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Chapter 1
Introduction

1.1 Introduction to Chemical Biology

Chemical biology, which emerged over decades as a complex hybridization of
bioorganic chemistry, biochemistry, cell biology, and pharmacology [1], is con-
sidered to be a modern interdisciplinary science. It involves the application of
molecules from synthetic chemistry, as well as other chemical techniques and tools,
to the understanding and exploring of biological problems. The past few decades
have been a remarkable period for the chemical biology, with numerous intellectual
ideas and methodological strategies coming to the center stage of the interface of
chemistry and biology. It is among the fastest growing areas in natural sciences and
in chemistry in particular.

Chemists have been developing methodologies to synthesize the biologically
relevant molecules, ranging from as small molecules to proteins and nucleic acids.
Meanwhile the development of analytical instruments and techniques also allows
people to monitor the biological and biochemical processes in a much more precise
manner [2]. Chemical biology often starts with a biological problem or phe-
nomenon of interest, analyzes them with the assistance of modern techniques to
convert them into chemical problems, and finally develops new tools or method-
ologies which apply back in the biological systems as shown in Fig. 1.1.

Much progress has been made during the last few years in chemical biology, for
example the activity-based probes [3], RNAi in mammals [4], automated carbo-
hydrate synthesis [5], noval protein fold design [6], in situ click chemistry [7],
unprotected natural product synthesis [8], chromatin-level regulation of biosyn-
thesis [9], PRIME fluorophore labeling [10]. And in this thesis, we will try to
explore and understand several small issues addressed in chemical biology.

Within the past 4 years, I have been involved in several projects related to the
design and application of peptides and proteins. Although whether these projects
fall into the category of chemical biology is arguable, the main theme has been to
utilize chemical knowledge and tools to solve biologically relevant problems.
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The projects involve organic synthesis of molecules, synthesis and characterization
of inorganic nanoparticles, protein engineering, and cell imaging; the multidisci-
plinary nature of this thesis is thereby undoubted. One feature to distinguish my
research from others’ is that these projects do not fall into the realms of traditional
chemistry or biochemistry; yet when it is deemed necessary, I learned and
employed knowledge and techniques from other fields to solve problems. This,
I believe, represents the essence of chemical biology.

1.2 Antimicrobial Peptides

Antimicrobial peptides are widely spread in nature, and playing fundamental role in
the evolution of the multicellular organisms. There are more than 500 reported
antimicrobial peptides [11]; their structures are so diverse that they could only be
vaguely categorized by the secondary structure. Still, a converging feature of
antimicrobial peptide is an “amphipathic” structure, with all the hydrophobic amino
acids packed together and all the positively charged amino acids distributed on the
surface of the molecule. For example, linear peptides, such as cecropin in silk moth
[12], adopt an amphipathic a-helix when it encounters a plasma membrane. Other
peptides such as defensins contain antiparallel b-sheets stabilized by multiple
disulfide bonds [13].

The amphipathic nature is linked to the antimicrobial mechanism with respect to
its membrane interaction, in many cases (but not all the cases). The plasma
membrane of microbes contains negatively charged phospholipids while mam-
malian cell membrane is mainly composed of lipids with no net charges. This
provides the antimicrobial peptides specific electrostatic interaction toward
microbes but not mammalian cells. The hydrophobic portion of the amphipathic
peptides then disrupt the membrane structure and thus kill the microbes. This is
considered to be the widely accepted Shai—Matsuzaki—Huang (SMH) model for
the antimicrobial peptide to kill microbes [14–16].

Structural 
information

Chemical 
techniques

New tools or 
methods

Biological 
problems

Fig. 1.1 Interplay between
chemistry and biology in
chemical biology studies
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As antimicrobial peptides targets cell membrane, it is thereby more likely to
circumvent the drug resistance pathways. Variants of antimicrobial peptides could
also be engineered by amino acids replacement such as replacing natural L-amino
acids by D-amino acids [17] or b amino acid [18].

1.3 Quantum Dots

The organic dyes and fluorescent proteins have wide application in fluorescent
imaging, but they suffer from drawbacks such as broad absorption/emission pro-
files, low photobleaching thresholds. On the contrary, semiconductor nanocrystals
(also known as quantum dots or QDs) hold several promising optical properties
such as the high quantum yield, broad absorption with narrow symmetric photo-
luminescence spectra spanning from the UV to near-infrared, large effective Stokes
shifts, high resistance to photobleaching and exceptional resistance to photo- and
chemical degradation [19]. Moreover, QDs have tunable fluorescent emission
spectra dependent on the size of the core; their broad excitation spectra also allow
the simultaneously excitation different QDs at a single wavelength. QDs are thus
widely used in energy conversion and storage [20], optoelectronic devices [21],
fluorescent sensors [22, 23], and photocatalysis [24]. Specifically, CdSe-ZnS QDs
are widely used in tissue imaging, biosensing and cell targeting. It contains a core
shell structure with ZnS grown on the surface of CdSe, with the overall diameter of
about 5 nm. The quantum yield could reach 30–50 % with a narrow band edge
luminescence spanning most of the visible spectrum from 470 to 625 nm [25].

Protein coating of QDs has been a general method to modify and protect water
soluble QDs to mediate its application in biological systems [26], One strategy to
functionalize the surface of QDs by biomolecules is through metal-affinity-driven
self-assembly [27]. Peelle et al. showed that histidine, cysteine, methionine and
tryptophan have high tendency to bind to CdSe-ZnS QDs [28], and the metal–
ligand coordination interaction is sufficiently stable in the case of oligohistidine
[29]. Our lab further extended a single histag to a dendrimer of histags which
showed a much stronger binding affinity toward QDs in both peptides and proteins
[30, 31]. A systematic investigation of how the distribution and combination of
histags contributes to the interaction between protein ligands and QDs is thereby
intriguing.

1.4 Introduction to Chemical Tag and Probe System

Being the vital, if not the most important, building block of life, protein plays a
fundamental role in almost every life process, varying from structural support,
scaffolding, elements storage (such as N and Fe), to transportation, regulation,
catalysis, defense and attack, etc. [32]. Thus to visualize, measure and track
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proteins, especially in the in vivo conditions, has attracted much of biologists’
attentions. In the past a few decades, various techniques, as well as corresponding
instruments, have been developed to assist in the characterization and under-
standing of the spatial distribution and temporal variations of proteins.

Generally speaking, the labeling of the protein of interest could be divided into
two main strategies: the fusion of a reporter protein (auto fluorescent proteins
(AFPs), luciferase, b-galactosidase, b-lactamase, etc.) and the chemical tag and
probe system. Being one of the most important discoveries in protein science in the
1990s, AFPs had played an incredible role in monitoring and understanding protein
localization, translocation, interactions and conformational change etc. [33]. When
it was genetically fused to the host proteins, it provides biologists with great
convenience and absolute specificity as well as some drawbacks listed below:

(1) Bulky size. AFPs contain *240 amino acids, comparable to the host protein,
thus has the potential to interfere the structure and even the functionality of the
host protein;

(2) Limited spectrums. Although GFP variants had been explored to give the
corresponding Red (RFP), Blue (BFP), Cyan (CFP) and Yellow (YFP) [34],
they still have limitation in offering spectrum libraries, for example no
near-Infrared AFP has been developed. Besides, synthetic fluorescent dyes
also beat AFP in the brightness and photostability.

(3) Limited fusion sites. So far as we know, GFP moiety could be fused only to
the C- or N-terminus of the host protein, while some of the chemical tags
could be fused to the middle of the host (TC tag, for example) [35].

(4) Limited environment. Having the conserved barrel structure, both the in vitro
the in vivo locations of AFPs would be limited due to the pH value, envi-
ronmental hydrophobicity, ion concentrations, etc.

So it had appeared to be of urgent need to explore a complementary strategy to
label the protein of interest. And in the past two or three decades, numerous of
efforts had been put into developing and evolution the chemical tag and probe
system. As a rule of principle, the labeling should fulfill but is not limited to the
following criteria:

(1) Specificity. There are great differences between the isolated proteins and that
in the biological context. The labeling reaction should be highly specific so
that it could be performed both in vitro and in vivo. More importantly, it
should be capable of preventing the nonspecific interactions toward thousands
of other proteins, DNA, RNA, carbohydrates, lipids, and other small mole-
cules to provide the desired signal to noise ratio;

(2) Reactivity. It is known to all that the labeling rate determines the application
area of the system. The faster the labeling reaction rate is the more biological
processes it could trace. Besides, when it comes to the in vivo environment,
everything is in fast dynamics so it requires the labeling to proceed before the
target’s degradation;
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(3) Structural interference. The function of a protein is highly related to its
well-defined structure. Neither the fusion of the potential targeting moiety nor
the attachment of the binding ligand to the parental protein is supposed to alter
the conformational property of the latter. Under this circumstance, the size of
the tag or probe is better to be as small as possible, and the content to be
biological relevant;

(4) Ease of manipulation. Due to the potential users of such a tag-probe approach
have little background in synthetic chemistry, the commercial availability and
the convenient manipulation are also in great demand.

1.4.1 Classification of Covalent Chemical Tag
and Probe System

Usually, the artificial labeling of a protein could be divided into three major
strategies: (1) based on a single amino acid; (2) based on a short peptide sequence;
(3) based on a fusion protein (enzyme). Each of them would be discussed in the
following content.

1.4.1.1 Labeling Methodologies Based on Single Amino Acid

Usually this kind of methodology takes advantage of a bioconjugation reaction
which would introduce the synthetic probe to the side chain of one or more amino
acid(s). In a protein with defined three-dimensional structure, the interior is non-
solvent accessible which makes the inner amino acids poor candidates for the
conjugation. Only the surface amino acids are potential reactive sites to the coming
synthetic probe. Besides, because this kind of method would only recognize the
potential reacting sites despite of the microenvironment, the probe would be
anchored to a kind of functional groups with no or poor selectivity.

Modifications of Cys and Lys

While having a super wide spread in functional properties, the functional groups of
a protein are usually limited to that in 20 natural amino acids and some post-
translational modifications. Among them, the thiol group from Cys side chain and
the amine group from Lys side chain or the N-terminus are the most common
candidates due to their high reactivity. There are numerous reports for labeling Cys
and Lys in the biological context [36] and even the reaction kits are highly com-
mercialized. For the thiol group of Cys, reagents such as a-haloketones and mal-
eimide derivatives are well developed, as well as the traditional disulfide exchange
reaction. And for the e-amine of Lys, the labeling reagents are even more explored
to give a toolbox containing isothiocyanates, isocyanates, activated esters and
epoxide, etc. [36]. Unlike Lys and other amino acids with reactive side chains,
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Cys has a much lower abundance ratio in protein surface (2.3 %), making it a
potential candidate for the selective labeling. But this is a case-dependent issue and
only applicable for those proteins with no Cys at the surface. By single site
mutagenesis, Cys could be easily introduced to the protein surface to function as the
targeting site.

Modifications of rare amino acids

Although the bioconjugation reactions based on the side chains of Cys and Lys give
fast and complete conversion, the selectivity and site-specificity are compromised
due to the high reactivity of the electrophiles. Besides, when this methodology is
applied to in vivo protein labeling, poor signal to noise ratio would be anticipated
because of the high percentage of the Cys and Lys in proteins. Based on all these
disadvantages, Francis et al. have been dedicated to the development of covalent
bioconjugation reactions based on the rare amino acids.

Being both the largest and rarest natural amino acid, Trp is supposed to possess
only 1.4 % occurrence in proteins, and the abundance ratio would be even lower in
protein surface. A rhodium carbenoids based method was developed by Francis
et al. in 2004 [37] which could achieve the selectively covalent attachment of a
vinyl diazo compound to horse heart myoglobin in the presence of Rh2(OAc)4
as the catalyst. Although highly selective, the reaction requires long reaction time
(7 h at room temperature), co-solvent (ethylene glycol) and large excessive reactant
(100 equiv.). Besides, this kind of strategy was case dependent. The pH value had
to be lower down to 1.5 for denature of the protein Carsberg to expose the buried
Trp for the labeling reaction to proceed.

A three components Mannich reaction involves aldehyde and aniline was
developed by the same group to covalently label Tyr (3.2 % in abundance). Due to
the amphiphilic characteristics, Tyr is supposed to favor the protein surface location
so that it could be easily targeted. Although longer reaction time was required (18 h
at room temperature), this kind of reaction was highly selective and would proceed
under mild conditions (pH5.5–6.5), compared to the traditional Tyr-labeling
strategies which require large amounts of formaldehyde and heat denaturation [38].
To further accelerate the Tyr-labeling reaction, Francis et al. reported a protein
alkylation method based on p-Allylpalladium complexes [39]. Upon adding of a
rhodamine labeled allylic acetate, Pd(OAc)2 and triphenylphosphine tris-(sulfo-
nate), efficient Tyr-labeling of Chymotrypsinogen A could be observed within
45 min (room temperature) and mild pH condition (8.5–9.0).

Unnatural amino acid mutagenesis

Once a single amino acid becomes the targeting site, either on the protein surface or
in the binding pocket, either in its original primary sequence or in a site-directed
mutagenesis case, it would be incredibly difficult if this kind of reaction is going to
be carried out in the in vivo environment, especially in the specific targeting
manner. To overcome this drawback, unnatural amino acid incorporation technique
based on amber condon was developed to introduce to the target protein a
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functional group that does not originally exist in the biological system to bring
absolute specificity. The azide, alkane, ketone, aldehyde, and many other groups
could be introduced to the target protein by this very technique and could provide
further orthogonal reactivity [40]. However, this technique was also suffered from
the bulky and hydrophobic amino acid side chain so that its application was limited
to some extent.

1.4.1.2 Labeling Strategies Based on Short Peptide Tag Sequence

Although the labeling strategies based on single amino acid provide least disruption
of the protein of interest, the harsh reaction conditions, and the long reaction time
significantly inhibit them to find applications in the in vivo protein targeting, or
even the labeling of “difficult” proteins with poor stability becomes impossible.
On the other hand, the labeling events taking advantages of the genetic fusion of an
enzyme provide sufficient biocompatibility as well as greater structure distortion.
Combine the two facts together, the labeling strategies that are based on a short
peptide sequence as a potential reacting sites are becoming more and more popular.
Generally speaking, the beauty of this kind of strategies lies not only in the com-
prising on both the biocompatibility and the less distortion of the POI, but also in
the fast reaction rate, good specificities. Some of them could even achieve the
covalent labeling that was considered to be highly important to prevent the signal
losing problems during some of biological processes.

FLASH tag

It was the amazing work in the history of chemical tag and probe system pioneered
by Tisen et al. in 1998 [33]. In their design, six natural amino acids (CCXXCC)
were used as the targeting site, in which Cys1-Cys5 and Cys2-Cys6 were designed
to locate in i and i + 4 positions in an a-helix respectively to form a parallelogram
on one side of the helix. Upon addition of the nonfluorescent and cell-permeable
small molecule, FlAsH-EDT2 (fluorescein arsenical helix binder, bis-EDT adduct),
the tetra-Cys would replace EDT to form a fluorescent complex. In the following
works, the undefined amino acids X were optimized to be Pro-Gly [41] to facilitate
the formation of a-helix and enhance the binding affinity.

Being the first de novo designed chemical tag and probe system, FlAsH tag
owns obvious advantages against the traditional fluorescent protein fusions: first,
the target size is much smaller (only *700D compared to 28KD for GFP) so that
the potency and probability for it to detract the structure and function of the host
protein is lower down to an acceptable level; second, theoretically it could be fused
to any site of the target protein only if the function of the original protein remains;
third, the four Cys are required to be in the reduced form so that the disulfide
bonded surface Cystine would not contribute to the nonspecific binding. On the
other hand, it also has several drawbacks such as the requirement for intensive
washout because of the significant binding property for biarsenical compound
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toward the isolated thiols. The background fluorescent signal would remain even
after extensive washing. Besides, this method would fail to work in the oxidative
environments such as the secretory pathway.

To overcome the drawbacks described before, numerous of work has been done
in recent years. Although new fluorescent molecular structure has to be redesigned
to generate a probe with an alternative spectrum, the recently developed ReAsH
[42], CrAsH [43], and Cy3As [44] tags have greatly expanded the biological’s
fluorescent toolbox, which may even allow the pulse-chase imaging [45].

Furthermore, in the attempting to eliminate the arsenical caused high back-
ground labeling and potential cytotoxicities, Schepartz et al. derived the
bis-arsenical based probe to bis-boronic acid based probe [46] in which the
tetra-Cys sequence were replaced by tetra-Ser sequence(SSPGSS). Once bound
to the RhoBo [(3-oxospirol[isobenzofuran-1(3H),9′-[9H]xanthene]-3′,6′-diyl)bis
(ininomethylene-2,1-phenylene)]bis-(9CI)], the tetra-Ser tag is supposed to perform
much better in photostability and brightness than ReAsH-EDT2 tag. What is more,
this tag and probe system was tested against a 377-member mammalian glycan
microarray to show a great improvement in the selectivity.

D4 tag

Inspired by the interaction between Ni-NTA and 6� His, Hamachi et al. developed
the multinuclear Zn(II) complexes (Zn(II)-DpaTyrs) which derived from the Tyr
scaffold and would coordinate to the genetically encoded oligo-aspartate (D4 tag)
[47]. By taking advantage of the multivalence effects, the binding affinity between
the dimerized Zn(II) complexes and sequential extended (D4)2 tag was dramatically
increased by 1000 fold (Kapp = (1.8 ± 0.3) � 107 M−1). The enzyme activity of
the fused host protein RNase was not interfered by the small size of the tag. Whatis
more interesting is that the interaction between Zn(II) complexes and D4 tag is
orthogonal to that between Ni-NTA and 6� His, making it a great candidate for the
noncovalent cell surface protein labeling pair.

In order to further extend this labeling strategy to a nondissociable manner, they
respectively install a Cys and an oligo Ala linker to the D4 tag, and an
a-chloroacetyl functional group to the Zn(II) complexes. Proximity-induced
nucleophilic reaction would take place to generate a covalent linkage between
the tag and probe after the metal–ligand coordination [48]. Different from all the
previously described tag-probe systems, this kind of strategy involves no enzyme,
and the reaction would complete within 30 min. Due to the ultrasmall size of the D4
tag (*20 amino acids), it would generate little, if any, interference of the protein
host. Based on this, fast labeling (within 30 min) of the G protein–coupled receptor
[Bradykinin B2 receptor (B2R) and acetyl choline receptor (M1R)] could be
achieved. By incorporation of a fluorescent dye, the agonist induced internalization
of the GPCRs could be traced by fluorescent microscope [49].
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1.4.1.3 Labeling Methodologies Based on Fusion Proteins (Enzymes)

For the tags developed based on the fusion of an enzyme, it would usually introduce
a covalent linkage between the substrate or the enzyme itself and the coming ligand
based on the catalytic reactions mediated by the enzyme. It is considered to have the
following advantages, as well as some drawbacks:

(1) High biocompatibility. Since the enzyme itself is a functional protein, upon
fusing to the target protein, no further compatible issues should be worried
about;

(2) Fast. The enzyme catalyzed reactions usually proceed in a fast reaction rate
manner, especially for some of the tags, the enzymes are even engineered to
give a better performance in catalysis so that the labeling process usually
complete to a satisfying degree within tens of minutes or even less;

(3) High specificity. Thanks to the enzyme, the reactions of this kind of labeling
methodologies are of high specificity, only the conserved substrate and ligand
could be recognized by the enzyme. In some cases, orthogonal reactions could
be achieved even within similar substrate structure (for example, SNAP-tag
and CLIP-tag);

(4) Interruption. Being the biggest drawbacks of this methodology, the structure
of the protein of interest would sometimes be interrupted and the function
might be lost due to the large size of the enzyme it is fused to.

hAGT tag

In the year of 2002, Kai Johnsson et al. reported a new covalent labeling strategy
which took advantage of the irreversible transferation of an alky group from the
substrate O6-alkylguanine-DNA to one of the enzyme’s Cys mediated by the human
DNA repair protein O6-alkylguanine-DNA alkyltransferase (hAGT) [50].

Having low selectivity toward nucleobase O6-benzylguanine (BG), derivatives
of O6-benzylguanine with substituted benzyl rings besides its original substrate, the
hAGT enzyme protein (*210 amino acids in length) was supposed to capable of
transferring the fluorescent probe from the engineered O6-benzylguanine deriva-
tives to the reactive Cys, as well as to the target protein, once it was fused to the
protein of interest. Different fluorescent dyes (SNARF-1, fluorescein Oregon green,
tetramethylrhodamine, etc.) [51] were conjugated to the BG group via a benzyl
linker, and could be applied in site-specific incorporation in the AGT deficient
living cells.

