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ABsTRACT: Nerve growth factor (NGF), a member of the neurotrophin family, is afp-aleet protein

with a characteristic structure motif, the cystine knot. Unfolding of NGE M GdnHCI has been described
previously to involve an initial partial loss of structure and a subsequent very slow conversion to a second,
completely unfolded state. This latter conversion was postulated to represent a back-threading of the
disulfide bond that passes through the cystine knot (loop threading hypothesis). Here, this hypothesis was
guestioned with the pro form of the protein (proNGF). In proNGF, the mature part is preceded by the
103-amino acid pro-peptide. Consequently, loop threading of the N-terminally extended protein should
be significantly delayed. However, unfolding kinetics of proNGF monitored by RP-HPLC, intrinsic
fluorescence, and NMR spectroscopy were comparable to those of mature NGF. Time-réidetVed

HSQC spectra revealed a slow time-dependent loss of residual structure of which the kinetics correlated
well with the transition observed by RP-HPLC. Refolding from the completely unfolded state led to a
partial recovery of natively folded proNGF. In summary, the sequential unfolding of proNGF only
marginally differed from that of mature NGF. Therefore, it is very unlikely that a loop threading mechanism
is the cause of the slow unfolding step.

NGF belongs to the neurotrophin protein family and pro-peptide is known to promote correct maturation and
promotes growth, maintenance, and differentiation of neuronssecretion of NGF in vivo 10, 11). Moreover, we could
in the central and peripheral nervous system. NGF conveysdemonstrate that the pro-peptide of NGF guides effective
its biological activity by binding to the TrkA receptor. The oxidative folding of the mature protein also in vitrb 13).
pro form of NGF, proNGF, on the other hand, has been Furthermore, we could show that the mature part stabilizes
postulated to induce apoptosis via interaction with both p75 the pro-peptide X¥4). At low guanidinium hydrochloride
and the sortilin receptorl(-5). NGF is a noncovalent (GdnHCI) concentrations, the pro-peptide unfolds fast and
homodimer in which both monomers are tightly associated does not influence the unfolding of the mature NGF moiety
via hydrophobic interactions. Th&, value for the monomer (14).
dimer equilibrium has been reported to b0** M at Analysis of structure formation of mouse NGF (the
neutral pH 6). NGF, like other neurotrophins, contains a sequence of which is 90% identical with that of human NGF
characteristic structure motif, the cystine knot. In NGF, two examined here) by unfolding experiments revealed a rapid
disulfide bridges connect the polypeptide backbone to a 14-nitial unfolding (15, 16). With longer incubation times under
amino acid loop that is penetrated by the third disulfide denaturing conditions, murine NGF exhibited a second slow
bridge (7—9). unfolding reaction that resulted in the completely unfolded
In vivo, NGF is translated as a pre-pro-protein. The pre- species 17). On the basis of these results, De Young et al.
sequence confers secretion and is cleaved upon translocatiopostulated the following sequential unfolding:
into the endoplasmic reticulum where disulfide bond forma-
tion occurs. The pro-peptide of NGF with 103 amino acids N, = 2M; = 2M,
is nearly as large as the mature part with 118 residues. The
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two disulfides (7, 18). Accordingly, M, was assumed to
represent an unfolded species in which the N-terminal
sequence has slipped out of the ridg)( A gain in entropy
was suggested as the driving force for threading. A rear-
rangement of disulfide bonds, as an alternative explanation
for the slow conversion, was excluded since unfolding was
independent of pH. The loop threading hypothesis was
supported by the observation that NGF variants with
truncated N-termini underwent the transition from td M,
considerably fasterl(y). In proNGF, the mature part is
preceded by the pro-peptide comprising 103 amino acids.
Accordingly, threading through the ring should be signifi-
cantly retarded in proNGF. Here, we compare the folding
and unfolding of proNGF with that of mature NGF. Our
results show that the N-terminal pro-peptide has no influence
on the slow M to M, conversion. Furthermore, NMR
experiments revealed new insight into the structural differ-
ences between the Mand M, states. Taken together, our
results suggest that the;Nnd M, states differ in the residual
structure in the M state probably close to the cystine knot.

