Kinetic characterization, predictive modeling and computational design for derepression of sirtuin deacetylation reactions



Patent proposal title:  A novel strategy/method for modulating sirtuin activities for health benefits & Compositions that can upregulate as well as downregulate sirtuin activities

Invention: This invention provides a) a preferred strategy/method for modulating activities of various mammalian sirtuins; b) compositions that can selectively upregulate as well as downregulate sirtuin activities.

Introduction: (borrow from PCB manuscript introduction)

· What are sirtuins and why are they  important
· Why acetylation and deacetylation
· Why does the biostasis destabilize with
· Old age
· Certain diseases like diabetes, cancer, etc. In diabetes sirtuins are deactivated whereas in cancer…
· Thus a strategy to combat diabetes will require activation of deacetylation whereas in cancer it may be desirable to deactivate specific sirtuins in order to slow down anabolic processes in target cells/tissues
· Recently, in order to combat old age, intense interest has developed in the activation of sirtuin enzymes, particularly the SIRT1 enzyme. Two approaches have been advanced. These are: 
a) allosteric activation. GSK has terminated a clinical trial of resveratrol. Other similar compounds (so-called “STACs” or sirtuin-activating compounds) are being studied.
      b) supplementation of NAD+ or certain NAD+ precursors. Problem: very high 
      dosages are required. The molecules can break down into NAM, which is an inhibitor.
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Figure 1. General model for the inhibition of sirtuins by NAM.  Simplified reaction network for base exchange inhibition. In the presence of saturating Ac-Pr, E is rapidly converted into E.Ac-Pr and NAM binding to E can be neglected, resulting in a simplified reaction network with 5 species. ADPR, adenosine diphosphate ribose; AADPR, O-acetyl-adenosine-diphosphate-ribose. For simplicity, deacetylation and AADPR + Pr dissociation are assumed to occur together (kcat denotes the rate constant for deacetylation and dissociation of AADPR + Pr from E).
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[bookmark: _GoBack]Figure 1X. Map of the reported experimental rate constants to our diagram (Figure 1A). 
Figure 1X. (A)
HST2 enzyme was studied using HPLC-based deacetylation assay, rapid-quench analysis, and equilibrium dialysis. The concentrations of bound [3H]AcH3 was plotted vs. the concentrations of free [3H]AcH3 and fitted into equation below. , Kd is the dissociation constant. No NAD+ binding was detected with HST2. AcH3 can bind to the HST2 with a Kd of 150 M. The acetylated substrate is the first to bind.

Figure 1X. (B-1)
Sir2Tm was studied using (1) HPLC analysis of Sir2 reaction, (2) TLC detection of base exchange activities, (3) crystallographic method. Crystal structures of the Sir2Tm in complex with an S-alkylamidate intermediate, analogous to the naturally occurring O-alkylamidate intermediate, and a Sir2Tm ternary complex containing a dissociated NAD+ analog and acetylated peptide. The structures and biochemical studies reveal critical roles for the invariant active site histidine in positioning the reaction intermediate, and for a conserved the reaction intermediate, and for a conserved phenylalanine residue in shielding reaction intermediates from base exchange with NAM.

Figure 1X. (B-2)
Sir2Af2 was studied using kinetic isotope effects and computational approaches to solve the transition state structure of Sir2Af2. The result shows that Sir2Af2 stabilizes an oxacarbenium ionlike structure in the initial ADP-ribosylation of acetyllysine of proteins with weak bond orders to nucleophile and leaving group. This weak acetyllysine and NAM association to the oxacarbenium structure provides a significant energetic stabilization relation relative to a fully dissociated oxacarbenium ion. 
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k4 is the reverse rate of nicotinamide return to NAD+ from the imidate complex, k5 is the forward rate of reaction from the fully nicotinamide complexed imidate, the value of Cr was computed using Michaelis parameters for Sir2Af2 using the peptide substrate using the assumption that Kd ≈ Km (nicotinamide) for base exchange and with the assumption that k5 ≈ kdeacetyl and k4 ≈ kB.E.



Figure 1X. (C-1)
Enzymes Sir2Af2, Sir2p, and mouse Sir2 were studied. Nicotinamide is a base exchange substrate as well as a biologically effective inhibitor. Characterization of the base-exchange reaction reveals that nicotinamide regulates sirtuins by switching between deacetylation and base exchange. Nicotinamide switching is quantitated for the Sir2s from Archeaglobus fulgidus (Sir2Af2), Saccharomyces cerevisiae (Sir2p), and mouse (Sir2). Inhibition of deacetylation was most effective for mouse Sir2, suggesting species-dependent development of this regulatory mechanism. The Sir2s are proposed to form a relatively stable covalent intermediate between ADPR and the acetyl oxygen of the acetyllysine protein substrate. During the lifetime of this intermediate, nicotinamide occupation of the catalytic site determines the fate of the covalent complex. Saturation of the nicotinamide site for mouse, yeast, and bacterial Sir2s causes 95, 65, and 21% of the intermediate, respectively, to return to acetylated protein. The fraction of the intermediate committed to deacetylation results from competition between the nicotinamide and the neighboring 2’-hydroxyl group at the opposite stereochemical face. 
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Figure 1X. (C-2)
ySir2 was studied. NAM inhibition of ySir2 is antagonized in vitro by isoNAM, which causes an increase in Sir2 deacetylation activity. IsoNAM also substantially increase transcriptional silencing at Sir2-regulated loci in wt strains and in strains lacking key NAD+ salvage pathway enzymes. 
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Nicotinamide base-exchange rate was measured at different concentrations of isonicotinamide.


Figure 1X. (D-1)
Enzymes Sir2Af2, Sir2Tm,Sir2A 


I. Steady-state sirtuin kinetic modeling
The initial rate law used for fitting NAM inhibition kinetics of sirtuins, derived using steady state assumptions was: (redundant, remove this page)


with


where the approximations refer to the case where 


Figure 1 shows a general reaction scheme for sirtuin deacetylation including base exchange inhibition. The goal of sirtuin enzyme kinetic characterization is to obtain estimates for the rate constants k1,k-1,k2,k-2,kex,k-ex,kcat.
The following equations specify a steady-state model for the reaction network in Fig. 1, under the simplifying assumptions described:



Solving the above linear system of algebraic equations for the steady-state concentrations  in terms of the rate constants and [NAD+], [NAM], which are assumed to be in significant excess and hence approximately equal to their initial concentrations [NAD+]0, [NAM]0 respectively, we obtain expressions of the form


The initial rate of deacetylation can be expressed


Using the expressions for the steady state species concentrations, we obtain the rate law above.
Insert expressions for the c’s here from notes:

<to be added>





I.B. Steady state model for deacetylation kinetics where [for paper, add more details on rapid equilibrium approximations]
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Figure 2. Mixed noncompetitive base exchange inhibition kinetics of sirtuin enzymes: mechanistic interpretation. The Figure depicts double reciprocal plots for initial rate measurements of deacetylation rates (not base exchange rates) with NAM as a base exchange inhibitor. The substrate is NAD+, and peptide is present in constant saturating concentrations. A higher value of alpha indicates more effective competition between NAM and NAD+, which can reduce the maximum possible level of activation by derepression.
[image: ]
Figure 3. Inhibition of SIRT3/SIRT1 against NAD+ by Nicotinamide. (A) Recombinant human SIRT1 was incubated for 0, 10, 20, 30, 60, 120, 180, and 240 min at 37oC in the presence of 50, 125, 750, 1500 M NAD+ and 0, 50, and 100 M NAM. (B) Recombinant human SIRT3 was incubated for 0, 10, 20, 30, 60, 120, 180, and 240 min at 37oC in the presence of 100, 375, 750, 1500, 3000 M NAD+ and 0, 25, 100, and 200 M NAM. Reactions were terminated by the addition of developer and samples were analyzed by fluorometry (excitation set at 355 nm and emission at 460 nm). Data are globally nonlinear fitted to base exchange inhibition model (Eq. 1) and shown as a double-reciprocal plot of 1/v versus 1/[NAD+]. In (C) and (D), the intersection points of the double reciprocal plots are enlarged for SIRT1 and SIRT3, respectively.
I.C. Steady state model of base exchange kinetics
-- In Fig. 1, base exchange experiments measure rate of conversion of E.ADPR-Pr-Im.NAM to E.Ac-Pr.NAD+, for varying [NAM] and if desired, varying [NAD+] as well.
RC(8/7/2014 wiki post): differences between base exchange rate constant determination method of Sauve and ours - assumptions he made, etc. Bibliography and citations should be started.
*A.A. Sauve, R.D. Moir, V.L. Schramm, I.M. Willis, Chemical activation of Sir2- dependent silencing by relief of nicotinamide inhibition, Mol. Cell 17 (2005) 595–601.
Method: Sir2-catalyzed exchange rate and deacetylation rate was measured by using an N-terminal hisone H4 peptide (AGGAcKGGAcKGMGAcKVGAAcKRHSC) as a function of [carbonyl-14C] nicotinamide concentration. Concentrations of isoNAM were set at 0, 60, and 100 mM, and varying concentrations of NAM were used to assess base-exchange rate in 20 min incubations. HPLC separation of the reaction mixtures resolved adenosine diphosphaoribose (ADPR), nicotinamide, isoNAM, acetyl-ADPR, and NAD. NAD peaks were collected, and radioactivity was measured by liquid scintillation counting. For all chromatograms, the amount of ADPR and 2’-O-acetyl adenosine diphosphoribose (AADPR) formed was determined by peak integration. For each isoNAM concentration, curves of base exchange were constructed by best fit of the points to the Michaelis-Menton equation as a function of NAM concentration with the maximal value of exchange measured in the absence of isoNAM assigned a value of 1. NAM base-exchange rate was measured at different concentrations of isoNAM. The increased in apparent Km for exchange is due to competitive inhibition by isoNAM with NAM binding. Concentrations of isoNAM are 0, 60, and 100 mM. For deacetylation, the curves were fit to the equation: relative rate=1-f[I]/ (Ki+[I]) where relative rate is defined on a scale of one based on the uninhibited rate. The constant f Is the fractional inhibition attained by NAM saturation, [I] is the concentration of NAM, and Ki is the apparent NAM inhibition constant. To demonstrate activation of Sir2 activity by isoNAM, base-exchange and deacetylation rates were measured as above except that isoNAM concentration were varied at a fixed, physiologically relevant concentration of [carbonyl-14C]nicotinamide (125 uM) that is inhibitiory for Sir2-catalyzed deacetylation (Ki=110 uM).Values for the base-exchange reaction were fit to the equation: relative rate = 1-[I]/(Ki[I]) where rates are measured on a scale of one based on the uninhibited base-exchange rate. [I] is the concentration of isoNAM and Ki is the apparent isoNAM binding constant. Deacetylation rates were fit to the equation: relative rate = 1+ f[I]/(Ki+[I}) where relative rate is defined on a scale of one based on the rate of deacetylation at 0 mM isoNAM. The constant f is the fractional activation attained by isoNAM saturation, [I] is the concentration of isoNAM, and Ki is the apparent isoNAM binding constant.

*A.A. Sauve, V.L. Schramm, Sir2 regulation by nicotinamide results from switching between base exchange and deacetylation chemistry, Biochemistry 42 (2003)9249–9256
Method: Reaction mixtures of 50 L of 50 mM potassium phosphate (pH 7.8) containing 300 M  KKGQSTSRHKKAcLMFKTEG peptide and 600 M NAD+ containing selected micromolar concentrations of [carbonyl-14C]nicotinamide at 60 Ci/mol (0, 10, 20, 30, 45, 60, 80, 90, 125, 250, 360, 600, and 1200) were reacted with 1 M Sir2 enzyme added as a 1 L addition of concentrated enzyme. After 2 h, 10 L aliquots were removed at 0, 30, 60, 90, and 120 min. Each aliquot was combined with 50 L of 50 mM ammonium acetate (pH 5.0) to quench and assayed by HPLC for deacetylation products and NAD+. The chromatograms (260 nm) were obtained using 50 mM ammonium acetate (pH 5.0) as the eluent on a semipreparative Waters C-18 column (flow rate of 2.0 mL/min). Peaks for ADPR and 3¢-O-acetyl-ADPR were quantified by integration. The peak for NAD+ was collected and the radiation counted. Plots of rate versus nicotinamide concentration were fit using the curve v=kcat[S]/([S] + Km) with the curve-fitting feature of Kaleidagraph. Plots of deacetylation rate versus nicotinamide concentration were fit to the equations described in the text. Experiments with 2 mM nicotinamide established the effects of this concentration on the deacetylation and exchange activity of the Sir2 enzyme.

* JL Avalos, KM Bever, and C Wolberger. Mechanism of sirtuin Inhibition by NAM: Altering the NAD+ Cosubstrate Specificity of a Sir2 Enzyme. Mol. Cell (2005) 17: 855-868.
The NAM and nicotinic acid exchange reactions were carried out in 20 l containing 50 mM sodium phosphate, (pH 8.0), 0.5 mM DTT, 2 mM NAD+, and 500 M of the acetylated p53 peptide used in the crystallographic studies and NAD+ consumption assay. The reaction contained 0.1 mM of 14C-NAM or 14C-nicotinic acid, with 80 g/mL of the wt enzyme or 2.5 mg/mL of the D101N mutant. After incubation at 37oC for 3 hr, 8 ul of each reaction was spotted on a polygram SIL-G TLC plate. The plate was developed in a pre-equilibrated chamber with 80:20 ethanol: 2.5 M ammonium acetate. After chromatography, the plate was air dried and exposed to a phosphorimaging screen overnight. The reaction using 2.5 mg/ml of wt enzyme and 14C-nicotinic acid showed no detectable formation of NAAD.

