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ABSTRACT Targeting of many secretory and membrane
proteins to the inner membrane in Escherichia coli is achieved
by the signal recognition particle (SRP) and its receptor
(FtsY). In E. coli SRP consists of only one polypeptide (Ffh),
and a 4.5S RNA. Ffh and FtsY each contain a conserved
GTPase domain (G domain) with an a-helical domain on its
N terminus (N domain). The nucleotide binding kinetics of the
NG domain of the SRP receptor FtsY have been investigated,
using different fluorescence techniques. Methods to describe
the reaction Kinetically are presented. The kinetics of inter-
action of FtsY with guanine nucleotides are quantitatively
different from those of other GTPases. The intrinsic guanine
nucleotide dissociation rates of FtsY are about 103 times
higher than in Ras, but similar to those seen in GTPases in the
presence of an exchange factor. Therefore, the data presented
here show that the NG domain of FtsY resembles a GTPase—
nucleotide exchange factor complex not only in its structure
but also Kkinetically. The I-box, an insertion present in all
SRP-type GTPases, is likely to act as an intrinsic exchange
factor. From this we conclude that the details of the GTPase
cycle of FtsY and presumably other SRP-type GTPases are
fundamentally different from those of other GTPases.

Secretory and membrane proteins face similar problems early
in their life cycle of how to reach their final destination by
crossing a membrane or being inserted into a membrane (1).
The signal recognition particle (SRP) and its receptor form a
ubiquitous system for targeting these proteins to the translo-
cation machinery at the endoplasmic reticulum membrane in
eukaryotes and at the inner membrane in prokaryotes (2). The
process is regulated by GTPases present as distinct domains (G
domains) in the SRP and its receptor. In Escherichia coli, the
SRP consists of only one protein, the Ffh (fifty four Aomo-
logue, P48, or SRP54 homologue) and a 4.5S RNA (3, 4). The
protein FtsY has been identified as the functional homologue
of the eukaryotic SRP receptor SRa (5). Ffh and FtsY both
contain G domains. Recently, it has been shown that FtsY is
important for the expression and the insertion of a subset of
membrane proteins in E. coli (refs. 6 and 7; for a recent review,
see ref. 8). In the presence of GTP, Ffh/4.5S RNA forms a
complex with FtsY, leading to a reciprocal stimulation of both
GTPases (9-11). This observation led to the proposal that Fth
and FtsY are GTPase-activating proteins (GAPs) for each
other (11). So far, all known GAPs have been proteins that
themselves have no GTPase activity.

GTPases of the SRP family form a distinct subfamily of
GTPases that share a number of similarities with the Ras
superfamily of GTPases but also display distinct differences (12,
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FiG.1. C«ribbon representation of the structure of the NG domain
of FtsY. The single tryptophan residue used for the fluorescence is
shown with its side chain (Trp-343). The N and G domains are marked
as well as the four consensus elements of GTP binding (I-IV) (14). The
I-box (insertion consisting of a2-B3-a3) is indicated.

13). SRP GTPases such as Ffh consist of three domains: an N
domain (about 100 residues) of unknown function, the G domain
(about 200 residues), and the methionine-rich M domain, which
binds both signal peptides and the SRP RNA. The SRP-receptor
proteins SRa and FtsY do not contain an M domain. Instead, a
highly charged domain is present at the N terminus of the NG
domain that might be involved in membrane association. Rela-
tively little information has been available at the molecular level
on the structure of SRP-GTPases and their GTPase cycle.
Recently, the structures of two SRP-type GTPases have been
solved by x-ray crystallography, the NG domains of the SRP
receptor FtsY from E. coli (ref. 14, Fig. 1) and of the SRP54
homologue from Thermus aquaticus (15). Both NG structures are
without nucleotide and are remarkably similar. The N domain
appears as a four-helix bundle, whereas the G domain has the
overall fold of Ras-type GTPases and contains the four consensus
regions (G1-G4) for guanine nucleotide binding (12, 14). SRP
GTPases have an a-B-« insertion in the effector region, which has
been named the “I-box.” On the basis of a number of interactions
between the I-box and the G2 region (Thr-331), the I-box has
been proposed to be a built-in effector that stabilizes the nucle-
otide-free form of the protein and contributes to the low affinity
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for GTP (14). The binding site of FtsY is opened up in compar-
ison with that of Ras-like proteins in their nucleotide-bound state,
and a number of rearrangements would be necessary to bind the
nucleotide. These involve mainly the G4 and G2 regions.

