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Multiple Transients in the Pre-Steady-State of Nucleoside Hydrolase Reveal
Complex Substrate Binding, Product Base Release, and Two Apparent Rates of
Chemistry
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ABSTRACT. We have investigated the transient kinetics of the nucleoside hydrolaseTingranosoma

vivax (TyNH) at low temperatures (8C). Three novel absorbance transients (termfed3, andr4) were
detected during multiple-guanosine turnover stopped-flow absorbance spectroscopy, in addition to a transient
(z2) that had been observed previously at°’85 At 5 °C, TvNH displays full-sites activity and not half-
of-the-sites activity as is apparent at 35. Both 7l andt2 are assigned to chemistry based on rapid-
quench results. Forl, the rate of chemistry is ca. 3000-fold faster than (1—2 orders of magnitude
greater than previous estimates). The pH dependencies of the burst amplitudkearidr2 indicate that

these transients arise from the formation of two different dime&riklH-substrate complexes and not

from TvNH that contains kinetically asymmetric monomers. The saturating burst rate$ &ordz2 are
surprisingly pH-independent, given the prominent role of atidse chemistry in the proposed mechanism

for TuNH. 73 andr4 are assigned to the substrate binding and base release processes, respectively, and
shown to be equivalent to two fluorescence transier8s &nd 74*, respectively) observed previously by
stopped-flow methods at 3%. The rate of base release is shown to be an apparent rate. Together with
steady-state product inhibition results, the data indicate ThiiH follows an ordered uni-bi kinetic
mechanism with ZvNH-base dead-end complex, and not the rapid equilibrium random uni-bi mechanism
proposed for other NHs. Two applicable kinetic models are presented and their implications for future

mechanistic studies discussed.

N-Glycosidic bond cleavage is an important reaction found
in a variety of cellular contexts, including DNA repair (via
the action of DNA glycosylases), cell poisoning (via ribo-

sylation agents such as the cholera toxin), and in purine"y o M
salvage pathways [via the action of nucleoside phosphor- on

ylases and nucleoside hydrolase&;-8)]. N-Glycosidic
bonds are kinetically very stable [thg, for nucleoside

Scheme 1:N-Glycosidic Bond Cleavage
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hydrolysis is on the order of 1000 years at pH 7.0 and 25 Using mechanisms which are not yet completely understood

°C (4)], and therefore, substantial catalytic power is required
to make this reaction physiologically usetuFor example,
nucleoside hydrolases (NHsScheme 1) that enhance the
rate of nucleoside hydrolysis by factors of at least?18)
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1 SpontaneoudN-glycosidic bond hydrolysis in DNA occurs at a
significant rate with profound physiological consequendgs (

2 Abbreviations: NH, nucleoside hydrolas@zNH, nucleoside
hydrolase fronilrypanosomaiivax; CfNH, nucleoside hydrolase from
Crithidia fasciculata TbbNH, nucleoside hydrolase froifrypanosoma
brucei brucej TS, transition state; LG, leaving group; pNPB;
nitropheny! riboside; ImmH, immucillin H or @-1-(9-deazahypo-
xanthin-9-yl)-1,4-dideoxy-1,4-imino-ribitol; PzImmH, 8-aza-immu-
cillin H or (19-1-(7-hydroxy-H-pyrazolo[4,3d]pyrimidin-3-yl)-1,4-
dideoxy-1,4-iminoe-ribitol; z, transient.

have evolved?, 8). To gain a better understanding of NH
catalytic mechanisms, we have been pursuing structural and
mechanistic studies of the purine-specific NH framypa-
nosomavivax (TuNH).

Kinetic isotope effect studies indicate that the reactant
transition-state structures for nonenzymatic and NH-catalyzed
nucleoside hydrolysis are similad,(10). In these structures,
the ribosyl moiety of the nucleoside has substantial oxocar-
benium ion character as a result of tReglyocosidic bond
being almost fully broken, with only weak bonding interac-
tions to the incoming water nucleophile. Three chemical
strategies have been invoked to explain how NH avoids
paying ca. 17.7 kcal/mol in transition-state energi®){ (i)
distortion and electrostatic stabilization of the ribosyl group
to promote ribooxocarbenium ion formation, (ii) activation
and strategic positioning of the substrate water to capture
the ribooxocarbenium ion at the transition state (TS), and
(i) purine leaving group (LG) activation by protonation or
hydrogen bonding. The observation of a high degree of

10.1021/bi060666r CCC: $33.50 © 2006 American Chemical Society
Published on Web 07/04/2006



9308 Biochemistry, Vol. 45, No. 30, 2006 Vandemeulebroucke et al.

structural conservation between different NHs in the region etersk.,: and keof{Kn are, however, limited and potentially
of the active site that makes bonding interactions with the misleading. This is because the rate-determining step in the
ribosyl moiety and substrate water suggests that the first two hydrolytic direction is product ribose releas#?), and the
strategies are conserveti2(-14). extent to which chemistry limitk../K, is unknown. We have

As purine and pyrimidine nucleosides exhibit considerably therefore embarked on a detailed examination of the transient
different acid-base properties, resulting in a much greater kinetics of TvNH with the aim of directly measuring the rates
sensitivity toward specific-acid catalysis for purine nucleo- of chemistry and other events (e.g., active site loop move-
sides (, 15—17), it may be anticipated that the LG activation ment) to facilitate interpretation of mutagenesis data and
process is intimately related to the substrate specificity estimate the importance of LG activation. Previous multi-
displayed by an NH. Indeed, LG activation is thought to play turnover stopped-flow studies at 36 identified a monopha-

a minor role in the IU-NH (base-aspecific) frorCrithidia sic decay absorbance transietttat was assigned to the
fasciculata(CfNH) (8) which hydrolyzes purine and pyri- N-glycosidic bond cleavage step, with an amplitude that
midine nucleosides with similar proficiencies8( 19). For corresponded to half-of-the-sites activigi7{. Two fluores-

example, removal of the general acid likely responsible for cence transients (decay rise) were also observed by stopped-
N-7 protonation (His 241) i€fNH by mutagenesis resulted  flow spectroscopic measurementiNH tryptophan fluo-

in a 2100-fold drop irkes for inosine with respect to that of ~ rescence during multiple turnovers. These were assigned to
the wild type @0); the H241A mutant is still an impressive  substrate binding and to the conversion of the Michaelis

catalyst, however, with a rate enhancement of c&fdld complex to theTvNH-ribose product complex, respectively.
relative to that of solution solvolysis. Fluorescence transients were also observed in binding
In contrast, inhibitor and substrate structueetivity experiments with substrate (biphasic decay, attributed to a

studies in purine-specific NHs suggest that LG activation, two-step binding process) and ribose (monophasic decay, also
via general acid catalysis and/or other electrostatic interac-attributed to two-step binding on the basis of the concentra-
tions, plays a much more prominent catalytic rald, (13, tion dependence). Here, we examine the transient kinetics
21, 22). For example, the substrate analogueitrophenyl of TuNH at 5°C and at different pH’s. The progress curves
riboside (pNPR), which lacks the pyrimidine and purine ring are considerably richer in information than those previously
nitrogens as proton acceptors in specific acid-catalyzedreported at 35°C and indicate that th&wNH reaction
solvolysis, is a poor substrate for purine-specific NHs but a pathway is more complex than anticipated.

