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Isomerization Couples Chemistry in the ATP Sulfurylase-GTPase System
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ABSTRACT. ATP sulfurylase catalyzes and couples the free energies of two reactions: GTP hydrolysis
and the synthesis of activated sulfate, or APS. The GTPase active site undergoes changes during its catalytic
cycle that are driven by events that occur at the APS-forming active site, which is located in a separate
subunit. GTP responds to its changing environment by moving along its reaction path. The response,
which may change the affinity or reactivity of GTP, can, in turn, produce alterations at the APS active
site that drive APS synthesis. The resulting stepwise progression of the two reactions couples their free
energies. The mechanism of ATP sulfurylase involves an enzyme isomerization that precedes and rate
limits cleavage of thgg,y-bond of GTP. These fluorescence studies demonstrate that the isomerization is
controlled by the binding of activators that drive ATP sulfurylase into forms that mimic different stages

of the APS reaction. Only certain activators elicit the isomerization, suggesting that the APS reaction
must proceed to a specific point in the catalytic cycle before the conformational “switch” that controls
GTP hydrolysis is thrown. The isomerization is shown to require occupancy of-fi®sphate subsite

of the GTP binding pocket. This requirement establishes that the isomerization results in a change in the
interaction between the enzyme and jhphosphate of GTP that emerges in the catalytic cycle during

the transition from the nonisomerized to the isomerizeG B> complex. The newly formed contact(s)
appears to carry into the bond-breaking transition state, and to be essential for the enhanced affinity and
reactivity of the nucleotide.

Coupling changes in the structural and functional proper- subunits, CysN (53 kDa), is the GTPase; the other, CysD
ties of one region of an enzyme to the steps of an energy-(23 kDa), contains the active site for APS synthedi$).(
producing reaction that occurs at a separate site on theGTP hydrolysis thermodynamically drives the extremely
enzyme is a versatile form of energy linkag®).(Such unfavorable transfer of the adenylyl moiety from pyrophos-
mechanisms drive the macromolecular motion that results phate to sulfateAG® ~ 10 kcal/mol (2, 13)]. The resultant
in the supercoiling of DNAZ, 3), the movement of cellular  phosphorie-sulfuric acid anhydride bond, the chemical
cargo along cytoskeletal roadway$),(the transport of an  hallmark of activated sulfate, potentiates the sulfuryl group
ion across a membrang, (6), and the ratcheting of the S1  for transfer to cellular recipients. This transfer reaction
head of myosin along F-actin fibers that results in muscle regulates a variety of cellular processes, includidg) (
contraction ¢, 8). In seemingly rare situations, conforma- estrogen receptor activatioh4, 15), lymph cell circulation
tional coupling links the energetics of separate small (16), and hemophilia B17).
molecule reactions to one another. Such is the case with the  Tha current model for energetic coupling in ATP sulfur-
enzyme ATP sulfurylase (ATP:sulfate adenylyltransferase, yase suggests that the arrival of the APS-forming reaction

EC 2.7.7.4) fromEscherichia coliK-12. at, or near, the EXAMFPR intermediate that occurs in the

ATP sulfurylase is a GTPas¢arget complex that con-  caaivtic cycle initiates an isomerization of the enzyme that
formationally couples the Gibbs potentials of GTP hydrolysis . ajerates GTP hydrolysis8). This model is considerably

and acti_vated sglfate [adenosinephosphosulfate (APY) expanded in this paper. It is possible to form ligand
synthesis (reactions 1 and 2, (L0). complexes with ATP sulfurylase that mimic various stages

. of the APS-forming reaction. Similarly, substrate, transition-
ATP + SO, = APS+ PR (1) state, and product complexes of the GTPase reaction can be
GTP+ H,0=GDP+P + Ht ) formed. To identify the combinations of complexes which

elicit the isomerization, these sets of complexes were
experimentally crossed using the fluorescence of mant-
nucleotide analogues to monitor the isomerization and

" Supported by National Institutes of Health Grant GM 54469 guanine nucleotide affinity changes aSSOCIa'Fed Wlt-h ef’iCh

