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Abstract 

Equilibrium denaturation of dimeric mouse  &nerve growth factor (0-NGF) has been studied by monitoring changes 
in the protein's spectroscopic characteristics. Denaturation of 0-NGF in guanidine hydrochloride and urea resulted 
in an altered intrinsic fluorescence emission spectrum, fluorescence depolarization, and diminished negative cir- 
cular dichroism. Native-like spectroscopic properties and specific biological activity are restored when denatur- 
ant is diluted from unfolded samples, demonstrating that this process is fully reversible. However, refolding of 
denatured P-NGF is dependent on  the three disulfide bonds present in the native protein and does not readily oc- 
cur when the disulfide bonds are reduced. Graphical analysis and nonlinear least-squares fitting of /3-NGF dena- 
turation data demonstrate that  denaturation is dependent on the  concentration of P-NGF and is consistent with 
a  two-state model involving native dimer and denatured  monomer ( N 2  = 2 0 ) .  The conformational stability of 
mouse 0-NGF calculated according to this model is 19.3 k 1.1 kcal/mol in 100 mM sodium  phosphate at  pH 7.  
Increasing the hydrogen ion concentration resulted in a 25% decrease in 0-NGF stability at  pH 4 relative to  pH 7.  
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Mouse  &nerve  growth factor  (0-NGF) is a basic  protein 
composed  of identical 118-residue subunits  that associate 
through  noncovalent  interactions  to  form a  26-kDa  ho- 
modimer (Greene & Shooter, 1980). 0-NGF was predicted 
to contain 53-67% antiparallel P-sheet and 0-1 1 Yo a-helix 
when analyzed by Raman spectroscopy  (Williams et al., 
1982), however;  crystallographic  analysis  has been un- 
available to  date (Wlodawer  et al., 1975). The  primary 
sequence  of 0-NGF, including the positions of three  in- 
tramolecular  disulfide  bonds,  has been determined  (An- 
geletti et al., 1973a,b). /3-NGF is the initial  member  of  a 
novel group of neurotrophic  factors  that includes the re- 
cently  described  brain-derived  neurotrophic factor (Lei- 
brock et al., 1989) and  neurotrophin-3  (Hohn et al., 1990; 
Maisonpierre et al., 1990). Physiologically, 0-NGF is 
secreted  in  a  target-derived, paracrine  manner (Levi- 
Montalcini & Calissano, 1979). Subsequent  binding of 
0-NGF  to specific receptors o n  sensory,  sympathetic  and 
central nervous system neurons results in a pleiotropic re- 
sponse  that is essential for  the development and survival 
of  these cells. 

~~~~ ~- . . 
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Equilibrium  denaturation studies, to  date, have fo- 
cused primarily on monomeric  globular  proteins.  These 
studies  provide  a  reasonable  method  for  calculating  the 
relatively small  free energies involved  in  stabilizing the 
three-dimensional structure of a folded protein relative to 
random, unfolded  forms  (Pace, 1986). Additionally, sol- 
vent and  thermal  denaturation  studies have been applied 
to  the  mutational analysis of recombinant  proteins,  in- 
cluding T4 lysozyme (Kitamura & Sturtevant, 1989) and 
RNase  T1 (Shirley et  al., 1989). These  studies  demon- 
strate  that equilibrium  denaturation  can  provide  a sensi- 
tive measure  of structural  phenomena  that may  not be 
readily apparent, even in high-resolution crystallographic 
structures  (Kitamura & Sturtevant, 1989; Weaver et al., 
1989). Recently,  equilibrium  denaturation studies  of the 
small dimeric globular  proteins, f l  gene V protein (Liang 
& Terwilliger, 1991), P22  Arc repressor (Bowie & Sauer, 
1989), and Escherichia coli trp aporepressor  (Gittelman 
& Matthews, 1990), revealed that stable  intermediates  are 
not detected at equilibrium.  The experimental data were 
consistent with a two-state  model  involving  only  the  na- 
tive dimer  and  denatured  monomer. In contrast,  the re- 
versible dissociation and  unfolding of E. coli aspartate 
aminotransferase was described by a four-state  model in 
which two  intermediate  monomeric species could  be  de- 
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tected at defined  denaturant  concentrations  (Herold & 
Kirschner, 1990). 

Equilibrium  denaturation studies  of  mouse 0-NGF 
were undertaken with the  purpose of defining  structural 
characteristics necessary for  studying  6-NGF  struc- 
ture/function  through  mutational analysis. The results 
presented here suggest that, similar to gene V protein, 
P22  Arc,  and  the trp aporepressor,  a  two-state  model 
describes the equilibrium between folded and  unfolded 
@-NGF  during  denaturation. 

