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Restriction Enzyme Kinetics Monitored by UV Linear Dichroism
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ABSTRACT: The use of linear dichroism (LD) spectroscopy for biological applications has been brought to
the forefront recently by our development of thermostated microvolume Couette cells. We present a method
for following the digestion of DNA by restriction endonucleases in real time without the use of any
extrinsic dyes or labels. This is accomplished using linear dichroism spectroscopy (the differential
absorbance of light polarized parallel and perpendicular to the sample orientation axis). The differential
absorbance signal depends on the degree of alignment of the molecules. In this case the DNA is aligned
by Couette flow (flowing the solution in the annular gap between two concentric cylinders), and we
monitor the increase in alignment upon linearization of a circular DNA molecule. In addition, we observe

a decrease in alignment upon further digestion and subsequent shortening of the DNA. Ten enzymes
were investigated: seven enzymes with a single cut &teRl, Kpnl, Ndd, Notl, Nrul, Smd, Xbad),

two enzymes with two cut sitesB§Z171, Ead), and one enzyme with no cut sit€l@al). LD, as
implemented in this new assay, is broadly applicable across a wide range of DNA-modifying enzymes
and compounds and, as such, is a useful addition to the toolbox of biological characterization.

The type Il restriction endonucleases are a family of include fluorescence resonance energy transfer (FREY,)
enzymes that recognize specific DNA sequences and cleavedual-color fluorescence cross-correlation spectrosc®) (
at fixed positions at or close to that sequence to producefluorescence anisotropy combined with FREYJ, pr the use
5'-phosphates and-Bydroxyls. They may act as monomers, of a fluorophore and a quencher at the ends of a nucleic

dimers, or tetramerdlj. Restriction endonucleases evolved
to protect prokaryotic organisms from invasion by foreign
DNA; their own DNA is protected by specific DNA

methylation patterns (N4 or C5 methylation of cytosine or
N6 methylation of adenine) whereas the foreign DNA is not.
The foreign DNA is therefore susceptible to cleavage

acid hairpin 8). Alternative approaches include the use of
immobilized nucleic acids on evanescent wave sen$rs (
10) and ferrocene-modified oligonucleotides coupled with
electrochemical detectionlf). All of these approaches
require modification of the substrate with either a label or a
means of immobilization on a surface. One can measure

(restriction) by the host enzyme2)( The thousands of restriction enzyme activity using an assay based on the
restriction enzymes that have been identified to date are alsohyperchromic effect; however, the substrate DNA (synthetic
extremely important tools for the molecular biologist. They oligonucleotides) must be designed such that it is double
are used in many techniques that require DNA manipulation stranded before cleavage and becomes single stranded after
and have applications in, for example, diagnostics and cleavage 12).
recombinant protein productior)( As an alternative to the methods that require DNA
To detect and characterize the cleavage of DNA (and thusmodification or the design of specific oligonucleotides, we
also monitor the activity of the enzyme), one can use a proposed that linear dichroism (LD) could be used to monitor
variety of techniques, the most common of which is to the cleavage of unmodified DNA in real time. LD is the
separate the DNA fragments, postincubation, according to difference in absorbance of light polarized parallel and
molecular size using electrophoresis, usually agarose gelperpendicular to the sample orientation axis. Chromophores
electrophoresis. For time-based measurements each timén the sample (the DNA bases in this case) absorb the two
point requires one lane on a gel, limiting the number of points polarizations of light to different extents depending on their
that can be practically measured. It is more desirable to be
able to follow the reaction in real time. There have been a 1 Abbreviations: A, absorbance4,, absorbance of light polarized
number of approaches developed to follow the cleavage of parallel to the sample orientatios, absorbance of light polarized

