1), indicating that the absence of metal A has little effect on
To quantify the effect of a specific mutation, it is necessary partitioning of this DNA from the polymerase site to the
to compare the partitioning of a DNA substrate bound to 3'—5' exonuclease site. These results suggest that the small
wild-type Klenow fragment and to the mutant enzyme of defect caused by the loss of metal A in the D355A and
interest. Unfortunately, the wild-type Klenow fragment D501A mutant enzymes is masked by the stronger preference
could not be examined in our studies since this enzyme of a doubly mismatched substrate to bind at tHe-53
would degrade the DNA substrates, and thus, we cannotexonuclease site.
compare the mutant enzymes to the wild-type enzyme Our results suggest that Glu357 also is involved in binding
directly. Instead, we have compared the mutant enzymesDNA to the 3—5' exonuclease site. Th&, value obtained
to the exonuclease-deficient D424A mutant which shows the for the single-mismatch DNA substrate bound to the E357A/
smallest defects in partitioning DNA from polymerasete3  D424A mutant enzyme is smaller than the corresponding
5 exonuclease sites. This choice is based on the observatiowalue for the D424A mutant, indicating that removal of the
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Glu357 side chain reduces binding of DNA to the-8' crystallographic data indicate that Glu357 is hydrogen-
exonuclease site by a factor of 2.9 (Table 1). Crystal- bonded to the 'shydroxyl group of the DNA substrate at
lographic studies of Klenow fragmenDNA complexes the exonuclease sitd)( Interestingly, the energetic contri-
indicate that the side chain of Glu357 serves as one of thebution of the Glu357 side chain is less than expected for a
ligands to metal A and is also hydrogen-bonded to the 3 single DNA—protein hydrogen bond, which ranges between
hydroxyl of the DNA substrate4( 9). Therefore, removal 3.8 and 7.1 kJ mol for a variety of restriction endonucleases
of the side chain eliminates a direct DNAyrotein contact (21—23). This may reflect the fact that one of the oxygens
and could also disrupt binding of metal A. Both effects could of Glu357 is also used to ligate metal A, which could weaken
potentially weaken DNA binding at theé-35' exonuclease  the hydrogen bond with the DNA hydroxyl group by
site. Our results (Table 1) show, however, that the E357A reducing the electron density on the remaining oxygen of
mutation has a greater effect on the partitioning equilibrium Glu357.
than expected simply on the basis of removing metal A In addition to the residues that interact with the primer 3
(exemplified by the D355A and D501A proteins). In fact, terminus at the '3-5' exonuclease site, we have also
biochemical studies indicate that metal A is actually retained examined His660, a side chain from the polymerase domain
in the E357A mutant proteinl@). Therefore, the shift in  that interacts with the third base from thiee®id @) (Figure
the DNA partitioning equilibrium resulting from the E357A  1). The H660A mutation also reduces the partitioning of
mutation presumably reflects the loss of a direct DNA  DNA into the 3—5' exonuclease site, as reflected in the
protein contact. Our results lend support to the proposal thatsmaller Ky value for the H660A/D424A mutant enzyme
the side chain of Glu357 is involved primarily in binding relative to the D424A mutant, each complexed with the
the DNA substrate at the'-35' exonuclease site. single-mismatch DNA substrate (Table 1). The correspond-
Mutations of the Leu361 and Phe473 side chains produceding AAG value for removal of the side chain of His660 is
the largest effects of any of the mutations examined in this 1.8 kJ mot?, significantly less than the energies associated
study. The L361A mutation reduces the partitioning of the with the Leu361 and Phe473 side chains. On the basis of
single-mismatch DNA into the'3-5' exonuclease site by a  these results, it is evident that His660 helps to stabilize the
factor of 5.0, as can be seen by comparing kevalues DNA substrate at the'35' exonuclease site, consistent with
obtained for the L361A/D424A and D424A proteins (Table structural data showing that this residue interacts with the
1). Similarly, the F473A mutation reduces this partitioning primer strand upstream from the point of hydrolys®. (
by a factor of 3.8. Thus, the side chains of Leu361 and However, the contacts made by His660 appear to be less
Phe473 are important for binding the DNA substrate to the important in energetic terms than the interactions involving
3—5 exonuclease site, consistent with structural data the 3 terminal base.
showing that the side chain of Phe473 is stacked on the 3  The conclusions presented above rest upon the comparison
terminal base of the primer strand and the side chain of of the equilibrium partitioning constants determined for
Leu361 is wedged between the terminal and penultimate different mutant enzymes bound to a common DNA sub-
bases §, 9) (Figure 1). To gain an appreciation of the strate. Inherent in such comparisons is the assumption that
energies associated with these interactions, the change in freghe mutant enzymes have the same overall structure, except
energy of the exonuclease-bound DNA complex relative to at the positions of the altered amino acids. Crystallographic
the polymerase-bound complex was calculated from the studies have shown this to be true for the D424A protein