Besides, the hAGT tag has been fully optimized to be the highly commercialized
SNAP-tag and it was further evolved to CLIP-tag which takes O2-Benzylcytosine
derivatives as the substrate [52] and could provide orthogonal labeling together
with SNAP-tag. By the combination of SNAP-tag and CLIP-tag, multicolor and
simultaneous labeling of different fusion proteins in vivo could be expected.
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This kind of methodology greatly expanded the spectrum selectivity, and the
labeling process could reach a quantitative complete degree within 5 min in
Escherichia coli, yeast and mammalian cells in different cell compartments,
including cytoplasm, nucleus and cell membrane, it also suffers from the bulky size
of the hAGT protein (*22KD). Although in the optimized case, 30 amino acids
deletion in the C terminus was proved not to interfere the functionality of the hAGT
protein, this tag and probe system could not been applied to other demands. More
importantly, all the endogenous AGT (widely spread in mammalian cells) would
cause a significant background labeling due to the low specificity of different AGT
proteins.

PCP tag and ACP tag

In 2004, Johnsson and Walsh developed the ACP and PCP tags independently
[53, 54] which shorten the recognition protein tag sequence to *80 amino acids.

Inspired by the fatty acid biosynthesis pathway, in which phosphopantetheine
transferase (PPTase) would transfer the 4′-phosphopantetheine from coenzyme
A (CoA) to a reactive Ser side chain of Acyl Carrier Protein (ACP), Johnsson et al.
fused the ACP sequence to a target membrane protein, in the presence of PPTase,
the fluorescent probe attached to the CoA derivative would be transferred to the
active Ser in ACP, thus resulted in the selective labeling of the target protein.
Similarly, the posttranslational modification of PCP in Bacillus subtilis was cat-
alyzed by Ppant transferase Sfp to transfer the fluorescently labeled CoA derivatives
to the apo form of PCPs.

Although with high labeling specificity and labeling rate (within 10 min), these
two tags still were limited by the size of external protein fusions. What is more, the
requirement of the presence of a PPTase enzyme makes these two tags only
applicable in the cell lysate or the cell membrane protein labeling.

Halo tag

It was reported that, haloalkane dehalogenases would remove the halide from ali-
phatic hydrocarbons. An ester intermediate would form and then followed by the
base catalyzed hydrolysis to give the final alcohol product. A H272F mutation
(Xanthobacter) would change the ester bond to a stable 1,2-dibromoethane inter-
mediate [55]. Georgyi and coworkers applied an analogous mutation in
Rhodococcus dehalogenase (DhaA) resulted in the trapping of the covalent inter-
mediate formed by the enzyme and a chloroalkane linker [56]. By changing the
length of the linker and key amino acid mutations, they developed a tag and probe
pair (HaloTag) which possesses the binding rate comparable to that of common
affinity based interactions (such as biotin-streptavdin). Furthermore, p65-HaloTag
fusion protein would be specifically labeled by fluorescent appended ligand in
living mammalian cells and the translocation of the protein could be monitored in
real time.
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1.4.2 Noncovalent Tag and Probe System

For this group of strategies, the interaction between the tag and probe is usually
achieved by the hydrophobic interactions, hydrogen bonding, metal–ligand coor-
dination interactions.

Antibody mediated tag

An antibody, also known as an immunoglobulin (lg), is a Y shaped protein
produced by the B cells, it contains four disulfide stabilized polypeptide chains. It
plays an important role in the immune system for binding to a unique part (called
antigen) of the foreign objectives such as bacteria and viruses and activating the
immune responses [57, 58]. The binding of antibody to antigen is one of the
strongest, if not the strongest, in nature that the binding affinity could reach up to
nanomolar or even picomolar. Generally, the antigen is short in sequence and could
be optimized to be compatible with the host protein, the antibody is large in size,
usually has a molecular weight up to around 150 K. The attachment of the antibody
would probably disrupt the structure and the function of the target protein, despite
of this, this kind of technology has found it great utility in the fields of protein
purification, protein immunoprecipitation and protein targeting, etc. Being the first
fully functionalized epitopic tag reported, the FLAG tag has been highly com-
mercialized [59]. After that, numerous of other antibody mediated tag and probe
systems, for example the HA tag and the Myc tag, have emerged to provide
sufficient selectivity and convenience.

His-NTA tag

Oligohistidine sequences have been widely used in the assistance of the protein
purification, with the combination of the metal-ion-chelating nitrilotriacetate
(NTA) moiety [60]. The bivalent Zn2+ ion would provide 6 coordination sites while
four of them are occupied by the three acetate groups and the nitrogen atom in the
NTA moiety, leaving two for the coming ligands. Having an unsaturated nitrogen
atom, the imidazole ring in the histidine side chain becomes a good coordination
candidate, especially when 6–10 histidines are aligned together to dramatically
enhance the binding affinity by the multivalence effects. Due to the reversible
metal–ligand coordination interactions, the binding of the oligohistidine to the NTA
moiety could also be competed by high concentration of imidazole solution.
However, the beauty of this His-NTA interaction lies in the small size of both the
tag and probe so that the oligohistidine could be fused to any position with the least
disruption of the protein target, for example in the terminus or in the top of the
loop. Horst Vogel et al. applied this technology to the superfast (within seconds)
and reversible labeling of ligand-gated ion channel and G protein–coupled receptor.
N-terminal fusion, C terminal fusion, as well as the fusion inside the protein
sequence (in the loop structure) all indicated that the oligohistidine tag could be
recognized by the fluorophore appended NTA probe [61].
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Coiled coil tag

The widely existed biological functional motif coiled coil is a well characterized
peptide/protein secondary structure, comprising of two or more a helix, aligned in
either parallel or antiparallel orientation [62]. Matsuzaki et al. applied this strong
peptide–peptide interaction into living cell membrane labeling [63] by fusing one
peptide sequence (E3) of a de novo designed coiled coil pattern to the
human-derived b2-adrenergic receptor. The fluorescent dye appended partner
sequence (K3 or K4) would recognize and bind to the fused target sequence in an
ultrafast (within 10 min) and super sensitive (20 nM concentration of the probe)
manner. Futaki et al. succeeded in the artificial control of the dimerization of E3 tag
fused EGFR by adding a synthetic K4 dimeric scaffolding peptide [64].
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Chapter 2
Biological Active Antifungal Peptides

2.1 Introduction

The emergence of drug resistant fungal pathogens urgently calls for new generation
of antifungal drugs with improved pharmacokinetics and pharmacodynamics.
Antimicrobial peptides (AMPs) are mainly cationic and amphiphilic peptides
composed of less than 50 amino acids, produced by diverse organisms for killing
various kinds of invade bacteria, fungi, and viruses while have low cytotoxicity
toward the organism themselves [1]. Due to their new mechanisms of microbicidal
action and scarce of resistance, they have been recognized as a gold mine of
antimicrobial drugs.

Defensin is a widely spread antimicrobial peptide within plants and animals; it
possesses a compact 3 dimensional structure stabilized by several disulfide bridges
[2]. Plant defensin, the innate guarding line against invaders, harbors antifungal
activity, while showing limited toxicity to mammalian cell lines. Specifically, it was
reported that defensins isolated from the white cloud beans possess both antifungal
and antibacterial activities which even retained after trypsin treatment [3]. Although
defensins are potential drug candidates, some obstacles need to be addressed:
(1) the protein is difficult to separate; (2) the biosynthesis of defensins has low
efficiency; and (3) in vivo activity and resistance still need to be improved. So, the
semisynthesis of the biologically active form of the peptide holds promise.

While biologists put their efforts in solving crystal structures and biological
activities of defensin proteins, more and more attention has been paid to the partial
sequence of this protein family [4]. Several structural parameters, such as amphi-
pathicity, hydrophobicity, hydrophobic momentum, alpha helicity, and the net
positive charges, play an important role in antibacterial peptides’ bioactivities [5].
Accordingly, partial sequence of the protein might still possess biological property
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of the parental protein. So we decided to perform a structural-activity analysis of the
whole sequence of defensin.

One of the plant defensin has been crystallized and was shown in Fig. 2.1 [6]. It
is a macrocyclic protein containing three b sheets and one a helix, stabilized by four
disulfide bonds. As total synthesis of defensin is not cost effective, we decided to
fragment the protein into basic units based on the secondary structures. In the
crystal structure, the first short b sheet is linked to a rigid a helix, and then to two
adjacent b sheets (the yellow line represents the disulfide bond). And to simplify the
structure, the 1st b sheet was deleted in the first round optimization, and then there
were two optimizing strategies: one was to omit the 2nd b sheet to form a two
disulfide bonded, a helix-b sheet domain (Peptide I) and the other one was the omit
the a helix to form a b loop domain (Peptide II).

Fig. 2.1 Primary sequence and structure fragmentation of a plant defensin (PDB ID 2GL1).
a Primary sequence of 2GL1. Cys are linked by disulfide bridges. Red line represents for the a
helix and blue line represents for the b sheet. b 3-dimensional structure of 2GL1 and step by step
structural fragmentation of the protein
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2.2 Experimental Section

2.2.1 Peptide Synthesis and Purification

Peptides were manually synthesized based on standard FMOC solid phase peptide
synthesis protocol using HBTU/HOBt activation strategy. Briefly, Rink
Amide-ChemMatrix® resins (PCASBioMatrix, Canada) with 0.1 mmol amine group
were utilized in each synthesis. A solution containing Fmoc-protected amino acid,
HBTU, HOBt, and DIPEA (with a ratio of 1:1:1:2 and 5 fold excess) in 2 mL was
added to the resin and stirred for 30 min at RT. After confirming the completion of the
coupling reaction by Kaiser Test, the resins were washed with DMF and deprotected
in 5 mL 20 % piperidine in DMF (v/v) to remove the Fmoc group to allow the
coupling of the following amino acid. Specifically in this chapter, Na-Fmoc-
S-acetaminomethyl-L-cysteine (Fmoc-Cys(Amc)-OH) and Na-Fmoc-S-trityl-L-
cysteine (Fmoc-Cys(Trt)-OH) were used to incorporate Cys with different side
chain protecting groups. After the completion of the entire sequence, the terminal
Fmoc was removed and the resins were washed by DMF, iso-propanol and n-hexane,
respectively, and the resins were put in high vacuum overnight.

To every 100 mg resins, 2 mL final cleavage cocktail containing EDT, TIS,
phenol, H2O, and TFA (with a ratio of 1:2:2:2:33, v/v/w/v/v) was added. The
cleavage reaction was allowed to proceed for 2 h at RT under stirring. After the
resins were removed through filtration, ice-cold diethyl ester was added to the
supernatant dropwise to precipitate the peptides. A final volume of 700 lL 50 %
ACN in H2O (v/v) was used to dissolve the peptide pellet. After being filtered
through a 0.2 m filter, the peptide solution was injected to RP-HPLC (Shimadzu,
DGU 20A5, Japan) equipped with a C18 column (Shimadzu, 250 L � 4.6, Japan).
0.1 % TFA in H2O (v/v) and 0.1 % TFA in ACN (v/v) were used as the mobile
phase A and B, respectively. For all the analytical HPLC trials, the total flow rate
was set to be 1 mL/min and the B concentration raised from 0 to 95 % over 16 min
following a linear gradient. For the purification of peptides in a larger scale by
semi-prep HPLC columns (Grace, 218TP510, USA), the total flow rate was set to
be 3 mL/min and the concentration of B raised linearly from 0 to 45 % over
24 min. The peptide peaks were collected, lyophilized, and validated by
MALDI-TOF mass spectrometry analysis (Bruker, autoflex TOF/TOF, USA). For
the conjugated peptide or peptide mixture, the mass spec was confirmed by LC-ESI.
All the lyophilized peptides were stored at −20 °C.

2.2.2 Intermolecular Disulfide Bond Formation

6.3 mg alpha helix peptide (H-RC(Acm)WCTRNA-NH2, pep 1), together with
8.5 mg bis(5-nitro-2-pyridyl) disulfide (DTNP, 4 equiv.) were dissolved in 1 mL
acetic acid/H2O mixture (3:1, v/v), stirring at RT, at different time points, aliquots of
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the reaction mixture were quenched by 0.1 % TFA containing acetonitrile and the
reaction was monitored by analytical RP-HPLC. After the completion of the reac-
tion, the mixture were neutralized, filtered through a 0.2 lm membrane and purified
by semi-prep HPLC and characterized by MALDI-TOF. 3.5 mg thiol activated a
helix peptide (pep 2) was dissolved in 1 mL citric/phosphate buffer (pH 6), bubbled
with argon for 5 min, to the solution was added 600 lL citric/phosphate buffer
containing 4.4 mg b sheet peptide (H-TSNC(Acm)DDHCKNK-NH2, equal equiv.
pep 3) in the presence of argon to immediately give a bright yellow solution. The
reaction was completed within 5 min as monitored by HPLC.

For the second disulfide bond formation, 1.1 mg heterodimeric peptide was dis-
solved in 400 uL acetic acid/H2Omixture (4:1, v/v), to the solution was added 100 lL
acetic acid/H2O mixture containing 1.4 mg I2, the reaction was allowed to proceed at
RT with stirring for 3 h and quenched by the addition of 310 lL H2O. And excess I2
was reduced by the addition of 400 lL 10 mM ascorbic acid to avoid further oxi-
dation. The reaction was also monitored by HPLC and characterized with LC-MS.

2.2.3 Intramolecular Disulfide Bond Formation

5.5 mg peptide IV was dissolved in 1 mL NaHCO3/Na2CO3 buffer (0.1 mM, pH
9.4) bubbled with air and shaking at RT for 8 h, and the reaction was monitored by
HPLC, after the completion of the reaction, the peptide was purified and lyophilized.

2.2.4 Biological Activity Assay

The assay of the synthetic antifungal peptides for antifungal activity toward Candida
Albicans, which is human pathogen, was carried out in 10 cm petri dish containing
10 mL of potato dextrose agar. Fungal were incubated in 10 mL of nutrient broth in
a thermal shaker for 12 h at 37 °C, and then 5 mL of this fungal suspension was
transferred to 50 mL of nutrient broth and incubated for another 3–6 h in order to
shift bacterial growth to the midlogarithmic phase. The fungal suspension was then
centrifuged at 2000 g for 10 min, and the fungal pellet was resuspended in 1 mL
normal saline and the solution was scraped on the petri dish. Sterile blank paper
disks (0.625 cm in diameter) were placed at a distance of 0.5 cm away from the rim
of edge of the petri dish and to the paper was dropped aliquots of 1 mg/mL anti-
fungal peptides containing PBS buffer. And the petri dishes were placed in a 37 °C
incubator to allow the growth of the fungal colonies. PBS only was conducted as the
negative control and amphotericin was used as the positive control.

For the more accurate activity screening based on the liquid medium fungi
culture method, peptides were dissolved in 10 mM PBS (pH 7.4) to give a final
concentration of 1 mg/mL, the peptide solution was scraped on the agar surface and
followed by the addition of the activated fungal medium as described above. The
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petri dishes were then put into the 37 °C incubator and after 24 h the numbers of
fungal colonies were counted.

2.3 Results and Discussion

2.3.1 Synthesis and Characterization of Peptide I

Based on the crystal structure (PDB ID 2GL1), the a helix and b sheet peptides
need to be joined together through two disulfide bonds to form a hetrodimer. To
introduce two disulfide bridges, the oxidations of thiol groups were arranged in a
step by step manner to avoid nonspecific side products. As a result, the thiol groups
in the corresponding Cys side chains were protected by different protecting groups
so that they could be removed at the desired stages for selective oxidation
(Fig. 2.2). And this strategy has found broad application in total synthesis of many
difficult peptides and proteins [7].

In our strategy, trityl group was utilized to protect the first pair of Cys side chian,
which could be cleaved by the TFA treatment. To increase the reactivity, as well as
the specificity of the disulfide bond formation, DTNP was used to activate the thiol
group in the b sheet peptide chain. The reaction was monitored by RP-HPLC
(Fig. 2.3). A peak with the retention time of 17.4 min emerged and gradually
increased as the reaction proceeded, accompanied by the decrease of the peak
represented for pep 1. The reaction was completed in about 20 h and the inter-
mediate peptide was purified by semi-prep HPLC. The preactivated pep 3 was
mixed with the a-helix peptide in the presence of argon for a disulfide exchange
reaction to give the intermediate pep 4. This reaction was completed within 1 min
with good purity as monitored by HPLC. The acetaminomethyl (Acm) protecting
group was removed by I2 oxidation, with a simultaneous formation of the second
disulfide bridge. However, the reaction gave complicated products as monitored by
RP-HPLC. Over-oxidation might be the reason. Nevertheless, the desired product
was found in the product as confirmed by LC-MS. The I2 oxidation reaction needs
further improvement. Therefore, pep 4 as well as the I2 oxidation product was
submitted to antifungal activity screening.

2.3.2 Synthesis and Characterization of Peptide II

It was reported that the b-loop structure containing b sheets b2 and b3 might harbor
the antibacterial activity of defensins [8–10]. But, Cys seems to be not essential for
the biological activity [11]. So we designed a small peptide library, based on the 2nd
and 3rd b sheets sequence as the parental sequence (Peptide 1, sequence shown in
Table 2.1, structure shown in Fig. 2.4). Given the fact that the Cys contributes little
to the biological activity and with the purpose of preventing the formation of
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nonspecific disulfide bonded, all the three Cys were changed to Ala to yield peptide
2. As seen in the peptide sequence, two Asp were localized on the top corner of the b
loop, and this structure was further stabilized by the hydrogen bonding interactions
and the cation-p interactions. The two Asp were replaced by two continuous D-Pro
and L-Pro, with all the Cys mutated into Ala to yield peptide 3. The sequence DPLP
can force the peptide backbone to adopt a beta turn structure [8]. Furthermore, it
might also reduce the negative charges of the peptide. In peptide 4, two cysteines can
form an intramolecular disulfide bond to enhance the stability of the beta loop
secondary structure.

Fig. 2.2 Structural illustration of Pep I and the synthesis scheme. aMolecular structure of the two
disulfide bonded b sheet stabilized a helix peptide. b Synthesis scheme of the b sheet stabilized
a helix peptide
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2.3.3 Structure–Activity Relationship Studies

All four peptides were prescreened for their antimicrobial activity against Candida
Albicans. Peptides 3 and 4 inhibited the growth of the fungus, but not peptides 1
and 2. In each petri dish the fungus would grow on the paper, if the area does not
contain inhibitory activity; or, if the area contains inhibitory molecules, the
microbes will avoid it. As shown in Fig. 2.5, a clear blank rim could be observed in

Fig. 2.3 HPLC traces of the
activation of Pep 1 and the
conjugation of Pep 4.
a Activation reaction of pep 1
by DTNP as monitored by
HPLC, the purified product
was shown in green line.
b Conjugation reaction
between pep 2 and pep 3 as
monitored by HPLC, pep 4
was the purified product

Table 2.1 Peptide sequences and mass spectral data

No. Sequencea Mcalc MALDI-TOF MS
[M+H]+

ESI MS
[M+H]+

1 H-KNKEHLLSGRCRDDFRCWCTR-NH2 2622.248 2623.317 –

2 H-KNKEHLLSGRARDDFRAWATR-NH2 2526.332 2527.459 2528

3 H-KNKEHLLSGRARDPLPFRAWATR-NH2 2490.391 2491.467 2491.6

4 H-KNKEHLLSGRCRDPLPFRCWATR-NH2 2552.327 2553.335 –

aDP represents for D-Pro, LP represents for L-Pro and for peptide 4, an intramolecular disulfide bond is formed
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peptide 3 and peptide 4, but not in plates 1 and 2 which contain peptides 1 and 2,
respectively.

To be more quantitative, peptide solutions were mixed with fungal culture and
grown overnight at 37 °C in a thermal shaker. 200 lL of the mixture was then

Fig. 2.4 3D structure of the b-loop peptide. Amino acids in green represent the turn structure.
Basic amino acids are labeled in blue. a Side view. b Top view

Fig. 2.5 Photographs of bioactivity screening of peptides 1–4 (Clockwise, start from top left
corner). S stands for peptide sample. + stands for positive control. − stands for negative control
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spread on agar plates. After incubation at 37 °C for 24 h, colonies emerge, and
were counted. Compared to the PBS negative control, plates containing peptide 3
and peptide 4 showed fewer colonies (Fig. 2.6), meaning that both peptides
exhibited antifungal activities. Relatively, peptide 4 showed higher activity as
evidenced by even fewer colonies (146 vs. 197).

Fig. 2.6 Photographs of liquid fungal activity assay. Amphotericin and PBS buffer were used as
positive and negative controls, respectively. Fungal cloning numbers were counted. (Clockwise,
starting from top left corner, peptide 4, peptide 3, negative control and positive control)

Fig. 2.7 CD spectra of the 4 peptides (Measured at the concentration of 50 lg/mL in 10 mM
PBS, pH 7.4, the curve was the average value of ten scans)
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We then utilized circular dichroism spectrum to characterize the secondary
structure of the four peptides to find a correlation between secondary structure and
antifungal activity (Fig. 2.7). Peptide 1 and peptide 2 mainly adopted the random
coil structure while peptide 3 and peptide 4 possessed the beta loop structure due to
a minimum band at 205 nm.

