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ABSTRACT. Single tryptophan mutants of a histidine-tagges GV132F and W212F) were prepared to
examine the functional and spectroscopic role of tryptophandn Ghe mutants bound G with

high affinity and showed only modest changes in GDP affinity. @3Rtimulated intrinsic fluorescence
changes were completely abolished by removal tAlbut were not affected by elimination of . In
contrast, both VA2 and W2 contributed to the fluorescence signal from binding of methylanthraniloyl-
GTPyS (IMGTH'S). W132F and W212F mutants showed 57% and 34% of the mrGTRorescence
change of wild type (WT), respectively. The decreased fluorescence signals were not due to reduced
activation of the W212F protein by nucleotide as protection from tryptic digestion was unchanged. The
kinetics of nucleotide binding and hydrolysis were also altered in both mutants. GDP dissociation was
slower (0.14 min?) for W132F and faster (0.54 mi#) for W212F than for WT (0.25 mint). As expected,

the steady-stat¥/max for GTPase was lower for W132F, but surprisingly it was also lower for W212F
despite faster GDP release. Single turnover kinetics revealed akgyfer W212F (0.52 mint) compared

to WT (1.39 minmt) and W132F (1.0 mint). Thus, W2 in Go, makes a dominant contribution to both
intrinsic and extrinsic fluorescence signals upmrsubunit activation. In addition, both tryptophans
modulate the kinetics of nucleotide binding and hydrolysis.

Receptor-mediated activation of heterotrimeric Gibind- The best understood G protein mechanism is the rhodop-
ing proteins is a common mechanism for transducing sin-mediated activation of transducin in the retinal rod outer
biological signals. Cell surface receptors regulate G proteinssegment. Conformations of rhodopsin are easily studied via
by stimulating the release of GDP from thesubunit of the the retinal chromophore. Changes in the transducin intrinsic
G protein, allowing GTP to bind and activate the G protein. fluorescence, due largely to 3 (9), have been used to
G protein activatiorin vitro involvesa subunit dissociation ~ monitor activation and deactivatiod@ 11) and to model
from By subunits. The dissociatedandfy subunits interact ~ the mechanism of the rhodopsin-stimulated activation
with effector proteins to modulate cellular responses includ- deactivation cycle of transducid?). Kinetic mechanisms
ing second messenger metabolism and ion channel functionof the predominant G proteins purified from brain,(&d
(2—5). G protein deactivation is mediated by an intringic  G;) have also been studied extensively in detergent solution
subunit GTPase activity which can be enhanced by GTPaseand in phospholipid vesicle). G, is the most abundant
accelerating proteing(-8), and upon deactivatiory and heterotrimeric G protein in mammalian brain. It contains
By subunits reassociate. While much is known about G two tryptophans in thet subunit. Upon activation by GTP
protein function, precise definition of G protein conforma- and magnesium, the intrinsic fluorescence gf Byptophan
tional changes during receptor-mediated activation andincreases ¥3). The effects of 8y subunits, ions, and

deactivation is incomplete. activating ligands on @ tryptophan fluorescence have been
- well characterized1d, 13). The X-ray structure of GDP-
" This work was supported by NIH Grant GM 39561. and GTP'S-ligandeda;; indicates major differences in the
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1 Abbreviations: DTT, dithiothreitol; G protein, GTP-binding protein;  this helix in transducin rotatesl§, 15), and in Guy, it is
GDP, guanosine diphosphate; GTP, guanosine triphosphatey&TP  disorganized and exposed to solveht,(18).

guanosine 50-(3-thiotriphospate); Gpp(Chp, guanylyl §,y-meth- . :
ylenediphosphate): Gpp(NH)p, guanylykisidodiphosphate; HED- One of our goals has been to study real time G protein

NML, 50 mM Hepes, pH 8.0, 1 mM EDTA, 1 mM DTT, 10 mM  activation and deactivation kinetics. We have previously
MgSQ;, 20 ppm deionized Lubrol; Hio,, hexa-histidine-taggeds  reported thatN-methyl-3-O-anthraniloyl (MANT) guanine

proteina subunit; IPTG, isopropys-b-thiogalactopyranoside; MANT, ; ; it
N-methyl-3-O-(3-thiotriphosphate): mGXP, MANT guanine nucleotide: nucleotide analogs are useful environmentally sensitive

