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Abstract 
 

The structure and dynamics of the Syk family kinases 
 

by 
 

Helen Tatiana Hobbs 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley  
 

Professor John Kuriyan, Co-Chair 
 

Professor Susan Marqusee, Co-Chair 
 
The amino acid sequence of a protein dictates its function. This function is informed not only by 
the folded shape(s) adopted by the protein but also the dynamic equilibria between these different 
shapes, or conformations. Evolution modulates the conformational dynamics of proteins in order 
to optimize existing functions or select for new functions. Here I characterize the conformational 
dynamics of the regulatory tandem SH2 domain in the Syk family of kinases. I find that in the T-
cell specific Syk family kinase, ZAP-70, this domain is predominantly in an ‘inactive’ 
conformation while its B-cell paralog, Syk, is found in the ‘active’ conformation, even in the 
absence of the activating ITAM peptide. The long- and short-time scale dynamics of the C-terminal 
SH2 domains are found to be particularly different between the two proteins. Residues which form 
stabilizing interactions in the C-SH2 are found in Syk but not in ZAP-70. Significantly, these 
residues are highly conserved in the Syk lineage but variable in the ZAP-70 linage. These data 
suggest that the differences in the conformational dynamics of the regulatory tandem SH2 domain 
are a result of evolutionary selection in both Syk and ZAP-70. In order to explore how the 
conformational dynamics of the catalytic domains in Syk family kinases may also have diverged 
I developed a high-throughput assay to probe kinase activity in bacteria. This assay, based on a 
bacterial two-hybrid, allowed for the screening of the relative activities of a saturation mutagenesis 
library of a bacterially expressed Syk family kinase. The loss of function mutations identified in 
this screen correlate well to residues identified in other kinases as critical to function and/or 
structure. Activating mutations in the regulatory hydrophobic spine, catalytic hydrophobic spine, 
and activation loop suggest that single point mutants can shift the conformational equilibria of the 
kinase. These positions may be critical to the tuning of the catalytic activity of Syk and ZAP-70. 
The data presented in this thesis describe how the conformational dynamics of the paralogous Syk 
family of kinases have diverged and specialized in order to fulfill their related, yet distinct roles in 
the adaptive immune system.  
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Chapter 1 
 
Introduction 
 
The amino acid sequence dictates the energy landscape of a protein 
 
Natural selection is a key concept in modern biology. First proposed by Charles Darwin and Alfred 
Russel Wallace in 1858, this concept describes a “principle by which each slight variation, if use-
ful, is preserved.” Or in other words, those individuals best adapted to their environments will 
survive and reproduce, passing on their traits. Darwin’s theory was originally formed from obser-
vation of distinct phenotypes in multicellular organisms and occurred well before the molecular 
basis of inheritance was elucidated, but it is now well understood that natural selection ultimately 
occurs at the level of DNA. Genetic changes in the DNA of organisms lead to changes in the RNA 
and the proteins which carry out essential life processes. Just a few of these processes include 
DNA replication and repair, inter- and intra-cellular communication, and the catalysis of a wide 
variety of chemical reactions. Evolution has used the powerful tools of variation and natural se-
lection to diversify the arsenal of proteins available for these varied and critical tasks.   

 
In order to carry out their diverse roles, most proteins adopt three-dimensional structures that fa-
cilitate their function(s). The 
shape of these structures is 
encoded by the amino acid 
sequence of the protein, 
which is dictated by the 
DNA, or gene, encoding that 
protein in the genome. De-
spite this relationship, the 
structure of most proteins is 
surprisingly robust to 
changes in the amino acid se-
quence, and proteins with 
low sequence identity are 
found to adopt similar if not 
identical three-dimensional 
structures. However, pro-
teins are not rigid structures. 
These dynamic molecules 
can undergo a variety of 
movements, occurring on 
different time scales depend-
ing on the type of motion in-
volved. These motions also 
range from small, such as the 
rotation of amino acid side 
chains, to large, such as the 
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Figure 1
A representative conformational landscape of a protein
Proteins exist as an ensemble of conformations. The multiple energy minima, or 
wells, represent the multiple conformations adopted by a protein, and the height 
of the barriers corresponds to the energy required to transition between 
conformations. Large conformational changes, such as domain movements, 
have higher energetic bariers and occur on slower timescales (µs-s) while small, 
local motions, such as side chain rotations are separated by relatively low 
barriers and occur on the ps timescale. Intermediate motions, such as those of 
flexible loops occur on the ns timescale. Figure adapted from Helmut 
Grubmüller at the Max Plank Institute for Biophysical Chemistry.
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rearrangement of entire domains.1,2 It has now been demonstrated that these motions are essential 
for many protein functions.3–5   
 
The description of the ensemble of all of the structures, or conformations, adopted by a protein is 
best described by an energy landscape.6 This landscape, an example of which can be seen in Figure 
1, depicts the existence of multiple protein conformations, which commonly exist at free energy 
minima. The energy required to transition from one conformation to another is represented by the 
height of the barriers between them. Events such as ligand binding6–8 or post-translational modifi-
cation9–11 can shift the equilibria between the conformations on this landscape and are often re-
sponsible for properties such as allosteric regulation and enzyme activation. The tuning of this 
energy landscape through variation of the amino acid sequence is another way, in addition to over-
all structure, by which evolution can diversify protein function and activity to adapt to specific 
environments or challenges.12,13 An understanding of how the amino acid sequence dictates not 
only the native structure, but also the motions and other conformations on the landscape of that 
protein is essential to achieving a complete picture of protein activity and regulation.   
 
The regulation of protein kinase activity 
  
Eukaryotic protein kinases are a large super-family of essential proteins. They are responsible for 
catalyzing the transfer of a phosphate from ATP to a specific amino acid, either tyrosine or ser-
ine/threonine, on another protein. The timing and location of this phosphorylation is essential to 
the regulation of many cellular processes, such as growth, development, and response to extracel-
lular stimuli.  All eukaryotic kinases catalyze the same reaction and share a conserved catalytic 
domain structure.14–16 However, because they must regulate different cellular processes and re-
spond to distinct stimuli, they are an excellent example of the result of tuning of conformational 
landscapes by evolution.    

 
One of the primary ways by which kinase activity is regulated is through alterations of the confor-
mations adopted by the other domains in these multidomain proteins. All cytoplasmic tyrosine 
kinases contain at least one ligand-binding domain.17 Allosteric coupling between these ligand-
binding domains and the catalytic domain is central to the regulation of kinase activity. In human 
tyrosine kinases, there are approximately 25 different domain architectures.18 In addition to regu-
lating the activity of the catalytic domain, the ligand-binding domains of cytoplasmic tyrosine 
kinases can help to recruit the kinase to the appropriate substrate(s). All protein tyrosine kinases 
adopt auto-inhibited states, which are maintained by intramolecular interactions between ligand-
binding domains and the catalytic domain, but the structures of these states vary across kinase 
families.16,19 Binding of the ligand results in conformational changes that can relieve the interac-
tions maintaining auto-inhibited conformations20,21, and therefore enable additional conforma-
tional changes in the catalytic domain that result in a fully active kinase. 
 
The structure of the catalytic domain of all protein kinases is conserved (Figure 2). It consists of 
two lobes, the smaller N-terminal lobe (N-lobe) and the slightly larger C-terminal lobe (C-
lobe).15,22 The active-site cleft is located in between the two lobes, and it is in this deep cleft that 
the ATP binds. A conserved glycine-rich loop in the N-lobe, known as the P-loop, packs on top of 
the ATP and positions the γ-phosphate for transfer. The peptide substrate of the kinase binds to-
wards the front of the cleft, close to the γ-phosphate of the ATP. Another important loop, known 
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as the activation loop, presents a platform for the substrate to bind. In many kinases this 20-30 
amino acid long activation loop is phosphorylated upon kinase activation, which helps to maintain 
it in the open, platform-like conformation. The activation loop can undergo a large conformational 
change when transitioning from the inactive to the active state.23 In fact, in some kinases, the con-
formation of the loop in the inactive state is such that the active site and nucleotide binding site 
are occluded.24 Another conserved structural motif is the only conserved helix in the N-lobe, 
known as the C-helix. In the active state, key interactions between a conserved lysine residue in 
the N-lobe and a conserved glutamate in the C-helix as well as interactions with the conserved 
DFG motif in the N-terminal portion of the activation loop, allow the C-helix to swing inwards, a 
conformation which is a signature of active kinases.15 
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Protein kinases contain many conserved residues, first identified in 1988 by Hanks and Hunter.14 
When mapped onto an active kinase structure as in Figure 3A, these residues reveal a network of 
interacting residues which spans both lobes. Additionally, two hydrophobic “spines” containing 
residues from both the N- and C-lobe, shown in Figure 3B, have been identified in structures of 
active kinases.25,26 The residues making up these spines align to position the active site residues 
appropriately for phosphate transfer and to maintain the active conformation. The regulatory spine 
(R-spine) is made up of four amino acids, two from the C-lobe and two from the N-lobe. It is 
typically assembled as a result of activation loop phosphorylation, which allows the phenylalanine 
of the DFG motif to complete this hydrophobic spine. The R-spine also contains the histidine 
which neighbors the catalytic aspartic acid in the conserved HRD motif of the active site. Running 
in parallel to the R-spine is the set of residues known as the catalytic spine (C-spine). Assembly 
of this spine requires the adenine ring from ATP. The completion of this spine couples ATP bind-
ing to the correct positioning of the two lobes for catalysis.  

 

 

Figure 3
Conserved interactions couple the two lobes of the kinase in the active 
conformation
A. Green residues (surface representation) are those that are invariant across all 
eukaryotic protein kinases. These include some active site residues and other 
essential motifs. Many of these residues form interactions that are known to be 
important to the formation and stabilization of active conformation of the 
catalytic domain. B. In orange are the residues in ZAP-70 which contribute to 
the C-spine, which couples transition to the active conformation to ATP binding. 
In blue, are the R-spine residues. The assembly of this regulatory spine is 
completed by the phenylalanine in the conserved DFG motif. In inactive 
kinases, this spine is broken. Residues are mapped onto the active-like 
conformation of ZAP-70 (PDB: 1U59) in both A. and B.

A. B.

C-spine

R-spine

Conserved 
across 
kinases
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Regulation over the activity of protein kinases is essential to life. Misregulation of their activity is 
implicated in many forms of cancer as well as other diseases such as some auto-immune disorders. 
The conformation of the regulatory, ligand-binding domains in the full-length kinase is an im-
portant way in which the activity of kinases is tightly regulated. However, the catalytic domain 
itself must also undergo conformational changes, frequently enabled by those in the regulatory 
domains, in order to achieve optimal activity. The complex ways in which kinase activity is regu-
lated is a beautiful example of how evolution can adapt a shared protein fold to achieve incredibly 
specific and regulatable function in a wide variety of contexts. In this thesis I will explore the 
connection between the amino acid sequence and the conformations of the two members of the 
Syk family of protein tyrosine kinases, which play paralogous roles in the adaptive immune sys-
tem.  

