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Helicase I has been purified to greater than 95% 
homogeneity from an F’ strain of Escherichia coli, and 
characterized as a single-stranded DNA-dependent 
ATPase and a helicase. The duplex DNA unwinding 
reaction requires a region of ssDNA for enzyme bind- 
ing and concomitant nucleoside 5”triphosphate hy- 
drolysis. All eight predominant nucleoside B’-triphos- 
phates can satisfy  this requirement. Unwinding is uni- 
directional in the 5‘ to 3‘ direction. The length of 
duplex DNA  unwound is independent of protein con- 
centration suggesting that the unwinding reaction is 
highly processive. Kinetic analysis of the unwinding 
reaction indicates that the enzyme turns over very 
slowly from one DNA substrate molecule to another. 

The ATP hydrolysis reaction is continuous when 
circular partial duplex DNA substrates are used as 
DNA effectors. When linear partial duplex substrates 
are used ATP hydrolysis is barely detectable, although 
the kinetics of the unwinding reaction on linear partial 
duplex substrates are identical to those observed using 
a circular partial duplex DNA substrate. This suggests 
that  ATP hydrolysis fuels continuous translocation of 
helicase I on circular single-stranded DNA while on 
linear single stranded DNA the enzyme translocates to 
the end of the DNA molecule where it must slowly 
dissociate from the substrate molecule and/or slowly 
associate with a new substrate molecule, thus resulting 
in a very low rate of ATP hydrolysis. 

DNA helicases  catalyze the  unwinding of duplex DNA  and 
play an  essential role in  the metabolism of nucleic acids  in 
the cell. In Escherichia coli at least seven  enzymes  with 
helicase activity have been  isolated  and described (1-9). The 
reason for the  variety of helicases is  not  understood,  but 
presumably  reflects multiple roles  for these enzymes in  the 
cell. The E. coli DNA helicases are known to play central 
roles in  DNA  replication  (lo),  DNA  mismatch  repair ( l l ) ,  
excision repair (12, 13),  and  recombination (14). In addition, 
E. coli helicases are  essential for  bacteriophage 4x174 repli- 
cation (15) and  for  bacterial conjugation (16). 

Helicase I was the  first  DNA helicase isolated from E. coli 
(17,18).  This enzyme is a  single  polypeptide of M, = 180,000 
(17) encoded by the truI gene of the E. coli F factor (19). The 
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F factor, a  plasmid of approximately 100 kb,’ is able to  transfer 
its  DNA from the  host cell (F’) to  an F- recipient cell which 
is  in  direct physical contact with the  host (for a recent review, 
see Ref. 20).  Helicase I is required at the  DNA  transfer  stage 
of bacterial conjugation  (21) and is though  to be involved in 
unwinding  the F plasmid  from  a  site-specific  nick at the origin 
of transfer (19). This  unwinding of the F plasmid  may  provide 
the  single-strand of DNA  which is  transferred to  the recipient 
bacterium. 

Helicase I has been purified and  partially characterized 
biochemically (17, 18). It is a single-stranded (ss) DNA- 
dependent nucleoside 5”triphosphatase  (NTPase)  and a  hel- 
icase. As an  NTPase, helicase I is markedly stimulated by a 
ssDNA cofactor and requires  a divalent  cation  (either mag- 
nesium or calcium) for  activity (17). The enzyme has been 
reported to function  as a multimer as it  (i) readily forms 
aggregates a t  low ionic strength,  and  (ii) shows very low 
ATPase  activity at  KC1 concentrations above 150 mM, where 
the enzyme  presumably exists in the monomeric state  (17,18, 
22). ATP  (dATP)  appears  to  be  the  preferred  substrate for 
the  NTP hydrolysis reaction (17). The helicase I unwinding 
reaction requires concomitant NTP hydrolysis (18, 22, 23). 
When  the unwinding  reaction  catalyzed by helicase I was 
measured  by S1 nuclease  digestion or by velocity sedimenta- 
tion of the  reaction  products, helicase I was shown to be 
capable of unwinding  DNA-DNA or RNA-DNA  partial duplex 
structures (18). However, helicase I does not utilize RNA as 
an  NTPase cofactor (17). The mode of action of the helicase 
appears  to be processive (22, 23), and a region of ssDNA 
adjacent  to  the duplex  DNA of approximately 200 nucleotides 
in length  is necessary  for  helicase I to  initiate  an  unwinding 
reaction (2, 23). Helicase I will not unwind  completely  duplex 
DNA molecules or nicked DNA molecules (22). Results with 
exonuclease  eroded linear duplex  DNA molecules have  sug- 
gested that helicase I unwinds  duplex DNA  in  the 5‘ to 3’ 
direction  with  respect to  the  strand  on which the enzyme is 
bound  (23). 

