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ABSTRACT. Nucleoside diphosphate (NDP) kinase is the enzyme responsible in the cell for the
phosphorylation of nucleoside or deoxynucleoside diphosphates into the corresponding triphosphates at
the expense of ATP. Transfer of thephosphate is very fast (turnover number above 100) and

involves the phosphorylation of a histidine residue at the active site of the enzyme. We have used intrinsic
protein fluorescence of the single tryptophanittyostelium discoideurfNlDP kinase as a sensitive

probe for monitoring the interaction of the enzyme with its substrates. We demonstrate that the 20%
guenching of steady-state fluorescence observed upon addition of ATP is due to formation of the
phosphorylated intermediate. Time-resolved fluorescence indicates that the Trp-137 side chain is rigidly
bound to the protein core with a unique lifetime of 4.5 ns for the free enzyme @ 20d that it remains

tightly immobilized during the time course of the reaction. Phosphorylation of this catalytic residue (His-
122) in the presence of ATP induces a similar decrease in mean lifetime, due to the splitting of the signal
and the appearance of a shorter decay. This splitting is discussed in terms of a slow conformational
equilibrium. We demonstrate that, in the wild-type enzyme, the conserved His-55 quenches the fluorescence
of Trp-137 as the H55A mutant protein fluorescence displays an increase in quantum yield. Even though
H55A mutant enzyme is active, the absence of the imidazole ring prevents the detection of the
phosphorylated state of His-122 by Trp-137. We conclude that His-55 serves as a relay between His-122
and Trp-137.

Nucleoside diphosphate (NDRjinase (EC 2.7.4.6) cata- 1990; Munoz-Doradet al, 1990). NDP kinase was also
lyzes the exchange of phosphate between a nucleotideidentified as the product of the genawd from Drosophila
triphosphate (especially ATP) and a nucleoside diphosphate(Dearolfet al,, 1988) andhm23from human (Rosengaret
according to a mechanism which involves a phosphorylated al., 1989; Steegt al,, 1988) involved in larval development
histidine intermediate (Parks & Agarwal, 1973). The enzyme and metastasis, respectively, suggesting that NDP kinase may
is able to phosphorylate both ribo- and deoxyribonucleotides not be considered only as a “housekeeping” enzyme. NDP
and shows no specificity towards the base. NDP kinase kinases are conserved throughout evolution, with 40% and
follows a ping-pong bi-bi mechanism (Garces & Cleland, 62% sequence identity, respectively, for the enzymes of
1969): the overall reaction is the sum of donor and acceptor Escherichia coliand of Dictyosteliumas compared to that
half-reactions, according to the following scheme: from human (Gilleset al,, 1991, Walletet al., 1990).

The three dimensional structure of the NDP kinase from
ATP + E<E-P+ ADP (1A) Dictyostelium (Dumas et al, 1992), from Myxococcus
NDP + E-P= NTP+ E (1B) (Williams et al, 1993), fromDrosophila (Chiadmi et al,
_ N 1993), and from human (Moreet al, 1995b; Weblet al,,

Although NDP kinase was purified almost 30 years ago, 1995) have been determined by X-ray crystallography. All
the cloning of its gene is relatively recent (Lacondieal,, eukaryotic NDP kinases are hexamers made of identical 17-
kDa subunits. Their structure is highly similar, in particular
. ' Ehis r\1/\/ork V\{as Isu%ﬁigrAtedA?\lnygngé frlczlm ngent':Ae Nat_iotr_laleddella around the active site. The structureuctyosteliumNDP
Rggh:;ghg gggtrlfgleeCancer((ARC 6438) a)n'd ;:?(;nm tﬁgoLCilg%ggonfreale kinase complexed to a'pu'rl'ne nUCIeOtI.de (ADP) (Morerg
Cancer (Comitale Paris) to M.V. al., 1994b) and to a pyrimidine nucleotide (dTDP) (Cherfils
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numerous side chains of the protein and a magnesium ion.NDPK concentration is expressed as that of subunit con-
A set of H-bonds is responsible for the particular conforma- centration usingMyw = 17 000.

tion of the nucleotide: the '@H of the (deoxy)ribose Phosphorylated Enzymé he incorporation of radioactive
participates to H-bonds with Lys-16 and Asp-119 as well as phosphate fromy)[-32P]ATP into the protein was measured
with an oxygen of thgg-phosphate. The X-ray structure of after a 5-min incubation of 1M enzyme with 90uM

the phosphorylated intermediate shows no major change[y-*?P]JATP (0.5 Ci/mmol). The mixture was then gel-filtered
relative to free proteins (Moreret al., 1995a). A study of  on a 12-mL G25 Sephadex column equilibrated with buffer
the active site by site-directed mutagenesis (Tegpeal., T (50 mM Tris-HCI buffer, pH 7.5, containing 5 mM Mggl
1994) supports the proposed model for phosphate transferand 75 mM KCI). The enzyme was separated from nucleo-
to the catalytic His-122 (Morerat al,, 1995a), suggesting tides and free phosphate by elution with buffer T. The
that catalysis can proceed with little induced fit, which might radioactivity and the protein concentration were then mea-
be essential for an enzyme with a very high turnover number. sured in each fraction and the stoichiometry of phosphate

