
pubs.acs.org/BiochemistryPublished on Web 08/10/2010r 2010 American Chemical Society

Biochemistry 2010, 49, 8085–8093 8085

DOI: 10.1021/bi100895j

Brønsted Analysis and Rate-Limiting Steps for the T5 Flap Endonuclease Catalyzed
Hydrolysis of Exonucleolytic Substrates†

Blanka Sengerov�a,‡, ) Christopher Tomlinson,‡ John M. Atack,‡ Ryan Williams,‡,^ Jon R. Sayers,§

Nicholas H. Williams,‡ and Jane A. Grasby*,‡

‡Centre for Chemical Biology, Department of Chemistry, University of Sheffield, Sheffield S3 7HF, U.K., and
§Henry Wellcome Laboratories for Medical Research, University of Sheffield School of Medicine and Biomedical Science,

Beech Hill Road, Sheffield S10 2RX, U.K. )Current address: Weatherall Institute of Molecular Medicine, University of Oxford,
John Radcliffe Hospital, Oxford OX3 9DS, U.K. ^Current address: Samuel Lunenfeld Research Institute,

Mount Sinai Hospital, 600 University Ave., R988 Toronto, Ontario, Canada M5G 1X5.

Received June 3, 2010; Revised Manuscript Received August 4, 2010

ABSTRACT: During replication and repair flap endonucleases (FENs) catalyze endonucleolytic and exonucleo-
lytic (EXO) DNA hydrolyses. Altering the leaving group pKa, by replacing the departing nucleoside with
analogues, had minimal effect on kcat/KM in a T5FEN-catalyzed EXO reaction, producing a very low Brønsted
coefficient, βlg. Investigation of the viscosity dependence of kcat/KM revealed that reactions of EXO substrates
are rate limited by diffusional encounter of enzyme and substrate, explaining the small βlg. However, the
maximal single turnover rate of the FEN EXO reaction also yields a near zero βlg. A low βlg was also observed
when evaluating kcat/KM for D201I/D204S FEN-catalyzed reactions, even though these reactions were not
affected by added viscogen. But an active site K83A mutant produced a βlg = -1.2 ( 0.10, closer to the value
observed for solution hydrolysis of phosphate diesters. The pH-maximal rate profiles of the WT and K83A
FEN reactions both reach a maximum at high pH and do not support an explanation of the data that involves
catalysis of leaving group departure by Lys 83 functioning as a general acid. Instead, a rate-limiting physical
step, such as substrate unpairing or helical arch ordering, that occurs after substrate associationmust kinetically
hide an inherent large βlg. It is suggested that K83 acts as an electrostatic catalyst that stabilizes the transition
state for phosphate diester hydrolysis. When K83 is removed from the active site, chemistry becomes rate
limiting and the leaving group sensitivity of the FEN-catalyzed reaction is revealed.

Flap endonucleases (FENs)1 are divalent metal ion dependent
DNA replication and repair nucleases that possess multiple DNA
hydrolyzing activities. FENs catalyze both structure-specific en-
donucleolytic and 50-exonucleolytic reactions (1-3). Endonucleo-
lytic reactions occur on bifurcated nucleic acid structures with a
region of 50-single-stranded nucleic acid (FLAP-ENDO) or where
the 50-portion of the substrate is gapped and contains a region of
duplex. Exonucleolytic (EXO) reactions are observed on double-
stranded nucleic acids, such as duplex or nicked DNA. A char-
acteristic of both FLAP-ENDO and EXO reactions is that the
major site of hydrolysis occurs one nucleotide into the downstream
duplex (2, 4). Alongside structural promiscuity, FENs also accept
substrates containing both 20-deoxyribonucleotides and ribonucleo-
tides (5). All FEN activities proceed from the same active site.

TwoX-ray structures ofFENs in complexwithDNAexist, but
neither contained bound metal ions or substrate positioned
within the active site (6, 7). Together with functional data, these

have provided a broad understanding of how the various FEN
activities arise from the same protein and active site although a
detailed understanding of how FEN functions on these varying
substrates remains elusive (8). The combined studies define the
binding sites for the portions of substrates that are upstream and
downstream as the N-terminal and C-terminal regions of the
protein, respectively (Figure 1A).

Structural work has also revealed that all FENs contain a helical
arch or clamp that forms a hole in the protein (6, 9) (Figure 1A),
although the role of this domain is still debated (8, 10). In some
structures, including the complex of T4FEN bound to pseudo-Y
DNA, this arch is partially disordered (7). The active site is at the
base of this arch. The active sites of all FENs contain seven
positionally conserved carboxylates that ligand essential cofactors
with an eighth carboxylate present in lower organism FENs such
as that of bacteriophage T5 (8) (Figure 1B). A spatially conserved
lysine (K83 in T5FEN), located at the base of the arch, also
protrudes into the active site. Substrate-free structures of FENs
from a range of sources contain two active site divalent metal ions
although their spacing is variable (8). Functional data implicate at
least three divalent metal ions in the overall reaction catalyzed by
wild-type (WT) T5FEN (11). It is plausible thatT5FENuses a type
of two metal ion mechanism for chemical rate acceleration. It is
likely that metal ion 2 (Figure 1B), observed in substrate-free
T5FEN structures, plays a substrate binding or structural role but
does not substantively contribute to chemical catalysis.
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Studies on the effects of changing the leaving group pKa on the
reaction rate, known as Brønsted plots or more generally linear
free energy relationships (LFER), can be used to quantify the
charge changes that occur at the leaving group on going from the
ground state to the transition state (12), allowing an insight into
the nature of the enzyme-catalyzed reaction. Exploiting the lack
of nucleotide specificity exhibited by FENs, we varied the pKa of
the leaving group in the EXO reactions of WT and mutated
FENs by changing the 20-substituent of the ribose moiety. With
the exception of a K83A mutant FEN, these changes had surpri-
singly little impact on the reaction rate constants. This prompted
us to question whether physical steps such as enzyme substrate
association could be rate limiting under subsaturating conditions
of enzyme and substrate. However, even when reactions were
examined under conditionswhere diffusional encounter of enzyme
and substrate was not rate limiting, insensitivity to leaving group
pKa was still observed. The implications of these results for cata-
lysis by FEN are examined.

