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ABSTRACT. Recent simulation work has indicated that channeling of charged substrates between the active
sites of bifunctional enzymes or bienzyme complexes can be significantly enhanced by favorable interactions
with the electrostatic field of the enzymes. The results of such simulations are expressed in terms of
transfer efficiencies, which describe the probability that substrate leaving the active site of the first enzyme
will reach the active site of the second enzyme before escaping out into bulk solution. The experimental
indicators of channeling, on the other hand, are factors such as a decrease in the transient (lag) time for
appearance of the final product of the coupled enzyme reaction or a decrease in the susceptibility of the
overall reaction rate to the presence of competing enzymes or competitive inhibitors. The work reported
here aims to establish a connection between the transfer efficiencies obtained from simulation, with the
above-mentioned experimental observables. This is accomplished by extending previously reported
analytical approaches to combine the simulated transfer efficiency with the Michitdisten kinetic
parameter¥,, andVmax Of the enzymes involved; expressions are derived to allow both transient times
and steady state rates to be calculated. These results are applied to the two systems that have been studied
both theoretically and experimentally. In the first case, that of the bifunctional enzyme dihydrofolate
reductase thymidylate synthase (DHFRTS), the experimentally observed decrease in transient times is
found to be consistent with a transfer efficiency=80%. In the second case, that of a citrate synthase
malate dehydrogenase fusion protein, a transfer efficiency of 73% is consistent with the experimental
transient time measurements. Separate and independent analysis of the effects of adding the competing
enzyme aspartate aminotransferase gives a transfer efficiency of 69%, in excellent agreement with the
transient time results. The transfer efficiencies thus obtained from experimental results are in both cases
in good agreement with those obtained from simulations that include electrostatic interactions. One
important discrepancy between simulation and experiment, is however, found in the reported effects of
adding a competitive inhibitor in the DHFRT'S system: qualitatively different results are expected from

the theoretical analysis. A possible reason for this apparent contradiction is discussed.

The term “substrate channeling” describes the idea that might occur. In this case, the channeled substrate is indole,
products of an enzyme-catalyzed reaction, which are requiredan uncharged nonpolar molecule. The enzyme prevents
as substrates for reaction at a second enzyme, might beescape of the substrate by confining it to a 25 A long tunnel
directly transferred (channeled) between the two enzymesrunning through the protein interior and connecting the two
without first escaping to bulk solution. The effect has been active sites; substrate diffuses along this tunnel to reach the
demonstrated in a number of settings, both with naturally second active site (thé-site). The structural development
occurring bifunctional enzymed ( 2) and with genetically of the enzyme appears, however, to have extended beyond
engineered fusion protein8<5). The issue of whether any  simply providing a conduit for the substrate since events at
real advantage is to be gained from channeling in a the two active sites are clearly coupled in such a way as to
physiological setting remains, on the other hand, highly coordinate the entire catalytic process (for a review see ref
controversial §—8), although it is intuitively appealing to  10).
think that this would be the case. The idea of a confining tunnel that prevents substrate

Much of the published literature concerning substrate €scape by what are essentially steric means is perhaps the
channeling preceded the development of any real atomic levelmost obvious mechanism by which channeling could occur.
understanding of the mechanism by which it might actually A less obvious, but perhaps more general, mechanism was
be achieved. The crystal structure of tryptophan synthaserecently suggested by solution of the crystal structure of the

reported in 19889) provided one view of how such a process bifunctional enzyme dihydrofolate reductaseymidylate
synthase (DHFR-TS$;11), an enzyme that has been shown

