
CH-313 (Autumn 2023: Instructor: Prof. Yimon Aye; PhD-student teaching fellow: Song Chen)  
In-class Problem Set (Lecture 7-8) There are 3 problems in total but we will only take the best-scoring two!  
  
Q1. Genetic Code Expansion (GCE) technology & applications. Key pathological hallmarks of Alzheimer’s disease is linked 
to accumulations of insoluble deposits of amyloid beta peptide (Ab). Figure in box below shows how Ab is derived: a step-
wise proteolytic processing, starting from the b-amyloid precursor protein (APP), which is a large trans-membrane protein 
(see figure), is catalyzed by two proteases b and g (at the sites marked by yellow triangles), generating Ab. These enzymatic 
processing steps are well studied. However, spatiotemporal dynamics of Ab generation/APP processing in cellular context 
are less well understood. You decide to use GCE technology to track APP proteolytic processing and trafficking of resulting 
Ab and also AICD (APP intracellular domain) (see figure). 

 
(i) Figure below is a schematic illustration of concepts underlying GCE.  
            List the component(s) missing in the box marked by ? 
 
      
 
NOTE/FYI: BCNK is cell permeable. In class, we came across Cu(I)-catalyzed [3+2] cycloaddition/Click 
coupling using a terminal alkyne. Step (iv) within this figure below shows another biocompatible 
chemical reaction, cyclo-octyne-ring-strain-promoted [4+2] Diels-Alder cycloaddition with tetrazine: 

 
 
 
 
 
 
 
 

(ii) In the boxed figure shown directly above, indicate where you would 
(a) genetically fuse GFP protein (i.e., at the N or C terminus as shown), and 
(b) encode TAG (amber suppressor codon), in your APP protein, such that  

ultimately you can track, by imaging assays, both AICD and Ab both  
before and after cleavages by both proteases.NOTE: N and C terminus  
of APP is written out in the figure. 
(iii) You “transfect” the cells (i.e., deliver exogenous DNAs so that you can express desired biomolecules in live cells) with plasmid-DNA 
encoding your APP, that houses the TAG-amber suppresor codon at a defined site as well as GFP fusion as you decided in (ii). You also co-
transfect the same cells with other necessary plasmid(s) that enable GCE (related to ? in (i) above). At a specific time, you incubate your 
cells with BCNK (see (i) above). After waiting for ~6 hours (the time you know it takes for BCNK incorporation), you fix/permeabilize the 
cells and treat with tetrazine-Cy5 (see “Step (iv)” in (i) above). You then use excitation channels for GFP and Cy5 to acquire cell images. 
 

n Before any protease cleavage: where should your GFP and Cy5 signal be localized? Choose correct word: “cytosol” vs. 
“extracellular space” in each case. 
GFP signal:      Cy5 signal:     

 
Without doing any additional experiment, but in the same images above, what else would you look for, to ensure that both 
GFP fusion and GCE are functionally operating as expected? Provide your answer in a single word: 
 
     
 

n After full APP-processing by both proteases: where should your GFP and Cy5 signal be localized? Choose correct word: 
“cytosol” vs. “extracellular space” in each case. 
GFP signal:      Cy5 signal:     
 
(iv) It is well known that extracellular Ab can be internalized (into the cell). However, it has also been hypothesized that 
extracellular Ab is cleared before intracellular Ab. In one single phrase, how would you extend your assay above to test this 
hypothesis?       
 
(v) List (a) necessary control(s) required to solidify your conclusions/interpretations from your experiments above. 
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Q2. mRNA display technology and applications. The workflow below shows in vitro evolution of single-chain Fv antibody 
fragments (scFv) using mRNA display.  
 

(i) Indicate processes underlying each of the Steps, 1 to 8 within the space available in figure. (“Pu” is puromycin).  
Step 8 is shown as an example. 
 
 

 
 

(ii) 6 purified scFv mutants (marked in cricles, diamond, and square on the plot) were preliminarily selected and  
kinetic parameters for antigen binding were evaluated against wild-type (wt) scFv (marked in green on the plot).  
 

(a)  What specific kinetic parameter is significantly altered in all mutants discovered from mRNA display, compared to wt scFv?  
 

(b) Is this outcome consistent with the experimental setup 
for enrichment protocol shown? Answer Yes or No, and 
provide a concise reason (1-2 sentences only). 
 
