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Abstract

Abstract

The (Ba)s-barrel is amongst the most ancient, frequent and versatile enzyme folds. Sequence
and structure comparisons suggest that modern (Ba)s-barrels have divergently evolved from a
common ancestor, which raises the question whether they share the same folding mechanism.
Here, this problem was appraoched by using the thermostable cyclase subunit HisF of
imidazole glycerol phosphate (ImGP) synthase from Thermotoga maritima as a test case.

In the first part of the work, the folding mechanism of HisF was elucidated and compared to
the folding mechanisms of other (Ba)s-barrel proteins with low sequence identity. The
equilibrium unfolding transition of HisF is reversible and adequately decribed by the two-
state model without intermediates. Upon refolding at low denaturant concentrations a burst-
phase intermediate is formed rapidly. It contains a significant amount of secondary structure
but is probably an off-pathway species. In the further course of folding two phases are
observed, which are associated with changes in both intrinsic protein fluorescence and far-UV
circular dichroism (CD). Double mixing experiments revealed a sequential mechanism with
an on-pathway intermediate which is formed in the first phase and converted into the native
protein in the second phase. Refolding experiments in presence of the glutaminase subunit
HisH of ImGP synthase showed that the formation of native HisF is a prerequisite for
complex formation. The refolding of HisF grossly resembles other (Ba)s-barrel proteins,
suggesting that the general folding properties within this structural class of proteins have been
conserved upon the vast sequence and functional diversification during evolution. The
increased thermodynamic stability of HisF compared to (Bo)s-barrels from mesophiles is
entirely due to a drastically decreased unfolding rate.

The pronounced two-fold symmetry of the sequence and the (Ba)s-barrel structure of HisF
suggest that its fold has arisen by the duplication and fusion of a (fa)4-half-barrel. Primordial
(Bav)g-barrels mimicking the precursor of HisF were previously constructed by fusing two
copies of its C-terminal half-barrel HisF-C. The resulting HisF-CC construct was optimized
by rational protein design and directed laboratory evolution, yielding the artificial (Bo)s-
barrels Sym1 and Sym?2.

In the second part of this thesis, the structures, stabilities, and folding mechanisms of Sym1
and Sym2 were analyzed and compared with HisF. Sym1 was shown to be less stable than
HisF and its crystal structure shows disorder in the contact regions between the two half-

barrels. The next-generation construct Sym?2 turned out to be more stable than HisF, and the
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contact regions are well resolved. However, important characteristics of the kinetic folding
pathway are identical for the three proteins: At moderate denaturant conditions, unfolding and
refolding are mono-exponential reactions, but at native-like conditions, refolding is complex.
For all three proteins, HisF, Syml, and Sym2, an off-pathway burst-phase folding
intermediate Igp is observed by far-UV CD, followed by a fast reaction that occurs with
comparable rates (7~ 3 s) and leads to the on-pathway intermediate I. The subsequent slow
and rate-determining folding reaction has a similar rate for HisF and Sym2 (7 ~ 20 s) but a
lower rate for Sym1 (7= 175 s) and leads to the native state N. For Sym2, the additional on-
pathway intermediate I’ is formed in an extremely fast reaction (7= 0.27 s). These findings
point to a similar sequential folding pathway for the three proteins (Igp—U—I"—I—N) with
I’ being energetically favored in the case of Sym2 but too unstable to be populated in the case
of HisF and Syml. In contrast to the similarities in refolding, the unfolding kinetics of HisF,
Sym1, and Sym?2 are characterized by extremely different rates which are responsible for their
different thermodynamic stabilities. The conservation of the folding mechanism further backs
the hypothesis that (Ba)s-barrels have evolved from an ancestral (Ba)s-half-barrel and provide
compelling evidence that Sym1 and Sym?2 are realistic models for the early fusion protein
product. Moreover, the different stabilities of Sym1 and Sym2 emphasize the significance of
optimized contact regions of the fused half-barrels for the generation of a stable (Ba)s-barrel

with a well-defined folding landscape.
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Das (Bov)s-barrel gehort zu den urspriinglichsten, vielseitigsten und héaufigsten Faltungstypen
bekannter Proteine. Sequenz- und Strukturvergleiche legen nahe, dass (Ba)s-barrel Enzyme
das Produkt einer divergenten Evolution ausgehend von einem gemeinsamen Vorldufer sind.
Daraus ergibt sich die Frage, ob alle Vertreter einen gemeinsamen Faltungsmechanismus
aufweisen.