2.4 Conclusion

Two structural motifs, a b sheet-a helix unit stabilized by two disulfide bonds and
the b loop of the white cloud bean defensin have been designed based on the crystal
structure. Synthesis of both structures was attempted through solid phase peptide
synthesis. Iodine oxidation of Acm protected cysteines failed to yield a clean
product, so still it needs further optimization. Peptides mimicking the beta loop
manifested desired antifungal activity against Candida Albicans. This work paved
the road to further optimize the beta loop sequence to search for potential antifungal
activity. We only examined the fungal strain Candida Albicans; in future experi-
ments, we aim to include other fungi to examine whether peptides 3 and 4 have
specificity toward different strains of fungi. We will further optimize the sequence
of peptides 3 and 4 by including more positively charged and aromatic amino acids
to increase its membranolytic activity. The mechanism of the antifungal activity is
still under investigation; most likely the peptides disrupt the membrane of the cells.
One should note that the biological activity of the defensin fragments might have
significantly deviated from their parental peptide. In other words, new antimicrobial
activity might be discovered in further structure–function relationship studies.
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Chapter 3
Protein Ligands Engineering

3.1 Introduction

Protein-nanoparticle assemblies as a type of hybrid biomaterials have found
increasingly wide-ranging uses in catalysis, tissue imaging, biosensing, and cell
targeting [1–4]. The inorganic nanoparticle cores grant the assemblies favorable
physical properties such as optical, electrical and magnetic properties that organic
or biological molecules normally do not possess, whereas protein ligands displayed
on the periphery mediate the interaction between the particle and the biological
environment [5–8]. As a ligand to functionalize the surface of nanoparticle, a
protein is notably different from a small molecule, or a synthetic polymer. The first
distinction lies in its size: proteins have similar dimensions as nanoparticles, with
diameter often ranging between 3 and 6 nm, comparable to that of a nanoparticle.
Therefore, while small molecules and polymers form a self-assembled monolayer
on the surface of particles, monomeric proteins binds to quantum dots (QDs, as one
example of nanoparticles) with a low stoichiometry around 16:1 (ligand:particle
ratio) [9–11]. Secondly, featuring sophisticated three-dimensional structures, pro-
teins are structurally asymmetric in shape, chirality, and chemical properties. These
features are furthermore highly engineerable, thanks to the great advancement of
recombinant technology and structural biology in recent decades. Therefore, one
could base on the crystal structure of a protein to tailor-make protein ligands that
have particular intermolecular interactions to affect specific controls on the prop-
erties of protein-nanoparticle assemblies, a degree of freedom that is difficult to
achieve using synthetic small molecules or polymers [12–17].

Two properties are generally desirable in generating protein-functionalized
nanoparticle assemblies. First, achieving a stable protein-nanoparticle assembly has
practical significance. Weakly functionalized nanoparticles likely undergo a ligand
exchange process on the surface in biological fluids or in the environment, which
may lead to an alteration of the biological property of the particle assemblies as well
as adverse effects. For example, plasma proteins can form a corona around particles,
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the exact nature of which is still under investigation [18–23]. As protein binding on
the surface of nanoparticles is often driven by electrostatic, hydrophobic, and
coordination interactions between plasma proteins and the particles, a stable con-
jugate between ligand and nanoparticles could impede undesired ligand exchange.
A self-assembly process driven by metal−hexahistidine peptide interaction has been
developed as an efficient and site-directed method to functionalize the surface of
CdSe–ZnS QDs with protein ligands [6, 9–11]. Still, protein-QD complexes formed
through metal-hexahistidine interaction could be interfered through ligand
exchange with histidine, cysteine, or methionine-rich proteins, or millimolar con-
centrations of thiol-containing molecules such as glutathione (GSH) [24–26]. The
second capability is to control the stoichiometry of ligand-nanoparticle ratio in the
complex [27–29]. Low-valency surface functionalization of nanoparticles has been
achieved through several strategies. For example, reducing the size of the
nanoparticle facilitates the fabrication of 1:1 protein-QD assembly [27]. Instead of
utilizing ultrasmall nanoparticles, we can use large protein as ligands to effect the
control of stoichiometry.

In this chapter, we adopted structure-guided protein design to engineer a col-
lection of fluorescent proteins containing hexahistidine tags (histag, the QD-binding
sequence) of different geometries and spatial distributions: monomers, a hinged
dimer, a cross-shaped tetramer, together with the previously reported bundled tet-
ramer. This collection allowed us to investigate for the first time how geometry of
protein ligands affects protein-QD assembly. We further validated our discovery by
a de novo design of a nanobelt protein which can transition from a random coil to a
coiled-coil in the presence of a companion peptide.

3.2 Experimental Section

3.2.1 Plasmid Construction

TheDNA fragment coding formCherry protein sequencewas amplified byPCRusing
primers mCherry-F (5′-ATTAGAATTCATGGTGA-GCAAGGGCGAGGA-3′) and
mCherry-R (5′-TATACTCGAGTTACTTGTACAGCTCGTCCATG-3′) based on
the vector pQL81-mCherry and sub-cloned into the EcoR I and Xho I sites of pET21a
vector to yield pET21a-MC. An N terminal His tag, together with a linker sequence
(KALEAQKQK) was introduced to the N terminus of TIP-1 DNA sequence by PCR
using primers TIP-F (5′-ATATATACATATGCATCACCATCACCATCACAAA
GCTCTTGAAGCTCAGAAACAGAAA-ATGTCCTACACCCCGGGCCA-3′) and
TIP-R (5′TATAGAATTCAGACAG-CATGGACTGCTGTACA-3′) based on the
ULD-TIP-1 plasmid (a gift from Prof. Zhimou Yang of Nankai University), the DNA
fragment was then sub-cloned into Nde I and EcoR I sites of the pET21a-MC to yield
pET21a-TIP-1-MC. Primers, mCherry-F and mCherry-R′ (5′-TATACTCGAGCT
TGTACAGCTCGTCCATGCC-3′) were used to amplify mCherry protein, and the
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DNA fragment was inserted into the EcoR I and Xho I sites of pET21a to yield
pET21a-MCS. DNA fragment coding for ULD protein sequence was amplified from
ULD-TIP-1 plasmid and sub-cloned into theNde I andEcoR I sites of pET21a-MCS to
yield pET21a-ULD-MCS. DNA coding for nanobelt protein was purchased from
commercial supplier (Genscript, Nanjing) and sub-cloned into BamH I and Hind III
restriction enzyme sites of pET21a vector to yield pET21a-NB using primers: NB-F
(5′-GGATCCGGCCCGCATAAAATTGCGCAACTGAA-3′) and NB-R (5′-AAGC
TTTTACAGCAAAGCAGAGATTTTGTGC-TCCAGG-3′), and followed by the
insertion of the DNA fragment coding for mCherry at Nde I and BamH I sites to
yield pET21a-MC-NB. All the plasmids constructed were confirmed by DNA
sequencing (BGI, Shenzhen) (see Appendix 3.1).

3.2.2 Protein Expression and Purification

Plasmids were transformed into Escherichia coli. BL21 (DE3) competent cells.
Single colony was grown overnight to give a starter culture. The starter culture
was then used to inoculate a larger volume of LB medium (1 % v/v) and grown at
37 °C until OD600 reached 0.4–0.6 and IPTG was then added. After grown at 16 °C
overnight, cells were harvested and resuspended in lysis buffer, sonicated, and
centrifuged. Proteins were purified from cell supernatant using a HisTrap HP col-
umn on an ÄKTA prime FPLC (GE Healthcare, USA) with a linear increase of
imidazole concentration from 10 to 500 mM. The protein eluent was buffer
exchanged to storage buffer and stored at −20 °C until further use. Protein con-
centration was measured by Nanodrop 1000 Spectrophotometer (Thermo Fisher
Scientific Inc., USA) based on an absorption coefficient constant e587 of
72,000 cm−1 M−1 for a single mCherry moiety. The purity of the proteins was
confirmed by SDS-PAGE (see Appendix 3.2).

3.2.3 Peptide Synthesis, Purification, and Characterization

Peptides were manually synthesized based on standard FMOC solid phase pep-
tide synthesis protocol on Rink Amide-ChemMatrix® resins (PCAS BioMatrix,
Canada). Briefly, coupling steps were done using a solution containing Fmoc-
protected amino acid, HBTU, HOBt, and DIPEA in DMF (1:1:1:2:5, w/w/w/v/v).
Deprotection of Fmoc was done in 20 % piperidine in DMF (v/v). After the
completion of the peptide sequence, peptides were cleaved from the resin by a
solution of EDT, TIS, phenol, H2O, and TFA (1:2:2:2:33, v/v/w/v/v) and then
precipitated by ice-cold diethyl ester. The peptide pellet was dissolved in 50 %
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acetylnitrile in H2O and purified by RP-HPLC (Shimadzu, DGU 20A5, Japan)
equipped with a semi-prep C18 column (Shimadzu, 250L� 4.6, Japan) or an
analytical column (Grace, 218TP510, USA). Peptide peaks were collected, lyo-
philized and validated by MALDI-TOF mass spectrometry analysis (Bruker,
autoflex TOF/TOF, USA).

3.2.4 Preparation of TIP-1-MCherry Dimer

TIP-1 binding peptide CGGWRESAI was dissolved in 0.1 mM Na2CO3/NaHCO3

buffer (pH 9.51) to a final concentration of 100 lM and agitated at R.T to form the
dimer under monitor by HPLC. The dimer (CGGWRESAI)2 was purified by
semi-prep HPLC. Dimer peptide at 50 lM was mixed with TIP1-mCherry mono-
meric protein (10 lM) in pH 7.5 HEPES buffer at 4 °C overnight. The
TIP1-mCherry dimer protein was purified and excess free peptide was removed by
FPLC on a size-exclusion column (SuperdexTM 10/300GL, GE healthcare, USA).

3.2.5 Preparation of Water-Soluble QDs

GSH stabilized QDs were synthesized based on the previous protocols [24–26].
Briefly, oil-soluble CdSe–ZnS core-shell QDs purchased from (JIAYUAN
Quantum Dots. Co. Ltd. Wuhan, China) was dissolved in trichloromethane. A basic
glutathione solution (14.2 mg GSH and 5 mg KOH in methanol) was added with
vigorous shaking for 2 h. Water-soluble QDs were then extracted using borate
buffer (10 mM, pH 9.0) and washed. Fluorescent spectra were obtained on a
Hitachi F-7000 fluorescence spectrophotometer in a quartz cuvette with an optical
path length of 1 cm. The excitation wavelength was set to be 420 nm and the
fluorescent emission spectrum was monitored from 500 to 700 nm.

3.2.6 Agarose Gel Electrophoresis

Proteins were preincubated with QDs at different ratios in a 20 lL reaction scale.
2 lL of DNA loading dye (TAKARA, Hong Kong) was added to the solution prior
to loading to a precooled 3 % agarose gel. During the electrophoresis, the instru-
ment set was maintained at low temperature by adding iced TAE cubic to prevent
QDs from thermal quenching. The gel was illuminated under a UV–Vis imaginer
acquire images.
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3.3 Results and Discussion

3.3.1 A TIP1 Fusion Protein and Its Dimer as QD Ligands

Through a protein ligand GCN-mCherry that can form a bundled tetramer on the
surface of QDs, we have elucidated that local clustering of four QD-binding
sequences (histags) greatly enhances the stability of the QD-protein assembly [26].
Here we plan to expand the scope of the previous research and thoroughly explore
how protein–protein interaction influences protein-QD assembly. We drew inspi-
ration from the structure of a small protein, Tax-interacting protein-1 (TIP1) and
utilized TIP1 as our first model protein. Belonging to the family of PDZ domains,
TIP1 binds with a peptide WRESAI very strongly with a low dissociation constant
Kd of 8.5 nM (Fig. 3.1a) [30, 31]. Such a protein–peptide binding interaction
allows us to investigate the monomer–dimer effect.

We first designed a fusion protein TIP1-mCherry, with a fluorescent mCherry
protein fused to the C terminus of TIP1 and a histag to the N terminus.
TIP1-mCherry fusion protein will exist as a monomer in solution; a dimeric peptide
ligand will drive the formation of a stable H-shaped dimer (Fig. 3.1a). The
TIP1-mCherry dimer will have two histags at the N terminus to bind to QDs, as
compared with only one in TIP1-mCherry monomer. The dimeric peptide
(CGGWRESAI)2 was synthesized by air oxidation of a monomeric peptide
CGGWRESAI (Fig. 3.1b and Appendix 3.3) through a disulfide bond. Incubation
of (CGGWRESAI)2 with TIP1-mCherry resulted in a pure TIP1-mCherry dimer,
owing to the high affinity between the WRESAI and TIP1 (Fig. 3.1c).

A low stoichiometry indicates that steric hindrance between protein ligands on
the surface of QDs prevents more proteins from binding to the particle at the same
time. Compared with histag-mCherry which has a molecular weight (MW) of about
30 KDa, TIP1-mCherry is significantly larger, having a MW about 45 KDa.
Intuitively, proteins with large size and high rigidity will be less likely to share the
space. Protein size is thereby a primary factor to the stoichiometry of protein-QD
assembly.

Histag-containing proteins can assemble with glutathione stabilized ZnS–CdSe
QDs (with an average diameter of 3.5 nm and a maximal emission wavelength of
565 nm) through metal-affinity driven assembly between histidines and QDs. This
process can be readily monitored by the emergency of FRET signal at 610 nm (the
emission of mCherry) and the decrease of the fluorescence (FL) signal at 565 nm
(the emission of QDs) (Fig. 3.2A) [10, 26, 33]. Both TIP1-mCherry monomer and
TIP1-mCherry dimer showed a low saturation stoichiometry of around 4:1 with
QDs (protein counted as monomers), whereas a typical monomeric protein such as
histag-mCherry bind to QDs with a saturation stoichiometry of 16:1 (Fig. 3.2B–D)
[11, 26].

3.3 Results and Discussion 31



We then compared the stability of the protein-QD assembly in a ligand dis-
placement assay. Widely used as a competitive ligand for histagged protein in
immobilized metal-ion affinity chromatography (IMAC) for protein purification
[34], imidazole competes with the coordination sites of ZnS on QDs and drives off

Fig. 3.1 Generation of TIP1-mCherry and its dimer. a Crystal structure of TIP1-RRESAI
complex (PDB Id 3GJ9), and a schematic illustration of the formation of TIP1-mCherry dimer
through peptide–protein interaction. b HPLC traces (with detection at UV 215 nm) of the peptides
CGGWRESAI monomer (black) and (CGGWRESAI)2 dimer (red). c Size-exclusion chromatog-
raphy traces of TIP1-mCherry monomer (black) and TIP1-mCherry dimer (red). The dimer
solution contains a slight excess of peptide (CGGWRESAI)2. Reprinted with permission from Ref.
[32]. Copyright (2014) American Chemical Society
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the bound histagged proteins (Fig. 3.3A). Protein-QD assemblies were preformed at
16:1 protein:QD ratio, and then incubated with 200 mM or 400 mM imidazole
solutions. Clearly, 400 mM imidazole resulted in 50 % decrease in the fluorescent
intensity at 565 nm for TIP1-mCherry, whereas only 30 % decrease was seen for
TIP1-mCherry dimer (Fig. 3.3B, C). This indicates that the dimer binds with a
stronger affinity with QDs than TIP1-mCherry monomer, due to multivalency
effect. Compared with previously reported bundled tetramer GCN-mCherry [26],
the affinity enhancement seems to be lower, as imidazole could still compete off
some bound dimer protein. This observation shows that two anchors with high
flexibility in TIP1-mCherry dimer is less optimal to stably bind with QDs, whereas
a bundled tetramer with high rigidity in GCN-mCherry provides a much higher
binding affinity.

Fig. 3.2 Assembly of TIP1-mCherry and TIP1-mCherry dimer with QDs. A A schematic
illustration showing that histagged proteins displace GSH ligands on the surface of QDs, and result
in FRET signals. B FL spectra of QDs with an increasing ratio of TIP1-mCherry:QD. a QD alone,
b 1:1, c 2:1, d 4:1, e 8:1, f 16:1, g 32:1, and h 64:1. c Concentration dependent decrease of the QD
emission signal at 565 nm upon binding with increasing ratio of histag-mCherry (red),
TIP1-mCherry (blue) and TIP1-mCherry dimer (black) (arrows indicate saturation). Reprinted
with permission from Ref. [32]. Copyright (2014) American Chemical Society

3.3 Results and Discussion 33



3.3.2 Tetrameric Proteins with Different Spatial Distribution
of QD-Binding Sites

Increasing the protein aggregation states from dimer to tetramer allows for a more
detailed examination of how spatial distribution of histags affects QD-protein
assembly. The ubiquitin-like domain (ULD) protein is known to adopt a
“cross-shaped” tetrameric conformation in its native state, with the N terminus
pointing toward the center and the C terminus pointing outside [30, 35]. This then
represents a tetramer structure with maximal end-to-end distances. Fusing a
mCherry protein containing a C terminal histag at the C terminus of ULD protein
generates a cross-shaped tetramer with four histags at the periphery of complex,
with a distance of about 5–6 nm (Fig. 3.4) [35]. The GCN-mCherry protein that we
previously reported forms a bundled tetramer through a parallel coiled-coil
sequence. The histags in GCN-mCherry tetramer are in close proximity, instead of
being scattered. Therefore, these two protein tetramers feature the same amount of
histags, but represent two extremely in term of histag–histag distance:

Fig. 3.3 Im displacement of protein-QD assemblies. A Imidazole competes with the
surface-bound histag-containing proteins and leads to fluorescence trenching. B FL quenching
of QD-TIP1-mCherry complexes in 200 mM (red) and 400 mM (blue) Im solutions. C FL
quenching of QD-(TIP1-mCherry dimer) complexes in 200 mM (red) and 400 mM (blue) Im
solutions. Black traces show QD-protein assemblies in the absence of Im. Reprinted with
permission from Ref. [32]. Copyright (2014) American Chemical Society
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ULD-tetramer has the largest histag–histag distance, whereas GCN-mCherry has
the smallest possible histag–histag distance.

Both tetrameric proteins bind with QDs (Fig. 3.5A, B). Although GCN-mCherry
showed a normal stoichiometry of 16:1 (protein monomer:QD ratio), ULD-mCherry
exhibited a slightly lower stoichiometry (estimably around 10) (Fig. 3.5C). The QD
assembly of ULD-mCherry is also less stable than the assembly with GCN-mCherry
as measured by imidazole displacement (Fig. 3.5D, E). Due to the rigid backbone
structure and the large distance between each QD-binding sequence, the assemblies
most likely assume a heterogeneous mixture of various multi-particle species. We
also resolved the QD-protein assemblies in agarose gel by electrophoresis.
Markedly, QD-GCN-mCherry assemblies showed discrete peaks at 8:1 and 16:1
ligand:QD ratios; however, QD-ULD-mCherry assemblies showed a smear band,
indicating a mixture of heterogeneous compositions (Fig. 3.5F). This experiment
manifested that besides aggregation state, spatial distribution of QD-binding sites
also determines the protein-particle assembly mode.

3.3.3 Structural Transition of a Nanobelt Protein Ligand

Besides engineering protein ligands based on known structures, we took one step
further to examine whether one could design a protein that can undergo structural
transition from a flexible structure to a rigid one, and how such transition effects a

Fig. 3.4 Comparison of the structures of tetrameric protein ULD-mCherry (A) and
GCN-mCherry (B). The structures of ULD and GCN are depicted based on PDB Id 3TU0 and
1GCL, respectively. Arrows indicate the positions of histags. Reprinted with permission from Ref.
[32]. Copyright (2014) American Chemical Society
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change in the assembly state. The 27-residue peptide pep1, HK VAQLKHEN
QALEHE VASLEHK VSAL, belonging to the coiled-coil category, will adopt a
random coil conformation in solution. But in the presence of its coiled-coil coun-
terpart pep2, K EVQALEEK NAQLKEK VSALKKE VASLE, the two peptides
will form a rigid coiled-coil structure, with hydrophilic side chains arranged at the
periphery and hydrophobic in the interior. In random coil structure, the histidine
residues in pep1 is scattered along the sequence; in coiled-coil structure, all four
histidines are aligned at one side of the coiled-coil bundle. The latter then allows for
a more efficient assembly with the surface of QDs (Fig. 3.6).