TsB20P0.1, 50 MM Tris-HCI, (pH 8.0), 20 mM 2-mercaptoethanol, and f!uorescent probes to.stqdy heterotrimeric G protein activa-
0.1 mM phenylmethanesulfonyl fluoride. tion (1). A strong excitation peak was seen at 280 nm upon
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binding of MANT derivatives of GTP to G, or Ga, which mutation in the G, sequence, a 419 bpst and Clal
suggests that resonance energy transfer frgnmny@tophans fragment was cut from the pQE/}Gvector and ligated into

to the MANT moiety was occurringlj. The magnitude of  the corresponding sites of pBluescript Il SK. W132F,
the fluorescence increase depended on the type of nucleotidew212F, and W212A mutations were introduced by the same
MGTPY'S showed the greatest signal followed by mGppNHp, method using primers 85SAGTCGCCAAAGAGTCGCAT-
mGppCHp, and mGTP, while mGDP and mGP8 gave CAT-3, 5-CTGAACGTAAGAAGTTTATCCACTGCTT-
very small signals9). This rank order of MANT fluores- 3, and >TGAACGTAAGAAGGCGATCCACTGCTTC-3
cence signals correlated with the degree of G protein respectively, and flanking primers, GTAAAACGACGGC-
activation. Dissociation kinetics and trypsin protection data CAGTGAGC-3 and 3-CCTCACTAAAGGGAACAAAA-
provided evidence for a conformational equilibrium between GC-3, derived from pBluescript Il SK. ThePst/Clal

the active and inactive states, when the mGTP derivativesfragments with the introduced tryptophan mutations, W132F,
(especially mGppChp) were bound 19). W212F, or W212A, were cloned into corresponding sites of

To further understand the determinants of the MANT- PQEG0/Gy(Ncd ™). The sequence of all & mutants was
guanine nucleotide fluorescence signals and to prove thatconfirmed by dideoxy DNA sequencing over the PCR-
energy transfer from tryptophan was occurring, we mutated @mplified region.
the tryptophan residues in the @ subunit and studied their Expression and Purification of HisTagged Gu. HissGoo
spectral and functional properties. As previously shown for proteins were purified by a modification of the method of
W27 in transducin, tryptophan 212 in.Gis essential for ~ Lee etal. 1). The cDNAs of wild type or W132F, W212A,
the intrinsic fluorescence signal. It contributes significantly of W212F mutant hexahistidine-tagged.Gn expression
to the extrinsic fluorescence Signa| from mq/m but in vector, pQE60, were transformed into f&ecoli strain BL21/
this case, tryptophan 132 also plays a role. Both tryptophansPE3. The cells were growmi4 L of enriched medium (2%
influence nucleotide binding kinetics while mutation of\&/  tryptone, 1% yeast extract, 0.5% NaCl, 0.2% glycerol, and
also significantly reduces the, for GTP hydrolysis. Thus, 50 MM KH:PQO, pH 7.2) in the presence of 56g/mL
the enhancement of fluorescence of mGTP derivatives onampicillin at 30°C up to ORy of 0.4 and then incubated
binding to G, does include a significant component of for 18 h with IPTG (30uM) and chloramphenicol (Lg/
energy transfer from tryptophans. The single tryptophan ML). The bacterial cell pellet was frozen in liquid nitrogen,
mutants of the G subunits provide new insights into resuspended ins§320Po.1 (50 mM Tris-HCI, pH 8.0, 20 mM
structural determinants of nucleotide release and hydrolysis.2-mercaptoethanol, and 0.1 mM phenylmethanesulfonyl
They will also be useful tools in further examining G protein flouride), and incubated with 0.1 mg/mL lysozyme and 0.02
activation mechanisms with MANT-guanine nucleotide Mg/mL DNase and 5 mM MgS0 The lysate was centri-

derivatives. fuged at 4°C for 30 min at 30 000 rpm (Beckman Ti 45
rotor). The supernatant was then applied to a 20-nNi
MATERIALS AND METHODS NTA column (Qiagen) equilibrated withsg5.0Po 1 containing

100 mM NaCl. The column was washed with 80 mL of

Materials. Dithiothreitol (DTT) and guanosine’®-(3- TsoB20P0.1 containing 500 mM NaCl and 10 mM imidazole.
thiotriphosphate) (GT#S) were purchased from CalBiochem  Proteins were eluted with s§B20Po1 containing 100 mM
(San Diego, CA). HIGDP, P*S]JGTPyS, and §-*P]JGTP  NaCl, 10% glycerol, and 100 mM imidazole. The protein
were obtained from New England Nuclear (Boston, MA). in the peak fractions was further subjected to anion exchange
Trypsin was purchased from Sigma (St. Louis, MO).*Ni  chromatography on a Mono Q HR5/5 (Pharmacia Biotech)
NTA resin was from Qiagen (Chatsworth, CA). MANT-  column using a BioCAD SPRINT System (Perspective
guanine nucleotide was synthesized and purified as describedjosystems, Inc., Framingham, MA). The fractions of
(1). The expression vectors pQE/@nd the hexahistidine-  His,G,, proteins eluted in 25 mM Tris, 25 mM Bis Tris
tagged pQE60/( were generously provided by Dr. M. E.  Propane, pH 8.0, and 20 mM NaCl buffer were concentrated
Linder (Washington University). by centricon-30 (Amicon, Inc., Beverly, MA), and stored at

