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Summary the achievement of this project.

Within this granted year, we have found that the reactions of protein spontaneous folding and
diffusion-limited aggregation are antagonistic in nature. Therefore, we reported this phenomena and
published in Biochemical and Biophysical Research Communication (2005) (reference 1). Meanwhile,
we also found that this antagonistic reaction can be found not only in Lysozyme system but also in
Growth hormone system. Namely, this reaction may be an universal behavior during the protein folding.
We reported this finding to Journal of Cell biochemical and Biophysics and the manuscripts is under
revision now (reference 2). We also wrote a review article to summarize the current real protein folding
mechanism and this will be published in “Protein folding: new research” (2006) (reference 3).

In the coming granted years we will focus on the mechanism studies of the factors, such as solvent
and/or intrinsic amino acids, that will affect the protein aggregation process.

Besides the fundamental studies of protein folding, we also found that we can change the properties
of protein and turned into magnetic one. This has been report in Biochemical and Biophysical Research
Communication (2006) (reference 4). Meanwhile, this protein revealed self-assembly property and
formed protein rod in restricted nano-patterning silicon substrate. This has been accepted to publish in
Applied Physics Letter (2006) (reference 5).
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Recombinant growth hormone folding: an antagonistic reaction of spontaneous folding and
diffusion limited aggregation.

Abstract:

The molecules in a protein solution, like any other particles in a solution, undergo Brownian motion
and collide with each other constantly. The collisions may lead to protein precipitation when the
situation favors aggregation.  Thus for proteins to fold successfully in solution, the process has to
complete before any significant collisions take place. We estimated the folding time of recombinant
growth hormone (rGH) by studying the correlation time of a direct folding process from autocorrelation
function analysis of the mean collision time and aggregation/soluble ratio of protein. It gives an
estimate of the time limit before the protein aggregates. It is also a measure of time during which the
protein folds into a stable state.

We found the protein folding stabilizing time of rGH system to be 29.7 to 14.8 us (<+4%) between
309 to 293 K via direct folding experimental studies, supported by a three-dimensional random walk
simulation of diffusion limited aggregation model.  Aggregation is suppressed when the protein is
folded to a stable form. Meanwhile, the optimal reaction temperature is at 301 K.  Spontaneous
folding and diffusion-limited aggregation are antagonistic in nature.  The resultant aggresome, as
suggested by Raman and mass spectroscopy, may have been formed by cross linkages of disulfide bonds

and hydrophobic interactions.



Introduction:

During the protein folding process, some critical structures of protein may be formed sequentially
in nano- to micro-seconds (1). The sequential folding phenomenon may reveal a possible and
important mechanism of the initiation stage of protein folding (2). However, the observation of
conformational reshuffling (3) and the formation of disulfide bridges (4, 5) during subsequent folding
processes indicate the possibility of conformational instability during the initial folding stage. Thus,
how soon a protein can stabilize itself becomes an important issue in its folding process.

The conformational instability of protein leads to intermolecular aggregation during a protein
folding process (6). Such instability can induce protein conformational changes and aggregations,
which subsequently, leading to diseases (7). These aggresomes may be caused by hydrophobic
interactions and/or intermolecular disulfide bonds formation. However, these aggregation processes do
not occur in low concentration (8), and hence they may be regulated.

According to the first-order-like state transition model, proteins may undergo multiple folding
paths from an unfolded state to a native state (3, 9~12). However, when the protein is folded in a
non-continuous manner (i.e. reaction crosses state transition line) both unfolded state and molten globule
state can be observed at the same time when the reaction reaches a thermal equilibrium (3).
Conventional ultra fast folding studies (13~15) have focused their attention on the protein structural
information rather than its stability, i.e., more from a static rather than a dynamic viewpoint. Therefore,
small peptides (13,14) or single domain of proteins (15) were studied to avoid the complexity of real
protein folding. However, it remained unclear whether a real protein was stable during the course of
such experimental approaches. It is thus important to reveal the folding mechanisms via various proper
folding paths and observe their stability and time courses.

