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a b s t r a c t

This study sought to determine whether the quality of enzyme preparations can be determined from
their melting curves, which may easily be obtained using a fluorescent probe and a standard reverse tran-
scription-polymerase chain reaction (RT-PCR) machine. Thermal melt data on 31 recombinant enzymes
from Plasmodium parasites were acquired by incrementally heating them to 90 �C and measuring unfold-
ing with a fluorescent dye. Activity assays specific to each enzyme were also performed. Four of the
enzymes were denatured to varying degrees with heat and sodium dodecyl sulfate (SDS) prior to the
thermal melt and activity assays. In general, melting curve quality was correlated with enzyme activity;
enzymes with high-quality curves were found almost uniformly to be active, whereas those with lower
quality curves were more varied in their catalytic performance. Inspection of melting curves of bovine
xanthine oxidase and Entamoeba histolytica cysteine protease 1 allowed active stocks to be distinguished
from inactive stocks, implying that a relationship between melting curve quality and activity persists
over a wide range of experimental conditions and species. Our data suggest that melting curves can help
to distinguish properly folded proteins from denatured ones and, therefore, may be useful in selecting
stocks for further study and in optimizing purification procedures for specific proteins.

� 2009 Elsevier Inc. All rights reserved.

Thorough characterization of a purified protein requires that it be
in its naturally folded (native) state. Functional assays such as en-
zyme activity assays can indicate whether or not a protein is well-
folded; however, for any given protein, an assay might not exist or
may require expensive ingredients, extensive sample processing,
and/or complex instrumentation. Moreover, as numerous organisms
undergo genome-wide characterization, there will be increasing
interest in previously obscure (and therefore difficult-to-assay) pro-
teins, including those whose functions are not yet known.

Given the limitations of functional assays as indicators of pro-
tein folding, an alternative method for assessing folding status
could be quite useful. Thermal melting with fluorescent dye that
binds to a protein’s exposed hydrophobic regions [1] might be such
a method; a large heat-induced increase in fluorescence suggests
that the protein was well-folded prior to heating [2]. To our knowl-
edge, however, it is not yet clear whether, among a variety of pro-
teins, melting curve properties can be correlated with an
independent readout of folding status.

In the current study, stocks of more than 30 enzymes, mostly
from Plasmodium parasites that cause malaria, were characterized
via thermal melt and activity assays. Our goal was to determine
whether enzymes’ melting curves are predictive of activity, with
the latter being a proxy for folding state. Our results suggest that
melting curves are indeed a convenient indicator of whether en-
zymes, and presumably other proteins, are properly folded.

Materials and methods

Enzyme sources, production, and purification

Recombinant histidine-tagged enzymes from Plasmodium
berghei, P. falciparum, P. knowlesi, and P. vivax were expressed in
Escherichia coli and purified by immobilized metal affinity chroma-
tography essentially as described previously [3]. Guanosine 50-tri-
phosphate (GTP)1 cyclohydrolase from E. coli [4] was obtained in a
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similar manner, whereas procedures for purification and refolding of
cysteine protease 1 from Entamoeba histolytica were based on those
of a previous study [5]. Xanthine oxidase from Bos taurus and other
non-Plasmodium enzymes used in coupled activity assays (glucose-
6-phosphate dehydrogenase, lactate dehydrogenase, phosphogluco-
nate dehydrogenase, pyrophosphatase, and pyruvate kinase) were
purchased from Sigma–Aldrich (St. Louis, MO, USA).

