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Protein stabilization was achieved through in vivo screening based
on the thermodynamic linkage between protein folding and frag-
ment complementation. The split GFP systemwas found suitable to
derive protein variants with enhanced stability due to the correla-
tion between effects of mutations on the stability of the intact
chain and the effects of the same mutations on the affinity be-
tween fragments of the chain. PGB1 mutants with higher affinity
between fragments 1 to 40 and 41 to 56 were obtained by in vivo
screening of a library of the 1 to 40 fragments against wild-type 41
to 56 fragments. Colonies were ranked based on the intensity of
green fluorescence emerging from assembly and folding of the
fused GFP fragments. The DNA from the brightest fluorescent
colonies was sequenced, and intact mutant PGB1s corresponding
to the top three sequences were expressed, purified, and analyzed
for stability toward thermal denaturation. The protein sequence
derived from the top fluorescent colony was found to yield a
12 °C increase in the thermal denaturation midpoint and a free
energy of stabilization of −8.7 kJ∕mol at 25 °C. The stability rank
order of the three mutant proteins follows the fluorescence rank
order in the split GFP system. The variants are stabilized through
increased hydrophobic effect, which raises the free energy of the
unfolded more than the folded state; as well as substitutions,
which lower the free energy of the folded more than the unfolded
state; optimized van der Waals interactions; helix stabilization;
improved hydrogen bonding network; and reduced electrostatic
repulsion in the folded state.
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The fold of a protein and its stability toward denaturation are
governed by the sequence of amino acids and the environment

(solvent, salts, pH, T, crowding, etc.). The fold and stability of the
protein are dependent on a multitude of noncovalent interactions
(hydrogen bonds, electrostatic interactions, van der Waals inter-
actions, hydrophobic effect) under the steric constraints imposed
by the covalent chain. With protein stability defined as the free
energy difference between the folded and unfolded state, the
stability will increase with any factor that raises the free energy
of the unfolded state more than the folded state and with any
factor that lowers the free energy of the folded state more than
the unfolded state.

A common problem with proteins used in therapeutic, diag-
nostic, or technical applications is their limited stability toward
different forms of handling and storage, or after administration
in the body. The proteins may be sensitive to denaturation and/or
proteolytic degradation.The therapeutic and technical valueof the
proteins may therefore increase if their stability can be improved.

Several approaches have been used to stabilize proteins
through formulation or through redesign of the amino acid
sequence. Formulation with sugars, liquid crystals, polymeric na-
noparticles, liposomes, emulsions, or microencapsulation, or by
site-specific glycosylation, may protect the native protein toward
unfolding and/or degradation (reviewed in refs. 1–3). Computa-
tional approaches to improve protein stability have focused on
improving the packing of the hydrophobic core and on optimizing

interactions in partially solvent exposed regions (4, 5). Screening
methods with combinatorial approaches such as phage display
have been applied to intact proteins and used increased protease
resistance as a selection criterion leading to variants with
increased thermal stability (6). There are many reported cases
of stabilized proteins by directed evolution (reviewed in ref. 7)
and rational design (reviewed in ref. 8). In directed evolution,
most strategies in screening for stability depend on activity mea-
surements during or after exposure to denaturing conditions (9).

Here we introduce an alternative approach to protein stabili-
zation based on the thermodynamic linkage between fragment
complementation and protein folding relying on in vivo screening
under physiological conditions. Our approach is based on the
correlation between mutational effects on the stability of the in-
tact chain and the effects of the same mutations on the affinity
between fragments of the chain (10–12) as illustrated in Fig. 1.
Screening based on fragment complementation and phage
display has previously been used to study the role of particular
amino acids in the specificity of folding and stabilization of
the corresponding intact proteins (13, 14).

Fig. 1. Correlation between mutational effects on the stability of the
intact chain and the effects of the same mutations on the affinity between
fragments of the chain (10–12).
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The combined interactions, which stabilize the protein fold,
are often strong and specific enough to allow for reconstitution
of the protein from fragments of the amino acid chain. Hence, an
intact covalent chain of amino acids is not necessary to maintain
the fold and function of a protein. This was found in the 1950s
for ribonuclease (15) and in the 1970s–2000s for a number of
other proteins (see, for example, refs. 16–24). The reconstituted
complex has lower and concentration-dependent stability toward
denaturation than the intact protein, but functions like receptor
or ligand binding are often retained.

