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ABSTRACT. A subsite model as proposed by Hiromi [Hiromi, K. (19Bpchem. Biophys. Res. Commun.

40, 1-6] has been applied to various hydrolases including glucoamylase (GA). The model assumes a
single enzyme complex, a hydrolytic rate constant which is independent of substrate length, and a rate-
limiting hydrolytic step. Recent kinetic studies with GA contradict these assumptions. Here we reevaluate
the substrate binding of GA studying the pre-steady-state kinetics with glucose, which is reported here
for the first time, and maltose. The association equilibrium constants for glucose and maltose interactions
with wild-type and Trp126-Phe GA fromAspergillus awamorin H>O and DO buffers were obtained.

Kinetic results indicate that a single glucose molecule binds to GA weakly by a single-step mechanism,
E + G; < EG;, under the conditions studied. Similar fluorescence intensities of the glf&ose and
GA—maltose complexes, the high tryptophan concentration around subsite 1, crystal structures of various
inhibitor complexes, pre-steady-state and steady-state modeling, feasibility of condensation reactions, and
other evidence strongly suggest that glucose binds at subsite 1. These results conflict with the high subsite
2 and low subsite 1 affinities obtained using Hiromi’'s model. Using the substrate association constants
for glucose and maltose obtained by pre-steady-state kinetics, the affimtyghfcose for subsite 1 is

shown to be substantially higher than the apparent affinity of glucose for subsite 2. We propose a GA
catalytic mechanism whereby substrate binding is initiated by subsite 1 interactions with the nonreducing
end of the oligosaccharide substrate, minimizing nonproductive substrate binding. Through conformational
changes, entropic contributions, and increased local concentration, subsite 2 subsequently has enhanced
affinity for the second covalently linked glucosyl residue.

Glucoamylase (GA)(1,4-w-D-glucan glucohydrolase, EC {—Iydrgéyzelx)bled Mode T Products
3.2.1.3) is an exo-acting carbohydrase which cleaves glucosicic bon ‘
glucose from the nonreducing ends of starch and related poly- Q__O
and oligosaccharides. GA hydrolyses boti,4 anda-1,6 ‘ ¥
glucosidic linkages at a single catalytic sifg (ith a nearly
400-fold preference fow-1,4 overo-1,6 linkages?). The l
catalytic mechanism of GA is fairly flexible as botip- by o2 3 4 5 6 7
glucosyl fluoride 8) andp-nitrophenyla-p-glucoside 4) can Catalytic
also be hydrolyzed.

The active site of GA has been modeled using a subsite
theory 6). According to this theory, the substrate binding e Mode IT : No Products
region of the enzyme can be depicted as a tandem array of
modules (subsites) which interact with the monomer glucose
units of the substrate. Steady-state kinetic studies of fungal

GAs have indicated that the enzyme active site consists of
about seven consecutive subsites, each of which can accom- 1 2 3 4 5 6 7
modate a glucosyl residue, with the catalytic site located Catalytic

site

betw?en subsite 1 and subsite2 Q’ 9. According to the FiGure 1: Schematic representation of glucoamylase subsites and
sbeIte theory, sqbstrates can bind to the e”ZYme In tWOiIIustration of productive and nonproductive binding modes ac-
different modes, either productive or nonproductive. Inthe cording to the subsite model%). Circles represent glucose units
productive mode (mode I, Figure 1), oligosaccharides have with the filled circle denoting the nonreducing end of the oligosac-
to occupy at least the first and the second subsites, therebycharide.

exposing the susceptible glycosidic linkage to the catalytic

residues. Since GA is an exoenzyme with the catalytic site |5cated between the first and second subsites, there is only
* Author to whom correspondence should be addressed. Tel: (410) one productive binding mode. Any binding of substrates
455-3403. Fax: (410) 455-1049. I which does not result in hydrolysis is termed a nonproductive

*Present address: Department of Pathology, School of Medicine, Mmode (mode I, Figure 1).

Johns Hopkins University, Baltimore, MD 21205. . . .
® Abstract published ildvance ACS Abstractblovember 15, 1997. Two carboxyl groups have been implicated in the GA
1 Abbreviations: GA, glucoamylase; GB;p-glucosyl fluoride. hydrolytic mechanism§;, 9). Hydrolysis is postulated to
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proceed by a general acid catalyst donating a hydrogen OTable 1: Subsite Affinities (kJ/mol) for Hydrolysis of
the glucosidic bond oxygen and a catalytic base guiding the maltooligosaccharides by Glucoamylase at pH 4.5
nucleophilic attack of a water molecule on the C-1 carbon
of the aglycon moietyX0). Glul179 ofAspergillus awamori
GA has been identified as the general acid catalyst énd
Glu400 as the probable catalytic base groip, (12-14). subsite at 28C° at 50°C° at 8°C’

subsite affinities

R. delemar A awamori

The subsite model, as proposelb), assumes a simple 1 0 —2.2 indeterminable

two-step mechanism for reactions in which the substrate is g 22-? 2é-§ 62%5
bound to the enzyme in the productive mode (eq 1). A one- 4 18 18 o8
K 5 0.9 1.6 1.6
Kn,p int 6 0.5 1.0 nd
E+ (G)n < (EG)n,p_> E+P (1) 7 0.4 0.3 nd

K 2 Calculated using Hiromi's subsite affinity modédl5). ° From ref
na 15. ¢ From ref 2.9 Calculated using kinetic parameters from Olsen et
E+ (G)n i (EG)n,q ) al. (16). nd, not determined.

step process is assumed to describe the substrate binding i
the nonproductive mode (eq 2). On the basis of these
assumptions, the GA reaction scheme can be written as
follows where (EG), and (EG) 4 represent the productive
and nonproductive complexes respectively, betweammer
oligosaccharide substrate (and the enzymes, , andKp g,

5—7, decrease steadily with increasing distance from the
catalytic site.

