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ABSTRACT: The TGF-f isoforms, TGF-f31, -32, and -f33, share greater than 70% sequence identity and
are almost structurally identical. TGF-{32 differs from the others, however, in that it binds the TGF-£ type
IT receptor (TSR-II) with much lower affinity than either TGF-f1 or -53. It has been previously shown
that three conserved interfacial residues, Arg25, Val92, Arg94, in TGF-f1 and -f33 are responsible for
their high-affinity interaction with TSR-IL. In this study, the role of each of these residues was examined
by creating single, double, and triple substitutions resulting in both TGF-{3 loss-of-function and TGF-{52
gain-of-function variants. One-dimensional 'H NMR spectra of the variants confirmed a lack of large
structural perturbations. Affinities, kinetics, and thermodynamics for TSR-II binding were determined by
surface plasmon resonance biosensor analysis. Double substitutions revealed that nearly all of the high-
affinity binding is contributed by Arg25 and Arg94. Single site substitutions showed that Arg94 makes
the greatest contribution. Substitution of Arg25 and Arg94 with alanine verified the requirement of the
arginine guanidinium functional groups for the highly specific hydrogen-bonded ion pairs formed between
Arg25 and Arg94 of TGF-£1 and -3, and Glu119 and Asp32 of TFR-IL. Further kinetic and thermodynamic
analyses confirmed that Arg25 and Arg94 are primarily responsible for high-affinity binding and also
revealed that noninterfacial longer range effects emanating from the TGF-£ structural framework contribute
slightly to TAR-II binding. Growth inhibition assays showed that binding changes generally correlate

directly with changes in function; however, a role Val92 in this cellular context was uncovered.

Transforming growth factor 8 (TGF-f)" isoforms are 25
kDa homodimeric polypeptide signaling ligands that control
multiple cellular processes including proliferation, extracel-
lular matrix deposition, and epithelial —mesenchymal transi-
tion (7). TGF-fs and other structurally related members of
the TGF-/3 superfamily, such as activins, bone morphogenic
proteins (BMPs), and growth and differentiation factors
(GDFs), exert their biological effects by binding and bringing
together two pairs of structurally similar, single-pass trans-
membrane receptors, known as the type I and type II
receptors, TAR-T and TSR-II (2). The ligand-mediated as-
sembly of these two receptor types into a signaling complex
initiates an intracellular phosphorylation cascade, wherein
the constitutively active type II kinase transphosphorylates
the type I kinase in a conserved glycine-serine repeat, known
as the GS box (3). This activates the type I kinase which in
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turn phosphorylates receptor-regulated Smad proteins, which
complex with the common mediator Smad, Smad4, and
translocate to the nucleus where they interact with various
coactivators and corepressors to regulate transcription of
target genes (4).

There are three isoforms of TGF-j, termed TGF-$1, -2,
and -33. They are present in most metazoans, including frogs,
birds, and mammals, and they are highly conserved, sharing
70—80% sequence identity in most organisms. The isoforms
exhibit somewhat overlapping spatial and temporal patterns
of expression throughout development, yet in spite of this
they appear to carry out distinct roles in vivo, as suggested
by the severe and nonoverlapping phenotypes of the TGF-3
isoform specific null mice (5—7).

All three TGF-§ isoforms transduce their signals by
binding TSR-I and TAR-II (8). However, TGF-52 differs
from TGF-£1 and TGF-$3 in that it binds TAR-II with an
affinity that is 100—1000-fold lower (9—11). The reduced
affinity of this ligand isoform for TSR-II underlies the lower
biological activity that it exhibits in proliferation assays in
cells that lack the coreceptor, 3-glycan; i.e., in these assays
the ECsy of TGF-f32 is 100—500-fold higher than that of
TGF-f1 and -f33. In contrast, cells that express the coreceptor
in addition to the type I and type II receptors respond roughly
equally to the three isoforms. This results from the ability
of B-glycan to bind TGF-f2 with a higher affinity than TGF-
B1 and -3 (12) and to promote the assembly of the TSR-
[—TpR-II signaling complex with TGF-52 (13).
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FIGURE 1: Key residues of the TSR-II-TGF-{33 interaction. The binding interface of TAR-II (red) and TGF-f3 (blue) based on the X-ray
crystal structure (PDB 1KTZ) (/4) is shown. Hydrogen bonds are indicated as green dashes. The two doubly hydrogen bonded ion pairs,
Asp32:Arg94 and Glul19:Arg25, anchor opposite sides of the hydrophobic interface. Both acidic residues of TSR-II that directly interact
with TGF-£33 are themselves stabilized by hydrogen bonds. In particular, Asp32 is stabilized by a complex hydrogen bond network involving
Tyr85, Glu75, and water 207. Phe30 contacts and orients Arg94. Glul19 is stabilized by a hydrogen bond from the hydroxyl group of
Thr51. I1e53 is a key residue of the hydrophobic interface and makes contacts with Val92 and Trp32.

Important unanswered questions regarding TGF-52 con-
cern the underlying basis for its reduced affinity for TSR-II
and the mechanism by which f-glycan promotes assembly
of the signaling complex with TGF-£2. Important clues to
the reduced affinity were derived from the crystal structure
of the TAR-II-TGF-33 complex which showed that the
interfacial residues of TGF-33 are identical to those in the
other high-affinity isoform, TGF-f31, but are conservatively
substituted at three positions in TGF-2 (Arg25, Val92, and
Arg94 in TGF-fs 1 and 3; Lys25, [1e92, and Lys94 in TGF-
B2) (14). The crystal structures of the TSR-II—TGF-f33
binary complex, as well as the TSR-I-TSR-II—TGF-53
ternary complex (/5), also showed that the guanidinium
groups of Arg25 and Arg94 in TGF-$3 each form doubly
hydrogen bonded ion pairs with the carboxylate groups of
Glul19 and Asp32, respectively, on THR-II (Figure 1). In
other ligands of the TGF-f superfamily, these two positions
are substituted with residues other than arginine and lysine,
which is thought to account in part for the distinct manner
by which they bind their type II receptors (16, 17). In a
previous report, we demonstrated that substitution of the three
variable interfacial residues in TGF-52 to those from TGF-
pB1 and -3 resulted in a binding affinity comparable to that
of TGF-f1 and -3 (I8). These three residues therefore
underlie the reduced affinity of TGF-£2 for TAR-II.