to efficiently channel substrate between its active sifes (
2). In this case, the channeled substrate is dihydrofolate,
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which carries a formal charge of2e, but in vivo, may process, simulations of substrate diffusion have to be repeated
contain additionaj-glutamate linkers, each carrying a charge many times (typically~2000 times) to obtain a statistically
of —le (12). The two active sites are separated40 A, meaningful sample of diffusion events.
and since there is no tunnel connecting the active sites, itis The first system to which we applied the BD simulation
clear that the substrate must leave the protein interior andtechnique was the DHFRTS bifunctional enzyme discussed
become solvent-exposed during the channeling processabove (3), the structure of which was largely responsible
Knighton et al. noted that the protein surface connecting the for establishing the electrostatic channeling hypothesis. At
two active sites contains a number of positively charged zero ionic strength in the simulations, substrate was trans-
residues; they therefore suggested that favorable electrostatiderred from TS to DHFR with an efficiency of 95%; under
interactions between the negatively charged substrate andhe same conditions, an uncharged version of the same
the positive electrostatic potential due to these basic surfacesubstrate was transferred with an efficiency of onl§%.
residues might be the key factor in promoting efficient The inclusion of electrostatic interactions between the
substrate channeling. Such a mechanism, if correct, wouldsubstrate and the enzyme therefore had the effect of
likely be of greater generality than that seen in tryptophan increasing the transfer (channeling) efficiency-g0-fold.
synthase for the simple reason that most metabolic interme-As would be expected for an electrostatically dominated
diates are charged.?): tunnels are perhaps likely only to  process, the efficiency was found to be strongly dependent
be found in the case of intermediates that are uncharged oron ionic strength: the increased shielding of electrostatic
which must be protected from exposure to water. interactions that occurs at 150 mM was sufficient to reduce
Support for the idea of an electrostatic basis for channeling the transfer efficiency te~50%, which is still an order of
has been provided by simulation work3, 14. The magnitude more efficient than random diffusion. One
diffusion of small molecules in bulk solution and around additional finding from the simulation work was that
enzymes is open to study through Brownian dynamics (BD) substrate transfer in the reverse direction (i.e. from DHFR
simulation techniqueslf—17). In such an approach, the to TS) was almost equally efficient: at zero ionic strength
substrate is treated in a somewhat simplified fashion, andthe reverse transfer efficiency wa®90%. This last result
its motion is simulated under the influence of two types of suggests that the channeling process in DHER is not
forces, the first of which, always present, has a random directional: electrostatic interactions serve only to restrict
component that models collisions with solvent molecules and the substrate’s diffusion to the region connecting the two
results in the random, unguided diffusion which is charac- active sites; they doot serve to “pull” the substrate in the
teristic of Brownian motion. The second type of force, if direction of the DHFR active site.
applicable, models the interaction of the substrate’s charge The observation of efficient channeling in these simula-
with the electrostatic field of the enzyme. The magnitude tions prompted use of the same technique to investigate a
of this second force is given by the product of the charge role for electrostatic channeling in a second systéd), that
and the field, so if either of these terms is zero, the of a fusion protein of citrate synthase and malate dehydro-
electrostatic force is zero and the substrate is only subjectgenase (CSMDH). Experimental characterization of this
to the above-mentioned random force. It is the inclusion of fusion protein ) had suggested that the oxaloacetate
both types of forces that lends BD simulations their produced by MDH was efficiently transferred to CS but had
importance, since they allow assessment of whether anynot revealed the mechanism by which this might be achieved.
electrostatic effects present are of sufficient magnitude to Application of the BD simulation technique to a modeled
overcome the effects of random diffusion. In this regard it structure of this fusion protein gave a transfer efficiency of
is worth noting that the observation of an apparently ~45% at zero ionic strength when electrostatic interactions
favorable electrostatic environment based on visual inspec-were included. This high transfer efficiency was obtained
tion doesnot necessarily give a reliable indication of its despite the active sites being separated by nearly 60 A and
significance in determining substrate diffusion. not optimally oriented, aspects that are reflected in the fact
BD simulations of the type outlined above have been used that when electrostatic interactions were omitted, the transfer
previously to model substrateenzyme encounter processes efficiency dropped to<1%.
for enzymes that operate at or near the diffusion-controlled Both simulation studies have therefore indicated that the
limit (for a review see ref 17): in such cases it is the rate at inclusion of electrostatic interactions can result in an increase
which substrate molecules arriving from bulk solution in substrate transfer efficiency of at least an order of
encounter the enzyme active site that is of interest. In magnitude. While these are encouraging results, it remains
contrast, our BD simulations of substrate channeling in to be seen whether such increases are actually necessary to
bifunctional enzymes have been aimed at investigating the explain the experimental observations of efficient channeling
efficiency with which a substrate molecule starting at one in these systems. Until we establish a direct quantitative
active site transfers (channels) to a second active site. Inconnection between our simulation observables and the
the simulations the substrate interacts with the electrostaticexperimental observables, we have no real way of knowing
field generated by the enzyme [obtained by numerically whether explanation of the experimental resukguires
solving the PoissonBoltzmann equation in and around the electrostatic channeling or whether random diffusion (albeit
enzyme (see ref 18 for a review)] and simulation of its at a much reduced efficiency) is sufficient. The establish-
motion is continued untiéitherit comes within a specified  ment of this connection, and the comparison of the theoretical
distance (6-8 A) of the second active site, at which pointit and experimental results that it allows, forms the basis of
is considered to have been successfully transferred, or itthe work reported in this paper.
attains a distance of separationq0 A) from the enzyme, The expected kinetic behavior of coupled enzyme systems
sufficient for it to be considered to have escaped to bulk whether separated, statically associated, or dynamically
solution. Owing to the random nature of the diffusion associated has been the subject of a number of theoretical
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treatments. Most such studies have focused on the transient S Vo [ Kz Vo

time 7, which describes the duration of the lag phase ) ) i h describing th led
preceding attainment of a steady state velocity in the coupled'r:églégfml' Basic reaction scheme describing the coupled enzyme
enzyme reaction. Conceptuallyreflects the time required '

for the intermediate produced by the first enzyme to build dihydrofolate being much higher in the bifunctional enzyme
up to a level necessary to maintain the steady state flux. Forthan in the free enzymes, allowing it to compete more

a separated two-enzyme system obeying pseudo-first-ordefeffectively with the trimethoprim for binding at the DHFR
kinetics (i.e. when the concentration of substrate is low active site.

enough that the Ste{idy state rate incredse=arly with Any kinetic scheme that attempts to describe channeling
substrate concentration), it has been shod#) that the and its effects on the behavior of a coupled enzyme system
expected transient time is given by= Kn/Vinax, WhereKp, should clearly also be capable of incorporating these two

andVna refer respectively to the Michaelis constant and the competition effects. In the present paper we describe an
maximum velocity of thesecondenzyme in the coupled extension of the analyses of Easterti,(20 and Ovali et
system. More generally, i.e. when the enzymes obey al. (21) to allow for both such effects and derive suitable
Michaelis-Menten kinetics, the expression forbecomes  expressions for the transient times and steady state rates. We
Km/(Vmax — V1) (20), whereV; denotes the steady state rate then apply these expressions to the two experimental systems
of the first enzyme; it should be noted that use of this described above to allow comparison of the results of our
expression can lead to transient times considerably longercomputer simulations and the experimental observables. Note
than those obtained under pseudo-first-order conditions.  that in the description that follows we use the term “bienzyme
The transient time is of interest in the present context complex” instead of “bifunctional enzyme” since the latter
because dramatic decreasesrtirare one of the clearest term is often applied rather loosely to enzymes that have a
indicators of the presence of substrate channeling. A second noncatalytic role: the former term makes it clear that
theoretical treatment of channeling, and its predicted effectswe are discussing a complex of two enzymes.
on 7, has been reported by Gdiaand co-workers under
pseudo-first-order conditions2{, 29. For the case of METHODS
statically associated enzymes, which is applicable to both
DHFR—TS and CS MDH, they derived the following ex-
pression:7 = o[T;[H (1 — o)TL)wherea corresponds to
the channeling probability, whil&l;Cand [Te(refer respec-
tively to the mean lifetimes of intermediate molecules that
channel (i.e. remain “internal”) and that escape to bulk
solution before reacting (i.e. become “external”). To our
knowledge, however, no extension of this method to the more
general case of Michaelidvienten kinetics has been re-

