
o lo6 1 0 . ~  1 0 . ~  
IAA concentration (M) 

Fig. 3. Reduction of 40- and 42-kD polypeptide 
labeling in microsomes of VFN8 stems by IAA. 
Inset: Fluorograph displaying polypeptide label- 
ing in the presence of (1) zero, (2) 1 0 - 6 ~ ,  (3) 
1 0 - ' ~ ,  (4) 1 0 - 4 ~ ,  or (5) 1 0 - 3 ~  added IAA. 
Polypeptides of VFN8 stem microsomes were 
labeled as described in Fig. 1. Line drawing shows 
results of a densitometer scan of the inset fluoro- 
graph. Relative absorbance (in arbitrary units) of 
the 42-kD band was plotted as a function of the 
molar concentration of added IAA. 

ing, which prevents normal membrane in- 
sertion or folding of the polypeptides or 
reduces the a f i i t y  of the binding site for 
auxin in stem tissue. 

It is believed that there are at least three 
plasma membrane-bound auxin receptors; 
an uptake symport, an asymmetrically dis- 
tributed efflux carrier, and a receptor associ- 
ated with an outwardly directed proton 
pump thought to be involved in elongation 
growth ( I ) .  Present data do not allow us to 
distinguish between these possible receptor 
types.-on the one hand, zucchini hYPOCotyl 
plasma membrane vesicles show a specificity 
for competition of azido-IAA labeling by 
auxin analogs that is similar to the specificity 
demonstrated for auxin uptake into both 
membrane vesicles and hypocotyl segments 
via the symport (9). In addition, the ability 
of VFN8 shoots to normalize dgt roots 
could indicate that the dgt lesion alters either 
the uptake or efflux of auxin during cell-to- 
cell t;ansport. However, other experiments 
indicate that the rate of polar auxin trans- 
port (for example, from shoot apex to base) 
is unimpaired in dgt stems as compared to 
that in VFN8 (13). In addition, since dgt 
hypocotyl sections do not grow in response 
to externally applied auxin (7), the receptor 
responsible for auxin-stimulated growth 
may be affected by this lesion. The identifi- 
cation of the two polypeptides that appear 
to be affected by the dgt lesion may make it 
possible to dissect the mechanism of auxin 
action. 
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Influence of Interior Packing and Hydrophobicity on 
the Stability of a Protein 

Protein interiors contain many tightly packed apolar atoms in a nearly crystalline state. 
Both shielding of apolar atoms from solvent and efficient interior packing arrange- 
ments affect protein stability, but their relative importance is unclear. To separate these 
effects, the stabilities of wild-type and mutant gene V proteins from bacteriophage f l  
were studied by measuring resistance to denaturation. The effects of subtle interior 
packing changes, both separate from and combined with changes in buried side chain 
hydrophobicity, were measured. For the interior apolar-to-apolar substitutions stud- 
ied, the two effects were of the same magnitude and alteration of packing without 
accompanying hydrophobicity changes substantially destabilized the protein. 

P ROTEINS ARE ONLY MARGINALLY 

stable, with their active, folded forms 
favored by as little as 5 to 15 kcal/mol 

as compared with their denatured forms (1, 
2) .  Apolar amino acid side chains that are 
buried in the interiors of proteins are likely 
to affect protein stability in two general 
ways. The first effect is that their shielding 
from the external aqueous solvent stabilizes 
the folded protein through the hydrophobic 
effect (3). The magnitude of this effect has 
been compared with scales of amino acid 
hydrophobicity derived from partitioning of 
small apolar molecules between water (rep- 
resenting the unfolded protein) and apolar 
solvents or the vapor phase (representing 
the interior of the folded protein) (4-6). 
These studies suggest that burying larger 
apolar side chains should increase protein 
stability. 

Protein interiors have some properties 
unlike those of apolar liquids or the vapor 
phase, however (7, 8). Protein interiors are 
more densely packed than apolar liquids, 
and their packing has been likened to that of 
crystals of small molecules (7). This packing 
can be quite fixed; for example, in a lyso- 