 
The paralogous Syk family of kinases  
 
The adaptive immune system facilitates incredibly specific and robust responses to a wide variety 
of antigens. The primary drivers of this complex system are lymphocytes, known as B and T cells. 
Together these cells work to mount a response to antigens as well as to store the memory of that 
antigen. B cells are primarily involved in humoral immunity through the production and secretion 
of antibodies, while T cells play various roles in cell-mediated immunity.27,28 This intricate system 
arose approximately 450 million years ago in a common ancestor of jawed vertebrates.29,30 The 
emergence of the adaptive immune system is believed to have been enabled by two genome-wide 
duplication events. Such events likely facilitated the acquisition of many paralogous genes with 
essential roles in both B cell and T cell mediated immunity. These genes encode critical proteins 
found in signal transduction pathways that are activated following the engagement of cell-surface 
antigen receptors, such as the B cell receptor (BCR) or T cell receptor (TCR). The tight regulation 
of antigen receptor-proximal signaling proteins is critical for B and T cell immunity. 

 
One such set of paralogous genes is the Syk family of kinases. Syk is widely expressed in a variety 
of cells, while ZAP-70 is solely expressed in T-cells and natural killer cells, another adaptive im-
mune system cell. Syk and ZAP-70 are involved in early signaling events in B cells and T cells 
respectively. In B-cells, following BCR engagement, the Src family kinase Lyn phosphorylates 
the cytoplasmic tails of Ig-α and Ig-β on tyrosine residues located in immunoreceptor tyrosine-
based activation motifs (ITAMs), which have the signature sequence of (YxxL/Ix(6-8)YxxL/I) (Fig-
ure 4A, right).31,32 Cytoplasmic Syk is recruited to the phosphorylated ITAMs. Additional phos-
phorylation of Syk occurs on tyrosine residues within the protein, which completes its activation. 
ZAP-70 is activated through a similar pathway. Following TCR engagement with an antigen-de-
rived peptide presented on a major histocompatibility complex (MHC II), a Src family kinase, Lck, 
phosphorylates the ITAM-containing cytoplasmic tails of CD3 γ, δ, and ε as well as the ζ subunits 
of the TCR (Figure 4A, left).33  
 
Syk and ZAP-70 are 55% identical in sequence and share a common domain architecture (Figure 
4B), which includes two Src-homology 2 (SH2) domains connected by a helical linker, collectively 
known as the tandem SH2 domain (tSH2). The tSH2 is followed by a flexible linker which con-
nects it to the kinase domain. In the full-length auto-inhibited structures of these kinases, residues 
in the inter-SH2 linker and the SH2-kinase linker interact with the kinase domain to stabilize the  
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A.

B.

Inactive Active

Figure 4
Syk family kinases play similar roles in immune cells and share a domain 
architecture 
A. Early T cell signaling events, left. Early B cell signaling events, right. In both B cells 
and T cells a Src family kinase phosphorylates ITAMs near the receptor. Binding of the 
tSH2 domains to phosphorylated ITAMs which recruits the kinase to the receptor where it 
can phosphorylate downstream proteins once fully activated. ZAP-70 signaling requires 
Lck, the Src family kinase, but Syk can initiate some signaling, even in the absence of 
Lyn, the B cell Src family kinase. B. Domain architecture of Syk family kinases (PDB: 
4K2R) C. Activation of Syk family kinases by phosphorylation (pY sites in active protein 
marked by yellow spheres). The tSH2 domain binds to a dually phosphorylated ITAM 
(blue) and phosphylation of tSH2-kinase linker stabilize the open, active conformation. 

C.
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inactive state.34–36 Relief of this interaction by binding of the tSH2 to a phosphorylated ITAM, as 
well as the phosphorylation of tyrosine residues on the tSH2-kinase linker and kinase activation 
loop, stabilize an open and active kinase conformation (Figure 4C).34,35,37,38 Therefore, the tSH2 
plays important an important regulatory role in both the activation, through binding to phosphor-
ylated ITAMS, and inactivation, through stabilization of the inactive conformation of the catalytic 
domain, in Syk and ZAP-70.  

 
The crystal structures for the isolated ITAM-bound tSH2 domains have been reported for both Syk 
and ZAP-70 (Figure 5A).39,40 These structures are largely similar with the primary difference be-
tween them at the phosphotyrosine-binding pocket on the N-SH2 domain of ZAP-70. This binding 
pocket is formed from residues originating in both the N-terminal and C-terminal SH2 domains. 
Conversely, the phosphotyrosine-binding pockets of the SH2 domains in the Syk tSH2 are more 
independent. This has been suggested as a reason that Syk is able to bind and be activated by 

A. B.

C.
Figure 5
The known conformations of the Syk 
family tSH2 domains
A. The tSH2 domains of Syk (red, PDB: 
1A81) and ZAP-70 (blue. PDB: 2OQ1) 
adopt a similar conformatoin when bound 
to a phosphorylated ITAM. B. The apo 
ZAP-70 tSH2 (light blue, PDB:1M61) 
aligned on the N-SH2 domain and 
inter-SH2 linker of the ITAM-bound 
strucutre (dark blue). In the absence of 
peptide, the C-SH2 domain is rotated and 
the phosphotyrosine binding pocket is 
incomplete. C. The apo ZAP-70 tSH2 
domain aligned to the same domain in the 
full-length auto-inhibited structure of 
ZAP-70 (PDB:4K2R). 

Syk tSH2
ZAP-70 tSH2

2pY ITAM

Syk and ZAP-70 
ITAM-bound structures

ZAP-70 
apo and bound structures

bound 
apo 

ZAP-70 
apo and full-length structures

apo
full-length
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singly-phosphorylated peptides. It has recently been demonstrated that the ZAP-70 tSH2 is 
uniquely regulated by an allosteric network such that binding of both SH2 domains to an ITAM 
occurs in a stepwise manner, providing regulation over the recruitment and activation of ZAP-
70.41 The crystal structure of the apo ZAP-70 tSH2 has also been reported.42 In this structure, the 
conformation of the SH2 domains and inter-SH2 linker differ substantially from what was ob-
served in the ITAM-bound conformation. In the apo state, the C-SH2 domain is rotated signifi-
cantly from its position in the ITAM bound structure (Figure 5B).  Significantly, this conformation 
is highly similar to that in the full length, auto-inhibited ZAP-70 structure (Figure 5C).34 No apo 
structure has previously been reported for the Syk tSH2, although NMR studies have suggested 
that the chemical shifts of the SH2 domains may not differ significantly between the apo and bound 
conformations.  
 
Despite playing similar roles and sharing high sequence and structural homology, these paralogs 
are not necessarily interchangeable. While developing, T-cells must pass through two major check-
points, known as TCR β selection and positive selection. It has been shown that cells deficient in 
Syk are disadvantaged during TCR β selection.43 Significantly, the expression of Syk in T cells is 
higher than that of ZAP-70 during this early selection period, a pattern which is reversed in the 
subsequent stage of selection. During this later stage cells deficient in ZAP-70 are notably disad-
vantaged when compared to the Syk deficient cells. Together these data suggest that immature T 
cells switch from a dependence on Syk to ZAP-70 as they develop. A possible explanation for this 
change in dependency could be that Syk is able to stimulate signaling without the assistance of a 
Src family kinase.44 In later stages of selection, it may be advantageous to require the activity of 
both kinases in order to ensure signaling only occurs when the TCR engages the appropriate pep-
tide presented on a major histocompatibility complex by an antigen presenting cell.  

 
In this thesis I will present data suggesting that the regulatory domains of these closely related 
kinases have diverged in terms of function, and that the conformational landscape of these domains 
may be tuned differently in the two members. I also develop a high-throughput assay for kinase 
activity and use it to explore the sequence space of the catalytic domain of a bacterially-expressed 
Syk-family kinase. The presence of activating mutations in key regions known to be involved in 
the conformational changes of other kinases as they transition from inactive to active may point 
towards evolutionary selection on the conformational landscape of the catalytic domain in addition 
to the regulatory domain.  
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Chapter 2 
 
Structure and dynamics of the regulatory tSH2 of the Syk 
family kinases 
 
In this chapter I examine the conserved sequence differences between the paralogs Syk and ZAP-
70, and how they inform the conformational landscape of these two closely related proteins. Many 
amino acid positions which differ between the two proteins are conserved in one or both lineages, 
hinting at the specialization of this regulatory domain in both Syk and ZAP-70.  A comparison of 
the crystal structures of ZAP-70 in the apo and bound states reveal that in order to bind an ITAM 
it must undergo a significant conformational change.1,2 Other work has elucidated the allosteric 
network regulating this change.3 The conformational landscape of Syk, however, is less well-un-
derstood and prior to this work – there was no structural information available for the apo confor-
mation of Syk.  Here, I have determined the crystal structure of Syk in the apo form and charac-
terized the dynamics and high energy fluctuations of both Syk and ZAP-70.  The results suggest 
that the conformational landscapes of these two proteins have been tuned differently in order to 
meet the demands of their biological roles. 
 
The sequence differences between the ZAP-70 and Syk tSH2 domains are con-
served 
 
To explore the evolutionary relationship between Syk and ZAP-70, we curated a set of extant 
Syk family kinases and used it to generate a multiple sequence alignment (MSA).4 According to 
the phylogenetic tree constructed from this alignment (Figure 1A), the appearance of two Syk 
family kinases in the genomes of modern organisms occurs at the transition from jawless fish to 
bony fish. This transition corresponds to one of the two genome wide duplication events that 
were important for the evolution of the adaptive immune system.5 Importantly, the MSA and 
phylogenetic tree were generated using the full-length protein sequences, yet the noted differ-
ences between the tSH2 domains alone are conserved throughout the evolution of these proteins. 
Even in organisms of more ancient lineages, such as cartilaginous fish, the tSH2 domains of Syk 
and ZAP-70 are different from one another. In fact, the tSH2 domains alone can be used to pre-
dict whether the gene corresponds to a Syk or a ZAP-70 in each organism. Figure 1B presents 
the percent identity of the tSH2 sequences from various organisms to either the human Syk (red) 
or human ZAP-70 tSH2 (blue). From cartilaginous fish (C. milii) to mice (M. musculus) the tSH2 
domains of Syk and ZAP-70 can be differentiated, with one aligning better to human Syk and the 
other to human ZAP-70. The tSH2 domains within a species remain approximately 55% identical 
to each other in all organisms. 
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Using the MSA, an Armon score at each position was calculated for both the Syk and ZAP-70 
lineages. A residue’s Armon score corresponds to its evolutionary rate; therefore a lower score 
signifies a lower evolutionary rate, or a higher conservation, at that position.6  In Figure 2, the 
Armon score of residues in each protein is plotted for positions at which the human Syk and ZAP-
70 sequences differ. For this comparison, similar residues, such as lysine and arginine, were not 
considered significantly different. Overall, the ZAP-70 tSH2 is more conserved than the Syk tSH2, 
with many residues in ZAP-70 having a low Armon score. However, there are positions at which 
the variance in ZAP-70 is high, but the corresponding Syk residue is conserved. There are also 
sequence differences that are conserved in both lineages. In order to understand why evolution has 
maintained the sequence of both Syk and ZAP-70 I wanted to further characterize the conforma-
tional landscape of both proteins, but especially that of the Syk tSH2. 
 

