8662 Biochemistry2004,43, 8662-8669

Detailed Kinetic Studies of an Aggregating Inhibitor; Inhibition of
Phosphomannomutase/Phosphoglucomutase by Disperse Blue 56
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ABSTRACT:. Phosphomannomutase/phosphoglucomutase occupies a central position in the pathways by
which several virulence factors are synthesize®seudomonas aeruginasdirtual screening was used

to identify potential inhibitors of phosphomannomutase/ phosphoglucomutase, and one compound, the
anthraquinone-based dye Disperse Blue 56, showed potent inhibition in vitro. The kinetics of inhibition
was complex; the time courses for reactions in the presence of the inhibitor were biphasic, suggestive of
slow-binding inhibition. Quantitative analysis of the progress curves and preincubation experiments
demonstrated that slow-binding inhibition was not occurring, however. Initial velocity kinetic studies
indicated that Disperse Blue 56 was a parabolic, noncompetitve inhibitor. Progress curves for reactions
in the presence of Disperse Blue 56 could be fitted very well by a model in which 2 equiv of the inhibitor
bound to free enzyme or the enzyrrmubstrate complex. The inhibition was largely relieved by the inclusion

of 0.01% Triton X-100 in the assay solutions, which has been suggested to be the hallmark for inhibition
by compounds that exert their effect through aggregates [McGovern, S. L., Caselli, E., Grigorieff, N., and
Shiochet, B. K. (2002). Med. Chem. 451712-1722]. Our kinetic data appear to be consistent with
either inhibition by a dimer of Disperse Blue 56 or inhibition by a Disperse Blue 56 aggregate, but the
latter appears much more likely. We present a detailed analysis of the system to provide further information
that may help in the recognition of inhibition through aggregation.

Recent elegant work by Shoichet and co-workers has Scheme 1

called attention to the pervasive problem presented by small NH, O  OH
organic molecules that appear to be potent enzyme inhibitors cl
but act relatively nonspecifically. The inhibition appears to OOO

arise from aggregates of the organic molecules that form in
aqueous solution, and Shoichet has called these compounds OH O NHp
aggregating inhibitors and discussed some of their inhibitory
properties 2, 3). The aggregates that form from the organic
molecules are detectable by dynamic light-scattering, an

pathway. Although Disperse Blue 56 was identified by
dstructure—based screening methods, experimental character-

the mechanism by which they inhibit enzymatic reactions ization of its action suggests that at least part of its potency

appears to involve adsorption of the enzyme onto the surface™aY derive from aggregation. We have conducted a kinetic

of the aggregate. Many chemical libraries harbor aggregatingStUdY of Disperse Blue 56 inhibition of PMM/PGM. To our
inhibitors, so their identification in screening efforts is a knowledge, this is the first detailed kinetic characterization

significant issue for the pharmaceutical industry. Pf gr)_aggregating inhibitor. The results demo.nstrate. that
We have been utilizing virtual screening methods to inhibition causeq by_aggregaﬂo_n can appear quite similar to
identify inhibitors of the enzymes involved in alginate other modes of inhibitory behavior. Thus, although aggregat-

biosynthesis irPseudomonas aeruginasane of our prom- ing i_nhibitors can be recognized fe?‘d”Y when one Is
ising leads was the organic dye Disperse Blue 56, 2-chloro- predlspo§ed to Igok for them, the kinetic properties o_f
1,5-diamino-4,8-dihydroxyanthraquinone (Scheme 1), which aggregating inhibitors could also lead one to explain their
shows potent’ inhibition of PMM/PGM the enzyme ’that behavior in terms of more standard kinetic models; we offer
catalyzes the second step in the élginate biosyntheticthe present analysis to help identify some characteristics that
may facilitate recognition of aggregating inhibitors.
In P. aeruginosathealgC gene encodes a phosphohexose
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exopolysaccharide secreted by the bacteria, which serves &cheme 2
protective function against antibiotics and the host immune E+S =—= ES——> E4+P
response. The phosphoglucomutase activity forms glucose
1-P, which is an intermediate in lipopolysaccharide and ‘/ DB ‘/ DB
rhamnolipid biosynthesi$?. aeruginosds an opportunistic