As illustrated in Fig. 1, there is a strong correlation between
mutational effects on the stability of the intact chain and the
effects of the same mutations on the affinity between fragments
of the chain (10–12, 25). This implies that proteins may be sta-
bilized using a method based on protein reconstitution from frag-
ments and screening of a fragment library for enhanced affinity.
Preliminary studies using the split GFP system and fragment com-
plementation systems of widely different affinities and stabilities
pointed to a markedly brighter green fluorescence in the higher
affinity/stability system (26). Here we built on this finding to
develop an in vivo screening method that can be used to identify
reconstitution couples of improved affinities and subsequently to
produce intact protein variants with increased stability toward un-

folding. As a test case we use the 56-residue B1 domain of protein
G (PGB1) with a β-grasp fold (27) that can reconstitute from
fragments (28). We use a split GFP system, described in depth
elsewhere (29–31), to screen for PGB1 mutants with higher affi-
nity between two fragments comprising residues 1 to 40 and 41 to
56, respectively (Fig. 2) as visualized from brighter green fluor-
escence. After expression and purification of the corresponding
intact mutants we show that this leads to the production of mark-
edly stabilized protein variants. The protein sequence derived
from the top fluorescent colony yields a 12 °C increase in the mid-
point of thermal denaturation and a free energy of stabilization of
−8.7 kJ∕mol at 25 °C.

Results
Nomenclature. PGB1-QDD (also called parent) denotes a variant
of PGB1 (protein G B1-domain from Streptococcus sp.) with the
three substitutions T2Q (to avoid N-terminal processing) (32),
N8D, and N37D (to avoid covalent rearrangement during deami-
dation) (33, 34). PGB1-40-CGFP denotes a fusion construct in
which residues 1 to 40 of PGB1-QDD are followed by a seven-
residue linker and then residues 158 to 238 of GFP. NGFP-
PGB41-56 denotes a fusion construct in which a hexa-histidine
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Fig. 2. (A) A cartoon model of the ribbon
structure of split GFP with fused PGB1
fragments. The model is produced using
MOLMOL (42) and the pdb files 1ema
(43) and 1pgb (44). (B) Topology of PGB1
fragments fused to GFP fragments. (C)
Comparison of fluorescence intensity of
Top1 and parent construct as well as nega-
tive (noninduced) and positive (CBD9k)
controls. (D) The sequences of the fused
fragments where the underlined part re-
presents the PGB1 fragments. (E) Outline
of the library with 3,456 possible se-
quences. Previously determined mutants
that are stabilizing (F3, I7, I16, I18, E25,
F29, I39), destabilizing (L18, Q25, K29),
and possible mutations arising from the
nature of the genetic code are included
in the library. (F) Structure of parent pro-
tein where the seven library positions
are indicated. The structures are produced
using MOLMOL (41).
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tag is followed by residues 1 to 157 of GFP, then an eight-residue
linker, and then residues 41 to 56 of PGB1 (Fig. 2).

Coexpression of Parent Constructs.Green fluorescent was observed
under inducing conditions after coexpression of NGFP-PGB41-
56 and PGB1-40-CGFP (Fig. 2). Most colonies were found to
be fluorescent after 2 days at room temperature. The fluores-
cence intensity is, however, much lower than for the very high
affinity control case of calbindin D9k fragments fused to the
GFP fragments (Fig. 2). No green fluorescence was observed un-
der noninducing conditions nor from colonies on the negative
control plate with cotransformed vectors carrying NGFP and
CGPF devoid of fusion partners (Fig. 2).