MATERIALS AND METHODS

Enzyme and Substrates. The D201I/D204S T5FENmutant
was constructed as described for a N-terminal truncated var-
iant (13) but in the context of the full-length protein. K83A
T5FEN has been reported earlier (14-16). Wild-type (WT)
T5FEN and mutants were overexpressed and purified to homo-
geneity essentially as described previously (17) followed by an
additional chromatography step employing Q-Sepharose using
buffer A (25 mM Tris-HCl (pH 8.0), 1 mMDTT, 1 mM EDTA,
and 5% glycerol containing 50mMNaCl). Fractions were eluted
using a linear salt gradient (50-1000 mM), and those found to
contain pure T5FEN, based on SDS-PAGE, were buffer ex-
changed into buffer A using a VivaSpin device (Vivascience) and
diluted 1:1 in glycerol for storage at-20 �C.The concentration of
protein was determined using the Bradford assay.

The substrates (Table 1) were synthesized and purified as des-
cribed (2). Modified substrates (HPU, FAM-Ud(TACACAC-
GCTTGCGTGTGTAA), Figure 1C,D, where U is 20-deoxy-
uridine, 20-deoxy-20-O-methyluridine, 20-deoxy-20-aminouridine,
uridine, and 20-deoxy-20-fluorouridine) were synthesized using
reagents supplied by Glen research (via Cambio), with appro-
priate modification to synthesis and deprotection procedures
according to the manufacturer’s instructions, and were purified
analogously. All oligonucleotides were characterized by MAL-
DI-TOF mass spectrometry and molecular weights were in good
agreement with their calculated values.
Determination of kcat/KM. Reaction mixtures containing

appropriate concentrations of FAM-labeled substrates in 25mM
potassium glycinate or CHES (pH 9.3) or 25 mMMES (pH 6.5)
and 50 mM KCl were heated to 95 �C for 1 min and cooled to
37 �C to prefold the substrate. Reactions (25 mM potassium
glycinate or CHES (pH 9.3) or 25 mM MES (pH 6.5), 50 mM
KCl, 0.01mg/mLBSA, 10mMMgCl2) were initiated by addition
of enzyme, sampled at eight appropriate time intervals (125 μL
aliquots) and quenched with excess EDTA (200 mM, 25 μL) and
the amount of substrate and products determined using dHPLC
(Wave fragment analysis system with a fluorescence detector;
Transgenomic) as described (2). The final concentrations of sub-
strates ranged 5-50 nM HP (pH 9.3), 0.5-5 nM HP (pH 6.5),
5-20 nMDHP, and 1-20 nMHPU so that in all cases [S]<KM,
and the final concentration of enzyme was varied (2-500 pM)
dependent on the rate of reaction.

FIGURE 1: (A) A model of T5FEN bound to pseudo-Y DNA con-
structed from the T4RNase H pseudo-Y DNA complex (2ihn.pdb)
overlaidwith the crystal structure ofT5FEN (1ut5.pdb) byalignment
of the twoproteins (T4-protein not shown).Theportionof thepseudo-Y
DNA substrate downstream of the major site of reaction (phosphate
indicated as red sphere) is bound to the C-terminal domain of the
protein, whereas the upstream 30-single-stranded overhang is bound
to the N-terminal domain. In the T4RNase H-DNA complex a
portion of the helical arch is disordered. In the superposition with
T5FEN, which was crystallized with an ordered helical arch, the
50-single-stranded portion of the pseudo-Y substrate appears to
pass through the helical arch. (B)Close-up of theT5FEN (1ut5.pdb)
active site showing T5FEN-boundmetal ionsM1 andM2 are repre-
sented as gray spheres. Crystallized bacteriophage FENs (T5 and T4)
possess eight active site carboxylates, seven of which are structurally
conserved in FENs from all sources (D26, D68, E128, D130, D153,
D155, D204), although at some positions interchanges of Glu and
Asp residues are observed. K83 is positionally conserved in all
FENs (Figure S4 in Supporting Information). (C) The structures of
the EXO hairpin substrates HP and HPU and the nicked DNA
double hairpin substrate DHP used in this study. Hairpin turns are
included to minimize the number of EXO reaction sites. An arrow
indicates the major site of reaction one nucleotide into the double-
stranded region. The sequences used to construct these oligomers
are given in Table 1. (D) To study the relationship between rate of
the FEN-catalyzed reaction and pKa of the leaving group, hairpin
EXOsubstrates (HPUwhereU is the site ofmodification)were created
where the terminal nucleoside was 20-deoxyuridine, 20-deoxy-20-O-
methyluridine, 20-deoxy-20-aminouridine, uridine, or 20-deoxy-20-
fluorouridine. The pKas of the 30-OH group used are those of the
respective modified adenosine triphosphates (23).

http://pubs.acs.org/action/showImage?doi=10.1021/bi100895j&iName=master.img-000.jpg&w=175&h=408
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Normalized initial rates of reaction (v/[E]) at varying substrate
concentrations were determined, and the slope of a plot of v/[E]
versus [S] was used to determine kcat/KM.

