Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2015

Electronic Supplementary Information

Insights into the allosteric regulation of Syk association with
receptor ITAM, a multi-state equilibrium

Chao Feng and Carol Beth Post*

Department of Medicinal Chemistry and Molecular Pharmacology, Markey Center for Structural
Biology, Purdue Center for Cancer Research, Purdue University, West Lafayette, Indiana 47907,

USA. E-mail: cbp@purdue.edu



1. The distinct behavior of residues from different SH2 domains

The basis of using resonances from the same domain as independent observations of the domain
binding is that the residues within the same SH2 domain showed similar binding curves during
titration while resonances from different SH2 domains displayed different ligand-concentration
dependence.

Fig. Sla shows titration curves for resonances from the two SH2 domains of tSH2 for the
case of (N)SH2 and addition of C-IHP, or (C)SH2 and the addition of N-IHP, corresponding to
the contacts present in the tSH2 association with dp-ITAM (see Fig. 1 in main text). The
(C)SH2-domain residues show similar titration curves, but differ from (N)SH2-domain residues,
and with higher affinity than the (N)SH2-domain residues as indicated by the steeper slope of the
curve. Furthermore, the titration curve for the same residue was similar for all three tSH2
constructs (Fig. S1b), suggesting the individual SH2 domain affinity is not changed significantly
by linker phosphorylation (linker status).
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Fig. S1 (a) standardized CSP (chemical shift perturbation) titration plot for resonances from
residues in each domain of tSH2 (0.3 mM) upon addition of the IHP peptides. These residues
correspond to the contacts of tSH2 with dp-ITAM (PDB ID 1A81). Residues within the same
domain showed similar behavior while residues from different domains behaved differently.
Data points: values of individual resonances from each domain. Lines: concentration-dependence
curves fitted with the averaged values of residues from the same domain. (b) Standardized CSP
plot for an (N)SH2 residue (Y73) and a (C)SH2 residue (L192) binding with the matched IHP
peptide in three tSH2 constructs (0.3 mM). The same residue behaved similarly in all three tSH2
constructs. Data points: values of the indicated resonance for tSH2, tSH2p\ or tSH2gx. Lines:
concentration-dependence curves fitted for the indicated residues in each construct.



2. The 4-state modeling for tSH2 / IHP complexes
2a. Mathematical description

A tSH2 protein molecule contains two binding domains: (N)SH2 and (C)SH2. The binding
interaction between tSH2 and an IHP (ITAM half peptide, which contains only 1 pY residue) is
modeled with the scheme in Fig. 4 (see main text).
Based on this scheme, the equilibrium between the (N)SH2 domain unbound and bound
states is characterized by the equilibrium dissociation constant, Ky,
L
iy = NI INCHIL M
[NLC] [NLCL]
The equilibrium between the (C)SH2 domain unbound and bound states is characterized by the
equilibrium dissociation constant, Kc,
L
K, = NCIL] _ N“CIL @
[NCL] [NLCL]
The total concentration of protein and ligand of each titration point is known and can be
expressed as

[Pootar] = [NC] + [NC] + [NC"] + [N*CH] ©)
[Leotar] = [L] + [NC] + [NC"] + 2[N*C] (4)
From eqn (1-4), the relationship between [L], [Protall, [Ltotal], Kn @and Kc is
[L]® + [L]1*2[Peota]l = [Liotal]l + Ky + K¢) (5)
+ [L]((KN + Kc)[Peotal] — (Ky + K¢)[Liotarl + KNKC) — [Leotal KnKc = 0
With given values of [Putal, [Lwta], Kn and Kc, the value of [L] can be solved analytically with
Maxima (a Computer Algebra System, version 5.32.1, http://maxima.sourceforge.net). Once [L]

is known, the concentrations of other species in the system could be determined as follows based
on egn (1-4):

NG = o G, T R ©)
N = e )

v = R ®

et = ©

2b. Titration-curve analysis

The NMR 2D *H-"N HSQC peaks of IHP complexes generally showed fast or fast-intermediate
exchange behavior during titration experiments, and thus the position of peak center between the
resonance frequency for the unbound protein and fully saturated protein reflects the value of
fraction bound of each domain. The bound fraction of (N)SH2, fy, and (C)SH2, fy, are defined as