partitioning constants, using the relationship and a D355A/E357A double mutant derivative of Klenow
fragment 4). In addition, Derbyshire et al.1() have
AAG = —RTIn[K (mut)K,(D424A)] presented circumstantial evidence that other mutations within

the exonuclease domain do not perturb the overall structure

whereK,d{mut) is the partitioning constant for the relevant of the enzyme. Therefore, in assessing the results for the
mutant enzyme (L361A/D424A or FA73A/D424A) aKg- various mutant enzymes examined here, it is reasonable to
(D424A) is the corresponding value for the D424A mutant ascribe differences in the partitioning of DNA between
used as a reference, each bound to a common DNA substratpolymerase and'35' exonuclease sites to the absence of
(17*/27G-mer). TheAAG values for removal of the Leu361  specific amino acid side chains. This is supported by the
and Phe473 side chains are 3.9 and 3.2 kJ mokspec- fact that the majority of the anisotropy decay data can be
tively. These values are in an appropriate range for readily fitted in terms of a single two-state model using a
hydrophobic contributions to DNAprotein binding. For common set of spectroscopic parameters to describe the two
example, the energy contributed to DNArotein binding environments of the dansyl probe. In view of the strong
by a single methyl group has been determined to be in theenvironmental dependence of the dansyl emissi@) ¢his
range of 4.6-5.9 kJ moft? for the endonucleaseScoRV implies that the two binding modes (the polymerase mode
(21) andRsi (22). The somewhat smaller energies found and the exonuclease mode) are similar for each BNA
for the side chains of Leu361 and Phe473 may reflect the protein complex. The only exception is the D501A mutant
requirement of the'3-5' exonuclease site to bind an arbitrary protein which appears to bind DNA substrates at the53
sequence of nucleotides, such that the complementarityexonuclease site in a somewhat different manner to all the
between molecular surfaces is less optimal than in the highly other mutant enzymes, resulting in a different environment
sequence-specific interaction of a restriction endonucleasefor the buried dansyl probes. It should be noted, however,
with its target DNA sequence. that the resulting changes in the spectroscopic parameters

A similar free energy analysis shows that the removal of of the buried probes are very small and the difference in the
the side chain of Glu357 destabilizes binding of DNA at the overall structure of the DNAprotein complex may be
3'—5' exonuclease site by 2.6 kJ mél As noted earlier, relatively minor. Nonetheless, it was still possible to estimate
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the DNA partitioning constants for the D501A mutant protein within that site should also alter the partitioning of DNA

by analyzing the anisotropy decays independently of the otherwithin the enzyme and thereby change the fluorescence

proteins. anisotropy decay profile of the dansyl probe. We anticipate
Our data for the Y497A/D424A mutant enzyme produced that the time-resolved fluorescence anisotropy technique will

a surprising result. The partitioning constants for binding provide a novel method for identifying important contact

of this protein to single- and double-mismatch DNA sub- residues and dissecting the energetics of Diotein

strates are significantliarger than the corresponding data interactions associated with both binding modes of DNA

for the D424A mutant, indicating that the DNA substrates polymerase.
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