) o E-DB E-S'DB
pathogen that does not respond well to conventional antibiotic

treatment; it poses a particular threat to cystic fibrosis patients ‘V DB ‘/ DB
and patients with compromised immune systeB)s Algi-
nate, lipopolysaccharide, and rhamnolipids are all virulence E+(DB), E-S+(DB),

factors that play roles iPseudomonasfections. Because
PMM/PGM is required for the biosynthesis of all three (13). Selected compounds were purchased and tested as
compounds, it is a uniquely attractive target for drug inhibitors of PMM/PGM.
development. Materials. PMM/PGM was obtained fror&scherichia coli
Extensive crystallographic studies have revealed the cells that overexpress tlaégC gene, as previously described
interactions between active-site residues and the substrate§l4). The PMM/PGM that was used in these studies has a
and products that enforce the specificity of the PMM/PGM (His)e-tag at the N-terminus to facilitate purification. The
reaction while still allowing two different substrates and two tag has no influence on the kinetic characteristics of the
different products to bind at the same active si®. ( enzyme. Glucose 1-P, glucose 16RAD, andLeuconos-
Importantly, the structural data also provide the starting point toc mesenteroidegiucose 6-P dehydrogenase were obtained
for computer-aided searches for potential inhibitors. Kuntz from Sigma. Glucose 1-P was purified by anion exchange
and co-workers have developed the program DOCK as achromatography to remove contaminating glucose %,6-P
means to explore potential binding interactions between (15). Disperse Blue 56 was obtained from Aldrich and was
proteins and ligands8f. Combining DOCK with a virtual used without further purification. Mass spectral aHdNMR
library of chemical compounds and a specified scoring analysis revealed that the commercial preparation was a 7:3
function allows one to identify potential inhibitors for any ~mixture of nonhalogenated to halogenated material.
enzyme whose structure is known. Screening the Available Kinetic AssaysThe PMM/PGM reaction was followed in
Chemicals Directory database against the structure of PMM/ the reverse of the biosynthetic direction using a coupled assay
PGM led to the prediction that Disperse Blue 56 should be With glucose 6-P dehydrogenase. All spectrophotometric
a good ligand. In fact, Disperse Blue 56 showed potent assays were conducted at 25 in 1 mL cuvettes using a
inhibiton of PMM/PGM, but the kinetic behavior was Varian 50 Bio spectrophotometer. Unless otherwise noted,

relatively complex. reactions were initiated by the addition of PMM/PGM to
the cuvette. Reactions were conducted in 50 mM MOPS,
MATERIALS AND METHODS pH 7.4, containing 1 mM DTT, 1.5 mM MgS©0.9 mM

_ NAD™, and variable amounts of glucose 1-P. The activator
_ Computational MethodS.he DOCK software§) and an  glucose 1,6-P was not present in these assays, unless
implemented pairwise GB/SA scoring functid) (vere used explicitly noted.

to screen the ACD database (MDL, Inc.) for potential  Experiments in which PMM/PGM was preincubated with
inhibitors. FirSt, the active site of PMM/PGM was chosen the inhibitor were conducted in a volume of ,501 33‘MM

as the potential binding site and was characterized. TheppM/PGM was incubated with 10M Disperse Blue 56 in
crystal structures of PMM/PGM in complex with the the presence and absence of 2 mM MgS@d 5.3uM
substrates glucose 6-P and mannose 6-P and the productglucose 1-P. Aftea 1 hincubation at room temperature, a
glucose 1-P and mannose 1-P are all very simiu(RDB 10 4L aliquot was removed from each reaction mixture and
code 1P5D; 10)). A complex with the inhibitor xylose 1-P diluted inb a 1 mL cuvette containing the components of
bound was used in our modeling calculations. The water the standard coupled assay. The 100-fold dilution reduced
molecules and the xylose 1-P molecule were removed from the concentration of Disperse Blue 56 below inhibitory levels.
the crystal structure. The Zn atom was replaced by a catalytic Dynamic Light ScatteringSolutions of Disperse Blue 56
Mg atom and was treated as part of the protein. The Amber were characterized by dynamic light scattering using a
protein parametersl () were used for charge and atom type  protein Solutions DynaPro 99 instrument. The Disperse Blue
assignments for the protein via the Sybyl software (Tripos, was prepared as a stock solution in DMSO and diluted into
Inc). On the basis of the phosphorylation state of the catalytic fijjtered 100 mM MOPS, pH 7.4 for the measurements.
serine, S108, two forms of PMM/PGM were considered: the |mmediately prior to data collection, samples were vortexed

