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ABSTRACT

Lambda exonuclease processively degrades one
strand of double-stranded DNA (dsDNA) in the 5-3'
direction. To understand the mechanism through
which this enzyme generates high processivity we
are analyzing the first step in the reaction, namely the
interaction of lambda exonuclease with the ends of
substrate DNA. Endonuclease mapping of lambda
exonuclease bound to DNA has shown that the
enzyme protects ~13—-14 bp on dsDNA, and no nucleo-
tides on the single-stranded tail of the DNA product.
We have developed a rapid fluorescence-based
assay using 2-aminopurine and measured the steady-
state rate constants for different end-structures of

DNA. The relative k ., for 5' ends decreases in the

order 5' recessed > blunt >> 5' overhang. However,
k.at/Km remains relatively constant for these different
structures suggesting they are all used equally
efficiently as substrates. From these data we pro-
pose that a single-stranded 5' overhang end can bind
non-productively to the enzyme and the non-
hydrolyzed strand is required to aid in the proper
alignment of the 5' end. We have also measured the
length-dependence of the steady-state rate para-
meters and find that they are consistent with a high
degree of processivity.

INTRODUCTION

crystal structure, the double-stranded DNA (dsDNA) enters
the exonuclease through the center of the toroid and the ssDNA
product exits through the back of the tapered enzyme channel.
This threading of the DNA through the enzyme is hypo-
thesized to account for high processivity since the enzyme is
limited in its dissociation because it is topologically linked to
the DNA. This bpology has also been suggested to explain why
the exonuclease haittle or no activity at nicks and gaps (8).

Our goal is to elucidate the mechanism by which lambda
exonuclease recognizes and interacts with the ends of DNA
and subsequently hydrolyzes DNA in a very processive manner.
The substrate preferences of lambda exonuclease have been
gualitatively examined on long lambda and T4 DNAs (1-7,10). It
has a preference for a phosphorylated 5' end (6) and no activity
at nicks and limited activity at gaps in DNA (2,11), consistent
with a requirement for a free double-stranded end. There is a
slight preference for this 5' end to be recessed, although 3' tails
>100 bases inhibit the activity of this enzyme (5,10)

We wished to build and expand upon the previous investigations
into the mechanism of lambda exonuclease by quantitating the
substrate binding interactions and initiating an investigation of
the enzymatic mechanism through a kinetic analysis of lambda
exonuclease with well defined substrates. Here, we have begun
by examining the substrate preferences of lambda exonuclease
and its interaction with DNA using short defined oligodeoxy-
ribonucleotides. Given the high processivity of the enzyme,
short oligodeoxyribonucleotides should bias its activity in
favor of events involved in initiation of hydrolysis relative to
the very long substrates used in the initial characterization. We
have also developed a rapid continuous spectrophotometric
assay that allows us to more easily examine activity on a variety of
DNA structures.

Recombination in bacteriophage lambda requires the product
of a gene which encodes the 24 kDa lambda exonuclease
(ENTREZ Sequence ID: 119702) (1-4) This enzyme is a venMATERIALS AND METHODS

highly processive (>3000 bp) 5' to 3' exodeoxyribonucleas
that releases 5-mononucleotides and the non-hydrolyzegfMpPda exonuclease
complementary single-stranded DNA (ssDNA) strand asRecombinant lambda exonuclease was purchased from Novagen.
products (5,6). The ssDNA with a free 3'-hydroxy end is therThe enzyme was found to be >95% homogeneous based on
thought to act with the lambd@ protein to initiate recombin- SDS-polyacrylamide gel electrophoresis. A molar extinction
ation (7). coefficient ofe = 46 560 cm!M-! was calculated from the
Recently the crystal structure of this enzyme has been solvddhown sequence by the method of Maethal. (12). The con-
(8) and it was found to be a homotrimer with a toroidal quatercentration of enzyme was determined spectrophotometrically
nary structure, similar to the two DNA replication processivityto be 152UM qomen The cONcentration was also determined
factors, PCNA and thgd subunit of Escherichia coliDNA  using the method of Gill and Von Hippel (13) which gave a
polymerase Il (9). In the model of the complex of the exo-concentration within 9% of the above value. We found that
nuclease with its substrate DNA proposed from the enzymstandard Bradford assays (14,15) overestimated the concentration
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60LL 5 ~TGCAGGCATG~CAAGCTTGGC -ACTGGCCGTC-GTTTTACAAC -GTCGTGACTG-ATGTCCGTAG 3 7
60L 5/ CAGCACTGAC-TGCAGGCATG-CAAGCTTGGC -ACTGGCCGTC-GTTTTACAAC~GTCGTGACTG 3 *