The effects of added viscogen (sucrose, 0-35%, w/v) on kcat/KM

were determined using sucrose-containing buffers and the same
procedure. The relative solvent viscosity (η/η0) of each buffer solu-
tion containing sucrose was determined using an Ostwald visco-
meter immersed in a water bath at 37.0 �C as described (18). The
relative viscosities measured were 1.02, 1.34, 1.45, 1.70, 2.00, 2.44,
2.95, 3.32, 3.38, and 3.89 for 0%, 10%, 13%, 18%, 20%, 25%,
30%, 31%, 33%, and 35% (w/v) sucrose solutions, respectively.
Determination of kSTmax. Rapid-quench experiments were

carried out at 37 �C using a RQF-63 device from Hi-Tech Ltd.
(Salisbury, U.K.) as described (19, 20). Enzyme (supplied at satu-
ration, 1-3 μM dependent on pH) in reaction buffer (25 mM
potassium glycinate (pH 9.3) or 25 mM MES (pH 6.5 and 5.5),
10mMMgCl2, 50mMKCl, 0.01mg/mLBSA) wasmixed with an
equal volume of prefolded substrate (2 nM) in the same buffer.
Reactions were quenched (1.5 M sodium hydroxide, 20 mM
EDTA) at time intervals ranging from 9.1 ms to 51.2 s. At pH
5.5mixing and samplingwere carriedoutmanually at time intervals
ranging from 8 to 960 s. Reactions were analyzed as described (2).
In the case of HPU20OH (i.e., U = rU), which contained a single
ribonucleotide, the quench caused some degradation of the intact
substrate, but the product FAM-p-rU was unaffected. The FAM-
labeled product of hydroxide-catalyzed transesterification/hydro-
lysis of HP(rU) that contains an additional phosphate ester was
retained more strongly than the enzymatic product on dHPLC.
Thus for reactions of HPU20OH the total substrate remaining in the
FEN reaction was calculated from the intensity of the degradation
peak plus that of the intact substrate.
pH Dependence of the Maximal Rate of the WT and

K83A FEN Reactions. These experiments were conducted with
saturating HP substrate (1 μMWT enzyme, 1.6 μMK83A) under
multiple turnover conditions as described above using MES (pH
5.5-6.5), HEPES (pH 7.0-9.0), CHES, or potassium glycinate
(pH 9.3-10.5). In the case of K83A data could only be collected to
pH 6.5, due to the slowed rate of reaction. The following equations
were used to fit the pH dependence of the catalytic parameters
(21, 22). All curve fitting was carried out using Kaleidagraph
Software (Synergy Software, Reading, PA) using logged data.

Enzyme active in monoanionic form:

log kcat ¼ log
kcatðmaxÞ10- pKES

10- pKES1 þ 10- pH
ð1Þ

Enzyme active in dianionic form:

log kcat ¼ log
kcatðmaxÞ10- pKES110- pKES2

10- pKES1 10- pKES2 þ 10- 2pHþ 10- pKES110- pH

ð2Þ
where kcat(max) is the maximal turnover number of the enzyme
andKES,KES1, andKES2 are the acid dissociation constants of the
ES complex.

RESULTS

Effect of Altering the pKa of the Leaving Group on kcat/
KM for the WT T5FEN-Catalyzed EXO Reaction. FEN-
catalyzed phosphate diester hydrolysis produces products termi-
nating in a 30-hydroxyl group and 50-phosphate (16). To measure
the effect of varying the pKa of the leaving group on the rate of the
FEN-catalyzed reaction, substrates were created where the depart-
ingnucleosidewas replacedwith amodifiedanalogue (Figure 1C,D,
Table 1). Although the major reaction site in all types of
substrates for T5FENoccurs one nucleotide into the downstream
duplex, larger substrates can be cleaved at several additional re-
action sites. This arises due to the increased potential for alternative
binding modes of larger substrates to the protein and from EXO
reactions at all double-stranded 50-termini. Construction from a
single oligomer using a hairpin turn can be used to create EXO
substrates with only a single 50-terminus (Figure 1C). A 50-fluor-
escein- (FAM-) labeled 22-mer hairpin substrate (HP, Table 1),
that occupies the downstream binding site of T5FEN, has been
shown to undergo exonucleolytic hydrolysis producing mainly
(>90%) single nucleotide products (FAM-p-G) with small traces
of dimer products (FAM-p-G-p-A) (2). Therefore, the EXO
substrate chosen for these studies was the 22-mer hairpin duplex
(HPU, Table 1 and Figure 1D), with appropriate sequence
changes to accommodate the modifications.

The pKa of the departing 30-hydroxyl group was varied by
changing the 20-substituent of the sugar (23) (Figure 1D). Fluor-
escent substrates were createdwhere the 50-terminal nucleoside was
20-deoxyribose, 20-deoxy-20-O-methylribose, 20-deoxy-20-amino-
ribose, 20-ribose, or 20-deoxy-20-fluororibose. The major product
of reactionof theHPUsubstrates (FAM-p-U)was verifiedbymass
spectrometry, demonstrating that reaction occurs at the site of
modification and that the modifications do not alter FEN speci-
ficity (Figure S1 in Supporting Information).

The apparent second-order rate constants (kcat/KM) of FEN-
catalyzed hydrolysis of the HPU substrates were determined at pH
9.3 and 6.5. These rate constants were obtained from the slope of a
plot of reaction rate (normalized for enzyme concentration) versus
substrate concentration ([S]) under conditions where [E] , [S] <
KM. Full steady-state analyses (Figure S2 in Supporting In-
formation) indicate that the HPU modifications generally have
relatively small effects on catalytic parameters. The slopes of
the lines correlating log kcat/KMwith the pKa of the leaving group
(the LFER Brønsted coefficient, βlg) are very close to zero (βlg=
-0.09 ( 0.23 at pH 9.3 and βlg = -0.11 ( 0.07 at pH 6.5),
showing that the overall FEN-catalyzed reaction is almost com-
pletely insensitive to the leaving group pKa (Figure 2A).
Is WT T5FEN-Catalyzed EXO Hydrolysis Limited by

Substrate Association at Low E and S? The simplest explana-
tion for the lack of a significant effect of the leaving group pKa on
kcat/KM is that theWTFEN-catalyzed EXO reaction is rate limi-
ted by a physical step in the catalytic cycle. Themost likely candi-
date for this under conditions of low E and S is the association of
enzyme and substrate, in which case kcat/KMmeasures the rate of

