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ABSTRACT: Bisubstrate inhibitors represent a potentially powerful group of compounds that have found
significant therapeutic utility. Although these compounds have been synthesized and tested against a number
of enzymes that catalyze sequential bireactant reactions, the detailed theory for predicting the expected
patterns of inhibition against the two substrates for various bireactant kinetic mechanisms has, heretofore,
not been presented. We have derived the rate equations for all likely sequential bireactant mechanisms
and provide two examples in which bisubstrate inhibitors allow the kinetic mechanism to be determined.
Bisubstrate inhibitor kinetics is a powerful diagnostic for the determination of kinetic mechanisms.

Enzymes that have two substrates and catalyze theirantibiotic (1). Fluorodeoxyuridine monophosphate (FAUMP)
reaction via initial ternary complex formation, followed by is widely used to treat human proliferative disorders. This
chemical steps and product release, are by far the mostmolecule forms a covalently linked bisubstrate analogue after
numerous in biological systems. These include kinases,chemistry is initiated by thymidylate synthasd.(Finally,
dehydrogenases and reductases, glycosyl-, methyl-, acetyl-jsoniazid (isonicotinic acid hydrazide) is a pro-drug used in
succinyl-, myristoyl-, palmitoyl-, farnesyl- and geranyltrans- the prophylaxis and treatment of tuberculosis. It is oxidized
ferses to name just a few. The vast majority of these by the mycobacteriakatGencoded catalase-peroxidase,
bireactant mechanisms are catalyzed via sequential kineticgenerating an isonicotinoyl radical that reacts with NAD
mechanisms in which the binding of the two substrates canand NADP" to form the 4-isonicotinoyl adducts that are
be ordered or random, as distinguished from ping-pong nanomolar, bisubstrate inhibitors of tHdycobacterium
kinetic mechanisms typified by PLP-dependent amino trans- tuberculosisenoyl-ACP reductase (InhAB) and dihydro-
ferases and flavin-dependent oxidoreductases. In addition,folate reductase (DHFR}], respectively.
there are sequential bireactant segments in ter-reactant Bisubstrate inhibitors have been particularly useful in
mechanisms, including those reactions catalyzed by aminostudies of the Gcn5-relatell-acetyltransferase (GNAT)
acyl-tRNA synthetases and other synthetases and ligasessuperfamily. One of the very first examples of such a
where activation of one substrate is accomplished by the designed bisubstrate analogue was the synthesis of a gen-
formation of an activated (often adenylylated or phospho- tamicin-acetylCoA and the demonstration that it inhibited
rylated) enzyme-bound intermediate that reacts subsequenththe gentamicirN-acetyltransferase with nanomolar affinity
with a third substrate. All of these varied reactions have, (5). More recently, AuClair and co-workers have generated
and can be, probed by the design of bisubstrate analoguea series of BN-acetylCoA bisubstrate analogues with
inhibitors. nanomolar affinity for théenterococcus faecalis aacjdy-

The covalent coupling of two substrates can potentially encoded aminoglycoside-Bl-acetyltransferase). Cole and
increase the affinity of the “bisubstrate” by the product of Co-workers similarly prepared a bisubstrate analogue of
the two association constants of those substrates. This igryptamine-acetylCoA and demonstrated that this compound
rarely achieved, since covalent mimics of a transition state bound to serotoninN-acetyltransferase with nanomolar
cannot be chemically attained. However, this has not affinity (7). The bisubstrate analogue exhibited competitive
prevented the use of bisubstrate analogues as biochemicainhibition versus acetylCoA (AcCoAK; = 90 nM) and
and structural probes of mechanism and, in a surprising noncompetitive inhibition versus tryptamine. This compound
number of cases, has led to the development of compoundgvas also cocrystallized with the enzyme, allowing for specific
with powerful therapeutic properties. Mupirocin (pseudomon- residues involved in binding and catalysis to be assesjed (
ic acid-A) is a femtomolar inhibitor of bacterial isoleucyl- Finally, bisubstrate peptidylCoA analogues have been syn-
tRNA synthetase and is the most widely used topical thesized and shown to inhibit tietrahymendscn5 (tGen5)

histone acetyltransferase at submicromolar lev@ldi this
_ latter case, the N-terminal 20-amino acid sequence of histone
G,\;ETZ%O&V‘,’D&T;SC[{g’g?{ée%bzyg%%rggt?t?'@%?9 (toJ.SB)and 3 \yas linked to CoA via stable-lysyl-amide and
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mechanisms has not been described in detail. Here we present 1 [K K, K, Uasl\ 1 Ko 1
v \VB]  V V[B]+\_/(2)

a theoretical analysis of bisubstrate inhibition for enzymes VB v K.
catalyzing both random and ordered kinetic mechanisms. The :

theory is borne out experimentally in two such systems. An apfK; is obtained from the slope replot (slope vs 1/[B])

