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ABSTRACT: 4 Exonuclease (dexo) is a highly processive S'-
3’ exonuclease that binds double-stranded DNA (dsDNA)
ends and digests the 5'-strand into mononucleotides. The
enzyme forms a toroidal homotrimer with a central tapered
channel for tracking along the DNA. During catalysis, dsDNA
enters the open end of the channel, and the 5'-strand is
digested at one of the three active sites. It is currently not
known if exo uses a sequential mechanism, in which the DNA
moves from one active site to the next around the trimer for
each round of catalysis or a nonsequential mechanism, in
which the DNA locks onto a single active site for multiple
rounds. To understand how Aexo uses its three active sites, we
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used a mutant poisoning approach, in which a 6xHis-tagged K131A inactive mutant of Aexo was mixed with untagged wild type
(WT) to form hybrid trimers. Nickel-spin pull-down analysis confirmed complete subunit exchange after 1 h at 37 °C.
Exonuclease assays revealed an approximately linear decrease in activity with increasing fraction of mutant, as expected for a
nonsequential mechanism. By fitting the observed rates of digestion to a simple mathematical model, the individual rates of the
two hybrid species of trimer were determined. This analysis showed that trimers containing only one or two WT subunits
contribute significantly to the observed activity, in further agreement with a nonsequential mechanism. Finally, purification of
hybrid trimer mixtures by Ni-spin chromatography, to remove the contribution from fully WT trimers, also resulted in significant
levels of activity, again consistent with a nonsequential mechanism.

A Exonuclease (lexo) (M, 25.9 kDa; 226 amino acids) is a
component of the red recombination system of phage A, which
promotes homologous recomblnatlon by a simple single-strand
annealing mechanism."”” The enzyme binds to double-stranded
DNA (dsDNA) ends and resects the $'-strand to yield 5'-
mononucleotides and a long 3'-ssDNA overhang.>* The 3'-
overhang is a substrate for an annealing reactlon that is
promoted by a second protein called RedB.’> Recombination
generates end-to-end concatemers of the phage genome, which
facilitates viral replication and packaging. Related “SynExo”
recombination systems are found in a wide variety of
bacterlophage and in dsDNA viruses that infect mammalian
cells.*” The two most well studied of these, the red system of
phage 4, and RecET of the rac prophage of Escherichia coli,®
have been exploited in powerful new methods for genetic
engineering termed recombmeerlng”9 3 Jexo is also being
used in several other new blotechnology applications, such as
Chip-Exo DNA footprmtmg, nanopore DNA sequencmg,
construction of genome libraries, 1617 3nd in biosensors to
detect sgeaﬁc sequences of DNA,'*7*' microRNA,***?
enzymes, and small molecules.”” 2 Given the wide use
of Jexo in these emerging technologies, there is a growing
interest in understanding its mechanism of action.

The crystal structure of lexo revealed a toroidal homotrimer
with a central tapered channel for tracking along the DNA.*
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The channel is wide enough at one end to accommodate
dsDNA but narrows at the other end to only allow the passage
of ssDNA. On the basis of this structure, a model was proposed
in which the 3’-overhang threads through the central hole on
the trimer as the enzyme tracks along the DNA digesting the
§’-strand. This model nicely accounts for the highly processive
nature of the reaction, since the enzyme remains topologically
linked to the DNA as it digests it. The monomer of Aexo adopts
the type II restriction endonuclease-like fold that is found in
numerous restriction enzymes and in several endo- and
exonucleases involved in DNA repair and RNA processing.*>>"
These proteins all contain a conserved PD-(D/E)XK motif that
contains two acidic residues for binding Mg** and a lysine that
is involved in activating the hydrolytic water molecule.**

The RecE protein of the RecET recombination system,
which performs a similar function as Adexo but shares only
limited sequence homology, forms a toroidal tetramer with a
central channel of similar size and shape as that on the Aexo
Interestingly, although RecE and Jdexo share a
common core fold, the subunits pack into their respective
oligomers in different orientations, suggesting that the two

trimer.>®
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proteins have evolved by separate paths, likely from a common
ancestor that was monomeric, to form ring-shaped oliogmers
for processing dsDNA breaks. The conserved toroidal
architecture of RecE and Adexo suggests an important role for
the oligomeric ring in carrying out the function.

Crystal structures of dexo in complex with DNA>* confirmed
the binding of DNA to the central channel as predicted but also
revealed several unexpected features. The structure revealed
that the enzyme unwinds exactly two base pairs from the 5’-end
of the DNA prior to digestion, such that two nucleotides from
the S'-strand insert into the active site of one subunit of the
trimer, while the 3'-strand pokes through the central channel to
emerge out the back. Unwinding of the DNA is facilitated by a
hydrophobic wedge on the protein that forms favorable
interactions with the bases exposed at the junction. An arginine
residue from one of the subunits of the trimer, Arg-45, inserts
into the minor groove at the downstream end of the DNA,
likely to act as a rudder to keep the enzyme on track as it moves
along the DNA. The scissile phosphate on the 5'-strand bridges
two active site Mg’* ions, and the terminal 5'-phosphate binds
to a positively charged pocket at the end of the active site
cleft>**> On the basis of this structure, an “electrostatic
ratchet” mechanism was proposed, in which the attraction of
the S’-phosphate generated after each round of cleavage to the
positively charged pocket at the end of the active site helps to
drive the enzyme forward along the DNA for each new round
of cleavage.

