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ABSTRACT

The RecB subunit of the Escherichia coli RecBCD
enzyme has been shown in previous work to have
two domains: an N-terminal 100 kDa domain with
ATP-dependent helicase activity, and a C-terminal
30 kDa domain. The 30 kDa domain had nuclease
activity when linked to a heterologous DNA binding
protein, but by itself it appeared unable to bind DNA
and lacked detectable nuclease activity. We have
expressed and isolated this 30 kDa domain, called
RecBN, and show that it does have nuclease activity
detectable at high protein concentration in the presence

of polyethylene glycol, added as a molecular
crowding agent. The activity is undetectable in a
mutant RecB N protein in which an aspartate residue
has been changed to alanine. Structural analysis of
the wild-type and mutant RecB N proteins by second
derivative absorbance and circular dichroism spectro-
scopy indicates that both are folded proteins with
very similar secondary and tertiary structures. The
results show that the Asp - Ala mutation has not
caused a significant structural change in the isolated
domain and they support the conclusion that the C-
terminal domain of RecB has the sole nuclease active
site of RecBCD.

INTRODUCTION

concentrations (3-5), but a large body of experimental work
indicates the following mechanism. The enzyme travels along
a linear double-stranded DNA molecule, unwinding the DNA
in an ATP-dependent reaction (6—8). The single-stranded DNA
produced by the helicase is the substrate for the nuclease
activity of the enzyme (7,9,10). The enzyme will cut both
strands of a DNA duplex (10), but thé-&rminated strand
from the entry point is degraded to small fragments, especially
at relatively high M@g" concentration where the overall
nuclease activity is greatest, while the oppositéebminated
strand is cut at lower frequency (11-13).

The nuclease activity of RecBCD is modulated when it
encounters a specific sequence in double-stranded DNA, the
Chi recombination hot-spot (&CTGGTGG) (14). At low
Mg?*, where the nuclease activity is low, the enzyme makes a
limited number of nicks in the Chi-containing strand near the
Chi sequence (15,16). A more dramatic effect of Chi is
observed at higher MY where the enzyme prior to Chi has
substantial non-specific nuclease activity. Degradation of the
3'-strand is arrested but the enzyme continues to unwind the
DNA to produce a specific single-stranded fragment (12,13).
Moreover, under some conditions, the wealsand cleavage
is enhanced after Chi in an apparent reversal of the nuclease
polarity (17). Events at Chi vivo are critical for the repair of
double-strand breaks in tHecoli chromosome, since thé-3
terminated single strand produced after Chi is bound by RecA
protein which then initiates homologous recombination with
an unbroken chromosome (18,19). The biochemical basis for
the effect of Chi on RecBCD is not completely understood.
Proposed mechanisms include abrogation of the RecD or RecB
subunit’s role in the nuclease activity (20,21), ejection of the

The RecBCD enzyme fromEscherichia coli and other RecD subunit (1), or complete dissociation of the enzyme into
bacteria, made up of the RecB, RecC, and RecD proteins, hits component subunits (22).
multiple catalytic activities that enable it to perform two Two of the three subunits, RecB and RecD, have been
different functions in the cell (reviewed in 1,2). The enzyme isdirectly implicated in the nuclease activity of RecBCD. The
a powerful nuclease that can protect the cell by degradingecD gene and RecD protein were discovered through the
foreign DNA such as that of some bacteriophages. RecBCD igolation of mutations that altered the protective function of
also a DNA helicase that has an important role in the repair dRecBCD (i.e. the nuclease activity) but not the recombination
double-strand DNA breaks by homologous recombinationfunction (23,24). Experiments with the purified proteins
Coordination of the two enzymatic activities in the working confirmed that the RecBC enzyme is a helicase with very low
enzyme, and thus the two biological functions, is regulated byut detectable nuclease activity (21,25,26). Recent experiments
a specific DNA sequence called Chi{6CTGGTGG). have shown that the RecB protein alone has two enzymatic
The reaction catalyzed by RecBCD enzyme with a lineaactivities: DNA unwinding (27) and nuclease (28). The
double-stranded DNA molecule is a remarkable process inuclease activity is lost when a small 30 kDa C-terminal
which ATP-dependent DNA unwinding is linked to concomitantdomain is removed by limited proteolysis, but this small
nuclease degradation. The specific details of the reactioprotein fragment alone had no detectable nuclease activity
depend on the conditions, particularly on the ATP and#Mg (21). The inactivity is apparently due to its low binding affinity
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for single-stranded DNA, since fusion of the C-terminal RecB ’ E. coli RecB 528 1180
domain to a heterologous single-stranded DNA binding protein e
[the gene 32 protein (gp32) of phage T4] produced a chimeric
protein that bound and hydrolyzed circular single-stranded
DNA (28). i . 2 276 527
The C-terminal domain of RecB is central to the overall 9p327-RecB™ o[ I—
nuclease activity of RecBCD, since an Asp@la mutation in
this part of RecB abolished all the nuclease activities of . 192 274
RecBCD on both single- and double-stranded DNA substrates RecB |
(28). The mutant enzyme (ReBB8ACD) unwinds double-
stranded DNA at a rate similar to the wild-type enzyme but it
exhibits no cleavage at Chi in the Chi-containing strand. Moreover,
there was no evidence for activation of opposite strangigure 1. Structures of RecB, the chimeric gf3RecB! protein, and the
cleavage after Chi. Thus this domain of RecB is apparentljrecB' protein. In gp32—RecB' (28), residues 9281180 of RecB (red) were
responsible for cleavage by RecBCD of both DNA strands in doined to residues 1-254 of the bacteriophage T4 gene 32 protein (green), a
duplex. non-specific smgle-stranded DNA binding protein. R&@nsmts qf (eS|dues
o . . . . . 928-1180 of RecB with a 21 residue N-terminal peptide containing a hexa-
These findings raise some interesting and important questioRgtidine tag. The position of the aspartate residue (D174) that has been
regarding the mechanism of the RecBCD enzyme nucleaseutated in RecB(D1080 in RecBCD; D427 in gp32RecB) is also indicated.
activity. In particular, it is not clear that a single nuclease
active site should be able to catalyze the complex reaction
described above. Itis unlikely from stereochemical consideratiori§onstruction of a plasmid encoding the RecB protein

