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ABSTRACT: Multidose protein formulations require an effective antimicrobial preservative
(AP) to inhibit microbial growth during long-term storage of unused formulations. m-cresol (CR)
is one such AP, but it has been shown to cause protein aggregation. However, the fundamental
physical mechanisms underlying such AP-induced protein aggregation are not understood. In
this study, we used a model protein cytochrome c to identify the protein unfolding that triggers
protein aggregation. CR induced cytochrome c aggregation at preservative concentrations that
are commonly used to inhibit microbial growth. Addition of CR decreased the temperature at
which the protein aggregated and increased the aggregation rate. However, CR did not perturb
the tertiary or secondary structure of cytochrome c. Instead, it populated an “invisible” partially
unfolded intermediate where a local protein region around the methionine residue at position
80 was unfolded. Stabilizing the Met80 region drastically decreased the protein aggregation,
which conclusively shows that this local protein region acts as an aggregation “hotspot.” On the
basis of these results, we propose that APs induce protein aggregation by partial rather than
global unfolding. Because of the availability of site-specific probes to monitor different levels
of protein unfolding, cytochrome c provided a unique advantage in characterizing the partial
protein unfolding that triggers protein aggregation. © 2011 Wiley-Liss, Inc. and the American
Pharmacists Association J Pharm Sci 100:1679–1689, 2011
Keywords: physical stability; protein structure; protein unfolding; protein aggregation;
antimicrobial preservative; proteins; spectroscopy; formulation; cytochrome c; cresol

INTRODUCTION

Approximately one-third of pharmaceutical formula-
tions are of multidose.1 Multidose protein formula-
tions are desirable for reasons of economics, patient
compliance, and safety. Therapeutic proteins provide
numerous unique and critical treatments for human
diseases and conditions. However, if a protein product

Abbreviations used: AP, antimicrobial preservative; CR, m-
cresol; Cyt c, Cytochrome c; FTIR, Fourier-transform infrared spec-
troscopy; GdmCl, guanidinium chloride; �G, Gibb’s free energy
or thermodynamic stability; m-value, slope of the decrease of �G
with denaturant concentration; NMR, nuclear magnetic resonance;
Tm

Agg, midpoint aggregation temperature; aggregation “hotspot,”
a local protein region whose unfolding leads to protein aggregation
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cannot be stabilized adequately, its benefit to human
health will never be realized. A shelf life of 18–24
months is required to make a typical protein phar-
maceutical product economically viable.2 Because of
the risk of microbial growth after the first dose has
been removed from the product vial, multidose formu-
lations require an effective antimicrobial preserva-
tive (AP).1,3,4 Protein formulations that contain APs
are critical for many therapeutic and vaccine appli-
cations. Preservatives are also required for drug de-
livery systems such as injection pens that are used
in multiple doses,5 mini pumps that are used for con-
tinuous infusion,6 and topical applications for wound
healing.7

m-cresol (CR) is an effective AP and is used at low
levels (0.3%) in peptide and protein formulations.1,4,8

However, CR has been shown to cause protein
aggregation,4,9–13 leading to a decreased concentra-
tion of the functional monomer. More often, these
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protein aggregates induce serious immunogenicity
and toxicity.14–17 The fundamental physical mecha-
nisms underlying such preservative-induced protein
aggregation remain less understood. A mechanistic
understanding of these processes is needed to de-
velop rational approaches to inhibit the aggregation,
which will help in selecting the right AP for multi-
dose protein formulations and drug delivery systems.
Earlier studies have shown that these preservatives
do not significantly alter the global protein structure
and stability,18–21 and it has been proposed that par-
tial protein unfolding might be the factor that trig-
gers protein aggregation. In this paper, we tested this
hypothesis by studying CR-induced aggregation of a
model protein cytochrome c (Cyt c).