 
 
Crystal structure of the apo Syk tSH2 in an ITAM binding-compatible confor-
mation  

 
While the structures of both the apo and bound state of the ZAP-70 tSH2 have been solved, there 
is no apo structure for the Syk tSH2. We solved such a structure in order to better understand how 
its conformation may differ from what is observed in the ZAP-70 structure. The chains in the 
asymmetric unit of this structure are strikingly similar to those in the ITAM-bound structure (Fig-
ure 3A). The crystal conditions, space group, and unit cell dimensions, described in Table 1, all 
differ from those reported for the bound structure. While some of the crystal packing surfaces may 
be similar to those in the previously described structure not all of them are shared, lending 

Figure 2
Differences are conserved in both the Syk and ZAP-70 lineages
The Armon conservation score at each position where the human Syk and ZAP-70 differ 
significantly. A low conservation score indicates that position is highly conserved in that 
lineage. Overall ZAP-70 is more conserved than Syk, but there are positions which are 
conserved in only the Syk lineage or equally conserved in both lineages. 
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confidence to the interpretation of this new structure and its similarity to the bound state. The 
resolution of the apo structure is 3.2Å, and it was solved by molecular replacement using Chain F 
from the ITAM-bound conformation of Syk (PDB: 1A81). Initially molecular replacement was 
attempted using the apo ZAP-70 tSH2 structure (PDB 1M61), but Phaser was not able to place any 
models in the electron density. As in the previously reported structures, the inter-SH2 linker is 
quite dynamic. There was resolvable electron density for the inter-SH2 linker in four of the six 
subunits, and only two of those had density spanning the entire linker region. Most of the amino 
acid sidechains spanning these regions are still mostly unresolvable.  
 

 
 
When the six chains in the structure are aligned using their N-terminal SH2 domains (Figure 3A) 
significant conformational flexibility in the positioning of the C-SH2 domain and the two resolved 
inter-SH2 linkers is observed. The most extreme difference between chains in the asymmetric unit, 
represented by the darkest and lightest red structures in Figure 3A, differs by a 16o rotation and 

Table 1.  Data collection and refinement statistics.

Wavelength
Resolution range 45.78  - 3.2 (3.314  - 3.2)
Space group C 1 2 1
Unit cell 143.882 153.881 85.472 90 91.049 90
Total reflections 255980 (21727)
Unique reflections 30660 (3029)
Multiplicity 8.3 (7.2)
Completeness (%) 99.67 (99.11)
Mean I/sigma(I) 7.47 (0.92)
Wilson B-factor 73.77
R-merge 0.3225 (2.097)
R-meas 0.3442 (2.263)
R-pim 0.1195 (0.8417)
CC1/2 0.988 (0.34)
CC* 0.997 (0.712)
Reflections used in refinement 30597 (3018)
Reflections used for R-free 1588 (167)
R-work 0.2719 (0.3425)
R-free 0.3020 (0.3466)
CC(work) 0.913 (0.576)
CC(free) 0.883 (0.650)
Number of non-hydrogen atoms 11296
  macromolecules 11292
  solvent 4
Protein residues 1427
RMS(bonds) 0.003
RMS(angles) 0.64
Ramachandran favored (%) 95.52
Ramachandran allowed (%) 3.70
Ramachandran outliers (%) 0.78
Rotamer outliers (%) 8.54
Clashscore 9.08
Average B-factor 77.48
  macromolecules 77.49
  solvent 42.73

Statistics for the highest-resolution shell are shown in parentheses.
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0.9 Å translation. The six chains in the ITAM-bound crystal structure also show a similar extent 
of conformational heterogeneity. However, the extremes of the ITAM-bound crystal structure rep-
resent a set of conformations in which the SH2 domains are closer together, while the extremes of 
the apo structure represent a set of conformations in which the C-SH2 domain has relaxed from its 
ITAM-bound position (Figure 3B). 
 

 
 
Despite the aforementioned heterogeneity, all of the chains in the asymmetric unit adopt confor-
mations that are more similar to the ITAM-bound structures of both Syk and ZAP-70 rather than 
the apo structure of ZAP-70. This suggests that even in the absence of a phosphorylated ITAM, 
the Syk tSH2 adopts a conformation in which the SH2 domains are already positioned for ITAM 
binding. The conformation of the apo ZAP-70, on the other hand, would be incompatible with 
ITAM binding due to the incompleteness of the N-SH2 phosphotyrosine binding pocket. Although 
the tSH2-kinase linker and kinase domain may well influence the conformation of these domains 
in solution, the structures of the isolated regulatory domains support differential tuning of their 
conformational landscapes such that the Syk tSH2 is in a more “active” conformation once disso-
ciated from the kinase domain while the ZAP-70 tSH2 must undergo additional conformational 
changes. 
 
 
 
 

A. B.

Figure 3.
The crystal structure of the apo tSH2 domain is similar to that of the ITAM-bound Syk tSH2 
domain
A. Six subunits of apo Syk tSH2 in the asymmetric unit aligned on the N-terminal SH2 domain, 
showing the conformational flexibility observed within the crystal. B. Alignment on N-terminal 
SH2 of ITAM-bound chains (PDB: 1A81, blue) and the six chains from A, shown in red. Only the 
C-SH2 is colored, in order to highlight that the ITAM-bound conformation shows the two SH2 
domains in closer proximity than most of the chains in the apo structure, in which most chains in 
the ensemble have relaxed from their ITAM bound positions. 
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The solution equilibrium conformational dynamics of the Syk and ZAP-70 
tSH2 domains differ 
 
To compare the conformations of the tSH2 domains in solution I used hydrogen deuterium ex-
change measured by mass spectrometry (HDX-MS). This technique monitors the exchange of 
backbone amide hydrogens with those in the solvent. The use of deuterated buffer results in a 
detectable mass difference as protons in the protein initially exchange for the heavier atoms in the 
buffer. The rate of this process can be monitored at the peptide level and provides local structural 
information. Hydrogen bonds, such as those in secondary structure elements, result in a slower 
exchange than that observed in an unstructured region. This slowing of exchange, a result of the 
formation or stabilization of hydrogen bonds and structure, is often referred to as protection. HDX-
MS can be used to probe the conformation and conformational dynamics of a protein under differ-
ent conditions.  
 
Here, I have used HDX-MS to compare each tSH2 domain in both the apo and bound state. For 
each protein state over 300 individual peptides were analyzed, corresponding to 100% sequence 
coverage for Syk and 99% sequence coverage for ZAP-70. The effect of ITAM binding is depicted 
for selected peptides from this data set as a difference heatmap in Figure 4; these peptides represent 
the typical uptake pattern observed in all peptides corresponding to this same region. These data 
show that both Syk and ZAP-70 are more protected when bound to an ITAM, with many peptides 
exchanging more slowly in the bound state, suggesting a ligand-induced global stabilization of the 
entire domain (blue on the heatmap in Figure 4). The extent and pattern of increased protection in 
Syk and ZAP-70 due to ITAM-binding differ most noticeably in regions within and neighboring 
the C-terminal SH2 domain. Specifically, the region spanning residues 159-190, which spans the 
C-terminal portion of the inter-SH2 linker and the beginning of the C-SH2 domain, is markedly 
different in the apo and bound form of ZAP-70; peptides from this region exchange much more 
slowly in the bound state than in the apo state. Conversely, both the apo and bound states of Syk 
show comparable exchange patterns in this region, with a possible hint of increased protection in 
the bound state but not to the same extent as in ZAP-70.  
 
Together, these data indicate that this region of the ZAP-70 tSH2 undergoes a conformational 
change in which the amide hydrogens in the bound state are significantly more protected, perhaps 
due to formation secondary structure, while the tSH2 of Syk does not. The difference heatmaps 
for all of the peptides in this region for which I had coverage in both Syk and ZAP-70 is shown in 
Figure 5A. Uptake plots for individual peptides from this data set are shown in Figure 5B. As seen 
in the uptake plots peptides from this region in ZAP-70 (blue) exchange quickly in the apo state, 
and binding of the ITAM slows the exchange. The corresponding Syk peptides (red) are protected 
even in the apo state, suggesting that the secondary structure in this region does not differ between 
the apo and bound states. The similarity between the uptake plots of peptides from this region in 
the apo Syk, bound Syk, and bound ZAP-70 support a model in which the Syk tSH2 is pre-orga-
nized for ITAM binding and does not require any additional large conformational changes like 
ZAP-70.  
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Figure 4
The C-terminal SH2 domain of ZAP-70 shows the greatest differences in 
dynamics compared to that of Syk
Heat maps from representative peptides depicting differences in deuteration between 
the ITAM-bound and apo states of both tSH2 domains as measured by HDX-MS (n = 
3). Red squares indicate increased deuterium exchange in the ITAM-bound state and 
blue squares indicate decreased deuterium uptake in the ITAM-bound state. A 
difference of at least ±0.5 Da was considered significant, and white squares indicate no 
change in deuterium uptake. Both tSH2 domains show decreased deuterium uptake in 
the ITAM-bound state suggesting a decrease in flexibility upon binding. The 
C-terminal portion of the inter-SH2 linker and C-terminal SH2 domain of ZAP-70 
show signicantly more of this decrease in flexibility upon binding than the 
corresponding regions of Syk. 
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The C-SH2 domain of Syk is less dynamic than that of ZAP-70 
 