[N"C] + [N"C"]
fN a [Ptotal] (10)
[NCM] + [N"C"]
= 11
fC [Ptotal] ( )

Values of fy and fc were obtained from egn (5-11) with given values of [Pial], [Liota], Kn @and Ke.
Noteworthy, egn (10-11) can be transformed to the following two equations for the 4-state model:

1

fn="% (12)
1+ﬁ

P 1

T K (13)
1+[LC]

Egn (12-13) assume no coupling and the two domains bind independently to an IHP ligand, and
a hyperbolic binding curve is obtained when plotting the value of fraction bound protein against
[L], where [L] is calculated with the fitted equilibrium dissociation constants.
The titration-curve fitting procedure is described by the flow chart in Fig. S2. In this
procedure:
1) The chemical shift perturbation (CSP) value of the amide resonance of each
residue at each titration point was experimentally determined and denoted as d

value [d = \/(AH)? + (0.154 AN)2, AH and AN is the change of 'H and N
chemical shifts, respectively, at the current titration point relative to that of the
ligand-free statel] and standardized into fraction bound value as d/dmayx. Omax IS
the maximal possible d value for the given residue determined by fitting d
values of that residue at different titration points to the total ligand
concentrations with a logistic function which is widely used to model dose-
response curves.?

2) With user-provided values of [Ptal], [Liota]l, Kn and Ke, the predicted fraction
bound values of each domain could be determined by egn (5-11).

3) The values of Ky and K¢ were then iteratively refined by a Newton
optimization algorithm to match the experimental data, such that the following
target function (Sum of squared errors between the experimentally determined
data and the predicted data) is minimized globally (insensitive to the starting

values):
d. : 2 d. z
Z z<d - '_fN,i> +z<d i _fC,i> (14)
7 max,j A max,k

i

Where d;jis the peak-center CSP value for the resonance from (N)SH2 residue
J at titration point i; dmax, is the maximal possible peak-center CSP value for the
resonance from (N)SH2 residue j; fyi is the predicted value of fraction bound
for (N)SH2 at titration point i. Parameters with index k are similarly defined for
(C)SH2 residue k.
The fitting procedure was performed using home-written scripts in the statistical
programming language, R.> For each experiment, the best-fit values of parameters were



determined using peak-center CSP values of the same set of residues (G32, L37, L52, H61, Y73,
AT74, 199, F106, D175, G184, L192, C205, G210, and S244, which were well resolved in both
the ligand-free and bound states in all complexes). Fitting errors of the best-fit values were
determined by Monte-Carlo analysis using randomly generated synthetic data from a Gaussian
distribution for resonances of each domain at each titration point; the mean and standard
deviation of the Gaussian distribution were calculated from the experimental data for resonances
from a given SH2 domain at a given titration point. In addition, experimental errors were
estimated; for each complex, two experiments were performed and processed independently to
obtain the experimental errors for the fitted parameters. The variance from experimental errors is
generally larger than that from fitting errors; both variances are combined and reported as the
final uncertainty for the fitted parameters (see Fig. S3).
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Fig. S2 Flow chart of the titration curve analysis for tSH2/IHP complexes with the 4-state model.
The target function to be minimized is the sum of squared errors between the experimentally and
computationally determined fraction-bound values of each residue at each titration point.
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Fig.S3 The distribution of fitted values of dissociation constants of C-IHP binding to the three
tSH2 constructs using the titration-curve analysis and 4-state model. Two independent
experiments were performed for each complex and 100 Monte-Carlo simulations were

performed for each experimental dataset.