(1) Effects of Substrate Channeling on the Kinetics of a
Bienzyme Complex We take as our starting point the
approach adopted by Eastertd9( 20 for describing the
transient time for a coupled system of free monofunctional
enzymes. The reaction scheme we use is shown in Figure
1. We assume that the first enzyme operates at a constant
velocity vp to generate the intermediate I, which is then
subsequently converted to product P under the action of the
second enzyme. We note that the velocity of the second
ported. enzyme must exceed that of the first if a steady state

Qhanges in the tranS|e_nt_ time are not the only_ means byconcentration of the intermediate is to be obtained. Using
which the presence of efficient substrate channeling may bey,q c,ngition for mass conservation, and assuming that the

deduced: a decreased susceptibility of the coupled enzyme;,,centration of enzyme-bound intermediate is much lower

system to the presence of competing (scavenging) enzymespa, that of free intermediat@@), we can state
or competitive inhibitors is also characteristic. An example

of the former effect was provided in kinetics experiments vt =[P]+ 1]
carried out on the CSMDH fusion protein b). Increasing
amounts of aspartate aminotransferase (AAT), which usesor
oxaloacetate as its substrate and therefore competes with CS
for any present in bulk solution, had a dramatic effect on [P]= vot = [1] = wo(t — [1)/ v)
the activity of CS when a system of free (i.e. monofunctional) i
enzymes was used. When the same experiment was repeatdge!lowing Easterby 20), we denote the steady state con-
with the fusion protein, AAT had much less of an effect, centration of I as [isso that
although some decrease in activity was still observed. This [P] = vyt — [1] oJ2y)
result was interpreted as showing that the oxaloacetate 0 ss 70
prodgceq by MDH is eff(_actively _sequestered from bulk 5 plot of [P] againstt crosses the abscissatat= [I] sdvo;
squtlon in the CSMDH fusion protein and therefore cannot this defines the transient time
be easily scavenged by AAT.

An example of the effects of a competitive inhibitor was T =[] Jvo (1)
demonstrated in the kinetics studies of DHFRS reported
by Trujillo et al. 2). The addition of increasing amounts of To calculater then, we simply need to know [ We
trimethoprim, which acts as a competitive inhibitor of DHFR now follow the approach outlined by Odiet al. 1) and
(i.e. the second enzyme of the coupled system), resulted inpartition the total population of I molecules into those which
a dramatic decrease in the overall rate when a system ofchannel (f) and those which escape to bulk solutiog).(l
free enzymes was used. Again, when the same experiment&Ve require that both subpopulations also be at a steady state,
were performed with the bifunctional enzyme, the inhibitor i.e.
had far less of an effect. These results were interpreted in
terms of theeffectve concentration of the intermediate dil]sddt = d[l]Jdt =0
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We reserve the term “channeling probability” for describ- to obey Michaelis-Menten kinetics and in the introduction
ing only the probability that the intermediate | is successfully of the extra variablep,, which does not appear in their
transferred between the two active sites of the same bienzymenalysis. The qualitative behavior to be expected of eq 7
complex to form a Michaelis complex with enzyme @e becomes clearer when two reasonable assumptions are made.
do not require that once this complex is formed a successful First, sincek.o:andk-; for enzymes typically range from 10
reaction follows Defined in this way, the channeling s!to much higher24), the first term &1 s) will be much
probability can be considered to be identical with that smaller than the second term (oftefiO s) and can therefore
measured in our simulation studies. If the probability of generally be neglected. Second, if we assume pseudo-first-
channeling is denotep,, we can say immediately that the order kinetics for the second enzyme (i.g] fk Km2in eq
rate of formation of jlis given by the producp.vo. The 4), eq 7 simplifies to
rate of disappearance of is governed by the kinetic
constants of theecondenzyme, and we denote the rate of _ KpAl = pcpy)
product formation a%c.{li] and the rate of dissociation of = Y,
the Michaelis complex ak 4[l;]. Note that for this to be max.2

true we have to assume that binding oftd form the  EFrom this, it can be seen that for any given valugof is
Michaelis complex is very much faster than eithes or a linearly decreasing function qf,. The presence ofy,
active sites took of the order of only-10 ns in our  pecomes, the less of an impagt has on decreasing the
simulations (unpublished data), this is likely to be a reason- transient time. In other words, even if a particular bienzyme
able assumption. The net rate of change dfdt steady  complex is capable of efficiently channeling its substrates
state is therefore given by from active site to active site (so thag— 1), there will be
_ _ _ _ no observable effect on the transient time of the coupled

dll]eddt = pevp = Kealilss = kallls= 0 (@) g gtemiifp, is close to zero, ie. i1 > ke Enzymes that
channel efficiently in vivo are therefore likely to have both
p. andp; close to one.
[]ss= Pt/ (Keae + K_1) (3) From eq 2, the rate of product formation at steady state

due to the channeling pathway is

(8)

This expression can be rearranged to give

For the “external” intermediatg,lthe rate of formation is
a sum of the rates associated with those molecules that do d[PJ/dt = keofl ]ss
not channel [i.e. (- pc)vo] and those that do channel but = oo — K_4[l]
do not proceed to form product [i.e. from abovie,(l]s9]. c’0 Tl

The rate of disappearance @fi$ given by the Michaelis k_,(Pcvo)
Menten rate (see for example ref 23), so the net rate of = Peto — kCT
change of [{] at steady state is a’ ™t
= pcprUO (9)
dllJddt = (1 — p)oy + k4[] —V"‘LMSS:o (4)
s 0 M-1llilss Koo+ [ From eq 4, the rate due togJd is
which, using the above expression fatsjand rearranging, i Viax 4l elss
ives d[P)/dt = ———
g Kzt [Telss
_ Km,ZUO(l — PPy = Vo~ PPyt (10)
[I e.lss_ vV (5)

