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ABSTRACT. Seven unique enzymatic steps lead to the biosynthesitysine fromL-aspartate semialdehyde

and pyruvate in bacteria. The immediate precursor-igsine is b,L-diaminopimelate, a diamino acid
which is incorporated into the pentapeptide of the Gram-negative peptidoglycan nmie®iami-
nopimelate is generated from the correspondingisomer by thedapFencoded epimerase. Diami-
nopimelate epimerase is a representative of the pyridoxal phosphate-independent amino acid racemases,
for which substantial evidence exists supporting the role of two cysteine residues as the catalytic acid and
base. The pH dependencies of the maximum velocities in,the> b,. andp,L — L,L direction depend

on a single catalytic group exhibitindg<pvalues of 7.0 and 6.1, respectively, which must be unprotonated

for activity. The pH dependencies of tMéK values in both directions depend on the ionization of two
groups, one exhibiting akpvalue of 6.7 which must be unprotonated and one exhibiting aadue of

8.5 which must be protonated. Primary kinetic isotope effect¥ @amd V/K are unequal, witlP(V/K)

being larger tha®V in both the forward and reverse directions. Solvent kinetic isotope effects in both
directions are inverse oK, but normal onV. Both of these isotopic observations support a model in
which proton isomerization after catalysis and substrate dissociation is kinetically significant. A single
solvent “overshoot” is observed when -diaminopimelate is incubated with enzyme in@ however,

an unprecedented double overshoot is observed whediaminopimelate is incubated with enzyme in

D,O. A model has been developed which allows these two overshoots to be simulated. A chemical
mechanism is proposed invoking the function of two cysteine residues, Cys73 and Cys217, observed in
the recently determined three-dimensional structure of this enzyme [Cirilli, M., et al. (B¥@&)emistry

37, 16452-16458], as the acid and base in the mechanism.

The epimerization of .- to b,L.-mesediaminopimelate CO,H COzH
(DAP)! was first demonstrated by World)(in extracts of
Aerobacter aerogenesand the enzyme catalyzing this
reaction, diaminopimelate epimerase (EC 5.1.1.7, Figure 1) _
was subsequently purified and characterized fisoheri- DAP Epimerase
chia coli (2). ThedapFgene, encoding DAP epimerase, was
cloned and mapped ii&. coli (3), and its sequence was
reported the following year4j. The recombinan€t. coli
epimerase has been expressed, and shown to be stoichio- HaN L H2N L
metrically inactivated by an active site-directed aziridine CO,H CO,H
derivative of diaminopimelate [aziDAP, 2-(4-amino-4-car-
boxybutyl)aziridine-2-carboxylate, 6]. The irreversible
inhibition of the epimerase by aziDAP is due to the alkylation number of b-amino acid centers, including-glutamate,
of Cys73, suggesting that this residue is present at or nearp-alanine, and,L-diaminopimelate. The PLP-independent
the active site§). amino acid racemases have been subject to intense mecha-

Diaminopimelate epimerase is a member of the family of nistic scrutiny. The reactions catalyzed by bacterial proline
PLP-independent amino acid racemases. The racemizatiorracemase?, 8) and glutamate racemas®, (L0) are notable
of amino acids is critical for providing substrates for the in this regard, since both appear to operate by “two-base”
construction of bacterial peptidoglycan, which contains a mechanisms, and utilize a thiolate as the general base and a
thiol as the general acid. While these two enzymes bear
T This work was supported by the National Institutes of Health (Grant substantial mechanistic similarity, the active site thiols in

H2N||“' L H2N D

E.C5117

Ficure 1: Reaction catalyzed by diaminopimelate epimerase.

Al33696). proline racemase appear to be contributed by separate
* To whom correspondence should be addressed. E-mail: blanchar@ . . . .
aecom.yu.edu. Phone: (718) 430-3096. Fax: (718) 430-8565. subunits of the 38 kDa dimef7), whereas the active site

1 Abbreviations: DAP, 2,6-diaminopimelic acid; aziDAP, 2-(4- thiols in glutamate racemase appear to be contributed by
carboxybutyl)aziridine-2-carboxylate; PLP, pyridoxal phosphate; NMR, Cys73 and Cys184 of the same subunit of the 28.3 kDa
nuclear magnetic resonance; ESI MS, electrospray ionization massmyonomeric enzymedj. The three-dimensional structure of
spectrometry; NADPHz-nicotinamide adenine dinucleotide phosphate, . . L . .
reduced form: TEA, triethanolamine; DTT, dithiothreitol: CD, circular  th€ Haemophilus influenzagiaminopimelate epimerase has

dichroism. recently been determined. The 274-amino acid monomeric
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enzyme exhibits a novel, symmetric fold, in which two