THEORY and is defined as the value of[ls] when the slope is equal

. . . to zero. From eq 2
Bisubstrate Analogue Dead-End Inhibition Studighe

treatment of the kinetics of bisubstrate analogue inhibitors apK, = K, (3)
was briefly discussed by Fromrh@) and Cleland11). Given

the interest in the synthesis and analysis of these compoundsyyith B varied, both the slope and the intercept of a plot of
we have developed theory and present equations for inhibi- 1/, versus 1/[B] are affected by ls and the inhibition is
tion by freely reversible bisubstrate analogues in bireactant noncompetitive. Expressions for a@fip obtained from the

mechanisms. The ordered and random cases are considered|ope and intercept replots as a function of [A], as discussed
steady-state equations developed, and the expressions for thenoye, give egs 4 and 5, respectively.

intrinsic K; of the inhibitor presented. To assess the inhibition
pattern, the initial rate is measured with one reactant [A]
concentration fixed equal to it§, (unless otherwise speci- apK; = Ki(l + K_) (4)
fied) and the level of the other reactant varied at different a
fixed concentrations of the inhibitor, including zero. [A]

Consider an ordered bi-bi reaction mechanism for which apK; = Ki(l + ?) (5)
a bisubstrate analoguey-k, is a mimic of both reactants, a
i.e., functionally contains both reactants, or structural ana- o o ]
logues of the reactants, covalently linked to one another. In I the mechanism is equilibrium-ordered, the rate equation
the simplest and likely the most frequently observed case, 'S
Ia—s Will bind only to E as shown in Scheme 1.

VIAI[B]

[l a-sl

K.

v= (6)

Scheme 1

KiaKb(l + ) + Ki[A] + [A][B]

A B Products and l_g is competitive versus both A and B. With A varied,
the ap; is equal toK;, while if B is varied, apii = Ki(1

+ [A]/Ky). This mechanism can be distinguished from the
, [ random mechanism discussed below since the primary plot
E EA (EAB = EPQ) E with [B] varied at different fixed concentrations of A, in the
absence of inhibitors, will intersect on the ordinate.

The random mechanism will behave like the equilibrium
ordered mechanism but gives primary plots that intersect to
the left of the ordinate whatever substrate is varied. As for

Once bound, the analogue occupies the A and B subsites ofn€ ordered mechanisms,-k can combine only with E
the active site and precludes binding of either A or B. In the (Scheme 2).

case of the mechanism shown as Schemealg Will
compete with A for E, but B can still bind to EA. As a result,
increasing the level of B will eliminate some of the inhibition
because it increases the competitiveness of A by trapping
EA in EAB, and/or complexes downstream, from which A
cannot escape. If the mechanism is equilibrium ordered,
inhibition can be completely eliminated as the concentration
of B increases and all enzyme is forced into central
complexes. The rate equation for the steady-state ordered
case is given below and is derived from the rate equation in
the absence of inhibito(12) by multiplying the terms
representing E in the denominator of the rate equation by 1
+ [la—g)/Ki.

K

E:I, p

Scheme 2

Products

(EAB=EPQ) E

VIAI[BI

[I A*B]
K.

v =

(KiaKp + K[B]) | 1 +

+ Ky[A] + [A][B]

) A

With A as the varied substrate, only the slope of the double- In most cases, the rate equation adheres to the equilibrium
reciprocal plot is affected. random case given in eq 7.
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VIA][B] If the mechanism approximates the Theor&hance
v= [l system (Scheme 4), the release of Q limits the overall
KiaKb(l 4+ A8 ) + K[B] + K[A] + [A][B] reaction, and EQ builds up at saturating reactant concentra-
Ki ) tions.

