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Insight into the hyperthermostable endo-b-1,3-glucanase pfLamA from Pyrococcus furiosus is obtained by
using NMR spectroscopy. pfLamA functions optimally at 104 �C and recently the X-ray structure of pfLamA
has been obtained at 20 �C, a temperature at which the enzyme is inactive. In this study, near-complete
(>99%) NMR assignments are presented of chemical shifts of pfLamA in presence and absence of calcium
at 62 �C, a temperature at which the enzyme is biologically active. The protein contains calcium and the
effects of calcium on the protein are assessed. Calcium binding results in relatively small chemical shift
changes in a region distant from the active site of pfLamA and thus causes only minor conformational mod-
ifications. Removal of calcium does not significantly alter the denaturation temperature of pfLamA, imply-
ing that calcium does not stabilize the enzyme against global unfolding. The data obtained form the basis for
elucidation of the molecular origins involved in conformational stability and biological activity of hyper-
thermophilic endo-b-1,3-glucanases at extreme temperatures.

� 2009 Elsevier Inc. All rights reserved.
Introduction The crystal structure of pfLamA at 2.16 Å resolution has been re-
Hyperthermophilic microorganisms flourish in extreme environ-
ments of conditions that were until recently considered as incompat-
ible with life. Pyrococcus furiosus is an anaerobic hyperthermophile,
which was discovered in geothermally heated marine sediments at
temperatures exceeding 100 �C [1]. The organism contains a large col-
lection of hyperthermostable enzymes that have potential for appli-
cations in biotechnology and industrial biocatalysis [2]. One of these
enzymes is the extracellular pfLamA, of which several properties have
been characterized [3]. pfLamA belongs to the class of laminarases (EC
3.2.1.39) of the glycoside hydrolase family GH-16 [4]. The enzyme
hydrolyzes 1,3-b-D-glucosidic linkages in 1,3-beta-D-glucans, e.g.
laminarins, curdlans, paramylons, and pachymans. pfLamA is opti-
mally active at 104 �C, a condition where proteins from mesophilic
organisms rapidly denature, whereas it is inactive at room tempera-
ture [5,6].
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cently elucidated (PDB entry 2VY0) [7]. In general, protein struc-
tures belonging to the GH-16 family have a beta jelly-roll fold
with a highly concave side to which a glycan polymer substrate
binds and contain at least one metal-binding site [8]. Indeed,
X-ray structural analysis shows that pfLamA contains one calcium
ion, which is located opposite to the active site of the enzyme
(Fig. 1). The dissociation constant of the enzyme-calcium complex
is 30 nM at 20 �C [9]. Catalytic residues E170, D172, and E175 of
pfLamA are involved in hydrolysis of the 1,3-b-glycosidic bond
and are highly conserved in the GH-16 family [8]. These three ami-
no acids are located in a single b-strand and their side chains point
towards the substrate-binding pocket. Mutation of either one of
the aforementioned two glutamate residues abolishes enzymatic
activity almost completely.

Currently, virtually all three-dimensional structures of hyper-
thermostable proteins have been obtained using crystallography,
as is the case for pfLamA. X-ray data are extracted from protein
crystals at temperatures far lower than the normal operating tem-
perature of the proteins involved. Although supported by little
experimental data, it is generally believed that protein crystals
grown at ambient temperatures are imperfect proxies for the con-
formational properties of hyperthermostable proteins that are ac-
tive at temperatures above 100 �C [10]. NMR spectroscopy is a
suitable technique to solve the three-dimensional structure of a
protein in solution at temperatures well above room temperature.
Most solution structures of thermo- and hyperthermostable pro-
teins have been derived from data obtained at temperatures
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Fig. 1. Cartoon drawings of pfLamA, with calcium shown as gray sphere. Beta sheets
and alpha-helices are colored magenta and cyan, respectively. (A) Top view of
pfLamA with E170, D172, and E175, involved in substrate binding, colored green. (B)
Side view of pfLamA with amino acids that are identified by NMR spectroscopy to be
affected by Ca2+ binding colored blue; W64, located near the active site of pfLamA, is
also affected by calcium binding (see Fig. 3) and is highlighted in red.
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between room temperature and 40 �C. Only five solution structures
have been deduced from NMR data obtained at 50–65 �C, all of
small, less than 100 residues-containing proteins [11–15].