DNA in real time. Many of these are fluorescence-based and perpendicular to the sample orientation;angle the transition moment
makes with the axis of alignment; bp, base pairs; DTT, dithiothreitol;
FRET, fluorescence resonance energy transfer; HT, high tension
(voltage); i.d., inside diameteKy, Michaelis constant; LB, Luria
Bertani; LD, linear dichroism; LB, linear dichroism signal at 260
nm; LD', reduced linear dichroism signal; o0.d., outside diameter; PMT,
photomultiplier tube;S, the orientation parameter of the sample; [S],
substrate concentratiotij;, half-time for restriction of substrate DNA,
TAE, Tris—acetate-EDTA buffer; V, velocity of enzyme reactiotmax,
maximum velocity of enzyme reaction.
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orientation in the sample. The magnitude of the linear Bertani (LB) agar supplemented with 106/mL (270uM)
dichroic signal for a chosen transition is given by the equation sodium salt of ampicillin (Sigma-Aldrich Co. Ltd,, Gilling-
ham, U.K.). A single colony was transferred to LB broth
LD' = LD _ A~ Ag _ 3_8(3 cof 0. — 1) ) and grown overnight at 37C. The DNA was purified from
A A 2 ' the E. coli cell pellets using a Concert Maxi-Prep system
) o (Gibco BRL, Gaithersburg, MD) according to the manufac-
where LD is the reduced LD (LD divided by the total tyrers instructions and dissolved in ultrapure water (resistiv-
absorbance of the samplg), A, is the absorbance of light jty 18.2 MQ-cm). The DNA was stored frozen at20 °C
polarized parallel to the sample orientation, ahglis the in small aliquots until required.
absorbance of light polarized perpendicular to the sample  Ge| Electrophoresis and Restriction Enzyme Reactions.
orientation. The angle thih transition moment makes with  gjectrophoresis was performed in 0.7% (w/v) agarose gels
the axis of alignment is denoted by, andSis the orientation 4 1 Tris—acetate- EDTA (TAE) buffer (Fisher Scientific,
parameter of the sample: it equals 1 for perfect alignment | oyghporough, U.K.)). All samples were run int DNA
and 0 for an isotropic sample. See Rodger and No(@8)  |pading buffer (Bioline, London, U.K.)3). Samples contain-
for a more comprehensive review of dichroic spectroscopy. jng 40 ng of DNA from the end point of the restriction
The extent to which a molecule is oriented by shear flow enzyme kinetic experiments were run on agarose gels to
(its Svalue) depends on several factors including flow rate, check for digestion. The enzymes were supplied by the
viscosity of the solvent, rigidity/flexibility of the molecule,  following companies: Clal and Nrul (Invitrogen Ltd.,
and the ratio of the long and short axes of the molecule. pyjsiey, U.K.)BsZ17I, Ead, EccRl, Kpnl, Ndd, Sma, and
The LD signal is thus expected to change if the extent of x4 (New England Biolabs U.K., Hitchin, U.K.)Not
orientation @ and/or the average base orientatian) (  (Promega, Southampton, U.K.). The cut sites of the enzymes
changes. We hypothesized that the magnitude of the LD gre as follows with the recognition sequence followed by
signal would change when supercoiled DNA was linearized the |ocation of that sequence in our plasmid; the caret
and also when the initial product was further cleaved. The jndicates the position in the recognition sequence at which
change in the LD signal, caused by the changeSandai  the enzyme cutsBsZ171 (GTAATAC: 1831, 4694)Clal
upon cleavage of the DNA, could thus be used as an assayATACGAT: no site), Eag (CAGGCCG: 933, 3630),
to follow the enzyme reaction in real time without the need Ecqr| (GAAATTC: 2415),Kpnl (GGTACAC: 2450),Ndd
for any dyes or labels. The precise structure of the plasmid (CAATATG: 489), Notl (GCAGGCCGC: 934), Nrul
is unclear; however, because of the relatively compact nature(TcGACGA: 212), Sma (CCCAGGG: 3535), andXba
of circular supercoiled molecules and the nonuniform direc- (TA\CTAGA: 921).
tion of the bases, it would be reasonable to expect the = por production of linear DNA (used to assess LD signal
supercoiled plasmid to give a smaller LD signal than the as 4 function of rotation speed and LD signal as a function
linearized DNA molecule. Further cleavage of the DNA (if  5f concentration), plasmid DNA (10g) was digested at 37
there are multiple restriction sites) will result in shorter linear oc for 2 h with 50 units ofEcaRl (2.5 uL) in the buffer