For a ring-shaped oligomer such as Aexo, two fundamentally
different types of mechanims can be envisioned: a sequential
mechanism, in which the DNA moves from one active site to
the next around the oligomer for each new round of cleavage,
or a nonsequential mechanism, in which the DNA locks onto a
single active site on the oligomer for multiple rounds. Given
that RecE and Aexo have both evolved to form toroidal
oligomers with multiple active sites, one might expect the ring-
shaped architecture to be actively used in the mechanism.
Moreover, a sequential mechanism has been demonstrated for
other ring-shaped oligomers, such as hexameric helicases***’
and F,-ATPase.*® On the other hand, the electrostatic ratchet
model described above, which is based on the crystal structures,
predicts a nonsequential mechanism of action. A sequential
mechanism seems overly complicated in that a large network of
protein—DNA interactions would have to be broken at each
cycle of the reaction, in order for the DNA to move from one
active site to the next. Other ring-shaped oligomers that use a
sequential mechanism bind and hydrolyze ATP, which drives
large-scale conformational changes, such as subunit-reorienta-
tions and domain movements. Aexo does not bind or hydrolyze
ATP, and although it could potentially use the energy of
phosphodiester bond cleavage to drive translocation, large-scale
conformational changes have not yet been observed in the
different subunits of the trimer or in the different DNA-bound
states.””>* Thus, we hypothesize that dexo uses a nonsequential
mechanism, but this has yet to be assesed experimentally.

In this work, we used a mutant poisoning approach, in which
inactive mutant subunits were mixed with WT subunits to form
hybrid trimers, to determine if Adexo uses a sequential or
nonsequential mechanism for digestion of dsDNA substrates.
In a sequential mechanism, the presence of one inactive subunit
would be predicted to render a trimer inactive, such that a
dramatic decrease in total activity would be expected with
increasing fraction of mutant. By contrast, in a nonsequential
mechanism, in which trimers containing mutant subunits are
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still active, the decrease in activity would be expected to be
more linear. Measurements of the rates of dsDNA digestion
revealed an approximately linear decrease in activity with
increasing fraction of mutant. Thus, the experimental data are
consistent with a nonsequential mechanism.

B EXPERIMENTAL PROCEDURES

Protein Expression and Purification. WT and K131A
versions of dexo were expressed and purified as has been
described.>* Briefly, the proteins were expressed from a
pET14b vector as N-terminal 6xHis-tag fusions in E. coli
BL21-Al cells and purified by Ni-affinity chromatography. A
portion of each protein was subjected to thrombin cleavage to
remove the 6xHis-tag, and any residual uncleaved protein was
removed by a reverse nickel column. For the remaining
portions of the WT and K131A proteins, the 6xHis tags were
left intact. All proteins were further purified by anion exchange
chromatography on Hi-Trap QFF (GE Healthcare), dialyzed
into 20 mM Tris (pH 7.5), 1 mM dithiothreitol, concentrated
to ~15 mg/mL, and stored at —80 °C in small aliquots. Protein
concentrations were determined by absorbance at 280 nm
using the extinction coeflicient calculated from the amino acid
sequence, which was 46410 M~ cm™ (per monomer) for all
proteins. All protein concentrations are given in the text as
moles of trimer.

Nickel-Spin Pull-down Assay. A nickel-spin pull-down
assay was used to monitor exchange of subunits between
trimers of 6xHis-K131A (28.0 kDa) and untagged WT (26.2
kDa) Aexo proteins. The two proteins were mixed at 10 uM
total trimer (5 uM each) in Buffer A (50 mM NaH,PO,, 300
mM NaCl, 10 mM imidazole, pH 8.0) and incubated for
varying times and temperatures to allow for subunit exchange.
Protein mixtures (100 L) were loaded onto a Ni-NTA Spin
column (Qiagen) that was pre-equilibrated with Buffer A and
washed three times (200 or 600 uL each, as specified) with
Buffer A with 30 mM imidazole. Bound proteins were eluted
from the column with 100 uL of Buffer A with 500 mM
imidazole. All fractions were analyzed by 13.5% SDS-PAGE
with Coomassie Blue stain.

Exonuclease Assay. To quantify exonuclease activity,
digestion of a 2686 bp, Pstl-linearized pUC19 DNA substrate
(NEB) was monitored by agarose gel electrophoresis. The assay
was performed with a 2—33-fold excess of DNA substrate over
enzyme, as specified for each experiment in the figure legends.
Under these conditions, one strand of the dsDNA substrate is
digested completely to release mononucleotides and the intact
(opposing) strand of ssDNA as products. The linear pUC19
DNA was **P 3’-end-labeled with terminal transferase (NEB)
in 50 puL reactions containing 1X TdT buffer (NEB), 0.25 mM
CoCl,, 5.0 pmol of pUC19 DNA (10 pmol of DNA ends), 20
pmol of a-**P-ddATP (PerkinElmer) and 10 units of terminal
transferase. The reaction was incubated at 37 °C for 30 min and
quenched by adding 10 yL of 0.2 M EDTA (pH 8.0). Labeled
DNA was separated from other reaction components by gel
filtration on G-25 MicroSpin columns (GE Healthcare).

Exonuclease reactions contained 67 mM glycine-KOH (pH
9.4), 2.5 mM MgCl,, 50 ug/mL BSA, and 1 nM *P 3’-end-
labeled pUC19 DNA substrate. The above components were
incubated at 37 °C for 10 min before adding 0.03—0.5 nM Aexo
(as indicated) to initiate the reaction. At each time point, a 10
uL aliquot was removed from the reaction, quenched by adding
1 yL of 250 mM EDTA and 2 uL of BlueJuice loading dyes
(Invitrogen), and analyzed by electrophoresis on 0.8% agarose
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gels in TAE buffer. The gels were dried and autoradiographed
using a Storm phosphorimager (GE Healthcare). Band
intensities were quantified using ImageQuant software. The
percentage of pUC19 DNA digested at each time point was
calculated as

I X
%digested = — X 100%

I, X2+ I (1)
where I, is the intensity of the band for dsDNA substrate, and
Is is the intensity of the band for ssDNA product. I was
multiplied by 2 to account for the fact that the ssDNA product,
which has one 3’-end, has half the radioactivity of the dsDNA
substrate, which has two. The % digested was plotted versus
time, and the initial, linear portion of the curve was fit to
determine the slope. The rate of digestion, in nucleotides/
second per trimer, was calculated as

slope X n,yc19 X 2686

rate =
Mgy X 60

@)
where n,yco is the number of molecules of pUC19 dsDNA
substrate, ng,, is the number of lexo trimers, and 2686 is the
number of base pairs in pUCI9.

