
Supplementary Figure 1 

Phosphorylation and p-ITAM binding have additive effects on Zap70 conformation. 

Regions with changes in deuterium uptake in the phosphorylated (p) and receptor-bound state (cplx) are mapped on the auto-inhibited 
structure of Zap70. Increased (red) and reduced (blue) deuterium uptakes are color-coded (key). The resulting Zap70 conformations 
are indicated above each structure as closed (auto-inhibited) or open. The data represent three independent HDX-MS experiments per 
Zap70 form. Recombinant Zap70 mutants are abbreviated to YYDN (D461N), FFDN (D461N, Y315F, Y319F), AADN (D461N, Y315A, 
Y319A) and tSH2 (amino acids 1–256). 
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Supplementary Figure 2 

TCR binding, phosphorylation and mutation of interdomain B (Y315A–Y319A) cause differences in hydrogen-deuterium exchange of 
Zap70. 

Heat map of deuterium uptake changes for Zap70 and its mutants in the phosphorylated (p), receptor-bound (cplx) and phosphorylated
and receptor bound (p and cplx) forms. Peptide regions with changes in uptake relative to YYDN are mapped onto the Zap70 amino acid 
sequence. Increased (red) and reduced (blue) deuterium uptakes are color-coded (key). Regions not covered by any peptides are 
labeled in gray. Amino acid numbers are shown as in the scale at the top. Protein domains are shown in color (second row with N-SH2, 
light green; I-A, yellow; C-SH2, green; I-B, purple; and KinD, beige). Recombinant Zap70 mutants are abbreviated to YYDN (D461N), 
FFDN (D461N, Y315F, Y319F), AADN (D461N, Y315A, Y319A) and tSH2 (amino acids 1–256). 
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Supplementary Figure 3 

Zap70 structural models. 

Models for the receptor-bound open (a) and phosphorylated open (b) conformations are based on observed deuterium uptake changes. 
The illustrations for the open conformations were generated using structures of the kinase domain (1U59) next to receptor-bound or 
non–receptor-bound tSH2 (2OQ1 and 1M61, respectively). Amino acids not covered by those structures are shown as an unstructured 
chain of dots. The N-terminal SH2 (N-SH2) is colored in light green, interdomain A (I-A) in yellow, C-terminal SH2 (C-SH2) in green, 
interdomain B (I-B) in purple and kinase domain (KinD) in beige. The p-ITAM is shown in orange. 
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Supplementary Figure 4 

Recombinant nonphosphorylated Zap70 is purified and phosphorylated with recombinant Lck. 

(a) 1 µg of each purified protein was analyzed by SDS-PAGE and stained with Coomassie.  (b) Western blot analysis of recombinant 
Zap70 phosphorylation states monitoring p-Y292, p-Y319, p-Y492, p-Y493, total p-tyrosine and total protein. Zap70 YY and AA were 
expressed as SHP1 phosphatase domain fusion proteins to eliminate background phosphorylation. Kinase-dead (DN) Zap70 was used 
for structural and binding studies, and nonphosphorylated Zap70 with functional KinD was used for kinase assays. Recombinant Zap70 
mutants are abbreviated to YY (wild-type), YYDN (D461N), FF (Y315F, Y319F), FFDN (D461N, Y315F, Y319F), AA (Y315A, Y319A),
AADN (D461N, Y315A, Y319A) and tSH2 (amino acids 1–256). “Myc” indicates a C-terminal Myc tag, and “GST” indicates an N-terminal 
glutathione-S-transferase tag. CD, cytosolic domain; p and + indicate phosphorylation by Lck. 
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Supplementary Figure 5 

The Y315–Y319 phenylalanine or alanine mutants have higher or reduced exchange rates with TCR microclusters in E6.1 Jurkat T 
cells. 

(a) Zap70 microcluster formation in Jurkat P116 (left) and E6.1 (right) cells on anti-CD3ε (OKT3)-coated glass surfaces. Clusters were 
visualized by confocal microscopy at 100× magnification within 5 min of surface binding. (b) Jurkat E6.1 cells were transfected with 
Zap70-GFP fusion proteins. Jurkat E6.1 cells were activated on anti-CD3ε–coated glass surfaces, and FRAPConf measurements were 
performed within 5 min of surface binding. Zap70 forms are abbreviated to YY (wild type), FF (Y315F, Y319F), AA (Y315A, Y319A) and 
tSH2 (amino acids 1–256). FRAPConf data points (open symbols) and curves fitted to an exponential function. Error bars represent 
s.e.m. (with nYY = 7, nAA = 9, ntSH2 = 5 and nCD3ζ = 7). (c) Comparison of mobile fractions (top) and halftime recovery (bottom) for 
Zap70 and its mutants. N.A. indicates that analysis was not possible. Error bars for mobile fractions and t1/2 represent the 95% CI. Data 
shown here represent three independent experiments. 
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Supplementary Figure 6 

Model of Zap70 TCR-binding dynamics and activation. 