DNA molecules whose orientation in the flow is expected gy pplied with the enzyme (50 mM NacCl, 100 mM Tris-HCI,
to be less that that of the longer DNA, resulting in a reduction 10 mM MgCh, 0.025% Triton X-100, pH 7.5) in a total
in measured LD. To investigate this, we monitored the LD yojyme of 50uL. Size markers were kilobase DNA markers
signal throughout reactions of DNA with different restriction - (amersham Pharmacia Biotech, Chalfont St. Giles, U.K.).
enzymes. . Buffers for other enzymes were as supplied and as follows:
Here we present some examples of the way in which this cjg (50 mM Tris-HCI, 10 mM MgCh, pH 8.0), Nrul (50
potentially generally applicable technique could be used. y\ Tris-HCI, 10 mM MgCh, 50 mM NaCl, 50 mM KCl,
Seven restriction enzymes were tested for cleavage at theifyy 8 0) Bsz171 (100 mM NaCl, 50 mM Tris-HCI, 10 mM
chosen single site of the substrate DNA; an enzyme that doesyigcl,, 1 mM DTT, pH 7.9),Ead (100 mM NaCl, 50 mM
not cut was also tested. Two additional enzymes that cut atyjs-Hcl, 10 mM MgCh, 1 mM DTT, pH 7.9),EcoRI (50
two sites each were tested to determine if the two kinetic ym NaCl, 100 mM Tris-HCI, 10 mM MgGl, 0.025% Triton
events could be followed. o X-100, pH 7.5),Kpnl (10 mM Bis-Tris propane HCI, 10
The data were analyzed by calculating Michaehdenten mM MgCl,, 1 mM DTT, pH 7.0),Ndd (50 mM potassium
kinetic parameters from the LD data; an example of this is gcetate, 20 mM Trisacetate, 10 mM magnesium acetate, 1
given for EcaRI using the initial rate method. The kinetics mm DTT, pH 7.9), Smd (20 mM Tris—acetate, 50 mM
of the enzymes that cut twice are more complicated than hotassium acetate, 10 mM magnesium acetate, 1 mM DTT,
the single cut ones. We are working on characterizing thesep 7.9), Xba (50 mM NaCl, 10 mM Tris-HCI, 10 mM
reactions by analyzing the complete reaction progress curves\jgcl,, 1 mM DTT, pH 7.9),Notl (6 mM Tris-HCI, 150
numerically in terms of different kinetic models. However, 3\ NaCl, 6 mM MgCh, 1 mM DTT, pH 7.9).
this sort of in-depth analysis is beyond the scope of the | jnear Dichroism.Linear dichroism (LD) was measured
present study and will be the subject of subsequent work. 4, 5 Biologic MOS-450 spectropolarimeter adapted for LD
spectroscopy. The instrument was purged with nitrogen at a
EXPERIMENTAL PROCEDURES flow rate of 10 L/min. The bandwidth was 2 nm, and sample
DNA Purification. The plasmid used in this work was a volumes were 5@L for all measurements. The thermostated,
pPCDNAS3.1 derivative (Invitrogen, Paisley, U.K.) and was microvolume Couette cell was manufactured by Crystal
6882 base pairs (bp) in length. XL10 Gdkscherichia coli Precision Optics (Rugby, U.K.) and is available via Kromatek
cells (Stratagene, La Jolla, CA) were transformed with (Great Dunmow, U.K.). A schematic of the cell is shown in
plasmid DNA and grown overnight at 37C on Luria— Figure 1. Reactions were initiated by mixing the enzyme



8914 Biochemistry, Vol. 45, No. 29, 2006

Temperature pmbe

Lid f rod holder.
Teflon support
Quartz rod Aluminium body
(0.d. 2.5 mm). y
Heating element
Guartz capillary
(0.d. & mm, i.d. 3 mm).