2c. Line-shape analysis

The line shape analysis requires two additional parameters to describe the four-state system: the
off rate for the (N)SH2 domain binding process kY.and the off rate for the (C)SH2 domain
binding process k&.. The corresponding on rates are:

kaf
A A— L (15)
e ¢¥
kC
kS, = _Kfcff (16)

The predicted line shape for a given nucleus at a given titration point was generated using
the matrix-form solution®’ of Bloch-McConnell equations:

SPTed() = Real (Z((M1+M2)—1 xP)) (17)
where
M, =R-iQ - K (18)
100 0
My=io(o o 7 0 (19)
000 1
[NC]
P {EZS} (20)
[N“C']

P is a vector of equilibrium concentrations of the four species calculated by eqn (5-9) at the
given titration point. R is a diagonal matrix with elements equal to the transverse relaxation rates
of the resonance of the nucleus in the four species in P. Q is a diagonal matrix for the intrinsic
resonant frequency (wo) of the given nucleus in each of the four species in P. R and Q were
obtained by fitting the resonance peaks at the ligand-free and saturated states of the given
nucleus to a Lorentzian function (assuming the peak centers at wo with a line width 2R;). K is
the 4 by 4 exchange matrix

— (kb +k5,)[L] ki kS 0
kn[L] —k = kSa[L] 0 kS 21)
konlL] 0 —k i kb[L] ko
0 konlL] koalL] ~kSr— ko,

The line-shape analysis was performed with a procedure (Fig.S4) similar to the titration-
curve analysis. In this procedure:
1) The experimental line-shape data for a nucleus at each titration point were
extracted from the 2D *H-">N HSQC spectra as a 1D slice and normalized.
2) With user-provided values of [Piotal], [Liotal], KN, Kc, and the off-rates (kgffand
kS, the predicted line-shape data for each residue at each titration point could be
determined by egn (17-21).



3) The values of Ky, K¢ and the off-rates were then iteratively refined by a Newton
optimization algorithm to match the experimental data, such that the following
target function (Sum of squared errors between the experimentally determined
and the predicted line-shape data) is minimized globally (insensitive to the
starting values):

2
D ISy @oas+bi] = 557 (@) } @2)
i,j.k
Where Sf;ed(a)k) and S777"(wy) are the predicted and experimental spectrum
intensity of resonance i at titration point j at frequency wy, respectively; a; and b;
are the intensity and baseline correction factors for resonance i to compensate the
normalization errors, if any, introduced during the normalization process of the
experimental line-shape data.

The line shape-fitting procedure was performed using Matlab R2014a (The MathWorks,
Inc.). The experimental 1D-slice data extraction, normalization, and line width/frequency
estimation processes utilized tools and subroutines in the IDAP package® (version 1.5.4,
http://lineshapekin.net). The model-specific calculations of the equilibrium concentrations and
the predicted line-shape data were carried out using home-written scripts in Matlab. For each
experiment, the best-fit values of parameters were determined using line-shape data of *H-""N
resonances from the same set of residues: G32, L37, L52, H61, Y73, A74, 199, F106, D175,
G184, L192, C205, G210, and S244. These resonances were selected because they were well
resolved in both the ligand-free and bound states in all complexes. Fitting errors of the best-fit
values were determined by bootstrapping analysis using random selections from the
experimental datasets for resonances from a given SH2 domain: seven resonances from (N)SH2
and five resonances from (C)SH2. For each complex, two experiments were performed and
processed independently to obtain the experimental errors for the fitted parameters. The variance
from experimental errors is generally larger than that from fitting errors; both errors are

combined and reported as the final uncertainty for the fitted parameters (see Fig. S5).
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Fig.S4 Flow chart of the line-shape analysis procedures. The target function to be minimized is

the sum of squared errors between the experimentally and computationally determined line-

shape data of each residue at each titration point. The fitting parameters vary for different models,

while the other parameters in the models are fixed, where appropriate, using known values.

11



0.08 -
tSH2 +C-IHP tSH2 +C-IHP
0.04 - Ky 0.06 - Kc
= =
e 20.04 -
)] )]
S 0.02 - °
/\ 0.02 - {\
0.00 - dﬂ A 0.00 - A
1 1 1 1 I 1 1 I I
0.04 - 0.06 -
tSH2,, +C-IHP tSH2,, +C-IHP
0.03 -
> Kn 20.04- Ke
= £
£0.02- 5
© 0.02 -
0.01 - i
0.00 - 0.00 - \ \
| | I I 1 I I I I I
0.03- 0.06 -
tSH2,, +C-IHP tSH2,, +C-IHP
.0.02- Ky 20,04 - Kc
£ =
c c
)] [}
© 0.01 - © 0.02 -
0.00 - l 0.00- . | . '
| 1 | I 1
0 500 1000 1500  2000(uM) 0 500 1000 1500 2000(pM)