Table 1: Sequences of FEN Substratesa Used in This Study

substrate sequence

HP FAM-d(GAACACACGCTTGCGTGTGTTC)

HPU FAM-Ud(TACACACGCTTGCGTGTGTAA)

DHP FAM-d(GAACACACGCTTGCGTGTGTTCCACAACATAGAGATATGTTGTG)

aSee Figure 1C,D.
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diffusional encounter of these molecules rather than the bond-
breaking step. Tomeasure the extent towhich the FEN-catalyzed

EXO reaction is diffusion controlled, the influence of added
viscogen (sucrose) on the kinetic parameters was investigated.
The substrates used were the unmodified EXO substrate HP that
occupies only the downstream binding site of T5FEN and a
longer double hairpin substrate (DHP) that occupies both up-
stream and downstream binding sites (mimicking a typical
biological EXO substrate for FEN).

The apparent second-order rate constant (kcat/KM) for hydro-
lysis of HP and DHP catalyzed by T5FEN at pH 9.3 with a
number of viscogen concentrations was determined using sub-
strate concentrations below KM. Similar experiments were also
carried out at pH 6.5 for the T5FEN-catalyzed hydrolysis of HP.
For a simple enzyme-catalyzed reaction that follows the pathway
shown in Scheme 1, assuming that the rate of association of
enzyme and substrate (k1) and the rate of decomposition of the
enzyme-substrate (ES) complex (k-1) are inversely proportional
to viscosity, it can be shown that

1

kcat=KM
¼ 1

k01

η

η0
þ k0 - 1

k01k2
ð3Þ

where k2 is the rate of conversion of ES to enzyme and products,
η/η0 is the relative viscosity of the reaction medium, and k01 and
k0-1 are the respective rates of association of enzyme and
substrate and dissociation of the ES complex with no added
viscogen (24). The same relationship holds for more complex
kinetic schemes with additional steps after substrate association,
except that the intercept becomes a more complex parameter
(Figure S3 in Supporting Information).

The results of these experiments for the EXO reactions cata-
lyzed byWTFENare shown inFigure 3A-C, showing that in all
cases the rate of reaction is affected by added sucrose. Compar-
able data are also obtained when glycerol is supplied as the visco-
gen (data not shown). Solving eq 3 for η/η0 = 1 gives the appa-
rent second-order rate constant at zero viscogen ((kcat/KM)0),
yielding values of (5.4 ( 1.9) � 107 M-1 s-1 for HP at pH 9.3,
(3.2( 1.4)� 107M-1 s-1 for HP at pH 6.5, and (3.2( 0.9)� 107

M-1 s-1 for DHP at pH 9.3. These are all in line with expected
rates of diffusional encounter of biomolecules of 107-109 M-1

s-1 (24) and the measured rates of the FEN-catalyzed EXO
reaction with no added viscogen.

To compare all of these data, a normalized plot of (kcat/
KM)0/(kcat/KM) against relative viscosity is shown in Figure
4 (25). The expected relationship between the parameters is
defined by eq 4:

ðkcat=KMÞ0
kcat=KM

¼ k2

ðk0 - 1 þ k2Þ
η

η0
þ k0 - 1

k0 - 1 þ k2
ð4Þ

For a completely diffusion-controlled reaction, k2. k0-1, and
a plot of (kcat/KM)0calc/(kcat/KM) versus η/η0 has a slope of 1 with
a near zero intercept. However, for a reaction that is not under
diffusional control, k0-1. k2, and the same plot will have a slope
of 0 with an intercept of 1. The slopes of the normalized plots
for HP and DHP at pH 9.3 are 1.10 ( 0.07 and 0.81 ( 0.05,
respectively (Figure 4), and indicate that the hydrolysis of the
two substrates is diffusion controlled at this pH value. At pH 6.5,

FIGURE 2: Brønsted analysis of the effect of varying the pKa of the lea-
ving group on the rate constant of EXO FEN reactions. The analogues
used to construct the HPU substrates with the respective pKas of their
30-OHgroups are shown in Figure 1. The slope of the straight line is βlg .
(A) The variation of log kcat/KM as a function of leaving group pKa for
the WT T5FEN reaction at pH 9.3 (circles), βlg = -0.09 ( 0.23, and
pH 6.5 (squares), βlg =-0.11( 0.07. (B) The variation of log kST as a
function of leaving group pKa for the WT T5FEN reaction at pH 9.3
(circles), βlg=-0.14( 0.17, pH 6.5 (squares), βlg=-0.19( 0.17, and
pH5.5 (diamonds),βlg=-0.13(0.11. (C) Thevariationof logkcat/KM

as a functionof leaving grouppKa for theD210I/D204SmutantT5FEN
reaction at pH9.3, βlg=-0.04( 0.16. (D) The variation of log kcat/KM

asa functionof leavinggrouppKa for theK83AmutantT5FENreaction
at pH9.3,βlg=-1.2(0.10.Theanomalously lowdatapoint generated
by HPU20OMe was excluded from the fit, although its inclusion would
serve to raise the magnitude of βlg further. All experiments were carried
out in triplicate, and standard errors are shown.

