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Detection of Transient Protein Folding Populations 
by Mass Spectrometry 

Andrew Miranker, Carol V. Robinson, Sheena E. Radford, 
Robin T. Aplin, Christopher M. Dobson 

Hydrogen-deuterium exchange measurements are becoming increasingly important in 
studies of the dynamics of protein molecules and, particularly, of their folding behavior. 
Electrospray ionization mass spectrometry (ESI-MS) has been used to obtain the distri- 
bution of masses within a population of protein molecules that had undergone hydrogen 
exchange in solution. This information is complementary to that from nuclear magnetic 
resonance spectroscopy (NMR) experiments, which measure the average occupancy of 
individual sites over the distribution of protein molecules. In experiments with hen lyso- 
zyme, a combination of ESI-MS and NMR was used to distinguish between alternative 
mechanisms of hydrogen exchange, providing insight into the nature and populations of 
transient folding intermediates. These results have helped to detail the pathways available 
to a protein during refolding. 

Measurements of hvdro~en-deuterium ex- , - 
^ change have provided considerable insight 
into protein and peptide stability, protein 
dynamics including local fluctuations, anti- 
body epitope mapping, allosteric interac- 
tions, and protein folding (1, 2 ) .  The ad- 
vent of ESI-MS has enabled the determina- 
tion of accurate molecular weights of pico- 
molar quantities of proteins, typically to 
within 1 dalton for proteins with molecular 
weights up to about 20,000 (3). This level 
of accuracy and the ability to observe intact 
protein molecules have made the observa- 
tion of hydrogen exchange of proteins by 
electrospray ionization feasible (4). In this 
report, we show that a combination of 
ESI-MS and NMR can urovide crucial in- 
formation on the nature and populations of 
species on the folding pathway of a protein, 
information that hitherto was not possible 
to obtain with either technique in isola- 
tion. 

Experiments were performed with hen 
egg-white lysozyme, the native structure of 
which has been characterized in great detail 
by a variety of experimental and theoretical 
methods (5, 6). The refolding kinetics of 
this enzyme have been extensively studied 
under equilibrium conditions in which a 

cooperative two-state model is well estab- 
lished (7). Furthermore, non-equilibrium 
refolding studies of lysozyme by pulsed hy- 
drogen-exchange labeling and two-dimen- 
sional (2D) NMR have already revealed 
many details of the folding process (8). 
These details include the observation that 
the two structural lobes of the native oro- 
rein are also distinct folding domains and 
that one. the uredominantlv a helical do- 
main, folds mbre rapidly than the other, 
largely a P sheet domain, in the majority of 
molecules. 

A comparison of the ESI-MS spectra of 
protonated lysozyme and a sample in which 
all labile hydrogens had been exchanged for 
deuterium [deuterated lysozyme (9)] is 
shown in Fig. 1. Although both samples 
had been dissolved in protonated solvent 
before the spectra were run, the deuterated 
protein shows an increase in mass of about 
80 daltons (1 0). Because lysozyme contains 
approximately 250 exchangeable hydro- 
gens, these 80 sites represent hydrogens 
protected from exchange by the compact 
structure of the native protein under these 
conditions. Studies with NMR have shown 
that the majority of these protected hydro- 
gens arise from backbone amide groups (6, 
1 1 ) .  . . , - 
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of the measured proton occupancies in the 
context of the native 3D structure. By 
contrast, it is not possible through ESI-MS 
to monitor exchange in a residue-specific 
manner, but different populations of pro- 
tein molecules with distinct masses can be 
distinguished. For example, consider the 
simple case of distinguishing between two 
distinct dynamic mechanisms, one in 
which the amides have exchanged com- 
pletely in 50% of the protein molecules and 
not at all in the other 50% (Fig. 2A), and 
a second in which all amides in a protein 
have exchanged with a probability of 50% 
(Fig. 2B). These two events produce indis- 
tinguishable NMR spectra because the av- 
erage proton occupancy (50%) is the same 
over all protein molecules. By contrast, 
ESI-MS can clearly distinguish between 
these two mechanisms, because the popu- 
lations arising from the first mechanism 
would be seen as two peaks with masses 
equivalent to the fully deuterated and fully 
protonated forms, respectively, but the sec- 
ond would result in a unified population 
with mass eauivalent to 50% of the maxi- 
mum deuterium content. More generally, 
in light of the large number of amides in 
protein molecules and the diversity of pro- 
tein motions that can mediate exchange, a 
range of possible masses will result. Thus, 
not only is the mass of a peak informative, 
but so are its shape and width. 