The objective of the present study was to further charac-
terize the importance of the three variable residues in the
binding of TAR-II to the three TGF-{ isoforms. To determine
the contribution of each, we generated the TGF-33 loss-of-
function variants R25K, V92I, and R94K, as well as the
TGF-f32 gain-of-function variants K25R, 192V, K94R, K25R/
192V, 192V/K94R, K25R/K94R, and K25R/192V/K94R, and
measured their affinities, kinetics, and thermodynamics for
binding TAR-II using a surface plasmon resonance (SPR)
biosensor. The results show that arginine residues 25 and
94 contribute most of the high-affinity interaction between
TGF-$3 and TAR-IL, with the affinity of the TGF-32-K25R/
192V/K94R (TGF-$2-TM) and TGF-£32-K25R/K94R variants

approaching that of TGF-$3. To further examine the role of
these two doubly hydrogen bonded pairs, we individually
substituted Arg25 and Arg94 in TGF-f33 with alanine. The
affinities of these two variants for TAR-II were only
marginally lower than those of the conservative lysine-
substituted TGF-f33 loss-of-function variants, confirming that
the doubly hydrogen bonded ion pairs formed in the T5R-
II-TGF-3 (and TSR-II-TGF-f1) interfaces are highly
specific and are required for the high-affinity interaction with
TPR-II. Further kinetic, thermodynamic, and functional
analyses confirmed that Arg25 and Arg94 are primarily
responsible for high-affinity binding but also revealed a subtle
role for the ligand structural framework in TAR-II binding,
as well as a role for Val92 in cellular signaling. The
information presented here, in particular the relative impor-
tance of the two arginine residues, may aid in the develop-
ment of novel structure-based TGF-f inhibitors.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. Human TGF-$2,
human TGF-f33, and variants, as well as human TSR-II and
variants, which include the first 136 residues of the mature
extracellular domain, were expressed, refolded, and purified
from Escherichia coli inclusion bodies as previously
described (19, 20).

SPR Instrumentation and Supplies. CM-5 sensor chips,
Tween 20, and the Biacore amine coupling kit were
purchased from GE Healthcare Bio-Sciences Corp. (Piscat-
away, NJ). HEPES buffer, EDTA, and NaCl were purchased
from Sigma-Aldrich (Oakville, Ontario, Canada). All surface
plasmon resonance assays were carried out using a Biacore
3000 instrument (GE Healthcare Bio-Sciences Corp., Pis-
cataway, NJ) and HBS running buffer (10 mM HEPES, 150
mM NaCl, 3.4 mM EDTA, and 0.005% Tween 20 at pH
7.4) at a flow rate of 25 #L./min and a temperature of 25 °C.

SPR Biosensor Kinetic Assays. TGF-f ligands were
covalently immobilized to a Biacore CM-5 chip using
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standard N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC)
amine-coupling methodology (/8). Surface TGF-£ densities
were used that yielded 100—200 resonance unit (RU)
responses upon injection of 500 nM TSR-IL. Initially, three
instrument primes were followed by five 50 uL buffer blank
injections with a 10 L. HCl mock regeneration. Samples
(50 uL) of TBR-II were injected (300 s dissociation), and
the surface was regenerated with 10 uL of 10 mM HCI
followed by the default injection needle cleaning procedure.
One duplicate (500 nM) was included per run to verify
reproducibility, and three independent runs were performed,
each consisting of a 2-fold dilution series of a 500 nM TR-
IT stock solution. Each set was injected in a random order
and included two buffer blank injections. The resulting
sensorgrams were aligned and double referenced using a
mock-activated surface and blank buffer injections. Kinetic
data were evaluated by globally fitting the sensorgrams to a
heterogeneous ligand model using the Biacore software
BiaEvaluation version 4.1 (GE Healthcare Bio-Sciences
Corp., Piscataway, NJ). The equilibrium Kps were deter-
mined from the resulting kinetic association and dissociation
rates (kg/k,), and a minimum of three independent runs were
used to generate the reported standard deviations.

SPR Biosensor Steady-State Assays. TGF-{3 ligands were
covalently immobilized as described for the SPR biosensor
kinetic assays. Initially, three instrument primes were fol-
lowed by five 50 uL buffer blank injections with a 10 uLL
10 mM HCI mock regeneration. Samples (25 uL) of TAR-II
were injected (30 s dissociation), and the surface was
regenerated with 10 uL of 10 mM HCI followed by the
default injection needle cleaning procedure. Each run con-
sisted of a dilution series of TSR-II with a concentration
range from 10 to 0.13 uM. These TSR-II samples were
randomly injected along with two buffer blanks over TGF-f3
variants immobilized at approximately 500 RUs. A maximum
concentration of 10 uM was used to conserve sample and to
minimize bulk-shift artifacts that can occur when high
concentrations of TAR-II are injected over the surface.
Sensorgrams were double referenced, as with the kinetic
assays, and average plateau RU values for each injection
curve were determined using the average fit function in
BiaEvaluation. The resulting RU values were used to
generate saturation plots, and the Kp from each was
determined using the steady-state affinity fit in BiaEvaluation
(one site ligand). The Kps from a minimum of three
independent runs were used to generate the reported standard
deviations.