-- Bottlenecks of base exchange experiments:  
Instrument: liquid scintillation counting for measurement of radioactivity.
Reagent: [Carbonyl-14C] NAM was carried by Sigma with Catalog # N2142. It has been discontinued. Need to do more follow-up with Sigma sales _ Sigma-Aldrich Technical Service Answer : Product N2142 has been discontinued from us without any similar replacement. Currently, we do not have any other option available for this material.

By searching for the product using websites such as www.chembuyersguide.com:
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http://www.chembuyersguide.com/index.cfm?P=search&a=exe
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Base exchange initial rate law:

where defining the following constants is useful:


Divide all by Coef_NAM not Coef_A.  Consider using Coef_E.ADPR-Pr-Im.NAM/Coef_NAM 
I.D. Complete steady-state algebraic constraint equations for kinetic characterization of sirtuin enzymes
- By combining the results from initial rate analyses of deacetylation and base exchange, we obtain the following relations, which are sufficient to kinetically characterize a sirtuin:


LHS quantities are measured experimentally. Solve for 7 rate parameters k1,k-1,k2,k-2,kex,k-ex, kcat using method of moments estimation.

II. Transient kinetics parameter estimation 

Kinetic parameters (rate constants) can also be estimated using transient kinetics data, either pre-steady state or post-steady state.  Observed quantity is deacetylation rate. The transient kinetics of the sirtuin reaction in Fig. 1 are described by the following equations:





II.A. Experimental protocol
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Figure 4. Transient kinetics of sirtuin deacetylation reactions. Pre-steady state kinetics would require measurements to be made over times < 5 minutes, whereas post-steady state kinetics can use the data at subsequent times. 


a)  over what period of time are your initial rate measurements made?
XG: First 5 minutes of the reaction.

b)  how did you settle on this time?
XG: The original data points will be plotted vs. time. Prism will create
a Table of XY coordinates of many points that define the curve, in which
the slope of the line is initial rate.

c)if you made multiple measurements at successive intervals of time,
what are the time intervals and how many measurement times are used? did
you fit the time series data with prism? if so, can you provide me with
a plot of that?
XG: The time intervals are 0, 10, 20, 30, 60, 120, 180, 240 min. The
time series data were fit with Prism. Please check the attached file for
such a plot.
  
d)  if we wanted to slow down the reaction, how much lower could the
enzyme concentration be made while still getting a measurable
fluorescence signal?

XG: For SIRT3, we can as low as 0.25 U; For SIRT1, 1U probably will
still be OK. Need to do a titration to give you descent number.

e)  regarding the continuous assay under development: can you continuously
monitor deacetylation activity? are there any possible applications of
the new instrument Chaoran has ordered in this regard? would this allow
you to make measurements over shorter times than now?
XG: Continuously monitor the produced NAM. Yes. Tecan can be used for
such a purpose.

f) Please provide status of the continuous assay.
XG: The experiments was stopped at the last step of purification, which will take a week. Then will be confirmation and activity measurement, which is one week work if everything goes smoothly.

In the first moment after an enzyme is mixed with substrate, no product has been formed and no intermediates exist. The study of the next few milliseconds of the reaction is called pre-steady-state kinetics. Pre-steady-state kinetics is therefore concerned with the formation and consumption of enzyme–substrate intermediates (such as ES or E*) until their steady-state concentrations are reached. This rapid burst phase of the reaction measures a single turnover of the enzyme. 
 
Since Kcat values lie in the range 1 to 107 s-1, people must be able to make measurements in the time range 10-7 to 1 s if we are to observed processes that are faster than turnover. All of these time frames are beyond the capacity of a human to initiate and subsequently observe. Observations in these time frames rely on machinery that have fast automated initiation and data collection methods.
 
Many measurable changing physical phenomena can be measured for the study of pre-steady state kinetics, such as heat, infrared absorption, nuclear resonance etc., most require prolonged acquisition time which severely limits there utility in rapid methods. Rapid Mixing Methods, Continuous flow spectrophotometry, Stopped-Flow Spectrophotometry, and Rapid Quench-Flow are the accessible pre-steady state techniques in recent years. And rapid quench is possibly the only method currently available that allows other physical properties of intermediates to be measured.

II.B. Pre-steady state parameter estimation

Consider the following simplified (no E.NAM) transient kinetics model as an example:




	 



- The King-Altman rules (may show in paper) provide a shortcut for obtaining the above determinant for s=0. Check them here. It should also provide a shortcut for obtaining the characteristic equation – may use it for more complicated models for that purpose.


Solve linear system with mass balance constraint appended by inversion of A, or use





If solving for eigenvector \pi, no need to add mass balance constraint. Normalize via  


System will converge to above for sufficiently large [NAD+], [NAM]


Analytical ILT of (sI-A)-1 will not be possible, but write latter anyway


Express kcat in terms of vmax and other parameters

2 parameter estimation problem (k1,k2) – use method of moments to match relaxation time data (at multiple [NAD], [NAM]) if available (after estimation, check if there is one dominant eigenvalue), or use linear filtering. Linear filtering possible both pre-steady state and for limited time after steady state. Linearization required after steady state, [NAD] and [NAM] must be added as state variables; system already linear prior to steady state, fewer state variables. Check time series data to decide on approach. 


C. Post-steady state time-series estimation (filtering)
Expressing linearized system in terms of deviation variables


<to be added>

Observation differential equation: 



III. Computation and experimental design in sirtuin kinetic parameter estimation


A. Computation can provide: kex,k-ex (Kex), through QM/MM; Kd,NAM (or any C pocket inhibitor), through MD/MM-PB(GB)SA and LIE; kcat (hence, 4 parameters - 3 that are constant for a given sirtuin and one that varies with inhibitor). May also provide (uncertain) estimate of Kd,NAD+, but latter can be obtained experimentally more accurately. 

B. Base exchange experiments provide 2 additional constraints (Km, vmax) for single  [NAD+]. If [NAD+] is varied, get multiple double reciprocal plots like mixed noncompetitive product inhibition plots. This should provide additional constraints (see below. Base exchange experiments are steady state experiments that play a role in sirtuin parameter estimation similar to that of processivity experiments in polymerase parameter estimation.)

With 2 additional base exchange constraints, should be able to solve the 7 parameter/4-5 species parameter estimation problem with just initial rate experiments. With more base exchange constraints, which are available (see below) may be able to solve more complex models. 

C. Since base exchange experiments are slow, we consider use of time series experiments as well. Check if the continuous assay can provide time series data needed (either pre-steady state or post-steady state). Pre-steady state time series data should be fit near steady state by a first order model; time constant is relaxation time used for parameter estimation. Decide which experiments to prioritize.

D. PL should write the parameter estimation codes based on the above theory


E. NAD+ is product inhibitor of base exchange reaction (isoNAM is competitive inhibitor). One could directly measure effect of isoNAM on base exchange rate, but given greater expense  of base exchange experiments, not suitable for screening. Base exchange experiments are better used for sirtuin characterization.


F. Above provides a comprehensive framework for sirtuin kinetic parameter estimation. Propose it for use with all sirtuins based on availability of experimental and computational data. Prior base exchange literature did not provide a quantitative method for estimating Kex. 