The subsite model makes several assumptions about the
enzyme catalytic mechanism: first, bond hydrolysis is
assumed to be the rate-limiting step of the reaction; second,

the association constants for productive and nonproductiveor?Iy one enzymesub;tr ate intermediate is ass“”f'ed to exist;
third, the subsite affinities are assumed to be independent

substrate binding respectively; represents the intrinsic .
gresp y; akgrep of each other; and fourth, the value far is assumed to be

hydrolytic rate constantk, is assumed to be the limitin .
yaroly Kin g constant regardless of substrate length. Several recent studies

rate of the reaction and is further assumed to be constanth h indicated that th i b
for all the productive complexes irrespective of the substrate owever have indicated that these assumptions may not be
alid. The first assumption is not correct since product

length. The interaction between the subsite and the substrate” | has b h ¢ 4000-fold lowly th
residue gives rise to a decrease in free energy, or increasgc ca>c Nas DEEN SHOWN to occur -fold more slowly than

in affinity, which contributes to the binding of the substrate ond hydrolysis 17). The second assumption is also not
molecule as a whole to the active site. The “subsite affinity” valid since both enzymesubstrate and enzym@roduct

for each subsite represents a quantitative characterization mcomplex_es _have been _shown to exigt7)(  The third .
the net strength of this specific interaction between the subsite2SSUMPLON is also questionable since the Trp120 loop region

and the substrate residue. The total affinity for the associa-has a cr|_t|cal role in catgly3|32( 189 a}nd undergoes
tion of ann-mer substrate in a given binding mode is the conformational changes during the catalytic procéSs4nd

sum of the affinities of all the subsites covered by the spans geveral of the pr.oposed d{stant SUbSil.és 14,
substrate in that mode of binding. The affinity of subsite suggesting that the individual subsites are not independent

(numbered from the nonreducing end),for a given binding O_f each_othgr. The fourth assumption may also not be_ valid
mode can be expressed as ' since kinetic parameters o&. awamori GA mutants, in

particular Tyrl16~Ala (20) and Argl122-Tyr GAs (18),

over all have sharp irregularities ki andK, values with substrate
Zr A =RTInK,+ AG,, () lengths, suggesting a different catalytic mechanism for
n mix . . .
coveréd subsites different substrate lengths. It is not possible to calculate

subsite affinities for either Tyrli6Ala or Argl22—Tyr
whereK, is the association constant for that binding mode, GAs assuming a constant hydrolytic rate using Hiromi’'s
Ris the gas constant, is the temperature, amiiGn,x, equal model. Since product release has recently been suggested
to RT In(solvent molarity), is the free energy difference as the rate-limiting step for GA hydrolysid?), it is not
arising from the solvent due to mixing independent of solute surprising thatk; would vary with substrate length. Al-
concentrations. though these studies were performed ugksgergillusGAs,

For a scheme described in egs 1 and 2, the subsite affinitiessimilar doubts about the assumptions of the subsite map arise
(A) are theoretically related to the steady-state kinetic with RhizopusGAs since product release has also been
parameters., and K, using eq 3. The subsite affinities suggested as a rate-limiting stef) @nd transient kinetic
are then calculated using experimentally determiqg@dnd studies indicate the presence of additional intermedi2Bs (
Km. For GA, the values ok increase an&,, decrease = Despite many similarities betweeA. awamori and R.
with increasing substrate length up to about seven glucosyldelamarGAs not only in the primary amino acid sequence
units @). The ground-state affinities of the seven subsites (22) but also in kinetic studies6( 16), differences in their
have been calculated using this subsite model for GA from mechanisms seem to exi47f and caution must be exercised
Rhizopus delemat 25°C (15) and forAspergillus awamori in making any generalization for all GAs. Rather surpris-
at 50°C (2) and at 8°C [calculated using kinetic data from ingly, however, subsite affinities calculated far delamar
Olsen et al. 16)] and are given in Table 1. Subsite 1 has andA. awamoriGAs are very similar over a span from 8 to
no or a small negative affinity, which has been attributed to 50 °C (Table 1). The individual subsite affinities are
subsite distortion to fit the nonreducing end of the substrate. relatively constant over a wide range of temperature, in
Subsite 2 has the highest affinity among all the subsites, overcontrast to what one would expect, as substrate binding
20 kJ/mol, while the affinities of the rest of the subsites, improves significantly at lower temperaturdg,(for maltose
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at 8°C is about 10-fold lower than at 5@C). The validity and to localize its possible involvement in substrate induced
of the subsite map oA. niger GA has also been previously conformational changes.

questionedZ3). Since the assumptions in Hiromi’'s subsite

model do not accurately reflect the kinetic behavior of wild- MATERIALS AND METHODS

type and mutant GAs, the model is not applicable for GA
and the GA subsite affinities calculated using this model
hence are questionable.