good one for base-aspecific NHs. Structural comparisons of

the active sites of purine and base-aspecific NHs have alsoMATERIALS AND METHODS

revealed significant structural differences in the active site

region that interacts with the purine L@3, 23). For the . X X . :
purine-specific NH fromT. vivax, the LG in the TuNH- nucleoside, and purine stock solutions were determined using
: the following extinction coefficients2Q): €p30 = 47.75

substrate complex is stacked in an anti conformation between I o A

two tryptophan side chains (Trp 83 and Trp 260, which mM~* e for TuNH (pH 7.0), €255 = l:f'G njl::/r e for
correspond to lle 81 and His 241, respectivelyCiNH). A guanosine (pH 6'0)6248-51= %3 mM™* e for inosine
recently published structure @bNH (24) in complex with (PH 6.0),e276 = 8.151m|\/r_lcm for guanine (pH 7.0), and
the transition-state analogue inhibitor immucillin-H (ImmH), ~€2495 = 10.7 mM™ cm™ for hypoxanthine (pH 6.0).

in which electron density for the entire active site was Nucle05|de_s anq puriné solutions were madg fresh on the
observed for the first time, shows only two hydrogen bonding day of use in deionized water, except for guanine which was
interactions between the enzyme and the purine: N-3 of theMade up in 40 mM NaOH. Once thawe@iyNH stocks
purine with Asp 40 and O-6 of the purine with Arg 252. (>200 M) were kept at 4°C and used over a period of

However, removal of these hydrogen bond interactions by sever al days but not refrozen_ to avoid activity losaH
mutagenesis failed to induce significant changes in the act|V|ty Ios; was apparent during storage on ice over several
steady-state kinetic parametésg andkea/Knn for nucleoside ~ nours in dilute samples<1 uM).
hydrolysis. Thus, there does not appear to be a role for direct Expression, Purification, and Mass Analysis ofNH.
LG activation in TUNH by either hydrogen bonding or T¢NH was purified as described previously3f with the
general acid catalysis. exception that an imidiazole gradient (3800 mM over 10
Instead, a novel mechanism in which the areaeene column volumes at pH 8) was used instead of a pH gradient
stacking interaction between Trp 260 and the purine LG to elute bound protein off the Ni affinity column. The purity
Substantia”y increases the(pat N-7 has been proposed, of TuNH was estimated to be 95% from visual inspection
facilitating its protonation by solven®). This mechanism  of Coomassie-stained SBAGE gels. Sample integrity
is supported by mutagenesis experiments and computationavas determined by electrospray mass spectrometry (ESI-
calculations and also by the recéhtiNH-ImmH structure ~ MS): asingle major ion species (observed mass of 37 584.6
which shows that a channel of tightly bound water molecules Da with MaxEnt data processing; predicted average isotopic
(with low B factors) leads from bulk solvent to both N-7 mass of 37 583.96 Da) was observed. Partial loss of the
and N-1 of ImmH 24). Recently, substrate-assisted catalysis N-terminal His tag and the presence of a 16 Da ion peak as
has been proposed as an additional mechanism for leaving? result of N-terminal methionine oxidation (verified by
group activation via hydrogen bond formation between the Peptide mapping, results not shown) were evident in some
C'-5 hydroxyl group and C-8 hydrogen of the purine leaving TvNH batches. To verify that the biphasic transients observed
group @6).
Interpretations of the effects of mutagenesis TaiNH 3 A term of the formAe~*t in the fitted absorbance time course, where
activity (including chemistry) based on steady-state param- A is the amplitudef is the rate constant, artds the time 8).

General Procedures The concentrations of enzyme,
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by stopped-flow absorbance did not originate from post-
translational modification of the N-terminal His tag, we
expressed and purified recombinantNH that lacked the
N-terminal His tag TvNH-B). TuNH-B was homogeneous

Biochemistry, Vol. 45, No. 30, 2000309

binding were measured with excitation at 280 nm and
detection above 305 nm, using a 305 nm cutoff filter. The
PM voltage was set at 80% of full scale withNH at the

working concentration in buffer, with a path length of 0.2

as determined by ESI-MS (observed mass of 36 185.6 Da;cm. Progress curves were averaged (typicatiyl8 shots)

predicted average isotopic mass with loss of N-terminal

and corrected for background signal changes by subtracting

methionine of 36 185.48 Da) and gave progress curvesa control TvNH only) progress curve. The fluorescence

identical to that ofTuNH which contained the N-terminal
His tag.

Product Inhibition StudiesSteady-state product inhibition
studies were performed at 28 in potassium phosphate (50
mM, pH 7.0, ionic strength adjusted to 200 mM with NaCl)
with p-nitrophenyl riboside (pPNPR) as a substrate {po =
12 mMt ecmi, Ky, = 230 uM). Assays were initiated by
addingToNH (final concentration of 100 nM) to a solution
containing pNPR (565004M) and variable concentrations
of either ribose (0.355.5 mM) or hypoxanthine (56400

uM). Hypoxanthine was chosen instead of guanine because

of its greater solubility. Data were analyzed using both linear
plots [Dixon and Lineweaver Burk plot8@)] and by direct
nonlinear fitting using Dynafit¥1). The model discrimina-
tion analysis feature of Dynafit, in which simulated velocity
data for competitive, uncompetitive, and mixed-type inhibi-

intensity response was linear up tall TvNH. The working
concentration offyNH was fixed at 0.51 uM.

Stopped-Flow Data Analysis (28)inear and nonlinear
curve fitting to progress curves was performed using Mi-
crosoft Origin version 7. The first 2 ms of the progress curves
was discarded. Goodness of fit was estimated by inspection
of residuals. The fitting functions had the general form (eq
1):

YO = 3 A expki) + ot + C (1)

wherey(t) is the observed signal at tintgi is the number
of transientsA is the amplitude of th&h transient; is the
observed rate constart.f9 for the ith transient,y is the
steady-state velocity, ard is the offset. The fitted param-

tion mechanisms are fitted to the observed velocity data, waseters were used to make plots of observed rate constants and
used to select the best inhibition model. All three approaches@mplitudes versus substrate, base, or ribose concentrations.
gave essentially the same results. The values obtained front-inear data {3, 73*, and guanine binding) were fitted to eq

the direct fits are reported in the Results.

