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At least 10390 different sequences are possible for the average protein of 300 

residues and proteins approaching the 1000 residues are not that rare.  Most of these 

available sequences probably fail to fold into a potentially useful unit, but those that can 

perform an advantageous function are selected, adapted, and eventually gain new 

functions. The immunoglobulin (Ig) fold is probably the most versatile domain known 

today with many functions in cell adhesion and immunity. V region-containing chitin-

binding proteins (VCBPs) from amphioxus, which lacks adaptive immune receptors, 

represent the only invertebrate variable (V) regions known to exhibit regionalized 

germline hypervariability and thought to belong to the V-type immunoglobulins. These 

characteristics combined make VCBPs one of the most structurally related invertebrate 

immune-type receptors to an adaptive receptor ancestor. 

 Crystal structures of VCBP3 to 1.15 and 1.85 Å were solved and confirm that 

VCBP3 exhibits V-type regions. The hypervariable regions map to a contiguous surface 
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at the interface of the two Ig domains, similar to antigen receptors. The atomic resolution 

structure shows novel noncanonical interactions by conserved V-type Ig residues that 

likely had an important role in the structural evolution of the Ig fold. These structures 

may reveal features of primordial antigen receptors, bridging gaps in our knowledge of 

immune system evolution. Adaptive receptors exemplify an exploit of primary sequence 

by natural selection, but proteins show structural variability at higher structure levels as 

well (i.e., secondary, tertiary, and quaternary).  

We outlined a novel strategy in drug discovery that exploits different 

conformations in enzymes (i.e., tertiary structure). ACE2 is a central regulator of the 

renin-angiotensin system and a target against hypertension. Structural analysis of ACE2 

and virtual screening methods allowed us to identify 2 compounds that enhance 

enzymatic activity ~2-fold in a dose-response manner, while not affecting ACE activity. 

These compounds are predicted to interact with an allosteric site and show a high degree 

of structural similarity. This method is applicable to enzymes showing multiple 

conformers and offers new opportunities in the development of enzymatic activators. It 

also offers alternatives to develop novel inhibitors of resistant enzymes. 
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CHAPTER 1 
BACKGROUND AND SIGNIFICANCE  

Introduction 

The average size protein is 300 residues long (Dobson 2004). This means that 

technically, there are a maximum of 10390 possible sequences for a protein of this length 

(assuming only 20 standard amino acids) but proteins approaching the 1000 residues are 

not that rare. This means there is an incredibly vast pool of primary structure but the 

simplest organisms are predicted to express less than 1000 proteins and our own 

proteome is estimated to consist of only a few thousand folds. This amazingly small 

subset of the available pool harbors enough variability to allow for the different cells, 

tissues, and myriad biochemical reactions to function in a way that makes us what we are.  

Clearly, complex organisms (or any organisms) do not depend solely on the 

functions of proteins. Lipids, carbohydrates, proteins, and nucleic acids all form an 

incredibly complex system in chemical biology. Other factors such as 

compartmentalization, posttranslational modification, alternative splicing, and chemical 

gradients are also known to function on different levels of complexity. Complexity 

should not be understood only spatially, since temporal separation of biochemical 

phenomena is probably involved in more events than we are currently aware of. This list 

of examples, by no means exhaustive, is meant to acknowledge the many other factors 

that may affect protein function. These factors encourage us to question and study the 

structures of proteins.  
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We examined two examples of structural variability in proteins and how this 

variability manifests for each case. These examples support our quest for understanding 

proteins for different reasons. Our study of the origins of selected variability in the 

primary structure of proteins (Chapter 3 and 4) allowed us to answer questions related to 

the evolution of the imune system. Our study of different structures related to protein 

dynamics (Chapter 5) enabled us to prospose a novel strategy in drug development. 

However, they both share a common template (e.g., fold or primary sequence) for 

variability. Understanding these differences in proteins will enable us to understand our 

evolutionary history and what can we do next to take advantage of these differences and 

push forward the frontiers of Biomedicine. 

Structural Variability in Proteins 

Proteins must have a diverse set of structures to carry out the many chemical and 

structural roles they play in an organism. Obvious diversity is observed when we 

compare proteins that have distinct folds, or otherwise very different structure scafolds. 

Although we may code for 20-30K proteins, the estimated number of folds in our 

proteome is much smaller (Orengo and Thornton 2005). This suggests that variability in 

any particular fold may be less clearly defined. A particular fold may have a different 

function due to small variations in primary structure such as point mutations and 

localized hypervariable residues (i.e., as in the case of antibodies). The same fold may 

exist in different conformations (Towler et al. 2004), or a particular fold may be able to 

swich structures and form a different fold (Ross et al. 2005). This variability along with 

factors such as those mentioned above are greatly responsible for the complex systems 

that make up an organism. Although an exhaustive survey of the structures of proteins is 

not possible here, the variability of protein structures can be categorized in parallel to the 
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levels of structure traditionally taught when discussing the fundamentals of protein 

structure. 

Proteins may have a primary, secondary, tertiary, and quaternary structure. Their 

primary structure consists of the amino acid sequence. Secondary structure involves the 

local folding of residues, mostly into one of two structures: helices and strands. These 

locally ordered segments can arrange to form larger units such as helix bundles, sheets, 

and many different folds, which belong to tertiary structure. Tertiary structure is 

classically described as the overall three-dimensional structure of proteins, although it 

could probably be subdivided to segregate multi-domain proteins from single-domain 

proteins that better fit this description. Multi-domain proteins may behave somewhat like 

multimeric proteins if they are attached by a long flexible linker. As individual domains 

may act more independently, they will resemble quaternary structure (e.g., proteins that 

engage in domain swapping). Quaternary structure arises when different subunits (not 

linked) form complexes behaving as single biological units. All proteins certainly have a 

primary structure, but many proteins do not have quaternary structure. Most proteins do 

have a secondary and tertiary structure that is stable, although modern concepts of protein 

dynamics such as local unfolding and conformer equilibria challenge these traditional 

views (Frauenfelder et al. 1988). 

Categorizing Structural Variability 

 It may be useful therefore to categorize structural variability according to these 

levels of structure. Primary structural variability can be easily understood when we 

examine differences in protein sequence: mutations, deletions, insertions, 

polymorphisms, and similar variations of protein sequence. Secondary and tertiary 

structural variations can be grouped together since variation of either will seldom exclude 
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the other. Different topologies and folds are obvious representations of secondary and 

tertiary structural variability. Finally, quaternary structural variability is observed when 

proteins with the same sequence and fold have different functions or activities when 

complexed with different partners. An example of quaternary structural variability is 

observed when proteins form homo- and/or different heterodimers that function 

differently.  

These categories are not independent, since variation in sequence may ultimately 

yield a different fold, different topology, or different multimerization capability. 

Likewise, some folds can better withstanding less-than-conservative mutations and have 

a better chance to become polymorphic.  This assumes that these mutations are not 

detrimental to their function. However, immune receptors are a good example of when 

sequence diversity may become advantageous (i.e., to recognize a diverse set of 

antigens). This categorization is evidently arbitrary, but may help in thinking about 

interestingly subtle differences in the structures of proteins.  

Obvious Examples of Structural Diversity 

Probably the best examples today of primary structural variability are the antigen 

receptors of the adaptive immune system. These receptors have regionalized sequence 

variability that enables them to recognize a wide range of antigens (Zemlin et al. 2002). 

In the case of antibodies and T cell receptors (adaptive receptors) the same fold and the 

same topology can be mutagenized by the immune system to recognize an almost infinite 

number of antigens (Zemlin et al. 2002). Other families of immune receptors throughout 

phylogeny are known to be highly polymorphic and thus capable of recognizing a wide 

range of antigens, but none to the extent of adaptive receptor capability (Litman et al. 

2005). Antibodies and T cell receptors are also good examples of quaternary structural 
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variability, since heavy and light chains must pair to function and expand their repertoire 

by combinatorial diversity (Collins et al. 2003).  

Another remarkable example of quaternary variability is G-proteins, which may 

pair with inhibitory and activator proteins at the cell membrane depending on what 

pathways are stimulated (Simonds 1999). Many receptors also function as homo or 

heterodimers, and their effector functions may be different in each case. Some of these 

receptors, G-proteins, and other examples may steer their functional roles depending 

more strongly on quaternary structure; but in the case of adaptive and many other antigen 

receptors, both primary and quaternary structure strongly influence their activity.  

An extreme example of secondary/tertiary structural variability is observed in prion 

proteins and unstructured proteins. Prion proteins can restructure into infamous β-strand-

rich folds that can multimerize and cause disease (Ross et al. 2005). Although the 

pathological structure of prion proteins multimerizes, it is the change in 

secondary/tertiary structure that enables these proteins to make new (unfortunately 

deadly) interactions. In the case of unstructured proteins, there is no stable secondary or 

tertiary structure throughout a significant portion of the protein. The native conformation 

of these proteins is the unfolded state, with no average structure (Dyson and Wright 

2005). These proteins stabilize into a structure on ligation and due to their extensible 

flexibility, they are often capable of binding more than one ligand. Thus they may have 

variability on all three (secondary, tertiary, and quaternary) levels of structure. 

Conformational Subpopulations of Protein Structures as Tertiary Structural 
Variability 

Although any protein can exist as a set of conformers, we are particularly interested 

in applying this concept to enzymes. An enzyme may exist in different conformations and 
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some of these may have an increased ability to perform their function. Likewise, other 

conformations may be inactive. It is also possible that the rates of exchange between 

these conformations limit turnover rates. NMR relaxation experiments show that a single 

frequency can describe the amide relaxation rates for most residues in several proteins 

examined (Eisenmesser et al. 2005). This suggests that the measurements represent 

collective motions involving most of the enzyme and may be translated to large-scale 

conformational changes. Furthermore, many enzymatic reactions occur in micro- to 

millisecond timescales that may correspond to such conformational changes. These 

observations and experiments showing that these rates are almost identical in the 

presence or absence of substrate suggest that the rate limiting factor for many enzymes 

may be a conformational change. By considering these concepts (Chapter 5) as an 

example of tertiary structural variability, we were able to outline a novel strategy for drug 

discovery. 

Enzyme Dynamics May Limit Catalysis  

The function of a protein depends on both the stability and flexibility of its 

structure. Specific residues must be positioned appropriately in the active site of an 

enzyme to provide the required physicochemical environment for catalysis. The enzyme 

structure must provide a stable scaffold to hold these residues in place. One of the most 

important features of an active site is its ability to seclude reactants from solvent while at 

the same time positioning them with an appropriate geometry for the reaction to occur 

(Eisenmesser et al. 2005). Such strict requirements on the formation of a complex 

between an enzyme and its substrates are now understood to be rarely achieved by a 

“lock and key” process of binding (Chen et al. 2002). Instead, an appropriate degree of 

flexibility must allow substrates and products to enter and exit the active site at a rate that 
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ideally does not slow down turnover rates. In many cases this flexibility may be 

manifested as simple side chains rearrangements and other small “induced-fit” effects 

(McCammon 2005). But what happens when the catalytic cycle of an enzyme involves 

large-scale changes in its structure that occur in the micro- to millisecond timescale? 

Would these more flexible enzymes that are slower to perform the appropriate 

rearrangements limit catalysis? There are many examples of enzymes whose rate-limiting 

step involves product release (Wolf-Watz et al. 2004). Others may not have the available 

kinetic evidence to suggest a rate-limiting step but clearly exist in at least two different 

conformations (open and closed). Such is the case for enzymes involving lid opening and 

closing (e.g., HIV protease) and hinge-bending enzymes (e.g., ACE2) (Towler et al. 

2004). 

The analysis of NMR relaxation data by Wolf-Watz and others (2004) showed that 

the reaction catalyzed by adenylate kinase (Adk) is limited by the dynamics of its lid. 

Their experiments compared the dynamics of the metastable kinase from E. coli and its 

thermostable homolog from Aquifex aeolicus. Hyperthermophilic proteins have an 

increased stability that allows them to function at 80ºC and higher temperatures. 

However, differences in the structure of mesophilic-thermophilic enzyme pairs are 

usually small. This observation suggests that the activities of these enzymes should be the 

same at low temperatures (most mesophilic enzymes completely denature between 40 

and 60ºC) but thermophilic enzymes show decreased enzymatic activity compared to its 

mesophilic homolog at the same temperature. The laboratory of Dorothee Kern (Wolf-

Watz et al. 2004) showed that the decreased conformational exchange rates of the 

thermostable protein coincide with the decreased activity at lower temperatures.  
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As observed for other proteins, a single rate constant describes the motions of all 

amides with detectable conformational exchange in Adk. Interestingly, they found that 

the lid-closing rate constants are the same for both enzymes (kclose = ~1,400 ±100 s-1) at 

20ºC. Lid-opening rates constants, however, were much lower and matched kinetic 

turnover rates at the same temperature (kopen = 44 ±20 s-1 and kcat = 30 ±10 s-1 for thermo 

Adk; kopen = 286 ±85 s-1 and kcat = 263 ±30 s-1 for meso Adk). An independent 

experiment showed that 1H-15N correlation spectra are almost identical in the presence of 

either substrate or a nonconvertible ATP analog (AMPPNP). Adk catalyzes the reversible 

reaction of one AMP and one ATP molecule into 2 ADP molecules. The chemically 

inactive compound binds the enzyme like the substrate would but does not undergo the 

phosphotransfer step. The NMR data show that the dynamic processes in Adk are 

reflective of the binding and release of substrate but not of chemical catalysis.  

Many enzymes require large conformational changes to perform catalysis. 

Advances in NMR relaxation techniques are enabling us to quantitatively characterize the 

rate constants that describe the interconversion between different structures (open and 

closed). A variety of other enzymes have been shown to perform domain or lid 

conformational changes with frequencies that approximate catalytic turnover rates (e.g., 

triose phosphate isomerase, dihydrofolate reductase, and RNAse A). Hinge-binding 

enzymes such as angiotensin-converting enzyme 2 have not been analyzed by these 

techniques yet, but they are likely to undergo similar dynamic processes (Figure 1-1). 

Population Shift in Protein Structures as a Novel Strategy in Drug Therapy 

Most therapeutic agents are designed to inhibit the activity of an enzyme. In 

structure-based approaches to drug discovery and development the ligand binding site is 

almost always targeted for inhibition. If successful, often a synthetic compound 
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  A B 

Figure 1-1. Closed and open forms of ACE2. If ACE2 exists in mainly these 
conformations, we could be able to enhance its activity by either increasing 
the concentration of a particular conformer or by increasing the rate of 
exchange between conformers. (A) shows the inhibitor bound crystal structure 
(PDBID: 1R4L). Inhibitor not shown. (B) shows the open form of the enzyme 
(PDBID: 1R42). Both crystal structures are colored according to secondary 
structure (red for helices, gray for loops, and gold for strands).  

(small molecule, antibody, or peptide) competitively inhibits enzymatic activity by 

binding at the active site. This requires that we understand the active site of the enzyme 

and that the affinity of the enzyme for the inhibitor be much greater than for that of the 

substrate. Logically, this approach is limited to the design or discovery of therapeutic 

agents that function in inhibition. However, by focusing the effector function of a 

therapeutic agent via shifting of conformational populations of an enzyme, it may be 

possible to design enzymatic activators as well as novel inhibitors. This strategy may 

open the door to new targets in many diseases (e.g., partial enzyme deficiencies).  

Novel inhibitors may be designed by developing compounds that stabilize inactive 

forms of an enzyme while still targeting structural sites outside of the active site. We 

refrain from using the term “allostery” in our study since traditionally this term is 

strongly related to the cooperative effects observed in many multimeric proteins (Jaffe 

2005). Although populations shift concepts are not new to allosteric proteins (Volkman et 

al. 2001). In our study we focus our efforts on enzymes. Novel inhibitors may be of 
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particular importance in the case of enzymes that are resistant to current therapeutic 

agents (e.g., HIV protease and antimicrobials).  

By the same mechanism we could potentially stabilize a more active form of the 

enzyme. Or we could increase the conformational rate of a conformational change that 

enriches the population of active enzyme. It is proposed here that if this mechanism can 

be validated for an inhibitor, we can likely design an activator based on these same 

principles. 

The Treatment of Hypertension and ACE2 Activation 

Hypertension is one of the highest health concerns as it affects more than 65 

million Americans (Suri et al. 2004). The prolonged high blood pressure experienced by 

individuals suffering from hypertension eventually leads to other ailments if untreated. 

This growing list of related complications includes strokes, ischemic heart disease, 

peripheral vascular disease, renal damage, and acute lung failure (Miura et al. 2001; 

Borghi et al. 2004). It is well established that the renin-angioteinsin system (RAS) has an 

important role in the regulation of blood pressure (Zaman et al. 2002; Ruiz-Ortega et al. 

2001) and agents that decrease activity of the RAS effectively lower blood pressure 

(Unger 2003). Likewise, transgenic and knockout mice of RAS genes develop 

cardiovascular and blood pressure phenotypes consistent with their function in the 

regulation of the RAS and hypertension (Bader 2002). Therefore, the control and 

treatment of hypertension is widely believed to have deep roots in the therapeutic 

intervention of the RAS. 

In the classical understanding of the RAS (Figure 1-2), renin cleaves 

angiotensinogen to produce the decapeptide angiotensin I(1-10) that is the substrate of 

angiotensin-converting enzyme (ACE). Catalysis by ACE produces angiotensin II(1-8) 
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which stimulates angiotensin receptors. Recently, a homolog of ACE (ACE2) was 

identified (Donoghue et al. 2000, Tipnis et al. 2000). Angiotensin-converting enzyme 2 

cleaves angioensin I to produce angiotensin 1-9 and angiotensin II to produce angiotensin 

1-7 (Figure 1-2). Angiotensin 1-7 has vasodilatory properties that counteract the 

vasoconstrictive effects of angiotensin II. Angiotensin 1-7 also inhibits ACE. Therefore, 

increased activity from ACE2 will result in desirable effects that lower blood pressure 

and likely offer therapeutic potential against hypertension. Most current antihypertensive 

treatments involve the inhibition of ACE or AT1 receptors (Unger 2003), but an agent 

able to enhance the enzymatic activity of ACE2 represents a novel approach to the 

treatment of hypertension and related diseases. We describe (Chapter 5) how we 

identified two small molecule compounds for this purpose. 

 

Figure 1-2. The renin-angiotensin system. Classic understanding of the cascade is in blue. 
New alternatives that should be explored for therapeutic potential are shown 
in red.  

Molecular Docking and Virtual Screening as Tools to Exploit Conformational 
Equilibria for Drug Discovery 

As described in Chapter 5, the following in silico techniques were used to identify 

small molecule activators of angiotensin-converting enzyme 2, an important recently 

validated target for the treatment of hypertension (Katovich et al. 2005). Although more 
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experiments are needed to validate an equilibrium-shift mechanism of action for these 

compounds, it is noted this is the first report on the identification of enzyme activity 

enhancers by this structure-based approach. 

Molecular Docking and Virtual Screening 

Molecular docking consists of a computer simulation attempting to predict the 

binding orientation and conformation between a small molecule and a macromolecular 

target (Kitchen et al. 2004). Although the field has expanded to protein-protein docking 

and docking of other macromolecular assemblages (e.g., nucleic acids on proteins) 

(Kitchen et al. 2004), this later development is not relevant to our study and will not be 

discussed further. Also, it is noted that different macromolecules can be targeted with 

small molecules. Of special interest to our study, however,  is the application of 

molecular docking to proteins (namely enzymes) for the identification and development 

of small molecules that may modulate enzymatic activity. 

The number of protein structures available from databases such as the Protein Data 

Bank (PDB)(Berman et al. 2000) is increasing rapidly. This large body of data provides 

the scientific community with a concomitant increase in the number of therapeutic targets 

available for the development of treatments against many diseases. Structures are 

particularly amenable to computational techniques which offer economical and practical 

strategies and thus make the structure-based drug discovery and development process 

more effective (Bajorath et al. 2002; Langer et al. 2001; Walters et al. 1998). The in 

silico docking of small molecules was pioneered in the early 80s (Kuntz et al. 1982) and 

is now an active field of research.  

Virtual screening is the application of molecular docking to large databases of 

small molecule structure coordinates. It is estimated that there is a maximum of ~ 1060-
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10100 druglike molecules in "chemical space" (Bohacek et al. 1996). This is at present, 

and probably will be for decades to come, an impossible number of small molecules to 

screen by any current method whether it is in vitro or in silico. Although current chemical 

libraries ("real" chemicals) consists of a few million compounds available for in vitro 

testing, the drug discovery field has benefited from virtual screening strategies by 

narrowing down the size of these databases while increasing lead identification rates. 

Current virtual screening techniques can select from these databases those compounds 

that are most likely to have an affinity for a given site on a macromolecular structure. 

Studies that compare the likelihood of randomly selecting a known compound from a 

database by functional testing with the same approach but including virtual pre-filtering 

continue to suggest that there is about a 20-fold increase in the identification rate of 

known compounds (Becker et al. 2004).  

How DOCK Works 

Like most molecular docking software packages available, DOCK (Ewing et al. 