With this work we aim to elucidate the molecular origins in-
volved in conformational stability and biologically activity of the
264-residue hyperthermophilic pfLamA from P. furiosus at extreme
temperatures. Currently, for no (hyperthermostable) glucanase
NMR assignments are available and thus no solution structures
of these proteins are known. To understand the (sub)molecular
properties of hyperthermostable endo-b-1,3-glucanases, we aim
to solve the solution structure of pfLamA in its catalytically active
state at elevated temperatures. The latter is considered important,
as the X-ray structure of pfLamA has been obtained at 20 �C, a tem-
perature at which the protein is biologically inactive. The data pre-
sented here of pfLamA at 62 �C reveal insight into the role of Ca2+ in
pfLamA’s conformational characteristics and form the basis for elu-
cidation of its solution structure.

Materials and methods

Protein expression and purification. The sequence of the pfLamA
gene has been deposited in the GenBankTM database (Accession
No. AF013169). Residues 34–297 of pfLamA were expressed in
transformed E. coli BL21 (DE3) cells using the T7 expression sys-
tem, as described elsewhere [3]. Cells were grown at 37 �C in M9
minimal medium containing 15NH4Cl and 13C-glucose. The M9
medium was supplemented with 2 mM MgSO4, 0.1 mM CaCl2,
and 10 lM FeCl3, and contained thiamin, biotin, and kanamycin.
After expression of pfLamA, the cells were centrifuged at 4 �C,
resuspended in Tris buffer and lysed by sonication. Purification in-
volved heat incubation of the cell extract at 85 �C for 45 min to
denature the non-hyperthermostable proteins of E. coli; protein
aggregates were removed by centrifugation. Further purification
of the pfLamA-containing supernatant was performed using a phe-
nyl-Sepharose and a Superdex 200 column (Amersham Pharmacia,
Sweden).

NMR samples of 1.5 mM uniformly [13C, 15N]-labeled pfLamA
were prepared in 10 mM sodium phosphate, pH 7.0, with 10%
D2O (Cambridge Isotope Laboratory, Cambridge, MA), 100 lM of
2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS), and 0.01% (w/v)
azide. Samples were stored at 4 �C; under these conditions pfLamA
was stable for at least four years.

Mass spectrometry. Matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF, Voyager DE-RP,
PerSeptive Biosystems, Framingham, MA, USA) and size exclusion
chromatography showed that the 264-residue pfLamA in solution
is a monomer.

Trypsinized pfLamA was characterized by electrospray ioniza-
tion-quadrupole-time-of-flight (ESI-Q-TOF) mass spectrometry.
Separation of the pfLamA peptide fragments was performed using
a Zorbax 300 Extend-C18 column (Agilent Technologies, Palo Alto,
CA) and an Agilent 1200 series chromatography system coupled to
Agilent 6510 Q-TOF; spray voltage of 3.8 kV, gas temperature of
275 �C, nebulizer gas at 10 psi, and a drying gas of 4 l/min were
used. Positive ion data-dependent acquisition range in the scan
mode was 100–1799 m/z and for the MS/MS mode 100–2000 m/z.
The charge priority of MS/MS acquisition was +2 (charges), +3,
>+3, unknown, +1. Data were collected and analyzed using the Agi-
lent MassHunter software (Agilent, Technologies, Palo Alto, CA).
Peptide identification and assignment of possible amino acid
chemical modifications was confirmed by inspection of the MS/
MS spectra and by using the ProteinProspector software (http://
prospector.ucsf.edu/).