GTPases cycle between two conformational states, the
GTP-bound on state and the GDP-bound off state (12, 13).
The interconversion between these two states is controlled by
the dissociation rate of the nucleotide and the GTPase activity
(rate of hydrolysis). Exchange factors, GAPs, and other reg-
ulatory proteins control the activity of GTPases (16). Nucle-
otide exchange factors seem to stabilize the nucleotide-free
form of the GTPase by decreasing the affinity for GDP. No
detailed kinetic analysis of the interaction of nucleotides or
regulatory proteins with SRP-type GTPases has yet been
reported. The quantitative analysis presented here for FtsY
forms the basis for understanding the mode of action of this
family of GTPases and of their regulation by interacting with
other GTPases during the targeting process. Using the meth-
ods for FtsY as described previously for Ras (17), elongation
factor EF-Tu (18), and Rab5 (19) allows a detailed comparison
with these proteins and their GTPase cycles.

EXPERIMENTAL PROCEDURE

Expression and Purification. The NG domain of FtsY was
expressed and purified using a C-terminal His tag as previously
described (20). HPLC analysis showed that the protein was
free of nucleotides. The XTP-specific mutation Asp-449 —
Asn was obtained by site-directed mutagenesis using the PCR
with a single mutagenic primer (5'-AACGAAACTGAACG-
GCACG-3') and two primers flanking the FtsY-NG fragment
(5'-GACTCACTATAGGGAGACC-3" and 5'-CCAACT-
CAGCTTCCTTTCG-3"), as described by ref. 21. The purity
of the proteins was 95%, as judged from SDS/polyacrylamide
gel electrophoresis followed by Coomassie blue staining. The
protein concentration was determined with the Bradford assay
using bovine serum albumin as a standard (22).

Nucleotides. Methylanthraniloyl (mant) derivatives of GDP,
GTP, and XTP were prepared as described (17). Nucleotides
were separated analytically by HPLC as previously described
(17, 23).

Fluorescence Measurements. Fluorescence titration mea-
surements were performed with an SLM 8000 spectrophotom-
eter (Aminco, Silver Spring, MD). An excitation wavelength of
297 nm and an emission wavelength of 340 nm were used. In
spite of the long excitation wavelength, loss of fluorescence
intensity due to absorption of exciting light by GDP or GTP
was noticeable at higher concentrations. Titrations were there-
fore continued to concentrations that were higher than would
normally be used to obtain data to allow fitting of the inner
filter effect (see below under data evaluation).

Both equilibrium and kinetic experiments were performed
at 20°C in 20 mM Tris-HCL, pH 7.5/50 mM NaCl/5 mM MgCl,
buffer.

Stopped-Flow Fluorescence Measurements. Rapid kinetics
were measured by using a stopped-flow apparatus (High Tech
Scientific, Salisbury, U.K.) with protein concentrations of 2.0
uM. Excitation of tryptophan fluorescence was at 295 nm, with
detection through a 320-nm cut-off filter. Fluorescence of
mant nucleotides was excited either directly at 366 nm or by
means of fluorescence resonance energy transfer (FRET) at
290 nm, with emission through a 389-nm cut-off filter. An
instrumental electronic time constant was used to eliminate
rapid noise after checking for the presence of very fast signal
changes. This constant was chosen to be more than one order
of magnitude less than the time constant of the fastest process
being observed. Normally, several stopped-flow traces (up to
10) were averaged before analysis.

Data Evaluation. Titration data were evaluated with the
program GRAFIT 3.0 (Erithacus Software, Staines, U.K.). Data
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were fitted to a quadratic equation describing the binding
behavior. In addition, a linear term was included in the fitting
equation to allow for loss of intensity due to the inner filter
effect (absorption of exciting light by added nucleotides).

Data collection and primary analysis for determination of
rate constants in stopped-flow experiments were performed
with the package from High Tech Scientific, while secondary
analysis was with GRAFIT 3.0.