zyme mutant in which an interior methyl 
group was replaced by a hydrogen, all other 
atoms were still in the same positions as the 
wild type and a cavity remained in the place 
of the methyl group (6). Moreover, not all 
interior atoms in proteins are nonpolar, and 
water molecules are sometimes buried inside 
proteins (1). A second class of effects, then, 
are those due to differences between protein 
interiors and, for example, an apolar liquid. 
Because these effects are generally related to 
the rigidity and tight packing of protein 
interiors, we refer to them as "packing" 
effects. As used here, packing encompasses 
the combined effects of close packing, dis- 
tortion of the remainder of the protein, and 
the polarity of the protein interior on pro- 
tein stability, and thus differs slightly from 
the traditional usage of the term (8). For 
example, close packing is expected to in- 
crease favorable van der Wads interactions, 
but disruption of the remainder of the pro- 
tein from an otherwise optimal conforma- 
tion might decrease its stability (6, 7). 
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Flg. 1. Gene V protein CD. The proteins were 
suspended at concentrations of 70 FM of mono- 
mers in 0.02M NaH2P04, 0.15M NaC104, p H  
7.1, using an extinction coefficient of €276 ,,,,, 
= 7 1 0 0 ~ - '  for all four proteins (17). The spectra 
were recorded at 25.O"C, using a cuvette with a 
path length of 0.05 cm. A background spectrum 
from the buffer alone was subtracted from all 
other spectra. Spectra for the three mutant pro- 
teins are slightly offset for clarity, as indicated. 

Our goal was to separate the contribu- 
tions of packing effects from those of the 
hydrophobic effect. We used the gene V 
protein of bacteriophage fl as a model 
system (9). This protein is a small dimer 
containing 87 amino acids per subunit with 
no disulfides and a single cysteine buried 
within each momomer (10). The crystal 
structure, refined at a resolution of 2.3 A, 
consists entirely of strands of P structure 
connected by turns (1 1). The two subunits 
make extensive contact and form an inter- 
molecular B barrel at the dimer interface. 
The gene v protein is reversibly denatured 
in solutions containing guanidine hydro- 
chloride (GuHCl) (12). One can monitor 
the unfolding at equilibrium by using either 
the chemical reactivity of the buried Cys 
residues, which become exposed as the pro- 
tein unfolds, or the strong circular dichro- 
ism (CD) at 229 nm, due to Tyr residues, 
exhibited only by the folded protein (12, 
13). The two techniques yielded nearly iden- 
tical measurements of the extent of denatur- 
ation as a function of denaturant concentra- 
tion for the wild type and each mutant 
protein in this study (14). The dependence 
of the folding equilibrium on protein con- 
centration in solutions containing denatur- 
ants is consistent with that expected for a 
simple transition between a folder dimer and 
t& unfolded monomers. We estimate that 
these two forms of the protein constitute at 
least 90% (and probably nearly all) of the 
gene V protein present at equilibrium, and 
thus a two-state model can be used (1, 2, 
12). 

We made gene V roteins with substitu- 8 tions at vaP5 and Ile to measure the effects 
of side chain packing separately from those 
of hydrophobicity. These residues are in 
contact with each other and are completely 
shielded from solvent by the main chain and 
external side chain atoms of the monomer 
polypeptide, representing a locus where 
changes in the volume and disposition of 

Table 1. Estimated free energies of unfolding in the absence of denaturant (AGoHZO) and in the 
presence of 2.25M GuHCl (hG02.2sM). The differences between the free energies of unfolding of the 
mutants and WT are also given (AAGoHZO and AAG02,2sM). Error estimates (2 SD) were obtained from 
the errors in the parameters used to fit the data to a two-state unfolding model. We investigated possible 
systematic errors due to the use of a two-state model by constructing a set of data based on a three-state 
model (folded dimer, folded monomer, and unfolded monomer) in which up to 9% of the protein was 
in the intermediate state (folded monomer). This model probably overestimates the amount of 
intermediate form present. Interpretation of the test data with a two-state model yielded estimates of 
free energies of unfolding that were in error by - 1 kcdmol for AAGoHZO and by only -0.2 kcdmol for 
AAG02.2s~. 

Free energy difference (kcaVmol) 
Protein 

AG"H,o AG'2.25~ AAGOH~O AAG"z.zs~ 

WT 16.46 t 0.6 7.97 2 0.1 
V35I 16.03 2 0.5 7.52 t 0.1 -0.4 t 0.8 -0.4 t 0.1 
I47V 14.04 -+ 0.6 5.55 -+ 0.2 -2.4 t 0.8 -2.4 -+ 0.2 
V35I-14N 13.70 2 0.5 5.03 2 0.2 -2.8 -+ 0.8 -2.9 t 0.2 