The schematic shows binding (continuous arrows) and conformation equilibria (dotted arrows) for wild-type Zap70 (YY; black), and the 
Y315F–Y319F (FF; blue) and Y315A–Y319A (AA; red) mutants. Arrow thickness correlates with the rates of forward and backward 
reactions. In brief, cytosolic Zap70 is in a dynamic equilibrium between the closed (autoinhibited; 1A) and open conformations (1B). p-
ITAM binding results in either a bound-closed (2A) or a bound-open (2B) complex. The bound-closed complex is unstable, which 
commonly results in Zap70 release. Phosphorylation of Y315 and Y319 ‘stabilizes’ the open conformation and results in prolonged TCR
association (3). Zap70 AA exists exclusively in an open conformation (1B) and always binds the TCR firmly (3). Once Zap70’s binding 
to the TCR is stabilized, it is fully phosphorylated and acquires catalytic activity.  
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Supplementary Figure 7 

HDX-MS peptide coverage map for receptor-bound Zap70 with superimposed color-coded changes in deuterium uptake. 

Peptides of p-CD3γCD–bound Zap70 (YYDN
cplx) detected by HDX-MS are shown in relation to the Zap70 sequence. The protein domains 

are color-coded above the amino acid sequence. The N-terminal SH2 (N-SH2) is colored in light green, interdomain A (I-A) in yellow, C-
terminal SH2 (C-SH2) in green, interdomain B (I-B) in purple and kinase domain (KinD) in beige. Increased (red) and reduced (blue)
deuterium uptakes relative to that of YYDN alone are color-coded (key). 

Nature Immunology: doi:10.1038/ni.3231



Supplementary Tables: 1	
  
 2	
  

Ratio of competitor to MYCYYDN 
  

 

0.3 : 1 1 : 1 3 : 1 

Zap70  YYDN 68% ± 4 52% ± 3 26% ± 2 

Zap70  FFDN 99% ± 5 86% ± 5 61% ± 3 

Zap70  AADN 41% ± 3 25% ± 3 11% ± 2 

Zap70  tSH2 20% ± 2 12% ± 2 8% ± 2 

 3	
  
Supplementary Table 1. Competition of Zap70s for phosphorylated CD3γ at different 4	
  
molar ratios. 5	
  
The table shows the percentage of a constant concentration of MycYYDN binding to p-CD3γCD 6	
  
when competing with 3-fold less (1:0.33), equimolar (1:1) or 3-fold excess (1:3) of untagged 7	
  
Zap70s. Each data point was obtained from triplicate and the error ranges represent s.e.m. The 8	
  
data is representative of 5 independent experiments.  9	
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Zap70 Fit 
1st set of constants 2nd set of constants 

Fit X2 Fit R2 KD1 

[nM] 

kon1 

[1/Ms] 

koff1 

[1/s] fract. 

KD2 

[nM] 

kon2 

[1/Ms] 

koff2 

[1/s] fract. 

YYDN 2:1 10.6 8.5✕104 9.0✕10-4 0.55 85.2 1.7✕105 1.4✕10-2 0.45 0.70 0.9996 

p-YYDN 1:1 10.2 8.6✕104 8.8✕10-4 1.00 n.a. n.a. n.a. n.a. 1.28 0.9961 

FFDN 2:1 8.7 8.8✕104 7.7✕10-4 0.36 100.7 1.8✕105 1.8✕10-2 0.64 0.45 0.9996 

p-FFDN 2:1 9.6 9.1✕104 8.7✕10-4 0.45 143.4 1.1✕105 1.6✕10-2 0.55 0.21 0.9996 

AADN 1:1 9.7 3.5✕104 3.4✕10-4 1.00 n.a. n.a. n.a. n.a. 1.89 0.9992 

p-AADN 1:1 3.5 4.0✕104 1.4✕10-4 1.00 n.a. n.a. n.a. n.a. 0.11 0.9991 

tSH2 1:1 18.5 4.6✕104 8.6✕10-4 1.00 n.a. n.a. n.a. n.a. 2.74 0.9984 

p-tSH2 1:1 10.5 4.0✕104 4.2✕10-4 1.00 n.a. n.a. n.a. n.a. 0.14 0.9994 

 1	
  
Supplementary Table 2. Binding Constants for Zap70 binding to p-CD3γCD observed by 2	
  