that a single nuclease active site would hydrolyze DNA withthe 30 kDa C-terminal domain of RecB was expressed with an
both apparent polarities, as proposed for RecBCD enzymey.tarminal hexahistidine tag using the vector pET-15b
The possibility remains that there is a second, U”'dem'f'eqﬁlq\lovagen Corp.). The DNA encoding the C-terminus of RecB

nuclease active site in the enzyme. However, if that were trug, ine ; s ;
i plasmid pMY60 (28) was amplified by PCR using
then therecB>10%A mutation would have to have had greater,iimers that introduceficaRl andNde sites at the Send of

effects on the enzyme than simply altering a putative?Mg ¢ gene and BarHI site just after the RecB stop codon. The
binding site in the nuclease active site of the 30 kDa domain. Iémplified DNA product was first inserted into the vector

is conceivable that this mutation has led to more extensiv&TZlgR cleaved wittEccR| andBarrHI. The DNA encoding
structural alteration of the domain or its interactions with Othethe RecB protein was then excised from this plasmid by
subuni_ts, to have such far-reaching effects on the holoenzyn&tting with Nde and BanHI and ligated into pET-15b cut
catalytic activity. ) ) ) with the same enzymes to produce pET15-30. This plasmid
Further study of the function of the C-terminal domain of ocodes a 274 residue polypeptide called Re¢Big. 1)
RecB in the RecBCD-catalyzed nuclease reaction, and CharaCteéanisting of a 21 amino acid N-terminal peptide (MGSSHH-
zation of the effects of theecBP1080A mutation, will help to HHHHSSGLVPRGSHM) followed by residues 928-1180 of

resolve these issues. To this end we have expressed and purifigd Rrecp protein. The DNA encoding the entire protein was
the C-terminal RecB domain and the Aspla mutant sequenced and no mutations were found.

domain, free of the gp32 moiety. We detect weak nuclease Aspl74 in the RecBprotein was changed to Ala using the

2gﬂ}2lrtr¥]mthtthh§ V,;’;\'g%’g;girr?tﬁgstgatr:ﬁ(l:?ec;g;g;;tﬁcg r;igar.]lf’h uickChange mutagenesis kit (Stratagene) as described previously
9 : or the D427A mutation in gpF2-RecB' (28; see Fig. 1). The

wild-type and mutant proteins are essentially identical in structurBNA encoding the mutant protein was sequenced and no other
by two spectroscopic measures, indicating that there has beﬁ{htations We?e found P q

no drastic structural change as a result of the mutation. These

data argue against the possibility that the D1080A mutatiof:xpression and purification of the wild-type and D174A
has caused any widespread disturbance in the structure of thgtant RecBN proteins

RecBCD holoenzyme, and they emphasize the significance of

the C-terminal nuclease domain of RecB in the overall activigPET15-30 encoding either ~ the  wild-type RecBor
of RecBCD. RecBY(D174A) was introduced int&.coli strain BL21(DE3)