50LR 5/ CAGCACTGAC-TGCAGGCATG-CAAGCTTGGC-ACTGGCCGTC-GTTTTACAAC 3

50LL 5' CAAGCTTGGC-ACTGGCCGTC-GTTTTACAAC-GTCGTGACTG-ATGTCCGTAG 3’
50L 5/ TGCAGGCATG-CAAGCTTGGC-ACTGGCCGTC-GTTTTACAAC-GTCGTGACTG 3/

40L 5’ CAAGCTTGGC-ACTGGCCGTC-GTTTTACAAC-GTCGTGACTG 3

30L 5¢ ACTGGCCGTC-GTTTTACAAC-GTCGTGACTG 3’

50U7-2AP 3’ ACGTCCGTAC-GTTCGHACCG-TGYCCGGCHG-CAAAYTGTTG- CHGCHCTGHC 57

50U 3’ ACGTCCGTAC-GTTCGAACCG-TGACCGGCAG-CAAAATGTTC-CAGCACTGAC 5

60U 3’ GTCGTGACTG-ACGTCCGTAC-GTTCGAACCG-TGACCGGCAG-CAAAATGTTG-CAGCACTGAC 5

60U7-2AP 3’ GTCGTGACTG-ACGTCCGTAC-GTTCGHACCG-TGRHCCGGCHG-CAAAYTGTTG-CRYGCHCTCHC 57

Figure 1. Oligodeoxyribonucleotide substrates. The sequences of the oligodeoxyribonucleotides used in this study are presented. The oligodeotgebonucle
are designated with a number indicating their length and an L or U for different complementary strands. Sequences with 2-aminopurine are deésRywBted w
and the location of the 2-aminopurine within the sequence by the letter Q.

of this enzyme by ~30% relative to the spectrophotometricallfjormamide, 20 mM EDTA with tracking dyes. Reactions products
determined value. All enzyme dilutions were prepared withwere heated to 10C for 4 min, loaded on a 12.5% acrylamide
dilution buffer (10 mM Tris—HCI pH 8.0 and 50% glycerol). (29:1, acrylamide:bis-acrylamide) sequencing gel with 8 M

) . ) urea in X TBE. Gels were run at 90 W (constant power) and
Oligodeoxyribonucleotides dried. The resolved products were visualized using a phosphor
Oligodeoxyribonucleotides used in this study were purchasegicreen and the Molecular Dynamics Storm system.
from Operon (Fig. 1). Those oligodeoxyribonucleotides useM. .
for nuclease protection assays were further purified on preparativi icrococcal nuclease (MCNase) protection
12.5% acrylamide (29:1, acrylamide:bis-acrylamide) gels preparedligodeoxyribonucleotide 50U was labeled at the 5' end with
with 8 M urea and 130 mM Tris—Borate pH 8.8, 2.5 mM [y-32P]JATP and polynucleotide kinase and purified as for
EDTA (1x TBE). Hybridizations were performed in 50 mM DNase | protection. The labeled 50mer was hybridized to oligo-
Tris—HCI pH 8.0, 0.1 mM EDTA, 100 mM NaCl by heating to deoxyribonucleotide 30L that had been phosphorylated at the
95°C for 5 min and slow cooling over 2 h to room temperature5' end with polynucleotide kinase and ATP giving a one end
Gel analysis indicated that <5% of the hybridized DNA wasblunt and the other having a 20 bp 5' phosphorylated recessed end.
single-stranded. Given the low reported activity of this enzymeHybridized DNA (9.6 nM) was incubated with 150 jlhomen
for ssDNA (10) we used the hybridized dsDNA without furtherlambda exonuclease as for DNase | protection assays. One

purification. microliter of 1 ng/ml MCNase was added and the reaction was
, initiated by bringing the solution to 0.5 mM CgCReactions
Miscellaneous reagents were run, quenched and analyzed as for DNase | protection.

