
semaphorins (26,27). Given the presence of all 
three types of molecules in the SA library, it is 
likely that semaphorins play a role in stem cell 
adhesion and homing behavior. 

Our studies identify numerous individual 
candidate regulatory molecules, but they also 
pave the way for more global approaches to 
stem cell biology. In particular, the production 
of stem cell microarrays will permit the analysis 
of fluctuations in the genetic program as a 
function of permutations in self-renewal, com- 
mitment, or other stem cell properties (3,4,28). 
The large collection of gene products will also 
facilitate proteomic strategies to uncover pro- 
tein interaction networks (29). We anticipate 
that the SCDb will be a resource for the stem 
cell community and will foster the collaborative 
and consortia1 interactions necessary for global 
approaches to important biological questions. 
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Role of 4.5s RNA in Assembly 
of the Bacterial Signal 

Recognition Particle with Its 
Receptor 

Paul Peluso,' Daniel Herschlag? Silke Nock,' Douglas M. Freymann,* 
Arthur E. J~hnson,~Peter Walter't 

The mechanism by which a signal recognition particle (SRP) and its receptor 
mediate protein targeting to the endoplasmic reticulum or to the bacterial 
plasma membrane is evolutionarily conserved. In Escherichia coli, this reaction 
is mediated by the Ffh/4.5S RNA ribonucleoprotein complex (Ffh/4.5S RNP; the 
SRP) and the FtsY protein (the SRP receptor). We have quantified the effects 
of 4.5s RNA on Ffh-FtsY complex formation by monitoring changes in tryp- 
tophan fluorescence. Surprisingly, 4.55 RNA facilitates both assembly and dis- 
assembly of the Ffh-FtsY complex to a similar extent. These results provide an 
example of an RNA molecule facilitating protein-protein interactions in a 
catalytic fashion. 

Ffh and FtsY are both guanosine triphosphata- 
ses (GTPases) (1-5) that interact with each 
other in a GTP-dependent manner and recipro- 
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cally stimulate each other's GTPase activity (6, 
7). The GTPase domains of Ffh and FtsY de- 
fine them as members of a GTPase subfamily 
with unique properties (8-11). 4.5s RNA en- 
hances association of Ffh and FtsY, which sug- 
gested a role for the RNA in stabilizing the 
complex (6). To analyze the role of 4.5s RNA 
in this reaction in more detail, we took advan- 
tage of the fact that FtsY, but not Ffh, contains 
tryptophan residues. This allowed us to monitor 
the interaction of Ffh and FtsY s~ectroscooical- 
ly ( ~ i ~ ,  ~ ~ twas'inde-~1). ~  ~ ~ la similar ksay 
pendently developed by Jagath and co-workers 
(12). In our studies we used a NH,terminally 
truncated version of FtsY (residues-48 to 494) 

20. M. Okano, D. W. Bell, D. A. Haber, E. Li, Cell 99, 247 
(1999). 

21. R. 5. Hansen et al., Proc. Natl. Acad. Sci. U.S.A. 	 96. 
14412 (1999). 

22. D. Wotton, 	R. 5. Lo, 5. Lee, J. Massague, Cell 97, 29 
(1999). 

23. 	0.G. Ottmann and L. M. Pelus, J. Immunol. 140,2661 
(1988). 

24. V. 	 V. Ogryzko. R. L Schiltz, V. Russanova, B. H. 
Howard, Y. Nakatani, Cell 87, 953 (1996). 

25. L. A. Milner and A. Bigas, Blood 93, 2431 (1999). 
26. M. L Winburg et al., Cell 95, 903 (1998). 
27. T. Takahashi et a/., Cell 99, 59 (1999). 
28. P. 0. Brown and D. Botstein, Nature Genet. 21, 33 