MATERIALS AND METHODS

Preparation of Recombinant Human proNGF and NGF.
Inclusion bodies of human proNGF were produced with
pET11a inEscherichia colBL21(DE3), and the fully folded
protein was obtained as described previoudl$).(Mature
NGF was obtained from proNGF by digestion with bovine
pancreatic trypsin (Roche) (1:415 molar ratio). After a 30
min digestion in 50 mM Tris-HCI (pH 8.0) at C, trypsin

and cleavage products were removed by ion exchange;
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by a 1 spresaturation and the water signal by the WATER-
GATE pulse train of the FHSQC sequend®)(

Data were processed and analyzed using Felix. The 1D
spectra depicted in Figure 4A are averages of 100 1D spectra.
The spectrum of Mwas recorded after the unfolding reaction
had reached completion. For the, Btate, the first 100 1D
spectra during refolding were averaged. According to the
unfolding kinetics, 75% of this average NMR intensity
belongs to M. Therefore, after subtraction of these 75%
using the plain M spectrum recorded after the unfolding
reaction, the 1D spectrum of Mould be derived. For more
details about this deconvolution of 1D real-time NMR
spectra, see ref@0 and 21. The two-dimensional (2D)
HSQCs of M and M, were derived by the similar approach
using averages of five spectra.

For the kinetic studies, the high-field-shifted methyl groups
of the proNGF 1D'H spectra between 0.3 and 0.6 ppm were
integrated and plotted against the unfolding time. For the
analysis of the 2D HSQC, the intensities of the amide cross-
peaks were followed. Kinetic analyses were performed using
GraFit (Erithacus Software Ltd.).

Reversed Phase High-Pressure Liquid Chromatography
(RP-HPLC).RP-HPLC was performed with a C4-RP-HPLC
column (Vydac, C4, 5um; 4.6 mmx 250 mm; Hesperia)
on a Gynkotek HPLC system (Dionex, Idstein, Germany).
The samples were loaded after incubation at different
temperatures and time points. The column was equilibrated
in 6% buffer B [buffer A was 0.1% (v/v) TFA in water;
buffer B was 80% (v/v) acetonitrile and 0.08% (v/v) TFA
n water]. Samples were eluted with the following gradient:

chromatography on a SP-Sepharose column (GE Healthcare % B from 0 to 4 min, 6 to 30% B from 4 to 9 min, 30 to

(12).

NMR Spectroscopy-or **N labeling ofE. coliBL21(DE3)
cells containing recombinant cDNA for proNGF, cells were
cultured in M9 medium with*NH,CI as the sole nitrogen
source. Proton spectra of 0.435 mM proNGF samples and 1
mM uniformly **N-labeled NGF samples were acquired at
45 °C with a Bruker DRX 500 spectrometer. The residual
water resonance in the,D samples of the unfolding buffer,
containirg 6 M GdnHCI and 50 mM sodium phosphate (pH
7.0), was presaturated during the relaxation delay. Due to
the fast exchange of water and GdnHCI protons and thus

69% B from 9 to 24 min, and 69 to 100% B from 24 to 25
min at a flow rate of 1 mL/min. Peak areas were calculated
with Chromeleon version 4.32 (Dionex).