*To whom correspondence should be addressed: Departmént ofcomplex' The results d,emonStrate that the |so.mer|z.at|on,
Biochemistry, Albert Einstein College of Medicine, 1300 Morris Park  Which occurs after the binding of guanine nucleotide, hinges
g%/gg BEFOQZ,”N\[ elotfétezilgphgré%iu(nB) 430-2857. Fax: (718) 430- upon changes in the interaction of the enzyme and the

1A.bbreviat.ions):/ Tris, tris(hzd.roxyhethyl)aminomethane; unit, mi- y-phosphate of GTP. The alter@dphos_phate .contact(s)
cromoles of substrate converted to product per minuté.at m or appears to carry from the ground-state isomerized complex
mant, O-(N-methylanthraniloy)-2deoxy. into the transition state.

10.1021/bi990216h CCC: $18.00 © 1999 American Chemical Society
Published on Web 04/21/1999

The enzyme is a tetramer of heterodimers. One of the dimer’s
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Table 1: Dissociation Constaatfor the Binding of Guanine
Nucleotide to Ground- and Transition-State Complexes of ATP
Sulfurylase

Kd(a ) (Ic/ls)C
Complex (uM[;E

E-mGDP 9.7 1.5
AMP-PP;-E-mGDP 14 1.4
AMP-PP;-AlFx-E-mGDP 0.061 1.4
E-mGMPPNP 27 2.0
PP;-E-mGMPPNP 37 1.7
AMP-E-mGMPPNP 0.47 1.5
AMP-PP;-E-mGMPPNP 0.0058 2.6

@ The dissociation constants were obtained by fitting fluorescence
titration data to a single-step binding modeThe K4 standard errors,
given in percent oKy, are, from top to bottom, 12, 9, 20, 7, 11, 15,
and 16%.7° 1/l represents the ratio of the fluorescent intensity of the
nucleotide in the enzyme complex to that in solution. The errors
associated with/Is were <0.1 in all cases.

MATERIALS AND METHODS

Materials. The synthesis and purification of fluorescent
guanine nucleotide analogues mGMPPNPQ3N-methyl-
anthraniloyl)-2-deoxyguanosine'§,y-imido]triphosphate]
and mGDP [30O-(N-methylanthraniloyl)-2deoxyguanosine
5'-diphosphate] have been described previoudl, @0).
AMP (free acid), MgCJ, Na,PR, NaF, and Tris were
purchased from Sigma Chemical Co.

ATP SulfurylaseThe nativeE. coli ATP sulfurylase used
in these studies is purified from &h coli strain, containing
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Ficure 1: Binding of mMGMPPNP to ATP sulfurylase. The solution
composition was as follows: ATP sulfurylase (at the indicated
concentration), mMGMPPNP (0.20M), Tris (50 mM, pH 8.0), and
MgCl, ([nucleotide] + 1.0 mM). Titrations were performed by
dilution of a solution containing enzyme with a concentration-
matched solution that did not contain enzyme. The solutions were
maintained at 25 2 °C during the titrations. Each dot represents
the average of at least two independent measurements. The solid
line represents the binding curve predicted by the best-fit binding
parameters obtained using a single-site binding model; the param-
eters are compiled in Table 1.

whether the AMP concentration was saturating; the mGDP
Kgs at these concentrations were identical, within experi-
mental error, (3) the AMP-PR-AIF, complex ((MGDP}=
0.1uM, [AMP] = 1.0 mM, [PR] = 0.50 mM, [AIF] = 30
uM, and [NaF] = 10 mM.) Experimentally accessible
concentrations of Alfhave no effect on the binding or
emitted intensity of ENGDP; hence, it is not feasible to
saturate the EnGDP complex with Alk This prevents

an expression plasmid, that produces the enzyme at highdétermining the affinity of AMP and/or Pfr the EmGDP

levels Q). The specific activity of the ATP sulfurylase,

AlF, complex. To confirm that the AMP (1.0 mM) and PP

assayed according to a published protocol, was 0.74 unit/ (0.50 mM) concentrations used in the data depicted in panel

mg (21).