We have used ESI-MS to explore the 
equilibrium folding behavior of lysozyme 
under conditions identical to those used in 
a detailed NMR investigation of the hydro- 
gen exchange rates of individual amides 
(1 I ) .  Under these conditions (pH 3.8, 
69"C), the native protein is in steady state 
with its denatured forms. Exchange is as- 
sumed to occur only in the unfolded pro- 
tein, which is present as 10 ? 5% of the 
total protein concentration. If interconver- 
sion between the native and denatured 
states is rapid compared with the exchange 
rates of amides in the denatured state. then 

14250 14350 14450 

Mass (daltons) 

Fig. 1. Traces indicating the ESI-MS spectra 
(10) of lysozyme (solid trace) and deuterated 
lysozyme (9) (dashed trace) freshly dissolved 
~n 80% H20 and 20% CH3CN (pH 3.8). Exper- 
iments based on near-ultraviolet clrcular di- 
chroism have shown that the presence of 20% 
(vlv) CH3CN does not have a major effect on 
the native structure of the enzyme under these 
conditions. 

the proton occupancy at a given amide site 
is uniform over all the protein population. 
Its magnitude is determined by the ex- 
change rate from the denatured state and 
the fraction of the time that the orotein has 
spent in that state. This second-order reac- 
tion mechanism (EX2) (1 2) is the case for 

~ ,~ 

the majority of proteins under most condi- 
tions and would yield a single peak in the 
mass spectrum, diminishing in mass over 
time (for the exchange of a deuterated 
urotein dissolved in H,O). On the other '. , 

hand, if interconversion between native 
and denatured states is slow with respect to 
the rate of amide exchange, the exchange 
reaction is first-order (EX1) and would pro- 
duce two veaks in the mass svectrum corre- 
sponding to the fully exchanged and fully 
protected forms, respectively. In this case, 
the intensity of the two peaks and not their 
masses would change with time. These two 
mechanisms can be distinguished with 

I A ESI-MS NMR I 

.- 
C 
al - 
C - 

rn, rn,+ n PPm 

I Mass I 

B ESI-MS NMR 

al 
C 
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Fig. 2. Schematic of two manifestat~ons of 50% 
exchange for a collection of n amldes. In the 
first case (A), 50% of the protein molecules are 
100% deuterium for the n amldes, whereas in 
the other 50%, the molecules are 100% hydro- 
gen. In the second case (B), all amides have a 
50% probability of being deuterated. Both (A) 
and (B) produce ldentlcal 2D 'H NMR spectra, 
but produce dlstinct ESI-MS spectra. 

NMR by examination of the pH depen- 
dence of exchange (1 3). However, this 
approach can only distinguish between the 
extremes of these mechanisms and relies on 
the assumption that the protein motions 
that facilitate exchange are pH-insensitive. 

