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port demonstrates that a processive enzyme is inhib-
The hydrolytic activity of lambda exonuclease, a ited by high hydrostatic pressure, and that this inhibi-

highly processive enzyme, is inhibited by high pres- tion is reversed when the pressure is subsequently low-
sure. When assayed at 67 MPa, the activity is 87% of ered.
the atmospheric rate; increasing the pressure to 336
MPa causes a greater than 99% inhibition of the en-

MATERIALS AND METHODSzyme activity. Decreasing the pressure from 336 MPa
to 67 MPa at 207C reverses the inhibition. The use of

Lambda exonuclease was purchased from Life Technologies,hydrostatic pressure to control the activity of lambda
Gaithersburg, MD. The Hind III fragments of lambda DNA wereexonuclease has potential practical application in
from IBI, New Haven, CT. The high pressure apparatus was from

DNA sample preparation, analysis, and sequencing. High Pressure Equipment, Erie, PA. The substrates used in these
q 1997 Academic Press experiments were either a Hind III digest of lambda DNA or linear

plasmid pBR322 digested with EcoR V.
For these experiments a 5 ml substrate mix and a 5 ml enzyme mix

were prepared and chilled on ice. The substrate mix contained 4 ml
of assay buffer and 1 ml of DNA stock. The enzyme mix contained 4

Macgregor reported that a pressure of 200 MPa com- ml of assay buffer and 1 ml of lambda exonuclease stock. Assay buffer
pletely inhibited the endonuclease activity of EcoR I at contained 89 mM glycine-KOH, pH 9.4; 3.3 mM MgCl2; and 50 mg/

ml acetylated bovine serum albumin from Promega, Madison, WI.377C, and that the inhibition was reversible (1). Since
To start an experiment the enzyme mix was added to the substrateMacgregor’s observation, there have been additional

mix on ice. This solution was then loaded into a cold capsule. Areports describing the inhibition of type II restriction small polyethylene capsule was prepared by drawing out the end of
endonucleases by high hydrostatic pressure (2-4). Rob- a disposable transfer pipette. The capsule was sealed by folding over

the reduced ends, which were held in place by crimping a smallinson and Sligar reported that BamH I and EcoR V
aluminum band over the folded ends. The capsule was then placedwere inhibited 21% and 59% respectively by a pressure
in a 57C reaction chamber which was sealed and connected to theof 158 MPa, while Pvu II was only slightly inhibited at
pressure apparatus. The apparatus was filled with silicone oil asthe same pressure (4). Kunugi, using a different sub- pressurizing fluid. The pressure was then quickly raised to the de-

strate and buffer than Macgregor, reported that EcoR sired pressure, and the valve to the reaction chamber was closed.
The pressurized reaction chamber and valve were then disconnectedI was only slightly inhibited at 200 MPa (3). These
from the apparatus and placed in a 157C or 207C water bath forrestriction endonucleases are dimeric proteins. High
various time periods. At the end of the incubation the valve andpressure dissociates subunits of numerous multimeric
reaction chamber were then placed in a 0707 C freezer for 30 min-

proteins (5). Lambda exonuclease (E.C.3.1.11.3 exo- utes. This procedure froze the sample and allowed the capsule to be
deoxyribonuclease) is a monomeric protein that hydro- recovered from the reaction chamber while the sample was still fro-

zen. The sample was recovered from the capsule by cutting off thelyzes DNA in a highly processive manner. Processive
ends of the capsule, placing the capsule in a microcentrifuge tubeenzymes do not dissociate from the DNA substrate
containing 4 ml of stop solution, and then briefly centrifuging to trans-after each hydrolysis reaction (6,7). Following the ini- fer the contents of the capsule to the stop buffer. The stop buffer

tial enzyme-DNA complex formation, a processive en- contained 70 mM EDTA, pH 8; 0.35% SDS; 17.5% gycerol and 0.1%
zyme remains bound to the DNA substrate until the xylene cyanol. The total time to load a capsule and place it under

pressure, plus the time to release the pressure and recover the sam-digestion limit is reached. Thus, with processive en-
ple, is referred to as the ‘‘dead-time’’. The dead-time was 5 to 7zymes the substrate binding step of the normal cata-
minutes. The dead-time controls were used to determine the extent oflytic cycle is replaced with a translocation step whereby the reaction that occured while the samples were not under pressure.

the enzyme moves along the DNA substrate. This re- The extent of digestion by lambda exonuclease was determined
using the Hind III digest of lambda DNA. At the conclusion of a
pressure experiment (described above) the DNA products were sepa-
rated by electrophoresis on a 0.5% agarose gel containing ethidium1 Fax: (617) 932-8705.
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the atmospheric rate. Further increases in pressure
resulted in increased inhibition. At 336 MPa, the high-
est pressure tested, the inhibition was greater then
99%. Since the thermodynamic effects of temperature
and pressure counteract one another, it was antici-
pated that decreasing the temperature would increase
the inhibition by pressure. As can be seen in figure
1, decreasing the temperature to 157C increased the
inhibition at 67 MPa, resulting in a rate that was 33%
of the atmospheric rate, (1.2 bases/sec). The products of
the above lambda exonuclease digestions were double-
stranded DNA molecules with single-stranded ends,
whereas sizing was performed using double-stranded
DNA with short (5 or 12 base) 5* overhangs. Thus, the