DNA Construction and Mutagenesi#n order to facilitate —80 °C for up to 6 months before use. GDP 4M) was
manipulations of the full-length & coding sequence, the added to purified proteins before freezing. The total amount
Ncd recognition site within the G coding sequence was of purified proteins was measured by Bradford ass2®), (
mutated by the megaprimer PCR mutagenesis techniflle ( and the amounts of functional HS., proteins were
The mutagenic primer '855CCATTGTGCGGGCTATG- determined by a GTFS binding assay23). The yield and

GATACT-3' was used with the flanking primer-BCTC- specific activities of the purified proteins are shown in Table
CCGAGATCGGTTGAAGCACT-3to amplify a first round 1.
of PCR on the template plasmid pQE{&nd to introduce Determination of G Protein Concentration For all

a silent mutation in thécd site. The PCR fragment was experiments (binding, fluorescence, and GTPase), the amount
purified and used directly as a primer together with the other of functional protein was determined by$]GTPyS binding
flanking primer, 5GAATTCATTAAAGAGGAGAAA-3', performed within 3 days of the experiment. In most cases,
to amplify a second round DNA synthesis using pQE/G GTPyS binding was determined the same day as the
as template. The secondary PCR product was sequencedunctional experiment.

digested withBstX| and Pst restriction enzymes, and ligated Fluorescence MeasurementBluorescence measurements
back into pQE/G,. The full length of G, sequence in an  were determined using a PTI ALPHASCAN fluorometer
Ncd/Hindlll fragment was ligated into acd/Hindlll- (Photon Technology Intl., Monmouth Junction, NJ) with a
digested pQEG60/g to yield the amino-terminal Hiscon- water-cooled 150 W Xenon arc lamp as describé&y (
struct pQE60/G,(Ncd™). To introduce the tryptophan HissGo, proteins were diluted into buffer containing 50 mM
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Hepes, pH 8.0, 1 mM EDTA, 1 mM DTT, 10 mM MgSQ©
and 20 ppm deionized Lubrol (HEDNML), placed in custom-
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Table 1: Purification and Characterization of Mutant §dig,
Proteirt

made 5 mm round quartz cuvettes in temperature-controlled
(20 °C) sample holders, and continuously stirred. Time
course measurements of intrinsic fluorescerigg480, Aem

340 nm, 1 nm slits) were performed with 250 nM kg,
proteins and kM GTPyS in final volume of 0.2 mL. The
fluorescence increase upon binding of mGBPo 25 nM
HissGoo Was detected by exciting HiS,, tryptophans at 280
nm and detecting MANT emission at 440 nm. The concen-
tration of mGTH'S was saturating («M). The time
dependent fluorescence values were fit to a one-componen
exponential association curve using Prism (Graphpad Soft-
ware, San Diego, CA).

Trypsin Proteolysis AssayOne microgram of HigSy, was
preincubated with 10@M GTPyS or 100uM mGTPyS in
HEDNML buffer for 20 min at 20°C. Twenty nanograms
of typsin was added and the incubation continued for 30 min.
Trypsin-digested samples were analyzed by 11% SDS
PAGE and visualized by Coomassie Blue. The gels were
scanned (Scan Jet IIC, Hewlett Packard), and the 37 kDa
bands were quantitated (IMAGE QUANT, Molecular Dy-
namics).

Saturation of HigGs, by [PH]JGDP and Equilibrium
Guanine Nucleotide BindingTen nanomolar Hig&, pro-
teins was incubated with £2000 nM PH]GDP in HED-
NML buffer in the presence or absence qgill GTPyS (to
determine the nonspecific binding). Following incubation
at 20 °C for 1 h, the samples were filtered onto BA85
nitrocellulose filters (Schleicher & Schuell, Keene, NH), and
the filters were washed with ice-cold 20 mM Tris, 100 mM
NaCl, and 25 mM MgCJ, pH 8.0. The filters were counted
in 4 mL of ScintiVerse scintillation cocktail (Fisher Scien-
tific, Fair Lawn, NJ). Equilibrium competition experiments
were performed using®H]GDP and different unlabeled
guanine nucleotide analogs to determine their binding
constants for HigG,, as describedlj. Twenty nanomolar
HissGoo proteins was preincubated in HEDNML buffer with
1-20 000 nM competing ligand for 30 min on ice before a
final concentration of 100 nM3H]GDP was added. Fol-
lowing incubation with H]JGDP for 1 h at 20°C, the

