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Thermal stability of Escherichia coli Fpg protein
as studied using far-UV circular dichroism and in-

rinsic fluorescence. Experimental data indicate that
pg irreversibly aggregates under heating above 35°C.
eat aggregation is preceded by tertiary conforma-

ional changes of Fpg. However, the secondary struc-
ure of the fraction that does not aggregate remains
nchanged up to ;60°C. The kinetics of heat aggrega-
ion occurs with an activation enthalpy of ;21 kcal/
ol. The fraction of monomers forming aggregates de-

reases with increasing urea concentration, with
ssentially no aggregation observed above ;3 M urea,
uggesting that heat aggregation results from hydro-
hobic association of partially unfolded proteins. With

ncreasing urea concentration, Fpg unfolds in a two-
tate reversible transition, with a stability of ;3.6
cal/mol at 25°C. An excellent correlation is observed
etween the unfolded fraction and loss of activity of
pg. A simple kinetic scheme that describes both the
ates and the extent of aggregation at each tempera-
ure is presented. © 2001 Academic Press

Key Words: DNA repair enzyme; formamido-
yrimidine–DNA glycosylase; thermal stability; heat
ggregation; kinetics of aggregation.

In cells, DNA is continuously being damaged by
ighly reactive oxygen species formed as a result of

onizing radiation, chemicals, and as a consequence of
etabolism (1, 2). One of the most stable products of

xidative DNA damage is the 8-oxoguanine lesion. If
ot repaired, oxidative DNA lesions can lead to delete-
ious cellular consequences such as aging, a number of
iseases including cancer, and cell death (3). A number
f repair pathways catalyzed by DNA repair enzymes
xist to prevent this kind of DNA damage. One such

1 To whom correspondence may be addressed at Department of
hysics (MC 273), University of Illinois at Chicago, 845 West Taylor
treet, Chicago, IL 60607. Fax: 312-996-9016. E-mail: ansari@
ic.edu or skouznet@uic.edu.
121
he Fpg protein (2,6-diamino-4-hydroxy-5N-methyl-
ormamidopyrimidine [Fapy]–DNA glycosylase) (4).

The Fpg protein from E. coli is a globular monomer of
0.2 kDa with 269 amino acid residues and contains
ne zinc atom in a zinc finger motif. Its active site is
ocated within the first 73 residues from the amino
erminus (5). In vivo Fpg, together with MutY protein,
s involved in the removal of oxidatively damaged form
f 7,8-dihydro-8-oxoguanine residues in DNA (6). In
itro Fpg excises a broad spectrum of modified purines
1, 7). It has an apurinic/apyrimidinic (AP) lyase activ-
ty that incises DNA at abasic sites by a b-d elimination

echanism (8, 9), and excises 59-terminal deoxyribose
hosphate from pre-incised AP site (10).
Studies of the structure–function relation of Fpg,

nd an understanding of the lesion recognition at the
tomic level, have been hampered by the lack of de-
ailed structural information because of the difficulty
n crystallizing the Fpg protein from E. coli. Recently,
uramitsu and co-workers have been successful in

rystallizing the corresponding protein, MutM (Fpg),
rom an extremely thermophilic bacterium, Thermus
hermophilus HB8 (11). Characterization of the stabil-
ty of T. thermophilus MutM protein showed that the
rotein is stable against heat, pH and chemical dena-
uration, and retains 8-oxoguanine DNA glycosylase
ctivity up to at least 60°C. In contrast, the E. coli Fpg
rotein was found to be less stable and active only up to
37°C (12).
The instability of E. coli Fpg and the unsuccessful

ttempts by several groups to crystallize the protein
as prompted a detailed investigation of its thermal
tability. In a recent study, where the thermal unfold-
ng of the E. coli Fpg was monitored using circular
ichroism (CD) techniques, the ellipticity at 220 nm
as found to decrease sharply and irreversibly above
55°C (13). The authors of that study interpreted their

esult as two-state unfolding of the protein. Here, we
resent evidence that the irreversible drop in the CD
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
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ggregation of the Fpg protein and that only the frac-
ion of proteins that has not aggregated contributes to
he CD signal at each temperature. We find that heat
ggregation starts at physiological temperatures
;30–35°C), and is preceded by partial denaturation of
pg. The secondary structure of the fraction that re-
ains monomeric is stable up to at least 60°C. Heat