Polynucleotide kinase was purchased from New Englan%
Biolabs. DNase | and micrococcal nuclease (MCNase)add. ~ £xonuclease assays
dATP were obtained from AP Biotechy-f?P]JATP was from  Discontinuous3P based assay.ong DNA substrates (0.5—-20 kb)
ICN. All chemicals were of reagent grade and were made up iwere amplified from lambda DNA using PCR primers according
18 MOhm water. Solutions used in enzymatic assays wer® manufacturer's instructions (XL-gene amp kit, Perkin/
passed through 0.32m filters before use. Elmer). The addition of 100-150Ci [a-33P]dATP to the PCR

) reaction resulted in internally labeled substrate. A series of 5'-
DNase [ protection phosphorylated 20mer primers (3' positions 21359, 5645,
Oligodeoxyribonucleotide 60L (Fig. 1) was labeled at the 52559, 1030 of lambda DNA) and a 5'-biotinylated 20mer
end with -32PJATP and polynucleotide kinase and the reactiongrimer (5' position 506 of lambda DNA) were used to create a
were chased with 2 mM ATP to get quantitative phosphorylatiorseries of DNA substrates with only one end active to exonuclease
of the ends. Labeled oligodeoxyribonucleotides were purifiedctivity. These DNAs were assumed to have blunt ends or possibly
over Pharmacia G-50 Nick Spin columns. End-labeled 60la 1 bp overhang. Synthesized DNAs were purified by gel electro-
was then hybridized to oligodeoxyribonucleotide 60U that waghoresis and quantitated spectrophotometrically. DNA substrates
phosphorylated at the 5' end with polynucleotide kinase anthternally substituted with*fP]JdATP were assayed in 50 mM
ATP to give a 60 nt blunt ended dsDNA. Hybridized DNA glycine/KOH, pH 9.5, 50ug/ml BSA, and 2 mM MgCj at
(15.3 nM) was incubated in 50 mM glycine/KOH pH 9.5, 25°C unless otherwise indicated. Activity of lambda exonuclease
50 pg/ml bovine serum albumin with 150 ni.omenlambda  was assayed discontinuously by removing aliquots of reactions
exonuclease for 15 min at 25 in 96 pl. Six microliters of ~ over time and assaying for the formation of acid sol./BRe
40 ug/ml DNase | (50 mM CaG) 2 mM MgCl, at 5:1) was  The reactions were run in sufficient DNA excess to insure on
added to bring the final concentrations tqugd/ml DNase I, average only one exonuclease molecule per substrate DNA.
0.5 mM CaCl, 20pM MgCl,. The reactions were incubated at
25°C for 2.5 min and quenched with 28 of 1% SDS, 0.5 M  Fluorescence based assactivity of lambda exonuclease
EDTA, 0.1 M sodium acetate, 0.2 mg/ml tRNA. Samples werewas also assayed by the increase in fluorescence of 2-aminopurine
phenol/chloroform extracted, chloroform extracted and ethanalpon its release from dsDNA into solution (16). Oligodeoxyribo-
precipitated. The final sample was brought up ipldf 95%  nucleotide substrates substituted with 2-aminopurine were
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assayed in 50 mM egcine/_KOH, pH 95 B@/mi BSA. qnd DNase | MCNase

2 mM MgCl, at 25C. Reactions were initiated by addition of Rl B
enzyme to the appropriate concentration and activity was Lambda Exa PGAS + "=
monitored on a Perkin/Elmer LS50B spectrofluorimeter with R et '. 5
A = 310 nm and\6i0n= 365 Nm with both slits set at 4

excitation —
0 nm. The excitation wavelength was moved slightly off peak

to cut down on the background fluorescence from the BSA in
the assay buffer. Initial rates were calculated from the initial
slope of the progress curves and converted to 2-aminopurine
concentration units using a standard curve of 2-aminopurine
fluorescence measured under the same buffer and instrument
conditions. As in thé3P based assay, the reactions were run in
sufficient DNA excess to insure on average only one exonuclease
molecule per substrate DNA.

-

.