Determination of Thermodynamic Parameters Using an
SPR Biosensor Assay. The same procedure as described for
the SPR biosensor kinetic assay was carried out at five
different temperatures (5, 11, 18, 25, and 32 °C) for TGF-
3 and the TGF-32-TM. Each injection series at a new
temperature was preceded by a glycerol normalization
procedure. The equilibrium enthalpy and entropy changes,
AH and AS, respectively, were determined by linear regres-
sion analysis of a van’t Hoff plot (In Kp vs 1/T) using the
equation In Kp = AH/(RT) — AS/R, where R is the universal
gas constant and 7 is the temperature in kelvin. A linear
plot indicates that the equilibrium enthalpy and entropy
values remain constant over the temperature range studied.
Since the plots were essentially linear in this study, it was
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assumed that these parameters were independent of temper-
ature. Similarly, the quasi-thermodynamic parameters for the
association and dissociation steps, AH* and AS* were
estimated using a transition state theory-based approach, i.e.,
Eyring plots (In(kh/Tkg) vs 1/T) using the equation In(k/T)
= —AH¥/(RT) + In(kg/h) + AS*/R, where kg is the Boltzman
constant, A is the Plank constant, T is degrees kelvin, and k
is either the forward or reverse kinetic rate constant for the
TSR-II—TGF-f interaction. The change in free energy at 298
K, AG values, for equilibrium binding or for the association
and dissociation steps was determined from the equation AG
= AH — TAS.

Cell Growth Inhibition Assay. The assay was performed
as previously described with minor modifications as noted
(11). Briefly, 24-well plates were seeded with 25000 cells
in 1 mL of DMEM containing 10% FBS (Wisent Inc., St-
Bruno, Quebec, Canada) and 100 ug/mL endothelial mitogen
(EM) (Biomedical Technologies Inc., Stoughton, MA) and
allowed to grow for 24 h at 37 °C. After this time, fresh
medium lacking EM was added, and TGF-f32 or variants
were added to 31.3 pM final concentration in quadruplicate.
The cells were incubated for 48 h total. At 40 h the cells
were pulsed with 0.5 uCi of [methyl-*H]deoxythymidine
(Amersham Inc., Piscataway, NJ) for 8 h to measure DNA
synthesis. Cells were washed, trypsinized, and added to 5
mL of UniverSol scintillation fluid (MP Biomedicals Inc.,
Solon, OH), and incorporated [methyl-*H]deoxythymidine
was measured using a LKB 1219 Rackbeta liquid scintillation
counter (PerkinElmer Life and Analytical Sciences, Wood-
bridge, Ontario, Canada).

One-Dimensional 'H NMR Spectra. One-dimensional 'H
NMR spectra of TGF-2 and TGF-f33 variants were acquired
at a 'H frequency of 500 MHz and 45 °C using a Bruker
(Billerica, MA) Avance500 spectrometer equipped with a 5
mm 'H—{'3C,”N} triple-axis gradient probe. Samples were
0.05—0.1 mM and were prepared in 10 mM phosphate and
5% *H,0 at pH 3.80. Spectra were acquired using a watergate
solvent suppression scheme (27) with 1024—4096 scans and
a 1 s recycle time. Spectra were processed by apodizing the
FID with a 90° shifted squared sine bell shifted, by applying
a solvent convolution filter, and by baseline correcting the
resulting spectra with a third-order polynomial.

RESULTS

Comparison of TGF-2-TM to TGF-f2 and TGF-f33.
Previous analysis of the gain-of-function triple mutant TGF-
B2-TM revealed that the three conserved TGF-f1 and -f33
residues, Arg25, Val92, and Arg94, when substituted into
TGF-2, imparted it with TGF-£3-like affinity for binding
TAR-II (18). In that study, the binding affinity information
for TGF-2-TM was derived from steady-state SPR biosen-
sor measurements, which yielded the equilibrium dissociation
constant, Kp, but not the kinetic association (k,) and dis-
sociation (kg) rate constants. Here, we reassessed the binding
characteristics of the TGF-$2-TM variant using kinetic
analysis with global fitting of the data to a heterogeneous
ligand model. The requirement for this type of model was
previously demonstrated for TGF-$1 and -3 and was
attributed to the nonoriented immobilization of TGF-f onto
the biosensor surface (22). This results in the generation of
high- and low-affinity binding sites, with the high-affinity
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FIGURE 2: Kinetic and steady-state analysis of TGF-33, TGF-f32,
and TGF-$32-TM. Representative sensorgrams of TAR-II interacting
with immobilized TGF-$3 (A), immobilized TGF-32-TM (B), or
immobilized TGF-£2 (C). The global fit of the heterogeneous ligand
model to the sensorgrams is shown in (A) and (B) as a thin solid
line.

site (low Kp) representing the unimpeded association of TSR~
II with TGE-f. Accordingly, the values corresponding to the
high-affinity site are presented as apparent Kps throughout
the rest of this study. Global fit analysis of the TGF-32-TM
sensorgrams yielded a Kp of approximately 100 nM for the
high-affinity site (Figure 2 and Table 1), consistent with the
previous steady-state measurements (/8). The Kp determined
by global fitting of the data for TGF-33 (73 nM, Figure 2
and Table 1) was very similar to that of TGF-52-TM.
However, there were slight differences in the kinetics of the
interaction of TSR-II with TGF-53 versus TGF-32-TM, with
TGF-£3 exhibiting a slightly slower dissociation rate (5.4
x 1072 versus 1.1 x 107") and a slightly slower association
rate (7.4 x 10° versus 1.1 x 10°), which compensate each
other resulting in similar affinities for TGF-33 and TGF-
p2-TM.