Model proteins offer several advantages over phar-
maceutical proteins because they are well behaved
and their biophysics have been well characterized.
The mechanistic principles we learn from model pro-
teins can lead to the hypotheses about how APs trig-
ger protein aggregation that can later be tested with
pharmaceutical proteins. Among several model pro-
teins available for biophysical studies, Cyt c (Fig. 1a)
is unique because it provides optical probes to mea-
sure both global and local unfolding.23,24 Tryptophan
fluorescence and circular dichroism (CD) at 222 nm
probe the global stability of the protein.24 However,
CD at 222 nm, which is a measure of the α-helicity of
the protein, cannot be used in the present study be-
cause CR absorbs strongly in the wavelength region
around 222 nm. Cyt c has a single tryptophan residue
at position 59 (Trp59) and its fluorescence measures
the loss of compactness or the global unfolding of the
entire protein. This is because the Trp59 fluorescence
is quenched in the native state due to resonance en-
ergy transfer to the covalently linked heme (Förster
distance R0 = 34 Å 25). For the fluorescence to be seen,
Trp59 has to be significantly displaced away from the
heme, which is only possible with the complete unfold-
ing of the protein. In agreement, the increase in flu-
orescence with the addition of denaturant measures
the same global stability as that measured by CD
at 222 nm.24 In contrast to these two global probes,
the absorption band at 695 nm measures the stabil-
ity of a local protein region in Cyt c. This absorption
band corresponds to the charge transfer from the side
chain sulfur of the methionine residue at position 80
(Met80) to the heme ferric iron to which Met80 is lig-
anded. When the protein region surrounding Met80
is unfolded, this band is absent due to the lack of
ligation to the heme, and hence is a measure of the
local stability of the Met80 region. In addition, nu-
clear magnetic resonance (NMR) solution structure
and chemical shifts of individual amino acids are
known,26,27 and these signals can be used to mon-
itor site-specific structural changes. We used these
various optical and structural probes to monitor the

Figure 1. (a) Structure of Cyt c (PDB ID: 1HRC). The
protein consists of three "-helices and three �-loops. The
figure also shows the covalently linked heme, its two ax-
ial ligands His18 and Met80, and the single Trp residue
at position 59 which fluoresces in the unfolded state. The
structure was generated using the MOLSCRIPT22 program.
(b) SDS-PAGE of Cyt c used in this study. Lane 1 shows the
protein molecular weight markers (bottom to top: 10, 17, 26,
34, 43, 56, 72, 95, and 130 kDa respectively). Lane 2 was
overloaded with Cyt c whose expected molecular weight is
12.4 kDa, to see whether or not other protein impurities are
present in the sample.

effects of CR on global and local protein stability, and
on the aggregation of Cyt c.

MATERIALS AND METHODS

Materials

Equine Cyt c (type VI) was obtained from Sigma
Chemical Co (St. Louis, Missouri, USA). Prior to ex-
periments, the protein was freshly oxidized using
potassium ferricyanide to remove any trace amounts
of the reduced form. It was dialyzed extensively
against the desired buffer and filtered through a
0.22 :m filter. The purity of the protein was checked
by running a denaturant gel on which the protein
showed a single band (Fig. 1b), and from the ratio of
409 (heme Soret band) to 280 nm (aromatic absorp-
tion band) absorbance which was 4.6 expected for a
pure oxidized protein.28 In addition, the absence of
the reduced form was confirmed from the absorbance
values at 339, 526.5, 541.74, and 550 nm using a pre-
viously described method.28,29 For experiments with
the reduced form, ascorbate was used to reduce Cyt c.
m-cresol was obtained from Sigma and deuterated CR
was obtained from Isotec (Miamisburg, Ohio, USA).
Optical grade guanidinium chloride (GdmCl) was pur-
chased from MP Biomedicals (Solon, Ohio, USA). All
other reagents used in this study were of the high-
est grade available from either Fisher Scientific (Fair
Lawn, New Jersey, USA) or Sigma Chemicals.
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Isothermal Incubation Experiments

Cyt c solution was incubated at the desired tempera-
ture (55◦C or 65◦C), and the changes in optical den-
sity at 800 nm were monitored as a function of the
incubation time using a Chirascan Plus spectrometer
(Applied Photophysics, Leatherhead, Surrey, UK). For
these experiments, the cuvette containing buffer so-
lution was initially equilibrated at the required tem-
perature before adding Cyt c (300 :M final concen-
tration) to the cuvette. At longer incubation times,
the aggregates began to settle to the bottom of the
cuvette resulting in decreased optical density and the
experiment was stopped at that point.

Thermal Scanning Method

Changes in the optical density of Cyt c solutions were
monitored as a function of increasing temperature us-
ing an Agilent 8453 UV-Visible spectrometer (Agilent,
Waldbronn, Baden-Württemberg, Germany). Cyt c
(300 :M) in 0.1 M of sodium phosphate, 0.15 M of
NaCl (pH 7), was used for these experiments. The so-
lution temperature was steadily increased at a rate
of 1◦C/min followed by a 1 min equilibration before
collecting the signal, and the signal was integrated
for 0.5 s. The first derivative of the optical density
increase was used to calculate the midpoint aggrega-
tion temperature (Tm

Agg) using the software provided
with the instrument.

To measure changes in Trp fluorescence while mea-
suring the increase in optical density due to protein
aggregation, an Applied Photophysics Chirascan Plus
spectrometer and a lower protein concentration of 25
:M was used. CR strongly fluoresces below 350 nm,
so an emission wavelength of 380 nm was used where
Trp fluorescence in the unfolded state dominates over
the CR fluorescence.