RESULTS

Determination of the Affinity of GDP and GTP to the NG
Domain of FtsY. On interaction of GDP or GTP with the NG
fragment, there is a significant increase in the fluorescence of the
single tryptophan residue (see Fig. 1). This has been used to
determine the affinity of the nucleotides, as shown in Fig. 2.
Fitting a quadratic equation to the points obtained in a fluores-
cent titration of GDP with the protein gave the solid line shown
in Fig. 2a and resulted in a value of 2.14 uM for the Ky. The
increase in fluorescence was 76%, suggesting a large change in
environment of the tryptophan residue, possibly moving to a
position in which solvent quenching is less than in the free protein.
In Fig. 2b, a titration of GTP is shown. The K value in this case
was 10.7 uM and the fluorescence change was 57%. Thus, GDP
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FiG. 2. (a) Titration of GDP with the NG fragment of FtsY (3.6
uM), using tryptophan fluorescence as a signal of binding (excitation
wavelength 297 nm, detection at 340 nm). The solid line shows the fit
to the data obtained by using the quadratic equation describing the
binding equilibrium. The fitted Ky value was 2.14 = 0.22 uM.
Conditions were as described in the text. (b) Titration of GTP with the
NG fragment of FtsY (1 uM). Conditions as in a. Fitted Kq value =
10.7 * 0.45 pM.
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F1G.3. (a) Time dependence of the association between GDP (42
uM) and the NG fragment of FtsY (2 uM) monitored by tryptophan
fluorescence in a stopped-flow apparatus. The smooth line shows a
single exponential fit to the data and corresponds to a pseudo-first-
order rate constant of 56.8 = 0.42 s~1. (b) Concentration dependence
of the pseudo-first-order rate constant for GDP association to the NG
fragment of FtsY. The solid line shows the best fit to a hyperbolic curve
that defines the apparent Kq of GDP in the monitored step as 44.9 =
9.3 uM and the maximal rate constant of the fluorescence change as
119 s~ 1L

binds about 5-fold more strongly than GTP, and there is a larger
change in the environment of the tryptophan.

Kinetics of GDP Interaction with the NG Domain of FtsY. The
fluorescence change occurring on association of NG with GDP or
GTP can be used to monitor the kinetics of the binding reaction
in a stopped-flow apparatus, and an example is shown for GDP
in Fig. 3a. The data could be fitted with a single exponential term
when pseudo-first-order conditions were used (large excess of
GDP over protein), and the fitted rate constant was concentration
dependent, initially increasing linearly with nucleotide concen-
tration. However, as is apparent from Fig. 3b, the slope decreases
at higher concentrations, and the dependence can be well de-
scribed by a hyperbolic equation. This behavior is similar to that
seen with other GTPases, including Ras (17), EF-Tu (18), and
Rab5 or Rab7 (19), and has been interpreted as arising from a
two-step binding mechanism as shown in Scheme 1:

K, K,
NG + GDP == NG-GDP = NG*-GDP

Scheme 1.

The monitored change in fluorescence occurs in the second
step.
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F1G. 4. Dissociation kinetics of GDP from its complex with FtsY
NG fragment. The complex between the NG fragment and GDP was
generated by premixing 33.6 uM GDP with 2.2 uM NG fragment in
one syringe of a stopped-flow apparatus and mixing with 500 uM
mantGDP in the other syringe in the actual experiment. Excitation was
at 295 nm, and fluorescence was detected above 389 nm. The
continuous line shows a double-exponential fit to the data with rate
constants of 3.74 + 0.10 and 0.21 = 0.02 s~ 1.

The data obtained can be explained by this model if we assume
that the first step is in rapid equilibrium with respect to the second
step, or more exactly that k_; is much larger than the sum of k.,
and k_, and that the fluorescence change occurs in the second
step (24). The relationship between the observed rate constant
and the GDP concentration is then given by Eq. 1:

ks

1+1/KJGDP]+k’2 (1

kubs =

Fitting the data to this equation leads to a value of 2.15 X 10*
M~ !for K; and 119 s~ for k. The accuracy of the data at low
concentrations was not sufficient to determine k_,, so that we
conclude only that it is very much smaller than k..