Exchange was initiated bv the dilution - 
of deuterated protein into protonated buffer 
at pH 3.8 and 69°C. The results (Fig. 3A) 
show a steady decrease of the total mass 
with increasing incubation times, with a 
concomitant narrowing of the distribution u 

of masses. The predominant mechanism of 
exchange in the experiment is, therefore, 
EX2. A more detailed analysis can be made 
by comparison of the observed mass distri- 
butions at a time (30 s) when about 50% of 

\ ,  

the total exchange is complete, with a 
simulation based on the assumption that 

Mass (daltons) 

Fig. 3. Time evolution of the ESI-MS spectra 
(10) of (A) lysozyme monitoring exchange at 
pH 3.8, 69"C, and from (B) pulse-labeling stud- 
ies of protein refolding. For (A), deuterated 
lysozyme was dissolved at 20 mg ml-I in D20 
and equilibrated in a water bath at 69°C. A 
portion (1 ml) of this solution was then diluted 
20-fold into 200 mM sodium acetate buffer in 
H20 (pH 3.8, 69°C). After specified lengths of 
time, hydrogen exchange was quenched by 
the rapid cooling of the samples (0.5 ml) in 
thln-walled glass vials in an ice-water bath. 
Samples were then washed 10 times with 1 .O ml 
of H,O (pH 3.8, 4°C) by ultrafiltration to remove 
res~dual salts. For (B), the samples were pre- 
pared exactly as described in prevlous pulse- 
labeling experiments (8 ) ,  except that buffer 
exchange was made into H20 (pH 3.8) [as in 
(A)] and was performed before the samples 
were sprayed into the mass spectrometer. 
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exchange occurs solely by an EX2 mecha- 
nism (Fig. 4). The presence of a significant 
proportion of protein molecules with masses 
greater than or less than that predicted by 
the simulation reflects the inadequacy of an 
EX2 mechanism to describe the data. This 
result was not unexpected, however, be- 
cause the rate constants for folding (k = 0.8 
t 0.5 s-I), unfolding (k = 0.08 t 0.04 
s-I), and exchange from the denatured 
state = 0.19 s-I) measured bv NMR 
( I  I) are of similar magnitudes. Indeed, the 
species with lower or higher masses presum- 
ably arise from contributions to the ex- 
change by an EX1 regime, although other 
mechanisms might also make contributions 
to exchange. This indicates that ESI-MS 
should contribute significantlv to an under- - 
standing of the underlying mechanisms of 
hydrogen exchange in proteins that are still 
a topic of debate (1 4, 15). 

In a second example, the non-equilibri- 
um refolding of lysozyme was investigated 
by ESI-MS. In this experiment, a pulse- 
labeling procedure was performed in which 
deuterated protein is exposed to a high-pH- 
labeling pulse at various time points after 
refolding has been initiated (1 6, 17). Sam- 
ples were prepared under conditions identi- 

cal to those in which amide hydrogen pro- 
tection kinetics were measured by 2D 'H 
NMR methods (8). Although small varia- 
tions in the masses and ~ e a k  widths occur 
over the time course of the experiment, 
three distinct species can be detected (Fig. 
3B). One of them, at 14,313 daltons, cor- 
responds to the unprotected enzyme and is 
denoted PO (18). Another peak, at 14,363 
daltons, corresponds to the fully protected 
state. The difference in mass (50 daltons) 
between PO and the fully protected peak 
(P50) is close to the expected protection of 
the native protein under these conditions. 
A third peak, however, is also evident in 
the spectra. This peak, at 14,341 daltons, 
corresponds to 28 protected amides, a num- 
ber intermediate between that of the unuro- 
tected and the fully protected states. 

To identify the nature of this intermedi- 
ate species and to interpret the kinetics 
evident in Fig. 3B, the ESI-MS data have 
been analyzed in light of the refolding 
protection kinetics observed by NMR. A 
notable feature of the ~rotection kinetics 
for lysozyme is that the two structural lobes, 
which form the active site at their inter- 
face, act as distinct folding domains (1 9). 
Each domain also has biphasic protection 