Acquisition and quantitation of thermal melt data

Melting curves of enzyme stocks were obtained from samples in
96-well plates using a DNA Engine Opticon 2 (manufactured by MJ
Research, now part of Bio-Rad) and the fluorescent probe SYPRO
Orange (Invitrogen, Carlsbad, CA, USA) as described previously
[3]. In brief, a heating rate of approximately 1.2 �C/min was used,
and fluorescence readings (excitation at 530 ± 30 nm, emission at
575 ± 20 nm) were taken after each 0.2� increase. Plasmodium en-
zymes were diluted both in a standard thermal melt buffer
(100 mM Hepes and 150 mM NaCl, pH 7.5) and in the enzyme-spe-
cific activity assay buffers listed in Table 1. Xanthine oxidase from
B. taurus was heated in the buffers also used for superoxide dismu-
tase, whereas cysteine protease 1 from E. histolytica was heated in a
buffer of 20 mM Tris, 250 mM NaCl, 5% glycerol, and 125 mM
L-arginine (pH 8.0). Each melting curve was assigned a quality
score (Q) calculated as Q = DFmelt/DFtotal, where DFmelt is the melt-
ing-associated increase in fluorescence and DFtotal is the total range
in fluorescence observed between 20 and 90 �C (i.e., the difference
between the minimum and maximum values recorded over the
20–90� span). The range of possible Q values is 0–1, with 0 desig-
nating an absence of discernible melting behavior and 1 represent-
ing a high-quality melting curve.

Activity assays

All activity assays were done at room temperature (20–25 �C).
Instruments used included a BioSpec-1601 spectrophotometer
made by Shimadzu (Kyoto, Japan) and ELx800 and FLx800 micro-
plate readers made by BioTek Instruments (Winooski, VT, USA).
Whenever possible, enzymes were assayed according to prece-
dents in the literature (see Refs. in Table 1) using substrate concen-
trations well above the corresponding Km values. Enzymes were
assayed in the direction corresponding to their names (e.g., with
glutamate dehydrogenase, we measured the formation of NADPH
corresponding to the dehydrogenation of glutamate, not the con-
sumption of NADPH by the hydrogenation of 2-oxoglutarate) un-
less specified otherwise. The high bovine serum albumin
concentrations (0.5–1.25 mg/ml) used in previous activity assays
of choline kinase [6] and dUTPase [7] were omitted from our ther-
mal melt and activity assays because they interfere with the fluo-
rescent readout of the thermal melt assay. Other exceptions and
clarifications are as follows.

6-Phosphogluconolactonase. A previous report on the P. berghei
enzyme [8] did not specify the assay buffer used. The buffer listed
in Table 1 was taken from a reference cited by that report [9].

6-Pyruvoyltetrahydropterin synthase. Activity was confirmed via
a coupled assay in which 7,8-dihydroneopterin triphosphate, the
substrate of 6-pyruvoyltetrahydropterin synthase, was generated
from GTP by recombinant GTP cyclohydrolase from E. coli. A
time-dependent increase in fluorescence (excitation at 360 nm,
emission at 460 nm) beyond that seen with GTP and GTP cyclohy-
drolase alone was observed when 6-pyruvoyltetrahydropterin syn-
thase was added, and the extent of the increase above the baseline
rate was proportional to the concentration of 6-pyruvoyltetrahy-
dropterin synthase.

Choline kinase. Choline-dependent adenosine 50-triphosphate
(ATP) consumption was measured with Kinase-Glo [10].

Cysteine protease 1. Measurement of the release of fluorescent 7-
amino-4-methyl coumarin (AMC) from the substrate Z-Arg-Arg-
AMC was based on a previous report [11]. The buffer used was
100 mM citric acid–NaHPO4, 5 mM dithiothreitol (DTT), and
2 mM ethylenediaminetetraacetic acid (EDTA) (pH 6.0).

Dihydrofolate synthase. The dihydropteroate-dependent produc-
tion of inorganic phosphate was measured with malachite green [12].

dUTPase and farnesyl pyrophosphate synthase. Pyrophosphatase
from Saccharomyces cerevisiae was used to cleave pyrophosphate
(a product of both enzymes) into inorganic phosphate, which
was detected with malachite green [12].

Glycerol-3-phosphate dehydrogenase. The reaction was studied in
the NADH-consuming direction.