Biochemistry, Vol. 38, No. 14, 19991417

different substrate concentrations ranging from 0.2 to 3 mM

conserved cysteine residues, Cys73 and Cys217, are imat each pH value. The valuesdéfandV/K were determined

disulfide linkage at the interface of two structurally super-
imposable domainsl().

A single mechanistic study of this unusual epimerase has

been reported?). This study suggested that diaminopimelate
epimerase operates via a two-base mechanism, and th
tritium incorporation into either the,L- or b,L.-diaminopime-

lates was accompanied by product formation, and was not
the result of rapid exchange into substrate. We explore here

a number of kinetic and isotopic approaches to better

understand the mechanism of this reaction. The presence o
two stereocenters in the substrate molecules, only one of

which is catalytically interconverted, suggests a high degree
of stereochemical stringency.

EXPERIMENTAL PROCEDURES

Materials H. influenzaeDAP epimerase an@orynebac-
terium glutamicum mesbDAP dehydrogenase were purified,
as previously described, frork. coli BL21(DE3) cells
containing expression vector pET23g¢(dapF (11) or
pET23af-)-dapdh (12), respectively. A mixture of DAP
isomers was purchased from Sigma, and the three stereoi
somers of DAP (L, p,L, and D,D) were separated on a
Chirobiotic T chiral column (250 mnx 10 mm, Advanced
Separation Technologies Inc., Whippany, NJ) using a 70%

at each pH value using eq 1
v=VAK+ A Q)

where V is the maximal velocity,A is the substrate

att:oncentration, anH is the Michaelis constankg,). The K

values associated with the ionization of groups influencing
V or V/K were determined by fitting the data to egs 2 and 3,
respectively, using the Sigma Plot program (version 3.03,

1Jandel Scientific Software).

log V = log[C/(1 + H/K,)]
log VIK = log[C/(1 + H/K, + K/H)]

2
©)

where C is the pH-independent plateau valu€, is the
ionization constant for the acidic groug, is the ionization
constant for the basic group, ardl is the hydrogen ion
concentration.

Primary Deuterium and Soént Kinetic Isotope Effects
Primary deuterium and solvent kinetic isotope effectsvon
andV/K were determined by spectropolarimetrically measur-

ing the initial velocity ofL,L- or b,L.-DAP epimerization at

various substrate concentrations with unlabeled or dideuter-
ated DAP in HO, or unlabeled DAP in kD and BO. Each
assay was conducted at 26 in buffer containing 50 mM

agueous methanol isocratic gradient on a Hewlett-PackardKzHPO4 (pH 7.8) and 0.1 mM DTT. Primary and solvent

series 1100 HPLC apparatus. Dideuteraiecandp,L.-DAP
were obtained by incubating commercial DAP ipg@with

deuterium kinetic isotope effects were calculated from eq 4
using the programs of Cleland3).

DAP epimerase and separating the stereoisomers by HPLC

(p,0-DAP did not incorporate deuteriunid NMR was used
to check the progress of deuterium incorporation, and

v=VAI[K(1+ FEyW) + Ad+ FE))] 4)

electrospray mass spectrometry indicated 97 at. % excessyhereF; is the fraction of isotopic label (0.97 and 0.999,

deuterium in the purified dideuterated - and p,L.-DAP.
Deuterium oxide (99.9 at. % excess) was purchased from
Cambridge Isotope Laboratories (Andover, MA). Protein

respectively) andtyx andEy are the isotope effects minus
1 onV/K andV, respectively.
D,0 Overshoots Overshoot experiments were performed

concentrations were determined by the Bio-Rad protein assayin 99.9% DO containing 3 mM substrate, 50 mM buffer,

using bovine plasma-globulin as the standard.

Coupled Enzyme Assay for Diaminopimelate Epimerase
Activity. During purification, DAP epimerase activity was
assayed usingneseDAP dehydrogenase as a coupling
enzyme. The,L — b,L reaction was monitored by following
NADPH production at 340 nm. Assays were performed in
20 mM TEA buffer (pH 7.8) with 1 mM DTT, 0.9 mM
NADP*, and 0.15 mM.,L-DAP.