Fluorescence TitrationsTitrations were performed by
monitoring the change in fluorescent intensity that occurred
upon dilution of solutions containing the highest concentra-
tion of titrant (i.e., enzyme) with a concentration-matched
solution that did not contain titrant. The fluorescence

B of Figure 3 were at, or near, saturation, theof mGDP

was shown to be the same at higher concentrations of these
ligands, (4) the binding of mMGMPPNP to E (see the legend
of Figure 1), (5) the binding of mMGMPPNP to-FR
(ImMGMPPNP]= 0.50uM and [PR] = 1.0 mM, 2X4 (24)),

(6) the binding of MGMPPNP to-BMP ([ImMGMPPNP]=

measurements were taken using a Proton TechnologyQ-504M and [AMP] = 5.0 mM, 8.%4 (22)), and (7) the
International QM-1 spectrometer with a xenon compact arc Pinding of MGMPPNP to EAMP-PR ([mGMPPNP]= 0.10
lamp and a 710 Photomultiplier Detection System. The mant #M, [PR] = 200uM, 2900Ky; [AMP] = 1.0 mM, 780Kq).
compounds were excited at 350 nm (2 nm entrance slit); the "€ Ka values for PP(69 nM) and AMP (127 nM) for the

emitted light was detected at 450 nm (10 nm exit slit).
The protocol and conditions for the binding studies

E-AMP-PR complex were determined (data not shown) to
ensure that these activators were at saturation in titrations

associated with Table 1 are discussed here. Tris buffer (505_7-

mM, pH/HCI = 8.0) was used in all of the titrations. The

Fitting the Titration Data.The titrations were curve-fit

solutions were equilibrated, and the titrations were performed USing the Sigma Plot program which uses the Marquardt

at 25+ 2 °C. The MgC} concentration was maintained at
[nucleotide] + [PR] + 1.0 mM. Two to five intensity

Levenberg fitting algorithm. The single-site binding model
used to fit the data is described by a second-order polynomial,

measurements, taken at each titrant concentration, werdh€ root of which was used to fit the data and obtain the
averaged to obtain the intensity at that concentration. EachPinding constants.

titration was performed at least twice. The data were

averaged and fit using a single-site binding model. The titrant

concentrations typically ranged from &d to 5Ky A
representative titration is shown in Figure 1. The conditions
of each of the titrations are discussed in the following list in
the order in which they appear in Table 1 (top to bottom):
(1) the binding of MGDP to E ((MGDPR} 1.0uM), (2) the
binding of mGDP to EAMP-PR (ImGDP] = 1.0 uM,
[AMP] = 1.0 or 5.0 mM, and [PP = 1.0 mM.) This

RESULTS AND DISCUSSION

Ground-State ComplexeBnlike the p21-style GTPases
whose hydrolytic activities are regulated by proteins, GAPs
and GNRPs 23, 24), the activity of ATP sulfurylase is
regulated by small molecules: the reactants and reactant
analogues of the APS-forming reactial®( 25). Together,
the activators AMP and RElicit a form of ATP sulfurylase
that functionally resembles the EXAMPR intermediate that

experiment was performed at 1.0 and 5.0 mM AMP to assessforms during the catalytic cyclel(). Stopped-flow fluores-
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29x 105 M!s! 14 ¢! isotope tapping and partition experiments have shown that
. ' the binding of GTP is near equilibrium during turnova4y
E+GTP E-GTP E-GTP Kon and kot for the mGTP-E-AMP interactions, obtained
7.9 0.0047 s°! from pre-steady-state fluorescence measuremégjsgre-
_ dict aKqy for the mGTPE-AMP complex of 21+ 1.1 uM.
Ky =27uM Kiso = 2980 The similar behavior of mMGTP and mGMPPNP toward the