2001) functions in two steps. First a complex between a small molecule and a 

macromolecular target is generated, then scored. A database of small molecule 

coordinates can be input to rank the compounds according to their scores. Those with 

better scores are more likely to have an affinity for the target site. It is emphasized that 

although an intense research effort is in place to develop docking software that can 

accurately calculate binding energies and complexes, the field is still young and current 

computational power and software is less appropriate for that level of analysis. There are 

more accurate scoring methods available but they are computationally expensive. For 

practical reasons, scoring functions should allow the processing of hundreds of thousands 

of compounds in a short time, usually days, yet they also have to be accurate enough to 
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rank unknown compounds high compared to the rest of the database so that they can be 

identified by in vitro testing. DOCK and similar software should be used to filter large 

databases of compounds and therefore increase the efficiency of the drug discovery 

process. Interpretations of high resolution interactions between a small molecule and its 

target should be carried out cautiously. See the work of Card and others (2004) for an 

impressive example of molecular docking applications.  

 DOCK generates orientations of a small molecule by using a geometric approach 

(Kuntz et al. 1982). A molecular surface map of the target structure is obtained by the 

Connolly method (Connolly et al. 1983) or similar approach. Software from the DOCK 

package can then be used to place spheres where vectors normal to the surface intersect 

and meet specific parameters. These vectors will intersect on more concave surfaces. 

Therefore spheres are used to describe and represent a surface pocket or active site. 

Clusters of spheres form and can be selected to create a negative image of the site 

intended for drug interaction (Figure 1-3).  

DOCK generates the orientations of small molecule compounds by matching the 

internal distances of the atom centers with those of the sphere centers. In other words, we 

can almost say DOCK superimposes the atoms of small molecules on these spheres and 

when orientations meeting minimum criteria are identified, DOCK can proceed to score 

them. The best scoring orientation for each compound can be written as output for 

comparison with other small molecules once they have been ranked (Figure 1-3). 

Depending on computing resources, the evaluation of 100-1000 (or more) orientations is 

typically requested from DOCK.  
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 A  B 

Figure 1-3. How DOCK works. (A) shows how spheres where compounds are docked fill 
a target site on ACE2 (site1 discussed in Chapter 5). Spheres (yellow) are 
enclosed by the scoring grid (purple). (B) shows the top scoring compound 
after molecular docking. The molecular surface is colored according to 
secondary structure, shown in left panel. (A,B) show ACE2 in identical 
orientations. 

 Some of the most important parameters involved in this matching step include: 

the distance tolerance, the nodes minimum, and the maximum number of bumps allowed. 

The distance tolerance indicates how closely the internal distances of the atom centers of 

a compound have to approximate those of the spheres. The nodes minimum parameter, 

usually set to 3 or 4, indicates how many distances (within the margin of error set by the 

distance tolerance) have to match to consider an orientation for scoring. Sphere clusters 

ranging in size from 20 to 60 spheres are typically used. Finally, a bump filter eliminates 

orientations that clash with macromolecular atoms (i.e., spill outside the sphere cluster 

extensively). The maximum number of bumps, typically set from 3 to 5, indicates how 

many clashes are allowed in order for an orientation to pass. A clash is defined as a 

percent overlap of the van der Waal radii of the clashing atoms. These filtering criteria 

eliminate unfavorable orientations before scoring which saves computational time. 
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 Once an acceptable orientation is generated, DOCK can score it with a few 

different functions. Most calculations in our study were performed using the energy 

function implemented in DOCK. This energy function is a non-bonded molecular 

mechanics force field containing attractive and repulsive van der Waal terms and a 

coulombic term. This function does not account for entropy and explicit hydrogen 

bonding terms but is suitable for rapid calculation. Some newer functions in DOCK do 

account for some solvation and desolvation effects. However, these algorithms are in 

early stages of development and were not used in our study. 

 The score for any given orientation is the sum of all interactions of every atom in 

the small molecule with atoms of the macromolecule. However, not every atom from the 

target is included in this sum, as even small macromolecules may have thousands of 

atoms. Instead only atoms close to and surrounding the sphere cluster are included in the 

calculation. These atoms are selected by generating a scoring grid (Figure 1-3). These 

grids contain pre-calculated attractive/repulsive van der Waal parameters, dielectric 

values and charges at different points across the molecular surface pocket; making the 

scoring more rapid as these values only need to be retrieved from memory. Finally once 

an orientation is scored it can be optimized to minimize the score (Meng et al. 1993). 

Docking minimization and flexible ligand searching parameters are extensive and will 

not be discussed here. For further details on other features of the DOCK package please 

consult the user manual (Ewing et al. 2001). 

The Immunoglobulin Fold and Primary Structural Variability 

The immunoglobulin fold has been classically defined to consist of a simple Greek 

key β-barrel, although crystal structures are more accurately described as a β-sandwich 

(Bork et al. 1994). In this fold, two β-sheets comprised of 7-9 strands pack together in a 
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specific manner. Although the Ig fold is highly conserved structurally, sequence diversity 

varies greatly. Accordingly, Ig domains have been implicated in many different 

functions. Ig-like domains mainly function as cell surface receptors, many of which are 

involved in immune function; with others involved in cell adhesion. Others have been 

observed in more disparate examples, such as growth hormone receptor, matrix proteins 

(e.g., tenascin and fibronectin), intracellular regulatory proteins (e.g., chaperonin PapD) 

and finally as auxiliary domains in enzymes (Bork et al. 1994 and references therein). 

Notably, in all cases the Ig domain is involved in ligand recognition and it has never been 

observed to have intrinsic enzymatic activity. V-type immunoglobulins seen mainly in 

antibodies and T cell receptors are discussed in Chapters 3 and 4 while considering the 

origins of the structural features that lead to the vast amount of variability used by the 

adaptive immune system. There are, however, other types of imunoglobulins. 

Immunoglobulin domains can be classified mainly into four different classes: V-, 

C-, H- and S-type immunoglobulins (Bork et al. 1994). V-type immunoglobulins have a 

conserved 9-strand topology (back sheet strands: DEBA; front sheet strands: GFCC’C’’). 

The other types show a 7-strand topology but can be distinguished depending on whether 

the C’/D strand positions on the front or back sheet. C-type immunoglobulins have a 

classical 7-strand topology with DEBA strands comprising the back sheet and GCF 

strands in the front sheet. S-type immunoglobulins also have a 7-strand topology but the 

D strand is replaced by a C’ strand (back sheet strands: EBA; front sheet strands: 

GFCC’). The H-type domain is a hybrid between the C- and S-type Ig. In the H-type Ig 

the N-terminal segment of strand C’/D forms part of the back sheet and the C-terminal 

end of the strand hydrogen bonds to the front sheet. The review of Bork and others 
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(1994) contains excellent figures comparing the different types of Ig domains. In Chapter 

3 (Figure 3-3) we ilustrate and examine closely the topology of the V domain.  

Common to all Ig types, however, are the more structurally conserved BCEF 

strands that are surrounded by the more structurally variable remaining strands and loops. 

Perhaps not surprisingly, these 4 strands (the 2 center strands of each sheet) constitute the 

core of the Ig fold. It was also found by Bork and others (1994) that the topology adopted 

by the Ig was correlated to the length of the intervening sequence between the C and the 

E strands. Basically, as the amino acid sequence between the C and E strand increases, 

there is an increasing likelihood for the Ig domain to adopt an S- to H- to C- to V-type 

structure. This is consistent with the observation that the V-type fold has additional 

strands C’ and C’’, 9 strands in total, and so a larger primary structure is necessary.  

One last highly conserved structural feature of the Ig domain is a disulfide bond 

that covalently joins the front and back sheet of the β-sandwich. The classical Ig fold has 

such pair of cysteine residues in the B and F strands, but examples of a disulfide bond 

between the C and F strands and between the A and G in addition to the B and F strands 

have been observed in CD2. In a small number of cases the disulfide bonds are absolutely 

absent (e.g., CD4). Interestingly, it has been found that families of Ig domains missing a 

disulfide bond show a greater degree of conservation of hydrophobic residues at the core 

of the fold. 

Amphioxus Harbors Primordial V-Type Immunoglobulins 

 The adaptive immune system arose abruptly in ancestors of the jawed vertebrates, 

approximately 500 million years ago (Litman et al. 1999; van den Berg et al.  2004). 

Proteins characteristic of adaptive immune responses (e.g., immunoglobulin and T cell 

antigen receptor [TCR]) have been identified in all species of jawed vertebrates examined 
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thus far (Rast et al. 1997). However, no definitive homolog of either these or other genes 

associated with adaptive immune function has been reported in jawless vertebrates or 

invertebrates. Although the identity of the “primordial” receptor that gave rise to antigen 

receptors in jawed vertebrates may never be established, several different families of 

genes that show predicted characteristics of such a receptor have been described in and 

outside the jawed vertebrates (Rast and Litman 1998).  

Among the protochordates, efforts have focused on the amphioxus (Branchiostoma 

floridae), a cephalochordate that represents the most phylogenetically proximal 

invertebrate form on a direct line with vertebrates. Efforts to find adaptive immune genes 

in this species have identified a multigene family that encodes the variable region-

containing chitin-binding proteins (VCBPs) (Cannon et al. 2002). These molecules 

possess two tandem V domains and a chitin-binding domain and can be classified into 

five major families. Comparisons of pooled mRNAs (cDNAs) and genomic sequences 

derived from individual animals (Cannon et al. 2004) show several regions of 

considerable sequence substitution (i.e., VCBPs are diversified at both the inter- and 

intrafamily levels). 

To determine the extent of structural similarity among the VCBP proteins (which 

likely function as innate receptors) and antigen receptors characteristic of adaptive 

immune responses, N-terminal, Immunoglobulin-like variable domains from VCBP3 and 

VCBP2 protein families were crystallized. An understanding of VCBP structures will 

likely provide insights in the evolutionary mechanisms that underscore the dissemination 

of the antigen binding receptors. 
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Non-Canonical Interactions Become an Increasingly Recognized Feature in the 
Structure of Proteins 

Most non-canonical interactions consist of some unconventional form of a C-H---Y 

hydrogen bond, in which Y is the hydrogen bond acceptor. With the first C-H---O 

hydrogen bond suggested by Maurice Huggins soon after the discovery of the hydrogen 

bond (Huggins 1943), it was not until 1982 that these interactions were conclusively 

confirmed in a survey of neutron structures (Taylor and Kennard 1982). However in 

macromolecules these interactions were usually and incorrectly regarded as hydrophobic 

interactions until recently (Wahl and Sundaralingam 1997) at least in part due to the large 

size of macromolecules and the limited resolution of crystal structures. But with advances 

in X-ray crystallography, NMR spectroscopy, and other structural biology techniques, it is 

now widely accepted that these unconventional hydrogen bonds play significant roles in 

the structures of proteins (Derewenda and Derewenda 1995, Loll et al. 2003). Although 

weak (1-2 kcal/mole), these interactions seem to be numerous and thus the structure 

effects they induce are presumed to be far from trivial (Desiraju 1996). 

Nucleic Acids and C-H---O Bonds 

 C-H---Y bonds have been reported and discussed for nucleic acids, proteins and 

carbohydrates. The widespread observation of these interactions points to their 

fundamental chemical nature. In nucleic acids these interactions are thought to expand 

their base-pairing capabilities significantly, implicating a functional role in homologous 

recombination where C-H---O bonds might allow the third strand to discriminate between 

the pairs in the Watson-Crick duplex (Zhurkin et al. 1994). Also it has been suggested 

that the more restricted hydrogen bonding ability of thymine makes this base better fit for 

its role in the hereditary material (DNA), whereas uracil is more versatile in its 
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interactions making a better candidate to function in RNA tertiary structure (Wahl et al. 

1996). 

Proteins and C-H---O Bonds 

 In proteins C-H---O bonds are more commonly found in β-sheets, where the 

slightly acidic hydrogen on the Cα satisfies carbonyl oxygens of adjacent parallel or 

antiparallel strands (Derewenda and Derewenda 1995). In high resolution crystal 

structures it has been clearly observed that a single carbonyl oxygen forms a bifurcated 

hydrogen bond with main chain Cα-H and N-H hydrogen bond donors (Card et al. 2004). 

In α-helices these interactions are rare and more often consist mostly of carbonyls paired 

with Cβ-H and Cγ-H donors. Remarkably, in the case of proteins there is at least one case 

where C-H---O bonds have been implicated in a specific functional role. In serine 

hydrolases a bond between the Cε-H of the catalytic histidine with an aspartate carboxylic 

group positions the histidine residue for catalysis (Derewenda et al. 1994).  

A biologically relevant case of overabundance of C-H---O bonds in proteins has 

been discussed for photosystem I from S. elegantus (Loll et al. 2003).  In the crystal 

structure of this trimer complex consisting of 34 transmembrane helices, 75 C-H---O 

bonds were identified following criteria similar to those described in Wahl and 

Sundaralingam (1997), whereas only 49 conventional hydrogen bonds were identified. Of 

those 75 non-canonical bonds only 3 occur intermolecularly. This nonrandom distribution 

suggests that they play a specific role in the structure of these membrane proteins. 

Membrane spanning regions of proteins depend largely on hydrophobic and van der Waal 

interactions, but like conventional hydrogen bonds, C-H---O bonds are directional and 

could potentially guide hydrophobic specificity (Loll et al. 2003). C-H---O bonds could 



22 

 

therefore represent an important cohesive force in the lipophilic environment of 

membrane spanning protein regions, the hydrophobic cores of folded proteins and even 

the active sites of enzymes, where dielectrics are low and favor these interactions. 

Carbohydrates and C-H---O Bonds 

In the case of carbohydrates it is not surprising to observe an abundance of C-H---

O bonds considering their high content of C-H and C=O groups. From neutron structures 

analyzed for these interactions it was determined that 93% of the C-H groups were within 

3 Å of a carbonyl oxygen. The geometrical properties of these interactions varied from 

optimal to weaker “forced” interactions but at this frequency it is almost certain that their 

cumulative effect bears an important role in the stabilization of the overall structure. 

Conventional Hydrogen Bonds are Known to Vary in Strength 

 Conventional hydrogen bonds are now understood to vary in strength depending 

on the length and linearity of the bond as well as the pK difference between donor and 

acceptor (Cleland 2000). Typically the hydrogen bond is described in the form of Xδ- -

Hδ+---Aδ-, where X-H is the donor and A is the acceptor. In water the distance between 

oxygens is 2.8 Å and the ∆H of formation corresponds to 5 kcal/mole. The weakness of 

these bonds in water is mainly due to the large difference in pKs. The pKs of H3O+ and 

H2O are -1.7 and 15.7, respectively (Cleland 2000). But in hydrogen bonding interactions 

between other species of matching pKs, the hydrogen bonding  ∆H of formation may 

increase to up to 15 kcal/mole in the condense phase giving rise a strong “low barrier” 

hydrogen bond (LBHB). Important roles for LBHBs have been described for several 

enzyme reaction mechanisms as they are usually involved in stabilizing the transition 

state of a reaction. What is clear is that hydrogen bonds represent a wide spectrum of 
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interactions largely dependent on the physicochemical characteristics of the donor and 

acceptor. C-H---Y hydrogen bonds, whether the acceptor involves a carbonyl oxygen or 

an electron rich (i.e., an aromatic side chain), appear to exemplify the weak end of this 

spectrum. 

Known Chitin-Binding Domains Have Antimicrobial Activity 

Although V region-containing chitin-binding proteins (VCBPs) have no known 

function, they express a chitin-binding domain which is thought to be used by plants and 

invertebrates as a defense unit in the recognition of parasites and fungi (Kawabata et al. 

1996). Other functions of chitin-binding domains have been observed only in fungi and 

arthropods (e.g., the peritrophic membrane of insects in the gut) (Richards and Richards 

1977). As filter feeders at sea, amphioxus is probably exposed to parasites frequently. 

Since they are secreted in its gut (Cannon et al. 2002), we think VCBPs may neutralize 

incoming chitinous parasites before they colonize or harm amphioxus. 

Chitin  

Chitin is one of the most abundant biopolymers in nature but its role has been 

highly restricted to structural roles in arthropods and fungi (i.e., crustaceans, insects, 

mollusks, nematodes, worms) (Tjoelker et al. 2000). In fungi, this β-1,4-linked polymer 

of N-acetylglucosamine could make from 1% to more than 40% of the cell wall of some 

organisms (Tjoelker et al. 2000). There are no known examples of chitin in mammals, 

other than the invasion of a parasite or fungus. Chitin provides these organisms with 

protection against their environment. With this in mind, it comes as no surprise that many 

plants and invertebrates express chitinases that function in the disruption of chitin 

deposition. 
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Invertebrate and Plant Chitinases 

Chitinases occur in modular form consisting of a catalytic domain and one or more 

ancillary non-catalytic domains. They frequently express a chitin-binding domain (CBD). 

Although CBDs have no intrinsic catalytic activity, they greatly enhance enzymatic 

efficiency (Suetake et al. 2002). Interestingly, the CBDs expressed by plants and 

invertebrates share significant structural homology (Figure 1-4), exemplifying a 

convergent evolution process which may be suggestive of an important function (e.g., 

antigen recognition) for the chitin-binding domain (Shen Z. and Jacobs-Lorena 1999).  

It is clear that CBDs may function as antimicrobials and antifungals even when 

fused to other molecules that lack chitinase activity. Tachycitin (Kawabata et al. 1996) is 

a 73 residue peptide having antimicrobial activity against both bacteria and fungi. Its 

CBD is composed of the C-terminal 65 residue segment and it was found to be 

responsible for the observed antifungal activity after truncating the N-terminal peptide. A 

recombinant form of tachycitin expressing the CBD alone retained the antifungal activity, 

but this truncated form did not posses antibacterial properties (Suetake et al. 2002). 

Although it is not known how the antibacterial N-terminal peptide or the CBD mediate 

these functional roles, it was concluded that the CBD alone had antifungal activity. 

The only current representative of the invertebrate CBD in the Protein Data Bank 

(Berman et al. 2000) is the NMR solution structure of tachycitin from horseshoe crab, 

Tachypleus tridentatus (Suetake et al. 2000). Like the plant CBD, which is also known as 

the hevein domain, the invertebrate domain was found to consist of a two-stranded 

antiparallel  β-sheet that forms a hairpin followed by a short helical turn (Figure 1-5). 

Also similar to the hevein domain, tachycitin was found to contain a high number of 

disulfide bridges; 5 in tachycitin and 4 in vehein. This structurally homologous segment 
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Figure 1-4. Plant and invertebrate chitin-binding domain superimposed. The structurally 
homologous segment is highlighted in pink, tachycitin, and in blue, hevein. 
Residues known to be involved in the interaction with chitin in hevein are 
located on the hairpin between the conserved strands (β4 and β5 in tachycitin, 
Figure 1-5). 

only encompasses ~22 residues of tachycitin and an additional 3-strand antiparallel sheet 

not observed in hevein seems to form part of the invertebrate CBD (β1-β3, Figure 1-5). 

The two sheets form a distorted β-sandwich according to the NMR structure (Suetake et 

al. 2000).  

Strikingly, the structurally homologous segment of plant and invertebrate CBDs 

includes important residues known to be involved in chitin recognition by hevein (Ser19, 

Trp21, Trp23) (Asensio et al. 1995). In the superimposed structures of hevein and 

tachycitin, it is clear that the residues at the equivalent positions in tachycitin have similar 

properties (Asn47, Tyr49, Val52) and are therefore predicted to be involved in chitin 

recognition by tachycitin (Suetake et al. 2000). This observation has also led to the 

thought that the remaining structure of tachycitin (β1-β3), which does not display the 

same level of similarity, functions as structural support that stabilizes the conformation of  
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Figure 1-5. NMR solution structure of tachycitin (PDBID: 1DQC). Strands are in gold, 
loops in gray and helical turn in red. N and C- termini are labeled. Disulfide 
bridges are colored according to secondary structure. 

the chitin recognition segment. 

Mammalian Chitinases  

Mammalian chitinases have been identified more recently and although their 

physiological role in defense mechanisms needs more investigation, the current literature 

is highly supportive of such a notion. Elevated plasma levels of phagocyte-derived 

chitotriosidase in Gaucher patients initially led to the identification of human chitinases 

(Renkema et al. 1995). Chitotriosidase is specifically expressed by phagocytes (Boot et 

al. 2001) and recombinant chitotriosidase is now known to inhibit hyphal growth of 

chitin-containing fungi (van Eijk et al. 2005).  

Like plant and invertebrate chitinases, human chitotriosidase is a modular protein 

consisting of a C-teminal chitin-binding domain and an N-terminal region with chitinase 
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activity (Renkena et al. 1997). There is a naturally occurring truncated form of this 

enzyme that appears to be stored in the lysosome of macrophages, where the CBD is 

removed by proteolytic cleavage (van Eijk et al. 2005). The full length form of the 

enzyme is expressed for secretion. The similarities of human chitinases with those 

expressed by plants and invertebrates further suggest that higher level metazoans may 

have acquired these molecules and used them for immune function. Furthermore, due to 

the modular nature of these proteins it is not hard to imagine that throughout evolutionary 

history, the chitin-binding domain has experienced domain swapping and gene shuffling 

events allowing it to participate in alternative antigen recognition systems and other 

functions in other organisms. 
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CHAPTER 2 
CRYSTALLIZATION AND PRELIMINARY X-RAY ANALYSIS OF VCBP2 AND 

VCBP3 FROM Branchiostoma floridae 

Introduction 

 The adaptive immune system arose abruptly in ancestors of the jawed vertebrates 

approximately 500 million years ago (Litman et al. 1999; van den Berg et al. 2004). 