Results 

Guanidine hydrochloride (GdnHC1)-induced 
denaturation alters the spectroscopic 
properties of 0-NGF 

Unfolding  of  @-NGF results in decreased  intrinsic  fluo- 
rescence intensity and  an increase (red shift) in the  fluo- 
rescence emission  maximum from 340 nm in the  native 
state  to 352 nm  in  the  denatured  state (Fig. 1A). Protein 
fluorescence  following  excitation at 295 nm is primarily 
due  to the  tryptophan side chain (Brand & Witholt, 1967; 
Lakowicz, 1983). The observed  decrease in fluorescence 
intensity and  the red-shifted emission maximum are con- 
sistent with the  transfer of tryptophan residues from  a hy- 
drophobic  environment  in  native  0-NGF  to  aqueous 
solvent upon  denaturation.  0-NGF  contains  three  tryp- 
tophan residues,  two of which are accessible or partially 
accessible to solvent  (Frazier  et  al., 1973; Cohen et al., 
1980). Therefore,  the  altered fluorescence emission spec- 
trum may be due  to quenching of Trp 76 fluorescence by 
aqueous solvent in  the  denatured  state. 

Excitation  of 0-NGF  at 280 nm results in an emission 
spectrum  that undergoes  similar  changes in the presence 
of denaturant (Fig. 2). The relative fluorescence intensity 
(RFI)  following  excitation at 280 nm is approximately 
twice as great as  that resulting from  excitation at 295 nm 
(data  not shown). The increased RFI may be due to more 
efficient  excitation of tryptophan  at 280 nm or  to the ex- 
citation  of  tyrosine residues present in @-NGF. 

Fluorescence  depolarization  also  accompanies  the de- 
naturation of b-NGF.  Native  @-NGF  has  a  steady-state 
fluorescence  polarization value of 0.16 f 0.01, whereas 
the  denatured molecule has  a  value  of 0.10 f 0.01. A 
spherical molecule with a single exponential decay of po- 
larization/anisotropy will have steady-state polarization/ 
anisotropy  described by the  Perrin  equation  (Lakowicz, 
1983). Steady-state  polarization is dependent on temper- 
ature, viscosity, fluorescence lifetime, and  the molecular 
volume. When measured under  the  conditions of low  vis- 
cosity and  dilute  protein  concentration, fluorescence de- 
polarization is primarily due  to increased  rotational 
diffusion of the  tryptophan  fluorophore  (Lakowicz, 
1983). Dissociation of  the  b-NGF dimer into monomeric 
units is, therefore, expected to result in fluorescence de- 
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Fig. 1. Fluorescence emission and  CD spectra of native and  denatured 
(3-NGF. A: The fluorescence emission spectra of native and  denatured 
(3-NGF were recorded from 300 to 400 nm following excitation  at 295 
nm. Samples contained 23 pg/mL  P-NGF  and 100 mM sodium  phos- 
phate  pH 7. The  denatured sample contains 4.8 M GdnHC1. B: The CD 
spectrum (" cm2/dmol X of native (3-NGF at 30 pg/mL in 10 
mM sodium  phosphate pH 6.8 was recorded from 184 to 260  nm  in a 
2-mm path length cuvette as an average of 12 scans. The  CD spectrum 
of denatured P-NGF at 50 pg/mL  containing 3.8 M GdnHCl  and 100 
mM sodium  phosphate,  pH 7, was recorded in a 4.5-mm path length 
cuvette from 260 to 210 nm as an average of six scans (as in Fig. 6). 

polarization.  However,  this  interpretation is limited by 
the presence of three tryptophan residues that presumably 
contribute to the overall P-NGF steady-state fluorescence 
polarization.  Furthermore,  denaturation may lead to flu- 
orescence depolarization by simply freeing fluorophore 
mobility about  the C,-C, bond.  Thus,  the observed de- 
polarization  may be due  to dissociation,  unconstrained 
fluorophore  rotation,  or  a  combination of the  two causes. 
Therefore,  it is not clear whether the observed changes in 
fluorescence emission and fluorescence polarization  pro- 
vide measurements  of  separate or identical structural 
events (i.e., dissociation vs. unfolding). 

Circular  dichroism  (CD)  spectroscopy  has  also been 
used to monitor  the GdnHC1-induced unfolding of @-NGF. 
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Fig. 2. GdnHCl equilibrium denaturation curve for (3-NGF. The rel- 
ative fluorescence intensity at the emission maximum following excita- 
tion at 280  nm  is plotted versus the final GdnHCl  concentration. RFI 
values of unfolded and refolded 30-~g/mL samples of 0-NGF are rep- 
resented as  open and closed circles, respectively. The solid theoretical 
curve was fit to the data as  described  in Materials and methods with the 
native and denatured region  slopes  fixed at -3.8 and 0.75, respectively. 
The conformational stability  calculated from nonlinear least-squares fit- 
ting  of  these data according to Equations 2  and 9 is 21.3 * 2.5 kcal/mol 
and rn = -5.9 & 1.1 kcal/mol/M. 

The  CD observed below 230 nm  is due to the peptide am- 
ide chromophore  (Johnson, 1985) and can be used to 
estimate the content of secondary structure.  The native 
0-NGF  CD spectra (Fig. 1B)  is characterized by a mini- 
mum near 208 nm,  a maximum near 190 nm,  and  a neg- 
ative to positive  crossover at 196 nm. Upon denaturation 
the negative CD below 230 nm diminishes significantly 
(Fig. lB), consistent with the loss of ordered secondary 
structure that should accompany protein unfolding. The 
CD spectra of denatured 0-NGF are limited to these  higher 
wavelengths by the denaturant  absorption of light. 