FIGURE 2: Two-step mechanism for the binding of GTP to ATP E-AMP-PR complex suggests that the Idt of mM"GMPPNP
sulfurylase_. E represents the_AMFF.' _complex of ATP sulfurylase, for the EAMP complex is not due to it§,y-imido linkage.
e e e, el e £oBISC The  The explanation for the discrepancy n nucleotide afniy
The equilibrium constantss; and Kis, were calculated from the lies in the different conditions under which the measurements
rate constants for the individual steps, which were determined in a were taken. Thé&qapp) values were obtained from measure-
previous study 18). ments of the system at equilibrium, and are given by eq 3.
. Km andKy were obtained from nonequilibrium measurements.
cence studies have revealed that the fluorescent analogueg  was determined under initial rate conditions at a saturating
of GTP, mGMPPNP [30-(N-methylanthraniloyl)-2deoxy- ~ AMP concentration. Under these conditions, the GTP hy-
guanosine 5[f3,y-imido]triphosphate] and mGTP, bind to  grolysis mechanism can be represented by eq 4 in which
the EAMP-PR complex in at least two step&d). The end  the enzyme (i.e., BMP) binds substrate, isomerizes, and

product of the first step, the mGTE*AMP-PR complex,  forms products which are released in an irreversible step.
undergoes an isomerization, to the mGEPAMP-PR  The sybstrat, associated with the mechanism outlined in
complex, that rate limits cleavage of tfig/-bond of GTP.  eq 4 is given by eq 526) which reveals that al (the rate
This ligand-induced isomerization is quite favorat@d = constant for the forward isomerization step) approaches zero,
3000 AG® = —4.7 kcal/mol)] and is a key eventin linking  the hinding of substrate to the nonisomerized form of the
the Gibbs pOtentIals of these two reactloﬁs)( enzyme approaches equi”brium and’ therefd{a] ap_

To better understand how the binding and isomerization proacheq for that step.
properties of the BPR-AMP complex develop from its
precursor complexes, the affinities of MGMPPNP for E, E k, ks ks k;
PR, E-AMP, and EAMP-PR were determined by fluores- E+S == ES == ES == EP —=E+P (4
cence titration at 25 2 °C (see Materials and Methods). ks ks ke
The titrations were fit using a single-step binding model,
and the resulting apparent dissociation constants are compileq(m ko (kekg + kaky + ksky) + k3 (ksky)
in Table 1. A representative titration is shown in panel A of - K, (kekg + koky + ksk) + k3 (kks + ko(kg + k7)) ®)
Figure 1. The one-step binding model can accurately predict
the behavior of binding reactions involving multiple steps. Kq for mGTP binding to EAMP was determined from the
In the case of two-step binding, the apparent conskag) enzyme concentration dependence of the fast phase of a

obtained from a one-step fit is related to the equilibrium pinnasic reaction in which the first or fast phase monitors
constants for the forward, first, and second steps of the two- binding of the nucleotide, in this case, to the nonisomerized

step process(; andKis, (see Figure 2), respectively, by €4 orm of the enzyme. The second phase monifysbond

3. breaking. Thus, in the case of a mechanism in which a slow
K o isomerization immediately follows substrate binding, these
d(app) equilibrium and nonequilibrium measurements probe differ-

([EI-[LD/E -L] + [E"-L]) = V(K + KKiso) (3) ent regions of the binding reaction. The nonequilibrium
measurements probe binding to the nonisomerized enzyme

K1 andKjs, for the binding of MGMPPNP to the-ER-AMP form, whereas the equilibrium measurements are influenced

complex are 3.7 10* M and 3000, respectivelylg). The by both the binding and isomerization steps.

Kapp) calculated using these values and eq 3 (9.00°° The nucleotide affinities for thecBMP complex measured

M) agrees reasonably well with the experimentally deter- by steady-state and pre-steady-state methods (24 amili21

mined value (5.8x 10°° M) (Table 1). respectively) are in close agreement with that for the
Ka@pp) Values for the binding of mMGMPPNP to E and E  nonisomerized EAMP:-PR complex (27uM), again sug-