Materials. Wild-type and Trpl126-Phe GA genes?)
were expressed iaccharomyces carsiae and purified
essentially as described§). Ultrapure glucosex99.5%),

In order to gain better insight into the subsite structure D,0 (99.9 atom % D) and acetic acit{CH,COOD, 98 atom
and substrate binding mechanism of GA, another approachg, D) were purchased from Sigma (St. Louis iVIO).

must be used. Since both enzynmibstrate and enzyme -
product intermediate complexes are present, steady-state datﬁl Stopped-Flow Fluorescence Kinetiche pre-steady-state

alone cannot provide information about enzynseibstrate met'ics' of GA interactiqns W?th _glu'cose were studied by
binding and hence subsite affinities. Individual substrate monitoring the changes in the Intrinsic enzyme quores_cen_c_e.
The experiments were performed using a Hi-Tech scientific

association constants can be determined using pre-steady: S
state kinetics, and these values can be used to evaluate thgr']:‘;flg?gggﬂ;'lngaztgggsgﬂ%'\é S_Fﬁgtrrgggtc.)cr)?]%gt?rraend
affinity of each subsite. Glucose, a weak inhibitor of GA yz ally ' ! IXtu

(24), binds to subsites 1 and/or 2 and binds more weakly was excited at a wavelgngth.of 280 nm, set using a
than maltose. Subsite affinity maps of GA, calculated on monochromator. The emitted light was passed through a

the basis of Hiromi's theory foA. awamoriandR. delamar cutoff filter (WG320; 85% transmission at 320 nm) to resolve

GAs (Table 1), indicate that subsite 1 has little, if any, affinity the qu0|_’esc.:ence em|s§|on from the s_catte_red incident light.
for a glucosyl moiety in the enzymesubstrate complex Th_e kl_net|cs of the wild-type interaction with glucose were
while subsite 2 has an affinity around 20 kJ/m3) 7, 15, studied in both KO and DO at 8°C. The HO (pH 4.5)
suggesting that glucose should predominantly bind to subsite@nd 2O (pD 5.0) buffers used were 0.05 M sodium acetate,
2. Individual association constants for glucose and maltose@nd their methods of preparation are described elsewhere
with GA can be determined by pre-steady-state kinetics and(17)- The Trp126-Phe GA reactions with glucose or
used to evaluate the individual affinities of subsites 1 and 2. Maltose were also performed at@in 0.05M sodium acetate
This information can provide insight into the validity of the ~Puffer, pH 4.5. The temperature was maintained at-8.0

subsite theory and provide additional information into the 0.1°C with _acirculating water bath. The final concentrations
GA substrate binding mechanism. of both wild-type and Trpl26-Phe GAs were 3uM.

Glucose concentrations up to 400 mM and maltose concen-
trations up to 15 mM were used in these studies. All the
buffer, enzyme, and substrate solutions were filtered through
a 0.45um filter before use. The substrate solutions were
preincubated at 4C for at leas 4 h to ensure anomeric
equilibration. The dead time of the instrument was deter-
mined to be 1 ms under the experimental conditions. In each
' experiment at least 512 pairs of data were collected and a
minimum of four such data sets were averaged for each
substrate concentration. Each averaged set was fitted to
analytical equations using nonlinear Gatubewton regres-
sion methods. Data analysis was performed with Hi-Tech
rapid kinetics software.

Recent stopped-flow spectrofluorometric studies have
shown that substrate binding to tlhe awamoriGA active
site is the primary factor in fluorescence quenching, although
the ensuing hydrolytic step results in some additional
quenching17). Since glucose should bind to subsites 1 and/
or 2 of GA, and given the high concentration of tryptophan
residues around subsite 1 of GA (including Trp52, Trpl78
Trp317, and Trp417)13, 14, a fluorescence signal associ-
ated with glucose binding is expected. Although, Tanaka
et al. 1) had concluded the glucose interaction with
niveus GA was too fast to be observed by stopped-flow
techniques, preliminary results wifk awamoriGA showed
a detectable change in fluorescence. In this work, we carried
out pre-steady state stopped-flow spectrofluorometry studieSsResyL TS AND DISCUSSION
to probe the subsite interactions of wild-type awamori
GA with glucose in HO and BO buffers. Studies were Glucose Binding to GAWild-type and Trp126-Phe GA
conducted in RO to investigate if the observable fluorescent interactions with glucose-quenched intrinsic fluorescence of
signal from the glucose interaction with GA is for a “pure” the enzyme yielding typical stopped-flow traces as shown
binding process as opposed to the maltose interaction wheren Figure 2. Only one relaxation was observed and the data
signals were observed for both binding and hydrolysis. was best fit to a single exponential curve (eq 4)
Solvent isotope effects observed usingOnstead of HO

are not expected to significantly affect pure weak binding f(G,]) = Aa([G,]) exp(—kyd) + .([G.)  (4)
interactions such as those predicted with glucose due to its
high dissociation constant of 127 mM at 10 (25). wheref([G1]) represents the average molar fluorescence (i.e.

Steady-state kinetics using Trpt2®he GA have shown total fluorescence/total number of moles) of all the enzyme
that Trp120 plays a critical role in transition state stabilization species at glucose concentration]J@nd timet, kopsis the
(2) and product release for oligosaccharide substrdt@s ( first-order rate constant, &[G,]) is the amplitude of the
20). Trpl120 loop residues are also likely to be involved in observable phase of the interaction, al[Gi]) is the
substrate-induced conformational changes with oligosaccha-average molar steady-state fluorescence. Both the amplitude
rides, based on the discrepancy between crystal structuresand the steady-state fluorescence are functions of substrate
and steady-state kinetic resulis8|. Here the Trp126-Phe concentration. The amplitude is written as the product of a
GA interactions with maltose and glucose were studied to substrate concentration independefit énd dependent
investigate whether Trp120 plays a role in substrate binding terms to facilitate fluorescence signal analysis.
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Ficure 2: Typical time dependence of fluorescence changes during Ficure 5: Dependence ok.ps On concentration for glucose