As indicated by energy landscape model (16), protein may be trapped into local energy minima
during the course of protein folding. However, most of the protein should culminate in the native state,
the lowest energy state. Thus, for such a single particle system as in protein folding, the native state
should be the most probable state to be observed. On the contrary, in a high concentration system,
most of the protein will aggregate during the folding process in vitro (8). The size of the clustered
aggregation is larger than those held together by regular, weaker forces, and thus may cause
precipitation (10,11). The kinetic mechanism of the aggregation is likely to be a diffusion limited
aggregation process (17, 18). Forrest and Witten have further described the process by a density
correlation of power-law form (19). Previous experiments have indicated that there was no aggregation
of unfolded protein observed in lower concentration (8). The limitation on aggregation may be
described by an order parameter proposed to indicate the status of a protein folding (3). Namely, the
protein may spontaneously fold or self-assemble into a stable state, during the diffusion process.

To verify this proposed mechanism, both experimental approaches and three-dimensional random
walk simulations have been studied. Direct folding study of recombinant growth hormone (rGH) and
autocorrelation analysis indicate that the spontaneous folding time is around 29.7 to 14.8 us. The
optimal folding temperature is 301 K. Molecular simulation results suggest that the protein folding



reaction is a competitive process between self-stabilization (spontaneously folding) and diffusion limited
aggregation (DLA). The formation of aggresomes can be ascribed to mis-linkages of disulfide bonds
and hydrophobic interactions, as observed from MALDI-TOF mass spectra and Raman spectra.

Material and Methods
Materials and buffers:

All chemicals were obtained from Merck Ltd. (Rahway, NJ). Denature/unfold buffer contains 4.5
M urea with 10 mM Tris base, 0.1 M dithiothreitol (DTT), 0.1 % mannitol and 0.5 mM protease
inhibitor - Pefabloc. The native buffer is 10 mM Tris HCI at pH 8.8.
Expression of recombinant fish growth hormone.

E. coli carrying recombinant yellow grouper growth hormone (rGH) expression plasmid was
obtained from Dr. C. Y. Chang and was grown in LB broth until the optical absorption at ODgg reached
0.3. Cells were then grown in LB media with the supplement of 0.1 mM IPTG at 37 °C for 16 h.
Purification of inclusion body.

The protocol used for the isolation of inclusion body from E. coli and the unfolding was based on
our previously described procedures (11). E. coli was harvested by centrifugation at 12000 g for 3 min.
The cell pellet was resuspended and mixed well with ice-cold water and lysed with a cell disruptor
(Constant System Ltd. nortnants, u).  Total cell lysate was separated into soluble and insoluble portions
by centrifugation at 12000 g for 3 min.  The inclusion body was collected and washed twice with
ice-cold double-distilled H,O.

Direct folding path.

The unfolded rGH (U), 41.4 mg/mL, was obtained by treating the rGH inclusion body with
denaturing/unfolding buffer. This solution was left at room temperature for one hour and then was
centrifuged at 12000 g for 3 min.  Then direct dilution of unfolded rGH into 100 fold native buffer,
mixed well at defined reaction temperature. The protein concentration in the soluble portion was
determined by UV spectrometer at 277 nm with the extinction coefficient of rGH (11) and the dilution
effect was calibrated with a serial dilution curve.

Reduction/oxidation state of sulfur group of cysteine monitored by micro-Raman spectroscopy.
Raman experiments were carried out with the Ranishow 1000 micro-Raman system (Ranishow Plc,
Gloucestershire, UK). Five uL rGH solutions of varying folding states (10 mg/mL) were lyophilized
onto the surface of a platinum plate. The Raman spectra were collected around 2570 and 516 cm™.
They represent the stretching frequencies of the S-H bond (vs.4) of the reduced cysteine and the S-S
bond (vs.s) of the oxidized cystine of rGH, respectively (2, 20). The wave numbers of the Raman
spectra were calibrated with silicon oxide. Each spectrum was compared with the same folding state
buffer to identify the signal of protein and solvent, respectively.
MALDI-TOF mass spectrometry.
The samples were prepared by mixing equal volume of matrix solution of



a-cyano-4-hydroxycinnamic acid (CHCA) (20 mg/mL) (Aldrich) in pure methanol and an analyte
(protein) solution. A volume of one uL of the solution was deposited on a stainless sample probe and
allowed to air-dry. Mass spectra of positively charged ions were acquired on a Bruker Autoflex
instrument (Bruker Daltonik, Germany) operated in the linear mode. A total of 500-2500 single-shot
spectra were accumulated from each sample. The laser power was adjusted to 37-38%. The
acceleration voltage was 20 KV. The Flex analysis software packages (Bruker Daltonik, Germany)
were used for data processing.