ggregation is inhibited both by addition of glycerol as
ell as by an increase in urea concentration, which

educes hydrophobic association of the partially dena-
ured conformers. Urea denaturation, monitored using
pectral shifts in the intrinsic Trp fluorescence, is
ound to exhibit a classic two-state folding/unfolding
ransition, which is completely reversible. The fact that
rp fluorescence shifts accurately monitor the fraction
f unfolded proteins is confirmed by the excellent cor-
elation observed between the spectral shifts in Trp
uorescence and the measured loss of activity. Finally,
e have measured the kinetics of heat aggregation as a

unction of temperature and urea concentration. A sim-
le kinetic scheme that describes both the rates and
he extent of aggregation at each temperature is pre-
ented.

ATERIALS AND METHODS

Purification of the Fpg protein. Fpg was purified from E. coli
H20 containing the pFPG220 plasmid. The procedure for the over-
roduction and purification of the fpg gene product was essentially as
escribed by Boiteux et al. (14). Fpg was identified by its molecular
ass and its purity was determined using 12% SDS–PAGE. Then,

he enzyme was dialyzed in 20 mM Hepes, pH 7.8, 1 mM EDTA, 300
M NaCl, 1 mM DTE and 50% (wt/wt) glycerol at 4°C and stored at
20°C. Before CD and fluorescence measurements, fresh samples
ere prepared by dialyzing the stock solution of the Fpg against 20
M sodium phosphate buffer, pH 7.4.

Fapy-DNA glycosylase assay in the presence of urea. 19 samples
f the Fpg and 19 samples of [3H]Fapy-poly(dG-dG) were prepared in
0 mM NaPO4, pH 7.4, 100 mM NaCl, 1 mM EDTA buffer containing
arying concentrations of urea. The samples were incubated over-
ight. Before measurement solution of [3H]Fapy-poly(dG-dG) was
dded into each of the corresponding Fpg samples to give final
oncentration of 5500 cpm of [3H]Fapy-poly(dG-dG) (3900 cpm/pmol
f nucleotide) and 30 ng of enzyme in total volume of 50 ml, and final
rea concentration ranging from 0 to 6 M. After incubation of the
amples for 10 min at 37°C, the ethanol-soluble [3H]Fapy residues
ere separated and quantified as described (14). One enzyme unit is
efined as the amount of the Fpg that releases 1 pmol of [3H]Fapy
uring 10 min at 37°C under the assay conditions. As a control, the
pg with 0 M urea was used.

Circular dichroism and fluorescence measurements. Far-UV CD
pectra were measured with a JASCO J-600 (Easton, MD) spectropo-
arimeter over the range of 186–260 nm using a strain-free quartz
uvette of path length 0.1 cm. The spectra were obtained as the
verage of eight scans and were corrected with a baseline obtained
or the solvent in the same experimental conditions and the same
ell. The temperature of the sample was maintained with a RTE 111
eslab bath system, and monitored by a thermocouple in direct

ontact with the cuvette.
Fluorescence and scattered light measurements were carried out
ith a FluoroMax-2 (Jobin Yvon-Spex, Edison, NJ) spectrofluorom-
122
avelength of 295 nm was used to preferentially excite the five
ryptophan residues and to minimize excitation of eight tyrosine
esidues present in the Fpg (14). Emission spectra as a function of
emperature and urea were collected from 305 to 450. For the aggre-
ations kinetics, fluorescence intensity at 340 nm was measured as a
unction of time. Scattered light from the sample was monitored at
50 nm with excitation at the same wavelength.

Equilibrium urea denaturation. Stock urea solutions at concen-
ration 0.5–8 M were prepared gravimetrically. The samples, after
ddition of urea, were stored overnight at 4°C and then used. The
uorescence intensity of the Fpg protein are found to be insensitive
o urea concentration between 0 and 8 M. Therefore, the fluorescence
pectral shift as a function of urea was used to monitor the denatur-
tion of Fpg. The denaturation curves were analyzed in terms of a
wo-state system. We used the linear extrapolation model for de-
cribing denaturant-induced unfolding DGun 5 DGun

0 2 m[d] (15).
ere DGun is the free energy change for unfolding of proteins in the
resence of denaturant, DGun

0 is the free energy change in the limit of
o denaturant, m is a denaturant susceptibility parameter and [d] is
he concentration of denaturant. The apparent value of DGun