(Novagen Corp.) for protein expression. A 500 ml culture of

BL21(DE3) (pET15-30) was grown at 3Z in LB medium
MATERIALS AND METHODS containing ampicillin (25u9/ml) to ODy,, = 0.6. IPTG was
added to 1 mM and growth was continued for 3 h. The culture
was placed on ice for 5 min and the cells were harvested by
Single-stranded circular bacteriophage M13 DNA, a gift fromcentrifugation at 500@ for 5 min. The cell pellet (2.5 g) was
Ms Jehanne Souaya, and RecB protein, a gift from Dr Misookesuspended in 125 ml of ice-cold 50 mM Tris—HCI, pH 8,
Yu, were purified as described (28). Polyethylene glycol 800@ mM EDTA and the cells were sedimented again. This cell
(PEG 8000, molecular weight 7-9 kDa) was purchased fronpellet was resuspended in 100 ml of native binding buffer
Fisher Scientific. Egg white lysozyme, phenylmethylsulfonyl (20 mM sodium phosphate, pH 7.8, 0.5 M NaCl, 5 mM imidazole),
fluoride (PMSF), and imidazole were from Sigma. TBeoli PMSF was added to 1 mM, lysozyme was added toldgl,
GroEL and GroES proteins were a gift from Dr Georgeand the mixture was placed on ice for 15 min. The cells were
Lorimer of this Department. then lysed by sonication with cooling in a %G ice—salt bath.

D174

Materials
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The cell debris was removed by centrifugation at 12 §86r  a 1 cm path length cell at 1 nm wavelength intervals and then
20 min at £C. averaged.

The RecB protein was purified by chromatography oréNi The optical density (OD) data were corrected for light scattering
resin (25 ml bed volume, ProBond resin; Invitrogen Corp.)with the HP 845X UV-visible system software as in Maathal
equilibrated with native binding buffer. The cleared lysate wag29) using the OD readings from 320 to 350 nm. (The calculated
applied to the column and weakly bound proteins wereOD due to light scattering at 280 nm was 4 and 6% of the total
removed by washing with 100 ml of 20 mM sodium phosphateQD for the wild-type and mutant proteins, respectively.) The
pH 6.0, 60 mM imidazole, 0.5 M NaCl, 1 mM PMSF. The absorbance data were smoothed by application of a polynomial
RecB' protein was eluted in a 300 ml linear gradient of 0.1-0.8 Mof degree 3 and the second derivative was calculated with a
imidazole in 20 mM sodium phosphate, pH 6.0, 0.5 M NacCl filter length of 5 using the HP system software as in Savitzky
1 mM PMSF. EDTA was added to each empty fraction tube tand Golay (30).
give ~20 mM (final concentration) to inhibit proteases. Fractions ) )
containing the RecBprotein were pooled and concentrated byCircular dichroism (CD) spectroscopy