Molecular simulation.

The protein particles were randomly distributed in a defined three-dimensional box with a
periodical boundary in our simulations.  The size of the simulation box is determined by the cubic root
of particle numbers multiplied by the mean distance between each protein. In order to reduce the
calculation time, we use a periodical boundary for the simulation space. The optimal particle number
for molecular simulation is 216 and the mean distance between each protein can be determined from the
initial concentration of protein that indicated previously. The particles are allowed to move randomly
and the span of each step is fixed and the relative walking time can be converted from Equation 6
(Results and Discussions).  The gyration radius of particle is shrunk from 2.47 fold to native radius by
a function of temperature dependent-exponential decay. Due to the gyration radii shrink, the
aggregation activation factor was set as the similar equation (eg. 3 on next page). The rest of the
protein particles, not interacting with each other, are treated as the ones spontaneously fold. By
comparing the starting number of particles and the number of particles that remained (the number of
spontaneous folds), the protein aggregation fraction can be obtained.

Results and discussion:
Protein mean-collision/stabilization time determination by initial concentration of unfolded
protein.

In order to measure protein stabilization time directly, we conducted experiments to fold the
proteins by way of direct folding path (3). The concentrations of the protein, diluted by native buffer,
can be transformed to the mean-distance ( X ) between the proteins. According to a model of the three
dimensional random-walk, the mean distance (X ) is equal to the root mean square distance (Xums); and
the mean collision time for the protein diffusing across this distance can be determined by following

equations.

_ 1 1
X & Xy =(X?)2 =(6D1)2 (Eq. 1)
where D denotes the diffusion constant of protein as defined in Eq. 2,
KT
= (Eq. 2)
67nR,

where n denotes the viscosity of the protein solution. In this study, n assumes the viscosity of water (1
cp) since it does not change much in diluted condition (3). Ry denotes the effective hydration radius of
the protein.  According to our and other studies, the unfolded protein is about 2.47 times larger than its



native protein (3, 9~12); and the radius of protein may be reduced by a function of exponential decay
(21). Therefore, in this paper, we set the value of hydration radius of rGH from 7.53 nm to 2.75 nm
(Ro) and the function of Ry as:

Ru(t) = Ro(1+1.47¢) (Eq. 3)

where c is the hydration radius collapse factor and the optimal value is 0.01 as described in the
simulation section.

Therefore, the mean collision time during protein diffusive process can be expressed as following:

1.47X2 xe™™ —6Dt+ X2 =0 (Eq.4)

rms

CXI’ZITIS
6D, v 2
CXZ + 6D0ProductLog[l'47CZD ers]
t= 5D 0 (Eg. 5) where ProductLog can be expanded as
c 0
following,
_Kins
6Dy v 2 2 2y 4 3y 6
ProductLog[1'47ce ers]: 0.245cX,,, 0.1c z(rms N 0.04552 Xems (Eq. 6)
6D, D, D; D

Therefore, the mean collision/diffusion time for a specified initial concentration of unfolded protein
can be determined and their values are 10.23 s for 0.414 mg/ml and 119.12 ps for 10.35 ug/ml at 301
K, as an example. The mean collision time is also an upper limit for protein folding in the diffusive
processes. Namely, if proteins do not fold and settle into a stable state during this period, they may
aggregate and precipitate consequently.

Both aggregated and soluble protein can be observed in direct folding path.

RGH of varying concentration were unfolded in the unfolding buffers (10, 11) and then mixed
rapidly with 100-fold native buffer (3, 10) by ultrasonication. Re-folding was then followed.