FIG. 1. Relative change in lambda exonuclease rate with pres- calculated rates of hydrolysis by lambda exonucleasesure. Each 10 ml reaction mixture contained 340 ng of a Hind III
will tend to be lower than actual. The 5* ends of lambdadigest of lambda DNA and 3.3 units of Lambda exonuclease. Enzyme
DNA contain a 12 base single-stranded region. One ofrates in bases/sec. were determined as described in Materials and

Methods. Reaction temperatures, 157C (j) and 207C (l). these ends is found in the 4,361 base pair fragment
of the Hind III digest. This fragment appeared to be
digested from only one end in these experiments. It has
been reported that lambda exonuclease is very slow tobromide (0.5 mg/ml). The running buffer was 45 mM Tris-borate,

1mM EDTA, pH 8.0. The high concentration of enzyme used in these start digestion from the single-stranded ends of lambda
experiments permits the digestion to proceed in a relatively synchro- DNA (9).
nous manner. The gels were photographed on a transiluminator with To determine if the pressure inhibition was revers-appropriate filters. The migration distance of the DNA bands was

ible, the following experiment was performed. Enzymedetermined from the photographs. Migration distance versus log
DNA size (in base pairs) standard curves were constructed using and linear pBR322 DNA substrate were equilibrated
Hind III fragments of lambda DNA as standards. The size of un- to 207C at 336 MPa. The pressure was dropped to 67
knowns larger that 4,361 base pairs were determined from a linear MPa in approximately 10 seconds. The enzyme rate at
fit of 9,416, 6,557, and 4,361 base pair standards. For unknowns

67 MPa was 87% of the atmospheric rate (see figuresmaller than 4361 base pairs, a linear fit of the 4,361, 2,322 and
1). After a defined incubation period at 67 MPa the2,027 base pair standards was used. To calculate a rate in bases/

second, the size difference between the dead time and experimental pressure was quickly raised to 201 MPa, and the sam-
bands was determined and divided by the length of time of the incu- ple was recovered as described in materials and meth-
bation. ods. As can be seen in figure 2, the size of the substrateReversibility of inhibition was demonstrated using the EcoR V

band decreased as a function of the incubation time atdigest of pBR322. In these experiments the following pressure tem-
67 MPa, demonstrating that the inhibition of lambdaperature profiles were used. The pressure of a 57C reaction chamber

containing a capsule was quickly raised to 336 MPa. The pressurized exonuclease by high hydrostatic pressure was revers-
reaction chamber was then placed in a 207C water bath for 30 min- ible. Incubation at 67 MPa for 3 minutes caused the
utes. The reaction chamber was then reconnected to the apparatus. appearance of two smaller product bands. Size analysisThe pressure was quickly reduced to 67 MPa and held there for the
desired time period. The pressure was then increased to 201 MPa.
Then the reaction chamber was placed in a 0707C freezer for 30
minutes. The sample was then recovered as above.

RESULTS AND DISCUSSION

Lambda exonuclease digests double-stranded DNA
from the 5*-phosphorylated ends while releasing deox-
yribonucleoside 5*-monophosphates (for a review see
8). The effect of pressure on the relative rate of diges-
tion by lambda exonuclease is shown in figure 1. The

FIG. 2. Electrophoresis on a 0.5% agarose gel of the hydrolysisaverage rate of hydrolysis by lambda exonuclease at products of lambda exonuclease; the gel was stained with ethidium
ambient pressure was 6 bases/sec at 207C. This rate is bromide. Each 10 ml reaction mix contained 0.25 mg of linear EcoR
in agreement with that calculated (5 bases/sec) from V digested pBR322 DNA and 3.3 units of lambda exonuclease. Lane

1, pBR322 substrate without enzyme, lane 2, exonuclease digestionthe 207C data of Little (9) for the hydrolysis of full
during the dead-time plus 30 min. at 207C, 336 MPa, lanes 3-5, extentlength T7 phage DNA by lambda exonuclease. At 207C,
of digestion during the pressure drop to 67 MPa incubation times ofthe rate of hydrolysis was only slightly inhibited by a 1, 2, and 3 min. respectively, lanes M, HindIII fragments of lambda

pressure of 67 MPa. Increasing the pressure to 134 DNA, 23,130, 9,416, 6,557, 4,361, 2,322, and 2,027 base pairs top to
bottom.MPa caused a 90% decrease in the rate compared to
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