Proteins characteristic of adaptive immune responses (e.g., immunoglobulin and T cell 

antigen receptor [TCR]) have been identified in all species of jawed vertebrates thus far 

examined (Rast et al. 1997). However, no definitive homolog of either these or other 

genes associated with adaptive immune function has been reported in jawless vertebrates 

or invertebrates. Although the identity of the “primordial” receptor that gave rise to 

antigen receptors in jawed vertebrates may never be established, several different families 

of genes that have predicted characteristics of such a receptor have been described both 

within and outside the jawed vertebrates (Rast and Litman 1998).  

Among the protochordates, efforts have focused on the amphioxus (Branchiostoma 

floridae), a cephalochordate that represents the most phylogenetically proximal 

invertebrate form on a direct line with vertebrates. Efforts to find adaptive immune genes 

in this species have identified a multigene family that encodes the variable region-

containing chitin-binding proteins (VCBPs) (Cannon et al. 2002). These molecules 

possess two tandem V region domains and a chitin-binding domain (CBD). They can be 

classified into five major families. Comparisons of pooled mRNAs (cDNAs) and 

genomic sequences derived from individual animals (Cannon et al. 2004) have showed 
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several regions of considerable sequence substitution (i.e., VCBPs are diversified at both 

the inter- and intrafamily levels).  

Although VCBPs consist of two tandem N-terminal immunoglobulin domains and 

a C-terminal chitin-binding domain, no construct coding for the chitin-binding domain 

has been successfully expressed. A full construct would be interesting for crystallography 

since a crystal structure would show how all three domains pack and this may in turn 

reveal potential ligand binding sites in VCBPs. The observation that VCBPs have a 

chitin-binding domain only suggests more strongly that VCBPs function in a defense 

mechanism; probably one that involves the recognition of chitinous parasites or fungi. 

However, questions specific to the structure of the Ig domains can be answered in the 

absence of the chitin-binding domain. For example, do VCBPs in fact consist of V-type 

immunoglobulins? The VCBPs would represent the first immunoglobulin of this type in 

an invertebrate. Also, how do the tandem domains interact (e.g., front-to-front or back-to-

back)? Do tandem domains interact intra- or intermolecularly? And finally, where does 

the regionalized sequence hypervariability map on the VCBP structure? 

To determine the extent of structural similarity among the VCBP from amphioxus, 

which likely function as innate receptors, and antigen receptors characteristic of adaptive 

immune responses, immunoglobulin-like variable domains from the VCBP3 and VCBP2 

protein families have been purified and crystallized. An understanding of VCBP 

structures will provide insights in the evolutionary mechanisms that underscore the 

dissemination of the antigen binding receptors. Two constructs were transformed and 

expressed in E Coli. The VCBP3 single and two domain protein crystallized better and was 

also more easily obtained than VCBP2 protein.  
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Materials and Methods 

Constructs and Expression 

Oligonucleotides for VCBP3 constructs were designed based on the VCBP3 cDNA 

sequence (Genbank accession no. AF520474). For the amino-terminal V domain of 

VCBP3 the oligonucleotide sequences were: VCBP3-XC-F1, 5´-

ATGCAGTCCATCATGACCGTCCGCA (ATG + nt 49-70) and VCBP3-XC-R1, 5´-

TTAGGTGTGGCCTGTCACCTTGAGCAC (TTA + antisense nt 427-450). In addition 

to native VCBP3 cDNA sequence, VCBP-XC-F1 included an artificial methionine codon 

at its 5´ end and VCBP-XC-R1 included an artificial TAA stop codon in antisense at its 

5´ end. The final peptide encoded by the PCR amplicon represented the N-terminal V 

domain of VCBP3 (VCBP3V1) (i.e., amino acids 17-150 of Genbank no. AAN62850) 

beginning at the first residue after the predicted signal peptide and extending through the 

end of the amino-terminal immunoglobulin-like domain.  

Sequences of cDNA encoding the tandem V domains of VCBP3 (VCBP3V1V2) 

were amplified by PCR and cloned into a bacterial vector for expression and refolding. 

The oligonucleotide sequences for VCBP3V1-XC-F1, same as for VCBP3V1, and 

VCBP3V2-XC-R2 5´-CTATCAGACCTTGAGAATGGTTGAGGAC (antisense stop 

codons CTA TCA + VCBP3 antisense nt 801-787) were used as primers. The final 

peptide encoded by this PCR amplicon represents the two tandem V domains of VCBP3, 

also beginning at the first residue after the predicted signal peptide (amino acids 17-267 

of Genbank peptide AAN62850). Similar constructs were used for the cloning of a short 

(single N-terminal domain) and long (tandem V-regions) form of VCBP2. For the short 

form primers VCBP2-XC-F1 5-ATGGTGTCCATCACGACCGTGACGGT and VCBP2-

XC-R1 5-TTACAACTTGTACCAGAAGAGCAGAGAC were used, and for the long 
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form the primers were VCBP2-XC-F1 and VCBP2-XC-R2 5-

CTACAGACAGATGACGTTGTTTG. 

PCR products were ligated into pETBlue-1 (Novagen) and sequenced for 

confirmation. The construct was then transformed into the Escherichia coli Tuner strain 

(Novagen) for IPTG induced expression. 2 L cultures were grown to OD600 = 0.5-0.9 at 

37oC and 100 mM IPTG was added to a final concentration of 1 mM. Cultures were 

grown an additional 5 hours at 37oC. Induced bacterial cultures were centrifuged and 

stored overnight in 20% sucrose, 10 mM EDTA. 

Refolding and Purification  

Thawed bacteria were brought to 200 mL in sucrose/EDTA and egg white lysozyme 

(Sigma) was added at 1 mg per mL to the bacterial slurry. The slurry was processed in an 

EmulsiFlex C5 high pressure homogenizer (Avestin, Ottawa, Ont, CA) at 10,000 psi for 

two cycles. PMSF was added to 0.1 mM final concentration and 60 µL of Lysonase 

recombinant lysozyme and 60 µL of Benzonase nuclease (Novagen) was added and the 

homogenate was incubated at room temperature for 20 min. Centrifugation for 25 

minutes at 15,000 x g separated the inclusion bodies from soluble components. Inclusion 

bodies were washed with 10 mM Tris pH 8.0, 5 mM EDTA, 0.1% Triton X-100 pH 8.0, 

followed by four to six alternating washes in 10 mM Tris and deionized water. SDS-

PAGE electrophoresis confirmed that the inclusion bodies contained inducible protein in 

a major band of the predicted sizes. MALDI mass spectroscopy (UF ICBR Protein Core) 

yielded an estimated mass close to the predicted size of the constructs. 

Inclusion bodies were solubilized overnight at 4oC in 10 mL 7.8 M guanidinium 

HCl, 50 mM Tris, pH 8.0, for inclusion bodies from 2 L of starting culture. Protein 
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concentration was approximately 5-10 mg/mL during solubilization. Solubilized protein 

was centrifuged at 100,000 x g for 30 min. to remove nucleated aggregates. The solution 

was added immediately to a TCEP (Pierce) disulfide reducing agarose gel column, bed 

volume 2.5 mL. The column eluate was slowly dripped (over the course of 4 hours) into a 

large volume (~300 mL) cold, stirred refolding buffer: 0.55 M guanidine, 0.44 M L-

arginine, 55 mM Tris pH 8.2, 21 mM NaCl, 0.88 mM KCl, 1 mM EDTA, 1 mM GSH, 1 

mM GSSG. The cold refolding buffer was slowly brought to room temperature over 1 h 

in a refrigerated water bath. The 300 mL solution was dialyzed against 2 L 10 mM Tris, 

50 mM NaCl, pH 8.0 overnight at 4oC. The dialysate was centrifuged at 15,000 x g for 

20 min. and concentrated 10-25 fold in an Amicon ultrafilter with PM10 membrane 

(Millipore). Clarified concentrate was then separated by FPLC on a Superdex 75 column 

(Amersham Pharmacia) and the appropriate size fraction (15 kD) collected as the final 

purification step. Final recovery of purified VCBPs was approximately 10 mg protein per 

liter of starting culture. 

Crystallization of VCBP3 (V1 and V1V2) 

Crystals of VCBP3 were grown by the vapor diffusion method in hanging drops 

(McPherson 1999). 2 µL of protein solution (10 mg per mL in 10mM Tris pH 8.0, 50 mM 

NaCl) and 2 µL of reservoir solution were mixed on siliconized slides and allowed to 

equilibrate against 1 mL of reservoir solution. Three commercially available sparse matrix 

crystallization (Jancarik and Kim 1991) kits from Hampton Research were used for 

screening: Crystal Screen 1, Crystal Screen 2, and Crystal Cryoscreen (144 conditions). 

Initial screening at 18oC revealed that VCBP3 (V1 and V1V2) crystals formed in 

conditions containing different precipitants (Figure 2-1), pH, and salt concentrations.  
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 A  B 

Figure 2-1. Formation of hexagonal VCBP3V1 crystals in different precipitant 
conditions. Scale bars are 100 microns in length. (A) VCBP3V1 crystals 
formed in PEG 1500, 20% glycerol. (B) VCBP3V1 crystals formed in 2.0 M 
sodium acetate, 0.1 M NaCl, Tris-HCl, pH 7.5. 

Crystallization of VCBP2 (V1 and V1V2) 

Unlike VCBP3, initial crystallization conditions were not identified by hand after 

testing with Hampton Research screens. Samples of VCBP2 were submitted to the 

Southeast Collaborative for Structural Genomics at the University of Alabama in 

Birmingham for automated crystallization high throughput screening. The robotic 

crystallization module is capable of screening 1000 conditions per hour using less than 

300 micrograms of protein (10 mg/mL). Several crystallization conditions were identified 

by this method (Figure 2-2). Optimization of initial conditions proceeded with the same 

techniques as for VCBP3. Crystals of VCBP2V1 quickly grew larger in  approximately 

2.0 M sodium formate. 

Data Collection and Processing for VCBP3V1 and VCBP2V1 

Diffraction data were collected using an RAXISIV++ 100 image plate detector (300 

x 300 mm). Crystals were mounted in glass capillaries for room temperature data 

collection or on a nylon-fiber loop and flash-frozen in a nitrogen gas stream using an 

Oxford cryosystem. X-rays were generated by a Rigaku rotating copper anode, with 
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Figure 2-2. Early crystals of VCBP2V1 identified by automated high throughput 
screening. Original conditions were 0.1M Imidazole buffer, pH 8, 2.5M NaCl 
but crystals were later optimized in Na formate instead of NaCl. Crystals grew 
to similar sizes to those of VCBP3 but were highly mosaic. 

osmic mirrors and a 0.3 mm collimator, running at 40 kV and 100 mA. Data were 

collected using oscillation angles of 1° per frame. Each frame was exposed for 5 minutes 

(VCBP3V1) or 15 min (VCBP2V1). 

Intensities were indexed and integrated with DENZO and reduced with 

SCALEPACK (Otwinowski and Minor 1997). The molecular weight of the crystallized 

polypeptide was based on mass spectrometry analysis and cell contents were predicted 

with the Matthews Probability Calculator (Kantardjieff and Rupp 2003). Data-processing 

statistics for native data sets are shown in Table 2-1. 
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Table 2-1. Data collection and reduction statistics for VCBP crystals. *Values for the 
highest resolution shell are in parenthesis. **Not determined for VCBP2 
crystals due to insufficient data. 

   VCBP3V1     VCBP3V1V2  VCBP2V1 
wavelength  1.5418  1.5418  0.9192  1.5418 
Temperature (K)  100  295  100  295 
No. of frames  76  120  600  27 
No. of crystals  1  1  2  1 
Detector distance 
(mm)  150  120  188  156 
Observed reflections  79,003  56,458  1,628,269  -** 

Unique reflections  6,574  4,310  28,179  - 

Redundancy  4  6  10.9  - 
Resolution range (Å) 

 
40-2.40 
(2.49-2.40)  

40-2.70 
(2.80-2.70)  

20-1.85             
(1.88-1.85)  

- 

Space group  P 31(2)21  P 31(2)21  P 61(5)  - 
Cell parameters 

 

a = b = 
58.99,          
c = 79.21  

a = b = 
60.10 ,           
c = 80.018  

a = b = 
109.60,           
c = 48.845 

 
- 

Oscillation step (°)  1  1  0.4  - 

Mosaicity (°)  1.04  0.309  0.592  - 

<I/σ(I)>ave  13.9 (4.0)  13.5 (4.5)  35.4 (2.2)  - 

Reflections  >3σ (%)  75.6 (48.1)  81 (72.8)   76.6 (25.6)  - 

Completeness (%)  99.5 (98.3)  94.1 (97.1)   97.8 (84.3)  - 

Rmerge (%)   10.7 (36.4)   11.7 (34.8)    7.4 (33.2)   - 
 
Data Collection and Processing for VCBP3V1V2  

Native data reduction statistics for VCBP3V1V2 reflect the quality of two different 

data sets each collected from independent crystals that were reduced and scaled together 

before post-refinement iterations and outlier rejections in SCALEPACK. A total of 600 

frames of native diffraction data collected at 15 second exposures and 0.4° oscillations 

were merged in this manner. Data reduction was otherwise performed as for the single 

domain constructs above. Crystals were cryo-cooled by immersion in liquid nitrogen and 

data was collected at beamline X6A of the National Synchrotron Light Source, 

Brookhaven National Lab, Upton, NY. Data reduction statistics for VCBP3V1V2 are 

listed in Table 2-1. 
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Results 

Crystals of VCBP3V1 formed in 1.2-1.4 M ammonium sulfate, 0.1 M NaCl, 0.1 M 

hepes, pH 8.5, 12% glycerol. A set of optimization experiments found distinct conditions 

that produced crystals of VCBP3 over a wide range of precipitant concentration (1.6 to 2.6 

M sodium acetate, 0.1 M NaCl, Tris-HCl pH 7.5). Smaller crystals also grew in PEG 

1500 20% glycerol (Figure 2-1). Crystallization trials at 4°C yielded similar results. 

Crystals grew in three days and nucleation in several drops could be observed 

immediately after setting up the crystallization experiment. Crystals with a diffraction 

limit of 2.4 Å and approximate dimensions of 0.15 x 0.15 x 0.05 mm were obtained in 1.3 

M ammonium sulfate, 0.1 M NaCl, 0.1 M hepes, pH 8.5, 12% glycerol. A single 

cryocooled crystal of this size provided the data reported in Table 2-1. A crystal of 

similar size grown in 2.0 M sodium acetate, 0.1 M NaCl, Tris-HCl, pH 7.5, was mounted 

in a glass capillary at room temperature and diffraction data to 2.7 Å resolution were 

collected with statistics of comparable quality (Table 2-1). Data from VCBP3V1 crystals 

grown in sodium acetate are consistent with the same space group as those grown in 

ammonium sulfate, P31(2)21, with similar unit cell parameters. 

For VCBP3V1V2 a set of conditions was selected for optimization based on best 

physical appearance, with the largest crystals observed to grow in 1.5 to 2.0 M sodium 

formate, 0.2 M MgCl, 0.1 M citrate, pH 6.6/4.6. Crystal growth conditions were 

optimized at both pH 4.6 and 6.6 since higher pH crystals offered a better crystal volume 

for x-ray exposure but lower pH (needle-like) crystals appeared to have better geometry 

(Figure 2-3). 

Crystals of VCBP3V1V2 were successfully cryo-protected by soaking in 20% 

ethylene glycol, although step soaking was necessary to preserve the integrity of crystals. 
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 A  B 

Figure 2-3. VCBP3V1V2 crystals at different pH. (A) shows crystals grown at pH 4.6 in 
the form of needles measuring up to more than 1 mm in length. (B) shows 
thicker but smaller crystals grown at pH 6.6. (A,B) are not under same 
magnification. Crystals were grown within identical range of conditions with 
pH being the only difference. 

In this case, fast (20 to 30 seconds) soaks in 5, 10, and 20% ethylene glycol gave good 

results. It was later recognized that co-crystallization with 20% ethylene glycol yielded 

smoother and slightly larger crystals; probably due, at least in part, to a reduced number 

of nucleation events in the drop. Low pH crystals were observed to tolerate cryo-

protection better than high pH crystals. Crystals grew in less than a week and hence were 

quickly optimized.  

Although pH was observed to affect the morphology of VCBP3V1V2 crystals, both 

high (6.6) and low (4.6) pH diffraction data corresponded to the space group P61/P65 and 

diffracted to 1.8 to 1.9 Å. Needle-like crystals were indeed found to be much less mosaic, 

whereas thin slicing of the oscillation frames was highly necessary during data collection 

from high pH crystals. Data reduction statistics are listed in Table 2-1. 

To date, a full length construct of a VCBP that includes the chitin-binding domain 

has not been successfully expressed in E. coli for crystallography. Purified VCBP2 from 

amphioxus has been reported to have an affinity for chitin (Cannon et al. 2002) but has 

no known physiological function. 
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Discussion 

 The Matthews coefficient was used to estimate the solvent content and number of 

molecules in the asymmetric unit (Matthews 1968; Kantardjieff and Rupp 2003). In their 

recent re-evaluation of VM values from more than 10,000 protein crystal forms, 

Kantardjieff and Bernhard obtained improved distribution curves that also account for 

diffracting resolution limit. The sample size in their statistical analyses is more than 45 

times what was available to Matthews in 1976 (Matthews 1976). According to a cell 

volume of 238,708.3 Å3 and a molecular weight of 14,886 Da, a single molecule of 

VCBP3V1 is unambiguously most probable at the asymmetric unit (Figure 2-4). The 

expected solvent content of VCBP3V1 crystals is 53.98% and corresponds to a VM value 

of 2.67 Å3/Da. Systematic absences are clearly consistent with screw axes of ⅔ or ⅓ unit 

cell translations.  

 Crystals of VCBP3V1V2 have a cell volume of 507,762.4 Å3 and a molecular 

weight of 27,373 Da. Like for the single domain crystals, it is most likely that a single 

molecule of VCBP3V1V2 is found at the asymmetric unit. The corresponding Mathews 

coefficient is 3.09 Å3/Da (Mathews 1976) and the calculated solvent content is 60.2%. 

Systematic absences were consistent with screw axes of 1/6 or 5/6 unit cell translations. 

Preliminary X-ray analysis of VCBP3 constructs were encouraging and selenomethionine 

derivatives were prepared accordingly for anomalous dispersion experiments (Chapters 

3 and 4). 

Crystals of VCBP2V1 were grown to sizes comparable to those of VCBP3V1 and 

had a clear geometry. These crystals consisted mostly of hexagonal plates. However, 

VCBP2V1 crystals became highly mosaic upon flash freezing and diffraction limits did 

not excel from 4 to 5 Å. This prompted for data collection at room temperature, which 
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B 

Figure 2-4. Probability distribution for Matthews coefficient and solvent content values 
of protein crystals. (A) shows the distribution for Matthews coefficients and 
highlights the only number of molecules per asymmetric unit in the cell that 
yields a value within the probable range. (B) shows the same but for solvent 
content. Both suggest a single molecule is found in the asymmetric unit of 
VCBP3V1 crystals.  
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was performed at the home source in a glass capillary. Diffraction patterns were observed 

to be much less mosaic albeit crystals still diffracted weakly (3 to 4 Å). Long (15 minute) 

exposures were necessary and unavoidably led to crystal decay by radiation damage after 

collection of a few frames.  

Room temperature diffraction data was successfully indexed and the VCBP2V1 

crystals were determined to belong to the tetragonal Bravais lattice. Unit cell dimensions 

refined from a single frame yielded the cell dimensions a = b = 121.3,   c = 74.57,   α = 

90.00, β = 90.00, γ = 90.00. Reflection histograms from DENZO also suggested an 

average mosaicity of about 0.35° for the room temperature data. More robust crystals are 

necessary to obtain a complete data set from VCBP2V1, or many crystals may be needed 

to collect partial data sets that can then be merged and scaled together. The two domain 

protein (VCBP2V1V2) was also crystallized but these crystals have not been successfully 

grown to an acceptable size. Crystals measuring less than 0.1 mm in their longest 

dimension do not diffract strongly enough for data collection. These results indicate 

VCBP3 (short and long) crystal structures are likely to be successfully solved (Chapters 

3and 4). In the case of VCBP2, a significant amount of effort is likely required in order to 

determine better conditions for cryocooling. 

