
 

Chemistry 271, Section 22xx Your Name:  
Prof. Jason Kahn 
University of Maryland, College Park Your SID #:  
 
General Chemistry and Energetics Your Section # or day+time:  
Exam I (100 points total) October 16, 2013 
 
You have 50 minutes for this exam.  
Exams written in pencil or erasable ink will not be re-graded under any circumstances. 
Explanations should be concise and clear. I have given you more space than you should need. There is extra 

space on the last page if you need it. 
You will need a calculator for this exam. No other study aids or materials are permitted. 
Partial credit will be given, i.e., if you don’t know, guess. 
 
Useful Equations: 
Ka = [H+][A–]/[HA] pH = –log([H+]) Kb = [BH+][HO–]/[B] 
F = ma eiπ + 1 = 0 PV = nRT 
Kw = [H+][HO–] = 10–14 pH = pKa + log([A–]/[HA]) pH (e.p.) = (pKa1 + pKa2)/2 
R = 0.08206 L·atm/mole K 0 °C = 273.15 K pKa = –log(Ka) 

Kp = Kc(RT)∆n P2/a3 = 4π2/MG  

 
Honor Pledge: At the end of the examination time, please write out the following sentence and sign it, or 

talk to me about it: 
“I pledge on my honor that I have not given or received any unauthorized assistance on this examination.” 
 
 
 
 
 
 
 
 
 
 

x =
−b ± b2 − 4ac

2a
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1. (25 pts) Short Answers 
(a; 4 pts)  Circle the best answer below: The pKa of H2PO4

– {written pKa(H2PO4
–)} is equal to 

(i) 14 – pKb(H2PO4
–) 

(ii) 14 – pKb(HPO4
2–) 

(iii) 1/pKb(HPO4
2–) 

(iv) 14 – pKa(H3PO4) 
(b; 6 pts) Explain your reasoning for (a), in words or equations. 
 
 
 
 
 
 
 
 
 
(c; 5 pts) The ideal gas is a useful model system, even though it doesn’t exist. Mark each of the statements 

below true or false: 
Ideal gases do not have rotational or vibrational energy.   T     F 
Real gases always show Preal > Pideal.      T     F 
Ideal gases exert pressure on the container independently of each other. T     F 
Ideal gases have zero volume at T = 0 K.     T     F 
Ideal gases are still considered to have nonzero excluded volume.  T     F 

(d; 6 pts) Under what conditions does the behavior of real gases approach that of an ideal gas? 
 
 
 
 
 
 
(e; 4 pts) Circle the best answer below: “Dynamic equilibrium” means that 

(i) the equilibrium state has equal amounts of reactant and product. 
(ii) the equilibrium constant always increases as temperature increases.  
(iii) at equilibrium, all forward rates are equal to the corresponding reverse rates. 
(iv) None of the above. 
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2. (20 pts) LeChatelier and Dynamic Equilibrium 
Consider the reaction A + B ⇌ 2 C , initially at equilibrium 
(a; 4 pts) When A is added, what is the LeChatelier’s principle stress on the equilibrium, and what is the 

response? 
 
 
 
 (b; 8 pts) Use the change in the reaction quotient Q to verify the prediction from LeChatelier, and also 

demonstrate that the stress on the system will not be completely removed when it returns to equilibrium. 
 
 
 
 
 
 
 
 
 
 
 
(c; 4 pts) Explain the shift in the equilibrium in terms of changes in the rates of the forward and reverse 

reactions. 
 
 
 
 
 
 
 
(d; 4 pts) How does the equilibrium shift if the reaction mix is diluted 10-fold, and why? 
 



Chemistry 271, Exam I, 10/15/12 4/7 

Score for the page  

3. (25 pts) Acid-Base Equilibria 
We will derive a general expression for the pH of a solution of the salt of weak base and a strong acid, like 

ammonium chloride, NH4Cl. We assume that the concentration C0 is large enough so that we can ignore 
water self-dissociation as a source of protons or hydroxide. We also assume that we know that the weak 
base Kb = 10–Y, so the pKb = Y. We assume as usual that we can dissolve the species of interest 
instantaneously, at zero [H+] and [HO–], and figure out the equilibrium composition starting from there.  

