
1. (12 pts) Consider the following plot of reaction rate vs. substrate concentration 
for an enzyme-catalyzed reaction, in which the total concentration of the enzyme is held 
constant at 0.10 ! M. 
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a. What is Vmax for the enzyme?  (DonÕt forget units!) 
 
 
 Vmax "  0.2 ! M/s 
 
 
 
 
b. What is kcat for the enzyme? 
 
 kcat = Vmax/[E]tot = 2 s-1 
 
 
 
 
 
c. Estimate the value of Km for this substrate. 
 
 
 Km "  4 ! M 
 
 
 
 
 



2. (12 pts) The Michaelis-Menten equation assumes that product dissociation from 
the enzyme is slow relative to the catalytic step.  However, some enzymes are at least 
partially rate-limited by product release.  Consider the following three step mechanism: 
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Assuming that all intermediates are in the steady state, predict a rate law for this 
mechanism in terms of [E] and [S]. 
 
(i)  v = koff[EP] 
(ii)  steady state:  koff[EP] + k-cat[EP] = kcat[ES] 
 [EP] = kcat/(koff + k-cat)[ES] = Kp[ES] where Kp = kcat/(koff + k-cat) 
 v = koffKp[ES] 
(iii) steady state: k-1[ES] + kcat[ES] = k1[E][S] + k-cat[EP]  
 substituting: k-1[ES] + kcat[ES] Ð(k-cat¥Kp)[ES] = k1[E][S] 
 then:  [ES] = k1[E][S]/(k-1 + kcat Ð k-cat¥Kp) 
  
  v = koffKp k1[E][S]/(k-1 + kcat Ð k-cat¥Kp) 
 
 
 
 
 
3. Hemin will have a lower reduction potential than free Fe3+.  Because the reduced 
form of iron, Fe2+, does not fit well in the porphyrin ligand it is less favorable to reduce 
hemin from its Fe(III) state to its Fe(II) state. 
 



4. (20 pts) A catalytic antibody has been raised to a transition state analog (1  
below) for the hydrolysis of cocaine.  There is also a bacterial enzyme (CocE) that 
catalyzes the specific hydrolysis of cocaine.  Consider the following kinetic data. 
 

 kuncat or kcat (s
-1) Km (! M) 

Uncatalyzed 1.7 x 10-7 not applicable 
Antibody 0.034 220 
CocE 7.8 0.64 

 
a. To what degree (in kcal/mol) does CocE selectively stabilize the transition state 
of the hydrolysis reaction in comparison to the uncatalyzed process? 
 
##Gcat

$ = -RTln(kcat/kuncat)  
##Gcat

$ = -(.001987 kcal/molK)(298 K) ln(7.8/1.7 x 10-7) =  -10.4 kcal/mol 
 
 
 
 
 
b. Compare ##Goverall

$ between the antibody and the enzyme.  How much more 
efficient is the enzyme than the catalytic antibody? 
 
##Goverall

$ = -RTln(kcat/Km)Ab/(kcat/Km)enzyme
 

 
##Goverall

$ = -(.001987 kcal/molK)(298 K)ln(.00015/12.2) = +6.6 kcal/mol 
 
 
 
c. The structure of cocaine (1 below) is mimicked by two potential competitive 
inhibitors below (2 and 3). 
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Compound 2 is an inhibitor of the antibody and compound 3 is an inhibitor of CocE, 
though neither compound is an effective inhibitor of both catalysts.  Explain that 
observation in structural/mechanistic terms: 
The antibody promotes nucleophilic attack by water, so compound 2 appropriately 
mimics the TS.  The real enzyme uses an active site nucleophile, so one needs the 
boronate center to react with the active site nucleophile on the enzyme to create the 
tetrahedral intermediate. 
 



 
 
 
 
5. (20 pts) One route to ! -lactam antibiotics such as clavulanic acid (5 below) is to 
begin with the amino acid derivative 3.  The formation of the ! -lactam (4)* requires the 
use of ATP and Mg2+ as shown below. 

 
Below, please provide a two-step mechanism for the conversion of 3 to 4.   
 
a. For the first step of the mechanism draw an arrow-pushing scheme that 
describes how ATP can be used to activate the substrate 3, in a Mg2+-dependent 
manner, for the reaction to create lactam 4 in the following step.  Draw the full line 
structure of ATP at least once in your scheme. 
 
 

N

N N

N

NH2

O

OH OH

O P O-

O-

O

P

O

O P

O

O-

O-O- -O

O

N
H

R

Mg2+

O

O

N
H

R

P

O

-O

O-

Mg2+¥ADP

+

 
b. In the second step, draw an arrow-pushing scheme that leads from the 
activated intermediate (created in step 1) to compound 4 and explicitly identify a role 
for a general  base.  Also draw and identify a specific amino acid residue suitable for 
that role. 
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* Lactams are cyclic amides. 



6. (15 pts) Isoleucyl tRNA synthetase is responsible for specifically forming amino 
acyl esters between its cognate amino acid, isoleucine, and its cognate tRNA molecules 
(tRNAIle).  Consider the following hypothetical data. 
 
 Ile + tRNAIle + ATP "  Ile~tRNAIle + AMP + PPi 
  
 Val + tRNAIle + 1490 ATP "  Val~ tRNAIle + 1490 AMP + 1490 PPi 
 
 Nvl + tRNAIle + ATP "  Nvl~ tRNAIle + AMP + PPi 
 
Nvl is an unnatural amino acid, norvaline: 
 

-O2C

NH3
+

 
 
a. Why is the production of Val~tRNAIle accompanied by the massive consumption 
of ATP? 
 