phosphorylated form and the dephosphorylated form. The for 5 s toensure an even distribution of particles. At least
SPHGEN program in the DOCK software was used to 20 measurements were taken on each sample.
generate the negative image of the active site of PMM/PGM  pata Analysis.The time courses for the PMM/PGM
for the docking process. reaction in the presence of Disperse Blue 56 were fitted to
Second, each compound from the ACD database (MDL eq 1, where P is the produey, is the initial velocity of the
Information Systems, Inc.) was docked into the active site reaction,us is the steady-state velocity that it reaches, knd
of PMM/PGM and scored with the pairwise GB/SA scoring is the rate constant for the transition between the two kinetic
function. The initial conformation of each compound was phases. Values fok that were obtained from eq 1 were
generated using the CONCORD algorithr?). Both rigid evaluated using eq 2, which describes the relationship
docking and flexible docking were performed. The top 200 betweenk and the rate constants for interconversion of the
ligands were examined visually using the MidasPlus program inhibitory complexes that are shown in Schemé@@) (Initial
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Ficure 2: Timecourses for product formation in the presence of
Disperse Blue 56. Assay conditions are given in the text; each
reaction was initiated by the addition of 3.8 PMM/PGM.

Ficure 1: Predicted binding mode for DB in the active site of
dephospho-PMM/ PGM. The DB molecule is displayed in stick 250 T T T T ' T
mode and colored by atom type (red for O, blue for N, gray for C, o T
white for H, and magenta for halogen). The molecular surface of
PMM/PGM is colored in gray except the residues that may 200
potentially form hydrogen bonds with DB: S108, magenta; H109,

cyan; K285, blue; E325, red; and T426, yellow. The figure was
prepared with the MidasPlus software (UCSF).

150

velocity kinetics data were fitted to eq 3, which describes
parabolic, noncompetitive inhibition. In eq Bjs; and Kjj;

are the dissociation constants for the inhibitor from the E 100
and ES:| complexes, respectively, arls, andKj, are the
dissociation constants for the second equivalent of inhibitor

from the E(I), and ES-(l), complexes, respectively. 80 wat i
P=ut+ (v, — v)(1— e "k 1) . . . AR " B
0
|/K (] 0.01 0.02 0.03 0.04 0.05 0.06 0.07
k= k6 + ks(—l) (2) 1G 1P
1+ AKy 1K Ficure 3: Initial velocity kinetics data for the PMM/PGM reaction

in the absence of Disperse Blue 58)(and at 1uM (O), 2 uM
Y= VA ) 3) (m), and 4uM (O). The points are experimental, and the lines are

( I |ZZ) ( [ 12 the fit to eq 3. Insets: (A) slope replots from individual data sets
KIl+—+—|+A1l+—+— collected at each Disperse Blue 56 concentration and fitted to the
Kii iz Michaelis—Menten equation. (B) Intercept replots from individual
data sets collected at each Disperse Blue 56 concentration and fitted
Numerical fitting of progress curves to various models for to the Michaelis-Menten equation. (C) Initial velocities in the

the enzymatic reaction was performed using the program Presence of 50@M glucose 1-P, and Disperse Blue, as shown.