The affinity of TSR-II for the low-affinity isoform, TGF-
32, was determined using steady-state analysis. Global data

Biochemistry, Vol. 48, No. 10, 2009 2149

fitting was not used since the association and dissociation
rates were too fast to be accurately determined using this
method (Figure 2C). The Kp was determined to be ap-
proximately 16 uM, demonstrating that there is an overall
160-fold enhancement in the affinity of TGF-32-TM, as
compared to TGF-f32, for TSR-IL.

Gain-of-Function Substitutions in TGF-f32. The contribu-
tions of each of the three substituted residues in TGF-{32-
TM were dissected from one another by generating single
and double TGF-f33 substitutions in the TGF-/32 background.
Kinetic analysis with global fitting of the data was used for
determining the affinities of the variants with Kps in the 1
uM range or lower, while steady-state analyses were used
for variants with fast association and dissociation kinetics
(typically Kps > 1 uM). Among the gain-of-function variants
studied, the double arginine mutant, TGF-52-K25R/K94R,
was amenable to kinetic analysis while the remainder were
studied using steady-state methods.

The measured affinities of TGF-f2 and its gain-of-function
variants for TSR-II are shown in Figure 3. The Kps and the
difference in the free energy change relative to that of TGF-
B2 (AAGy) are presented in Table 1. There was no
enhancement in affinity observed with the TGF-52 192V
variant, while the K25R and K94R variants each led to either
small (Kp = 11 uM, corresponding to AAGy,g = —0.25 kcal/
mol for K25R) or intermediate (Kp = 6.0 uM, corresponding
to AAGping = —0.60 kcal/mol for K94R) enhancements.
Consistent with the lack of change in affinity observed for
the TGF-f2 192V variant, combining the 192V substitution
with single arginine residue substitutions at positions 25 or
94 offered little, if any, improvement to the binding affinity
over the single arginine variants. Significant improvement
was however observed with the double arginine mutant,
TGF-f32-K25R/K94R, which bound TSR-II with an affinity
(Kp = 100 nM) which is indistinguishable from that of TGF-
P2-TM (see Table 1 for standard deviations). These results
show that Arg25 and Arg94 play a critical role in the
bimolecular interaction between TGF-$ and TSR-II, while
that of Val92 is minimal.

These results clearly rank the contribution of the three
conserved interfacial residues in the TGF-32 background as
Arg94 > Arg25 > Val25. To determine whether these
residues play a similar stabilizing role in TGF-f33, we gen-
erated single TGF-f32-residue substitutions in TGF-£33 and
measured the extent to which they diminished TSR-II
binding.

Loss-of-Function Substitutions in TGF-f33. Similar to the
TGF-f32 gain-of-function variants, kinetic analysis was used
for determining the affinities of the TGF-3 variants with
Kps in the 1 uM range or lower, while steady-state analysis
was used for variants with Kps > 1 uM. Among the loss-
of-function TGF-f33 variants with TGF-£2-residue substitu-
tions, only the TGF-3-R94K variant was not amenable to
kinetic analysis. The measured affinities of TGF-3 and its
variants for TSR-II are shown in Figure 4. The Kps and the
difference in the free energy change relative to that of TGF-
3 are presented in Table 1. Consistent with the previous
results from the gain-of-function TGF-f32 variants, substitu-
tion of Val92 with isoleucine led to little or no change in
affinity, with the measured Kp, (approximately 110 nM) being
nearly within the error limits of that of TGF-$3 (73 nM).
Substitution of Arg25 and Arg94 with lysine led to larger
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Table 1: Summary of Kinetic and Thermodynamic Constants for TGF-52 and TGF-£3 Variants Interacting with TSRII”

protein variant Kp (nM) ke M™'s7h kq (s7h AAGy;ng(82 variants) (kcal/mol)

TGF-32 (1.7 +0.041) x 10* 0.0
TGE(2-192V (1.7 +£0.31) x 10* 0.0
TGF(2-K25R (1.1 +£0.14) x 10* —0.25
TGF(2-K94R (6.0 &+ 0.49) x 10° —0.60
TGF(2-K25R/192V (1.1 +£0.078) x 10* —0.26
TGFE(2-K25R/K94R (1.0 £ 0.56) x 10? (x* < 0.9) (1.5 +£0.61) x 10° (1.34+0.76) x 107! —=3.0
TGFS2-192V/K94R (4.6 +0.34) x 10° —0.76
TGFp2-K25R/192V/K94R (1.0 £ 0.070) x 10? (X2 <0.7) (1.1 £0.14) x 10° (1.1 £0.076) x 107! —3.0

protein variant Kp (nM) k, M~ s7h kq (s7h AAGy;a(83 variants) (kcal/mol)

TGF-33 734+ 1.9 (y* <2.3) (7.4 +£0.53) x 10° (54 +0.35) x 1072 0.0

TGE(3-V921 (1.1 +£0.32) x 10% (3> < 0.3) (7.0 +2.4) x 10° (72 +1.0) x 1072 0.34

TGE(3-R25K (5.1 +£2.4) x 10> (4> < 0.4) (44 +1.5) x 10° (20+0.22) x 107! 1.2

TGE(3-R94K 3.0+ 0.62) x 10} 2.3

TGF(3-R25A (8.9 +0.90) x 107 1.6

TGF(3-R94A 95+1.7) x 10} 3.0

“ Kinetic binding results are shown where determined. Each value is the mean of three independent runs determined from kinetic analysis or
steady-state analysis (see Experimatal Procedures) with the standard deviation shown in parentheses. Where applicable, the maximum > value resulting
from the global fit analysis of kinetic data is shown. AAGy;,q values were determined from AGy — AGyaian, Where AG = —RT In(Kp).
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FIGURE 3: Summary of the dissociation constants (Kp) of TGF-£2
and TGF-32 gain-of-function variants as determined by the Biacore
assays; the mean and standard deviation from triplicate runs are
shown.