Epowy resin pluy

Ratation
Speed detector

Baseplate /
motor housing.

Canpillary holder.
Rotates capilary.

Thermal insulation.
Frotects motor.

Ficure 1: Schematic diagram of the microvolume, thermostated
Couette cell (not to scale).

with the other reactants immediately prior to LD measure-
ment. This results in a “dead time” of 10 s.

Hicks et al.
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Wavelength scanning spectra were measured between 220
and 320 nm with a data interval of 1 nm and a data averaging
time of 0.2 s at each data point; four spectra were averaged.
Baseline spectra were subtracted from the raw data and were

measured with the sample in the cell but with the rotation
voltage set 80 V (the capillaries are optically uniform and
give the same baseline in all positions). Kinetic traces were
measured at 260 nm, and the photomultiplier high-tension
voltage (HT) was fixed at a value which gave an initial PMT
output voltage b5 V (dynamic range is €10 V). This was
typically around 200 V, depending on sample concentration.
The cell temperature was maintained at3®.2°C. Applied
voltage to the motor was maintained at the stated value
0.02 V.

Data Analysis.The initial rates for the enzyme kinetics
were taken from a linear least-squares fit to the linear part
of the LDygo Versus time curve, typically between 200 and
1000 s. This was after temperature and flow equilibration

2000 3000 4000

Rotation 7 rpm

Ficure 2: Linear dichroism of DNA at different rotation speeds.
(A) LD spectra of 20 ng/L DNA after linearization withEcoRlI.

The smallest signal is given by a rotation speéd ¥ (560 rpm),

and spectra increase in magnitude with increasing voltage in 0.5 V
increments upd 5 V (4800 rpm). (B) LD signal at 260 nm versus
rotation voltage. The signal increases approximately linearly
betwea 2 V (1600 rpm) ad 4 V (3800 rpm).

1000 5000

that the signal approaches linearity with rotation speed inthe
middle of the range but deviates from linearity at the
extremes, as discussed below. The largest signal obtained
within the linear range wag @ V (3800 rpm), and for this

and when the kinetics had reached steady state but beforgeason subsequent data are all collected at this rotation speed.
the substrate becomes limiting. The rates were converted The LD signal should also be directly proportional to

from LD units to concentration units using the slope of a
calibration curve of LRgo versus concentration of linearized
plasmid DNA. The rates were fitted to the Michaelis
Menten equation (eq 2) using Kaleidograph (Synergy
Software, Reading, PA):

)

whereV is the velocity of the reactiomaxis the maximum
velocity, [S] is the substrate concentration, afg is the
substrate concentration at whigts half-maximal {/ma2).

V= Vi SV(Ky + [S])

RESULTS

The purified 6882 bp supercoiled DNA plasmid was first
linearized using the restriction endonucle&eRI, which
cuts at the sequenceBATTC (the caret indicates the
position at which the phosphodiester bond is cleaved).

Signalversus Rotation and Concentratiofihe LD signal
of linear DNA of 6882 bp varied with the speed of rotation

concentration unless the viscosity of the solutions changes.
To test this, we measured spectra of different concentrations
of linear DNA at a constant rotation speed of 3800 rpm
(Figure 3A). The LDgo signal was plotted against concentra-
tion of DNA bases, and a linear relationship was observed
over the range tested (Figure 3B). The slope of the fit was
—62.9/M of DNA bases {8.66 x 1(°/M of linearized
plasmid) with a good fit R value of 0.99903). This was
repeated for the supercoiled plasmid, and a value2$f.3/M

of DNA bases {2.79 x 10°/M of supercoiled plasmid) was
obtained. The difference between these values42.6/M

of DNA bases {5.87 x 10°/M of plasmid that has been
linearized), which provides a constant for conversion of the
LDgo versus time plots that will be used for the kinetic
analysis.