Dynafit (17). from slow binding and slow release of the inhibitor, PMM/
RESULTS PGM was preincn_Jbated With [?igperse Blue 56 and then
assayed after diluting out the inhibitor. Regardless of whether
Virtual screening of the ACD database suggested severalthe enzyme was incubated with Disperse Blue 56 alone or
dozen compounds that might be inhibitors of PMM/PGM. in the presence of Mg and glucose 1-P no lag in product
Forty compounds were obtained and tested experimentally;formation was observed upon addition of the enzyme
Disperse Blue 56 was identified as a potential ligand to inhibitor complex to the assay solution (data not shown).
dephospho-PMM/PGM (Figure 1). In assays of PMM/PGM  In addition to the slow onset inhibition, Disperse Blue 56
activity it showed potent inhibition and was therefore also affected the initial velocity of PMM/PGM-catalyzed
characterized further. No inhibition was observed when the reactions. The initial velocity data are shown in Figure 3 in
analogue of DB lacking a halogen, 1,5-diamino-4,8-dihy- the form of a reciprocal plot. Replots of the slopes and
droxyanthraquinone, was tested. Time courses for reactionintercepts for the data obtained at each inhibitor concentration
in the presence of Disperse Blue 56 are illustrated in Figure were nonlinear (Figure 3A,B). To confirm the nonlinear
2; it is apparent that inhibition is a time-dependent phenom- nature of the inhibition, initial velocities were measured at
enon. To determine if the time-dependent inhibition arose 500 uM glucose 1-P at a number of different inhibitor

Kisl I<is
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0.25 . . . . . . concentraton of 1@M, the DB solution contained a broad
G 1,6-P, (M) range of particles whose mean radius was 43.4 nm and mean
1.0 molecular mass was 32 000 kDa; the polydispersity index
0.2 |- 7 was 0.51, and the average intensity of the light scattering
was 92.4 kilocounts per second. A &0/ solution of DB
0.5 . . .
contained particles whose mean radius was 134.2 nm and
g 018 mean molecular mass was 2 000 000 kDa. The solution was
8 quite heterogeneous, indicated by a polydispersity index of
2 oA 0.67, and the average intensity of the light scattering was
< - 808.3 kilocounts per second.
005 1f | DISCUSSION

P. aeruginosais an opportunistic pathogen that poses
L severe risks for many patient groups, including those who
0 L L L L L L must endure prolonged hospital stays, immunocompromised
0 e patients, and cystic fibrosis patient$9[. Several factors
Time (min) contribute to the pathogenicity &. aeruginosaincluding

tﬁ;gugsrzgénlggec)?tg)ifs,gggzsglL}éﬁgfzib %Lh;cgohf]“géiﬁmornesagggii\?en inthe production of alginate and the biofilm mode of growth
the text; each reaction was initiated by the addition of &3of that mature bacterial populations adojt. aeruginosa
PMM/PGM. growing in the biofilm mode exhibit greatly reduced

sensitivity to antibiotic treatment, compared to those growing

concentrations. As shown in Figure 3C, the reciprocals of in the planktonic state. This suggests that compounds that
the initial velocities were clearly nonlinear with respect to interfere with biofilm formation, and the production of
Disperse Blue 56 concentration, confirming the parabolic constituents of the biofilm may be useful in the treatment of
nature of the inhibition 18). The entire family of data in ~ P. aeruginosanfections. PMM/PGM plays a central role in
Figure 3 was fitted to eq 3, which describes parabolic, the biosynthesis of three distinct virulence factors: alginate,
noncompetitive inhibition. The values obtained from this rhamnolipid, and lipopolysaccharide. For this reason, it is
analysis weréis; 5.0 + 3.6,Kis» 2.4+ 0.4,Ki; 5.6 + 1.4, an attractive target for drug design.
andKj, 20 £ 7 uM. Rational drug design may proceed by defining the transi-

The effect of glucose 1,6,Pon DB inhibition was tion state for the catalytic process and then preparing stable
investigated. As shown in Figure 4, glucose 18rereases ~ compounds that act as transition state mim@).(In the
the amplitude of the burst phase that occurs prior to onsetcase of PMM/PGM, it is difficult to mimic the transition
of the slow, inhibited phase of the reaction. Although it is state for phosphoryl transfer with stable compouhds
not readily apparent from the figure because the substrate@lternative to transition state analogue design is to utilize
became depleted at high glucose 1&8hcentrations before ~ available structural information to identify ligands that are
the steady-state velocity was achieved, fitting the time coursepredicted to bind in the enzyme active site. A number of
to eq 1 suggested that glucose 16d¥so relieved the  computational methods have been developed for evaluating
inhibition of the steady-state phase of the reactions as well. protein-ligand interactions, and this methodology has the