ultrafiltration. La_rger pr_otein impurities (including GroE.L; See The CD spectra of the mutant and wild-type proteins were
Results and Discussion) were removed by ultrafiltrationmeasured using a Jasco J-500C spectropolarimeter equipped
through a Centricon-100 microconcentrator (Amicon). Thewith a Jasco DP-500N data processor. The instrument was
RecB! protein that pas_sed through the Cen;ricon—lO_O filter wag glibrated using ($-(+)-10-camphorsulfonic acid. Far-UV
then concentrated using a Centricon-10 filter (Amicon). Thespectra (260—190 nm) were taken in a 0.1 cm path length cell
purified protein was dialyzed into 10 mM potassium phosyith a 2 s time constant and a 10 ms sampling time. Four
phate, pH 6.9, 2 mM EDTA, 10% (v/v) glycerol, 0.01 mM gpectra were taken, averaged, and displayed on a chart recorder
DTT, 0.1 mM PMSF. The protein Copcentratlon was determmeqh ana|og form. The protein concentrations were 2.9 (Wlld-
from the absorbance at 280 nm usitig, = 39400 M* e, tyne) and 4.50M (mutant) in 10 mM potassium phosphate,
calculated from the number of Trp (4) and Tyr (13) residues irhH 6.9. Near-UV spectra (320—250 nm) were taken in a 1.0 cm
the RecB' protein. The wild-type protein has a calculated path length cell with a 4 s time constant and a 10 ms sampling
molecular weight of 31 143 g/mol. time. The protein concentrations were i@ for both proteins
Samples for N-terminal sequencing were run on 12% SDSin 10 mM potassium phosphate, pH 6.9, 2 mM EDTA, 10% (v/v)
PAGE and transferred to polyvinylidene difluoride membraneglycerol, 0.01 mM DTT. Eight spectra were taken and averaged.
(Millipore Corp.) as described (21). N-terminal sequencesthe observed ellipticitie$} on the chart recordings (millidegrees/cm
were klndly determined by Dr Brian Martin (National Institutes Ofon the Chart) were converted to molar e|||pt|c|t|e§](|]n
Health) by Edman degradation using an Applied Biosystemgdegrees-cAtdmol)/cm) for they-axes in Figures 6 and 7 from
model 470 gas phase protein sequencer. [6] = [100 x (6/1000)]&l, wherec is the molar residue concentration
(Fig. 6) or molar protein concentration (Fig. 7), drid the cell
o _ path length in cm (31).
The endonuclease activity of the wild-type and the mutant The CD spectrum of the wild-type RetBrotein was also
RecB' proteins was measured using circular single-strandegptained in digital form using a Jasco J-720 spectropolarimeter.
M13 phage DNA as the substrate. Most reaction mixtureshe protein (93uM) was in 10 mM potassium phosphate
contained 6 or 12 nM circular single-stranded M13 DNA with pffer, pH 6.9, 10% glycerol, 0.01 mM DTT. The spectrum
other conditions noted in the text and figure legends. Th§yas taken from 185 to 250 nm at 0.5 nm intervals in a 0.01 mm
RecB' (1.8uM) or RecB protein (20 nM) was added to initiate path length cell. Three spectra were taken and averaged. The
the reaction. Samples (8) were removed at the specified time secondary structure of the wild-type protein was calculated
points and quenched with (final concentrations) 24 mMfom these data (see Results and Discussion). The sample was
EDTA, 0.5% SDS, 8% glycerol, and 0.025% bromophenokhen diluted 50-fold with 0.1 M potassium phosphate, pH 6.9,
blue. The quenched samples were loaded on 0.8% agarose ggifi the CD spectrum as a function of temperature was monitored
prepared in 89 mM Tris—borate, pH 8.0, 2mM EDTA and runat 222 nm in a 1 mm path length cell. The temperature was
at120Vv (4 Vlcm) for3h. The gels were stained with eth|d|umvaried from 20 to 90C at 1°C/min and 9222 readings were
bromide (5pg/ml) for at least 1 h and photographed usingigken every 10s.
Polaroid 667 film. The photographs were scanned using an
Astra 1200S scanner (UMAX Technologies Inc.) and the fraction
of DNA circles converted to linear was determined by analysiRESULTS AND DISCUSSION
of the scanned image using the Scion Image program (Sciog . e .
Corporation, Frederick, MD). Known amounts of circular EXPression and purification of the RecB! protein
DNA were loaded on some gels to serve as standards. Thesignificant fraction of the overexpressed Ré&gBotein was
amount of linear DNA present initially in the circular DNA (3—8% soluble and found in the lysate supernatants. This soluble
of the total) was subtracted out. protein was readily purified by metal chelate affinity chroma-
tography under native conditions on2Nresin. The protein
was highly pure after this step, but it was accompanied by at
least one other larger protein (~60 kDa) that was intriguingly
UV absorbance spectra of the mutant and wild-type RecBclose in size to the RecD protein. However, N-terminal
proteins were taken in 10 mM potassium phosphate, pH 6.%equencing showed that this protein isEheoli GroEL chaperonin
using a Hewlett Packard 8453 diode array UV-visible spectroprotein [the sequence obtained, AAKDVKFGNDARVKMLR,
photometer. Fifty spectra were obtained at ambient temperatureimatches that of GroEL (GenBank accession no. AAC77103)

Single-stranded DNA endonuclease assay

UV absorbance spectroscopy and second derivative
analysis
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Figure 2. The purified wild-type RecB protein and the Rec§D174A)
mutant. Protein samples were analyzed by 12% SDS—PAGE and stained with
Coomassie blueA() Lane 1, RecB protein (2.9ug) purified by chromatography

on Ni* resin and filtration through a Centricon-100 filter. M, 10 kDa protein
ladder (Life Technologies Corp.). The band in lane M next to the Reci&ein in

lane 1 is the 30 kDa marker. Lane 2, protein retained by Centricon-100 and
enriched for the larger impurities relative to the remaining RepBotein.
Arrow indicates GroEL protein (see Results and Discussi@))m{ut, Purified
D174A mutant (1ug loaded); wt, wild-type RecB(0.4 ug).

[linear M13 DNA], nM

0 30 60 90

assuming that the N-terminal Met was removed]. The large fime {min)

impurities could be separated from the R¥¢Botein by ultra-
filtration through a Centricon-100 microconcentrator (Fig. 2A). ) ) ) )
Figure 3. Single-strand endonuclease reactioAd.l(anes 1-3, reaction mixture