PR are similar to one another (2# 1.9 and 37+ 4.1 uM, gesting the activator independence of the interactions of the

respectively) and t&; for the binding of mMGMPPNP to the  nonisomerized form of the enzyme with nucleotide. The
nonisomerized BPR-AMP complex [27+ 5uM (18)]. These Kaapp) values for these two complexes, however, are very
similarities suggest that neither the mGMPPEmor the different (470 and 5.8 nM, respectively). Hence, the activator
MGMPPNPE-PR complex isomerizes significantly and that specific binding interactions between the nucleotide and its
the affinity of the nonisomerized enzyme for the nucleotide active site must appear in the mechanism after forming the
is virtually independent of the activator. Thus, the activator nonisomerized complex. If the isomerization were to occur
specific interactions between the sites appear to be associateth a single step, as is allowed by the two-step model, the
with the isomerization itself. structural features of the enzyme that interact with the
Kd(app) for the AMP-E:-mGMPPNP complex (470 nM) is  activator(s) must emerge during that step. The stabilization
remarkably small compared to this “same” dissociation of these emerging features by interaction with the activators
constant measured by either initial rate or pre-steady-statewill accelerate the rate of isomerization (and therefone
methods. TheK,, of GTP for the EAMP complex (24+ bond cleavage), and stabilization of these, and perhaps
0.4 uM) should be an excellent approximation I§§ since additional features in the ground state, will shift the isomer-



6314 Biochemistry, Vol. 38, No. 19, 1999 Wei and Leyh

A. B.
AMP_ mGDP
1.5 { gmGDP PP EAIF - 12
i X AMP_mGMPPNP
E
PP;
1.0 -
£ G 2
7] mGDP 4]
§ 1.0 E § 0.8
£ =
et L
E %’ 0.6
2 =
g 05 & 047  MGMEPNP
AMPE mGDP 0.2
PP;
0.0 T T T T T T T 0-0 T 1 T i T ) )
380 400 420 440 460 480 500 520 380 400 420 440 460 480 500 520
Wavelength (nm) Wavelength (nm)

Ficure 3: Effects of AMP-PR binding and Alk transition-state complex formation on the emission spectra of enzyme-bound mGDP and
MGMPPNP. (A) The enzyme-bound mGDP emission spectra. The conditions were as follows: mGRR)(A0P sulfurylase (15GM

active sites), AMP (0 or 2.0 mM), PEO or 200uM), MgCl; ([nucleotide]+ [PR] + 1.0 mM), Tris/HCI (50 mM, pH 8.0), AIG] (0 or 30

uM), NaF (0 or 10 mM), and 25t 2 °C. (B) The mGMPPNP spectra. The conditions were as follows: mMGMPPNR:2)&and ATP
sulfurylase (25«M active sites). The temperature and concentrations of all other species were identical to those associated with panel A.
The concentration of activator(s) used in this study & 2K, in all cases.

ization equilibrium toward the isomerized complex. influence of AlR on the emission spectrum of enzyme-bound
The isomerization equilibrium constant (3000 for the E  MGDP and on the affinity of mGDP for the E ancdAMP-

AMP-PR complex) can be calculated for the-AMP PR complexes was determined. The effects of ,AdkR the

complex. Using eq 3 and I&; value of 1/(23uM), Kis, for emission spectrum of theeBGDP and AMPPR-E-mGDP

the EAMP complex is calculated as 48. The60-fold complexes are shown in Figure 3A. For comparison, the
difference between thK, values for the EAMP-PP and effects of AMPPR on the emission spectrum of mM"GMPPNP
E:AMP complexes is caused by the binding of; Rfich are shown in Figure 3B. The concentration of ATP sulfur-