G. Motivation for transient kinetic models: modeling of dynamic phenomena involving NAD+/NAM regulation of sirtuins (including feedback regulation) like circadian rhythms. Circadian rhythm dynamical system includes a feedback controller responding to NAD+ and NAM levels. (NAM provides negative feedback as well.) Highest impact however may come from design in steady state context

H. Negative design criteria: avoid excessive inhibition of competitively inhibited sirtuins. Portray activator design problem in context of C pocket binding affinity optimization for target dosage subject to inequality constraints pertaining to inhibition of competitively inhibited sirtuins. Challenging due to conservation of C pocket structure. Initially, have PL check binding affinities of SIRT3 shortlisted molecules with SIRT1 or other sirtuin

J. Prescreening sirtuins with standard inhibition assays (faster) to obtain alpha values

K. Allosteric activators change peptide Km; by contrast the rational approaches above focus on NAD+ activation / NAM derepression 

IV.  Software design 

<to be added>
A. Virtual screening workflow: establish accuracy/speed tradeoffs for MD virtual screening 
B. Insert molecular dynamics simulation figures for paper



V. Base exchange derepression predictive models


Note: isoNAM may also display hyperbolic inhibition. XG should fit the hyperbolic model to the isoNAM data as a priority. Note we saw higher than model predicted activity for high [NAM], low [NAD+].
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Figure 5. Simplified reaction network for sirtuin activation by derepression of base exchange inhibition. I2 denotes a ligand that binds to both intermediate E.ADPR-Pr-Im and E.Ac-Pr. Compare Fig.1. Note that the representation above corresponds to the simplification where Ac-Pr is present in saturating concentrations and E can hence be omitted from the network.




· The formulations below all assume that the Kd’s of the activator I2 for both E.Ac-Pr and E.ADPR-Pr-Im (intermediate) are the same. In our current virtual screening work, we are scoring these complexes separately for each molecule, to see whether we can take advantage of preferential binding to the intermediate, and hence decreasing competitive inhibition of deacetylation while achieving effective competitive inhibition of base exchange. Our prior work has established the need for such negative design against drug binding to E.Ac-Pr, especially for sirtuins that are 

· Modifications to the models below are possible wherein the Kd’s for E.Ac-Pr and E.ADPR-Pr-Im are straightforward. The resulting activation plots will change (maximum possible activation would increase).




We now consider several steady state models for base exchange derepression with different assumptions on the magnitude of kcat.


V. A. kcat << kj, j \neq cat (“rapid equilibrium” assumption)

If kcat is much smaller in magnitude than all other rate constants, omitting all terms in kcat, the initial rate law can be written





If we omit only those terms in kcat^2 and higher order ,





[The above is based on only those K-A diagrams that have all kcat’s missing (3) and writing expression for every species concentration using that one diagram with appropriate arrows.]



where 







Let


 

Then the initial rate expression can be rewritten

	 

2nd term (vmax effect) only activates

1st term deactivates; if 1st term (Km effect) deactivation is less than activation from 2nd term, net effect always activation. if deactivation is more than activation from 2nd term, net effect always deactivation. 

Hence



  strictly > 0 or <0   monotonic fn; true for any such hyperbolic fn

Hyperbola in x, plateau at v \leq v_max (see expression below)
Maximum velocity due to I2 derepression (under monotonic model):


   -- an additional algebraic constraint equation for sirtuin characterization

Hence reach vmax w high [NAD] since remaining inhibition (after complete derepression of NAM inhibition) is competitive

Maximum activation smaller with larger \alpha, Kex, [NAM], since I2 inhibition competitive and amplified by Kex. Note [NAM] has an effect even for complete derepression


This monotonic model does not properly represent derepression since activation doesn’t depend on [NAM]. X=0 – must be deactivating, hence model predicts always deactivating – incorrect

Should find monotonic deactivation @ [NAM]=0 but some activation (nonlinearity) @ [NAM] \neq 0.




V. B. Quadratic models
`

Retaining terms in kcat^2, we obtain a model that is more consistent with experimental data:



 

Where


 

So K2’’=Ki for isoNAM may not be accurate estimate of Kd. Latter is competitive inhibition in absence of NAM; can dominate hyperbolic acviation if kcat sufficiently large. 

Assume Ki<K1 but Ki >> K2 for weak but complete iNAM inhibition
K1’ (hyperbolic inhibition constant for iNAM) may give better Kd,iNAM estimate?


K1,K2,K3 and all rate constants therein were estimated above during sirtuin kinetic characterization, K1’ and K3’ are relatively simple functions of Kd,2, and K2’’, K2’’’ are functions of most rate constants of sirtuin mechanism as well as those in Kd,2. K2’’ approximation does not require that on/off rates of I2 are known independently. The expressions for the latter were provided above.


-Solve for inhibition independent approximation  (kcat/k-2)*Kd,NAD*Kex/Km,NAD+
for computational drug discovery










  not strictly > 0 or <0  ; always > 0 for sufficiently high x;  not monotonic




 


where xmax denotes (approximately) the value of   (i.e., the adjusted dosage of the drug) that achieves maximal activation for the given sirtuin enzyme.


Observations:

a) Increase in vmax if c>1 @ [NAM] \neq 0; no change in vmax (pure competitive inhibition) if [NAM]=0

b) (y+e) < 1 => isoNAM inhibition effect scaled down relative to NAM

c) f is proportional to kcat^2
 	e is proportional to kcat
 	d is not proportional to kcat

d) [I2] terms relevant @ high [I2], [NAM]=0 as well; quadratic terms can be omitted for NAM since potent inhibitor at low [NAM]

e) Two types of I2 competitive inhibition: both depend on formation of E.Ac-Pr.I2; one is yx term (bilinear in [NAM],[I2]) and increases with [NAM], other is ex term, does not depend on [NAM]. Both are “amplified” by Kex and scaled down due to kcat factor

f) Key is coefficient f of [I2]^2 term



g) Check whether [I2]^2 terms depend on k3,k-3 separately or just Kd,2
h) Check what parameters can be estimated from rel inhibition expts




The information provided by NAM inhibition kinetics (e.g., the value of ) regarding the relative magnitudes of binding rate constants and other (e.g., reverse) rate constants in the reaction mechanism has implications for sirtuin activation by NAM derepression. In particular, an inert C pocket binding ligand I2 will further increase the apparent Km,NAD+ of the enzyme, so the value of  for NAM inhibition, which quantifies the effective competition between NAM and NAD+ in the absence of activator, will affect the scope for activation through base exchange derepression. Note that the extent of overall competition does not depend solely on Kd,NAD+ and Kd,I2. Development of initial rate models for such reaction networks based on methods similar to those presented in this work could serve as a foundation for the rational computational design of sirtuin activators. By coupling to an appropriate computational model for binding affinity prediction based on MM-PB(GB)SA, computationally driven activator design may be possible. Similar methods could be applied to computationally screen for mutations that modulate base exchange inhibition through modification of Kd,NAM, for the purpose of understanding the selection pressures the drove the evolution of  the diverse sensitivities of sirtuin enzyme active sites to NAM.
.
       Hence the inhibition mode affects the scope for and establishes design criteria for sirtuin activation by NAM derepression. Mammalian sirtuins have evolved higher Km,NAD+’s to function as NAD+ sensors; SIRT1/SIRT3 may also have high Kex’s, which result in the possibility of nearly complete inhibition by NAM at NAM concentrations significantly below NAM’s Kd – hence allowing them to serve as good NAM sensors at low physiological concentrations of NAM. The evolution of these properties has been accompanied by different degrees of competitive behavior toward NAD+ in the inhibition kinetics of NAM.  Recent evidence suggests that certain symptoms of aging can be reversed in some mammals by sirtuin activation[16]; most of such work has considered increasing NAD+ levels; reducing NAM inhibition may also be a viable strategy for activating certain mammalian sirtuins. The mechanistic understanding provided herein may be useful for clarifying the feasibility of a particular activation strategy.