Library Design. A small library of 3456 variants of PGB1-40 was
designed for proof of principle. The library is randomized over
two to nine choices at positions 3, 7, 16, 18, 25, 29, and 39, while
the other 33 positions are kept constant according to the PGB1-
40-QDD sequence (Fig. 2). In addition to the wild-type residues
(Y3, L7, T16, T18, T25, V29, and V39), the library contains seven
alternatives (F3, I7, I16, I18, E25, F29, I39) previously found in
different combinations in stabilized variants, three alternatives
(L18, Q25, K29) found in destabilized variants (5, 6, 35, 36),
as well as 11 novel alternatives (P18, L18, K25, A25, P25,
E29, D29, N29, Y29, L29, and I29), which arise because some
amino acid substitutions require more than one base change.
The library was produced by overlapping PCR from degenerate
oligonucleotides and cloned on the N-terminal side of the gene
for residues 158 to 238 of GFP, to obtain PGB1-40lib-CGFP (see
SI Text). The library is thus a collection of plasmids in which each
plasmid has the same GFP158-238 sequence but a unique PGB1-
40 sequence (out of 3,456 possibilities).

Library Coexpression, Screening, and Sequencing. PGB1-40lib-CGFP
was cotransformed with the constant construct NGFP-PGB41-56
and spread on plates with inducers to yield a total of 278 colonies.
Colonies that were found to develop similar or brighter green
fluorescence than parent were picked for individual overnight
cultures, plasmid preparation, and DNA sequencing. Each sin-
gle-clone plasmid was cotransformed with NGFP-PGB41-56
and plated on several agar plates with inducers. The plates were
compared side by side with each other and with the parent con-
structs to obtain a fluorescence rank order. After this reassess-
ment of fluorescence intensity, 25 clones were judged to have
brighter green fluorescence than parent. The amino acid se-
quences of the PGB1-40-CGFP fragments from the top three
fluorescent clones are listed in Table 1 and from all top 25 fluor-
escent clones in Table S1. The corresponding intact proteins
based on the sequences from the three brightest colonies are
named Top1, Top2, and Top3, with Top1 representing the clone
with the brightest green fluorescence, Top2 the second brightest,
and Top3 the third brightest.

Protein Expression and Purification. PGB1-QDD parent and three
variants (Top1, Top2, and Top3) were expressed in Escherichia
coli (De3 pLysS BL21 star) and purified by ion exchange and
gel filtration chromatography. Excellent yields of highly pure

protein (around 150 mg∕L culture) were obtained for all three
variants. The proteins were judged homogeneous based on
analysis by SDS/PAGE, analytical gel filtration chromatography,
and mass spectrometry (see Materials and Methods and Figs. S1,
S2 and S3). None of PGB1-QDD or variants migrate in SDS/
PAGE according to their expected molecular weights but instead
migrate similarly to one another (Fig. S1), probably because of
poor SDS binding. In gel filtration, the elution volume and profile
for PGB1-QDD and mutants was found to be independent of
concentration (Fig. S2) and in agreement with monomer based
on earlier reports (37). By mass spectrometry, a singly charged
species with the expected monomer Mw was found to be strongly
dominating for PGB1-QDD and the three variants (Fig. S3). Al-
together our analyses indicate that PGB1-QDD and the three
variants are monomeric.

Secondary Structure. Far-UV CD spectra were recorded to evalu-
ate the secondary structure of the three variants in comparison to
the parent PGB1-QDD. The spectra (Fig. 3A) suggest that Top1,
Top2, and Top3 have highly similar structures compared to the
parent protein. The small changes in intensity are most likely
due to concentration differences or minor structural rearran-
gements.

Thermal Denaturation by CD. The CD signal at 218 nm was
monitored during thermal unfolding of PGB1-QDD parent
and variants. Heating of Top1, Top2, and Top3 leads to a loss
of CD signal. The denaturation data follows a sigmoidal curve
indicative of cooperative denaturation events (Fig. 3B). Reverse
thermal scans reveal reversible denaturation processes (Fig. S4).
All three variants appear more stable than parent as their dena-
turation curves are shifted to higher temperature. In order to
obtain melting temperatures and thermodynamic parameters,
Eq. 1 was fitted to the data (Table 2). This shows that the mid-
point of thermal denaturation has increased by 12 °C for Top1,
9 °C for Top2, and 8 °C for Top3 relative to parent. The extrapo-
lated standard free energies of unfolding, ΔG°, at 25 °C have in-
creased by 8.7 (Top1), 7.2 (Top2), and 3.2 (Top3) kJ∕mol relative
to parent. The values for ΔG°, however, contain greater uncer-
tainty compared to Tm due to the lengthy extrapolation and the
combination of uncertainties in ΔC°

p, ΔG° and Tm. The error is
not easily determined and is left out.