Circular Dichroism Assay for Diaminopimelate Epimerase
Activity. The activity of DAP epimerase was continuously
monitored in both.,. — b,L andp,. — L,L on a Jasco J-720
spectropolarimeter. The molar ellipticity ofL.-DAP at 205
nm and pH 7.8 was determined to be 60.0 mdeg’amiv—*
(o,.-DAP does not rotate polarized light). Assays were
performed at 28C in phosphate or borate buffers containing
0.1 mM DTT to minimize spectropolarimetric interference.

pH Profiles Enzyme activity was measured spectropola-
rimetrically over the pH range of 58.0 using either
phosphate (5:87.7) or borate (7.99.0) as a buffer, and
pH values were determined using an Accumet model 20 pH
meter. Assays were performed at 25 in 50 mM buffer
containing 0.1 mM DTT, and were initiated by the addition
of enzyme. The kinetic parameter¥, and V/K, were
determined from duplicate determinations at five or six

and 0.1 mM DTT and were initiated with enzyme. The
ellipticity at 205 nm was followed with time until equilibrium
was achieved. Control reactions were performed under
similar conditions in HO and followed at 205 nm until the
ellipticity remained constant. Simulations were performed
using the Scientist program (MicroMath Scientific Software,
Inc.).

RESULTS

Kinetic ConstantsThe kinetic constants were determined
at pH 7.8. In the forwardi(L — p,L) direction, thek.,; was
determined to be 12& 3 s%, and theK, value ofL,L.-DAP
was 0.7+ 0.1 mM. In the reversep(L — L,L) direction, the
keat Was determined to be &2 3 s'%, and theKy, value of
D,L.-DAP was 1.1+ 0.1 mM.

pH Profiles The pH dependence of the maximum velocity
for the conversion of ,L.-DAP to b,L.-DAP is dependent on
the ionization of a single group whose protonation abolishes
activity. The (K value of this group was determined to be
7.0 £ 0.1. Similarly, the pH dependence of the maximum
velocity for the conversion ob,.-DAP to L,L.-DAP is
dependent on the ionization of a single group whose
protonation abolishes activity. Thekpvalue of this group
was determined to be 64 0.1. The pH-independent value
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1000 using protio-containing substrates. Nearly equivalent inverse
A solvent kinetic isotope effects afiK were observed in both
the forward and reverse directions, while nearly equivalent
normal solvent kinetic isotope effects dhwere observed

in both the forward and reverse directions (Table 1).

D,O Overshoots The full time course of the enzymatic
conversion of each substrate to the equilibrium mixture was
determined in either ¥D or D,O (Figure 3) by following
the ellipticity change at 205 nm. In the reactions performed
in H,O in both directions, the ellipticity smoothly approached
equilibrium. In the forward direction, a single “overshoot”

, : : — was observed when the reaction was carried out i®,D

5 6 7 8 9 10 where the concentration ofL-DAP transiently exceeds its

pH equilibrium concentration before returning to its equilibrium

concentration. In the reverse direction, a “double overshoot”

B was observed, where the concentrations,ofandp,L.-DAP

transiently and consecutively exceed their equilibrium con-

centrations before attaining their final equilibrium concentra-

tions. In both cases, the equilibrium constanti(J/[L,L]) at

o ° infinite time was 2.0.

1000

a
o
o

DISCUSSION

-
o
o

kcat/ K, sec'mm!

Diaminopimelate epimerase is a unique member of the
family of PLP-independent amino acid racemases, containing
two stereocenters in its diamino acid substrates. Due to the
1 , , ~ presence of these two centers, the equilibrium constant is 2,

5 6 7 8 10 rather than 1, for all other racemases. While there may be
pH minor enthalpic differences which contribute to the nonuni-
FIGURE 2: pH dependence of the maximum velocities (A) &t tary equilibrium constant, the most likely explanation for the
values (B) ofL,L-DAP (O) andp,L-DAP (@). The points in the  ophserved equilibrium constant is due to the entropic effect
]E_)Iots are experimentally determined, while the smooth lines are associated with interconverting the two stereocenters ef
its of the data to eqs 2 (A) and 3 (B). . .
DAP with the meso compound. Both proline and glutamate
Table 1: Kinetic Isotope Effects Exhibited by Diaminopimelate racemases cataly_ze Slmlla_r rea_\ctlons, and both have been
Epimerase shown, by alkylation and site-directed mutagenesis, to use
two cysteine residues as the general base and acid, abstracting