(1999). 
29. T. Ito et al., Proc. Natl. Acad. Sc;. 	 U.S.A. 97, 1143 

(2000). 
30. M. Osawa, K. Hanada, H. Hamada, H. Nakauchi, Sci- 

ence 273, 242 (1996). 
31. We thank A. Beavis and J. Zawadzki for expert flow 

cytometry and J. Goodhouse for expert confocal mi- 
croscopy. We thank J. Shepard, C. Wesley, A. Nixon. 
S. Sykes, W. Perry, and R. Wager for valuable contri- 
butions to these studies. We thank P. Sharp, T. Shenk, 
5. Tilghman, L. Enquist, and C. Jordan for critical 
reviews of the manuscript. Sequencing support was 
~rovided bv lmclone Svstems. Inc. This work was 
;upported Ly NIH (I.R.L.)~ 0 1 : ~ ~ 4 2 9 8 9  and 
R01-RR04026 (G.C.O.). 

14 February 2000; accepted 5 April 2000 

that was previously shown to interact with Ffh 
in a manner indistinguishable from that of full- 
length FtsY (5). 

Incubation of FtsY with FW4.5S RNP in 
the presence of the nonhydrolyzable GTP 
analog GppNHp (5'-guanylylimidodiphos-
phate) shifted the tryptophan fluorescence 
emission maximum by -10 nrn and doubled 
the fluorescence intensity (Fig. 1A). This is 
consistent with burial of one or both of the 
tryptophans in a more hydrophobic environ- 
ment upon formation of a Ffh-FtsY complex. 
These fluorescence changes occurred only in 
the presence of GppNHp and not in the pres- 
ence of guanosine diphosphate (GDP) (Fig. 
lB), consistent with the GppNHp depen- 
dence for complex formation determined by 
affinity chromatography (6 ) .  

Complex formation and stimulation of 
GTPase activity were previously shown to be 
dependent on the presence of 4.5s RNA. We 
were therefore surprised to observe that in the 
absence of 4.5s RNA, addition of GppNHp 
resulted in an increase and shift in fluores- 
cence that was indistinguishable from that 
observed with the Ffhl4.5S RNP (Fig. 1, C 
and D). To understand the origin of this 
paradox and the role of 4.5s RNA in complex 
formation, we carried out a kinetic and ther- 
modynamic analysis of the reaction. 

We compared the kinetics of association 
between Ffh and FtsY in the absence and 
presence of 4.5s RNA (Fig. 2, A and B). The 
association with FtsY, monitored by fluores- 
cence, was faster for Ffhl4.5S RNP than for 
,the same concentration of Ffh by a factor of 
more than 100. Analogous determinations at 
a series of Ffh and Ffhl4.5S RNP concentra- 
tions gave second-order rate constants for 
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Fig. 1. Changes in trypto- 
phan fluorescence allow 

monitoringcomplex formation.Ffh-FtsYof Fluo-
rescence emission spectra 
of FtsY (1 pM) in the pres- 
ence (solid circles) or ab-
sence (open circles) of 8 
p M  Ffhl4.55 RNP (A and B) 
or 6 p M  free Ffh (C and D). 
Spectra in  (A) and (C) were 
obtained under standard 
assay conditions (28) w i th  
1 mM GppNHp-Mg2+ and 
those in (B) and (D) wi th 
0.5 m M  GDP-Mg2+. Analy- 
sis of a mutant form of 
FtsY, FtsY( W128F), but not 
of FtsY(W343F), showed 
sirnilar fluorescence chang- 
es upon complex formation 
wi th Ffh (72, 77); this indi- 
cates that the assay exclu- 
sively measures the envi-
ronment of Trp343, which is 
positioned near the nucleo- 

R E P O R T S  
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.;;0.8 

5= 
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310 330 350 370 310 330 350 370 

Emission A (nm) 

tide binding site. Spectra were acquired using a photon-counting SLM 8100 spectrofluorometer. An 
excitation wavelength of 290 n m  was used. In (A) and (B), 4.55 RNA was added t o  the "-Ffhl4.5S" 
samples t o  control for inner filter effects. 

association of k,, = 5.6 X lo2 M-' sp' and 
9.2 x lo4 M-I S-' , respectively (Fig. 2, A 
and B, insets). These observed association 
rate constants are much smaller than those 
typically observed for protein-protein associ- 
ation, lo6 to 10' M-' s-' (13), which sug- 
gests that the association of a signal recogni- 
tion particle (SRP) and its receptor requires 
conformational rearrangement. 