Kinetics of Restriction Endonuclease Reactidr®e LD,
signal of DNA in the presence of the ten different restriction
enzymes was measured over a period of 1 h. The LD signal
as a function of time enables one to follow the effect of the

of the quartz sample capillary. Spectra were measured overrestriction enzyme on the plasmid DNA. Three examples are

a range of voltages betwed V (560 rpm) ad 5 V (4800
rpm) with a 0.5 V increment (Figure 2A), and the LD signal
at 260 nm was plotted against rotation speed (Figure 2B).
The increase in the L{g, as a function of rotation speed is

shown in Figure 4. The enzymé&cdRl has a single
recognition site in the plasmid and as such is expected to
produce a linear DNA molecule. Figure 4A demonstrates
that the observed kinetic trace shows an increase in negative

due to an increase in the alignment of the sample. It is clearLDso This is consistent with an increase in orientation with
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Ficure 3: Linear dichroism of DNA at different concentrations. -0.001
(A) LD spectra of linear DNA. Base concentrations wereu\Nb C
(dotted line), 3QuM (short dashed line), 62M (dashed line), 121
uM (long dashed line), and 242M (solid line). (B) Data from
(A) converted to the signal at 260 nm versus DNA concentration. -0.0024
linearization of the plasmid, as predicted. This shows that &
LD can be used to follow restriction enzyme reactions in — -0.003-
real time without the need for any dyes or labels.
The effect of enzymes with two cleavage sites in the
plasmid DNA is also apparent in the LD traces of Figure -0.0044
4B,C where the enzymeEag and BsZ17] were used,
respectively. In both cases the increase in the negative LD 0 @O0 1200 1800 2400 3000 3600
signal at earlier time shows the linearization of the plasmid. Time / seconds
The decrease in the negative LD signal observed at later timeFicure 4: Kinetics of restriction digests of a circular, supercoiled
reflects the second cleavage. plasmid. (A) Plasmid was digested wilitoRI, which has a single

cut site in the DNA sequence. (B) Plasmid digestion wthg,
which has two cut sites in the DNA sequence. (C) Plasmid digestion
with BsZ171, which also has two cut sites in the DNA sequence.

A further seven restriction enzymes were analyzed for their
ability to cut the plasmid. Six of these enzymes had a single
recognition site in the plasmid, and or@ldl) had no site.
We were initially surprised to find that the LD signal Taple 1: Restriction Digestion of Plasmid DNA by Restriction
magnitudes at the end of some of the reactions were not asEnzymes with<1 Recognition Sites in the Plasmid DNA Sequence
high as with EcoRl (Table 1), suggesting incomplete

< / . enzyme final LDgo cut t12/min
restriction of the sample. To verify by an established method
the extent to which the enzymes cut, the samples were run S —0.0010 none NIA
y ' >amp _ EcaRI —0.0040 complete 9.7
on an agarose gel at the end of each LD kinetic run (Figure  Kpni —0.0039 complete 0.83
5). It can be seen th&ma (lane i) andXba (lane j) cut the Ndd —0.0038 near complete 0.47
DNA only partially. To a lesser extent this is also seen for ~ Not —0.0041 complete 12
. . Nrul —0.0041 complete 0.83
Ndd (lane f). These gel results are thus entirely consistent Sma 00023 partial N/A
with the LD results, and this confirms that the final LD signal Xba —0.0022 partial N/A

can be “S?d as. a C.heCk for degree of digestion (most usually aThe enzymes were at a concentration of 0.4 -phit!, and the
whether digestion is complete). DNA was at a concentration of 40 nd. .