 
 
 
 
 
 
 

(c) What do the gray diagonal lines represent? And state the 
approximate values on the 3 intersection points (marked 
in red boxes) on the right-hand Y-axis. (Hint: think about 
what you can derive from kon and koff) 
  

RESULTS AND DISCUSSION

Strategy for in vitro selection of scFv by mRNA display

The scheme for in vitro selection of anti-fluorescein scFv
using the IVV method is shown in Figure 1. First we con-
structed the template DNA for IVV, containing an SP6 pro-
moter and W enhancer upstream of the anti-fluorescein scFv
gene (VH-linker-VL), and the FLAG-tag and poly(A)
sequence in the downstream region. The scFv region was sub-
jected to random mutagenesis by error-prone PCR (the error
rate was 0.8%; 6–7 nt per scFv gene). The transcribed mRNA
(1.2 · 1012) molecules were attached to a PEG spacer con-
taining puromycin at the 30 end and in vitro-translated in
10 ml of wheat germ cell-free translation system, resulting
in the covalent bonding of the C-terminus of the full-length
scFv protein (phenotype) with its coding mRNA (genotype)
through the puromycin-PEG spacer. We estimated that the
number of resultant mRNA-displayed scFv molecules in the
initial library was 6 · 1010 (ligation efficiency of mRNA
with the puromycin-PEG spacer and efficiency of IVV forma-
tion were 50 and 10%, respectively). The library was cap-
tured on fluorescein-immobilized beads and the mRNA
portion of selected molecules was amplified by RT–PCR. In
each round of selection, the recovered DNA was further
mutagenized by error-prone DNA shuffling (26,29).

Off-rate selection of the randomized scFv library

We applied off-rate selection (10,14) as a selection pressure
for affinity maturation of anti-fluorescein scFv. In off-rate
selection, mRNA-displayed scFvs that bound to fluorescein-
immobilized beads were washed with a large excess of free
fluorescein to prevent the rebinding of antibodies to the
beads. Since the off-rate (koff) depends on the half-life
(t1/2) of the antigen–antibody complex, higher-affinity
binders with low koff can be retained on the beads for a longer

washing time. We set the time periods of off-rate selection so
as to decrease koff about several-fold per round (3, 20, 96 and
336 h). Although mRNA is considered to be a labile mole-
cule, it is stable for at least 2 weeks at low temperature (14).

After four rounds of off-rate selection, the total binding
activity of in vitro-translated products of the library DNA
at each round was analyzed by competitive ELISA. As
shown in Figure 2, the binding activity gradually increased
in successive rounds of selection (Figure 2; 0 nM), whereas
little or no activity was observed in the presence of competi-
tor (Figure 2; 10 nM, 100 nM and 1 mM), indicating the
enrichment of specific binders with high affinity in the
library.

Competitive ELISA for the second screening

The library DNA from the fourth round of selection was
cloned and sequenced. The rate of amino acid substitutions
was 3.5%. Seventy-seven randomly chosen genes were
subcloned into an Escherichia coli expression vector, their
expression was induced, and the binding activity of scFv
mutants in the periplasmic extracts was analyzed by
ELISA. Clones, whose ELISA signal (OD at 450 nm) was
<0.2, were defined as ELISA-negative and those clones,
whose signal was in the range of 0.2–1.0, were defined as
ELISA-positive. Out of the 77 clones, 45 clones (58%)
were ELISA-positive. In SDS–PAGE analysis, all ELISA-
positive clones exhibited protein expression in the periplasm,
whereas 27 out of 32 ELISA-negative clones showed little or
no expresssion in the periplasm (data not shown). Although
the other five ELISA-negative clones were expressed in peri-
plasm, three of them showed low ELISA signals (<0.2) and
two had no binding activity (data not shown).

We estimated the affinity of the 45 ELISA-positive clones
by competitive ELISA (Figure 3). The relative binding was

Figure 1. Schematic representation of the in vitro selection of scFv antibodies by the IVV method. Step 1: a DNA library of scFv mutants is in vitro-transcribed
into mRNA. Step 2: the mRNA is enzymatically ligated with puromycin (Pu) through a PEG spacer. Step 3: the ligated product is in vitro-translated by a cell-free
translation system, resulting in covalent bonding of puromycin with the full-length protein at the C-terminus. Step 4: the mRNA-displayed scFv library is
captured on antigen-immobilized beads and unbound molecules are washed away. Step 5: the bound molecules are eluted by protease digestion. Step 6: the
mRNA portion of eluted molecules is reverse-transcribed into cDNA. Step 7: the cDNA is amplified by PCR. Step 8: the DNA can be used for the next round of
selection after mutagenesis or can be analyzed by cloning and sequencing after several rounds of selection.
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fluorescein were used as competitors (Figure 5A). The affin-
ity of Group 1 mutant 2-12 (Figure 5C) was higher than that
of wild type (Figure 5B), not only for fluorescein but also for
the two fluorescein analogs, with an almost identical ratios
of increase. Similar results were obtained for the other five
Group 1 mutants (data not shown). The results suggest that
the specificity of the affinity-matured mutants was not
altered, but remained similar to that of the wild type.