Fig. 2. Equilibrium between native and unfolded 
gene V protein in solutions containing GuHCl. 1.0 
The calculated fraction of each protein that is in 
the folded state is shown as a function of denatur- 0.8 
ant concentrations, after corrections have been ,? 
introduced to the CD measurements as described 'ij 0,6 
below. Solid lines are model curves drawn using a 
two-state model of the unfolding equilibrium. .B 
The fraction of each protein that was in the native 0.4 

state was calculated using a simple model to u 
describe the CD exhibited by the gene V protein 0.2 
as a function of denaturant concentration. The 
equilibrium between folded (F) and unfolded (U) 0.0 
forms of the protein is given by F e 2 U .  For a 
given concentration, Po, of polypeptide chains, at 0 1 2 3 4 5  
some concentration of denaturant, C,, one-half [GuHCI] (M)  
of the chains are in the folded form and one-half 
are denatured. The free energy of unfolding at this concentration of denaturant, AGO, is then given by 
AGO = -RTlnDo, where R is the gas constant and T is the absolute temperature. If Ac" depends 
linearly on the concentration of denaturant, C, then AGO = -RTlnP, + m(C - C,) where m is an 
empirically determined constant. Finally, the measured CD, 8, is related to the concentrations of folded 
and unfolded protein by 8 = [F](a + PC) + [U]{(y + 6(C - 5M)}, where the constant a is the molar 
CD of the folded protein in the absence of denaturant, P is a constant defining the dependence of this 
CD on denaturant concentration, and y and 6 are similar constants for the unfolded form of the protein 
in 5M GuHCl. For CD measurements, gene V proteins were suspended at a fixed concentration of 10 
WM in a solution containing 0.05M MOPS [2-(N-morphoLino)propanesulfonic acid], 0.1M NaCI, 1 
mM EDTA, at pH 7.0, and the indicated concentration of GuHCl. The CD was measured at 25.0°C 
after at least 1 hour of equilibration, using a cuvette with a path length of 1.0 cm, and the CD from the 
buffer alone was subtracted. 

hydrophobic side chains might have the 
peatest effects on protein stability (11). 
Residues differing from each other by single 
methylene groups were chosen to minimize . . 

perturbations in the overall structure of 
the protein. The four proteins studied were 
the wild type (WT), the single mutants 
~ a l ~ ~ + I l e  (V35I) and ~ l e ~ ~ + ~ a l  (14N) ,  
and the "reversed" double mutant 
~ a l ~ ~ - + ~ l e  and Ile47+~al (V35I-I4N).  
The three mutant genes were obtained by 
directed mutagenesis of the WT gene in a 
plasmid (15-18). All three mutant genes 
supported phage growth at 34°C. The 
plaques were the same size as those formed 
by the WT, indicating that at this tempera- 
&re the mutant proteks are fullv active and 
thus are likely to have structures very similar 
to that of the WT. The similarity of the CD 
spectra of these proteins in the range from 
195 to 250 nm (13) supports this conclusion 

(Fig. 1). 
We estimated free energy differences be- 

tween the folded and unfolded forms of the 
four proteins by CD measurements of their 
resistance to GuHCI-induced denaturation 
(19, 20) (Fig. 2) and by making three as- 
sumptions. (i) Only the folded dimer and 
the unfolded monomer are substantially pre- 
sent at equilibrium. (ii) The free energy of 
unfolding is linearly related to the concen- 
tration of GuHCl in the solution. This 
assumption is important only for estimation 
of free energy differences in the absence of 
denaturant (1, 20). (iii) The CD of that 
portion of the protein that is folded (or 
unfolded) is a linear function of denaturant 
concentration, even in the transition region 
where the CD of the two forms cannot be 
separately measured. The effect of GuHCl 
on CD is small in the present experiments, 
so this assumption probably introduces only 
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a small error (2). The CD data were fitted 
to a simple model by least squares (Fig. 2) 
(21). 

The free energies of unfolding of the three 
mutant proteins were 0.4 to 2.9 kcalimol 
less than the free energy of unfolding of WT 
(Table 1). The free energy differences from 
WT determined in the presence of 2.25M 
GuHCI, where the equilibrium constants 
can be measured directly, agreed closely 
with those extrapolated to the absence of 
denaturant (Table 1). 

The single mutant V35I has an additional 
methylene group added to each subunit, 
differing from WT both in hydrophobicity 
and in packing. The sum of hydrophobicity 
and packing effects caused a decrease of 0.4 
kcalimol in stability relative to WT. The 
contribution of packing can be deduced by 
subtracting the expected effect due to the 
change in hydrophobicity from this sum. 
The difference in free energy of transfer 
from water to octanol between Val and Ile 
residues is -0.8 kcalimol (4). Considering 
hydrophobicity alone, V35I containing two 
additional methylene groups per dimer 
would be expected to be -1.6 kcalimol 
more stable than WT. Thus -2.0 kcab'mol 
of unfavorable packing interactions exist in 
V35I compared with WT, probably reflect- 
ing a distortion of the protein required to 
introduce the extra groups. 