Scheme 1

http://pubs.acs.org/action/showImage?doi=10.1021/bi100895j&iName=master.img-001.png&w=183&h=507
http://pubs.acs.org/action/showImage?doi=10.1021/bi100895j&iName=master.img-002.png&w=124&h=31
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the normalized plot for HP hydrolysis has a slope of 0.43( 0.08
(Figure 4A), implying partial diffusion control.
Effect of Altering the pKa of the LeavingGroup onMaxi-

mal Single Turnover Rate (kSTmax) for the WT T5FEN-
Catalyzed EXO Reaction. To avoid measuring the rate of
diffusional encounter of E and S, themaximal rates of reaction of
the enzyme-substrate complex were investigated. The maximal
rate of FEN-catalyzed single turnover reactions (kSTmax) of HPU
substrates are approximately 2-fold faster than kcat, implying that

product release partially limits the rate of reaction (Figure S2 in
Supporting Information). This could suppress the observed value
of βlg, and so values of kSTmax were used to compare rates of
reactions with the various modified HPU substrates. These were
evaluated at three pH values: pH 9.3, where kSTmax is indepen-
dent of pH, and pH 6.5 and 5.5, where kSTmax is pH dependent.
Again, the measured Brønsted coefficients are all very close to
zero.At pH9.3βlg=-0.14( 0.17, at pH6.5 βlg=-0.19( 0.17,
and at pH 5.5, βlg = -0.13 ( 0.11 (Figure 2B). Thus, even the
maximal rate of the FEN-catalyzed reaction of EXO substrates is
virtually insensitive to the pKa of the leaving group.
Brønsted Coefficients and Viscogen Dependence of EXO

Reactions Catalyzed by Mutated FENs. As diffusion-
controlled reactions require the rates of the processes succeeding
substrate association to be faster than substrate dissociation,
mutants of T5FEN that are known to decrease the maximal rate
of reaction were studied. A D201I/D204S double mutant brings
about a 14-fold reduction in kSTmax with HP as substrate at pH
9.3. These mutations were chosen based on the sequence of
exonuclease IX, a protein encoded by Escherichia coli which
shares a high degree of homology with bacterial FENs but lacks
the helix-three-turn-helix carboxylate residues (26, 27). The loss
of these carboxylates from the active site disrupts the binding of
metal ion 2 observed inX-ray structures ofWTFEN (Figure 1B).
However, evaluation of kcat/KM for the D201I/D204S catalyzed
reaction of the HPU series of substrates still produced a very low
value of βlg = 0.05 ( 0.22 (Figure 2C) at pH 9.3.

The viscogen dependence of 1/(kcat/KM) for the D201I/D204S
catalyzed reaction of HP at pH 9.3 is shown in Figure 3D and
demonstrates that the rate of reaction is not altered by changes in
relative viscosity. Transferring these data to a normalized plot

FIGURE 4: Plots of (kcat/KM)0calc/(kcat/KM) versus relative viscosity
(η/η0) of reaction medium for the reaction of WT and D201I/D204S
T5FENs with the specified substrates according to eq 4. Continuous
lines with slopes of 1 and 0 are drawn for a completely diffusion-
controlled reaction and a reaction that is not under diffusion control,
respectively. (A) The slopes shown for the substrates HP, pH 9.3
(circles) = 1.1( 0.07, and HP, pH 6.5 (squares)= 0.43( 0.08, with
WTT5FEN. (B) The slopes shown for the substrates DHP (squares)
with WT T5FEN, pH 9.3 = 0.8 ( 0.05, HP, pH 9.3 with D201I/
D204S (circles) = 0.01 ( 0.03, and HPU20F, pH 9.3 with D201I/
D204S (triangles) = 0.16( 0.1.

FIGURE 3: The effect of added viscogen (sucrose) on the T5FEN-
catalyzed reaction ofEXO substrates (A)HPat pH9.3, (B)HPat pH
6.5, and (C)DHPatpH9.3 and on theT5FENmutantD210I/D204S
catalyzed reaction of EXO substrates (D) HP (circles) and HP(U2F)
(squares) at pH 9.3, as described in Materials and Methods. Plots of
1/(kcat/KM) versus relative viscosity (η/η0) according to eq 3 yield
slopes of (A) (2.04( 0.24)� 10-8M s, (B) (1.34( 0.51)� 10-8M s,
and (C) (2.54( 0.34)� 10-8Msand (D)HP(0.10( 0.51)� 10-8Ms
andHPU20F (1.62( 0.18)� 10-8M swith intercepts of (A) (-0.17(
0.6) � 10-8 M s and (B) (1.84 ( 1.33) � 10-8 M s, and (C) (0.66 (
0.79) � 10-8 M s and (D) HP (8.26( 1.25) � 10-8 M s and HPU20F
(8.30 ( 0.40)� 10-8 M s. All experiments were carried out in tripli-
cate as described inMaterials and Methods, and standard errors are
shown.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100895j&iName=master.img-003.png&w=162&h=227
http://pubs.acs.org/action/showImage?doi=10.1021/bi100895j&iName=master.img-004.png&w=163&h=456
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(using (kcat/KM)0 = (1.2 ( 0.2) � 107 M-1s-1) produces a slope
of 0.01 ( 0.03 (Figure 4B), showing that the D201I/D204S cata-
lyzed reaction ofHP is not diffusion controlled at pH9.3. TheFEN
substrate that has the lowest leaving group pKa in the HPU series,
HPdU20F (Figure 1D, X= F), does show a modest retardation of
reaction with increasing viscosity as seen in the slope of the 1/(kcat/
KM) plot (Figure 3D (squares)). Applying these data to a normal-
ized plot (eq 4 (kcat/KM)0calc = (1.0 ( 0.1) � 107 M-1s-1) gave a
slope of 0.16( 0.02, suggesting only partial dependence of rate on
substrate association and implying that in addition to substrate
association other factors must also influence the rate of reaction of
HPdU20F. Thus the near zero βlg observed for the D201I/D204S
catalyzed reactions cannot be explained in terms of a wholly rate-
limiting diffusion-controlled process.