The shape and low amplitude of the CD spectra are 
consistent with a nonhelical protein, as predicted from 
Raman spectroscopy (Williams et al., 1982). The native 
CD spectrum in Figure 1B  was used to estimate the sec- 
ondary structural content of 0-NGF by the variable  selec- 
tion method of Manavalan and  Johnson (1987),  which 
predicted 83% of the structure as 10 f 5 %  a-helix, 23 * 
3% anti-parallel, and 6 f 1% parallel 0-sheet, 14 +. 2% 
turn, and 30 f 2% other structures. 

Denaturation of 0-NGF is reversible and 
is consistent with a  two-state model 

A plot of relative fluorescence intensity (RFI) versus the 
denaturant concentration (Fig. 2) reveals a monophasic, 
sigmoidal curve, characteristic of a cooperative unfold- 
ing transition.  The linear slope effects observed in both 
the native (below 2M GdnHC1) and denatured (above 
3 M GdnHCl) regions of the curve are commonly ob- 
served  in denaturant-induced unfolding curves (Pace, 
1986) and are presumably due to solvent perturbation ef- 
fects. Denaturation of 0-NGF was found to be fully  re- 
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Fig. 3. The coincidence of denaturation curves monitored by fluores- 
cence intensity and polarization. The fraction of native protein, calcu- 
lated from relative fluorescence intensity at 320  nm (open circles) and 
fluorescence polarization values  (closed  circles, Equation 8) are plotted 
versus GdnHCl concentration. Individual points represent the mean f 
SD for three  separate experiments using 83 pg/mL (3-NGF. 

versible when its three disulfide bonds remain intact. 
Native-like spectroscopic properties (Fig. 2) and specific 
biological  activity (data not shown)  were  fully  recovered 
when denatured samples were diluted to lower denatur- 
ant concentration (see Materials and methods).  However, 
when denaturation was carried out in the presence  of a 
reducing agent, the recovery of spectroscopic character- 
istics and biological activity upon dilution was low (less 
than lo%, data not shown). Denaturation curves con- 
structed by following the shift in fluorescence emission 
maximum (data not shown) and fluorescence depolariza- 
tion (Fig. 3 )  were coincident  with those constructed from 
RFI data. 

Several  models could describe 0-NGF  denaturation at 
equilibrium depending on the contribution of different 
structural levels (secondary, tertiary,  quaternary) to the 
overall  stability of  0-NGF.  Two-state and multistate mod- 
els  have  been applicable to the  denaturation of small di- 
meric globular proteins at equilibrium (Bowie & Sauer, 
1989; Gittelman & Matthews, 1990; Herold & Kirschner, 
1990; Liang & Terwilliger,  1991).  Noncoincident  unfolding 
transitions measured by probes that are sensitive to differ- 
ent levels  of protein structure and/or multiphasic transi- 
tions measured by the same probe are evidence for models 
with greater than two populated states. Consistent with 
a two-state model, the unfolding transition of 0-NGF 
measured by fluorescence intensity and fluorescence de- 
polarization  are coincident and monophasic (Fig. 3).  
However, as  previously stated, these probes may  be sen- 
sitive to the same structural phenomenon. 

With a dissociation constant below M (Bothwell 
& Shooter, 1977), native 0-NGF exists as a dimer at the 
concentrations used  in this study. The two-state model 
for  the denaturation of a dimeric protein, where  only the 
native dimer and denatured monomer are significantly 
populated at equilibrium, is described by 
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where 

K D =  [ D ] * / [ N 2 ]   = 2 P t [ f j / ( 1  - f d ) ] .  (2) 

Pt is the total concentration of protein monomer. By the 
law of mass action, increasing the protein concentration 
will increase the  proportion of native dimeric protein at 
every denaturant  concentration,  and  the midpoint of the 
sigmoidal denaturation curve will increase as the protein 
concentration increases. Denaturation curves were con- 
structed over a 15-fold range in 0-NGF  concentration 
(Fig. 4A) to determine if the unfolding of 0-NGF at equi- 
librium is described by a two-state model. A protein 
concentration-dependent shift in the midpoint of the flu- 
orescence unfolding transition was observed for 0-NGF 
(Fig. 4A), consistent with this two-state model of dena- 
turation. 