Shoichet and co-workers have suggested that relief of @dvantage of being easily adapted to virtual screening of
inhibition by Triton X-100 can be used as a criterion to V&rous chemical compound databases.
identify aggregating inhibitors3j. In fact, the presence of By screening the ACD database against the structure of
0.01% Triton X-100 did reduce the inhibitory behavior of dephospo-PMM/PGM, Disperse Blue 56 was identified as a
DB quite significantly. At 6uM DB, the steady-state velocity ~ Potential ligand. The predicted binding mode of DB is
of the PMM/PGM reaction was reduced to 15% of that in Somewhat different from the binding mode of the natural
the absence of inhibitor, but when 0.01% Triton X-100 was Substrate glucose 1-P that is observed in the crystal structure
present, the steady-state velocity was 75% that of the controlof the phospho-PMM/PGM-glucose 1-P compl& OB is
reaction in which DB was absent. Thus, although DB does Predicted to form hydrogen bonds with S108, K285, and
still show inhibition toward PMM/PGM in the presence of E325, as does glucose 1-P. Further, DB may potentially form
Triton X-100, it appears that DB derives much of its potency hydrogen bonds with H109 and T426 (Figure 1). Glucose
from acting in an aggregated or multimeric form. 1-P forms hydrogen bonds with H308, R421, and N424, but

Another unique feature of aggregating inhibitors is that these residues are predicted not to interact with DB.
inhibition is attenuated as the enzyme concentration increases | ne predicted inhibition of PMM/PGM by DB was borne
(2). Under the standard conditions used in the experimentsOut experimentally. However, the kinetic behavior of PMM/
reported here, PMM/PGM was present at 8@mL, and PGM in the presence of DB turned out to be more_co.m.pllex
when assayed in the presence of 268 glucose 1-P, the Fhan might have beeq expected. The relief of thg .|nh|b|t|on
apparent Ig for DB was approximately %M. When the in the presence of Triton X-100, and the sensitivity of the
PMM/PGM concentration was increased to &% mL, no

inhibition by DB was observed, up to a concentration of 10 2 Vanadate esters, which form spontaneously and nonspecifically
UM. between vanadate and hydroxyl groups on carbohydrates, have often

- . been found to inhibit enzymes catalyzing phosphoryl transfer. Although
Dynamic light scattering measurements demonstrated that,anadate is a potent inhibitor of rabbit muscle PG, {t has little