Guanylate kinase. The previously published activity assay proto-
col [13] suggested a buffer that includes 0.5 mM EDTA and 5.7 mM
MgSO4, whereas the current study used no EDTA and 2 mM MgCl2.

Hydroxymethyldihydropterin pyrophosphokinase. Hydrox-
ymethyldihydropterin-dependent ATP consumption was measured
with Kinase-Glo [10].

Methionine adenosyltransferase. Production of inorganic phos-
phate was measured with malachite green [12].

Methionine aminopeptidase 1. A previous characterization of the
Plasmodium enzyme used a dipeptide substrate [14], whereas the
current study used L-methionine-p-nitroanilide as the substrate [15].

N-Myristoyltransferase. The peptide substrate used was
GSSYSRKNK, which was based on the N-terminal sequence of aden-
ylate kinase 2, a substrate of the P. falciparum N-myristoyltransfer-
ase in vivo [16]. Production of coenzyme A was measured with
ThioGlo [17], which fluoresces (excitation at 379 nm, emission at
513 nm) on reacting with free sulfhydryl groups.

Nucleoside diphosphate kinase. A previous study of the Plasmo-
dium enzyme used thymidine 50-diphosphate (TDP) and ATP as
substrates, whereas the current study used uridine 50-diphosphate
(UDP) and ATP. Activity was quantified as the rate of UDP-depen-
dent ATP consumption as measured with Kinase-Glo [10].

Phosphoethanolamine N-methyltransferase. Production of S-ade-
nosylhomocysteine was detected via the coupling enzymes
S-adenosylhomocysteine hydrolase (which converts S-adenosylho-
mocysteine to homocysteine and adenosine) and adenosine deam-
inase (which converts adenosine to inosine). The concentration of
S-adenosylhomocysteine produced was calculated from the slope
of the decrease in absorbance at 267 nm representing conversion
of adenosine to inosine based on a standard curve of DA267 versus
[S-adenosylhomocysteine].

Phosphoglycerate kinase. Phosphoglycerate-dependent ATP con-
sumption was measured with Kinase-Glo [10].

Superoxide dismutase. A previous study of the Plasmodium en-
zyme measured inhibition of the autooxidation of pyrogallol [18],
whereas the current study measured inhibition of the reduction
of cytochrome c [19].

Xanthine oxidase. Reduction of cytochrome c was tracked as de-
scribed in the protocol for superoxide dismutase using the buffer
described therein [19].

Preassay denaturation of four representative enzymes

Adenosine deaminase (from P. vivax), glyceraldehyde-3-phos-
phate dehydrogenase, methionine aminopeptidase 1, and orotidine
50-monophosphate decarboxylase were studied at various levels of
denaturation by subjecting them to heating and the detergent so-
dium dodecyl sulfate (SDS) prior to thermal melt and activity as-
says. These enzymes were chosen because they cover a range of
chemical reactions (oxidoreductase, hydrolase, and lyase corre-
sponding to EC groups 1, 3, and 4), numbers of subunits (monomer,
dimer, and tetrameter), and grand averages of hydropathy (GRAVY
values: �0.045 to �0.482). The specific conditions (temperature
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and duration of preheating and concentrations of SDS) were empir-
ically adjusted for each enzyme so that a wide range of activities
and melting curve qualities could be observed within each dataset.

Heating was done at 58 �C for 0, 2, 5, 10, and 20 min with adeno-
sine deaminase; 50 �C for 0, 2, 5, 10, and 20 min with glyceralde-
hyde-3-phosphate dehydrogenase; 50 �C for 0, 2, 10, and 20 min

Table 1
Plasmodium enzymes studied by thermal melt and activity assays.