The ReCBI_prOtem p“”f'e_‘?' Only throth_ the RI’I COIum_n containing 50 mM MOPS-KOH, pH 7.0, 10 mM Mg£6 nM circular single-
was susceptlble to adventitious proteonS|s to give a S“ghthétranded M13 DNA, and 20 nM RecB protein. Lanes450 mM Tris—HClI,
smaller product that could be resolved from the remainingH 8.8, 10 mM MgC}, 10% PEG 8000, 6 nM M13 DNA, with no added protein.
intact protein by 12% SDS-PAGE (not shown). Interestingly, f58% F1E 12 B0 I3 Dt e e e femoved at the ndicated
the major prOteOIytIC. prOdUCt had as It_S N'termmusftimes a$1d analyzegd ona0.8% agarose geﬁas described in Materials and Methods.
RVVEEPTLTPHQF, which matches well to residues 27-39 of(g) The reactions shown in (A) were quantitated using Scion Image (see Materials
the His-tagged RecdBprotein, (S)VVEEPTLTPHQF. Thus the and Methods). Filled circles, lanes-70, RecB' protein, pH 8.8, 20 mM
21 residue N-terminal His-tag peptide and five residueddCly squares, lanes #4, RecB' protein, pH 7.5 20mM MgGl triangles,
(AAGVA) of the RecB portion were removed. However, the fd”(f;dlg;fégﬁ)‘ﬁr?mte'”' pH 8.8, 5 mM MgG open circles, lanes-%, no
resulting truncated protein appeared to be refractory to further '
degradation, reminiscent of the resistance against subtilisin
that was originally used to produce the 30 kDa domain (21).
The proteolysis was prevented by including PMSF throughout . i
the purification procedure and EDTA after the?Neolumn. ~ the intact RecB protein has readily detectable endonuclease

The protein purified under these conditions migrated as &ctivity (Fig. 3A; 28). We did observe weak cleavage of the

single band on SDS—PAGE (Fig. 2A). DNA by the RecB protein at pH 8.8, the condition that was
. _ found to be optimal for the gp32RecP fusion protein (28).
Nuclease activity of the RecB protein Having detected a low level of nuclease activity with the

In previous work, the 30 kDa proteolytic fragment had noRecB! protein, we sought conditions that might enhance it.
detectable nuclease activity on circular single-stranded M1§0mewhat greater cleavage was observed at highet” Mg
DNA in reactions containing as much as Q¥ protein (21). ~concentration and if a ney'_[ral polymer was included in the
The protein fragment had been purified away from the large@Ssay mixture. Thus, addition of 5-10% PEG 8000 gave a
fragment because it flowed through a single-stranded DNAClearly visible reaction at pH 8.8, 20 mM Nigwhile the reaction
agarose column, and its lack of activity was attributed to lowwvas slower but readily detectable at lower #¢ mM), and
affinity for the DNA substrate. However, the 30 kDa domainstill slower at pH 7.5 (Fig. 3A and B). A very high protein
must be able to bind its DNA substrate, if only at the phos-concentration|(M) was required under all conditions that we
phodiester bond that is to be cleaved, if it has a nuclease actiVi@ve tested. We presume that PEG enhances the reaction by
site. We reasoned that a slow nuclease reaction would be fasgting as a ‘molecular crowding agent’ (32) that increases the
and more easily detected at high R&g®otein and/or high effective concentrations of the protein and DNA in the assay.
DNA concentrations. We thus sought to detect DNA cleavagdhere was no detectable reaction in the absence of RecB
using the highest possible ReééBrotein concentration but protein (Fig. 3A and B).
with a DNA concentration suitable for detecting the cleaved The slow rate of the nuclease reactions with the RecB
DNA product by ethidium staining. protein is not unexpected given the previous work cited above.
The purified RecB protein gave essentially no cleavage of However, the possibility that the RetBrotein preparation is
circular M13 DNA at 1.1uM protein in 90 minatpH 7, 10 mM contaminated with a small amount of another nuclease must
Mg?* (~2% cleaved; data not shown), conditions under whichalso be addressed. We did so by preparing the same. Asp
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Figure 4. Single-strand endonuclease reactions with the wild-type and D174A | \
mutant RecB proteins. Reaction mixtures contained 50 mM Tris—HCI, pH 8.8, 05 / \
10% PEG 8000, 20 mM Mggl12 nM M13 DNA, and 1.8iM of the indicatel r \
protein (two different preparations of the mutant protein were used). Samples were [- \\\\
analyzed on a 0.8% agarose gel as described in Materials and Methods. L \\_

0.0 U Ll wlianals Ll
250 280 270 260 290 300 310 320

mutation that knocked out the nuclease activity of both the 004 T

gp32-RecB' fusion protein and of RecBCD (28). The - B

RecBY(D174A) mutant was purified by the same procedure as a0z f P

the wild-type protein (Fig. 2B). Two separate preparations of I A

this mutant protein had no detectable nuclease activity (<2% |

circles cleaved) under conditions where the wild-type RecB

protein is active (22% cleavage in 1 h; Fig. 4). This result, [

along with previous observations of the consequences for the [ J

nuclease activity of altering this aspartate residue (28), confirm 002 - :

that the observed nuclease cleavage reaction is promoted by | \

the RecB protein. o B s b L]
We also noted that the nuclease activity of the Regitein 0% 0 260 270 280 200 300 310 320

ultrafiltered through Centricon-100 (see Materials and wavelength (nm)

Methods) was essentially identical to that of the material that

had only been purified over the Nicolumn (data not shown).