The kinetics of dissociation of GDP from its complex with NG
could be examined directly in a different type of experiment.
Although it was technically easier to monitor the dissociation of
a fluorescent GDP derivative (mantGDP) by displacement with
unlabeled GDP, it was important to establish parameters for the
natural ligand GDP. This could be done by taking advantage of
energy transfer from tryptophan to the mant group. This occurs
when a mant nucleotide is bound to the protein because of the
proximity of the two fluorescent moieties and the spectral overlap
of the tryptophan emission spectrum and the mant excitation
spectrum. Since the mant fluorescence is only weakly excited at
the tryptophan excitation wavelength (290 nm), a large excess of
mantGDP can be used to displace GDP from its complex with
NG. Fig. 4 shows the results of such an experiment. It can be seen
that the dissociation reaction is biphasic and can be described as
the sum of two components with rate constants of 3.7 and 0.21
s~1. A possible explanation for this behavior is that bound GDP
is distributed between two states. If we assume that these inter-
convert directly, which is very likely, we must extend Scheme 1 by
an additional step, as shown in Scheme 2,

K, K, K;
NG + GDP = NG-GDP = NG*-GDP = NG**-GDP
Scheme 2.

and assign the slower rate constant to k_3, and the faster one
to k. The relative amplitudes of the two phases (about 4:1,
fast to slow) reflects the magnitude of K3, which is calculated
to be 0.25. Thus, this step has little influence on the overall
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affinity of GDP, which is given by K;[1 + K»(1 + K3)] and
calculated to be 8.9 X 10° M~ or expressed as a K4 value, 1.1
M. This is somewhat lower than that determined by equilib-
rium titration, but the agreement is good enough to conclude
that the results from the titration and transient kinetic exper-
iments are consistent.

Kinetics of GTP Interaction with the NG Domain of FtsY.
The kinetics of the GTP association reaction were more
complex than those of GDP. Whereas the GDP association
transients followed a single-exponential course under pseudo-
first-order conditions, GTP binding showed biexponential
behavior (Fig. 5a). Whereas the second phase stayed approx-
imately constant at a rate of about 10 s™1, the first phase was
concentration dependent, varying in a linear fashion with the
GTP concentration (Fig. 5b). The slope of the fitted straight
line gives the apparent second-order rate constant for the
association reaction (8.8 X 10° M~!s~1). In contrast to the
situation with GDP, where the corresponding plot started
essentially at zero, there is a well defined intercept with the
y-axis at 46.6 s~ In the simplest case, this would represent the
dissociation rate constant, but if the binding mechanism is
more complex, as is apparent from the transients seen, it is
likely to represent the sum of the dissociation rate constant and
the rate of equilibration of the next step in the mechanism.
Assuming that this is given by the 10 s~! seen for the second
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F1G. 5. (a) Association kinetics of GTP and the NG fragment of
FtsY. Conditions as in Fig. 3a. The smooth line shows a double-
exponential fit to the data with rate constants of 87.6 = 2.5 and 8.80 =
0.45 s=1. (b) GTP concentration dependence of the pseudo-first-order
rate constant for the first phase of the association reaction with NG
fragment. The fitted straight line has a slope of 8.8 = 0.7 X 10° M~ 151
and an intercept of 46.63 + 7.33 s~ 1.
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phase in the binding transient, we tentatively assign a value of
36.6 s~! to the dissociation rate constant of GTP. The ratio of
this constant and the slope of the line in Fig. 5b gives the
apparent Ky value for GTP (42 uM).

In contrast to the experiments with GDP, in which the
amplitude of the fluorescence transient did not vary signifi-
cantly with variation of the GDP concentration between 5 and
250 uM, in keeping with the K4 value for GDP (about 2 uM),
there was a marked dependence of the amplitude of the
transient on the GTP concentration. Plotting the amplitude of
the first phase as a function of the GTP concentration led to
a hyperbolic dependence with an apparent Kq value of 24 uM.
This should correspond to the Ky value calculated from the
ratio of the dissociation and association rate constants as
described above (42 uM). This agreement is acceptable in view
of the probable errors involved, particularly in the measure-
ment of amplitudes in the stopped-flow machine. The ampli-
tude of the second phase stayed approximately constant at 1%
of the total signal (maximum for the first phase about 7%).
Plotting the total amplitude against the GTP concentration
gave a slightly lower value of Ky (15.7 uM), presumably
because a second step in the binding was included. This is in
reasonable agreement with the value of 10 uM obtained from
the equilibrium titration shown in Fig. 2b. Comparison of the
values for the Ky calculated for the first phase with the value
from both phases or from the equilibrium titration suggests
that K, has a value of about 0.5.