Enzymea Gene IDb EC
number

Buffer for activity assayc Q(standard buffer/
enzyme-specific
buffer)

Specific activity(current study/
literature) in lmol/(min mg)d

6-Phosphogluconolactonase PF14_0511 3.1.1.31 25 mM Hepes and 2 mM MgCl2 (pH 7.1)[9] 1.0/1.0 145/10.2–60[8,25]
6-Pyruvoyltetrahydropterin

synthase
PFF1360w 4.2.3.12 50 mM Tris, 100 mM KCl, 100 lM MgCl2, and

2 mM DTT (pH 8.0)[26]
1.0/0.97 >0/>0[26]

6-Pyruvoyltetrahydropterin
synthase(P. vivax)

PVX_114505 4.2.3.12 50 mM Tris, 100 mM KCl, 10 mM MgCl2, and
2 mM DTT (pH 8.0)[26]

1.0/1.0 >0/>0[26]

Adenosine deaminase PF10_0289 3.5.4.4 20 mM potassium phosphate and 1 lM EDTA
(pH 7.0)[27]

0.05/0.15 11/>0[28]

Adenosine deaminase(P. vivax) PVX_111245 3.5.4.4 20 mM potassium phosphate and 1 lM EDTA
(pH 7.0)[27]

0.63/0.75 100/>0[28]

Adenylosuccinate lyase(P. vivax) PVX_114710 4.3.2.2 50 mM potassium phosphate (pH 7.4)[29] 1.0/1.0 14/5.7–8.0[29]
Adenylosuccinate synthetase PF13_0287 6.3.4.4 50 mM sodium phosphate and 5 mM MgCl2 (pH

7.5)[30]
1.0/1.0 0.9/1.14[30]

Aspartate carbamoyltransferase
(P. vivax)

PVX_083135 2.1.3.2 50 mM Tris, 1 mM EDTA, 1 mM
mercaptoethanol, and 400 fM BSA (pH 8.0)[31]

0.92/1.0 >0/NA

Choline kinase PF14_0020 2.7.1.32 100 mM glycine–NaOH, 150 mM KCl, and 6 mM
MgCl2 (pH 9.2)[6]

1.0/0.82 5/0.8[6]

D-Ribulose-5-phosphate 3-
epimerase

PFL0960w 5.1.3.1 300 mM triethanolamine (pH 7.4)[32] 0.91/0.83 30/NA

Deoxyribose-phosphate aldolase
(P. yoelii)

PY02252 4.1.2.4 100 mM triethanolamine (pH 7.5)[33] 1.0/1.0 4.2/NA

Dihydrofolate synthase PF13_0140 6.3.2.12 86 mM Tris, 100 mM KCl, and 4 mM
MgCl2 (pH 8.0)[34,35]

0.05/0.06 None/NA

dUTPase PF11_0282 3.6.1.23 2.5 mM Mes, 100 mM KCl, 5 mM MgCl2,
and 2.5 mM DTT (pH 6.2)[7]

1.0/1.0 63/25.8[7]

Farnesyl pyrophosphate synthase
(P. vivax)

PVX_092040 2.5.1.10 25 mM Hepes and 2.5 mM MgCl2 (pH 7.4)[36] 0.78/0.81 0.013/>0[36]

Glutamate dehydrogenase, NADP
specific

PF14_0164 1.4.1.4 100 mM potassium phosphate and 1 mM
EDTA (pH 8.0)[37]

1.0/0.81 4.2/9[37]

Glyceraldehyde-3-phosphate
dehydrogenase

PF14_0598 1.2.1.12 40 mM triethanolamine and 50 mM
Na2HPO4 (pH 7.6)[38]

1.0/1.0 23/90–120[38]

Glycerol-3-phosphate
dehydrogenase

PFL0780w 1.1.1.8 300 mM triethanolamine (pH 7.4)[39] 1.0/1.0 6/NA

Guanylate kinase(P. vivax) PVX_099895 2.7.4.8 50 mM Tris, 50 mM KCl, and 2 mM MgCl2 (pH
7.5)[13]

1.0/1.0 350/750[40]

Hydroxymethyldihydropterin
pyrophosphokinase(P. vivax)