This observation supports the conclusion that the activity i

Intrinsic to t,he RecB PrOte'”’ and also Sh‘?WS that the filtration proteins. A) Optical density was measured and corrected for light scattering as

procedure is not detrimental to the protein. described in Materials and Methods. The protein concentrations were 24\)RecB
The reaction rate with the RelBrotein is exceedingly low, and 39uM [RecBY(D174A)], in 10 mM potassium phosphate, pH 6B) The

0.0022 ¢ 0.0008) circles cleaved/h/Re¥Binder the conditions second derivative of the absorbance in (A) was calculated as described in

. . aterials and Methods. The peak-to-peak distances used to calculate the

of Figure 3A (lanes 7-10), and is much slower than that foun%‘arametersl andb (Table 1) are indicated.

previously with the intact RecB protein (~0.5 circles cleaved/h

RecB protein; 28). We did not compare the reaction with the

RecB' protein directly to that with the gp32RecB' fusion . .

protein. However, previous experiments with that enzym&%ﬁrucwr"jll comparison of the wild-type and D174A mutant

clearly showed greater cleavage of the circular substrat ecB proteins

(~0.2 circles cleaved/h/gpB2RecB; estimated from data in 28), We wished to obtain some basic structural information on the

at pH 8.8 but in the absence of PEG. RecB protein, to perhaps shed light on why its activity is so
The observation that a small amount of GroEL protein co-purifiedow. It could be that this isolated domain is unfolded or misfolded

with the RecB protein suggested that at least some of thethe GroEL result mentioned above notwithstanding) and thus has

RecB' sample is unfolded or misfolded, since the function oflow activity. Moreover, the D174A mutation might alter the

GroEL is to bind such proteins and facilitate their folding to thelocal conformation near the active site or it could lead to

native state (33). GroEL would be retained on thé‘olumn  substantial unfolding of the protein. Thus we carried out two

if the His-tag of RecB bound to GroEL were exposed enough spectroscopic analyses summarized below.

to bind the column. (We know of no other published reports of

GroEL co-purifying with histidine-tagged proteins. GroEL hasSecond derivative of the absorbance spectriime second

been reported to co-purify with GST fusion proteins onderivative of the absorbance spectrurfddd\?) of a protein in

glutathione columns; 34.) Moreover, misfolding of the REcB the 280 nm region is a sensitive indicator of the polarity of the

protein could conceivably account for its low enzymaticmicroenvironments of aromatic residues, particularly tyrosine,

activity. Thus we tested whether the chaperonin activity ofin the protein (35). Thus this method is a good way to detect

GroEL and GroES proteins could activate the RécBclease conformational differences between two related proteins. The

by remodeling its tertiary structure. However, there was naear-UV absorbance spectra and the second derivatives of the

increase in the nuclease reaction rate when we incubatebsorbance are shown in Figure 5A and B for the wild-type and

RecB' (1 uM) in a reaction mixture that contained 12 nM M13 mutant proteins. The second derivatives are virtually identical

DNA and GroEL and GroES (M each), KCI (50 mM), for the two proteins and, with maxima at 294 and 288 nm and

MgCl, (10 mM), and ATP (0.65 mM), at pH 7 (50 mM MOPS) minima at 291 and 284, are typical of most proteins (35). The

or at pH 8.8 (50 mM Tris—HCI) (data not shown). peak-to-trough differences(288-284 nm) ant (294-291 nm),

d*Asdi?

é:igure 5. UV absorbance spectrum (A) and second derivative of the absorbance
spectrum (B) for wild-type (red curves) and D174A mutant (black curves) RecB
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and thea/b ratio, were calculated as in Ragoetal. (35) and 20.000
are given in Table 1. Their magnitudes are in the range

observed for native, folded proteins and the values for the wild-

type and mutant are quite similar to each other. The 288-284

differencea in particular is sensitive to the polarity of the 15,000
microenvironment of Tyr residues (35). The slight difference
in the a/b ratio between the wild-type and D174A proteins
could be because Aspl74 is adjacent to a Tyr residue, whose
environment would be slightly altered by loss of the carboxyl
group of the Asp residue in the D174A mutant. This difference
notwithstanding, it is clear that both proteins are folded and
that their overall structures are very similar. 5,000

25,000

20,000

10,000 15,000

10,000

5,000

Table 1. Peak-to-peak distances in the second derivative spgectra

(mutant)
(@]