The difference in association rate con-

stants explains the apparent requirement for 
4.5s RNA in previous GTP hydrolysis and 
binding studies. The Ffh-FtsY complex 
would not be expected to have formed over 
the time course and at the concentrations used 
in published assays (5 to 150 nM, 20 min). 
When Ffh-FtsY complex formation is driven 
by high concentrations of the interacting 
components, however, GTP hydrolysis is 
stimulated (14, 15). 

The enhanced rate of complex formation 
might be readily explained if 4.5s RNA in- 
creases the affinity of FtsY for Ffh. This 
could arise, for example, if 4.5s RNA bind- 
ing to Ffh preorders the protein for interac- 
tion with FtsY (16) or if 4.5s RNA interacts 
directly with FtsY. To test this prediction, we 
followed the dissociation of the FM4.5S- 
FtsY and Ffh-FtsY complexes. Ffh-FtsY and 
Ffhi4.5S-FtsY complexes were preformed in 
the presence of GppNHp, and the change in 
tryptophan fluorescence was monitored as a 
function of time after addition of an excess of 
GDP (Fig. 2, C and D). After dissociation, 
Ffh and FtsY rapidly exchange GppNHp for 
GDP (17-19) and hence are trapped in the 
dissociated state. 

To our surprise, the FW4.5S-FtsY com- 
plex dissociated much faster than did the 
Ffh-FtsY complex (Fig. 2, C and D). The rate 
constant determined for the dissociation of 
the FfhI4.5S-FtsY complex (k,, = 3.3 X 

s-') was greater than that for the Ffh- 
FtsY complex (k,, = 1.2 X lop5 sp l )  by a 
factor of 275. To confirm that the change in 
fluorescence observed upon addition of GDP 
indeed measured complex dissociation, we 
used two additional approaches: (i) dilution 
and (ii) addition of an excess of a nonfluo- 
rescent mutant FtsY [FtsY(W128F,W343F), 
where W = Trp and F = Phe]. Both ap- 
proaches gave dissociation rate constants in- 
distinguishable from those described above 
(for the Ffhi4.5S-FtsY complex, k,, = 5.1 X 

sp' for the first approach and k,, = 
6.3 X lop3 s p l  for the second approach) 

[Ffhl (vM) 

1000 0 10 20 

Time (s) 

Time (lo3 s) 

200 300 0 0.4 0.8 1.2 1.6 

Time (1 o3s) 

Fig. 2. Association and dissociation kinetics for the Ffh-FtsY and Ffh14.55 RNP- 
FtsY complexes. FtsY (0.35 pM) fluorescence was monitored over time in the 
presence of 500 p M  GppNHp-Mg2+ and either 7.3 p M  Ffh (A) or 7.7 p M  Ffh14.55 
(B). The data were f i t  to  a single exponential, yielding k,,, = 0.0061 sp' and 0.70 
s-l, respectively. Insets: Values of k,,, from experiments as in (A) and (B) were 
plotted against concentrations of Ffh and Ffh14.55 RNP; different open symbols -
represent independent experiments in the inset of (A) [the solid circles are the 2 
experimentally determined k,, values from (C) and (D)]. A f i t  of the data to  the 5 
equation k,, = k .[protein] + k, gave values of k,, = 5.6 (k0.6) X 10' M-' 2 
s-' and 9.2 i*0.71 X lo4 M-' s-' for the binding of Ffh and the Ffhl4.55 RNP, 2 
respectively, t o  FtsY. [The latter value is in reasonable agreement with that 
measured by Jagath et  a/. (72) 1.8 X l o 5M-' s-', using a similar assay with GTP -
in place of the nonhydrolyzable GTP analog used here.] Ffh, Ffhl4.55 RNP, and FtsY 
were preincubated individually with 500 p M  GppNHp-Mg2+ for 20 min before 
each initiation of the reactions. For binding reactions of Ffhl4.55 RNP t o  FtsY, 
measurements were made using a KinTek Stopped-Flow apparatus. (C and D) 
Dissociation rates of Ffh-FtsY and FfhI4.55 RNP-FtsY complexes. Fluorescence 
intensity was monitored at  340 nm after mixing 1.5 p M  Ffh-FtsY complex (C) and 