In this case, A-g will be competitive against both reactants gcheme 4
since either can bind to E. The expressions forkappith

A and B varied are as follows: afp= Ki(1 + K B]/KiaKp)

and apiKi = Ki(1 + [Al/Kj), respectively. When the

mechanism is rapid equilibriunk;K, = K.Kj,, and when

A is varied, api = Ki(1 + [B]/Ki).

Caveats The bisubstrate analogug,-k, contains structural A B P Q
mimics of both A and B and thus can also bind to the B
subsite in the EA complex in an ordered mechanism. In this
case, Scheme 3 is obtained:
EA EQ E
Scheme 3 K. K,
E:l, 5 EQ:lyp
A B Products
With A or B as the varied substrate, the inhibition will be
noncompetitive if there is sufficient affinity ofylg for the
, EQ complex. The rate equation in this case is given below.
E EA (EAB =EPQ)
K; Ki V[A][B
1;1 E:I v= A [1a_gl (13)
Ta AR (KK, + K [B]) (1 + —AK_‘B )
and eq 1 is modified to give eq 8. [ ' |
A—-B.
VIA][B] + K,[A] + [A][B] (1 + K—)
V= i2

(o) ®
K

(KigKp, + KJBI]) (1 +
i In a process similar to Scheme 4, since Q is bound, the

A gl affinity of the enzyme for the inhibitory analogue will be
+ (K[A] (1 + K—z) +IAIB] much lower, i.e.Kip < K. If A is varied, the expressions
' for apfK; obtained from slope and intercept terms are given
The inhibition by h-g is now noncompetitive versus both by egs 9 and 10. With B varied, the dfypobtained from
A and B. When A is bound, the affinity of enzyme for the the slope is given by eq 4, while the intercept expression is
bisubstrate analogue will be much lower, ik, < Ki. In given in eq 14.
this case, if A is varied, the expressions for Eppbtained
from slope and intercept terms are given by egs 9 and 10.

Ka
apiK; = K ©) A
p i il app(i = K (14)
Ky 1, Pa
apK; = Kiz(l + E) (10) Ko  [AIKy
With_ B varied, however, thg following expressions are Tne jimits of eq 14 indicate that when [A} Ka appK; =
obtained from the slope and intercept replots. Kiz, while if [A] < Kis, app<; = Ki1. Binding of the product
Al AMP-tobramycin, essentially a bisubstrate analogue, to the
1+ E—AMP-tobramycin complex of the aminoglycoside nucle-
appK; = ia (11) otidyltransferase’2l was observed by Northrofd ), which
o1 + [A] supports a mechanism that approximates the Theorell
Ky KKy Chance system.
In the case of the random mechanism, it is possible for
ap = K, |1+ [A] (12) Ia_g to bind to EA (B subsite) and/or EB (A subsite). Thus,
PH i1 K, noncompetitive inhibition is observed by_k whether A or

B is varied. Again, if these complexes form, thevalues
The limits of eq 11 indicate that when [A} Kia, apKi = will be much greater than those for binding to E. Scheme 5
Ki1, while if [A] > Kia, apKi = K. is applicable in this case.



Bisubstrate Inhibition
The initial rate equation is given by eq 15.

Scheme 5

Products

(EAB =EPQ) E
o VIATE]
[IA—B] [IA—B]
Kol 1+ 52 | + K JB] (1+ . )
i1 [I ] i2 (15)
+ Kyl (1 42 ) + [AI[B]

With A as the varied reactant, expressions forkgmptained
from the slope and intercept are given in eqs 16 and 17.

KBl
a L=
) (16)
Kii  KiaKpKiz
B
apK; = Ki3(l + %) (17)

Limits to eq 16 indicate that that when [B] KiaKy/Ka, apiKi
= K1, while if [B] > KiaKp/Ka, app(i = Kio.

Since the mechanism is symmetric with respect to inhibi-
tion by Ia—g, the expressions obtained for appvhen B is
varied are qualitatively identical to eqs 16 and 17, as shown
in eqs 18 and 19, respectively.

1+ 8
= —Kia 18)
Ki KK
apK; = Kiz(l + [%]) (19)

Limits to eq 18 are similar to those of eq 16, with the
exception thaK; replacesKi,.