DB exists as an aggregate in agueous solution. At a nominaleffect on PMM/PGM (P. Tipton, unpublished observations).
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Scheme 3
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inhibition to protein concentration strongly suggest that the  The reciprocal plots obtained with glucose 1-P as the
potency of the inhibition derives from properties of multi- variable substrate in the absence of glucose %,6¢@ in
meric forms of DB, or a DB aggregate. However, this the presence of DB defined a family of intersecting lines
possibility was not immediately apparent to us, and our with distinct y-intercepts. The inhibition pattern indicated
analysis of the kinetics of DB inhibition show that inhibition that DB acts as a noncompetitive inhibitor versus glucose
by aggregation of the inhibitor may be interpreted in terms 1-P. If DB bound only to the same enzyme form as glucose
of other models that are more familiar to enzymologists.  1-P (i.e., phosphorylated PMM/PGM), it would be predicted
Consideration of the structure of DB clearly suggests a to act as a competitive inhibitor. Conversely, if it acted as a
mechanism by which it can aggregate; the functional groups dead-end inhibitor that bound only to the enzynsebstrate
can hydrogen bond to form an infinite two-dimensional array, complex or enzymeintermediate complex, it should act as
or -stacking may lead to aggregation. Nonetheless, somean uncompetitive inhibitor. The observed noncompetitive
properties of the system did not make it an obvious candidateinhibition suggests that DB can bind to both the free enzyme,
as an aggregating inhibitor. DB is quite soluble in water, at affecting the slopes of the reciprocal plots, and to the
least initially, although precipitates can be observed to form enzyme-substrate or enzymentermediate complex, af-
over time. Although aggregating inhibitors are usually fecting the intercepts of the reciprocal plots. Thus, the
nonspecific, DB appeared not inhibit the coupling enzyme predicted binding mode of DB shown in Figure 1 is not
used in the assay, glucose 6-phosphate dehydrogenase. 3-[(4&0nsistent with its apparent binding to the phosphorylated
Phenoxyanilino)methylene]-2-benzofuranHi®&ne, which form of the enzyme, nor is it consistent with conclusion that
has been characterized as a nonspecific aggregating inhibitogt least 2 equiv of DB (vide infra) are required for potent
when assayed with-lactamaseg), did not show significant  inhibition.
inhibition of PMM/PGM (data not shown). Finally, glucose The slope and intercept replots of the DB inhibition data
1,6-R, relieved the inhibition by DB; we do not yet were nonlinear (Figure 3A,B). The points fitted well to a
understand the mechanism underlying the effect of glucoseparabolic function, suggesting that 2 equiv of inhibitor bind
1,6-B. These results suggest, perhaps not surprisingly, thatto the enzyme8). The parabolic inhibition was confirmed
although aggregating inhibitors do act relatively nonspecifi- by measuring the velocity of the reaction under saturating
cally, individual enzymes will vary in their sensitivity to  conditions as a function of DB concentration (Figure 3C).
inhibition. The steady-state kinetic mechanism suggested by these data
Because more and more aggregating inhibitors are likely is shown in Scheme 2. It is worth considering whether
to be identified, we believe that it is useful to present a parabolic inhibition can arise from aggregation of the
detailed kinetic analysis of a system in which aggregation inhibitor. Eq 3 accounts for parabolic inhibition through the
behavior is a contributing factor to the observed inhibition. squared terms for inhibitor concentration in the denominator
This should not only provide insights into the mechanisms of the function. The function describing inhibition by an
of action of such inhibitors but also provide guidelines to aggregate of the inhibitor should contain higher order terms,
facilitate their recognition. up to the number of inhibitor molecules in the aggregate.
The inhibition of PMM/PGM by DB was clearly a time-  As can be seen from Figure 3, the simpler model fits the
dependent process, that is, the potency of the inhibition data quite well. However, if additional, higher order terms
appeared to increase during the course of the reaction. Thévere to be added to eq 3, the data would have to be fitted at
result, as illustrated in Figure 2, was biphasic time courses, least as well (since adding additional parameters to the
in which the steady-state velocity was not achieved until after function would not decrease the quality of the fit). Probably
10-20 min of reaction. Close examination of the early the most reasonable way to view the data is to recognize
portions of the time course revealed that the initial velocities thatKi andKi, are apparent inhibition constants that contain
of the reactions were also inhibited by DB. Therefore, our contributions from a variety of inhibitory species.
analysis of DB inhibition began by defining the mode of = We initially considered two mechanisms to explain the
inhibition observed in the initial velocities. shape of the PMM/PGM timecourses in the presence of DB
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(Scheme 3). The classic explanation for time-dependent DB DB
inhibition, such as that shown in Figure 2, is that it results E = ppg —— E+(DB),
from slow isomerization of the initial enzymenhibitor G 1,6-Pp

complex, to a second, more stable complex, from which the ... ... \ﬂ __________________________ _
inhibitor dissociates only very slowly16) (Scheme 3A). An ! EP+G1-P == EPGTP Mo, EBG16P, S5m EPLGEP ;