PVX_123230 2.7.6.3 100 mM Tris, 100 mM mercaptoethanol,
and 10 mM MgCl2 (pH 9.0)[41]

0.44/0.18 0.01/0.01[41]

Methionine adenosyltransferase PFI1090w 2.5.1.6 100 mM Tris, 150 mM KCl, 20 mM MgCl2, and
5 mM mercaptoethanol (pH 8.2)[42]

0.44/0.49 None/>0[42]

Methionine aminopeptidase 1 PF10_0150 3.4.11.18 25 mM Hepes and 150 mM KCl (pH 7.5)[15] 1.0/1.0 0.02*/0.23[14]
Methionine aminopeptidase 2 PF14_0327 3.4.11.18 25 mM Hepes and 150 mM KCl (pH 7.5)[15] 0.00/0.00 None/0[23]
N-Myristoyltransferase PF14_0127 2.3.1.97 20 mM Tris, 100 mM NaCl, and 1 mM EDTA (pH

8.0)[43]
1.0/1.0 0.14*/> 0[44]

Nucleoside diphosphate kinase B PF13_0349 2.7.4.6 50 mM Tris, 40 mM KCl, and 2 mM MgCl2 (pH
7.2)[45]

1.0/1.0 60*/1880[45]

Orotidine 50-monophosphate
decarboxylase

PF10_0225 4.1.1.23 25 mM Mops and 5% glycerol (pH 7.2)[46] 1.0/1.0 11/2.7[46]

Phosphoethanolamine
N-methyltransferase

MAL13P1.214 2.1.1.103 100 mM Hepes, 10% glycerol, and 2 mM
EDTA (pH 8.6)[47]

0.38/0.34 0.0001/0.0012[47]

Phosphoglycerate kinase PFI1105w 2.7.2.3 100 mM triethanolamine, 5 mM MgSO4,
1 mM EDTA, and 1 mM DTT (pH 7.6)[48]

1.0/1.0 None/210[48]

Ribose 5-phosphate isomerase PFE0730c 5.3.1.6 300 mM triethanolamine (pH 7.4)[32] 1.0/1.0 2100/NA
S-Adenosylhomocysteine

hydrolase
PFE1050w 3.3.1.1 25 mM potassium phosphate (pH 7.2)[49] 0.45/0.47 0.028/0.03[49]

Superoxide dismutase(P. berghei) PB000490.02.0 1.15.1.1 50 mM potassium phosphate, 0.1 mM EDTA (pH
7.8) [19]

1.0/1.0 1400*/1631 [19]

Superoxide dismutase(P.
knowlesi)

PKH_142350 1.15.1.1 50 mM potassium phosphate and 0.1 mM
EDTA (pH 7.8)[19]

1.0/1.0 1400*/1631[19]

a All enzymes are from P. falciparum unless otherwise noted.
b Gene IDs are as assigned by PlasmoDB (http://plasmodb.org).
c Activity assays were performed according to the references given. Exceptions and clarifications are noted in Materials and methods.
d Literature values for specific activities are taken from previous studies of the same enzyme or an orthologue within the Plasmodium genus. Asterisks in the specific activity

column indicate differences in assay substrates between previous studies and the current one (see Materials and methods). A specific activity of ‘‘NA” indicates that a
literature value is not available. A value of ‘‘>0” means that the enzyme is active but the specific activity was not reported in the literature (and/or in the current study) and
could not be determined because of a lack of calibration standards. Approximate assay detection limits for the enzymes with no detectable activity were 0.0002 lmol/
(min mg) for dihydrofolate synthase, 0.003 lmol/(min mg) for methionine adenosyltransferase, 0.005 lmol/(min mg) for methionine aminopeptidase 2, and 0.0005 lmol/
(min mg) for phosphoglycerate kinase.
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with methionine aminopeptidase 1; and 61 �C for 1, 10, 20, and
40 min with orotidine 50-monophosphate decarboxylase. SDS con-
centrations tested were 0%, 0.0125%, 0.02%, 0.03%, and 0.04% for
adenosine deaminase; 0%, 0.01%, 0.0125%, 0.02%, and 0.03% for
glyceraldehyde-3-phosphate dehydrogenase; 0%, 0.0156%, 0.031%,
0.0625%, and 0.125% for methionine aminopeptidase 1; and 0%,
0.01%, 0.02%, and 0.04% for orotidine 50-monophosphate decarbox-
ylase. Preassay denaturation of orotidine 50-monophosphate decar-
boxylase was also attempted through repeated thawing/refreezing
and with various concentrations of guanidine hydrochloride and
urea.