An alternative mutation of T5FEN, where the active site lysine
83 is altered to alanine (K83A), has a much larger impact and
leads to a 1000-fold reduction in the maximal rate of reaction. In
contrast to the WT and D201I/D204S T5FENs, the kcat/KM

values determined for the K83A catalyzed reactions of the HPU
series of substrates varied by 2 orders of magnitude. The corres-
ponding Brønsted plot shows that the reaction is highly sensitive
to the pKa of the leaving group (Figure 2D) with βlg = -1.2 (
0.08.However, an apparently anomalously low second-order rate
constant was observed when the substrate contained the rela-
tively bulky 20-O-methyl group (HP20OMe), and this data point
was excluded from curve fits to determine βlg. If this datum is
included, the apparent sensitivity would be even greater.
pH Dependence of kcat for the WT and K83A T5FEN

Reactions. A possible explanation for the observation that a
substantial βlg is only observed for theK83A catalyzed reaction is
that lysine 83 acts as a general acidwhen it is present, protonating
the leaving group as it departs and preventing any substantial
charge building up at this position. To explore the ionic form of
WTandK83AT5FEN required for activity, wemonitored kcat as
a function of pH using HP as the substrate (Figure 5). Like many
other metallonuclease reactions, including the FLAP-ENDO
reaction catalyzed by WT T5FEN, the rate of the EXO reaction
catalyzed by bothWT andK83Amutant increases with pH until
a pH-independent plateau is reached at higher pH. In both cases
data can be fit to a single ionization model (eq 1) to yield a
pKES = 8.1( 0.2 for the WT protein and pKES = 8.7( 0.1 for
K83A. However, for the WT protein, at lower pH the reaction

appears to have a second-order dependence on hydroxide ion
concentration (slope of 2 in the log-log plot), and an improved
fit to the data is obtained if activity is assumed to depend on the
concentration of a doubly deprotonated form of the enzyme
(eq 2) with pKES1 = 6.5 ( 0.4 and pKES2 = 7.5 ( 0.3, respec-
tively. Maximal single turnover rate constants for the EXO
reaction catalyzed by WT T5FEN, which are not influenced by
product release steps, also display the same pH-dependent beha-
vior (data not shown). Analogous kinetic models for catalytically
competent doubly deprotonated forms of other divalent metal
ion dependent nucleases have been reported, although the assign-
ment of these pKas to individual enzyme moieties is still
debated (28-30). In the case of the very slow K83A mutant it
was not possible to collect data below pH 6.5, and it is therefore
impossible to distinguish between singly and doubly deproto-
nated catalytically competent forms.

Importantly, the pH-rate profiles observed forWTandK83A
mutated FENs do not support a role for lysine 83 as a general
acid in the FEN reaction. If protonation of lysine 83 were a
requirement for catalysis and the protonation state of this residue
was altered in the pH range tested, a decrease in activity at high
pH would be expected in the profile of the WT enzyme but be
absent in that of K83A. However, up to pH 10.5 there is no
evidence of a downward limb in the WT pH-rate profile. The
observation of pH-independent behavior in pH profiles of both
WT and K83A T5FEN also rules out any possibilities of kinetic
equivalence where reaction depends on a protonated state (e.g.,
protonated lysine) that reacts with hydroxide.

DISCUSSION

The data presented here show that the rate of WT FEN-
catalyzed hydrolysis of an exonucleolytically processed substrate
has little or no dependence on the pKa of the leaving group. This
is the case regardless of the pH the reaction is monitored at and
whether the apparent second-order rate constant (kcat/KM) or the
maximal single turnover rate constant (kSTmax) is measured.
These data are in striking contrast to the hydrolysis of phosphate
diesters in solution, which is typically very sensitive to the pKa of
the leaving group. For example, the hydroxide ion catalyzed
hydrolysis of methyl aryl phosphate diesters in solution has βlg =
-0.94( 0.05 (31), the hydroxide-catalyzed cleavage of uridine 30-
alkoxy phosphate diesters has βlg = -1.28 ( 0.05 (32), and the
pH-independent hydrolysis of diaryl phosphate diesters has βlg=
-0.97 ( 0.05 (33).

In the case of the overall WT FEN-catalyzed reaction the lack
of substantive effects on the apparent second-order rate constant
(kcat/KM) upon varying the leaving group is explained by a
physical rate-limiting step. The effect of varying the relative
viscosity of the reactionmediumdemonstrates that the reaction is
diffusion controlled at pH9.3. This is the case for both the shorter
EXO substrate (HP) used to study the effect of leaving group
departure and the longer nicked DNA substrate (DHP) that also
occupies the upstream nucleic acid binding site. At pH 6.5, the
maximal single turnover rate of reaction is reduced, implying that
the overall rate of the processes on the reaction pathway that
occur after substrate association is slowed. At this pH the FEN-
catalyzed EXO reaction is partially diffusion controlled when
enzyme and substrate are at low concentration, indicating that
substrate dissociation and the forward reaction of the enzyme-
substrate complex have similar rates (i.e., k-1 ∼ k2, Scheme 1).
Thismeans that any substantial increase in the rate of the forward

FIGURE 5: The pH dependence of kcat for the WT (circles) and K83A
(squares) FEN reactions. Reactions were carried out in the appropriate
buffer at saturating concentrations of HP substrate as described in
Materials and Methods. Data have been fitted according to eq 1
(enzyme active in monoanionic form) to yield pKES = 8.1 ( 0.2 and
kcat(max) = 7.1( 1.9 s-1 (R=0.96) for theWT enzyme (circles, dashed
line) and pKES=8.6( 0.1 and kcat(max) = 0.02( 0.002 s-1 (R=0.99)
(squares, solid line) or eq 2 (enzyme active in dianionic form) to yield
pKES1= 6.5( 0.4 and pKES2=7.5( 0.3 and kcat(max) = 6.5( 1.2 s-1

(R= 0.98) for the WT enzyme (circles, solid line).

http://pubs.acs.org/action/showImage?doi=10.1021/bi100895j&iName=master.img-005.png&w=148&h=109
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reaction of the enzyme-substrate complex through increasing
the reactivity of the substrate (i.e., by lowering the leaving group
pKa) will not be fully expressed in the overall reaction parameters.
That is because the substrate association step, which is insensitive
to the variation in the leaving group, sets an upper limit on the
apparent second-order rate constant (kcat/KM), and the reaction
rate just tends to the diffusion-controlled limit as the rate of the
chemical step is increased. Accordingly, the magnitude of the
overall βlg defined by HPU substrates with better leaving groups
than 20-deoxy alcohols is also limited to small values by the
physical rate-limiting step when kcat/KM is measured at pH 6.5.
Thus, all kcat/KM data for the WT protein data can explained in
terms of a rate-limiting binding step that masks any impact of
changing the leaving group pKa may have on the reactivity of the
enzyme-substrate complex.