Bio-Layer Interferometry (BLI). 3	
  
Binding constants are abbreviated as KD (binding constant), kon (on rate), koff (off rate), and fract. 4	
  
(fraction contributing to binding constant). Zap70 constructs are abbreviated to YYDN (D461N), 5	
  
FFDN (D461N, Y315F, Y319F), AADN (D461N, Y315A, Y319A), and tSH2 (amino acids 1-256). p 6	
  
indicates phosphorylated by recombinant Lck. Binding constants were determined from 7	
  
triplicates. For all data X2 and R2 tests were performed. The data shown here is representative 8	
  
of 5 independent experiments.  9	
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Zap70 T cell type 

Halftime Recovery 

[s] 

Mobile Fraction 

[%] 
T cell 

number 

[n] value +/- value +/- 

YY Jurkat P116 18.79 1.41/1.11 79.2 1.8 8 

FF Jurkat P116 14.04 1.18/1.01 100 2.1 29 

AA Jurkat P116 28.20 4.03/3.13 49.5 2.7 7 

tSH2 Jurkat P116 26.20 2.85/2.34 57.8 2.4 12 

CD3ζ Jurkat P116 18.11 4.84/3.15 13.6 2.0 7 

YY Jurkat E6.1 19.30 2.38/1.91 89.2 3.3 7 

FF Jurkat E6.1 N.D. N.D. N.D. N.D. N.D. 

AA Jurkat E6.1 27.50 5.20/3.77 52.4 3.6 9 

tSH2 Jurkat E6.1 25.61 2.54/2.12 60.5 2.2 5 

CD3ζ Jurkat E6.1 24.10 10.20/5.52 12.5 1.5 7 

YY primary 5c.c7 11.41 2.16/1.57 80.6 6.7 20 

FF primary 5c.c7 3.48 0.40/0.27 75.3 2.2 22 

AA primary 5c.c7 8.61 1.13/0.90 45.1 2.3 21 

tSH2 primary 5c.c7 10.67 1.11/0.92 59.3 2.8 24 

CD3ζ primary 5c.c7 7.03 1.27/0.93 19.9 1.2 25 

 1	
  
Supplementary Table 3. FRAP Analyses of Zap70 in Jurkat T cells. 2	
  
The half-time of recovery (t1/2), a measure for how long it takes to replace 50% of the mobile 3	
  
protein fraction, and the mobile fraction of MC-associated Zap70 or CD3ζ were determined by 4	
  
fitting the data to an exponential function. Wild type (E6.1) and Zap70-negative (P116) human 5	
  
Jurkat T cells were used for FRAPConf analyses by confocal microscopy. Primary mouse 5c.c7 T 6	
  
cells were used for FRAPTIRF analyses by TIRF microscopy. Zap70s are abbreviated to YY (wild-7	
  
type), FF (Y315F, Y319F), AA (Y315A, Y319A) and tSH2 (amino acids 1-256). N.D. indicates 8	
  
that FRAP analysis was not possible due to inefficient membrane recruitment. The error ranges 9	
  
for the mobile fraction and t1/2 represent the 95% CI. Data shown here represents three 10	
  
independent experiments.  11	
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 1	
  
Supplementary Table 4. List of Recombinant Purified Proteins. 2	
  
Abbrevations: BV = baculovirus/insect cell expression, EC = E. coli expression, and Phos = 3	
  