0 
0 500 

2 p M  Ffh14.55 RNP-FtsY complex (D) with 5 mM GDP-Mg2+ to  trap dissociated 2.0 

components. Fits of the data t o  single exponentials gave values of k,, = 3.30 
(20.02) X s-' and 1.20 (20.04) X lop5s-' for dissociation of the Ffhl4.55 ,o
RNP-FtsY and Ffh-FtsY complexes, respectively. Reactions were carried out in 
triplicate. Complexes were preformed at 2X concentration in the presence of 100 
p M  GppNHp-Mg2+. To initiate reactions, samples were diluted 1:l in buffer 
containing 10 mM GDP-Mg2+. Inset of (D): Dissociation of Ffh-FtsY complex was 0 100 

accelerated upon addition of 4.55 RNA. Fluorescence changes were monitored 
after mixing 2.5 p M  Ffh-FtsY complex with 5 mM GDP-Mg2+. At the time 
indicated (arrow), either 5.5 p M  4.55 RNA (Lower trace) or 12 p M  yeast tRNA (upper trace) was added t o  the sample. Fluorescence intensity changes were 
corrected for photobleaching (<5% of total fluorescence). The data obtained after 4.55 RNA addition were f i t  to  a single exponential, yielding a rate constant 
of 2.7 (20.2) X lC3SF'. We also analyzed the hydrodynamic properties of the Ffh-FtsY complex by gel filtration and velocity centrifugation (77). In both 
cases, the Ffh-FtsY complex behaved as a uniform species fractionating in the size range of 100 t o  150 kD, consistent with a composition of one molecule 
each of Ffh and FtsY. 
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(1 7). These rates are much slower than those 
measured for GppNHp release from the indi- 
vidual components; GppNHp release is there- 
fore significantly slowed in Ffh-FtsY com- 
plexes, akin to "classical" GTPases that hold 
on tightly to bound nucleotides (20, 21). The 
decreased rate of nucleotide release from the 
complexes could be due to conformational 
changes in the nucleotide binding sites or to 
steric occlusion of the nucleotide exit routes. 

The above results show that 4.5s RNA 
enhances dissociation of the complex be- 
tween Ffh and FtsY. A prediction arising 
from these observations is that addition of 
4.5s RNA to preformed Ffh-FtsY complex 
would facilitate its dissociation. Addition of 
4.5s RNA does indeed increase the dissocia- 
tion rate (Fig. 2D, inset). The observed factor 
of 200 increase is the same, within error, as 
that described above, indicating that the Ffh- 

R E P O R T S  

FtsY complex is rapidly and completely con- 
verted to the faster dissociating Ffh/4.5S- 
FtsY complex. This effect was specific for 
4.5s RNA; the addition of an equivalent 
amount of tRNA did not result in enhanced 
dissociation. These experiments show that 
the Ffh-FtsY complex is not irreversibly 
trapped in a slowly dissociating state. 