Denaturant Melts

Guanidinium chloride (GdmCl) was used as the de-
naturant for these experiments. Protein solutions
at varying GdmCl concentration were prepared and
equilibrated overnight before measuring changes in
their optical signals as a function of the denat-
urant concentration. The concentration of the de-
naturant was determined using refractive index
measurements.30 Changes in the fluorescence signal
were measured using 25 :M of Cyt c in 0.1 M of
sodium phosphate, 0.15 M of NaCl (pH 7), with the
excitation and emission wavelengths set at 280 nm
and 380 nm, respectively, using a SPEX Fluorolog-
3 fluorometer (Horiba Jobin Yvon, Edison, New Jer-
sey, USA). As described above, the longer emission
wavelength was chosen to be in the region where
the Trp fluorescence signal dominated the CR fluores-
cence. To measure changes in the 695 nm absorbance,
300 :M Cyt c in 0.1 M sodium phosphate, 0.15 M

NaCl (pH 7), was used. The �G values were deter-
mined by fitting the changes in the optical signals
measured as a function of the denaturant concentra-
tion to a Santoro–Bolen31,32 2-state equilibrium un-
folding model.

To globally analyze the denaturant melting transi-
tions recorded at various CR concentrations, the data
were fit to a 3-state unfolding equilibrium model:

N
KNI⇔ I

KIU⇔ U

KNI = [I]
[N]

; KIU = [U]
[I]

where N, I, and U represent the native, partially un-
folded intermediate, and fully unfolded states, and
KNI and KIU are the thermodynamic equilibrium con-
stants connecting the N and I states and the I and U
states, respectively. We used the following equations
which describe the relative populations of the three
species N, U, and I as a function of the denaturant
and CR concentration:

Q = 1 + KNI + KNIKIU

[N] = 1
Q

[U] = KNIKIU

Q

KNI = exp

[
−

(
�G0

NI + mNI,CR[CR] + mNI,D[D]
RT

)]

KIU = exp

[
−

(
�G0

IU + mIU,CR[CR] + mIU,D[D]
RT

)]

[I] = 1 − ([N] + [U])

where Q is the partition function, R is the universal
gas constant, T is the absolute temperature, �G0

NI
and �G0

IU are the Gibb’s free energies at zero denat-
urant and zero CR concentrations, mNI,CR and mIU,CR
are the slopes of the decrease in �GNI and �GIU with
the CR concentration, and mNI,D and mIU,D are the
slopes of the decrease in �GNI and �GIU with the
denaturant D concentration, respectively. The above
equations assume that the effects of CR and denat-
urant on protein stability are independent of each
other.

Fourier-transform Infrared Spectroscopy Experiments

Infrared (IR) spectra of Cyt c solutions (1 mM in
0.1 M of sodium phosphate, 0.15 M of NaCl (pH
7; H2O, room temperature) were recorded using a
Biomem MB-series FTIR spectrometer (ABB Bomem
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Inc., Quebec City, Quebec, Canada) and a CaF2 cell
(Biotools, USA). To record the IR spectra of Cyt c ag-
gregates, they were initially washed three times with
the above buffer. For each sample, 128 scans were ac-
quired in single beam mode with 4 cm−1 resolution.
IR absorbance spectra were processed using GRAMS/
AI 7.00 software (Thermo Galactic, Thermo Electron
Co., USA).

NMR Titration Experiments

Two-dimensional (2D) gradient NMR 1H-1H Corre-
lation Spectroscopy (COSY) experiments were per-
formed to monitor changes in Cyt c amide cross peaks
as a function of CR concentration using a Varian In-
ova 600 MHz NMR instrument (Varian, Palo Alto,
California, USA). These experiments used 3 mM of
Cyt c (0.1 M of sodium phosphate, 0.15 of M NaCl,
pH 7), and deuterated CR to suppress proton sig-
nals from unlabeled CR. NMR spectra were collected
with 8000 Hz spectral width and 512 points in each
direction. The spectra were processed in magnitude
mode using the NMR Pipe software33 with zero fill-
ing to twice their real points, apodization with non-
shifted sine multiplication, exponential broadening,
and Gaussian transformation. The spectra were base
line corrected in both dimensions and the chemical
shifts were referenced with the NMR standard 4,4-
dimethyl-4-silapentane-1-sulfonic acid (DSS).