Dissociation of GTP could be monitored directly in the
manner described above for GDP. The process was biphasic,
with rate constants of 35 s~! and 5 s™! for the two phases. We
conclude that the first phase corresponds to dissociation of
GTP from the first bound state in a two-step mechanism, and
corresponds to the value of 36.6 s™! obtained from the
association kinetics. In principle, we can explain the GTP
binding and dissociation kinetics with two steps, but it is very
unlikely that the value of 8 X 10> M~!s~! obtained for the
association reaction is a genuine second-order association rate
constant, since it is several orders of magnitude lower than the
diffusion-controlled limit. We therefore conclude, also in
analogy to the situation with GDP, that there is a three-step
binding mechanism for GTP, as shown in Scheme 2 for GDP.

In the case of GTP, the value of 8.7 X 103 M ~1-s~ ! is assigned
to Ky X k., with k4 > 200 s~! (from the data of Fig. 5b), k_»
= 3551 and k_3 = 5 s71. We do not have a direct estimate
of k.3, but the second phase in the association transients
should be determined by the sum of k3 and k_3. Since the rate
of the second phase was ~10 s~!, we assign a value of =5 to
the forward rate constant as well. This determines the equi-
librium constant of the third step to near unity, which is in
agreement with the observation that calculation of the affinity
of GTP to FtsY using amplitude data from the association
reaction was only slightly affected by including both phases in
the titration instead of just the first phase, corresponding to the
first two steps in the model.

Kinetics of Interaction of an XTP-Specific Mutant of the NG
Domain of FtsY with XDP and XTP. XTP-specific mutants of
several GTPases have been prepared and used to investigate
the cell biological roles of the respective proteins (11, 25-27).
The change in specificity can be accomplished by mutation of
the key aspartate in the G4 consensus region (Asp-119 in Ras)
to asparagine. The corresponding mutation was introduced at
Asp-449 in the NG fragment, and the interaction with XDP
and XTP was investigated. XDP association kinetics were
similar to those of GDP with wild-type protein, and there was
again a hyperbolic dependence of the pseudo-first-order rate
constant on the nucleotide concentration (Fig. 6). Using
Scheme 1 to describe the binding process, K; is estimated to be
4.7 X 10* M~ and k4, to be 135.9 s~1. Thus, the mutant shows
somewhat enhanced binding kinetics with XDP compared with
GDP with wild-type protein. No interaction of the mutant
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F1G. 6. Concentration dependence of the pseudo-first-order rate
constant for the first phase of association of XTP with the Asp-449 —
Asn mutant of the NG fragment of FtsY. The fitted hyperbola
corresponds to an apparent Kq value of 21.3 = 3.2 uM and a maximal
rate of 135.9 = 6.1 s~1. Conditions as in Fig. 3.

could be detected with GDP, just as no interaction of wild-type
protein with XDP could be seen. XTP association with the
mutant was almost indistinguishable from GTP interaction
with wild-type protein, as seen in the very similar values for k
(9 X 10° M~1s~1) and the y-axis intercept (49 s™1). Again, the
association kinetics were biphasic, with the second phase
having a value of ~8 s~ in this case. Dissociation kinetics were
not examined in detail due to the unavailability of mantXDP,
but the dissociation rate constant for mantXTP could be easily
measured by displacement with XDP. The value of the rate
constant obtained (21 s~!) was very similar to that seen for
mantGTP with wild-type protein (23 s™1).

We conclude from these experiments that, as with several
other GTPases, mutation of the aspartate group involved in
base recognition to asparagine results in complete and quan-
titative change of specificity from GTP to XTP. The structure
of the NG domain of the mutant Asp-449 — Asn of FtsY does
not display any difference from the wild-type structure except
for the mutated residue (G. Montoya, O.M. and LS., unpub-
lished results).