reductions in affinity, with the R25K variant exhibiting a
Kp of 0.51 uM (corresponding to a AAGy;,g of +1.2 kcal/
mol) and the R94K variant exhibiting a Kp of 3.0 uM
(corresponding to a AAGy;,g of +2.3 kcal/mol). These results
match the ranking from the TGF-2 gain-of-function vari-
ants, with Arg94 making the largest contribution to TSR-II
binding in a TGF-£3 background, Arg25 making an inter-
mediate contribution, and Val92 making little or none.

To examine further the role of the two doubly hydrogen
bonded ion pairs that the guanidinium groups of Arg25 and
Arg94 in TGF-f3 form with TAR-II (Figure 1), we substi-
tuted Arg25 and Arg94 in TGF-f3 with neutral alanine and
tested the affinities of these variants for binding TSR-II.
Steady-state analysis yielded Kps of 0.89 and 9.5 uM for
the R25A and R94A variants, respectively. These Kps are
slightly higher (lower affinities) than those measured for the
corresponding lysine variants (R25K Kp = 0.51 4M and
R94K Kp = 3.0 uM) indicating that, although the lysine side
chains do make minor contributions to binding (correspond-
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FIGURE 4: Summary of the dissociation constants (Kp) of TGF-£33,
TGF-f33 loss-of-function variants, and neutral alanine substitutions
as determined by the Biacore assays; the mean and standard
deviation from triplicate runs are shown.

ing to AAGs of —0.4 and —0.7 kcal/mol, respectively), the
doubly hydrogen bonded ion pairs formed in the TSR-
II—TGF-3 interfaces are highly specific.

The substitution results show in summary that the arginine
residues at positions 25 and 94 are the key determinants for
TGEF-f3-like activity, as seen by essentially identical binding
affinities for TGF-33, TGF-33-V92I, TGF-£2-TM, and TGF-
P2-K25R/K94R. The isoaffinity plot of the kinetic data
highlights this, with all of these variants clustered around
the 100 nM binding isotherm (Figure 5). The importance of
Arg25 is also emphasized by the fact that the TGF-$3-R25K
variant is the only one that lies away from the 100 nM
binding isotherm. It is interesting to note that, although four
of the variants display almost identical affinities, there are
differences in their kinetics of binding. It can be seen that
the TGF-$2 gain-of-function variants (TGF-52-TM and
TGF-/32-K25R/K94R) have slightly faster association rates,
i.e., are on the right half of the plot, while TGF-3 and its
loss-of-function variants (TGF-$3-V92I, TGF-f3-R25K) all
have somewhat slower association rates, i.e., are on the left
half of the plot. Since the interfacial residues are identical
in TGF-f33 and TGF-f32-TM, it follows that this difference



TAR-II Discrimination of High/Low-Affinity TGF-£ Isoforms

1.00 1 uM 100nM
ya - I’
7 7
4 7
7 7
Va 7
R} a e
// o] //
, A A
0.104% i" 4 10nM
) o =
< & P
/7 7
/7 7
Zz /7
v /7
7/ l/
Y ’ 7/
Ve v
e 7/
0.01 2
1.00E+05 1.00E+06 1.00E+07
k, (s M)
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TGF-f3 variant surface. Key: TGF-33 (@), TGF-$2-TM (W), TGF-
/2-K25R/K94R (A), TGF-33-R25K (O), and TGF-£3-V92I (x).
All had their kinetic rate constants, k, and ky, determined by globally
fitting their sensorgram data to a heterogeneous ligand model
(BiaEvaluation v4.1). The rate constants associated with the higher
affinity binding site (lowest Kpp) as determined by the heterogeneous
ligand model were selected as the representative values for the
interaction as previously determined (22).

in association rates between TGF-3 and TGF-f32 variants
may be due to long-range effects coming from the TGF-3
structural framework, which is known to be similar but not
identical in TGF-f32 versus TGF-£3 (23—25). On the basis
of these results, we decided to obtain an additional level of
information on the interaction of TGF- with TSR-II by
carrying out a thermodynamic analysis of the binding of
TAR-1I to both TGF-3 and TGF-52-TM.

Thermodynamic Comparison of TGF-f33 and TGF-f32-TM.
It has recently been shown that SPR biosensor analysis can
be used for the determination of the thermodynamic param-
eters AG (free energy), AH (enthalpy), and AS (entropy) of
interactions (26, 27). To compare the thermodynamic
characteristics of the interactions of TSR-II with TGF-/32-
TM versus TGF-f33, binding data were collected over a
temperature range of 5—32 °C. As can be seen qualitatively
by examining the overlay of sensorgrams representing a
constant concentration of TAR-II flowing at different tem-
peratures, there was a negligible effect of temperature on
the association phase, but a large temperature dependence
of the dissociation phase, for the TBR-II—TGF-3 interaction
(Figure 6) as well as the TSR-II—TGF-32-TM interaction
(data not shown). Thermodynamic parameters (AH and AS)
of association and dissociation steps can be estimated from
the temperature dependence of the kinetic constants. Ac-
cordingly, we derived kinetic constants by globally fitting
the interaction data obtained at different temperatures and
carried out linear regression of Eyring plots (see Experi-
mental Procedures). The relatively temperature independent
nature of the association rates is reflected in the near
horizontal slopes of the association Eyring plots (Figure 7A),
whereas the temperature dependence of the dissociation rates
is reflected in the steeper slopes of the dissociation Eyring
plots (Figure 7B). The thermodynamic parameters derived
from these Eyring plots are shown in Figure 8A—C. The
small difference in the slopes of the association Eyring plots
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FIGURE 6: An overlay of sensorgrams showing the 500 nM T/R-
II—TGF-f3 interaction over 5—32 °C.
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FIGURE 7: Thermodynamic plots for the interaction of TSR-II with
TGF-£33 (W) and TGF-52-TM (a) determined from three indepen-
dent SPR experiments at each temperature point. Eyring plots are
shown in panels A and B for the forward (k,), and reverse (kq)
interactions, respectively. Panel C shows van’t Hoff plots using
equilibrium Kp values determined from individual rate constants
derived from the SPR data (k4/k,) at each temperature indicated.