alone does not significantly altéts,. Thus, certain mGMP-  Ylase used in these experiments was such#28% of the
PNP binding determinants are uniquely associated with themGDP is bound to the enzyme. Al€auses a substantial
synergistic interactions of these activators. When this result change in the spectrum of the AMPR-E-mGDP complex,
is extrapolated to the native reaction, the release piifch while its effects on the EnGDP complex are small. The
occurs after formation of the E*AMIPR intermediate, combination of activator and AJFbinding causes the
appears to be associated with a partial reversal of theemission maximum of the-BNGDP complex to blue-shift 5
isomerization, or a “resetting” of the enzyme to its non- £ 1 nM, from 440 to 435 nm, and the emitted intensity to
isomerized state. increase 53 and 56% at 440 and 435 nm, respectively. A
The Transition-State CompleXIF,-nucleotide complexes smaller increase in emission intensity, 28%, and no detectable
have been used as transition-state analogues of phosphorythange in excitation maximum are observed for enzyme-
transfer reactions in kinases and GTPag@s-82). Boththe ~ bound mGMPPNP when the enzyme isomerizes (Figure 3B).
associative and dissociative phosphoryl transfer mechanisms'he effects of Allz on the affinity of mGDP parallel its
involve an unstable planar, anionic phosphoryl species. Thiseffects on the emission spectrum. Neither the activators nor
“in_ﬂight" Species is mimicked by the equatoria| p|ane of A":x alone has a Signiﬁcant influence on the afflnlty of
the AB* complex which is centered on #l and has a mGDP (Table 1); however, in combination, these ligands
fluorine atom at each of its four corners. The incoming and cause a 300-fold decrease in the appakaruf mGDP, from
departing groups of the reacting complex are imitated by 14+ 3uMto 61+ 12 nM. Thus, the isomerization appears
the axial ligands of the At complex, water, and the 1O be essential for forming the tightly bound transition-state
B-phosphoryl oxygen. While the functional consequences of complex, and as is the case for ground-state mMGMPPNP
AlF, in GTPase systems are often quite informative, the complexes, it causes a significant increase in the emission
mass-action effects of the pertinenAcomplexes cannot  intensity of the bound mGDP.
yet be accurately quantitated due to the complexity of the  The affinity of mMGDP is not significantly effected by AMP

Al** coordination chemistry. Aqueous solutions of*Al and PR[Kqeppvalues with and without activators are 4
fluoride, and nucleotide diphosphate, NDP, at neutral pH 3 and 9.7+ 1 uM, respectively; see Table 1]. Hence, the
contain greater than 30 Al species 33); the NDPAIF,- enzyme cannot isomerize when mGDP alone occupies the
(H20)*~ complex is a minor species that, despite effd3®,(  binding site. However, when thephosphoryl binding pocket
has not been quantitated. of the mGDPE-AMP-PR complex is filled by AlR, the

To test for the formation of the AlFtransition-state  fluorescence changes (Figure 3A) and tight binding associ-
complex at the GTPase active site of ATP sulfurylase, the ated with the isomerization occur (Table 1). These data
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suggest that the isomerization requires occupancy of thenew contact(s) at the-phosphate of GTP, suggest that ATP
y-phosphate binding pocket of the GTP active site. If it is sulfurylase also contains an arginine finger, which is brought
empty, the interaction energy between the APS-forming and into contact with they-phosphate by the isomerization.
GTP-hydrolysis active sites moves to zero. Further evidenceEngaging this contact is expected to be a crucial aspect of
supporting the necessity of thephosphoryl group for the  the allostery that communicates between the sites and
isomerization is provided by the fact that mGMPPNP, which controls the rate of GTP hydrolysis. We have identified a
contains the/-phosphoryl moiety, elicits the isomerization. candidate arginine finger reside, and will test this hypothesis
The simplest model consistent with the findings presented using site-directed mutagenesis.
is one in which the guanine nucleotide and activators
assemble a nonisomerized enzyme complex. The affinity of CONCLUSIONS
this complex for the guanine nucleotide is essentially the
same, regardless of whether activators are bound. If the
appropriate activators are bound, and thghosphoryl
subsite of the GTP binding pocket is occupied, the interac-
tions between the active sites that drive the isomerization
begin to occur. The sitesite interaction continues through