We designed a multi-histidine protein dubbed “nanobelt” based on pep1,
drawing inspiration from nanodisc technology, in which a long protein circumvents
a bundle of lipid molecules [36, 37]. Containing 5 repeats of pep1 hinged through
proline residues, the 140-residue chain, (PHKIAQLKHENQALEHEIASLEHK
ISAL)5 spans a distance of 40–50 nm when fully stretched. When mixed with 5 eq.
of the coiled-coil counterpart pep2, the protein will turn into 5 coiled-coil helices
with an overall length of 15 nm (Fig. 3.6). As the perimeter of a QD is about

Fig. 3.5 Assembly of the tetrameric proteins, ULD-mCherry and GCN-mCherry with QDs. A FL
spectra of QDs with an increasing ratio of ULD-mCherry:QD. B PL spectra of QDs with
increasing ratio of GCN-mCherry dimer:QD. a QD, b 1:1, c 2:1, d 4:1, e 8:1, f 16:1, g 32:1, and
h 64:1. C Concentration dependent decrease of the QD emission signal at 565 nm upon binding
with increasing ratio of proteins (arrows indicate saturation). D FL quenching of
QD-ULD-mCherry complexes in 200 mM (red) and 400 mM (blue) Im solutions. E FL
quenching of QD-GCN-mCherry complexes in 200 mM (red) and 400 mM (blue) Im solutions.
Black traces show QD-protein assemblies in the absence of Im. F Electropherograms of
QD-ULD-mCherry and QD-GCN-mCherry complexes in agarose gel. a QD alone; b QD with
ULD-mCherry, 8:1 ULD-mCherry:QD; c QD with ULD-mCherry, 16:1 protein:QD; d QD with
GCN-mCherry, 8:1 protein:QD; e QD with GCN-mCherry, 16:1 protein:QD. Arrow indicates the
position of discrete QD-GCN-mCherry complexes. Reprinted with permission from Ref. [32].
Copyright (2014) American Chemical Society
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10 nm, the protein will then and expressed as a fusion protein with a mCherry at the
C terminus. Although without a histag, the fusion protein binds to Ni-NTA resin
and can be eluted by 70 mM imidazole solution. Despite a discontinuous distri-
bution of histidine residues in random coil state, nanobelt-mCherry can assemble
with QDs. Moreover, when nanobelt-mCherry was incubated with 5 eq. pep2, the
QD-protein assembly showed a marked enhancement in FRET signal at 610 nm,
indicating that the protein-peptide complex adopts a more compact structure on the
surface of QDs (Fig. 3.7A). QD-protein assemblies were resolved at low protein:
QD ratios, 1:1 or 2:1 by agarose gel. In the absence of pep2, QD-protein assembly
showed a smear and broad band, indicating that a heterogenous mixture of
QD-protein species with different stoichiometries was formed. The formation of a
heteogenous mixture is ascribable to the long length of the nanobelt protein and the
random coil structure, which can embrace multiple QD particles. In contrast,
co-assembly of 5 eq. pep2 showed a discrete band formed in 1:1 and 2:1 (protein:
QD) ratio, which likely corresponds to a QD-protein assembly with 1:1 stoi-
chiometry, or a QD species monofunctionalized by nanobelt-mCherry (Fig. 3.7B).
As pep2 does not contain any QD-binding amino acids, such a transition in
protein-QD stoichiometry must be due to the structural transition of
nanobelt-mCherry. The application of the low-stoichiometry nanobelt-QD complex
in molecular imaging is under way.

Fig. 3.6 Schematic illustration of the design of nanobelt protein. a Nanobelt protein in random
coil conformation; b addition of pep2 induces the formation of coiled-coils; c coiled-coils
assemble with QDs. d Helical wheel depiction of the structure of coiled-coil shows the alignment
of histidines on one side of the coiled-coil. Reprinted with permission from Ref. [32]. Copyright
(2014) American Chemical Society
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3.4 Conclusion

Self-assembly of proteins and QDs has become an important bioconjugation
method to functionalize the surface of inorganic nanoparticles. Notwithstanding a
great advance in recent years, there still lacks a systematic investigation on how the
three-dimensional structures of proteins influences the properties of the assemblies.
Here we unveiled unprecedented details of such a bio-nano assembly process from
a unique protein engineering aspect. We designed a representative collection of
protein ligands with diverse structural features. Some are well studied domains such
as TIP1, GCN, and ULD, all with crystal structures available. The other one,
nanobelt protein is a de novo design belonging to a new type of polyhistidine
protein. Comparison of histag-mCherry with TIP1-mCherry clearly showed that a
larger ligand favors lower stoichiometry in the assembly. Comparison of
TIP1-mCherry, TIP1-mCherry dimer, and GCN-mCherry in imidazole displace-
ment assay showed that four bundled histags binds with higher affinity to QDs than
two histags, and single histag ligands bind QDs with lowest affinity.

The two protein tetramers represent two extremes of spatial distribution of the
histags: one with the largest histag–histag distance and the other with smallest
possible histag–histag distance. The two tetramers showed notably different
behavior in binding to QDs. Clustering of the histags in a very confined space
ensured a normal stoichiometry and the formation of discrete QD assemblies.
Scattering the histags with a high rigidity results in lower stoichiometry and
cross-linking of QD species to form a heterogenous mixture.

Fig. 3.7 Structural transition from random coil to coiled-coil effect the formation of a
low-stoichiometry QD:nanobelt complex. A Peptide induced coiled-coils bind more effectively
to QDs, a without peptide (black), b with peptide (red). B Electropherograms of QD-nanobelt
complexes in agarose gel in the absence and presence of pep2. Arrow indicates the position of a
discrete 1:1 complex between QD and nanobelt. Reprinted with permission from Ref. [32].
Copyright (2014) American Chemical Society
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The nanobelt protein represents an example by which we applied our knowledge
into practice. Further, the nanobelt protein is a new protein designed according to
coiled-coil peptides, and has not been structurally characterized. The coiled-coil
counterpart peptide triggered the structural transition from a random coil to rigid
coiled-coils and subsequently resulted in a defined low-stoichiometry complex with
QDs. Taken together, this diverse collection of engineered proteins allowed us to
examine a multitude of structural features and their influence on protein-QD
assembly. This knowledge will be greatly useful to guide the design of protein
ligands for nanoparticles, and find application in molecular imaging.

Appendix 3.1 Plasmid Information of pET21a-TIP1-MC

ATGCATCACCATCACCATCACaaagctcttgaagctcagaaacagaaaATGTCCTA
CACCCCGGGCCAGCCTGTCACCGCCGTAGTGCAAAGAGTTGAAATTCATAAGTTGC
GTCAAGGTGAGAACTTAATCTTGGGCTTCAGTATTGGAGGTGGGATCGACCAGGAC
CCGTCTCAGAATCCCTTCTCGGAAGATAAAACAGACAAGGGCATTTACGTCACACG
AGTATCAGAGGGAGGTCCTGCTGAAATTGCTGGGCTGCAGATTGGAGACAAGATCA
TGCAGGTGAATGGCTGGGACATGACCATGGTCACTCACGACCAGGCTCGGAAGCGG
CTCACCAAGCGCTCGGAGGAGGTGGTCCGCCTGCTGGTGACTCGGCAGTCTCTACA
AAAGGCTGTACAGCAGTCCATGCTGTCTgaattcATGGTGAGCAAGGGCGAGGAGG
ATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCC
GTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGG
CACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGG
ACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCC
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GACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGT
GATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGG
ACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGC
CCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCC
CGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCG
GCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTG
CCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCTCCCACAACGAGGACTA
CACCATCGTGGAACAGTACGAACGCGCCGAGGGCCGCCACTCCACCGGCGGCATGG
ACGAGCTGTACAAGTAActcgag

Appendix 3.2 Plasmid Information of pET21a-ULD-MCS

CATATGGGAACCATGTTACCAGTTTTCTGCGTGGTGGAACATTATGAAAACGCCAT
TGAGTATGATTGCAAGGAGGAGCACGCGGAATTTGTATTGGTGAGAAAGGATATGC
TTTTCAACCAGCTGATAGAGATGGCGTTGCTGTCTCTAGGCTATTCACACAGCTCT
GCTGCCCAAGCCAAAGGGCTCATCCAGGTTGGGAAGTGGAATCCAGTTCCACTGTC
GTATGTGACAGATGCCCCTGATGCCACGGTGGCAGACATGCTTCAAGATGTGTATC
ATGTGGTCACCCTCAAAATTCAGTTACACAGTGAATTCATGGTGAGCAAGGGCGAG
GAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGG
CTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACG
AGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCC
TGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCC
CGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGC
GCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTG
CAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGA
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CGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGT
ACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGAC
GGCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCA
GCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCTCCCACAACGAGG
ACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCGCCACTCCACCGGCGGC
ATGGACGAGCTGTACAAGCTCGAG

Appendix 3.3 Plasmid Information of pET21a-MC-NB

CATATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCG
CTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCG
AGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAG
GGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTC
CAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCC
CCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACC
GTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCG
CGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGG
AGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAG
CAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAGACCACCTA
CAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGG
ACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAG
GGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGGGATCCGGCCCGCATAA
AATTGCGCAACTGAAACATGAAAACCAGGCTCTGGAACACGAAATTGCCTCCTTGG
AACACAAAATTTCTGCACTGCCACACAAGATCGCTCAGCTGAAGCACGAGAACCAA
GCCCTGGAACATGAGATCGCATCTCTGGAGCATAAGATCAGCGCGCTTCCGCACAA
AATCGCCCAGCTGAAACACGAAAACCAGGCACTCGAACATGAAATCGCCAGCCTGG
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AACACAAGATTTCCGCCCTGCCACATAAAATTGCACAACTGAAGCATGAAAATCAA
GCTCTGGAGCACGAGATTGCATCCCTGGAACATAAAATCAGCGCACTCCCGCACAA
GATCGCGCAGCTTAAACACGAGAATCAGGCGCTGGAGCACGAAATCGCGAGCCTGG
AGCACAAAATCTCTGCTTTGCTGTAAAAGCTT

Appendix 3.4 Mass Spectrum of the Peptide

MALDI-TOF spectrum of the dimerization reaction showing the presence of
the monomer CGGWRESAI and the dimer (CGGWRESAI)2. CGGWRESAI,
[M + H]+, calculated 978.1, found 978.5. (CGGWRESAI)2, [M + H]+, calculated
1953.2, found 1953.7.

Appendix 3.5 SDS-PAGE Results of the Proteins

42 3 Protein Ligands Engineering



SDS-PAGE of the purified proteins: molecular weight marker (lane 1), GCN-
mCherry (lane 2), TIP1-mCherry (lane 3), ULD-mCherry (lane 4), and histag-
mCherry (lane 5).

Appendix 3.6 SDS-PAGE Results of Nanobelt-mCherry
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Chapter 4
Coiled-Coil Binding-Induced Covalent
Cross-Linking

4.1 Introduction

Coiled-coil is a well characterized secondary structure in proteins. It was first
described in 1953 by Crick as the main structural element of a large class of fibrous
proteins (included keratin, myosin, and fibrinogen) based on the X-ray diffraction
pattern of a-keratin [1, 2]. The first identification of the primary sequence of
coiled-coil containing protein tropomyosin in 1972 [3] and the first high-resolution
crystal structure characterization of a three stranded coiled-coil hemagglutinin and
two stranded (CAP) in 1981 [4] gave scientists great inspiration and courage to
further prove that the coiled-coil structure is the key dimerization element in a class
of transcriptional factors—the Leucine Zipper proteins [5]. Since then, hundreds of
coiled-coil structures were identified and even the high-resolution crystal structures
were obtained.

Coiled-coil contains two or more right-handed a-helix, aligned in either parallel
or antiparallel orientation to form a left-handed super helical structure. The struc-
tural twist slightly changes the periodicity of the a helix from 3.6 amino acids per
turn to 3.5 amino acids, so each helix unit contains a repeat of 7 amino acids, called
“heptad,” with the representative form of (abcdefg)n [6]. Usually the a and d
positions are occupied by hydrophobic amino acids to form the hydrophobic
interface, while other positions are occupied by polar or hydrophilic amino acids to
form the solvent exposure part. With the increasing background knowledge of
coiled-coil and with the assistance of X-ray diffraction and computer-based com-
putation, people are capable of designing the coiled-coil sequence. Figure 4.1
shows the helical wheel structure of a typical two stranded, parallel coiled-coil
structure, CCE and CCK. The a and d positions of CCE/CCK peptides are occupied
by Val and Leu, respectively, to provide the Val–Val and Leu–Leu hydrophobic
interactions. The e and g positions are occupied by the complementary charged Glu
and Lys to form the interchain electrostatic interactions. The b and c positions are
occupied by Ala and Ser to provide the flexibility and helical-forming potency.

© Springer-Verlag Berlin Heidelberg 2016
J. Wang, Study of the Peptide–Peptide and Peptide–Protein Interactions
and Their Applications in Cell Imaging and Nanoparticle Surface Modification,
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Lastly, the f positions are all occupied by intrachain complementary charged amino
acid to balance the electrons in each peptide. It was reported that the affinity of
coiled-coils with 5 heptads could reach 3.53 � 10−9 M [7].

In this chapter we will seek to achieve specific recognition from a coiled-coil
binding interaction and the conversion of the noncovalent binding interaction into a
site-specific covalent cross-linking reaction (Fig. 4.2).

4.2 Experimental Section

4.2.1 Peptide Synthesis

Peptides were manually synthesized based on standard FMOC solid phase peptide
synthesis protocol. Briefly, Rink Amide-ChemMatrix® resins (PCAS BioMatrix,
Canada) with 0.1 mmol amine group were utilized in each synthesis. A solution
containing Fmoc-protected amino acid, HBTU, HOBt, and DIPEA (with a ratio of
1:1:1:2 and 5 fold excess) in 2 mL was added to the resin and stirred for 30 min at
RT. After confirming the completion of the coupling reaction by Kaiser Test, the
resins were washed with DMF and deprotected in 5 mL 20 % piperidine in DMF
(v/v) to remove the Fmoc group. To incorporate fluorescent dyes, 5(6)-FAM (fl),
5(6)-TMR (tmr) or Cy5 free acids were activated by 3-fold EDC/HOBt, and then

Fig. 4.1 Wheel structural illustration of a two stranded, parallel coiled-coil. Cross arrows
represent for the hydrophobic interactions in the core; bent arrows represent for the interchain
electrostatic interactions on the latter face; straight arrows represent for the helical direction of the
peptide strand. Reprinted from Ref. [7], Copyright (1998), with permission from Elsevier
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added to deprotected resins. The mixture was incubated for overnight. In order to
construct the unnatural amino acid X, (2S)-2-amino-3-[(2-chloroacetyl)amino]
propanoic acid, the resins were pretreated by 10 % acetic acid in DCM (v/v), and
then Mtt group was removed in 1 % TFA and 5 % TIS in DCM (v/v). The side
chain amine was subsequently coupled with ten fold excess of chloroacetic acid,
EDC and HOBt in DMF for 1 h. For the synthesis of CCK-1-dimer, Fmoc-Lys
(Fmoc)-OH was first conjugated to a Gly–Gly sequence on the resin. The Fmoc
group was removed to expose two branches of amino groups on which a CCK-1

Fig. 4.2 Design of a cross-linking reaction induced by coiled-coil binding. a Coiled-coil structure
of the CCE/CCK heterodimer (PDB ID 1U0I). b Helical wheel representation of the parallel
CCE/CCK heterodimer. The coiled-coil is viewed in cross section, with both peptide chains
propagating into the page from the NH2 to the COOH terminus. Blue arrows denote the interhelical
hydrophobic interactions at the a–a′ and d–d′ positions of the heptads. c The principle of a
cross-linking reaction induced by coiled-coil binding. Replacing one pair of Leu–Leu or Ile–Ile
residues at a–a or d–d′ positions with Cys and an unnatural amino acid X generates coiled-coil
derivatives that can still form heterodimers. The local proximity of Cys and X in the heterodimer
induces the formation of an interstrand covalent bond. X denotes (2S)-2-amino-3-[(2-chloroacetyl)
amino]propanoic acid. Reprinted with permission from Ref. [8]. Copyright (2014) American
Chemical Society
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sequence was coupled. The purity of the peptide was confirmed later by reverse
phase HPLC (Fig. 4.18) and mass spectrometry (Appendix 4.1).

4.2.2 Peptide Purification and Characterization

To every 100 mg resins, 2 mL final cleavage cocktail containing EDT, TIS, phenol,
H2O, and TFA (with a ratio of 1:2:2:2:33, v/v/w/v/v) was added. The cleavage
reaction was allowed to proceed for 2 h at RT under stirring. After the resins were
removed through filtration, ice-cold diethyl ester was added to the supernatant
dropwise to precipitate the peptides. A final volume of 700 lL 50 % ACN in H2O
(v/v) was used to dissolve the peptide pellet. After being filtered through a 0.2 lm
filter, the peptide solution was injected to RP-HPLC (Shimadzu, DGU 20A5,
Japan) equipped with a C18 column (Shimadzu, 250L� 4.6, Japan). 0.1 % TFA in
H2O (v/v) and 0.1 % TFA in ACN (v/v) were used as the mobile phase A and B,
respectively. For all the analytical HPLC trials, the total flow rate was set to be
1 mL/min and the B concentration raised from 0 to 95 % over 16 min following a
linear gradient. For the purification of peptides in a larger scale by semi-prep HPLC
columns (Grace, 218TP510, USA), the total flow rate was set to be 3 mL/min and
the concentration of B raised linearly from 0 to 45 % over 24 min. The peptide
peaks were collected, lyophilized and validated by MALDI-TOF mass spectrometry
analysis (Bruker, autoflex TOF/TOF, USA) (Appendix 4.1).

4.2.3 Construction of pET28m-EGFP-CCE-1 Plasmid

Forward and reverse DNA fragments coding CCE-1 peptide (ECAALEKEVAAL
EKEVAALEK) were synthesized by Life technology: forward, 5′-CAAATCT
GAAGAGTC-TTATGAATGTGCTGCCTTAGAGAAGGAAGTTGCAGCGTTA
GAGAAGGAAGTTGCTGCATTAGAGAAGTAGA-3′; reverse, 5′-AGCTTCTA
CTTCTCTAATGCAGCAACTTCCTTC-TCTAACGCTGCAACTTCCTTCTCTA
AGGCAGCACATTCATAAGACTCTTCAGATTTGAGCT-3′. The two frag-
ments were annealed in annealing buffer (50 mM HEPES, 100 mM NaCl, pH 7.4),
and subcloned into Sac I and Hind III sites of the pET28m-EGFP plasmid (a kind
gift from Prof. Kowk Fai Lau of CUHK) to yield pET28m-EGFP-CCE-1. The
plasmid was confirmed by DNA sequencing (BGI, Shenzhen) (Appendix 4.2).

4.2.4 Expression and Purification of EGFP-CCE-1 Proteins

The plasmids pET28m-EGFP and pET28m-EGFP-CCE-1 were transformed into
E. coli. Rosetta 2 (DE 3) competent cells. Colonies were grown in LB medium at
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37 °C for overnight and a starter culture was grown from a single colony for
overnight. 600 mL LB medium was inoculated by the overnight starter culture
(1:100 dilution) and allowed to grow at 37 °C until OD600 reached 0.4–0.6.
Isopropyl b-D-1-thiogalactopyranoside (IPTG) was added to a final concentration
of 0.1 mM for induction. After growing at 16 °C for 20 h, the cells were harvested
by centrifugation at 6000 rpm for 15 min, and resuspended in 25 mL of lysis buffer
(50 mM Tris, 300 mM NaCl, 4 mM b-mercaptoethonol, and 10 mM imidazole, pH
7.5). The cell suspension was sonicated on ice and centrifuged at 20,000 g for 2 h.
The supernatant was collected, filtered, and incubated with Ni-NTA resins (GE
healthcare, USA) on ice for 40 min to allow Histagged EGFP-CCE-1 protein to
bind to the resins. After washes, the bound protein was eluted by elution buffers
(50 mM Tris, 300 mM NaCl, 4 mM b-mercaptoethonol, pH 7.5) containing
increasing concentrations of imidazole ranging from 50 mM to 500 mM. The
protein eluent was exchanged from elution buffer to storage buffer (50 mM Tris,
300 mM NaCl, 15 % glycerol (v/v), pH 7.5) and stored at −20 °C. Protein con-
centration was measured by Nanodrop 1000 Spectrophotometer (Thermo Fisher
Scientific Inc., USA) based on an absorption coefficient constant e484 of
56,000 cm−1 M−1.