In addition to the HDX-MS experiments, we probed the dynamics of both protenis using all-atom 
molecular dynamics simulations starting from the crystal structures of the ITAM-bound confor-
mation of both Syk (PDB: 1A81) and ZAP-70 (PDB: 2OQ1).  The ITAM peptide and other ligands 
were removed from the models before minimization and equilibration. In total, I ran five simula-
tions, three 500nsec simulations and two one µsec simulation for each protein. Over the course of 
simulation, the SH2 domains in each tSH2 relax to be positioned, as measured by the distance 
between the centers of mass of each individual SH2 domain, farther apart than observed in the 
starting structure (Figure 6). This movement, however, occurs to a much greater extent in ZAP-70 
than in Syk. Despite this significant separation of the SH2 domains in ZAP-70, the final structure 
achieved during simulation does not have the same rotation of the C-SH2 domain as is observed 
in the apo ZAP-70 crystal structure. This large of a conformational change is unlikely to occur 
during the timescales of our simulations. In Syk, the two SH2 domains drift apart from their initial 
positions but overall remain much closer together, akin to the comparison of the apo and bound 
Syk crystal structures. Additionally, ZAP-70 accesses a broader range of inter-SH2 distances than 
Syk (Figure 6). Like the HDX-MS data, these data suggest that the conformation of Syk is remark-
ably the same in the apo and bound state.  
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Figure 5 
The more flexible C-SH2 domain of ZAP-70 is rigidified by ITAM binding 
A. Deuteration difference heatmaps of all peptides, including different charge states, from the 
region spanning residues 159-190 in Syk and ZAP-70.  Blue regions exchanged more slowly in the 
ITAM-bound state. A difference of at least ±0.5 Da was considered significant, and white squares 
indicate no change in deuterium uptake. Black squares indicate that the peptide was not found in 
the sample taken at that time point. Peptides from this region in ZAP-70 show a greater difference 
in deuteration between the apo and bound state. B. Uptake plots from similar peptide in ZAP-70 
and Syk. The peptides in Syk exchange similarly in the apo and bound states, and the correspond-
ing peptides in ZAP-70 exchange similarly to Syk in the ITAM-bound state, but are more flexible 
in the absence of peptide.
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The root-mean-square-fluctuation (Å) (RMSF) of each Cα about its average position in the in the 
tSH2 is shown in Figure 7. The increase in RMSF observed in the C-SH2 of ZAP-70 indicates that 
the short time-scale dynamics of the C-SH2 differ in addition to the equilibrium conformational 
fluctuations seen in the HDX-MS. Overall, the RMSF values for ZAP-70, in the regions where the 
two proteins differ, are higher, indicating that these regions are more dynamic in ZAP-70. While 
both techniques suggest differences in dynamics and fluctuations in the C-SH2 domain, the exact 
residues involved are not the same. The simulations suggest a few other regions with distinct dy-
namics in the two proteins that might play a role via allosteric contributions and should be explored 
further. 
 
In the ZAP-70 simulations, the regions with higher RMSFs correspond to the ends of three beta 
strands in the C-SH2 domain as well as the loops connecting those strands (Figure 8A). In com-
paring the two simulations we noted the presence of various charged amino acids, light red sticks 
in Figure 7A, which are not conserved in ZAP-70, light blue sticks in Figure 8A. Throughout the 
simulations two of these beta strands (depicted in the lower portion of Figure 8B) can be seen 
breaking apart, and this breaking is much more common and sustained in the ZAP-70 simulations 
(Figure 8B). The presence of the charged amino acids in Syk may allow for the formation of cross 
beta strand salt bridges, which stabilize a more closed conformation of these strands. The fact that 
these charged amino acids are also highly conserved, while the corresponding residues in ZAP-70 
are not (Figure 8C), support the stabilization of the C-SH2 domain in Syk as important for its 
function. 

Figure 6
The SH2 domains of the apo ZAP-70 move farther and over a large range of 
distances throughout simulations
The distance between the center of mass of each SH2 domain in five 500nsec simulations of Syk 
tSH2 (red) and ZAP-70 tSH2 (blue). Simulations are smoothed over 10nsec. 



 
 

   21 

  

N
-S
H2

C-
SH

2
In
te
r-
SH

2

Figure 7
Other regions of the C-SH2 of ZAP-70 are also more dynamic than Syk 
The C-terminal SH2 domain of ZAP-70 also shows increased dynamcs compared to Syk as 
PHDVXUHG�E\�WKH�URRW�PHDQ�VTXDUH�IOXFWXDWLRQ��c��RI�HDFK�&Į�DWRP�LQ�WKH�LQGLYLGXDO�GRPDLQ�DERXW�
LWV�DYHUDJH�SRVLWLRQ�LQ�WKDW�GRPDLQ�DFURVV�ILYH�LQGHSHQGHQW������QVHF�VLPXODWLRQV�RI�HDFK�RI�WKH�DSR�
tSH2 domains. Error bars represent the SEM (n=6). 
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Figure 8
ȕ�VWUDQG�VHSDUDWLRQ�LQ�WKH�&�6+��GRPDLQ�RI�=$3����RFFXUV�WR�D�JUHDWHU�H[WHQW�WKDQ�LQ�6\N
$��Regions in green represent the regions in ZAP-70 which have higher RMSF values than the corre-
sponding regions of Syk. In the Syk C-SH2 charged residues (red sticks) at side of the SH2 domains 
may be involved in stabilizing the fluctuations in this domain. D212 is interacts with R210 and R190, 
IRUPLQJ�FURVV��ȕ�VWUDQG�LQWHUDFWLRQV��7KHVH�UHVLGXHV�DUH�QRW�FRQVHUYHG�LQ�=$3�����ZKLFK�KDV�D�VHULQH�
in place of the aspartate and a leucine in the place of one of the arginines (blue sticks). On the other 
side of the  domain, R246 and D203 are positioned to interact, but in ZAP-70 these same positions are 
tyrosine residues. %��6QDSVKRWV�RI�WKH�ȕ�VWUDQGV�GLVFXVVHG�LQ��$��DW�GLIIHUHQW�SRLQWV�LQ�WKH�VLPXODWLRQ��
,Q�ERWK�6\N�DQG�=$3����WKHVH�ȕ�VWUDQGV�SHHO�DSDUW��7KH�OHQJWK�RI�WKH�EDFNERQH�+�ERQG�EHWZHHQ�WZR�
RI�WKH�ȕ�VWUDQG�UHVLGXHV�LV�QRWHG�LQ�WKH�FRUQHU�RI�HDFK�ER[�DQG�LV�GHSLFWHG�E\�WKH�GDVKHG�OLQH��7KH�
lower panel shows this distance throughout one of the simulations (plots of other simulations can be 
found in Supplemental Figure 3). &��Armon score at all positions in the C-SH2 domain in which 
KXPDQ�=$3����DQG�KXPDQ�6\N�GLIIHU�DUH�QRWHG�DORQJ�WKH�[�D[LV�
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The divergent dynamics of the Syk and ZAP-70 tSH2  
 
The work presented in this chapter explores the differences in the conformational landscapes of 
the tSH2 domains of Syk and ZAP-70. As has been shown previously, the tSH2 domain of ZAP-
70 undergoes a significant conformational change upon binding an ITAM. The published model 
proposes that the C-SH2 domain of ZAP-70 binds the phosphorylated ITAM first with a low af-
finity.3 Then the binding pocket in the N-SH2 domain can be fully formed. Binding of the second 
phosphorylated tyrosine in this pocket remodels the dynamics of the C-SH2 domain binding 
pocket, resulting in a higher affinity for the phosphorylated ITAM. The MD and HDX-MS data 
presented here further support that the C-SH2 of ZAP-70 is more dynamic in the apo state. Binding 
of the ITAM in its pocket does decrease its dynamics. Our data also show that the same is not true 
for the Syk tSH2 domain, which adopts a similar conformation in either state. We also identify 
conserved residues in Syk, which may be working to maintain the apo conformation in a more 
binding compatible state. 
 
Evolutionary analysis of extant Syk and ZAP-70 homologs suggest that some sequence differences 
between the tSH2 domains are conserved in both the Syk and ZAP-70 lineages. We propose that 
Syk, which is involved in B-cell signaling as well as other non-adaptive immune system signaling, 
can adopt a more ‘active-like’ conformation once the tSH2 has dissociated from the SH2-kinase 
linker and the kinase domain itself. In this conformation the tSH2 is poised to bind phosphorylated 
ITAMs (or other phosphopeptides). The conserved Syk residues in the C-SH2 can form interac-
tions which help to maintain the rigidity required for binding. ZAP-70, on the other hand, is in a 
more ‘inactive’ conformation, even in the absence of the interactions maintaining the auto-inhib-
ited structure. The conformational change governing the activity of ZAP-70 is important for main-
taining strict control over the activation of T-cells. The involvement of Syk in signaling pathways 
outside of the adaptive immune system as well other methods of regulation governing B-cell acti-
vation, such as the involvement of helper T-cells, may point towards the Syk tSH2 not needing to 
play as prominent a role in dictating activation of the kinase and in fact may be critical to its ability 
to induce signaling in other contexts. 
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Chapter 3 
 
Development and validation of a high throughput assay for 
kinase activity in E.coli 
 
Saturation mutagenesis, the process of making every possible point mutation in a protein, is a 
powerful tool to explore sequence space. However, for a relatively large protein, such as a kinase, 
the scale of a library containing all possible point mutants is too large to express, purify, and char-
acterize one at a time.  Therefore, I developed a high throughput assay by which the relative activ-
ity of thousands of kinase variants can be screened at once. Such an assay allows for an in-depth 
understanding of how each position of the kinase impacts the relative activity and identifies posi-
tions which may be especially critical to activity and/or stability. This assay also sets the stage for 
future work in which the effect of mutations in a variety of kinase domains can be characterized. 
Positions identified as either gain or loss of function in the high-throughput dataset can be further 
characterized using more in-depth biophysical and biochemical experiments to gain mechanistic 
insight into the role of that position in the structure and activity. 
 
A bacterial two-hybrid assay for kinase activity 
 
Although mammalian cell-based assays for kinase activity exist and have been successfully used 
to explore kinase sequence space, they are not without limitations.1–4 Compared to bacteria, these 
cell lines grow slowly and native kinase signaling may complicate the interpretation of results. 
Additionally, there are technical difficulties in transforming large libraries into mammalian cell 
lines, and these can limit the scope of the library screened. Bacteria, on the other hand, grow rap-
idly, and it is relatively easy to introduce new genes in the form of plasmids. This allows for the 
transformation of large libraries. Their rapid growth provides a stringent selection, meaning ben-
eficial mutations are enriched exponentially over those that result in loss of function. Additionally, 
bacteria do not contain any native tyrosine kinases so there is no chance of erroneous signal due 
to background activity from endogenous kinases. The challenges of expressing a tyrosine kinase 
in bacteria are discussed later in the chapter.  
 
An example of a very successful high-throughput assay in bacteria is the bacterial two-hybrid sys-
tem used to probe protein-protein interactions.5,6 In this assay, the protein-protein interaction of 
interest is coupled to a transcriptional readout, such as a gene conferring antibiotic resistance. In 
the typical set-up of the assay there is a “bait” protein which has been fused to a DNA-binding 
domain, and there is also a “prey” protein which has been fused to one of the subunits of RNA-
polymerase. If the “prey” and “bait” protein successfully interact then the RNA-polymerase sub-
unit is recruited to a promoter just upstream of the antibiotic resistance gene where it can begin 
transcription. Most bacterial two-hybrid assays, including the one described in this chapter, utilize 
the DNA-binding domain of phage λ-cI as the “bait” protein and the N-terminal domain of the α-
subunit of RNA polymerase on the “prey” protein.7,8 The λ-cI protein dimerizes through its N-
terminal domain and binds an operator upstream of the promoter as a dimer.  
 