The  conformational stability ( AGpo) of 0-NGF was 
calculated according to the two-state model  using graph- 
ical analysis and nonlinear least-squares fitting (see Ma- 
terials and methods). Linear extrapolation of data  from 
representative  experiments at three 0-NGF concentrations 
is shown in Figure 5, demonstrating the close agreement 
in AGEzo calculated according to the two-state model 
(Equations 2 and 9). Calculations were also  made accord- 
ing to  a three-state model  assuming  dissociation  occurs at 
denaturant  concentrations preceding the fluorescence 
transition  and assuming fluorescence changes monitored 
the unfolding of a native-like monomer. The equilibrium 
constant for this model is 

KO = f d / ( l  - f d ) .  ( 3 )  

As expected from  the observed shift in transition mid- 
point, the AGpo calculated according to this model was 
dependent on protein  concentration (i.e., 5.8,   8.7,  and 
9.3 kcal/mol for 16.6, 83 ,  and 250 pg/mL  0-NGF, re- 
spectively) and are also lower than  the free  energy of the 
dimer dissociation alone. The two-state model, on the 
other  hand, yielded values for  the  parameters, AGE2O 
and m, calculated graphically and by nonlinear least- 
squares fitting of denaturation data  at different concen- 
trations of 0-NGF as summarized in Table 1 .  The values 
calculated over a 15-fold range in 0-NGF  concentration 
are in good agreement and,  therefore,  support the two- 
state model. These  values are  of similar magnitude to the 
values reported for the E. coli trp aporepressor (Gittel- 
man & Matthews, 1990). 

Urea-induced denaturation of p-NGF 

Denaturation of P-NGF by urea resulted in the same 
spectroscopic changes described for GdnHCI. Denatur- 
ation resulted in decreased RFI,  a red-shifted emission 
maximum,  and fluorescence depolarization.  Denatur- 
ation curves  using  urea were constructed as  described for 
GdnHC1;  however, the urea-induced  change  in 0-NGF in- 
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Fig. 4. The  protein concentration dependence of 0-NGF denaturation 
at two pH  values. A: Relative  fluorescence  intensity  at  320 nm following 
excitation at  295 nm was used to calculate the fraction of native pro- 
tein  at each denaturant concentration at pH 7 (100 mM sodium phos- 
phate). Individual points represent the mean k SD of four separate 
experiments  at 16 pg/mL (filled squares),  three  experiments  at  83 pg/mL 
(open circles), and a single experiment  at 250 pg/mL (filled circles) @- 
NGF. Theoretical  curves at each 0-NGF concentration were  generated 
according to Equations 2 and 9 with AGE20 and m set to  19.3 
kcal/mol and 4.8 kcal/mol/M, respectively. B: The  mean of triplicate 
fluorescence polarization determinations for single experiments at 20 
(filled  circles)  and 1 0 0  (filled  squares) pg/mL 0-NGF concentration  are 
plotted  versus  the  urea  concentration  at  pH 4 (100 mM sodium  acetate). 
Theoretical  curves  were  generated  according to Equations 2 and 9 with 
AGEz0 and m set to 14.7 kcal/mol and 1.4 kcal/mol/M, respectively. 

trinsic fluorescence intensity followed a more complex 
pattern. A linear increase in RFI was observed below 
2 M urea, followed by a plateau region  preceding the un- 
folding transition (data not shown). The initial slope effect 
observed in RFI measurements was absent in  fluorescence 
depolarization curves  (Fig. 4B) and curves based on the 
shifted emission maximum (data not shown). 

Urea was  less effective than  GdnHCl  for unfolding 
P-NGF. The unfolding transition in urea at neutral pH 
began at approximately 7 M and the midpoint of the un- 
folding curve, estimated from the fluorescence emission 
maximum and fluorescence  depolarization  (data  not 
shown), occurred at approximately 9.5 M urea. There- 
fore,  denaturation curves could not be analyzed in urea 
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Fig. 5. AGD as  a  function of denaturant concentration. A: The AGD 
values for representative experiments at 16, 83, and 250 pg/mL 0-NGF 
at  pH 7 (circles, open squares, and closed squares, respectively) were 
calculated according to Equation 2 in the  denaturation  transition.  The 
solid  line  was drawn by linear regression  of the combined data  and rep- 
resents a calculated conformational stability of 20.6 kcal/rnol and m = 
5.3 kcal/mol/M according to Equation 9. B: The AGD values for rep- 
resentative denaturation experiments at  pH 4 were  calculated  in the tran- 
sition region from fluorescence polarization measurements. Samples 
contained 20 pg/mL 6-NGF in GdnHCl (triangles) and 1 0 0  pg/mL p- 
NGF in urea (circles). The extrapolations yield AGE20 values of 14.5 
kcal/mol for 0-NGF at pH 4. 

at  neutral  pH.  Complete  denaturation was achieved in 
urea at acidic pH (Fig. 4B). Urea is commonly  found to  
be  two to three  times less effective than  GdnHCl  as a de- 
naturant. Approximately  fourfold higher concentrations 
of  urea were required to reach the  midpoint of the fluo- 
rescence transition  as  compared to  GdnHCl. 