ZExperiment 1 ZExperiment 2
Fig.S5 The distribution of fitted values of dissociation constants of C-IHP binding to the three
tSH2 constructs using the line-shape analysis and 4-state model. Two independent experiments
were performed for each complex and 100 bootstrapping simulations were performed for each

experimental dataset.
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2d. The simulated change of concentration of each species

The change of concentration of each species for the tSH2 constructs binding with IHPs in the 4-
state binding model were simulated and shown in Fig. S6. Because the binding affinity of a
specific SH2 domain with a specific IHP is similar in all three tSH2 constructs (see Table 2 in
main text), the simulated curves are similar for all three tSH2 constructs. These curves are
described in the Results section of the published text.

13
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Fig.S6 The simulated change of concentration of each species for the tSH2 construct binding
with IHPs in the 4-state binding model. [Pita] 1S 0.3 mM similar as that for NMR experiments.
The simulated curves are similar for all three tSH2 constructs, because the binding affinity of a
specific SH2 domain with a specific IHP is similar in all three tSH2 constructs. For a specific
IHP, the curves shown were simulated using the averaged values of the dissociation constants
(Knand Kc) of the three tSH2 constructs (see Table 2 in main text; Ky and K¢ values of bindings
with N-IHP or C-IHP by line-shape analysis).
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3. The 3-state modeling for tSH2 / ITP complexes
3a. Mathematical descriptions

Considering only the major species, the interaction between the two domains of a tSH2 molecule
and the full-length ITP ligand (dp-ITAM peptide, which contains 2 pYs) is described by the
scheme in Fig.5b (see main text).

There are only two binding processes: an inter-molecular binding step between the
(C)SH2 domain of tSH2 and N-terminal pY cassette of ITP described by Kcy, and an intra-
molecular binding (isomerization) step between the (N)SH2 domain of tSH2 and C-terminal pY
cassette of ITP described by the equilibrium isomerization constant K'y :

NC L
_IN CN]

The total concentration of protein and ligand of each titration point is known and can be
expressed as

[Pioal] = [NC] + [NCN] + [N'C'] (25)
[Liotal]l = [L] + [NCN] + [N'C] (26)
From eqn (23-26), the relationship between [L], [Piotall, [Ltotar], Ken, and K'y is
(K'y + DL + ((K'y + D[Peotal] = (K'y + D[Leotar] + KenK'y)[L]
- KCNK, [Ltotal] =0
With given values of [Piotal], [Liotal], Ken, K'n, the value of [L] can be solved analytically. Once

[L] is known, the concentrations of other species in the system could be determined as follows
based on eqn (23-26):

(27)

KCNKI [Ptotal]
INC] = (K'y + DIL] + KcnK'y (28)
NG = 29)
NCT= (30)

3b. The line-shape analysis

The line-shape analysis requires two more parameters to describe the 3-state system: the off rates
for the (C)SH2 domain binding process, kSf, and that for the(N)SH2 domain binding process
k.. The corresponding on rates are:

kEN = Kor (31)
on KCN

15



K o
K'y

The predicted line shape for a nucleus at a given titration point using the 3-state model is
as described in section 2c, except that the following matrices in eqn (17-18) are now:

IN _
kon_

(32)

1 0 0
M2=ia)<0 1 0) (33)
0 0 1
[NC]
P= | [NCMN] (34)
[N'C']

P is a vector of equilibrium concentrations of the three species calculated with eqn (27-30) at the
given titration point. R and Q were obtained as described for the 4-state model. K is the 3 by 3
exchange matrix

—kSY[L] ko 0
K= kSYIL] —kSg—koy  kK'hg (35)
0 k'S, —k'N

3c. The simulated change of concentration of each species
The change of concentration of each species for the tSH2 constructs binding with ITP in the 3-

state binding model were simulated and shown in Fig. S7. These curves are discussed in the
Results section of the published text.