The fluorescence of the single tryptophan residue in the incorporation was calculated. _
Dictyosteliumenzyme, Trp-137, has been shown to decrease Stability Measurement_sThermaI inactivation experiments
upon unfolding of the protein and was used to monitor Were performed according to Laset al. (1992) on pure
equilibrium dissociation and unfolding transitions of NDP  'écombinant protein at the concentration gfd in 50 mM
kinase in urea (Lascet al, 1993, 1994). We show here 1ris acetate buffer, pH 7.4, containing 1 mg/mL BSA.
that Trp-137 is also a suitable intrinsic probe near the Samples were incubated at the appropriate temperature for
catalytic core ofDictyostelium NDP kinase. We have 10 min and kept on ice for 30 min before measurement of
measured the interactions of NDP kinase with nucleotides the residual activity. . .
by steady-state intrinsic fluorescence spectroscopy and time- For inactivation by urea, pure recombinant proteimk8)
resolved fluorescence using synchrotron radiation. This latter Was incubated at 28C for 24 h in 50 mM Tris acetate buffer,
approach provides information concerning Trp-137 side- PH 7.4, containing various concentrations of urea. The
chain dynamics. The structural basis of the effects of @mount of activity was measured by transferring the protein
nucleotides on tryptophan fluorescence has also been inves!Nto the standard assay. We verified that the residual urea

tigated using the H55A mutant NDP kinase. concentration (less than 80 mM) did not interfere with the
activity assay. No significant reactivation occurred during
EXPERIMENTAL PROCEDURES the measurement.

Steady-State Fluorescencell fluorescence measure-

Materials ATP, lactate dehydrogenase, and pyruvate ments were performed at 2€ in 50 mM Tris-HCI buffer,
kinase were from Boehringer Mannheim. dTDP and NATrA pH 7.5, containing 5 mM MgGland 75 mM KCI (buffer
were from Sigma, and ultrapure urea was from ICN T) on a SLM 8000 spectrofluorometer. The excitation
Biomedicals, Inc. }-*2P]JATP (4500 Ci/mmol) was from  wavelength was 295 nm to minimize the contribution of
Amersham. tyrosyl residues to the total fluorescence as well as light

Site-Directed MutagenesisMutant H55A and H122Q  absorption by ATP. The excitation and emission bandwidths
Dictyostelium NDP kinase were made by site directed Were both setto 2 nm. Rhodamine was used to correct for
mutagenesis according to Kunkel (1985), and the mutationsfluctuations of the excitation light. The spectra were
were verified by standard DNA sequencing techniques. The corrected by subtracting background intensities of a blank

oligonucleotides used for mutagenesis wereAGCT- solution made of buffer solution with the added nucleotide.
GAATCTGCCTATGCTGAA-3 for H55A mutant and 5 Fluorescence quantum yields were determined according
— to the method of Parker and Rees (1960), using the equation

CATCATCCAAGGTTCTGATTC-3 for H122Q mutant.

Altered bases as compared to the wild-type sequence are | roANATIA
underlined. Mutant H122C NDP kinase was described in QY prot = |p—QYNATrA 2
Dumaset al. (1992). naTrAAprot

Enzyme Purification and Aclity Assays Mutant and  \herel is the integrated intensity over the wavelength region
wild-type DictyosteliumNDP kinases were overexpressed 305-480 nm andA is the absorbance at 295 nm. The
in E. coli (XL1-Blue) using plasmidpndk as described  guantum yield of NATrA was shown to be identical to that
(Lacombeet al, 1990). The cell extract was loaded at pH  of tryptophan at pH 7, 20C: QYnata = QY1 = 0.14
8.4 onto DEAE-Sephacel which retained oy coli NDP (Werner & Foster, 1979; Szabo & Rayner, 1980).
kinase (Teppeet al, 1994). The flowthrough was adsorbed  Time-Resaled Fluorescence Measurement$he fluo-
on Blue-Sepharose (Pharmacia) at pH 7.5. After a wash with rescence decays were measured by the single photoelectron
0.3 M NaCl, the enzyme was eluted by 1.5 M NaCl in Tris-  counting method, using the synchrotron radiation of SUPER-
HCl buffer, pH 7.5. After dialysis, the protein was concen- ACO at Laboratoire pour L'Utilisation du Rayonnement
trated with an Amicon ultrafiltration cell and stored frozen Electromagnetique (LURE, Orsay) as a pulsed excitation
at —20 °C. Protein concentration was determined in the light. This storage ring provides a light pulse of approxi-
spectrophotometer using an absorbance coefficieAtrofo matly 600 ps (full width at half-maximum) at a frequency
= 0.55 for a 1 mg/mL solution. Mutant proteins were of 8.3 MHz for a double-bunch mode. The optical and
purified according to the same procedure. The absorption ejectronic parts of the instrumental setup were described
coefficient of wild-type enzyme was also used for H122C, g|sewhere (Brochomt al, 1993). A Hamamatsu micro-
H122Q, and H55A mutant proteins. channel plate R1564U-06 was used as detector. Unless