Fig. 4. Traces indicating the ESI-MS spectrum I 
(hatched area) of lysozyme (pH 3.8, 69°C) in which o,s 
hydrogen exchange has taken place under conditions .g 
in which the native and denatured states of the protein Z 0.6 
are in equilibrium. After 30 s (in Fig. 3A), about 50% of 0.4 - 
the total exchange had taken place. This spectrum 
(hatched area) is compared with a simulation of the 0.2 

mass spectrum in which the refolding equilibrium is o 
assumed to contain 10% denatured protein, with ex- 14250 14300 14350 14400 14450 
change occurring by an exclusively EX2 mechanism Mass (daltons) 
(unmarked area). The probability of exchange at time t 
for a given amide of a given protein molecule under EX2 conditions was taken as e-kAX', where A is 
the fraction of denatured protein (10%) and k is the rate of hydrogen exchange of 46 individual 
amides in the denatured state of lysozyme determined by NMR (1 1). The distribution of exchange 
at different times was determined by random sampling of amides from individual protein molecules. 
Protein molecules were repeatedly sampled until the distribution of exchange converged (26,000 
samples). Simulation of the mass spectrum was then achieved by the convolution of the exchange 
distribution with a Gaussian with the same mean (1 4,305 daltons) and width at half maximum (20 
daltons) as the ESI-MS spectrum of lysozyme in H,O solution. The measured and simulated time 
points shown (30 s and 50 s, respectively) were chosen to reflect approximately 50% of the total 
exchange; the apparent difference in time can be attributed at least in part to error in the 
measurement of the equilibrium constant, which is very sensitive to small changes in temperature. 

Fig. 5. Time course of the popu- 
lation of the three principal states 
(triangles, PO; circles, P28; 
squares, P50) observed in the 
non-equilibrium refolding of hen 
lysozyme (Fig. 3B). Sample fits 
(18) are illustrated as insets for t 
= 20 ms and t = 108 ms. Al- 
though fits were made to the raw 
data, they are illustrated here with 
respect to the smoothed data 
shown in Fig. 3B. 

Time (ms) 
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kinetics. The fast phase has a time constant 
(7) of 5 to 10 ms for each domain and 
average magnitudes of 40% for the a do- 
main and 25% for the P domain. The slow 
phases have average magnitudes of 45% and 
55% and time constants of 65 ms and 350 
ms for the a and p domains, respectively 
(20). The remaining molecules fold on a . . - 
much longer time scale (7 = 16 s), presum- 
ably as a consequence of a third phase 
associated with cis-trans proline isomeriza- 
tion (2 1); this additional phase accounts for 
the presence of a small proportion (<20%) 
of molecules unprotected even at the long- 
est refolding times studied. One possible 
model for folding (model 1) is that the a 
and p domains fold independently in the 
fast phase to form two partially folded in- 
termediates, one of which protects only the 
a domain and one that protects only the p 
domain. In this model, two populations of 
intermediates exist at the end of the fast 
phase. Protection of the a and p domains is 
then completed with 350-ms and 65-ms 
time constants, respectively. A second pos- 
sibility (model 2) is that cooperative folding 
of a and p domains occurs in the fast phase, 
resulting in a native-like pattern of protec- 
tion. The remaining molecules fold by a 
pathway in which the fully protected state 
is formed by the sequential protection of 
first the a and then the p domains. These 
two models are not distinguished by NMR 
but can be differentiated by ESI-MS. 

The ESI-MS method measures uouula- 
L i 

tions of protein molecules distinguished by 
different numbers of urotected amides. This 
method, therefore, has the unique property 
of uermitting direct observation of PO. Ex- - 
amination of the rate of loss of this peak is 
informative because PO makes a significant 
contribution to the spectra until about 250 
ms after the initiation of refolding (Fig. 5); 
at longer times the residual intensitv of PO - 
can be accounted for by the presence of the 
verv slow folding molecules. This behavior 
is consistent wirh both folding models but 
indicates that a significant proportion of PO 
disappears with a time constant that is 
much longer than the fast protection rates 
observed bv NMR (7 = 5 to 10 ms). 
Because the results of the pulse-labeling 
NMR experiments have shown that every 
amide has a fast protection rate, the results 
of the present study suggest that the refold- 
ing of lysozyme branches into parallel paths 
before any measurable protection takes 
place. This indicates that populations of 
early intermediates are formed that are not 
significantly protected from exchange. 