In  this  study we have extended  the enzymatic characteriza- 
tion of helicase I both  as  an  ATPase,  and  as a  helicase  using 
an assay which directly  measures the unwinding  reaction. 
Helicase I appears  to  translocate processively along a  ssDNA 
effector  using the energy  released by NTP hydrolysis to fuel 
translocation.  The enzyme can utilize all  eight  predominant 
NTPs  as hydrolysis substrates  in  the helicase reaction. The 
unwinding of duplex  DNA by helicase I is  independent of 
protein  concentration with  respect to  the length of duplex 
DNA unwound  suggesting that  the unwinding  reaction is 
processive. Moreover, helicase I turns over extremely slowly 
from  one DNA  substrate molecule to  another.  In  addition, we 

’ The abbreviations used are: kb, kilohase pairs; ssDNA, single- 
stranded DNA; NTPase, nucleoside 5’-triphosphatase; NTP, nucle- 
oside 5”triphosphate; RF, replicative form; bp, base pairs; ATPyS, 
adenosine 5’-O-(thiotriphosphate); SDS, sodium  dodecyl sulfate. 
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confirm the direction of unwinding as 5’ to 3‘ with respect to 
the  strand on  which the enzyme is bound. 

EXPERIMENTAL PROCEDURES AND RESULTS’ 

Purification of Helicase  I-Helicase I was purified as de- 
scribed under “Experimental Procedures”; Table  I  summa- 
rizes the purification. The initial cell extract  contained mul- 
tiple DNA-dependent as well as DNA-independent ATPase 
activities making it impossible to estimate the total helicase 
I activity in crude extracts. For this reason, no estimate of 
overall yield is made. The phosphocellulose column resolves 
three peaks of DNA-dependent ATPase activity with helicase 
I eluting in  the peak resolved at 250 mM NaCl. All subsequent 
chromatographic steps yield a single peak of DNA-dependent 
ATPase activity. The specific activity of helicase I calculated 
after the hydroxylapatite step of the purification varies from 
preparation to preparation.  This variability is possibly due to 
an endonuclease which is sometimes present at this stage of 
the purification. If this endonuclease linearized the DNA 
substrate used in the ATPase assay the specific act,ivity of 
helicase I would appear to drop dramatically. The activity of 
helicase I on linear DNA substrates is discussed in detail 
below. The final fraction of the helicase I purification con- 
tained  a single polypeptide that migrated with a M ,  = 180,000 
on a polyacrylamide gel run in the presence of sodium dodecyl 
sulfate (Fig. I). Fraction VI contained no detectable endo- or 
exonuclease activity as determined by lack of detectable deg- 
radation of the partial duplex DNA substrates used in the 
helicase assays. 

Helicase and ssDNA-dependent ATPase Reactions-The 
unwinding reaction catalyzed by helicase I was originally 
characterized using either  a coupled assay that measured the 
fraction of a radioactively labeled DNA substrate rendered 
susceptible to S1 nuclease, or by velocity sedimentation of the 
DNA substrate (18,22,23). We have extended this  character- 
ization using an assay that directly measures the ability of 
helicase I to unwind a  partial duplex DNA  molecule (24). This 
assay has been used to characterize several other DNA heli- 
cases (5, 24,32,33).  The DNA substrate utilized in this assay 
consists of the complementary strand of a radioactively la- 
beled  DNA restriction fragment annealed to circular M13mp7 
ssDNA as described under “Experimental Procedures” (see 
Fig. 4A). The helicase assay measures the fraction of the [“PI 
DNA fragment displaced by the helicase. 