The activity of NDP kinase was measured at°20using otherwise indicated, the excitation and emission wavelengths
a coupled assay as previously described (L&t@l, 1992). were respectively set at 300 and 340 nm with Jobin-Yvon
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H25 monochromators with bandwidths of 4.5 and 9 nm, r(t) = ZA,G(*r/Gi) @
respectively. Time sampling was 25 ps/channel, and 2048 !

channels were used. The fluorescence of a 1-mL sample

was measured in a% 10 mm quartz cuvette. Data for the where 6; is the rotational correlation times axtjA; = ro,

measured parallel(t) and the perpendiculdin(t) compo-  the fluorescence anisotropy extrapolated at zero time, which,
nents of the fluorescence intensity, as well as the instrumentalin the absence of fast depolarization processes, should
function E;(t), were measured alternately and stored in approach the fundamental value of 0.300 expected for
separate memories of a plug-in multichannel analyzer cardtryptophan excited at 300 nm (Valeur & Weber, 1977). For
(Canberra). Routinely about3 x 10’ counts were stored 3 rigid sphere in a homogeneous medium, the relaxation time
for the total fluorescence\f(t) + 21w(t)] intensity decay.  can be equated to the rotational correlation time for the

The response function of the instrument was determined by tumbling of the molecule and is described by the Stekes
measuring the light scattered by a Ludox solution at the Einstein relation:

emission wavelength.

The correction factoip for the polarization bias was nV
determined from the depolarized fluorescence of NATrA at 0= KT (8)
20 °C under identical optical conditions:

n being the viscosity of the solvent, the volume of the

j;:olw(t) dt sphere, T the absolute temperature, akahe Boltzmann
Blhe =— 3 constant. The fluorescence anisotropy decays were analyzed
ﬁo [,h(0) at in a one-dimensional way using the maximum entropy

method as detailed previously (Blandéh al., 1994).

to being the time at which the fluorescence of NATTA is
fully depolarized. The relative level of scattered light present RESULTS
in the fluorescence signal was found to be undgtectable (i.e., Fluorescence Properties of NDP Kinase Trp-134t an
less than 0.1%), as checked with a Ludox solution observedeyitation wavelength of 295 nm, the steady-state intrinsic
under the conditions normally used for fluorescence detec-f,,orescence obictyosteliumNDP kinase at 20C, pH 7.5,
tion. _ _ _ is primarily due to its single tryptophan residue, Trp-137
The total intensity decay was analyzed by the maximum (Figure 1, curve B). The quantum yield is 0.27 (Table 1),
entropy method (Livesey & Brochon, 1987) using the FAME assuming a quantum yield of 0.14 for NATrA (Werner &
program (MEDC Ltd., U.K.) after summing the parallel and ogter, 1979). The wavelength of maximum emission of
the perpendicular component according to NDP kinase is shifted to the blue as compared to NATrA
. (Figure 1, curve D), and the full width at half-maximum of
T(t) = 1,,(t) + 281,,(t) = E(1) fo ame ™ (4) the spectrum is lower than that of NATrA (49 vs 61 nm).
The time-resolved fluorescence spectroscopy of NDP
where o(7) is the fluorescence lifetime distribution. The kinase provides information about the dynamics and the
quality of the fits was judged by the randomness of the possible conformational changes of the protein. At@)

weighed residuals and the low value of the redugedAll the fluorescence lifetime distribution obtained with the wild-
details of the analysis procedure are given in Blaretial. type NDP kinase displayed a major component (90%)
(1994). A total number of 120 iterations was systematically centered at 4.6 ns and two minor components (around 5%
performed. each) at 3.4 and 0.3 ns, resulting in a mean lifetime of 4.36
The mean lifetime is the first-order average ns with a quasi-homogeneity in fluorescence intensity (Figure
2a, Table 1). In all measurements, a short lifetime {0.3
T= Zairi (5) 0.4 ns) is found in a constant low amountB% of the

| distribution).