The number of protected deuterons in 
peak P28 corresponds closely to the 29 
amides that are urotected in the a domain 
in the native state under these conditions. 
In addition, the difference of 22 daltons 
between P28 and P50 corresponds reason- 



ably closely to the 18 amides protected by 
the p domain in the native enzyme under 
these conditions. The peak, P28, reaches a 
maximum intensity at a refolding time of 
about 100 ms (Fig. 5), consistent with the 
full protection of the a domain. Reduction 
in the intensity of this peak to less than 
10% of the total does not occur until about 
1000 ms. which is consistent with the slow 
phase of protection of amides in the p 
domain. Taken together, the data suggest 
that peak P28 can be assigned to a species 
in which the a, but not the P, domain is 
protected from exchange. The resolved na- 
ture of this peak and the lack of significant 
variation in its mass over the time of refold- 
ing indicate that it is a well-defined inter- 
mediate in the refolding reaction. 

The identification of this intermediate 
allows us to use the kinetics of its forma- 
tion to distinguish between the two dis- 
tinct models for folding. Folding model 1 
is inconsistent with the rate of formation 
of P28 because it predicts that 40% of 
molecules form a state in which only the a 
domain is protected with a time constant 
of 5 to 10 ms. By contrast, folding model 
2 partitions the fast protection phase of 
the a domain in two; about 25% of the 
molecules protect both a and P domains 
cooperatively, and about 15% of the mol- 
ecules protect only the a domain. The 
second model, therefore, predicts popula- 
tion of the intermediate P28 in about 15% 
of the molecules on this time scale. This 
rate is more consistent with the observed 
experimental data (Fig. 5). This conclu- 
sion is supported by the kinetics of the 
formation of the peak, P50. This peak is 
visible as about 17% of the total protein 
intensity after a refolding time of only 20 
ms. This is not anticipated for folding 
model 1, which assumes that folding of the 
a and p domains are independent events in 
the fast kinetic phase. By contrast, model 2 
predicts that a fraction of the protein forms 
a state with a native-like pattern of protec- 
tion with a time constant of 5 to 10 ms. 
The maximum possible magnitude of this 
phase measured by NMR is about 25%, 
which is in reasonable agreement with the 
ESI-MS data given here. In the remainder 
of molecules. the B domain forms after the 
a domain, giving iise to the slow phase for 
the evolution of P50 that is consistent with 
the 350-ms time constant measured in the 
NMR experiments. 

For two sets of conditions in which the 
dynamic behavior of lysozyme is different 
(equilibrium and non-equilibrium refold- 
ing), ESI-MS has produced dramatic re- 
sults. In the case of equilibrium refolding, 
the ESI-MS data accurately reflect the com- 
petitive nature between the refolding and 
exchange processes and enable the mecha- 
nism of exchange to be investigated. For 

non-equilibrium refolding, a peak is re- 
solved that, by comparison with previously 
published NMR data (8), can be identified 
as arising from a species with protection 
only in the a domain. This finding confirms 
the existence of this species as a well- 
defined transient intermediate that folds 
cooperatively. Analysis of the ESI-MS 
spectra in light of the NMR protection 
kinetics has enabled us to distinguish be- 
tween possible dominant pathways sampled 
in the refolding process. An analysis fully 
consistent in a quantitative manner with 
the NMR and ESI-MS kinetics will un- 
doubtedly be more complicated than that 
oresented here. It seems clear. however. 
from the present data that the dominant 
pathways sampled in the refolding of lyso- 
zyme will more closely resemble folding 
model 2 than folding model 1. 