0 (protein
tability) can be calculated as DGun

0 5 m[d]1/2, where [d]1/2 is the
oncentration of the denaturant at which half the proteins are de-
atured.
The experimental points were fitted to the following equation

F 5
FN 1 FDexp@2DGun/RT#

1 1 exp@2DGun/RT#
. [1]

ere F is the amplitude of the spectral shift at the given denaturant
oncentration, R is the gas constant, and T is the temperature in
elvin. FN and FD are the baselines at low (N) and high (D) dena-

urant concentrations, respectively. The best fit values of m and [d]1/2

nd their standard errors were obtained from nonlinear least-
quares analysis.

Kinetics of aggregation. The sample was first equilibrated at
ref 5 25°C and then placed into the sample holder of the fluores-

ence spectrofluorometer equilibrated at temperature T. The char-
cteristic time constant (t eq) for the temperature of the sample to
each the final temperature T of the sample holder was measured by
onitoring the temperature inside a cuvette containing only the

uffer. The temperature of the sample was measured by placing a
SI 44008 Precision Thermistor in direct contact with the cuvette. In
ur experimental setup, t eq 5 61 6 0.4 s. For the Fpg sample, an
nitial drop in the fluorescence of the sample is observed during
emperature equilibration as a result of a change in the quantum
ield of Trp as a function of temperature. This change is given by I(t,
) 5 DIF

eq(T)exp(2t/t eq) where DIF
eq(T) is the amplitude of the de-

rease in the quantum yield of Trp from Tref to T. DIF
eq was deter-

ined from the temperature-dependence of the fluorescence inten-
ity of Fpg in the presence of 50% w/w glycerol (Fig. 2). Under these
olvent conditions there is no heat aggregation up to ;60°C and the
hange in fluorescence intensity as a function of temperature arises
rimarily from a change in the quantum yield. The relative change of
he fluorescence intensity of the Fpg sample from a 1 K change of
emperature is (0.0099 6 0.005) K21. This value is very close to the
alue of ;0.01 observed for free tryptophan. The fluorescence inten-
ity corrected for the temperature-dependent change in the quantum
ield was obtained at each final temperature T by subtracting the
nitial drop I(t, T) from the measured intensity.

ESULTS

Effect of temperature on far-UV CD and fluorescence
pectra of Fpg. Far-UV CD spectra of Fpg protein
xhibit one negative peak at 207 nm with a shoulder at
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22 nm indicating that the protein has a largely struc-
ured conformation. The spectral shapes monitored be-
ween 20 and ;58°C are identical to within a multipli-
ative factor (Fig. 1), but the amplitude of the CD
ignal decreases irreversibly with increasing tempera-
ure above ;30–35°C (Fig. 1, inset).

The fluorescence intensity decreases reversibly with
ncreasing temperature up to ;35°C (Fig. 2) as a result
f a change in the quantum yield of Trp. Above ;35°C
he decrease in intensity is irreversible. This decrease
s accompanied by a shift in the fluorescence spectra to
onger wavelengths with essentially no change in the
pectral shape (Fig. 2, inset). The total spectral shift

FIG. 1. Far-UV CD spectra of Fpg at 20°C (—) and 57.5°C
— z —). Spectrum at 57.5°C was multiplied by a factor of 2.94 in
rder to match the 20°C spectrum at 207 nm. (Inset) Amplitudes of
he CD signal at 190 nm (—F—) and 222 nm (—E—) versus tem-
erature. The spectra were collected in the direction of low to high
emperatures. The amplitudes measured at the lowest temperature
6°C) were normalized to 11 at 190 nm and 21 at 222 nm.

FIG. 2. Fluorescence intensity of Fpg versus temperature. Filled
ymbols correspond to fluorescence measurements in the direction of
ncreasing temperature and open symbols correspond to fluorescence

easurements in the direction of decreasing temperature. —■—,
olvent is identical to the one used for the CD measurements;
F— z —, solvent with 50% w/w glycerol. (Inset) The fluorescence

pectra of Fpg recorded at 20°C (—) and 60°C (— z —). Spectrum at
0°C was multiplied by a factor of 2.84 and shifted by 3 nm to the
lue to maximize the overlap with the spectrum at 20°C.
123
ntensity at the longer wavelengths of the fluorescence
pectrum acquired at 60°C is a result of an increase in
he scattered light from the sample, indicating an in-
reasing amount of aggregated proteins at higher tem-
eratures. In the presence of 50% w/w glycerol the
ecrease in the fluorescence amplitude as a function of
emperature becomes irreversible only at tempera-
ures above ;60°C (Fig. 2).