4.2.5 Fitting the Cross-Linking Reaction to Second-Order
Kinetics

The CCE/CCK conjugation reactions were fit into a second-order kinetic equation.

peptide Eþ peptideK ! heterodimer E � K

�d½E 
dt

¼ d[E � K 
dt

¼ k E½  ½K 

The concentrations of peptides E and K were normalized to 100,
[E]0 = [K]0 = 100, so

E½  ¼ 1= ktþ 0:01ð Þ ð4:1Þ

E � K½  ¼ 100 � 1= ktþ 0:01ð Þ ð4:2Þ

The decrease of reactants E and K were then fit into Eq. (4.1) using Origin 8.1;
the increase of product E – K was fit into Eq. (4.2). Half-life t1/2 was calculated as
t1=2 ¼ 0:01=k.
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4.2.6 Peptide Cross-Linking and Kinetics Measurement

Peptide was dissolved in HEPES buffer (50 mM HEPES, 150 mM NaCl, pH 7.4)
and the concentration was measured by UV–Vis spectrometer (Varian, Cary 5G,
USA) and calculated using the corresponding absorption coefficient constants
(e487nm = 75,090 cm−1 M−1 for 5(6)-FAM, and e555nm = 91,000 cm−1 M−1 for
5(6)-TMR). 100 lM paired coiled-coil CCK and CCE peptides were dissolved
in HEPES buffer containing 1 mM TCEP, incubated in the dark at room temper-
ature, aliquots were taken at different time points and applied for RP-HPLC and
monitored at 215 nm (for peptides), 448 nm (for 5(6)-FAM), and 565 nm for
(5(6)-TMR), the kinetics of the reaction was analyzed according to the corre-
sponding integration peak areas. For the covalently linked heterodimeric peptide,
the mixture solution was applied to mass spectrometer.

4.2.7 In Vitro Protein Labeling and Kinetics Measurement

A final concentration of 5 lM EGFP-CCE-1 protein (or the EGFP control protein)
was mixed with 20-fold excess of TMR-CCK-1 peptide (or TMR-CCK3 control
peptide) in HEPES buffer (50 mM HEPES, 150 mM NaCl, pH 7.4) in the presence
of 1 mM TCEP, and incubated in the dark at RT. Aliquots were taken at different
time points and mixed with 5� protein loading buffer (0.313 M Tris-HCl (pH 6.8),
10 % SDS (w/v), 0.05 % bromophenol blue (w/v), 0.5 M DTT and 5 % glycerol
(v/v)) and allowed for a further thermal denaturing at 100 °C for 10 min. Samples
were then loaded to SDS-PAGE and the protein gel was applied to Typhoon TRIO+
Variable Mode Imager (GE Healthcare, USA) for in-gel fluorescence scanning.
Fluorescent imagines were acquired by 488 nm excitation for EGFP and 532 nm
excitation for TMR with an emission filter of 520 and 580 nm, respectively. And
the fluorescent protein bands were quantified by pixel numbers using the software
Image J.

For the on-beads labeling, 20 lL of protein (EGFP-CCE-1 or EGFP) bounded
Ni-NTA beads were incubated with 100 lM fluorescent dye appended peptide
ligands (TMR-CCK-1 or TMR-CCK3) in the presence of 1 mM TCEP in HEPES
buffer in the dark at RT for 100 min. After centrifugation removal of the super-
natant solution, the beads were washed extensively with HEPES buffer containing
1 mM TCEP (5 min for each wash). 2 lL of beads were loaded on a glass slide and
applied to confocal fluorescent microscope and analyzed under TMR channel
(G-2A, excitation 510–560 nm, dichroic mirror 575 nm, barrier filter 590 nm), after
each washing trial. The fluorescent intensity was calculated using the confocal
software based on the average of 20 beads.
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4.3 Results and Discussion

4.3.1 Crosslinking Reaction on the Latter Face

The purpose of this research is to introduce additional chemical reactions between
the two coiled-coil strands; such covalent reaction is induced by proximity of the
amino acids in the two strands upon noncovalent interaction. Covalently linkage of
the two coiled-coil peptides will then have application in covalent protein labeling.
One could introduce chemical reactions to coiled-coil at two sets of positions: the
electrostatic interaction sites and the hydrophobic core. In the first attempt, we tried
to anchor two groups (such as an amine group and an aldehyde group) to e–g
positions of the coiled-coil structure. As mentioned before, the sequences for the
two peptides that are capable of forming a typical coiled-coil structure are: CCK:
H-KVAALKEKVAALKEKVAALKE-NH2 and CCE: H-EVAALEKEVAALE*

KEVAALEK-NH2. With the purpose of the least interfering of the sequence and
smallest distortion of the coiled-coil structure, the amino acid E* in the CCE
sequence was mutated to a terminal Ser and then followed by NaIO4 oxidation to
give an a-aldehyde at the side chain. Upon mixing with the CCK peptide which has
an amine group at the corresponding Lys side chain, the amino group and the
aldehyde group were expected to form a Schiff base and could be further reduced to
give an irreversible bond shown in Fig. 4.3 [9]. However, the formation of Schiff
base might be too unstable in aqueous solution facing the competition of water, so
covalently crosslinking of CCK and CCE derivatives were not observed.

4.3.2 Crosslinking Reaction in the Hydrophobic Core

Alternatively, covalent reaction could be designed at the hydrophobic core. Based
on the crystal structure of GCN4 coiled-coil motif (pdb ID 1U01), the mean

Fig. 4.3 Schematic illustration of crosslinking reaction taken place on the latter face of the
coiled-coil. a Installation of an aldehyde group and an amine group to the two coiled-coil peptide;
b Schiff base formation; c Irreversible covalent bond formation upon reduction
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distances between the a carbons of the corresponding side chains of a–a (Val–Val)
or d–d (Leu–Leu) interacting amino acids are measured and shown in Fig. 4.4, the
average distances were estimated to be 5.73 and 3.88 Å, respectively, under this
circumstance, there could only accommodate roughly five chemical bonds.
Electrophiles with different reactivities toward thiol were screened to found the
a-chloroacetyl and b-chloroprocetyl to be potential candidates while a-bromoacetyl
was too reactive to lose specificity and the a-chloroprocetyl has too low reactivity.
On installation of the halide group to the hydrophobic core, a Lys replace is
required to provide a condensation site. Because after linkage, five chemical bonds
are structural favored, Lys was changed to its analogue Dap (diaminopropionic
acid), as shown in Figs. 4.4 and 4.5.

Fig. 4.4 Estimating the structural disturbance of the covalent linkage. A Distances between the
a-carbons of the residues at a or d positions and those at corresponding a′ and d′ positions of a
CCE/CCK heterodimer based on the structure (PDB ID 1U0I). (A-a). Ile–Ile at the first a–a′
position; (A-b). Leu–Leu at the first d–d′ position; (A-c). Ile–Ile at the second a–a′ position; (A-d).
Leu–Leu at the second d–d′ position; (A-e). Ile–Ile at the third a–a′ position; (A-d). Leu–Leu at the
third d–d′ position. B The structure of the thioether bond. Reprinted with permission from Ref. [8].
Copyright (2014) American Chemical Society
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It was reported that simultaneous replacement of the corresponding core amino
acids in CCE and CCK sequences by Cys could give a disulfide bonded hetero-
dimer, and the reaction rate of the disulfide formation and the stability of the
heterodimer differs according to the mutation sites [10]. In our coiled-coil model
with three heptads repeating units, all the a–a and d–d interaction pairs in the
N-terminal and the middle heptads of sequence and were changed to the
thiol-a-chloroacetyl pairs. And the coiled-coil sequences were even extended to the
N terminus with mutations out-of-the heptads to yield the peptide library shown in
Table 4.1, amino acid X represents the a-chloroacetyl containing amino acid
derived from the unnatural amino acid Dap. All the CCK group peptides were
labeled by 5(6)-carboxyfluorescein (FAM) and all the peptides in the CCE group
were labeled by 5(6)-carboxytetramethylrhodamine (TMR) to facilitate their

Fig. 4.5 Key amino acids side chain mutations of the hydrophobic core of coiled-coil. Different
reactivity toward the thiol group was shown

Table 4.1 List of coiled-coil peptide derivatives

Name Peptide sequence Name Peptide sequence t1/2
(min)

CCK-1 fl-GGGK XAALKEK VAALKEK
VAALKE

CCE-1 tmr-GGGE CAALEKE VAALEKE
VAALEK

13.8

CCE-1′ tmr-
KSEESYECAALEKEVAALEKEVAALEK

16.9

CCK-2 fl-GGGK VAAXKEK VAALKEK
VAALKE

CCE-2 tmr-GGGE VAACEKE VAALEKE
VAALEK

>1500

CCK-3 fl-GGK VAALKEK XAALKEK
VAALKE

CCE-3 tmr-GGE VAALEKE CAALEKE
VAALEK

920

CCK-4 fl-GGK VAALKEK VAAXKEK
VAALKE

CCE-4 tmr-GGE VAALEKE VAACEKE
VAALEK

720

CCK-5 fl-GGGK VAALKEK XAALKEK
VAALKEK VAALKE

CCE-5 tmr-GGGE VAALEKE CAALEKE
VAALEKE VAALEK

>2000

CCK-6 fl-GGGK VAALKEK VAAXKEK
VAALKEK VAALKE

CCE-6 tmr-GGGE VAALEKE VAACEKE
VAALEKE VAALEK

770

CCK-7 fl-GGK VAALKEK VAALKEK
XAALKEK VAALKE

CCE-7 tmr-GGE VAALEKE VAALEKE
CAALEKE VAALEK

>4000

CCK-8 fl-GGK VAALKEK VAALKEK
VAAXKEK VAALKE

CCE-8 tmr-GGE VAALEKE VAALEKE
VAACEKE VAALEK

>4000

Note fl denotes 5(6)-carboxyfluorescein; tmr denotes 5(6)-tetramethylrhodamine
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identification in HPLC. All the peptides were dissolved in HEPES buffer (50 mM
HEPES, 150 mM NaCl, pH 7.5). To monitor the reaction between the peptide pairs,
100 lM peptides were mixed in HEPES buffer at room temperature, aliquots were
taken at different time points for HPLC analysis.

The covalent crosslinking reaction of CCE and CCK pair was shown in Fig. 4.6
as one example. The two peptides gave different UV absorption signals due to the
corresponding fluorophores. The peaks for CCK-1 and CCE-1 gradually decreased
while a new peak emerged as the reaction proceeded. Because this new peak
contained signals at both absorption channels, it represents the desired heterodimer.
Under the denature condition of HPLC, this peak is thereby assigned as the covalent
linked heterodimer. Also, homodimerization of CCE-1 could be observed as proven
by incubation of only the CCE-1 peptide alone.

The reactivity of different pairs of coiled-coil peptides were then analyzed using
this method. The reaction rates significantly differed as shown in Table 4.1, among
which only the CCK-1 and CCE-1 group achieved fast reaction. In the three
repeating units group, when the two reactive groups were placed in the middle
heptad, almost no reaction took place; this might be caused by the greater distortion
of the coiled-coil structure or the lower reactivity of the thiol group in the middle of
the peptide. The kinetics of the reaction was also measured. 100 lM peptides were
dissolved in HEPES buffer, aliquots at different time points were injected into
HPLC and the integrated peak area was calculated. By defining the conversion rate
of CCE-1 to the hetrodimer CCK-1-CCE-1 as the reaction rate, and the t1/2 as the

Fig. 4.6 The HPLC trace of the reaction of CCE and CCK pair
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equilibrium time for the conversion to achieve a complete degree of 50 %. As
shown in Fig. 4.7, peak b represents the heterodimer while peak a represents the
CCE-1 peptide. The calculated t1/2 of CCK-1 and CCE-1 is 14 min which indicated
a fast covalent bond formation. Fluorophores almost had little effect on the reaction
rates.

In all the coiled-coil reactivity tests, the homodimerization of the
cysteine-containing CCE peptides appeared to be an important side reaction. To
reduce this side reaction, we added an extra peptide sequence (KSEESY) to the N
terminus of CCE-1 peptide to yield CCE-1′. The negative charges in the extra
sequence are expected to form a repulsion force to reduce CCE–CCE interaction.
The addition of the extra sequence notably decreased the homodimerization side
reaction. CCE-1 converted into the dimer form in noticeable quantity after 3 h
while CCE-1′ stayed in the monomer form even after 10 h (Fig. 4.8). At the same
time, the formation of the heterodimer between CCK-1 and CCE-1′ was not affected
much (t1/2 from *14 to 17 min).

Besides, we also tested the reaction rate of different CCK/CCE pairs with dif-
ferent mutation sites and they showed very different reaction kinetics, as shown in
Figs. 4.9 and 4.10. Such a difference might be explained by several reasons. First,
since hydrophobic residues at a–a′ or d–d′ positions are the primary drivers of
coiled-coils, mutations at deeply buried internal a–a′ or d–d′ positions could

Fig. 4.7 Covalent cross-linking of coiled-coil peptides. A Reaction progress of CCE-1 and
CCK-1 monitored by HPLC traces at 560 nm. Peak a, the heterodimer CCK-1–CCE-1; b, CCE-1.
The small peak at 18 min is an impurity. B Reaction kinetics of the CCK-1/CCE-1 pair and the
CCK-1/CCE-1′ pair. The dashed lines show curves fit to second-order reaction kinetics.
[Peptide] = 50 lM. Red circles represent heterodimer, and blue squires represent CCE-1 or
CCE-1′. Reprinted with permission from Ref. [8]. Copyright (2014) American Chemical Society
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significantly disrupt the interaction between CCE and CCK derivatives. Second, the
nucleophilic SN2 reaction is driven by the departure of a Cl− ion (Fig. 4.2c).
Because the termini are more flexible, the chloride ion can be more easily hydrated
and leave, driving the reaction forward. This notion is supported by an
out-of-heptad crosslinking reaction (Fig. 4.10). The presence of the heterodimer
was further confirmed by MALDI-TOF mass spectrum analysis (Fig. 4.11).

The a-chloroacetyl group likely reacts with other thiol containing molecules
which are prevalent in biological fluids such as cysteine containing proteins. To
examine the specificity between CCE-1 and CCK-1, the fam-CCK-1 peptide was
incubated with 10-fold excessive of glutathione tri-peptide (GSH) in reduced form

Fig. 4.8 Homodimerization of CCE peptides. CCE-1 peptide alone in the buffer would go
homodimerization to give corresponding dimmers while CCE-1′ would stay in the monomeric
state. a Homodimerization reaction of CCE-1 as monitored by HPLC; b homodimerization
reaction of CCE-1′. [Peptide] = 50 lM

Fig. 4.9 Reaction kinetics of the CCK-7–CCE-7 pair as one example. [Peptide] = 50 lM. Red
circles represent heterodimer, and blue squires represent CCE-7. The dashed lines show curves fit
to second-order reaction kinetics. Half-life t1/2 was calculated to be >4000 min. Reprinted with
permission from Ref. [8]. Copyright (2014) American Chemical Society
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Fig. 4.10 Reaction kinetics of the “out-of-heptad” pair shows a t1/2 of 25 min.
[Peptide] = 50 lM. The sequences of the two peptides were tmr-KSEESY-C EKE VAALEKE
NAALEKE VAALEK and fl-X KEK VAALKEK NAALKEK VAALKE (blue). The heterodimer
was shown in red. The dashed lines show curves fit to second-order reaction kinetics. Half-life t1/2
was calculated to be 25 min. Reprinted with permission from Ref. [8]. Copyright (2014) American
Chemical Society

Fig. 4.11 MALDI-TOF mass spectra analysis of the CCE-1′ and CCK-1 reaction system. Top,
tmr-CCE-1′ peptide only; middle, -fam-CCK-1 peptide only; bottom, the mixture of CCK-1 and
CCE-1′
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at 37 °C. However, no reaction between CCK-1 and GSH was observed. Further, a
thiol containing peptide TMR-LVPRGSGGC did not reaction with fam-CCK-1
either (Fig. 4.12), indicating that the reactivity of the a-chloroacetyl group toward
the designed thiol group was specific and driven by proximity, and a-chloroacetyl
group does not react nonspecifically with other thiol containing molecules.

4.3.3 Multi-component Labelings

The beauty of the coiled-coil interaction lies not only in its simplicity, but also in its
extendability to heterospecific modules of multiple assembling components in
synthetic biology [11]. Basing on an algorithm to search the specificity of
coiled-coils, Bromley et al. designed coiled-coil tectons: three pairs of coiled-coil
peptides that have maximal specificity toward their binding partners [12]. We
envision that covalent cross-linking reactions based on tecton pairs should exhibit
orthogonality (orthogonality here means that in a solution containing A and A′, and
B and B′, only the covalent conjugates A–A′ and B-B′ could form, but not the
heterodimers A–B′ or B–A′).

Having the tecton peptides p1–p6 as parents, we synthesized six derivatives p1X,
p2C, p3X, p4C, p5C, and p6X (Table 4.2). In all three pairs, the Cys/X mutation was
introduced at the N-terminal a–a′ position. To differentiate the three sets of

Fig. 4.12 fam-CCK-1 peptide (peak a) was incubated with a control peptide (peak b) containing a
random Cys residue to give only the homodimer (peak c) of the control peptide (upper line) after
5.5 h′ incubation. The retention time of peak c was confirmed by incubating the control peptide
along
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cross-linking reactions, the six peptides were labeled with three different dyes, fl,
tmr, and cy5, respectively, and monitored at the wavelengths of fl (448 nm), tmr
(520 nm) and Cy5 (650 nm) in a single HPLC run. By comparing the retention
times of the cross-linked heterodimers with single-pair reaction systems as stan-
dards, we could assign each peak to monomers or heterodimers (Fig. 4.13). The
cross-linking reactions were found to proceed faithfully within the specific pairs.
Namely, a p1X–p2C heterodimer (peak a–b), a p3X–p4C heterodimer (peak c–d), and
a p5C–p6X heterodimer (peak e–f), but not nonspecific heterodimers, could be
observed (Fig. 4.14A).

To show more clearly the orthogonality of the reaction, we examined a
four-peptide system containing the p1X/p2C pair and the p5C/p6X pair; fl-labeled
peptides were excluded to obtain clearer spectra. Clearly, only the specific het-
erodimers p1X–p2C (peak a–b, with a retention time of 33.64 min) and p5C–p6X
(peak e–f, with a retention time of 32.33 min) were detected (Fig. 4.14B). The
UV–Vis spectra of the two heterodimer peaks were also indicative. Peak a–b
showed the characteristic spectrum of tmr (with a slight “leaking” due to the
difference in absorption coefficient), while peak e–f showed the characteristic
spectrum of Cy5. Taken together, within our detection limit, the cross-linking
reactions all happened within specific pairs and did not occur randomly. The
orthogonality demonstrated here is consistent with the previous report that

Fig. 4.13 Covalent cross-linking of coiled-coil peptide pairs. A Incubation of two peptides, p1X
(peak a) and p2C (peak b) resulted in the heterodimer p1X–p2C (peak a–b). B Incubation of p3X
(peak c) and p4C (peak d) resulted in the heterodimer p3X–p4C (peak c–d). C Incubation of p5C
(peak e) and p6X (peak f) resulted in the heterodimer p5C–p6X (peak e–f). Reprinted with
permission from Ref. [8]. Copyright (2014) American Chemical Society

Table 4.2 List of tecton
peptide derivatives-Reprinted
with permission from Ref. [8].
Copyright (2014) American
Chemical Society

p1X tmr-GGE XAALKQE NQALEQK IAALKGY

p2C tmr-GGE CAALKQK NKYLKQE IQQLE

p3X fl-GGK XQALQQK IKQLKQK IAALKGY

p4C fl-GGQ CAALEQE IAALEQE IAALE

p5C Cy5-GGE CAALEQQ NKYLKQE IAALKGK

p6X Cy5-GGK XKALKQE NAYLQQE IQALK
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cysteine-labeled tecton peptides p1–p6 could specifically cross-link with each
partner [11]. Aside from marked orthogonality, the reaction rates of the three pairs
in a mixture significantly differed. The p1X/p2C pair proceeded the most rapidly,
while the p3X/p4C pair occurred the most slowly. The cause of this discrepancy is
unknown to us at present.

4.3.4 Covalent Labeling of a Target Protein

We then try to label a protein using the CCE-1 and CCK-1 pair based on “proximity
induced reactivity” effect. CCE-1 or CCE-1′ which contain only natural amino
acids, were chosen as genetically encodable tags of a model protein, enhanced
green fluorescent protein (EGFP). The labeled protein can be resolved on dena-
turing SDS-PAGE. We then utilized in-gel fluorescence scanning to examine the
covalent labeling of EGFP protein by tmr labeled peptide.

EGFP-CCE-1 was cloned, expressed and purified. The protein and 20 fold
excess tmr-CCK-1 were mixed in HEPES buffer (50 mM TCEP, 150 mM NaCl,
pH 7.4) containing 1 mM TCEP at room temperature. The mixture was loaded to
SDS-PAGE, separated by electrophoresis, and the protein gel was imaged under a
Typhoon Trio fluorescent imager. Fluorescent imagines were acquired at 532 nm
excitation wavelength for tmr with an emission filter of 580 nm (Fig. 4.15).
A covalently conjugated complex between EGFP-CCE-1 and tmr-CCK-1 could be
seen in the in-gel fluorescence scanning. EGFP without CCE-1 tag did not react
with tmr-CCK-1, although it contains solvent accessible cysteines.