GA interaction with glucose. The signal illustrated here is obtained interaction with Trp126-Phe GA in HO buffer, pH 4.5. The line
from wild-type GA (3uM) reaction with glucose (100 mM) at 8

is a fit of the experimental data to the equatiqps = ki[G;] +

°C, pH 4.5. The signal above is an average of four traces. The k_;.

average intrinsic fluorescence of the free enzyme is arbitrarily

assigned a value 100%. The signal was fitted to a single exponentialthat a single glucose molecule binds to GA in a one step

curve (eq 4).
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Ficure 3: Concentration dependencekgfsfor glucose interaction
with wild-type GA at 8°C in H,O buffer, pH 4.5. The line was

obtained by fitting experimental data to the equatgq = k[G]
+ kg
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Ficure 4: Concentration dependencekgfsfor glucose interaction
with wild-type GA at 8°C in D,O buffer, pD 5.0. The line was

obtained by fitting experimental data to the equatgy = k;[G1]
+ ko1

The concentration dependencies of the observed first-order
rate constank,,s Of glucose interactions with wild-type GA

in both HO (Figure 3) and BO (Figure 4) and with

Trpl26—Phe GA in HO (Figure 5) are linear. The linear

dependence df,,son glucose concentration, [{indicates

reversible binding mechanism as shown in Scheme 1. The
kobs for such a mechanism is given typs = ki[Gi] + k-1
(26).

Scheme 1

kl
E+ Glt EG,

k
K=

The forward ratek;, and the reverse ratd, 1, can be
obtained as the slope and the intercept of such a linear plot
betweerky,svs G k; andk-; for glucose interactions with
wild-type GA in both HO and QO and with Trp126~Phe
GA in H;O are given in Table 2.

Careful analysis of the amount of fluorescence quenched
and the amplitude of the signal provides valuable information
about the individual fluorescence of the free and bound
enzyme species. This information along with the rate of
guenching datak{,9 can be used to provide additional insight
into the proposed reaction scheme. This analysis also
provides an independent alternate route using steady-state
fluorescencef., to calculate equilibrium constants to check
the consistency of the model as demonstrated previously with
the three-step mechanism proposed for GA and maltige (

The concentrations of both enzyme species, E andiEG
Scheme 1, can be obtained by solving enzyme mass balance
equations and the individual rate equations and are given in
egs 5 and 6, respectively. In deriving these equations, the
substrate concentration, {[3is assumed to be constant since
it is in far excess of total enzyme concentrations. The
substrate concentrations for all the glucose experiments were
at least 500-fold higher than the enzyme concentrations
used.

E

EJ =1- ol — exp(kyd) (5)
[EG,]
EJ = o1 — exp(—kyd) (6)

where
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Table 2: Pre-Steady-State Kinetic Results of the Wild-Type and TrgE2e GA Interactions with Glucose at°€ in H,O or D,O

wild-type GA Trpl26—-Phe GA
H,02 D,O° H,0?
ki (sTmMY 0.88+0.13 0.91+ 0.09 1.2240.10
koi(sh) 183+ 13 189+ 8 182+ 10
Ki¢ (mM~1) 0.0048+ 0.0009 0.0048: 0.0006 0.0067 0.0009
Ky (mMY) 0.0068+ 0.0007 0.0064+ 0.0008 0.0048 0.0007
(AFec))max (%) 15.1+ 0.7 171+ 1.1 17.8+ 1.9
apH 4.5.°pD 5.0.¢ Calculated from individually determineki andk-;. ¢ Calculated from steady-state fluorescence data values using eq 12.
KilG] T
o=—""— 7 b A
i S
The average fluorescence at any titd;, can then be S o o
expressed as the sum of the fluorescence contribution of each  ~ [
enzyme species as follows @- E
S %8 5
f="1 —[E] +f [EG (8) I A
t— IE EG Lyl
E 1 [E
[Eqdl [Eq] o "
where fz and fzg; are molar fluorescences of E and EG Lt 11 L1l
respectively. f; can be written using the expressions for the 0 5 10 15 20 25 30 35 40 45 50 55
concentrations (egs 5 and 6) as Time (ms)
fi= (fe — feg ) exp(kypd) + (fe(1 — @) +feg @) (9) 100 5
_ o _ 99—t S
Equation 9 is in the same form as eq 4 to which all the 2
experimental data was fit. By comparing eqs 4 and 9, the . %8 -
amplitude of the fluorescence signal and the steady-state & o _| K
fluorescencef., can be expressed as in eqs 10 and 11, 3_ E
H . >, 96 — =
respectively: = g
. 95
amplitude= a(fg — fgg) (10)
94 —
fo = fe — fe ~ Teg) (11) 93 L B e

0 5 10 15 20 25 30 35 40 45
Time(ms)

Ficure 6: lllustration of the increase in amplitude of the observed

The fluorescence is quenched in glucose binding to GA
(Figure 2), which indicates that the intrinsic fluorescence of

the enzyme 9|Uf{03€' complex, EGs less than that of the  fjyorescence signal with increasing substrate concentration for GA
free enzyme, E (i.ef§ — fec1) > 0). @, as seen from eq 10, interactions with glucose. The amplitudes of the fluorescence signal
is a monotonically increasing function with glucose concen- in the wild-type GA (3uM) at glucose concentrations of (A) 30

tration. Iffe > fe1, the amplitude of the fluorescence signal MM and (B) 100 mM are shown here as examples. The magnitude

. . o . of the molar fluorescence of the system are all relative to that of
resulting from SChe,me 1 (‘?q 4,) must ',ncrease W'th INCreasing i free enzyme (100%). The curvyes are a fit of the stopped-flow
glucose concentration, which is seen in the experimental datayraces to eq 4, with the solid curve representing the fit to the

in the concentration range studied here. The amplitudes ofexperimentally observed signal and the dotted curve representing
the fluorescent signals observed with wild-type GA using the interpolation of the data between 0 and 1 ms (dead time). The
30 and 100 mM glucose are shown in Figure 6 as represen-2Mplitude AlG,Ja, is as defined in eq 4, and is simply equal to the

. | difference in the intrinsic fluorescence at times: 0 andt = «
tative examples. _ [or at times at which exptkosd) is negligible].