The bacterial two-hybrid assay from which I built my system, originally developed in the Ranga-
nathan lab and then implemented in the Kuriyan lab, contains two important modifications which 
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are critical for its robust function.9–11 One of these modifications is the mutation of one of the 
operators, OR3, which overlaps with the endogenous phage λ-promoter (PRM) used in the assay. 
These mutations prevent binding of the λ-cI dimer to this operator and repression of transcription 
from the promoter due to this binding. The other two operators, OR1 and OR2, are located suffi-
ciently upstream (42 bp and 62 bp respectively) of the promoter that binding of λ-cI dimer does 
not prevent transcription from the promoter. The λ-cI dimer can bind to either of the other opera-
tors, but it has the highest affinity for OR1. Due to the proximity of OR1 and OR2 it is likely that 
the λ-cI dimer likely occupies both sites, and it has been shown that binding of the λ-cI dimer at 
either of these can promote transcription if the linked protein successfully interacts with the protein 
on the RNA polymerase.8 The other important modification to the bacterial two-hybrid used in this 
assay is a mutation, E34P, in the λ-cI protein. This position was identified as an intrinsic site of 
binding between the N-terminal domain of the λ-cI directly to the α-subunit of RNA polymerase.9 
Without this mutation this direct binding led to transcription from the promoter even in the absence 
of a successful protein-protein interaction. 
  
In some versions of the bacterial two-hybrid a third or even a fourth modulator of the interaction 
in question can be expressed. For example, in the study of the mutational robustness of Ras the 
authors also expressed regulators of the Ras protein, namely the GTPase accelerating protein 
(GAP) and the guanine-nucleotide exchange factor (GEF).11 The ability to easily express a third 
protein lends this assay to the adaptation presented in this chapter. Here, I chose to take advantage 
of this capability to express a tyrosine kinase as a third component. The other two components, the 
“bait” and “prey”, are composed of an SH2 domain and peptide containing a single tyrosine resi-
due. In this iteration of the bacterial two-hybrid assay, the kinase being expressed phosphorylates 
the peptide on the tyrosine residue, which then allows for SH2 domain binding (Figure 1).  
 
The binding of an SH2 domain to a phosphorylated tyrosine is an essential aspect of phosphotyro-
sine (pY) signaling in cells. The dissociation constants of isolated SH2 domains for phosphopep-
tides range from 0.1 to 10µM, which is similar to the dissociation constants used in other bacterial 
two-hybrid systems.11–13 Because a long-term goal of the project is to use this assay to probe the 
activity of the Syk family of kinases I chose a peptide that is a natural substrate for ZAP-70 in T-
cells, the linker for activation of T cells (LAT). Specifically, I chose to use a peptide encompassing 
the residues 214-233 which contain the phosphosite Y226. This peptide, referred to as LAT 226, 
has been shown to be robustly phosphorylated by ZAP-70.14 An endogenous binder of LAT Y226 
in cells is the SH2 domain of growth factor receptor-bound protein 2 (Grb2) so this was a natural 
choice as the other half of the two-hybrid system.15,16  
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Construction of the genetic components for the modified bacterial two-hybrid 
assay 
 
The genetic components of the modified bacterial two-hybrid assay are expressed on three plas-
mids. Two of these, corresponding to the “bait” and “prey”, are adapted from the existing bacterial 
two-hybrid assay in the Kuriyan lab which was used in the study of the mutational robustness of 
Ras. In the kinase assay, the bait protein, the LAT 226 peptide is fused to the λ-cI protein by a 
(GS)3 linker and is expressed from a pZS22 plasmid (Figure 2A). The prey protein corresponds to 
the Grb2 SH2 domain (residues 60-152), which is fused to the N-terminal domain of the α-subunit 
of E. coli RNA polymerase by a (GS)3 linker (Figure 2A). This protein is expressed from the 
pZA31 plasmid which contains a doxycycline sensitive promoter. Importantly, growth in the pres-
ence of chloramphenicol was not observed until the addition of the Gly-Ser linkers to the “bait” 
and “prey” proteins.  
 
In this bacterial two-hybrid assay a third plasmid, in addition to those expressing the “bait” and 
“prey”, was also transformed into the bacteria.  This plasmid contained the chloramphenicol re-
sistance gene, chloramphenicol acyltransferase (CAT), downstream from the PRM promoter. A 
successful interaction between the bait and prey proteins promotes transcription of this gene, which 
once translated allows the bacteria to grow in the presence of chloramphenicol. This third plasmid 
was also optionally used to express additional regulator of Ras.11 The expression of this additional 
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component was under the control of a PLlac01 promoter introduced into the CAT-plasmid. How-
ever, overexpression of active tyrosine kinases is not possible in E. coli without the co-expression 
of a phosphatase.17 Protein tyrosine kinase activity has been suggested to be toxic to bacteria. In 
order to get around this toxicity, the third component of my system, a protein tyrosine kinase, has 
to be expressed under tighter control than afforded by the Lac promoter. I chose to achieve this 
tight regulation of expression utilizing the araBAD promoter in the common expression vector 
PBAD.  
 
In bacteria the bidirectional araBAD promoter regulates the expression of the genes needed to 
metabolize the sugar L-arabinose as well as the gene regulating transcription through this pro-
moter, araC.18 In the absence of arabinose, the protein AraC dimerizes, with each dimer binding 
to a relevant operon, and forms a loop near the promoter region, blocking transcription.19 L-arab-
inose binds to the dimerization domain of AraC inducing a conformational change which causes 
AraC to release from the binding site maintaining the DNA loop and bind to other DNA sites in 
the operon. Without the DNA loop, transcription of the gene of interest is free to proceed through 
the araBAD promoter. The expression vector, PBAD, contains the araBAD promoter, araC, and the 
relevant AraC binding sites in the DNA.20 The expression level of proteins in this vector can be 
titrated by varying the arabinose concentration, making it an ideal expression system for the tyro-
sine kinase in the bacterial two-hybrid assay.  
 
Due to the difficulty in transforming four plasmids into E. coli with the high efficiency needed for 
large libraries and overlapping origins of replication between the pBAD LIC cloning vector chosen 
for expression of the kinase and the pZS22 plasmid carrying the CAT gene, I chose to combine 
these plasmids through insertion of the expression system into the pZS22 plasmid. This cloning 
was accomplished through Gibson assembly of two components, one containing a PCR product of 
the CAT gene, corresponding PRM promoter, and the ampicillin resistance gene β-lactamase, and 
the other PCR product in the assembly containing the tyrosine kinase gene and the PBAD promoter 
corresponding araC gene. Additionally, the ribosome binding site (RBS) was missing from the 
pBAD vector used in the initial cloning. This DNA was re-inserted into the combined plasmid, 
resulting in it being 36bp upstream from the start codon of the kinase. As part of this cloning, an 
Xba1 restriction enzyme site was also introduced after the RBS and before the start codon in order 
to facilitate downsteam cloning and future applications. Figure 2B shows the map for this plasmid, 
which will be referred to as pBpZR.  
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Selection of kinase to be used in the bacterial two-hybrid assay 
 
The requirements for the kinase used in this assay are that it must be able to be expressed in E. 
coli and to phosphorylate the LAT peptide. The high specificity of ZAP-70 for tyrosine 226 in 
LAT makes it a good choice for phosphorylating this peptide in the bacterial two hybrid sys-
tem.14 However, ZAP-70 cannot be expressed in E. coli. The ZAP-70 proteins used in previous 
structural and in vitro biochemical studies were primarily expressed in SF9 insect cells. The pa-
ralog of ZAP-70, Syk, also cannot be expressed in E. coli. Prior unpublished work used ancestral 
sequence reconstruction to predict the amino acid sequences of ancestral proteins of the extant 
Syk family of kinases.21 The ancestors predicted using this technique correspond to major nodes 
in the phylogenetic tree generated from the multiple sequence alignment of Syk family homologs 
presented in Chapter 1 (Figure 3).  
 

 

Figure 3
AncSZ placed on the phylogentic tree generated from the multiple sequence 
alignment of extant Syk family kinases 
The phyloogentric tree used in the ancestral sequence reconstruction of AncSZ. The 
position of AncSZ is marked by the purple circle. This hypothetical gene is predicted based 
on the node at which a hypothetical common ancestor of Syk and ZAP-70 would be 
located.

AncSZ
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The common ancestor, AncSZ, of Syk and ZAP-70 shares 73% sequence identity with Syk and 
65% sequence identity with ZAP-70. Unlike the extant Syk and ZAP-70 proteins, AncSZ can be 
robustly expressed in E. coli. The purified kinase domain was also demonstrated to retain some of 
the specificity for LAT (Figure 4).21 Additionally, this kinase is able to trans auto-phosphorylate 
its activation loop in vitro, unlike ZAP-70, suggesting it will be able to activate and therefore 
phosphorylate the LAT peptide in the bacterial two-hybrid assay.21 In order to establish and opti-
mize the assay conditions, I chose to utilize this ZAP-70-like kinase due to its robust expression 
in bacteria and relative specificity for its substrate. In order to further simplify the initial assay 
conditions, I also chose to use only the catalytic domain of the kinase to eliminate any requirement 
for activation related to the binding of the regulatory tandem SH2 domain to phosphorylated 
ITAMs. Although in future applications of this assay, it may be possible to use the full-length 
kinase as it has been shown to be slowly activated without any ITAM in vitro. 
 

 
 
Implementation of the bacterial two-hybrid assay using AncSZ 
 
To determine whether bacterial growth in the presence of chloramphenicol was dependent on ki-
nase activity I initially tested only two kinases, the wildtype AncSZ and a single mutant, AncSZ 
D136N, in which the catalytic aspartate was mutated to an asparagine and therefore rendered in-
capable of transferring the gamma phosphate of ATP to a tyrosine on the peptide substrate. This 
mutation is commonly used to create folded, but inactive kinase domains for biophysical and bio-
chemical studies of tyrosine kinases. When the components of the bacterial two-hybrid are ex-
pressed using the proper inducers in BL21.DE3 E. coli, the bacteria containing the wildtype AncSZ 
kinase domain began growing in the presence of chloramphenicol much earlier than those express-
ing the catalytically inactive kinase, indicating bacterial growth was dependent on kinase activity 
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Figure 4
The specificity of AncSZ is similar to that of extant human ZAP-70
Sequence logos showing the the specifity profile of ZAP-70 and AncSZ (Neel Shah, 
unpublished data). Both kinases have a strong preference for negatively charged amino 
acids upstream of the tyrosine and at the +1 position. These kinases also prefer a +3 
hydrophobic residue. Both kinases also exclude positively charged amino acids.
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(Figure 5A). The eventual growth of bacteria expressing the inactive kinase could be caused by 
recruitment of the RNA polymerase or native polymerase by non-specific interactions of the LAT 
peptide with the polymerase.  
 