RESULTS

CR Induces Cyt c Aggregation

One common technique that has been used in the lit-
erature to conveniently monitor protein aggregation
on a laboratory timescale is to incubate the protein
at elevated temperatures, and then analyze the ag-
gregation using biophysical methods. We used high
temperatures of 55◦C or 65◦C and monitored protein

aggregation by measuring the increase in optical den-
sity due to increased solution turbidity. For these mea-
surements, we chose a wavelength at which Cyt c does
not absorb. Cyt c contains a covalently linked heme
that absorbs over nearly all wavelengths below 800
nm, and hence this longer wavelength was used. At
65◦C, the optical density at 800 nm showed an in-
crease due to increased solution turbidity within 10
min in the presence of CR indicating protein aggre-
gation, whereas no such increase was observed in the
absence of CR (Fig. 2a). The aggregation rate and
the extent of aggregation increased with the increase
in the CR concentration from 0% to 0.8% (v/v). To
show that the effect of CR on protein aggregation is
independent of the solution temperature, a similar
experiment was performed at a lower temperature of
55◦C with 0.8% (v/v) CR. Cyt c did aggregate at 55◦C
(Fig. 2b), but with slower aggregation kinetics com-
pared with 65◦C.

CR Decreases the Temperature at Which Cyt c
Aggregates

Proteins tend to aggregate at higher temperatures
because of the increased contribution of hydrophobic
effects. Using a thermal scanning method (see Meth-
ods), we explored the effect of CR on the temperature
at which Cyt c aggregates. Similar to the above mea-
surements, the optical density at 800 nm was used
because Cyt c does not absorb at that wavelength.
In the absence of CR, an increase in the optical den-
sity was observed at temperatures above 75◦C indi-
cating increased protein aggregation (Fig. 3). With
the addition of CR, the temperature at which the
protein aggregated shifted to lower values. The tem-
perature at which the optical density is half of the
maximum value, defined as the midpoint aggregation
temperature or Tm

Agg, was 80◦C in the absence of CR.
The addition of CR decreased the Tm

Agg from 80◦C to
61◦C [at 0.8% (v/v) CR] with a linear slope of 23◦C/%

Figure 2. Cyt c aggregation kinetics under isothermal conditions measured by the increase
in optical density at 800 nm. (a) kinetics at 65◦C as a function of the CR concentration, and
(b) kinetics at 0.8% (v/v) CR as a function of the temperature. In both panels, solid and hollow
symbols represent duplicate runs.
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Figure 3. Cyt c aggregation measured by the increase
in the optical density at 800 nm as a function of increas-
ing temperature in thermal scanning experiments at differ-
ent CR concentrations. Solid and hollow symbols represent
duplicate runs. The inset shows that increasing CR con-
centration decreases the midpoint aggregation temperature
(Tm

Agg) with a slope of 23 ± 2◦C/% (v/v) CR.

(v/v) CR (Fig. 3 inset). This result indicates that CR in-
duces Cyt c aggregation at lower temperatures, which
is consistent with the data presented in Figure 2.

CR Does Not Cause Global Unfolding Prior to
Aggregation

We used Trp fluorescence to measure changes in the
native tertiary structure of the protein while Cyt c
was aggregating in thermal scanning experiments.
For these experiments, a lower protein concentra-
tion (25 :M) was used compared with Figures 2
and 3 (300 :M) to avoid inner filter effects on the
fluorescence.34 In the absence of CR, Cyt c did not
aggregate at this low protein concentration, perhaps
because of the decreased collision frequency between
individual Cyt c molecules. However, the fluorescence
intensity did increase with an increase in the solu-
tion temperature (Fig. 4a), and the transition is com-
pletely reversible upon decreasing the temperature.
This variation in fluorescence matched the changes
in the CD signal at 222 nm which measures the melt-
ing of the "-helical secondary structure (Fig. 4a), and
the correlation indicates that the increase in fluo-
rescence is due to the global unfolding of the pro-
tein. Both fluorescence and CD measurements re-
sulted in the same midpoint unfolding temperature
of 86◦C, which closely matches the value reported in
the literature.35,36 A comparison of the global unfold-
ing, measured by fluorescence and CD, with the Cyt c
aggregation measured in Figure 3 indicates that the
protein does not unfold globally prior to its aggrega-
tion (Fig. 4a).