A model of the chitin binding domain in VCBP3 or VCBP2 was not successfully 

generated. Unfortunately chitin-binding domains display low sequence similarity and 

there is only one invertebrate chitin-binding domain with a known structure. Tachycitin 

(Suetake et al. 2000, PDBID: 1DQC) is ~16% identical to the chitin-binding domain in 

the VCBPs. All other known chitin-binding domain structures available belong to plant 

organisms, which are thought to display structural similarities to invertebrate chitin-
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binding domains due to convergent evolution (Shen and Jacobs-Lorena 1999). The NMR 

structure of an unrelated antifungal peptide from a beetle also classified as chitin-binding 

(PDBID: 1IYC) does have the putative chitin-binding structural motif comprised of a 

two-stranded antiparallel β-sheet and a β-turn followed by a small helical segment (~1 

turn). However, the primary sequence of this peptide is significantly shorter than those of 

chitin-binding domains, there is no apparent sequence similarity and most importantly, 

this peptide contains a single disulfide bridge. Therefore, it appears that the chitin-

binding structural motif has evolved by convergence in more than two occasions as plant 

CBDs, invertebrate CBDs and this other peptide all display the main functional unit 

(involved in chitin recognition) but do not share a common ancestor. 

These circumstances prevent us from generating a homology model of a VCBP 

CBD with significant accuracy. It should be noted, however, that as part of modular 

proteins Ig domains can be considered independent structural units. Thus their evolution, 

although probably influenced by their function in the context of the other domains they 

pair with (e.g., a chitin-binding domain), can be studied in the absence of these additional 

domains. Although it is still possible that the Ig domains and CBD of the VCBPs function 

independently whereby the Igs recognize one set of antigens, and the CBD another 

(chitin). This is the case for tachycitin which has both antifungal and antimicrobial 

activity. Expression of truncated products of only the CBD showed that antifungal 

activity remained intact, whereas antimicrobial activity was completely abolished 

(Suetake et al. 2002).  

The invertebrate chitin-binding domain has been only recently recognized with the 

identification of peritrophic matrix proteins from insects in the mid 1990s, but CBDs 
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seem to form part of almost all chitinases and peritrophic proteins along with some other 

proteins of unknown function (Shen and Jacobs-Lorena 1999). Like in most chitinases, 

VCBPs have a single CBD at the C-terminus. In contrast, peritrophic proteins have 2 to 5 

tandem CBDs to properly function in the peritrophic matrix. This indicates that VCBPs 

may have obtained the CBD from a chitinase in amphioxus; which is also consistent with 

the absence of peritrophic matrix proteins in this cephalochordate. In the case of tandem 

CBDs of peritrophic proteins in insects, the individual domains were found to be more 

closely related to each other than to any other CBD from another protein, indicating how 

gene duplication might have led to tandem organization of the CBDs (Shen and Jacobs-

Lorena 1999). CBDs are proposed to have been acquired by ancestral chitinases through 

transposition events, however, whether the CBDs were introduced into chitinases from 

peritrophic matrix protein genes or another source (e.g., cell adhesion or immune related 

protein) is not known. The phylogenetic analysis of Shen and Jacobs-Lorena (1999) 

supports the latter suggesting that peritrophic proteins and the CBDs of chitinases share a 

common ancestor from which they acquired the chitin-binding domain. 

We think it is still possible, for example, that CBDs in amphioxus and some other 

organisms are used to trap food instead of parasites. We know amphioxus may feed on 

some crustaceans and other organism that may contain chitin. We also know that chitin is 

found abundantly in the gill bars of amphioxus. The CBDs could anchor to the gill 

bars while food is filtered by the variable domains. We think it is possible that the 

diversified V domains evolved to recognize a wide set of food sources. Alternatively, the 

CBDs may recognize chitin in food sources directly while the V domains engage in an 

unknown function.  
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 It is also possible that similar to antibody tails, the CBD in VCBPs mediate an 

effector function. Unknown receptors capable of transducing VCBP atigen recognition 

may be labeled with chitin. The CBD domain in VCBPs may bind these receptors once 

the V domains bind an antigen. This is so far highly speculative but possible. If this type 

of effector function was demonstrated for VCBPs, it relationaship with antibodies 

(whether it represents divergent or convergent evolution) would be irrefutable.
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CHAPTER 3 
THE 1.15 Å CRYSTAL STRUCTURE OF VCBP3V1 FROM Branchiostoma floridae 

Introduction 

Exquisite immune-type specificity, a central feature of adaptive immune responses, 

is effected through antigen receptors that are encoded in the germline and are further 

diversified through lymphocyte-restricted somatic variation (Tonegawa 1983; Jung and 

Alt 2004). Adaptive immunity emerged ~500 million years ago in the immediate 

ancestors of the contemporary jawed vertebrates and likely resulted from insertion of a 

transposon between the regions of an ancestral immunoglobulin (Ig)-like gene encoding 

strands A through F of the variable (V) domain and the G strand (encoded by J gene 

segments) (Davis and Bjorkman 1988; Agrawal et al. 1998; Hiom et al. 1998). 

Recombination of antigen binding receptors introduces extensive somatic variation at this 

junctional interface through non-templated deletion and addition of nucleotides. It is 

reasonable to assume that the ancestral gene element encoded a primordial receptor that 

was used in innate immune responses or cell-cell interactions (Eason et al. 2004). 

Although no means exist to reconstruct the primordial antigen receptor (Bork et al. 

1994), it would be expected to bear a low degree of sequence identity to contemporary 

antigen receptors but to use the same type of structural fold in their V domains. 

A large family of germline-diversified molecules, each consisting of two Ig-type V 

domains and a chitin-binding domain (VCBP), have been described in amphioxus, a 

cephalochordate that occupies a basal position in chordate phylogeny (Cannon et al. 

2002). VCBPs share core V-determining residues found in Ig and TCR; however, the V 
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domains of VCBPs lack a J region and are related only distantly at the level of primary 

structure to the V regions of immunoglobulins and TCRs. Reported here are the structural 

relationships between the N terminal V domain of a VCBP and the corresponding regions 

of antigen receptors and related structures, at a level of refinement that permits new 

insight into the atomic basis for Ig domain organization and stability.  

Materials and Methods 

Expression and Purification of VCBP3V1 

The N-terminal V domain of VCBP3 (GenBank gi 24528458), hereafter referred to 

as VCBP3V1, from amphioxus was expressed in E. coli and purified from inclusion 

bodies as described in Chapter 2. VCBP3V1 (7 mg/mL) was stored for crystallization 

trials at 4°C in 10 mM Tris, 50 mM NaCl, pH 8.0. Selenomethionyl protein was produced 

as described (Hendrickson et al. 1990). Approximately 50% incorporation of one 

selenomethionine residue per VCBP3V1 monomer was established using mass 

spectrometry (University of Florida ICBR Protein Core). 

Crystallization Conditions 

Hanging-drop vapor-diffusion crystallization experiments were performed at 18oC 

with drops consisting of 2 µL of protein at 4 mg per mL and 2 µL of reservoir solution. 

Drops were equilibrated on siliconized slides against 1 mL of reservoir solution (1.2 to 1.4 

M ammonium sulfate, 0.1 M NaCl, 0.1 M HEPES pH 8.5, 12% glycerol). Both 

Selenomethionine derivative and native protein crystallized  well (Figure 3-1). 

Data Collection and Processing 

Crystals of VCBP3V1 (Figure 3-1) were cryoprotected by soaking for 30 to 60 

seconds in 30% glycerol before flash cooling in a stream of gaseous nitrogen. Three 

separate multiwavelength anomalous dispersion (MAD) (Hendrickson et al. 1990) 
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Figure 3-1. VCBP3V1 selenomethionine derivative crystals and diffraction. (A) these 

crystals grew to similar sizes as those of native VCBP3V1. The figure shows 
not only smooth edges and faces but also the birefringent property of the 
crystal. (B) a representative diffraction pattern from derivative crystals 
collected at Brookhaven, NY shows low mosaicity. 

experiments were performed in which data sets were collected at three wavelengths (Se 

inflection point, peak and remote) from three single crystals (diffracting to 1.7 Å, 1.4 Å 

and 1.17 Å) of VCBP3V1 selenomethionyl derivative at beamline X6A of the National 

Synchroton Light Source, Brookhaven National Lab, Upton, NY.  Short exposures (5 

seconds) were collected at each wavelength to reduce the effects of radiation damage 

yielding three data sets from a single crystal complete from 30 Å to 1.3 Å. Longer 
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exposures (30 to 60 seconds) were collected subsequently for higher resolution 

reflections (to 1.17 Å). A complete native data set to 1.15 Å resolution was collected at 

X6A. All data sets were integrated and scaled with DENZO and SCALEPACK 

(Otwinowski and Minor 1997; Otwinowski et al. 2003). Data collection and reduction 

statistics for the native crystal and the highest resolution MAD experiment are listed in 

Table 3-1. 

Table 3-1. Data collection statistics for VCBP3V1 crystals. Values for the highest 
resolution shell in parenthesis. NSLS, National Synchroton Light Source. 

  Selenomethionine 
Derivative 

 Native 

Beamline  NSLS X6A  NSLS X6A  NSLS X6A   NSLS X6A 
Wavelength (Å) 0.97960 

(inflection) 
0.97908 
(peak) 

0.95007 
(remote) 

 0.80000 

No. of frames 360 360 360  360 
Detector distance (mm) 100 100 100  110 
Oscillation step 
(degrees) 

1 1 1  1 

Observed reflections 1,732,169 1,788,754 1,767,260  2,010,078 
Unique reflections 103,915 103,983 89,107  57,420 
Redundancy 8.7 8.7 9.3  14 
Resolution range (Å) 30-1.17 30-1.17 30-1.25  30-1.15 
 (1.18-1.17) (1.18-1.17) (1.26-1.25)  (1.16-1.15) 
Space group P3121 P3121 P3121  P3121 
Cell parameters (Å) a,b=59.16 a,b=59.13 a,b=59.86  a,b=59.19 
 c=79.35 c=79.30 c=80.28  c=79.27 
Mosaicity (degrees) 0.54 0.54 0.54  0.70 
I/σ(I)  41.9(2.6) 49.2(3.2) 42.3(4.4)  59.3(6.0) 
Reflections (%) >3σ 77.8(27.6) 79.8(35.5) 81.6(50.5)  81.8(56.3) 
Completeness (%) 99.1(85.5) 99.3(89.9) 100(100)  99.8(99.7) 
Rsym (%) 5.2(34.1) 4.6(31.1) 5.9(37.3)  4.9(37.0) 
 

Crystallographic Refinement 

The SOLVE/RESOLVE software package (Terwilliger and Berendzen 1999) was 

used to identify a single selenium atom in the asymmetric unit, calculate MAD phases, 

electron density maps, apply density modification and automatically trace the chain. 



48 

 

Experimental phases were calculated to 1.3 Å resolution and model building of 127 (out 

of 135) residues proceeded unambiguously; every amino acid side chain was visible in 

experimental electron density maps. Building was performed with the program O9.0 

(Jones et al. 1991). Native data were refined initially using CNS (Brunger et al. 1998) 

and validated with PROCHECK (Laskowski et al. 1993) to 1.5 Å resolution. Higher 

resolution refinement to 1.15 Å was carried out with SHELXL (Weeks et al. 2003) using 

anisotropic thermal displacement refinement. Refinement statistics are listed in Table 3-2. 

Xtalview (McRee 1999) was used to monitor refinement of solvent structure and split 

side chain conformations at atomic resolution. Identical test sets of reflections were used 

to calculate Rfree statistics and the test set of reflections comprise 11.3% of the data sets. 

The atomic coordinates and structure factors for VCBP3V1 have been submitted to the 

Protein Data Bank as 1XT5. 

Table 3-2. Refinement statistics for the crystal structure of VCBP3V1. rmsd, root mean 
squared deviation. 

protein atoms 1057 
solvent molecules 223 
sulfate ions 1 
R(cryst) 12.61 
R(free) 14.43 
test set (%) 11.3 
average Biso protein atoms 10.11 
average Biso solvent molecules 27.14 
average Biso sulfate ion atoms 13.49 
protein anisotropy 0.401 
solvent anisotropy 0.375 
rmsd bonds 0.015 
rmsd angles 2.5o 
Ramachandran Statistics  
most favored 91.1% 
Additionally allowed 8.9% 
generously allowed 0 
Disallowed 0 
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Results 

VCBP3V1 was crystallized and its structure was solved to determine the 

relationship between the N-terminal predicted V-type Ig domains of VCBPs and various 

reference Ig-type V structures (Hernández Prada et al. 2004).  Attempts to solve the 

structure by molecular replacement failed using the VL domain from the phosphocholine 

binding Fab McPC603 (PDBID: 1MCP, GenBank gi 230159), which is 26% identical to 

VCBP3V1 and represents the most homologous structure in the protein database. 

Selenomethionine protein crystals were generated and the structure was solved by the 

MAD technique (Hendrickson et al. 1990) to generate phases unbiased by molecular 

models.  Native and selenomethionine crystals were isomorphous to each other, with unit 

cell dimensions 59.2 x 79.3 Å belonging to space group P3121, and diffracted to atomic 

resolution (1.2 Å or higher) (Dauter et al. 1997), Table 3-1. Phases generated on the 

position of the single selenium atom in the asymmetric unit were used to calculate 

electron density maps in which 81% of the residues were fit automatically (Figure 3-2). 

The VCBP3V1 structure was refined to a resolution of 1.15 Å with SHELXL (Schneider 

and Sheldrick 2002) against native data and consists of 135 residues, 227 ordered water 

molecules and one sulfate ion.  

Ig domains are structurally classified as V-type if they display a conserved 9 strand 

secondary structure topology which forms a tertiary structure consisting of two β-sheets 

packed tightly in the aligned mode: the front sheet (strands A′GFCC′C″) and the back 

sheet (strands ABED) (Bork et al. 1994). Secondary structure and H bonding patterns 

between strands were assessed with the program DSSP (Carter et al. 2003) and 

demonstrate that VCBP3V1 adopts the V-type Ig fold (Holm and Sander 1999). As 

shown in Figure 3-3 the C′ and C″ strands of VCBP3V1 are part of a main chain H bond 
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Figure 3-2. Electron density calculated from three-wavelength MAD experimental phases 
to 1.3 Å. Contoured at the 2σ level (blue), at the 3σ level (red) and 
superimposed onto the final model (white for carbon, blue for nitrogen, red for 
oxygen atoms). Trp42, invariant in V domains, is shown packed against the 
intrachain disulfide bond (Cys27-Cys110) that links the B and F strands.   

network stabilizing the front sheet, in contrast to s-type, h-type and c-type Ig domains 

which do not contain C″ stands (Bork et al. 1994). The strand arrangement of the 

VCBP3V1 (front sheet A′GFCC′C″) shows that it is more similar to Vβ, Vγ, Vδ, VH and 

VL than to Vα (front sheet A′GFCC′) since the C″ strand of Vα is H bonded to the back 

sheet (ABEDC″) (Ostrov et al. 2000; Garcia et al. 1999) . 
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A B 

Figure 3-3. VCBP3V1 is a V-type immunoglobulin. (A) a ribbon representation of the 
VCBP3V1 monomer. β-strands are indicated in gold, and random coils in 
gray.  Boundaries of the strands were assessed with DSSP (Carter et al. 2003) 
(A, 5-9, A′, 14-18, B, 23-32, C, 39-45, C′, 51-55, C″, 73-77, D, 85-87, E, 93-
95, F, 106-113, G, 123-133). (B) an overlay of VCBP3V1 with a structurally 
similar TCR V domain. VCBP3V1 (in gold) superimposed on a TCR δ V 
domain (PDBID: 1TVD) (in blue). The most significant structural deviation 
occurs in the C′C″ loop (corresponding to CDR2), which is eight residues 
longer than CDR2 of the most structurally related Vδ. Figure generated with 
SETOR (Evans 1993). 

Comparison of related tertiary structures could lead to evolutionary and functional 

insights not inferred directly from primary structure analysis. VCBP3V1 belongs to the Ig 

protein superfamily, which is one of the most abundant and ubiquitous throughout the 

animal kingdom. The functions of members of the Ig superfamily are disparate and 

provide a striking example of selection-driven adaptation of an apparently 

multifunctional domain (the Ig fold). VCBP3V1 was aligned structurally with solved 

structures in the protein data bank using the program DALI (Holm and Sander 1999).  As 

shown in Table 3-3, 30% of the 15 most similar structures are V regions from TCRs. The 

most similar TCR V region is from a human Vδ (Li et al. 1998) (PDBID: 1TVD).  
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Table 3-3. Structural comparison of VCBP3V1 with proteins in the Protein Data Bank. 
rmsd, root mean squared deviation.  

Rank PDB 
ID 

Z 
score 

Cα 
rmsd 

% 
identity 

Protein 

1 1f5w  14.1 2.2 24 coxsackievirus and adenovirus receptor 
2 1tvd  14.0 2.1 25 Vδ3 
3 1qfo  13.5 2.3 19 Sialoadhesin D1  
4 1neu 13.4 2.1 20 Myelin p0 protein  
5 1tcr  13.2 2.0 19 Vβ8.2 
6 1f97  13.2 1.9 20 Jam/reovirus receptor  
7 1pko  13.0 1.7 23 Myelin oligodendrocyte glycoprotein  
8 1cdy 12.4 1.8 23 CD4 D1 
9 1hxm  12.3 2.4 18 Vδ2  
10 1ccz  12.3 2.2 18 CD58 D1 
11 1hxm  12.2 2.2 15 Vγ9 
12 8fab  12.0 2.2 21 VL  
13 1i85  12.0 2.3 20 CD86 (B7-2) D1 
14 1qa9  11.7 2.8 15 CD2 D1 
15 1bec 11.6 2.3 15 Vβ6 
 

Superposition of VCBP3V1 on Vδ (Figure 3-3) demonstrates that the most 

significant structural difference occurs in the C′C″ loop, which corresponds to CDR2. 

The C′C″ loop of VCBP3V1 is nine residues longer than CDR2 of this Vδ domain 

(1TVD) but is the same length as CDR2 in solved crystal structures of human Ig VH 

(Monod et al. 2004).  

The structural fold of VCBP3V1 is overall the same as that present in antigen 

receptors. The strands of the VCBP3V1 and Vδ framework regions and the lengths and 

dispositions of the BC loops (corresponding to CDR1) and the FG loops (corresponding 

to CDR3) are structurally similar. The front sheet of TCR and Ig V regions are curled and 

twisted in a characteristic manner that promotes front sheet-front sheet dimerization. A 

greater degree of curling of the front sheet is seen in VCBP3V1 relative to Vδ (Figure 3-

3), and represents a potential difference between the VCBPs and rearranging antigen 
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binding receptors  in  terms of the location and composition of their respective ligand-

binding sites (see below) (Colman 1988; Chothia et al. 1985).   

Notwithstanding these differences, it is possible to predict protein-ligand 

interaction sites based on structural features at the molecular surface (e.g., pockets, clefts, 

and grooves) and the interactions of similar structures. Comparisons of VCBP3V1 to the 

three most structurally similar proteins, coxsackievirus and adenovirus receptor domain 1 

(van Raaij et al. 2000), CAR D1 (24% identical), TCR Vδ (Li et al. 1998) (25%) and 

sialoadhesin (Zaccai N. R. et al. 2003) (19%) shows that despite a relatively low degree 

of sequence similarity (Figure 3-4), CAR D1, TCR Vδ, sialoadhesin and VCBP3V1 are 

predicted to share the capacity to interact with ligands utilizing residues located on the 

front sheets (A′GFCC′C″). Specifically, CAR D1 interacts with the knob domain of the 

adenovirus fibre head using the front sheet (van Raaij et al. 2000) (Figure 3-5A), TCR 

VγVδ dimerization is mediated by their front sheets (Garcia et al. 1999) (Figure 3-5B) 

and sialoadhesin interacts with sialic acid using residues on the front sheet (Zaccai et al. 

2003) (Figure 3-5C). The crystal structure of VCBP3V1 shows that there is an interaction 

with a molecule related by crystallographic symmetry at an analogous site on the front 

sheet (Figure 3-5D). However, antigen receptors such as TCRs use CDR loops to mediate 

antigen specificity and MHC restriction (Garcia et al. 1999). 

Furthermore, VCBP3V1 is monomeric in solution and in the crystal (one molecule 

per asymmetric unit), and so may form ligand binding interactions using the loops that 

are analogous to those seen in the VH CDRs of two cases of highly derived antigen are 

analogous to those seen in the VH CDRs of two cases of highly derived antigen receptors, 

the single chain camelid antibodies (De Genst et al. 2004) and shark IgNAR (Streltsov et  
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Figure 3-4. Amino acid sequence alignment of Branchiostoma floridae VCBP3V1 with 
structural homologues. Human coxsackievirus and adenovirus receptor 
domain 1 (CAR D1, PDBID: 1F5W), mouse TCR Vδ (1TVD), and mouse 
sialoadhesin (Siglec-1, 1QFO) were identified by the DALI server. VCBP3V1 
and proteins used in immune recognition show a high degree of structural 
similarity (rmsd < 2.4 Å) despite a relatively low degree of sequence identities 
between VCBP3V1 and the reference structures (24%, 25%, and 19%, 
respectively). Residues were aligned by sequence similarity using the 
BLOSUM62 (Myers and Durbin 2003) matrix and color-coded ranging from 
low similarity to high (white<yellow<orange<red). The secondary structure of 
VCBP3V1 is displayed above the sequence alignments. Accession numbers 
are: VCBP3V1, gi 24528458, CAR D1, gi 1881446, Vδ, gi 3114262, 
sialoadhesin, gi 557252. Figure generated with ALSCRIPT (Barton 1993). 
VCBP3V1 is VCBP3 D1 in figure. 

al. 2004; Stanfield et al. 2004) . Collectively, the similarities between the antigen 

receptor and this VCBP suggest that VCBP3V1 may form interactions with ligands of 

foreign- or self-origin using CDR-like loops or residues located on the front β-sheet 

(A′GFCC′C″). However, the pattern of germline polymorphism observed in VCBP 

families does not correspond precisely with antigen receptor CDR loops (Cannon et al. 