16
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Fig.S7 The simulated change of concentration of each species for the three tSH2 constructs
binding with ITP in the 3-state binding model. [Pita] 1S 0.3 mM similar as that for NMR
experiments. For each complex, the curves were simulated using the fitted intra-molecular
isomerization constant (K'y) from the 3-state model (see Table 3 in main text) and the
corresponding inter-molecular dissociation constant (Kcy) from the N-IHP complexes (see Table
2 in main text; the K¢ values of bindings with N-IHP by line-shape analysis).
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4. The 10-state modeling for tSH2 / ITP complexes
4a. Mathematical descriptions

Considering all possible species, the interaction between the two domains of a tSH2 molecule
and an ITP ligand (dp-ITAM peptide, which contains 2 pYs) is described by the scheme in
Fig.5a (see main text).

Based on this scheme, the equilibria for the initial inter-molecular binding processes (a
single tSH2 domain binding with a single pY of an ITP ligand) are characterized by the
following equations:

[NCJ[L]  [NCN][L]  [NCE][L]

Kv = TNNCT = TNNCN] NGO (36)

_[NCJ[L] _ [NCNJ[L]  [NCC][L] (37)
NCTINCC] T [NSCN] T [NCc€]

[NC][L] [NNCJ[L] [NCC][L]
Ken =T INCN) = TNNCN] © [NCCN] (38)

[NC][L] [NMC][L] [N°C][L]
cc = = = (39)

[NCC] [NNCC] [NCCC]
The equilibria for the two intra-molecular binding processes (from the 1:1 mono-functional
complex N°C or NCN to form a 1:1 bi-functional complex N'C’) are characterized by the

equilibrium isomerization constants:

, _ [NCM]

KN - [ ICI] (40)
, _[N¢C]

Ke=ven “

Note that K'c can be expressed as Kcny <K'y / Ky and is thus not an independent variable. The
total concentration of protein and ligand of each titration point is known and can be expressed as
[Poral]l = [NC] + [NNC] + [NCC] + [NCN] + [NCC] + [N'C']
+[NNCN] + [NCCNT + [NNCC] + [NCCC]
[Liotall = [L] + [NNC] + [NCC] + [NCN] + [NC®] + [N'C']
+2[NNCNT + 2[NCCN] + 2[NNCC] + 2[N€c¢]
From eqn (36-43), the relationship between [L], [Ptotar], [Liotal], Knns Kney Ken, Kee, and K'y is

(42)

(43)

a[L]® + b[L]2+c[L]+d =0 (44)
where
a= (K'yKey + K'nKee)Kyy + (K'vKen + K'nKee) Kne (45)
b= ((2 K'nKey + 2 K'yKeo)Kyny + (2 K'yKey + 2 K,NKCC)KNC)[Ptotal]
+ ((—K'wKey — K'vKee)Knn + (=K' vKey — K vKee)Kne) [Leotal (46)

+ ((KINKCN + (K'y + DK¢c)Kye + K,NKCCKCN)KNN
+ K'nKccKenKne

18



c= (((K’NKCN + (K'y + DKco)Kne + K'nKecKen ) Knw
+ K'vKocKenKnc ) [Peotall
+ ((((_K,N - 1)KCC - KINKCN)KNC - K’NKCCKCN) KNN
- K,NKCCKCNKNC> [Liotall + K'nKccKenKncKnn

d = —K'yKccKenKncKnn[Liotall (48)
With given values of [Piota], [Liota]l, Knn, Kne, Ken, Kee, and K'y, the value of [L] can be solved

analytically (by Maxima). Once [L] is known, the concentrations of other species in the system
are as follows based on eqgn (36-43):

[NC] = K,NKCCKCNKNCKNN[Ptotal]
/(((K,NKCN + K'nKee)Knn + (K'yKey + K,NKCC)KNC)[L]Z

(47)

+ ((K'wKow + (K'y + DKee)Kne + K'nKecKew)Knw (49)
+ K'vKecKenKne ) L] + K'yKecKenKne KNN)
[NNC] = [LI](’EVI\,]VC] 50)
[N¢C] = [LI]{[I:ICC] (51)
NG = -
[NCC] = [L}([Cl\ic] o
INCT = % (54)
L [,2;% (55)
IN®C™] = K—[ENCC] (56)
INCt = %ﬁ% (57)
2
IN®C*] = % (58)