No NAM:
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Figure 8. Inhibition of SIRT3 against NAD+ by Isonicotinamide (no NAM). Recombinant human SIRT3 was incubated for 0, 10, 20, 30, 60, 120, 180, and 240 min at 37oC in the presence of 100, 375, 750, 1500, 3000 M NAD+ and 0, 2.5, 10, and 40 mM isoNAM. Reactions were terminated by the addition of developer and samples were analyzed by fluorometry (excitation set at 355 nm and emission at 460 nm). Data are globally nonlinear fitted to mixed inhibition model (Eq. 2) and shown as a double-reciprocal plot of arbitrary fluorescence units (AFU) min-1 versus 1/[NAD+] M-1.




















Figure 7. Schematic activation plot of sirtuin enzyme by a competitive inhibitor of the base exchange reaction (I2). The dose-response curve/surface is shown for constant [NAD+] and variable [I2], [NAM]. Predictions will be tested experimentally at fixed [NAD+], [NAM] and variable [I2] (relative inhibition experiments). Prepare plot with trial values of parameters
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(A)
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(B)
Figure 8. Inhibition of SIRT3 by NAM in the presence of IsoNAM. (A) Recombinant human SIRT3 was incubated with different concentrations of isoNAM (range from 1 – 100 mM) for 40 min at 37oC in the presence of 500 M NAD+, and 50/100/150 µM NAM.  (B) Recombinant human SIRT3 was incubated with different concentrations of isoNAM (range from 0 – 100 mM) for 40 min at 37oC in the presence of 500 M NAD+, and 100 µM NAM. Reactions were terminated by the addition of developer and samples were analyzed by fluorometry (excitation set at 355 nm and emission at 460 nm). 
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Figure 9. Inhibition of SIRT1 by NAM in the presence of IsoNAM.







Finish a) base exchange MM derivations – check total number of constraints; b) activation kinetic modeling and derivation of dosage for maximum activation; c) linearization of transient model (for linear filtering) and characteristic equation for use in relaxation time estimation; d) outlining various parameter estimation approaches vis-à-vis experiments and computation 

image2.tif
W"(B)Transiﬁon St

o~

ate

.
3
§
m/t W
be
[—
A (C) Base Exchange JooNH:
A
AR,
o Nam
o o oo ki %
i ——————— 20-Acetyl
Acatl ki BaseEachange  HOH™ OHY, ksOsscottion ADPR
L) B\

[
cazyme  koks ksin) K(min) ks (min) Ko (hvk) 3N Neepite
‘bacterial 025 >18 0.25ks >18 ND Intermediste
yast 95 78 162 7o
mowe 220 S0 94 ox  ooss

=150 M

Not

ot :::.':;] [4 5 ]

determined

E‘Ac-Pr
ORj

K Kex
+NAD™<1= E'Ac-PrNAD' <=

Tk e Kor

K
K EprAADPRNAM T_L

. [ NAM+AADPR+Pr+E
NAM + E"ADPR-Pr-Im —~!
3

(D) Spontaneous non-enzymatic equi

F Keq= 087
n K
—_— 206%
OH’

Ki=0.45he’

pa—"
=108 k=032 Kug=14
o 14
Kag= 142

"
m " et
Por

°~«

3 -AADPR \+ 2-AADPRiswitha first-orderrate
constant foracetyl migration 0f0.32 h at pH 6.25.
Keqwas1.4 at 15°C and the rate constantfor 2’ —
AADPR — 3-AADPRI50.45 h

&
™

o
Fa

(8) Borra, MT et al. Biochemistry (2004) 43: 9877-9887
(B-1) Hawse, WF et al.Structure (2008) 16: 1368-1377.
(8-2) Cen, ¥ et al. JACS(2010] 132:12286-12298.

(1) Sauve AA, et al. Biochemistry (2003) 42: 8243-9256.
(C-2) Sauve A, et al. Mol. Cell (2005) 17: 595-60L

(D-1) Sauve AA, et al. Biochemistry (2001 40: 15456-15463.
(D-2) Smith BC, et al.Biochemistry (2006) 45: 272.282.




image3.png
Chemical
Species

Kinetic
Mechanism

Commitment

[E-NAD"AcLys] [E:l;NAM] [El5] E+P
o
o [ ) NH,
ADPO 2 ADPO ADPO ADPO.
— j?—?\ - 7
o OH
OH OH i HO HO O OH O OH O
HN AN HN )'=°
Lys ) L\
Lys ¥e + LysNHg"
+ k1 + k3 ks
E + NAD* + AcLys [E-NAD*AcLys] [E+1-NAM] > [El] — . E+P
2
fast LK«
%
[E'ly] + NAM
Ci= kalky C, = kiks




image4.png
Substrates

‘Peptide




image5.png
enzyme  kyks ks (min™!) ks(min'!) ks (min!) Ko (ks/ks)

bacterial 0.25 =18 0.25ks =18 ND
yeast 9.6 78 16.2 1.7 0.48
mouse 220 3.0 50.4 0.27 0.055





image6.png
ot \ ) N

—————— 7.0Acey
HOH Y, ks Desceaton ADPR

(NHIBITION) kg\)\ +
S

Poptidylimidate
Intermediate

Acetyl  ky: Base-Exchange
Lysine

LysNH,
Peptide




image7.wmf
1

max

,NAD

23

[]

[](1)

[][]

(1)[](1)

m

NAM

NAD

K

v

NAMNAM

v

KNAD

KK

+

+

+

+

=

+++


oleObject1.bin

image8.wmf
(

)

(

)

(

)

1ex22

max0

21221122121211

0

21222121

,

21221

*kkk

[]

[]

catcat

excatcatcatexexexexcat

cat

catexcatcatexex

mNAD

excatcat

kkk

vE

kkkkkkkkkkkkkkkkkkkkkkk

kE

kkkkkkkkkkkkkk

K

kkkkkkkk

+

--

---------

---------

---

+

=

++++++

»

éù

++++

ëû

=

+

(

)

(

)

(

)