DNA Substrate Requirements for ATP Hydrolysis-The 
helicases characterized to date  are all ssDNA-dependent 
ATPases (1). Table I11 summarizes the results of experiments 
performed using several different DNA  molecules as effectors 
of the helicase I-catalyzed ssDNA-dependent ATPase reac- 
tion. Circular M13mp7 ssDNA proved to be the best effector 
of the DNA-dependent ATP hydrolysis reaction. Double- 
stranded linear (RF 111) or supercoiled (RF  I) DNA  molecules 
could not  substitute for ssDNA. Surprisingly, neither 
poly(dT)  nor  linear M13mp7  ssDNA  could serve as effectors 
of the ATP hydrolysis reaction. Since both  are ssDNA mole- 
cules we expected that they would substitute for circular 
ssDNA. These  results suggest that DNA termini may inhibit 
the ssDNA-dependent ATPase reaction catalyzed by helicase 
I. The implications of this result will  be discussed later in the 
text. The concentration of circular ssDNA required to achieve 

* Portions of this paper (including “Experimental Procedures,’’  part 
of “Results,” Tables I and 11, and Figs. 1-3, and 9) are presented in 
miniprint at  the end of this paper. Miniprint is easily read with the 
aid of a standard magnifying glass. Full size photocopies are included 
in the microfilm edition of the Journal that is available from  Waverly 
Press. 
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FIG. 4. Protein concentration dependence of the helicase 
reaction. Panel A, circular  partial  duplex helicase substrates. The 
71-,  343-, and 851-bp helicase substrates were constructed as de- 
scribed  under “Experimental Procedures.” The DNA restriction frag- 
ment was labeled at  its  3’ terminus on each substrate. Panel B, 
helicase reactions were as described  under “Experimental Proce- 
dures” using 0.21, 1.05, 2.1, 4.2, 10.5, 21, and 42 ng of helicase I, 
respectively. The data presented represent  an  average of three or 
more experiments. 0,71-bp partial  duplex substrate; 0,343-bp partial 
duplex  substrate; U, 851-bp partial  duplex substrate. 

TABLE I11 
ATP hydrolysis in the presence of DNA 

ATPase activity was  measured in the standard ATP hydrolysis 
assay, using the indicated DNA effector, as described  under “Exper- 
imental Procedures” using 10.5 ng of helicase I. 

DNA effector concentrat.ion [3H]ADP formed 

P M  

M13mp7  circular ssDNA 3.0 
M13mp7  linear ssDNA 
M13mp7  RF I DNA” 

3.4 

M13mp7  RF I11 DNAb 
3.5 
3.3 

Poly(dT) 
No DNA 

3.6 
0.0 

pmol 

654 
540 

54 
49 
28 

520 

“ Supercoiled. 
* Duplex linear. 

one-half-maximal ATPase reaction velocity (Kef<) was deter- 
mined. K,, for circular M13mp7  ssDNA  was  0.51 p ~ .  

The Length of Duplex  DNA  Unwound Is Independent of 
Protein Concentration-To determine the effect of the length 
of duplex DNA on the unwinding reaction catalyzed by heli- 
case I, three  partial duplex  DNA substrates were constructed 
as described under “Experimental Procedures” (Fig. 44). 
Since the DNA substrate concentration was essentially the 
same for each substrate  the results obtained with all three  are 
directly comparable. 

Helicase I displaced greater than 70% of the [”PIDNA 
fragment from each of the  three helicase substrates (Fig. 4B). 
The fraction of the [3’P]DNA fragment displaced  from each 
substrate was directly proportional with  enzyme concentra- 
tion up to approximately 6 ng of helicase I. Interestingly, the 
same fraction of [”’PIDNA fragment was displaced from each 
helicase substrate at all enzyme concentrations tested. Since 
the 851-bp partial duplex substrate  contains 12-fold more 
base pairs of duplex DNA than  the 71-bp partial duplex 
substrate, and was unwound to  the same extent,  the unwind- 
ing reaction did not require input of additional protein to 
unwind longer  regions of duplex  DNA. Essentially the same 
results have  been obtained using a helicase substrate  contain- 
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FIG. 5. Rate of the  unwinding  reaction. Helicase reactions 
were as described  under  "Experimental  Procedures" with the follow- 
ing modifications. The reaction mixture  volume  was  increased to 220 
pl and 20-pl aliquots were removed  for  heat-denatured  substrate  and 
no helicase I controls. Helicase I (10.5 ng) was  added to the remaining 
180 pl and the reaction  was  placed at 37 "C. Aliquots (20 pl) were 
removed at the indicated times and the reaction stopped by the 
addition of EDTA and dyes as described  under  "Experimental Pro- 
cedures." The data  presented represents an average of three or  more 
experiments. 0, 71-bp  partial  duplex  circles; 0,343-bp partial  duplex 
circles; 0, 851-bp partial  duplex circles. 

ing 2.5 kb of duplex DNA.3 These  results suggest that helicase 
I catalyzes a processive unwinding reaction. The enzyme is 
capable of moving through  and unwinding at least 851 bp of 
duplex DNA. 