Gel Shift DNA-Binding Assay. A gel-shift assay was used
to compare the binding of K131A and WT Aexo to a 12-mer
DNA duplex that contained a 2-nucleotide 5’-overhang on one
end. This was the same DNA that was used to determine the
crystal structure of the complex.>* The DNA was *P 5'-end-
labeled with T4 polynucleotide kinase (NEB). Each 20 uL
labeling reaction contained 20 pmol of the 14-mer oligonucleo-
tide, 20 pmol of y-**P-ATP (PerkinElmer), and 20 units of T4
PNK enzyme in the NEB reaction buffer. Reactions were
incubated for 30 min at 37 °C and purified by gel filtration on a
G-25 MicroSpin column (GE Healthcare). The **P §'-end-
labeled 14-mer oligonucleotide was then annealed to a
complementary 12-mer strand by incubating for 10 min at 95
°C and cooling slowly to room temperature to allow for
annealing. Each 10 pL binding reaction contained varying
concentrations of dexo (80—1000 nM), 1 uL of 50000 cpm
DNA substrate (approximately 3 nM molecules), 20 mM Tris
(pH 7.5), 10 mM CaCl,, and 1 mM DTT. Reactions were
incubated at 25 °C for 10 min, mixed with 3 uL of loading dyes
(20% glycerol, 0.12% bromophenol blue, and 0.12% xylene
cyanol), and analyzed by native PAGE in TBE buffer. Gels were
dried and autoradiographed using a Storm phosphorimager
(GE Healthcare).

Mass Spectrometry. The untagged K131A, 6xHis-WT,
and a 1:1 mixture of untagged K131A and 6xHis-WT were
buffer exchanged at 100 M into 100 mM ammonium acetate
using Micro Bio-Spin 6 columns (Bio-Rad). Nanoelectrospray
ionization mass spectrometry (nano-ESI-MS) analysis was
performed on a modified Synapt G2-S HDMS mass
spectrometer (Waters Corp., Manchester, UK.) with a
customized surface-induced dissociation (SID) device installed
before the ion mobility cell as described previously.*® Each
sample was filled into a glass capillary pulled using a Sutter
Instruments P-97 micropipette puller (Novato, CA) and
ionized with a nanoelectrospray source at a voltage of 1.0—
1.5 kV. The sampling cone voltage was set to 20 V, and the
source offset voltage was set to 20 V. Other instrument
conditions were 2.6 mbar for the backing pressure, 5 X 1073
mbar for the source pressure, 120 mL/min gas flow to the
helium cell, 60 mL/min gas flow to the ion mobility cell, and 7
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X 1077 mbar in the time-of-flight (TOF) analyzer. Each peak
present in the mass spectra was subsequently selected and
further dissociated in SID with an acceleration voltage of 50 V.
This value multiplied by the charge state provides the collision
energy in eV.

B RESULTS

Experimental Approach. Constructs containing “conca-
temers” of fused subunits have proven informative for probing
the mechanisms of other ring-shaped oligomers, such as ClpX
protease,40 GroEL," and GroES.** When the individual
subunits are linked together in a single, continuous polypeptide,
mutations can be introduced to selectively inactivate specific
subunits within the oligomer, and the activity of a single species
can be measured. However, in the case of lexo, the C-terminus
of a given subunit is 56 A from the N-terminus of one
neighboring subunit and 71 A from the other (Figure S1,
Supporting Information), making it difficult to design
appropriate linkers. We therefore turned to a “mutant
poisoning” approach, in which inactive mutant subunits are
mixed with WT subunits to form hybrid trimers. Under
conditions that promote efficient exchange of subunits, a
distribution of different hybrid oligomers will form, and the
observed activity will be the sum of the contributions of the
individual components. With appropriate data analysis, this
method has been used to provide valuable mechanistic
information on other ring-shaped ol'§omeric proteins, such as
T7 DNA helicase®” and F,-ATPase.’

Quantitative Exonuclease Assay. In a previous study, we
monitored Aexo activity on a linear 2.7 kb pUC19 dsDNA
substrate by agarose gel electrophoresis with SyBr Gold
staining.** Under conditions of limiting enzyme (>20-fold
excess of dsDNA over lexo trimers), this assay simultaneously
shows depletion of dsDNA substrate and accumulation of
ssDNA product and thus nicely demonstrates the processive
nature of the reaction. However, this assay was not quantitative
because the observed intensity of SyBr Gold fluorescence did
not vary linearly with DNA concentration. We therefore used a
similar assay but with **P end-labeled dsDNA substrate. Since
Jexo digests mononucleotides from the 5’-end of dsDNA, we
used dsDNA that was labeled with **P at the 3’-end. We first
verified that the intensity of bands for dsDNA and ssDNA, as
measured by phosphorimaging, varied linearly with DNA
concentration. This was indeed the case, as shown for dsDNA
substrate in Figure S2, Supporting Information. An agarose gel
monitoring the reaction of 1.2 nM dsDNA with 0.05 nM Aexo
trimer is shown in Figure 1A. The rate of digestion was
determined from a time course of % DNA digested (Figure
1B), as described in Experimental Procedures. For WT Aexo the
rate determined by this method was 44 + 9 nucleotides/s per
trimer, based on three independent measurements. This is in
general agreement with rates ranging from 3 to 32 nucleotides/
s determined either biochemically”*>* or in four different
single-molecule studies.**™* In other single-molecule studies,
significantly higher rates (~1000 nucleotides/s) have been
reported, for reasons that are not yet clear.**>