© 4

rimary deuterium by D(VIK . .
P Y 251002 4; 0)7 the G proton from one stereoisomer, and protonating the
;’LL_,rL”t 4'3i 05 5'4i 11 opposite face of the carbanionic intermediate or transition
' ' — —— state, respectively. Diaminopimelate epimerase requires DTT
solvent DOy DO(V/K) p y p p q

for maximal activity, and an active site-directed irreversible
LL—=DL 1.8+0.1 0.83+0.08 inhibitor of the epimerase, [aziDAP, 2-(4-amino-4-carboxy-
DLht 15401 0.73+£0.09 butyl)aziridine-2-carboxylate5, 6] has been shown to
stoichiometrically inactivate thé&. coli enzyme. The ir-
of the maximum velocity for the conversion of-DAP to reversible inhibition of the epimerase by aziDAP is due to
D,L.-DAP is approximately 2 times higher than that of the the alkylation of Cys73, suggesting that this residue is present
reverse reaction (Figure 2A). The pH dependencies of theat or near the active sit&), The corresponding residue in
V/K values for the two substrates are both bell-shaped, andthe H. influenzaeenzyme is also Cys73, and is found in a
yield statistically identical i values of 6.7 and 8.5 for the  disulfide linkage with Cys217 at the interdomain interface
two groups whose protonation and deprotonation, respec-in the three-dimensional structure of the oxidized, crystallized
tively, decrease the/K values for the two substrates (Figure enzyme (1).

ZB)-_ _ o _ pH Profiles The pH dependencies of théK values for
Primary Deuterium Kinetic Isotope Effect$rimary the two substrates are identical, as they must be, since the
deuterium kinetic isotope effects were determined under Haldane relationship requires that the ratio of i€ values

initial velocity conditions using dideuterated substratgs.p- in the forward and reverse reaction must equal the equilib-
or bpLp-DAP. Under initial velocity conditions, larger isotope  rium constant. The two bell-shaped profiles are thus dis-
effects were observed owWK [P(V/K)] than onV (°V) in placed, and yield an experimental ratio of 2.4, close to the

both directions (Table 1). Further, the isotope effects were theoretical value of 2.0 foKeq Two groups are observed in

much larger in the reverse,( — L L) direction than in the  the V/K profiles, and these reflect the ionization of free

forward (,. — p,) direction. ThusPVy, = 4.3, andPV,, = substrate or free enzyme groups. One, exhibiting aglue

2.5, of 6.7 &+ 0.1, must be unprotonated, while the other,
Sobent Kinetic Isotope EffectsSolvent kinetic isotope  exhibiting a X value of 8.5+ 0.1, must be protonated. The

effects were determined under initial velocity conditions pK values of diaminopimelate have been determined (1.8,
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Ficure 3: Time courses for conversion of.-DAP — p,L.-DAP by diaminopimelate epimerase in® (A) and DO (B) andp,L.-DAP —
L,.-DAP in H,O (C) and DO (D) following the ellipticity change at 205 nm.