The fluorescence anisotropy decays of NDP kinase at 20
°C were measured under the same conditions. They are
. ) . . . . satisfactorily described by single-exponential functions with
Polarized light excites preferentially the absorption dipoles similar relaxation times (65 20 ns) consistent with a stable,

that are oriented more nearly parallel to the direction of the o4 spherical hexamer (Table 2). A significant difference
exc_|t|ng electric vector. The anisotropft) is most usefully was found for the P105G mutant NDP kinase, which
defined by dissociates easily into folded monomers in the presence of
1) — Bl () low urea concentrations_ (Las_@et al, _1993_, 1994). Ac-
r(t) = WA P (6) cording to the StokesEinstein relationship (eq 8), the
[,(®) + 281,41 theoretical values for rotational diffusion coefficient are 9,
18, and 55 ns for globular proteins bf, = 17 000, 2x
wherel,,(t) andl(t) are the intensities decay laws of the 17 000 and 6< 17 000, respectively, assuming an additional
polarized emission light parallel and perpendicular, respec- hydration volume of 75%, which gives good agreement with
tively, to an infinitely short pulse of vertically polarized many experimental observations on small globular proteins
excitation light. (Wahl, 1980; Kouyamat al.,, 1989; Blandinet al., 1994).
The time dependency of the anisotropy that is related to Indeed, in the case of the P105G mutant, 4% of a #ris
the average orientation of the emission moment with respectns correlation time species is found, which can be attributed
to the excitation polarization is to the NDP kinase monomer.

computed from all elementary amplitudes and lifetimes of
the distribution.
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0,00 ' ' ' ' ' w lation of the enzyme upon transfer of phosphate to the
o)

acceptor ADP according to eq 1B.
] Given that the fluorescence of Trp-137 in NDP kinase
depends on phosphorylation on the catalytic histidine, this
change can be used to monitor the equilibrium of the enzyme
reaction with nucleotides (eq 1A). NDP kinase was incu-
bated with a mixture of ADP and ATP in variable ratio, but
] the total amount of nucleotides was kept constant and in
excess relative to protein concentration. The equilibrium was
attained almost instantaneously. The fluorescence increases
by 22% from a low intensity corresponding to NDP kinase
in the presence of an excess of ATP, to a higher intensity,
representative of the enzyme in the presence of an excess of
320 340 360 380 400 420 440 460 480 ADP (Figure 5). The observed fluorescence is assumed to
wavelength (nm) be the sum of the contributions of phosphorylated (E-P) and
Ficure 1: Fluorescence emission spectra of NDP kinase. The Nonphosphorylated enzyme (E) by neglecting other possible
emission spectra of wild-type and H55A mutant protein in buffer nucleotide-protein complexes [the fluorescent signal of E
T are compared to that of NATrAlf. = 295 nm). Spectra were  and of the complex (E-ADP) are similar]. Since no
fig;]rg?/tvee?ebgé?uestselawilnp:)c;fj?e?utﬁ;rieglsl a(”g) '\I‘_gg&“ r?]%rt‘gﬁ?”a' cooperativity is apparent, the data can be fitted to a
NDP kinase, (B) wild-type NDP kinsase, (C) phosphorylated NDP hyperbolic function (Figure 5). The half—tranS|t|or_1 corre-
kinase, and (D) NATYA. sponds to half of the phosphorylation of the protein and is
found for a ratio [ADP]/[ATP]= 0.19. This ratio measures
In all cases, the anisotropy decays were devoid of any the equilibrium constant of nucleotides with NDP kinase,
constant ternt., showing the absence of higher molecular according to

weight components or aggregates in the samples (Metola

0,004

0,003

0,002

0,001

relative fluorescence (arbitrary units)

al., 1995). Another informative parameter is the initial _ [E-P][ADP] 9
anisotropy obtained by extrapolation at zero timg.( In eq [E][ATP] ©)
our samplesi is close to 0.3, as expected for an immobilized

tryptophan (Valeur & Weber, 1977). The value derived from Figure ¥K{, = 0.19) is similar