The initial concentrations for chloramphenicol and doxycycline were chosen based on the condi-
tions used in the Ras two-hybrid study. The arabinose concentration used for expression of proteins 
under the PBAD promoter ranges from 0.002%-0.4%. A high concentration, 0.2%, was chosen as a 
starting point for kinase expression, but this parameter was later optimized and for all follow-up 
experiments the arabinose concentration used was 0.02%. Expression of the kinase two-hybrid 
components followed by overnight selection with chloramphenicol led to growth in the +chloram-
phenicol flasks with bacteria expressing the active kinase domain but not in the corresponding 
flasks for the bacteria expressing the AncSZ D136N mutant. Follow-up experiments performed 
showed that this growth was dependent on arabinose concentration; samples containing the 
wildtype kinase but not induced with arabinose showed delayed growth compared to the flasks 
containing arabinose (Figure 5B). These data suggest that the expression system used in the pBpZR 
plasmid is working, and bacteria containing an expressed, active kinase grow faster in the presence 
of chloramphenicol than those without.  
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Figure 5
Bacterial growth in chloramphenicol is dependent on kinase activity
A. The wildtype AncSZ begins growing well before the kinase dead mutant (AncSZ DN) 
in the presence of 50ng/µl chloramphenicol. Cells begin growing much earlier (at approxi-
mately the two-hour mark) with no chloramphenicol added. B. Expression of the kinase is 
necessary for growth in chloramphenicol. When no arabinose is added the cells begin 
growing approximately 2 hours after those with 0.2% arabinose.
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Summary 
 
This chapter described the construction and validation of a high throughput assay in which bacte-
rial growth in the presence of a selecting antibiotic is coupled to the activity of a tyrosine kinase. 
The development of this assay required the construction of a new plasmid, named pBpZR, which 
allowed for the titratable expression of a tyrosine kinase and also carried some of the traditional 
bacterial two-hybrid components. I demonstrated that for two extremes, a kinase that has wildtype 
activity and one that is catalytically dead, the assay is successful in selecting for only the catalyti-
cally active kinase.  In the following chapter I will describe the construction of the saturation mu-
tagenesis library and the results of those experiments. 
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Chapter 4 
 
Saturation mutagenesis of a kinase domain 
 
This chapter describes the generation of a saturation mutagenesis library of the catalytic domain 
of the ancestral Syk family kinase, AncSZ. The results generated by assaying this library using the 
bacterial two-hybrid approach described in Chapter 3 are also presented. These results suggest that 
this high-throughput assay for kinase activity is reproducible and that the sensitivities of various 
residues are consistent with what is known about kinase structure and function. Additionally, the 
presence of activating mutations in regions known to be critical to the active conformation of ty-
rosine kinases, such as the activation loop, suggest that the catalytic domain of this kinase is not 
tuned to be maximally active. This tuning of the conformational landscape towards an inactive 
state suggests this family of kinases has evolved tight regulation over activation of its members. 
Some of the residues identified as activating in the screen may be critical to understanding how 
this tuning is achieved. Further experimentation will be needed to determine how some of these 
mutations affect the conformational landscape as well as how that landscape may be tuned differ-
ently in Syk and ZAP-70.  
 
Construction of a saturation mutagenesis library of AncSZ variants 
 
The saturation mutagenesis library of AncSZ was constructed using oligonucleotide-directed mu-
tagenesis. For each position in the protein, two primers were ordered, a sense and an anti-sense 
primer, which when used together amplified the entire plasmid. The sense primer was designed to 
introduce the degenerate NNS codon at the position being mutagenized, where N is a mixture of 
A, T, C, and G nucleotides and S is a mixture of just C and G. The possible codons introduced by 
an NNS primer comprise a total of 32 possible codons. These include all 20 amino acids, with 
some amino acids being represented more than once due to synonymous codons, as well as a stop 
codon. Both the sense and anti-sense primers contained a BsaI restriction enzyme site at their 5’ 
end, which allowed for digestion and subsequent ligation of the PCR products. Due to the presence 
of multiple BsaI sites in the newly designed pBpZR plasmid and difficulty in obtaining the correct 
length PCR products, all mutagenesis was carried out on the gene in a typical expression vector, 
pET27B. The final library in pBpZR was constructed by digesting the pET27B library with the 
restriction enzymes, Xba1 and BamH1, and then ligating this product into a digested pBpZR plas-
mid. 
 
The kinase domain of AncSZ contains 278 residues, or 834 bp. The Illumina MiSeq platform used 
to sequence the mutagenesis libraries before and after selection with chloramphenicol allows for 
the sequencing of 500bp at a time. Therefore, in order to achieve sufficient coverage of the entire 
kinase domain the final library was split into three pools (Pool 1-3) of 100 residues each for all 
cloning steps and selection experiments. There is some overlap between pools, which is helpful 
for comparing the results of one pool to another. In the final libraries, not every position was suc-
cessfully mutagenized. In future work these missing positions could be added to current libraries, 
following some optimization of the primer design and PCR steps. 
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Implementation of the bacterial two-hybrid assay  
 
For each selection experiment, the saturation mutagenesis library in the pBpZR plasmid was trans-
formed into electrocompetent BL21.DE3 bacteria already containing the other two plasmids req-
uisite for the bacterial two-hybrid assay. Following a successful transformation, the cells were 
allowed to grow in the presence of inducers, but no selecting antibiotic, for three hours in order to 
ensure all components of the bacterial two-hybrid were expressed. DNA from this flask was col-
lected and sequenced in order to determine which variants were absent before any selection began. 
This sample will be referred to as the T0 sample. The cells were then diluted into two separate 
growth flasks, one with the antibiotic chloramphenicol (selected population) and one with no se-
lecting antibiotic (unselected population). These flasks were grown for seven hours, at which point 
the DNA from each population was harvested. Because the activity of tyrosine kinases is toxic to 
bacteria, the unselected flask is an important control. The expectation would be any significant 
gain of function mutants may result in that variant being depleted from the unselected population.  
 
The three DNA samples (T0, unselected, and selected) were barcoded, labeled with specific nu-
cleotide sequences via PCR, prior to sequencing. The number of counts for each variant was de-
termined and used to calculate an enrichment score as shown below:  
 
 

∆𝐸!"#,%&!"# = 𝑙𝑜𝑔'( '
𝑁!"#")*"+,

𝑁%&!"#")*"+, ) − 𝑙𝑜𝑔'( '
𝑁!"#")*"+-*

𝑁%&!"#")*"+-* ) 

 
In this equation, 𝑁!"#")*"+,  is the DNA counts for that particular mutant in the selected population 
and the 𝑁%&!"#")*"+,  is the DNA counts for the same mutant in the unselected population. The sec-
ond term in the equation includes the wildtype counts in both the selected and unselected popula-
tion. Each pool was assayed three times. Overall, the enrichment scores calculated from each rep-
licate are reproducible (Figure 1). The R2 values calculated from the comparison of  ∆𝐸!"#,%&!"# 
values of each replicate range from ~0.6-0.98. These are similar to those seen in the Ras bacterial 
two-hybrid system.1 Selection experiments are extremely sensitive to antibiotic concentration, 
temperature, and inducer concentration, and it is possible these were factors influencing the repro-
ducibility of the experiments.  
 
The average ∆𝐸!"#,%&!"# values for most of the possible substitutions in the AncSZ kinase domain 
are shown in Figure 2. Many positions are relatively neutral, appearing white on the heatmaps. 
This is similar to what has been reported for other proteins.2,3 These data support the principle that 
most proteins are robust to mutation. This tolerance of the kinase fold to sequence changes has 
likely contributed to the evolution of the many distinct kinases found in eukaryotes. An example 
of one of these residues can be seen in Figure 3. His104 of the AncSZ kinase is an exposed surface 
residue (Figure 3B). Mutation of this residue to anything other than a stop codon is relatively 
neutral with the magnitude of ∆𝐸!"#,%&!"# being small and most likely within the noise of the ex-
periment (Figure 3B).  
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Figure 2
Saturation mutagenesis of AncSZ
Heatmaps depicting the average enrichment values (E) for each pool (n=3). Along the 
top of each heatmap is the wildtype sequence of the protein, and along the left y-axis is 
the substituted residue. Synonymous codons are averaged. Substitutions which led to 
increased growth compared to wildtype in chloramphenicol are colored red. Those 
which resulted in decreased growth are blue. Grey boxes represent variants that were 
absent or had insufficient counts (<25) in the input library. Overall, stop codons are 
negatively enriched, as would be expected. Substitutions in regions known to be 
essential to kinase activity, such as the P-loop (res 20-30) and active site (res 134-144) 
are globally loss of function. 
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Inactivating mutations in the bacterial two-hybrid assay correlate with those 
positions previously established as essential to the structure and/or function 
 
There are positions in the kinase that are intolerant to mutation. In Figure 2, these are colored 
shades of blue depending on the magnitude of the effect. Strikingly, if those mutations that are the 
least tolerant (meaning almost any substitution results in a loss of function) are mapped onto a 
kinase structure, as in Figure 4, they overlap with many of the residues identified by Hanks and 
Hunter in 1988 (Figure 4) as being absolutely conserved across eukaryotic protein kinase families.4 
These mutations span both lobes of the catalytic domain and many, such as the conserved salt 
bridge in the N-lobe, are critical for maintaining the active conformation of the kinase and coordi-
nating ATP binding. If these positions are mutated the kinase may not be able to adopt the active 
conformation or bind ATP, resulting in the loss of function observed  
 



 
 

   41 

 
 
Residues that are involved in the catalysis of the phosphate transfer are intolerant to mutation in 
the bacterial two-hybrid assay. An example of this is an active site arginine (R140 in the AncSZ 
KD). In most tyrosine kinases this basic residue is located +4 residues from the catalytic aspartate 
(D136 in AncSZ KD) in the conserved HRD motif. In the structure of the insulin receptor tyrosine 
kinase (PDB: 1IR3), this D+4 arginine makes hydrogen bonds with the catalytic aspartate as well 
as the phenol oxygen on the substrate tyrosine.5,6 This residue is highlighted in green on the struc-
ture in Figure 5B. It is believed that the interactions facilitated by this arginine provide an im-
portant scaffold which aligns the reactants appropriately for catalysis. In the bacterial two-hybrid, 
the mutation of this residue to anything other than a synonymous arginine results in a loss of func-
tion (Figure 5A).  
 