The steady-state fluorescendg, can be used to obtain

the individual molar fluorescence of the involved enzyme ghould have an hyberbolic dependence o f@ich is the
species and the equilibrium const&qt The percentage of 556 for glucose interactions with both wild-type and the

fluorescence quenched relative to the free enzyme when they, tant enzymesAF., vs [Gy] for wild-type/glucose binding
system is at steady-sta®F.([G4]), can be experimentally s shown in Figure 7 as a typical exampleAFge)max and

determined at various glucose concentrations and can bec, can be determined by fittingF., vs [Gy] to eq 12, and
written using the expression fés from eq 11 as the values thus calculated for glucose interactions with wild-
type GA in O and DO and Trp126-Phe GA in HO are

fe —f1, (AFgg )max (G4l i i
AF(IG) = E  100%= T EG/maxi =l (12) given in Tabl_e 2 _ o
fe 1 + 1G] The associationk{) and dissociationk(;) rate constants
K given in Table 2 for the wild-type GA/glucose interaction

in H,O indicate that glucose binds very weakly to the active
where AFec)max iS the percentage difference in the molar site. Typical association rate constants for enzysubstrate
fluorescence of EGrelative to E. According to eq 1AF. interactions are in the range of #010® M~* s™* at room
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molecule. TheAFec1)maxValue for glucose binding to wild-
type GA in DO (Table 3) is 17.2%. Recent studies have
12 shown that the fluorescence of the wild type G#altose
complex is about 16.2% less than that of the free enzyme in
H,O and about 19.9% less in,0 (17). The similar

- °© fluorescence quenching values of GAnaltose and GA
glucose complexes in both,® and DO suggest that the
complexes involved are also similar. The fluorescence signal
4 resulting from glucose binding should therefore be a result
of binding only to the first or the second subsite, even though
the GA active site contains seven subsites each capable of

14 F

AF_ (%)

0 R accommodating a glucosyl unit.
0 50 100 150 200 250 300 350 400 450 500 A number of independent observations are available
Glucose Concentration (mM) suggesting glucose binds at subsite 1 of GA. First, crystal-

FiGURE 7: Fluorescence quenched when glucose binding to wild- lographic structures1@—14, 29, 30 strongly suggest the
type GA reaches a steady-statkF., plotted against glucose fluorescence signal associated with maltose binding likely

concentration. The average intrinsic fluorescence of the system atresults from a subsite 1 interaction since most active site

steady-statef,, (eq 4), is subtracted from that of the free enzyme i i i
(100%) to obtaim\F... The curve is a fit to the experimental values t_ll_'ypic;%h?_nsirs Cluzte_‘rreiilgougq s_tjbsfllte L mcludmg ;I'rp52,
of AF, to eq 12. Relative standard deviation #F., data,+1%. P  1Tp »an p - =lmilar fluorescence Intensi-

ties of glucose and maltose complexes (Table 2) suggest that

temperatured7), so the very low calculateki value of 8.8 glucose binds to subsite 1. Second, crystal structures of
x 10 M~1 s71 at 8 °C for glucose is indicative of poor =~ GA—acarbose and GAbp-gluco-dihydroacarbose, at both pH
binding. The association equilibrium constant for glucose 4.0 and 6.0, show that the inhibitors bind only in forms where
is 4.8 M! (K1 = ki/k_; calculated from the individual rate  subsite 1 is clearly occupie@@). The GA-1-deoxynojiri-
constants; Table 2). This value calculated using pre-steady-mycin structure 12) also shows the inhibitor predominantly
state experiments is similar to that obtained for glucose bound to subsite 1 with very low occupancy at subsite 2.
binding toR. niveusGA (7.9 M1 at 10°C) using steady-  Third, a single reaction scheme including only a productive
state fluorometric experiment29). Glucose bindingis also  hydrolytic step agrees very well with pre-steady-state and
shown to be very weak when compared to the associationsteady-state kinetic datd¥), arguing against the presence
constant of 9.4x 10 M~! for acarbose, a potent GA  of any significant nonproductive binding and indicating little,
inhibitor (28), and 120 M for the substrate maltosé&7). if any, substrate binding not involving subsite 1. Fourth,
The rate constants and fluorescence data thus all suggest part of the basis for Hiromi's nonproductive binding model
simple weak glucose binding to GA as proposed in Scheme came from studies on lysozyme where the crystal structure
1. indicated nonproductive substrate binding. However, none