Circular Dichroism (CD) Measurementd~ar-UvV CD
spectra were recorded on a Jasco J710 spectropolarimeter
from 190 to 260 nm wh a 1 nmlight path. Measurements
were performed in 50 mM sodium phosphate (pH 7.0) at 20
°C. Spectra were buffer corrected, and ellipticities related
to the mean residue weight of amino acid residues were
calculated according to the method described in2&f

the complete saturation transfer to the GdnHCI resonance at Fluorescence Measuremenkgeasurements were carried

45 °C, an additional suppression of the denaturant was not
necessary. The concentration of GAnHCI was determined by
refraction without correction for the isotopic effect of@.
Exchangeable protons of the buffer were removed by
dissolving the sample in O three times and subsequent
lyophilization. Unfolding reactions were started by manually
dissolving the lyophilized protein in the unfolding buffer.
The unfolding kinetics of proNGF were measured igOD

(6 M GdnDCI and 50 mM sodium phosphate, pD 7.0 pH-
meter reading), recording 800 one-dimensional (ZH)

out with a FluoroMax-2 fluorescence spectrometer (Jobin-
Yvon-Spex). Slit widths for both excitation and emission
wavelengths were 5 nm. Experiments were performed in 50
mM sodium phosphate (pH 7.0) and 1 mM EDTA at?ZD
in 1 cm cuvettes. For emission spectra, excitation was at
280 nm. Spectra were collected from 300 to 400 nm. Kinetics
were recorded upon excitation at 280 nm and by monitoring
emission at 325 nm in 1 cm cuvettes with stirring.
Refolding of ProNGF from the MState Fully unfolded
proNGF (6 M GdnHCI at 45C over 4 days) was refolded

spectra (64 scans each) over 19 h. Spectra were recorde®y pulse renaturation in 50 mM sodium phosphate (pH 7.0)

over a spectral width of 13 ppm. A squared cosine window
function was applied prior to Fourier transformation. The
unfolding of **N-NGF was followed via 28H—1*N HSQC
spectra over 24 hni6 M GdnHCI (90% HO/10% D.O).
The spectral widths for the HSQC spectra were 13 and 32
ppm for theH and*®N dimensions, respectively. Quadrature
detection in the indirect dimension was achieved using the
States-TPPI method. The GdnHCI signal was suppressed

and 1 mM EDTA. The protein concentration of each pulse
was 200ug/mL. ProNGF was refolded in five pulses over
120 h, and the final residual concentration of GdnHCI was
0.2 M.

Gel Filtration. For separation of dimeric species from
monomeric species, size exclusion chromatography was
performed on a Superdex75 10/300 column with tHETA
explorer system (Amersham Biosience) at a flow rate of 0.5
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Ficure 1: Unfolding kinetics of NGF. NGF (30@&g/mL) was
incubatedm 6 M GdnHCI, 50 mM sodium phosphate (pH 7.0),
and 1 mM EDTA at 25C. At different time points, 3@g of protein

was loaded on a C4-RP-HPLC column®)(proNGF in the M
state and®) NGF in the M, state. Rate constants were calculated
by integration of peak areas and by assuming a first-order reaction
(k=0.029 hY).

mL/min. The mobile phase consisted of 0.33LMrginine,
50 mM sodium phosphate (pH 7.0), and 1 mM EDTA.

RESULTS AND DISCUSSION

Influence of the Pro-Peptide on the Unfolding Kinetics of
the Mature DomainThe kinetics of NGF unfolding upon
denaturation with GdnHCI were studied in detail by De
Young et al. 17, 18). The authors separated the partially
unfolded monomeric species,;Mrom the fully denatured
species, M, that eluted at higher acetonitrile concentrations
than M, on a C4-RP-HPLC column. As performed by De
Young et al., conversion of Mo M, was quantified here
by the integration of peak areas. Conversion of el M,
during RP-HPLC analysis can be excluded, since rechro-
matography of the lyYland M, species via RP-HPLC did not
result in changes in the elution properties of either species
(data not shown). The results of De Young et al. could be
confirmed in our lab by identical analyses. The rate constant
(k) for the M; to M, transition equaled 0.029 hand was
thus very similar to that determined by De Young et al. (0.03
h=1) (Figure 1).