Figure 4
Many of the residues most sensitive to mutation overlap with those that are 
absolutely conserved across all eukaryotic kinase families
Green residues (left) are those that are invariant across all eukaryotic protein kinases. 
These include some active site residues and other essential motifs. Conserved residues 
were mapped onto the structure of Lck (PDB: 3LCK). The blue residues (right) are 
those to which almost any substitution results in a loss of activity in the bacterial 
two-hybrid assay of AncSZ. Residues mapped onto a homology model of AncSZ.

Conserved across families DŽƐƚ�ƐĞŶƐŝƟǀĞ�ƚŽ�ŵƵƚĂƟŽŶ
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Many of the residues which show a strong loss of function phenotype in the assay are likely to 
play a critical role in maintaining the fold of the protein. These include many large, buried hydro-
phobic residues. For example, mutations to W198, a buried residue in the C-lobe of the kinase, are 
primarily loss of function unless mutated to other large hydrophobic residue such as tyrosine or 
phenylalanine (Figure 6B). Many positions in the kinase are selectively loss of function if mutated 
to proline. Figure 6A shows all positions in which a mutation to proline resulted in a negative 
enrichment score. Many of these residues are involved in secondary structure elements, and the 
introduction of proline to helices or strands is known to disrupt the stability of these structures. In 
the hydrophobic F-helix there are two acidic residues, D196 and E206, which form interactions 
with the backbone of the catalytic loop, acting almost like staples holding onto important residues, 
such as R140 and those in the HRD motif (Figure 7B). Mutations to D196 are loss of function 
unless mutated to a synonymous aspartate or a chemically similar glutamate (Figure 7A). 
The bacterial two-hybrid assay identifies activating mutations in regions known to be important in 
the active conformation 
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In addition to inactivating mutations discussed in the previous section, there are some residues 
which when mutated appear to be activating in the bacterial two-hybrid screen. One such position 
is K159, which is found in the activation loop. Mutation of this residue to a hydrophobic residue 
is slightly activating (Figure 8A). Conversely, mutation to another hydrophilic residue does not 
appear to have a large effect. In kinases, this activation loop residue can play a role in maintaining 
the inactive structure. In Figure 8B, the catalytic domain from the inactive Syk structure (PDB: 
4FL3) is shown on the left.7 In this structure, the Syk residue equivalent to K159, K517, is within 
bonding distance of the highly conserved C-helix glutamate (Syk E420). In the active-like state 
(Figure 8B, right) the C-helix has swung in and rotated such that this residue can interact with the 
conserved N-lobe lysine (Syk K402), forming the previously discussed salt bridge that is a marker 
of kinase activation.8 It seems reasonable that mutation of this residue to hydrophobic residue may 
destabilize the inactive conformation and therefore shift the conformational landscape to one more 
biased towards the active conformation.  
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In general, many of the residues in the N-terminal section of the activation loop (AncSZ KD resi-
dues 159-166) result in a very slight gain of function in the assay. A possible explanation for this 
may be that in the inactive state of many tyrosine kinases the activation loop adopts a conformation 
in which it has collapsed into the active site. There is no structure of an inactive Syk family kinase 
in which the entire activation loop is resolved. However, these data suggest that the residues of the 
activation loop are forming somewhat specific interactions in the inactive state which help to main-
tain the activation loop’s conformation. Substitutions in this region may slightly destabilize these 
interactions, resulting in the mild activation phenotype observed in the heatmap (Figure 2).  
 
Another position which is activating is a surface exposed leucine (L266) in the C-lobe of the cat-
alytic domain (Figure 9B). This position is also a leucine in Syk, and in a Syk kinase structure 
(PDB: 5CXH) it is also solvent exposed.8 Mutation of this residue to any of the hydrophilic resi-
dues is predominantly gain of function (Figure 5A). However, there are some substitutions, such 
as an aspartate, which do not seem to have as significant of an effect, perhaps due to noise in the 
assay. Mutation of the leucine to an arginine (L266R) results in a particularly strong gain of func-
tion. On the structure, there is a neighboring aspartate (D268) which could feasibly form a salt 
bridge with the arginine in L266R, perhaps explaining why this specific substitution is particularly 
strong. These data illustrate a potential complication in the interpretation of the assay results, 
which will require further experimentation to unravel. It is possible that stabilizing mutations, such 
as those resulting from the replacement of a surface exposed hydrophobic residue with a hydro-
philic residue, are not affecting the enzymatic properties of the protein, but rather another property,  
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such as the expression level. The use of the titratable arabinose promoter system should prevent 
large discrepancies in expression levels between kinases, but any remaining differences may be 
sufficient to cause this substitution to show up as activating due to there being more copies of the 
kinase present to carry out phosphorylation.  
 

 
 
The effect of mutations to the hydrophobic spines 
 
Overall, mutations to the hydrophobic spines are loss of function (Figure 10). Interestingly, the 
top-most residue in the R-spine, M76, shows a strong gain of function if mutated to either of the 
acidic amino acids (aspartate or glutamate) as well as proline. These mutations are unlikely to 
stabilize the hydrophobic spine, and therefore they are not achieving high activity via this mecha-
nism, as has been seen for other hydrophobic spine substitutions.9 Without more detailed biophys-
ical studies it is difficult to understand why these mutations may be such strong gain of function 
in the bacterial two-hybrid assay. However, it has been established that many oncogenic mutations 
occur in the αC-β4 loop.10,11 M76 is located at the beginning of this loop, at the end of β4. It is 
possible that the mutations identified by the screen as activating are affecting the dynamics of this 
loop and therefore the αC in a way that biases the kinase to the active conformation. Whether this 
is achieved by stabilization of the active conformation, destabilization of the inactive confor-
mation, or by some other mechanism remains to be determined.  
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Although most mutations to C-spine residues are loss of function, there is a point mutation to one 
of these residues, T203L, that results in activation of the kinase (Figure 11). This is of particular 
interest because in most kinases, including Syk, this residue is hydrophobic. In the case of Syk, it 
is in fact a leucine. However, in ZAP-70 and the AncSZ, this position is a threonine. It is perhaps 
unsurprising that the reversion of this hydrophilic residue to the more common hydrophobic leu-
cine could be activating. However, the mechanism by which it achieves this activation is not im-
mediately clear. It could be that an overall stabilization of the C-lobe of the kinase results in acti-
vation. T203 is a buried residue, so mutating it to an appropriately sized hydrophobic residue may 
have a net stabilizing effect. The L266 data previously discussed would also support this hypoth-
esis. It is also possible that the presence of a hydrophilic residue at the base of the C-spine desta-
bilizes the active conformation of this key regulatory element, which could affect the kinetics of 
ATP binding or ADP release following phosphate transfer.  
 
Both hydrophobic spine substitutions present interesting cases of activation in known regulatory 
elements. More biophysical and biochemical follow-up experiments will be needed in order to 
understand how these substitutions are affecting the activity. Of course, the results of this assay 
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also need to be confirmed using more conventional in vitro assays for kinase activity. It is inter-
esting that ZAP-70, but not Syk, has a threonine in the C-spine position. Perhaps the catalytic 
domain of ZAP-70, like its tSH2 (Chapter 2), has a conformational landscape that has been tuned 
towards a less active state. When used in conjunction with techniques such as molecular dynamics 
simulations and hydrogen deuterium exchange, the high-throughput assay for activity presented in 
this chapter could be a powerful tool for exploring how sequence changes may tune the conforma-
tional landscape of tyrosine kinases. 
 

 
 
Future Directions 
 
This chapter describes the saturation mutagenesis of an ancestral Syk family kinase, AncSZ. The 
data presented confirm that the bacterial two-hybrid assay described in Chapter 3 is sensitive to 
loss of function mutations. Many of the mutants identified as being strong loss of function map to 
those that are absolutely conserved across eukaryotic kinase families. These residues play key 
functional roles, so their sensitivity to mutation is unsurprising and provides confidence that the 
assay is sensitive to mutations affecting function. Other sensitive positions in the assay are likely 
important for maintaining the fold of the protein, such as buried hydrophobic residues. In future 
applications of this assay, it would be interesting to develop strategies to probe which positions 
are important for enzymatic activity and which for folding. One such strategy would involve the 
construction of a kinase-fluorescent protein fusion in the pBpZR vector. This would allow for 
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sorting of the selected and unselected pools for proteins that were folded, indicated by fluorescence 
of the fusion protein, from those that were unfolded, no fluorescence from the fusion protein.  
 
The assay also identifies gain of function mutations. Many of these are in regions, such as the 
activation loop, that are involved in regulating the transition from an inactive to active confor-
mation. Further biochemical experiments using purified kinases will be needed to confirm that 
these mutations are in fact activating in vitro. Some mutations, including the described T203 and 
L266, could be stabilizing the C-lobe of the kinase domain. This may result in a higher intrinsic 
activity through stabilization of the regulatory spines, both of which are anchored by the F-helix 
of the C-lobe. Another likely outcome of these stabilizing mutations is higher expression of the 
kinase, which may result in the gain of function phenotype observed. In order to discern how these 
mutations affect the activity and/or expression of the kinase they will need to be structurally and 
functionally characterized by more traditional biochemical techniques. Experiments such as HDX 
and MD will be especially powerful for determining how mutations are affecting the conforma-
tional landscape. T203 is especially of interest as it is a position at which extant Syk and ZAP-70 
have diverged. This polar residue in the base of the hydrophobic C-spine is common between ZAP-
70 and AncSZ. In Syk this residue is a leucine. Perhaps the catalytic domain of ZAP-70, like its 
regulatory tSH2, has been tuned towards a less active state.  
 
A common challenge in the study of kinases is the expression and purification of these enzymes. 
Many do not express well in bacteria, even with the co-expression of a phosphatase. Both of the 
extant Syk family kinases are examples of such proteins. When the AncSZ kinase is replaced with 
either the Syk or ZAP-70 kinase domains there is no growth in the bacterial two-hybrid assay. By 
making systematic mutations of either Syk or ZAP-70 to mirror those in their shared ancestor it 
may be possible to use the bacterial two-hybrid to identify the minimum set of mutations required 
to express either human Syk or human ZAP-70 in bacteria. This construct would allow for more 
rapid biochemical characterization of Syk or ZAP-70 variants, which would aid in the understand-
ing of these important proteins.  
 