Stopped-Flow General Proceduré&topped-flow analysis
was performed on an Applied Photophysics model SX18.MV
stopped-flow spectrofluorimeter fitted with a xenon lamp.
Mixing efficiency was tested using phenol red in the
absorption mode3R). The dead time of the instrument (2

2:

Kobs = KonlL] + Kot ()

where [L] is the ligand concentration. Ribose binding data
were analyzed as described previougy)( Hyperbolic fits

ms) was determined using the procedure of Tonomura et al.were made using eq 3:

(33) with total drive volumes of 16QL. Progress curves
were collected in oversampling mode with logarithmic time

bases and auto-offset to permit the signal range to be

optimized. Transients were recorded fer5 times the
relaxation time; 10 s time bases were sufficient to permit

_ kLl

kObS_ Km' 4 [L] (3)

The meanings of fitted parametdds, Kofr, ksas andKp,' are

accurate determination of steady-state rates. All experimentsgiscussed in the Results.

were performed under pseudo-first-order conditions with a

minimally 4-fold excess of substrate overNH. All reported
concentrations are final concentrations in the reaction
mixture.

Stopped-Flow AbsorbanceéMultiple turnovers of gua-
nosine and inosine byvNH was followed by stopped-flow

pH Dependency of Transient Kinetidsll kinetic experi-
ments were performed in 50 mM buffer at a constant ionic
strength (200 mM, adjusted with NaCl). Buffer inhibition
was apparent in both steady-state and transient kinetic
measurements with amine-containing buffers (HEPES, TAPS,
and Tris) in the pH range of-79. For example, the observed

absorbance. The photomultiplier (PM) voltage corresponding rate constants forl andz2 decreased by ca. 50% with an
to zero absorbance was set using water in the observationncrease in the HEPES concentration from 12.5 to 100 mM

cell (1 cm path length). The instrumental signal-to-noise ratio

at pH 7.0, while there was little change in the observed burst

for absorbance measurements was 1 mAU, and all progresgmplitudes. No buffer inhibition was observed with phos-

curves had a maximum absorbance<df. All solutions were
made in buffer (50 mM, ionic strength of 200 mM with
NaCl). Progress curves were averaged (generally1¥0

phate which was therefore used in the pH range of-6.D.
Changes in pH due to the weak buffering capacity of
phosphate at pH 9.0 were not observed. Piperazine (50 mM)

shots) and corrected for background signal changes bywas used at pH 5.5 and 6.2 and potassium acetate (50 mM)
subtracting the averaged progress curve for a sampleat pH 4.5. Plots of observed amplitude fdr andz2 versus

containing substrate only. Changes in molar extinctidis)

H* concentration were made for the pH 79.0 data and

for nucleoside hydrolysis were determined by measuring the fitted according to eq 434):
total absorbance change during complete nucleoside hy-

drolysis in situ. Exploratory progress curves were measured

across the wavelength range of 25800 nm at 5 nm
intervals to detect novel transients.
Stopped-Flow Fluorescenc€hanges inTvNH fluores-

_PIHTT+PK,

K,+[H'] *)

cence during multiple-substrate turnover and during ligand where Ay is the observed amplitude?; is the high-H



9310 Biochemistry, Vol. 45, No. 30, 2006 Vandemeulebroucke et al.

concentration asymptotd?, is the low-H' concentration - -0.25

asymptote, an, is the apparent acid dissociation constant. ]
Rapid Quench Rapid-quench measurements were per-

formed to follow the production of guanine in thie/NH ]

reaction at several pH'’s. Rapid quench was performed at 5 GATSS B —nn—.—-—u.s—-n—.s—-—-n— L 0.20

°C using a QFM-5 quench-flow apparatus (Bio-Logic). 1 S e

Delay-line volumes, minimal purge volumes, and maximal g 9687 2

permitted flow rates were tested using protocols provided & i3 R A

by the manufacturer. Correct sample volumes were verified & 0564 i i i i B. |o4s

by weighing. Precipitation of substrate nucleoside due to 3 . )

insolubility at high concentrations was checked by measuring < 0560 -,%‘4

the absorbance spectrum during storage on ice. Quenching 1 /""“M“b’”f‘“‘J\rf-”“-ra"u'a- AN AP A AN APAN

was performed with 1 M HCI or 1 M NaOH, both giving 055 12 _ . . = Loan

essentially identical results. Overlapping delay times were 0.0 0.2 0.4 0.6 0.8 1.0

used for each delay line that was used and between Timels

continuous and interrupted modes. In continuous mode, equaly; ze 1: Stopped-flow absorbance (A) and fluorescence (B)

volumes of substratélzNH, and quencher were driven to  progress curves afyNH (5 M monomer for panel A and 04M

give a 1:1 ratio of substrate fiuNH in the delay line and  monomer for panel B) with 5@M guanosine at pH 8. The inset

a 1:2 ratio of quencher to reaction mix in the quenched shows residuals from single- and double-exponential fittings of the

sample. Th@vNH concentration in the delay line was either gﬁg\?vrr?wfﬁ ;r(r)vgos'r geu rgfsffsdelﬁlo?é atlﬂfy.double-exponennal fit is

10 or 20uM. Substrate concentrations in the delay line are

as given in the Results. The final quencher concentration s™1; saturatingko,s (r2) = 12.16 £ 0.72 s*. Notably, the

was 333 mM. Samples were kept on ice prior to filtration at apparent rate of chemistry fol is ca. 3000-fold faster than

4 °C using wetted Microcon centrifugal device microcon- the rate of product ribose releade.,(= 0.038 s?) under

centrators (YM-30, regenerated cellulose, 30 kDa cutoff, saturating conditions.

Amicon). The filtrates were neutralized using either acid or ~ Multiple-Turnaer Stopped-Flow Absorbance Spectros-

base, and the amount of guanine was quantified usingcopy at 5°C and pH 8.0, with Detection at Walengths

reverse-phase HPLC as described previousBy ¢xceptthat ~ where Ae = 0. Two new transientst@ andt4, Figure 3)

manual integration of the guanine peaks was performed atwere also detected during multiple-substrate (guanosine)

266 nm. Both control A (quencher added to guanosine prior turnover stopped-flow absorbance spectroscopy at 280 nm,

to TyNH) and control B (quencher added to guanosine only) at which wavelength the change in extinction coefficiext)(

gave guanine peak areas essentially identical to that of controlupon N-glycosidic bond hydrolysis is approximately zero.