The loop threading hypothesis is supported by the obser-
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Ficure 2: (A) Unfolding kinetics of proNGF from the native to
the M, state. ProNGF (2@g/mL) was incubatedni 6 M GdnHCI,

50 mM sodium phosphate (pH 7.0), and 1 mM EDTA. The
fluorescence was measured at°ZDat 325 nm upon excitation at
280 nm. The decay of the signal was fitted to a first-order reaction
(k = 0.04 s1). (B) Unfolding kinetics of proNGF from the M
state to the M state. ProNGF (1Qtg) was incubated in 6 M
GdnHCI, 50 mM sodium phosphate (pH 7.0), and 1 mM EDTA.
After different incubation intervals, samples were loaded onto a
C4-RP-HPLC column: @) proNGF in the M state and @)
proNGF in the M state. Rate constants were calculated by
integration of peak areas and by subsequently assuming a first-
order reactionk = 0.024 h'1).

was independent of the pH (data not shown), excluding the
possibility of disulfide rearrangements. The determined rate
constant is very close to that of the corresponding reaction
of mature NGF k= 0.029 h'%). Thus, it is unlikely that the

vation that rate constants of dimer loss increased with longerslow unfolding reaction that is observed in both NGF and
deletions of N-terminal segments in mutant variants of NGF proNGF is caused by a loop threading mechanism since in
(17). Accordingly, N-terminal extensions of NGF should lead the case of proNGF considerably longer unfolding rates for

to severely retarded conversions of k M,. To this end,
unfolding kinetics of proNGF, in which the mature part is

the threading of the 103-amino acid pro-peptide would be
expected.

preceded by the 103-residue pro-peptide, were measured. Temperature-Dependent Unfolding of ProNGFroline

Experimental conditions were identical to those in the studies
with mature NGF. GdnHCIl-induced unfolding of native
proNGF to M, which is supposed to be coupled with the
dissociation of the dimer, was monitored by fluorescence.
At 20 °C, the fast unfolding reaction (N to flwas complete
after 2 min (Figure 2A). Conversion of Mto M, was
monitored by RP-HPLC. Due to the fast unfolding of the
pro-peptide, which is already at low GdnHCI concentrations
in the millisecond range (data not shown), an influence of
any residual structure(s) in the pro-peptide on the transition
of M; to M, could be excluded.

In proNGF, conversion of Mto M, occurred with a rate
constank of 0.024 h'* (Figure 2B). The rate of conversion

isomerizations with activation energies of7%1 kJ/mol 23)

are known to cause slow unfolding reactions. However, a
higher energy barrier of 168L12 kJ/mol was calculated from
temperature-dependent conversion of td M, in NGF by

De Young et al.17). On the basis of these results, the authors
excluded proline isomerization(s) as a reason for the slow
unfolding. To characterize the activation energies of proNGF
unfolding, rate constants were determined at various tem-
peratures (Figure 3A and Table 1). For the slow td

M, transition, an activation enthalpyAH*) of 88.8 &+ 5.3
kJ/mol and an entropyAS) of 20.5+ 2.0 J moft K1,
resulting in aAG* of 82.8 +£ 6.6 kJ/mol at 20°C, were
calculated (Figure 3B). This considerably smal®* value,
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FiGURE 3: (A) Temperature dependence of the td M transition Ficure 4: (A) 1D NMR spectra of proNGF in the \state (top)
of proNGF. Protein (1Qeg/mL) was incubatedni 6 M GdnHCI, and the M state (bottom) at 45C in 6 M GdnDCI and 50 mM
50 mM sodium phosphate (pH 7.0), and 1 mM EDT/A®)(10, sodium phosphate (pD 7) in 100%0. The top spectrum of the

