
BMB170,	Fall	2017	
Problem	Set	5:	Carbohydrates	
Due:	12/01/2017	by	5pm,	as	PDF.		
OH:	11/30,	3:00-5:00PM,	Broad	Café	
Please	email	questions	and	PDF	files	to	Jingzhou	Wang	(jingzhou@caltech.edu)	
	
Problem 1: Basic Chemistry of Carbohydrates (50 points) 

a. Structure and Representation of Monosaccharides. Please draw the Fisher and Haworth 
projections for the following monosaccharides. Indicate whether it’s an aldose or ketose. 
(10 points) 

I. Beta-D-Galactose Aldose 

i.  
II. Alpha-L-Ribose          Aldose 

i.  
III. Beta-D-Mannose        Aldose 

i.  
IV. Beta-L-Fructose         Ketose 





i.  
V. Alpha-D-Erythrulose       Ketose 

i.  
b. Glycosidic Bond Formation. Maltose is formed by linking two glucose molecules. Below 

is the diagram of a glucose molecule. Assume C1 of it participates in glycosidic bond 
formation. Please draw a second glucose molecule next to it, and circle the atoms that are 
lost upon maltose formation. Label 1) “alpha” or “beta” for individual monosaccharides, 
and 2) reducing and non-reducing ends. How are monosaccharides modified to favor 
glycosidic bond formation? (10 points) 

Monomeric sugars are activated by either UDP or phosphate groups to favor glycosidic 
bond formation. 

c. The Biochemistry behind glycan elongation. Glycosylttansferases are a diverse group of 
enzymes that catalyze the formation of varieties of glycosidic linkages. Elucidating the 
mechanism, structure, and roles in cell biology of glycosyltransferases is crucial for 
understanding glycobiology. (20 points) 

I. Subcellular Localization of Glycosyltransferases. Glycosylation of newly 
synthesized proteins is initiated in the ER and the carbohydrate chains are 
elaborated in the Golgi apparatus by sequentially acting glycosyltransferases that 
are localized to successive compartments of the Golgi. Schmitz et al. discovered a 
machinery, Vps74p, which is crucial for the localization of Golgi 
glycosyltransferases through direct binding interactions. Please read the paper 
(doi.org/10.1016/j.devcel.2008.02.016) and answer the following questions. 

i. How was Vps74p originally identified? (2.5 points) 
Vps74 gene was originally identified from a genetic screen for genes that are 
important in the absence of a Golgi-trafficking regulator. The protein that it 
encodes is Vps74p, which is in homology with GMx33s, important 
components of Golgi complex.  





ii. Describe the rationales behind using mobility on SDS-PAGE to 
differentiate levels of glycosylation. (2.5 points) 

Different degree of glycosylation results in different mass of particular 
proteins, which travel at different rates on SDS-PAGE.  

iii. How did the authors show that the tetrameric form of Vps74p is 
physiologically relevant? According to the authors, how is Vps74p crucial 
in glycosylation? (5 points) 

They created beta-hairpin truncated variants of Vps74p, which cannot 
properly oligomerize. The truncated Vps74p variants failed to rescue 
glycosylation in vivo. A GFP-fused glycosyltransferase Kre2p also showed 
mis-localization in the presence of the variants. Vps74p directly binds to the 
cytosolic domains of Golgi mannosyltransferases to help these 
glycosyltransferases localize properly on Golgi.   

iv. Based on the evidences in this paper, do you think that the author’s 
conclusion is justified or not? Why? (1 points) 

Points will be given to a reasonable explanation backing up a claim. 
II. Mechanisms of Glycosyltransferases. Inverting and retaining mechanisms are two 

major mechanisms employed by glycosyltransferases. Please read the review article 
from Lairson et al. (doi.org/10.1146/annurev.biochem.76.061005.092322) and 
answer the following questions.  

i. Inverting glycosyltransferases: 
1. Describe the general mechanistic strategies employed by inverting 

glycosyltransferases. (2 points) 
An active-site side chain serves as a base catalyst that deprotonates the 
incoming nucleophile of the acceptor, facilitating direct SN2-like 
displacement of the activated (substituted) phosphate leaving group.  
2. Describe two major differences between inverting GT-A and GT-B 

glycosyltransferases. (2 points) 
GT-B inverting glycosyltransferases display a greater degree of 
diversity of catalytic mechanisms compared to GT-As.  
 