If only the EAl,—g or the EBhL_g complex forms, the&,
or Kiz terms would be eliminated from eqs-159. If EAla—g
is absent, inhibition would be competitive versus A and
noncompetitive versus B, while the opposite is true if EBI
is absent.

Limitations In the simplest case, competitive inhibition

Biochemistry, Vol. 45, No. 49, 20064791

binding only to E. If a competitive pattern is observed versus
one reactant and a noncompetitive pattern is observed versus
the other, the simple ordered mechanism cannot be distin-
guished from a random mechanism with one dead-end
ternary complex, and the diagnosis must rely on the
guantitative analysis sind€; < Kj; andKjs. If noncompeti-

tive inhibition is observed versus both reactants, discrimina-
tion between the ordered mechanism with a dead-end Al
complex and a random mechanism with A and the
EBIa-g complexes will not be possible unless there is a
significant difference betwedf, (EAIx-g) andKiz (EBla-g).

The random mechanism with EAls and the EBA_g
complexes is the least likely to be encountered.

MATERIALS AND METHODS

Synthesis of ChloroacetylCo®ne equivalent of coen-
zyme A hydrate (Sigma), 3 equiv of chloroacetic anhydride,
and 5 equiv of triethylamine were added to prechilled DMF.
The reaction was allowed to proceed for 50 min. The
completion of the reaction was monitored by the disappear-
ance of the CoA thiol using DTNB. One milliliter of water
was added at the completion of the reaction, and the mixture
was lyophilized. ChloroacetylCoA (CIAcCoA) was purified
by high-pressure liquid chromatography (HPLC) on a 250
mm x 10 mm Phenomenex Synergi Fusion reverse phase
C18 column with a 80 min linear gradient from 0 to 100%
methanol at 4 mL/min containing 0.2% aqueous trifluoro-
acetic acid (TFA). The retention times of CoA and CIAcCCoA
were 27 and 39 min, respectively.

Synthesis of 3-Tobramycin-AcetylCdAe regioselective
3-chloroacetylation of tobramycin by AAC(3)-1V was per-
formed using 25Q«M CIAcCoA, 200 uM tobramycin, 50
mM Ky;HPO, (pH 7.0), and 2uM AAC(3)-IV at room
temperature for 1 h. CoA (1.5 mM) was added, and 200 mM
Tris (pH 8.4) was used to increase the pH of the solution
that was allowed to stand at°€ overnight. The following
morning, the pH value was adjusted to 2 by adding TFA.
After the precipitated AAC(3)-IV had been removed by
centrifugation, tobramycin was separated from CoA and
3-tobramycin-acetylCoA by HPLC using a Phenomenex
Synergi Fusion reverse phase C18 colummif#, 250 mm
x 21.2 mm) using an 80 min linear gradient from 0.5 to
35% acetonitrile containing 0.1% TFA at a rate of 8 mL/
min. The retention time of tobramycin was 17 min, while
the retention times of CoA and 3-tobramycin-acetylCoA were
31 min. Fractions containing CoA and 3-tobramycin-ace-
tylCoA were lypophilized after acetonitrile was removed by
rotary evaporation. CoA and 3-tobramycin-acetylCoA were
dissolved in 20 mM sodium acetate (pH 5.5) and loaded onto
a 10 mL Mono Q (Amersham) column preequilibrated with
10 mM sodium acetate (pH 5.5). CoA and 3-tobramycin-
acetylCoA were eluted with a linear gradient of buffer A
[10 mM sodium acetate (pH 5.5)] to buffer B [L N NaCl
and 50 mM sodium acetate (pH 5.5)] o\kh at arate of 1
mL/min. 3-Tobramycin-acetylCoA and CoA were eluted at
20 and 60 min, respectively. Tobramycin-CoA was desalted
by binding and elution from a Phenomenex Synergi Fusion
Rp C18 column using the gradient described above. The yield
of 3-tobramycin-acetylCoA is 30%, and the identity of the
product was confirmed by mass spectrometry.