The equilibrium dissociation constants 
calculated from the observed association and 
dissociation rate constants give similar values 
of K, = (koJko,) = 0.024 and 0.036 pM for 
the Ffh-FtsY and FiW4.5S-FtsY complexes, 
respectively. Equilibrium binding assays car- 
ried out with Ffh and FtsY or with Ffh/4.5S 
RNP and FtsY revealed strong binding in 
both cases (Fig. 3). Because of the strong 
binding, only upper limits could be obtained 
for the dissociation constants, with values of 
50.09 pM and 50.017 pM for the Ffh-FtsY 

Fig. 3. Equilibrium binding of 0.8 
Ffh and Ffhl4.55 RNP to FtsY. - 
Binding reactions were car- 
ried out for 40 hours with Ffh 0.6 

(A) and for 20 min with Ffhl 2 
4.55 RNP (B) in the presence 0.4 
of 0.1 pM FtsY and 500 p M  
GppNHp-MgZC. Because the k 
maximal fluorescence change $ 0.2 
is observed at concentrations & 
of Ffh and Ffhl4.55 near the 0 
FtsY concentration, the data 0 0.3 0.6 0.9 1.2 0 0.4 0.8 1.2 1.6 
were fit using a quadratic 
equation [solid Lines; see IFfhl @MI [Ffh/4dS] (pM) 

(25)]. The dissociation con- 
stants obtained-0.092 (20.038) pM and 0.016 (20.010) yM for Ffh and Ffh14.55 RNP, respec- 
tively-should be considered as upper Limits for the true Kd values (29). The dashed lines show the 
binding curves calculated from the Kd values obtained from the k and k,, measurements in Figs. 
2 and 3. Deviations in (A) are Likely due to incomplete eqgibration at the Lower protein 
concentrations. Background intensities for each Ffh concentration were simultaneously measured 
and subtracted from each corresponding reaction before calculating the fractional fluorescence 
intensity change, (F - F,)/F,. For the binding reactions in (B), 4.55 RNA was maintained at a 
constant concentration of 3.0 yM in each sample to control for inner filter effects. 

Ffht4.5S + FtsY i Fm-FtSY 

-10 
Reaction 

Fig. 4. Effect of 4.55 RNA on the Ffh-FtsY binding reaction. (A) Free energy-reaction profile for 
Ffh-FtsY association in the absence (solid line) and presence (dashed Line) of bound 4.55 RNA. The 
relative energy Levels are shown for a standard state of 1 M and were calculated from the observed 
association and dissociation rate constants using the equation AC = -RT In(khlkBT) (73), where 
R = 1.987 kcal mol-' K-', Boltzmann's constant kB = 3.3 X IWZ7 kcal K-', h = 1.58 X S-I, 

and T = 298 K. (B) Schematic diagram depicting a model for how 4.55 RNA may act catalytically 
in Ffh-FtsY complex formation. In this model, 4.55 RNA (hairpin) helps form a transient tether 
between Ffh (light gray) and FtsY (dark gray), which allows a complex to form long enough for Ffh, 
FtsY, or both (as depicted) to obtain the correct conformation to become more stably locked. The 
presence of the RNA lowers the energy barrier to this "transition state($ within the brackets by 
-3 kcal mol-l, as indicated by the arrows in (A). The tether would be transient, however, as the 
complex is not measurably stabilized in the presence of the RNA. 

and FW4.5S-FtsY complexes, respectively. 
These limits are consistent (within error) with 
the dissociation constants calculated from the 
kinetic data. 

Taken together, the above data show that 
4.5s RNA not only speeds formation of the 
Ffh-FtsY complex by a factor of -200, but 
also accelerates its dissociation to a similar 
extent. In analogy to an enzymatic reaction, 
the RNA therefore stabilizes a transition state 
for the binding reaction, lowering the ener- 
getic barrier separating free and complexed 
components by -3 kcal mol-' (Fig. 4A). 
4.5s RNA therefore carries out a "catalytic" 
function in the assembly reaction. In contrast 
to conventional catalysts that facilitate multi- 
ple reactions when present in substoichiomet- 
ric amounts, 4.5s RNA remains tightly bound 
to Ffh in a stoichiometric complex. 