GT-As and GT-Bs inverting glycosyltransferases differ in functions. 
GT-As are more involved in synthesizing specific types of 
polysaccharides such as cellulose or chitin, whereas GT-Bs are more 
involved in glycosylating biosynthetic organic products such as steroids.  

ii. Retaining glycosyltransferases: 
1. Describe the double-displacement mechanism. Based on what 

evidences was this mechanism proposed for glycosyltransferases? 
(2.5 points) 
Double-displacement mechanism, in general, describes that an 
enzyme performs a first step of reaction and forms a covalent 
substrate-enzyme intermediate, which then performs the second step 
of reaction to give the final product. It is proposed by comparing 
retaining glycotransferase with retaining glycosidase, which 
catalyzes the breaking of glycosidic bonds, the reverse reaction of 
glycosidic bond formation. Since retaining glycosidase uses a 



double-displacement mechanism, it is likely that retaining 
glycosyltransferase uses the same kind of mechanism. 

2. What are the challenges behind studying the mechanisms of 
retaining glycosyltransferases? (2.5 points) 
Identifying catalytic nucleophiles and observing covalent 
intermediate to either support or dispute the double-displacement 
mechanism has not yet accomplished. It could be caused by that the 
techniques used to help retain intermediates in glycosidase is 
inapplicable on glycosyltransferases, due to fundamental different 
in substrate characteristics.  
 

d. Diversity of Carbohydrate Structures. The assembled architecture of carbohydrates can 
lead to a much larger and more diverse pool of structures when compared to other classes 
of biopolymers, such as protein and DNA. On the other hand, understanding structure- 
function relationships of glycans can be more difficult than those of other macromolecules. 
(10 points) 

I. Briefly describe structural features of carbohydrates that result in such diverse 
architecture. Explain why it is hard to relate glycan structures to their functions. (8 
points)  

Amino acids and nucleic acids can each only form one type of bond. Amino acids form 
peptide bonds by joining the amino-terminus and carboxyl-terminus of adjacent residues. 
Nucleic acids form a phosphodiester bond by joining the 5’-phosphate to the 3’-hydroxyl 
of adjacent nucleotides. Thus, there are only 2 different combinations that can occur, N-C 
or C-N for amino acids and 3’-5’ or 5’-3’ for nucleic acids. However, carbohydrates 
have multiple attachment sites throughout their chemical structure due to the 
numerous hydroxyl groups found within carbohydrates that are available for intermolecular 
acetal formation. This allows for many different glycosidic linkages that can potentially 3 
be formed between the anomeric carbon of one monosaccharide and any one of the 
hydroxyl groups in another. 

II. Describe two major differences between N-linked and O-linked glycosylation. (2 
points) 

N-linked glycosylation is attached at asparagine, and occurs in the ER. O-linked 
glycosylation is attached at serine or threonine, and occurs in golgi.  

 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
Problem 2: Physiological Relevance of Glycan (50 points) 

a. Essential Components of Cell Wall 
I. Bacteria, primarily Gram-negatives, produce and secrete cellulose via a protein 

complex consisting of at least three subunits (BcsA, BcsB and BcsC). Morgan, et 
al. (doi: 10.1038/nature11744) presented a crystal structure of a catalytically active 
complex of Rhodobacter sphaeroides BcsA and BcsB1 translocating a glucan. 
Please answer the following questions about this work.  

i. Which step in cellulose synthesis and translocation does this structure 
represent? How did they know this? (Include what they observed during 
model building.) What is missing from the catalytic site in this structure and 
where is the predicted position for the missing component? (2.5 points) 

The authors observed a continuous, strong positive difference Fourier electron density that 
could not be accounted as any part of BcsA or BcsB during model building. This was 
suggestive of representing a translocating glucan extended from BcsA’s GT domain and 
past the BcsA-BcsB complex. Along with that of the glucan, they also observed electron 
density for a weakly bound UDP molecule. Following model building, the crystal structure 
was suggested to probably represent a cellulose synthase-cellulose translocation 
intermediate captured during elongation of the growing cellulose polymer. A missing 
component from the catalytic site is the glucose donor, UDP-Glc, whose position was 
predicted to be next to the UDP-binding pocket. 