Substrate Effects on NDP Kinase Fluorescenaéhough to the equilibrium constant of yeast NDP kinase with
Trp 137 is not located in the active site, its fluorescence is nucleotides (Garces & Cleland, 1969) as evaluated from the
affected by addition of ATP. The addition of saturating kinetics parameters according to Haldane relationships.
amounts of ATP results in a strong decrease of fluorescencelLascuet al. (1983) reported a similar value for phospho-
(22%) without noticeable modification of the maximum rylation of pig heart NDP kinase by ATP by monitoring the
emission wavelength (Figure 3). This quenching could be amount of produced ADP.
due either to the binding of nucleotide or to phosphorylation  Addition of ATP also modifies the time-resolved fluores-
of His-122 (eq 1A). As shown in Figure 3, the nonhydro- cence properties of NDP kinase. In a saturating amount at
lyzable ATP analogs AMP-PNP and AMP-PCP have no 20 °C, ATP decreases the mean lifetime of NDP kinase
effect, while ADP produces less than 5% attenuation of the fluorescence by 19% (Figure 2b, Table 1). This is due to a
signal, indicating that the fluorescence quenching is due to decrease of the amplitude of the major component (4.5 ns)
phosphorylation of the enzyme rather than nucleotide binding and to a reciprocal increase of the minor component (3.4
per se This is further demonstrated by the fact that the ns) with both lifetimes reaching comparable preexponential
fluorescence of the inactive enzymes H122C and H122Q, values (Figure 2b, Table 1). In contrast, addition of ADP
mutated on the catalytic histidine, is not affected by has very little effect on the fluorescence mean lifetime of
nucleotides (data not shown). the enzyme (3%) (not shown).

Studies using the phosphorylated enzyme indicate also that A similar experiment was performed with the phospho-
the quenching of fluorescence is due to phosphorylation.Therylated enzyme at 3C, in order to stabilize the molecule
phosphorylated intermediate was prepared by incubation ofduring acquisition of the data. Figure 6 and Table 3 show
wild-type NDP kinase with an excess of ATP as described the lifetime distribution for NDP kinase obtained under these
under Experimental Procedures. Using3fP]JATP under conditions, alone (Figure 6a) or in the presence of ATP
the same conditions, we verified that one phosphate was(Figure 6b). Data obtained with the phosphorylated enzyme
incorporated per active site (data not shown). The half-life alone (Figure 6d) or in the presence of ADP (Figure 6c) are
of the phosphoenzyme (about 2 h under the conditions used;also shown. The experiments display the same pattern of
Bominaaret al,, 1994; Lecroiseet al,, 1995) allows us to lifetime distributions, with some quantitative variations
study its fluorescence. The fluorescence intensity decreasedqTable 3). The fluorescence decay of the free enzyme was
relative to that of free enzyme by about 20% (Figure 1 and almost monoexponential at both 3 and ZD. Addition of
Table 1) with no change in the wavelength intensity ATP decreases the mean lifetime by 11% (from 4.77 to 4.25
maximum and no shift. The quantum yield of the phospho- ns), due to a decrease of the lifetime of the major component
enzyme measured in the same conditions was 0.22 ag(from 5.2 to 4.9 ns). In the cold, however, the splitting of
compared to 0.27 for the nonphosphorylated enzyme. the signal by ATP is not so clear, appearing as an unresolved
Conversely, the fluorescence of the phosphorylated enzymeshoulder. The striking similarity of lifetimes distribution for
increased upon ADP addition (Figure 4) and this increase the phosphoenzyme (Figure 6d) and for the enzyme in the
was saturable as expected from the complete dephosphorypresence of excess ATP (Figure 6b) confirms that the signal
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Table 1: Effect of Phosphorylation on Intensity Decay Parameters of NDP Kinase°&f20

NDP kinase QY mean lifetime (ns) 71 (NS) c1 (%) 72 (NS) C2 (%) 73 (NS) cs3 (%) K2
wt 0.27 4.36 4.6 90 34 4 0.3 6 1.18
wt + ATP 0.22 3.66 45 44 3.3 49 0.3 7 1.03
H55A 0.37 6.0 6.8 86 3.3 5 0.2 9 1.03
H55A + ATP 6.2 6.8 89 3.3 4 0.3 7 1.06

a Quantum yields (QY), mean lifetimes, lifetimes)( and their relative amplitudes;) for wild-type and the H55A mutant NDP kinase at 2D

are shown. The same experiment is shown in Figure 2.
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Ficure 2: Fluorescence lifetimes at 2@«. Fluorescence decays
distribution for wild-type (a, b) and H55A (c, d) NDP kinase at 20
°C in the absence (a, c) or in the presence (b, d) of ATP. Protein
concentration was 20M, and nucleotides were made 0.5 mM in

buffer T .