for TGF-f33 versus TGF-52-TM (Figure 7A) is reflected in
somewhat different AH*, values (—2.8 £ 1.2 kcal/mol for
TGF-33 versus 0.43 % 0.78 kcal/mol for TGF-£32-TM; Figure
8A). Similarly, there is a slight difference in the estimated
—TAS*, values for the association step for TGF-/33 and TGF-
B2-TM (13 £ 0.70 and 9.4 + 0.80 kcal/mol, respectively).
When the AG*, values for the association step were
calculated using these AH*, and —TAS*, values, the entropy
and enthalpy differences compensated such that there was
no significant difference in the AG?, values for TGF-f33 and
TGF-£2-TM (~10 kcal/mol for both). The thermodynamic
parameters of the dissociation step (AH*;, —TAS*;, AG%)
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FIGURE 8: A compendium of transition state and equilibrium
entropy, enthalpy, and Gibbs’ free energy values determined from
the Eyring (A—C) and van’t Hoff plots (D) for the TSR-II
interaction with TGF-f33 (gray bars) and TGF-52-TM (cross-hatched
bars) at 298 K. The association and dissociation energies are denoted

TRt

with the superscripts “a” and “d”, respectively. The standard errors
generated from the plots in Figure 6 are shown.

also did not differ significantly between TGF-f53 and TGF-
p2-TM (Figure 8B). Additionally, when the parameters from
the association and dissociation steps were combined to
derive equilibrium thermodynamic parameters (AHq,
—TASe, AGey), there was no statistical difference between
the value of these parameters for TGF-33 and TGF-52-TM
(Figure 8C). The equilibrium thermodynamic parameters can
also be estimated using van’t Hoff plots (Figure 7C) in which
the Kp values that were determined by global fitting are
plotted (see Experimental Procedures). As expected, the
values of AH., —TAS., and AG. determined by this
approach (Figure 8D) are essentially the same as those
determined using Eyring plots and are very similar for TGF-
p3 and TGF-52-TM.

NMR Fold Analysis. We utilized NMR spectroscopy to
verify that the substitutions made in the TGF-£2 gain-of-
function and the TGF-£33 loss-of-function variants altered
contacts with the receptor, without perturbing the overall
structure of the ligand. We prepared each of the wild-type
proteins, as well as each of the variants, at a concentration
of 0.05—0.1 mM in 10 mM phosphate buffer at pH 3.8 and
recorded one-dimensional 'H spectra (Figure 9). This pH
value was chosen as previous studies showed that it was low
enough to keep the protein soluble at these concentrations
but not so low as to cause unfolding (28). The spectra thus
recorded exhibit numerous resolved signals, in particular
methyl protons upfield of the 0.8 ppm random coil limit and
backbone amide protons downfield of the 8.5 ppm random
coil limit, both for the wild-type proteins and for the variants.
The patterns of peaks are similar between the wild-type
proteins and variants. This indicates that none of the
substitutions, including those that lead to a substantial loss
in the affinity of TGF-53 for TAR-II, had any substantial
effect on either the overall folding or the relative positioning
of residues in the receptor binding site.

Growth Inhibition Assays. Growth inhibition assays were
carried out to determine whether the gain of binding observed
with the TGF-f32 variants correlated with gain of function
in a cell growth inhibition assay. Fetal bovine heart endot-
helial (FBHE) cells were chosen for these studies since they
lack detectable expression of the TGF- coreceptor, 3-glycan,
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FIGURE 9: One-dimensional NMR spectra of wild-type TGF-32,
TGF-f33, and variants. Samples were prepared at a concentration
0of 0.05—0.1 mM in 10 mM phosphate and 5% 2H,0O at pH 3.80.
Spectra were recorded at 500 MHz and 45 °C using a 500 MHz
spectrometer using a WATERGATE solvent suppression se-
quence. Spectra shown were collected using 1024—4096 scans
and a recycle time of 1 s.

and are thus relatively insensitive to growth inhibition with
TGF-f32 (11). Previously, it was shown that TGF-32-TM
exhibits a growth inhibitory potency intermediate to that of
TGF-f2 and TGF-£3 (I8). In the present study, we used a
single concentration of TGF-f ligand (31.3 pM) at which
TGF-2-TM and TGF-f33, but not TGF-/32, are expected to
be growth inhibitory (11, 18). As predicted, at this concen-
tration TGF-f32-TM exhibits a growth inhibitory response
close to that of TGF-f33; however, the double arginine
mutant, TGF-52-K25R/K94R, shows an inhibition interme-
diate to that of TGF-$2 and TGF-$3 (Figure 10). The
remaining single and double TGF-f2 variants resembled
TGF-f2 in that they were not growth inhibitory at this
concentration.