Fig. 4.14 Covalent cross-linking of coiled-coil peptides. A Progress of a reaction with equimolar
amounts of six peptides, p1X (peak a), p2C (peak b), p3X (peak c), p4C (peak d), p5C (peak e),
and p6X (peak f), after 3 h of incubation at RT and pH 7.4. The reaction was monitored by HPLC
at 448 nm (green trace), 520 nm (red trace), and 650 nm (blue trace). Peaks a–b, c–d, and e–f
were assigned as the heterodimers p1X–p2C, p3X–p4C, and p5C–p6X, respectively. The
unassigned peaks at 448 nm were caused by “spectral leaking” of tmr and Cy5-labeled peptides.
B Progress of a reaction with equimolar amounts of four peptides, p1X (peak a), p2C (peak b),
p5C (peak e), and p6X (peak f). C UV–Vis spectra of peak a–b (retention time 33.64 min) and
peak e–f (retention time 32.33 min) in b Reprinted with permission from Ref. [8]. Copyright
(2014) American Chemical Society
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We also conducted the labeling reaction in a lysate of mouse brain containing a
total protein up to 7.5 mg/mL. Only one band corresponding to the molecular
weight of EGFP-CCE-1 was detected by the Typhoon imager (Fig. 4.16), further
showing that covalent labeling of the CCE-1 tagged protein in vitro is site-specific.

Compared with the reaction of synthetic coiled-coil peptides, the covalent
labeling of the EGFP-CCE-1 fusion occurred more slowly, possibly because the

Fig. 4.15 Covalent labeling of EGFP-CCE-1 in solution. The protein/peptide solution was
thermally denatured and resolved by reducing SDS-PAGE. The gel was imaged with a Typhoon
Imager at the TRITC channel. CCK3, the parental peptide without the a-chloroacetyl moiety, was
included as a control. Reprinted with permission from Ref. [8]. Copyright (2014) American
Chemical Society

Fig. 4.16 Covalent labeling of EGFP-CCE-1 in mouse brain lysate (total protein concentration
were 7.5 mg/ml). EGFP-CCE-1 protein was added to brain tissue homogenate in lane (a). Lane
(b) without doped protein serves as a control. The gel was imaged with a Typhoon Imager at the
TRITC channel (right) and then stained with Coomassie blue dye (left). Reprinted with permission
from Ref. [8]. Copyright (2014) American Chemical Society
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CCE-1 tag in the fusion was sterically hindered or had decreased rotational free-
dom. The same effect was observed in the labeling reaction with the CA6D4 tag
[13]. To improve the labeling efficiency, we followed the strategy of Hamachi et al.
that used a bivalent interaction to more efficiently label cell surface receptors [14].
A bivalent CCK-1-dimer was synthesized using a lysine residue as the branching
point (Figs. 4.17A and 4.18). CCK-1-dimer reacted with EGFP-CCE-1 roughly 5
times faster than the monovalent CCK-1 probe (38 min vs. 150 min by t1/2)
(Figs. 4.17B, C and 4.19). Interestingly, after EGFP-CCE-1 was covalently linked
to CCK-1 or the CCK-1-dimer, its mobility in denaturing SDS-PAGE increased
(Fig. 4.17B). As shown in the gel image stained by Coomassie blue, both the
covalent conjugates (EGFP-CCE-1)-(tmr-CCK-1) and (EGFP-CCE-1)-
(tmr-CCK-1-dimer) migrated faster than EGFP-CCE-1, despite their higher
molecular weights. It could likely be explained by the postulation that covalently
cross-linked CCE-1–CCK-1 heterodimer has a more compact structure than
uncomplexed CCE-1 under denaturing conditions.

Still one question remained: what percentage of the complex formed between
EGFP-CCE-1 and CCK-1 is linked through covalent linkage under native condi-
tion? To better estimate this number, we conducted the labeling reaction on solid
beads to exert a washing protocol and to mimic the labeling of cell surface
receptors. Surface-immobilized EGFP-CCE-1 was labeled by TMR-CCK-1 or
TMR-CCK3 on Ni-NTA resins. The resins were washed by PBS, and the

Fig. 4.17 The CCK-1-dimer probe labeled EGFP-CCE-1 more efficiently. A Structure of the
CCK-1-dimer. B Covalent labeling of EGFP-CCE-1 by monomeric and dimeric peptides. The gel
was imaged by a Typhoon Imager at the TRITC or Cy5 fluorescent channels, after which the gel
was stained by Coomassie blue. [Protein] = 40 lM, [peptide] = 20 lM, 4 °C overnight. C The
reaction kinetics of covalent labeling of EGFP-CCE-1 by the CCK-1-dimer (a) or CCK-1 (b).
[protein] = [peptide] = 20 lM at RT. Reprinted with permission from Ref. [8]. Copyright (2014)
American Chemical Society
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fluorescence of the resins was quantified immediately with the TRITC channel of a
fluorescent microscope. We then washed the labeled particles again and took
fluorescent images (Fig. 4.20a). This procedure was reiterated. After three repetitive
washing steps, the fluorescent signal of noncovalent labeling by TMR-CCK3
decreased to the basal level. About 65 % of the fluorescent signal still remained
after five washings of resins labeled by TMR-CCK-1 (Fig. 4.20b). This result
suggests that before extensive washings were exerted under native condition,
possibly two-thirds of the EGFP-CCE-1-CCK-1 complex were linked through
covalent bond, whereas the remaining one-third of labeling was through nonco-
valent coiled-coil interaction. In addition, three rounds of rigorous washing were
found to be sufficient to remove the noncovalently associated CCK-1 probe under
this setting.

Fig. 4.18 RP-HPLC trace of the purified tmr-CCK-1-dimer peptide at 215 nm (blue) and 560 nm
(red). Reprinted with permission from Ref. [8]. Copyright (2014) American Chemical Society

Fig. 4.19 Covalent cross-linking reactions between CCK-1-dimer probe (dimer) or CCK-1 probe
(monomer) and EGFP-CCE-1 protein. Peptide and protein were mixed at RT
([protein] = [peptide] = 20 lM) to allow for covalent cross-linking reaction. At different time
points (shown above in min), aliquots were taken and the reactions were quenched by heating at
95 °C for 10 min. The solutions were loaded in reducing SDS-PAGE. The gel was imaged by a
Typhoon imager at TRITC channel. Reprinted with permission from Ref. [8]. Copyright (2014)
American Chemical Society
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4.4 Conclusion

In this chapter, we systematically envisioned the coiled-coil interaction, and suc-
cessfully incorporated two reactive groups, the a-chloroacetyl and the thiol, into the
side chains of two closely localized key amino acids of the two stranded coiled-coil
partner (to yield one natural amino acid and one unnatural amino acid). Due to the
“proximity induced reactivity” effect, the two groups, originally have low reactivity
toward each other in aqueous buffer, would be accelerated significantly to give a
covalent and nondissociable cross-linkage. Through a round of positional screen-
ing, the best reactivity, as well as the good selectivity could be achieved to give a
pair of chemical tag and probe system (CCK-1 and CCE-1′).

Furthermore, CCE-1 was genetically fused to the C terminus of EGFP as a
recognition site for CCK-1. The covalent labeling reaction was further accelerated

Fig. 4.20 Covalent labeling of immobilized EGFP-CCE-1. A EGFP-CCE-1 was immobilized on
Ni-NTA resins. TMR-CCK-1 peptide was then added to label the protein-covered resins at RT.
The resins were then washed and imaged by a fluorescent microscope at the FITC (I) and TRITC
(II) channels. Pixels in the image from the TRITC channel were quantified as a measure of the
fluorescent signal on the resins. The protein was lastly eluted by a solution of 500 mM imidazole
and analyzed by denaturing SDS-PAGE. The gel was scanned by a Typhoon Imager at the TRITC
channel. B Fluorescence intensity of the protein-loaded beads after each round of washing.
a EGFP-CCE-1, labeled with TMR-CCK-1; b EGFP-CCE-1, labeled with TMR-CCK3; c wt
EGFP, labeled with TMR-CCK-1. Reprinted with permission from Ref. [8]. Copyright (2014)
American Chemical Society
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by the bivalent branched CCK-1-dimer. The labeling reaction was specific and
could not be interfered by other thiol containing molecules. Notably CCE-1 tag
contains only 25 amino acids and it could be fused to either N or C terminus of the
target protein. This covalent labeling strategy achieves: (1) simple treatment (only
incubation of the two peptides); (2) require no enzymes or ions; (3) fast (t1/2 is
about 15 min). It will find broad application in covalent and nonenzymatic protein
labeling.

Appendix 4.1 List of the Synthetic Peptides and Their
Molecular Weights

Name Peptide sequence Calculated Found

CCK-1 fl-GGGK XAALKEK VAALKEK VAALKE 2828.3 2827.8

CCK-2 fl-GGGK VAAXKEK VAALKEK VAALKE 2814.3 2813.4

CCK-3 fl-GGK VAALKEK XAALKEK VAALKE 2771.3 2770.8

CCK-4 fl-GGK VAALKEK VAAXKEK VAALKE 2757.3 2756.3

CCK-5 fl-GGGK VAALKEK XAALKEK VAALKEK
VAALKE

3567.8 3567.1

CCK-6 fl-GGGK VAALKEK VAAXKEK VAALKEK
VAALKE

3553.7 3553.0

CCK-7 fl-GGK VAALKEK VAALKEK XAALKEK
VAALKE

3510.7 3509.9

CCK-8 fl-GGK VAALKEK VAALKEK VAAXKEK
VAALKE

3496.7 3495.9

CCE-1 tmr-GGGE CAALEKE VAALEKE VAALEK 2825.8 2824.7

CCE-1′ tmr-KSEESYECAALEKEVAALEKEVAALEK 3379.1 3377.8

CCE-2 tmr-GGGE VAACEKE VAALEKE VAALEK 2811.9 2810.7

CCE-3 tmr-GGE VAALEKE CAALEKE VAALEK 2768.8 2767.2

CCE-4 tmr-GGE VAALEKE VAACEKE VAALEK 2755.8 2754.3

CCE-5 tmr-GGGE VAALEKE CAALEKE VAALEKE
VAALEK

3566.3 3566.0

CCE-6 tmr-GGGE VAALEKE VAACEKE VAALEKE
VAALEK

3552.3 3551.9

CCE-7 tmr-GGE VAALEKE VAALEKE CAALEKE
VAALEK

3509.3 3509.1

CCE-8 tmr-GGE VAALEKE VAALEKE VAACEKE
VAALEK

3495.3 3494.9

tmr-GG XKEKVAALKEKNAALKEKVAALKE 3239.8 3237.9

tmr-KSEESYCEKEVAALEKENAALEKEVAALEK 3750.3 3750.0
(continued)
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(continued)

Name Peptide sequence Calculated Found

P1x tmr-GG-EXAALKQENQALEQKIAALKGYK 3131.6 3130.5

P2c tmr-GG-ECAALKQKNKYLKQEIQQLE 2930.0 2929.5

P3x fl-GGKXQALQQKIKQLKQKIAALKGY 3059.4 3058.7

P4c fl-GGQCAALEQEIAALEQEIAALE 2613.4 2635.2
(+Na+)

P5c Cy5-GG-ECAALEQQNKYLKQEIAALKGK 3226.7 3226.7

P6x Cy5-GG-KXKALKQENAYLQQEIQALK 3157.2 3156.6

tmr-GGG KXAALKEKVAALKEKVAALKE 2882.6 2881.8

CCK-1′-
dimer

(tmr-GGKXAALKEKIAALKEKIAALKEGG)2KGG 6160.4 6192.7
(+Na+)

Appendix 4.2 Plasmid Information
of pET28m-EGFP-CCE-1

ATGCATCACCATCATCATCATATGGCTAGCATGACTGGTGGACAGCAAATGGGTCG
CGGATCCATGCATCACCATCATCATCATATGGCTAGCATGACTGGTGGACAGCAAA
TGGGTCGCGGATCCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCC
ATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGA
GGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCG
GCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAG
TGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCAT
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GCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACA
AGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTG
AAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAA
CTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGG
TGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCAC
TACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTA
CCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGG
TCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTAC
AAGGAGCTCAAATCTGAAGAGTCTTATGAATGTGCTGCCTTAGAGAAGGAAGTTGC
AGCGTTAGAGAAGGAAGTTGCTGCATTAGAGAAGTAGAAGCTT
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Chapter 5
Cell Surface Receptor Labeling

5.1 Introduction

Genetic fusion of a reporter such as a fluorescent protein or an enzyme stamps a
permanent mark on a protein of interest (POI) that imaging techniques can trace and
visualize. Although widely utilized, the cumbersome size of the tags (for example,
the green fluorescent protein is a 238-amino-acid polypeptide with a molecular
weight of 26.9 kDa) can interfere with the intracellular transport or activity of the
target protein [1, 2]. In contrast, covalent labeling based on chemical reactions at
amino acids with specific chemical reactivities exhibits a variety of virtues, such as
smaller tag sizes, a versatile choice of labels, and temporospatial control of the
labeling event [3].

The most common covalent labeling reactions harness the chemical reactivities
of natural amino acids [4]. Many chemical reactions that modify a single amino
acid, such as cysteine [4, 5], lysine [4], tyrosine [6, 7], or tryptophan [8, 9], or
several consecutive amino acids in a motif [10, 11], or one of the two termini of a
POI [12–17], have been developed. Due to the multitude of chemical moieties with
similar reactivities in a cellular environment, labeling reactions solely driven by
chemical reactivity often face the challenge of selectivity. One tactic to overcome
this hurdle is to introduce bioorthogonal chemical moieties by genetically incor-
porating unnatural amino acids [17–20]. Or chemical biologists seek help from
enzymes, which have unparalleled specificity in recognizing and converting sub-
strates. Covalent labels have been developed based on suicide inhibitors, cofactors,
and substrates of various enzymes; examples include activity-based protein probes
[21, 22], CoA-affinity-based kinase tags [23], the enzyme-suicide substrate-based
SNAP/CLIP-tags [24, 25], the Halo-tag [26], the lactam-based-lactamase-tag [27],
and the small molecule inhibitor-based TMP tag [28, 29]. But despite their out-
standing specificity, the enzyme tags are still larger than 100 amino acids.

A third strategy uses short peptide sequences from natural substrates of ligases or
transferases and converts them into covalent tags. Examples in this category include
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a 15-amino-acid receptor peptide (AP, the substrate of the biotin ligase BirA) [30], a
13-amino-acid sequence LAP (the substrate of a mutant lipoic acid ligase) [31], a
7-residue Q-tag (the substrate of a transglutaminase) [32], the small sortagging
motif LPXTG (the substrate of a sortase) [33], a LCTPSR formyl glycine tag (the
substrate of a formyl glycine generating enzyme) [34], and the peptides A1 and S6
(the substrates of different PPTases) [35]. These labeling reactions, however,
require the addition or co-expression of external enzymes. A fourth type of covalent
labeling, affinity labeling, does not require enzymes. Although the general concept
of “affinity labeling” encompasses many successful strategies [28, 29, 36], those
that achieve covalent labeling by a short peptide are scarce. One such labeling
reaction was reported by Hamachi et al. Designed to harness the phenomenon of
“proximity-induced reactivity” [37–41], a spontaneous nucleophilic SN2 reaction
was found to rapidly cross-link a peptide tag, an N-terminal CA6D4 tag (11 amino
acids), and a label, an N-a-chloroacetyl Zn(II)-DpaTyr molecule, when the two
bound in vitro [42]. The same researchers recently improved the labeling efficacy
by increasing the valency, producing an N-terminal CA6D4 � 2 tag (16 amino
acids) and a tetranuclear Zn(II)-DpaTyr molecule carrying the a-chloroacetyl
moiety, which together successfully labeled cell surface proteins [43]. The scarcity
of more examples of this strategy reflects the difficulty in satisfying the tradeoff
between labeling specificity and tag size, in particular in the context of covalent
labeling. Here we sought to achieve specific recognition from a peptide–peptide
binding interaction (more specifically the coiled-coil interaction) and the conversion
of the noncovalent binding interaction into a site-specific covalent cross-linking
reaction (Fig. 5.1). By screening specific positions in two paired coiled-coil pep-
tides, we designed a covalent (irreversible) labeling reaction that is nonenzymatic,
spontaneous, and site-specific, and it requires a small tag of only 21 proteinaceous
amino acids.

Due to the impermeability of most of the probes, the labeling strategies are often
limited to the cell surface protein targeting level. On the other hand, the membrane
protein plays a fundamental role in numerous signal pathways as transportation
proteins, adaptor proteins, receptor proteins, and enzymes [45]; to label and trace
them also become very important for biologists to understand their spatial distri-
bution and temporal variations.

Membrane proteins could be generally divided into integral proteins, peripheral
proteins, and lipid-anchored proteins according to different interaction mechanisms
with the phospholipid bilayer structure of membrane [46]. Integral protein (also
called transmembrane protein), utilizes the hydrophobic amino acids to interact with
the hydrophobic lipid tail of the membrane while the hydrophilic amino acids were
aligned in one side or both sides of the membrane. Usually the hydrophobic amino
acids adopt the alpha-helical structure, making this unique secondary structure to
compose 25–50 % of the whole structure; peripheral protein is usually localized on
the inside or outside of the membrane through the noncovalent interaction with the
polar head of the lipid; while the lipid-linked protein is anchored to the outside of
the membrane through a covalent bond with either the lipid bilayer or the mem-
brane sugar.
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G protein–coupled receptors (GPCRs), also known as the seven-transmembrane
domain receptors, are a big membrane protein family that mainly sense outside
molecules and then activate the intracellular signaling pathways. It is involved in
many diseases and is the largest potential recognition site in drug discovery (about
40 % of all modern medicinal drugs) [47]. It contains three major parts: the
extracellular N termini that sense the stimuli, the seven helix transmembrane
bundles and the intracellular C termini that bound to the G proteins. According to
the different G proteins, GPCRs could be divided into Gs-coupled, Gq-coupled, and
Gi-coupled subfamilies. The binding of extracellular ligand causes a conformational
change of GPCR to release the a subunit of G protein from the b and c subunits and
activate the cAMP pathway or phosphatidylinositol signaling pathway [48].

The epidermal growth factor receptor (EGFR) is a member of the ErbB family of
receptors, a subfamily of four closely related receptor tyrosine kinases: ErbB-1,
ErbB-2, ErbB-3, and ErbB-4. It is also the cell surface receptor for epidermal
growth factor family (EGF family) of extracellular protein ligands [49]. EGFR
could also be divided into three major parts: the extracellular part containing
domain I–IV, the transmembrane part, and the cytosolic part.

Fig. 5.1 Schematic illustration of the coiled-coil binding induced covalent cross-linking of cell
surface proteins. a Receptor protein was recognized and then labeled by the fluorescent bearing
synthetic peptide probe; b Nucleophilic attack reaction happened between the designed coiled-coil
partners. Reprinted with permission from Ref. [44]. Copyright (2014) American Chemical Society
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To apply our coiled-coil binding induced covalent labeling strategy described in
Chap. 4 to the covalent labeling of membrane proteins, the CCE sequence should be
first fused to the extracellular part of the membrane protein to make it accessible to
the probe.

5.2 Experimental Section

5.2.1 Construction of B2R Plasmids

B2R gene DNA was purchased from commercial supplier and was subcloned into
pCDNA3.1 vector at BamH I and EcoR I restriction sites. Oligo nucleotide primers
were designed to code for the CCE-1′ sequence (KSEESY ECAALEKE VAALEKE
VAALEK) together with the start codon and the digested enzyme sites of Hind III
and BamH I, and they were annealed in the annealing buffer (100 mM NaCl, 50 mM
HEPES, pH 7.5) to give the double strand DNA fragment. And the fragment was
inserted into the digested pCDNA3.1 vector (Hind III and BamH I) to yield the
pCDNA3.1-CCE-1′-B2R plasmid. And the CCE-1′-B2R fragment was amplified by
PCR using the primers (forward: 5′-CGGTGGGAGGTCTATATAAGCAGAG-3′
and backward: 5′-CGATGTCGACTGTCTGCTCCCTGCCCAGTC-3′) and diges-
ted with Sal I and Hind III and subcloned into pEGFP-N1 vector to yield
pEGFP-N1-CCE-1′-B2R (Appendix 5.1).