In addition, a  substantial  fraction of the [32P]DNA frag- 
ment was displaced at low concentrations of enzyme. Using 2 
ng of helicase I/reaction mixture (2 helicase I molecules/DNA 
substrate molec~le)~ approximately 25% of the [32P]DNA 
fragment was displaced in 10 min. Thus  it is possible that 
helicase I is active as  a monomer. Essentially complete un- 
winding of all  three  partial duplex substrates was obtained 
with a  ratio of 10 helicase I molecules/DNA substrate mole- 
cule. This is in contrast to previous results (23) which  sug- 
gested that 85 helicase I molecules  were required to completely 
unwind up to 2.5 kb of duplex DNA. 

Kinetics of the Unwinding Reaction-Helicase I does not 
discriminate among DNA substrates utilized in a helicase 
reaction; circular helicase substrates with 71-,  343-, and 851- 
bp duplex regions were all utilized with approximately equal 
efficiency  over a 40-fold range of protein concentration (Fig. 
4B). Under the reaction conditions employed, the unwinding 
reaction was essentially complete in 10 min at 37 "C. The 
kinetics of the unwinding reaction were  very similar for all 
three DNA substrates (Fig. 5).  The rate of the unwinding 
reaction was linear for the first 6 min, then decreased until 
the  rate of unwinding was essentially 0 after 15 min. There- 
fore, at early reaction times (less than 6 min), approximately 
12-fold  more base pairs were unwound on the 851-bp partial 
duplex substrate than on the 71-bp partial duplex substrate. 
Since the  rate of the unwinding reaction was the same using 

E. E. Lahue  and S. W. Matson, unpublished results. 
'The ratio of helicase I molecules/DNA substrate  molecule as- 

sumes a molecular  weight of 180,000 g/mol  for helicase I. Since 
protein concentration was  determined  by the method of Lowry et al. 
(31) and DNA substrate concentration is estimated as described  under 
"Experimental  Procedures" the helicase I/DNA ratio  must  be consid- 
ered an estimate. A potential error of as much as 2-fold in either 
direction is possible. 

all three DNA substrates it is likely that  the rate-limiting 
step in the unwinding reaction is  not the rate at which helicase 
I  can unwind the duplex  region, but  the rate at which the 
enzyme (i)  binds to  the DNA, (ii) finds the duplex  region, or 
(iii) associates to form multimers. 

The extent of the unwinding reaction catalyzed by  helicase 
I did not continue to increase until 100% of the [32P]DNA 
fragment  had been displaced, but reached a plateau after 
approximately 15 min (Fig.  5). This result was  observed using 
all  three  partial duplex DNA substrates. However,  when the 
concentration of helicase I in the reaction mixture was in- 
creased, the fraction of the ["PIDNA fragment that was 
displaced increased proportionally (Fig. 6A). Thus  the  extent 
of the unwinding reaction was directly proportional with the 
helicase I concentration. This  result does not appear to be 
due to helicase I inactivation. When helicase I was incubated 
at 37 "C for up to 50 min prior to initiating  a reaction, the 
enzyme retained full activity (data  not shown). Moreover, 
addition of helicase I to  the reaction mixture once the  rate of 
unwinding had leveled off (at  the 15-min time point) resulted 
in renewed displacement of a ["PIDNA fragment until  a new 
plateau was reached (Fig. 6B). The extent of the combined 
displacement reactions was essentially proportional to  the 
displacement expected from the  total helicase I concentration 
added. These results suggest that helicase I does not rapidly 
turn over  from one DNA substrate molecule to  another. 

Since helicase I does not appear to  turn over  from one 
circular DNA substrate molecule to another, we investigated 
the kinetics .of the unwinding reaction using a linear helicase 
substrate (Fig. 7). On a linear DNA substrate the enzyme 
should encounter an end of the DNA molecule and may be 
forced to dissociate and seek a new DNA substrate.  This may 
contrast with what occurs on a circular DNA molecule  where 
the enzyme may  be able to translocate indefinitely. 