NMR spectroscopy. Two sets of spectra were collected for pfLamA:
one set was obtained using a sample in which half of the pfLamA
molecules had their calcium-binding site filled with Ca2+. The other
set was obtained using a sample in which all pfLamA molecules
had their calcium-binding site filled with Ca2+ (achieved by adding
CaCl2 to the sample to a final concentration of approximately
10 mM). Preliminary titration and back-titration NMR experiments
were performed with increasing CaCl2 and EDTA concentrations,
respectively prior to determining the optimal conditions for the
study.

NMR data were acquired on Bruker AMX500, DRX700, and
DRX900 spectrometers, equipped with triple-resonance probes
with z-gradients. 1H–15N HSQC, 1H–13C HSQC, 3D-15N-edited
NOESY, 3D-13C-edited NOESY and CBCA(CO)NH, HNCACB, HNCO,
HN(CA)CO, HBHA(CO)NH, HN(CO)CA, and HCCH-TOCSY triple-res-
onance experiments were collected to complete 1H, 13C, and 15N
resonance assignments of calcium-containing and no calcium-con-
taining pfLamA molecules. To assign side-chain resonances of try-
ptophans, 2D-TOCSY and 2D-NOESY spectra were collected on
unlabeled samples of pfLamA.

All NMR data were processed with Xwinnmr (Bruker, Rheinstetten,
Germany) and analyzed with CARA v1.5.5/NEASY (Institute of
Molecular Biology and Biophysics, ETH Zürich, Switzerland) and
Sparky (TD Goddard and DG Kneller, University of California, San
Francisco, USA).

Differential scanning calorimetry. Calorimetric studies were car-
ried out in a VP-DSC calorimeter (MicroCal Inc., Northampton,
MA). The effect of calcium ions on thermal stability of pfLamA
was investigated through addition of 1 mM CaCl2 or 1 mM EDTA
to the protein solution. Heat exchanges of non-labeled pfLamA
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were recorded between 20 and 130 �C using as reference the
appropriate buffer solution (i.e., with or without 1 mM CaCl2, or
with 1 mM EDTA). Samples were degassed under vacuum for
15 min prior to loading the cells, which were maintained under
2.5 bar pressure to avoid boiling of the sample. The concentration
of pfLamA was 7.6 lM in 10 mM sodium phosphate, pH 7.0.

Heat exchanges of pfLamA were also studied using protein con-
centrations ranging between 0.1 and 2.0 mg/mL which led to the
same heat capacity values when the data were normalized to the
protein concentration used. The temperature increased at a rate
of 30 �C/h. Heat exchanges of pfLamA were also recorded using
heating rates between 6 and 90 �C/h, which led to similar results.

DSC data were analyzed using Origin software (MicroCal Inc.).
Thermograms of pfLamA with 1 mM CaCl2 were smoothed using
the Origin 5-point adjacent averaging algorithm. This smoothing
was necessary, as addition of CaCl2 to the phosphate containing
pfLamA solution leads to formation of calcium phosphate salts,
causing increased noise of DSC thermograms. Precipitation of these
salts results in Ca2+ sequestration. To determine the concentration
of free calcium interacting with pfLamA we used a computational
approach [16] in which the proton dissociation, ion-pair formation
constants, and solubility products for calcium phosphate salts (i.e.,
hydroxyapatite, octacalcium phosphate, tricalcium phosphate, and
dicalcium phosphate dihydrate) are taken into account. [17–21]
The calculations reveal that in the temperature range of 20–45 �C
the concentration of free Ca2+ interacting with pfLamA is approxi-
mately 0.5 mM (i.e., 60-fold higher than the concentration of
pfLamA). Increasing temperature to 120 �C results in higher con-
centrations of free Ca2+, because the sparingly soluble salts octacal-
cium phosphate and hydroxyapatite are more soluble at elevated
temperatures [17].

Results and discussion

Mass spectrometric analysis of pfLamA

Based on the amino acid sequence of pfLamA, the theoretical
isotopically-averaged molecular mass of pflamA is 30,085 Da [3].
MALDI-TOF analysis of a non-labeled protein sample yields a value
of 30,135 Da. The difference in molecular masses suggests that
pfLamA in solution may contain a calcium ion and furthermore that
a post-translational modification occurred.