DISCUSSION

The presence of a tryptophan residue in the NG domain of
FtsY provides a potential monitor for the interaction of the
protein with nucleotides. Equilibrium fluorescence titrations
showed that the binding of both GDP and GTP results in an
increase in tryptophan fluorescence, and such titrations
showed that both nucleotides are bound with very low affinity
in comparison with other GTPases, such as the heterotrimeric
G proteins or members of the Ras superfamily.

The change in tryptophan fluorescence can also be used to
study the kinetics of interaction of FtsY with nucleotides, and
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application of the stopped-flow method has led to the con-
clusion that binding of both GDP and GTP is a multistep
process. Other GTPases that have been investigated at this
level all show at least two-step binding of nucleotides. The
association kinetics of GDP with FtsY initially appear very
similar to those of Ras (17), EF-Tu (18), and Rab (19), with
a weak but rapid initial binding step being followed by a
relatively slow isomerization reaction. The rates of this step
(k+> in Scheme 1) are approximately 20 s~! (Ras), 400 s~!
(EF-Tu), and 80 s~! (Rab7), compared with 119 s~! for FtsY.
There is, however, a major difference in the reverse rate
constant for this step (k—, in Scheme 1) in FtsY compared with
the other GTPases. Whereas this rate constant has a value of
1073 to 1073 s~! for the other proteins, it is 3.7 s~! for FtsY.
The high value of this rate constant is the reason for the low
affinity of FtsY for GDP (K4 ~ 2 uM; compare 107! M for
Ras). There is evidence from the dissociation kinetics that
there is at least one more step involved in the binding reaction
of GDP, but this appears to have a low equilibrium constant
and therefore have little affect on the affinity.

Experiments with GTP show that this is bound less strongly
than GDP (K4 =~ 10 uM). As with GDP, the binding mecha-
nism is complex and also appears to involve three steps. There
is an even higher rate of GTP dissociation from the main
species present at equilibrium (=35 s™!), and this, coupled
with the slow effective rate of binding, leads to a very low value
of the affinity compared with other GTPases.

The kinetics of interaction of GDP and GTP with FtsY are
quantitatively different from those of other GTPases. How-
ever, they are similar to those seen with other GTPases in the
presence of an exchange factor (Table 1). A well documented
example of this is that of Ran with its exchange factor RCCI.
Ran binds GTP, and particularly GDP, with very high affinity
(10 and 10" M~!, respectively; ref. 28). In the ternary
complex with the RCC1, these affinities are reduced to about
10° and 10* M~! respectively. Interestingly, this reduction of
affinity is achieved by increasing the dissociation rate of the
nucleotides by many orders of magnitude to about 20 s™1. The
association rate constants are not dramatically different in the
presence and absence of exchange factors and are much too
slow to be diffusion controlled, again suggesting a complex
binding mechanism. New evidence on EF-Tu (S. Nock, J.
Simon, M. Sprinzl, and R.S.G., unpublished data) and Ras
(R. H. Cool, C. Lenzen, H. Prinz, and A. Wittinghofer,
personal communication) indicates that the situation is very
similar with the exchange factors for these GTPases. Previous
work has suggested that the dissociation rate constants of GDP
and GTP from the EF-Tu/EF-Ts complex are several orders
of magnitude higher than from EF-TU (29). Thus, the kinetics
of interaction of FtsY with guanosine nucleotides are quali-
tatively and quantitatively similar to those of other GTPases as
complexes with their exchange factors. This suggests a funda-
mental difference in the details of the GTPase cycle with FtsY
in comparison with the other GTPases.