In order to test the temperature effect of direct folding reaction, the reaction mixtures were
incubated at 293, 297,301, 305 and 309 K environments for 1 hour to reach equilibrium. This
equilibrium time is 10° to 10° folds longer than the conventional protein folding studies (22~24).
Therefore, the aggregation reaction has reached its equilibrium state. When the direct folding reaction
reached equilibrium, the protein concentration in the soluble portion was determined by UV
spectrometer. The aggregation fraction is equal to [1- (soluble protein/total protein)]. As described
previously, the mean collision time for the rGH folding in 0.414 mg/ml was estimated to be 10.23 ps at
309 K. However, from the result shown in Figure 1a, the fraction of aggregation was found to be 0.70
at a mean collision time of 10.23 us. It means that at this time, most of the protein was still in solution
and not folded. = However, when the initial concentration is decrease to 10.35 pg/ml the mean collision
time was estimated to be 119.12 us at 301 K.  This time period is long enough for rGH to fold into
stable state as the fractions of aggregation is decreased to 0.02 (Figure 1a). This 2% precipitation
should be considered as system back ground for the protein molecules mixed well into the solution.



Meanwhile, in macroscopic experiment, it is impossible to synchronize all the particles of the proteins to
fold from unfolded state to native state at the same time. Therefore, direct measurement from half
fraction of protein aggregation is not rational. However, the aggregation reaction time relationship can
be revealed by the autocorrelation function (ACF) of the protein aggregation fraction. Therefore, the
function can be expressed as follows:

I'(At)=<C(t) » C(t-At)> (Eq. 7)
where C(t) denotes the aggregation fraction at timet. The At denotes the time interval between the
observations. According to equation (7), the value of T'(t) is the half-width of the ACF (25) (Figure
1b). The 7., the aggregation correlation time, is the time required for rGH to stabilize itself in a folding
process. Itisaround 29.7 to 14.8 us at 297K and 301 K, respectively, no matter whether the
experimental reaction was synchronized or not. Thus in low concentrations, proteins have a chance to
fold into a stable form before any collisions to occur.  This may provide a reasonable interpretation at a
molecular level for previously observed studies (8). Meanwhile these correlations among precipitation
fractions versus lag time (At) can fit with logistic function (Figure 1b) very well.  This function is a
modified power law and this is consistent with Forrest and Witten’s description (19). Namely, the
aggregation of protein in the direct folding path protein obeys diffusion limited aggregation (DLA)
model. However, during the folding reaction the thermal fluctuation may delay the folding process.
There will be an optimization folding temperature, 301K of the direct folding process (Figure 2).
Therefore, a DLA process is competing with the spontaneous folding process in a direct folding reaction
in certain temperature. The detailed reaction mechanism will be elaborated in the simulation section
below.

By comparison with the model of first-order-like state transition, the forbidden region of direct
folding reaction may have been caused by the interactions among unfolded proteins. An over critical
reaction regulated by solvent environment and denaturant may play a role to avoid effective collision
between proteins and protein folds spontaneously during this period (10). These may explain the
possible mechanism and function of molecular chaperons (3, 9~12) that help with protein folding.

Three dimensional random walk simulation revealed that spontaneous folding
and aggregation are antagonistic in nature.

In order to reveal the molecular interaction during protein folding process, a three dimensional
random walk simulation is used in this study. This model is quite different from Eden’s model (19), the
distribution of protein particles was considered as randomly distributed in a defined three-dimensional
box with a periodical boundary. The size of the simulation box is determined by the particle numbers
of simulation and the mean-distance X of Equation 1. The protein particles are considered to be in
constant Brownian motion as described in Equations 1 and 2.  Therefore, the event of protein collision
can be monitored and be analyzed. In order to simulate the protein spontaneous folding process during
the diffusion time an activation factor of protein aggregation was introduced as follows:

—t

et Eq. 8
A = g —273) (Ea. 8)



where t denotes the folding time constant and the value is 500; T denotes the reaction temperature in
Kelvin. We set the threshold to be 0.1. If the value A is lower than the threshold, proteins will not
interact with each other.

From the simulation, we found that the aggregation fractions were similar for different numbers of
particles (n). The optimal number of particles for simulation is about 216 for a reasonable amount of
calculation time. We also find that those simulation results can fit well with our experimental results
(Figure 1a). These suggested that the driving force for the unfolded proteins to move in the solution is
thermal fluctuation and they move randomly. Meanwhile the particle size of protein (the hydration
radius) shrinks during the diffusive process as indicated in Equation 3. By comparing the functions of
activation factor (Equation 8) and mean collision time (Equation 6), we can find that the aggregation
activation factor decreases faster than collision time when the reaction temperature is raised. However,
the V shape of the trend of the correlation time (t¢) versus the reaction temperature (Figure 2) indicated
that the reaction rate of protein spontaneously folding is not significantly faster than DLA. Therefore,
we may conclude that the direct folding process of protein is a competitive process between a
spontaneous folding and diffusion-limited aggregation (DLA).