2002), suggesting that an alternative interface may function in ligand binding (Chapter 4).  
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Figure3-5. Structural homologs of VCBP3V1 use their front sheets (A′GFCC′C″) in 
ligand interactions.  (A) CAR D1 (strands in gold, loops in gray) interacts 
with the adenovirus knob fibre head (blue) (1KAC). (B) Vδ domain (1TVD, 
strands in gold, loops in gray) interacts with Vγ (blue) as oriented in a TCR 
heterodimer (1HXM). (C) Sialoadhesin (strands in gold, loops in gray) binds 
to 3'sialyllactose (yellow = carbon, blue = nitrogen, red = oxygen atoms) 
(1QFO). (D) Residues on the front sheet of VCBP3V1 form a contact with a 
symmetry related molecule at residues 46-50 (colors as in C), corresponding 
to the CC′ loop. Figure generated with SETOR (Evans 1993). 
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Since many proteins, including many which diverged in evolution before antigen 

receptors, use β-sheets in protein-protein interactions, VCBP3V1 may be more likely to 

bind ligands via the front sheet than through the induced-fit binding mechanism used by 

antigen receptor CDR loops (Rini et al. 1992; Rudolph and Wilson 2002). 

Discussion 

VCBP3V1 is the first crystal structure of a V-type Ig domain solved to a resolution 

limit of 1.15 Å.  At this level of resolution it is possible to begin to observe ordered H 

atoms, assess protonation states, and carry out structural analyses that would not be 

possible at lower resolution (Dauter et al. 1997). We observe strong electron density in 

peptide bonds indicating their π character throughout the VCBP3V1 structure. Strikingly, 

we also observe Cα and Cβ hydrogens for many residues, mainly at the core of this V-type 

Ig. The most conserved portion of V-type Ig domains lies at the central hydrophobic core 

region (Chothia et al. 1998) and consists of a highly conserved Trp residue, Trp42 in 

VCBP3V1 (corresponding to IMGT Trp41), packed against the intrachain disulfide 

bond linking the B and F strands (Cys27 and Cys110) (Figure 3-2).  

The level of refinement that was achieved permitted us to infer heretofore 

unrecognized structural features that likely stabilize the core of the VCBP3V1. Hydrogen 

atoms apparent in Fo-Fc difference maps suggest a clear role for non-canonical 

interactions between key conserved residues at the core of the V-type Ig domain (Figure 

3-6). Analysis of the structural coordinates of VCBP3V1 by the Non-Canonical 

Interaction server (NCI) (Babu 2003) identified 64 residues that are involved in non-

canonical interactions (e.g., weak C-H---O bonds and π-π interactions, Table 3-4). The 

interactions were identified based on minimum geometrical criteria of distances and 

angles (see Babu 2003) between donors and acceptors.  
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Probably the most critical non-canonical interactions occur at, or in close proximity 

to, the invariant Trp42 in the central hydrophobic core region of VCBP3V1. Trp42 is 

involved in at least 4 non-canonical interactions (Figure3-6): 1 main chain-main chain 

interaction (CH-OC), 2 main chain-side chain interactions (CH-π), and 1 side chain-side 

chain (π-π) π stacking interaction. Cys27 and Cys110 also show critical non-canonical 

interactions; for example, there is a main chain-side chain interaction (CH-π) between 

Cys110 and Trp42. Other conserved residues at the core of the fold show non-canonical 

interactions; specifically, the invariant Tyr108, which forms multiple non-covalent bonds 

as both an H-bond donor and acceptor. The expanded definitions provided here of 

canonical and non-canonical interactions between invariant core residues provide a new 

basis for understanding the patterns of strong evolutionary conservation of V region 

structure. 

          It is proposed that these observed weak interactions stabilize the scaffold on which 

the complementary determining regions are displayed (in antigen receptors) and that they 

play an important role in its structure, making them sensitive to the selective pressures 

that favor the Ig fold. It is not unfair to conclude that more residues are involved in such 

interactions and that although weak the combination of many of these interactions may 

afford the structure with a significant level of stability. Non-canonical interactions have 

gained popularity recently in structural biology (Manikandan 2004; Loll et al. 2003) and 

roles involving both structure (Derewenda and Derewenda 1995) and catalysis (Ash et al. 

2000) have been discussed. 

Alternatively, these weak interactions may play an important role during the 

folding of the Ig fold. Although we understand that weak interactions can become  
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Figure 3-6. Non-canonical interactions at the core of VCBP3V1 between Trp42 and 
Cys110. 2Fo-Fc electron density calculated from phases to 1.15 Å was 
contoured at the 2σ level (colored in blue). Non-canonical interactions 
mediated by π electrons and H atoms apparent in the Fo-Fc electron density 
are shown at the 3σ level (red), 2σ level (white), and superimposed onto the 
final model (yellow for carbon, green for sulfur, blue for nitrogen, red for 
oxygen atoms). Figure made with Raster3D (Merritt 1994). 

significant when many are combined, we suspect that the disulfide bond that links the 

front and the back sheet of the Ig fold along with the hydrogen bonding networks of its β-

sheets may confer the domain with an amount of stability that may render any 

contribution from the weak noncanonical interactions negligible. It is still possible, 

however, that these interactions play an important function in guiding the hydrophobic 

collapse (or similar stage in the folding pathway of the Ig fold) of the unfolded protein. 

Similar to how these weak interactions may have a pronounced effect on the structure of 

membrane proteins that are situated in a low dialectric environment, these weak 
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interactions would be expected to strengthen as the core of the Ig forms and dielectrics 

lower.  Such stabilizing effects before the settlement of a primary sequence into a native 

conformation may affect the fraction of properly folded protein or the rates of transition 

between folding intermediates.  

VCBPs constitute an extensively diversified multigene family of putative antigen 

binding receptors that are expressed in cells lining the luminal surface of the gut in 

the floridian species of amphioxus, a filter-feeding marine cephalochordate (Cannon et 

al. 2002). On the basis of predicted primary structure, VCBPs consist of two N-terminal 

tandem V regions and a chitin-binding domain. The V regions of VCBPs possess many 

of the same core residues as the V regions found in Ig, TCR, and other IgSF members 

Table 3-4. Non-canonical interactions of important immunoglobulin-fold residues in 
VCBP3V1. 1: (Chothia et al. 1998); 2: (Babu 2003). 

 VCBP3 
V1 

Chothia 
(1) 

IMGT Ig  NCI (2) Donor Acceptor 

Gly 20 16/15 16 0 - - 
Cys 27 23/22 23 CH---OC 0 1 
Trp 42 35/36 41 CH---PI 

CH---OC 
PI---PI 

2 3 

Arg 84 61/66 75 CH---OC 0 1 
Leu 95 73/80 89 CH---OC 0 1 
Asp 104 82/86 98 CH---OC 0 2 
Tyr 108 86/90 102 CH---PI 

CH---OC 
PI---PI 

1 3 

Cys 110 88/92 104 CH---OC 
CH---PI 

1 1 

 
(Chothia et al. 1985). Like Ig and TCR, the VCBPs can be organized into at least five 

families that differ from one another by at least 30% at the predicted protein sequence 

level. This pattern of sequence distribution and variation resembles that seen in the large 
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V region families of Ig, TCR, and novel immune-type receptors (NITR) (Strong et al. 

1999; Yoder et al. 2004) and is consistent with immune-related diversification.  

Extensive analyses of the genomic complexity of the different VCBPs amplified 

from individual animals indicate that certain sequences are shared by nearly all animals 

but that most polymorphic sequences derived from a single animal DNA source are 

unique to that individual (Carter et al. 2003). Notably, the differences involve both single 

positional replacements and overall length differences and bear a superficial resemblance 

to somatically-derived N-region variation seen at Ig/TCR-joining junctions. Such 

complex polymorphisms are consistent with an immune function for VCBPs in which 

these genes are undergoing strong diversifying selection and adaptive evolution. 

In our studies, we conclude that VCBP3V1 has key structural features in common 

with antigen receptors, including: conformation of conserved residues that constitute the 

domain core, strand topology, and loop conformations. VCBP3V1 shares five of the eight 

invariant residue sites (present in > 98 % of sequences), which are associated with 

common core of V domains [Chothia 30/IMGT designation 31]: Cys23/23, Trp35/41, Asp82/98, 

Tyr86/102, Cys88/104 30. The other invariant V domain residues (encoded by the J gene 

segment formed from the G strand in TCR and Igs), namely Gly99/119, Gly101/121, and 

Thr102/122 are not present in VCBP3V1. Despite the difference in these G strand residues, 

conserved main chain intramolecular H-bond interactions at this site (Chothia et al. 1998) 

are observed in VCBP3V1 between Leu128 (in an analogous position to Thr102/122 in 

antigen receptors) and Tyr108 (corresponding to the invariant Tyr86/102) (comparison of Ig 

residue numbers in Table 3-4). The BC, C′C″, and FG loops corresponding to CDR1, 2, 

and 3, respectively, are similar to conformations observed in Ig and TCR V domains. The 
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front sheet of VCBP3V1 is curled and twisted in a manner similar to antigen receptors, 

which use this face of V-type Ig domains in conserved heterodimeric subunit interactions 

between the front sheets (Potapov et al. 2004) (i.e., Vγ with Vδ).  

The VCBP3V1 crystal structure described here both provides a basis for high-

resolution analysis of a unique V domain present in an immune-type molecule and offers 

unequivocal atomic level information about the basic structural features that this VCBP 

shares with known antigen binding receptors. In addition, the structural relatedness of 

VCBP3V1 with other proteins also offers novel evolutionary insights. Germline-encoded 

VCBP3V1 is most similar to highly polymorphic, somatically diversified molecules, such 

as TCR V domains, and non-polymorphic mammalian leukocyte (e.g., CD4, CD2, CD86) 

and non-leukocyte cell surface receptors (CAR D1, junction adhesion molecule). These 

observations can be interpreted to suggest either a common evolutionary origin or 

convergence. The observation that certain mammalian structural homologs of VCBP3V1 

serve as viral receptors [e.g., junction adhesion molecule which is a receptor for reovirus 

(Eason et al. 2004)], whereas others undergo somatic rearrangement underscore an 

evolutionary continuum of innate receptors, germline diversified innate receptors, and 

somatically varied innate and adaptive receptors (Atkinson and Leiter 1999).  

Localized germline hypervariability in V region-containing putative innate immune 

receptors such as VCBPs and NITRs is consistent with a potential to bind diverse ligands 

such as that achieved in both Igs and TCRs through CDR1-CDR2-CDR3 interactions. V 

domain-associated function appears to be achieved at different contact interfaces and 

likely is influenced through a high level of germline genetic change (e.g., CDR1 and 

CDR2) and through additional somatic variation (CDR3) and through heterodimerization 
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in both Ig and TCR. This high degree of conservation of intramolecular contacts and 

structural conformations of domain core residues in VCBP3V1 is consistent with an 

evolutionary paradigm in which an innate antigen receptor has been refined to 

progressively adopt unique intermolecular associations in parallel with the acquisition of 

combinatorial rearrangement and regionally limited somatic modification as major 

diversifying influences. The full potential of these effects is realized in the genes 

encoding the rearranging antigen binding receptors used in jawed vertebrates. 
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CHAPTER 4 
ORIGINS OF IMMUNE-TYPE RECEPTOR DIVERSITY: CRYSTAL STRUCTURE 

OF VCBP3V1V2 IN AMPHIOXUS 

Introduction 

The immunoglobulin superfamily (IgSF) is one of the most ubiquitous families of 

protein domains, representatives of which are found throughout the animal kingdom 

(Orengo and Thornton 2005; Bork et al. 1994; Barclay 2003; Hunkapiller and Hood 

1989). The functions of the various members of this superfamily are disparate and 

provide a striking example of selection acting on a modular structure, the 

immunoglobulin domain fold, to form molecules with specialized functions such as in 

cell-cell adhesion and immune recognition (Eason et al. 2004). Immunoglobulin (Ig) 

domains are comprised of a β-sandwich fold, a prominent feature of which is a disulfide 

bridge connecting two β-sheets with one invariant tryptophan packing against the 

disulfide bond (Chothia et al. 1998).  

Ig domains can be classified into the V, C, S and H sets based on strand topology 

(Bork et al. 1994). The V-set of domains range from being non- or minimally 

polymorphic to having high levels of genetic complexity due to germline and somatic 

diversification. Immunoglobulins (Igs) and T cell antigen receptors (TCRs), which 

constitute the rearranging antigen binding receptors are the most extensively 

characterized V-set molecules but CD4 (Garrett et al. 1993), CD8 (Leahy et al. 1992), 

and certain NK receptors (Cantoni et al. 2003) also possess this structure. It is likely that 

the ancestral element that diversified into antigen receptors was an Ig-like sequence with 
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characteristics of the V-set but its characteristics and patterns of evolutionary 

diversification remain unknown (Laird  et al. 2000; Litman et al. 2005).  

Although certain exceptions exist (Desmyter et al. 1996; Stanfield et al. 2004), 

most antigen receptors used in adaptive immune responses consist of heterodimers in 

which V-set Ig domains pack to juxtapose the protein segments that have the highest 

degree of germline and somatically induced variation (Garcia et al. 1999). This feature of 

tertiary-quaternary structure forms a vast range of binding surfaces that account for 

highly diverse antigen receptor repertoires. The unusual genetics that account for the 

hyperdiverse structures of Ig and TCRs are limited to the jawed vertebrates (Laird et al. 

2000; Litman et al. 2005).  

Alternative forms of receptors are found throughout invertebrate and protochordate 

phylogeny, but thus far only the variable region-containing chitin-binding proteins 

(VCBPs) in amphioxus (Branchiostoma floridae) have shown evidence for extensive 

regionalized hypervariation in predicted V domains (Litman et al. 2005; Cannon et al. 

2002; Cannon et al. 2004). The VCBPs consist of two predicted N-terminal V regions 

and a C-terminal chitin-binding domain; however, inspection of primary structure shows 

the regionalized hypervariation to be significantly displaced from that seen in Ig and TCR 

fails to demonstrate a J region, a ubiquitous feature of antigen binding receptors (Davis 

and Bjorkman 1988).  

VBCPs may reflect an important transition between conventional views of innate 

pattern recognition domains and adaptive immune receptors (Medzhitov and Janeway 

2000). To determine how structural features of the predicted V structure found in this 

putative receptor may relate to the more modern (recently derived) rearranging antigen 
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receptors and hypothetical ancestral V-set molecules, we solved the structure of the N-

terminal V regions of VCBP3 from amphioxus by x-ray crystallography. 

Materials and Methods 

Protein Expression, Purification, and Crystallization  

The two domain protein (VCBP3V1V2) was purified and crystallized with the 

same protocols described in Chapter 2, materials and methods. To obtain selenomethione 

derivative of VCBP3V1V2, however, cells were expressed in methionine deficient media 

and supplemented with selenomethionine to express the protein for anomalous dispersion 

experiments. This was carried out according to published protocol (Barclay 2003; 

Hunkapiller and Hood 1989; Eason et al. 2004; Chothia et al. 1998; Garrett et al. 1993; 

Leahy et al. 1992; Cantoni et al. 2003; Laird et al. 2000). The native data set described in 

Chapter 2 was used for the refinement of the structure in this chapter. 

Data Collection and Processing 

Selenomethionine derivative crystals of VCBP3V1V2 were cryo-cooled by 

immersion in liquid nitrogen and data was collected at beamline X6A of the National 

Synchrotron Light Source, Brookhaven National Lab, Upton, NY. A single-wavelength 

anomalous dispersion (SAD) experiment was performed by collecting diffraction data 

from a single selenomethionine derivative crystal at the peak of its absorption edge. 

Derivative data was collected using oscillation angles of 0.5° and 20 second exposures.  

Intensities were indexed and integrated with DENZO and reduced with 

SCALEPACK (Otwinowski and Minor 1997). The calculated molecular weight of the 

crystallized polypeptide and post-refined unit-cell dimensions were submitted to the 

Matthews Probability Calculator (Kantardjieff and Rupp 2003) to obtain information as 

to the contents in the asymmetric unit. See Table 4-1, for data collection parameters. 
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Table 4-1. Data collection and refinement statistics from VCBP3V1V2 derivative.  
*Values for the highest resolution shell are in parenthesis 

Data Collection Statistics      Refinement Statistics     
Wavelength  0.9786  Protein atoms  1891 
Temperature (K)  100  Solvent molecules  277 
No. of frames  420  R(cryst) (%)  22.82 
No. of crystals  1  R(free) (%)   26.85 
Crystal-to-detector distance (mm) 187.7  Test set (%)  4.4 
Observed reflections  767,471  rmsd bonds (Å)  0.005 
Unique reflections  52,447  rmsd angles (°)  1.25 
Redundancy  5.9 (2.6)      
Resolution range (Å) 

 
30-1.87                  
(1.90-1.87)*  Ramachandran Statistics (%) 

Space group  P 61  Most favored  88.2 
Unit-cell parameters  a = 109.37, c = 48.34  Additionally allowed  11.8 
Oscillation step (°)  0.5  Generously allowed  0 
Mosaicity (°)  0.305  Disallowed     0 
<I/σ(I)>   36.4 (3.0)      
Reflections >3σ (%)  84.3 (54.0)      
Completeness (%)  98.2 (77.0)      
Rmerge (%)  5.3 (24.8)      
FOM (before density modificaton) 0.39      
FOM (after density modification) 0.59      

 
Phasing and Refinement 

The selenomethionine derivative diffraction data was successfully phased with the 

software package of SOLVE (Terwilliger and Berendzen 1999) by the single-wavelength 

anomalous dispersion method. Initial experimental electron density maps were evaluated 

with Coot (Emsley and Cowtan 2004). Statistical density modification was performed with 

RESOLVE (Terwilliger 2000). The space group ambiguity was resolved and it was 

determined that crystals belonged to the space group P61. SAD phasing with SOLVE also 

identified two strong peaks corresponding to the single selenomethionine residue in each 

variable domain confirming the presence of a single molecule in the asymmetric unit of 

the unit cell. Statistical density modification improved the overall figure of merit of the 

original phases from 0.39 to 0.59. Most of the main-chain was successfully traced by 

RESOLVE (Terwilliger 2002) as polyalanine and polyglycine segments. 

http://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Emsley,%20P.
http://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Cowtan,%20K.
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Model building of the main chain was carried out with Coot during rounds of 

refinement against derivative diffraction data. The structure of VCBP3 was refined with 

Shelx97 (Sheldrick and Schneider 1997) and CNS (Brunger et al. 1998). Xtalview 

(McRee 1999) was also used for molecular graphics. Most of the main-chain and side 

chains were built before refining against native diffraction data, where the same test set 

of reflections was used to calculate the R-free (Brunger 1992).  Several rounds of 

refinement were performed before water molecules started to be assigned. Refinement 

routines constituted of simulated annealing gradients from 2000-3000 K with slow 

cooling, geometrically restrained atom coordinate minimization and isotropic temperature 

factor refinement. Water molecules were assigned through multiple cycles of refinement 

until most peaks with signal to noise ratios greater than 2 were occupied. CNS was used 

to assign the first solvent shell using the automatic water picking software but in later 

stages of refinement SHELXL was also used to assign solvent molecules to Fo-Fc sigma 

weighted electron density maps. Refinement continued until convergence for the model 

was achieved. The crystal structure was submitted to the Protein Data Bank (PDB); 

(PDBID: 2FBO). Refinement statistics are summarized in Table 4-1. 

Comparative Homology Modeling of VCBP2 V Domains  

Most of the sequence data available was obtained from VCBP2 (Cannon et al. 

2002). In order to evaluate whether the superimposition of this sequence polymorphism 

data on VCBP3V1V2 is a reasonable approach, theoretical models of VCBP2 V domains 

were generated (Figure 4-1) using programs implemented by the Automated Protein 

Modelling Server (SWISS-MODEL) (Guex and Peitsch 1997; Guex et al. 1999).  