The mutant I47V is the converse of 
V35I; it differs from WT by the deletion of 
one methylene group per subunit. Thus 
I47V would be -1.6 kcal/mol less stable 
than WT based on the hydrophobic effect. 
This mutant was indeed less stable, but by 
2.4 kcab'mol. In this case, packing differ- 
ences lead to an additional destabilization of 
-0.8 kcalimol. The destabilization of the 

protein upon replacement of methyl groups 
by hydrogens is probably due in part to the 
creation of cavities where the methyl groups 
originally resided (6). In such a cavity a 
number of potential van der Waals contacts 
are not made. In extreme cases, a protein 
might be destabilized by up to -2 kcab'mol 
per cavity beyond the loss of stability due to 
the reduction of buried hydrophobic surface 
(22). That the additional destabilization is 
not this large in the case of the I47V mutant 
suggests either that this cavity is partially 
collapsed or that the methyl group that was 
removed had not made ideal van der Wads 
contacts in the WT protein. 

The reversed mutant V35I-I47V incorpo- 
rates both changes made in the two single 
mutants, leading to a change in packing but 
not in hydrophobicity as compared with 
WT. The reversed mutant was the least 
stable of the three studied (by 2.9 kcalimol 
of dimers compared with WT), indicating 
that packing changes by themselves can sub- 
stantially destabilize the protein. Poorer 
packing leading to destabilization could in- 
clude a net loss of van der Wads contacts, 
contacts that are too close, strain and distor- 
tion induced in the remainder of the pro- 
tein, or even a gain or loss of internal water 
molecules. Importantly, the decrement in 
stability of the double mutant was essentially 
the sum of the packing effects seen in the 
single mutants. This result is not unique for 
Val and Ile at positions 35 and 47. In other 
experiments, double mutants such as V35L- 
I 4 Z ,  V35I-I47L, and V35L-I47V (where 
L is Leu) had stability decrements that were 
roughly the sum of the destabilizations of 
their constituent single mutants (14). This 
additivity of stability effects indicates that 
the destabilization caused by substitutions at 

Less apolar, 
packing change 

-2.4 kcallrnol 

More apolar, I 
packing change \ Two packing changes 

I A A G O  = -2.9 kcallrnol 
A A G O  = -0.4 kcallrnol \ 

Fig. 3. Schematic illustration of stability changes induced by amino acid substitutions. 

positions 35 and 47  is not due primarily to 
interactions between these two residues but 
rather is due to unfavorable contacts with 
the rest of the protein. 

It is conceivable that the mutations stud- 
ied here affect the stability of the unfolded 
rather than the folded form of the protein. 
Either would result in a net change in the 
free energy of unfolding. In the case of the 
mutant with the double substitution, this 
appears unlikely. The WT protein and the 
double mutant differ in the positions of two 
amino acids but have identical composition, 
and in the flexible denatured state these 
would be expected to have similar environ- 
ments. 

Packing effects appear to destabilize these 
three mutant proteins by 0.8 to 2.9 kcab' 
mol, whereas hydrophobic effects stabilize 
or destabilize them by only 0 to 1.6 kcalimol 
(Fig. 3). Therefore, both effects must be 
considered in order to predict correctly the 
stabilities of proteins with apolar-to-apolar 
amino acid substitutions at interior residues. 
A different way in which to view these 
results is to note that all of the mutations 
destabilized the gene V protein. Thus, sim- 
ply adding buried hydrophobic groups to 
proteins may not generally increase their 
stabilities. Our results indicate that it is not 
simple to predict the stability of proteins 
with substitutions at buried sites. More sta- 
ble forms of many proteins can probably be 
engineered in this way, but only after we 
learn how to repack their interiors without 
structural distortion (23). 
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Purification and Complementary DNA Cloning of a 
Receptor for Basic Fibroblast Growth Factor 

Basic fibroblast growth factor (bPGP) participates in many processes including early 
developmental events, angiogenesis, wound healing, and maintenance of neuronal cell 
viability. A 130-ki ldton protein was isolated on the basis of its ability to specifically 
bind to bFGP. A complementary DNA clone was isolated with an oligonucleotide 
probe corresponding to determined amino acid sequences of tryptic peptide fragments 
of the purified protein. The putative bPGP receptor encoded by this complementary 
DNA is a transmembrane protein that contains three extracellular irnmunoglobulin- 
like domains, an unusual acidic region, and an intracellular tyrosine kinase domain. 
These domains are arranged in a pattern that is different from that of any growth 
factor receptor described. 