— l —
max2~ Vo(1 = PeP) Adding these two rates of product formation together gives
Herepy, which is given byp, = Keaf(Keat + K_1), denotes the the expected result that channeling donetaffect the overall
probability that once a Michaelis complex is formed, it goes Stéady state rate2{), which remains solely determined by

on to react to give products rather than dissociating to re- o the steady state rate of the first enzyme.
form the intermediate. The termp; therefore gives the (2) Effects Resulting from Addition of a Third Enzyme That

combined probability that an intermediate molecule is both Competes for the Intermediaté/Ve assume here that the

channeledand reacts. Now, since [§} = [li]ss + [ldss presence of a competitor enzyme has no effect on intermedi-
combining egs 3 and 5 we obtain ates that follow the channeling pathway but affects only those
intermediates that escape to bulk solution prior to reaction

Pco Kin.20o(1 — PPy at the second enzyme. With the addition of a third enzyme

(6) obeying Michaelis-Menten kinetics, the kinetic parameters

[Nss= T
Keat 7 K1 Vinax2— 2o(1 = Pc) of which are denote®m 3 andVmaxa €q 4 becomes

and, therefore, from eq 1 dll Joddt = (1 — pog + K 4[] —
Pc Km,z(l - pcpr) Vmax,z{I e]ss Vmax,fil e]ss

N kcat+ k—l Vmax,z_ Z/0(1 - pcpr) (7) Km,2 + [I e]ss_ Km,3+ [Ie]SS (11)

This result is similar in form to that quoted earlier from which, when solved for [lss gives the following rather
Ovadi et al. 1) but differs in allowing the second enzyme cumbersome expression for

T
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P. that channeled intermediates will be capable of displacing
T:—kc Tk +{ =K 2Vmax3 ™ KnaVmax2 T inhibitor some, but not all, of the time and to an extent
at’ ol governed by the relative lifetimes of the intermediate in the

vo(1 = PP (Kin 2t K a) — {IKi Vinax s — vicinity of the enzyme and the inhibitor in the active site.

K aVimax2 T (1 — pcpr)(Km3 — Km,2)]2 + Unfortunately, while we can estimate the latter from knowl-

12 edge of the inhibition constank() of the inhibitor, we have

HWin,2Kim aVmax Vmaxd - H1200(Vinax s no simple way of estimating the former. In what follows
Vinax2~ vo(1 = PP} (12) then, we simply replace. by pt to denote that the

_ ~ channeling probability is now some (as yet undefined)

A much more manageable and easily understood expressiofunction of the inhibitor concentration, but we leave further

is obtained when pseudo-first-order kinetics are assumed:consideration of this aspect for future work. With this

change, the steady state concentration of channeling inter-

Ky Kins(1 = pp) mediates becomes, from eq 3
T= (13)
Vmaxé(m,s + Vmax,SKm,Z p *U
_ Mot
Note that for both expressions when the concentration of [llss= Kear t K1 (15)

the third enzyme is zero, so théltax3is zero, the original

expressions for the transient time in the absence of any othenwith regard to the escaped intermediates, the expression for

competition effects (eqs 7 and 8) are returned. Also note d[l]sJdt (eq 4) must be changed to account for the effects

that the transient time is predicted tecreaseas the  of competitive inhibition on the steady state rate of the second

concentration of the third enzyme increases. enzyme (see for example ref 23 for a derivation of this
We can rearrange the expression forJdfldt (eq 11) to result):

obtain an expression for the rate of formation of product

due to this pathway. When this is added to the expressiond[lcJdt = (1 — p*) vo + K_q[l ]ss—

given earlier for the channeling pathway (eq 9), the following Voo Al dss

overall rate expression is obtained: =0 (16)
KA1+ [INhYK) + [ s
Vv
d[P]/dt = pp,vy + %ﬁle]ss In eq 16 [Inh] represents the concentration of the inhibitor
m.2 and K, denotes its inhibition constant. Making use of the
Voas VoK Kin A1 — PPy expression for []ss given in eq 15 and rearranging gives
=PcPrvo+ . 14
o Km,2 Vmax,%m,s—i_ Vmax,:sKm,Z ( ) K., v (1 - B *p)(l + [Inh]/K)
m,2“0 c Mr |
. . | lde=—%, =, 1—p (17)
From this result it is clear that as the concentration of the max.2 ~ Yol PPy

competitor enzyme increases, the contribution to the overall o ) ) ) )
rate from the escape pathway decreases, while the contribuNote that this is essentially identical to the expression
tion from the channeling pathway remains unchanged. This obtained earlier (eq 5) except for the addition of the
is therefore in line with the result that coupled enzyme Multiplicative factor (1+ [Inh]/K)). This expression, when
systems that exhibit efficient channeling will be less affected combined with that for [lss and used in eq 1, gives the
by the presence of a competitor enzyme than those whichfollowing expression f_or the transient time in the presence
do not. of a competitive inhibitor:

(3) Effects Resulting from Addition of a Compedti * -
Inhibitor for the Second EnzyméDealing with the presence 7= Pe + Kin 1~ P"p)(L + [INhVK)) (18)
of a competitive inhibitor for the second enzyme is consider- Kear T K1 Vinax2~ vo(1 = PP
ably more complicated than the above case of a competing
enzyme. The main difficulty liesotin treating the effects =~ When the channeling probability is zero, this expression
of the inhibitor on intermediates following the escape reduces to that derived by Easterlag) for free monofunc-
pathway, since steady state expressions can be straightfortional enzymes in the presence of a competitive inhibitor.
wardly derived for this case (see for example ref 23 for a Again, assuming that the first term is negligible and that
derivation). Rather, the problems arise when one tries to pseudo-first-order kinetics apply to the second enzyme, a
decide to what extent the inhibitor affects intermediates that Somewhat simpler expression is obtained:
follow the channeling pathway. Two extreme scenarios can
be imagined. The first is that the channeling probabjbity _ Ky A1 = pp)(1 + [Inh]/K))
_ S PO : T= (19)
is totally unaffected by the presence of an inhibitor, which Viax 2
is akin to saying that channeled intermediativgaysdisplace
any inhibitor present at the active site of the second enzyme. Clearly, the addition of a competitive inhibitor has the
The second extreme scenario is that the channeling prob-effect of increasing the transient time, through increasing
ability is scaled by the probability that the active site of the the concentration of the intermediate required to maintain a
second enzyme is unoccupied by inhibitor; this is equivalent steady state rate. Again, as before, we can rearrange the
to assuming that channeled intermediateser displace expression for dflsJdt to give the rate of product formation
inhibitor but instead are forced to escape to bulk solution if due to those intermediate molecules that escape to bulk
the site is already occupied by inhibitor. Obviously, neither solution. We obtain an expression identical to that obtained
case is completely realistic: it is more reasonable to assumeearlier in the absence of inhibitor This leads to the
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Ic d[E"}/dt = -k/[E[S] + k,'[E"S] + ke [E'-S]
k. k' d[E")/dt = -k"[E")[I] - k.[L] + k" [E"]
K o \ i +keo'' [E'"I]
E'+S —=FE'S —>1 U P disyat = K[ENS] +  k/[ES]
kY . d[E'"-S)/dt = —k.'[E'-S] - k.. [E"-S] + k,'[E'][S]
\ / d[I}/dt = -k [I] - k.[I] + ke [E'-S]
I, + E" d[LJ/dt = =k./[L] + k1]
A A d[I.)/dt = -k"[E"[I] + k" [E"I] + k1]
K a i dEIYdt = -k[E'T - kB o+ KU[EIN + 0 K]
B0 B inhibitor e S
: Ficure 3: First-order differential equations describing time evolu-
Lok tion of the reaction scheme shown in Figure 2.
Scav\énged

ki andk-; are bound together by the relationsiip = (Kcat
FIGURI.E 2: Reaction scheme used in numerical solution of dif- + k_,)/k; (alternatively expressed &s; = kiKi, — kea) and
ferential equations. thus cannot be separated in any simple way. In describing

) ) ) the behavior of free enzymes, or a bienzyme complex that
important conclusion that in the coupled enzyme systems yoes not exhibit channeling (i.e. = 0), this inability to

that we are considering here, the overall steady state rate i%eparatekl from k_, does not represent a problem, since the
not affected by the presence of inhibitor; furthermore, this ,yerall rate is determined only By, Km, and the concentra-
result is obtained whether or npt = 0. As we discuss in  tions of enzyme and substrate. As was shown earlier,
more detail under Results, this appears to be in conflict with ,owever (eq 7), in systems that do exhibit channeling (i.e.
reported experimental results. p. > 0), this breakdown can be crucially important in
(4) Numerical Solution of the Kinetics Equationghe determining whether channeling results in any observable
above expressions are all analytical, but since they areeffects since the relative values lof; andk..; determinep,
derived under various assumptions, their range of applicabil- through the relationship, = keaf(kea + k-1). In practice, a
ity may in some cases not be completely clear. Perhaps therange of physically plausible values kif was investigated:;
simplest way around this problem is to solve numerically for the most part, a value of ¥ 10'°M~! s~ was used.
the appropriate rate equations describing the time evolution  As discussed above, the fictitious rate constégtmdke
of the system: such an approach is free of any assumptionsyyere assigned effectively infinite rates, with their ratios being
though it does not yield the conciseness of information given gjtered to reflect the channeling probability. The rate
by an analytical solution. constank;, which describes the actual rate of the channeling
The kinetic scheme that we have adopted is shown in process, was estimated from the mean time of successful
Figure 2. In its most basic form it describes the conversion channeling events in our previous BD simulatioh8,(14.
of substrate S to an intermediate |, catalyzed by a first In general, diffusion from the active site of the first enzyme
enzyme E followed by conversion to products under the to the active site of the second enzyme teek0 ns; from
action of a second enzymé'E Both enzymes are assumed this, we estimate a rate of 1/10 ns, i.ex110® s In
to obey Michaelis-Menten kinetics, so reaction at each practice, this process is so much faster than the alternative
consists of two steps, a reversible binding step having rateroute (escape to bulk solution followed by binding to a
constants denoteki (for binding) andk-; (for unbinding), ~ second bienzyme complex) that the results obtained are
followed by an irreversible catalytic step having a rate insensitive to the exact choice kf. It should be noted that
constant denotek. As in our analytical description, the  the actual channeling process is in this scheme considered
scheme allows for two routes by which the intermediate to be irreversible. This might at first sight seem inconsistent
arrives at the active site of E the upper route corresponds  with the results of our earlier BD simulations, since it was
to channeling, whereby the intermediate remains associatecshown that in the case of DHFRIS (13), transfer of
with the bienzyme complex, while the lower route corre- substrate was equally efficient in the reverse direction, i.e.
sponds to escape of the intermediate to bulk solution. The diffusing from DHFR to TS. It might appear then that our
partitioning of intermediates between the two pathways is scheme should allow for the possibility that | escapes from
performed respectively by the processes indicateki. layd the I'E" complex and stays close to the bienzyme complex
ke. Conceptually, these rate constants can be thought of asnstead of escaping to bulk solution, prior to binding again
deciding the fate of the intermediate: their relative values to re-form the {E" complex. However, this process (which
are set in such a way as to reflect the channeling probability is independent of whether the initialB’ complex was
pc through use of the relationshp. = k/(k: + ke). In a formed from | or 1) is alreadyimplicitly included in the
sense then these rate constants are fictitious, since they d&inetic parameter&,, and kea:
not correspond to any meaningful physical process. In  Given values for each of the rate constants shown, together
practice, they are set to arbitrarily high (effectively infinite) with values of the initial concentrations of substrate S and
values (1 x 10%° s™), so that the rate of the physical the two enzymes, Eand E', the predicted time evolution of
process of channeling is instead expressed by the second ratghe system is obtained by solving the set of differential

constant along the upper route;. equations shown in Figure 3. This was done using FOR-
To apply this basic scheme, we need to know or be able TRAN routines taken from Numerical Recip&b) designed
to estimate values for each of the rate constards.k_, for the purpose of integrating so-called “stiff” differential

and k.o; are obtained from the MichaelidMenten kinetic equations, of the type commonly encountered in the field of
parameters of the enzymes, though it should be noted thatchemical kinetics.
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Figure 2 also indicates two possible extensions of the basichave the effect oflecreasingthe expected transient time:
scheme, to accommodate the presence of a competitivein such a situation the range pf values would be lower
inhibitor of the second enzyme or a competing enzyme. In than stated above and thus would be expected to be closer
the case of the competitive inhibitor (dashed arrows in Figure to the value of 0.25 obtained in our simulations.