Table 2: Parameters of the Fluorescence Anisotropy Decays of
NDP Kinase and Some Mutants at 20

(G2 (ns) A (%) 0, (ns) As (%) lo K2
NDPK 68+ 20 100 0.276 1.16
NDPK-P  70£20 100 0.277 1.03
H55A 61+ 20 99.2 2301 0.8 0.273 1.09
P105G 64+ 30 96 7.0£10 4 0.274 1.06
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0.4

standardized fluorescence

0,2

320 340 360 380

wavelength (nm)
Ficure 3: Fluorescence emission spectra of wild-type NDP kinase
in the presence of various nucleotides. Wild-type NDP kinase (2
uM subunit) was incubated in buffer T with saturating amounts of
nucleotides: 4) no addition, {) with 0.5 mM AMP-PCP or AMP-
PNP, €) with 0.5 mM ADP, and ©) with 0.5 mM ATP.

of the enzyme in the presence of ATP reflects the formation
of the phosphohistidine. After addition of ADP to the
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Ficure 4: Dephosphorylation of the phosphorylated intermediate
monitored by fluorescence. The fluorescence of phosphorylated
NDP kinase (0.4«M subunit) was measured in buffer Tefc =

295 nm,i.m = 335 nm) as a function of increasing amounts of
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Ficure 5: Intrinsic fluorescence of NDP kinase as a function of

the ratio [ADP]/[ATP]. Wild-type NDP kinase (1.8M subunit)

in buffer T was incubated at the equilibrium with ATP and ADP
(total amount of nucleotides: 25 uM, in varying [ADP]/[ATP]
ratio). Data were fitted to eq 8, modified to the following
formulation AF = AFnat/(r + Keg, wherer = [ADP]/[ ATP],
AFnax is the maximum variation in fluorescence, aA# is the
variation observed at a given ratio The value forKeq is 0.19+

0.02. The hyperbolic function appears here as a sigmoid due to the
logarithmic representation of theaxis.

tions, indicating that an excited-state reaction is unlikely (data
not shown).

Structural Basis for the Fluorescence Change Induced by
Phosphorylation. X-ray diffraction data show that Trp-137
does not belong to the first shell of residues in direct contact
with the catalytic His-122 and enzyme phosphorylation is
not expected to directly modify the environment of the Trp-
137. However, the His-55 side chain is found in close

phosphoenzyme, the mean lifetime increases to the valueproximity to both Trp-137 and His-122 (Figure 7). Although

obtained with unphosphorylated enzyme.

His-55 is totally conserved in eukaryotic NDP kinases,

Experiments performed at different emission wavelengths previous studies did not indicate that it might play a role in

(320 and 380 nm) gave similar patterns of lifetime distribu-

the catalytic mechanism (Teppet al., 1994).
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I DISCUSSION
100 (a) (b)
3 sor r Environment of the Trp-137 Residue in NDP Kinaskhe
; 60 L steady-state fluorescence properties of the single Trp-137 are
2 Lo N consistent with those of a relatively buried residue (Burstein
g 2ol | et al, 1973), in agreement with the three-dimensional
A structure oDictyosteliumNDP kinase. Indeed, the solvent-
10%_<C) A PN accessible area of the indole ring of Trp-137 is 9.8 A
T sl | (Moreraet al,, 1994a) as compared to 268 forobe radius,
s 1.4 A?) for the total accessible area of a tryptophan side
g 9T i chain. Trp-137 is remote from the His-122 phosphorylation
TZ; 40 - site by 710 A and its polar NH group is involved in a
< 20 L hydrogen bond to Bl of His-55 (distance= 2.6 A). His-55
J . . /A is also buried with only 2.5 Aof accessible surface (Morera
1 10 1 10 et al, 1994a) There is no hydrogen bonding with the -NH
Lifetime (ns) Lifetime (ns) indole of Trp-137 in the H55A mutant (Figure 7) and this

FiGURE 6: Fluorescence lifetimes at . Fluorescence decays resu[ts in a 40% increase in the quantum yield (€'.37)
distribution of NDP kinase at 3C. Protein concentration was 20 ~ and in the decay constant = 6.0 ns). We conclude that
uM for the enzyme in panels a and b, as well as for the the fluorescence of Trp-137 in the native wild-type enzyme
phosphory_litegTeg_zyme In Fl)a“ef ¢ ak?d dh'” Fl’a“%' bis ShOW”.tEeis strongly quenched by His-55. Tryptophanistidine
ggéggigg_ + In panel ¢, the phosphorylated enzyme wit interactions have been studied in proteins like barnase