Calculation of rate constantfate constants were calculated
from the data using direct fits of the Michaelis/Menten equation or
linear fits of Hanes—Woolf plots using fitting programs in
KaleidaGraph 3.0. In calculating the steady-state rate constants
it was assumed that only the phosphorylated 5' end was active
for hydrolysis given the measured 10-fold rate difference
between 5' phosphate and 5'-hydroxy ends. Any titration of
enzyme by binding to inactive DNA ends or residual ssDNA
from the oligodeoxyribonucleotide hybridizations would be
equivalent for the tested substrates and not affect the ratios of
the rate constants. Non-phosphorylated substrate was assumed
to have two active ends per DNA molecule. The enzyme prep-
arations were assumed to be 100% active when calculatipg k
from measured ¥, We have preliminary measurements that 10 -
our enzyme preparation is only 75% active to DNA binding
(data not shown). Since all our measurements are done using
the same enzyme preparation the relative rates will be the
same, but the determined_k should be considered minimal
estimates. *

RESULTS
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Nuclease protection mapping

Modeling of substrate DNA with the crystal structure of

lambda exonuclease suggested ~11 bp is enclosed by the

enzyme (8). There are, however, no direct biochemicafFigure 2. Nuclease protection. Complexes of lambda exonuclease and DNA
measurements of the extent of this interacti®do test this were formed and then probed with either DNase | or MCNase as described in

model we examined the maximal extent of coverage of |ambdMateriaIs and Methods. The structures of the probe DNASs relative to their sizes
IN the sequencing gel are indicated adjacent to each panel with the 5' labeled

exonuclease on both the QSDNA substrate and the ssDN d indicated by an asterisk. An arrowhead marks the enhancement in
product by nuclease protection. MCNase cleavage seen at the double-stranded—single stranded DNA boundary.
Excess lambda exonuclease was bound to a blunt endéte sizes of the fragments are indicated at appropriate locations in the gel and
60 bp DNA fragment and treated with DNase | under condition&"e derived from tht_e Maxam-Gilbert purine sequencing ladder. P, starting
that Fr)ninimize gxonuclease activity. The interaction of lambd robe DNA; G/A, purine ladder produced from probe DNA by Maxam-Gilbert
Y. ' . eaction. S, oligodeoxyribonucleotide 40L or 30L size standard. +/—, with or
exonuclease at both ends of the 60mer resulted in protection @fthout addition of lambda exonuclease. The DNase | panel has two duplicate
the ends from digestion by DNase | (Fig. 2). This protection+ exonuclease lanes. The two gel panels are not aligned with regard to fragment
occurred whether or not the 5' end was phosphorylated (da’f‘ge- No DNase | cleavage was observed less than 10 bases from the 5' end of DNA.
not shown). The protected regions were approximately
13 nucleotides on the 3' end and 19 nucleotides on the 5' end of the

labeled strand, which is consistent with a site size of 13-14 b, .
given the known occupancy of DNase | of 5 bp 5' to its cut sitthe DNA, the exonuclease/DNA complex was probed with
7). micrococcal nuclease (MCNase), which preferentially cleaves

Subsequent to cleavage, lambda exonuclease translocaf$®NA.
along the dsDNA leaving a ssDNA product. To examine how MCNase digestion in the presence or absence of lambda exo-
much of the ssDNA tail is interacting with the exonuclease, wehuclease shows little difference in the protection of 3'-ssDNA
constructed a substrate having a 30 bp dsDNA region and tail exiting the enzyme (Fig. 2). There is, however, protection
20 base ssDNA tail. After binding of lambda exonuclease tan the double-stranded region of the DNA from the low level of
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MCNase cleavage in this region, indicating that lambda exo- A.
nuclease is bound. A slight enhancement of cleavage at the
ssDNA-dsDNA junction is also observed. This suggests that
exonuclease may deform the DNA in some way at this point, 250 |
but there seems to be no coverage of the 3' tail by lambda exo
nuclease. ;

We conclude that lambda exonuclease covers ~13-14 bp o
the double-stranded substrate and has minimal interaction witt
the 3' ssDNA product. This information allows us to design
DNA substrates of the appropriate length to investigate the
effect of end modifications on activity.