The effect of temperature on the conformation of Fpg
s summarized in Fig. 3. The change in the amplitude
f the CD signal, normalized between 0 and 1, is plot-
ed with the spectral shifts of the Trp fluorescence
pectra. Both signals indicate a change between 30 and
0°C, accompanied by a loss of transparency of the
ample, suggesting the onset of heat aggregation. A
irect measure of aggregation is the increase in scat-
ered light at 450 nm, and is plotted in Fig. 3 for
omparison. The difference of about 5–10°C observed
n the onset of heat aggregation as measured by the
ifferent probes reflects the insensitivity of the spec-
rometers to measure small changes in the early stages
f aggregation. In the presence of 50% w/w glycerol,
nown to stabilize protein structure (16), the onset of
he fluorescence spectral shifts occurs at ;55°C, ap-
roximately 15°C higher than the onset observed in the
bsence of glycerol (Fig. 3).

Kinetics of aggregation. The Trp fluorescence in-
ensity decreases irreversibly above ;30°C, as shown
n Fig. 2, and is interpreted as arising from aggregation
f the protein. The rate of aggregation decreases with
ecreasing Fpg concentration (data not shown). All
inetics measurements presented here were done with
concentration of ;10 mM. The kinetics of aggregation
ere measured for temperatures ranging from 5 to
0°C. The initial drop in intensity, arising from a
hange in the temperature of the sample prior to equi-
ibrium, was subtracted as described under Materials
nd Methods. Figure 4 shows two kinetics curves, at 20

FIG. 3. Temperature dependence of the CD and fluorescence
pectra. All the signals are normalized between zero and one to
acilitate a comparison. —E—, the change in the amplitude of the CD
pectra; —F—; the intensity of the scattered light at 450 nm; —h—,
he shift in the fluorescence spectra in the absence of glycerol in the
olvent; —■—, the shift in the fluorescence spectra in the presence of
0% w/w glycerol.
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nd 56.5°C. Between 5 and 30°C, the decrease in in-
ensity can be described as a single-exponential with a
haracteristic relaxation rate of ;3 3 1025 s21. This
ecrease is a result of photoinduced damage. In an
arlier paper, we described UVB-induced damage of
pg protein at room temperature in the absence of
lycerol and urea and showed that the kinetics were
ingle-exponential (17). Indeed, the photoinduced dam-
ge is accompanied by photoionization of Trp residue(s)
ith formation of nonfluorescent products of Trp.
bove 35°C, in the absence of glycerol, the kinetics are
iexponential. The slow component is still from the
hotoinduced damage. In fact, under all conditions of
olvent and temperature, a component corresponding
o photoinduced damage is observed with the same
elaxation rate of ;3 3 1025 s21 in our experimental
onditions (Fig. 4b).

The fast component, on the other hand, exhibits a
trong Arrhenius temperature-dependence with a
haracteristic rate constant of 3.2 3 1023 s21 at 40°C
nd an apparent activation energy E a ; 21 kcal/mol.
he residual amplitude at the end of the fast process is
ompared with the amplitude of the CD spectra as a
unction of temperature (Fig. 5). The excellent correla-
ion between the two measurements, together with the
oss of transparency of the sample, are a strong indi-
ation that the loss in fluorescence in the fast phase

FIG. 4. (a) Kinetics of aggregation as a function of time as mon-
tored by an irreversible decrease in the fluorescence intensity of Fpg
t T 5 20°C (E) and 56.5°C (F). Excitation wavelength of 295 nm
nd emission at 340 nm were used. (b) Arrhenius temperature de-
endence of the relaxation rates obtained from a biexponential fit to
he aggregation kinetics. (F) relaxation rate corresponding to the
ast (heat aggregation) component; (E) relaxation rate corresponding
o the slow (photoinduced aggregation) component; (‚) the values of
obs calculated using Eq. [5].
124
ggregation of the protein. These results suggest that
he aggregated protein does not contribute signifi-
antly to the observed CD and fluorescence signals.
ecall that the shape of the CD signal does not change

n the entire temperature range of these measure-
ents, which shows that the secondary structure of the

raction that does not aggregate is unchanged. In the
resence of 50% w/w glycerol, the kinetics are single-
xponential up to ;60°C with the same relaxation rate
s for the slow kinetics observed in the absence of
lycerol (data not shown), suggesting that heat aggre-
ation is inhibited in the presence of glycerol.