Table 1. The three top fluorescent sequences ranked by estimated
intensity

Sequence

10 20 30 40
Rank Order Colony ....|....|....|....|....|....|....|....|
- parent MQYKLILDGKTLKGETTTEAVDAATAEKVFKQYANDDGVD
1 Top1 ......I.................A...F.........I.
2 Top2 ......I.................A...F...........
3 Top3 ......I..........I......A..T.....T....I.

Fig. 3. Normalized thermal unfolding as observed from loss in CD signal at
218 nm. Parent (solid line and diamonds), Top1 (dotted line and triangles),
Top2 (dashed line and squares), Top3 (long dashed line and circles). The nor-
malized fit to data is shown as solid line in all cases. Data are shown as lines
with symbols at every tenth data point. Inset: Far-UV CD spectra of Top1–3
and parent.
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Fragment Complementation. The affinity between complementary
fragments comprising residues 1 to 41 (with parent, Top1, Top2,
or Top3 sequence) and 41 to 56 (WT) was measured using CD
spectroscopy of fragment mixtures (as described in SI Text).
Top1, Top2, and Top3 were found to have ca. one order of mag-
nitude higher affinity than parent. However, the precision of the
measurements did not allow ranking of the variants relative to
one another.

Discussion
In nature, proteins are evolved for optimal function, not maximal
stability. This means that there is room for significant stability
improvement, and this may be achieved by any combination of
substitutions that lowers the free energy of the folded more than
unfolded state or raises the free energy of unfolded more than
folded state. In line with this, each of the stabilized variants found
here contains a different combination of substitutions even
though a relatively small and confined library was explored. With
a wider and more disparate library, e.g., produced by error-prone
PCR, gene shuffling or degenerate oligonucleotides, one may
foresee selection of an even larger repertoire of stabilizing sub-
stitutions.

The stabilized variants are novel combinations of the muta-
tions present in the library, although several of the mutations
have been seen before in other combinations (5, 6, 35, 36). In
addition, the stabilized variants found here contain novel substi-
tutions representing the extra amino acids in the library arising
from the genetic code, as well as spontaneous mutations not
in the library design. The two most stable proteins, Top1 (12 °C
Tm increase) and Top2 (9 °C Tm increase), contain the substitu-
tions L7I, T25A, and V29F, while Top1 has the additional substi-
tution V39I. Residues 7 and 39 interact with each other in the
hydrophobic core. Introduction of both I7 and I39 as in Top1 oc-
curs in 10 of the top 25 clones (Table S2) and improves the hy-
drophobic core packing (4). In the parent protein, V29 is located
at a cleft between residues T16, T18, V29, F30, and Y33. The
larger side chain of F29 may fill the space of the pocket better
(35) to provide additional van der Waals’ interactions (decreasing
the free energy of the folded state more than the unfolded state)
and increased hydrophobic effect (increasing the free energy of
the unfolded state more than the folded state). T25A is a novel
stabilizing residue, not observed in previous studies. A25 is one
turn away from F29 in the helix and may contribute further hy-
drophobic stabilization of this region. In addition, Ala is a better
helix stabilizer than Thr, especially when found in the first turn of
the helix, as is the case for position 2. The substitutions T25A, as
well as L7I and V39I, are found in Top3 also (8 °C Tm increase),
but instead of V29F we see two spontaneous mutations (K28T
and A34T) that were not in the library design but have occurred
during PCR amplification. Both residues are in the helix, and in
the wild-type protein the side chain of A34 is completely buried,
so the substitution to Thr is somewhat surprising. However, the
Ala34 side chain packs against the Trp43 side chain, and the hy-
drogen bonding capacity of the Trp43 side chain may be better
satisfied in the folded state by the introduction of Thr34, while
in the unfolded state there may be little or no change as hydrogen
bonds to solvent may dominate. Thus, the A34Tsubstitution may
lower the free energy of the folded state more than the unfolded
state. K28 is located on the solvent exposed side of the helix be-