2.2, 8.8, and 9.914), and while the carboxylatekpvalues structure of an enzymesubstrate complex will be needed
are too low to be observed, the-amino group of the  to clarify the identification of these groups.
substrate is a possible candidate for the group exhibiting a The groups whose protonation abolishes the maximum
pK value of 8.5. Alternatively, both groups observed in the ye|ocities in either direction are assigned to the cysteine
VIK profiles may be the catalytic cysteine residues, one of residues involved in the initial proton abstraction of the C
which must be protonated to act as the general acid and th%roton from the proxima] amino acid center. The macro-
other of which must be unprotonated to act as the generalscopic K values determined for the two cysteines are 7.0
base. The protonation states must be opposite in the two4 0.1 in the forward direction and 6 0.1 in the reverse
directions, however, suggesting that the identity of the two direction. These I values are those of the two cysteines in
cysteines must be reversed in the two profiles. A similar bell- the E-,.-DAP and E-p,L.-DAP complexes, respectively,
shaped pH dependence has been reported for the reaction odnd are likely to be perturbed from their intrinsic values in
proline racemaself). the free enzyme. The protonated cysteine which acts as the
In addition, in the reaction catalyzed by diaminopimelate general acid is not observed in thigoH profiles, suggesting
epimerase, the enzyme must specifically recognize thethat in the relevant enzymesubstrate complex, thekphas
L-stereocenter at the distal noncatalytic site, since the been elevated to a value ef9. This is likely the result of
production of thep,p-isomer is never observed, and would the desolvation of the protonated cysteine residue in the
have disastrous physiological consequences. There thus mug?inary complex.
be strong and specific interactions between the enzyme and Kinetic Isotope EffectsThe primary deuterium kinetic
theL-stereocenter of the substrates at the distal site. A numbetlisotope effects are large in both directions, suggesting that
of candidate enzyme residues are appropriately positioned,chemistry is largely or partially rate-limiting, and that
and highly conserved among the 14 bacterial epimerase geneommitments to catalysis are low. Two features of the data
sequences, including K5, H7, and D12. Although obviously presented in Table 1 are noteworthy. B&¥ and P(V/K)
important in determining the stereoselectivity of the reaction, are larger in the reverse direction than in the forward
the ionization of the enzyme and substrate groups which direction, and®(V/K) is larger tharPV in both directions.
provide these strong interactions apparently occurs outsideThe model shown in Figure 4 was used to derive the
of the pH region examined. Ultimately, the three-dimensional expressions for the primary deuterium kinetic isotope effects
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Ficure 4: Model used to derive the expressions for the primary
deuterium kinetic isotope effects.

shown below.
PVIK,) = (Pkg + Kk, + Kyfks Ko )/(1.0+ kylk, +
kilks) (5)
PIVIK,) = Ok + Kyfks + Kofky Ko d/(1.0+ ky/ks +
ky'ky) (6)
PV, = [Pkg + Ky(1.0Ks + 1.0k;) + Ky/ks K J/[1.0 +
ks(1.0ks + 1.0k;) + ky/kg] (7)
PV, = [Pky + Ky(1.0k, + 1.0kg) + kyfk,"K J/[1.0 +
ky(1.0k, + 1.0kg) + ky/k,] (8)

The ratio of theP(V/K) values for thep,L- andL,L-DAP is
not 1, as reported for proline racema&. (This suggests
that the intrinsic primary deuterium kinetic isotope effects
for the removal of thea-p- and a-L-protons are different.

Koo and Blanchard
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Ficure 5: Protoisomers of DAP generated during the reactions of
L,L.-DAP (upper left) om,L-DAP (upper right) in RO.

dissociation. The model shown in Figure 4 includes a proton
isomerization from one cysteine residue, protonated at the
end of the catalytic event but required to be unprotonated
for subsequent turnovers, to the other cysteine residue,
unprotonated at the end of the catalytic event but required
to be protonated for subsequent turnovers. This prototrophic
shift appears in the expressions f¢ as the inclusion of
the two rate constant; andkg, in the expressions fditVv

for L,.- and p,L.-DAP, respectively (eqs 7 and 8). If it is

This suggestion is based on comparing eqs 5 and 6, theassumed that the observB(V/K) values are equal to the

expressions for the/K isotope effects in the two directions.

intrinsic isotope effects in the two directions, and that only

The two expressions share the same denominator, and theithe ks/k; or kiks terms contribute significantly to the

ratio is simply the ratio of the two numeratoRKeq is the
same in both expressions (1.12¢) for transfer of the
deuterium from thea-amino acid to water, and both
commitment factorsks/k, and ky/ks, are likely to be small

numerator, then values of 03 are obtained for the ratio

of the catalytic step and prototrophic shift in both directions.
This very simplified analysis argues that chemistry is only
1-3 times slower than the interconversion of the two singly

given the magnitude of the observed effects. The ratio of protonated enzyme species. Similar slow intramolecular

the observed/K isotope effects thus reduces to the ratio of
the intrinsic kinetic isotope effects for removal of thep-
and a-L-protons by the two different cysteine residues.
Similar differences in the appareR{v/K) values observed

proton transfers have been documented previously for proline
racemasel(7) as well as for other enzymes§, 19).