The K131A Mutant of Aexo Is Suitable for Mutant
Poisoning. Lys-131 is the conserved, active-site lysine of the
PD-(D/E)XK motif of Aexo. The K131A mutant was previously
used to trap a stable DNA complex for crystallographic
analysis,>* indicating that the protein is completely inactive.
Indeed, we observed no activity at all for the K131A protein
with our *P 3’-end-labled dsDNA substrate (Figure 2A). To
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Figure 1. Exonuclease assay. (A) Agarose gel showing a time course
for the reaction of 0.05 nM WT Jexo trimer with 1.2 nM of ¥P 3'-
end-labeled linear 2686 bp pUC19 dsDNA. The upper band is the
dsDNA substrate, and the lower band is the ssDNA product. The lanes
labeled “ds” and “ss” show control reactions without enzyme. The “ss”
lane contains half the normal amount of dsDNA heated for S min at 95
°C to mimic the band expected for ssDNA product. (B) Plot of %
DNA digested vs time for the reaction of panel A. The %DNA
digested was calculated from the intensities of the bands for substrate
and product, as described in Experimental Procedures. The red line
shows the fit of the data in the linear portion of the reaction, from
which a rate of 41 nt/second was calculated. The average rate from
three independent measurements was 44 + 9 nt/s.
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Figure 2. K131A mutant of lexo binds DNA but is completely inactive
for cleavage. (A) Agarose gel showing the reaction of 0.05 nM K131A
trimer with 1 nM **P 3'-end labeled linear pUC19 dsDNA substrate.
Notice that the K131A protein is completely inactive (no ssDNA
product is formed). (B, C) Gel shift shows binding of WT (B) or
K131A (C) Jexo to 3 nM P 5’-end labeled 14-mer/12-mer dsDNA
substrate. The numbers below each lane give the concentration of exo
trimer in the binding reaction. Notice that the K131A protein binds to
the DNA with similar affinity as WT.

measure the ability of the KI131A protein to bind DNA, we
used a gel-shift assay with a short *’P §'-end-labeled dsDNA
substrate (Figure 2B,C). This experiment shows that the
K131A protein has only slightly reduced DNA-binding affinity
compared to WT. Thus, the mutation does not interfere with
the folding of the protein or the assembly of trimers. These
results demonstrate that the K131A protein is suitable for the
mutant poisoning experiments.
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Direct Addition of K131A Does Not Affect the Activity
of WT Aexo. We first determined if the K131A protein affected
the activity of WT Aexo when the two were added at the same
time to initiate a reaction. Figure 3 shows the time courses for
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Figure 3. Exonuclease activity of WT Aexo in the presence of
increasing amounts of the KI131A mutant. The reactions were
performed as described in Figure 1, except that 1 nM of dsDNA
substrate was used, and the indicated amount of K131A mutant was
added immediately prior to initiating the reaction by addition of a fixed
amount of WT (0.03 nM trimer). Notice that the addition of even a 3-
fold excess of K131A mutant has no effect on the activity observed for
WT.

reactions in which increasing amounts of K131A were added to
a fixed amount of WT, in the presence of a 33-fold molar excess
of dsDNA. As seen in the figure, the addition of even a 3-fold
excess of the KI131A protein has no observable effect on the
activity of WT Aexo. We infer from this observation that either
the K131A subunits are not exchanging into the WT trimers, or
that subunit-exchange is taking place, but the presence of
mutant subunits does not reduce the activity of the WT
subunits. Since all of the molecules of substrate are converted
to product, it can be inferred from this experiment that the
K131A trimers (or subunits) do not block WT trimers from
accessing the dsDNA ends. Although KI131A trimers bind
efficiently to DNA ends as shown in Figure 2C, apparently they
exchange on and off the DNA rapidly enough to allow access of
WT trimers. Once a WT trimer binds, it presumably begins
digesting and moving forward along the DNA processively,
such that it can no longer be blocked by a K131A trimer.

Subunit Exchange Occurs Readily at 37 °C in the
Absence of DNA. To determine if subunits can be exchanged
between 6xHis-K131A and untagged WT Aexo trimers, a Ni-
spin pull-down assay was performed with purified proteins. The
tagged and untagged proteins differ in size by 1.9 kDa (17
amino acid residues) and can be resolved into distinct bands by
SDS-PAGE. Figure 4A shows a control experiment in which
100 uL of 10 uM 6xHis-K131A and WT proteins were loaded
onto separate Ni-spin columns. Under the experimental
conditions, all of the 6xHis-K131A protein bound to the
column and required high imidazole (500 mM) for elution. By
contrast, none of the untagged WT protein bound to the
column: most of it eluted in the flow through at 10 mM
imidazole, and the rest eluted in the wash (W1) at 30 mM
imidazole. These results establish that the Ni-spin procedure
can be used to monitor subunit exchange.

Next, equal amounts of 6xHis-K131A and untagged WT
Jexo (5 uM trimer of each) were incubated at different times
and temperatures, and subjected to Ni-spin purification. If
subunit exchange occurs during the incubation, hybrid trimers
containing tagged and untagged subunits will be formed, and
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Figure 4. Nickel-spin pull-down assay to demonstrate subunit exchange. (A) Control experiments show that untagged WT Aexo does not bind to the
Ni-spin column at all, while the 6xHis-K131A protein binds completely. A total of 100 uL of 10 uM untagged WT Aexo (left) or 6xHis-K131A
(right) was loaded onto separate Ni-NTA spin columns, washed with 3 X 200 xL of 30 mM imidazole, and eluted with 500 mM imidazole, as
described in Experimental Procedures. Ten microliters of each fraction was analyzed by SDS-PAGE with Coomassie Blue stain. (B) Similar
experiments as panel A, except that equal amounts (S M) of WT and 6xHis-K131A were incubated for 16 h at 4 °C (left) or 1 h at 37 °C (right),
prior to loading onto the Ni-spin column. Notice that subunit exchange is detectable but not complete at 4 °C, and complete at 37 °C, since
approximately equal amounts of the two proteins are present in the elution (lane E). (C) Elutions from experiments at increasing times of incubation
at 37 °C demonstrate that subunit exchange reaches equilibrium within 1 h. (D) Exonuclease reactions with WT Aexo demonstrate that the 1 h

incubation at 37 °C does not result in any loss of activity.