100
Activity assays of lambda exonuclease — | e
—

Traditional exonuclease assays have relied on radioactively 50 4 0nM
labeled substrates prepared by enzymatic methods. Althougl 0 20 40 60 80 100
these methods are quite sensitive, preparation of large amount Time (sec)

of substrate of a specific structure as well as the discontinuous

nature of these assays make them slow and laborious. To rapidl B.

examine a variety of conditions and substrate structures, we W[ [ ] ®]
developed a continuous spectrophotometric assay using oligo i ]
deoxyribonucleotides containing the fluorescent nucleotide
analog 2-aminopurine (2-AP) (Fig. 1). This analog exhibits an
~100-fold increase in fluorescence when it is free in solution
relative to that in dsDNA (16), giving an excellent signal to
noise ratio in a DNA hydrolysis assay.

Incubation of a double-stranded 50mer containing 2AP with
lambda exonuclease results in a continuous linear increase il
fluorescence consistent with release of the 2AP from the DNA
(Fig. 3A). The rate of the hydrolysis is linear with respect to [ =
lambda exonuclease concentration (Fig. 3B), indicating no rate o2
limiting exonuclease assembly occurs over the concentratior P I RS AU SRS SR B
range examined. These assays can now be used to directl 0 02 04 06 08 1 12 14
measure steady-state kinetic parameters. [Exonuclease]trimer (nM)

Our goal is to understand how lambda exonuclease initiates
processive hydrolysis. The first question we address is the
quantitative effect of the structure of the 5' end on the activity

(Flg. 1, Tabld]]'A)' We first .reVISIted the effect of a 5 -phOS- Figure 3. Spectrophotometric assay for nuclease activiy). {races of raw
phoylated end on hydrc_'ly5|3- Blunt-ended 50mer substrat@gta from an activity measurement are presented. Increasing amdunts o
were prepared plus or minus a 5' phosphate. Absence of the Bimbda exonuclease were incubated with 100 nM of ds50mer, 5'P-
phosphate is manifest in a 10-fold decrease in activity which i§0U7AP:50LL as in Materials and Methods. Fluorescence is measured as
expressed entirely in 5 (Fig 4A and B. Tabl A) These arbitrary instrument units. The concentration of exonuclease is indicated on the
| irel cat ith L b " " hri ht of each time courseB] Slopes of the time course in (A) are plotted

results are entirely consistent with previous observations of t %ainst exonuclease concentration.
effect of phosphorylation of the 5' end on measured rates (6),
which were performed in DNA saturation relative to thesKk
we have determined.

A series of oligodeoxyribonucleotide substrates were prepared

containing either blunt 10 bp 5' overhang or 10 bp 5' recesseg. : ; : .
ends. Because of the previous report of the inhibition o iven the observed differences in the 5' end preference, this

lambda exonuclease by stretches of SSDNA (10), we designé icates that there is not a significant e.ffect of enzymatic activity
the ends to be short (10 bp) and devoid of obvious seconda the non-phosphorylatt_ad end. This aI_so suggests that at
structure. Each substrate contained only one 5' phosphorylat Bead.y-state.the d|.SS(.)c_|at|0n.from any residual non-hyarolyzed
end to bias the enzyme activity to that end. The steady-state'VA IS kinetically invisible with these substrates.
rate constants measured for each of these substrates demorf>iven the measured high processivitydoéxo we tested the
strate that both k,and K, decrease slightly from 5' recessed to effect of length on the steady-state kinetics. Substrates were
blunt and then ~3-5-fold to 5' overhang (T4b]e 1A). The value§ynthesized from 0.5-20 kb by PCR. Over the 400-fold
for k{K,, however, are relatively constant at 1.570.22, increase in size,J increases roughly 2-fold from 2.2 t0 5.3 s
1.57+0.59 and 0.9@ 0.50 nMs L for blunt, 5' overhang and While the value for K, decreases over 93-fold from 1.5 nM to
5'recessed ends respectively. 16 pM (Fig. 4C, TabIeDlB). This approximately 200-fold
When the structure at the 5' phosphorylated end is helthcrease in /K., with increasing length of substrate reflects
constant (as blunt) there is no effect on the steady-state kinetitlse previously described extremely long processivity of
on altering the overhang structure of the 3' end (Tﬂ)le 1A)lambda exonuclease.