In a separate study, the development of 
inhibitor binding activity during refolding 
was measured bv stoooed-flow fluorescence , 
and was found to occur with a time con- 
stant of about 350 ms, with no evidence for 
a significant 10-ms kinetic event (22). This 
result suggests that the fast-forming fraction 
of the population at P50, although having a 
native-like pattern of protection, is a sec- 
ond intermediate species and not the native 
state itself. Thus, although the individual 
domains have folded to native-like states in 
this intermediate, tertiary interactions 
spanning the two domains and forming the 
active-site cleft are lacking. This observa- 

c7 

tion highlights the necessary distinction 
between states exhibiting native-like pat- 
terns of protection and the native 3D struc- 
ture and underscores the need to studv 
protein refolding by a variety of methods. 
The rapid developments taking place in 
mass spectrometry (23, 24) indicate that 
this technique will play an increasingly 
important role in these studies. 
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Determination of Type I Receptor Specificity by 
the Type II Receptors for TGF-p or Activin 

Reinhard Ebner, Ruey-Hwa Chen, Sean Lawler, 
Thomas Zioncheck, Rik Derynck* 

Transforming growth factor-p (TGF-p) and activin signal primarily through interaction with 
type I and type II receptors, which are transmembrane serine-threonine kinases. Tsk 7L 
is a type I receptor for TGF-p and requires coexpression of the type I1 TGF-p receptor for 
ligand binding. Tsk 7L also specifically bound activin, when coexpressed with the type IIA 
activin receptor. Tsk 7L could associate with either type I1 receptor and the ligand binding 
specificity of Tsk 7L was conferred by the type II receptor. Tsk 7L can therefore act as type 
I receptor for both activin and TGF-p, and possibly other ligands. 

Peptide growth and differentiation factors 
exert their effects by interacting with spe- 
cific cell surface receptors. Several recep- 
tors, including the type I1 activin (1) and + 

TGF-P (2) receptors and a type I receptor 
for TGF-P, Tsk 7L (3), have been shown to 
be transmembrane serine-threonine ki- 
nases. Within the TGF-P superfamily of 
growth and differentiation factors (4, the 
receptor-ligand interactions have been best 
studied for TGF-P and activin. In the case 
of TGF-P, the type I and type I1 receptors, 
defined on the basis of the size of the 
1251-TGF-P-cross-linked receptors on poly- 
acrylamide gels, mediate most biological 
activities of TGF-P (5, 6). The type I1 
receptor, possibly in conjunction with the 
type I receptor, is required for the antipro- 
liferative effect of TGF-p, whereas the type 
I receptor mediates TGF-P-induced expres- 
sion of genes involved in cell-matrix inter- 
actions (7). Cross-linking experiments sim- 
ilarly revealed type I1 and type I receptors 
for activin, corresponding in size to the 
respective TGF-P receptors (1, 8). Ligand 
competition experiments suggested that ac- 
tivin and TGF-P bind to distinct and spe- 
cific type I1 receptors (1, 2). Overexpres- 
sion of truncated type I1 receptors for 
TGF-P (7) and activin (9) inhibit ligand- 
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induced responses in a dominant negative 
fashion, suggesting that oligomerization of 
receptor subunits is critical for function. A 
direct physical interaction of the TGF-P 
type I and type I1 receptors was proposed 
based on coimmunoprecipitation experi- 
ments (6). 