2), the ratio of the rate constaritg and k-, for binding to DHFR-TS: Effects of Added Compet#i Inhibitor.
E'" are obtained from the inhibition constaft which is an Trujillo et al. (2) found that the activity of monofunctional
experimentally obtainable quantity. In the case of the DHFR in the coupled enzyme assay was strongly diminished
competing enzyme (dotted arrows in Figure 2), the new rate by the addition of the competitive inhibitor trimethoprim [see
constants required are again those of an enzyme obeyingrigure 5 of Trujillo et al. 2)]. When the bifunctional enzyme
Michaelis—-Menten kinetics. The inclusion of either species was used, activity was again reduced, but to a lesser extent:
necessitates additional differential equations to be includedfor a TMP concentration of 2@M, the DHFR activity of
in the list given in Figure 3 but involves no new conceptual the monofunctional DHFR was completely destroyed, while
issues. that for the bifunctional enzyme was only reduced4t6%

of its value in the absence of TMP.

RESULTS We have outlined under Methods the difficulties in treating
DHFR-TS: Transient Time Measurementinetics the effects of competitive inhibition theoretically; we are
experiments on the bifunctional DHFR'S from Toxo- forced to make the channeling probability dependent on the
plasma gondii and monofunctional analogues have beeninhibitor concentration, although we have left the nature of
reported by Trujillo et al.Z). For the free monofunctional  this dependence undefined. Regardless of the concentration

enzymes the observed transient times were in good agreemerdependence gic*, however, the experimental findings are
with those predicted by Easterby’s expressiorr (Km/Vimax at odds with our theoretical analysis, since we found that
19), a result that indicates that under their conditions pseudo-the overall rate should be unaffected by the presence of a
first-order kinetics are applicable. Accordingly, we use our competitive inhibitor. To us, the most plausible explanation
pseudo-first-order expressions to analyze the results obtainedor the discrepancy is the following. While our analysis
for the bifunctional DHFR-TS. For three different sets of suggests that the steady state rate is not affected by the
conditions, Truijillo et al. reported an undetectable transient inhibitor concentration, it does suggest that the transient time
time (i.e.7 < 10 s) for formation of product in the coupled is affected (eq 19), to an extent largely determined by the
enzyme assay of the bifunctional enzyme. The ratio of the term (1+ [Inh]/K)), but additionally influenced bg:*. Since
observedr (<10 s) to that calculated by assuming no the K, of TMP was determined to be 0.18M (2), the
channeling (46 s) allows us to obtgdgpy, since 1— pepr < addition of 20uM TMP would be expected to increase the
10 s/46 s (eq 8); thereforpgp: = 0.78. As noted by Trujillo transient time for the coupled reaction by at least a factor of
et al. @) then, at least 80% of dihydrofolate molecules are (1 -+ 20/0.19), i.e. a factor of 106, relative to its value in the
successfully channeled. We can combine this valugdar absence of TMP. If no account was taken of this change in
with the maximum value fop; (0.95) obtained in our BD  transient time, it is possible that the extended lag phase (i.e.
simulations 13) and estimate thad, must be>0.82; that is, long transient time) that would have been observed at 20
at least four of every five Michaelis complexes formed at uM TMP could have been mistaken for a very low steady
the DHFR active site subsequently react instead of simply state rate. To demonstrate that this is feasible, we need to
dissociating. be able to simulate the time evolution of the coupled enzyme

DHFR-TS: Effects of Increasing lonic Strengthrujillo system. We cannot do this using our analytical expressions,
et al. @) additionally conducted experiments at a NaCl since they were obtained by assuming steady state conditions;
concentration of 0.5 M as a preliminary test of the electro- instead, we have to rely on numerical solution of the
static channeling hypothesis: the inclusion of salt would be appropriate differential equations using a computer, details
expected to reduce the strength of electrostatic interactionsof which are given under Methods.
and, therefore, reduce the efficiency of channeling so as to Figure 4 shows the expected time course for the free
produce an observable increase in the transient time. Undemonofunctional enzymes in the presence of increasing
their conditions, and assuming th#t, of DHFR for amounts of TMP; Figure 5 gives the same plots for the
dihydrofolate isunchangedy changing salt concentration, bifunctional enzyme assuming from before thétp, = 0.78
the expected transient time at 0.5 M NaCl with zero and thatp:* is independent of inhibitor concentration. In
channeling assumed tg5c = 15.7 s. Experimentally they  each calculation, the concentrations and kinetic parameters
obtained a value ofexy = 10 s. This then means that-1 of the two enzymes were identical to those reported by
ppr = 10 s/15.7 s, i.eppr = 0.36. If we assume from before  Trujillo et al. (2). In the case of the monofunctional enzymes
that 1.00= p, = 0.82, then we obtain 0.44 p; > 0.36. We the increase in transient time as the TMP concentration rises
previously reported simulation results for salt concentrations is readily apparent, as is the fact that the rates at longer times
up to 0.25 M (L3); we have since extended these simulations tend to converge, a result which is in line with our analytical
to 0.5 M and obtained the valup. = 0.25, which is result that the steady state rate should be unchanged by
somewhat lower than the range of values expected. Con-addition of TMP. It should be stressed that this result for
sidering that the transfer efficiency undergoes a 3-fold the free enzymes is completely free of any uncertainty
decrease on going from zero ionic strength to 0.5 M, and relating to the concentration dependencepgf since for
given the uncertainty ik, at 0.5 M, our calculated value this case it is always zero: any concern that the conflict
for pc is in quite good agreement with the experimental result. between theoretical and experimental results is dug.to
It is worth pointing out that the increased activity observed can therefore be dismissed. In the case of the bifunctional
experimentally for DHFR at the higher salt concentration enzyme, similar effects are obtained, but the spread in
(2) is consistent with a decreasé&d, value, which would transient times is far less marked. If we fit straight lines to
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Ficure 4: Simulated product concentration as a function of time

for system of free DHFR and TS enzymes, at various concentrations

of the competitive inhibitor TMP.