Die thermostabile Synthase-Untereinheit HisF der Imidazolglycerinphosphat (ImGP)-
Synthase aus Thermotoga maritima ist ein sehr gutes Modellprotein, um diese
Problemstellung zu untersuchen. Deshalb wurde im ersten Teil dieser Arbeit der
Faltungsmechanismus von HisF aufgekldrt und mit anderen potentiell verwandten (Bo)s-
barrel Proteinen mit niedriger Sequenzidentitit verglichen. Die GdmCl-induzierte Entfaltung
von HisF ist reversibel und wird durch das apparente Zwei-Zustands-Modell ohne
detektierbare Intermediate beschrieben. Bei der Riickfaltung unter nativ-dhnlichen
Bedingungen wird schnell ein burst-phase Intermediat gebildet, das einen erheblichen Anteil
an definierter Sekundirstruktur aufweist. Im Anschluss zur Bildung dieses vermutlich
unproduktiven Intermediats lassen sich zwei Riickfaltungsreaktionen nachweisen, die jeweils
zu einer Anderung der intrinsischen Proteinfluoreszenz und des Circulardichroismus- (CD)
Signals fithren. Anhand von Doppelsprungexperimenten konnte gezeigt werden, dass in der
schnellen Phase ein produktives Intermediat gebildet wird, das in einem sequentiellen
Mechanismus direkt im Rahmen der langsamen Faltungsphase in den nativen Zustand
umgewandelt wird. Ferner belegten Riickfaltungsexperimente in Anwesenheit der
Glutaminase-Untereinheit (HisH) der ImGP-Synthase, dass der native Zustand von HisF
essentiell fiir die Komplexbildung ist. Insgesamt zeigt die Riickfaltung von HisF deutliche
Ubereinstimmungen zu anderen (Ba)s-barrel Proteinen. Diese Ergebnisse stiitzen die These,
dass grundlegende Eigenschaften der Faltungsmechanismen von (Ba)s-barrel Enzyme trotz
der Differenzierung der Aminosduresequenzen und Funktionen im Laufe der Evolution
konserviert wurden. Im Gegensatz zu (Ba)g-barrel Proteinen aus mesophilen Organismen
weist HisF eine hohere Thermostabilitit auf, die auf einer extrem langsamen Entfaltungsrate
begriindet ist.

Die ausgeprigte zweifache Symmetrie der Aminosduresequenz und der (Bov)s-barrel Struktur
von HisF weist auf die Entstehung der Faltung durch Genduplikation und Fusion ausgehend

von (Ba)s-Einheiten hin. In vorherigen Arbeiten wurde dieser Prozess nachgeahmt, indem ein
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(Bav)s-barrel Protein durch die Fusion zweier identischer Kopien der C-terminalen Hélfte von
HisF (HisF-C) konstruiert wurde. Das resultierende Konstrukt HisF-CC wurde durch eine
Kombination aus rationalem Proteindesign und gelenkter Laborevolution optimiert, was zu
den stabilen artifiziellen (Ba)g-barrel Proteinen Sym1 und Sym?2 fiihrte.

Im zweiten Teil dieser Arbeit wurden die Struktur, Stabilitdt und Faltung von Syml und
Sym?2 analysiert und mit dem natiirlich evolvierten Enzym HisF verglichen. Sym1 ist weniger
stabil als HisF und in der Kristallstruktur sind die Kontaktregionen zwischen den (Pot)s-
Einheiten nicht aufgeldst. Im Gegensatz dazu ist das starker optimierte Sym?2 stabiler als HisF
und auch die Kontaktregionen sind in der Kristallstruktur klar erkennbar. Trotz dieser
Stabilitdtsunterschiede, weisen die Faltungsmechanismen der drei Proteine deutliche
Ahnlichkeiten auf: Bei mittleren Denaturierungsmittelkonzentrationen ist die Ent- und
Riickfaltungsreaktion mono-exponentiell, wohingegen die Riickfaltung unter nativ-dhnlichen
Bedingungen komplexer ist. Bei allen drei Proteinen, HisF, Syml und Sym2, entsteht
zundchst ein unproduktives burst-phase Intermediat, gefolgt von einer schnellen
Faltungsphase mit dhnlicher Rate (7~ 3 s), in der das produktive Intermediat I gebildet wird.
In dem folgenden langsamen und raten-limitierenden Schritt wird der native Zustand von
HisF und Sym2 mit &hnlicher Rate (7 ~ 20 s) und der von Syml mit geringerer Rate (7 =
175 s) gebildet. Zusitzlich zeigt Sym2 ein weiteres produktives Intermediat I°, das extrem
schnell (7 = 0.27 s) gebildet wird. Diese Ergebnisse deuten auf einen iibereinstimmenden
sequentiellen Faltungsmechanismus fiir die drei Proteine hin (Igpp—U—I’—I—N), wobei I
bei Sym2 energetisch begiinstigt, aber bei HisF und Syml hochenergetisch und
dementsprechend nicht detektierbar ist. Im Gegensatz zu diesen Ahnlichkeiten bei der
Riickfaltung, unterscheiden sich die Entfaltungsraten von HisF, Sym1 und Sym?2 deutlich und
sind fiir die Unterschiede der thermodynamischen Stabilitdt verantwortlich. Die konservierten
Faltungsmechanismen von HisF, Syml und Sym2 stiitzen weiter die These der Entstehung
von (Bav)s-barrel Proteinen durch die Duplikation und Fusion von (Bat)s-barrel Proteinen und
zeigen, dass es sich bei Syml und Sym2 um realistische Modelle des urspriinglichen
Fusionsproteins handelt. Ferner verdeutlichen die Unterschiede der Stabilitdt von Sym1 und
Sym2 die Relevanz der optimierten Kontaktregionen zwischen den fusionierten (Ba)s-