T HE FIBROBLAST GROWTH FACTOR 

(FGF) family consists of polypeptide 
growth factors characterized by ami- 

no acid sequence homology, heparin-bind- 
ing avidity, the ability to promote angiogen- 
esis, and mitogenic activity toward cells of 
epithelial, mesenchymal, and neural origin. 
Members of the FGF family appear to have 
roles in development, tissue repair, mainte- 
nance of neurons, and the pathogenesis of 
disease (1-6). Aberrant expression of FGFs 
may cause cell transformation by an auto- 
crine mechanism (7, 8). Moreover, FGFs 
may enhance tumor growth and invasive- 
ness by stimulating blood vessel growth into 
the tumor (4) or by inducing production of 
proteases such as plasminogen activator (9). 
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The FGF family includes acidic and basic 
FGFs (lo), the int-2 gene product (1 I), the 
hst gene product (Kaposi sarcoma-FGF) (6, 
12) FGF-5 (13), and the k e r a t i n q e  
growth factor (14). The actions of acidic and 
basic FGF are mediated through binding to 
high-affinity cell surface receptors of 145 
and 125 kD (15). It is not known, however, 
whether each FGF interacts with a different 
receptor or whether the different forms of 
FGF share the same receptor. We now 
describe an attempt to characterize the pri- 
mary structure of the receptor for basic FGF 
(bFGF). 

The bFGF receptor was purified by a 
lectin-affinity chromatography step followed 
by a specific ligand-ahity chromatography 
procedure with bFGF that had been biotin- 
ylated on cysteine residues. The m d f i e d  
bFGF was indistinguishable from unmodi- 
fied bFGF in its ability to inhibit the bind- 
ing of '25~-labeled bFGF to high-ahity 
bFGF receptors in Swiss 3T3 cells (Fig. 1A) 
and its ability to stimulate the phosphoryl- 
ation of a 90-kD protein (14,  known to be a 

substrate of bFGF-induced tyrosine kinase 
activity (17). The biotinylation reaction 
modified 90 to 95% of the bFGF molecules 
as measured by binding to avidin-conjugat- 
ed agarose (Fig. 1A). Less than 5% of 
control bFGF, which had been subjected to 
a mock biotinylation reaction, bound to the 
avidin-agarose (Fig. 1A). Iodine- 125-la- 
beled biotin-bFGF bound to bFGF recep- 
tors in Swiss 3T3 cells with high affinity 
(dissociation constant = 1 nM) and could 
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Fig. 1. (A) Competitive binding of '251-labeled 
bFGF to Swiss 3T3 cells. Iodine-125-labeled 
bFGF (2 Cilpmol) was added to coduent cells (6 
fino1 of I2'I-labeled bFGF per lo5 cells) in the 
presence of the indicated concentrations of: un- 
modified bFGF (x); biotin-bFGF (H); the un- 
bound fraction after biotin-bFGF was incubated 
with avidin-agarose (0); the unbound fraction 
after bFGF was incubated with avidin-agarose 
(A). Binding was performed for 30 min at 37°C 
in culture media (DME H21) containing 0.2% 
gelatin and heparin (15 Ulml). The cells were 
washed three times with a buffer containing 20 
mM Hepes @ H  7.4), 0.2% gelatin, and 150 mM 
NaCI. The radioactivity present was determined 
in a Beckman gamma counter. Maximal binding 
(0% inhibition) represents 5700 cpm of specific 
binding (nonspecific binding was 600 cpm). All 
determinations were made in triplicate. Recombi- 
nant human bFGF (37) was iodinated using iodo- 
gen (Pierce). bFGF was biotinylated with iodoa- 
cetyl-LC-biotin (Pierce) at a 4: 1 molar excess of 
cysteine residues in 10 mM tris-HC1 @H 8.0) for 
5 hours at 4°C (38). Unreacted biotin was re- 
moved by gel filtration with PD 10 columns 
(Phannacia). (B) Whole-cell cross-linking. '251- 
labeled biotin-bFGF or 12'I-labeled bFGF (0.1 
pmol) was added to Swiss 3T3 cells (5 x lo5 
cells) in the presence or absence of unlabeled 
bFGF as indicated. The cells were washed and 
cross-linked with 0.15 mM disuccinimidyl suberate 
(DSS) (Pierce). The cells were then solubilized 
and subjected to SDS-polyacrylamide gel elec- 
trophoresis (PAGE), and 1251-labeled proteins 
were detected by autoradiography. 
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