Linear helicase substrates were produced by taking  advan- 
tage of the single CZuI restriction site in the duplex region of 
the circular 343-bp partial duplex substrate. Cleavage with 
this enzyme will generate a linear substrate with 141 bp of 
unlabeled duplex DNA at  the 5'  end of the molecule and 202 
bp  of [32P]DNA duplex at  the 3' end of the molecule separated 
by  6895 nulcleotides of ssDNA. As helicase I unwinds duplex 
DNA in a  5' to 3' direction, the ["'PIDNA fragment will be 
displaced from the 3' end of the linear substrate. When kinetic 
experiments were carried out using this linear substrate (202 
bp linear) there was no apparent increase in helicase I  turn- 
over  (Fig. 7); the kinetics were the same as those observed 
using a 71-bp partial duplex circular DNA substrate. 

To ensure that  the presence of the duplex DNA ends was 
not inhibiting the enzyme, the same studies were carried out 
using linear DNA substrates with the duplex region located 
internally. These substrates were constructed by taking  ad- 
vantage of the  short duplex hairpin loop created in the ssDNA 
by the polylinker region of M13mp7. The BamHI restriction 
endonuclease site  present in the hairpin was  used to produce 
linear helicase substrates. Complete digestion at  the BamHI 
site produced a linear partial duplex DNA substrate from a 
circular substrate.  The kinetics of unwinding on this 71-bp 
linear substrate were also identical to  the unwinding kinetics 
observed using the 71-bp circular DNA substrate (Fig.  7). 
However, the  extent of the unwinding reaction on linear 
substrates can be  lower than on circular helicase substrates 
depending on where the duplex DNA is located relative to  the 
ssDNA ends. Assuming that helicase I translocates  5' to 3' 
along ssDNA, a fraction of the helicase I molecules  will bind 
to ssDNA and never encounter a region of duplex DNA on 
the 3' side of the binding site. This results in apparent lower 
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FIG. 6. Extent of the unwinding reaction at different helicase I concentrations. Panel A ,  kinetic 
analysis of the helicase I unwinding  reaction using the 343-bp partial duplex substrate.  Helicase  reactions were 88 
described  under  “Experimental  Procedures” with the following modifications. The  reaction  volume was increased 
to 220 pl and 20-81 aliquots were removed  for the heat  denatured and no helicase I controls. 0,10.5 ng or 0, 27 ng 
helicase I was added to the remaining  180 pl and the reaction was placed at 37 “C. Aliquots (20 pl) were removed 
at the indicated  times  and the reaction was stopped by the  addition of EDTA  and  dyes as described  under 
“Experimental  Procedures.” Panel E ,  kinetic  analysis of the helicase I unwinding  reaction  using the 851-bp partial 
duplex  substrate.  Helicase  reactions  were  as  described under “Experimental  Procedures”  with  the  following 
modifications. The  reaction volume was increased to 300 pl and 20-p1 aliquots were removed for the heat denatured 
and no helicase I controls.  Helicase I (31 ng) was added to the remaining 260 ~l and the reaction was placed at 
37 “C. Aliquots (20 pl) were removed at the  indicated  times (0). At 15 min a parallel  reaction was started by  taking 
a portion (130 pl) of the reaction  mixture and adding an  additional 31 ng of helicase I to this aliquot. This second 
reaction mixture  continued  to  incubate at 37 ‘C and 20-4 aliquots were removed at the  indicated  times (0). The 
data presented here represents an average of two experiments. 

unwinding activity by helicase I on certain linear substrates 
(data not shown). The above data suggest that helicase I does 
not rapidly dissociate from the end of a linear DNA  molecule 
and  bind to a new DNA molecule. In fact, helicase I may 
remain bound at  the end of the linear DNA  molecule. 

Kinetics of the ssDNA-dependent ATPase Reaction-ATP 
hydrolysis was required for the unwinding reaction (see Table 
11) and  it seems reasonable to assume that  the two activities 
may be coupled. For  this reason we investigated the kinetics 
of the ssDNA-dependent ATPase reaction catalyzed by heli- 
case I using both circular and linear DNA effectors. After a 
brief lag phase the  rate of the ATP hydrolysis reaction was 
linear with time  for more than 30 min using either circular 
M13mp7 ssDNA (Fig. 8 A )  or the circular 851-bp partial 
duplex helicase substrate (Fig. 8B)  as a DNA effector. This 
result offers a sharp  contrast to what was observed when the 
unwinding reaction was monitored (see Fig. 5). The rate of 
the unwinding reaction leveled off to essentially zero after 
approximately 15 min. Clearly the enzyme continued to hy- 
drolyze ATP after the unwinding reaction had ceased. 