Urea denaturation measurements. The effect of
rea on the thermodynamic stability of Fpg was mea-
ured by monitoring the Trp fluorescence emission
pectra at various concentrations of urea. A complete
mission spectrum was recorded three times and then
veraged at each concentration of urea at 25°C. The
uorescence intensity was essentially the same for all
rea concentrations. However, a spectral shift of about
3 nm from 0 to 6 M urea was observed. The urea
ependence of the spectral shift is described very well
y a two-state cooperative transition with [d]1/2 5
.98 6 0.02 M and m 5 1.20 6 0.04 kcal/mol per 1 mol
Fig. 6), yielding a value of DGun

0 5 3.6 kcal/mol. Figure
also shows an excellent correlation between the un-

olded fraction of Fpg, obtained from the spectral shift
enaturation curve, and its loss of activity with in-
reasing urea concentration. This result shows that the
hift in Trp fluorescence as a function of urea concen-
ration is indeed a reliable monitor of the fraction of
enatured molecules.

Effect of urea on the kinetics of aggregation. The
inetics of irreversible change of the fluorescence in the
resence of denaturant were measured at 40°C for urea
oncentrations ranging from 0 to 6 M. The kinetics are
iexponential at low concentrations of urea; the fast

FIG. 5. Fraction of Fpg molecules that do not aggregate during
he heat aggregation process. (F) Normalized amplitude of the CD
pectra as a function of temperature; (E) the residual fluorescence
mplitude [M]`/[M] 0 obtained from the fraction of monomers that
emain at the end of the fast (heat aggregation) process. The contin-
ous line is drawn to guide the eye.
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omponent corresponds to heat aggregation and the
low component corresponds to photoinduced damage
Fig. 7). At high concentrations of urea (above ;3 M)
nly a single exponential is observed with essentially
he same relaxation rate as the slow component under

M urea. Note that at 3 M urea, where half the
olecules are still in the active state, the heat aggre-

ation is negligible.

ISCUSSION

Heat aggregation of Fpg. The temperature depen-
ence of the far-UV CD signal of Fpg shows an irre-
ersible decrease in the amplitude of the CD signal
bove ;30–35°C (Fig. 1: inset). The correlation be-
ween the decrease of the CD signal and an increase in
he scattered light with increasing temperature (Fig. 3)
s a strong indication that the irreversible decrease of
D signal comes from the loss of transparency of the
ample as a result of heat aggregation of Fpg. This
onclusion is further corroborated by the excellent cor-
elation observed between the loss in CD signal and
he loss in the amplitude of Trp fluorescence in the fast
hase of the observed kinetics (Fig. 5). The shape of the
D spectrum remains unchanged (Fig. 1) indicating

hat the secondary structure of the fraction of Fpg that
emains as monomers at each temperature is not dis-
urbed from 5 to 60°C. It should be noted that there is
o significant aggregation during acquisition of spec-
ra. The spectra were recorded after equilibrating the
ample at each temperature for ;10 min, while the
ime constant for the fast phase of aggregation varies
rom ;5 min to ;15 s in the range of temperatures
etween 40 and 70°C (Fig. 4). The time constant for the
low phase of aggregation is ;9 h, which is much
onger than the time for each spectral acquisition (;8

in).
We have analyzed the CD spectrum of Fpg using the
ONTIN procedure as described under Materials and
ethods (18). The analysis indicates that 25% of amino

cids are in a-helical form, and 31% contribute to the
-sheets. The value of 25% for a-helices is very close to

FIG. 6. Fraction unfolded (F) and relative activity (E) of Fpg as
function of urea concentration at T 5 25°C. The continuous line is

btained from Eq. [1] after subtracting the baselines.
125
rom T. thermophilus HB8 whose X-ray structure has
ecently been determined (11). However, the value of
1% for b-sheets is 1.4 times larger than that for the
pg protein from T. thermophilus HB8. Because of the
igh propensity of b-sheets to aggregate, it is possible
hat the lower b-sheet content and higher structural
tability of the Fpg protein from T. thermophilus HB8
akes this protein more resistant to aggregation than

he Fpg protein from E. coli. It is important to note that
ven for the Fpg protein from T. thermophilus HB8, the
D signal shows an irreversible decrease above ;75°C