122121211

212

2

,

1212

2

12,

21221212

2

,NAD

1

11

11

catexexexexcat

catexcatex

ex

catdNAD

exex

catdNAM

excatexcatcatex

m

kkkkkkkkkkkkkkk

kkkkkkk

kk

kK

kkkkkk

k

KkkK

kkkkkkkkkkkkkk

KK

+

------

----

--

+

--

-

------

+++++

++

æö

+

»=+

ç÷

èø

=»

+

+++

=

(

)

(

)

(

)

,

21221122121211,

,NAD

122

3212221122121211

1

11

ex

dNAD

excatcatcatexexexexcatdNAM

m

exex

excatcatcatexexexexcat

KK

kkkkkkkkkkkkkkkkkkkkkkkKK

kkkkk

K

KKkkkkkkkkkkkkkkkkkkkkkkk

a

+

+

---------

--

---------

»

++++++

+

+

==»

++++++

,

ex

dNAM

K


oleObject2.bin

image9.wmf
,

catj

kkjcat

<<¹


oleObject3.bin

image10.wmf
112

11ex

[Pr][Pr][][Pr][][PrIm]0

[AcPr][Pr][]()[Pr][PrIm]0

[PrIm][Pr

cat

ex

ex

d

EAckEAcNADkEAcNADkENAMkEADPR

dt

d

ENADkEAcNADkkEAcNADkEADPRNAM

dt

d

EADPRNAMkEAcN

dt

+

+

--

+++

--

×-=-×-+×-×+×+×--=

×-×=×--+×-×+×--×=

×--×=×-×

ex22

22cat

2

1

1112425

2

]()[PrIm]'[PrIm]

[PrIm][PrIm](')[PrIm]

[][PrIm][]0

'

cat

cat

cat

ADkkkEADPRNAMkEADPR

d

EADPRkEADPRNAMkkEADPR

dt

d

ENAMkEADPRNAMkENAM

dt

dx

kxkxkxkx

dt

dx

+

--

-

-

--

-++×--×+×--

×--=×--×-+×--

×=×--×-×=

=-+++

1112ex3

3

2ex2324

4

232cat4

5

325

0

'()

()'

(')

[Pr][Pr][Im][Im][][]

ex

excat

cat

kxkkxkx

dt

dx

kxkkkxkx

dt

dx

kxkkx

dt

dx

kxkx

dt

EAcEAcNADEADPRAcNAMEADPRAcENAME

--

--

-

-

+

=-++

=-+++

=-+

=-

×-+×-×+×--×+×--+×=


oleObject4.bin

image11.wmf
[Pr],[Pr],[Im],[Im],[]

EAcEAcNADEADPRAcNAMEADPRAcENAM

+

×-×-××--××--×


oleObject5.bin

image12.wmf
01112

02122

03132

041

05152

[Pr]/[][]

[Pr]/[][][][]

[.Im.]/[][][][]

[.Im]/[][]

[.]/[][][]

EAcEccNAM

EAcNADEcNADcNADNAM

EADPRAcNAMEcNADcNADNAM

EADPRAcEcNAD

ENAMEcNADcNAM

+++

++

+

+

×-=+

×-×=+

--=+

--=

=+


oleObject6.bin

image13.wmf
(

)

(

)

0

00

0

[ADPRPrIm][PrIm]

[ADPRPrIm][PrIm]

()[]

[][]

1

[Pr][Pr][Im][Im][]

[]

cat

cat

vkENAMEADPR

ENAMEADPR

kE

EE

EAcEAcNADEADPRAcNAMEADPRAcENAM

E

+

=×--×+×--

×--××--

+

=

×-+×-×+×--×+×--+×


oleObject7.bin

image14.wmf
1

max

,NAD

23

[]

[](1)

[][]

(1)[](1)

m

NAM

NAD

K

v

NAMNAM

v

KNAD

KK

+

+

+

+

=

+++


oleObject8.bin

image15.wmf
(

)

(

)

(

)

31411ex22

max000

2131415121221122121211

11

,

21314151

212

**

[][][]

catcatcat

cat

excatcatcatexexexexcat

mNAD

catexcatcat

kcckkkkkk

vEEkE

cccckkkkkkkkkkkkkkkkkkkkkkk

c

K

cccc

kkkkkkkk

+

--

---------

----

++

==»

+++++++++

=

+++

++

=

(

)

(

)

22121

21221122121211

32

2

131412,

1252

221314151

,NAD

2122

,NAD

11

11

1

exex

excatcatcatexexexexcat

catdNAM

m

excatexc

m

kkkkkk

kkkkkkkkkkkkkkkkkkkkkkk

c

k

KcckkK

cc

KKcccc

kkkkkkkk

K

+

+

-----

---------

-

---

éù

++

ëû

++++++

==»

++

+

=

+++

+

=

(

)

(

)

(

)

1212

21221122121211

,

,

,NAD

2232

321314151

122

122211

1

atcatex

excatcatcatexexexexcat

ex

dNAD

dNAM

m

exex

excatcatcatex

kkkkkk

kkkkkkkkkkkkkkkkkkkkkkk

KK

KK

cc

Kcccc

kkkkk

kkkkkkkkkkkk

+

+

---

---------

--

----

++

++++++

»

+

=

+++

+

=

+++

(

)

22121211,

1

ex

exexexcatdNAM

K

kkkkkkkkkkkK

-----

+

»

+++


oleObject9.bin

image16.tiff
[1]a

[

(1.

v

[I1:=0

1/[NAD*]

u=Ks . Kivap Ko
Ky,  Kvap 14K




image17.tiff
(A)

25

+ [NAM]=0 uM
« [NAM]=50 uM 5 ¢
+ [NAM]=100 pM

1/v, min

(©

1/v, min

-7.5E-03

1.5

1.0

0.5

~ 00

7. 5, 2, A 2 8. 4 7.

505 08 0 <5895 087,503 " 005 “05 "0,
05

+ [NAM]=0 uM
= [NAM]=50 pM
+ [NAM]=100 pM

-5.0E-03

i

- s
.-

1/[NAD*], M-

0.5
0.4

;
0.3 +
0.2 }
0.1

0.0

-2.5E-03 -1.0E-17 2.5E-03

-0.1
1/[NAD*], uM-*

(B)

- INAM]=0 uM
» [NAM]=25 uM

+ [NAM]=100 uM
* [NAM]=200 M , ¢

3.0

1.5

1/v, min
P

1/[NAD*], M-

(D)
-INamj=0 M 020
= [NAM]=25 pM  0.175
+ [NAM]=100 M 450 :
« [NAM]=200 uM i
0.125 I .
3 0.100
£ 0.075
Ed L
= 0.050 o,
0.025
0.000
-2.0E-03 -1.0E-03 -1.0E-17 1.0E-03 2.0E-03
-0.025
1/[NAD*], uM-!





image18.png




image19.png
RS

Nicotinamide

Ordering

Online Catal

Moravek Biochemicals and Radiochemicals Complete Catalog Product Listing
13C, 14C, 2H, *H, 1°N, %S labeled and non-labeled compounds "
vz