Oligonucleotides coding for CCE-9 with a GSGD linker sequence and digested
Hind III and BamH I sites (forward: 5′-AGCTTGGAATGTGCTGCCTTAGA
GAAGGAAATTGCAGCGTTAGAGAAGGAAATTGCTGCATTAGAGAAGG
GCTCTGGCTCG-3′ and backward: 5′-ACCTTACACGACGGAATCTCTTCC
TTTAACGTCGCAATCTCTTCCTTTAACGACGTAATCTCTTCCCGAGACC
GAGCCTAG-3′) were annealed and inserted into corresponding pBlueScript-a
7-His10-B2R vector (a kind gift from Prof. Hamachi, Kyoto University) to yield
pBS-a7-CCE-9-B2R. DNA fragment coding for EGFPmoiety with BamH I cleavage
sites at both ends was digested from pCI-neo-a7-His10-EGFP-B2R vector (a kind gift
from Prof. Hamachi, Kyoto University), and inserted into the BamH I digested
pBS-a7-CCE-9-B2R vector which was pretreated with dephosphorylation reagent.
Finally the DNA fragment coding for a7-CCE-9-EGFP-B2R was digested with Xho I
and EcoR I and subcloned into the corresponding cleavage sites of pCI-neo vector to
yield pCI-neo-a7-CCE-9-EGFP-B2R (Appendix 5.2).

5.2.2 Construction of EGFR and hIP Plasmids

The plasmid pDisplay-HA-E3-EGFR (a kind gift from Prof. Shiroh Futaki of Kyoto
University) was used as the template to construct pDisplay-CCE-9-EGFR. The Ile to
Cys mutation was introduced by a PCR reaction using primers EGFR-F
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(5′-GAGCTAGCGAATGCG-CCGCGTTAGAG-3′) and EGFR-R (5′-GACACT
CGAGTCATGCTCC-AATAAATTCAC-3′) and subcloned into Nhe I and Xho I
sites of pDisplay-HA-E3-EGFR to yield pDisplay-CCE-9-EGFR (Appendix 5.3).

A CCE-9 peptide sequence (ECAALEKEIAALEKEIAALKE) was introduced
to the N terminus of hIP in the pcDNA3.1-3HA-hIP plasmid (a kind gift from Prof.
Helen Wise of CUHK) by PCR reaction using primers CCE-9-F (5′-CA
AGCTTGCCACCATGGAATGTGCTGCCTTAGAGA-AGGAAATTGCAGCGT
TAGAGAAGGAAATTGCTGCATTAGAGAAGATGTACCCATACGATGTTC
C-3′) and hIP-R (5′-CGGGATCCTCAGCAGAGGGAGCAGG-CGACGCTG-3′)
and subcloned into Hind III and BamH I sites of pcDNA3.1 (+) plasmid to yield
pcDNA3.1-CCE-9-3HA-hIP (Appendix 5.4).

A plasmid expressing CCE-9-hIP-EGFP with the C terminal (cytosolic) end
linked to an EGFP tag was also constructed by PCR reaction based on the
pcDNA3.1-3HA-hIP using primers CCE-9-F (5′-CAAGCTTGCCACCATG
GAATGTGCTGCCTTAGAGAAGGAAATTGCAGCGTTA-GAGAAGGAAAT
TGCTGCATTAGAGAAGATGTACCCATACGATGTTCC-3′) and hIP-R-N1
(5′-CGGGATCCGCAGAGGGAGCAGGCGACGCTG-3′) and subcloned into
Hind III and BamH I sites of pEGFP-N1 to yield pEGFP-N1-(CCE-9-hIP-EGFP)
(Appendix 5.5).

5.2.3 Cell Culture, Transfection, and Labeling

Chinese Hamster Ovary (CHO) cells or Human Embryonic Kidney 293 (HEK293)
cells were grown in DMEM/F12 medium (Dulbecco’s Modified Eagle Medium:
Nutrient Mixture F-12, Life technology, USA) supplied with 10 % Fetal Bovine
Serum (FBS, Life technology, USA) and antibiotics (penicillin/streptomycin, Life
technology, USA) in a 10 cm culture dish (Corning, USA) and maintained at 37 °C
in a humidified incubator supplied with 5 % CO2.

For cell labeling, 1.5 � 105 cells were seeded in a 35 mm confocal dish (ibidi,
Germany) 1 day prior to the transfection. At *40 % confluence, cells were
transfected with a DNA (0.8 lg): PLUS reagent (0.8 ll): lipofectamine LTX (2 ll)
mixture at a ratio of 1:1:2.5 with the final DNA concentration set to be 1 lg/mL in
Opti-mem I (Life technology, USA). Cell medium was changed back to
DMEM/F12 5 h posttransfection. After 48–50 h, the cells were pretreated with
HEPES buffer containing 0.5 mM TCEP for 10 min at RT, and then incubated with
fluorescent peptide probes for 20 min. The cells were then washed, fixed by 4 %
paraformaldehyde in PBS (w/v), and then incubated with anti-HA-FITC antibody
(in 1:300 dilution) (Sigma-Aldrich, USA) at RT for 1 h. The cells were washed for
at least three times by PBS (10 min each) and imaged by confocal fluorescent
microscope.
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5.2.4 Extracting Covalently Labeled EGFR
for Gel Electrophoresis

1.5 � 106 CHO cells were seeded in a 10 cm dish (Corinng, USA) 1 day prior to
the scale-up transfection. 60 h after transfection, the cells were pretreated with
HEPES buffer containing 0.5 mM TCEP and then incubated with 100 lM
CCK-9-dimer probe for 2 h at 37 °C. After being rinsed in PBS, the cells were
scraped into 1.5 mL PBS and pelleted by centrifugation at 12000 rpm for 15 min at
4 °C. The cells were then lysed in RIPA buffer (Sigma, USA. 50 mM Tris-HCl, pH
8.0, with 150 mM sodium chloride, 1.0 % Igepal CA-630 (NP-40), 0.5 % sodium
deoxycholate, and 0.1 % sodium dodecyl sulfate) containing protease inhibitor
cocktail (Promega, USA) for 45 min at 4 °C. The supernatant was collected by
centrifugation at 12000 rpm at 4 °C, mixed, incubated with 5 � protein loading
dye for 40 min at RT, denatured, and subjected to SDS-PAGE and subsequent
in-gel fluorescence scanning.

5.2.5 cAMP Assay for Drug Responsiveness
of hIP Transfected Cells

Adenylyl cyclase activity was conducted based on previous reported protocols
[50, 51]. 5 � 105 CHO cells were seeded in poly-D-lysine coated 12-well plates
(Corning, USA) and cultured in DMEM with 10 % FBS for 1 day. Cells were
transfected for 40 h, then replace cell medium with 1 mL DMEM with 1 % FBS
(reducing serum to facilitate the uptake of [3H]adenine). Add 10 lL [3H]-adenine
(1 lCi/10 lL) (Amersham Biosciences, Hong Kong) to each well and return plates
to incubator for overnight. Aspirate the medium to remove free [3H]-adenine and
wash each well twice with 1 mL complete HEPES buffer. Then 0.5 mL assay
solution (HEPES buffer containing 1 mM 3-Isobutyl-1-methylxanthine (IBMX), to
inhibit cyclic nucleotide phosphodiesterase activity) was added to each well and
incubated for 15 min in 37 °C water bath. 10 lL compound stock solution (for-
skolin, cicaprost or buffer) was added to each well, and incubated for 30 min in
37 °C water bath. The reaction was stopped by addition of ice-cold trichloroacetic
acid and ATP, and [3H]-cAMP was separated from [3H]-ATP by column chro-
matography, and counted in a liquid scintillation counter using OptiPhase ‘HiSafe’
3 scintillant (Pharmacia Biotech Far East Ltd, Hong Kong). The production of
[3H]-cAMP from cellular [3H]-ATP was estimated as the ratio of radiolabeled
cAMP to total AXP (i.e., adenosine, ADP, ATP and cAMP), and is expressed as
[cAMP]/[total AXP] � 100 (i.e., % conversion). Cicaprost was a gift from
Schering AG, Berlin, Germany. All assays were performed in triplicate.

76 5 Cell Surface Receptor Labeling



5.3 Results and Discussion

5.3.1 Cell Labeling Based on B2R

Bradykinin type II receptor (B2R) is a known Gq-coupled GPCR [52]. After fusing
the CCE-1′ sequence to the N terminus of B2R, the C terminus of the protein was
also installed an EGFP moiety to introduce an orthogonal fluorescent signal. To
ensure the expressed EGFP protein was a fusion part of B2R instead of a random
fusion of other nonrelated proteins, HEK293 cells transiently expressing the
CCE-1′-B2R-EGFP protein were lysed and loaded to a SDS-PAGE and followed by
the western blotting using antibodies of anti-EGFP and anti-B2R, respectively. And
the results showed that the recombinant protein of CCE-1′-B2R-EGFP was
expressed as a fusion with a molecular weight of *70 kD, which was close to that
of the recombinant protein (Fig. 5.2).

After confirming the expression of the recombinant protein, HEK293 cells
expressing CCE-1′-B2R-EGFP were grown on the glass cover slips in a six-well
format, and pretreated with the reducing reagent (HBS buffer, containing 0.5 mM
TCEP) to expose the active Cys, the cells were then incubated with gradient con-
centrations of TMR-CCK-1 probe and followed by the extensive PBS washing. The
cover slip was fixed and viewed under a conventional fluorescent microscope.
Although the red and green fluorescent signals showed a high degree of overlap,
they seemed to be localized in the peri-nucleus region instead of cell surface
(Fig. 5.3). So the labeling reaction failed.

Pictures taken from the conventional fluorescent microscope were accumulation
results along Z-axis. We then used a confocal fluorescent microscope to give a more
accurate resolution in live cells. HEK293 cells were seeded to a 35 mm confocal
dish, and transfected with Fugene 6 reagent. 48–50 h after transfection, the cells
were treated with TMR-CCK-1-dimer probe. Some cells were successfully trans-
fected, because the membrane was lighten up with a green fluorescence under
confocal microscope, but no red fluorescent signal (TMR) was observed (Fig. 5.4,
middle). Some cells contained both EGFP and TMR fluorescent signals but they
appeared to be dead cells (Fig. 5.4, bottom and top).

Fig. 5.2 Western
blotting results of the
CCE-1′-B2R-EGFP protein.
Left, protein bands stained
with anti-B2R antibody;
Right, protein bands stained
with anti-EGFP antibody.
Both bands were of a
molecular weight of about
70 K
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Fig. 5.3 Photographs showing the HEK293 cells expressing CCE-9-B2R-EGFP treated with
TMR-CCK-9 synthetic probe. Left, picture taken from EGFP channel; right, picture taken from
TMR channel. [TMR-CCK-9] = 2 lM

Fig. 5.4 Photographs showing the overview of the TMR-CCK-1-dimer treated HEK 293 cells.
Top, floating cells with both EGFP and TMR signals; middle, adherent cells with only EGFP signal;
bottom, rounded up cells with both EGFP and TMR signals. [TMR-CCK-1-dimer] = 2 lM, scale
bar 50 lm

78 5 Cell Surface Receptor Labeling



These experiments indicated a low transfection level and transfection of B2R
protein seemed to toxic to the cells. Figure 5.5a supports this notion as the
expressing level of the recombinant protein increases, the morphology of the cell
decreases, and finally the highly expression of the proteins could cause the dis-
ruption of the cell membrane and all the fluorescent dyes would go into the cells
and light up the cells without selectivity. Also shown in Fig. 5.5b, cells with
membrane compromised readily uptakes fluorescent peptide nonselectively.

The cytotoxicity of the plasmid/protein might come from the C terminal fusion
of EGFP because of the large size of the moiety. The conformational change of B2R
might lead to low labeling efficacy. Besides, it is known that the typical GPCRs
adopt the seven helical transmembrane structure with each of the helical contains
about 20–30 hydrophobic amino acids. CCE-1′ sequence, being another amphi-
philic helical peptide, likely interacts with the helical domain. We then moved the
EGFP moiety to the N terminus. Also to improve the binding affinity of the tag and
probe, the VAAL interacting model is changed to IAAL, which was reported to

Fig. 5.5 Photographs showing the proposed step by step apoptosis process. a Cells were of
different morphologies due to the different protein expressing levels; b A single cell was light up
by the TMR fluorescent dye due to the nonselective permeation. Scale bar 10 lm
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possess a higher affinity with CCK peptide. Moreover, an extra N-terminal fusion of
a leading sequence (a7) was included to greatly enhance the membrane location of
the B2R. A new plasmid coding for a7-CCE-9-EGFP-B2R was constructed and the
procedure was described in experimental section.

After transfected with the newly constructed pCI-neo-a7-CCE-9-EGFP-B2R
plasmid, the CCE-9-EGFP-B2R fusion protein expressed by HEK293 cells showed
an obvious membrane distribution according to the indicated EGFP signal, and after
the treatment of the cells with 1 lM dimeric peptide probe bearing the TMR
fluorophores, some of the cells showed a well co-localized TMR signal with EGFP,
indicating the recognition of the fusion protein by the synthetic probe and the
achievement of the covalent reaction (Fig. 5.6).

5.3.2 Cell Labeling Based on hIP

However, we have observed a low labeling efficacy and the function of the receptor
might also have been compromised. For example, EGFP tagging might cause
problems in the translocation of GPCRs to the plasma membrane; the fusion protein
might be trapped in cellular organisms such as Golgi apparatus [53]. It was also
likely that the single strand of CCE (E IAALEKE IAALEKE IAALEK) might form
a homodimer alone at high concentration. In view of these possible drawbacks, we
decided to modify the system, by changing the target protein the Gq-coupled GPCR
B2R to a Gs-coupled GPCR the human prostacyclin receptor (hIP), and the EGFP
tag to HA tag (only nine amino acids).

Since there were two tags to be labeled, HA tag by the antibody and the CCE-9
tag to be labeled by the peptide probe, the order of the labeling reactions needs to be
carefully set. As antibody labeling requires cell fixing and the cell membrane is
permeabilized during fixing, the following labeling step will not be specific at cell
membrane (Fig. 5.7). Furthermore, it was observed that HEK293 cell line showed a
strong nonspecific binding of the positively charged TMR dyes due to the highly

Fig. 5.6 Photographs showing the membrane localization of the CCE-9-EGFP-B2R recombinant
protein and the successfully labeling of the peptide probe to the CCE-9 tag sequence. Left, EGFP
fluorescent channel; middle, TMR fluorescent channel; right, merged channels showing the
co-localization of the both fluorescent signals. Scale bar 10 lm
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negative charges presented on the cell membrane, so Chinese Hamster Ovary
(CHO) cells are used instead.

The CHO cells were transfected with the new plasmid pcDNA3.1-
CCE-9-3HA-hIP, as well as an empty pcDNA3.1 plasmid as a negative control
and a pcDNA3.1-3HA-hIP as a positive control, and then labeled by the synthetic
TMR-CCK-9-dimer probe, fixed and labeled by the FITC containing anti-HA
antibody, imaged under a confocal microscope (Fig. 5.8). The 3HA-hIP group
showed an obvious halo-shaped FITC signal, indicating that the 3HA-hIP protein
could be expressed and displayed at the membrane, and it could be recognized by
the anti-HA antibody. Both labels co-localize in the case of CCE-9-3HA-hIP
protein (Fig. 5.8).

To exam whether the fusion of the CCE-9 sequence would interfere the func-
tional property of the hIP receptor protein, the cAMP accumulation measurement
was conducted. The mechanism of a Gs-coupled GPCR cAMP pathway was shown
in Fig. 5.9a. Upon agonist binding and activation of the Gs-coupled GPCR, the
conformational change of the GPCR causes the release of the b and c subunits of
the G protein. The released subunits then further activate another membrane protein
enzyme the adenylyl cyclase which then converts ATP to cAMP. So the concen-
tration of the cAMP indicates the functional property of the GPCR proteins.

5.3.3 Cell Labeling Based on EGFR

HEK293 cells were utilized due to its high protein expressing level for a cAMP
assay. In all the cell groups forskolin stimulation of the adenylyl cyclase gave

Fig. 5.7 Photographs showing the distribution of different fluorescent species in the antibody first
labeling strategy. Green represents for the FITC-anti-HA antibody (membrane), blue represents for
DAPI (nucleus), red represents for the TMR appended peptide probe (cytosol). And left was the
merge of different fluorescent channels, right was the image taken from bright field. Scale bar
10 lm
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similar level of cAMP increase, indicating that the expression of CCE-9-3HA-hIP
did not affect the function of the cells. Cicaprost stimulation of the hIP receptor
generated comparable [3H]-cAMP conversion in 3HA-hIP and CCE-9-3HA-hIP
groups, indicating that the genetic fusion of CCE-9 sequence to the hIP protein did
not affect the functional property of hIP (Fig. 5.9b).

This result indicated that our tag has advantage due to the smaller size. The
receptor remains active and functional after the recombinant fusion of the extra tag
sequence. For comparison, we generated a pEGFP-CCE-9-3HA-hIP plasmid for the
expression of the CCE-9-3HA-hIP-EGFP fusion. We observed that EGFP fusion
proteins were trapped in the cytosol of the cells (Fig. 5.10). Notwithstanding the
successful labeling, it is not proven that it is through covalent labeling. Futaki et al.
reported that replacing the extracellular domains I, II, and III, and a part of domain
IV of EGFR, with the CCE3′ sequence EIAALEKEIAALEKEIAALEK and an HA
tag did not affect the function of the intracellular domain of the receptor. [54] Based
on this we mutated the first Ile to Cys to yield CCE-9-EGFR, and the same exper-
iments were conducted based on CHO cells transfected with pDisplay-CCE-9-EGFR
and an empty pDisplay vector (Fig. 5.11). CHO cells expressing CCE-9-EGFR
exhibited both green fluorescence (FITC-anti-HA antibody) and red fluorescence

Fig. 5.8 Photographs showing the labeling of CCE-9-hIP on cell surface by the TMR-CCK-
9-dimer and FITC-anti-HA antibody. a FITC channel; b TRITC channel; c overlay of (a) and (b);
d bright field. Top, CHO cells transfected with empty pCDNA3.1 vector; middle, CHO cells
transfected with pCDNA3.1-3HA-hIP vector; bottom, CHO cells transfected with pCDNA3.1-
CCE-9-3HA-hIP vector. Scale bar 10 lm. Reprinted with permission from Ref. [44]. Copyright
(2014) American Chemical Society
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(TMR from the CCK-9-dimer) around the plasma membrane, indicating that the
CCE-9 tag on EGFR was successfully labeled (Fig. 5.11A). The fluorescent signal
along the transection of a labeled cell also confirmed that the FITC signal and the
TMR signal co-localized at the plasma membrane (Fig. 5.12). To confirm the
covalent nature of the linkage between the label CCK-9-dimer and the tag CCE-9 on
EGFR, surface-labeled CHO cells were harvested and lysed. At the molecular

Fig. 5.9 Illustration of the biological activity of the engineered recombinant cell surface GPCRs.
a Mechanism of the cAMP assay; b [3H]-cAMP accumulation in HEK293 cells transfected with
different DNA plasmids. Reprinted with permission from Ref. [44]. Copyright (2014) American
Chemical Society

Fig. 5.10 C terminal tagging of hIP with an EGFP disrupt the membrane localization of the
receptor. Also CHO cells transfected by pEGFP-N1-(CCE-9-hIP-EGFP) failed to be labeled by
TMR-CCK-9-dimer probe. Scale bar = 10 lm. Reprinted with permission from Ref. [44].
Copyright (2014) American Chemical Society
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weight of *145 kDa, a fluorescent band was clearly visible in the lane for
pDisplay-CCE-9-EGFR transfected cells but not in control lanes for pDisplay-
CCE3′-EGFR or pDisplay transfected cells (Fig. 5.11B). The CCK-9-dimer thereby
“locked” surface-expressed CCE-9-EGFR in dimeric form. The covalent linkage
showed marked advantage here as it allowed us to visualize the probe-tag complex
under denaturing condition.