6xHis-K131A subunits will pull down untagged WT subunits. If
there is no subunit exchange, only the 6xHis-K131A subunits
will bind to the column and be eluted. The results show that for
an overnight incubation at 4 °C, a small amount of untagged
WT is retained on the column, and eluted with the 6xHis-
KI131A protein (Figure 4B). This indicates that subunit
exchange does occur at 4 °C, but only very slowly. By contrast,
for a 1 h incubation at 37 °C, approximately equal amounts of
untagged WT and 6xHis-K131A eluted from the column,
indicating that subunit exchange was complete. To determine
the time it takes for subunit exchange to reach equilibrium,
6xHis-K131A and untagged WT were incubated at 37 °C for
times ranging from 15 to 120 min prior to loading onto the Ni-
spin column. The results show that subunit exchange reaches
equilibrium within 1 h at 37 °C (Figure 4C).

It is conceivable that the retention of untagged WT subunits
on the Ni-spin column is due to a trimer—trimer interaction or
nonspecific aggregation that is induced by the 37 °C
incubation, as opposed to formation of hybrid trimers. To
observe formation of hybrid trimers directly, mixtures of
untagged K131A and 6xHis-WT protein were incubated at 37
°C for 1 h, exchanged into 100 mM ammonium acetate (pH
6.8), and analyzed by native nanoelectrospray mass spectrom-
etry (Figure S). The 6xHis tag was moved to the WT protein
for this experiment because the 6xHis-KI131A protein was
poorly soluble in the ammonium acetate buffer required for
nanonelectrospray ionization. The 6xHis-WT was also poorly
soluble in ammonium acetate but to a lesser extent than 6xHis-
K131A. The resulting native mass spectrum shows clear peaks
for the expected species of hybrid trimers (Figure S). The
species shown in Figure S were all further validated by MS/MS
with surface induced dissociation used as the activation method.
A representative tandem mass spectrum showing the SID of the
16+ WTMUT, trimer (the highest peak in Figure SC) is
shown in Figure S3, Supporting Information. Because of the
partial depletion of the 6xHis-WT protein in the ammonium
acetate buffer, the intensities of peaks for the different species of
hybrid trimer were not quantitative. Nonetheless, this experi-
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Figure S. Native nanoelectrospray mass spectra of hybrid Aexo trimers.
100 uM of protein was exchanged into 100 mM ammonium acetate
(pH 6.8) using a Micro Bio-Spin 6 column and injected into a
modified Synapt G2-S HDMS mass spectrometer. (A, B) Spectra for
untagged K131A mutant (A) and 6xHis-WT (B) show the expected
peaks for trimers. (C) Spectrum for a mixture of untagged K131A and
6xHis-WT shows the expected peaks for hybrid trimers, as indicated
by the symbols (please refer to the key in panel A). Note that due to
the partial precipitation of the 6xHis-WT protein (but not the
untagged K131A protein) in the ammonium acetate buffer required for
nanoelectrospray, the intensities of peaks for species containing 6xHis-
WT subunits were lower than expected.

ment confirms that the expected species of hybrid trimer are
being formed, as indicated by Ni-spin pull-down. It should be
noted that no precipitation of the 6xHis-tagged protein was
observed in the buffers used for the subunit-exchange
experiments or the exonuclease assay. Moreover, the 6xHis
tag does not affect the exonuclease activity of the WT
enzyme.”*

Incubation for 1 h at 37 °C Does Not Affect Activity of
WT Aexo. The above results indicate that the efficient subunit-
exchange necessary for the mutant poisoning approach can be
achieved by incubation for 1 h at 37 °C. A potential concern,
however, is that the heat treatment could reduce the activity of
WT Jexo, which would complicate quantitative comparison of
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subsequent rate measurements. Figure 4D shows the reaction
time courses for WT Aexo that was incubated in buffer A at 37
°C for 1 h prior to adding to a reaction with DNA substrate,
compared to enzyme that was added to the reaction directly
from frozen stock thawed on ice, without heat treatment. The
results show that the heat treatment has no effect on the
observed activity.

Mutant Poisoning Demonstrates a Nonsequential
Mechanism for Aexo. With a method to allow for efficient
subunit exchange established, we proceeded to measure the
exonuclease activity as a function of the fraction of K131A
mutant present (Figure 6). In these experiments, the total

AT v WT dominant
Ny *Mutant dominant
- R Independent
> 0.8 N subunits
'S \‘\, + Data
g 06 > — Actual fit
© N ™
= \.\
<] : V, 1 1.003
g 04 O :
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0 02 04 06 08 1% [0993 0993

Fraction mutant subunit

Figure 6. Mutant poisoning demonstrates a nonsequential mechanism
for Aexo. The red data points show the experimentally determined
cleavage rates, expressed as the fractional activity relative to WT, for
mixtures of WT and K131A Aexo that were incubated for 1 h at 37 °C
to allow subunit exchange. The total concentration of lexo was fixed at
0.05 nM trimer, while the ratio of WT to K131A mutant was varied.
The data points at higher fraction of mutant (0.6 to 0.9) used a higher
amount of total enzyme, so that the slower rates could be determined
accurately. The rates were determined as described in Experimental
Procedures and shown in Figure 1 for WT. The solid red line shows a
fit of the experimental data to eq 3 using MATLAB. The broken lines
show the theoretical curves generated for three different models for
the mechanism, as described in the text. The table shows the fractional
activity of the different trimer species, determined from a fit of the data
to eq 3. In the middle column, the values of V;, and V; were fixed at 1
and 0 respectively. In the right column, all four values were allowed to
vary, to show the stability of the fit. Notice that the experimental data
are most consistent with a nonsequential mechanism (independent
subunits model).

amount of Aexo protein (WT or K131A) was held fixed (at 0.05
nM trimer for most data points), while the fraction of the
K131A mutant was increased by increments of 0.1. For the
reactions at a fraction of mutant of 0.6—0.9, a higher amount of
total enzyme was used, so that the slower rate could be
measured accurately. However, the rate calculation corrects for
the amount of enzyme present. Protein mixtures were
incubated for 1 h at 37 °C to allow for subunit exchange,
and a portion of the mixture was added to dsDNA substrate to
initiate the reaction. Since the protein mixtures in this
experiment were not subjected to Ni-spin purification, all
species of trimer, including those with three WT subunits, were
present in the reaction. The rates of digestion for each sample,
expressed as the fraction of activity relative to WT, were
determined by the agarose gel assay, as demonstrated in Figure
1 for WT. The results show an approximately linear decrease in
activity with increasing fraction of K131A mutant (Figure 6).
Qualitatively, the data are consistent with a nonsequential
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mechanism, since in a sequential mechanism we would expect a
much steeper, nonlinear decrease in activity with increasing
fraction of K131A mutant.”’