versus both reactants is diagnostic for a random mechanism Synthesis of S18-AcetylCoA The chloroacetylation of

with no EAIlx_g or the EBh_g complexes, for example,

the six N-terminal amino acids of ribosomal protein S18 was
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performed using 30@M CIAcCoA, 300uM S18,_¢ peptide is the corresponding MichaetidMenten constant, flg] is
(ARYFRR), 50 mM KHPQO, (pH 7.0), and 5uM Riml at the concentration of bisubstrate inhibitor, digdandKj are
room temperature for 1 h. CoA (1.5 mM) was added, and the slope and intercept inhibition constants, respectively.
200 mM Tris (pH 8.4) was used to increase the pH of the Analogous experiments were performed using Riml, the
solution that was allowed to stand af@. After 10 h, TFA  S1§ ¢ peptide substrate, and the $18acetylCoA bisub-
was added to the reaction mixture. After the precipitated strate analogue.

Riml had been removed via centrifugation, the S8
acetylCoA peptide was separated from CoA and ;S48
peptide by HPLC using a Phenomenex Synergi Fusion
reverse phase C18 columng#h, 250 mmx 21.2 mm) using

a linear gradient from 0 to 35% acetonitrile containing 0.1%
TFA over 60 min at a rate of 10 mL/min. The retention times
of CoA, S18_; peptide, and CoAylated S1& were 23, 33,

Bisubstrate inhibition patterns were also determined by
varying the acetylCoA concentration (50, 65, 85, 130, and
260uM) using tobramycin at a fixed concentration ofi®I.

Five different concentrations of 3-tobramycin-acetylCoA
were tested (0, 12.5, 25, 37.5, and 50 nM), and the data were
fitted to eq 18.

and 40 min, respectively. The yield of S18acetylCoA is Determination of the True ®/alue.To determine the true
25%, and the identity of the product was confirmed by mass Ki value for 3-tobramycin-acetylCoA, afpvalues were
spectrometry. determined from individual double-reciprocal plots using five

Enzyme Assay#AC(3)-IV from Escherichia coliwas different concentrations of the nonvaried reactant (tobramycin
purified as described previouslyl4d). Aminoglycoside-  at 2, 4, 6, 8, and 1@M).
dependent acetyltransferase activity was monitored spectro- The apfK; values were plotted against the concentration
photometrically by following the increase in absorbance at of tobramycin, and the data were fitted to the equatiorikapp
324 nm due to the reaction between the sulfhydryl group of = K;(1 + [B]/Kj,), whereK; is the true inhibition constant
the product CoASH and 4lithiodipyridine (DTDP),  for 3-tobramycin-acetylCoA, apfyis the apparent inhibition
releasing 4-thiopyridonecfos = 19 800 M* cm™). Reac-  constant, [B] is the concentration of the nonvaried substrate

tions were monitored continuously on a UVIKON XL (tobramycin), andi is the dissociation constant for substrate
spectrophotometer, and enzyme activities were calculatedg_

from the initial (<10% completion) rates. Assay mixtures
contained 50 mM HEPES (pH 7.5) and 0.1 mM DTDP, in equilibrium random cases where neither A nor EBI
addition to enzyme, substrate, and inhibitors in a final volume q A°B

of 1 mL. Reactions were initiated by the addition of enzyme form's, wherev 1S the measured reaction veIOC|ty,|§ the
and followed at 25C. maximal velocity, [A] and [B] are the concentrations of

substrates A and B, respectively, and K, are the corre-
sponding Michaelis Menten constants, is the dissociation

The entire data set was also fitted to eq 7, which describes

Reaction rates of the Riml-catalyzed acetylation of;S4.8
e 1 o S o o e Sonstantfor subsate A 1 e concenteton of e
nitrobenzoate resulting from the reaction between the sulf- b|sub.strate analogue, and is the inhibition constant for
hydryl group of the product, CoA-SH, and 5dithiobis(2- the bisubstrate analogue.
nitrobenzoic acid) (DTNB)ds12 = 13 600 M™). Assays were
performed at 23C in 50 mM KH,PO4 (pH 7.25) containing RESULTS AND DISCUSSION
100uM DTNB as described above. Inhibition patterns were
determined by measuring initial velocities at variable con-
centrations of one reactant and at a fixed concentration of
the second reactant, where the fixed AcCoA concentration
was 1.8uM and the fixed S18 concentration was 1 mM.