The k; and k—; values obtained for the wild-type GA/  of the available crystal structures of GA indicate appreciable
glucose interaction in D (Table 2) are identical to the  nonproductive binding as would be expected with a dominant
values obtained in ¥D, indicating the absence of any solvent subsite 2 affinity. Fifth, since condensation reactions occur
isotope effects. This absence of an isotopic effect further at high glucose concentrations, the first glucose molecule
suggests that the glucose interaction with wild-type GA must bind at subsite 1, since that subsite is inaccessible after
represents a simple weak binding step. A significant isotopic subsite 2 is occupied. Sixth, modeling of pre-steady-state
effect was observed on the maltose binding step with GA, kinetic parameters obtained with maltose using both produc-
resulting in a nearly 2-fold increase K. This increase  tive and nonproductive binding reaction schemes indicated
was attributed to the extensive hydrogen-bonding network that nonproductive binding did not occur significantly and
involved in the specific ground-state binding of maltos@ ( that subsite 1 affinities need to be reevalutag).( Finally,
These results are consistent with the GA crystal structure, preliminary presteady state results obtained for the hydrolysis
which shows a preponderance of hydrophobic residuesof glucosyl fluoride which must bind at subsite 1, indicate a
around subsite 1 and several residues which may contributesimilar fluorescence signal to that expected witiglucose.
charged or uncharged hydrogen bonds in subsite3214. Individual Subsite Affinities.The subsite affinities of GA
Therefore a lack of an isotopic effect for glucose, which as calculated with the steady-state kinetic parameters using
initially binds weakly to the hydrophobic pocket of subsite the Hiromi model, in particular the affinities of subsites 1
1, and an isotopic effect for maltose, which binds at subsite and 2, are very questionable due to the invalid assumptions
2 via specific hydrogen bonds, are reasonable. Kjhend required for the model. An alternative procedure is to utilize
k-, values obtained for the glucose interaction with pre-steady-state kinetics to determine substrate association
Trp120—Phe GA in HO (Table 2) are also very similar to  equilibrium constants for different ligands and to use these
those obtained with the wild-type, indicating that glucose values to calculate the ground-state affinities of the individual
binds similarly to the mutant in a weak association step and subsites. The association constaKtsfor the glucose/wild-
that Trp120 plays no direct role in glucose binding. type reaction in KO and DO have been obtained here (Table

The AFeci)max (Table 2) calculated using steady-state 2) and for maltose/wild-type GA binding are knowh7j.
fluorescence values provides more information about the These values can be compared to estimate the affinities of
nature of the glucose interactions with the active site. The subsites 1 and 2 for wild-type GA.
(AFec1)max value of 15.1% for wild-type GA/glucose binding The role of Trp120 in substrate binding to subsites 1 and
in HO indicates that the fluorescence of an enzygkeicose 2 can be elucidated by comparing the association constants
complex molecule is 15.1 % less than that of a free enzymefor glucose and maltose and the resultant subsite affinities
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Ficure 8: Dependence of the observed first-order rate constant,
kobs ON substrate concentration for the Trp2®he GA reaction
with maltose at 8C, pH 4.5. The curve was obtained by fitting
experimental data to a hyperbolic equation as describ@d (

e 57)

Table 3: Pre-Steady-State Kinetic Results of the Wild-Type and
Trp126—Phe GA Reactions with Maltose at°€, pH 4.5

wild-type? Trpl20—Phe
Ki(mM™1 0.12+0.01 0.047+ 0.009
ko (s+ 1392+ 68 1849+ 236
k_z (s 31.7+1.9 3.6+ 04
Frmax (%) 20.6+ 0.4 18.6+ 0.4

aFrom ref 17.

for both wild-type and Trp126-Phe GA. The association
constant of Trp126-Phe GA with glucose is given here and
with maltose has been previously reportd®)( However
our repeated stopped-flow experiments studying the
Trp126—Phe GA/maltose reaction gakesvalues at moder-
ate to high substrate concentratiors5(mM) that differed
significantly from the earlier reported data. We therefore
report the rate constants we obtained for the TrptRbe
GA/maltose reaction here. The dependencekgf on
maltose concentration is shown in Figure 8. The fluores-

Natarajan and Sierks

obtain an estimate of subsite affinities comparing the binding
constants of glucose and maltose, the affinity ofdk@nomer
should be evaluated. The-anomer is expected to bind
significantly better than th8-anomer for three reasons. First,
GA cleaves a-linked and notg-linked substrates and
generateg-p-glucose as a product. Crystallographic evi-
dence 12) indicates that the attacking nucleophilic water in
hydrolysis, water500 (hydrogen bonded to Glu400), will have
to be displaced from the active site in order for flaanomer
of glucose or glucose analogs to bind. However, no such
steric conflict would exist between water500 and ¢hano-
mer of glucose and glucose analogs. It makes inherent sense
for the enzyme to have developed, through evolution, a
mechanism to bind the-linked substrates differently from
the f-anomeric product. Second, equilibrium dissociation
constants suggest th&tGF binds much better than the mixed
anomers of glucose. The respective dissociation constants
for a-GF and glucose wittA. awamoriGA are 17.5 mM
(17) and 208 mM (1K, from Table 2) at 8C and withR.
niveusGA are 25 mM at 25C (3) and 127 mM at 10C
(25). Third, stopped-flow experiments show thatGF
guenches GA fluorescence 2.8.0-fold more than mixed-
anomeric glucose at similar concentrations (Natarajan and
Sierks, unpublished observations).