(Loewenthalet al,, 1991; Willaertet al., 1992), in peptides

H55A mutant NDP kinase was prepared by site-directed /i€ anantin, and in other model systems (Shinitzky &
mutagenesis and purified to homogeneity as a hexamericGoldman, 1967; Vogt al, 1994). It is generally assumed
protein. Table 4 shows the kinetic parameters of H55A that the pro';onated form of histidine is a more efficient
mutant NDP kinase computed from initial rate studies duencher (Willaeretal, 1992). However, in the folded form
performed at a constant [dTDP]/[ATP] ratio (Segel, 1975), of the enzyme, His-55 is likely to be unprotonated since its
as compared to those of the wild-type enzyme. Although NO shares a hydrogen bond with the nitrogen of Trp-137.
thekea/Ky does not vary significantly, thiéy andkeof the  According to preliminary studies of the pH dependence of
mutant protein are both reduced. However, the residual 200,the NDP kinase intrinsic fluorescence, no titration can be

catalytic activity strongly argues against His-55 being directly ©Pserved in the 59 pH range (results not shown). The
involved in phosphotransfer. H55A protein has altered Qestab|l|zat|on of the hexamer in urea or at low temperatures

stability with aTp of 45 °C as compared to 55C for the in the H55A mutation also indicates that His-55 exists in a

wild-type enzyme. Similarly, the HS5A enzyme is denatured ;axjorgble Pydrophobjc ﬁ”v"_‘lj(;‘me”t which stabilizes the
at a lower urea concentration (half transition occurring at '0'ded conformation in the wild-type enzyme.

3.75 M urea) than for wild-type enzyme (5.5 M urea) (data It is remarkable that the fluorescence decay parameters
not shown). of NDP kinase are quasi-monoexponential. Several ex-

amples of monoexponential or nearly monoexponential
decays of a single Trp residue have been reported for various
proteins (Cheret al., 1987; Willaertet al,, 1992; Brochon

et al, 1993; Blandiret al,, 1994). They are usually observed
for residues which are strongly immobilized on the pico-
second and nanosecond time scales, as indicated by their
corresponding fluorescence anisotropy decays. This is also

The fluorescence emission spectrum of the H55A protein
is shown in Figure 1. The quantum yield increases relative
to that of wild type by about 40% (Table 1), without either
distortion of the spectrum or shift of the maximum. How-
ever, the H55A mutant fluorescence is unaffected by
phosphorylation since less than 5% variation is detected upon

Z(Ijv(ljllifl-%nNgf (?Z;trl?st'?]%tli\ﬁiw%f ATP, ADP, AMP-PCP, or the case of NDP kinase fromictyosteliumreported here.
' The homogeneity of the fluorescence lifetime is usually

The fluorescence decay of H55A mutant protein (Figure associated with a lack of flexibility of the protein matrix
2c, Table 1) is also mostly monoexponential with a mean around the indole ring at all time scales above the nanosecond
lifetime of 6 ns as compared to 4.4 ns for wild-type enzyme. range. In addition, the single lifetime of Trp-137 is indicative
The mean decay times are proportional to their respective of a similar microenvironment for the six tryptophans within
quantum yields as expected from similar radiative constantsthe hexamer and agrees with the absence of induced
(De Lauder & Wahl, 1970). The fluorescence anisotropy cooperative interactions between active sites. The single
decay of H55A mutant protein gives a long correlation time correlation time of 65 ns obtained from the anisotropy
of 61+ 10 ns, similar to that of the wild-type protein and decays, and the total absence of a nondepolarizing amplitude
consistent with its hexameric structure. A slightly reduced in the decays, also demonstrate that the NDP kinase solution
value observed reproducibly for the anisotropy extrapolated s highly monodispersed and consists of the pure hexameric
at zero time suggests, however, a slight increase in theprotein under the conditions used. These properties are
rotational dynamics of Trp-137 in this mutant. mostly conserved in the mutant H55A protein, indicating that

When ATP is added to the His-55 mutant protein, no the removal of the hydrogen bond between His-55 and Trp-
significant difference in the distribution of lifetimes is 137 does not confer large conformational freedom to the
observed (Figure 2d, Table 1), again showing that in the tryptophan side chain.
absence of the His-55 side chain, the fluorescence of Trp- Phosphorylation of NDP Kinase upon ATP Bindinghe
137 is not modified by the phosphohistidine. fluorescence intensity and the mean lifetime of the Trp-137
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Table 3: Effect of Phosphorylation and Dephosphorylation on Intensity Decay Parameters of NDP Kind&8 at 3

mean lifetime (ns) 71 (NS) c1 (%) 72 (NS) C2 (%) 73 (NS) cs3 (%) K2
wt NDPK 4.77 5.2 91 2.6 1 0.3 8 1.07
wt NDPK + ATP 4.25 4.9 93 nr 0.4 7 1.06
wt NDPK-P 4.34 4.9 94 nr 0.4 6 1.19
wt NDPK-P+ ADP 4.80 5.3 85 3.6 8 0.3 7 1.12

aSame experiment as in Figure 6: The enzyme concentration, whether phosphorylated or n@i i§r26ubunits) in buffer T. ATR= 5 mM,
ADP = 5 mM. nr, not resolved.

quenching. Inthe absence of the His-55 imidazole ring, the
fluorescence decay of Trp-137 is insensitive to His-122
phosphorylation although the protein is active. Therefore,
the imidazole ring of His-55 participates in Trp-137 ancho-

rage in the protein matrix and also functions as a sensitive
relay between His-122 and Trp-137.