(O) 20, @) 25, (O) 35, (a) 45, (») 50, and ¥) 55 °C. Resulting kinetic intermediate was derived from deconvoluting the 1D real-
rate constants (Table 1) were derived by a first-order reaction. (B) time NMR data according to the unfolding kinetics. (B) Decrease
Arrhenius plot of the rate constants. in the NMR integral of the high-field-shifted methyl groups between
0.3 and 0.6 ppm upon unfolding i6 M GdnDCI. The solid line

Table 1: Temperature Dependence of the Apparent First-Order Rate represents a fit of a single-exponential function to the NMR intensity

Constants for the Conversion of;Nb M, resulting in a rate constant of 0.280.01 hr! at 45°C.
temp (C) Kobs (N1 temp (C) kobs (M%) 1D spectrum of M (Figure 4A, top spectrum) and MFigure
10 0.0053+ 0.001 45 0.28t 0.025 4A, bottom spectrum). The 1D NMR spectrum of Bhows
20 0.0176+ 0.004 50 0.670.037 the characteristic dispersion of a completely unfolded
25 0.0244 0.0018 55 1.03: 0.015

polypeptide chain without secondary or tertiary interactions.
In contrast, the 1D spectrum of the;dtate revealed some
high-field-shifted side chain resonances below 0.7 ppm and
compared to that determined by De Young et al., correspondsseyeral low-field-shifted Fresonances between 4.8 and 5.2
to the observed activation energies of proline isomerizations.ppm, which are indicative of residual structure. The reso-
A possible influence of the pro-peptide on th&* of the nances of nonexchangeable protons from the 26 aromatic
mature partis very unlikely, since a small stabilization energy sjde chains are located between 6.5 and 7.5 ppm, and those
(AG") of —7.8 kJ/mol for the pro-peptide had been deter- of the H! protons of the nine histidine residues were between
mined previously 14). Thus, proline isomerization(s) ac- 8.0 and 8.5 ppm. These resonances have a low dispersion in
counting for the slow unfolding can'presently not be excluded poth the M and M states, indicating an unfolded conforma-
on the basis of the thermodynamic results. tion. All 26 aromatic residues are well distributed along the
1D NMR Studies of ProNGF in the ;MBtate and the  primary sequence, and only Tyr79 is close to the cystine
Transition to M. For a more detailed investigation of the knot in the three-dimensional structui®.(Therefore, it is
M, state of proNGF in terms of residual structure, a time- likely that only a local residual structure is preserved around

35 0.069+ 0.008

resolved 1D NMR experiment was performedy, Unfold- the cystine knot in M, which cannot be unambiguously
ing at 45°C was induced by dissolving a lyophilized sample resolved by 1D NMR spectroscopy.
of proNGF to a final protein concentration of 1 mM inO The high-field-shifted NMR signals were used to deter-