1Z1>

MORpure™ quality compounds for your research

Services Fesdback ‘Employment Opportuniies

MC 1427 Nicotinamide, [carbonyl-C]-

MORpure™ Delivered >= 98% pure with dated HPLC radiochromatogram

[Ethanol solution, 100 pCi/ml

14560 mCi(1.665-2.22 GBq)/mmol, store at -20°C

504Ci (185 MBq)  $625

Combi

ial - shipped on dry ice

250 4Ci (9.25 MBq)  $1340

MW 122.12

MT 1937 Nicotinamide, [6-*H(N)}-

Click here for Typical Product Data Set

Delivered >= 95% pure with dated HPLC radiochromatogram

Ethanol:water (1:1) solution, 1 mCi/ml

>1Ci

7 GBg)immol, store at -20°C

250 uCi (925 MBq)  $975

Coml

ial - shipped on dry ice

1mCi (37 MBa) 52450

MW, 122.12





image20.wmf
(

)

(

)

(

)

313203132

0

0

0

1

[PrIm]

[][][][][][]

[PrIm]

[]

[]

1

[Pr][Pr][PrIm][PrIm][E]

[]

[]

ex

exex

ex

excat

vkEADPRNAM

kcNADcNADNAMEkNADccNAM

EADPRNAM

kE

E

EAcEAcNADEADPRNAMEADPRNAM

E

kNADkkk

-

+++

--

-

+

+

-

=×--×

=+=+

×--×

=

×-+×-×+×--×+×--+×

=

(

)

(

)

2122

12122

0

21221212

21221212

,

23

[]

[]

[]

(1

()

11

(1[])[](1[])

exex

excatexex

excatexcatcatex

excatexcatcatexcat

mNAM

bb

kkkkkNAM

kkkkkNADkkkk

E

kkkkkkkkkkkkkk

kkkkkkkkkkkkkkkk

KNADNAMNAD

KK

+

--

---

------

------

++

+

+

+++

+++

=

+++

0

12

,

23

0

d,NAD

,

,

,,,

[])[]

11

(1[])[](1[])

[]

[][]

1

1

(1[])[](1[])

ex

mNAM

bb

ex

dNAM

ex

mNAD

exex

dNADmNADdNAD

NAME

kk

KNADNAMNAD

KK

NAD

kNAME

K

K

K

KNADNAMNAD

KKKKK

+

+

+++

-

++

+

++

+++

»

+

+++


oleObject10.bin

image21.wmf
(

)

122

21221212

d,NAD

max,ex,app0

3

,

11

,

1252

2122212

[]

[]

[]

11

1[]

1[]

exex

excatexcatcatex

ex

ex

b

ex

dNAD

mNAM

catexcatcatexex

kkkkkNAD

NAD

K

kkkkkkkkkkkkkk

vkE

K

NAD

NAD

K

KK

c

K

cc

kkkkkkkkkkkkkk

+

+

+

+

--

------

+

+

--------

+++

=»

+

+

+

=

+

++++

=

(

)

(

)

(

)

1

2121

21

21221212

,

,

,

122

2

112

,

,

1

(1)

catexex

ex

excatexcatcatex

mNAD

dNAM

ex

dNAD

ex

b

catexcat

ex

dNAD

ex

mNAD

kkkkkkk

kkk

kkkkkkkkkkkkkk

K

K

KK

kkkk

k

Kkkkkk

KK

KK

a

+

+

+

+

-

-----

--

------

-

-

éù

++

ëû

»

+++

»

==

»

+


oleObject11.bin

image22.wmf
(

)

(

)

(

)

1ex22

max0

21221122121211

21222121

,

212211

*kkk*

[]

catcat

excatcatcatexexexexcat

catexcatcatexex

mNAD

excatcatcat

kkk

vE

kkkkkkkkkkkkkkkkkkkkkkk

kkkkkkkkkkkkkk

K

kkkkkkkkkkk

+

--

---------

---------

---

+

=

++++++

éù

++++

ëû

=

++

(

)

(

)

(

)

22121211

2

12

21221212

221221122121211

,NAD

122

3

1

11

1

exexexexcat

cat

excatexcatcatex

excatcatcatexexexexcat

m

kkkkkkkkkkkk

k

Kkk

kkkkkkkkkkkkkk

KKkkkkkkkkkkkkkkkkkkkkkkk

kkkk

K

+

------

-

------

---------

--

++++

=

+

+++

=

++++++

=

(

)

(

)

(

)

12221122121211

122

21221212

max,ex,app

3

212

,

[]

1

1[]

'

exex

excatcatcatexexexexcat

exex

excatexcatcatex

catexcatc

mNAM

k

kkkkkkkkkkkkkkkkkkkkkkk

kkkkkNAD

kkkkkkkkkkkkkk

v

NAD

K

kkkkkkk

K

---------

+

--

------

+

---

+

++++++

+++

=

+

+

=

(

)

(

)

22121

21221212

122

2

112

,

,

2,

,

3

,

1

'

11

'

1

1

'

atexex

excatexcatcatex

ex

catexcat

dNAM

mNAD

mNAMex

dNAD

ex

ex

dNAD

kkkkkkk

kkkkkkkkkkkkkk

kkkk

k

Kkkkkk

K

K

KKKK

K

KKK

+

+

+

------

------

-

-

éù

+++

ëû

+++

==

»

+

»


oleObject12.bin

image23.wmf
112

11

22

22

2

'0

'()0

()'

(')

cat

exex

exexcat

cat

cat

kkkk

kkkk

dx

kkkkkx

dt

kkk

kk

--

--

--

-

-

-

éù

êú

-+

êú

êú

=-++

êú

-+

êú

êú

-

ëû

L

M


oleObject13.bin

image24.emf


Control

Time, min

Initial velocity, AFU/min

100 200 300

-500

0

500

1000

1500

2000

[NAD+]=100uM

[NAD+]=375uM

[NAD+]=750uM

[NAD+]=1500uM

[NAD+]=3000uM


image25.wmf
1

11124

2

11123

3

22324

4

2324

'

'()

()'

(')

cat

exex

exex

cat

dx

kxkxkx

dt

dx

kxkkxkx

dt

dx

kxkkxkx

dt

dx

kxkkx

dt

-

--

--

-

=-++

=-++

=-++

=-+


oleObject14.bin

image26.wmf

oleObject15.bin

image27.wmf
11

11

22

22

11

,

11

,

,22

,22

11

,

'0

'()0

()'

(')

'0

'()0

()'

(')

'

cat

exex

exex

cat

cat

dNAD

exexex

dNAD

exexexdNAM

dNAMcat

dNA

kkk

kkkk

dx

x

kkkk

dt

kkk

kkKk

kkKkKk

x

kKkKkk

Kkkk

kskK

AsI

+

+

-

--

--

-

-

éù

êú

-+

êú

=

êú

-+

êú

-+

ëû

-

éù

êú

-+

êú

=

êú

-+

êú

êú

-+

ëû

--

-=

11

,

,22

,22

0

'()0

()'