Protein a b ab
RecB' 0.017 0.032 0.53
RecBY(D174A) 0.031 0.053 0.58 -5.000

(wild-type)

molar ellipticity
molar elfipticity

-5,000

-10,000
aThe parametera andb are the absolute differences in the magnitude

of the second derivative at 284 and 288 rajngnd 291 and 294 nm
(b) in Figure 5B. -10,000

mut
N S N N B |
190 200 210 220 230 240 250 260
wavelength (nm)

Circular dichroism spectraThe far-UV CD spectra of the
wild-type and mutant RecdBproteins (Fig. 6) are quite similar
qualitatively and quantitatively (note the differgnéixis scales
for the two proteins in Fig. 6), indicating that their overall Figure 6. Far-Uv CD spectra of wild-type and D174A mutant R&gBoteins.
secondary structures are essentially identical. The large negati®® spectra were measured in a 0.1 cm path length cell with 2.9 (wild-type) or
eIIipticity in the 210-220 nm range and the maximum at 192 nml._5_uM (mutant) protein. The origina}-ax_is_sgale_s in the analog spectra (in

f . . - millidegrees) were converted to molar ellipticity (in degree€/dmol residue)
are typlcal of a protein with SUb_Stam'aI Secondar¥ Strucwr%s described in Materials and Methods. Note that separatés scales are
(31). The CD spectrum of the wild-type RetRrotein was  given for the two proteins (mutant on the left, wild-type on the right) since their
also obtained in digital form from 185 to 250 nm (data notspectra were taken at different protein concentrations. The spectra of the wild-type
shown). Secondary structure calculations using these dafgd mutant proteins were overlaid for comparison.
suggest that the protein has substantial amourdstadlix. The
predicted structure calculated with the program CDNN (36)
was 66%a-helix, 4% B-sheet, 129§-turn, and 12% random
coil, while the structure calculated using the program CDsstgt
(37) was predicted to be 78%-helix, 4% extende@-sheet,
3% B-turn, 11% 3/10 helix, and 3% other structures.

The effect of temperature on the wild-type protein was teste
by monitoring the CD signal at 222 nm from 20 to°@0 There
was little change in the ellipticity up to ~8G, an abrupt
increase at ~5Z, and then a gradual increase as the temperatu
was raised further (data not shown). This observation suggestsyerall summary
unfolding of the protein followed by aggregation. Consistent . . I .
with this finding was the fact that there was only partial Previous work indicated that the RecB protein is organized

recovery of the CD spectrum when the sample #0ias Mo at least two domains: a C-terminal domain containing a
cooled quickly back to ~ZT (6,,,=—2.79 millidegrees before nuclease active site with very low affinity for single-stranded
melting; —1.16 after melting and quick cooling). Thus while DNA,Jome_d toalarger N_—termlnal domain that binds the DNA
some of the heat-denatured protein could regain its seconda@td holds it near this active site for cleavage (21,28). We have
structure, some appeared to be irreversibly unfolded and/&hown here that the isolated C-terminal domain is indeed able
aggregated. to cleave DNA, as it must be if it in fact has a nuclease active

The near-UV CD spectra of the wild-type and D174A mutantsite. The requirement for a high protein concentration and the
proteins are shown in Figure 7. The CD in this wavelength rangeffect of the molecular crowding agent PEG is consistent with
is indicative of aromatic residues that are in an asymmetri@s low DNA binding affinity. We presume that it has catalytic
environment due to the folded structure of the protein (38). Theesidues that interact with the phosphodiester bond that is
two spectra are virtually identical, indicating similar tertiary cleaved, but that it otherwise has little interaction with the
structures of these two proteins. DNA chain adjacent to the cleavage site.

Taken together, these two spectroscopic methods provide
rong evidence that the wild-type and mutant proteins are
folded polypeptides that have secondary and tertiary structure,
nd that their structures are very similar. Moreover, it is clear
at the D174A mutation does not induce a drastic structural
change in the protein, although we cannot rule out small structural
péfferences between the mutant and wild-type proteins.
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homologous to the corresponding domain in RecB (40). In
‘ addition, there are a number of examples of nucleases in which
‘ the catalytic domain is separable from a sequence-specific DNA

\ —{ 16000 binding domain, including several restriction endonucleases

I (43,44) and homing endonucleases of some mobile introns and
inteins (45). For some of these proteins, the isolated nuclease
domain had detectable activity (42,43,46), while it was unde-
| tectable for others (44,47).
~{ 12000 It remains to be determined why the very weak nuclease
activity of RecB is so greatly increased when all three subunits
are present in RecBCD. The very low activity of the isolated
RecB! protein is undoubtedly in part an artefact of its separation
from its natural milieu in the RecBCD holoenzyme. At the
- 8000 very least the other regions of the enzyme will maintain a high
local DNA concentration near the active site in RecB, due to
DNA-—protein interactions by the N-terminal domain of RecB
n and by the other subunits. There are also likely to be protein—
protein interactions of the 30 kDa domain with the rest of the
enzyme that contribute in unknown ways. In this regard it
should be noted that we cannot be certain that the structures of
wild-type the wild-type and mutant 30 kDa domains, although similar to
— each other, are identical to their structures in their normal
surroundings as part of the RecBCD holoenzyme.