containirg 6 M GdnDCI. During the dead time ef15 min mine the unfolding kinetics for the transition from the, M
for this experiment, native species were no longer populated.state to the M state. A single-exponential function has
Each of the 800 1D NMR spectra, recorded after the been fitted to the decay of the integral between 0.3 and
unfolding reactions had been started, contained a superposif.6 ppm during the 19 h monitoring as depicted in Figure
tion of the M; and M, state. Deconvolution of this real-time  4B. The unfolding rate constark)(of 0.284- 0.01 h'' at 45
NMR data set as described previousk),(21) revealed the  °C in D,O at NMR concentration is identical to the rate
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M;. All other observable signals of Moriginate from
completely unfolded stretches of the polypeptide chain. These
signals exhibited constant intensities during the entire unfold-
ing experiment. One representative time course is shown in
Figure 6B for the resonance indicated by box B in Figure 5.
The striking observation was that at least 50% of the
backbone amide cross-peaks in the 2D HSQC spectrum of
M; were missing probably due to chemical exchange
broadening. The appearance of the 2D HSQC spectra of NGF
resembles closely that of spectra of other folding intermedi-
ates such as the molten globule @flactalbumin. In this
case, both for the pH 2 state at equilibrium and for the kinetic
molten globule under refolding conditions, the majority of
cross-peaks were missings, 26). A molten globule-like
structure of M, however, is unlikely since, for example, the
far-UV CD spectra of M and M, are superimposable (data
not shown).
The time dependence of the intensities of those cross-peaks
. . of Mo, which do not overlap with resonances of,Vevealed
105 102 @ ' uniform unfolding rates. Seventeen signals could be analyzed
T - & with an average unfolding rateof 0.28 4+ 0.03 h'. Two
of these kinetics are shown in panels C and D of Figure 6.
They were derived from cross-peaks marked by boxes C and
- - : D in Figure 5. The decay of M(Figure 6A) could be
9.0 8.7 8.4 8.1 monitored by the signal in box A, giving a rate constént
’ i ’ ’ of 0.29+ 0.05 ht. These coinciding rate constants moni-
H [ppm] tored by reporters of the Mand M, state indicate that no
FIGURE 5. H—15N HSQC spectra of uniformly®N-labeled NGF further, detectable kinetic intermediate is populated during
in 6 M GdnHCI at 45°C. The spectrum of completely unfolded  the M; to M. transition.
intermudate M aiate derived after deconvolution of the 20 real. _Caracterization of the Structural Differences of the M
time NMR experiment is colored red. Cross-peaks, for which a and M States.Three experimental observatlons verify
kinetic analysis is provided in Figure 6, are denoted with boxes Structural differences between;Mnd M. First, both states
(A—D). The inset shows the horizontally shifted side chain can be separated by RP-HPLC. Second, differences in the
resonances of Trp. dispersion of théH resonances in the 1D spectra exist. Third,
missing cross-peaks in the 2D HSQC spectrum gfiiére
constant observed by the HPLC approach at’@5(0.28  observed. However, far-UV CD spectroscopy of the two
h™) (Figure 3A). states revealed no differences in the secondary structure level
2D NMR Studies for the MState and the Transition to  (data not shown). To gain further insight into the structural
M of NGF. Unfolding of mature NGF has been studied by differences between the two states, the kinetics of reduction
1D real-time NMR (7). To increase the resolution of the of M; and M, species were monitored by RP-HPLC (Figure
NMR spectra, unfolding of uniformly labeledN-NGF at 7). Reduction with 100 mM DTT was 30 times faster with
45 °C in 6 M GdnHCI was monitored by a set of 28 2D M, than with M, pointing to a better accessibility of the
IH—N HSQC spectra over 24 h. These 2D spectra again disulfides in M. Accordingly, the residual structure in the
contained cross-peaks of the ind M, states, which could M, species is most likely close to the cystine knot, preventing
be deconvoluted via unfolding kinetic2Q, 21). The result fast reduction evenni 6 M GdnHCI. We suggest that the
is plotted in Figure 5. Black contours represent the cross- integrity of this residual structure in Mpresents a nucleation
peaks of M, which is simply the last 2D spectrum recorded structure enabling the much faster and more complete
after completion of the unfolding reaction. Red resonances refolding from M, than from M in both mature mouse NGF
result from the amides of the Mstate. The cross-peaks (16) and human proNGF (data not shown).
around 10 ppm originate from the“Hprotons of the three Renaturation of ProNGF from the MBtate.If M , species
tryptophan side chains of NGF (inset of Figure 5). Their would represent species in which the N-terminus had
chemical shifts and intensities match exactly those of the threaded out of the cystine knot, the reverse reaction, i.e.,

122

126
"N [ppm]

130

reported 1D spectrum of the Mand M, states 17), refolding of proNGF, would be inhibited. Therefore, we
confirming the reproducibility of these real-time NMR analyzed the time-dependent renaturation of proNGF starting
experiments. from the M, state. For quantification of refolding kinetics