(')

det()

cat

D

exexex

dNAD

exexexdNAM

dNAMcat

k

kkKksKk

kKkKksk

Kkkks

sIA

+

+

éù

êú

-+-

êú

êú

-+-

êú

êú

-+-

ëû

-=


oleObject16.bin

image28.wmf
{

}

1

11

0

0

(IA)

lim(IA)

0:[]

i

s

T

s

Ls

s

p

p

-

--

®

éù

êú

êú

-=

êú

êú

ëû

-=

==


oleObject17.bin

image29.wmf
0

[]

i

i

E

p

=

å


oleObject18.bin

image30.png
E'ADPR-Pr-Im’l,

Competitive
Inhibition
of &
Deacetylation @3«
— K =z
El, ¥ s
A3
Kallz]
E.Ac-Prl; === EAc-Pr E-ADPR-Pr-im
¢ AADPR+Pr
‘
&
Z Zz
HiS E'NAM 2|
g =
2 . =
‘%% o \
K .
E‘Ac-PrNAD* = E-ADPR-Pr-Im"NAM

ADPR-Pr-Im : ADPR peptidyl-Imidate

Competitive
Inhibition
of

Base
Exchange

Base
Exchange




image31.wmf
2

11

max

22

,

2233

11

[]1[][]

'

1111

1[][][][]1[][I]

''

mNAD

NADNAMI

KK

v

v

KNAMNAMINADNAM

KKKK

+

+

+

æö

++

ç÷

èø

»

æö

æö

+++++

ç÷

ç÷

èø

èø


oleObject19.bin

image32.wmf
2

11

max

222

,

22233

11

[]1[][]

'

11111

1[][][][I][]1[][I]

''''

mNAD

NADNAMI

KK

v

v

KNAMNAMINADNAM

KKKKK

+

+

+

æö

++

ç÷

èø

»

æö

æö

++++++

ç÷

ç÷

èø

èø


oleObject20.bin

image33.wmf
2

2

2

2

231233

1231233,I

,

2,,I

,NAD

3,I

3332133321

22312332,I

11

'

1

'

11

'

()

1

2

''

ex

exd

ex

dNAD

dNAMd

m

d

catexexcatex

exd

kkkkkkk

KkkkkkkkK

KK

KKKK

KK

kkkkkkkkkkkkkkK

KkkkkkkkkK

+

+

----

-----

----------

------

»=

»

»

+

»=


oleObject21.bin

image34.wmf
2

22

1,I

1,

,

3

2

,

2

[][]

'

[][]

(1)

1

d

dNAM

ex

dNAD

ex

mNAD

ex

cat

II

x

KK

NAMNAM

y

KK

KK

K

KKK

cK

dc

k

ec

k

a

a

a

+

+

-

=»

=»

=»

+

»+

=

=


oleObject22.bin

image35.wmf
,

max

,NAD,,

(1dxyey)1

[]

1

11

[NAD][][]

1

1:1

1

0

1

mNAD

mmNADmNAD

K

cyx

v

NAD

vxy

KKK

dyxecy

NADNAD

xy

cccyxxy

dcyx

dxyx

+

+++

+

+++

+++++

=

++

æöæöæö

+++++

ç÷ç÷ç÷

ç÷ç÷ç÷

èøèøèø

=

++

>++>++

ìü

++

<

íý

++

îþ


oleObject23.bin

image36.wmf
max

v

d

dxv

æö

ç÷

èø


oleObject24.bin

image37.wmf
max

v

v


oleObject25.bin

image38.wmf
max

,NAD

1

1

[]

m

v

K

dy

NAD

+

+

+


oleObject26.bin

image39.wmf
2

11

max

2

2222

,

222233

11

[]1[][]

'

111111

1[][][][I][I][]1[][I]

'''''''

mNAD

NADNAMI

KK

v

v

KNAMNAMINADNAM

KKKKKK

+

+

+

æö

++

ç÷

èø

»

æö

æö

+++++++

ç÷

ç÷

èø

èø


oleObject27.bin

image40.wmf
3332133321

22312332,2

()

1

2

''

catexexcatex

exd

kkkkkkkkkkkkkkK

KkkkkkkkkK

----------

------

+

»=


oleObject28.bin

image41.wmf
(

)

2

max

2

11

[]

1

11

[NAD][][][]

1

m

mmmm

K

fxdyxeycyx

v

NAD

vxy

KKKK

dyxecyfx

NADNADNAD

xy

+

++++

++++++

=

++

æöæöæö

++++++

ç÷ç÷ç÷

èøèøèø

=

++


oleObject29.bin

oleObject30.bin

oleObject31.bin

image42.wmf
(

)

(

)

(

)

(

)

(

)

(

)

2

max

2

max

11

1

()120

11

1()12(1)(1)

x

cdycdexcdfxdcycy

v

d

cdyecdfx

dxvyxyx

yxcdyecdfxcdycdecdfxdcycy

aaaa

aa

aaaaaa

ìü

++++++

ïï

æö

=++--=

íý

ç÷

++++

èø

ïï

îþ

+++++=++++++

=


oleObject32.bin

image1.tiff
(A)
K

¢ k ex
E + Ac-Pr=—=E-Ac-Pr + NAD*‘I:—‘ E'AC-PI"NAD“k—
1 -ex

Ko

Keat ko
—— E‘PrrAADPR'NAM k‘i\
E'ADPR-Pr-Im‘NAM- K, * | NAM+AADPR+Pr+E

- kca
—==NAM + E*ADPR-Pr-Im —=~

ka
(B)
kcal
E E'ADPR-Pr-Im
= AADPR+Pr
2ls N \
3 ‘74? _
S| &
EAc-Pr )z> [
—_ <
. =
[a]
ER™
s \
k-ex
E'Ac-PrNAD* =——=—= E'ADPR-Pr-im'NAM

ex

ADPR-Pr-Im : ADPR peptidyl-Imidate




image43.wmf
2

2

,I

[]

d

I

K


oleObject33.bin

image44.wmf
a


oleObject34.bin

image45.wmf
2

max

1

[NAD][NAD][]

1

mmm

KKK

exfx

NAD

v

vx

+++

æö

+++

ç÷

èø

=

+


oleObject35.bin

image46.tiff
6.0

5.0 4

4.0

3.0

20

1/v, min-

1.0

[isoNAM]=0 mM

[isoNAM]=2.5 mM
[isoNAM]=10 mM
[isoNAM]=40 mM

X > m e

+00 25E-03 50E-03 7.5E-03 1.0E-02

1/[NAD*], uM-!




image47.tif
10

100

% of inhibition

10

= [NAM]=50 uM
= [NAM]=100 uM
= [NAM]=150 uM

0 1 5 10

[isoNAM], mM

50 100




image48.tiff
uoniqiyul jo %

[IsoNAM], mM




image49.tif
53
2o
28
28
535
23
EE
= n
=
€
E
2
o
ki
s s s s ¢ s =
g 8 8§ g g g g
I3 & 3 s s 3

g
S
uoniqiyuljo %