Further evidence for the absence of global unfold-
ing came from experiments performed in the pres-

Figure 4. (a) Comparison of the protein aggregation curve
measured in the absence of CR (solid circles, data from Fig.
3) and the global protein unfolding measured by both Trp
fluorescence (hollow circles) and CD at 222 nm (crossed cir-
cles). (b) Changes in fluorescence intensity (hollow symbols)
and optical density at 800 nm (solid symbols) measured
while the protein (25 :M) was aggregating at various CR
concentrations. (c) Changes in the 695 nm optical density
during thermal scanning at 300 :M protein concentration.
Solid and hollow symbols represent duplicate runs.

ence of CR (Fig. 4b). In contrast to the absence of
protein aggregation with no CR present in solution,
the addition of CR promoted protein aggregation with
increasing temperature (Fig. 4b) even at low pro-
tein concentrations of 25 :M. However, the protein
aggregated at higher temperatures compared with
the experiments in Figure 3, which indicates that
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CR-induced protein aggregation depends on the pro-
tein concentration. No considerable increase in native
fluorescence was observed prior to the increase in op-
tical density at 800 nm, indicating that the protein
does not undergo global unfolding before aggregation
(Fig. 4b). In addition, no significant increase in Trp
fluorescence was observed during or after aggrega-
tion. This could occur either because the protein has
retained its overall compact native structure in the
aggregate state or due to inner filter effects34 where
the fluorescence intensity from one protein molecule
was quenched by the neighboring protein molecules
due to their close proximity in the aggregate.

CR Unfolds a Local Protein Region Around Met80 Prior
to Aggregation

We next tracked changes in the 695 nm absorbance
while the protein was aggregating in the thermal
scanning experiments (Fig. 4c). These experiments
were performed at a protein concentration of 300 :M,
similar to that used in Figure 2 and 3. In buffer with-
out CR, 695 nm of absorbance initially decreased with
the increase in solution temperature, followed by an
increase in the optical density at temperatures above
75◦C. The later part of this increase is identical to
the transition measured at 800 nm (Fig. 3), indicat-
ing that the increase is not caused by the increase in
695 nm absorbance but is due to the increased opti-
cal density as a result of protein aggregation. That
means, the Met80 region unfolds prior to protein ag-
gregation. With the increase in CR concentration, the
695 nm absorbance melted at lower temperatures, in-
dicating decreased stability of the local protein region
around Met80, and the proceeding protein aggrega-
tion followed the same trend. At 0.8% CR, there was
no clear separation between 695 nm melting and pro-
tein aggregation, indicating that the rate of aggrega-
tion was faster than the 1 min equilibration time used
in the thermal scanning experiments. At CR concen-
trations above 1% (v/v), instantaneous protein aggre-
gation was observed even at room temperature upon
vortexing the samples.

CR Does Not Affect the Secondary and Tertiary
Structure of Cyt c

We measured the changes in protein secondary struc-
ture using second derivative Fourier-transform in-
frared spectroscopy (FTIR; Fig. 5a). Cyt c showed an
intense band at 1654 cm−1 that is characteristic of
an "-helix.37 The band at 1680 cm−1 is characteris-
tic of turns, the band at 1632 cm−1 originates from
the $-sheet and/or extended (random-coil) polypeptide
chain, and the less intense band at 1616 cm−1 is due
to the absorption of amino acid sidechains.38 Adding
CR did not change the peak positions or intensities of
these individual bands within the experimental error,

Figure 5. (a) Second derivative FTIR spectra and (b) 2D
NMR COSY fingerprint region as a function of CR concen-
tration.

which indicates that CR does not induce a change in
the protein secondary structure.

As observed earlier (Fig. 4b), the addition of CR did
not increase Cyt c’s fluorescence at room temperature
and hence did not perturb the tertiary structure of
the protein. We later measured the effect of CR on the
structure of local protein regions using NMR chemical
shifts of the mainchain amide and α-carbon protons
in the fingerprint region of 2D COSY spectra (Fig. 5b).
No significant changes in the cross peak positions of
individual residues were observed with the addition
of CR, indicating that CR did not perturb the global
backbone structure of Cyt c. This includes the Met80
region, which is consistent with Figure 4c where there
was relatively little change in the 695 nm absorbance
with the addition of CR at room temperature.

CR Preferentially Populates a Partially Unfolded
Intermediate Where the Local Region Around Met80 Is
Unfolded

We measured changes in global stability using denat-
urant melts with GdmCl as the denaturant and Trp
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Figure 6. Changes in (a) Trp fluorescence (global probe)
and (b) 695 nm absorbance (local probe) with GdmCl
measured at various CR concentrations. Insets show the
variation in �G values with the CR concentration obtained
by fitting the observed changes in optical signals to a
2-state equilibrium unfolding model.31,32 Slopes (m-values)
are −4.8 ± 0.6 and −7.6 ± 0.4 kcal/mol/% (v/v) CR for Trp
fluorescence (global stability) and 695 nm absorbance (local
stability), respectively. (c) Results from global analysis of
the eight melting transitions shown in panels a and b. The
data in panels a and b were normalized from 0 to 1 after
subtracting native and unfolded baselines. Circles, trian-
gles, squares, and diamonds show the data at 0, 0.3, 0.6,

fluorescence as the optical signal at various CR con-
centrations (Fig. 6a). Although these melting curves
seem to overlap with one another, the denaturant con-
centration at which half of the protein melted was
slightly shifted to lower values and the melting transi-
tion became shallower, indicating a decrease in global
stability with an increase in CR concentration. Fit-
ting these melts to a 2-state equilibrium unfolding
model31,32 resulted in a decrease in global �G with
a slope (m-value) of 4.8 kcal/mol/% (v/v) CR (Fig. 6a
inset).