To test whether methionine oxidation occurs, trypsinized pfLamA
peptide fragments were separated by HPLC and subsequently ana-
lyzed by ESI-Q-TOF mass spectrometry. Trypsin cleaves pfLamA at
the carboxyl side of residue K44. It turns out that M34 is indeed
present in both the oxidized and non-oxidized form in the ensem-
ble of pfLamA molecules (Fig. 2). This oxidation of pfLamA has not
been reported previously. Further analysis of the data shows that
in a fraction of pfLamA molecules M34 is cleaved from the protein.

Quantitative analysis using combined peak integration of the
extracted chromatograms for all charged states reveals that M34
is oxidized in approximately 10% of pfLamA molecules, whereas
12% of pfLamA molecules are devoid of M34 (Fig. 2). Furthermore,
we observe deamidation of N60 in 30% of the pfLamA molecules
(potentially, deamidation of Q45 instead of N60 is also possible,
although less likely). Fragment 105–128 of pfLamA turns out to
be phosphorylated. However, as this fragment contains two ser-
ines, two threonines, and one tyrosine, we cannot yet resolve
which of these residues is phosphorylated.

Assignment of chemical shifts of pfLamA

Practical considerations led us to select 62 �C as the tempera-
ture to perform NMR experiments. Excellent quality, high-resolu-
tion 1D and 2D NMR spectra of pfLamA are recorded at
temperatures up to 95 �C. However, according to hardware specifi-
cations, 62 �C is approximately the maximum temperature a sam-
ple can be for long periods of time inside a triple-resonance probe,
without risking damage to construction materials of the probe.

Elevated temperatures may lead to instability of NMR samples
due to turbulence and refluxing of heated water. Therefore, we pre-
pared samples in standard 5 mm NMR tubes capped with a steril-
ized Teflon plug, positioned just above sample volume. A tiny hole
in the plug prevents build up of pressure, and allows for a slow and
controlled release of water vapor from the sample. The plug pre-
vents water droplets, which condense on the glass in the top part
of the NMR tube, to slide back into the sample. Consequently, sud-
den changes in homogeneity of the protein solution are avoided.
The original starting situation can easily be recovered after record-
ing a three-dimensional NMR spectrum through centrifugation of
the NMR tube.

Two sets of assignments of pfLamA are deposited in BioMagRes-
Bank (www.bmrb.wisc.edu) (Accession No. BMRB-16481). Amino
acid residues that are in proximity to the calcium-binding site of
pfLamA cause the presence of two sets of resonances which are la-
beled as a and b in the data set, respectively. The first set of assign-
ments is derived from a sample in which half of the pfLamA
molecules have their calcium-binding site filled with Ca2+. The sec-
ond set of assignments lists assignments of backbone chemical
shifts of pfLamA in the presence of 10 mM CaCl2; a condition where
all pfLamA molecules have their calcium-binding site filled with
Ca2+. Near-complete (>99%) assignments of chemical shifts of pfLamA
are obtained.

The assigned 1H–15N HSQC spectrum of a pfLamA sample in
which approximately half of the protein molecules have their cal-
cium-binding site filled with Ca2+ is shown in Fig. 3. Amides of
many amino acid residues that are in proximity to the calcium-
binding site cause the presence of two sets of 1H and 15N NMR sig-
nals, as the protein is in slow exchange on the NMR chemical shift
timescale between calcium-containing and no calcium-containing
conformations (on basis of line shape analysis of the He resonance
of W64, the rate of exchange between the two conformers is esti-
mated to be approximately 30–46 s�1). Calcium titration experi-
ments provided 1H–15N HSQC data that clearly reveal which
cross peaks are affected by the presence of calcium (data not
shown). Hence, in the HSQC spectrum obtained a distinction be-
tween pfLamA molecules with their calcium-binding site occupied
and those in which the binding site does not contain calcium can
be made. Some residues in the calcium-binding site of pfLamA give
rise to NMR signals that are broadened beyond detection, as the
corresponding chemical shift differences are smaller than those
observed for He of W64, while interconversion between the two
protein conformers occurs at 30–46 s�1, and thus exchange is
intermediate on the chemical shift timescale. These severely
broadened, mostly backbone, signals become detectable only after
addition of excess calcium (i.e., in presence of approximately
10 mM Ca2+).