In order to account for the possible differences in binding
affinities of a and anomers at subsite 1, we can write the
affinity of subsite 1 as

A1:A1a( = b ) (13)

a—+ﬁ) " Alﬁ(a +

where Ay, is the affinity for c-anomer,Ay; is the affinity

for f-anomer, andx andj are the relative amounts of-

and -anomers, respectively, at equilibrium. Though the
actual preference fot-anomer cannot be quantified with
the available data, the following two limiting cases provide
reasonable limits to the subsite affinities. The first case
assumes that affinities for both anomers are equal. So eq

cence quenching observed in the maltose reaction with 13 becomes

Trpl26—Phe GA (data not shown) indicates a two-step
process similar to that seen with wild-type GA, and the

A=A = Ay (14a)

previously (L7). The rate constant&, k,, andk_, obtained

are given in Table 3 along with the corresponding values
previously obtained with wild-type GA for comparison.
Compared to wild-type, the Trp12€8Phe mutant decreases
theK; value about 2.5-fold for maltose binding, but the value
is unchanged for glucose binding, indicating an unfavorable

So eq 13, in this case, can be written as

A=Al ) (14b)

oat+p

The free energy for glucose associatid®Gciucose)= (—RT

effect on binding at subsite 2. This decrease in substrate/n (Kisiucosd can be related to subsite affinity using eq 3 as

complex formation with the mutant enzyme indicates that
the decreasel, value obtained from steady-state studies
with maltose ) reflects an increase in product complex
formation, reaffirming the role of the Trp120 region in the
product release step. The, andAFm (total fluorescence

quenched) values obtained here are similar to those reportedAl
(08

previously (L6).
The equilibrium constantsK;, can now be used to

determine subsite 1 and 2 affinities for wild-type and A (
1o

Trpl20—Phe GAs. Since-glucose exists in solution as a
mixture of . and § anomers .3, 36:64), either form can
potentially bind as the substrate. With maltose, however,
only the a-form of the nonreducing end glucose is present
to bind to subsite 1 in a productive complex. In order to

A1 = RTIn (Kl)GIucose+ AGmix (15)
Using approximations of eqgs 14a and 14b, eq 15 can be
written respectively in a rearranged form as

= RTIn (K)giycose T AG assuming Ay, = A,

(16a)

mix?

o

o+ p

) = RTIN (K)gueoss+ AGmy: assuming
Ay =0 (16b)

The free energy change for maltose associatdBarose)
= (—RTIn (K1)marosd €an be related to subsite affinities using
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Table 4: Subsite Affinities oA. awamoriGlucoamylase at 8C in hydrogen bonds are involved in the enzyme/substrate ground

kJ/mol state complex, again in agreement with steady-state studies
subsite 1 affinity on GA mutants which indicated Glu180 forms a charged
enzyme (solvent) for a-glucose subsite 2 affinity hydmgen bondX1) With the 2-OH group Qf the glucose unit
wild-type (H0) 13.0 75 in the second subsite32), and that this bond strongly
36.0 —15.7 influences ground state binding.
wild-type (D:0) ?1’52 1%-?; Binding studies with glucose indicate that the subsite 1
Trp120—Phe (HO) 13.8 B 47 affinity is also not affected by the Trp12€6Phe mutation.
38.4 —20.0° This is consistent with Trp128Phe mutation having no

a Calculated by solving egs 16a and 17 simultaneously; Assumes significar}t effect on _binding and hyd_rOIySiS of GF, which
a- and B-glucose have same affinity for subsite "XCalculated by has to bind to subsite 1 for catalysis7f. However the
solving egs 16b and 17 simultaneously; Assurieglucose has no affinity of subsite 2 is about-34 kJ/mol lower in Trp126-Phe

affinity for subsite 1. GA compared to wild-type GA (Table 4), depending on the
preference fo-anomer in subsite 1. Presumably Trp120

eq 3 as plays an important role in substrate binding at subsite 2 and
mutation of this residue affects this interaction. Trp120 has

A T A, = RTIN (K)yarose t AGix 17) been suggested to play a role in substrate-induced confor-

) ) . mational changes, and here we show these changes occur
A, determined form eqs 16a and 16b can be substituted ing\ 4y from subsite 1. Although the experiments in this work
eq 17 to obtairA; for the two limiting cases discussed. The .o directly related only to the subsites 1 and 2, it is very

resulting values ofw, andA, for wild-type and Trp126-Phe  jiely that Trp126-Phe mutation also affects the more
GA are given in Table 4. distant subsites.

The subsite 1 affinity for wild-type GA in D at 8°C
thus calculated is between 13 and 36 kJ/mol, depending on

the extent of the preference foranomer ovefs-anomer. siahts | he GA sub bindi hani T
The apparent subsite 2 affinity is estimated to be betweenNSIGNIS Into the GA substrate binding mechanism. Two
theories have previously been proposed to explain the binding

—15.7 and 7.5 kJ/mol. The suggested substrate-induced ) . :
conformational changed.§) likely revolve around subsite of oligosaccharides to the subsites of glucoamylase. Both