12) suggesting that aggregation may occur for this
rotein as well, albeit at much higher temperatures.
The Trp fluorescence spectra show a detectable spec-

ral shift at temperatures where aggregation occurs,
ndicating that the monomers that contribute to the
uorescence spectra undergo a tertiary conformational
hange. The Trp spectral red shifts show that the ter-
iary conformational changes are most likely a de-
rease in the compactness of the native state, resulting
n an increased exposure of Trp residues to the solvent.
rom Fig. 3, it can be seen that the Trp fluorescence
pectral shift starts at nearly the same temperature at
hich the decrease in the CD signal intensity and

ncrease in scattered light occurs. Addition of 50% w/w
lycerol increases the temperature for the onset of
ggregation to ;60°C (Fig. 2) with a corresponding
ncrease in the temperature at which the Trp fluores-
ence spectral shifts occur to ;55°C (Fig. 3). From
hese results we conclude that aggregation occurs as a
esult of denaturation that leads to the formation of
artially unfolded protein conformers with a higher
ropensity to aggregate. The fact that we do not detect
ny changes in the shape of the CD spectra as a func-
ion of temperature (Fig. 1) indicates that residual
ative or partially denatured monomers that do not
ggregate have their secondary structure intact. Pro-
ein denaturation of course implies an ensemble of
enatured conformations. However, we cannot probe
he extent of denaturation of the monomers that ag-

FIG. 7. Characteristic relaxation rates obtained from a biexpo-
ential fit to the aggregation kinetics as a function of urea concen-
ration. (F) relaxation rate for the fast component and (E) for the
low component. The kinetics were measured at T 5 40°C.
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raction is very low, and our CD and fluorescence mea-
urements monitor only the monomers.
Our results are in apparent contradiction with the

onclusions drawn by Buchko et al. (13) from their
hermal denaturation studies on Fpg where they mon-
tor the change in ellipticity at 220 nm as a function of
emperature. Buchko et al. also observe a sharp drop in
llipticity, although at much higher temperatures,
bove ;55°C. They interpret the drop in ellipticity as
rising from an irreversible unfolding of the protein,
eading to a loss in the secondary structure. Our exper-
ments show that the decrease in CD signal with in-
reasing temperature is accompanied by essentially no
hange in the shape of the CD spectrum, suggesting
hat we are not monitoring a simple unfolding transi-
ion. Since Buchko et al. do not present the entire CD
pectrum at each temperature, it is difficult to compare
ur results directly with theirs. However, under iden-
ical conditions of solvent, temperature, and protein
oncentration, their data indicate a puzzling inconsis-
ency; they show that the measured ellipticity at 25°C
btained from a temperature scan at a single wave-
ength is almost a factor of 32 larger than the mea-
ured ellipticity at 25°C when the entire far-UV CD
pectrum is acquired at a single temperature. A likely
xplanation for this inconsistency is that in the first
easurement, the temperature scan is on the same

ime-scale as the aggregation, so that they do not see
he full extent of the aggregated proteins until ;55°C,
t which point there is a sudden drop in amplitude; in
he second measurement, where the entire CD spec-
rum is acquired, aggregation proceeds to completion
rior to the time required to complete the scans, and
hey are monitoring only the CD from the monomers,
s we do.

Unfolding with urea denaturation. It is important
o compare our results on urea denaturation with those
btained by Kuramitsu and co-workers on T. ther-
ophilus MutM protein (12). For E. coli Fpg, we find

hat the unfolding transition, as monitored by the shift
n Trp fluorescence, exhibits a perfect two-state unfold-
ng transition, and that the fraction of unfolded mole-
ules thus obtained correlates beautifully with the loss
n Fapy DNA glycosylase activity (Fig. 6). Kuramitsu
nd co-workers monitored the change in ellipticity at
22 nm with increasing urea concentration for T. ther-
ophilus MutM and found that the unfolding transi-