To obtain quantitative information from the data plotted in
Figure 6, we developed a simple mathematical model to
calculate the fractional amounts of each of the four possible
species of trimer that should be present as a function of the
fraction of K131A mutant. This model assumes that subunit
exchange has fully equilibrated, as indicated by Ni-spin pull-
down in Figure 4C. Briefly, if the fraction of mutant subunits is
x, then the fraction of WT trimers is (1 — x)%, the fraction of
WT,MUT, trimers is 3(1 — x)2x, the fraction of WT,;MUT,
trimers is 3(1 — x)? and the fraction of MUT trimers is &>, If
we define the rate of digestion for WT} trimers as V, the rate
for WT,MUT, trimers as V, the rate for WT ,MUT, trimers as
V,, and the rate for MUT] trimers as V3, then the total activity
expected for the mixture can be expressed as

V="V,(1-x)+3V(1 — «)’% + 3V(1 — x)x” + Vx’®
®3)

This equation was used to generate theoretical curves for the
expected activity as a function of the fraction of mutant (x),
based on three different models for the mechanism. The green
curve shows the activity expected for a “mutant dominant”
model in which any trimer containing a mutant subunit is
completely inactive, such that V; = V, = V; =0,and V= V(1 —
x)®. This is the curve expected for a strictly sequential
mechanism. The magenta curve shows the activity expected
for a “WT dominant” model, in which any trimer that contains
a WT subunit has the full activity of the WT; trimer, such that
V, =V, =V, and V; = 0. The blue curve shows the activity
expected for an “independent subunits” model, in which the
activity of a trimer is proportional to its fraction of WT
subunits, such that V, = 2/3V,, V, = 1/3V;, and V5 = 0. In this
model the subunits behave as if they were monomeric.
Comparison of the experimental data (red data points) to the
theoretical curves shows that the data are most consistent with
the independent subunits model. The measured rates are
however slightly and systematically lower than expected for this
model. The possible reasons for this will be discussed below.

By fitting the experimental data for the observed rates of
digestion at each fraction (x) of K131A mutant to eq 3, values
for V, and V, were determined, while fixing the values for Vj
and V] at 1 and 0, respectively, as shown to the right of the plot
in Figure 6 (middle column). The solid red line on the plot
shows the fit of the experimental data to the equation. The
fitted values of 0.56 for V, and 0.12 for V, are close to, but
slightly less than, the respective values of 0.67 and 0.33
expected for the independent subunits model. To assess the
stability of the fit, the values of V;, and V3, which are expected to
be 1 and 0, were also allowed to vary. As shown in the right
column of Figure 6, this did not change the values for any of
the four fitted parameters significantly. This indicates that the
fit is stable.

Activity of Mixtures of Aexo Trimers Containing at
Least One Mutant Subunit. The experiments described
above used protein mixtures that were not subjected to Ni-spin
purification and therefore contained at least some percentage of
WT; trimers. As a further test of the nonsequential mechanism,
we next measured the activity of hybrid trimer mixtures that
were subjected to Ni-spin purification, to remove the
contribution from WT; trimers (Figure 7). The experiment
was performed in two ways. First, to enrich for WI,MUT,
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Figure 7. Trimers of Aexo containing at least one K131A mutant
subunit are active. The SDS-PAGE gels on the left show Ni-spin
purification of different mixtures of WT and K131A versions of Aexo.
The agarose gels on the right show the exonuclease activity of the
protein eluted from the column on the left. (A) 6xHis-K131A was
mixed with an excess of untagged WT, heated for 1 h at 37 °C, and Ni-
spin purified to enrich for WT,MUT, trimers. (B) 6xHis-WT was
mixed with an excess of untagged K131A, heated for 1 h at 37 °C, and
Ni-spin purified to enrich for W' ,MUT, trimers. (C) Control in
which 6xHis-K131 and untagged WT trimers were incubated
separately for 1 h at 37 °C and then loaded sequentially onto the
same Ni-spin column. None of the WT protein is present in the
elution, and the eluted protein shows no activity. (D) Control in
which 6xHis-WT protein was Ni-spin purified and used in a reaction to
establish the level of activity expected for WT; trimers. The
exonuclease reactions in panels A—D contained 0.2, 0.5, 0.5, and 0.1
nM of total Aexo trimer, respectively. The numbers to the right of each
reaction give the fractional activities relative to the reaction with WT;
trimers of panel D.

trimers (Figure 7A), 6xHis-K131A was mixed with an excess of
untagged WT, incubated for 1 h at 37 °C to equilibrate subunit
exchange, and subjected to Ni-spin purification. To prevent
further subunit exchange, the eluted protein was placed
immediately on ice and promptly used in the exonuclease
assay. As shown in the left and right panels of Figure 7a, there is
indeed an excess of untagged (WT) subunits present in the
elution, and the eluted protein is active. In the second
experiment, to enrich for WT,MUT, trimers, 6xHis-WT
protein was mixed with an excess of untagged KI13IA,
incubated for 1 h at 37 °C, and subjected to Ni-spin
purification (Figure 7b). Again, an excess of untagged
(K131A) protein was present in the elution, and the protein
in the elution was active. These results demonstrate that Aexo
trimers that contain at least one mutant subunit are active, as
expected for a nonsequential mechanism.