DISCUSSION

Structural analysis of the TSR-II—TGF-£3 binary and
TAR-I-TPR-II—TGF-f3 ternary complexes has shown that
TPAR-1I binds the “fingertips” of the TGF-£3 homodimer,
such that the TAR-II extracellular domains bind independent
of one another when forming the 2:1 binary and 2:2:1 ternary
complexes (14, 15). The crystal structures further show that
side chain guanidinium groups of Arg25 and Arg94 of the
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FIGURE 10: Growth inhibition of FBHE cells in 10% fetal bovine
serum as determined by [methyl-*H]deoxythymidine incorporation.
Cell growth inhibition was normalized to TGF-3. The bars
represent mean values from triplicate or quadruplicate assays with
the standard deviation indicated.

TGF-£3 homodimer are aligned with the side chain car-
boxylate groups of Glul19 and Asp32 of TAR-II to form
two near ideal hydrogen-bonded ion pairs (Figure 1).
Importantly, these are the only two ion pairs in the binding
interface, suggesting that they likely play critical roles in
determining the specificity of receptor binding. The main
objective of the present study was to dissect the roles played
by these two hydrogen bonded ion pairs, as well as by the
third variable interfacial residue (I192), in TSR-II binding.

To do so, we generated TGF-f32 gain-of-function variants
bearing single, double, and triple amino acid replacements
from the high-affinity TGF-£ isoforms, TGF-31 and -$3. The
corresponding TGF-$3 loss-of-function variants bearing
single amino acid replacements from TGF-$2 were also
investigated. This was done in order to ascertain the extent
to which noninterfacial effects coming from the ligand
structural framework, which has been shown to be very
similar but not identical in the three ligand isoforms (23—25),
affect binding. SPR biosensor data were used to determine
the equilibrium dissociation constants for the interactions of
these ligand variants with TSR-II. In appropriate cases,
kinetic and thermodynamic parameters were also determined
from SPR biosensor data. One-dimensional '"H NMR spectra
were determined for the variants, which confirmed that the
observed binding differences are not due to variations in
overall fold or to large structural perturbations (Figure 9).

To serve as a basis of comparison, the equilibrium
dissociation constant (Kp) of TARII binding to TGF-£2 was
determined to be 17 uM using steady-state affinity analysis
(Figure 2C and Table 1). This weak interaction, which has
not been previously characterized, has a 230-fold higher Kp,
than that of the interaction of TSR-II with TGF-f33, which
was determined to be 73 nM. The three residue change in
TGF-f2-TM brings about a 170-fold increase in affinity to
yield a Kp (100 nM) that is only slightly higher (lower
affinity) than that of TGF-53. There is also a remarkable
difference in the kinetics between TGF-32-TM and TGF-
B2 (Figure 2).

The contributions of Arg25, Val92, and Arg94 to binding
were dissected by generating single and double variants in

Biochemistry, Vol. 48, No. 10, 2009 2153

both the TGF-52 and TGF-f33 background. The results
showed that Val92 plays only a minor role in binding, as
evidenced by a lack of enhancement in affinity for the TGF-
P2 gain-of-function variant TGF-$2 192V and only a slight
decrease in affinity for the TGF-f33 loss-of-function variant
TGF-f33 V92I (Table 1). No detectable, or only marginal,
enhancements in affinity were recorded when the 192V
substitution was studied in the context of other TGF-f52
variants (compare TGF-2-TM with TGF-£32-K25R/K94R;
TGF-f2-192V/K94R with TGF-2-K94R; TGF-$32-K25R/
192V with TGF-32-K25R), further supporting the minor role
played by residue 92 in binding. In the crystal structure of
the TER-II—TGF-53 complex, Val92 is located on the
periphery of the binding interface and has limited (16 A%
contact with TSR-II, thus explaining the relatively minor
effect this residue has on affinity (Figure 1).

Arg25 and Arg94 alone contributed moderately to affinity,
with the TGF-£2-K25R and TGF-£2-K94R gain-of-function
variants exhibiting Kps decreased relative to TGF-32 by a
factor of 1.5- and 2.8-fold, respectively. As expected, an
opposite pattern was observed with the TGF-3-R25K and
TGF-33-R94K loss-of-function variants; however, the changes
were somewhat more pronounced with Kp increases relative
to TGF-3 of 7.0- and 41-fold, respectively. Although the
magnitude of the effects is somewhat larger in the context
of TGF-$3, it is nevertheless clear that both Arg25 and Arg94
contribute significantly to high-affinity binding, with the
contribution of Arg94 exceeding that of Arg25.

Arg25 and Arg94 together contributed very significantly
to affinity, with the TGF-32-K25R/K94R variant binding
TPR-1I with a 170-fold lower Kp, than that of TGF-£2. This
decrease is substantially more than the product of the
reductions in Kp attained in the TGF-$2-K25R and TGF-
P2-K94R variants, 1.5- and 2.8-fold, respectively, indicating
that the high-affinity binding is a consequence of cooperative
interactions between these and other residues in the binding
interface. A comparison of the structures of free (24) and
TPSR-1I-bound TGF-f33 (14) reveals that small changes in
the TAR-II binding interface occur upon binding, as previ-
ously noted (/8). Hence it is possible that this cooperativity
arises from subtle reorientation and rigidification of residues
surrounding the first arginine once it forms the highly specific
doubly hydrogen bonded ion pair with its corresponding
carboxylate group on TSR-II. This cooperativity likely
accounts for the much more pronounced changes in Kp that
occurred as the same arginine residue was removed from
TGF-£33 (as opposed to being substituted into TGF-32) since
the changes in TGF-f3 occur in the context of another
arginine residue, whereas in TGF-(2 they do not.