Results

Melting curves were collected for 31 Plasmodium enzymes both
in a standard buffer commonly used for thermal melt assays
(100 mM Hepes and 150 mM KCl, pH 7.5) [3,20] and in each en-
zyme’s activity assay buffer (listed in Table 1). There was a strong
correlation (R2 = 0.945) between an enzyme’s Q (which quantifies
melting curve quality (see Materials and methods)) in the standard
buffer and its Q in activity assay buffer (Fig. 1).

Most enzymes’ melting curves included a temperature span
over which fluorescence increased substantially (presumably due
to heat-induced unfolding), resulting in Q values above 0.60. Of
these 24 high-Q enzymes, 23 were catalytically active (Fig. 2). Fluo-
rescence increases due to melting were small for seven enzymes,
leading to Q values below 0.50. Among these seven, only four were
found to be active (Fig. 2). Another way of summarizing these re-
sults is to say that, of the four inactive enzymes, all but one had
Q values below 0.50. These data suggest that a good melting curve,
as indicated by a high Q, is predictive of catalytic activity.

As a further exploration of the relationship between melting
curve quality and enzyme activity, we studied how both change
in response to varying degrees of preassay denaturation. Prelimin-
ary experiments gauged the response of orotidine 50-monophos-
phate decarboxylase to five possible causes of denaturation:
prolonged heating, repeated thawing/refreezing, exposure to SDS,
exposure to guanidine hydrochloride, and exposure to urea. Re-
peated freezing/thawing (5–10 cycles) and exposure to urea
(61.8 M) did not cause significant changes in enzyme behavior,

and guanidine hydrochloride was found to be a competitive inhib-
itor of the enzyme at subdenaturing concentrations (data not
shown). However, preheating and SDS were found to denature
the enzyme effectively and unambiguously, so these perturbations
were then used to study three additional Plasmodium enzymes:
adenosine deaminase (from P. vivax), glyceraldehyde-3-phosphate
dehydrogenase, and methionine aminopeptidase 1. Typical
changes in melting curves in response to preheating and SDS are
shown in Fig. 3. As the [SDS] or duration of preheating increased,
the initial fluorescence (at 20 �C) increased and the change in fluo-
rescence associated with melting (DFmelt) decreased. The melting
temperature (Tm), defined as the temperature at which the fluores-
cence increases most steeply [3], decreased in response to SDS but
not in response to preheating. These trends were similar for all four
enzymes.

Fig. 4 shows the relationships between Q values and activities of
the four enzymes denatured with preheating and with SDS. A full
range of conditions was employed, up to and including those pro-
ducing activities at or near 0%. It is evident that in many instances,
a treated enzyme can suffer substantial deterioration of its melting
curves, as indicated by Q values at or near 0, but still retain signif-
icant activity. The denaturation of adenosine deaminase by SDS is
the clearest example of this somewhat surprising trend. Neverthe-
less, the general pattern suggested by Fig. 2 also applies here: high-
Q samples were quite active, whereas the activities of low-Q sam-
ples were harder to predict.