The hydrolytic proof-reading step associated with IleRS hydrolyzes Val~tRNAIle at the 
expense of the molecule of ATP required to activate valine in the first place.  There are 
1490 hydrolytic events for every incorrectly loaded valine. 
 
 
b. Why isnÕt the production of Nvl~tRNAIle accompanied by a similar consumption of 
ATP?  Provide a structural rationale based on the presumed binding site involved. 
 
Given the above data, norvaline must not be accepted by the editing active site.  
Conceivably the # carbon exceeds the space available for valine in that site, which has 
two $ carbons, but no # carbon. 
 
c. Predict the rate of production of Nvl~tRNAIle vs. Ile~tRNAIle.  Will they be 
produced at identical rates?  If so, why?  If not, explain what discrepancy you would 
expect Ð attempting to be as quantitative as possible in your assessment. 
 
Linus Pauling said a methyl group is worth about 1 kcal/mol, so I would expect a 
difference of 10x or so in specificity, since Ile only has one methyl group more than Nvl. 



7. (10 pts)  Consider the following two reaction diagrams. 
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a. Which describes a more efficient enzyme?  Explain. 
 

A comparison of #Goverall
$ (blue arrows above) shows that B is more efficient.  

(However, many of you had carefully thought out reasons why A was more efficient.  
See final page of the solutions for a more thoughtful analysis.) 
 
b. Which enzyme will operate at a higher maximum velocity under saturating 
substrate concentrations?  Explain. 
 

A comparison of #Gcat
$ , red arrows above, shows that A will be faster undersaturating 

conditions, because Vmax = kcat[E]tot 
 
 
 
8. (10 pts) An antibody has been created that catalyzed the Diels-Alder reaction 
shown below.  Predict whether you think this antibody would achieve catalysis chiefly 
through enthalpic and/or entropic means.  Provide a brief rationale for your answer. 

 
Either is possible.  Entropically the antibody could be an Òentropy trapÓ, freezing out the 
entropy of the ground state and thus making the TS relatively less unfavorable.  Also, 
spatially selective H-bonding could provide selective enthalpic stabilization of the TS, 
and one person noted that H-bonding to the dienophile would make is less electron rich 
and thus more reactive enthalpically.  Alan and Pat would be proud. 



9. (20 pts)  It has been proposed that the Òhammerhead ribozymeÓ, a small RNA 
polynucleotide that catalyzes the hydrolysis of a phosphodiester linkange, uses a 
cytosine base as a general acid in catalysis. 
 
a. Draw an arrow-pushing mechanism for the hydrolysis of a phosphodiester 
linkage in RNA, in which the 5Õ OH is the leaving group from the phosphate, and 
indicate a potential role for a general acid. 

  
Note that the product will be C-1 with a 2Õ,3Õ cyclic phosphate and G+1 with a free 5Õ 
hydroxyl group. 
b. It has been proposed that the ring nitrogen of cytosine is protonated under the 
catalytic conditions of the ribozyme. The usual pKa of that nitrogen is 4.2.  Roughly what 
fraction of cytosine is protonated at pH 7, at least normally? 
 
Roughly one part in one thousand. 
 
 
 
c. Draw an intermolecular interaction that could be used to raise the pKa of the ring 
nitrogen of cytosine (without sterically interfering in its catalytic function).  
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Problem 7 reconsidered: 
 
Several of you had good thoughts on the issue of rate-determining steps and/or the 
relative role of Km in efficiency.  HereÕs some more directed response. 
 
a. Efficiency is defined by kcat/Km.  Many of you correctly noted that kcat for A is 
greater than for B.  Buy some incorrectly argued that Km was the same for both, by 
looking at relative free energy of ES in both paths.  Note that Km is only related to Kd in 
the extreme case where kcat is much smaller than k-1.  That is not the case in either of 
these diagrams. 
 
b. Some of you argued that the reaction would be faster for A because it has the 
faster rate-determining step.  Good point, but false analysis.  Any given reaction will go 
no faster than the rate determining step, but it will often go slower, since if you have 
multiple partially rate-determining steps, you can get a slower reaction than dictated by 
any of them. 
 
So, for the quantitatively minded, why is B more efficient?  Remember that weÕre 
comparing kcat/Km. 
 
kcat/Km = kcat/{(k-1 + kcat)/k1} = kcatk1/(k-1 + kcat) 
 
In A: 
kcat >> k-1, so we get: 
 
kcat/Km = kcat/{(k-1 + kcat)/k1} = kcatk1/(k-1 + kcat) "  kcatk1/(kcat) = k1 
 
That means that the overall rate of reaction is limited by the binding of S to E.  OK, so 
#Goverall

$ is as the blue arrow describes for A. 
 
In B: 
kcat "  k-1 << k1 
 
So we get 
 
kcat/Km = kcat/{(k-1 + kcat)/k1} = kcatk1/(k-1 + kcat) "  kcatk1/(2kcat) = k1/2 

 

HereÕs the case where we see that the overall efficiency is not really determined by kcat, 
but rather by k1 again (although it is slowed slightly by a factor of 2, roughly 0.2 
kcal/mol).  So the arrow for #Goverall

$ is a little off, we still see that the more rapid k1 of B 
allows that reaction to proceed more efficiently than A.  (By the way, note that #G$ for k1 
is twice as big for A than B, so k1 will be e2 slower in A than in B.) 
 