tween Thr25 (Ala25 in Top 3) and Lys31. The substitution K28T
may stabilize the helix by removing a local electrostatic repulsion.
The beneficial effect of the substitution would be smaller in
the unfolded state where the two charges are further apart. In
summary, Top1, Top2, and Top3 seem to be stabilized due to
increased hydrophobic effect as well as increased van der Waals
interactions, increased helix stability, improved hydrogen bond-
ing network, and reduced electrostatic repulsion in the folded
state.

The thermodynamic linkage between fragment complementa-
tion and protein stability was successfully exploited for in vivo
screening for stabilized proteins. The approach relies on the cor-
relation between mutational effects on the affinity of association
between protein fragments and the effects on the stability of the
corresponding intact protein. This correlation allows protein var-
iants with enhanced stability to be derived from in vivo selection
of higher affinity couples based on fluorescence intensity in a split
GFP system. The increased affinity may arise from mutations
that favor the associated state more than the dissociated state
or mutations that disfavor the dissociated state more than the as-
sociated state. An advantage of in vivo screening is that the design
of the library does not have to rely on one or the other option, and
both options are explored in parallel to increase the likelihood of
stability improvement of the corresponding intact protein. The
sequence substitutions derived from the three most brightly fluor-
escent colonies yield fragment couples with increased affinity and
also greatly improved stability toward denaturation when incor-
porated in intact protein variants, and the stability rank order
follows the fluorescence rank order. This remarkable finding sup-
ports the idea that increased fluorescence is related to increased
affinity, which in turn is related to increased stability.

The success of the current study relies on the ability to detect
small changes in fluorescence intensity from E. coli colonies or
cells in liquid culture. In an earlier work we showed that large
changes in fluorescence intensity can be quantified during incu-
bation and growth in a fluorescence plate reader (26). In the pre-
sent work, the small differences in fluorescence intensity among
different members of the library were not captured using the
plate reader and were instead ranked by human eye twice. First
colonies judged to have brighter green fluorescence than parent
were picked for cultivation and preparation of a collection of
plasmids each containing one mutant of PGB1-40-CGFP. Then
each one of these PGB1-40-CGFP plasmids was cotransformed
with the plasmid coding for NGFP-PGB41-56 and plated on sev-
eral plates for a second round of fluorescence intensity ranking in
comparison with the parent construct. The production of greatly
stabilized proteins based on the sequences found in the top three
fluorescent colonies underscores the ability of the human eye to
rank small differences in fluorescence intensity by integrating
over a large number of colonies and normalizing against differ-
ences in colony size and background intensity.

The affinity between the two GFP fragments in the absence
of a fusion partner is too low to allow for maturation of the chro-
mophore, and colonies display no detectable green fluorescence
(30). However, the rather low affinity between the two fragments
of PGB1 (KD ¼ 200 μM at physiological salt concentration) (38)
is sufficient to promote association, folding, and chromophore
maturation of the fused GFP parts, and colonies develop green
fluorescence (Fig. 2). As expected the fluorescence intensity is
much lower than for the very high affinity case of calbindin
D9k fragments fused to the GFP fragments (Fig. 2) (26).