The most prominent cross-peaks of the backbone and sidefrom M, the fully denatured protein was refolded by dialysis
chain amides of M(red in Figure 5) are located at chemical against refolding buffer. However, refolding of proNGF at
shifts, where M shows resonances as well. The few high protein concentrations 60 uM) was accompanied by
exceptions are the already mentioned Hroton of three aggregation. Thus, to suppress aggregation, refolding was
tryptophan side chains, the cross-peak marked by box A ininitiated by rapid dilution of small amounts of denatured
Figure 5, and some side chain resonances between 120 angrotein into refolding buffer to final concentrations of
122 ppm. They indicate not completely unfolded regions in approximately 8&M. Refolding was monitored by RP-HPLC,
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Ficure 6: Time-dependent intensities of the four cross-peaks indicated in the 2D HSQC spectra of NGF recorded during the unfolding
reaction. Single-exponential fits are given as solid lines. (A) Decay of thetMe with a rate constant of 0.290.05 h'L. (B) Invariant

NMR intensity with unfolding time. (C and D) Increase in the level of of thgdthte with rate constants of 0.270.03 and 0.26+ 0.04

h=1, respectively.

100 - s the total protein concentration, indicating that no aggregation
® o J, had taken place during the refolding reaction.

To confirm that natively folded protein had been obtained,
the refolded species were analyzed by fluorescence, far-Uv
60 CD spectroscopy, and analytical ultracentrifugation. All
analyses revealed inhomogeneous protein populations (data
40 - not shown). Hence, it was necessary to further purify the
native species. Since only a dimeric species is supposed to
20 - represent the correctly folded conformation, purification was
based on the separation of the dimeric species from mono-
0 . . . . ’ —— meric species by size exclusion chromatograhit§). The

00 02 04 06 08 10 25 50 75 far-UVv CD spectrum of the purified dimeric protein was
time (h) almost superimposable with that of native proNGF (Figure
FIcURE 7: Kinetics of reduction of proNGF in the MO) and M 9A). Furthermore, the fluorescence spectra of the refolded

state @) in 100 MM DTT, 6 M GdnHCI, 50 mM sodium phosphate, protein and the reference, native proNGF, were nearly

80 1

fraction reduced proNGF

and 1 mM EDTA (pH 7.0) at 20C. Quantification of M, M5, identical (Figure 9B). These results demonstrate that proNGF
and the reduced species was performed as described in Materialsefolded from M contains the same secondary and tertiary
and Methods by RP-HPLC. structure elements as the starting material. Further analysis
a method that allows differentiation between only khd by analytical ultracentrifugation demonstrated t_he dimeric
My, since under the HPLC buffer conditions native protein State (data not shown) as already shown for native proNGF
is immediately converted to M17). However, since Mis )-

in rapid equilibrium with native species, the technique is  For quantification of the refolding yields, peak areas of
suitable for monitoring refolding from M(17) (Figure 8A). the dimeric species obtained by SEC were calculated. A total

With a prolonged incubation under refolding conditions, yield of ca. 30% native proNGF was determined (data not
the peak area representing lgradually decreased (Figure shown). A refolding yield of 30% did not correlate with that
8A). Concomitantly, the earlier eluting peak representing M determined by RP-HPLC (peak areas representifg F5%)
species increased. From the peak areas, the ratios of the twdFigure 9B). This indicates that the{\peak also contains
folding species were calculated. The decrease in the amounbesides native proNGF unproductive folding intermediates,
of M and the increase in the amount of refolded species which resemble under RP-HPLC conditions the $fate.
were analyzed as a first-order reaction (Figure 8B). A rate Native proNGF obtained upon refolding of,M/as addition-
constantk of 0.083 h' was determined. The yield of ally analyzed by unfolding kinetics. Here, the refolded protein
conversion was 75%. The sum of both peaks correlated with without subsequent purification was tested. Unfolding was
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FIGURE8: Refolding of proNGF from the Mstate. Refolding was ~ FIGURE 9 (A) Far-UV CD spectra of proNGF (0.55 mg/mL) in
performed at a concentration of 2@@/mL in 50 mM sodium 50 mM sodium phosphate (pH 7.0) in a 0.5 mm cuvette a0