II. Below is a schematic representation of Gram-negative (Fig. 1) and Gram-positive 
(Fig. 2) bacterial cell walls. Briefly describe what are key differences in 
carbohydrates components between them. What do you think is the best component 
that can be targeted for differentiating Gram-positive and Gram-negative bacteria? 
Describe the existing method to differentiate Gram-negative and Gram-positive 
bacteria. (Figures: Varki, A., et al. (2009). Essentials of Glycobiology. Cold Spring 
Harbor, NY: Cold Spring Harbor Laboratory Press). (5 points)  



  
Gram-positive cells dominantly contain peptidoglycan outside its cytoplasmic 
membrane. Gram-negative cells has a layer of peptidoglycan in the middle of outer 
and inner membrane. Additional beta-glucans are also observed in the periplasmic 
space. Outside of the outer membrane, a layer of lipopolysaccharide is dominating. 
Reagents that directly detect peptidoglycan can be used to differentiate Gram-
positive and Gram-negative bacteria. Gram-test, which utilizes this trait, is the most 
popular method to differentiate these two types of bacteria. The test uses a dye that 
can be retained in peptidoglycan. Therefore, after the test only gram-positive 
bacteria will be visualized instead of gram-negative bacteria.  

III. Beta-lactam antibiotics inhibit enzymes catalyzing transpeptidation between glycan 
chains of cell wall, and therefore suppress cell wall biosynthesis. However, 
methicillin-resistant S. aureus (MRSA) evades beta-lactam inhibition through 
PBP2a, which catalyzes transpeptidation without inhibited by nearly all beta-lactam 
drugs. In 2001, Lim et al. provided the first structural insight into the antibiotic 
resistance of PBP2a (doi:10.1038/nsb858). 

i. From the kinetic perspective, which strategy does PBP2a use to achieve 
broad spectrum resistance? What structural changes happen in PBP2a to 
help implement this strategy? (5 points) 

Reduce first order rate constant for acylation, resulting in inefficient 
formation of acyl-PBP intermediate. This is accomplished through a distorted 
active site, suggested from the nitrocefin-acyl-PBP structure. In the apo 
conformation, the catalytic serion Ser403 on helix alpha-2 is in poor position 
for nucleophilic attach to occur, and must undergo significant structural 
rearrangement for acylation to happen. In addition, significant structural 
rearrangement of strand beta-3 is also observed. Therefore, because acylation 
requires the above mentioned rearrangement, it becomes costly in energy and 
results in reduced k value.  



ii. From the structure of PBP2a and the suggested antibiotic-resistant 
mechanisms, what are potentially effective drug design methods that can 
inhibit PBP2a? (2.5 points) 

1. Improve binding affinity by increasing the number of noncovalent 
interactions between inhibitor and active site to increase acylation 
efficiency. 

2. Develop non-covalent non-beta-lactam compound that binds tightly to the 
active site without acylation.  

iii. Acebron et al. discussed the allosteric perspectives of PBP2a (Curr Med 
Chem. 2015; 22(14): 1678–1686). Which initial evidences suggest 
allosteric changes of PBP2a? How does ceftaroline successfully inhibit 
PBP2a? (5 points) 

Kinetic parameters of PBP2a inhibition change in the presence of certain 
ligands such as synthetic peptidoglycan fragments and some antibiotics. 
The higher the concentration of these ligands, the more attenuated the 
dissociation constant (Kd) for the β-lactam binding, suggesting that the 
active site of PBP2a may became more available for antibiotic acylation 
with increasing concentrations of these ligands. This suggests that the active 
site becomes more available for acylation while interacting with these 
ligands. This fact implies possible allosteric rearrangements. Ceftaroline 
binds to the allosteric site and transmit a salt-bridge interaction network to 
open up the active site to allow acylation to readily happen.  

 

b. Glycosylated HIV Env. HIV Env proteins are highly glycosylated viral spikes. The glycans 
on HIV Env impose challenges to therapeutic designs and structural studies, but are also 
proven to be potential therapeutic targets.  