How could the 4.5s RNA stabilize the 
transition state for association and dissocia- 
tion without substantially altering the equilib- 
rium for protein-protein association (Fig. 
4A), and what might be the meaning of these 
observations for SRP function? A plausible 
model to account for the catalytic behavior is 
that 4.5s RNA can serve as a transient tether, 
linking the two interacting proteins tempo- 
rarily. Transient tethering would lengthen the 
time window after the initial collisional en- 
counter of the components during which they 
can convert to the stably bound complex (Fig. 
4B). Within a transiently formed complex, 
the two proteins might be able to find the rare 
conformations within or between the vroteins 
that are competent for stable binding. As 
noted above. the observation that the associ- 
ation rate constant, even in the presence of 
RNA, is much lower than typically observed 
for protein-protein interactions suggests a re- 
quirement for such rearrangements before 
formation of the stable complex. 

The simplest molecular model posits a di- 
rect role of the 4.5s RNA in providing the 
transient tether. Alternatively, the RNA could 
form the tether together with part of the Ffh 
protein or could induce conformational changes 
in Ffh in a region, such as the M domain of Ffh 
to which 4.5s RNA binds (16,22,23), that then 
serves as the tether. In either case, the stable 
complex might result from direct interaction of 
structurally related GTPase domains (NG do- 
mains) of Ffh and FtsY, as is suggested from 
the reciprocal stimulation of GTP hydrolysis 
(7). Furthermore, mutagenesis studies show 
that the tryptophan responsible for observed 
fluorescence changes resides in the NG domain 
of FtsY (Fig. 1) (12). It is critical to emphasize 
that, according to the transient tether model, the 
region used as the tether would not be involved 
in stabilizing contacts in the final complex. 
Consistent with this notion, no changes in the 
footprint of Ffh on 4.5s RNA were observed 
upon binding to FtsY (1 7). 

Although we have characterized here the 

1 642 2 JUNE 2000 VOL 288 SCIENCE www.sciencernag.org 



consequences of the presence or absence of 
4.5s RNA for Ffh-FtsY complex formation, 
an extension of these results suggests that the 
catalytic activity of 4.5s RNA could serve as 
a built-in regulator for the SRP targeting 
cycle. As the M domain also contains the 
signal sequence binding site of Ffh (22), sig- 
nal sequence binding could induce minor 
changes in RNA conformation (on the order 
of 3 kcal mol-', i.e., breaking or forming 
only a few hydrogen bonds), which in turn 
could lead to changes in kinetics controlling 
Ffh-FtsY complex formation. Indeed, the 
structure of SRP RNA bound to the Ffh M 
domain shows that SRP RNA is closely jux- 
taposed to the signal sequence binding pock- 
et, which underscores the feasibility of direct 
crosstalk between bound signal sequences 
and the RNA (24, 25). It is therefore an 
appealing hypothesis that protein targeting by 
a SRP and its receptor could be controlled 
through conformational changes in the RNA 
in addition to nucleotide occupancy of the 
GTPase domains. According to this view, 
SRP RNA would play a much more active 
role than previously presumed in regulating 
the interaction between the two GTPases. 

The catalytic properties shown here for 
4.5s RNA may not be unique to this system 
but may be a paradigm for other ribonucleo- 
protein assemblies, such as spliceosomes and 
ribosomes, that go through a dynamic cycle 
(26, 27). Like SRP-mediated protein target- 
ing, these biological processes depend on the 
coordinated formation and dissociation of 
complex ribonucleoprotein assemblies. Per- 
haps the RNA components in these complex- 
es affect conformational changes in a manner 
analogous to 4.5s RNA and thus provide new 
means for regulation by modulating the ki- 
netic parameters that govern complex forma- 
tion and disassembly. 