alternative explanation for the observed inhibition of PMM/ DB V DB
PGM is that DB inhibition arises from preferential binding “|k
to the dephospho form of the enzyme that is generated during; E-P-08 E-P-G 1-P-DB
turnover. During the catalytic cycle, PMM/PGM donates a keﬂf DB }/ DB
phosphoryl group to the substrate to generate a bisphosphos:
rylated intermediate. Infrequently, the intermediate dissoci- § E-P0B): E-P-G 1-P+(DB); ;
ates from the enzyme active site, leaving dephoSphorylated:--- -« oo eormme
enzyme that is catalytically incompetent until it is rephos- Ficure5: Kinetic model used to fit progress curves for the PMM/
phoryated by glucose 1-P, glucose 6-P, or glucose 1%-P PGM reaction in the presence of Disperse Blue 56. The section of
If DB were to trap the dephosphorylated enzyme and preventthe model enclosed in the box was sufficient to yield a good fit.
its rephosphorylation, it would have the effect of inhibiting
the reaction (Scheme 3B). Since DB was identified through
virtual screens against the dephosphorylated form of PMM/
PGM, we initially considered that the previous scenario was . o ; ) .
a likely cause of the observed inhibition. obs_erv_a'glpns are qualltatlvel_y consistent with the mechanism
Slow-binding inhibition does not seem to be occurring with for inhibition that is shown in Scheme 3B.
DB, based on several observations. First, we analyzed the Because of the complicated nature of the relationship
progress curves in the presence of DB using eq 1 to obtainbetween activation of PMM/PGM by glucose 1,6-&d
values fork, the rate constant for the interconversion between Substrate inhibition by glucose 1-P, as well as the apparent
the initial velocity and the steady-state velocity of the time-dependentand parabolic nature of the inhibition by DB,
reaction. Eq 2 describes the relationship betwieand the we sought to evaluate the mechanistic possibilities for
rate constants for interconversion of the two enzyme inhibition by fitting the experimental time courses to different
inhibitor complexesks andks. It can be seen thatshould ~ models utilizing the computer program Dynafif7f. A model
be a linear function of the quantity that multipligsin eq incorporating DB binding to free enzyme, enzyrseibstrate,
2. However, a plot ok versus [/Ki)/(1 + AlKn + I/K;) was and enzyme-inhibitor complexes was constructed (Figure
nonlinear, and linear extrapolation to trexis, which should ~ 5). The model also incorporated the sequential binding of
represenks, provided a negative value. two molecules of inhibitor to each complex. The experi-
More direct evidence against the model in Scheme 3A was mental data were fitted to the model quite satisfactorily; we
provided by a preincubation experiment in which PMM/PGM then proceeded to eliminate portions of the model and
was incubated with DB fol h and then diluted into a  €valuate whether the remaining portions were sufficient to
solution containing substrate. If the observed potent inhibition obtain a good fit. (We have focused on reproducing the DB
were due to slow release of DB from the EI* complex, a concentration dependence and the shape of the time courses;
slow return of activity, which provides a direct measure of We do not consider the values of the rate constants that were
ke, should have been observed. In fact, no lag in activity obtained through the e}nalysis to be significant since the data
was apparent; enzyme incubated with DB in the absence ofWwere collected at a single substrate concentration and the
Substrate, or in the presence of M@JOne or in combination number of rate constants in the model is far too h|gh to allow
with glucose 1-P, showed identical activity with a control them to be determined uniquely.) We found that eliminating
sample that had been incubated in the absence of DB. Thusfrom the model the steps that described the binding of the
slow-binding inhibition did not seem to be the basis for the Second equivalent of DB precluded obtaining satisfactory fits.
inhibition of PMM/PGM by DB. However, removing the branch of the mechanism that
To evaluate whether trapping of dephosphorylated enzyme,described binding of DB to the dephosphoenzyme
as shown in Scheme 3B, provides a more satisfactory'”ter_me.d'ate complex haq no 'effect on convergence to a
explanation of the experimental data, we examined the effectualitatively satisfactory fit (Figure 6). Thus, all of the
of added glucose 1,6,Rn DB inhibition. If DB traps the ~ Properties of DB inhibition can be explained by a model in
dephosphorylated enzyme, one would predict that glucoseWh'Ch 2 equiv of DB serve as the true inhibitory species.
1,6-R would relieve DB inhibition. In fact, it can be seen in Shoichet has pointed out that aggregating inhibitors can
Figure 4 that glucose 1,6;8reatly stimulates the burst phase be recognized readily by adding an agent to disperse the
of the reaction. It is more difficult to gauge the effect of aggregate; Triton X-100 appears to be particularly useful.
glucose 1,6-Pon the steady-state velocity of the reactions Triton X-100 relieves most of the inhibition of PMM/PGM
because at the higher concentrations of glucose 116 by DB; on the basis of these data, and the observation that
substrate became depleted before the steady-state phase &fB forms aggregates that are detectable by light-scattering,
the reaction was reached. (It was not possible to use higherwe concluded that DB derives at least some of its potency
concentrations of glucose 1-P in these experiments becausdy acting as an aggregating inhibitor. This conclusion was
of substrate inhibition arising from competition between substantiated by the observation that DB inhibition disappears
at higher concentrations of PMM/PGM. These considerations