The current work relies on the thermodynamic link between
effects on folding of an intact protein chain and on the association
of fragments to reconstitute the protein. In addition, there is a
link between fragment complementation and three dimensional
domain swapping, in which two protein monomers dimerize via
subdomain interchange so that the native fold is reconstituted
twice in the dimer from segments of both chains (39, 40). Indeed,

Table 2. Thermodynamic parameters of parent and Top1–3
where standard errors are displayed

Protein Tm (°C) ΔH°
Tm

(kJ∕mol) ΔG° (25 °C) (kJ∕mol)

Top1 61.9 ± 0.40 236 ± 8 22.2
Top2 59.4 ± 0.08 233 ± 2 20.7
Top3 58.0 ± 0.13 199 ± 4 16.7
parent 50.3 ± 0.22 196 ± 5 13.5
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a switch between monomer and domain swapped dimer is a small
evolutionary leap that can involve single amino acid substitutions
(reviewed in ref. 40). Directed evolution of intact proteins to im-
prove stability may therefore pick up substitutions that promote
dimerization rather than stabilization of the monomer per se.
This is avoided by the current approach, which relies on fragment
complementation. The affinity between the interacting subdmo-
main fragments (and the stability of the corresponding intact pro-
tein) is enhanced either through substitutions that increase the
prefolding of the isolated subdomains or strengthen the intramo-
lecular interactions between them compared to the dissociated
state, whereas substitutions that promote dimerization of the in-
tact protein may not affect the affinity between the fragments.

PGB1-QDD, with the T2Q, N8D, and N37D substitutions, was
chosen as a starting point for the present study because it lacks
two deamidation sites and is protected against covalent rearran-
gement of the chain. The two Asn->Asp substitutions change the
net charge at neutral pH from −4 to −6, leading to lower thermal
stability; however, this is not a disadvantage in a study aiming at
method development. The previously stabilized and destabilized
variants were based on PGB1 with the T2Q substitution, PGB1-
Q, but we argued that it is highly likely that some of these
substitutions also stabilize PGB1-QDD.

The fragment library used in the present study is a small fo-
cused library of 3456 variants designed for proof-of-principle.
We argued that to develop and evaluate a method for protein
stabilization, a small library is sufficient if it contains both stabi-
lizing and destabilizing amino acids. The library thus contains 10
point mutations that are previously found in different combina-
tions to stabilize or destabilize PGB1 (5, 6, 35, 36). The use of a
random library allowed for the emergence of new stabilizing com-
binations that also encompass some of the 11 novel substitutions
in the library. In future studies, beyond proof of principle, larger
libraries would yield more candidates and there may be no pre-
vious knowledge to base libraries on. It may also be desirable in
future studies to vary residues in both complementary fragments.
Error-prone PCR, gene shuffling, or degenerate oligonucleotides
with a low frequency of random substitutions over the whole
sequence may then be chosen for library generation with the ad-
vantage that any amino acid residue in a protein may change and
no previous knowledge is needed about which positions are likely
to play a role. However, to retain protein identity, library genera-
tion is preferably performed at a level that changes a small frac-
tion of residues in every individual sequence. A general method
for protein stabilization based on the current results is outlined in
SI Text.

Conclusion
The present results show that the thermodynamic link between
factors governing fragment complementation and protein stabi-
lity can be exploited for in vivo screening for stabilized proteins.
Protein variants with enhanced stability can be evolved based on
fluorescence intensity in a split GFP system. Enhanced green
fluorescence of E. coli cells or colonies reflects increased affinity
between the protein fragments, which correlates with higher sta-
bility toward unfolding of the corresponding intact protein chain.
The stabilized proteins are monomeric because the reconstitution
approach avoids substitutions that improve stability through di-
merization. The protein variants are stabilized through different
combinations of substitutions that decrease the free energy of the
folded more than the unfolded state, or increase the free energy
of the unfolded more than the folded state: optimized van der
Waals interactions, hydrophobic effect, helix stability, hydrogen
bonding network, and reduced electrostatic repulsion in the
folded state.

Materials and Methods
Cloning of NGFP-PGB41-56 and PGB1-40-CGFP. The cloning procedure and
primers used are described in SI Text and Table S2. The pET11a-link-GFP carry-

ing the gene for GFP residues 1 to 157 (NGFP; ampicillin resistant) and
pMRBAD-link-CGFP carrying the gene for GFP residues 158 to 238 (CGFP¸ ka-
namycin resistant) vectors were kind gifts from professor Lynne Regan, Yale
University (31).