appK; for
yield/L of sp act. Kq for mGTP/S!
HissGow ~ prepn (mg) (pmoliug) GDP (nM) (nM)
WT 1.1+0.2(2) 83+ 1.4(3) 87+21(3) 18+5(4)
W132F 0.63+0.24 (2) 13.6:2.3(3) 137+32(3) 8+t 4 (4)
W212F 0.45+0.07 (2) 11.5:1.8(3) 38+9(3) 11+2(4)
W212A 0.40 (1) 6.4 1.1(3) ND ND¢

20ne or two preparations of wild-type HG., and each mutant

were done as described under Materials and Methods. The yield, specific
ctivity, and affinity for GDP were determined, and the meaSEM

or SD forn = 2) is shown. The theoretical specific activity of pure
and 100% functional HiGq, is 25 pmolkg. ® Saturation binding curves
for [®*H]JGDP were done as described under Materials and Methods.
There was no significant difference in tikg for GDP between the
mutants (W132F and W212F) and the WT protdhX 0.05).¢ Not
determined?K; values for mGTRS binding were determined by
competition with binding of 100 nM3H]GDP as described under
Materials and Methods.

MgSQ, and GTR'S to final concentrations of 20 mM and
200uM, respectively. MgS@Qactivates HigG,, and triggers
catalysis, while GTPS prevents{-32P]GTP from rebinding
to the G protein. The amount of #2P]R, released at each
time point was fit to an exponential function: cpi cpm,

+ Acpm x (1 — ™).

Data Analysis and StatisticsGraphpad Prism (Graphpad
Software, San Diego, CA) was used for unweighted nonlinear
least-squares fitting of all of the data. The results are
expressed as meah SEM.

RESULTS

Expression and Nucleotide Binding of Tryptophan Mu-
tants. The wild-type and mutant Hi&,, proteins were
expressed and purified as described under Materials and
Methods. All three single tryptophan mutants (W132F,
W212F, and W212A) expressed well and were active (Table
1); however, a double tryptophan mutant, W132F/W212F,
could not be expressed in active form despite several
attempts. The affinities of the HiS,, W132F and W212F
for GDP were not significantly different from that of WT

samples were filtered as in the saturation experiments. Theprotein (Table 1p > 0.05). mGTR'S bound with compa-

data were fitted by nonlinear least-squares analysis with
hyperbolic or competition binding functions using Graphpad
Prism. 1Go values from competition experiments were
converted tK;'s by the method of Cheng and Prusa2#j.

GTPase Actiity. The GTPase activity of Hi&q, proteins
was measured as described with some modificafipriFjve
nanomolar HigGo, Was incubated with concentrations of
[y-¥2P]GTP (7500 cpm/pmol) ranging from 0.05 t:® in
HEDNML buffer at 20°C. The assay was initiated by
addition of f-32P]GTP solution, and 5@L aliquots were
taken and diluted in 1 mL of 15% (w/v) charcoal solution
(50 mM NaHPO,, pH 2.3, 0°C) at 5 min intervals for 30
min. Background hydrolysis was determined in the absence
of protein and represents less than 10% of tojaf?P]R
release.

Determination of kg for Hydrolysis of GTP. Ten nano-
molar HisGo, Was incubated at room temperature {22
°C) in magnesium-free HEDNL buffer with M [y-32P]-
GTP (7500 cpm/pmol) for 20 min to allow the proteins to
bind GTP. The reaction was then started by addition of

rableK; values to WT, W132F, and W212F as measured by
competition with fH]GDP binding (Table 1). Similarly, the
Ki's of mutant HigGq, for mGppNHp and GTPS were not
significantly different from wild type (data not shown).
Fluorescence Properties of Tryptophan Mutantg/e
studied the intrinsic (tryptophan) and extrinsic (MANT
nucleotide) fluorescence of the WT and mutant¢8ig to
understand the contributions of the two tryptophans to these
signals. Intrinsic fluorescence changes of WT, W132F, and
W212F were monitored after addition of AM GTPyS
(Figure 1A). The maximal fluorescence increase of W132F
on binding GTR'S was the same as that of WT, whereas
W212F failed to exhibit any fluorescence increase. These
results show that W?in G, [as with WP%7in G, (9)] is the
only tryptophan with fluorescence emission sensitive to the
conformational change of {upon activation. In order to
determine whether resonance energy transfer from tryptophan
contributed to the MANT guanine nucleotide fluorescence,
the fluorescence changes on mG/BPbinding to the G
mutants were assessed. The kinetics of the fluorescence
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P FiIGure 2: mGTP/S fluorescence change upon binding ddig,.
0.0 (A) mGTPyS (2uM) was added to 25 nM HiSq, (WT or mutant)
WT W132F  W212F in HEDNML buffer at 20°C, and the fluorescence was monitored
Ficure 1: Intrinsic fluorescence changes in kg, upon binding as described under Materials and Methods. Data were fit to a one