Aggresome caused by intermolecular disulfide bonds and hydrophobic interactions in vitro.

In order to reveal the protein aggregation mechanism, both Raman and MALDI-TOF mass
spectroscopy have been used. Raman spectra indicated that an aggregated rGH contained both oxidize
disulfide bonds and reduced SH bonds (Figure 3). However, the soluble rGH obtained in the same
reaction contained oxidized disulfide bonds only (Figure 3). These results implied that the
intermolecular mis-linked disulfide bonds might exist in the aggresome. By sonicating these
aggresome with an amphiphilic solvent acetonitrile, part of these aggregates can be dissolved. This
indicates hydrophobic interaction plays important role in aggresome formations. The
acetonitrile-soluble proteins can be analyzed with MALDI-TOF mass spectrometer, indicating that
stable monomer, dimer, trimer and tetramer of rGH could be observed (Figure 4) in the precipitated
portion, but not in the soluble portion (data not shown). Therefore, these aggregates of rGH are caused
by disulfide mis-linkages and hydrophobic interactions in vitro. However, a native aggresome, such as
inclusion body of E. coli, did not show to contain oligomer of proteins by using the same procedures
(data not shown). Comparing both in vitro and in vivo experiments we conclude that the hydrophobic
interaction is the majority factor for aggresome formation. Therefore, suitable protection chaperons
and enzymes preventing mis-linked disulfide bonds formation are necessary in vivo.

In summary, this is the first study by which the stabilization time of protein folding has been
observed directly and quantified. It is around 29.7 to 14.8 us, depending on the reaction temperature.
The protein folding mechanism in a cell free system is an antagonistic reaction between spontaneous
folding and DLA. The aggregation of protein during folding process may be caused by disulfide bonds
mis-linkage and hydrophobic interactions.

Acknowledgements
This study was supported in part by grants NSC 94-2112-M-009-039 (to CCC), NSC



94-2120-M-001-008 (to LSK) and Academia Sinica, Taipei, Taiwan.

References:

1. Bieri, O., and Kiefhaber,. T. (1999) Elementary steps in protein folding. Biol. Chem. 380, 923 —-929

2. Roder, H., and Coldn,W. (1997). Kinetic role of early intermediates in protein folding. Curr. Opin.
Struct. Biol. 7, 15-28.

3. Chang, C.-C., Yeh, X.-C., Lee, H.-T., Lin, P.-Y. and Kan, L.-S. (2004). Refolding of rGH by
quasi-static and direct dilution reaction paths: a first order like state transition. Phys. Rev. E. 70,
article No. 011904.

4. Saito, E. K., and Scheraga, H. A. (2001) Folding of a Disulfide-Bonded Protein Species with Free
Thiol(s): Competition between Conformational Folding and Disulfide Reshuffling in an Intermediate
of Bovine Pancreatic Ribonuclease A. Biochemistry. 40, 15002-15008.

5. Welker, Wedemeyer, E., W., Narayan, J. M. and Scheraga, H. A. (2001) Coupling of Conformational
Folding and Disulfide-Bond Reactions in Oxidative Folding of Proteins. Biochemistry. 40,
9059-9064.

6. Booth, D. R., Sunde, M., Bellotti, V., Robinson, C. V., Hutchinson, W. L., Fraser, P. E., Hawkins, P. N.,
Dobson,C. M., Radford, S. E., Blake, C. C. and Pepys,. M. B. (1997) Instability, unfolding and
aggregation of human rGH variants underlying amyloid fibrillogenesis. Nature. 385, 787-793.

7. Carrell, R. W., and Gooptu, B. (1998) Conformational changes and disease--serpins, prions and
Alzheimer's. Curr Opin Struct Biol. 8, 799-8009.

8. Kuwajima, K. (1989) The molten globule state as a clue for understanding the folding and
cooperativity of globular protein structure. Proteins. 6, 87-103.

9. Chang, C.-C., Cheng, M.-S., Su, Y.-C. and Kan, L. S. (2003) A first-order-like state transition for
recombinant protein folding. J. Biomol. Struct. Dyn. 21, 247-255.