To determine the most important mutations for affinity
improvement, we first constructed an scFv mutant that con-
tains only the five consensus mutations in Group 1 mutants
(named CM5). As shown in Figure 6A (filled triangles), the
activity of the CM5 mutant was similar to that of Group 1
mutants (such as 2-12 shown in Figure 5C, filled squares),
indicating that only the five mutations in Group 1 contribute
significantly to the increased affinity. Subsequently, we con-
structed and examined five scFv mutants, each with a single
amino acid mutation, W47C, D101N, S15F, V21I or H94Y.
Three mutations, W47C and V21I in the framework
and S15F in the linker, did not influence binding activity
(Figure 6B), whereas two, D101N or H94Y in the CDR,
resulted in intermediate binding activity between CM5
and wild type (Figure 6C). Moreover, the double mutant

containing both D101N and H94Y showed binding activity
similar to that of CM5 (Figure 6C, filled diamonds). These
results clearly demonstrated that the critical mutations for
improving affinity are D101N and H94Y in CDR3 of VH

and VL, respectively. This result is consistent with the previ-
ous findings in laboratory evolution of high-affinity scFv
mutants with CDR mutations (11,14). The locations of the
CDR mutations on the three-dimensional structure were
very close to the fluorescein site (14). It has been argued
that the mutation H94Y in VL directly affects the interaction

Table 2. Mutations in scFv fragments selected by the IVV method

Clone VH VL Linker

Group 1
7-753 W47C, D101N V21I, S76T, H94Y S15F
2-12 W47C, A68T, K73Q, D101N V21I, H94Y S15F
7-308 W47C, D101N V21I, A51V, H94Y S15F
1-13 K19R, S21T, W47C, S74N, S76G, S82bG, E85D, D101N, Y102N, S112F V21I, S80T, H94Y, E105K G12S, S15F
3-23 K19R, W47C, S74N, Q81H, S82bG, D101N, Y102N V21I, S80T, H94Y G12S, S15F
7-464 W47C, K62N, K73I, D101N V21I, Q38H, H94Y S15F

Group 2
6-77 G96D M11L, P59S, H94Y G19D
7-007 A68V, G96D, S112P R18M, H94Y
3-6 A68V, G96D R18M, H94Y S5L
2-23 A68V, G96D R18M, Y53H, H94Y
5-9 A68V, Q81R, D101N V21I, D30H S15F
7-303 A68V, G96D T13I, R18M, D70S, H94Y, L104M
5-35 A68V, G96D R18M, P59H, S67Y, H94Y
7-665 A68V, G96D R18M, K24R, L83S, H94Y S20I
2-10 A68V, G96D R18M, H94Y
7-656 S30T, M80L, Y99H T22I, A84T, H94Y, K103M S15P
1-7 N58I, G96D I2V, V21I, N32K, Y53C, D60G
4-14 Q3R, W47C, S76R, M80L, Y99N H94Y
7-283 W47C, S76R, M80L, Y99N G68R, H94Y
7-822 K64N, A68V, G96D R18M, H94Y G11C

Amino acid mutations of the VH, VL and linker regions of selected mutants. Residue numbering is according to Kabat et al. (32). The original sequence of the wild
type is shown in (14). Group 1 and Group 2 indicate 6 clones with high activity and 14 clones with moderate activity, respectively (see also Figure 3). Boldface
residues indicate five consensus mutations.

Table 3. Kinetic parameters of selected clones

Clone kon (M
!1 s!1 · 105) koff (s

!1 · 10!4) KD (nM) t1/2 (min)

Wild type 1.0 ± 0.05* 33 ± 0.62 32 3.5
2-12 1.9 ± 0.02 1.8 ± 0.007 0.95 64
3-23 3.7 ± 0.06 3.3 ± 0.17 0.88 35
7-308 3.6 ± 0.02 3.6 ± 0.01 0.99 33
7-464 1.2 ± 0.002 1.7 ± 0.009 1.4 70
7-753 1.1 ± 0.02 1.8 ± 0.008 1.7 63
2-10 0.26 ± 0.002 2.0 ± 0.18 7.5 59

*Mean ± SEM.