The local stability of the protein region around
Met80 was measured using 695 nm absorbance. In
contrast to the fluorescence melting curves (Fig. 6a),
695 nm absorbance melts recorded at various CR con-
centrations did not overlap with one another (Fig. 6b).
The absorbance melt progressively shifted to lower
denaturant concentrations with an increase in CR
concentration, indicating a decrease in the stability
of the Met80 region. Fitting these individual curves
to a 2-state equilibrium unfolding model,31,32 assum-
ing no intermediates between the native and unfolded
states, resulted in a linear decrease of local �G of
the Met80 region with an m-value of 7.6 kcal/mol/%
(v/v) CR (Fig. 6b inset), which is much higher than the
m-value observed for global unfolding (Fig. 6a inset).
That means, CR destabilizes the Met80 region much
more than the entire protein.

The results presented in Figures 4, 6a, and 6b in-
dicate that a more appropriate way to analyze the
denaturant melting curves is through the use of a
3-state unfolding model with a partially unfolded in-
termediate existing between the native and unfolded
states. Because we did not see a significant change
in fluorescence prior to protein aggregation at vari-
ous CR concentrations (Fig. 4b), we assumed that the
intermediate has a native-like compact structure and
thus does not fluoresce, similar to the native state.
Because the melting of 695 nm absorbance preceded
the protein aggregation (Fig. 4c), this intermediate
lacks the Met80-bound heme and hence has no 695
nm absorbance. That means the fluorescence and 695
nm absorbance signals recorded at various denatu-
rant and CR concentrations represent the relative
populations of the unfolded and native states. We

Figure 6. and 0.8% (v/v) CR. Inset shows the correlation
between the experimental and predicted values to indicate
the goodness of the global fit. The obtained parameters are
�GNI = 5.9 ± 0.1 kcal/mol, mNI,CR = −1.6 ± 0.1 kcal/mol/%
(v/v) CR, mNI,D = −2.2 ± 0.1 kcal/mol/M GdmCl, �GIU =
6.9 ± 0.2 kcal/mol, mIU,CR = −0.4 ± 0.1 kcal/mol/% (v/v) CR,
and mIU,D = −2.6 ± 0.1 kcal/mol/M GdmCl. The colored lines
show the relative population of the “invisible” intermediate
at various CR concentrations.
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normalized the fluorescence (Fig. 6a) and 695 nm
absorbance (Fig. 6b) melting curves from 0 to 1 af-
ter subtracting the sloped native and unfolded state
baselines, and analyzed them globally with a 3-state
model (mathematical equations given in the Meth-
ods section). Figure 6c shows the fits from the global
analysis and the inset shows the correlation between
the experimental and predicted values which indi-
cates the good quality of the fit. Parameters obtained
from the fit are given in the Figure 6c legend. The
results show that �GNI decreases with CR concentra-
tion with a slope of mNI,CR = −1.6 kcal/mol/% (v/v) CR,
which is four times higher than the slope of �GIU de-
crease with CR (mIU,CR = −0.4 kcal/mol/% (v/v) CR).
These m values indicate that CR preferentially affects
the N⇔ I equilibrium compared with the I ⇔ U equi-
librium, resulting in a significant population of the
partially unfolded intermediate which has a compact
“native-like” structure but has the local protein region
around Met80 unfolded. Note that although the indi-
vidual melting curves (Figs. 6a and 6b) can be fit to a
2-state unfolding model, the combined analysis of all
eight curves led to the detection of an “invisible” par-
tially unfolded intermediate that cannot be detected
either by fluorescence or by 695 nm absorbance. With
the increase in CR concentration, the intermediate
population (colored lines in Fig. 6c) increases signifi-
cantly and shifts to lower denaturant concentrations
indicating decreased stability, and hence results in
increased protein aggregation (Fig. 4c).