Sequences representative of VCBP2 V regions were queried using BLAST2P (Zhang and 

Madden 1997) to identify homologous proteins of known structure deposited in the Protein  
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A B 

Figure 4-1. Comparative homology modeling of VCBP2 based on the 1.85 Å crystal 
structure of VCBP3. The VCBP3 backbone is shown in magenta (V1) and 
violet (V2). The homology model of VCBP2 is superposed on  VCBP3 in pale 
yellow (V1) and yellow (V2). (A) shows the back view of the VCBPs and (B) 
shows the front view, consistent with Figure 4-3C and 4-3D (see Figure 4-3 
for labels). A chain break is observed between the V domains of VCBP3 since 
each was read as a seperate chain with Pymol (DeLano 2002).  Only 38 
residues of domain V2 from VCBP2 were modeled with confidence, whereas 
the complete topology of the fold is observed in the model of V1. 

Data Bank. ProModII was used to build atomic models (Peitsch 1996; Peitsch et al. 2000). 

Energy minimization was conducted with Gromos96 (van Gunsteren 1996). RMS 

deviations and distances were calculated with LSQKAB using CCP4 (Collaborative 

Computational Project 1994). Multiple sequence alignments were carried out with 

CLUSTAL X (Evans 1993). 

Results 

Like several other non-vertebrate immune-type receptors (Litman et al. 2005;  

Zhang et al. 2004; Watson et al. 2005), VCBPs are chimeras of Ig and lectin domains 

(Cannon et al. 2002). In the case of VCBPs, it is most likely that variable recognition 

function is compartmentalized in the two tandem Ig domains that have extensive 

germline variation. We expressed and crystallized the two tandem V domains of VCBP3 
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and determined the structure by the single wavelength anomalous dispersion technique 

(Wang et al. 2004). Native and selenomethionine substituted forms were isomorphous to 

each other and belong to the space group P61 with unit cell dimensions a=b = 109.4, c = 

48.3 Å.  X-ray data were collected from native and selenomethionyl protein crystals and 

refined to 1.85 Å (Table 4-1). The Structure factors and refined crystallographic model 

were deposited in the Protein Data Bank (PDBID: 2FBO).  

The two tandem Ig domains of VCBPs had previously been predicted to have the 

V-set Ig fold based on the presence of conserved residues that are canonical in antigen 

receptor V domains (Chothia et al. 1998), despite a relatively low degree of sequence 

similarity to antigen receptors (24%) (Cannon et al. 2002). The crystal structure shows 

one molecule in the asymmetric unit (Figure 4-2); both VCBP3 domains show strand 

topologies characteristic of the V-set Ig domains used by rearranging antigen receptors.  

Ig domains are structurally classified as V-type if they display a conserved 9 strand 

secondary structure topology forming two β-sheets packed tightly in the aligned mode: 

the front sheet (strands A′GFCC′C″) and the back sheet (strands ABED) (Bork et al. 

1994). Structural analysis by SSM (Kolodny et al. 2005) shows that both V-set Ig 

domains of VCBP3 adopt the V-type Ig fold and are structurally similar to each other 

(Figure 4-3A). The degree of similarity between VCBP3 V1 and V2 is higher than to any 

solved structure in the Protein Data Bank with rmsd of 1.4 Å for Cα atoms. 

Both V domains of VCBP3 have the conserved intrachain disulfide bonds linking 

the back and front sheets by the B and F strands, respectively (Cys26-Cys109 in V1; 

Cys160-Cys232 in V2). V2 also contains a disulfide bond linking the B and C strands 

(Cys162-Cys165) stabilizing the BC loop, which is analogous to CDR1 in antigen receptors. 
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Figure 4-2. Crystal structure of VCBP3V1V2 from Branchiostoma floridae solved by 
SAD and refined to 1.85 Å.  Secondary structure is shown in (A) and (B). 
(Gold; β-strands, gray; loop regions, red; helices. The G strand and FG loop 
encoded by a Joining gene segment-like element is shown in cyan. The loops 
corresponding to CDR regions in T-cell receptor and immunoglobulin:  BC 
loop, CDR1; C’C”, CDR2; FG, CDR3. (C) and (D) show the molecular 
surface of VCBP3 V1V2. The molecular surface of V1 is shown in magenta 
and V2 in violet. Polymorphic residues in VCBP sequences are depicted in 
gold forming a contiguous patch of solvent exposed hypervariable residues, 
outlined in a red interrupted rectangle. (B) and (D) show VCBP3 rotated about 
a vertical axis in plane of the page 180° with respect to (A) and (C). 
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Among solved structures in the Protein Data Bank aligned by SSM, V1 is most similar to 

a TCR Vδ domain, 1TVD:B (Li et al. 1998), shown in Figure 4-3B, followed by the CNS 

specific autoantigen myelin oligodendrocyte glycoprotein (MOG), 1PY9:A (Clements et 

al. 2003), and the human coxsackie and adenovirus receptor D1, 1EAJ:B (van Raaij et al. 

2000) (rmsd: 1.7 to 1.8 Å, sequence identity 22-26 %). The front sheet of the VCBP3 V1 

(front sheet A′GFCC′C″) is more similar to Vβ, Vγ, Vδ, VH and VL than to Vα (front 

sheet A′GFCC′) in which the C″ strand of Vα is H bonded to the back sheet (ABEDC″) 

(Garcia et al. 1999; Ostrov et al. 2000).  

The structures of VCBP3V1 and V2 are the first examples of highly variable V-set 

Ig domains identified in invertebrates, and bear strong structural similarities to recently 

derived antigen receptors in domain folding and packing interactions. For example, 

antigen receptors use a three layer packing mode in which side chains from residues in 

the highly twisted edge strands, C’ and G, comprise the inner layer and the two outer 

layers are formed by main and side chains of the central β-strands, F and C (Colman 

1988; Chothia et al. 1985). The highly twisted edge strands fold over the inner strands of 

the front sheet to mediate critical contacts that form the inner core layer of the three 

domain packing interface (Figure 4-3C) (Eason et al. 2004).   

A three layer interface is formed between V1 and V2 of VCBP3, and similar 

interface residues in the C’ and G strands are observed as shown in Figure 4-3D. Main 

chain to side chain H-bond interactions that comprise the outer layer are observed 

between V1 and V2 of VCBP3, as shown in Figure 4-4A in which Arg106 from V1 forms 

4 H-bond interactions across the V1/V2 interface to Glu240, Leu241, and Ala243. The 

specialized three layer packing mode used by VCBP3 is observed in antigen receptor  
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Figure 4-3. Structural comparison of the VCBP3 domain fold and packing interactions 
with antigen receptors. (A) VCBP3 V1, cyan, is shown superimposed on V2, 
gold. The FG loops and G strands, encoded by J-like elements in VCBPs, are 
nearly identical, whereas the BC and CC’ loops of V1 are longer than those 
present in V2.  Among V-set Ig domains, VCBP3 V1 is most similar to a Vδ 
domain, shown in (B) in purple superimposed on V1, shown in cyan; note the 
C’C’’ loop curled over the front sheet (A’GFCC’C”) in V1. (C) shows the 
three layer packing interaction characteristic of the interface between V 
domains of antigen receptors. Vα, shown in gold and gray, interacts with the 
corresponding Vβ-chain, shown in magenta, by a front sheet-to-front sheet 
interaction in which side chains (shown in cyan) from the highly twisted edge 
strands, C’ and G, fold over the central strands of the front sheet to form an 
inner layer at the core of the three layer interface between the domains. (D) a 
three layer packing interaction is observed at the interface between VCBP3 
V1 and V2. Residues form an inner layer and the C’ loop folds over the 
central strands of the front sheet. (C) and (D) Vα and V1 are shown in gold (β-
sheet), gray (loop regions), and red (helical regions). Vβ and V2 are shown in 
magenta. (C) Pro43, Leu104, and Phe106 are depicted in cyan. (D) Leu42, Leu122, 
Ala124 are shown in cyan. 
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heterodimers and differs from the frequently observed two layer interface that occurs in 

most protein-protein interactions in which β-sheets interact. Heterodimeric antigen 

receptors in jawed vertebrates pack in a head-to-head fashion which positions the 

hypervariable CDR loops in a manner that forms a binding site comprised of two V 

domains. The V regions in VCBP3 pack in a head-to-tail relationship (Figure 4-2) similar 

to those observed in crystal structures of a Vδ domain (1TVD) (Li et al. 1998) and cell 

adhesion molecules such as MOG (1EAJ) (Clements et al. 2003).  

However, the packing of V domains in VCBP3 is significantly similar to antigen 

receptors in that both use the G strands encoded by J like sequence elements. The 

structural importance of J gene segments in antigen receptor dimerization and 

combinatorial diversity is due to a conserved sequence motif, FGXGTXLXV, Figure 4-

4B, which corresponds to V domain G strand residues which participate in the unique 

front sheet-to-front sheet dimerization mode used exclusively by antigen receptors 

(Chothia et al. 1985). Strikingly, the crystal structure of VCBP3 shows that J-related 

sequences are present in the G strands at the V1V2 front sheet-to-front sheet interface 

(Figure 4-2).  

Despite the absence of an independent contiguous J exon in the germline sequence 

of VCBPs (unpublished), the amino terminal V domain (V1) of one form of VCBP4 

encodes FGXG in the site analogous to J gene segments. The carboxy terminal V domain 

(V2) of VCPB2, VCBP3, VCBP4, and VCBP5 encode the conserved TXLXV motif 

corresponding to the carboxy terminal end of the G strand. A recombination event 

between these gene segments (e.g., FGXD and TXLXV in VCBP3) could give rise to a 

single structural region resembling the complete J region of the rearranging antigen 
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Figure 4-4. VCBP3 uses a J-like segment at its interface. (A) Hydrogen bond network 
formed between residues across the interface between V1 and V2 of VCBP3. 
Interactions between side chains of one V domain and main chain atoms of 
the opposing V domain form the outer layer of the three layer packing 
arrangement observed in antigen receptors and VCBP3. Hydrogen bonding 
network in which the guanidinium group of Arg106 from VCBP3 V1 forms 
hydrogen bond interactions with main chain atoms from V2.  For V1, carbon 
atoms are shown in magenta, V2; green. Nitrogen are depicted in blue, 
oxygen; red. (B) Structural comparison of the G strands in antigen receptors, 
shown in cyan, with VCBP3 V1, shown in gold.  The sequence motif 
FGXGTXLXV is highly conserved in J gene segments of antigen receptors 
and corresponds to G strands residues that are critical in V domain packing. In 
VCBP3, the G strands of V1 and V2 are in an extended β-strand geometry, 
whereas antigen receptors have a conserved β-bulge at the position 
corresponding to FGX/G.  The residues representing X of FGXG and the side 
chains of conserved residues in the sequence motif are displayed illustrating a 
similarity between these positions and the corresponding residues in VCBPs, 
with the exception of the Phe which is displaced 4 residues amino-terminal of 
the corresponding position in antigen receptors.   
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binding receptors (Cannon et al. 2002). Whereas such an association could be fortuitous, 

it is not unreasonable to speculate that the participation of the J like sequence in domain 

packing of V regions is a characteristic consistent with ancestral immune-type receptors 

that preceded adaptive immunity. 

Discussion 

 At least five sequence-related families of VCBPs (36-46 % identity) are found in 

amphioxus and their structural folds can be modeled at high confidence against the 

solved structure presented here, Supplemental Materials, (Zhang and Madden 1997; 

Peitsch 1996; van Gunsteren 1996; Schwede et al. 2003). The V family distributions, 

high degree of germline polymorphisms, tissue-specific expression and utilization of a 

chimeric Ig-lectin structure found in VCBPs are consistent features of an immune 

recognition molecule (Litman et al. 2005; Cannon et al. 2002; Cannon et al. 2004). 

However, unlike Ig and TCR, the regions of most extensive hypervariation observed in 

predicted VCBP2 proteins are positioned in the N-terminal portions (A, A’ and B strands 

and their connecting loops) of both the V1 and V2 domains as opposed to the 

characteristic placement of hypervariable residues in Ig and TCR (BC loop-CDR1, C’C” 

loop-CDR2, FG loop-CDR3), ostensibly arguing against such an analogy.  

We mapped the hypervariable positions of VCBP2s onto the solvent accessible 

surface of VCBP3 to provide information on potential ligand binding sites. The domains 

of VCBP3 pack in a manner, similar to antigen receptors, that positions the hypervariable 

residues on a contiguous patch of solvent accessible surface on both V domains (Figure 

4-2). The putative interaction site at a hypervariable region comprised of two separate 

domains is shown in Figure 4-2C with a solvent accessible surface of approximately 900-

1000 Å2 which is consistent with the range of surface area buried between TCR and 
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pMHC in solved crystal structures (Rudolph et al. 2002; Luz et al. 2002). More recently 

derived antigen receptors used in adaptive immune mechanisms bring both germline 

variable and somatically derived variable elements into close, structurally contiguous 

proximity. In sharp contrast to heterodimeric antigen receptors in which interchain 

contacts mediate the interaction of the V domains, both interacting domains of VCBP3 

are expressed in a single chain in the case of this non-rearranging immune-type receptor.  

One theory of primordial antigen receptors is that they would have characteristics 

of cell adhesion molecules (Streltsov et al. 2004), some of which share some features 

with contemporary antigen receptors, such as incorporation of the V-set Ig fold. Unlike 

non- or minimally polymorphic cell adhesion molecules, the postulated changes from a 

self to a self-nonself distinguishing mode of function in an immune-type progenitor 

would be driven by the definition of a highly variable combining site given the propensity 

of a wide variety of pathogens, including those that inhabit marine environments 

(Meibom et al. 2005), to use genetically sophisticated mechanisms to avoid host defense. 

Molecules such as VCBPs or their forerunners may have acquired advantages in immune 

recognition due to the clustering of hypervariable residues at the solvent accessible 

surface comprising both V domains, an effect that is loosely analogous to combining site 

formation in heterodimeric antigen receptors and might have provided a high degree of 

germline success before the innovation of a basic mechanism of somatic reorganization. 

At this point, VCBPs, which show a number of significant characteristics of 

immune receptors, are not only the most phylogenetically ancient example of a gene 

family in which extensive hypervariation occurs in V regions but now provide a likely 

paradigm for how the variation could create a basic mechanism for increasing receptor 
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diversity by focusing variability through novel packing at the surface of an interface 

between V-set domains, somewhat analogous to that seen in conventional antigen binding 

receptors.  Whereas the structure of the actual ancestral form of the rearranging antigen 

binding receptors may never be known (Litman et al. 2005), the solved structure of 

VCBP3 provides us with significant clues as to what types of changes may have 

accompanied the transition from a molecule that provides specificity through complex 

germline structural diversity to one in which somatic change could be efficiently selected. 
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IDENTIFICATION OF ACE2 ACTIVATORS BY VIRTUAL SCREENING OF 

SMALL MOLECULE LIBRARIES 

Introduction 

Angiotensin-converting enzyme 2 (ACE2) is a type I membrane-anchored peptidyl 

carboxypeptidase of 805 amino acids (Donoghue et al. 2000, Tipnis et al. 2000). Its 

catalytic domain consists of approximately 733 residues and is 42 % identical to that of 

its closest homolog, ACE. Unlike the ubiquitously expressed ACE, ACE2 is expressed 

only in the kidneys, heart (including all cardiovascular tissues), and lungs (Donoghue et 

al. 2000). Its substrate specificity has also been established to be different, and likely 

complementary, to that of ACE (Vickers et al. 2002). While ACE activity mainly results 

in the production of angiotensin II involved in vasoconstriction and the biosynthesis of 

aldosterone  (an important regulator of blood pressure), ACE2 product peptides, namely 

angiotensin 1-7, are involved in vasodilation and hypotension. Furthermore, inhibitors of 

ACE such as captopril, lisinopril and enalaprilat do not affect the activity of ACE2 

(Donoghue et al. 2000, Tipnis et al. 2000).  

Specific roles of ACE2 in different diseases and normal physiology are currently a 

subject of intense study. Nonetheless, its central role in the renin-angiotensin system 

(Burrel et al. 2004), cardiac contractile function (Crackower et al. 2002), hypertension 

(Katovich et al. 2005) and therefore cardiovascular disease have all been recently 

established. Crackower and others (2002) also observed an inverse correlation of ACE2 

mRNA and blood pressure in experimental hypertension models. Other studies have 
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begun to demonstrate ACE2 represents a tractable gene therapy target (Katovich et al. 

2005; Huentelman et al. 2004). The approach attempts to over express ACE2 to offer 

protection against cardiac hypertrophy and fibrosis (Katovich et al. 2005). The inhibition 

of ACE is an established therapeutic approach and presently one of the primary strategies 

for the treatment of hypertension. However these studies (mentioned above) clearly 

suggests that suppression of ACE and enhancement of ACE2 activity are both highly 

desirable to prevent and treat hypertension and related cardiovascular diseases. 

Although ACE2 is homologous to ACE, the crystal structures of recombinant 

ACE2 (Towler et al. 2004) and testicular ACE (Natesh et al. 2003) clearly demonstrate 

structural differences. These differences are observed in the active site, helping 

rationalize their substrate specificity, and also in their general architecture. It is noted that 

no large conformational changes were observed between the free and inhibitor bound 

forms of ACE, while one of the largest hinge-bending motions was observed for ACE2. 

This may be a crystallization artifact, allowing ACE to only crystallize in the more 

compact conformation whether inhibitor is found or not.  

In the case of ACE2, however, the structures available in different conformations 

can be analyzed to answer an important question. Can we enhance ACE2 activity by 

shifting the conformational equilibrium of the enzyme? This mechanism of action is 

heavily supported for an ATP analog inhibitor of adenylate kinase (Watz et al. 2004) and 

for nitrogen regulatory protein C, a bacterial signaling protein which is activated upon 

phosphorylation (Volkman et al. 2001). Protein dynamics is a universal property of 

enzymes and different degrees of conformational change may be necessary for the 

functions of different proteins. Considering the extent of conformational change in hinge-
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bending enzymes, ACE2 represents an appropriate experimental model to examine 

tertiary structural variability. We consider how different conformations of an enzyme can 

be treated as different structures and therefore expand the variability of proteins at the 

tertiary structural level. 

Increased ACE2 activity represents an alternative strategy for the treatment of 

hypertension and related cardiovascular diseases. The monovalent anion-dependent 

enhancement of ACE activity, similarly observed for ACE2 (Vickers et al. 2002), has 

been suggested to occur by this mechanism and is consistent with kinetic studies on the 

effect of chloride ions on ACE (Towler et al. 2004). Therefore, the crystal structures of 

the open and inhibitor bound forms of ACE2 were analyzed to identify molecular surface 

features unique to each conformation. Virtual screening methods were applied to identify 

small molecules capable of enhancing ACE2 activity. Molecular surface sites remote to 

the active site were targeted and 2 compounds able to increase enzymatic activity 2-fold 

were identified. Both compounds are predicted to bind at the same site and share 

structural similarities. Furthermore, these compounds clearly enhance ACE2 activity 

while not affecting ACE activity. To date it appears this is the first report of in silico 

docking and structure-based approach used to identify enzymatic activators.  

Development of these compounds not only may serve as an additional strategy in 

the treatment of hypertension, but understanding their mechanism of action may open the 

door to a novel therapeutic approach that may be applicable to other hinge-bending 

enzymes and likely any enzyme whose conformational equilibrium is critical to their 

activity. 
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Materials and Methods 

Virtual Screening 

The software package of DOCKv5.2 (Ewing et al. 2001) was used for in silico 

screening of ~140,000 compounds available from the National Cancer Institute, 

Developmental Therapeutics Program. The structure coordinates and chemical 

information for each compound were processed either with accessory software from 

DOCK or with the ZINC server (Irwin and Shoichet 2005). Each compound was docked 

as a rigid body in 100 different orientations and before scoring the orientations were 

filtered by bump filter parameters, excluding compounds with extreme steric clashes.  

The grid-based scoring system was used for scoring with the non-bonded force 

field energy function implemented in DOCK. A standard 6-12 Lennard-Jones potential 

was used to evaluate van der Waals contacts. Spheres were generated by SPHGEN 

(Kuntz et al. 1982) and clusters were edited by hand to target specific sites on the 

molecular surface of ACE2.  

Three different molecular surface pockets, remote to the active site of ACE2, were 

targeted with spheres to rank the compounds of the NCI database (Figure 5-1). Two sites 

were identified in the inhibitor bound form of the enzyme (sites 2 and 3), and a single site 

(site1) was identified in the open conformation of ACE2. Each site was selected based on 

its uniqueness to each conformation. Thus, according to the crystal structures of ACE2 

available from the Protein Data Bank (PDBID: 1R42 and 14RL, free and bound enzyme 

respectively) the structural pockets represented by sites 2 and 3 are not present in the 

open conformation of the enzyme. Likewise, site 1 seems to fill with amino acid side 

chains in the closed conformation. Molecular surfaces were visualized with the software 

GRASP (Nicholls et al. 1991) to show the concavity of surface pockets. Some pockets 
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were more pronounced in one conformation or the other. Changes in the solvent 

accessible surface areas for each resiue between the open and the closed conformations 

were also analyzed. Solvent accesible surface area changes were not as helpful in this 

case but may be used in the future to identify pockets by looking at residues that are 

exposed in one conformation but not the other.  

The top ten scoring compounds for each site were selected for functional testing. 