The con formational stability of P-NGF 
is decreased at acidic p H  

When  urea  denaturation curves were constructed at acidic 
pH, a 0-NGF  concentration-dependent  shift in the mid- 
point was also  observed (Fig. 4B) and is consistent  with 
the  two-state  equilibrium existing in GdnHC1. Denatur- 
ation curves in  urea at  pH 4 were, therefore, analyzed ac- 
cording to the  two-state model. However,  depolarization 
measurements were used as the basis for A G 9 O  calcula- 
tions in  urea,  because  the initial  increase in  RFI  at low 
urea  concentrations  complicated  defining  the  native re- 
gion of the curve. Nonlinear least-squares analysis yielded 
AGE2o and m values of 14.7 f 1.1 kcal/rnol and 1.4 f 
0.2 kcal/mol/M ( n  = 2), respectively, at  pH 4. Values 
within this range were also obtained by graphical analysis 
(Fig. 5B) and by fitting  RFI  data with points below 2 M 
urea  omitted  (data  not  shown). Low  concentrations of 
urea may be inducing a conformational change in 0-NGF, 
resulting  in the initial  increase  in RFI. However, if this 
is the case, the  conformational  change  has little effect on 
A G P o  compared to that calculated from  GdnHCl curves 
at  pH 4 (see below). 

The effect of pH  on 0-NGF  stability was further tested 
by constructing  GdnHCl curves at  pH 4. The increase  in 
RFI  that precedes denaturation  in  urea was not  observed 
in GdnHCl curves at  pH 4 (data  not shown).  This behav- 
ior is therefore  due to  the particular  denaturant used and 
is not related to  pH effects. Nonlinear least-squares anal- 
ysis of  GdnHCl  denaturation curves at  pH 4 based on 

Table 1. Gibb's free energies of unfolding for 0-NGF calculated according to the two-state  modela 
~~ .~ ~ . _ _ _  ~~ ~__ ~ ~ ~- 

Least-squares analysis Graphical analysis 
~" ~ 

[P-NGFI 
(pM monomer) 

I .25 
1 SO 
3.76b 
6.24 
18.8b 

~~ ____ 
AG m 

(kcal/mol)  (kcal/mol/M) 

18.8 f 0.6 4.4 & 0.2 
19.7 f 0.9 5.2 k 0.3 
17.9 k 1.2 4.5 f 0.5 
19.7 T 1.2 4.9 k 0.5 
20.7 f 0.8 5 . 3  k 0.3 

AG 
(kcal/mol) 

18.3 f 1.2 
20.4 f 1.6 
17.2 
19.9 f 1 .5  
19.9 

m 
(kcal/mol/M) 

4.2 -t 0.5 
5 .5  * 0.5 
4.2 
5.0 f 0.6 
5.0 

~. . ~ _ _ _ _  ~ 

Mean 19.3 + 1.0  4.8 * 0.4 19.3 f 1.6  4.8 f 0.7 12 
. _ _ _ _ " ~  ~~ __ 

~ " _ _ _ _ _ _ _ _ _ ~ ~  -___. .~ .~ .~ 

a Values were obtained by linear extrapolation analysis of GdnHCl  denaturation curves buffered at  pH 7 with 100 mM 

Standard deviations for experiments with n = 1 were  derived from fitting and represent confidence levels for the converged 
sodium  phosphate. Values represent the mean & SD for  the indicated number of experiments. 

values. 
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fluorescence depolarization yielded AGpO and rn values 
of 14.9 f 0.5 kcal/mol and 3.7 f 0.2 kcal/mol/M ( n  = 2), 
respectively. Results consistent with these values were also 
obtained by graphical  analysis (Fig. 5B) and by fitting 
RFI  curves (data  not shown).  The  agreement in AGEzo 
values  obtained in GdnHCl  and  urea  at  pH 4 indicates 
that a  similar  unfolded state is populated in both  dena- 
turants. 

P-NGF is destabilized by 4-5 kcal/mol at  pH 4 relative 
to  pH 7. In  the absence  of denaturant,  0-NGF remains 
at greater than 95% folded below pH 3 (data not shown). 
However, when the pH was varied in the presence of 4 or 
6 M urea,  denaturation occurred  over 1-2 pH units with 
apparent pK values of  approximately 3.5 and 5 ,  respec- 
tively. With 10 acidic and 4 histidine residues present in 
0-NGF, the  magnitude of the destabilization at acidic pH 
is expected to involve the  titration of a limited number of 
these  groups.  The  effect of  salt on  0-NGF  (data  not 
shown) was studied to determine  if the  protein could be 
destabilized through  counterion shielding of electrostatic 
interactions. Denaturation of 0-NGF by GdnHCl  at  pH 7 
was not significantly affected by the presence of 1 M NaCl, 
and NaCl concentrations up  to 3.8 M were unable to induce 
denaturation of 0-NGF in 3 M  urea at  pH 4. Therefore, 
stabilizing  electrostatic  interactions  may be inaccessible 
to  Na+, may not  significantly contribute  to AGE2O, or 
are  compensated by other possible salt effects such as hy- 
drophobic  interactions. 