C (guanosine in water only). The guanine concentration was The substrate concentration dependencies of the observed

0.576

0.006-

0.0004

Fluorescence/V

calculated using a guanine standard curve with eq 5: rate constants for3 andr4 are identical to those of the two
fluorescence transients previously observed during multiple-
[ Lo [2re’d T aregg substrate turnover2{) and are here termetB* and z4*,
guanine]= x DF (5) . ; X .
slope respectively (Figure 1). The linear dependencies on substrate

) ] ) concentration fort3 and 73* indicate that they both
where aregis the guanine peak area in theNH sample,  qiginated from the substrate binding step, while the satura-
areas is the area of the guanine peak in control B, slope is {jon hehavior ofr4 andz4* shows that these transients arise
thg gradient of guanine stand'ard cur'\/e'(unlts of area perfom a process after the binding step (shown for the
micromolar guanine), and DF is the dilution factor. fluorescence transients in Figure 2b). Furthermore, the rate
RESULTS constants o4 andr4* also match those of2 (but not at

pH 7; see below).

Multiple-Turnaver Stopped-Flow Absorbance Spectros-  Multiple-Turnaver Stopped-Flow Absorbance Spectros-
copy at 5°C and pH 8.0, Followed at 260 nnRrevious copy with Inosine as the Substrafehe physical origin of
multiple-turnover stopped-flow absorbance experiments on the changes in optical properties durimg and 74* was
TuvNH were carried out at 35C, with detection of guanosine  examined using inosine as the substrate. Inosine displays
hydrolysis at 260 nm27). As the transient kinetics afuNH essentially the same steady-staf)(and transient rate
are fast at 38C, we performed all experiments here £#t% constants as guanosine. Transients corresponding/t8*
to obtain more accurate data and identify novel transients andr4/t4* were observed in multiple-turnover stopped-flow
that were occurring too rapidly at higher temperatures. absorbance experiments with 268 nm detection (where
Indeed, the observed absorbance burst with guanosine as théor inosine hydrolysis is approximately zero). However, the
substrate was biphasic af8, in contrast to the monophasic  observed amplitudes af3 andz4 with inosine are opposite
burst previously observed at 3& (Figure 1). At pH 8.0 in sign from those observed with guanosine (Figure 3). To
and 5°C, the two transientsr] (fast) andr2 (slow)] have exclude the possibility that the amplitude change arose from
equal amplitudes (Figure 2a), the total amplitude correspond-different detection wavelengths, we compared the two
ing to full-sites activity (confirmed by rapid quench; see progress curves at the same wavelength (275 nm). At this
below). The observed burst rate dependencies on guanosingvavelength, absorbance changes frohglycosidic bond
concentration for bothl andz2 show saturation behavior cleavage also contribute to the progress curves, making
(Figure 2b), permitting maximal burst rates for the two detection ofr4 for inosine difficult (Figure 4). However, the
transients to be estimated: saturatkggs (v1) = 121+ 15 difference in the observed amplitude #® between inosine
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Ficure 3: Stopped-flow absorbance progress curves for guanosine
b . [Guo]/uM (50uM) turnover byTeNH (5 M) at pH 7.0 and 8.0 with detection
110+ at 280 nm. The inset shows stopped-flow absorbance progress
100 curves for inosine (5&M) turnover by ToNH (5 uM) at pH 7.0
E with detection at 268 nm.
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Ficure 2: (a) Plot of burst amplitudes vs substrate concentration S e T s .
(20—60 uM) from a single multiple-turnover stopped-flow absor- 0.0 0.2 0.4 0.6 0.8 10
bance experiment at pH 8.0 angsl TyNH monomer. Amplitudes Timels
of 71 (M), 72 (»), and the sum ofl + 72 () are shown. (b) Plot = . ;
: IGURE 4: Stopped-flow absorbance of guanosine (8@) and
of observed burst ratek9 vs substrate concentration (260 inosine (5QuM) turnover byTsNH (5 4M) at pH 7.0 with detection

#M) at pH 8.0. The enzyme concentrations used wep/S(for at 275 nm. On the basis of the measurkds for nucleoside
%besr?trst))a_r}(r:]i r:;?gsclgrﬁé?;?ttssl)d??:ﬁﬂg(ar)fl:g:e(smc)er;?%?;ﬁagu)re- hydrolysis (both<0; chemistry gives absorbance decrease), es-
: ' ) ’ sentially no chemistry contributes to the guanosine progress curve,

are shown. Error bars shown att andz2 refer to the standard h ; ' A
deviation from two separate experiments. Line&*{ and hyper- while chemistry dominates the absorbance decay for inosine.

bolic fits (1, 72, andt4*) are also shown.
a monophasic fluorescence decay transient in stopped-flow

and guanosine is still apparent. The transients Observedexperiments (data not shown). A plotlefsversus guanine
during binding of guanine and hypoxanthine to fieeNH concentration is linear with a sloge, of 3.33+ 0.47uM 1
also display amplitudes of opposite signs (data not shown). -1 54 a y-intercept koy of 110 + 28 s, giving a

We ponclude from th'S dependency Of. the absorp_tlon dissociation constariy of 33 M. The decay transient has
amplitude on the chemical nature of the purine LG that direct an amplitude similar in magnitude to that aB* but

interactions between the purine moiety of the nucleoside andsignificantly larger (ca. 2-fold) than that observed during

active site residues Trp 83 and Trp 260 are responsible for”. o I
the changes in optical properties durirgjandz4. Further- ribose binding. Attempts were also made to detect binding
of guanine to the preforme@lvNH-ribose binary complex

more, the observation that the amplituderdfis equal in o
magnitude but opposite in sign to that of binding transient by stopped-flow fluorescence. In principle, three fluorescence

73 (for both guanosine and inosine), and the observation thatif@nsients should be observable whenTthigH-ribose binary
there is a restoration of fluorescence intensity durin complex is mixed with guanine if ternary comple?(_format|on
(in contrast to the fluorescence quenching observed duringtakes place (as there are three coupled equilibria, corre-
substrate or base binding; see below) strongly indicates thatsponding to formation ofvNH-ribose, TvNH-guanine, and
the changes in optical properties that take place durthg ~ TvNH-riboseguanine complexes). However, only two fluo-
and74* are caused by purine LG release. rescence transients are observed, with amplitudes and rate
Steady-State and Pre-Steady-State Measurements of Baseonstants consistent with formation of the binary complexes
Binding.Binding of guanine to fredvNH also givesriseto  only (data not shown).
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We postulated that the absence of a third binding transient a
may be caused by weak binding of guanine to Thd&lH- .
ribose complex. As only low concentrations of guanifé.(1 100 i
mM) could be used in the stopped-flow experiments (to
maintain the sample absorbance <t), we carried out
product inhibition experiments under steady-state turnover
conditions with hypoxanthine at high concentrations to
determine the affinity of purine for thélvNH-ribose
complex. Significant formation of th&uNH-ribosehypo-
xanthine ternary complex was predicted to generate a mixed
inhibition profile. However, both ribose and hypoxanthine
only show slope linear competitive patterns using pNPR as
a substrateKjs for hypoxanthine= 136 uM, Kjs for ribose
= 1.0 mM). In the presence of 10 mM ribose, the apparent ]
Kis for hypoxanthine increases to 600/, but no evidence L U A S —
of mixed inhibition was detected. This pattern is consistent
with an ordered uni-bi mechanism in which hypoxanthine
forms a dead-end complex (giving rise to slope linear
competitive inhibition) but only binds to th€NH-ribose
complex weakly.