300 ™

J1.33nM

200 /
1 0.66 nM
1 0.5nM

150

Fluorescence Units

§
AN

d 0.33nM
< 0.167 nM

]
L~
//-: 1.0nM
/
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0.6
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Table 1.Steady-state rate constants for lambda exonuclease protein, or of some combination of both relative to the pro-
posed fit of the DNA in the exonuclease crystal structure for
catalysis to occur. The consequences of such a motion may be
A. 5’ End dependence: visible either at steady-state or in pre-steady state kinetics.

Stucture __DNA Ko (nM) kalsl) 0 To examine the steady-state kinetics of lambda exonuclease
5 in a rapid and sensitive manner we developed a spectrophoto-
S'OH-50U7-24P:S0L 1.8 = 0.4 029 £002 3 metric assay based on 2-aminopurine fluorescence. This analog
SP_blunt has been used to monitor insertion and excision kinetics of
s P oSOUT-2AP « SOL L4 o1s vr o017 4 DNA polymerases and their nucleolytic proofreading activity
o (18,19), RNA polymerases (2Q) and the action of _hell_cases
5°P-50U7-2AP : 60L 15 = 005 22%013 2 (21), and we have extended its use to the examination of
SP S'P6OUT-2AP : SOL L5 + 05 2750797 2 lambda exonuclease activity. 2-AP substituted oligodeoxyribo-
nucleotides have been shown by NMR to be in native B-form
20 recossl 111 buses) (22) and show normal cleavage BgoRl endonuclease (23),
5P 5°P-50U7-2AP : 50LL 23+ 0.84 36033 3 suggesting that this analog should be utilized normally by exo-

nuclease. We have not seen any large effects on the activity of
lambda exonuclease using 2-AP relative to radioactively
—— 5'P-50U7-2AP:50LR 0.51 =027 0.46 = 0.07 3 labeled DNA (data not shown), although we must directly test
this to rigorously quantitate any potential effects. We find that
this simple sensitive assay is highly reproducible and rapid and
therefore will be well suited for use for comparison between

5°P overhang (10 bases)

5°P.

B. Length Dependence:

DNA (bp) K., (pM) K (s-1) ) _
21359 16 + 438 53+17 3 substrate structures and the analysis of the properties of exo-
RN SR e S nucleases in general and is applicable to future use in rapid
506 3+ 5 45+ 068 3 reaction single turnover kinetics.

We determined the relative activity of lambda exonuclease
on several structures. The previous studies of lambda exo-
The steady-state rate constants for lambda exonuclease on a variety ohuclease were performed on long viral DNA or randBrooli
substrates are presented,) 5" end dependence. A schematic of each  pNA substrates at saturation relative to oyy #eterminations
structure anq its component ollgodeoxynu_cleondes are descnb_rgd. K (1,6). We can, however, roughly estimate g i we assume
and k, are given as mean * SD, vyhere'n is the number of replicants. th:":lt .the obse’rved rateé are saturated. For example we cal-
(B) Length dependence. Length given is based on blunt ended PCR ’
product. Other labels as in (A). culated the turnover number of lambda exonuclease on lambda
DNA to be ~4 s! [from fig. in (6)] which agrees well with
our data.

Previous reports of the relative preferences of types of 5'
DISCUSSION overhangs were given as 5' recesgeolunt >> 5' overhang,

We determined that lambda exonuclease specifically protect4.6) however no concentrations of substrate were reported.

~13-14 bp at the end of its dSDNA substrate and little if any ofJnder substrate saturation conditions, our data agree well with

the ssDNA product from endonuclease digestion. The strengte reported qualitative preference. Determination of the

of the interaction is indicated by the saturation of the footprintéady-state rate constants, however, demonstrate that

at the nanomolar concentrations of both nuclease and DNAIthough there is a decrease ig loetween these substrates,

This is consistent with the nanomolar-Kietermined in the Which would manifest itself as a drop in rate under substrate
m

steady-state kinetic analysis and previous measurements of tﬁ}%t“ra“in cor;](_dltrl]ons, tBere LS also a concomitant dropn K
interactions of lambda exonuclease with DNA (2,11). e kafKpy, which can be taken as an approximate measure-

The extent of protection supports the molecular modelin ent of enzyme efficiency, is not significantly different for all
which predicted ~11 bp of the substrate DNA protected as ihe structures. In addition, if we make the simplifying assump-
threads through exo and consequently that this threading is on that k.(K, is roughly equivalent to the second order rate