Two limitations of the data presented so far are that (i) only
Plasmodium enzymes were studied and (ii) the denaturation of en-
zymes as explored in Figs. 3 and 4 was achieved artificially (i.e.,
with conditions to which valuable proteins are unlikely to be sub-
jected). Can Q values be used to predict whether enzymes from any
organism are active even when normal measures are taken to pre-
serve their functional three-dimensional shape? As a preliminary
look at this question, we studied pairs of stocks of xanthine oxidase
from B. taurus (purchased from Sigma–Aldrich) and cysteine prote-
ase 1 from E. histolytica (expressed in E. coli by our lab). Both stocks
of xanthine oxidase had been stored at 4 �C as recommended by
the manufacturer, but at the time of these experiments one stock
was 14 months old and the other was only 4 months old. The melt-
ing curve of the older stock did not show a melting-related in-
crease in fluorescence (Q = 0.00), whereas the newer stock
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showed a small but distinct increase between 60 and 70 �C
(Q = 0.05) (Fig. 5A). When both stocks were tested for catalytic
activity, only the newer stock was found to be active (with a spe-
cific activity of 0.04 lmol/(min mg); detection limit �0.004 lmol/
(min mg)). Similar assays were performed with two stocks of
cysteine protease 1, one of which had been refolded with buffers
optimized for this particular enzyme. The stock to which optimal
refolding buffers had been applied gave a melting curve with a
middling Q (0.40) and was active, whereas the other stock had a
low Q (0.10) (Fig. 5B) and was not active (detection limit not
known).

Discussion

This article has presented evidence that enzymes with high-
quality thermal melt curves, as indicated by high Q values, are
more likely to be catalytically active than enzymes with poor melt-
ing curves. The relationship between melting curves and activity
was examined in three sets of enzymes: 31 recombinant Plasmo-
dium enzymes expressed and purified with standard protocols
(Fig. 2), a subset of four Plasmodium enzymes artificially denatured
with heat and SDS (Figs. 3 and 4), and two pairs of non-Plasmodium
enzymes (Fig. 5). These datasets collectively indicate that the high-
er the Q of an enzyme stock, the more likely it is to be active. The
implication is that melting curves are a reasonable indicator of
whether a protein is denatured or natively folded and that thermal
melt assays could be used to assess the folding status of noncata-
lytic proteins as well as enzymes.

Our conclusion that melting curves indicate protein folding sta-
tus comes with at least four caveats. First, our study focused en-
tirely on enzymes (rather than noncatalytic proteins) and mainly
on Plasmodium enzymes, whose amino acid composition differs
from that of most organisms due to the AT richness of the Plasmo-
dium genome [21]. Second, melting curves reveal only whether
hydrophobic residues are exposed to surrounding solvent and,
thus, cannot distinguish between proteins that are properly folded
and proteins that are misfolded in a way that nonetheless shields
their hydrophobic regions from solvent. The inactivity of our stock
of phosphoglycerate kinase could, in theory, be due to this type of
misfolding. Third, an enzyme’s overall three-dimensional structure
is only one of several determinants of its activity; for instance, the
absence of a cofactor or point mutations in the active site might

not significantly alter an enzyme’s gross structure but may render
it inactive. As an example, a methionine aminopeptidase 1 stock
purified with cobalt rather than manganese gave good melting
curves (Q = 1) but was inactive unless manganese, its probable
cofactor in vivo [22], was added to the assay buffer (data not
shown). Fourth, we did not prove that DFmelt/DFtotal (the ratio of
the melting-associated rise in fluorescence to the total range of
fluorescence values observed between 20 and 90 �C) is the best
possible measure of melting curve quality. Data such as those in
Fig. 3 show that as an enzyme becomes more and more denatured,
its DFmelt tends to decrease, whereas its initial fluorescence at 20 �C
(and usually DFtotal) tends to increase. Calculating Q as the ratio of
DFmelt to DFtotal is a simple and logical way of capturing both
trends; however, alternative metrics for rating melting curves
may be equally appropriate, depending on the goals of one’s
analysis.