References and Notes 
1. P. Walter and A. E. Johnson, Annu. Rev. Cell 6\01. 	10, 

87 (1994). 
2. J. Luirink et a/., EM60 J. 13, 2289 (1994). 
3. G.J. Phillips and T. J. Silhavy, Nature 359, 744 (1992). 
4. 	V. Ribes, K. Romisch, A. Giner, 8. Dobberstein, D. 

To l le~ey,Cell 63, 591 (1990). 
5. T. Powers and P. Walter, EMBO J. 16, 4880 (1997). 
6. J. D. Miller, H. D. Bernstein, P. Walter, Nature 367, 

657 (1994). 
7. T. Powers and P. Walter, Science 269, 1422 (1995). 
8. K. Romisch et a/.. Nature 340, 478 (1989). 
9. D. M. Freymann, R. J. Keenan, R. M. Stroud, P. Walter, 

Nature 385, 361 (1997). 
10. G. Montoya, C. Svensson, J. Luirink, I. Sinning, Nature 

385, 365 (1997). 
11. H. D. Bernstein et a/., Nature 340, 482 (1989). 
12. J. R. Jagath, M. V. Rodnina, W. Wintermeyer,). Mol. 

Biol. 295, 745 (2000). 
13. A. Fersht, Enzyme Structure and Mechanism (Free- 

man, New York, ed. 2, 1985). 
14. P. Peluso and P. Walter, unpublished data. 
15. B. Macao, J. Luirink, T. Samuelsson, Mol. Microbiol. 

24, 523 (1997). 
16. N. Zheng and L. M. Gierasch, Mol. Cell 1, 79 (1997). 
17. P. Peluso, D. Herschlag, 5. Nock, D. M. Freymann, A. E. 

Johnson, P. Walter, data not shown. 

18. C. Moser, 0. Mol, R. S. Goody, I. Sinning. Proc. Natl. 
Acad. Sci. U.S.A. 94, 11339 (1997). 

19. J. R. Jagath, M. V. Rodnina, G. Lentzen, W. Winter- 
rneyer, Biochemistry 37, 15408 (1998). 

20. C. Klebe, H. Prinz, A. Wittinghofer, R. S. Goody, Bio- 
chemistry 34, 12543 (1995). 

21. J. John et dl., Biochemistry 29, 6058 (1990). 
22. D. Zopf, H. D. Bernstein, A. E. Johnson, P. Walter, 

EMS0 j .  9, 4511 (1990). 
23. K. Romisch, J. Webb, K. Lingelbach, H. Gausepohl, 8. 

Dobberstein,J. Cell Biol. 111, 1793 (1990). 
24. R. T. Bately, R. P. Rambo, L. Lucast, 8. Rha, 	J. A. 

Doudna, Science 287, 1232 (2000). 
25. P. Walter, R. Keenan, U. Schmitz, Science 287, 1212 

(2000). 
26. K. 5. Wilson and H. F. Noller, Cell 92, 337 (1998). 
27. J. P. Staley and C. Guthrie, Cell 92, 315 (1998). 
28. Fluorescence spectra were 	obtained and reactions 

carried out in 50 mM Hepes (pH 7.5), 150 mM KOAc, 
1.5 mM Mg(OAc),. 0.01% (vlv) Nikkol detergent, and 

2 mM dithiothreitol at 2SoC (Ac, acetyl). Escherichia 
coli Ffh, 4.55 RNA, and FtsY were prepared as de- 
scribed (5). Ffh14.55 RNP was assembled using a 
twofold molar excess of RNA over Ffh and used 
without further purification (6). 