(a; 4 pts) Logic first: Should your answer be < 7 or > 7, and why? How should your answer depend on “Y,” 
and why?  

 
 
 
 
 
(b; 3 pts) Write the base dissociation equilibrium for ammonia in water. 
 
 
(c; 5 pts) In a solution that initially contains only NH4

+ ions and Cl– ions, what is the dominant acid-base 
equilibrium reaction that determines the pH? Calculate its equilibrium constant in terms of Y. 

 
 
 
 
(d; 8 pts) Write down the ICE table that gives us [H+], and solve for [H+] assuming that the concentration C0 

of ammonium chloride is large with respect to “x”. Give an expression for the pH. 
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(e; 3 pts) Calculate the pH of a 125 mM solution of a salt with Y = 4.8 according to your formula. 
 
 
 
 
(f; 2 pts) Do your answers to (d) and (e) agree with your predictions from (a)?  
 
 
 

4. (15 pts) Buffers 
(a; 6 pts) Explain when the Henderson-Hasselbach can be used to predict the pH of a solution. Why does it 

break down at the very beginning or the very end of a titration (a separate answer for each)? 
 
 
 
 
 
 
 
(b; 9 pts) Consider a benzoic acid/sodium benzoate buffer made from 60 mM NaOH + 80 mM benzoic acid 

(pKa = 4.2). What is the pH? What is the pH if an additional 10 mM NaOH is added? A further 
additional 30 mM of NaOH? 

  



Chemistry 271, Exam I, 10/15/12 6/7 

Score for the page  

5. (15 pts) The effect of pH on enzymatic reactions 

(a; 6 pts) Glutamic acid 78 (Glu78 or E78) and Glu172 (E172) have been shown to have pKa’s of 4.6 and 
6.7, respectively, in the ES complex shown at the top left of the scheme. (The pKa of the Glu side chain 
is 3.9 for the free amino acid in solution.) How can you tell from the scheme above that which pKa goes 
with which residue? What is a likely cause for the elevated pKa of 6.7 for Glu172? 

  

The picture below shows the active 
site of a xylanase enzyme, and the 
Scheme at the right shows its 
proposed mechanism. 
 

 

 

& Raftery, 1972a,b; Inoue et al., 1992; Bartik et al., 1994).
However, in the investigations of retaining glycosidases
reported to date, pKa values have only been obtained for the
active site nucleophile and general acid in the free enzyme
and or noncovalent enzyme-substrate/inhibitor complexes.
No study has been performed to measure the ionization
constant of the general base in the glycosyl-enzyme
intermediate species.
The xylanases from Bacillus circulans (BCX) and subtilis

(BSX) provide an ideal system to address this key question.
These highly related enzymes are small (20 kDa) retaining
glycosidases, responsible for the degradation of xylan, a
‚-1,4-linked polymer of xylose (Gebler et al., 1992). The
kinetic properties of the wild type and numerous site-directed
mutants of these xylanases toward natural and synthetic
substrates have been well-characterized (Wakarchuk et al.,
1992, 1994). The three-dimensional structures of both native
BCX and a catalytically inactive mutant enzyme-substrate
complex have been determined by X-ray crystallography
(Figure 1; Campbell et al., 1993; Wakarchuk et al., 1994).
Furthermore, the NMR spectrum of the B. circulans enzyme
has been assigned extensively (Plesniak et al., 1996). The
active site of BCX contains two glutamic acid residues, at
positions 78 and 172, that are suitably disposed for catalysis
(6.5 Å from C‰ to C‰; McCarter & Withers, 1994; Davies &
Henrissat, 1995). Fortuitously, these are the only glutamic