In measuring specific activities of our Plasmodium enzymes, we
followed precedents reported in the literature whenever possible
so that our values could be compared with previously reported val-
ues. These comparisons (Table 1) did not reveal any obvious pat-
terns; for example, low-Q enzymes did not consistently have
specific activities well below literature values. This might not be
surprising because, aside from possible lab-to-lab differences in as-
say performance, we do not know how other labs’ enzyme stocks
compare with ours in terms of purity and folding state. If a recom-
binant enzyme expressed in E. coli tends to misfold under standard
expression and purification conditions, it might have a low or non-
existent specific activity both in our lab and elsewhere. Indeed, our
failure to detect activity of recombinant methionine aminopepti-
dase 2 from P. falciparum is consistent with a previous report [23].

The current study helps to clarify previous speculation in the
literature regarding melting curves having a high baseline fluores-
cence and/or lacking a large melting-related increase in fluores-
cence. It has been proposed that high initial fluorescence is
‘‘likely caused by the dye binding to hydrophobic parts of the pro-
tein that are exposed even when it is fully folded” and that the lack
of a melting transition ‘‘can be explained by high protein Tm that
exceed the maximum temperature limit of the instruments” [24].
If poor melting curves usually come from properly folded proteins,
as implied by the preceding sentence, melting curve quality would
not be a useful indicator of an enzyme’s folding status and would
not correlate with catalytic activity. On the contrary, our results
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show that enzymes with poor melting curves are less likely to be
active, suggesting that a poor melting curve is often a result of
being poorly folded. However, it is possible that well-folded stocks
of certain proteins yield poor melting curves for the reasons of-
fered above, and these reasons may account for the relatively high
activities of some of our low-Q enzymes.

Thermal melt curves have previously been shown to be useful
for optimizing protein purification, concentration, and crystalliza-
tion, with the optimal conditions being those in which the pro-
tein’s Tm is maximized [20]. Members of our research group have
also found that melting curves help to predict whether proteins
can be crystallized (F. Zucker et al., unpublished experiments).
The current study supports and extends those findings by demon-
strating that melting curve quality is predictive of enzyme activity
and, therefore, appears to be a reasonable indicator of folding sta-
tus. These new results, in turn, hint that thermal melt assays may
have additional applications beyond their use in crystallography.

For example, a lab that has purified many proteins may wish to pri-
oritize a few of them in developing functional assays for high-
throughput screening. Because the functional assays may be diffi-
cult and costly to set up, thermal melt assays can be used to iden-
tify which proteins are most likely to be well-folded and, thus,
which should be pursued further if resources are limited. (Such as-
says can probably be conducted with a single common buffer given
that generic and enzyme-specific buffers yield similar results
(Fig. 1).) Similarly, if a lab has generated many different stocks of
the same protein, thermal melt assays may allow rapid assessment
of the stocks without the need for functional assays. Finally, if a
newly discovered protein appears to be inactive in an assay of its
hypothesized function, thermal melting may help to establish
whether the apparent inactivity is due to denaturation. If the pro-
tein’s melting curves suggest that it is well-folded, the possibility
that the protein’s true function is not what was hypothesized
should be considered.
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The preceding paragraphs should not be taken to mean that
thermal melting is the only method conducive to high-throughput
assessment of protein folding. The related technique of isothermal
denaturation (ITD) also permits scanning of protein samples in 96-
or 384-well plates, as does differential static light scattering (DSLS)
[24], so those methods may also prove to be predictive of catalytic
activity. The sample and time requirements of the three techniques
are similar in that 5–25 ll of protein at a concentration of 50–
200 lg/ml is needed for each well and scanning takes approxi-
mately 60 min. All three methods are distinct from circular dichro-
ism (CD), another popular way of assessing protein folding, in that
the latter requires a CD spectrometer (and therefore greater quan-
tities of protein) and cannot be conducted in a high-throughput
manner with commercially available plate readers. However, CD
does offer the advantage of being nondestructive to protein
samples.
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