FIGURE 6: Apparent steady state rates obtained from first 50 s of
Figures 4 and 5 plotted as a function of TMP concentration.

the bifunctional fusion protein. Under their reaction condi-
tions the expected value of the transient time for the

2.5e-5
] — [TMP]=0M bifunctional enzyme was = 16 s. The experimentally
i = [TMP]=1pM observed value was= 4.4 s. This means that1 pp, =
2oes 17 [TMP] lelM /{ 4.4/16; thereforepp, = 0.73, a value close to that obtained
e === [TMP] = 5uM 27 above for DHFR-TS. In our BD simulations of the same
j o [TMP]=10uM ///4__4;-(/‘// system {4), we obtained a transfer efficiengy = 0.45, a
377 [IMP]=20uM e value that is clearly somewhat low compared to the
g 1.5¢-5 — 7 [TMP]=40uM //.;")f'/ experimental value. Possible reasons for this discrepancy
T //,////// are outlined under Discussion. .
§ ] /(/.-_:;-’-/ CS—MDH: Eﬁgcts of Adding a Competing Enzy.m‘éhe
8 1.0e5 ﬂ_iz/ experiments of Lindbladh et al5) showed that addition of
] ///// increasing concentrations of AAT caused a dramatic decrease
//f// in the activity of the coupled reaction for the free mono-
5006 ///;x'f functional enzymes. When the same experiments were
] 4 carried out with the bifunctional fusion protein, the activity
was again decreased, but to a lesser extent: with 10 units of
] AAT added, the relative activity of the bifunctional enzyme
0.0¢+0 frrrrrrre T T BARARARRN AAARARARS ! was reduced by-30%, while that for the monofunctional
0 100 200 300 400 300 enzyme system was reduced y¥0%. As we now show,
time (s) these experiments allow us to obtain a second independent

Ficure 5: Simulated product concentration as a function of time
for bifunctional DHFR-TS, at various concentrations of the
competitive inhibitor TMP.

estimate ofpcp. Equation 14 gives us an expression for the
expected overall steady state rate of a channeling bifunctional
enzyme in the presence of a competing enzyme. To apply
this to the data given by Lindbladh et ab)( we need to

each of the curves up to 50 s, we obtain the “apparent steadyknow bothK, ; andVinaxa i.€. the kinetic parameters of the
state” rates plotted in Figure 6, which are qualitatively similar competing enzyme AAT. These we obtain by fitting the
(thOUgh by np means id.en.tical) to those_obtained by TrUJI"O same expression (eq 14), W|’japr = 0) to the data given
etal. @). Itis worth pointing out that since we obtain the  for the free monofunctional enzymes [Figure 4B of Lindbladh
same qualitative behavior whether we use an analytical or aet al. 6)], using the appropriate values sk, 2, Vinaxz and
numerical approach, it is clear that the difference between ,, given in Lindbladh et al(5). A wide range ofK,3 and
our analysis and the experimental results dogsesult from Vinax.3 Values can be used to fit the data equally well; we

any of the assumptions made in our theoretical analysis.
CS-MDH: Transient Time MeasurementsKinetics

experiments on the CSVIDH fusion protein and its mono-

functional analogues were reported by Lindbladh et3Ll. (

settled on values df,3=5 x 106 M and V3= 1.843

x 1077 M~ s but the results discussed below are
completely insensitive to the exact combination of values
used. Our value foKy, 3is in any case close to the value of

As in the case of DHFRTS, good agreement was obtained 1 x 107> M reported by Goldberg and Kirscl2§).

between calculated and observed transient times by assuming Given these fitted values d, 3 and Vimaxa along with
pseudo-first-order kinetics for the free monofunctional the values oKy 2 Vimaxa andyg appropriate to the bifunc-
enzymes of the coupled system. As before, then, we applytional fusion protein, eq 14 was fitted to the experimental
the pseudo-first-order expressions derived under Methods todata treating the value qicpr as an adjustable parameter
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1.0 W simple random diffusion isot consistent with the efficient
. substrate channeling observed experimentally, whereas an
e I electrostatically based channeling mechanism is. This point
08 is further emphasized by the preliminary comparison that
] we report here of experimental and simulation results for
07 nonzero ionic strength (i.e. 0.5 M NaCl), showing that in
o 06 4 both cases the transfer efficiency (channeling probability)
s 1 decreases by a factor of3; an unguided random diffusion
2 05 mechanism would be expected to be unaffected by changes
k ] in ionic strength. It should be noted, however, that to make
=044 this comparison more complete, it will be necessary to
03 1 measure experimentally th&, of dihydrofolate for DHFR
] ) at 0.5 M NaCl. This will allow us to separate out the effects
02 : fe‘? enzymes (experimental) of increasing ionic strength on the kinetic parameters of the
usion protein (experimental) . .
o1 free enzymes (simulated) enzymes from those on the channeling process itself.
] - fusion protein (simulated) In the case of the CSMDH system, the experiments
0.0 e e e e reported by Lindbladh et al5), measuring first transient
0 1 2 3 4 5 6 7 8 9 10 times and second, the effects of a competing enzyme, allow
[AAT] (units) us to obtain separate and independent estimates of the