I. Due to the heterogeneity of glycans, powerful technologies that can profile 
glycosylation patterns are crucial. Please answer the following questions regarding 
a proteomic-based analytical strategy of HIV Env glycoprotein 
(doi:10.1038/ncomms14954). 

i. Briefly describe the workflow of the method present in this study. (2.5 
points) 

The authors first treat the sample with proteases and endoglycosidases. The 
treated samples are then sent to LC/MS for separation and MS data collection. 
The data is then analyzed to identify peptide and glycan modifications, and 
finally integrated to summed peak areas of each peptide.  

ii. Which strategy did the author use to maximize sequence coverage for 
analysis? How did the authors validate that their method can correctly 
identify the types of glycan? (5 points) 

The authors digest the proteins with multiple proteases: chymotrypsin, trypsin 
and chymotrypsin. They first tested their method on three model 



glycoproteins: bovine fetuin, invertase, and influenza HA. For fetuin, the 
three glycosylation sites are correctly identified to be complex-type glycans 
with expected site occupancy. For invertase, the identity of high-mannose-
type glycans is also correctly identified. HA has more complex glycan 
composition, as occupancy and glycan identity for each site differs with each 
other more than fetuin and invertase, but the method still successfully 
identified them.   

iii. Based on your knowledge and experience, what are potentially the biggest 
challenges of analyzing glycolysis profile through proteomics? (2.5 points) 

Open question. Example answers are: 1). Many monomeric carbohydrates 
have the same mass that can confound data analysis. 2). Glycans, especially 
O-glcnas types, are highly labile and are hard to find a pattern through mass 
spec. 3). Glycosylated peptides have poor ionization efficiency.  

II. Gristick et al. solved the crystal structure of two broadly neutralizing antibodies in 
complex with natively glycosylated HIV-1 Env (doi:10.1038/nsmb.3291).  

i. Why gp120 glycosylation reduces immunogenicity of HIV virus? (2.5) 

Glycosylation is completed through host-cell machinery. 

ii. Why gp120 glycosylation makes crystallographic study more difficult? 
What strategies did the authors use to overcome this limitation? Can you 
think of other strategies? (5 points) 

Glycans are highly mobile, resulting in structural variations among individual  
gp120s. Moreover, the highly glycosylated surface of gp120 results in that in 
crystal most protein-protein interactions are mediated through glycan-glycan 
interaction, which is weak and heterogeneous. The authors used antibody 
fragments to stabilize glycans, increase protein-protein contacting interface, 
and reduce glycan-glycan interactions. We can also digest the glycans off in 
total to fascilitate crystallization.  

iii. Open structure 5T3X. Identify 10-1074 Fab and Env with appropriate 
labeling. Show N332 glycan as stick with appropriate labeling. Identify a 
glycosylation site with disordered glycan structure. Why this glycan chain 
is disordered while some other glycans have visible electron density? (5 
points) 
Disordered glycans are not stabilized by antibody binding. Visible glycans 
are ones that are stabilized.  



 

c. Biomarker. Glycoproteins are clinically utilized as serological markers for various cancers 
in diagnostic and prognostic purposes. Give two criteria that you think are important in 
selecting a suitable cancer biomarker. Melo et al. (doi: 10.1038/nature14581) reported 
GPC1+ circulating exosomes (crExos) as a potential diagnostic and screening target for 
early stages of pancreatic cancer. Explain how the early detection of pancreatic cancer can 
be done more effectively with the cancer-cell- derived exosomes than with other glyco-
biomarkers previously identified. (7.5 points) 
Some important criteria for cancer biomarkers are: (1) they can detect an early stage (e.g. 
precursor lesions) of cancer to identify a person at high risk. (2) they can be detected from 
readily accessible body specimen (3) they give reproducible detection level. Glypican-1 
(GPC1), a membrane-anchored proteoglycan, is enriched at the surface of circulating 
exosomes derived from cancer cells when compared to non-cancer exosomes. The levels 
of GPC1+ crExos in the patients with PDAC (pancreatic ductal adenocarcinoma) were 
consistently higher than those detected in either healthy donors or patients with benign 
pancreatic disease (BPD). Moreover, GPC1+ crExos effectively distinguish patients with 
carcinoma in situ and stage I-IV pancreatic cancer from the healthy donors and BPD group 
whereas other clinically used PDAC biomarker such as carbohydrate antigen (CA) 19-9, 
50, and SPan-1 failed. For example, the most commonly used CA 19-9 has some limitations 
including poor specificity, high false-positive and high false-negative detection at certain 
conditions. Based on this specificity and sensitivity of GPC1+ crExos in detecting 
individual progressive stages of pancreatic cancer, they could be potentially used as a 
diagnostic tool for the early detection. 