pH Dependencies of the Transients Obsdrwith Multiple-
Turnover Stopped-Flow Absorbance Spectroscopy with 260
nm Detection at 5C. In view of the postulated importance
of LG activation in theTvyNH mechanism, and in particular
the catalytic role of N-7 protonation, we also examined the
pH dependency of the transient kinetics (Figure 5a,b). A
biphasic burst is observed by stopped-flow absorbance at
260 nm throughout the pH range of 4.8.0. Surprisingly,
the saturating rate constants fdr andz2 show only small
changes across these pH ranges (Figure 5a and Table 1). It
should be noted that accurate estimates of the rate constant . ' . , '
for 1 above pH 8 are precluded by its small amplitude and 4 5 6 7 8 9
interference from substrate binding absorbance changes. At H
pH 10, no burst is observed, possibly due to enzyme P
instability (the fluorescence spectrum is unstable at this pH), FIGURES: (a) pH dependencies of saturating burst rates o)

. . and t2 (»). The error bars represent the standard errors from
while at pH 3.0, a burst that has a small amplitude that could nonlinear fitting. Plots okyps VS guanosine concentration for the

not be definitively assigned to chemistry is observed. The piy 6.2 8.5 and 9.0 data were flat. Therefore, the saturting
total burst amplitude is also relatively constant in the pH was calculated as the mean value, with error bars representing the
range of 4.5 9.0, but the relative amplitides ol andr @ Because of interference from binding tranients, The plated rates
i i i ecause ofr | .
e eI B ande s 5 7. 8 st mean
' o : o xperiments. (b) pH dependencies of burst amplitudesfqm),

relative amplitudes of1 andz2 appear to follow the titration  2'(»), and the sum of1 + 72 (¢). Note that the data points for
profiles of a single group with an appareri€jof 8.0. 71 at pH 8.5 and 9 represent upper limits for the amplitudes, as a

pH Dependencies of the Transients Obsérwith Multiple- result of interference from the binding transient. Nonlinear fits of
Turnover Stopped-Flow Fluorescence Spectroscopy 42 5 eq 4 (Materials and Methods) to the pH 79.0 data are also

- - shown.

For t3*, there is little change in the observed rate constants
in the pH range of 7.69.0 (Table 1). Plots okgss vVersus concentration profiles indicate a decrease in both the saturat-
guanosine concentration at different pH’s display similar ing rate ksa) and K,/ (guanosine concentration that gave
slopes kon, guanosine association rate constant) gais the half-maximalky,d with an increase in pH (Table 1).
intercepts ko, guanosine dissociation rate constant if the Notably, the rate constant ef* is significantly greater than
steady-state level of tHEyNH-guanosine complex is reached that of 72 at pH 7.0 (but similar to or equal to that o at
sufficiently rapidly; otherwise, it includes rate constant terms other pH’s), indicating that2 andz4* (andz4) are actually
from subsequent stepg8)]. At pH 5.5 and 6.2, however, different transients.
the initial fluorescence decay observed in the progress curves pH Dependency of Product Guanine Formation by Multiple-
is biphasic, and the two transients are labet8t(a) and Turnaver Rapid Quench at 8C. That the total absorbance
73*(b). Plots ofkqps versus guanosine concentration for both burst amplitude 1 + 72) originates primarily from chem-
transients are linear functions of substrate concentration;istry, and not from absorbance changes arising from nonchem-
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however, they-intercept for the second transienBf(b)] is istry events, was confirmed by measuring the transient
negative, possibly as a result of fitting errors. kinetics of product guanine formation by rapid quench at

The fluorescence recovery phase of the progress curvepH 7.0, 8.0, and 9.0 (Figure 6). The observed burst amplitude
(r4*) is monophasic throughout the pH range of 5%0. ([guanine]/[protein monomer]) is ca. 0.8 at each pH, in close

In the pH range of 7.89.0, the kos Versus guanosine  agreement with that observed by stopped-flow methods.
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Table 1: Fitted Parameters from Stopped-Flow Pata

7l 72 73* T4*

pH Ksat(s™) Ksat(s™) Kon (UM~ s7%) Koit (573 Ksat(s™2) Km' (uM)
45 39+ 19 89+ 1.4 NDA NDd ND¢ ND¢

55 38.3+ 8.4 12.4+ 4.0 2.04+ 0.22 80+ 12 10.0+ 1.6 185+ 40
6.2 25.0+ 1.4 544+ 1.6 2.83+0.17 41.6+ 6.7 >5e > 60°

7.0 63+ 16° 105+ 4.3 1.094+ 0.09 33.3+4.8 25.3+ 2.2 41.5+ 8.0
7.5 75+ 16 15.7+ 4.7 NDA NDd ND¢ ND¢

8.0 120+ 15° 12.16+ 0.7Z 1.630+ 0.030 10.2£ 1.3 12.114+0.42 8.4+ 1.5
8.5 NDA 5.47+0.27 1.497+ 0.017 8.10+ 0.87 4.4714+ 0.08% NDd

9.0 NDA 4,284 0.20° 1.002+ 0.057 15.0+ 4.4 1.87+0.1P NDd

aUnless stated, the standard error from linear or nonlinear curve fitting is sitdvi@an and standard deviation of data at different guanosine
concentrationskg,s Vs guanosine concentration plot had a zero gradiéMean and standard error of two experimenitsiot determined¢ Plot of
kobs VS guanosine concentration linear in the tested rang®QQ«M).

10+ 60—
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FIGURE 6: Guanine product formation byyNH (10 uM) during . [Guanosine]/uM .

multiturnover of guanosine (1Q2M), as followed by rapid quench ~ FiGure 7: Combined stopped-flow and rapid-quench burst rate

at pH 7.0 and 9.0 (inset). The solid lines are single-exponential constants obtained at different guanosine concentrations220

fits (Kobs= 35 s for pH 7.0;Kkops= 1 s71 for pH 9.0). The pH 7.0 uM) at pH 7.0. Rate constants were determined using single-

data represent the mean of three experiments with standard deviatioexponential fitting of the burst phase. TheNH concentration was

error bars. 5 uM for the stopped-flow data and %M for the rapid-quench
data. Data for stopped flonm), rapid quench with HCI quench

. . . . (O), and rapid quench with NaOH quendh)(are shown. Also
Direct confirmation of the rate constants and amplitudes for shown is a hyperbolic fit-) with the following parameterskuss mex

71 andr2 by rapid quench was not possible because the data— 438+ 5.1 s andK,' = 36+ 15 uM.