4b. The line-shape analysis

The line-shape analysis requires six more parameters to describe the 10-state system: the off
rates for the four inter-molecular and two intra-molecular binding processes. The corresponding

19



on rates are calculated as follows:

KN
NN _ "o 59
kan KNN ( )
kor
NC _ —off 60
kU” KNC ( )
koir
Ken
cc

k
kCC — off 62
on KCC ( )

k'
K'y
k'
K';
The predicted line shape for a nucleus at a given titration point using the 10-state model

are as described for the 4-state model in section 2c, except that the matrices in eqn (17-18)
become:

CN _
kan -

(61)

IN _
kon_

(63)

kS, = (64)

M, = iwE (65)

(66)

E is a 10 by 10 identity matrix. P is a vector of equilibrium concentrations of the ten species
calculated from eqgn (44-58) for the given titration point. R and Q were obtained as described for
the 4-state model. For a given nucleus, binding with the N-terminal pY of ITP is assumed to
result in similar values of wo and R, in the bound state as binding with the C-terminal pY,
because they showed similar titration profiles in terms of the direction and magnitude of CSP
(chemical shift perturbation). K is the 10 by 10 exchange matrix

20



( i1 Q12 A13 414 Qg5 0 0 0
ap1 Qz; 0 0 0 0 a;; O
as; 0 as 3 0 0 aze 0 azg

as1 0 0 A48 0 Qa6 Qa7 GQug

as; 0 0 0 ass 0 0 0

K=l 0 o g3 ags O agg 0 0O
0 az; 0 a7 4 0 0 a,; O

0 0 agz gy 0 0 0 agg

0 ag, 0 0 Ags 0 0 0

\ 0 0 a3 0 aps O 0 0

Where
a1 = —(kyY + kb¢ + kS + kSOI[L]

a1 = kf;’,ﬁv[L]

as, = kgy[L]
Qg1 = koh [L]
as; = kg5 [L]
A2 = kfyvfl}]
az2 = —kog — (kG + kG)IL]

a7, = kglzzv [L]

Qgp = kg,f [L]

_ 1,NC
a3 = kog
— NC 1C CN cc
asz3 = _koff —k on (kon + kon [L]
— I,/C
ez = k on

ag3 = kglzzv [L]

Q10,3 = kgg [L]

— 1,CN
Ay,4 = kogr
— CN IN NN NC
Qg4 = _koff —k on (kon + kon [L]
— I,/N
Aea = k on

a74 = kgév [L]

ags = kf;vnc [L]

cc
a5 = ko
ass = k55— (ki + kN)[L]

Qg5 = klavzgv[L]

21

(67)

(68)
(69)
(70)
(71)
(72)
(73)
(74)
(75)
(76)
(77)
(78)
(79)
(80)
(81)
(82)
(83)
(84)
(85)
(86)
(87)
(88)
(89)



Ai05 = kévnc [L] (90)

aze = klgff (91)
Qg6 = k' (92)
age = —k'crr— k' (93)
az7 = koff (94)

Ay7 = kit (95)
az7 = —kof — koff (96)
s = ko (97)

s = Ko (98)
agg = —kof — kb (99)
g0 = ki (100)

aso = Kopy (101)
Qoo = —kof— ko (102)
azi10 = ko (103)
as10 = ki (104)
1010 = —k5f — kg (105)

4c. The simulated change of concentration of each species
The change of concentration of each species for the tSH2 constructs binding with ITP in the 10-

state binding model were simulated and shown in Fig. S8. These curves are described in the
Results section of the published text.
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Fig.S8 The simulated change of concentration of each species for the tSH2 constructs binding
with ITP in the 10-state binding model, with two ranges of the [Liota]/[Piwta] ratio for each
construct. [Pta] is 0.3 mM similar as that for NMR experiments. For each construct, the curves
were simulated using the fitted intra-molecular isomerization constant (K'y) from the 10-state
model (see Table 3 in main text) and the corresponding inter-molecular dissociation constants
(Knns Kne, Kens and Kee) from the IHP complexes (see Table 2 in main text; Ky and K¢ values of
bindings with N-IHP and C-IHP by line-shape analysis).
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