To quantify the results, two control experiments were
performed (Figures 7C,D). First, equal amounts of WT and
6xHis-K131A proteins were added sequentially to the same Ni-
spin column, without prior mixing, and the column was washed
and eluted as described above. SDS-PAGE analysis (Figure 7C,
left) shows that all of the 6xHis-K131A protein, and none of
the WT protein, was present in the elution (lane E). Moreover,
the protein from the elution gave no detectable activity in the
exonuclease assay (Figure 7C, right). This demonstrates that
there is no subunit exchange on the column and that the
washing procedure completely removes all WTj trimers, so that
none are present in the elution. Second, to establish the level of
activity expected for WT; trimers under these conditions, the
N-spin procedure was used to purify 6xHis-WT protein, which
was then added to a reaction (Figure 7D). This control was
necessary because the Ni-spin procedure reduces the activity of
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the protein, from 44 + 9 to 103 =+ 2.5 nt/s/trimer, for
unknown reasons.

The values to the right of Figure 7 give the exonuclease
activities for each of the four different trimer preparations,
expressed as the fraction of activity relative to that measured for
Ni-spin purified WTj; trimers (panel D). Note that different
amounts of each eluted protein were added to the exonuclease
reactions shown on the right, so that the rates could be
measured accurately. Thus, to compare the activities of the
different trimer preparations, one should compare the values for
the fractional activities shown at right, which take into account
the amount of enzyme added, as opposed to the amount of
product seen in the gels. The value of 0.48 for the preparation
of WT,MUT, trimers (Figure 7A) is close to the value of 0.56
determined for V| from the fit to the data in Figure 6. Similarly,
the value of 0.10 for WT,MUT, trimers is close to the value of
0.12 determined in Figure 6 for V,. In summary, these results
demonstrate that trimers containing at least one mutant subunit
are active, as expected for a nonsequential mechanism.
Moreover, the agreement between the values for V; and V,
obtained in the different experiments of Figures 6 and 7
suggests that the quantitative comparisons are valid.

One could argue that the activity observed in this experiment
is due to WT; trimers that form as a result of subunit exchange
that happens after the Ni-spin procedure, either during the ~30
min that the protein was incubated on ice before being added
to the exonuclease reaction, or during the exonuclease reaction
itself, which was performed at 37 °C. As shown by the Ni-spin
experiments in Figure 4B, subunit exchange occurs exceedingly
slowly at 4 °C, such that the first possibility is unlikely.
Although subunit-exchange does occur at 37 °C, as shown in
Figure 4B,C, the experiments of Figure 3 show that a 3-fold
excess of K131A protein added at the beginning of the
exonuclease reaction does not affect the activity of WT protein.
This suggests that subunit-exchange does not occur during the
exonuclease reaction itself, even though the assay was
performed at 37 °C. It is likely that the Aexo trimers are
more stable, and thus less prone to subunit exchange, when
they are bound to and actively working on a DNA substrate,
which was present in >33-fold excess at the beginning of the
reaction. Even if we assume that subunit-exchange did fully re-
equilibrate after the Ni-spin procedure, the maximum amount
of WT; trimers that could possibly be present could not
account for the observed activity. For example, if we consider
the sample enriched for WT;MUT, trimers (Figure 7b), the
maximum fraction of WT; trimers that could be present is
0.037, assuming a 2:1 ratio of WT to K131A subunits in the
elution. However, even this theoretically maximum amount of
WT; trimers present could only account for 37% of the activity
that was observed in the reaction. On the basis of all of these
considerations, we conclude that Jexo trimers containing at
least one mutant subunit are active.

B DISCUSSION

At a minimum, the data presented in this study strongly
support the conclusion that Adexo does not use a strictly
sequential mechanism in which the DNA must move from one
subunit to the next around the trimer for cleavage to proceed.
The Ni-spin pull-down experiments of Figure 4 show that
subunit exchange is fully equilibrated after incubation for 1 h at
37 °C. The fact that the material eluted from the Ni-spin
column in these experiments contains approximately equal
amounts of 6xHis-K131 and untagged WT proteins indicates
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that the expected 1:3:3:1 distribution trimer species was
formed. The mutant poisoning curve in Figure 6 clearly shows
that the exonuclease activity observed at each fraction of K131A
mutant is significantly higher than what would be expected for a
strictly sequential mechanism and is most consistent with the
independent subunits model. Finally, the data in Figure 7
establish that trimers containing at least one mutant subunit are
active. All together, the data strongly suggest that lexo does not
use a strictly sequential mechanism of action.

The data also show that trimers containing at least one
mutant subunit are not as active as fully WT trimers. The
mutant poisoning curve of Figure 6 shows that the observed
rates at each fraction of mutant are significantly lower than
what would be expected for the WT dominant model, in which
trimers containing at least one WT subunit have the full activity
of WT; trimers. This indicates that during the digestion of a
long dsDNA by a hybrid trimer, the DNA does not simply lock
on to the active site of a WT subunit for all subsequent rounds
of cleavage. If it did, we would expect trimers containing at least
one WT subunit to be nearly as active as fully WT trimers.

How do the mutant subunits of hybrid trimers exert their
(negative) effect on WT subunits? The data in Figures 6 and 7
are consistent with a model in which the DNA locks onto a
single active site on the trimer for multiple rounds of cleavage,
but occasionally slips and rebinds to one of the other subunits.
If that subunit is WT, processive digestion can resume, with the
new active site carrying out further multiple rounds of cleavage.
If the subunit is mutant, the trimer will stall on the DNA for a
given period of time, until the DNA can rebind to a WT
subunit. In this scenario, the rate observed for a given species of
trimer would depend on the average rate of the cleavage cycle
when the DNA is being digested by a WT subunit, the average
number of cleavage events that result from the binding of the
DNA to a WT subunit, and the average time it takes the DNA
to rebind to an active subunit after a slippage event. This last
parameter, the time for rebinding, would depend on the
amount of time the DNA spent bound to an inactive subunit, as
well as the time it takes to find a new subunit to bind to, be it
WT or mutant.