When  linear M13mp7 ssDNA or the linear 851-bp helicase 
substrate were used as DNA effectors of the ssDNA-depend- 
ent ATPase activity, very little ATP hydrolysis was measured 
(Fig. 8, A and B ) .  When the kinetics of the ATPase reaction 
using a linear DNA effector was compared to  the kinetics of 
the unwinding reaction on the same linear molecule, an inter- 
esting  contrast was seen. ATP hydrolysis in  the presence of a 
linear DNA effector was  negligible compared to ATP hydrol- 
ysis in  the presence of a circular DNA effector. However, 
helicase activity on  linear  and circular DNA substrates was 
equivalent (see Fig.  7). One explanation  for  these  results 

assumes that helicase I translocates unidirectionally in the 5’ 
to 3‘ direction to  the end of a linear molecule and stops, no 
longer requiring ATP hydrolysis for translocation or unwind- 
ing.  On circular DNA substrates the enzyme may  be able to 
translocate indefinitely resulting in a linear ATPase reaction. 

The role of ATP hydrolysis in the helicase reaction is not 
clear. However, it is likely that  the energy released by hy- 
drolysis of ATP is utilized by helicase I for processive trans- 
location along ssDNA and  perhaps for unwinding the DNA 
duplex. A kinetic parameter, Kern has been utilized to define 
helicase reaction mechanisms on ssDNA. Kerf is defined as 
the amount of ssDNA required to achieve one-half the maxi- 
mal rate of ATP hydrolysis. If the K., is substantially greater 
for linear DNA  molecules than for circular DNA  molecules, 
this can be interpreted  as evidence for a processive translo- 
cation mechanism (24,  27). 

To examine whether helicase I exhibits a processive trans- 
location mechanism on ssDNA, Kerf values were determined 
for both circular and linear M13mp7  ssDNA. The Kerf value 
for M13mp7 circular ssDNA is 0.5 p~ DNA  (Fig. 9); the value 
for a linear DNA  molecule cannot be determined as  the rati 
of ATP hydrolysis on a linear DNA effector is at or below 
detectable limits under the conditions used.  However, the 
results of unwinding assays using the linear helicase substrate 
indicated that  the enzyme did indeed translocate over the 
linear DNA  molecule. This suggests that helicase I is ex- 
tremely processive, dissociating very infrequently from 
ssDNA. In fact, the enzyme apparently remains bound to  the 
end of a linear DNA  molecule  even  when the enzyme is not 
hydrolyzing ATP. 
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FIG. 7. The kinetics of the  unwinding  reaction  are  the  same 

on  linear and circular helicase substrates. Helicase reactions 
were as described  under “Experimental Procedures”  with the follow- 
ing modifications. The reaction  volume  was  increased to 200  pl  and 
20-4 aliquots were  removed  for heat-denatured substrate and no 
helicase I controls. Helicase I (10.5 ng) was  added to the remaining 
180 pl and the reaction  was  placed at 37 “C. Aliquots (20 p l )  were 
removed at the times indicated and the reaction stopped by the 
addition  of EDTA and  dyes as described  under  “Experimental Pro- 
cedures.” The data presented represent an average  of  three  or  more 
experiments. 0, 71-bp circular helicase substrate; 0, 71-bp helicase 
substrate linearized with BamHI as described  under “Results”; 0, 
343-bp helicase substrate linearized  with ClaI to give a 202-bp linear 
helicase substrate as described  under  “Experimental  Procedures.” 

DISCUSSION 

Helicase  I is believed to  play a central role in  the  transfer 
of a single strand of F plasmid  DNA  from  the  donor cell to 
the  recipient cell during  bacterial conjugation (19, 21). The 
purified  enzyme has two interrelated activities: (i)  ssDNA- 
dependent  ATPase  activity  and  (ii) helicase activity,  both of 
which are likely to  be  important for this role. In this study 
we have extended  earlier biochemical studies of these two 
activities (17, 18, 22,  23) to show that helicase I catalyzes  a 
unidirectional  and highly  processive unwinding  reaction  that 
is dependent  on  the hydrolysis of ATP.  We have  also  de- 
scribed a modified purification  procedure which  may result  in 
a preparation of helicase  I that  is more active  than  that 
described in previously published  reports (17, 22). Essentially 
complete unwinding of partial  duplex  DNA  substrates  con- 
taining  up  to 851 bp of duplex DNA  has  been  obtained  with 
a molar ratio of approximately 10  helicase I molecules/DNA 
substrate molecule. Substantial  unwinding of an  851-bp  par- 
tial duplex molecule was also observed in  unwinding  reactions 
which contained a 1:l ratio of helicase I protein molecules to 
DNA molecules. These  results  appear to  differ  from  previous 
results which suggested that helicase  I was active  as a multi- 
mer of helicase I monomers (18, 22). 