The decreased mean lifetime of phosphoenzyme fluores-
cence is due to the appearance at’@0of a shorter decay
time (3.4 ns) in addition to the 4.5-ns decay found for free
NDP kinase. The relative amplitudes of both components
strongly depend upon the temperature (Figures 2 and 6). The
two components observed for the phosphoenzyme are
indicative of a heterogeneity in the microenvironment of Trp-
137 which does not exist in the free enzyme. Heterogeneity
in fluorescence decays is frequently reported even for single-
tryptophan proteins [reviewed in Fetlet al. (1992)], and
its significance is a matter of controversy. A specific reaction
of the excited state occurring on the nanosecond time scale
is unlikely, since the fluorescence kinetics were not depend-
ent on the emission wavelength from 320 to 380 nm , and
since no evidence was found for a negative amplitude in the

_ . . : i decay over this wavelength range (Brand & Laws, 1980).
B e L I N View o On the other hand, halfof-the-sies reactvity was never
interacts with Glu-133 on top. Trp-137 is located in the last turn Observed in the phosphohistidine intermediate formation,

of helix a4 and its nitrogen is hydrogen-bonded wittd Nf His- either from biochemical ((Lascet al, 1983; this study) or
55, which belongs to heliga. His-122 and His-55 are in van der  X-ray studies (Morerat al, 1995a), and it cannot be put
Waals contact. forward to explain the splitting of the signal upon phospho-

rylation. Another explanation is the occurrence of a slow
equilibrium in the microenvironment of Trp-137 in the
phosphorylated protein. If the hypothesis of a chemical

Table 4: Effect of His-55 Mutation on Kinetic Parameters of
DictyosteliumNDP Kinasé

wild-type HS5A equilibrium is considered, both states are equally represented
specific activity (units/mg) 2000 400 and could be due to either the ionization of the phosphate
E;‘A(}Sp ()mM) 88& (13.2101 group or that of a neighboring protonated residue. However,
KyAToP (mM) 011 0.04 preliminary studies with steady-state fluorescence show no
KeatKnATP (M~1570) 0.67 x 107 0.65x 107 significant pH dependence in the-30 pH range for the
kKPP (M~ s7%) 2.7x 10° 1.8x 10° phosphoenzyme as for the non-phosphoenzyme.
# The catalytic rate constant4) and Michaelis constant&f) were Multiexponential fluorescence intensity decays have gen-

obtained from initial rate measurements at constant ratio of nucleotide . . .
concentrations: [dTDPJ/[ATR} 0.05, 0.067, and 0.1 with [ATP] erally been interpreted as arising from conformational

varying from 0.2 to 2 mM. The specific activity is expressed in units/ Neterogeneity of the protein in solution (Szabo & Rayner,
mg (1 unit is the amount of enzyme catalyzing the transfer @bl 1980; Royer, 1993). They could reveal either the existence
of phosphate/min). of distributions of conformational substates (Alcataal.,
1987) or the presence of discrete species undergoing slow
are both decreased by about 20% at°20in the presence  exchange (Merolat al, 1989; Blandin, 1994). The exist-
of ATP or in the phosphoenzyme. As no important differ- ence of the two signals for Trp-137 (4.5 and 3.6 ns) could
ence is seen between the structures of the phosphohistidindde related to a slow equilibrium of phosphoenzyme between
intermediate and the free enzyme (Moretal,, 1995a), this two conformations. A structural variation of a hinge-type
fluorescence quenching is probably due to a small confor- motion for the helices ofta anday, at the surface of the
mational change, undetected by X-ray studies, which may protein, has been reported and seems to participate in
be related to the dynamics of the protein. The location of nucleotide binding (Webbt al, 1995). As His-55 is itself
residue His-55 explains its crucial role in the detection of located in helixa,, it is tempting to speculate that, in the
the phosphate moiety on the catalytic histidine. We hypoth- phosphoenzyme, this exposed subdomain of NDP kinase
esize that the phosphate group causes a constraint on thescillates between two conformations related to release or
His-55 side chain which results in an increase in Trp-137 entrance of the nucleoside diphosphate, resulting in a
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different quenching of Trp-137 fluorescence. Further experi- Lascu, I., Deville-Bonne, D., Glazer, P., & ¥an, M. (1994)J.

ments are necessary to identify the individual steps in the

catalytic cycle, release of the first product and binding of

the second substrate, and to clarify the reason for Trp-137

lifetime heterogeneity in the phosphorylated enzyme.
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