Fig. 5.11 Covalent labeling of CCE-9-EGFR on a cell surface. A Confocal fluorescent images of
CHO cells expressing CCE-9-EGFR and treated with 1 lM or 200 nM TMR-CCK-9-dimer and
FITC-anti-HA antibody. Scale bar = 10 lm. a FITC channel; b TRITC channel; c overlay of
(a) and (b); d bright field. B Covalently labeled CCE-9-EGFR in the membrane fraction by
TMR-CCK-9-dimer. Lanes (1)–(3) show the gel image stained by Coomassie blue; lanes (4)–(6)
show the corresponding fluorescent image acquired at TRITC channel of a Typhoon imager. Lane
(1) and (4) molecular weight markers; lane (2) and (5) cells transfected by pDisplay control; lane
(3) and (6) cells transfected by pDisplay-CCE-9-EGFR. Reprinted with permission from Ref. [44].
Copyright (2014) American Chemical Society
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5.4 Conclusion

In this chapter, we successfully applied the covalent cross-linking reaction to the
labeling of surface proteins. Full length GPCR receptors, B2R, and hIP and a
truncated EGFR were examined. The specificity of the strategy harnesses the
secondary structure of a protein (the coiled-coil), rather than primary (chemical
reactivity) or three-dimensional (enzymes or other sophisticated protein structures)
folds. We successfully addressed the tradeoff between the size of the tag and the
selectivity of the reaction: the binding of a coiled-coil interaction provides the
specificity and biocompatibility of the covalent reaction, and the Cys–chloroacetyl
nucleophilic SN2 reaction driven by enhanced local reactivity permanently and
spontaneously “freezes” the interaction. One limitation of our strategy, which
similar approaches will share, is the impermeability of the probe, which limits the
labeling to cell surface receptors [24]. But the combined use of surface-specific
probes and cell-permeable probes has the advantage of differentiating
surface-presented versus intracellular proteins. Having demonstrated our
cross-linking strategy, we are now engineering other short peptide tags in order to

Fig. 5.12 Covalent labeling of CCE-9-EGFR on a cell surface. a Scheme of the two-step labeling
procedure. b Fluorescent signal of the cell intersection shows membrane labeling. Red, TRITC
channel; blue, FITC channel. Reprinted with permission from Ref. [44]. Copyright (2014)
American Chemical Society
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simultaneously label multiple proteins of interest. Multiple orthogonal pairs of
covalent probes might allow sequential labeling of cell surface receptors to track the
fate of surface-presented receptors during internalization, intracellular targeting, and
recycling.

Appendix 5.1 Plasmid Information
of pEGFP-N1-CCE-1′-B2R

CTTATGAATCTGAGAGTCTTATGAATGTGCTGCCTTAGAGAAGGAAGTTGCAGCG
TTAGAGAAGGAAGTTGCTGCATTAGAGAAGGCGGATCCCTTCTCTCCCTGGAAGA
TATCAATGTTTCTGTCTGTTCGTGAGGACTCCGTGCCCACCACGGCCTCTTTCAG
CGCCGACATGCTCAATGTCACCTTGCAAGGGCCCACTCTTAACGGGACCTTTGCC
CAGAGCAAATGCCCCCAAGTGGAGTGGCTGGGCTGGCTCAACACCATCCAGCCCC
CCTTCCTCTGGGTGCTGTTCGTGCTGGCCACCCTAGAGAACATCTTTGTCCTCAG
CGTCTTCTGCCTGCACAAGAGCAGCTGCACGGTGGCAGAGATCTACCTGGGGAAC
CTGGCCGCAGCAGACCTGATCCTGGCCTGCGGGCTGCCCTTCTGGGCCATCACCA
TCTCCAACAACTTCGACTGGCTCTTTGGGGAGACGCTCTGCCGCGTGGTGAATGC
CATTATCTCCATGAACCTGTACAGCAGCATCTGTTTCCTGATGCTGGTGAGCATC
GACCGCTACCTGGCCCTGGTGAAAACCATGTCCATGGGCCGGATGCGCGGCGTG
CGCTGGGCCAAGCTCTACAGCTTGGTGATCTGGGGGTGTACGCTGCTCCTGAGC
TCACCCATGCTGGTGTTCCGGACCATGAAGGAGTACAGCGATGAGGGCCACAACG
TCACCGCTTGTGTCATCAGCTACCCATCCCTCATCTGGGAAGTGTTCACCAACAT
GCTCCTGAATGTCGTGGGCTTCCTGCTGCCCCTGAGTGTCATCACCTTCTGCACG
ATGCAGATCATGCAGTGCTGCGGAACAACGAGATGCAGAAGTTCAAGGGAGATCC
AGACGGAGAGGAGGGCCACGGTGCTAGTCCTGGTTGTGCTGCTGCTATTCATCAT
CTGCTGGCTGCCC
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Appendix 5.2 Plasmid Information
of pCI-neo-a7-CCE-9-EGFP-B2R

CTCGAGCCACCATGGGCCTCCGGGCGCTGATGCTGTGGCTGCTGGCGGCGGCGGG
GCTCGTGCGCGAGTCCCTGCAAGGAGAGTTCCAAAGGAAGCTGTACAAGGATCGA
GGaAGCTTGGAATGTGCTGCCTTAGAGAAGGAAATTGCAGCGTTAGAGAAGGAAA
TTGCTGCATTAGAGAAGGGCTCTGGCTCGGATCCAATGGTGAGCAAGGGCGAGG
AGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACG
GCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCT
GACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTC
GTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGA
AGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCAC
CATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAG
GGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACG
GCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATAT
CATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAAC
ATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCG
GCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCT
GAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACC
GCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGGCGGATCCAGCCCAGA
TGTTCTCTCCCTGGAAGATATCAATGTTTCTGTCTGTTCGTGAGGACTCCGTGCC
CACCACGGCCTCTTTCAGCGCCGACATGCTCAATGTCACCTTGCAAGGGCCCACT
CTTAACGGGACCTTTGCCCAGAGCAAATGCCCCCAAGTGGAGTGGCTGGGCTGGC
TCAACACCATCCAGCCCCCCTTCCTCTGGGTGCTGTTCGTGCTGGCCACCCTAGA
GAACATCTTTGTCCTCAGCGTCTTCTGCCTGCACAAGAGCAGCTGCACGGTGGCA
GAGATCTACCTGGGGAACCTGGCCGCAGCAGACCTGATCCTGGCCTGCGGGCTGC
CCTTCTGGGCCATCACCATCTCCAACAACTTCGACTGGCTCTTTGGGGAGACGCT
CTGCCGCGTGGTGAATGCCATTATCTCCATGAACCTGTACAGCAGCATCTGTTTC
CTGATGCTGGTGAGCATCGACCGCTACCTGGCCCTGGTGAAAACCATGTCCATGG
GCCGGATGCGCGGCGTGCGCTGGGCCAAGCTCTACAGCTTGGTGATCTGGGGGTG
TACGCTGCTCCTGAGCTCACCCATGCTGGTGTTCCGGACCATGAAGGAGTACAGC
GATGAGGGCCACAACGTCACCGCTTGTGTCATCAGCTACCCATCCCTCATCTGGG
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AAGTGTTCACCAACATGCTCCTGAATGTCGTGGGCTTCCTGCTGCCCCTGAGTGT
CATCACCTTCTGCACGATGCAGATCATGCAGGTGCTGCGGAACAACGAGATGCAG
AAGTTCAAGGAGATCCAGACGGAGAGGAGGGCCACGGTGCTAGTCCTGGTTGTGC
TGCTGCTATTCATCATCTGCTGGCTGCCCTTCCAGATCAGCACCTTCCTGGATAC
GCTGCATCGCCTCGGCATCCTCTCCAGCTGCCAGGACGAGCGCATCATCGATGTA
ATCACACAGATCGCCTCCTTCATGGCCTACAGCAACAGCTGCCTCAACCCACTGG
TGTACGTGATCGTGGGCAAGCGCTTCCGAAAGAAGTCTTGGGAGGTGTACCAGGG
AGTGTGCCAGAAAGGGGGCTGCAGGTCAGAACCCATTCAGATGGAGAACTCCATG
GGCACACTGCGGACCTCCATCTCCGTGGAACGCCAGATTCACAAACTGCAGGACT
GGGCAGGGAGCAGACAGTGAGCAAACGCCAGCAGGGCTGCTGTGAATTC

Appendix 5.3 Plasmid Information
of pDisplay-CCE-9-EGFR

TATCCATATGATGTTCCAGATTATGCTGGGGCCGCTAGCGAATGCGCCGCGTTA
GAGAAAGAAATAGCGGCTCTAGAAAAGGAGATTGCAGCTCTTGAGAAGGACGCC
GGCCATGTGTGCCACCTGTGCCATCCAAACTGCACCTACGGATGCACTGGGCCAG
GTCTTGAAGGCTGTCCAACGAATGGGCCTAAGATCCCGTCCATCGCCACTGGGAT
GGTGGGGGCCCTCCTCTTGCTGCTGGTGGTGGCCCTGGGGATCGGCCTCTTCATG
CGAAGGCGCCACATCGTTCGGAAGCGCACGCTGCGGAGGCTGCTGCAGGAGAGGG
AGCTTGTGGAGCCTCTTACACCCAGTGGAGAAGCTCCCAACCAAGCTCTCTTGAG
GATCTTGAAGGAAACTGAATTCAAAAAGATCAAAGTGCTGGGCTCCGGTGCGTTC
GGCACGGTGTATAAGGGACTCTGGATCCCAGAAGGTGAGAAAGTTAAAATTCCCG
TCGCTATCAAGGAATTAAGAGAAGCAACATCTCCGAAAGCCAACAAGGAAATCCT
CGATGAAGCCTACGTGATGGCCAGCGTGGACAACCCCCACGTGTGCCGCCTGCTG
GGCATCTGCCTCACCTCCACCGTGCAACTCATCACGCAGCTCATGCCCTTCGGCT
GCCTCCTGGACTATGTCCGGGAACACAAAGACAATATTGGCTCCCAGTACCTGCT
CAACTGGTGTGTGCAGATCGCAAAGGGCATGAACTACTTGGAGGACCGTCGCTTG
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GTGCACCGCGACCTGGCAGCCAGGAACGTACTGGTGAAAACACCGCAGCATGTCA
AGATCACAGATTTTGGGCTGGCCAAACTGCTGGGTGCGGAAGAGAAAGAATACCA
TGCAGAAGGAGGCAAAGTGCCTATCAAGTGGATGGCATTGGAATCAATTTTACAC
AGAATCTATACCCACCAGAGTGATGTCTGGAGCTACGGGGTGACCGTTTGGGAGT
TGATGACCTTTGGATCCAAGCCATATGACGGAATCCCTGCCAGCGAGATCTCCTC
CATCCTGGAGAAAGGAGAACGCCTCCCTCAGCCACCCATATGTACCATCGATGTC
TACATGATCATGGTCAAGTGCTGGATGATAGACGCAGATAGTCGCCCAAAGTTCC
GTGAGTTGATCATCGAATTCTCCAAAATGGCCCGAGACCCCCAGCGCTACCTTGT
CATTCAGGGGGATGAAAGAATGCATTTGCCAAGTCCTACAGACTCCAACTTCTAC
CGTGCCCTGATGGATGAAGAAGACATGGACGACGTGGTGGATGCCGACGAGTACC
TCATCCCACAGCAGGGCTTCTTCAGCAGCCCCTCCACGTCACGGACTCCCCTCCT
GAGCTCTCTGAGTGCAACCAGCAACAATTCCACCGTGGCTTGCATTGATAGAAAT
GGGCTGCAAAGCTGTCCCATCAAGGAAGACAGCTTCTTGCAGCGATACAGCTCAG
ACCCCACAGGCGCCTTGACTGAGGACAGCATAGACGACACCTTCCTCCCAGTGCC
TGAATACATAAACCAGTCCGTTCCCAAAAGGCCCGCTGGCTCTGTGCAGAATCCT
GTCTATCACAATCAGCCTCTGAACCCCGCGCCCAGCAGAGACCCACACTACCAGG
ACCCCCACAGCACTGCAGTGGGCAACCCCGAGTATCTCAACACTGTCCAGCCCAC
CTGTGTCAACAGCACATTCGACAGCCCTGCCCACTGGGCCCAGAAAGGCAGCCAC
CAAATTAGCCTGGACAACCCTGACTACCAGCAGGACTTCTTTCCCAAGGAAGCCA
AGCCAAATGGCATCTTTAAGGGCTCCACAGCTGAAAATGCAGAATACCTAAGGGT
CGCGCCACAAAGCAGTGAATTTATTGGAGCATGACCCGGGTAACTCGAG

Appendix 5.4 Plasmid Information
of pcDNA3.1-CCE-9-3HA-hIP

CAAGCTTGCCACCATGGAATGTGCTGCCTTAGAGAAGGAAATTGCAGCGTTAGA
GAAGGAAATTGCTGCATTAGAGAAGATGTACCCATACGATGTTCCAGATTACGC
TTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCT
GATGCGGATTCGTGCAGGAACCTCACCTACGTGCGGGGCTCGGTGGGGCCGGCCA
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CCAGCACCCTGATGTTCGTGGCCGGTGTGGTGGGCAACGGGCTGGCCCTGGGCAT
CCTGAGCGCACGGCGACCGGCGCGCCCCTCGGCCTTCGCGGTGCTGGTGACCGGA
CTGGCGGCCACCGACCTGCTGGGCACCAGCTTCCTGAGCCCGGCCGTGTTCGTGG
CCTATGCGCGCAACAGCTCCCTGCTGGGCCTGGCCCGAGGCGGCCCCGCCCTGTG
CGATGCCTTCGCCTTCGCCATGACCTTCTTCGGCCTGGCGTCCATGCTCATCCTC
TTTGCCATGGCCGTGGAGCGCTGCCTGGCGCTGAGCCACCCCTACCTCTACGCGC
AGCTGGACGGGCCCCGCTGCGCCCGCCTGGCGCTGCCAGCCATCTACGCCTTCTG
CGTCCTCTTCTGCGCGCTGCCCCTGCTGGGCCTGGGCCAACACCAGCAGTACTGC
CCCGGCAGCTGGTGCTTCCTCCGCATGCGCTGGGCCCAGCCGGGCGGCGCCGCCT
TCTCGCTGGCCTACGCCGGCCTGGTGGCCCTGCTGGTGGCTGCCATCTTCCTCTG
CAACGGCTCGGTCACCCTCAGCCTCTGCCGCATGTACCGCCAGCAGAAGCGCCAC
CAGGGCTCTCTGGGTCCACGGCCGCGCACCGGAGAGGACGAGGTGGACCACCTGA
TCCTGCTGGCCCTCATGACAGTGGTCATGGCCGTGTGCTCCCTGCCTCTCACGAT
CCGCTGCTTCACCCAGGCTGTCGCCCCTGACAGCAGCAGTGAGATGGGGGACCTC
CTTGCCTTCCGCTTCTACGCCTTCAACCCCATCCTGGACCCCTGGGTCTTCATCC
TTTTCCGCAAGGCTGTCTTCCAGCGACTCAAGCTCTGGGTCTGCTGCCTGTGCCT
CGGGCCTGCCCACGGAGACTCGCAGACACCCCTTTCCCAGCTCGCCTCAGGGAGG
AGGGACCCAAGGGCCCCCTCTGCTCCTGTGGGAAAGGAGGGGAGCTGCGTGCCTT
TGTCGGCTTGGGGCGAGGGGCAGGTGGAGCCCTTGCCTCCCACACAGCAGTCCAG
CGGCAGCGCCGTGGGAACGTCGTCCAAAGCAGAAGCCAGCGTCGCCTGCTCCCTC
TGCTGAGGATCCCG

Appendix 5.5 Plasmid Information
of pEGFP-N1-(CCE-9-hIP-EGFP)

CAAGCTTGCCACCATGGAATGTGCTGCCTTAGAGAAGGAAATTGCAGCGTTAGA
GAAGGAAATTGCTGCATTAGAGAAGATGTACCCATACGATGTTCCAGATTACGC
TTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCT
GATGCGGATTCGTGCAGGAACCTCACCTACGTGCGGGGCTCGGTGGGGCCGGCCA
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CCAGCACCCTGATGTTCGTGGCCGGTGTGGTGGGCAACGGGCTGGCCCTGGGCAT
CCTGAGCGCACGGCGACCGGCGCGCCCCTCGGCCTTCGCGGTGCTGGTGACCGGA
CTGGCGGCCACCGACCTGCTGGGCACCAGCTTCCTGAGCCCGGCCGTGTTCGTGG
CCTATGCGCGCAACAGCTCCCTGCTGGGCCTGGCCCGAGGCGGCCCCGCCCTGTG
CGATGCCTTCGCCTTCGCCATGACCTTCTTCGGCCTGGCGTCCATGCTCATCCTC
TTTGCCATGGCCGTGGAGCGCTGCCTGGCGCTGAGCCACCCCTACCTCTACGCGC
AGCTGGACGGGCCCCGCTGCGCCCGCCTGGCGCTGCCAGCCATCTACGCCTTCTG
CGTCCTCTTCTGCGCGCTGCCCCTGCTGGGCCTGGGCCAACACCAGCAGTACTGC
CCCGGCAGCTGGTGCTTCCTCCGCATGCGCTGGGCCCAGCCGGGCGGCGCCGCCT
TCTCGCTGGCCTACGCCGGCCTGGTGGCCCTGCTGGTGGCTGCCATCTTCCTCTG
CAACGGCTCGGTCACCCTCAGCCTCTGCCGCATGTACCGCCAGCAGAAGCGCCAC
CAGGGCTCTCTGGGTCCACGGCCGCGCACCGGAGAGGACGAGGTGGACCACCTGA
TCCTGCTGGCCCTCATGACAGTGGTCATGGCCGTGTGCTCCCTGCCTCTCACGAT
CCGCTGCTTCACCCAGGCTGTCGCCCCTGACAGCAGCAGTGAGATGGGGGACCTC
CTTGCCTTCCGCTTCTACGCCTTCAACCCCATCCTGGACCCCTGGGTCTTCATCC
TTTTCCGCAAGGCTGTCTTCCAGCGACTCAAGCTCTGGGTCTGCTGCCTGTGCCT
CGGGCCTGCCCACGGAGACTCGCAGACACCCCTTTCCCAGCTCGCCTCAGGGAGG
AGGGACCCAAGGGCCCCCTCTGCTCCTGTGGGAAAGGAGGGGAGCTGCGTGCCTT
TGTCGGCTTGGGGCGAGGGGCAGGTGGAGCCCTTGCCTCCCACACAGCAGTCCAG
CGGCAGCGCCGTGGGAACGTCGTCCAAAGCAGAAGCCAGCGTCGCCTGCTCCCTC
TGCcgGGATCCC
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Chapter 6
Summary and Conclusion

6.1 Conclusion

During my graduate studies, I have been involved in three different but related areas:
(1) structure–activity relationship of antimicrobial peptide defensin, (2) structure-
guided design of protein ligands for quantum dots, and (3) structure-guided design of
new bioconjugation reaction for cell imaging. Notwithstanding their distinct diver-
sity, all three projects converge on structure-guided design of peptide and proteins
and their engineering through chemical and biochemical methods. As the projects
were all driven by chemical basis and molecular understanding and the techniques
involve sophisticated chemical synthesis, my work, is broadly categorized as
chemical biology.

In the project described in Chap. 2, we attempted to explore and improve the
biological active site of white cloud bean defensin. While biologists mainly focused
on the entire protein structure or the partial primary sequence of defensins, we
adopted a complementary fragmentation strategy based on the secondary structures.
The b loop structure of the protein was identified to be a potential active site. By
incorporating DPLP turn, we further increased the biological activity of the
candidate.

In the project described in Chap. 3, we exerted a systematic investigation on the
interaction modes of protein and nanoparticle. By comparing histag-mCherry,
TIP1-mCherry monomer and TIP1-mCherry dimer, we manifested that protein size
significantly affected the stoichiometry of protein–nanoparticle assembly.
Engineering of two tetrameric proteins, ULD-mCherry and GCN-mCherry, we have
shown that the spatial distribution of the QD-binding sequences affect the aggre-
gation states of protein-QD assemblies. Lastly, we designed a new protein,
Nanobelt-mCherry and exhibited a peptide induced structural transition and studied
how such structural transition affects protein-QD interaction.

Chapters 4 and 5 report how we developed a new covalent tagging system which
found application in protein labeling and cell imaging. Incorporation of an
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electrophilic group in coiled-coil peptides converted the noncovalent interaction
was converted highly reactive and yet specific pairs. One of the peptides is com-
posed of natural amino acids, so it could be fused to the protein of interest and serve
as the recognition site for the other synthetic peptide probe. This technique has been
applied to the covalent labeling of cell surface receptor proteins, GPCRs and EGFR.

Further refinement of the antifungal peptide derived from defensin is in progress.
One direction is incorporating more positively charged and aromatic amino acids,
natural and unnatural, to increase the amphiphilicity [1, 2]. On the other hand, the
secondary structure of the peptide (specially the b loop and the cyclic structure)
could also be refined. For example, by collaboration with Prof. Zigang Li, the
disulfide bond could be replaced with a more stable linkage using their unique
chemistry thiol-ene reaction. A more comprehensive peptide library will then be
generated. Finally, all the peptide candidates need to go through more rigorous
biological activity tests to fully reveal the structure–activity relationship.

Having proven the principle of binding-induced covalent crosslinking in coiled
coils, we will take one step further to develop orthogonal peptide tags to simulta-
neously labeling two receptors. One candidate to explore is the Dock and Lock
system (DNL) [3], a pair of peptides with high specificity and strong binding
affinity. We will fuse two orthogonal tags to two cell surface receptors followed and
label and trace them simultaneously.
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