29. R. 5. Goody, M. Frech, A. Wittinghofer, Trends Bio- 
chem. Sci. 16, 327 (1991). 

30. We thank 	C. Murphy for help with setting up the 
stopped-flow experiments and A. Frankel, D. Agard, 
D. Mullins, T. Powers, J. Hartman, 5.-0. Shan, A. 
Derrnan, U. Ruegsegger, C. Guthrie, C. Gross, J. Derisi, 
and R. Altman for helpful discussions andlor com- 
ments on the manuscript. Supported by NIH grants 
GM 32384 (P.W.), and GM 26494 (A.E.J.), by the 
Robert A. Welch Foundation (A.E.J.), and by a David 
and Lucile Packard Foundation Fellowship in Science 
and Engineering (D.H.). P.W. is an Investigator of the 
Howard Hughes Medical Institute. 

14 February 2000; accepted 27 March 2000 

Uninterrupted MCMZ-7 Function 

Required for DNA Replication 


Fork Progression 

Karim Labib, Jose Antonio Tercero, John F. X. Diffley* 

Little is known about the DNA helicases required for the elongation phase of 
eukaryotic chromosome replication. Minichromosome maintenance (MCM) 
protein complexes have DNA helicase activity but have only been functionally 
implicated in initiating DNA replication. Using an improved method for con- 
structing conditional degron mutants, we show that depletion of MCMs after 
initiation irreversibly blocks the progression of replication forks in Saccharo- 
myces cerevisiae. Like the Escherichia coli dnaB and SV40 T antigen helicases, 
therefore, the MCM complex is loaded at origins before initiation and is essential 
for elongation. Restricting MCM loading to the C,phase ensures that initiation 
and elongation occur just once per cell cycle. 

The six MCM proteins of the MCM2-7 family 
are assembled at the end of mitosis into pre- 
replicative complexes (pre-RCs) at origins of 
DNA replication and are essential for origin 
activation to occur as cells enter the S phase 
[reviewed in (1, 2)]. A subcomplex of three 
human MCM proteins, MCM4, -6, and -7, has 
limited DNA helicase activity in vitro (3, 4), 
and an archaeal protein related to the MCM2-7 
family also functions as a DNA helicase (5, 6) ,  
suggesting that MCM proteins may be required 
for strand unwinding during the initiation step 
of chromosome replication. After initiation, 
MCM proteins become redistributed away from 
origins (7), but previous genetic analysis indi- 
cated that MCM proteins are not required for 
chromosome replication to be completed after 
origin activation (8, 9), which supports argu- 
ments against an essential role for MCM pro- 
teins in the progression of replication forks. 

To clarify the in vivo role of MCM proteins 
during chromosome replication, we generated a 
novel set of conditional mcm mutants. Initially, 
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we used the "heat-inducible degron" method of 
Dohrnen, Wu, and Varshavsky (lo), whereby 
the target gene is altered such that an NH,-
terminal extension (the degron) is added to the 
protein of interest, specifically reducing the 
half-life of the fused product at 37OC. However, 
we found that degradation of such fusion pro- 
teins at 37OC is inefficient and inactivation of 
protein function is incomplete. For example, 
when a mcm7-td mutant is shifted to 37OC, the 
level of Mcm7-td protein declines slowly and 
can still be detected after 2 hours at 37OC [Fig. 
lA, (i)], and cells arrest with a DNA content 
between 1C (the amount of DNA in a haploid 
cell in the GI phase) and 2C (the amount of 
DNA in a haploid cell in the G, phase) [Fig. lB, 
(i)]. To improve the method, we took advantage 
of the fact that expression of UBRI, the gene 
encoding the degron recognition factor, can be 
regulated by the galactose-inducible GALI-10 
promoter without &biting cell growth. In the 
absence of UBRI expression, the level of 
Mcm7-td protein is unchanged after shifting to 
37°C Fig. lA, (ii)] and colony formation is not 
inhibited (11). However, when cells are grown 
in the presence of galactose to induce hlgh 
levels of GAL-UBRI expression, Mcm7-td pro- 
tein is present at 24OC but is very rapidly de- 
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