It is interesting to note that having the nuclease domain well
separated functionally from the major DNA binding domain(s)
of RecBCD would have some benefits for the function of this
- enzyme. First, this arrangement might be key to explaining
how a single nuclease active site could hydrolyze either strand
wavelength (nm) of a DNA duplex. We presume by analogy to the catalytic
— 4000 mechanisms proposed for other nucleases that there must be a

strict stereochemical orientation of the scissile phosphodiester
Figure 7. Near-UV CD spectra of wild-type and D174A mutant RégBoteins. ~ 0ONd relative to the array of catalytic residues on the enzyme
The near-UV CD was measured in a 1 cm path length cell withMarotein ~~ (48,49). Thus one nuclease active site would be unable to
(wild-type and mutant). The molar elliipticity for thg-axis scale (in hydrolyze DNA with both 35 and 53- 3 polarity in that
degrees-cAdmol prot_eln) was calculated as dgscrlbed in Matgnals and Mgthodsactive site. However. if the unwound DNA that is the substrate
The spectra of the W|Id-type and mutant proteins were ov<_er|a|d and the Wlld-typ? ! . .
spectrum was offset vertically to facilitate direct comparison of the two. or the RecBCD n”dease IS er_XIbIe on the _enzyme' then the

fact that the DNA is not extensively bound right at the RecB

nuclease active site might allow either strand to enter the active
site with the orientation necessary for the hydrolysis reaction

The effect of the D174A mutation on Re¥gand by extension to be catalyzgad. Thus, the single nuclease active site in the
the D1080OA mutation on the nuclease activity of RecBCD, is30 kD& domain would be able to cleave whatever DNA strand

most likely due to a localized effect on the nuclease active sitE presented to it by the other subunits, as proposed previously

— 4000

]
o

molar ellipticity
(deg cm2/dmol)

mutant
I L L | L L ]
250 260 270 280 290 300 310 320

and not on the overall structure of the enzyme. That this singl 0). One possible effect of Chi may then be to control which

amino acid change abolishes all nuclease activity of thi NA strand reaches the nuclease active site (51).

complex enzyme, with little if any change in structure of the C- A second enzymatic advantage of low binding affinity for

terminal domain, therefore strengthens the argument that tﬁge DNA subs_trate, and more specifically for the. clegve_d
C-terminus of RecB contains the nuclease active site 0;?roduct, in the immediate vicinity of the nuclease active site is

RecBCD, and there remains no evidence for a second nucle tOeaIIOW RecBCD to be both rapid and also highly processive
AR 4% its double-strand nuclease reaction. High processivity
site in this enzyme.

) . _requires that the enzyme remain bound to the substrate while a
The linkage of both nuclease activity and a second catalyticy i reaction requires that product release not be excessively
activity as separable domains in a single polypeptide is agjow, processive DNA polymerases such as bacterial DNA
arrangemen'g found in a number of other enzymes, the clas lymerase Il and eukaryotic polymerassolve this problem
example being bacterial DNA polymerase | (39). Severaby having a polymerase subunit with relatively low activity
proteins that have RecB-like nuclease domains have been idegng processivity tethered to the DNA by other subunits of the
tified recently by sequence analysis (40), including the DNA2holoenzyme complex (52). Processive nucleases such as
protein of Saccharomyces cerevisjaprotein that like RecB  exonuclease | and others were proposed some time ago to have
also has a helicase domain (41), and the RecE protdinooli,  an anchor domain to hold onto the DNA that is separate from a
a 5 - 3 exonuclease on double-stranded DNA (2). The Wernetatalytic domain where cleavage occurs (53,54). RecBCD
syndrome helicase has also been found to have separable DNAems to have this type of structure, with the ‘anchor’ sites
helicase and nuclease domains (42), although neither &tuated in the large N-terminal domain of RecB (21) and in



RecD and/or RecC (55). Finally, the kinetic consequences o#4.

tight binding to the substrate and product have been observed
with a catalytic RNA derived from thd@etrahymenayroup |
intron. Mutations that weakened binding of the ribozyme to its,,
RNA substrate were found to increase the overall RNA endo-

nuclease turnover rate by increasing the rate of product dissas.
ciation (56) and they endowed the ribozyme with modest29.

processivity (57).
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