were not sufficiently accurate to permit double-exponential . o

fitting and were therefore fitted to single-exponential func- Scheme 2:  One-Chemistry Step Kinetic Model TaiNH
tions. However, the rate constants thus obtained from rapid (Fast)

guench are consistent with those obtained by single- 5] . ij (Stow) KRiR
exponential fitting of the stopped-flow absorbance data EK#E.S% E.R.B % ER' %E.R Kesl E B
(Figure 7). Furthermore, the observed rate constant from k1°1Lk9 : k"WLk“ - A3 "“1%3
rapid quench at pH 9 is identical to that«# (1 s'%, at 100 KqTS] ) ' (Fast)

uM guanosine in TAPS buffer), while at pH 7, the rate  E'S_~E'S E.R.B E.B

constants are much greater thethbut less tharrl (rapid _ o
quench= 35 s at 100uM guanosine, predictedL at 100 Scheme 3: Two-Chemistry Step Kinetic Model fowNH

uM = 44 s1 predictedr2 at 100uM = 7 s%). Thus, the EMELpg o, (Fast)
rapid-quench data are consistent with the interpretation that Ky 3 B Slow] R
. ) ks (Slow) K
rl and 72 are both chemistry transients that have pH- k1°1L ke E.R.BLSZL ER' <“— ER Kin) E
dependent amplitudes but pH-independent rate constants. ks' ke 4 ks B
£ Kq'[S] E'.S //k‘ K15 \‘ -B kig || kq3
DISCUSSION ko ERB "7 EB

On the basis of these and previous results, we haveof two TvNH-substrate complexes, fast base dissociation, and
proposed two possible schemes for theNH reaction two-step ribose release. Two pathways for base release are
(Schemes 2 and 3 and Table 2). Both models are based orshown in each model. In one pathway, base release follows
an ordered uni-bi kinetic mechanism with base release chemistry immediately. In the second pathway (indicated
preceding ribose release and the formation of a dead-endwith dashed arrows), base dissociation is preceded by an
TvNH-base binary complex. They also show the formation isomerization step of th€&NH-ribosebase ternary complex.
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Table 2: Kinetic Constants fofuNH, Using the Nomenclature of
Schemes 2 and 3

experimental

Vandemeulebroucke et al.

dissociation constant. However, the structural and kinetic
evidence indicates that this model is not valid flaNH,
even though slope linear competitive inhibition with ribose

evidence pH 7 pH 9 and hypoxanthine was also observed. First, the crystal
k@Mis? 3 1241016 ND structures ofTul\_IH in comple>_< Wlth_substrate or inhibitor
ko (s71) 73* <26.5+5.3 ND show that the ribose moiety is buried away from the bulk
ks+ki(sh) 71 824+ 12 ND solvent by protein residues and the base itself. This makes
ke + ki (s 2 §-5i 3.0 4.55+0.34 establishment of a rapid equilibrium between theNH-
k'igZM),l - Ngoo ,\'\I'DD ribosebase and th&vNH-base complexes unlikely. Second,
ks () ribose binding  0.05% 0.0312 0.02 our transient kinetics results show that ribose dissociation is

0.04 preceded by a slowvNH-ribose isomerization stepks

ke (s™1) ribose binding ~ 21.2¢0.27  ND Schemes 2 and 3) that is rate-determining overall and that
IZR?SE?)‘M) ribose binding N6D7-2t 3.0 NNDD base release precedes this isomerization $tefs¢hemes 2
keo (5°0) ND ND and 3). The separation of the ribose dissociation and base
k' (uM~tst)  73* ND 1.0024+ 0.057 dissociation steps by a slow step prevents saturating levels
ko' (s 73* ND <151+ 4.4 of substrate from reducing the level of tHeNH-ribose
tlla,\‘;lzl(ssfl)) Tianine bindin 8353%&36047 ﬁ,‘?fi 0.34 base complex to zero (since finite concentrations of the
ke (s) guanine binding 118 28 ND TuNH-ribosebase complex will be maintainedkf is small).
ks (579 T4%° 25.3+£2.2 1.87+0.11 Therefore, the absence of an observed intercept effect in the

a Determined from measurement of the extent of ribose binding by produ_ct |nh|b|t|on experiments ml_JSt a”S,e because hypo-
stopped-flow fluorescence at %&. ® Determined from measurement ~ Xanthine binds weakly to th&NH-ribose binary complex.
of the steady-state rate by stopped-flow absorbance at 260 Tinis The increase in the appareKis for hypoxanthine upon
interpretation applies if the rate of base release is determined by anjnclusion of high concentrations of ribose can be attributed
isomerization step after chemistry. to the formation of &»NH-hypoxanthine dead-end complex
[although the observed increase (0.6 mM) is slightly lower
The isomerization of th&vNH-ribose binary complex that  than that expected on the basis of pure competition (1.4
precedes ribose dissociation is the overall rate-determiningmM)].

step in the hydrolytic direction. The two models differ in ToNH Displays Two Chemistry Transienfthe largest
the catalytic competencies of the tWoNH-substrate binary  apsorption difference between guanosine and guanine (in the
complexes that are formed initially. In the “one-chemistry detection range of the stopped-flow instrument) occurs at
step” model, only one of these binary complexesS[E 260 nm. The observation of two transients at 260 nm during
undergoes chemistry. The other binary complex-SE  multiturnover stopped-flow absorbance with guanosine in-
undergoes a slow isomerization to form theSEbinary  dicates that chemistr\¢glycosidic bond cleavage) occurs
complex before chemistry can take place. In the “two- at two apparent rates. This interpretation is supported by the
chemistry step” model, botfiuNH-substrate binary com-  rapid-quench data, despite the two transients not being able
plexes are catalytically competent. We justify these schemesto be resolved by this technique. First, the guanine burst
below. amplitude observed by rapid quench matches the total
It should be noted that kinetic simulation programs, which absorbance burst amplitudel(+ ¢2) in the pH range of
are commonly used to analyze multiple progress cui88s ( 7.0-9.0 and corresponds to full-sites activity (Figures 5b
were of limited utility here. This was caused by several and 6). Second, the rate constants from single-exponential
factors, such as rate constants fdt and 72 that are fitting of the data collected with the two techniques match
comparable in magnitude, the absence of lag periods in theclosely (Figure 7), consistent with this rate constant being a
absorbance profiles (which we interpret as arising from weighted average of those of andz2 with the weightings
binding transient interference), and large errors in the molar depending on the relative amplitudes at that particulaf pH.
response coefficients for the fluorescence data (compounded 1o saturating rate constants fdrandr2 represent lower
by deviations in baseline and amplitude fluorescence intensi-jimits for all the first-order rate constants that lead up to
ties as a result of §ubstrate absorbance and enzyme instability 4 include the chemistry step in the hydrolytic direction.
at low concentrations). S . Thus, the saturating rate may be determined by an isomer-
TuNH Follows an Ordered Uni-Bi Kinetic Mechanisifo. ization step (e.g., a conformational change) that occurs before
has been established that baiNH andTbtNH follow rapid - chemistry rather than chemistry itself. The observation of
equilibrium random uni-bi kinetic schemek§( 22, 36). This o rates of chemistry further implies that two different
conclusion is based on the observation of fully expressed 1,NH.substrate complexes must form-@Eand ES in
kinetic isotope effects and the observed slope linear competi-schemes 2 and 3) and that interconversion between these
tive product inhibition patterns for ribose and hypoxanthine. o complexes must be slow compared to the rate of
Competitive product inhibition (slope effect) arises in this chemistry. In the one-chemistry step model (Scheme 2), two
case because addition of saturating amounts of substrater, NH-substrate complexes are formed initially, but only one
reduces the level of thesNH-ribosehypoxanthine complex  (g.s) js catalytically competent and gives rise to chemistry
to zero B7). In other words, the conversion of tA@NH-
substrate complex to thie'NH-ribosehypoxanthine complex