According to this model, a trimer with two mutant subunits
would be expected to have a slower rate than a trimer with one
mutant subunit, if the time required for the DNA to rebind to a
WT subunit after a slippage event is significant relative to the
rate of the cleavage cycle. This is because the presence of two
mutant subunits on a trimer, as opposed to just one, would
increase the amount of time required for the DNA to find an
active subunit. The fitted values of 0.56 and 0.12 for V; and V,
shown in Figure 6, which correspond to the rates of WI,MUT),
and WT | MUT, trimers, respectively, suggest that this is likely
to be the case. That these values are lower than the values of
0.66 and 0.33 expected for the independent subunits model
likely arises because the amount of time the DNA spends
bound to an inactive subunit is significant. The longer it takes
the DNA to find an active subunit after a slippage event, the
slower the observed rate will be. The average number of
slippage events during the digestion of the 2.7 kB dsDNA
substrate, and the length of time required for rebinding after
slippage, cannot be determined from the present data, but these
two parameters would be inversely related to one another, for a
given measured rate.

It is interesting to note that the presence of a mutant subunit
within a trimer does not appear to diminish processivity. Both
for reactions using the hybrid trimer mixtures that were not
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subjected to Ni-spin purification (Figure 6), and reactions using
the Ni-spin purified material that is devoid of WT; trimers
(Figure 7), the disappearance of the band for dsDNA substrate
is accompanied by the appearance of a band for ssDNA
product, with no evidence of intermediate bands. Since the
reactions are performed with an excess of DNA substrate over
enzyme, the absence of intermediate bands corresponding to
partially digested substrates indicates that the reactions are
processive. The fact that hybrid trimers retain processivity
means that they are still able to hold onto the DNA substrate
after a slippage event, presumably due to the threading of the
3’-strand through the central hole on the trimer.

An alternative model to account for how the presence of
mutant subunits could reduce the activity of WT subunits is
that the mutant subunits could bind to and block the dsDNA
ends from being accessed. If the lifetime of the complex of the
mutant subunits on the DNA was significantly greater than the
rate of the cleavage cycle, then one would expect to observe a
decrease in the rate observed for the overall reaction. We
consider this explanation unlikely, for several reasons. First, in
the experiment of Figure 3, the presence of even a 3-fold excess
of K131A mutant (added without prior mixing and subunit
exchange) had no effect on the rate observed for fully WT
trimers. Second, since the dsDNA substrate is present in large
excess over enzyme in the reaction, the great majority of
dsDNA ends would be accessible to WT subunits, even if the
mutant subunits were to remain bound indefinitely. Third, all of
the molecules of DNA were digested in the experiment of
Figure 3, indicating that none of the ends were blocked
completely, even by a 3-fold excess of K131A mutant. Finally,
the gel-shift experiment of Figure 2a shows that the K131A
protein binds to dsDNA ends with slightly decreased affinity
compared to WT, as opposed to substantially increased affinity.
On the basis of all of these considerations, we consider an end-
blocking type of mechanism for inhibition unlikely.

Single molecule experiments of Aexo using fluorescence
resonance energy transfer (FRET) to measure the rate of
digestion of short (~60 bp) dsDNA substrates revealed three
phases of the reaction: a initiation phase, in which the enzyme
binds to the end of the DNA from bulk solution to initiate
digestion, a distributive degradation phase, in which the enzyme
begins digesting the DNA but can dissociate after each round of
cleavage, and a processive degradation phase, in which the
enzyme remains fully engaged with the DNA, digesting it at a
more or less constant forward rate.*” The distributive phase was
found to last for about the first ~20 bp of the DNA, after which
the processive phase ensued. The transition is likely to occur
when the 3'-overhang of the DNA substrate is long enough for
the Aexo trimer to remain stably tethered.

Within the context of this experimental framework, it is of
interest to ask, at which of the three phases could the mutant
subunits be exerting their negative effect? In the single molecule
FRET experiments, the rate of digestion for the processive
phase was 18 nucleotides per second and was independent of
enzyme concentration. At this rate, a 2686 bp DNA like the one
used in our study would be completely digested in 149 s. The
length of time for the distributive phase ranged from 1 to 200 s
and was dependent on dexo concentration, which ranged from
0.2—60 nM trimer. The concentration of enzyme used in our
experiments, 0.05 nM trimer, is four times lower than the
lowest concentration used in the single molecule FRET
experiment. Thus, the distributive phase would likely be >200
s at the concentration of enzyme used in our study, and the
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time required to digest the first 20 bp of the DNA in the
distributive phase would on average be greater than the time
required to digest the remaining ~2660 bp in the processive
phase. By this reasoning, the mutant subunits could conceivably
be exerting their negative effect during the distributive phase of
the reaction, when the trimers are coming on and off the DNA,
instead of during the processive phase of the reaction, as
indicated above in our “slippage” model.

However, a potential problem with this line of reasoning is
apparent when one considers the experiment of Figure 3, in
which the presence of a 3-fold excess of K131A protein had no
effect on the rate observed for a fixed concentration of WT. If
the mutant subunits had exerted their effect during the
distributive phase of the reaction, when the enzyme was
coming on and off the DNA, then one would have expected the
3-fold excess of KI31A to decrease the rate of the reaction
significantly. The fact that an excess of K131A trimers had no
effect on the rate of the reaction of WT trimers suggests that
either the mutant subunits do not affect the distributive phase
of the reaction, or that the distributive phase occurs much more
rapidly in solution, where the molecules are free to fully diffuse
and tumble in three dimensions, than in the single molecule
experiment, where the DNA is tethered to a surface. On the
basis of all of these considerations, we consider it likely that the
mutant subunits are affecting the processive phase of the
reaction, by a mechanism such as that described above in our
“slippage” model. Studies of hybrid trimers by single molecule
FRET could shed further light on these questions.
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