Bisubstrate Analogue Inhibition Pattern®isubstrate
inhibition patterns for 3-tobramycin-acetylCoA were deter-
mined by measuring initial velocities at five different
concentrations of one reactant, a fixed concentration of the
second reactant, and different concentrations of the bisub-
strate analogue. First, the tobramycin concentration was
varied (4, 5, 6.6, 10, and 2@M), and the acetylCoA

Inhibition Studies of RimlA kinetic mechanism has been
established for Riml that involves transfer of the acetyl group
from AcCoA to S18_s peptide via a sequential mechanism
(M. W. Vetting et al., unpublished data). The initial velocity
pattern of the reciprocal S18& concentration at different
fixed concentrations of AcCoA resulted in an intersecting
initial velocity pattern, where the determined kinetic param-
eters are as followskcar = 19+ 1 min~1, Kaccon = 0.35+
0.08 uM, and Ks15_ = 2.2 £ 0.2 mM (data not shown).
We used the bisubstrate inhibitor, S18acetylCoA, to
differentiate between random and ordered mechanisms. The

concentration was held at 60M. Four different concentra- bisubstrate inhibitor is linearly competitive versus acetylCoA
tions of 3-tobramycin-acetylCoA were tested (0, 50, 100, and linearly noncompetitive versus 318as eyidenceq by
and 150 nM), and the data were fitted to egs 20 and 21, E/v versus 1/[AcCoA] andE/v versus 1/[S18 ] intersecting

which describe linear competitive and noncompetitive inhibi- O @nd to the left of the-axis, respectively (Figure 1). The
tion, respectively. apparent; value determined from the competitive pattern

versus AcCoA (4.1£ 0.4 uM) is equivalent to the slope

v =VIAV[ KL+ [1 _gl/ K] (20) and intercept inhibition constants determined from the
a AZBIT noncompetitive pattern observed for the bisubstrate versus
v =VIAVT K1+ 1 VKD + AL + 1. VK. S18 6 (Kis = 12+ 1 uM and K = 8.2 + 0.8 uM). Riml
AT+ Dla-al/ K A+ Hla-gl/K] (21)  thus follows an ordered kinetic mechanism, where AcCoA

binds first to the free enzyme followed by the peptide
wherev is the measured reaction velocityjs the maximal substrate S18s, without significant accumulation of an
velocity, [A] is the concentration of the varied substrafe, EAIlA_g complex. This pattern was previously observed for
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1818, ] (mM~) FIGURE 2: Bisubstrate inhibition studies of AAC(3)-IV. (A) Plot

of 1/k.a vs 1/[tobramycin] at varying concentrations of 3-tobra-

Ficure 1: Bisubstrate inhibition studies of Riml. (A) Plot ofki4 nml\y/l/]cg-r%ct;tyfliggdA AZ@%'X) rcgil)céﬁt?é&)nlgfoém%).?ﬁ: r;g/r:t)aocl)s

vs 1/[AcCoA] at varying concentrations of the S1gacetylCoA : : .
inhibitor and a fixed S18¢ concentration of 1 mM. The symbols rii%;ezergtttrf]l: g)égte rflirtngfn tt?]l(ley g:ttae r{g'ré%d 1V£?l Iu(%s), I\Q’Irc])?rgfii/t/r]se sold

represent the experimentally determined values, whereas the soli IIACCOA] at varving concentrations of 3-tobramvcin-acetviCoA
lines are the best fit of the data to eq X0hax (8.0 & 0.2 miY), inLibitor [(].) 50, {v)g37_5, ®) 25, ©) 12.5, and Q))(,) nM] antz a
apparenKaccoa (1.4 + 0.1 uM), andKis (4.1 0.4uM) are the fixed tobramycin concentration of 2M. The symbols represent

fitted parameters. The bisubstrate inhibitor was varieg g, (v) : : b
4, (0) 2, and @) 0 uM] at fixed levels (1, 1.25, 1.67, 2.5, 5, and e g’e‘gte;;[”;”ttﬁé'ydgteﬁgme'gegova'“es’ whereas the solid lines are

10 uM) of AcCoA. (B) Plot of lk.y vs 1/[S18_¢] at varying
concentrations of S18s-acetylCoA inhibitor and .tM AcCoA.