Sobent Kinetic Isotope Effectédditional support for this
analysis comes from the solvent kinetic isotope effects (Table

in the two directions have been reported for DAP epimerase 1). The solvent kinetic isotope effects &K determined

).
The observation that the determined values Sgrare
smaller than the determined values f{v/K) in either

under initial velocity conditions for both substrates are
inverse, providing additional evidence for the catalytic
involvement of cysteine residues. The relevant fractionation

direction suggests that an additional slow step, in addition factors are those of the substrate £ 1.14) and unproto-

to chemistry, is partially rate-limiting, and follows product

nated thiolate anion, and the carbanion and protonated thiol
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FiGUrRE 6: Models with rate constants used to simulate th® Dvershoots. The models are shown in the upper portion, and the simulated
time courses are shown below each model. Simulations were performed using the Scientist program (MicroMath Scientific Software, Inc.).

(® ~ 0.4-0.6; 8). On the other hand, the solvent kinetic epimerase system arises from the presence of not one, but
isotope effects oV are normal. The expressions fdy but two, stereocenters in the two substrates.
not for V/K, include the rate constants associated with the  \yhen the conversion of L-DAP to the equilibrium
prototrophic shift. As was suggested above, this step may mixture containing 33%L,.-DAP and 66%p,.-DAP is
be partially rate-limiting, and only-23 times faster thanthe  fo|jowed in H,0, no overshoot is observed. When this same
catalytic step. A large solvent kinetic isotope effect on this experiment is performed in £, a single overshoot is
step is certainly suggested by these data. observed. Similarly, when the conversiongf-DAP to the

D,0O Overshoots Equilibrium overshoots accompanying equilibrium mixture containing 33%,.-DAP and 66%D,L-
the racemization of amino acids inO (9, 15) and the more DAP is followed in HO, no overshoot is observed. However,
general observation of “equilibrium perturbation20) rely when this experiment is performed in®, an unprecedented
on the introduction or presence of a heavy isotope at a double overshoot is reproducibly observed. Although the
position at or near the chemically reactive center. Such appearance of a double overshoot is not possible for the
overshoots and perturbations occur because of the sloweryeactions catalyzed by proline or glutamate racemase, we
isotope-induced, attainment of isotopic equilibrium with posited that the added kinetic complexity of the epimerization
respect to the bulk chemical equilibrium. In the case of of DAP might be responsible for this result. As shown in
proline racemase, the original observation of overshddis (  Figure 5, seven of the eight possible non-, mono-, and
was followed by a critical examination of the reaction dideuterated DAP complexes are transiently generated during
mechanism by Knowles and co-worke?4,(22). Subsequent  these reactions (theyLp cannot be formed, and while the
work with glutamate racemase yielded similar resuliS).( LuLp and LpLy are equivalent in solution, binding to the
The peculiarity, and uniqueness, of the diaminopimelate enzyme generates the nonequivalence), with the final prod-
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ucts being the dideuterated DAL, andbpLp. Three types  thebp,L — L,L direction must be sufficiently larger than in

of steps are shown in the figure: irreversible steps occurringtheL,. — b,L direction for a double overshoot.

during washin of deuterium from 40, interconversion of a In conclusion, while being obviously similar to other
deuterated.- or D-center with a deuteratent or L-center,  amino acid racemases, DAP epimerase exhibits a number
and finally the dissociation/reassociation reaction intercon- of unique properties not previously seen with other PLP-
verting boundLyLp andiLpLy. The first of these steps was independent racemases. These include a nonunitary value
considered to be fast, on the basis of the observations offor the equilibrium constant, dissimilar primary kinetic
inverseV/K solvent kinetic isotope effects. The second of isotope effects in the two directions, and the unprecedented
these was considered to be slow, and nonequivalent, on theobservation of a double overshoot in the — L,L direction.
basis of the observations of different, and large, primary Simple kinetic models and simulations have been used to
deuterium kinetic isotope effects. The dissociation/reasso-quantitatively analyze these data. The remaining question
ciation steps were considered to be the fastest, since noof which of the two active site cysteines is responsible for
isotopic evidence implicates kinetically important product proton abstraction from the two enantiomeria-€H bonds
dissociation, and no prototrophic shifts are required in the is currently under investigation.

interconversion ofLyLp and LpLy. The two overshoot

reactions were simulated using the models shown in Figure ACKNOWLEDGMENT
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