2 in the enzymesubstrate complex (discussed later) and of thf_’se theories are primarily based on the high affi_nity of
hence the apparent subsite 2 affinity includes the energy SUPSite 2 (19-23 ki/mol for GAs from different organisms
expended by the enzyme to accommodate the substrate a2 7, 15, 3 as determined using Hiromi's model. Tana_ka
subsite 2 or any strain in the substrate to bind to both subsite2nd coworkersa1, 3§ have suggested that the nonreducing
1 and subsite 2. The affinities and binding energetics end of the substrate flrs_t binds to subs_l_teZand then slowly
obtained here conflict with Hiromi's model, wherein a relocates to subsite 1 (Figure 9A). Fagemsti@5) suggested
negative or indeterminable subsite 1 affinity was often thatitis aiso likely that the penulimate glucose moiety of
obtained, suggesting the low subsite 1 affinity included the the substrate (from the nonreducing end) first binds to subsite
energy required for the distortion of subsite 1. Here we show 2 t© form a loose complex and later the enzyme undergoes
that the affinity of subsite 1 is higher than subsite 2 in either cOnformational changes to form a more stable subsite 1,
of the two limiting cases discussed, consistent with subsite Which results in a tighter complex (Figure 9B). Since the
1 being the primary binding site. Although the range of subsite mpd_el derived by.leoml is not valid fAr awamori
values presented here for subsite affinities is admittedly large, GA @nd is likely not valid for other GAs as well, these
these values more accurately reflect the many experimentalPinding models need to be reinterpreted.
observations made with GA than Hiromi's model does, and We propose a substrate binding mechanism, which is
they gqualitatively provide a different mechanism for GA different from the ones outlined above, based on the pre-
activity. steady-state results for the glucose interaction, along with
The subsite 1 affinity is also not affected by solvent the three-step mechanism described for oligosacchaddgs (
isotope. As discussed earlier, the absence of an isotopicindirect evidence for substrate induced conformational
effect on glucose binding is reflected in a similar absence changes8), existing data from steady-state analysis of GA
of an effect on the subsite 1 affinity, presumably due to the mutants, and the known GA crystal structures. The nonre-
somewhat nonspecific nature of the hydrophobic binding ducing end of the oligosaccharide substrate first binds to
pocket containing several tryptophan residues which com- subsite 1. Upon initial binding at subsite 1, the affinity of
prise subsite 1. A lack of an isotope effect on Kevalue subsite 2 is enhanced through several mechanisms, including
suggests that the proposed hydrogen-bond interactions inan expected increase in effective concentration of the glucose
subsite 1, between Arg54 and Asp55 and the 4-OH and 6-OHunit in subsite 237), an associated decrease in entropy loss
groups of the glucose unit in subsite 13( 14, are not of the disaccharide binding to subsites 1 and 2 relative to
completely realized during the initial substrate complex two monosaccharides, and an accompanying conformational
formation, but rather, these bonds achieve their maximum change to enhance binding at subsite 2 and more distant
strength in the transition state for bond hydrolysis. Previous subsites (Figure 9C). The Trp120 loop residues, and Trp120
evidence for hydrogen bonding in subsite 1 playing a role in particular, plays an important role in the substrate-induced
in transition-state stabilization rather than ground-state conformational changes around subsite 2. Presumably, it is
substrate binding was obtained in steady-state experimentghese conformational changes around subsite 2 which are
using mutations at Asp538) and Arg54 84). The subsite reversed during the rate-limiting slow release of the reducing
2 affinity does show a solvent isotope effect suggesting that end from subsite 2.

Substrate Binding Mechanisnilhis information on the
subsite affinities and binding rates of GA provides new
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A)

B)

O

1 2 3 4

Ficure 9: (A) Schematic drawing of the proposed GA binding
mechanism36) showing an initial fast recognition step of substrate
to subsite 2 followed by a unimolecular rearrangement to the active
configuration. (B) Schematic drawing of the second proposed GA
binding mechanism35) showing an initial fast recognition step of
substrate primarily driven by the high affinity of subsite 2 of GA
followed by a conformational change at subsite 1 to obtain the active
configuration. C) Our proposed GA binding mechanism showing
primary binding at subsite 1 accompanied by conformational

changes and an increase in effective concentration which enhance

the affinity of subsite 2 and the adjoining subsites to form stable
subsites.

Significant differences in binding of the monomer glucose
and dimer maltose to GA indicate that the whole is greater
than the sum of the parts. While glucose binding is weak
(low K;) and slow (lowk;) enough to be observed by
stopped-flow techniques, maltose binding is substantially
stronger (25-fold higheK;) and too fast to be monitored

(17). Although these observations suggest that the second

glucose unit in maltose binds to GA much better than the
first unit, the binding itself seems to be initiated by the first
unit binding to subsite 1. Many instances exist where
individual molecules (say A and B) have weak or negligible
binding to biological molecules, while the covalently linked
molecule (A-B) has significantly higher affinity, as dis-
cussed in a review by Jenck37.

Natarajan and Sierks
CONCLUSION

A single glucose weakly binds to GA, under the conditions
studied, in a single step reversible mechanismt 65, <
EG;, quenching the enzyme fluorescence in the process. A
number of different lines of reasoning, including similar
fluorescence intensities of the GAnaltose and GAglucose
complexes, the high concentration of tryptophans around
subsite 1, several crystal structures of -GiAhibitor com-
plexes, pre-steady-state and steady-state kinetic modeling,
occurrence of condensation reactions, and similar binding
characteristics of glucose awdglucosyl fluoride, all taken
together, strongly suggest that glucose binds at subsite 1.
The Trp120 residue does not play a role in this glucose
recognition at subsite 1, although it does play a role in subsite
2 binding and product release. The subsite affinity map
originally proposed by Hiromi was calculated from steady
state kinetic data. Information about substrate binding cannot
be obtained from steady-state data where contributions from
enzyme-substrate and enzym@roduct complexes are often
inseparably mixed. Recent steady-state and pre-steady-state
kinetic studies have indicated that there are also several other
guestionable assumptions in the proposed mechanism. A
new method of calculating subsite affinities is needed. Here
we show that the affinities of subsites 1 and 2 of GA can be
calculated using the substrate association constants of glucose
and maltose from pre-steady-state experiments. Our results
indicate that subsite 1 has significantly higher affinity than
subsite 2 in the enzyme ground state, in contrast to the results
obtained with the previous model. This new subsite affinity
map of GA is consistent with other available evidence,
suggesting that substrate binding is initiated through subsite
1 interactions. The mechanism proposed here is also more
satisfying from an evolutionary perspective, since reducing
nonproductive binding increases enzyme efficiency, sug-
gesting that GA is not as primitive as previously believed.
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