The symbols represent the experimentally determined values, .
whereas the solid lines are the best fit of the data to edval. has been proposed to be random, on the basis of the observed

(9.9+ 0.3 mirr?), apparent K5 , (1.54 0.1 mM),K;s (124 1.0 patterns of dead end inhibitors versus substrates and non-
;ifnl\k/lli)é)iﬁ)nrdclénn gﬁtét%g@g ?/;erig:j%[ gitaerr(rli;gd (%f:)\rzm:rfgr:)The Michaelis—-Menten behavior of certain aminoglycoside sub-
- ' ' ' strates {4). Although Auclair was able to chemically
OuM] atfixed levels (0.33,0.4,0.5,0.67, 1, and 2 mM) of $183 generate the'&obramycin-acetylCoA bisubstrate analogue
(6), the poorer reactivity of the secondary 3-amino group of

the tryptamine-acetylCoA bisubstrate inhibitor of serotonin tobramycin prevents regioselective acetylCoA-ylation. The
N-acetyltransferaser] and was used to support an ordered bisubstrate inhibitor was thus generated enzymatically using
addition of substrates. The subsequent structural characterAAC(3)-1V, chloroacetylCoA, and tobramycin. The com-
ization of the apoenzyme and complexes of the enzyme with pound exhibited linear competitive inhibition versus both
substrates, and the bisubstrate analogue, revealed larg&cCoA and tobramycin (Figure 2A,B). When the apparent
conformational changes associated with the binding of K; value versus AcCoA of the bisubstrate inhibitor was
acetylCoA that serve to “build” the tryptamine/serotonin determined at several concentrations of tobramycin, the
binding site, including the orientation of active site residues apparenk; value decreased as the tobramycin concentration
thought to participate in catalysiS)( decreased, as expected for an inhibitor that binds to both

Inhibition Studies with AAC(3)-IVThe E. coli AAC(3)- substrate-binding sites (Figure 3). These data allow the true
IV aminoglycoside-modifying enzyme was first isolated from  K; value for the binding of the bisubstrate to the free enzyme
veterinary isolates that were resistant to gentamithj (The to be determined by extrapolation to 0 mM tobramycin,
enzyme exhibits broad substrate specificity for both 4,5- and yielding a value of 11+ 3 nM.
4,6-disubstituted deoxystreptamine aminoglycosides, as well With the equations for the random case described above,
as activity with the atypical aminoglycoside apramycin, used we also fitted all the data obtained for the inhibition of the
exclusively for veterinary purposes. The kinetic mechanism bisubstrate versus AcCoA at five different tobramycin
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Ficure 3: Linear dependence of agpvalues at various concentra-
tions of tobramycin. Symbols represent the experimentally deter-
mined values, while the solid line is the fit of the data to eq 7,
whereKj; = 3.9+ 2.2uM andK; = 11 + 3 nM. 5

concentrations and fitted these data to eq 7. This “global” ¢
fit yielded the following kinetic parameters/ = 12 000+

1000 min?, Kaccopn = 68 + 16 uM, Kiop = 0.7 £ 0.4 uM,

and Kjaccon = 160 + 160 uM and for the bisubstrate

inhibitor, Ki = 6 & 3 nM. These values are in close 7.

agreement with those values for the kinetic constants reported
previously (4), and theK; value was determined by
extrapolation. The close agreement of tievalues, deter-
mined by both extrapolation and using the complete rate
equation to fit the entire data set, argues persuasively for a
random kinetic mechanism, without significant accumulation
of ternary enzyme substrate-inhibitor complexes.

The use of chloroacetylCoA as a reagent for GNAT-

encoded acetyltransferases allows for the rapid and efficient 11-
12.

synthesis of bisubstrate inhibitors for functionally character-
ized members of this superfamily. The chloroacetyltrans-
ferase reaction retains its regioselectivity when CIACCOA is
used, and the bisubstrate analogues are bound tighll9{

nM) in most cases described to date. While such inhibitors
have been used for the structural characterization of the
GNAT-encoded acetyltransferase superfamily, their use as
diagnostic tools of kinetic mechanism has been unappreciated

to date. The early treatment of their utility neglected several 15

important kinetic variants. The treatment described here
provides a strong theoretical framework that should be
broadly applicable to the numerous other sequential bireac-
tant enzyme-catalyzed reactions of biomedical importance.

10.

13.

Yu et al.
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