The unfolding of 0-NGF monitored by CD 

Denaturation curves generated by monitoring CD con- 
trast with the  cooperative  sigmoidal curves based on  the 
fluorescence  properties  of /3-NGF. Curves  generated by 
plotting CD against denaturant  concentration show  a 
broad  change lacking  a clear native or transition region 
(Fig. 6) .  Furthermore, these  changes  occur  prior to and 
following  the  fluorescence-monitored  transition.  The 
anomalous  behavior of  CD-generated  denaturation 
curves  may  be due  to equilibrium  conditions that vary 
from  the two-state  model used to interpret  fluorescence 
measurements.  The inconsistencies between the fluores- 
cence and  CD-monitored  unfolding  can be interpreted by 
a  model in which multiple  quasi-stable  intermediates  are 
formed  under specific equilibrium conditions. Dimeric in- 
termediates, characterized by nonnative  secondary  struc- 
tures,  become  populated  at  GdnHCl  concentrations 
preceding  the  fluorescence  transition.  Monomeric  inter- 
mediates,  containing residual secondary  structure, might 
be populated  at  denaturant  concentrations following the 
fluorescence  transition  but  prior to complete  unfolding. 
The calculated AG would then represent the  unfolding of 
a  tryptophan-containing  core  structure. 

On  the  other  hand, technical reasons may also  account 
for  the discrepancies between the  different  probes.  Inter- 
pretation of the  CD  denaturation curve  may be compli- 
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Fig. 6. Circular  dichroism  denaturation  curve.  The CD (" cmz/dmol x 
of 50 pg/mL 8-NGF in  sodium  phosphate  pH 7 was  measured as 

a function of GdnHCl concentration. Spectra  were  recorded in a 4.5- 
mrn path length cuvette as an average of six scans. The CD at 213 nm 
(open circles) and  222 nm (solid circles) is plotted against the final 
GdnHCl concentration. 

cated by lack of  a  good reference position.  The  majority 
of  proteins  characterized  by CD  denaturation studies 
have substantial helical content, which affords a  strong 
reference signal at 220 nm.  0-NGF, in contrast,  contains 
little helical secondary  structure.  Denaturation of RNase 
T1 and  the gene V protein  (Thomson  et  al., 1989; Liang 
& Terwilliger, 1991), which have high P-sheet content, has 
been monitored by CD  at 238 nm and 229 nm, respec- 
tively. However, 0-NGF lacks significant signals in these 
regions. Finally,  the  light-absorbing  properties  of  dena- 
turants prevent CD measurements at the  P-NGF 208-nm 
negative minimum, which might  provide  a  more  mean- 
ingful  reference wavelength. 

Discussion 

In light of  this  study  and  studies of other  small  dimeric 
proteins,  it is apparent  that dimeric protein  structures  are 
stabilized at different levels. The  contribution  of  intra- 
chain  and interchain  interactions to the  overall  protein 
conformational stability  can vary significantly. A three- 
state model  of  the  equilibrium  dissociation and  unfold- 
ing of a dimeric protein, simplified to involve only native 
dimer (N2), folded  monomer (N), and  unfolded  mono- 
mer ( D ) ,  describes possible variations in the  intrachain 
and interchain  contributions to AGE2o: 

where 

K 1  = [N12/[N21 and K2 = [ D ] / [ N ] .  ( 5 )  
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For proteins with K 1  significantly larger than K,, the 
quaternary interactions stabilizing dimeric association 
will  be  less than the secondary and tertiary interactions 
stabilizing the folded monomer. Conditions will, there- 
fore, exist  in  which an intermediate (i.e., folded mono- 
mer) is populated to a greater extent than the native 
dimer or  denatured monomer. The monomeric interme- 
diate  structure may not be identical to the structure of 
subunits in the native dimer; however, some native-like 
structure presumably persists. The  opposite extreme in- 
volves a  situation in  which  K2  is much larger than  K1. 
Quaternary interactions contribute the vast majority of 
the overall AGE2o, and  the equilibrium constants  for 
dissociation and  denaturation will  be indistinguishable. 
Dissociation, therefore, leads to the formation of an in- 
trinsically unstable species and  a folded monomeric spe- 
cies will not be significantly populated at equilibrium. 

The P22 Arc repressor and E. coli aspartate amino- 
transferase serve as examples of the extreme situations 
described above.  The AGg20 calculated for  P22 Arc 
from equilibrium denaturation is essentially equal to the 
free  energy  associated  with  its  dissociation constant alone 
(Bowie & Sauer, 1989). Folded monomer,  therefore, is 
not expected to be  significantly populated at equilibrium. 
A two-state model  involving folded dimer and unfolded 
monomer describes this protein at equilibrium because 
the folded monomer is not stabilized relative to the un- 
folded form. According to this model, folded Arc is pri- 
marily stabilized through  quaternary  interactions.  In 
contrast, the unfolding and dissociation of aspartate ami- 
notransferase (Herold & Kirschner, 1990) at equilibrium 
results  in the formation of  two folded monomeric species 
that  are stabilized relative to unfolded monomer. Based 
on spectral properties, the structures of the monomeric 
intermediates are not  identical to that found in the dimer. 
However, intrachain interactions are sufficient to stabi- 
lize the folded structure in the absence of interchain in- 
teractions. This situation implies that secondary  and 
tertiary interactions contribute greater  stabilization to the 
overall stability than  quaternary interactions. 