Active compounds were submitted to a more rigorous calculation with DOCK. Both 

compounds were docked in at least 3,000 orientations, energy minimized, and with 

flexible bond parameters on. Other parameter such as number of minimization steps and 

number of conformation steps were also increased to perform a more exhaustive search 

until the score for each compound converged and did not improve further.  

Enzymes, Substrates, and Small Molecule Compounds  

Recombinant ACE and ACE2 were obtained in purified form from R&D systems, 

Minneapolis, Minn (catalog ID: 929-ZN-10 and 933-ZN-10, respectively). Substrates for 

ACE (fluorogenic peptide V, Mca-RPPGFSAFK(Dnp)-OH, catalog ID: ES005), and for 

ACE2 (fluorogenic peptide VI, Mca-YVADAPK(Dnp)-OH, catalog ID: ES007) were 

also obtained from R&D systems. Top scoring molecules were obtained from the 

National Cancer Institute (NCI) for functional testing. Dry compounds were resuspended 

in 100% DMSO to prepare 100 mM stock solutions, according to the amount of 

compound provided by the NCI and its molecular weight. Gentle heating to 60-80 C was 

carried out to assist their solubilization. Some compounds were further diluted to 50 mM 

stocks if clearly difficult to dissolve.  
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A B 

Figure 5-1. Clusters targeting three sites on ACE2. Spheres are in yellow and secondary 
structure in red for helices, gray for loops, and gold for strands. The figure 
shows the structure of the inhibitor (not shown) bound conformation of ACE2 
(PDBID: 1R4L). The cluster for site 1 was generated based on the structure of 
the open form of the enzyme (1R42) but it is shown superposed on the closed 
form to show its relative position to the other clusters. (A) and (B) are 
different by a 90º rotation around a horizontal axis.  

Activity Assays  

Activity of ACE and ACE2 was measured with a Spectra Max Gemini EM 

Florescence Reader (Molecular Devices). The enzyme removes the c-terminal 

dinitrophenyl moiety that quenches the inherent fluorescence of its 7-methoxycoumain 

group, resulting in an increase in fluorescence in the presence of enzyme activity. 

Fluorescence was measured with excitation and emission spectra of 328 nm and 392 nm, 

respectively. Reaction mixtures were prepared in 100 µl volumes and different 

concentrations of compound were tested against 10 µM substrate. 10 nM enzyme in 100 

mM NaCl, 75 mM Tris, 0.5 µM ZnCl2, at pH 7.4. Samples were read every 15-20 

seconds for at least 30 minutes immediately after the addition of fluorogenic peptide 

substrate at 37 °C. Assays, including controls, were performed in the presence of 1% 

dimethyl sulfoxide (DMSO). Although higher concentrations of NaCl increase the 
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activity of ACE2 and ACE (Vickers et al. 2002), a low concentration of salt (100 mM 

NaCl) was used in the assays to allow for enhancement of enzymatic activity to be 

detectable. That is, using 1 M NaCl which gives a maximal enhancing effect from the Cl 

ions might not allow the compounds to further enhance the activity of the enzyme. The 

lower salt concentration should give the compounds available room for activation. 

Controls in the presence and absence of DMSO and without compound were 

carried out to evaluate the effect of DMSO on the activity of ACE and ACE2. Assays 

with no DMSO, 1% DMSO, and 2% DMSO were performed in identical conditions (.i.e, 

pH, temperature, salt concentration, reactin mix volume and so on) to those of the 

experimental assays. At least up to 2% DMSO did not significantly affect the activity of 

ACE or ACE2 with the substrates used in this assay. 

Active compounds were observed to absorb and emit background levels of 

fluorescence. The experimental assays were corrected at each concentration since higher 

or lower concentrations of compounds affected the background signal in a concentration 

dependent manner. The added or subtracted background levels from the active 

compounds, however, were constant throughout the duration of the assays and did not 

show increasing or decreasing background signals. 

Results 

Approximately 140,000 compounds were virtually screened with DOCKv5.2 

(Ewing et al. 2001) in 100 different orientations and ranked by energy score. The top ten 

scoring compounds for each of three sites are listed in Table 5-1. These compounds were 

requested from the National Cancer Institute, Developmental Therapeutics Program 

(NCI/DTP) for functional testing. The top ten scoring compounds of each site share some 

general characteristics. Site 1 clearly selected for uncharged smaller compounds with 
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relatively few hydrogen bond donors and acceptors. The average molecular weight of the 

top ten scoring compounds is 279 Da. The xLogP values seem to range from 0.75 to 3.38 

for most compounds of site 1 and a single compound (no. 8) seems to slightly violate the 

Lipinski "rule of 5" (MW<500, cLogP <5, H-bond donors <5, H-bond acceptors <10) in 

this regard(Lipinski et al. 1997). The Lipinski rule of 5 states that compounds are likely 

to have poor absorption and permeation when two or more parameters are out of range.  

In contrast to the compounds selected for site 1 by DOCK, sites 2 and 3 seem to meet the 

Lipinski criteria less conservatively. Site 2 favored neutral or negatively charged 

compounds of a slightly larger molecular weight (MWave 351 Da) and cLogP values have 

a wider range from -4.35 to 5.33.  

For both site 2 and 3 most compounds have a higher number of hydrogen bond 

donors and acceptors, with many exceeding cut off criteria. Both of these sites also 

selected for compounds with a higher number of rotable bonds. Follow up studies to 

those of Lipinski favor molecules that have less than 7 rotable bonds as this may be 

another factor that affects the druglikeness of small molecules. Site 3 seems to have 

favored positively charged compounds of an even higher molecular weight (MWave 435 

Da) compared to site 1. Most compounds in the top ten list for site 3 do not meet Lipinski 

criteria in at least one parameter. The shared characteristics of these compounds likely 

reflect the properties of the sites selected for virtual screening and it appears site 1 is 

better fit for the ligation of a druglike molecule. 

Only 21 of the requested compounds were obtained and tested for enhancement of 

ACE2 activity. During initial functional screening, compounds 3 and 6 both selected for 

site 1 were observed to increase ACE2 activity about 2-fold. Both compounds identified  
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Table 5-1. Top ten scoring compounds for the three different sites docked. All requested 
from the NCI/DTP for in vitro testing. * Not obtained from the NCI. **Not 
Available. Active compounds are highlighted. 

Rank # Catalog 
Number xlogP H-

donors
H-

acceptors
net 

charge
molecular 

weight
rotatable 

bonds Score

 Site 1
1 NSC269897 NA** 0 2 0 224 3 -19.26
2 NSC72361 3.41 1 5 0 295 3 -17.35
3 NSC354677 NA 2 8 0 483 6 -16.03
4 NSC72756 NA 0 5 0 228 4 -15.68
5 NSC21221 1.84 0 2 0 159 2 -14.00
6 NSC354317 NA 2 5 0 382 0 -13.38
7 NSC43058 3.03 2 5 0 241 3 -12.15
8 NSC43083 5.06 0 2 0 274 4 -11.52
9 NSC21044 3.38 0 1 0 184 2 -11.09

10 NSC354297 0.75 0 8 0 320 2 -10.95
Site 2

1 NSC121146 -0.7 5 11 -2 400 9 -32.43
*2 NSC243619 -4.35 0 10 -4 302 6 -30.57
*3 NSC324063 -1.42 8 14 -1 467 9 -28.99
4 NSC90568 1.46 7 7 0 258 3 -26.01
5 NSC371456 2.49 2 8 0 384 6 -25.94
6 NSC42370 2.62 2 10 -1 337 4 -25.62
7 NSC631816 1.12 5 7 0 312 3 -25.56
8 NSC103522 5.33 5 6 0 442 4 -25.47
*9 NSC624460 2.55 5 6 0 305 3 -25.30
10 NSC371140 -0.06 2 9 0 305 6 -25.26

Site 3
1 NSC83458 1.26 6 10 2 493 4 -27.71
*2 NSC138120 8.12 1 3 0 506 3 -26.40
3 NSC658245 -1.12 5 11 2 468 8 -26.31
4 NSC152085 2.55 8 5 2 298 3 -25.86
*5 NSC138115 7.77 1 3 0 417 3 -25.63
*6 NSC82526 0.54 6 10 2 465 4 -25.42
*7 NSC694478 2.41 5 9 0 394 7 -25.35
*8 NSC704636 2.98 2 10 -1 598 6 -25.31
*9 NSC657774 8.01 0 6 2 471 5 -24.91

*10 NSC407491 2.24 1 6 0 243 3 -24.77  

also share some structural similarities. They consist of a rigid ring system scaffold with 

hydrogen bond donors in similar positions (Figure 5-2). These observations demonstrate 

consistency in the in silico simulations. They show that DOCK was able to select two 

different but similar compounds that presumably interact with the same site and have 

similar activities out of an in silico library of ~140,000 compounds. 
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Compounds 3 and 6 were assayed again to confirm their effect on ACE2 activity. 

They were confirmed to enhance enzymatic activity 2-fold and both compounds have 

similar activity profiles across a wide concentration range. All assays were performed in 

1% DMSO. Control experiments showed that 1 and 2% DMSO did not affect ACE2 

activity in the absence of compounds. Compound 3 showed a maximum activation at 100 

µM with a clean dose response that almost doubled ACE2 activity at 100 µM compound 

(Figure 5-3). At concentrations higher than 100 µM however, compound 3 became 

inhibitory with 400 µM returning enzymatic activity to approximately control levels and 

with 800 µM inhibiting its activity slightly below that of control.  

This inhibition at such high concentrations may be a consequence of compound 

aggregation, which is known to promiscuously inhibit enzymes by sequestering the 

A B 

Figure 5-2. Activators of ACE2 are structurally similar. (A) both compounds show a 
multicyclic scaffold that was docked in approximately the same orientation. 
These are the best scoring orientations for each compound. Strikingly, 
hydrogen bonding donors and acceptors, highlighted in light yellow occur in 
both compounds at approximate positions. (B) 2-dimensional structure 
diagrams. 
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enzyme from solution. Another artifact that could possibly occur under the conditions of 

our assays is related to the coordination of zinc by the large number of lone pairs of 

electrons from the active compounds. Oxidized zinc may be coordinated by these 

compounds at high concentrations. Although metalloproteases usually have a high 

affinity for their metals, 0.5 µM zinc may be a low concentration of zinc compared to 500 

and 800 µM compound. Finally, these high concentrations of compound may force them 

to bind the enzyme at secondary low affinity sites that may still modulate the activity of 

the enzyme (e.g., to inhibit it). However it should be noted that the rates of enzyme 

activity obtained from these spectrophotometric assays (RFU/s) across this wide 

concentration range (0-800 µM) approximate a quadratic curve closely (Figure 5-3) and 

that this inhibition may still be consistent with a conformational equilibrium shift 

mechanism. In the case of the latter a high concentration of activator may still prevent the 

enzyme from shifting into the closed form of this enzyme, if indeed the compound is 

found to stabilize the open form. Although the overall inhibition observed for compound 

3 in Figure 5-3 may not be significant when compared to control activity, the rates of 

enzyme activity give a clear dose response pattern on the ACE2 modulating effects of 

compound 3.  

Compound 6 did not show the same dose response but activated ACE2 similarly 

(Figure 5-4). Compound 6 activated ACE2 identically at 20, 50 and 100 µM but like 

compound 3 it inhibited ACE2 at higher concentrations. At 500 µM compound 6 ACE2 

activity returned down to control level. It is observed that compound 6 was significantly 

more insoluble than compound 3 and the lesser quality of the data may be a reflection of 

its poor solubility. One explanation to the equal activating effect of compound 6 on  
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Figure 5-3. Compound 3 from site 1 activates ACE2. Concentrations ranging from 0-800 
µM clearly gave a clean dose response even though the compound did not go 
completely into solution. Assays done in 10 nM enzyme, 10 µM substrate, 
100 mM NaCl, 75 mM tris pH7.5 and 0.5 µM ZnCl2 at room temperature. The 
30 minute time course yielded linear curves (A) from where rates were 
calculated (B). All curves in the top panel had a straight line correlation 
coefficient of > 0.98, except 20 µM compound (c.c. = 0.93). 
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ACE2 at different concentrations (20, 50 and 100 µM) would be that compound 6 has 

already reached its maximum effect at 20 µM, and that raising the concentration of the 

compound further only forms more aggregate. The effective concentration of compound 

6 available in solution would be the same at all concentrations. In this case it is likely that 

the inhibition observed is due to aggregate and may be nonspecific. Lower concentration 

titrations would be necessary to reveal a clearer dose response but the effect may be too 

weak to observe with confidence.  

Overall, compound three seems to behave more promisingly. Both compounds 

appear to be relatively non-toxic. The National Cancer Institute provides that both were 

tested in anticancer screens and more than 95% of rats subjected to 200 mg/Kg of 

compound had survived after 30 days of exposure. Finally, compounds were tested in 

similar conditions for ACE activation. As shown in Figure 5-5, compounds 3 and 6 did 

not activate ACE at either 50 or 100 µM. ACE is 42% homologous to ACE2 and is also 

activated by chloride ions. These experiments support that compounds 3 and 6 selected 

by virtual screening methods targeting the open form of ACE2 have a specific 

measurable enhancing effect on enzymatic activity. Although more experiments are 

required to explore their mechanism of action and validate their site of interaction, this 

report begins to outline a structure-based approach to the identification of remote site 

activators, an approach that could also be applied to the discovery of new inhibitors for 

other enzymes. 

Discussion 

It is encouraging that both compounds identified are predicted to interact with the 

same site since this more strongly suggests that we have discovered a molecular surface  
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Figure 5-4. Compound 6 from site 1 activates ACE2. (A) shows the activity of ACE2 is 
significantly increased by about 2-fold. Assay done in 100 µM compound 6. 
Error bars are standard errors of measurement at a 95% confidence interval. 
The curves show a 40 minute time course obtained in identical conditions to 
those described in Figure 5-3. (B) shows rates in RFU/s from control (in 
triplicate: C+1, C+2, C+3) and compound concentrations ranging from 0-500 
µM. 20, 50, and 100 µM gave identical curves and were pooled to obtain the 
average shown in the top panel. 
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Figure 5-5. The ACE2 compounds do not enhance ACE activity. Top panel shows 
activation of ACE2 by compound 3 at 50 µM. Error bars are standard errors of 
measurement at 95% confidence intervals. The 30 minute time course was 
obtained in identical conditions to those from Figure 5-3. Bottom panel shows 
the activity of ACE (red) is not enhanced by either compound 3 (dark blue, 
100 µM; dark purple, 50 µM) or compound 6 (bright blue, 100 µM; magenta, 
50 µM). All assays were done in triplicate but in panel (B) error bars are 
omitted for simplicity. 
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pocket outside of the active site of an enzyme capable of modulating enzymatic activity 

upon ligation by a small molecule. This is a striking result considering we have limited 

ourselves to functionally test only the top ten scoring compounds for each site (typical 

drug discovery campaigns test thousands of compounds) and that we only screened three 

sites on ACE2.  Clearly virtual screening methods as implemented by DOCK serve to 

increase the efficiency of initial screening assays. The results reported here show that 

these compounds are selective for ACE2 and do not enhance ACE activity, which is 42 % 

identical to ACE2 (i.e., their catalytic domains). 

Site 1 clearly selected for a group of compounds that meet druglikeness criteria 

(Lipinski et al. 1997). Compared to sites 2 and 3, the characteristics of these compounds 

may reflect properties of the molecular surface site on which they were screened. Out of a 

library of ~140,000 compounds, the top ten compounds for each site shared a group of 

physicochemical characteristics (Table 5-1). In aiming to identify remote sites from the 

active site an enzyme that could potentially be exploited for drug development, it may be 

desirable for these sites to not only have unique features among different conformers, but 

also have characteristics that are likely to favor ligation of a druglike molecule. Similar to 

Lipinski rules of 5 now commonly used to pre-screen small molecules, there may be a set 

of criteria we could follow when selecting a molecular surface pocket to probe. For 

example, the size of the pocket will limit the size of small molecules since DOCK will 

eliminate compounds that do no fit into a pocket. Smaller molecules would in turn be less 

likely to have too many hydrogen bond donors or acceptors. However, selecting a site 

that is too small may leave no room for lead optimization.  
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Traditionally, the active site of an enzyme is targeted for inhibition and thus the site 

we desire to screen is already given. In this study, however, we successfully identified 

small molecules that enhance the activity of ACE2. Such goal offers poor prospects of 

achievement if we are preventing the enzyme from binding its substrate. Thus there is 

necessity for a novel approach and it could be postulated that any given site on the 

molecular surface of proteins may be rated according to their druglikeness 

complementarity, that is, its predisposition to bind a druglike molecule.  To conclusively 

determine a set of criteria by which allosteric sites can be evaluated in this regard, future 

comparative studies with different enzymes will be necessary. 

Solving the crystal structure of ACE2 bound to the active compounds will be 

necessary to fully validate molecular docking simulations, but at present we can describe 

the docked models available. Compound 3 and 6 were docked with minimization while 

treated as flexible ligands to obtain the most accurate prediction of their complex with 

ACE2. The three-member ring scaffold is positioned similarly in site 1 for each 

compound (Figure 5-6 and 5-2). Both compounds are predicted to engage in several 

hydrogen bonds with residues from ACE2, although the hydrogen bonding interactions 

do not involve the same residues.  

According to DOCK, compound 3 hydrogen bonds with residues Lys94, Tyr196, 

Gly205 and His195 (Figure 5-6, panel A). The NZ nitrogen from the lysine side chain is 

positioned at 3.25 Å from the hydroxyl group oxygen (O3) in compound 3. The carbonyl 

oxygen (O2) is within 3.16 Å from the hydroxyl group of Tyr196. The distal amine 

nitrogen (N2) from compound 3 interacts at a distance of 3.31 Å with the main chain 

carbonyl oxygen of glycine in ACE2. And the ND1 nitrogen from the ACE2 histidine is  
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  A 

 B 

 Figure 5-6. Exhaustive molecular docking of ACE2 enhancers. Compounds 3 and 6 
selected for site 1 were docked more rigorously with the same sphere cluster 
and scoring grids used previously. Compounds were minimized and treated as 
flexible ligands. Searching parameters were made increasingly more thorough 
until the docking scores converged. (A) and (B) show ACE2 in a similar 
orientation. Surface is color coded light blue for carbon, red for oxygen and 
blue for nitrogen. Compounds are also colored according to the elements, 
green for carbon, red for oxygen, orange for sulfur and blue for nitrogen. 
Likely hydrogen bonding interactions are labeled with dashed yellow lines. 
(A) shows the predicted binding orientation for compound 3. Hydrogen 
bonding interactions are labeled according to compound atoms as described in 
main text. (B) shows the same for compound 6. 
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within 2.98 and 3.31 Å of the ether-sulfate oxygens (O4 and O6 respectively) in 

compound 3. All hydrogen bonding angles show good geometry (125-130º), except for 

the angle C14-O3-NZ which is wider (160º). Given that lysine side chains are very 

flexible, however, an experimental structure is likely to show the side chain of Lys94 

oriented in a more favorable orientation.  

Compound 6 seems to be involved in 3 hydrogen bonds with residues Gln98, 

Gln101 and Gly205 (Figure 5-6, bottom panel). Both hydroxyl oxygens in compound 6 

interact with main-chain carbonyl oxygens of ACE2; O5 seems to bond to Gly205 (3.18 

Å) and O4 to Gln101 (3.33 Å). The ester oxygen (O2) in compound 6 accepts an amide 

hydrogen from the side chain of Gln98 at a slightly less ideal distance of 3.51 Å, but as 

mentioned for the model of compound 3, docking simulations do not account for any 

“induced fit” effects on ACE2 residues. An experimental structure is likely to show better 

hydrogen bonding distances and geometry for both compounds. At present it is 

nonetheless observed that 3.5 Å is an acceptable hydrogen bonding distance. Like for 

compound 3, hydrogen bonding angles are as expected (~117º). 

Many enzymes are known to exist in multiple conformations in crystal structures. 

The modern view on folding funnels and energy landscapes suggests strongly that most 

proteins do exist as an ensemble of conformations (Frauenfelder et al. 1988). However, 

some conformations are more capable of performing their function while other 

conformations are rendered inactive. NMR relaxation experiments with several model 

proteins (e. g., triose phosphate isomerase, dihydrofolate reductase, RNAse A and HIV 

protease) have revealed that frequencies of conformational exchange are nearly identical 
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in the presence or absence of substrate; suggesting that conformational changes involved 

in the binding or release of ligands may be rate limiting (Eisenmesser et al. 2005). 

 A study on adenylate kinase explicitly demonstrated that the rate of active site 

“lid” opening matched the turnover rate of the enzyme and also fully accounted for the 

decreased activity of a thermophilic homolog (Wolf-Watz et al. 2004). The study 

concluded that increased temperatures leading to an increased rate of lid opening restored 

the thermophilic enzyme to optimal activity. According to these concepts, it would be 

interesting to see if small molecules targeted to stabilize the open conformation of the 

thermophilic enzyme will enhance its activity at metastable temperatures. For hinge 

bending enzymes such as ACE2, the large conformational change that opens and closes 

its active site should be analogous to the dynamics of lid opening in adenylate kinase. 