. . onstant for association of DNA and enzyme for these sub-
responsible for properties of lambda exonuclease such as t@

; e . - ; frates, the observeq KK, is closed to diffusion controlled.
high processivity and inactivity at nicked DNA (8). The pro- ~nqistent with these data we have observed a rapid association of

tection assays, however, were performed under conditions @{\A and lambda exonuclease in preliminary gel mobility shift
very low lambda exonuclease activity (low Ftgnd high C& assays using these substrates (data not shown). These data
concentrations). Even though a specific region of the end of thgemonstrate that DNAs with simple 5' overhangs can serve as
DNA is protected, it is possible that the observed protectioy efficient substrate for this enzyme. This may bear on the
patterns represent an inactive complex. Further biochemicaktion of lambda exonucleasevivowhere a natural substrate
and structural analyses, therefore, are required to rigorousl¥ |Jambda DNA which has 5' overhangs.
determine the actual path of the DNA through the enzyme to The 5' overhangs at the ends of lambda DNA have been
confirm this initial model. suggested to be the cause of an observed lag in the digestion of
One consequence of this model is that there is an ~15 A distanggnbda DNA by lambda exonuclease (6,10). There is, how-
between the DNA and the proposed location of the active sitesver, no demonstrable lag in the hydrolysis of our 5' overhang
There must therefore be a significant motion of either the DNAsubstrates; therefore, the previously observed lag cannot be
substrate (for example by melting out of the dsDNA), of thedue to the 5' overhanger se It has been suggested that lambda
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Figure 4. Steady-state rate determinations for lambda exonuclease. Presented are three examples of the steady-state data obtained with differmd §itiestrate
to both the Michaelis/Menten equation (left) and Hanes—Woolf plots (righit).X phosphorylated, blunt ended substrate 5'P-50U7-2AP:50L assayed with

0.17 NMyimen lambda exonucleaseB) 5" hydroxy substrate, 5'OH-50U7-2AP:50L assayed with 0.33a) lambda exonucleaseC] 5645 bp substrate assayed
with 0.005 NMyimen lambda exonuclease.

exonuclease has difficulty passing through regions of secondasyiggests that this lag is caused by another attribute of the
structure in ssDNA (10) and therefore it is possible that amechanism of lambda exonuclease on this substrate such as its
specific structure in the 5' overhang of lambda DNA may causeeported high non-specific DNA affinity (10).

this lag. We can find no obvious hairpins or other secondary The observation of a proportional decrease ipdnd K, is
structures in the 12 bp overhangs of lambda DNA. Thischaracteristic of non-productive binding of the substrate to an
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enzyme (24). We suggested that based on the crystal structusemore thorough understanding requires using a combination
there must be some motion to bring the 5' end of the DNA tmf equilibrium assays and pre-steady state kinetic methods to
the enzyme active site. The notion of this motion is supportedistinguish and further characterize the elemental steps of the

by our steady state kinetic analysis. We speculate that if a $ambda exonuclease reaction.

ssDNA overhang has more conformational freedom than a 5'
blunt or recessed end, the 5' ssSDNA may bind in a kinetically,
inactive manner. Adoption of these non-productive bindin

modes would lead to the observed kinetic behavior,

CKNOWLEDGEMENTS
an@Ve would like to thank Tom Perkins and the reviewers for

suggests the requirement of the non-hydrolyzed strand of DNheir insightful comments concerning this manuscript. This
to assist in properly positioning the 5' end of the DNA for research was funded in part by NIH Grant RO1 HG011821-01

catalysis.
The steady-state kinetics of lambda exonuclease were al
examined with long DNAs which will decrease the relative

contributions of the association and dissociation to the 1.
observed kinetics. This effect is especially manifest in the 2.
length dependence of the apparep Which decreases 100-fold 3

as the DNA length increases from 50 bp to 20 kb. Such a
decrease is expected if,Kcan be thought of as the overall

dissociation constant for all enzyme/substrate complexess.

Then, as the length of the DNA increases, it is less likely the
enzyme will dissociate from the DNA, decreasing the appargnt K 5
A quahtatlvely similar effect has been observed for the very ¢
processive 3'-5' ssDNA specific exonucleagecoli exo- 0.
nuclease | (exo 1) (25). As the length of the DNA substrateio.
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