Analysis  of 0-NGF  denaturation by RFI and fluores- 
cence polarization measurements reveals a coincident, 
monophasic transition with a  midpoint  that increases 
with increasing protein concentration. These results are 
consistent  with a two-state transition involving folded di- 
mer and unfolded monomer. The results of CD measure- 
ments complicate this model, and the equilibrium may 
actually involve a more complex situation involving a 
transition between nonnative dimeric and monomeric in- 
termediates. However, the aforementioned uncertainties 
associated with our  CD measurements cause us to favor 
the two-state model. A G p o  calculations based on this 
model  in GdnHCl are internally consistent  over a 15-fold 
range of protein concentration at neutral pH and in urea 
and GdnHCl at an acidic pH. Furthermore, similar tran- 
sitions are observed when tryptophan fluorescence is 
measured following excitation at 295  nm or  at 280  nm 

(Figs. 2, 4A). Changes in tryptophan fluorescence fol- 
lowing  excitation at 295  nm  may represent  localized struc- 
tural perturbations. However, the fluorescence transition 
following excitation at 280  nm presumably includes con- 
tributions  from two tyrosine residues and may represent 
a more global structural change. 

The  0-NGF A G p o  value of 19.3 kcal/mol calculated 
according to the two-state model is slightly  lower than 
that reported for the trp aporepressor (Gittelman & Mat- 
thews, 1990). The reported dissociation constant of  less 
than 10"' M  at pH 7 (Bothwell & Shooter, 1977) has an 
associated free energy  of greater than 16.3 kcal/mol. 
Therefore, P-NGF provides an example intermediate to 
the extremes  of Arc and Asp aminotransferase. At 0-NGF 
concentrations above M  and in the absence of de- 
naturant, folded dimer would be the predominant spe- 
cies. Folded monomer would be stabilized relative to 
unfolded monomer by less than  3 kcal/mol, a value less 
than  that observed for many monomeric globular pro- 
teins (Pace, 1990). Therefore, in contrast to Arc,  a sig- 
nificant equilibrium could exist  between folded dimers 
and both folded and unfolded monomers at less than pi- 
comolar concentration. Under the conditions used  in  de- 
naturation experiments, however, the two-state model 
presumably applies because the  amount of denaturant 
necessary to detect denaturation destabilizes the mono- 
mer sufficiently  enough to prevent  detection of the folded 
monomer. This situation contrasts with that observed for 
Asp aminotransferase, in  which quaternary interactions 
can be destabilized under conditions in which secondary 
and tertiary interactions retain stability. 

In  addition to providing a measure of the overall con- 
formational stability ( AGpO), the model  describing the 
equilibrium denaturation of a protein can provide  insight 
into the relative contribution of different levels  of inter- 
action to protein structure. Our findings are consistent 
with a model  in  which greater than 70% of the overall 
conformational stability of 6-NGF at  pH  7 is contributed 
by noncovalent interchaidquaternary interactions. At 
pH 4 a similar situation holds with overall stability de- 
creasing by 4.4 kcal/mol (Fig. 5 )  and dimer stability de- 
creasing by as  much as 3 kcal/mol (Moore & Shooter, 
1975).  We propose that this stabilization accounts for the 
occurrence of 0-NGF as a dimer, independent of require- 
ments for biological function. Furthermore, evolutionary 
divergence of amino acids that might destabilize the 
monomer could be allowed  in a protein thermodynami- 
cally stabilized as a dimer. 

Materials and methods 

Protein and reagents 

P-NGF was purified as previously  described  (Smith et al., 
1968; Stach et al., 1977; Woodruff & Neet, 1986) and 
stored at -20 "C in 0.4% acetic acid, 0.15 M  NaCl, pH 
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4.0. Protein  concentrations were determined using A = 
16.0 at 280 nm.  Concentrated  GdnHCl  and  urea stock 
solutions were prepared  fresh using distilled, deionized 
water  and  ultrapure-grade  reagents  from Boehringer 
Mannheim,  ICN,  and U.S. Biochemicals. 

Equilibrium denaturation experiments 
Equilibrium  denaturation was performed by incubating 
individual samples of 0-NGF at each denaturant concen- 
tration  buffered with 0.1 M  sodium  phosphate  or 0.1 M 
sodium  acetate  at  room  temperature (23 k 2 “C).  The re- 
versibility of denaturation was demonstrated by initially 
denaturing samples in 4 M GdnHC1, pH 7, for 2-24 h fol- 
lowed by dilution to  the final denaturant  concentration. 
Equilibrium was achieved  rapidly in 4 M GdnHCl  as 
judged by manual mixing experiments in which full spec- 
tral changes were complete  in less than 1 min.  However, 
equilibration  of  samples within the  transition region of 
unfolding experiments required 48 h,  and refolding exper- 
iments  required up  to 72 h  for  the  full recovery of spec- 
troscopic  characteristics. The specific biological activity 
of refolded samples was determined  as  the  concentration 
required to elicit half maximal neurite outgrowth in a de- 
fined media bioassay using PC12 cells (Greene, 1977). The 
reversibility of samples denatured in urea and  GdnHCl  at 
pH 4 was demonstrated by treatments similar to those de- 
scribed  above. 