ion involves a distinct intermediate. They have inter-
reted their results as indicative of a two-domain
rotein, with the two domains having a stability of 8.6
cal/mol and 16.2 kcal/mol, respectively (12). X-ray
rystal structure has since confirmed the existence of
wo domains for T. Thermophilus MutM (11). It is
mportant to note that this difference in the unfolding
ehavior of the two proteins does not imply that they
126
ingle-domain protein. In our measurements, we mon-
tored the changes in tertiary structure with increasing
rea, as probed by Trp fluorescence. In order to make a
irect comparison of the unfolding behavior of the two
roteins, it will be important to make CD and Trp
uorescence measurements with increasing urea for
oth proteins, as well as corresponding measurements
f the loss of activity of T. thermophilus MutM protein.

A kinetic scheme for aggregation. The salient fea-
ures of the observed kinetics of heat aggregation sug-
est the model

M 1 An

k1

k2

N ~M · · · An!
k3

k4

N An11, [2]

here M denotes Fpg monomers (native or partially
enatured); An and An11 are aggregates formed by n
nd n 1 1 protein monomers, respectively, and
M . . . An) is the monomer-aggregate complex. The
mplitude of the fluorescence signal, measured at one
avelength, monitors primarily the fractional popula-

ion of monomers as a function of time, and cannot
istinguish between native and partially denatured
roteins. Therefore, partially denatured monomers are
ot explicitly included in the model. The complex is
ormed with a diffusion-limited rate constant k 1 and
issociates with a characteristic rate constant k 2. The
ggregate grows and dissociates with the rate con-
tants k 3 and k 4, respectively. If k 2 @ k 1, the concen-
ration of (M . . . An) complex is small at all times and
e can assume the steady state approximation. The
bserved relaxation rate (kobs) and the overall equilib-
ium constant (K) can then be written as (19)

kobs 5
k1k3 1 k2k4

k2 1 k3
[3]

K 5
k1k3

k2k4
5

@M#0 2 @M#`

@M#`
, [4]

here [M] 0 is the initial concentration of the Fpg
onomers and [M]` is the equilibrium concentration of

he monomers (at the end of the heat aggregation pro-
ess). From Eqs. [3] and [4] it follows that

kobs 5
k1k3

k2 1 k3
S @M#0

@M#0 2 @M#`
D . [5]

he ratio ([M] 0 2 [M]`)/[M] 0 in Eq. [5] is the fraction
f monomers that aggregate during the heat aggrega-
ion process and are obtained directly from the kinetics



measurements as the fractional amplitude of the fast
c

a
k
W
i
a
d
N
t
(
t
r
r
1
k
o
u
d
t
t
4
T
u
a
o

m
a
v
s
t
a
p
g

fi
s
d
T
t
T
c
r
t
k
v
1
a
v
e
A
T
h
A
t

Urea dependence of the aggregation kinetics. Hy-
d
i
t
t
t
w
t
p
h
b
d
a
h
t
(
I
a
t
t
t
f

S

s
v
a
k
t
o
c
T
a
s
k
t
a
m
t
m
l
F
t
p
i
d
t
w
u
g
h
g
i
l
n

Vol. 288, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
omponent in the biexponential fit to the data.
In the scheme shown in Eq. [2], k 1 is assumed to be
pseudo-first order rate constant k 1 5 kD[M] 0, where

D is the diffusion-limited bimolecular rate constant.
e can write kD 5 4pDd103NA (in M21 s21), where D

s the sum of the diffusion coefficients of the monomer
nd the monomer-aggregate complex, d is some critical
istance between the monomers and the complex, and

A is Avogadro’s number (20). In the initial stages of
he aggregation process, we can approximate kD '
8RT/3h)103 where h is the viscosity of the medium at
emperature T; here we have used the Stoke–Einstein
elation and assumed that d is approximately twice the
adius a of the monomers. Thus, k 1 ' (8RT/3h)
03[M] 0 ' 0.22 T/h s21 where T is in K, h is in
g m21 s21, and we have used the initial concentration
f protein monomers [M] 0 5 10 mM. Similarly, the
nimolecular rate constant k 2 that characterizes the
issociation of the monomer–aggregate complex is es-
imated as k 2 5 4pDd/DV where DV is the volume of
he monomer–aggregate complex and is approximately
/3pd 3 in the initial stages of the aggregation (20).
herefore, k 2 ' 3D/d 2 ' RT/4pha 3NA where we have
sed the same assumptions as for k 1. Using a value of
' 2.1 nm as the size of a monomer of Fpg (11), we