Figure 4. Kinetic distribution plot. The kinetic parameters of purified scFvs
were determined by SPR spectroscopy (see Materials and Methods and
Table 3). The wild type (open circle); Group 1 mutants 2-12 (filled circle),
7-753 (open square), 3-23 (filled square), 7-308 (open triangle) and 7-464
(filled triangle); and Group 2 mutant 2-10 (filled diamond). The dissociation
constants (Kd ¼ koff/kon) are represented as gray lines (0.1–10 nM). Group
1 mutants with highest affinity were clustered in the upper right-hand corner
of the plot.
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Q3. Global incorporation of UAAs (e.g., SILAC-BONCAT) and applications. Bacteria use a process of chemical 
communication called “quorum sensing” to assess their population density and to change their behavior in response to fluctuations in 
cell number and species composition of the community. In this problem, you set out to identify the quorum-sensing-regulated 
proteome in the model organism Vibrio harveyi by bio-orthogonal non-canonical amino acid tagging (BONCAT). A type of V. harveyi 
strain you used responds precisely and exclusively to exogenously supplied small-molecule AI-1 that induces quorum sensing. 
 
To start off, following addition of AI-1 to the cells, you monitor changes in protein synthesis in 10-min intervals, by combining BONCAT 
with SILAC technique. In your chemical inventory, you have the following chemicals available (all natural and unnatural amino acids 
are in natural stereoconfiguration where applicable): 

- azidohomoalanine (Aha)  
- TAMRA-alkyne (note: TAMRA is a small-molecule red fluorescent dye) (structure shown on rightà) 
- Lysine (also known as “light”/unlabeled lysine) 
- 13C6 15N2 Lysine (aka “heavy”/labeled lysine)  

(i) Draw out the chemical structure of Aha. You may show the correct stereochemistry. (Hint: organic chemistry nomenclature 
reminder: “homo” is for one carbon extension; for instance, H2C=CHCH2Cl is allyl chloride, and H2C=CHCH2CH2Cl is homoallyl chloride) 
 
 
 
(ii) Draw out the chemical structure of 13C6 15N2 Lysine. You may show the correct stereochemistry.  
 
 
 
 
 
(iii) In your drawing above in (ii), mark the isotopically-labeled carbon and nitrogens as open and closed circles, respectively.  
 
(iv) You first wanted to ensure that  
a)-- a 10-min Aha pulse is sufficient for incorporation of this uaa.  
b)-- the use of chloramphenicol (Cam) treatment is sufficient to halt new protein synthesis after the 10-min pulse.  
Suggest conditions A, B, and C that would help ensure the two points (a & b) above, and absoultely those two points alone, using a gel-
based analysis. You’re limited to 3 lanes only: i.e., 3-different experimental conditions. Hint: Two of the conditions should be 
relevant negative controls such that you can derive meaningful outcomes from your experiments. [Key note: Aha is known to be 
incorporated into proteins in competition with Methionine (Met)] 
 Gel result upon excitation of TAMRA dye channel  

on the imager (i.e., in-gel fluorescence analysis):   The same gel after Coomassie-dye staining:  
   A        B      C       A        B   C 

 
 
 
 
 
 
In all conditions, you treated the cells, lyse the cells, execute Click coupling with TAMRA-alkyne, and run SDS-PAGE. 
Condition A involves treatment of the cells with     
Condition B involves treatment of the cells with     
Condition C involves treatment of the cells with     
 
(v) Various Lux genes are encoded by the lux operon in V. harveyi and are central to regulation of quorum sensing. (note: ‘operon’ 
means a group of genes regulated under the same promoter). But at the outset of your work, it was unknown how the translational 
temporal dynamics of Lux genes alter upon activation of quorum sensing. You next set up the combined SILAC-BONCAT approach for 
quantifying differences in protein translation in response to treatment with a small molecule that upregulates quorum sensing. Fill in 
the missing blanks in the workflow shown below. [Note: addition of chloramphenicol (Cam) halts protein synthesis].   
a     
b     
c     
d     
e     
f     
g     
h     
i     
 
 
 