Ficure 7: Experimentally observed and simulated effects of the channeling efficiency. From the transient time measurements

competing enzyme AAT on the rate of the coupled~B&DH a transfer efficiency of 73% is obtained, while from the
system for free enzymes and fusion protein. Experimental data competition experiments we calculate an efficiency of 69%.
points are estimated from Figure 4B of Lindbladh et 8). ( Clearly, the two estimates are in excellent agreement. In

] ) ] ] our BD simulations of the same systef), we obtained a
with the program SigmaPlo2). The best-fit value obtained  maximum transfer efficiency of 45%, which is somewhat
from this analysis ipqp; = 0.69, a result that is in excellent  |oyer than the two experimental estimates. In our original
agreement with the valugd, = Q.73) obtained from the study we noted several reasons why differences might arise,
transient time measurements. Figure 7 compares the bestynq it is worth briefly restating these points. First, the
fit curves obtained with our eq 14 with the experimental data; experiments were performed on yeast enzymes, whereas our
there is good agreement throughout the range of AAT gimylations used crystal structures of the pig enzymes (no
concentrations studied. o _ , structural data were available for the former): there is-50

Although the above results fit nicely with the experimental ggos sequence identity between the yeast and pig forms.
data, there is one apparent discrepancy. Lindbladh et al.gecond, our structure of the fusion protein was only a model,

report that the transient time for the coupled reaction is pased on visual docking of the C termini of CS to the N
unaffectecby addition of competitor enzyme in both the free ayminj of MDH. The gross structural features of the real

enzyme and fusion protein systems. This is inconsistent with f,sjon protein are likely to be reproduced by such a model,
our theoretical analysis, since we predict that the transientp,t more subtle features, such as conformational rearrange-
time should actually decrease as the competitor enzymements in either or both enzymes, are not; such structural
concentration increases (eq 13); in the case of the freechanges could conceivably affect channeling efficiencies. In
enzymes, our predicted transient time decreases from 7.9 tQjgnt of the above points, we consider it encouraging that
2 s as the AAT concentration is increased from 0 to 10 units. o simulated transfer efficiency approaches the experimen-
Itis not at all obvious why such a discrepancy should exist. ta)ly derived value; it should in any case be noted that as in
the case of the DHFRTS system, our simulated transfer

DISCUSSION efficiency in the absence of electrostatic interactions%o)

In this work we have outlined extensions to the original is totally inconsistent with the experimental results, a point
analyses of Easterby 9, 20) and Ovali et al. 1) that allow that again underscores the apparent importance of electro-
us to compare substrate channeling probabilities obtainedstatically based channeling.
from simulation directly with experimentally observable Although generally very good agreement is achieved
steady state rates and transient times. In particular, we havebetween experimental and simulation results, we have
extended the theoretical approach to include the effects ofpointed out two areas where qualitatively different results
added competitive inhibitors and competing enzymes, both are obtained; these deserve further comment. For the case
of which have been studied experimentally. Application of of added competitive inhibitor we have outlined one possible
our derived expressions to the experimental data obtainedreason for the discrepancy: our theoretical analysis suggests
for DHFR—TS indicates, as originally stated by Trujillo et that the transient time should be drastically increased by the
al. (2), that the substrate transfer efficiencyaitsleast80% presence of inhibitor, even though the overall steady state
under the experimental conditions used. This is in close rate remains unchanged. Depending on the time scale over
correspondence with the results of our BD simulations which the kinetics experiments are conducted, it is conceiv-
including electrostatic interaction43), in which we found able that a very long transient tinteuld be mistaken for a
a transfer efficiency 0f~95% at zero ionic strength. Perhaps very low steady state rate. The discrepancy obtained in the
more importantly, the experimental transfer efficiency is case of the competing enzyme is, however, more puzzling,
much too high to be consistent with the simulation results since it seems unlikely that the transient time changes
obtained in the absence of electrostatic interactions (transferpredicted by our analysis would be unobservable experi-
efficiency ~5%; 13). We can state unequivocally then that mentally. We predict that the transient time decreases from
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7.9 to 2 s for the free enzymes when the AAT concentration
is raised to 10 units: since Lindbladh et &) eport transient
times down to 4.4 s, our predicted changes should be within ~ 3-
the resolution of their experimental equipment. Of course,
one could interpret this as implying that our theoretical
analysis is simply wrong; however, we have shown that the
same approach can be used to obtain separate and indepen-g,
dent estimates of the transfer efficiency that are in excellent
agreement with one another. Since this latter result lends
support to the approach we have adopted, further investiga- ©.
tion of the discrepancies outlined here would seem to be 7

warranted.

In examining our theoretical approach, it is clear that we
have placed emphasis on use of the progystas a measure
of substrate channeling efficiency, where before this has been
treated as a single variabte (21, 29. This separation of
the channeling process into its physical component (diffusion,
given by pc) and its chemical component (reaction, given
by pr) is necessary because our BD simulations address only
the former aspect. The partitioning is also of instructive
value, however, since it makes it clear that for a channeling

mechanism to be of any real advantage, ihdd sufficient
for the enzyme simply to promote a high valuepaf it is

equally important that the kinetic parameters of the second 14
enzyme be such that once a Michaelis complex is formed,
there is a high probability that it will then proceed to form
product, rather than dissociating. This may seem self-
evident, but it is important to state, since it is expected to
have consequences for attempts to “engineer” substrate 16.
channeling into systems that do not otherwise exhibit

channeling.

In conclusion, we have established a direct link between 17.
simulation and experimental observables that allows us to 1g.
assess the role of electrostatics in promoting efficient 19,
substrate channeling. We have obtained good agreement 20,
between the experimental estimates of transfer efficiencies 21.
and the results of computer simulations in which electrostatic
interactions are included. Since the simulation results 22.
obtained in the absence of electrostatic interactions (i.e. when
the substrate is only subject to random diffusion) are much
too low (p. < 0.05) to be consistent with the experimental
estimates, the results reported here provide further strong =
support for the idea that efficient substrate channeling in the ,5
DHFR-TS and CSMDH systems is promoted by an

electrostatic mechanism.
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