GTPyS. (A) HissGq, proteins (250 nM) were preincubated 2 min  component exponential association function, and the maximum
at 20°C in HEDNML buffer before addition of GT#S (1uM) at fluorescence determined from the fit was determined. The rates of

time zero. Fluorescence was monitored at 340 aga (290 nm). mGTR'S binding are listed in Table 3. Shown js a representative
The fluorescence of buffer and protein alone was subtracted. (B) experiment that was repeated 6 times with similar results. (B) The
The change in fluorescence upon addition of GERvas deter- maximal mMGTR'S fluorescence increase when bound to W132F

mined from a nonlinear least-squares fit of the time course data to and W212F HigG,, proteins was calculated as a fraction of the
a one component exponential association function. Values of the value for WT HigGo.. Data are presented as mearSEM for six
fitted AF are shown for three experiments with the mutants experiments.
expressed as a fraction of the result with the wild-type protein.

Data are presented as meanSEM for three experiments. The

rate of the intrinsic fluorescence increase ofddig, is slower than { em:440nm
the rate of mGTPS fluorescence change (Figure 2) and may be
due to a higher concentration of GDP present in this experiment.

increase with excitation at 280 nm and emission at 440 nm
are shown in Figure 2A. The fluorescence reached a plateau
by 10-15 min, and higher concentrations of mGi3did

not produce any further increase in fluorescence. The o ' MANT-GTPS .
maximal fluorescence values of mGH® bound to W132F 250 275 300 325 350 375 400
and W212F were 5& 6% and 34+ 4%, respectively, of Wavelength (nm)

that with WT (Figure 2B). This does not appear to be due
to decreased affinity of the mGJ8 as the amount used (2 ex:280nm A
uM) was substantially greater than thg for mGTP/S
binding for all proteins (Table 1). After the mG7B
fluorescence was at a maximum, emission and excitation
spectra were obtained (Figure 3A,B). The mGBemis-

sion peak at 440 nm was not significantly shifted but was
much lower with W132F and W212F compared to WT. In
the excitation spectrum, the peak at about 285 nm has been
attributed to energy transfer from tryptophan while the 340
nm peak is due to direct excitation of the MANT moiety. Wavelength (nm)

The reduced excitation at 280 nm in the two mutants Figure3: Emission and excitation spectra for mG&bound to
indicates that W2 and WP*2 both contribute significantly to  HissGo.. (A) Emission spectra (280 nm excitation) of 25 nM WT

the mGTR'S fluorescence, consistent with resonance energy (—), W132F (- —), and W212F { - —) HisgGoq With 2 M

transfer from W32 as well as V2 This is in marked mMGTRyS and 2uM mGTPyS alone (---) were obtained after
fluorescence had reached the maximum as shown in Figure 2. The

contrast to the intrinsic fluorescence change which is spectrum obtained with HEDNML buffer alone has been subtracted
unaffected by _rerr_loval of W= _ _ in each case. (B) Excitation spectra (440 nM emission) were
Normal “Activation” of Mutant Proteins by Nucleotides.  monitored as in emission spectra. The HEDNML buffer alone

The decreased mGJB fluorescence signal with mutant spectrum has been subtracted.

proteins suggests that both tryptophan residues contributetrypsin proteolysis protection experiment was performed.
to mGTPH/'S fluorescence; however, the lower fluorescence HissGq, proteins were incubated with 100/ either GTH'S
signal may be due to an altered activated conformational or mGTP/S at 20°C for 20 min followed by trypsin addition.
change compared to WT. To exclude this possibility, a As previously describedl, 25), the protected Higo, was

Fluorescence
(counts/sec) x 10" 4

[~

Fluorescence
{counts/sec) x 10" ¢
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Table 2: Trypsin Digestion of Guanine Nucleotide Activated
HiseGoq Proteing

density of 37 kDa band, % of contrat)

condition WT W132F W212F
no nucleotidet trypsin 4+ 1 (3) 4+1(3) 8+2(3)
GTPyS (100uM) + trypsin 71+ 13(5) 68+14(5) 78+15(4)
mGTPyS (100uM) + trypsin - 72+ 14 (5) 62+ 9(5) 68+ 19 (4)