acid residues in the enzyme and mutation of either severely
disrupts catalysis. Chemical modification studies with the
homologous Schizophyllum commune xylanase A indicated
that a glutamic acid residue is the nucleophile (Bray & Clark,
1994) and that one of the essential acidic residues has an
elevated pKa, suggestive of it being the acid catalyst in the
reaction (Bray & Clarke, 1990). Similar results have been
reported for Bacillus pumilis xylanase (Ko et al., 1992). The
specific assignment of the Glu78 as the nucleophile in BCX
was substantiated by kinetic analyses of site-directed mutants
modified at this position (Wakarchuk et al., 1994) and
confirmed by detection of a trapped glycosyl-enzyme
intermediate by electrospray mass spectroscopy, followed by
sequencing of the purified glycopeptide (Miao et al., 1994).
Therefore, Glu172 functions as the acid/base catalyst in BCX.
Trapping of the glycosyl-enzyme intermediate was

achieved by the use of a 2-deoxy-2-fluoro-‚-xylobioside with
a good leaving group, 2,4-dinitrophenolate. The presence
of the fluorine substituent results in destabilization of the
transition states for glycosylation and deglycosylation on two
accounts. First, the great electronegativity of the fluorine
inductively destabilizes the oxocarbenium ion-like transition
states. Second, the limited hydrogen-bonding capabilities
of the fluorine ensure that full transition state stabilization
is not achieved (Street et al., 1992; Namchuck & Withers,
1995; Withers & Aebersold, 1995). In this way, both the
formation and the hydrolysis of the intermediate are com-
promised. However, the presence of the 2,4-dinitrophenolate
leaving group ensures that the formation of the intermediate
is faster (t1/2 ⇠ 1 min) than its hydrolysis (t1/2 ⇠ days), and
thus, the glycosyl-enzyme intermediate accumulates.
This study describes the use of 13C-NMR spectrometry

combined with selective 13C labeling to determine the pKa
values of the two active site glutamic acid residues in wild
type and mutant B. circulans and subtilis xylanases and in

1 Abbreviations: ¢‰, the change in chemical shift upon titration from
high to low pH; BCX, Bacillus circulans xylanase; BSX, Bacillus
subtilis xylanase; DNP2FXb, 2′,4′-dinitrophenyl 2-deoxy-2-fluoro-‚-
xylobioside; DSS, sodium 2,2-dimethyl-2-silapentane-5-sulfonate; E72Q
and E172Q, the substitution of glutamine for glutamic acid 72 or 172,
respectively; 2FXb, 2-fluoro-‚-xylobioside; HEPES, 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid; MES, 2-(N-morpholino)ethane-
sulfonic acid; NMR, nuclear magnetic resonance; ONPXb, o-nitrophen-
yl ‚-xylobioside; pH*, the measured pH without correction for isotope
effects; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis; Xyl, xylose.

FIGURE 1: (Left) Molscript ribbon diagram of BCX showing the positions of the nucleophile Glu78 and acid/base catalyst Glu172, as well
as the five glutamine residues (Kraulis, 1991). For clarity, the only protons drawn are the H✏2 of the glutamine side chain amides. (Right)
Double-displacement mechanism of retaining glycosidases. The nucleophilic carboxylate attacks the glycosidic bond of the ‚-1,4-linked
xylose polymer to form a covalent glycosyl-enzyme intermediate, while the second carboxyl group serves as a general acid/base catalyst.
The postulated oxocarbenium transition states (q) for the glycosylation and deglycosylation reactions are indicated with square brackets.

Accelerated Publications Biochemistry, Vol. 35, No. 31, 1996 9959

+ +

+ +



Chemistry 271, Exam I, 10/15/12 7/7 

Score for the page  

(b; 5 pts) The pKa of Glu172 drops to 4.2 in the covalent Glycosyl-enzyme intermediate shown in the 
middle on the right side of the Scheme. This “pH cycling” has been proposed to assist in the enzymatic 
reaction. Explain how the pKa drops in this intermediate.  

 
 
 
 
 
 
 
 
(c; 4 pts) Why does the enzymatic activity drop off markedly at basic pH? 
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