In theory this assay could be used to study any bacterially expressed kinase. However, it will be 
important to choose an appropriate peptide substrate to act as the bait and its corresponding SH2 
domain to act as the prey. Some kinases, such as Abl, have substrate specificities that are distinct 
from those of ZAP-70.12–14 In the case of Lck, the Src family kinase upstream of ZAP-70 in T 
cells, the peptide substrate specificity is orthogonal to that of ZAP-70.14  Ideally it will be relatively 
easy to swap in the preferred substrate for the kinase being assayed. Not only will this allow for 
the construction and evaluation of many large libraries of kinase variants, but it may also allow for 
the identification of new soluble versions of currently difficult to express kinases. This would be 
a powerful tool for the study of the structure and function of protein tyrosine kinases. 
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Methods and Materials 
 
Protein constructs and purifications 
 
The ZAP-70 tSH2 protein was expressed in E. coli, and purified by Ni2+–NTA affinity, anion 
exchange on Q-sepharose followed by His-tag removal with PreScission protease, subtractive 
Ni2+–NTA affinity, and size exclusion chromatography on Superdex 200. The Syk tSH2 was pu-
rified via a similar protocol however a cation exchange column (S-sepharose) was used in place 
of the anion column. 
 
Sequence Curation and Alignment 
 
The ZAP-70 and Syk sequences were compiled through a series of BLAST searches, partially 
described in Shah et al. In total there are 184 sequences, 87 corresponding to ZAP-70, 89 to Syk, 
and 8 originating from hagfish and lamprey. Assignment as a Syk or ZAP-70 was determined 
based on highest homology to human Syk or ZAP-70. The sequences were aligned using the T-
coffee sequence alignment software and the phylogenetic tree inferred using the Phylip package.  
 
Apo Syk crystallization, data collection, and structure determination 
 
The tSH2 of Syk was purified as described and then buffer exchanged via dialysis to a crystallog-
raphy buffer containing 10mM HEPES pH 7.0, 50mM NaCl, 5% glycerol and 1mM TCEP. The 
dialyzed protein was immediately concentrated to 35mg/mL. 1ul of the concentrated protein was 
mixed with 1ul of well solution (0.2M sodium nitrate and 10% w/v PEG 3350) and equilibrated in 
a hanging drop set-up for approximate 48 hours at 20 oC. The crystals were soaked in a cryopro-
tectant containing 0.2M sodium nitrate, 20% PEG 3350, and 20% glycerol and then frozen in liquid 
nitrogen. The data was collected at the Advanced Light Source (Lawrence Berkeley National La-
boratory) on beamline ALS 8.2.1. 
 
HDX-MS 
 
Deuterated buffer was prepared by lyophilizing a buffer containing 10mM HEPES pH 7.0, 150mM 
NaCL, 5% glycerol and 1mM TCEP twice, resuspending and equilibrating for approximately four 
hours in D2O, after which it was lyophilized again. This process was repeated twice. The apo 
experiments were carried out by diluting 30uM tSH2 10-fold into the deuterated buffer. At the 
following timepoints (15sec, 30sec, 1min, 5min, 15min, 30min, 1hour, and 4 hours) 80ul of the 
exchange protein was removed and quenched in a 5x quench buffer containing 4.8M Gdn-Cl, 12% 
glycerol, and 2% formic acid. Quenched samples were immediately flash frozen in liquid nitrogen 
and stored at -80 oC.   
 
For the ITAM-bound experiments lyophilized peptide with the sequence corresponding to ITAM 
1 of the T-cell antigen receptor ζ-chain (CGNQL(pY)NELNLGRREE(pY)DVLD; where pY is 
phosphotyrosine (prepared by David King, UC Berkeley/Howard Hughes Medical Institute) was 
resuspended in the same pH 7 buffer to a final concentration of 2.9mM. The concentrated peptide 
was mixed with 35uM protein to a final concentration of 260uM, well above the reported Kd of 
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80-100nM. This sample was allowed to equilibrate for four hours at room temperature. The equil-
ibrated sample was then diluted 10x into deuterated buffer and timepoints collected and stored in 
the same way as the apo samples. 
 
All samples were thawed immediately before injection into an LC system (Trajan and Thermo). 
The temperature of the LC columns was maintained at 4 oC in a cooled chamber in order to reduce 
back exchange. The quenched sample was subjected to an in-line digestion by two acid proteases, 
pepsin and fungal protease (Sigma). Following digestion, peptides were de-salted on a C4 trap 
column before analytical separation with a 10-45% gradient over 14 min followed by a 100% wash 
with 90% acetonitrile on a C8 analytical column. Peptides were eluted directly into a Q-Exactive 
Orbitrap mass spectrometer for analysis. For both the apo and ITAM bound states, a tandem mass 
spec experiment was performed on undeuterated samples in order to sequence and identify pep-
tides. Byonic (Protein Metrics) was used to generate peptide lists based on the tandem MS exper-
iment. Peptide deuteration states were determined by HD Examiner 3 (Sierra Analytics) by fits of 
the isotopic distribution to those predicted from the tandem mass spec experiment. Deuteration of 
peptides here is reported as #D incorporated, as calculated by HD Examiner 3. 
 
MD Simulations 
 
For the MD simulations we began with the ITAM bound tSH2 structures of Syk (PDB: 1A81 
Chain A) and ZAP-70 (PDB: 2OQ1). To prepare these structures for simulation we edited the PDB 
files to remove the ITAMs as well as revert heavy atoms to their wildtype identity. We used the 
LEaP program in AMBER to solvate the proteins and add the counter ions (Na+ or Cl-) required to 
bring the net charge of the system to zero. For ZAP-70 the system size was 89,564 atoms and 
82,514 atoms for Syk. For all simulations we used the AMBER ff14SB for protein atoms and the 
TIP3P for water and ion atoms.  
 
All simulations were performed using the AMBER18 software and the Compute Unified Device 
Architecture (CUDA) version of Particle-Mesh Ewald Molecular Dynamics (PMEMD) on graph-
ical processing units (GPU). The system energy was minimized in three rounds using the steepest-
descent method and then heated to 300K. Heating was followed by 200psec of constant num-
ber/pressure/temperature equilibration. 500 or 1000nsec unconstrained simulations were started 
after energy minimization and equilibration, with coordinates saved every 2 ps. Replicate simula-
tions were based on the same minimization model, but new equilibrations were performed in order 
to generate unique initial atom velocities. The AmberTools CPPPTRAJ package was used to ana-
lyze the simulations.  
 
Construction of pBpZR Plasmid 
 
The following primers were used for the Gibson Assembly of the pBAD and pZERM plasmid 
components: 
pZERM_Fwd- aacattgaaaaaggaagagtcagctcactcaaaggcggtaatacggttatccac 
pZERM_Rev- gacgcatcgtggccggcatccggccgcttacgccccgccc 
pBAD_Fwd- gggcggggcgtaagcggccggatgccggccacgatgcgtc 
pBAD_Rev- taccgcctttgagtgagctgactcttcctttttcaatgttattgaagcatttatcag 
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The RBS and restriction enzyme sites were introduced via the following primer pair and assembled 
using Golden Gate assembly: 
AncSZ_rbs_fwd- ggaggagggtctcactaatttgtttaactttaagaaggagacatctagaatggacaagaaactttacctgaaacgc 
AncSZ_rbs_rev- ggaggagggtctcattagcccaaaaaaacgggtatggagaaacag 
 
Construction of Saturation Mutagenesis Library 
 
The saturation mutagenesis library of AncSZ was constructed using oligonucleotide-directed mu-
tagenesis of the gene encoded on the pET27B plasmid. For each amino acid position two primers 
were generated, a sense and anti-sense, which when used together amplied the entire plasmid as 
well as introduced two BsaI restriction enzyme sites thereby enabling Gold Gate Assembly of the 
mutated plasmid. The anti-sense primer of each pair was used to introduce the degenerate NNS 
codon, where N is a mixture of A, C, G and T nucleotides and S is a mix of C and G nucleotides. 
This degenerate codon allows for one primer pair to introduce up to 32 possible codons at each 
position. These 32 codons comprise all 20 amino acids as well as a stop codon. Each primer pair 
was used in separate PCRs. Following amplification each reaction was gel verified. Successful 
products were pooled in three libraries (Pool 1: Residues 2-100, Pool 2: Residues 90-189, Pool 3: 
Residues 178-278) for subsequent gel purification and Golden Gate assembly with BsaI and T4 
DNA ligase.  
 
The ligated DNA was transformed into NEB® 10-beta electrocompetent E. coli to get >100X 
coverage for each pool. Successful pools were miniprepped to obtain the library in pET27B. This 
library was then digested with XbaI and BamHI-HF restriction enzymes. The pBpZR plasmid 
was similarly digested. Both were gel purified. The pBpZR plasmid and Digeested kinase library 
were ligated using T4 DNA ligase overnight at 4C. The ligated product was transformed into 
NEB® 10-beta electrocompetent E. coli to get >100X coverage for each pool. If the coverage 
was sufficient the cells were miniprepped to obtain the library in the pBpZR expression vector. 
Some mutations did not make it through this pipeline and therefore are not represented in our fi-
nal data set.  
 
Bacterial Two-Hybrid Assay 
 
The library was transformed into electrocompetent Bl21.DE3 cells already containing the Grb2 
SH2-RNAP and LambdaCI-LAT226 constructs, ensuring 100X coverage. A saturated overnight 
culture from this transformation was diluted to an OD600 of 0.001 in media containing 20µg/mL 
trimethoprim, 50µg/mL kanamycin, 100µg/mL ampicillin, 50ng/mL doxycycline, and 0.02% 
arabinose. These induced cells were grown for three hours, at which point the OD600 was typically 
close to 0.1, in order to allow for expression of the necessary bacterial two-hybrid components. 
Following this three-hour induction period, the cells were again diluted to an OD600 of 0.001 into 
two flasks, the selected flask containing 50µg/mL chloramphenicol + antibiotics + inducers and 
the unselected flask containing just the antibiotics + inducers. Leftover cells from the initial three-
hour growth were miniprepped in order to allow for sequencing of the population just prior to 
selection (T0). The cells were grown for an additional 7 hours. The unselected population typically 
was close to saturation following this growth while the selected population typically reached a 
final OD of just above 0.10. Both populations were miniprepped at the end of the growth period.  
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The T0, selected, and unselected DNA samples were prepared for sequencing through two, se-
quential PCR steps, each of which contains only 20 cycles of amplification to reduce any PCR 
introduced errors. First, ~20ng of each DNA sample was used in a PCR using primers which am-
plified on the part of the gene which had been mutagenized (Pool 1, Pool 2, or Pool 3). These 
primers also included 5’ overhangs overlapping with Illumina adapter sequences to act as PCR 
handles in the subsequent amplification. In the second PCR, primers were used to introduce 
unique TruSeq indices for each sample and generate a ∼450bp amplicon for sequencing on the 
MiSeq sequencer using a 500 cycles kit. The concentration of the PCR product was determined 
using Picogreen (Thermofisher) and denatured prior to sequencing. The final concentration 
loaded onto the MiSeq chip was 10pM of the pooled denatured DNA. 
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