The  DNA  unwinding  reaction catalyzed by helicase  I re- 
quired  the presence oE (i) a  hydrolyzable NTP  and  (ii) a 
region of ssDNA to which the enzyme can  hind (2, 22,  23). 
Substitution of the poorly  hydrolyzed ATP analog, ATP-yS, 
for ATP resulted  in  no  detectable  unwinding of the  DNA 
substrate.  This  indicated a need for ATP hydrolysis  concom- 

itant with unwinding of duplex  DNA. All eight of the com- 
monly  occurring predominant  NTPs  (dNTPs) were effec- 
tively  utilized by helicase I as hydrolysis substrates  in place 
of ATP  in  the  unwinding reaction. 

Helicase  I  requires  a region of ssDNA  for  binding of the 
enzyme and does not  unwind a fully duplex molecule (22). In 
fact,  the ssDNA must be of a specific polarity  in relation to 
the duplex DNA  in  order for an  unwinding reaction to occur. 
This is consistent  with  the  fact  that  all helicases known to 
date  unwind duplex  DNA  with a specific directionality. The 
direction of the unwinding reaction catalyzed by helicase I is 
5’ to 3‘ with respect to  the  strand  on which the enzyme is 
bound. This was demonstrated  using a linear ssDNA molecule 
with duplex ends (see Fig. 3A). Thus helicase I  unwinds 
duplex DNA  in  the  same  direction  as  the E. coli DnaB  protein 
(5) and helicase I11 (1) and  in  the opposite direction of Rep 
protein (3), helicase I1 (28), and  the E. coli 75-kDa helicase 
(7). 

The  unwinding  reaction  catalyzed by helicase I was inde- 
pendent of protein  concentration with  respect to  the length 
of the duplex region unwound. This was demonstrated using 
three  partial duplex substrates  with  duplex regions ranging 
from 71 to 851 bp  in  length. A specified concentration of 
helicase I  displaced the  same  fraction of  [3’P]DNA fragment 
from each  partial duplex substrate.  Thus  the  fraction of DNA 
substrate molecules unwound by helicase I is  independent of 
the length of the duplex region on  the  substrate.  In  fact, a 
duplex region of 2.5 kb  in  length could be unwound to a 
comparable extent using the  same  concentration of helicase 
I.3 Since  no  additional  protein was required to unwind  longer 
duplex DNA regions the  mechanism of the unwinding  reaction 
appears  to he processive. 

Consistent with a processive  unwinding mechanism is the 
apparent slow turnover of helicase  I molecules from one  DNA 
substrate  to  another.  The  extent of the  reaction,  as defined 
by the  fraction of substrate unwound  when the  plateau was 
reached, was directly proportional with  helicase  I concentra- 
tion  on  both  circular  and  linear  partial duplex DNA  sub- 
strates.  Since  the enzyme remained active  for  more than 40 
min  and  the DNA substrate was competent  to be further 
unwound, we interpret  this  result as indicating  that helicase 
I  does not  turn over to a new DNA  substrate a t  any  significant 
rate.  The  results were the  same even when a  DNA terminus 
was  provided, as  on  the  linear  partial duplex molecules. 

The  kinetics of the  ssDNA-dependent  ATP hydrolysis  re- 
action were quite  different  on  linear  and  circular DNA effec- 
tors (see Fig. 8, A and A). The  ATP hydrolysis reaction was 
linear with time for  more than 40 min  on a  circular DNA 
molecule; ATP hydrolysis was barely detectable  on a linear 
DNA molecule. This was true of both ssDNA  effectors and 
partial duplex  DNA  helicase substrates  used  as effectors. 
Since  ATP hydrolysis is required  for  unwinding of duplex 
DNA  and helicase  I has  been shown to  unwind a  duplex region 
on a linear molecule, it seems  reasonable to conclude that 
ATP hydrolysis  fuels the  5’  to 3’ translocation of helicase I 
along ssDNA as well as movement through duplex DNA. 