From the LD kinetic data, the time for half the substrate
DNA to be cut {12) was calculated for each of the enzymes  To determine the kinetic parametdfs and Viax Using
where this was appropriate, i.e., for those where efficient the initial rates, the enzyme concentration should be signifi-
cutting at a single site occurred. The results are summarizedcantly belowKy. An EcoRlI concentration of 0.2 unjgL !
in Table 1. was used for the kinetic experiments summarized in Figure
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FicUrRe 5: Agarose gel electrophoresis of restriction endonuclease
reaction products: (aBsiz17l1, (b) Clal, (c) Ead, (d) Ecarl, (e)
Kpnl, (f) Ndd, (g) Notl, (h) Nrul, (i) Smd, (j) Xbd, (k) uncut
plasmid, and (M) molecular size markers. The arrows denote
migration positions for the bands; linear is denoted by L and
supercoiled by S.
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Ficure 6: EcoRl restriction enzyme kinetics in detail. (A) The
initial rate of product formation in the restriction digest was
calculated from the slope of the steady-state part of the LD versus
the time curve at different DNA (substrate) concentrations. This
example is for 10 nM plasmid (138M bases). The rate was
converted to concentration per unit time using the slope of the curve
in Figure 3B. (B) Initial rate versus substrate concentration. The
kinetic parameter&y and Vmax can be calculated by fitting this
rectangular hyperbolic curve to eq 2.

3010*

6. Using a specific activity of 6x 10° unitsmg™ (the

Hicks et al.

Kaleidograph (based on the LevenbelMarquardt algo-
rithm), the parameter¥max and Ky were found to be 84
pM-min~t and 4.5 nM, respectively.

DISCUSSION

LD Signal versus Rotation and ConcentratioBetween
2 and 4 V the LD signal at 260 nm is linear with rotation
voltage. The maximum sample alignment without inducing
Taylor vortices and turbulent flowld) is desired. At low
rotation rates the rotation speed may not be stable, and at
higher flow rates there may be turbulent flow. We therefore
decided that the maximum voltage that should be applied
must be within the linear response regime; thiswaV in
this case.

The LD signal of the linearized DNA plasmid of 6882 bp
at constant rotation voltage varies linearly with concentration
over at least the range +240uM bases. This corresponds
to approximately £+20 nM plasmid. The linear relationship
facilitates a conversion of LD units to plasmid concentration,
so that enzymatic rates may be calculated in units of
concentration per unit time by dividing by a constant:
—42.6/M in this work. Note that the relationship of LD signal
per unit concentration will depend on several factors, most
notable DNA length, but also sequence (and hence flex-
ibility), sample viscosity, and temperature; it should therefore
be determined for the system being investigated.

Kinetics of DNA Cleaage by Enzymes with a Single Site
in the Substrate PlasmidVe have demonstrated that one
can follow the cleavage of plasmid DNA using LD spec-
troscopy to provide a real-time, continuous monitoring of
the reaction. Some enzymes are known not to cut as
efficiently as others. This is reflected in the magnitude of
the LD signal at the end of the reaction (Table 1) and can
be seen in Figure 6. Less efficient enzymes in this study
includeSma, Xbal, and to a minor exterildd. To confirm
the LD signal correlated with cut efficiency, gels were run
of the end point solutions.

To demonstrate that this method can be used quantitatively
for determination of kinetic parameters, we undertook a more
detailed study of the kinetics of one of the enzymes. We
choseEcadRl because this is the most widely studied and
used of the restriction enzymes, providing literature values
for comparison. OuKy value of 4.2 nM forEcadRl is in
agreement with the literature values, which range between
1 and 10 nM for a range of plasmid substrat€s<18). The
keat (OF turnover number) equalgna/enzyme concentration.
The enzyme concentration was determined using a specific
activity value of 6x 1Cf unitsmg*, which was the mean
of the range (210 x 10°F unitsmg™) given by the
manufacturers (New England Biolabs U.K., Hitchin, U.K.).
From our experimentiso therefore equals 0.65.26 mir?.