3 Kinetic studies indicate that glucose 1,8efssociates from PMM/  Suggest that although our kinetic data can be explained by
PGM once every 14 cycles (P. Tipton, manuscript in preparation).  parabolic, noncompetitive inhibition involving 2 equiv of DB,

kg

k1o

glucose 1-P and glucose 1,6-Por dephospho-enzyme.)
However, fitting the timecourses to eq 1 yielded values for
vs that increased with increasing glucose 1,6-Phese
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FiIGURE 6: Results of fitting experimental timecourses to the kinetic
model shown in Figure 4. The data poin®) @re the same as those
shown in Figure 1, but only 10% of the points are shown to facilitate
a comparison between experimental and fitted timecourses. The
fitted timecourses are shown as solid lines. All bimolecular rate
constants were set aM ! s7%; ks andks were fixed at 25.2 and
3000 s'1, respectively. Values fdt; andks were poorly determined
by the fit, so they were fixed at 800 and 0.13,srespectively, in
the final fitting. The values determined by the fit wdee1249+
4, ks 398+ 63, andkyp 9.6 x 1074+ 7 x 10°sL

it is much more likely that inhibition arises from aggregates
of DB.

It is worthwhile to reiterate the kinetic properties that DB
inhibition exhibited; it would be interesting to examine other
aggregating inhibitors to determine whether these are general
First, the time courses were biphasic, suggestive of slow
binding inhibition. However, quantitative analysis of the

progress curves showed that the dependence of the observed

rate constank in eg 2 on inhibitor concentration was not
linear. Extrapolations of the data to zero inhibitor concentra-
tion yielded a negative value for the rate constant for
conversion of the putative EI* complex back to El. Prein-
cubation experiments directly demonstrated that slow binding
inhibition was not occurring because there was no lag in the
achievement of the steady-state velocity upon dilution of the
inhibitor. The initial velocity kinetic data were fitted well
by the function describing parabolic, noncompetitive inhibi-
tion. The nonlinear nature of the relationship between
reaction velocity and inhibitor concentration is another clue
that inhibition via aggregation may be occurring. This brings
up a possible ambiguity that emerges from the kinetics
experiments; in the absence of other data, it is difficult to
distinguish between aggregating inhibition and inhibition that
arises from a dimer of the inhibitor. If the inhibitory species
is truly a DB dimer, then its potency must be exquisite since
it is likely to be a minor component of the DB solution. On

the other hand, the apparent potent inhibition suggested by

the Dynafit analysiskq for the dissociation of DB from the
E—P-G 1-P-(DB), complex,~1 nM) is more likely to be

the product of many dissociation constants representing many

different inhibitory species. This inhibition constant cannot
be compared directly to those derived from eq 3 since they
report on the initial velocity portion of the reaction only. In
general, it would seem that when parabolic inhibition, or
time-dependent inhibition that is not linearly dependent on

Liu et al.

inhibitor concentration, is observed, it would be prudent to
consider whether the system under investigation may be
prone to aggregation behavior. Addition of a detergent to
disperse the aggregate and determination of the sensitivity
of inhibition to enzyme concentration are simple experiments
that should be performed to help clarify the origin of the
inhibition.
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