Nearly all backbone resonances (i.e., HN, N, Ca, Cb, and C0) of the
calcium-containing form of pfLamA (in the presence of approxi-
mately 10 mM CaCl2) and of the pfLamA conformer with the cal-
cium-binding site unoccupied have been assigned. For the
calcium-containing form of the protein, resonances of M34, amide
resonances of V35, S196, and E239, and carbonyl resonances of V35
and P133 are not assigned. The intensities of the amide proton sig-
nals of V35 and S196 are very weak, which is probably due to fast
exchange of these protons with protons of the solvent, whereas the
amide resonances of E239 in both pfLamA conformers could not be
assigned due to overlap with signals of the 25 other glutamates of
the protein. For the pfLamA conformer with the calcium-binding

http://www.bmrb.wisc.edu


Fig. 2. MS/MS spectral peak assignments of pfLamA’s, trypsin-digested, N-terminal peptide fragment. Analysis of the spectra shows the presence of three populations of
pfLamA molecules: a population in which M34 is missing from the protein sequence (top panel), a population in which M34 is oxidized (middle panel), and a population in
which M34 is non-oxidized (bottom panel). Blue diamonds indicate the precursor ion location. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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site unoccupied, the backbone amides of E53, S57, E89, N96, S196,
and A276 could not be assigned due to exchange broadening.

The large majority of resonances of the side chains of the pfLamA
molecules that contain no calcium have identical chemical shifts,
within the limited digital resolution of 3D NMR spectra, compared
to the corresponding resonances of the calcium-containing form of
the protein. Only a few exceptions exist, see e.g. resonances of the
side-chain of W64 (Fig. 3). These exceptions are reported in the
deposited chemical shift list.

Virtually all proton and carbon resonances of amino acid side
chains of pfLamA (Hb-He/Cb-Ce) are assigned using an HCCH-TOC-
SY experiment. Side-chain assignments are not obtained for M34
and for the He/Ce resonances of the other methionines. Resonances
of side-chain amide protons of N90, N96, N112, N167, N263, and
N273 are not assigned because they are severely broadened as a re-
sult of the unfavorable rate of rotation around the C–N amide bond
at 62 �C, and due to exchange of these amide protons with protons
of the solvent. The protein contains 6 histidines and 41 aromatic
residues. Only the He1, Ne1, and Hd1 resonances of the 11 trypto-
phan residues of pfLamA could be unambiguously assigned.
Residues affected upon calcium binding

Based on the crystal structure of pfLamA, calcium is ligated to
the carbonyl oxygen atoms of E53, G97, and D287, the carboxyl
side-chain oxygens of E55 and D287, and to two water molecules
[7].

In case of several proteins, upon Ca2+ binding large 15N chemical
shift changes have been observed for backbone nitrogens that are
covalently bonded to the carbonyls that coordinate a calcium ion
(see e.g. [22]). In contrast, the 1H–15N HSQC spectra of pfLamA pre-
sented here demonstrate that upon binding of calcium chemical
shift changes are relatively small. Thus, binding of calcium causes
only minor conformational modifications of the pfLamA protein.
Chemical shifts of the backbone amides of the following 23 resi-
dues are affected: W50, H51, D52, F54, E55, G56, S57, E58, N60,
W64, Y93, V95, G97, T98, L99, V100, E138, R140, I141, F219,
V286, V289, and R290. In addition, cross peaks of the backbone
amides of E53 and D287, involved in the direct coordination of
calcium, are severely broadened and only visible in the 15N–1H
HSQC spectrum of the calcium-containing form of pfLamA. The