In contrast, viscosity studies show that the EXO reaction
catalyzed by D201I/D204S mutant FEN is not diffusion con-
trolled. Yet evaluation of kcat/KM for the reactions catalyzed by
the D201I/D204S also reveals a near zero βlg that cannot be
explained by the diffusion-controlled binding of substrate and
enzyme. Additionally, the maximal rate of the single turnover
WT FEN-catalyzed EXO reaction (kST(max)), evaluated with satu-
rating enzyme concentrations, is also surprisingly insensitive
to the pKa of the leaving group and has a near zero βlg. These
single turnover rate constants only depend on the rate-limiting
step of the enzyme-substrate complex, and so this insensitivity
cannot be explained by the diffusion-controlled binding of
substrate and enzyme nor the product release step. This behavior
could arise because the bond cleavage step is insensitive to the
nature of the leaving groupor because the rate-limiting step of the
enzyme-substrate complex involves a further physical process,
such as a conformational change, that precedes breaking the
scissile bond.

In contrast to these observations, the apparent second-order
rate constant for the reaction catalyzed by the K83A mutant has
a large negative βlg = -1.2 ( 0.1. Thus in the absence of lysine
83, the FEN-catalyzed reaction shows a high sensitivity to the
nature of the leaving group, implying that cleavage of the scissile
phosphate diester is rate limiting for the overall reaction of this
mutant. This sensitivity is similar to the reactions of simple
phosphate diesters in solution and can be analyzed by comparing
it to the value for the equilibrium constant (βeq) for phosphate
diester hydrolysis, βeq = -1.74 in aqueous solution. The ratio
of these values (-1.2/-1.74 = 0.69) provides a measure of the
charge development on the leaving group in the transition
state, suggesting a transition state where the leaving group
oxygen carries an effective charge (þ0.74- 1.2=-0.46) that is
significantly more negative than in the ground state (þ0.74) and
comparable to that observed in solution. This is in marked
contrast to the insensitivity of the D201I/D204S (kcat/KM)
catalyzed reactions, where there is no change in the effective
charge of the leaving group oxygen on going from the ground
state in solution to the rate-limiting transition state. The WT
(kST(max)) data show a similar insensitivity, also implying a
minimal change in charge at the leaving group. However, these
data cannot be analyzed in the same way as this parameter
reports on the changes occurring between the enzyme-substrate
and enzyme-transition state complexes, and so the starting state
and equilibrium sensitivity are not known.

One way to explain the much lower Brønsted coefficients
observed with the WT (kST(max)) and D201I/D204S FEN-
catalyzed reactions is through catalytic interactions that reduce

the developing charge on the leaving group in the transition state,
resulting in insensitivity to changes in pKa despite a significant
degree of bond breakage in the transition state. The most
common mechanism invoked for metal-dependent phosphate
diesterases involves catalysis of leaving group departure by
coordination of a divalent metal ion, and it is plausible that this
takes place in the FEN reaction (11). However, metal ion
catalysis should not be prevented in the K83A mutant, which
does display a marked leaving group dependence. Furthermore,
βlg are large and negative for enzyme-catalyzed reactions where
chemistry is rate limiting andmetal ions are believed to be directly
involved in stabilizing the scissile phosphate diester in the
transition state. For example, βlg of-0.8 and-0.95, respectively,
have been determined for the magnesium-dependent reaction of
the Tetrahymena ribozyme and the zinc-dependent phosphate
diesterase activity of alkaline phosphatase (31, 34). Thus, although
such an interaction can stabilize the transition state electrostati-
cally, it is unlikely to lead to a complete suppression of the leaving
group sensitivity.

A related proposal that is frequently invoked for reactions that
are insensitive to the pKa of the leaving group is that they are
general acid catalyzed. This can be achieved by using a water
coordinated to a metal ion to deliver a proton to the leaving
group (35), rather than the direct coordination of the leaving
group to the ion discussed above. This is the explanation that is
used to account for the characteristics of the Zn-catalyzed
cleavage of alkyl 30-uridine diesters, where the leaving group
dependence is reduced to βlg = -0.32 ( 0.04 (36), compared to
-1.28 ( 0.05 for the uncatalyzed reaction (32). However, even
the low value for the catalyzed reaction is significantly greater
than the values observed in this work, and as this type of catalysis
would not be eliminated by the K83A mutation, this possibility
does not explain the data. Thus, if general acid catalysis is
operating in the FEN-catalyzed reaction, it is most likely to
involve one of the protein residues.