is slow compared to substrate and product binding and release " An alternative explanation, that the biphasic pattern at 260 nm
fesulted from the superposition of a single chemistry transient with

steps. The binding steps therefore attain equilibrium during interfering binding ¢3) and base release4) transients, was also
the steady state, and tikg, for the substrate is equal to its  considered but ruled out; see the Supporting Information.
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(and the transientl, with rate constari; + ks). The E-S One plausible interpretation of the& and ES species
complex undergoes a slow isomerization to form th& E is that one of these complexes contains the nucleoside in
complex [at a relaxation raté,g + ki2), corresponding to  the syn conformation while the other complex has the
72]. In the two-chemistry step model (Scheme 3), both nucleoside bound in the anti conformation. It should be re-
andt?2 represent intrinsic chemistry rates that arise from the emphasized that the rate of interconversion between the two

breakdown of two catalytically competent (Michaellg)NH- bound conformers must be slow compared to the rate of
substrate complexes (& and ES). chemistry to generate two chemistry transients. For free
Both Schemes 2 and 3 show two forms of the fie&lH nucleosides, interconversion between these two conformers

(E and E), although this is not necessary for the formation takes place on the nanosecond time sca8. (The isomer-
of two different TuNH-substrate complexes. The existence ization of nucleoside bound tdvNH has been examined
of two different forms of freeTuNH is supported by the  using molecular dynamics simulations, based on the 3-dea-
observation of two binding transients in the stopped-flow zaadenosine-bounBwNH crystal structure i3, 39). These
fluorescence progress curves at low pH. However, further simulations indicated that the anti to syn conversion also
experiments are needed to put this conclusion on a firmertakes place on the nanosecond time scale, with the syn
footing because of the difficulty in fitting three exponential conformer being the preferred ground-state conformation.
functions to the fluorescence progress curves. BiphasicHowever, the structural model used in these simulations
fluorescence decay transients were also observed upordiffers significantly from that of th@oNH—ImmH complex
binding of guanosine to the catalytically inactive D10A structure that was determined recent®d) especially the
TvNH mutant but were assigned to a two-step binding structure of active site loop 2 which had to be modeled in
mechanism because plots of the observed rate constdnts ( the simulation. Two of the three determin&dNH crystal
+ 72) versus S concentration antk2 versus S concentration  structures containing bound nucleoside display the anti
were linear 27). conformation 13, 23, 24); furthermore, turnover of inosine
The fast rate of chemistry{ is ca. 3000 times faster than in the anti conformation was observed TwNH(D10A):
kea) has implications for the interpretation of the steady- inosine crystal complexes2g), indicating that the anti
state kinetics offuNH mutants. In contrast to that of the conformer is catalytically competent. Thus, both the rate of
wild type, the saturating steady-state rates of mutants thatanti—syn isomerization of the bound nucleoside and the
display a reducel.,;are potentially determined by chemistry. catalytic competence of the syn-bound form are still open
Thus, the 10-fold decreaseskn; observed for the W260A  questions.
mutant imply that the rate of chemistry is reduced by Implications of the pHRate Profiles for the aNH
approximately 45 orders of magnitude compared to that Catalytic MechanisnmThe pH dependencies of the saturating
of the wild type, -2 orders of magnitude more than burst rates forrl andz2 provide more direct information
previously estimated at 3% (25). On the other hand, the  about the pH dependence of chemistry than steady-state pH
rate of chemistry may be reduced by up to 3 orders of profiles, as they reflect the pH dependency of ThéH-
magnitude in other mutants and not give rise to an observablesubstrate tGvNH-ribosebase complex transformation. The
change inkcat kea—pH profile for TuNH with natural purine nucleosides
Implications for Sites Actity. The discrepancy in the as substrates is not very informative becdugés a measure
observed sites activity between 35 (half-of-the-sites) and  of the rate of the slowrvNH-ribose complex isomerization
5 °C (full-sites) is likely due torl reaching completion  step prior to ribose dissociation. The weak pH dependency
during the dead time of the stopped-flow instrument at 35 of rates ofrl andz2 in the pH range of 4:58.0 is very
°C. Above 15°C, the stopped-flow absorbance progress similar to thek../Kn—pH dependencies observed for both
curves are well fitted to single-exponential functions. Ar- TuvNH (23) and the purine-specific NH frormrypanosoma
rhenius plots of the observed burst rates (not shown) indicatebrucei brucei[ TbbNH (36)]. As k.o/Km is @ measure of the
thatrl is strongly temperature dependent, with a dependencyrate of productive bindingdQ), the weak pH dependencies
similar to that ofk.o (4-fold increase in rate going from 5to  shown byk../Km, and by bothrl andz2, indicate that neither
15 °C). An alternative explanation for the change in sites binding (averaged over the two binding processes) nor
activity is that the kinetic mechanism is modified by chemistry is perturbed in this pH region. The dropkig/
temperature. This explanation has yet to be tested. It shouldK, seen at high pH folfvNH (pKa = 8.6), TbNH (pKa =
be noted that full-sites binding of the immucillin Pz-ImmH 8.6), andCfNH (9.1) is likely caused by ionization of N-1
at 25°C has been reporte@4). of inosine [[Ka = 8.76 @1)]. This interpretation is supported
Interpretation of the Two iINH-Substrate Binary Com- by the observation that xanthosine, which exists primarily
plexes.The burst amplitudes afl andz2 under saturating  as the monoanion y(N-3) = 5.7 42)], has an anomalously
substrate concentrations represent the relative concentrationfow k../K,, compared to the other purine nucleosides at pH
of the ES and ES complexes, respectively, that form before 7.0 (23). lonization of the bound substrate may account for
significant chemistry has taken place. The amplitude pH the small drop in rate for2 at high pH (K, of N-1 for free
dependencies make it unlikely thelt andz2 originate from guanosine= 9.2; Figure 5a); however, the change in rate
asymmetricTyNH dimers (i.e.z1 from monomer A and2 was smaller than that observed fes/Kn, and an alternative
from monomer B of the same dimer) because the amplitude explanation is that guanosine is stickygJ.
of each transient attains values greater than one-half the total In view of the postulated importance of N-7 protonation
monomer concentration. Instead3Eand E:S likely repre- for catalysis inTyNH, and the predictediy, of ca. 7 [after
sent symmetrical dimers that differ in their protonation states, both base stacking and intramolecular hydrogen bonding
consistent with the observation of identical monomers in the interactions are taken into accoug( 26)], the absence of
crystal structured4). a large change in rate fatfl or 72 in the pH range of 4.5
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8.0 is somewhat surprising. One possible explanation is thatz4* may represent an average of two base release transients
the Kz at N-7 is perturbed to a value higher than 7. It should whose rates are limited byl andz2).