@ One microgram of HigGo, Was preincubated with 100M either
GTPyS, mGTR'S, or no nucleotide in HEDNML buffer for 20 min at
20 °C. Twenty nanograms of typsin was added and the incubation
continued for 30 min. Control and trypsin-digested samples were
analyzed by 11% SDSPAGE and visualized by Coomassie Blue. The
gels were scanned (Scan Jet IIC, Hewlett Packard), and the 37 kDa
bands were quantitated (IMAGE QUANT, Molecular Dynamics). The
amount of 37 kDa band remaining after reaction with trypsin was
guantitated and normalized to the amount of 40 kDa band in the
undigested sample. The results represent the megBEM of the
indicated times of experiments.

revealed as a 37 kDa band on a SDS 10% gel. This 37 kDa
band was quantitated, and the results were normalized to
the amount of undigested protein (Table 2). There were no
significant differences in the amount of K&, protected
by 100uM of either GTB'S or mGTR'S. Thus, all proteins
were equally activated by guanine nucleotides, and the lower
maximal mGTR'S fluorescent signal for tryptophan mutants
was not due to incomplete or altered, &ctivation.

Kinetics of GDP Release from W132F and W212F
Mutants. The rate constant for the mG¥B fluorescence

increase reflects the GDP release rate since GDP release iﬁf

slow (26). At lower concentrations of mMGTEHES (and in the
GTPyS experiments in Figure 1), endogenous GDP competed
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Ficure 4: Steady-state GTPase activities of WT and mutant
HiseGoq- (A) Steady-state GTPase activities were measured with 5
nM HisgGo,, proteins (WT, filled squares; W132F, open triangles;
W212F, open circles) incubated with the indicated concentrations
GTP as described under Materials and Methods. The base line
value representing less than 10% of totgt*fP]R release was
determined in the absence of protein and was subtracted. The data

with mGTP/'S for HisGo, and the fluorescence increase Wwere fit to the functiorV = Vina,S(S+ Ki) to determine the kinetic

was slower than expected based on literature values of th
GDP release ratécpp. In order to accurately estimate
the ko cpp (Figure 2), increased concentrations of mGEP
were used, and the rate constant for m@3$HRluorescence
reached a plateau at mGJ¥® concentrations greater than
or equal to «M. The rates of mMGTPS binding were 0.25

+ 0.03, 0.144+ 0.02, and 0.54 0.08 mirr?t, for WT,

W132F, and W212F, respectively. These data show that the

perturbation caused by mutation of the tryptophan in the
helical domain (V&9 slows GDP release, whereas modifica-
tion of the GTPase domain (%) accelerates GDP release.
W22 Reduces 4 for GTP Hydrolysis. To determine

whether mutation from tryptophan to phenylalanine in the
helical and GTPase domains changed the functional prope
ties of the HigG,, protein other than the GDP release rate,
we examined the steady-state GTPase activity. We expecte

the W212F mutant, which has a faster GDP release rate, to

show an increaseWma., for GTP hydrolysis while W132F
would have a lowerVya than WT. WT and W132F
demonstrated steady-sta¥g.x values of 0.30+ 0.03 and
0.13 £ 0.01 minr?, respectively (Figure 4), which were
compatible with the GDP release rate determined from
MGTPyS fluorescence studies (Table 3). However, W212F
actually showed a lower steady-state GTP hydrolysis rate in
contrast to the increase expected from its faster m@IP

r-

eparameters. Shown are meatts SEM of the data from five

experiments. The averadg, values for WT, W132F, and W212F
HissGoo are 5704 220, 110+ 50, and 80+ 30 nM, respectively

(n = 5), and theVmax values are 0.3@ 0.03, 0.13+ 0.01, and

0.12 4+ 0.01 mirr?, respectively. (B) An EadieHofstee plot is

shown of the data in (A). Thg-intercept indicate®/may and the

slope is—Kn,. The symbols are the same as in (A).

and Methods]. GTP hydrolysis by W212F was reduced
compared to that for WT and W132F proteins as predicted.
The observed rates were 1.390.19, 1.0+ 0.16, and 0.52

+ 0.06 mi! for WT, W132F, and W212F, respectively
(Figure 5 and Table 3). To confirm that the kinetic changes
were due to removal of the $4# and not substitution of the
phenylalanine, we prepared a W212A mutant and tested its

catalytic properties. It also showed a much redukgd

dTabIe 3); however, it was not quite slow enough to fully

account for the low steady-staig . value (see Discussion).