The above global analysis also indicates that the
partial unfolding that triggers protein aggregation
is not just limited to a single residue Met80 but in-
volves unfolding of a much larger protein region. As
seen from the results (Fig. 6c legend), �GNI decreases
with the increase in the denaturant concentration at
a slope of mNI,D = −2.2 kcal/mol/M GdmCl, which is
46% of the total m-value corresponding to the global
unfolding of the protein (mNU,D = mNI,D+ mIU,D =
−2.2−2.6 = −4.8 kcal/mol/M GdmCl). The m-value
in denaturant melts is a measure of the amount of
protein surface area exposed upon unfolding.39 This
means, the partially unfolded intermediate populated
by CR has a significant protein region unfolded much
beyond the single residue Met80.

Stabilizing the Met80 Region Reduces Protein
Aggregation

The above thermal scanning (Fig. 4) and equilibrium
denaturant melts (Fig. 6) show that the unfolding of
a protein region that includes Met80 precedes protein
aggregation. CR preferentially populates an interme-
diate with this local region unfolded, suggesting that
it might be an aggregation “hotspot” whose unfolding
leads to protein aggregation. In such a case, stabi-
lizing this local region should decrease the protein

Figure 7. Aggregation of reduced Cyt c measured by the
increase in optical density at 800 nm in thermal scanning
experiments at different CR concentrations. Solid and hol-
low symbols represent duplicate runs.

aggregation or increase the temperature at which the
protein aggregates. The best method that has been
demonstrated in the literature to specifically stabi-
lize the Met80 region is to reduce the heme to which
Met80 is liganded.40,41 In the reduced form, the stabil-
ity of the Met80-heme bond increases by 3.2 kcal/mol
compared with its oxidized form.40 As before, thermal
scanning experiments were used to measure the pro-
tein aggregation of the reduced form of Cyt c (Fig. 7).
Reduced Cyt c aggregated at much higher tempera-
tures compared with the oxidized form at all CR con-
centrations (compare Fig. 7 with Fig. 3). At 0% and
0.3% (v/v) CR, the reduced form did not melt up to
95◦C whereas the oxidized form melted before 85◦C.
In the case of 0.6% and 0.8% (v/v) CR, the reduced
form melted with a Tm

Agg of 92◦C and 88◦C whereas
the oxidized form melted with a Tm

Agg of 67◦C and
61◦C, respectively. These results conclusively show
that the Met80 region is the aggregation “hotspot”
for Cyt c aggregation.

Structure of CR-induced Cyt c Aggregates

FTIR was used to characterize the secondary struc-
ture of the protein aggregates (Fig. 8). As discussed
before, Cyt c in solution has a strong IR band at 1654
cm−1 which is a signature of α-helical proteins. In
contrast, CR-induced Cyt c aggregates show no 1654
cm−1 band indicating the absence of "-helix. Two new
bands appear at 1614 cm−1 and 1694 cm−1 that are
characteristic of an intermolecular $-sheet.42–44 These
results indicate that the CR-induced Cyt c aggregates
are of cross-$ structure.

DISCUSSION

CR is an effective AP used in protein and peptide
formulations.1,4,8 However, CR has been shown to ag-
gregate proteins, for example, aggregation of human
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Figure 8. Second derivative FTIR spectra of Cyt c
monomers (solid line) and CR-induced protein aggregates
(dashed line).

growth hormone,9,10 interleukin-1 receptor,11 and a
monoclonal antibody,12 and the mechanisms under-
lying such AP-induced aggregation are not under-
stood. Here we used a model protein Cyt c to show
that CR causes protein aggregation by partial rather
than global protein unfolding. Cyt c is a unique model
protein because it offers various optical and struc-
tural probes to monitor its global and local unfold-
ing. Trp fluorescence indicates no change in tertiary
structure whereas 695 nm absorbance indicates that
a local protein region around Met80 is unfolded prior
to CR-induced aggregation (Fig. 4). FTIR and NMR
measurements support the above observation that CR
did not significantly perturb Cyt c’s global structure
(Fig. 5). Global analysis of all the fluorescence and 695
nm melting curves recorded at various CR concen-
trations using a 3-state equilibrium unfolding model
allowed us to detect an “invisible” partially unfolded
intermediate that has essentially the same compact
structure as that of the native state but has a lo-
cal protein region around Met80 unfolded (Fig. 6c).
The population of this intermediate increases with
the CR concentration leading to more protein aggre-
gation. We further showed that stabilizing this region
decreases the CR-induced Cyt c aggregation (Fig. 7).