10. Chang, C.-C., Su, Y.-C., Cheng, M.-S. and Kan, L.-S. (2002) Protein folding by a quasi-static-like
Process: A first-order state transition. Phys Rev E. 66, article No. 021903.

11. Chang, C.-C., Tsai, C. T., and Chang, C. Y. (2002) Structural restoration of inactive recombinant fish
growth hormones by chemical chaperonin and solvent restraint approaches. Protein Eng. 5, 437-441.

12. Liu, Y.-L., Lee, H.-T., Chang, C.-C., and Kan, L.-S. (2003). Reversible folding of cysteine-rich
metallothionein by an over-critical reaction path. Biochem. Biophys. Res. Commu. 306, 59-63.

13. Hansen, K. C., Rock, R. S., Larsen, R. W. and Chan, S. I. (2000). A general method for
photoinitating protein folding in a non-denaturing environment. J. Am. Chem. Soc. 122, 11567
-11568.

14. Chan, C. K., Hu, Y., Takahashi, S., Rousseau, D. L., Eaton, W. A., Hofrichter, J. (1997)
Submillisecond protein folding kinetics studied by ultrarapid mixing. Proc. Natl. Acad. Sci. 94:
1779-1784.

15. Clarke, D. T., Doig, A. J., Stapley, B. J. and Jones, G. R. (1999) The alpha-helix folds on the
millisecond time scale. Proc. Natl. Acad. Sci. 96, 7232-7237.



16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

Dill, K. A. (1985). Theory for the folding and stability of globular proteins. Biochemistry. 24,
1501-1509.

Garcia-Mata, R., Bebok, Z., Sorscher, E. J. and Sztul. E. S. (1999). Characterization and dynamics of
aggresome formation by a cytosolic GFP-chimera. J. Cell Biol. 146, 1239-1254.

Forrest, S. R. and Witten, T. A. (1979) Long-range correlations in smoke-particle aggregates . J. Phys.
A. 12: L1009.

Witten, T. A. Jr., and Sander, L. M. (1981) Diffusion-limited aggregation, a kinetic critical
phenomenon. Phys. Rev. Lett. 47, 1400-1403.

Freeman, S. K. (1974). Applications of laser Raman spectroscopy. Wiley-Intersciences publication,
John Wiley& Sons. Inc. New York.

Dill, K. A., Chan, H. S. (1997) From Levinthal to pathways to funnels. Nat Struct Biol. 4, 10-19.
Williams, S., Causgrove, T. P., Gilmanshin, R., Fang, K. S., Callender, R. H., Woodruff, W. H. and
Dyer, R. B. (1996) Fast Events in Protein Folding: Helix Melting and Formation in a Small Peptide.
Biochemistry. 35, 691-697.

Munoz, V., Thompson, P., Horfrichter, J. and Eaton, W. A. (1997) Folding dynamics and mechanism
of B-hairpin formation. Nature. 390, 196-199.

Jaenicke, R. (1999) Stability and folding of domain proteins. Prog. Biophys. Mol. Biol. 71, 155-241.
Reichl, L. E. (1998) A model course in statistical physics. Wiley-Intersciences publication. John
Wiley& Sons. Inc. New York.

10



Figure legends:

Figure 1. Fraction of protein aggregation versus diffusion collision time at various temperatures. (a) T
=301 K. The solid squares and dotted line denoted the experimental results and the simulation
results, respectively. (b) The auto-correlation function of the fraction of protein versus diffusion
collision time. The horizontal and vertical lines in the Figure denoted the fitting of the
auto-correlation function by logistic function. The 1. represented the correlation time for which

(1)=1/2 T(0).

Figure 2. The temperature dependent protein folding time.

Figure 3. Raman shift of rGH aggregates and soluble form. (a) The S-S (vs.s) stretching region. (b)
The S-H (vs.p) stretching region.  The gray line and black line denoted precipitated and soluble
rGH, respectively.

Figure 4. MALDI-TOF mass spectra of acetonitrile soluble rGH aggregates. The molecular weight of
rGH. is 22.32 KD. There are monomer, dimmer, trimer and tetramer of the rtGH. Where the m

denoted the molecule of rGH.
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Figure 3b.
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Figure 4.
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