The recently determined structure of the NG domain of
FtsY gives some indications for the reasons for the low affinity
for nucleotides (14). As pointed out, in comparison to Ras with

Table 1. Nucleotide binding to the NG domain of FtsY and comparison with other GTPases
Protein Nucleotide Ki, M1 ko, 571 k_p, 571 K4, M

NG FtsY GDP (20°C) 2.15 x 10* 119 3.7 2.14 X 10-6*
GTP (20°C) 2.37 x 10* >200 35 10.7 X 1076

Ras-p21 (17) GDP (25°C) 5.7 x 104 14.8 1.8 X 1073 2.17 x 10711
GTP (25°C) 125 x 10° 16.7 1.7 X 1073 8.14 x 10712

Ran (28) GDP (25°C) 1.5 X107 6 X 10712
GTP (25°C) 11 x 1073 3.8 x 1071

Ran/RCCl1 (28) GDP (25°C) 21.1 8.06 X 1077
GTP (25°C) 19

*Measurements from equilibrium titrations.
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a bound nucleotide, the GTP binding site in FtsY is opened up
in the sense that the conserved sequence elements responsible
for GTP and GDP binding are spread out. G1 (the P-loop)
superimposes well for the two structures, as does G3
(P>DTAGR?38). However, the aspartate residue of G4
(**TKLD), the main determinant of base specificity, would
have to move ~2.5 A to interact with the guanine base. This
in turn would involve a movement of the N terminus of the N
domain, a process that presumably costs energy and therefore
results in a lowering of affinity. The G2 region (***’DTFRAA)
contains the threonine that is equivalent to Thr-35 in Ras, and
it is known that this residue interacts with the Mg?* ion and the
y-phosphate of GTP, but moves away and is not involved with
nucleotide binding in the GDP form. As already concluded
(14), because Thr-331 appears to be fixed in this position by
interactions with an insertion in this region (the I-box), this
could contribute to decreased affinity of GTP compared with
GDP. The I-box is present in all SRP-type GTPases, and
therefore we expect similar kinetics for other SRP-receptor
proteins as well as for SRP54 homologues. Since the I-box is
inserted into the G domain in a way that is reminiscent of the
interaction between the ras-binding-domain (RBD) of Raf
kinase in complex with RaplA (30), we have previously
concluded that it might be a built-in effector (14). However,
considering the results presented here, it seems more likely
that the I-box plays the role of a nucleotide exchange factor.
So far, there is only one x-ray structure of a GTPase in complex
with a nucleotide exchange factor known, the EF-Tu/EF-Ts
complex from E. coli without bound nucleotide (31). Here, the
major effect of complex formation on the structure of EF-TU
has been described as the disruption of the Mg?* binding site,
thereby decreasing the affinity for guanine nucleotides. The
interaction of EF-Ts with the switch II region (adjacent to G3)
of EF-TU leads to a displacement of helix B. The correspond-
ing helix (a4) in FtsY is stabilized by interactions with «3 of
the I-box. A superposition with FtsY shows that part of the
I-box corresponds to the C terminus of the exchange factor
EF-Ts (a more detailed comparison of the different structures
will be presented elsewhere).

The complex binding mechanism for nucleotides to FtsY is
easily understood in general terms on the basis of the “open”
structure of the active site. Presumably, when nucleotide is
bound, the individual groups and regions discussed above must
move into positions that are essentially identical with those
seen in the other GTP-binding proteins. Because these inter-
actions cannot all take place in a single step, it is logical that
they should occur stepwise. For Ras, detailed kinetic investi-
gations have led to the suggestion that the first interaction
might occur between the protein and the oxygen at position 6
of the guanine base, and that in a step or steps following this,
further interactions with the base and the phosphates are made
(32). Based on the structure of nucleotide-free FtsY, this
would involve pulling the components of the binding site
together in this particular case. The fact that this costs energy
means that the tendency to open is high, which presumably
leads to the high dissociation rate constant. Our working
hypothesis for the SRP cycle is that the I-box in FtsY moves
upon complex formation with Fth. The closed form of the GTP
binding site is stabilized, thus increasing the nucleotide affin-
ity. This hypothesis will be tested in future experiments. Most
GTPases have low dissociation rate constants for GDP (see
Table 1), which explains the need for exchange factors. So far,
the low affinity of SRP GTPases was not well understood and
no exchange factor for SRP GTPases has been identified. Our
results show that this puzzling difference is at least in part due
to a built-in exchange factor. The remaining puzzle concerns
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the manner in which FtsY and Ffh activate each other’s
GTPase and which parts of these proteins serve as the GAPs.
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