Characterizing the interactions among the enzyme and
ligands in ground- and transition-state complexes of ATP
sulfurylase has provided insights into the nature of the rate-
limiting isomerization step of the mechanism and has defined
points of contact between the enzyme and reactants that are
the ground state and into thiy-bond breaking transition gssential to the allosteric intgra}ctions that c_ontrol t_he reactiv-
state. The interactions cease at a point prior to forming the ity of the bound GTP. The affinity of the'nor'ns'omenzed form
E-GbP complex, possibly at the phosphate release step TheOf ATP sulfuryl_ase for GTP and GDP is S|m|Iar_, regar_dless
allosteric circuit,ry which controls GTP_hydrolysis .is of Wh(_eth(_er act|v;_itors are bound at the APS site. Actlvat_or
transiently engage,d during this segment of the meché\nism specmc_ Interactions between .the enzyme fa.nd guanine
The requirement that the-phosphoryl subsite be occupied 'nuc!eotlde begin to develop dgnng th_e rate—llmltmg isomer-
to observe the interaction pinpoints the structural basis for sz?“%n of tdhe enf.y.rpe. ;’tmese mlter?((:jtlons, W.hICh cnange Fhe
the dependency to changes in fhphosphoryl subsite. This atinity and reactivity of Ine nucieotige, require a change in

. - the contact between the enzyme gnghosphate of GTP.
structural change dramatically enhances both the affinity and i L
reactivity of the GTP. It is as if the isomerization has The y-phosphate contact appears to be maintained as the

activated a catalytic residue(s) by bringing it into contact enzyme moves from the isomerized ground state into the
- Y y ging transition state fop,y-bond cleavage. The isomerization,
with the y-phosphoryl group of GTP.

The spectral and functional changes associated with thewhlch engages this contact, is elicited only by activators that

S mimic the E*AMP intermediate that occurs in the APS-
binding of AMP and PPto the EmGDP complex resemble : ; : :
the changes that occur when the GTPase activating protein forming reaction. This suggests that the APS reaction must

(GAPS), neurofibromin or p1Z0®, bind to RASMGDP. Yeach a point at, or near, the intermediate before the allosteric

GAP binding causes a 50% increase in the emitted intensity.ComaqS that drive the _isomerizatiqn are formeq. Thus, the

atd and an 18 nm blue shift in the wavelenath maxima isomerization results in a stepwise progression of the
maxs 9 reactions that causes them to occur in a 1:1 stoichiometry

(448 to 430 nm) of RASNGDP only when Alkis present and links their free energies

(35). A smaller blue shift and intensity change are observed '

causes a ¥0-10°-fold increase in the rate of GTP hydrolysis

(36), and the affinity of GAP for RASNGDP increases 100- 1.Leyh, T. S. (1999Methods Enzymolin press).

fold in the presence of AlIF(37). The spectral changes, 2.Roca, J., and Wang, J. C. (1992%ll 77, 609-616.

increased turnover, and affinity changes associated with GAP  3- Roca, J., and Wang, J. C. (1992¢ll 71, 833-840.

binding parallel those for the binding of AMPR to ATP 4. Moyer, M. L., Gilbert, S. P., and Johnson, K. A. (1998)

sulfurylase. Biochemistry 37800-813.

. 5. Jencks, W. P. (198%lethods Enzymol. 171145-164.
The AlF effects observed in in RASGAP system have 6. Keillor, J. W., and Jencks, W. P. (199Bjochemistry 35

been traced by site-directed mutagenesis to the so-called  5750-2753.
arginine finger 85). Crystal structures suggest that this 7. Brune, M., Hunter, J. L., Corrie, J. E. T., and Webb, M. R.

arginine, which is supplied by the GAP in RASAP (1994) Biochemistry 338262-8271.
complexes, does not directly contact the tripolyphosphate 8. Gulick, A. M., and Rayment, I. (199BioEssays 19561~
chain of GTP in the ground-state complex (GRRS-GTP) 569.

(39). The arginine swings into its catalytic position as the  9-Liu, C., Suo, Y., and Leyh, T. S. (1998iochemistry 33

system moves from the ground- to the transition-state 7309”7314,
10. Liu, C., Martin, E., and Leyh, T. S. (199Bjochemistry 33
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atoms that undergo bonding changes in the ground- t0 11 Leyh, T.S., Vogt, T. F., and Suo, Y. (1992)Biol. Chem.
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