The results presented here indicate that the local
unfolding of the Met80 region leads to protein ag-
gregation. The �-loop (residues 70–85; Fig. 1a) that
includes the Met80 residue is one of the most hy-
drophobic regions in the protein,45 which might be
the reason why its unfolding triggers Cyt c aggrega-
tion. Notably, similar partially unfolded forms have
been detected in earlier protein folding studies on
Cyt c. Amide hydrogen exchange experiments iden-
tified the �-loop containing the Met80 residue, the
so-called Red foldon,46–48 as one of the least stable
and fastest unfolding units in Cyt c.41,46,47,49,50 The

acid molten globule state populated at low pH under
high salt conditions has a native-like Trp fluorescence
and far UV CD similar to the intermediate detected
here, but the 695 nm absorbance is not completely
absent.51–53 The partially unfolded form that is popu-
lated when Cyt c interacts with lipid membranes has
no 695 nm absorbance and has a decreased far UV CD
and increased fluorescence compared with the native
state,54 indicating an intermediate with a larger sur-
face area exposed than that of the intermediate popu-
lated by CR. It will be interesting to examine in detail
how these different partially unfolded intermediates
control CR-induced Cyt c aggregation, which will pro-
vide insight into the mechanisms of AP-induced pro-
tein aggregation under different experimental condi-
tions.

Because of the various optical and structural
probes available to monitor Cyt c unfolding, we could
identify the nature of the partial unfolding that trig-
gers Cyt c aggregation. It will be interesting to probe
how the unfolding of the Met80 region leads to sub-
sequent conformational changes which in turn result
in aggregate formation. In addition, determining the
structure of AP-induced protein aggregates and com-
paring them with the structure of the soluble pro-
tein might also help in understanding the underlying
mechanisms. Our FTIR results indicate that the ag-
gregates contain a cross-$ structure with no presence
of an "-helix (Fig. 8), even though the soluble protein
is "-helical with no $-sheet (Fig. 1a).

Much of our earlier understanding of how APs in-
duce protein aggregation came from studies on ben-
zyl alcohol (BA). Similar to CR, BA also aggregates
proteins, in particular, interferon-(,20 interleukin-
1 receptor antagonist,21 and human granulocyte
colony stimulating factor.55 However, BA does not
significantly affect global protein stability and
structure.18,19,21 These studies have proposed that
partial rather than global protein unfolding is the
causative factor for protein aggregation, but have not
provided any structural insight into the nature of
such unfolding. In our recent work on BA-induced Cyt
c aggregation,56 we showed that BA causes the local
protein region around Met80 to unfold, which results
in protein aggregation. Comparing with the results
presented here on CR, it seems that the same protein
region might act as the “hotspot” for protein aggrega-
tion induced by different APs. This finding suggests
that identifying the aggregation “hotspot” for one AP
and stabilizing it might also reduce protein aggrega-
tion caused by other APs.

CR differs from BA in terms of the extent to which
it causes Cyt c aggregation. The aggregation tem-
perature Tm

Agg varies with CR at a rate of 23◦C/%
(v/v) CR (Fig. 3 inset), whereas for BA, it is 8◦C/%
(v/v) BA.56 At a particular AP concentration, CR ag-
gregates Cyt c at lower temperatures compared with
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BA, indicating that the AP-induced protein aggrega-
tion depends on the nature of the AP. It will be in-
teresting to probe which physical properties of APs
control protein aggregation. Such an understanding
will help in choosing the right AP in protein formu-
lations that will not cause serious protein aggrega-
tion yet offers the desired AP effect. One parameter
that will influence the protein aggregation is the hy-
drophobicity of the AP, because the aggregation of na-
tive proteins is caused by the exposure of hydrophobic
residues to the solvent upon protein unfolding. There
are several parameters that measure the hydropho-
bicity of small molecules. Solubility is one such pa-
rameter. Lower solubility in water is an indication of
higher hydrophobicity. m-Cresol is soluble in water at
concentrations below 2.5% (w/v), which is less than
that of BA (4% w/v).57 This might be the reason why
CR causes more protein aggregation compared with
BA. A more detailed quantitative study is needed to
understand the effects of various physical parameters
of APs on protein aggregation.

The extent of protein aggregation induced by an AP
varies from protein to protein.1 As our results show
that the stability of local protein regions rather than
the global protein stability controls AP-induced pro-
tein aggregation, the variation in the aggregation be-
havior of proteins might come from the differential
stabilities of the aggregation “hotspots” in those pro-
teins. Two proteins may have similar global stability,
but their aggregation pattern can be different because
of the differences in the stabilities of their aggrega-
tion “hotspots.” In addition, a few exceptions exist
in which certain APs were shown to stabilize some
proteins58,59 in contrast to what has been observed in
general. It will be interesting to probe the differences
between these two types of contradictory behaviors to
gain further insight into AP–protein interactions.
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