A comparison of the  results of ATP hydrolysis assays  and 
unwinding assays  on  both  linear  and circular DNA molecules 
presents  an  interesting  contrast. A linear  partial duplex DNA 
substrate was fully functional as a helicase substrate  but  did 
not  appear  to  he a functional effector  for ATP hydrolysis. 
Circular DNA molecules, on  the  other  hand, provide good 
helicase substrates  and were effectors of the  ATP hydrolysis 
reaction.  This conflict can be explained if helicase I remains 
bound  on a  circular DNA molecule for an  indefinite period of 
time  and  continues to translocate  and hydrolyze ATP.  When 
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FIG. 8. ATP hydrolysis in the presence of ssDNA effectors. ATP hydrolysis was measured as described 
under “Experimental Procedures.” Panel A, ATP hydrolysis versus time using M13mp7  ssDNA as an effector. The 
volume of the reaction mixture was increased to 40 p1 and a 5-pl aliquot was  removed for a no helicase I control. 
Helicase I (21 ng) was added to  the remainder of the reaction mixture and  the reaction was placed at 37 “C. 
Aliquots (5 pl) were  removed at  the indicated times and  the reaction stopped as described under “Experimental 
Procedures.” 0, M13mp7 ssDNA linearized with BamHI, 0, M13mp7 ssDNA circles. Panel B, ATP hydrolysis 
versus time using the 851-bp partial duplex substrate as  an effector. The volume of the reaction mixture was 
increased to 60 pl and a 5-pl aliquot was  removed for a no helicase I control. Helicase I (3.6  ng)  was added to  the 
remainder of the reaction mixture and  the reaction was placed at 37 “C. Aliquots (5 p l )  were  removed at  the 
indicated times and  the reaction stopped as described under “Experimental Procedures.” 0,851-bp partial duplex 
substrate linearized with BamHI as described under “Results”; 0, circular 851-bp partial duplex substrate. The 
851-bp partial duplex substrate concentration in the reaction mixtures was approximately 1.8 PM for both linear 
and circular substrates.  Data presented is an average of two or more experiments. Background values have been 
subtracted for all data presented. 

- 

a duplex region of DNA is encountered, the duplex is unwound 
but  the enzyme remains bound to  the ssDNA and does not 
turn over to a new  DNA substrate molecule. On a  linear DNA 
molecule the enzyme migrates in the 5’ to 3’ direction utilizing 
ATP hydrolysis to fuel translocation, but stops when an end 
is reached. At this  point ATP hydrolysis also ceases. If duplex 
DNA is encountered during the 5‘ to 3‘ migration an unwind- 
ing reaction takes place. The enzyme subsequently dissociates 
from the end of the linear DNA molecule or associates with a 
new DNA  molecule  very  slowly. Alternatively the active en- 
zyme species could be a multimer which must dissociate to 
form monomers prior to binding a new substrate molecule. 
The result of this slow step is that ATP hydrolysis is barely 
detectable when a  linear DNA  molecule is used as an effector 
of ATP hydrolysis. Interestingly,  this provides an explanation 
for why linear homopolymer DNA  molecules  were not effec- 
tive in stimulating the ATP hydrolysis reaction catalyzed by 
helicase I (17). In addition,  this also suggests that only a low 
level of ATP hydrolysis is required to fuel translocation along 
ssDNA and for unwinding regions of duplex DNA. Whether 
the energy released in hydrolyzing ATP is utilized solely in 
reaching duplex DNA or is also required for the  separation of 
duplex DNA strands is not  clear at present. However, it should 
be noted that no substantial increase in ATP hydrolysis was 
observed when linear partial duplex substrates were used as 
effectors of the ATP hydrolysis reaction as compared to linear 
ssDNA (see Fig. 8). 

The biochemical properties of helicase I are suitable for the 
role it  is  thought to play  in bacterial conjugation. The enzyme 
is a highly  processive helicase capable of unwinding long 

regions of duplex DNA.  However, the purified enzyme will 
not  initiate an unwinding reaction on a nicked DNA  molecule 
(22). Many DNA helicases have  shown a dependence on, or 
interactions with other  proteins in order to provide optimal 
helicase activity ( 3 , 5 ,  9, 14). As knowledge  of the enzymology 
of bacterial conjugation increases it will  be interesting to see 
whether a protein involved in the replication or transfer of 
the F factor will be required to aid in the functioning of 
helicase I. Perhaps an enzyme will  be found which enables 
helicase I to unwind the F factor from the strand-specific nick 
known to occur at  the origin of transfer. 
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