Unfortunately, there is no data on ACE2 comparable to that of adenylate kinase or even 

to suggest that the release of products is rate limiting. Therefore, both forms of the 

enzyme were probed in an attempt to enhance enzymatic activity.  

If the compounds identified in this study interact with the open conformation of 

ACE2 at site 1, they may specifically stabilize this conformation in solution. This effect 

may enhance ACE2 activity by at least two mechanisms. Logically, closed conformations 

of the free enzyme do not allow substrate into its active site. In the presence of 

compound, the populations of free enzyme may be shifted to that of the open form 

effectively increasing the activity coefficient of the enzyme. Alternatively, it is also 

possible that product release is a rate limiting step in ACE2 turnover. This is known for 

several enzymes (e. g., dihydrofolate reductase, also mentioned above). The activity of 

ACE2 in the presence of compound may then be enhanced as the enzyme-product 
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complex empties more quickly and ACE2 becomes available to start another cycle. It is 

possible that compounds 3 and 6 modulate ACE2 activity by both mechanisms. In both 

cases, compounds would be acting by shifting the populations of enzyme into a 

conformation that is fully active, whether the enzyme is in free or bound form, and 

helping the enzyme avoid “wasting its time” on nonproductive complexes or 

conformations.  

Here we report not only the identification of ACE2 activators, but also a novel 

structure-based drug discovery approach that may be applicable to other enzymes. By 

targeting allosteric sites on the molecular surface of enzymes we may be able to enhance 

or inhibit their activity. Enzymatic activators are rare and their development by current 

structure-based knowledge is unprecedented. Here we propose that it may be possible to 

identify molecular surface sites remote from the active site of the enzyme to be exploited 

for drug development. This approach will open new doors in drug therapy as the 

identification and design of activators becomes a tractable route. This will expand the 

availability of macromolecular targets and also offer hope for the development of novel 

inhibitors for enzymes resistant to current therapeutics; such as HIV protease. 

In summary, while validation of the specific mechanism of action of the 

compounds described is pending, this study encourages us to ask the following questions: 

can virtual screening approaches be used to identify allosteric sites for drug 

development? Can the analyses of such sites reveal a set of criteria to more easily identify 

sites that will recognize a druglike molecule and at the same time shift populations of 

conformers in a desirable direction (inhibit or activate an enzyme)? If high concentrations 

of small molecule activators become inhibitory, what is the maximal activating effect that 
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can be achieved by this method? Will these activating effects have a significant impact in 

vivo? And finally, can this approach to drug therapy offer alternative inhibitors to treat 

diseases in which increasingly resistant enzymes have nearly exhausted the usefulness of 

active site inhibitors? Answering of these questions will unlock novel therapeutic 

strategies for the treatment of many diseases including hypertension and any disease 

dependent on the activity of an enzyme whose conformational equilibrium can be 

modulated.
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CHAPTER 6  
CONCLUSIONS AND FUTURE DIRECTIONS  

In summary, the structure of a V region-containing chitin-binding protein and 

angiotensin-converting enzyme 2 were examined to identify novel features in the 

structure of these proteins that offer important advantages to their function. In the case of 

the V region-containing chitin-binding proteins (VCBPs), millions of years of evolution 

have led to the structure presented in Chapters 3 and 4. These immune-type receptors 

likely responded to selective pressures that favored those with better antigen recognition 

capabilities; for example, polymorphism and a stable fold that easily accommodated 

highly diverse sequences. The immunoglobulin fold is one of the most versatile 

molecular scaffolds and has been adapted for many functions in cell adhesion and the 

immune system.  

Chapter 3 discusses unconventional interactions observed in VCBP3 hitherto 

unknown to the Ig fold. These interactions are being increasingly recognized in other 

proteins and it is suggested here that these interactions played an important role in the 

structural evolution of the Ig fold. Chapter 4 focuses on features observed in VCBP that 

support its primordial relationship to adaptive immune receptors. The VCBPs are the 

only immune-like receptors from an organism below the jawed vertebrates known to 

exhibit both a V-type immunoglobulin fold and germline encoded regionalized 

hypervariability. These are characteristics typical of adaptive immune receptors. The 

structure presented in Chapter 4 shows that hypervariable regions colocalize to a 
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contiguous surface at the interface of the two Ig domains in VCBP3. The structures 

presented here suggest a clearer set of stages in adaptive receptor evolution. 

The current views on protein structure state that proteins exist as ensembles of 

conformations, with some of these conformations being more capable of executing their 

function. It is logical to presume that if we could rationally skew these populations of 

conformers we could enhance or suppress their activity to our benefit. In Chapter 5, a 

structure-based approach to identify enzymatic enhancers was applied based on these 

concepts. Angiotensin-converting enzyme 2 (ACE2), an important target against 

hypertension, was used as a model hinge bending enzyme although this approach likely 

can be applied to any enzyme exhibiting distinct conformer populations. Adaptive 

immune receptors, the VCBPs, and ACE2 have been shaped by millions of years of 

evolution. Even though it is well accepted that proteins have evolved in compromise to 

attain a balance between stability and flexibility, some of this flexibility may reflect an 

entropy reservoir that can still be exploited by rational approaches. The results presented 

in Chapter 5 offer new opportunities in drug discovery and development. 

Crystallization and Preliminary X-ray Analysis of VCBP2 and VCBP3 from 
Branchiostoma floridae 

Before our work the classification of the N-terminal domains of the VCBPs as V-

type immunoglobulin were based on sequence similarity alone. To determine similarities 

and differences between the structures of modern antigen receptors of the adaptive 

immune system and these primordial invertebrate proteins, VCBPs were expressed and 

purified for x-ray crystallography. The chitin-binding domain of VCBP, a cysteine rich 

domain, was not successfully expressed but a homology model based on tachycitin was 

examined (the constructs expressed are described in the materials and methods of Chapter 
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2). Proteins of VCBP3 crystallized more easily in many conditions, with small crystals 

identified by hand. Crystallization conditions were quickly optimized as crystals grew in 

3 to 4 days. Crystals were found to offer good quality diffraction data and initial unit cell 

parameters and space group were successfully determined. Both long and short forms of 

VCBP3 diffracted to a good resolution level (~2 Å). The crystallization and preliminary 

x-ray analysis of VCBP3 established it would be possible to solve the crystal structure of 

both short and long VCBP3.  

Proteins of VCBP2 were not crystallized by hand and automated high throughput 

screening was performed by the Southeast Collaborative for Structural Genomics, 

Alabama. Although optimized crystals of the short form grew to sizes similar to those of 

VCBP3, it was found that crystals diffracted too weakly at room temperature. Long 

exposure times prevented the collection of enough data for a full preliminary analysis, 

although successful indexing of the data gave initial cell dimensions and point group 

symmetry for two different crystals. More diffraction data is needed to determine the 

space group and refine unit cell parameters. Collection of data from cryocooled crystals 

was unsuccessful as cryoprotection led to high mosaicity and unacceptably low 

diffraction limits for VCBP2. Crystals of the long form of VCBP2 were very small (<1 

mm in the longest dimension) and would not diffract adequately in a home or even most 

synchroton sources. 

The 1.15 Å Crystal Structure of VCBP3V1 from Branchiostoma floridae 

The short form of VCBP3 was found to diffract to atomic resolution at beamlines 

available in the National Synchroton Light Source, New York. A selenomethione 

derivative was generated to perform multiwavelength anomalous dispersion experiments 

and obtain an unbiased model of the VCBP structure. This is currently the highest 
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resolution structure of an Ig in the Protein Data Bank. The good quality and high 

resolution data allowed anisotropic temperature factor refinement and hydrogen atom 

corrections during crystallographic refinement. This led to the relaxation of restraints and 

a highly accurate final structure. The structure is clearly of the V-type class confirming 

that VCBPs are the only representatives of a V-type Ig below jawed vertebrates that also 

exhibit regionalized hypervariability. However, much of the hypervariability observed in 

antigen receptors of the adaptive immune system is induced somatically by highly 

specialized mechanisms of recombination and mutation. The hypervariability observed in 

amphioxus is harbored at the germline level only (Cannon et al. 2002). In addition, it had 

also been noted that the hypervariable regions of VCBPs do not coincide with the 

hypervariable regions of T cell receptors or antibodies (i.e., the complementarity 

determining regions). The hypervariable regions of VCBP are shifted toward the N-

terminus compared to adaptive receptors. 

Searching the PDB for structurally homologous proteins showed that VCBP3V1 is 

most similar to proteins that interact with a ligand by means of their front sheet; one of 

these structures is a T cell receptor. The short form of VCBP3 (VCBP3V1) was observed 

to display a crystal contact at its front sheet in a manner analogous to the ligand 

recognition of its structural homologs (Figure 3-5). Chapter 4 confirms and discusses a 

biologically relevant dimerization of VCBP3V1V2 via front sheet residues. 

The atomic resolution structure elucidated for this dissertation clearly indicated the 

position of hydrogen atoms at the core of the Ig fold (Figure 3-6). This data led to the 

unprecedented analysis of weak non-canonical interactions for Ig domains. These 

interactions were found to be involved largely with V-type Ig conserved residues 
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suggesting that they may play an important role in the structure. Although more 

structures at this level of resolution are needed to make generalizations about the roles of 

these interactions in Ig domains, it is proposed that these interactions had an effect in the 

stabilization of this β-sandwich structure which led to their selection throughout the 

evolutionary history of immune-type receptors exhibiting V-type Igs. Considering the 

residues involved in these interactions form the core of the Ig, it is likely that they 

appeared early in the structural evolution of the Ig domain. Finally it is noted that the 

disulfide bond between the front and back sheets of the Ig may lead us to think any 

contributions from these weak interactions are negligible, but it is still possible that weak 

interactions are important in guiding the folding of the newly translated Ig domain, before 

cysteine oxidation and while driving specific orientations of residues during hydrophobic 

collapse.  

Origins of Immune-Type Receptor Diversity: Crystal Structure of VCBP3V1V2 in 
Amphioxus 

The long form of VCBP3 was also solved by an anomalous dispersion method 

(SAD) that provided unbiased phases. Although the resolution of this structure was 

significantly lower (1.85 Å) by VCBP3V1 standards, superposition of the V1 domain of 

this structure on the atomic resolution structure described in Chapter 3 showed that the 

backbone conformation is nearly identical, with an rmsd of 0.6 Å. In this chapter the 

structure shows how the tandem V-type domains interact largely by means of front sheet 

residues, as suspected from the structure in Chapter 3 (Figure 3-5). Interestingly, the J-

like motif encoded by VCBP3 is heavily involved in interactions at the interface of the 

two domains. This suggests the J-like motif may have had an important function in a 

primordial V-type Ig, before antigen receptors acquired this structural feature.  
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Available sequence information was aligned with the structure of VCBP3V1V2. It 

was determined that the hypervariable segments in the sequences of VCBPs map to a 

contiguous surface constituted by both V1 and V2. This strongly supports that this 

surface is a site of ligand recognition. As already noted, the hypervariable regions of 

VCBP do not map to the complementarity determining regions of antigen receptors and 

therefore suggest that primordial V-type receptors displayed diversification of their 

primary sequence elsewhere as well. The J-like motifs FGXGTXLXV observed in 

VCBPs, with half the motif in one domain and the other half in the other, suggest these 

structures predate a presumed transposition event that rearranged the motif fragments in 

VCBP V1 and V2. It is possible that the same or a similar event led to the shift of the 

hypervariable regions to the CDRs in antigen binding receptors. Alternatively, 

hypervariable surface patches might have slowly migrated from the N-terminal end of the 

sequence to the more derived location at the CDRs. Although more examples 

demonstrating the gradual migration of hypervariable surface patches are to be found, it 

is noted that in single chain antibodies from llamas, camels and relatives framework 

residues outside of the CDRs participate in significant interactions with the antigen. 

Identification of ACE2 Activators by Virtual Screening of Small Molecule Libraries 

Two compounds that enhance the activity of ACE2 in vitro were identified by a 

structure-based approach. As a central regulator of the renin-angiotensin system, ACE2 is 

currently an intensely researched therapeutic target against hypertension. Based on 

conformational equilibrium concepts in enzyme function, it was hypothesized that small 

molecule activators that stabilized a particular conformation of ACE (open or closed) 

may enhance its activity. Examination of the crystal structures of the different conformers 

of ACE led to the identification of molecular surface features that were unique to either 
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conformation. Two sites in the closed conformation and one site in the open form were 

selected to apply molecular docking techniques. A database of ~140,000 compounds was 

screened at each site. In vitro testing of the top scoring compounds for each site showed 

that two compounds predicted to interact with site 1 had similar activity. These 

compounds were also observed to exhibit a high degree of structural similarity. Both 

compounds activated ACE2 in the low micromolar range while inhibiting it in the 

medium to high micromolar spectrum. Although this inhibitory effect may be a 

consequence of poor compound solubility, it is still consistent with a conformational 

equilibrium shift mechanism of action. The more soluble compound showed a clear dose 

response effect on ACE2 activity. Finally, it was determined that these compounds 

enhance ACE2 activity while not affecting ACE activity significantly. The two proteases 

(ACE and ACE2) are ~40% homologous. Although more experiments are needed to 

determine the exact mechanism of action of these compounds, the body of evidence 

presented at least supports a successful rational approach to identifying enzymatic 

activators by the exploit of structure knowledge. 

It is still possible these two lead compounds may not develop into powerful 

therapeutic agents, but further studies on these compounds may lead to the discovery of 

novel techniques in drug discovery. Most enzyme targets are largely regulated by the 

development of active site inhibitors. This study suggests we may be able to target 

enzymes whose activity is desired by developing enzyme activators. This may lead to a 

direct drug treatment in some enzyme deficiencies. This approach also offers new 

strategies in the development of inhibitors for enzymes now heavily resistant to active 

site inhibitors, since according to conformational equilibrium concepts, stabilizing a 
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nonfunctional form of the enzyme will effectively inhibit it. These techniques would be 

applicable to any enzyme or other protein whose activity is dependant on their 

conformational state. 

Future Directions 

There are at least 4 distinct families of VCBPs and obtaining additional structures 

of VCBP representatives will be necessary to identify general features shared by all 

families. For example, it is still possible, although unlikely, that not all VCBPs exhibit a 

V-type fold. Analyzing representatives of different families will yield more appropriate 

models of adaptive immune receptor ancestors. Crystals of VCBP2 are reported in this 

dissertation but data collection from these crystals was not completely successful. Further 

screening of cryoprotectant conditions likely will result in successful data collection from 

cooled crystals. Additive screens should also help identify conditions that stabilize 

VCBP2 crystals since this may keep mosaicity down and improve diffraction limits.  

Another interesting approach that may be attempted to improve the diffraction 

properties of VCBP2 crystals is reductive methylation of lysine residues. Lysine residues 

are frequently found in the surfaces of proteins in an extended conformation that may not 

be ideal for crystal packing. By methylating these residues their charge is neutralized and 

the more hydrophobic character of the modified residues results in better packing of the 

long side chains, closer to the molecular surface. Other model proteins such as lysozyme 

have been examined for artifacts when performing this technique and have shown none 

other than the expected compact conformation for the lysine side chains (Rypniewski et 

al. 1993). Although chemical modification of lysine residues did not affect the diffraction 

properties of lysozyme significantly, the structure of myosin subfragment 1 was obtained 

only after applying this method (Rayment et al. 1993).  
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Other VCBPs may be amenable to crystallization, but their expression in E. coli has 

not been possible until now. Alternative expression systems may offer soluble VCBPs 

that can be screened for crystallization. Further attempts to crystallize VCBPs should also 

include automated high throughput crystal screening for rapid crystallization since 

VCBP2 was crystallized only after it was screened at the Southeast Collaborative for 

Structural Genomics consortium center at Birmingham, Alabama. A full construct 

structure of a VCBP is of particular interest since it would show how the Ig and chitin-

binding domains are organized. However, as chitin-binding domains are cysteine rich, 

these may prove more difficult to express. These additional structures will be an 

important aim of future studies on VCBPs. 

The VCBPs so far are the only immune-type receptors in an invertebrate displaying 

both V-type Igs and regionalized hypervariability. Although these characteristics are 

highly suggestive of immune function, the functional roles of VCBPs in amphioxus have 

not been established. Identifying a functional role for VCBPs should conclusively 

indicate whether they form part of the innate immune system in amphioxus or not. 

Purified VCBPs may be tested for inhibition of fungal or bacterial growth. If active, 

mutagenesis experiments may be designed based on the structures described in this 

dissertation to determine what residues in VCBPs are most important to their function. 

Amphioxus can be bred in the laboratory. It would be interesting to generate VCBP 

deficient mutants that could be tested for a significantly higher susceptibility to fungal or 

bacterial colonization. If a higher susceptibility is observed, a rescue experiment should 

be performed to test whether extraneous VCBP prevents the affliction.  
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More specifically, ligands recognized by VCBPs will eventually need to be 

identified. Coimmunoprecipitation and yeast two-hybrid system experiments would help 

determine if there are any other amphioxus proteins that interact with VCBPs. However, 

VCBPs may be secreted into the gut of amphioxus as a primitive type of neutralizing 

antibody, therefore recognizing many different antigens. Surface plasmon resonance 

experiments would be highly efficient in identifying these antigens. With VCBPs fixed to 

a plate, sea water may be applied to these putative immune receptors until a ligand is 

identified. A complex structure of a VCBP with its antigen will confirm or refute that the 

polymorphic surface of VCBPs is the antigen binding site. 

In the case of ACE2, experiments are needed to validate the mechanism of action 

of the compounds identified. Kinetic experiments will be required to determine whether 

these compounds are modulating Kcat or Km or both. There is a potent ACE2 inhibitor 

available that should enable us to perform active site titrations and quantitate enzymatic 

activity. It should also be determined whether the inhibition observed at higher 

concentrations is specific or a consequence of aggregation. Lineweaver-Burk plots could 

give initial evidence that inhibition occurs by a specific mechanism. Also, assays should 

be performed with a physiologically relevant substrate of ACE2 (i.e., angiotensin II) to 

shown that the compounds in fact have the potential to illicit a physiological effect in 

vivo.  

Physical interactions of these compounds with ACE2 should be analyzed to 

validate molecular docking simulations. Crystallization conditions for ACE2 are known. 

Solving the structure of ACE2 bound to the active compounds will confirm their site of 

interaction, orientation and specific interactions involved. In conjunction with 
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crystallization experiments, isothermal titration and differential scanning calorimetry 

methods should confirm the interaction of ACE2 with the active compounds. 

Microcalorimetry experiments will also enable us to obtain affinity constants for each 

compound.  

Finally, NMR relaxation studies could be performed to obtain information about 

conformational changes in ACE2. As shown for other proteins (Eisenmesser et al. 2005), 

it may be that the backbone amide frequencies in the presence and absence of substrate 

are the same suggesting conformational changes are rate limiting for ACE2. More 

specifically, if it can be shown that the opening rate of the ACE2 clam shell is slower 

than the closing rate, this would help explain how the active compounds affect ACE2 

activity consistent with our assumptions of its dynamics (i.e., compounds may be 

stabilizing the open conformation). 

Animal studies may show that these compounds are able to rescue or prevent 

hypertensive symptoms in an established rat model (already available). However, these 

compounds may not produce a noticeable effect in vivo even though they do modulate 

enzymatic activity in vitro. The compounds identified to be active were observed to obey 

the Lipinski rules of 5 but they may still lack the potency or the ability to reach their 

target in vivo. Therefore, a family of compounds similar to those identified should be 

tested along with the original compounds. This approach may also allow to determine 

structure-activity relationships that will be helpful in the development of the lead 

compounds.  

Development of these lead compounds is another important aim for future studies 

of ACE2. A crystal structure of ACE2 bound to the compounds described in this 
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dissertation will not only validate their site of interaction but will also result in high 

resolution information necessary for structure-based optimization. Although the models 

obtained from rigorous molecular docking may be used as a starting point to derivatize 

lead compounds, current molecular docking algorithms are not appropriate for high 

resolution analysis. A crystal structure will be required for efficient optimization. Finally, 

additional computational techniques can be used for automated structure-based 

optimization with software packages such as RACHEL (Tripos, Inc.). RACHEL allows a 

database of fragments to be screened and evaluated (i.e., scored) as each fragment is 

considered as an extension of the lead compound. The lead compound can then be grown 

in silico at user defined sites and ranked again. This approach should provide us with a 

“filtered” library of derivatives likely to have an increased affinity for our target, similar 

to the way virtual screening was used to reduce the original database of small molecules. 

This dissertation examined concepts in structural variability in proteins. The first 

example discussed how immune-like proteins might have begun to be exploited by 

natural selection for efficient antigen recognition in invertebrate organisms. The second 

example discusses how the conformational ensemble of enzymes can be considered part 

of the variability repertoire in proteins and demonstrates these concepts can be applied to 

develop novel structure-based drug design methods. The method discussed here should 

be developed and studied not only for ACE2 as therapy against hypertension, but also in 

other enzymes with known conformational ensembles. Also of particular interest is the 

application of these methods to enzymes resistant to active site inhibitors such as HIV 

protease; further emphasizing the importance of this research since this approach could 

likely be applied to other proteins.  
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