btain k 2 ' 118.6 T/h s21.
As the aggregation proceeds, the concentration of
onomers depletes, the size of the complex increases,

nd the pseudo-first order approximation is no longer
alid. The aggregation kinetics should deviate from a
ingle-exponential. Our kinetics data are not sensitive
o this deviation and are reasonably well described by

single-exponential phase during heat aggregation,
resumably because the fraction of molecules that ag-
regate are less than 50% up to ;50°C.
To calculate the observed relaxation rate kobs (de-

ned in Eq. [5]) as a function of temperature we as-
ume that k 3 has an Arrhenius temperature-
ependence k 3 5 k 30exp[2DH/R(1/T 2 1/T 0)], where
0 5 25°C is chosen as a reference temperature, k 30 is

he rate constant for the step (M . . . An)3 An11 at T 5
0, and DH is the activation enthalpy for that step. The

alculated values of kobs were fitted to the measured
elaxation rates corresponding to the fast component of
he biexponential aggregation kinetics (Fig. 4b) with
30 and DH chosen as free parameters. The best fit
alues of the unknown parameters are k 30 5 9.3 3
022 s21, and DH 5 23 kcal mol21. The value of the
ctivation enthalpy for the step (M . . . An) 3 An11 is
ery close to the value of the apparent activation en-
rgy Ea 5 21 kcal mol21 calculated directly from an
rrhenius fit to the observed rates shown in Fig. 4b.
hese results show that the rate-limiting step for the
eat aggregation is the reaction step (M . . . An) 3
n11 which corresponds to the addition of a monomer to

he aggregate.
127
rophobic interactions are known to play a crucial role
n aggregation processes (21, 22). Our results show
hat heat aggregation of Fpg results from conforma-
ional changes of Fpg tertiary structure by increasing
he exposure of apolar patches at the protein surface
ith increasing temperature, leading to an increase in

he hydrophobic interaction between partially unfolded
roteins to form aggregates. If Fpg aggregates have a
ydrophobic nature then the aggregation process can
e altered by chemical denaturant which reduces hy-
rophobic interactions between monomers in protein
ggregate and increases the solubility of aggregates. At
igh concentration of urea the increase of solubility of
he aggregates is expected to be the dominating factor
21) leading to a decrease in propensity to aggregate.
ndeed, Fig. 7 shows that the amplitude of the heat
ggregation drops sharply above ;3 M urea concentra-
ion. In the context of our model, increased concentra-
ion of urea is expected to decrease k 3 and increase k 4,
hus decreasing the overall equilibrium constant K for
orming aggregates.

UMMARY AND CONCLUSIONS

Using CD, scattered light, and Trp fluorescence mea-
urements, we show that the E. coli Fpg protein irre-
ersibly aggregates under heating at temperatures
bove 35°C, i.e., at physiological temperatures. The
inetics of aggregation show an Arrhenius tempera-
ure-dependence with an apparent activation enthalpy
f ;21 kcal/mol. The heat aggregation is preceded by
hanges in tertiary structure of the Fpg monomers.
he secondary structure of the fraction that does not
ggregate remains unchanged. We have presented a
imple kinetic scheme, consistent with the aggregation
inetics observed for E. coli Fpg, and which suggests
hat the rate-limiting step, and which is also the highly
ctivated step, is the addition (and dissociation) of a
onomer to (and from) the aggregate-complex. We find

hat the stability of the E. coli Fpg protein is 3.6 kcal/
ol which is about 3 times less than for T. thermophi-

us MutM protein. The relative instability of the E. coli
pg makes this protein more susceptible to aggrega-
ion by increasing the exposure of apolar patches at the
rotein surface with increasing the temperature, lead-
ng to an increased propensity for intermolecular hy-
rophobic interactions between partially unfolded pro-
eins to form aggregates. In support of this hypothesis,
e find that both addition of glycerol and an increase in
rea concentration, inhibit aggregation. Addition of
lycerol increases the stability of the protein, thus in-
ibiting the conformational changes that precede ag-
regation. Increase in the urea concentration reduces
ntermolecular hydrophobic interactions and destabi-
izes the monomer-aggregate complex, with essentially
o aggregation observed above ;3 M urea.
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