Fluorescence measurements 
Fluorescence  measurements were made using a  Perkin- 
Elmer LS-5B spectrofluorometer,  and emission spectra 
were recorded on a Perkin-Elmer GP-100 Graphics  Prin- 
ter.  Samples were commonly excited at 295 nm, with the 
exception of  a single experiment at 280 nm. Samples were 
measured in a  Helma  quartz microcuvette (25 mm2 cross 
section) with volumes of 250-300 pL.  Protein  concentra- 
tions used in these experiments (16-250 pg/mL) were de- 
termined to be in the linear range of instrument response; 
thus, inner  filter  effects were neglected. 

Steady-state fluorescence polarization was measured by 
single channel  instrumentation using a  manual  polarizer 
accessory installed in the emission and excitation paths. 
Polarization was calculated  as 

where 

The emission  intensity is measured  parallel and 
perpendicular  (Il)”  to  the vertically polarized  plane of 
excitation  light,  and  the  correction  factor ( G )  is calcu- 
lated by measuring  the  parallel and perpendicular emis- 
sion  intensities  following  excitation with horizontally 
polarized light. This  correction  factor  had  a value of 1.4 

and  accounts  for  the  different efficiencies that  the exci- 
tation  and emission monochromators have for  horizon- 
tally  and vertically  polarized  light  (Lakowicz, 1983). 
Polarization  measurements were made with excitation 
and emission wavelengths of 295 and 340 nm, respec- 
tively. The  change in relative fluorescence  intensity that 
occurs  upon denaturation was accounted for using the 
following equation (Lakowicz, 1983) to calculate the  frac- 
tion of  denatured  protein (fd) from  polarization  data: 

R is the  ratio of the  denatured to native  fluorescence  in- 
tensities at each denaturant  concentration, P is the  ob- 
served polarization,  and P, and Pd are  the native and 
denatured  polarization  values, respectively. 

CD measurements 
CD spectra were recorded using a  Jasco 5600 spectro- 
polarimeter,  and  data were processed using software 
provided  by  Jasco and a Wyse (IBM compatible)  com- 
puter. Measurements were made on  0-NGF samples  of 
30-100 pg/mL in quartz cuvettes  of 2 or 4.5 mm path 
length.  Spectra were typically recorded as  an average  of 
6-12 scans from 260 nm to 184 nm, depending on dena- 
turant  concentration. 

Graphical analysis of denaturation curves 
Conformational stability  calculations were based on the 
relative fluorescence  intensity  (RFI) at 320 nm (except 
where noted), because differences between the folded and 
unfolded 0-NGF spectra were  relatively larger at this wave- 
length.  Experimental  deviations for RFI  measurements 
were also smaller than polarization measurements. Deter- 
minations  based  on  fluorescence  polarization or RFI  at 
other  than 320 nm yielded values consistent with those 
calculated at 320 nm. 

Linear extrapolation analysis of denaturation  data was 
performed as described (Pace, 1986). RFI was plotted as 
a  function  of  denaturant  concentration.  The linear por- 
tions  of  the  plots, preceding and  following  the denatur- 
ation  transition  and representing values observed for  the 
folded (Yn)  and  unfolded (Yd)  protein, were defined by 
linear regression. These values were extrapolated  into  the 
nonlinear portion  of  the  graph.  The  fraction  of  unfolded 
protein (fd) at each denaturant  concentration was calcu- 
lated as  the  ratio of  the  difference between the measured 
value ( Y )  and  the  folded value to the  difference between 
the  folded  and  unfolded values (fd = Y - Yn/Yd - Y n ) .  
Equilibrium  constants (KO)  and  the  corresponding Gibb’s 
free energies of  unfolding ( AGD = -RT ln[KD]) were 
then  calculated at each denaturant  concentration in the 
transition region (see Results). The linear dependence of 
AGD on  denaturant  concentration observed in the  tran- 
sition was assumed to continue to zero denaturant  con- 
centration  (Schellman, 1978). Extrapolation  to zero 
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denaturant  concentration was used to calculate the  con- 
formational stability of the  protein in the absence of de- 
naturant (AGPO) by the following  relationship: 

AGD = AGE2o - m [denaturant]. (9) 

Analysis of denaturation curves by 
nonlinear least-squares fitting 

In  order  to minimize  bias in defining the  folded,  un- 
folded,  and  transition regions of denaturation curves, 
AGE20 was calculated from raw denaturation  data with 
the  program  BASICFIT written in BASIC for  the Macin- 
tosh  computer  that uses a Marquardt gradient-analytical 
search  (Bevington, 1969) with six variable  parameters. 
The slopes and Y-intercepts  of the linear  native and de- 
natured  regions of the curve, and  the  equilibrium  con- 
stant, K,, and  the  dependence of the Gibb’s free energy 
of unfolding, m, on the  denaturant  concentration  (Equa- 
tion  9),  defining  the  transition  region, were iteratively fit 
to RFI or  polarization values. Due to complications in fit- 
ting six variable  parameters,  convergence was often re- 
stricted to initial  parameter  estimates in the  range of 
k50% of the  final  fitted value.  However,  within  this 
range,  initial  estimates  did  not  significantly  affect  con- 
verged values. 
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