phosphorylated by Lck.  4	
  

# Abbrev. Protein 

Amino 

acids Mutation Phos N-term C-term Source 

1 YY hZap70 1-619 wild type    BV 

2 p-YY hZap70	
   1-619	
   wild type x   BV	
  

3 YYDN hZap70	
   1-619	
   D461N    BV	
  

4 p-YYDN hZap70	
   1-619	
   D461N	
   x   BV	
  

5 MycYYDN hZap70	
   1-619	
   D461N	
     Myc BV	
  

6 FF hZap70	
   1-619	
   Y315F, Y319F	
      BV	
  

7 p-FF hZap70	
   1-619	
   Y315F, Y319F x   BV	
  

8 FFDN hZap70	
   1-619	
   Y315F, Y319F, D461N    BV	
  

9 p-FFDN hZap70	
   1-619	
   Y315F, Y319F, D461N x   BV	
  

10 AA hZap70	
   1-619	
   Y315A, Y319A    BV	
  

11 AA hZap70	
   1-619	
   Y315A, Y319A    BV	
  

12 AADN hZap70	
   1-619 Y315A, Y319A, D461N    BV 

13 p-AADN hZap70	
   1-619	
   Y315A, Y319A, D461N x   BV	
  

14 tSH2 hZap70	
   1-256	
   tandem SH2 domain    EC	
  

15 p-tSH2 hZap70	
   1-256 tandem SH2 domain x   EC 

16 ΔN-Lck hLck	
   61-539 no membrane anchor   His6 BV 

17 MycLat hLat 34-262 cytosolic domain  Myc  EC 

18 CD3γCD hCD3γ 137-182 cytosolic domain    EC 

19 pCD3γCD hCD3γ 137-182 cytosolic domain x   EC	
  

20 biop-CD3γCD hCD3γ 137-182 cytosolic domain x Biotin-cys  EC	
  

21 GSTCD3γCD hCD3γ 137-182 cytosolic domain  His12GST  EC	
  

22 GSTp-CD3γCD hCD3γ 137-182 cytosolic domain x His12GST  EC	
  

23  I-EK/MCC 
alpha: 1-195 

beta: 1-199 
extracellular domain   biotin BV 

24  mB7.1/CD80 35-242 extracellular domain   biotin BV 
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Antibody Clone Catalog # Company 

Mouse anti CD3epsilon OKT3 16-0037 eBiosciences 

Mouse anti CD4 OKT4 BE0003-2 Bio-X-Cell 

Mouse anti Myc-tag 9E10 MA1-980 Fisher Scientific 

Mouse anti Zap70 C-terminus 29 610240 BD Biosciences 

Mouse anti Zap70 N-terminus 2F3.2 05-253 Upstate 

Rabbit anti phosphoY292 Zap70 pAb - sc-12945 Santa Cruz 

Rabbit anti phosphoY319 Zap70 pAb - sc-12946 Santa Cruz 

Rabbit anti phosphoY492 Zap70 mAb EP2291Y 2215-1 Epitomics 

Mouse anti phosphoY493 Zap70 mAb 717917 MAB7694 R&D Systems 

Mouse anti phosphoTyrosine mAb 4G10 BE0194 Bio-X-Cell 

Rabbit anti phospho-Y191 Lat - 3584 Cell Signaling Technology 

Rabbit anti Lat pAb - 06-807 Millipore 

 1	
  

Supplementary Table 5. List of primary antibodies.  2	
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Figure Parameter Minimum N Statistical methods 
Fig. 1 c-f 

Fig. 2 a-d 

Fig. 3 d 
Sup. Fig. 1 

Sup. Fig. 4 

Hydrogen Deuterium Exchange 

(HDX) 

3 N.A. 

Fig. 3 a-c, e SEC retention time 3 N.A. 

Fig. 4 a+b Fluorescence A.U. (Immunoblot) 3 N.A 

Fig. 4 c a) A.U. (OD492nm, 7 dilutions of 

kinase reaction w. LAT substrate) 

b) maximum plateau value Bmax 

a) 3 (duplicates) 

b) 3 

a) s.e.m. 

b) saturation binding curve fitting with 

95% C.I. 

Fig. 5 b A.U. (OD492nm, Competition Assay) 5 (triplicates) s.e.m 

Fig. 6 Binding constants [Bio-layer 

Interferometry (BLI); Octet System] 

5 

(6 ligand 

concentrations) 

Global fitting using multiple ligand 

concentrations, Goodness-of-Fit 

determined with X2 and R2 analyses 

(Octet software v.7) 

Fig. 7 a+c 

Sup. Fig. 5 b 

Relative Fluorescence (Confocal or 

TIRF microscopy) 

N in Sup. Table 3 s.e.m 

Fig. 7 b+d 
Sup. Fig. 5 c 

a) Mobile fraction in percent  

b) recovery halftime (t1/2) in 

seconds (based on data for Fig. 

7a+c, Sup. Fig. 5b) 

N in Sup. Table 3 Fitting to exponential function with 

95% C.I. 

 1	
  
Supplementary Table 6. Summary of statistical analyses. 2	
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