average of the range provided by the manufacturers) and aNote that the error in the measured value is due to uncertainty
dimer molecular mass of 62 kDa, this corresponds to an in the enzyme concentration and not error in the experimental
enzyme concentration of 538 pM. Substrate (plasmid) data or fitting. This is at the lower end of reporteg values.
concentration was varied from 2 to 20 nM. The initial rates However, the turnover number is variable and depends on
were measured as illustrated in Figure 6A, taking the slope the reaction conditions and will be affected by the amount
of the LD,go versus time curve over the steady-state part of of active enzyme present. The amount of active enzyme in
the reaction. These rates were converted to concentrationa stock will also diminish over time. It is also possible using
units and were plotted versus substrate concentration. Thethe assay presented here to detect incomplete digestion of
resulting rectangular hyperbola is described by the Michae-the DNA. This is apparent from a smaller LD signal than
lis—Menten equation (eq 2). By fitting to the data using for complete digestion.
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Kinetics of DNA Cleaage by Eagl and BstZ17Cleavage
of the substrate DNA at two separate sites was also followed
using LD. The increase in the negative igpsignal that is
observed in the first part of the curves in Figure 4B,C is
due to the increased alignment that occurs upon linearization
of the supercoiled plasmid. The subsequent decrease in the
negative signal is due to the linear DNA molecule being cut
a second time to give two shorter molecules. The shorter
molecules align less well and thus give a smallegdsDThe
fragment sizes that result from DNA cleavage are 4185 bp
+ 2697 bp forEad and 4019 bp+ 2863 bp forBsz17I.
These fragment sizes are similar and should result in a similar
LD2s0 upon complete digestion. This is observed at the end
of the kinetic traces with values within 5% of each other.
The time dependency of the LD fdtad is much as one
might expect, with an initial phase resembling tBeoRlI
curve and the gradually increasing effect of the second
cleavage. The case foBsZ171, which is consistently
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Piekarowicz, A., Pingoud, A., Raleigh, E., Rao, D. N., Reich, N.,
Repin, V. E., Selker, E. U., Shaw, P. C., Stein, D. C., Stoddard,
B. L., Szybalski, W., Trautner, T. A., Van Etten, J. L., Vitor, J.
M., Wilson, G. G., and Xu, S. Y. (2003) A nomenclature for
restriction enzymes, DNA methyltransferases, homing endonu-
cleases and their gendsucleic Acids Res. 311805-1812.

2. Pingoud, A., Fuxreiter, M., Pingoud, V., and Wende, W. (2005)

3.

Type |l restriction endonucleases: structure and mechai@sth,
Mol. Life Sci. 62 685-707.

Sambrook, J., Fritsch, E. F., and Maniatis, T. (198@)ecular
Cloning: A Laboratory ManualCold Spring Harbor Laboratory
Press, Cold Spring Harbor, New York.

4. Ghosh, S. S, Eis, P. S., Blumeyer, K., Fearon, K., and Millar, D.

5.

6.

reproducible, is unusual because the second cleavage event

proceeds with a faster rate than the first but only after the
completion of the first cleavage. This suggests that the second
site may have a fast rate constant for cleavage but that the
binding of the enzyme to this site is weak. This may be

Some restriction enzymes require two DNA binding sites to
initiate cleavage, resulting in complex kinetics; see, for
example, the work oisfil from Halford’s group (9, 20).
Work is in progress to mathematically model the more
complex kinetic processes and to work out the mechanistic
implications. The conclusion for the purposes of this work
is that LD not only monitors the restriction reaction but also
easily highlights any unusual kinetic aspects to the enzyme’s
activity.

CONCLUSIONS

We have demonstrated the versatility and ease of use of
linear dichroism for the study of enzyme-catalyzed reactions
of useful DNA substrates. There are many possible applica-
tions of this technique: not least, the study of restriction
enzyme kinetics under different reaction conditions, batch
to batch testing for restriction enzyme manufacturers, restric-
tion enzyme-based assays, and following reactions in real
time for molecular biology applications.

One of the key advantages of LD is that it is nondestruc-
tive, and the sample can be recovered after measurement.
Digestion can be monitored in real time and the sample
removed for subsequent genetic manipulation as soon as
cleavage is complete. This has the advantage of saving time
and avoiding “overdigestion”, which may result in star
activity where nonspecific sites are cut by some enzymes
(22).
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