Fig. 3. Gradient-enhanced 500 MHz 1H–15N HSQC spectrum of 264-residue 13C–15N-labeled pfLamA at 62 �C. About half of the pfLamA molecules have their calcium-binding
site filled. As exchange between calcium-containing and non calcium-containing forms of pfLamA occurs with a rate of 30–46 s�1 many residues that are in the immediate
vicinity of the calcium-binding site give rise to a double set of resonances (exchange for these residues is slow on the NMR chemical shift timescale). Cross peaks that have
been labeled a represent the calcium-containing form, whereas cross peaks that have been labeled b arise from the non calcium-containing form of pfLamA. Labels
highlighted in blue indicate cross peaks from tryptophan side chains. The magnified inset shows four cross peaks arising from He/Ne of the indole of W64. Two of these cross
peaks arise due to conformational exchange on the millisecond timescale between conformers a and b. Horizontal lines connect side-chain NH2 resonances of asparagines and
glutamine residues, respectively. Side-chain connectivities of arginines and lysines that could not be assigned are labeled as ‘‘side”. This figure is available in high-resolution
(see Supplementary Fig. 1).
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corresponding cross peaks of the calcium-free conformer are
broadened beyond detection. Most of these 25 affected residues re-
side in the immediate vicinity of the Ca2+ binding site, which is re-
mote from the active site of pfLamA (Fig. 1B). Half of these residues
(i.e., W50, H51, D52, T93, V95, L99, V100, E138, R140, I141, F219,
V286, V289, and R290) are part of the beta sheet frontal to the cal-
cium-binding site and are not in direct contact with the Ca2+ ion.
The chemical shift changes of these residues upon calcium binding
are most likely due to small structural alterations in the hydrogen-
bonding network between adjacent anti-parallel beta strands.

Residues W64, G97, V95, V100, R140, I141, V286, and D287 are
most affected upon Ca2+ binding, as deduced from the size of the
magnitude of the corresponding chemical shift changes (data not
shown). The crystal structure of pfLamA shows that its N-terminus
resides in the vicinity of the bound calcium ion. However, our NMR
data show that the N-terminus is flexible (i.e., no long-range NOE’s
are observed and chemical shifts are close to random coil values).
In addition, upon calcium binding no chemical shift changes are
observed for the N-terminal residues.

Calcium does not significantly increase the stability of pfLamA against
thermal unfolding

DSC analysis reveals that pfLamA in which approximately half
the protein molecules have their calcium-binding site occupied
with calcium denatures at 109.3 ± 0.6 �C (Fig. 4). Addition of



Fig. 4. Temperature-dependence of the heat capacity of pfLamA. The protein
(7.6 lM) is in 10 mM sodium phosphate, pH 7.0, either without excess Ca2+ (red
line, denaturation temperature, Td = 109.3 ± 0.6 �C) or with 1 mM excess Ca2+ (green
line, denaturation temperature, Td = 109.7 ± 0.4 �C), or in presence of 1 mM EDTA
(blue line, Td = 108.1 ± 0.5 �C). Graphs are vertically shifted for the purpose of
mutual comparison. The scan rate is 30 �C/h.
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1 mM Ca2+ leads to no significant increase in denaturation temper-
ature, Td, of pfLamA, as now Td is 109.7 ± 0.4 �C. Calcium-depleted
pfLamA, generated through addition of 1 mM EDTA, gives a repro-
ducible thermal transition and its Td is 108.1 ± 0.5 �C. Thus, re-
moval of Ca2+ does alter the Td of pfLamA only slightly, implying
that Ca2+ is not important for the stabilization of the enzyme
against global unfolding. However, bound calcium may play a role
in protecting the protein against thermal-induced loss of enzy-
matic activity [3], which may occur before global unfolding of a
protein. This loss in activity is likely due to local unfolding pro-
cesses that occur at temperatures below the denaturation temper-
ature of pfLamA.
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