Library Cloning. A PGB1-40 library was produced by overlap extension PCR of
degenerate oligonucleotides to yield a DNA library that translates into a
protein fragment library PGB1-40lib-CGFP (Fig. 2E). The PCR and cloning
procedures are described in SI Text.

Coexpression, Screening for High Affinity Variants, and DNA Sequencing. The
plasmid coding for NGFP-PGB41-56 was cotransfomed with PGB1-40-CGFP
or PGB1-40lib-CGFP in E. coli ER2566 and spread on LB agar plates with
100 μg∕mL ampicillin, 35 μg∕mL kanamycin, 10 μM isopropyl-β-D-1-thiogalac-
tosid (IPTG), and 0.2% (w∕v) arabinose (inducing plates) or with 100 μg∕mL
ampicillin and 35 μg∕mL kanamycin (noninducing plate) and imaged as
described in SI Text. The screening procedure to find for fragments with
improved affinity and DNA sequencing is described in SI Text.

Cloning, Expression, and Purification of Intact Protein of Selected Variants. In-
tact PGB1 variants were expressed in E. coli, purified using anion exchange
and gel filtration chromatography, and judged homogeneous by SDS/PAGE,
analytical gel filtration chromatography, andmass spectrometry, as described
in SI Text.

Circular Dichroism (CD) Spectroscopy. CD spectra were recorded using a JASCO
J-815 CD spectrometer (Jasco Corporation) with a JASCO PTC- 423S/15 Peltier
type thermostated cell holder. CD spectra were recorded from 250 to 190 nm
at 20 °C in a 1 mm cuvette at a protein concentration of 42 μM with an
average of 3 scans (scan rate 20 nm∕min, response 8 s, bandwidth 1 nm,
resolution 1 nm).

Thermal Denaturation by CD Spectroscopy. The CD signal at 218 nm was mon-
itored during thermal unfolding of the PGB1-QDD variants from 5–95 °C or
20–80 °C at a scan rate of 0.5° C∕min or 1.0° C∕min response of 16 s and band-
with of 1 nm. The protein concentration was 0.36 or 0.18 mg∕ml in 10 mM
sodium phosphate, 150 mM NaF pH 7.2, and a quartz cuvette with 1 mm
pathlength was used. To investigate the reversibility, a thermal scan from
80–20 °C was monitored after the upward scan. Structural changes were
determined from far-UV CD spectra, at 20 or 80 °C, before and after each
thermal scan. Spectra were recorded between 250 and 190 nm, the scan rate
was 20 nm∕min, the response 8 s, accumulations 3, and the bandwidth 1 nm.
Assuming a two-state reversible unfolding Tm, ΔH°

Tm
andΔG° were obtained

by fitting Eq. 1 to CD data.

εobs ¼ ðkN ·T þ bNÞ þ ðkD·T þ bDÞ
·e−ðΔH

°
Tm

ð1−ðT∕TmÞÞþΔC°
pðT−Tm−T· lnðT∕TmÞÞÞ∕RT

∕ð1þ e−ðΔH
°
Tm

ð1−ðT∕TmÞÞþΔC°
pðT−Tm−T· lnðT∕TmÞÞÞ∕RTÞ: [1]

In Eq. 1, εobs is the observed ellipticity at 218 nm, kN , bN , kD and bD define
the baselines of the native and denatured states, respectively. ΔH°

Tm
is the

enthalpy of unfolding, T is the temperature in Kelvin, and R is the gas con-
stant. ΔC°

p is the difference in heat capacity between the denatured and na-
tive states and is assumed to be constant in the studied temperature interval.
The previously determined value for ΔC°

p of PGB1-QDD (1.8 kJ∕ðK·molÞ was
used (41). To obtain ΔG° (25 °C) the standard free energy of unfolding was
extrapolated from Tm to 25 °C:

ΔG°ðTÞ ¼ ΔH°ðTmÞ
�
1 −

T
Tm

�
þ ΔC°

p

�
T − Tm − T · ln

�
T
Tm

��

[2]

where the weighted averages for Tm and ΔH°
Tm

from 3 to 6 measurements
were used.
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