be noted that if there is a change in the rate-determining |n the second interpretation (isomerization being rate-
step at high pH, then intrinsicka values may also be  determining), a single rate of base release will be apparent
perturbed to higher values, giving larger apparéfyalues  only if the rate of isomerization is slower than bath and
(43). A kinetic pK, effect is predicted in Scheme 2 in the 72, However, at pH 7.0, the rate ofi* is greater than the
event that the rate of chemistryl(or k;) decreases at high  rate of72, and therefore, a biphasic fluorescence recovery
pH; unfortunately, the pH dependency ol was not  should also be apparent. In this cas#* may represent an
measurable above pH 8.0, so this prediction remains to beaverage of two base release transients that are limita@ by
tested. and the isomerization step.

Alternatively, the small observed pH dependencie_arnor Reversibility of Chemistry on the Enzyn@n-the-enzyme
andz2 may result from the presence of an isomerization step chemistry is known to be irreversible f@NH (18). This

prior to chemistry that is rate-determining at all pH's ig hacause kinetic isotope effects are fully expressed and the
(consistent with the strong temperature dependenad)of  4igy, A/ scalculated using the kinetic Haldane
This explanation is incorporated into the one-chemistry step relationship for a’rapid equilibrium random uni-bi mecha-
model of Scheme 2 to account for the slower apparent ratenisy js large. FofoNH, the extent of reversibility for on-

of chemistry duringr2. Rate-determining conformational the-enzyme chemistry remains to be established, and there-
changes that precede chemistry have been observed in oth%re, forward and reverse rate constants are included in
enzymes, for example, DNA polymeragl), and can often  gchemes 2 and 3. It should be noted that the observation of
be detected using fluorescence spectroscopy. However, noysnroximate full-sites activity could potentially be caused
fluorescence transients with rate constants corresponding tooy fast base release, rather than irreversible chemistry.
those ofrl were observed. Thus, as yet, there is no evidence ggtimates of the reversibility faFyNH can be made using

for a rate-limiting conformational change fot. the Haldane relationship as follows. For an ordered uni-bi
A final explanation for the weak pH dependencies is that echanism, the kinetic Haldane K3

protonation of the leaving group is not catalytic. This

explanation is consistent with the proposal that the proton — . —

dolralor of the leaving group is solvent (as is likely; see the Kea™ [(KeafKin)rorward<vibosd! (Keal Kin)reverse

introductory section). It should also be noted that it is unlikely [(keaf Km)fonNarcKm,hypKribose]/ Koat,reverse

that buffer acts as the proton donor at N-7: dilution of the

buffer either had no effect on burst rates (for phosphate WhereKiiposeis the ribose dissociation constant afdnyp is

buffer, in the range of 02100 mM) or had a stimulatory ~ the Michaelis constant for hypoxanthine in the reverse

effect as a result of buffer inhibition (for amine buffers; see direction. Using this relationshipkg/Km)reverseiS calculated

Materials and Methods). to be 10-fold slower than Ka/Km)rorwara [ON the basis of a
The Rate of Base Release Is Determined by a Prior Step.Keq0f 106 M (18), Kripose= 1 mMM]. An estimate fokcat reverse

The failure to observe mixed product inhibition sets a lower at 25°C can be made using the observéd:m)ronward

limit (>600 M) for the dissociation constant of the base (1 uM~* s™) and an assumed value &y, (Which we

from the Eribosebase complex. As small molecules bind Wwere unable to measure): WhER, nyp,= 100 MM, Keat reverse

to active sites with rate constants,j typically on the order = 1 s'*. Even with such a high value &y, this rate is
of 1-100 uM~1 s71 at 25°C (45), it follows that ke for much slower than the forward rate of chemistry at°Zb
base dissociation is minimally & 1% to 6 x 10 s'%, 2 (estimated to be ca. 270'sat 504M guanosine from an

orders of magnitude greater than the saturating rate constanf\rrhenius plot; data not shown), consistent with irreversible
for 74. This apparent inconsistency can be explained if the chemistry. However, whethekerev actually represents
rate of purine release is determined by a slower, optically chemistry has yet to be determined.
transparent step that precedes the dissociation step. One Conclusions and Implications for Future Studi€khe
candidate for this step is chemistry itsetf/k, and kji/k;2, assignment of transients corresponding to binding, chemistry,
Scheme 2ks/ks andks'/ks', Scheme 3). Alternatively, a slow  and base release and the development of two new kinetic
isomerization eventk{s, Schemes 2 and 3) may occur models should facilitate future mechanistic studies by
between chemistry and base release which would give apermitting the effects of mutagenesis on these processes to
single rate of base release. Given that active site loop be examined. For example, the effect of mutagenesis on
movement takes place upon inhibitor binding, resulting in TuNH activity can be reassessed with the discovery that the
partial burial of the purine moiety from bulk solver24j, a rate of chemistry (12078 at pH 8.0) is ca. 3000 times faster
plausible candidate for the isomerization step is the conver-thank.at 5°C. New questions also arise from consideration
sion of the closed active site conformation to the open state. of the two proposed kinetic models, namely, the role of active
In the first interpretation (chemistry being rate-determin- site loop movements in the enzyme mechanism, the identities
ing), there ought to be two rates of base release with rateof the two TuNH-substrate complexes (syanti substrate
constants corresponding to thosertfandz2 because there  conformations?), the nature of the two observed rates of
are two apparent rates of chemistry. Although clear evidence chemistry (intrinsic rates?), and the origin of the slow base
for biphasic fluorescence recovery during* was not and ribose release (loop 2 conformation change?). Finally,
obtained, this interpretation is supported by the observationthe mechanism of leaving group activation, and other
that the rate constant fart* was substantially greater than mechanistic aspects df-glycosidic bond cleavage, require
that ofz2 at pH 7.0 (where the amplitude @2 is small) but further investigation in light of the observation that the two
equal tor2 at pH'’s where the amplitude of is larger (i.e., rates of chemistry exhibit weak pH dependencies.
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