phosphate (pH 7.0) and 1 mM EDTA at 2@ (residual GdnHCI ~ (B) Mz-refolded proNGF ande) native proNGF. (B) Fluorescence
concentration of 35 mM). At different time points, aliquots were SPectra (1Qug/mL) in 50 mM sodium .phosphate (pH 7.0) and 1
withdrawn and analyzed by RP-HPLC. (A) RP-HPLC chromato- MM EDTA upon excitation at 280 nm:~) M-refolded proNGF
grams during refolding of proNGF from thedtate. (B) Refolding ~ @nd ¢ — —) native proNGF.

kinetics monitored by RP-HPLC. Peak areas of (&) and M, ) o .
(®) were fitted to a first-order reactiotk & 0.083 hrY). pro-peptide of NGF does not significantly retard the transition

from M; to M,. A retarded unfolding would have been

induced by chemical denaturation with GdnHCI and moni- expected if loop threading were occurring since then the
tored by fluorescence spectroscopy. The same unfolding ratdonger N-terminal sequence would require more time to slip
constant was observed as with the reference, but only ca.through the ring. Second, the Mtate of proNGF can be
30% of the expected amplitude, a finding that corresponded refolded to the native form. Refolding to the native confor-
well with the renaturation yield of 30% determined before mation with a yield of 30% cannot be reconciled with loop
by gel filtration. threading, since the N-terminal sequence would first have

NGF contains three proline residues: Pro5, Pro61, andto find the ring and then have to pass through it. Third, NMR
Pro63. The crystal structure of Pro5 shows a trans conforma-analyses showed in the ;\Mstate residual structures. Loop
tion (8). The states of Pro61 and Pro63 are located in the threading would predict that Mand M, differ only by a not
loop region of the cystine knot, which is not resolved in yet slipped N-terminal sequence through the cystine knot of
cocrystallizations of NGF with either TrkA or p73,(9). the fully unfolded polypeptide chain. Therefore, the NMR
The crystal structure of mouse NGF, which contains one spectra of both NGF and proNGF in the, nd M, states
conserved proline residue in the cystine knot, reveals thatshould be almost identical, which was not the case. Fourth,
this prolyl bond is also in the trans conformation).(To the residual structure in Mvhich is most likely located close
test whether slow unfolding may reflect eigans isomer-  to the cystine knot is probably responsible for the slow
ization(s) of one or more proline residues, several well- unfolding.
known proline isomerases, cyclophilin 12, FKPB 18, and  Recently, an unfolding intermediate possibly similar to M
SlyD, were tested for their ability to accelerate the refolding was described for FGF-1 from newt (nFGF), an/kheet
rate. None of the isomerases resulted in an acceleration ofgrowth factor devoid of disulfide bond®7). Renaturation
the refolding reaction of proNGF (data not shown). Never- from the intermediate state was almost fully reversible.
theless, proline isomerization(s) as a reason for the very slowProlonged incubation under denaturing conditions led even-
refolding kinetics cannot be fully ruled out since the tually to complete unfolding because renaturation from this
accessibility of the isomerases to the proline residues maysecond state was incomplete. The authors interpreted the slow
be sterically hindered. unfolding as a final rearrangement of a hydrophobic core.

Several lines of evidence have been collected in this work This description of another slow unfolding protein lacking
that argue against a loop threading mechanism that has beedisulfide bridges and the results presented here render a loop
postulated to underlie the slow unfolding of NGF. First, the threading mechanism very unlikely. Rather, evidence that
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NGF and proNGF may unfold via a partially structured

intermediate was collected. Since neurotrophins share a high
degree of sequence and structure homology, presumably, loop

threading may not underlie the slow unfolding of the other
members of this family.
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