DISCUSSION

In this report, we describe the expression and characteriza-
tion of single tryptophan mutants of theGorotein. These
data confirm results observed with the transducisubunit
in that thea2 helix tryptophan (2 in Gy, and W7 in
transducin) is the only tryptophan contributing to the intrinsic
fluorescence change upon protein activati®n (They also

binding. This suggests that for W212F, the steady-state GTPvalidate our previous hypothesis, (L9) that the fluorescence

hydrolysis rate may be limited by, instead ofkyf,6pop. TO
test this possibility,k.o: values for each of the Hi6q,
proteins were estimated by single turnover experiments
(Figure 5) as described [Berman et al., 1998 Materials

signal detected for heterotrimeric G proteins binding MANT
guanine nucleotides involves energy transfer from tryptophan
but interestingly both tryptophans are involved. Finally,
significant functional changes are seen with mutations in each
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Table 3: Kinetic Parameters of Nucleotide Binding and GTP Hydrolysis byGdisProteins
kinetic parameters WT W132F W212P W212A

Vimax (Min~1)2 0.30+ 0.03 (5) 0.13+ 0.01* (5) 0.12+ 0.01* (5) ND

Km (nM)2 570+ 220 (5) 110+ 50* (5) 80+ 30* (5) NDf

Kott,.cop (Min~1)¢ 0.25+ 0.03 (6) 0.14+ 0.02 (6) 0.54+ 0.08 (6) ND

Kon,cop(mMin~t nM~1)d 0.0029+ 0.0010 (3) 0.001@: 0.0003 (3) 0.014t 0.003 (3) ND

Keat (Min—1)e 1.39+ 0.19 (9) 1.0+ 0.16 (4) 0.52+ 0.06 (9) 0.26+ 0.10 (3)

@ HissGoo proteins were incubated with different concentrations of

GTP, and steady-state GTP hydrolysis rates were obtained and fitted by

nonlinear least-squares regression to hyperbolic curves as described in the legend to Figure 4. Values showndar8Eiveanh 5 replicate

experiments. This table shows the turnover numbggd determined from

for the fluorescence increase upon binding @i mGTPyS (Figure 2A).

data in Figure 4A and similar experiments compared to the rate constant
GDP release kinetics are likely the rate-limiting step for the mSTP

binding experiments? A t-test was performed to compare thg.x andKr, values of mutant Higs,, proteins with those of wild type. * indicates
P < 0.01.%konmeTrs is Used to represettti cpp - ¢ kongor(Min~t nM~1) is calculated fronke,cor (Min~2)/Kq (NM). The standard deviation of each
data point has been considered in individual calculatidg, (min~t) of WT recombinant G, from other literature was 2.2 0.3 mirr? (34).f Not

determined.

Fraction of GTP
hydrolyzed

Time (minutes)

Ficure 5: Determination ok HissGoo proteins (10 nM) were
incubated at room temperature (234 °C) in magnesium-free
buffer (HEDNL) with 1 uM [y-32P]GTP (7500 cpm/pmol) for 20

stantial evidence that the fluorescence signal from MANT-
containing guanine nucleotides is related to the activation
of heterotrimeric G protein. subunits ¢, 19). Indeed, there
were smaller fluorescence signals from mGppNHp and
mGppCHp which correlated with partial activation of the
Ga subunits by those nucleotides. The structural and
mechanistic basis for the conformation-dependent fluores-
cence remains unclear. The data presented here confirm the
role of tryptophan energy transfer in the MANT-nucleotide
fluorescence and provide important tools (i.e., single tryp-
tophan mutants) to further examine conformational changes
associated with G protein activation. The distances between

min. The reaction was started at time zero as indicated by addition\z/132 gnd \W212 and the guanine nucleotide are nearly optimal

of MgS0O, and GTR'S to final concentrations of 20 mM and 200
uM, respectively. Base ling/f3?P]JGTP hydrolysis was measured
at 5, 10, and 15 min before the beginning of the reaction, and the
value predicted for time zero was subtracted from the data. GTP
hydrolysis at indicated time points was calculated as a fraction of
the total GTP hydrolyzed The data were fitted to a single

exponential association function (Graphpad Prism), and the results

are listed in Table 3.

tryptophan. Mutation of W2 to phenylalanine only alters
GDP release resulting in a 2-fold slowing. In contrast,
mutation of W2 increases the GDP release rate but also
causes a 35-fold reduction inkca:

Consevation of the G Protein Actiation Sensor. In
examining the tryptophan mutants of{one of the most
striking observations was that the intrinsic fluorescence signal
was totally lost for the W212F mutant and completely normal
for the W132F mutant. Chabre and colleagu#sshowed
similar results for V8 in transducin but did not test the
effect of modifying W27. Our data confirm their conclusions
and extend them to . The available crystal structures
now provide a clear explanation of these results. Tryptophan
211 in G shows considerably more solvent exposure in the
heterotrimer (GDP-bound) than in the activated (GSP
bound) state while W? shows virtually no change in
environment upon subunit activatiobh74 27). Faurobet et
al. 9) also found that the W’ mutation prevented cGMP
phosphodiesterase activation. Unfortunately, there is no
simple test for G, effector function as many of the effects
of G, are due to release of titly subunit rather than to the
activated G, itself (5, 4). However, we can say that the
W212F mutant does undergo the conformational change
generally associated with activation as the protection?f K
from digestion by trypsin does occur.

Energy Transfer from Tryptophans to MANT-Guanine
Nucleotides. We have described, in previous work, sub-

for detecting small changes in G protein structure. In the
crystal structure of G, the distances between?%and the
ribose O2 position on GTFS (17, 27) are 17.4 and 20.6 A,
respectively. For P2 the distances are 14.4 and 13.0 A,
respectively. Estimates of tHg for energy transfer from
tryptophan to MANT range from 12 to 22 A.In addition
to the distance changes, there is a very substantial rotation
of W22 upon G, activation which may cause significant
orientational effects as well. While orientational effects are
not common in protein fluorescence, in this case both the
tryptophan and the MANT moiety are likely to be in fairly
constrained positions. More detailed fluorescence studies,
including tryptophan lifetimes, are currently in progress.
Structural Determinants of GDP Release Ratel
addition to the spectroscopic changes, the tryptophan muta-
tions resulted in functional alterations indsas well. The
rate of GDP release was affected in opposite directions by
the two tryptophan mutations. Mutations which enhance
GDP release rates are fairly common and have been
frequently identified in the carboxyl terminus of thesubunit
(28, 29, 17). In the case of &2, the mutation is close to
the nucleotide binding site, and it is easy to see how
perturbation of the binding pocket might enhance the rate
of GDP release. Despite the larger valukgfcoe , the Ky
for GDP is actually lower, giving a fastég, gpp as well.
Thus, it is important to keep in mind that a faster dissociation
rate constant does not automatically translate to a lower
affinity. Itis likely that the W2 mutation results in a more

2TheR, calculations for tryptophan to MANT energy transfer used
the following assumptions: quantum yield of tryptophan, 0.14; orienta-
tion factor ?) of 0.67; dielectric constant for the interior obGubunit
ranging from 2 to 5. The extinction coefficient used for mant@IP
was 22 500 cm* M~ as previously reportedl). Modest changes in
any of these parameters do not strongly affect the rand® wélues.



Roles of G, Tryptophans

“open” binding pocket. In contrast, the W132F mutation
results in slower rates than WT for both GDP dissociation
and association. Again the association rate is affected more,
so theKy changes in the opposite direction from that expected
from the decreased,icor. The reduction in the GDP
release rate is modest but does implicate the helical domain 10.
of the Ga subunit as a potential regulator of GDP release.

The R178C mutation in gwhich markedly reducds;also
reduceo gpp by approximately 2-fold30). This arginine

is in the junction between the helical and GTPase domains.

The effect of these two mutants, W132F ip,&nd R178C

in Gis, suggests that collapse of the helical domain onto the
GTPase domain may “tighten” the nucleotide binding site
and reduce GDP release rates. Similarly, transducin may
have a restricted binding pocket as it has a very slow basal
GDP release rate and MANT nucleotides bind with low

affinities (31).

Effect of V§'2 Mutations on GTP HydrolysisNumerous
mutations of G subunits reduce GTP hydrolysis. In.
R187C, Q204L, and S47N all reduce thke: for GTP

hydrolysis 32, 33). We now add W212F and W212A to

this list, though their effects are not as striking-&fold

reduction) as the other mutations. For both WT and W132F,
the steady-stat¥. for GTPase is identical to the rate of
GDP release as expected. In contrast, for the W212F mutant,
the steady-staténaxis lower than both the GDP release rate
and thek.y determined experimentally. We cannot fully
explain this discrepancy though it could be due to experi-
mental error, different temperatures of the two experiments
(20 °C vs 24°C), or a different rate limiting step (e.g.,

phosphate release).

In summary, the spectroscopic and functional properties
of single tryptophan mutants of,Gprovide new information
about the source of spectroscopic signals and a role for
tryptophan 212 in structural determinants of nucleotide

binding and hydrolysis.
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