After transfection, the type I1 TGF-P 
and activin receptors can bind their respec- 
tive ligands (1, 2). In contrast, Tsk 7L 
binds TGF-P only when coexpressed with 
the type I1 TGF-P receptor (3). To further 
evaluate the ligand specificity of Tsk 7L, we 
coexpressed Tsk 7L or its truncated form, 
which is missing most of the cytoplasmic 
domain (3), with the isogenic type IIA 
activin receptor (1) (Fig. lA,  left). In this 
case, 1251-activin, but not lZ5I-TGF-P 
(lo), bound to both the type I1 activin 
receptor and Tsk 7L as shown by cross- 
linking. Coexpression of truncated Tsk 7L 
resulted in the appearance of a faster mi- 
grating band that was cross-linked to lZ5I- 
activin as predicted. Tsk 7L did not bind 
ligand in the absence of the type I1 activin 
receptor. Coexpression of a control trans- 
membrane protein such as TGF-a with the 
type I1 activin receptor resulted in binding 
of 1251-activin only to the type I1 activin 
receptor. A chimeric type I1 receptor, con- 
taining the extracellular domain of the 
activin receptor and the transmembrane 
and cytoplasmic domains of the TGF-P 
receptor, by itself bound activin and not 
TGF-P and also conferred binding of ac- 
tivin and not TGF-P to the truncated Tsk 

nentech, South San Francisco, CA 94080 7L (1 1). Thus, the ligand binding specific- 
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the extracellular domain of the coexpressed 
type I1 receptor. 

When cotransfected with the type I1 
TGF-P receptor, Tsk 7L and its truncated 
form bound 1251-TGF-P (Fig. lA,  right), as 
reported (3). Thus, Tsk 7L is a type I 
receptor that can specifically bind TGF-P 
or activin, depending on the nature of the 
cotransfected type I1 receptor. As reported 
for TGF-P binding to the type I1 TGF-P 
receptor (3), coexpression of Tsk 7L with 
the type I1 activin receptor inhibited bind- 
ing of lZ5I-activin to the type I1 receptor, an 
effect not readily seen with the truncated 
Tsk 7L. Most subsequent experiments will 
be illustrated only with the truncated Tsk 
7L, but the truncated and full-size receptor 
had a similar ability to bind ligand (1 0). 

Competition experiments showed that 
unlabeled activin, but not TGF-P, could 
displace lZ5I-activin bound to Tsk 7L in the 
presence of the type I1 activin receptor (Fig. 
lB, left). Similarly, only TGF-P, but not 
activin, could displace lZ5I-TGF-P bound 
to the type I receptor in the presence of the 
type I1 TGF-P receptor (Fig. lB, right). To 
compare the relative affinities of activin and 
TGF-P binding to the type I receptor, the 
radiolabeled ligands were cross-linked in 
the presence of increasing concentrations of 
unlabeled ligands. In the case of both ac- 
tivin and TGF-P, labeled ligand bound to 
the type I receptor and the type I1 receptor 
was displaced at approximately the same 
concentration (Fig. 1, C and D). The 50% 
displacement was at 160 to 320 pM for 
TGF-P, whereas for activin a similar dis- 
placement was observed at 800 to 1600 pM 
of ligand. Thus, the type I receptor bound 
ligand with a similar apparent affinity as the 
type I1 receptor, as observed for endogenous 
receptors (5). 

Under certain conditions, the type I 
TGF-P receptor coimmunoprecipitates with 
the type I1 receptor, suggesting a physical 
interaction between both receptors (6). To 
evaluate whether the Tsk 7L type I receptor 
interacts with the type I1 TGF-P and activin 
receptors, we coexpressed the full-size or trun- 
cated type I receptor containing a COOH- 
terminal epitope tag with the type I1 TGF-P 
or activin receptor lacking this tag. After 
binding and cross-linking to 1251-labeled li- 
gand, a tag-specific antibody immunoprecipi- 
tated the type I receptor and coimmunopre- 
cipitated the type I1 receptor, suggesting a 
physical interaction between these two recep- 
tor types (Fig. 2A). The intensity of the type 
I1 receptor band was frequently less than the 
type I receptor and was relatively lower in the 
case of the activin bound type I1 activin 
receptor (Fig. 2C, lane 2) than the TGF-P 
bound type I1 receptor (Fig. 2B, lane 2). This 
may be the result of a somewhat weaker 
interaction of Tsk 7L with the type I1 activin 
receptor than with the type I1 TGF-P recep- 