In FENs a possible candidate for general acid catalysis is the
positionally conserved lysine residue (K83 in T5FEN), located
at the base of the helical arch protruding into the active site
(7, 14, 15). This residue is present in all FENs and related DNA
repair nucleases such as XPG, EXO-1, and GEN-1 enzymes
(Figure S4 in Supporting Information). It has been suggested that
this form of catalysis would lead to a significantly reduced
Brønsted parameter; for example, the cleavage of phosphate
and phosphonate monoesters catalyzed by the catalytic subunit
of protein phosphatase 1, which relies on metal ion cofactors for
activity, has βlg of -0.32 and -0.30, respectively (37). These are
both significantly reduced relative to the reactions in solution,
although the absolute values are greater in magnitude than those
observed in this report and have been rationalized in terms of
general acid catalysis by a histidine residue. Suppressed βlg have
also been observed and interpreted similarly in enzymatic reac-
tions that utilize phosphate diester substrates. For example, when
kcat/KMwasmeasured for the cleavage of uridine 30-phosphate aryl
esters catalyzed bybovine ribonucleaseA (38),βlg=-0.17( 0.03
compared to βlg = -0.59 for the reaction catalyzed by simple
buffers in solution. Histidine 119 is proposed to provide the
electrophilic assistance leading to this reduced charge change.
However, the effect ofmutating this residue to alanine showed no
reduction in activity for uridine 30-phosphate 4-nitrophenyl
ester (39), and so it is not clear that the insensitivity of the WT-
catalyzed reaction can be clearly assigned to the impact of general
acid catalysis at the leaving group for these substrates. A further
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complication for RNase A catalyzed reactions is that binding
interactions that occur with the leaving group significantly
contribute to catalytic efficiency; thus kcat/KM for uridine
30-phosphatemethyl ester is∼104-fold lower (40) than for uridine
30-phosphate adenyl ester (r(U-p-A)), despite the similarity in
leaving group pKa. Phospholipase C catalyzes a mechanistically
related transesterification proposed to involve general acid
catalysis by a histidine residue. Cleavage of hydrophobic alkyl
inositol monophosphates catalyzed by phospholipase C shows
βlg = -0.12 ( 0.11, compared to βlg = -0.58 ( 0.06 for aryl
inositol monophosphates (41). The lower value for the hydro-
phobic substrates is rationalized by invoking general acid
catalysis by a histidine residue that relies on anchoring the
hydrophobic moiety in a specific binding pocket. For the aryl
inositol monophosphates, it is suggested that this binding inter-
action is weaker, leading to ineffective general acid catalysis.
These data were evaluated through kcat measurements and so
refer to the changes that occur between the enzyme-substrate
and enzyme-transition state complexes, and the possibility of
rate-limiting physical steps has not been completely ruled out.
Phosphate diester hydrolysis catalyzed by both of these enzymes
differs from FENs in that they have no requirements for divalent
metal ions and catalyze the intramolecular cyclization of their
substrates.

In line with this reasoning the K83A mutant FEN, where any
potential for proton donation to the leaving group by lysine 83 is
abolished, does produce a notable leaving group dependence.
Thus, a possible explanation for the data presented here is that
the protonated form of K83 functions as a general acid, both
accelerating the reaction and reducing the sensitivity to the
leaving group pKa. However, the pH-dependent behavior of
the WT FEN-catalyzed EXO reaction is not readily reconciled
with a role for K83 in general acid catalysis. Similarly, there is no
evidence from the pH-rate profile that this form of catalysis has
been abolished in the K83A mutant protein. It is possible that in
the ES complexK83 titrates outside themeasured data range, but
a lysine residue with pKa>10.5 is unlikely to be a very efficient
general acid.

Our preferred explanation of the data presented here is that
lysine 83 acts as an electrostatic catalyst that enhances transition
state binding. Reductions in rates of enzyme-catalyzed phos-
phoryl transfer reactions typically brought about by removal of
positively charged active site residues are of 3-4 orders of
magnitude (42-44), in line with the effects of K83A mutation.
Although such neutralizing mutations reduce catalytic pro-
ficiency, they do not significantly reduce βlg. For example, in
AP the neutralizing mutation of arginine 166 to serine reduces
activity toward alkyl phosphate monoester substrates by ∼104-
fold, but this change in activity does not change βlg (=-0.75 (
0.1) for catalysis by both WT and the R166S mutant (45).

We suggest that the EXO reaction catalyzed by WT FEN
under single turnover conditions and the reaction catalyzed by
the D20I/D204S mutant at low concentrations of substrate are
rate limited by physical steps that mask the dependence of the
chemical step on the identity of the leaving group. The physical
step must be a property of the ES complex, such as a conforma-
tional change, rather than a bimolecular event such as its
diffusion controlled formation. In the case of WT FEN, which
does undergo a diffusion-controlled reaction at low concentra-
tions of enzyme and substrate, the rate of a conformational
change would have to be faster than the rate of dissociation of
the ES complex but slower than the rate of the chemical step.

This would require that phosphate diester hydrolysis proceeded
with a rate >36( 6 s-1 for WT T5FEN, the measured maximal
single turnover rate constant with the fastest HPU substrate
under pH-independent conditions. Lysine 83 could significantly
stabilize the transition state of the chemical step so that it is not
rate limiting and its dependence on the leaving group pKa is
kinetically hidden; when that feature is removed from the active
site, chemistry becomes rate limiting, and the sensitivity is
revealed. Bymaking the chemical step rate limiting, thismutation
reveals something of the character of the transition state. The βlg
is substantially negative, implying significant bond cleavage to
the leaving group in the transition state, but not greatly different
from the reactions observed in solution.

In conclusion, EXO reactions catalyzed byWT FENs are rate
limited by physical steps under most conditions. At low concen-
trations of substrate reactions are rate limited by diffusional
encounter of enzyme and substrate. Although ancillary proteins
(such as PCNA in higher organisms) assist FENs with target site
location in vivo, a feature of FEN exonucleolytic reactions is that
a substrate is unlikely to dissociate before chemical reaction and
is thus committed to catalysis, a highly desirable property when
DNA substrates are likely to prove lethal to the cell. Rate-
limiting product release is also known to be a feature of FEN
reactions, particularly those of larger biologically relevant sub-
strates (2, 3). But even altered proteins or reaction conditions
designed to eliminate measuring product release steps or sub-
strate association rates reveal an insensitivity to changes expected
to alter the rate of the chemical reaction, suggesting a further rate-
limiting physical event such as a conformational change. As the
most flexible region of FEN structures is the helical arch or
clamp, movement of this portion of the protein is a good
candidate for the putative protein conformational change. Alter-
natively, substrate reorganization, in particular unpairing of the
termini of FEN-bound substrates (8, 11), could also be a
candidate rate-limiting physical step. Further studies are required
to address the role of helical arch and its conformation(s) and the
structures adopted by substrates during FEN catalysis.
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