The data discussed thus far clearly indicate that the
interactions between Arg25 and Arg94 of TGF-£3 and their
corresponding carboxylate acceptors on TSR-II, Glul19, and
Asp32, respectively, are important and likely to be highly
specific. To explore this specificity further, we generated
nonconservative neutral alanine variants of these two arginine
residues in TGF-f33 and measured their affinities. The results
show that the alanine substitutions decrease affinity as
expected but that the affinities drop to levels only 2—3-fold
lower than those of the conservative lysine variants. This
indicates that the substituted lysine residues retain only minor
binding functionality, perhaps due to interactions between
their positively charged €-NH, groups and the negatively
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charged TSR-II side chain carboxylates and/or due to the
formation of weak hydrogen bonds. The fact that the
differences between conservative substitution with lysine and
nonconservative substitution with alanine are quite small
(amounting to free energy differences of just 0.4—0.7 kcal/
mol) is consistent with previous mutational analysis of the
carboxylate acceptors on TSR-II, which showed that con-
servative Asp to Asn and Glu to Gln substitutions perturbed
binding to a similar extent as nonconservative substitutions
with Ala (/8). As additional support for the importance of
the two carboxylate acceptors on TSR-II, we have now
analyzed the double alanine substituted TSR-II receptor
(E119A and D32A) and have found that no binding could
be detected on a TGF-f3 surface (data not shown). Thus,
the data presented here, together with the previous published
results, underscore the highly specific nature of the interaction
between arginines 25 and 94 of TGF-33 and their corre-
sponding carboxylate acceptors on TSR-II.

Although TGF-£2-K25R/K94R, TGF-32-TM, TGF-33-
V92I, and TGF-43 all have nearly identical affinities, they
exhibit slightly different kinetics with the TGF-f3 variants
having slower dissociation and association rates relative to
those of the TGF-52 variants (Figure 5). These small
differences in kinetics may be due to noninterfacial long-
range effects arising from the TGF-f3 structural framework,
which is similar but not identical in TGF-32 versus TGF-
p3. To investigate further the possibility that long-range
effects may subtly influence the interaction of TGF-/ ligands
with TGR-II, we carried out a thermodynamic analysis of
the binding of TGF-{33 and TGF-2-TM. Since the interfacial
residues are identical in TGF-f3 and TGF-$2-TM, a
comparison of these two variants enables the evaluation of
noninterfacial effects coming from the TGF-f structural
framework. We observed that the thermodynamic parameters
of the association step differed slightly between TGF-533 and
TGF-f2-TM (Figure 8A), supporting the idea that the
noninterfacial ligand structural framework influences binding
to TAR-II to a small degree. It is also interesting to note
that the value of AH, that we observed for the interaction
of TAR-II with TGF-$3 and TGF-2-TM (~—10 kcal/mol)
is close to the median value of AH. (—9.4 kcal/mol)
calculated based on a data set of 43 protein—protein and 26
protein—peptide interactions reported in the literature (29).
Although it is tempting to conclude that the near zero value
of —TAS,, and the negative magnitude of AH., indicate that
the interactions of these two ligand variants with TSR-II are
enthalpically driven, it has been pointed out recently that
this type of interpretation should be made with caution in
the case of protein interactions (30, 31). This is due to the
fact that such interactions generally involve more than one
step in their pathway and that the enthalpy value represents
a composite of values for the individual steps.

Growth inhibition assays were carried out on the TGF-32
gain-of-function variants using fetal bovine heart endothelial
cells to determine if binding changes correlate directly with
changes in function. The results show that TGF-£3-like
potency is only attained with TGF-$2-TM. The lack of
activity exhibited by all the variants bearing a single arginine
residue at position 25 or 94 suggests that the cells have a
minimum Kp requirement to achieve growth inhibition under
these conditions, roughly 3 uM, which is exceeded for all
of these variants. The double arginine mutant, TGF-{32-
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K25R/K94R exhibits a growth inhibitory potential intermedi-
ate between that of TGF-52 and TGF-f3 or TGF-52-TM.
This is somewhat unexpected since the affinity and kinetic
measurements clearly showed that Val92 only makes a minor
contribution to binding TSR-II. This apparent contradiction
suggests that residue Val92, in this cellular context, may
interact with another protein that stabilizes the ligand—T/SR-
IT complex on the cell surface. However, it is unlikely that
this protein is TAR-I due to the absence of any contacts
between Val92 and TBR-I in the recently reported TSR-
I-TBR-II-TGF-S3 crystal structure (/5) or 3-glycan due
to its lack of expression in this cell line (/7). An alternative
explanation for the somewhat unexpected activity of TGF-
[2-K25R/K94R is that this variant may be slightly less stable
during the time of incubation in cell culture.

In summary, the data presented here provide a deeper level
of understanding of the critical residues required for the high-
affinity interaction between TGF-f and TSR-II and of the
manner by which TAR-II discriminates between the high-
affinity TGF-$ isoforms, TGF-$1 and -£3, and the low-
affinity isoform, TGF-£2. It is tempting to speculate based
on these findings that the evolution of TGF-£ isoforms with
differing type II receptor binding potentials has occurred
since it enables the expansion and diversification of function
through TGF-$2’s reliance on the coreceptor 5-glycan for
function. It is also worth noting that TGF-8 has been
identified as an important therapeutic target for treatment of
a number of diseases, including liver, lung, and kidney
fibrosis (32), as well as several forms of cancer, including
those of the breast, pancreas, prostate, lung, and brain (33).
In light of this, the information presented here, in particular
the relative importance of the two arginine residues, may
aid in the development of novel structure-based TGF-S
inhibitors, such as those proposed by Shimanuki and co-
workers, that target the TSR-II binding site on TGF- (34).
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