Einheiten fiir die Entstehung eines stabilen (Ba)s-barrel Proteins.
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1 Introduction

1.1 Protein stability

Proteins are versatile macromolecules that are relevant for most cellular processes. They are
involved in signaling and transport, have structural and defense functions, and act as enzymes
that catalyze specific chemical reactions. The functionality of a protein is determined by its
stable three-dimensional structure. However, many enzymes must also display a certain
degree of local or global conformational flexibility to allow for efficient substrate binding and
catalysis. Protein stability results from a variety of non-covalent forces. The main contributor
is the hydrophobic effect, which is caused by the absence of hydrogen bonds between non-
polar groups and water and results in the entropically disfavored solvation of hydrophobic
residues. This leads to the transfer of hydrophobic residues from water to the protein core (1,
2), where they form enthalpically favored van der Waals interactions (3). Further stabilizing
forces are hydrogen bonding interactions of the protein backbone and among polar amino
acids, as well as salt brides between charged amino acid side chains (3-5). These favorable
energetic contributions are largely compensated by the destabilizing loss of chain entropy
during folding (3). As a consequence, most proteins from mesophilic organisms are only
marginally stable. In order to determine the thermodynamic stability of a protein, the delicate
balance between stabilizing and destabilizing contributions is being shifted towards unfolding
by elevated temperature, high pressure, or denaturing agents such as urea or guanidinium HCI
(GdmCl).

Small proteins commonly show a two-state equilibrium between the unfolded state U and the

native state N, which is determined by the rate constants of folding k¢ and unfolding k:

ky
N&=U (1)
ke

In this simplest case the free-energy of unfolding (AGp), describing the thermodynamic

stability is calculated as follows:

AGD=-RT-1n(ku/kf)=-RT-1nK=-RT-1n% )
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R, T and K represent the gas constant, the absolute temperature and the unfolding equilibrium
constant. AGp generally shows a linear dependency on denaturant concentration ([D]) with a
slope m and an intersection point that corresponds to the free-energy change of unfolding in

the absence of denaturant (AGp "°) (6):

AGp=AGp™ - m - [D] (3)

Numerous unfolding studies have shown that the AGDHZO

values of most proteins lie in the
range between 10 and 70 kJ mol™ (7).

In addition to thermodynamic stability, kinetic stability is an important feature which
guarantees that a protein remains in its folded conformation on a biological relevant time
scale (8). As unfolded and partially folded conformations are prone to aggregation and other
irreversible alterations, a high free-energy barrier of unfolding is required to protect the native
state at the harsh conditions of extracellular or crowded intracellular environments. In fact,
decreased kinetic stability plays a crucial role in diseases related to misfolding and
aggregation such as triosephosphate isomerase deficiency, amyotrophic lateral sclerosis,

phenylketoenuria, and transthyretin amyloidoses (8-13). Even single mutations were shown to

lead to a decreased kinetic stability, resulting in misfolding on a biological relevant time-scale

9).

1.2 Proteins from hyperthermophilic organisms show an increased stability

Hyperthermophilic organisms optimally grow at temperatures of 80 °C or above (14). Their
proteins generally exhibit extreme thermal stabilities which often come along with a
pronounced resistance against chemical denaturation and proteolysis. In order to identify the
molecular basis of this high conformational and chemical robustness, the structures of
homologous proteins from hyperthermophilic and mesophilic hosts were compared in a
number of studies. The results suggested that an increase in stability can be achieved by a
variety of strategies, including an elevated number of ionic interactions and H-bonds,
improved core packing, greater rigidity, extended secondary structure, shorter surface loops,
and higher states of oligomerization (14-18). However, it is often difficult to discern
differences in amino acid sequence that are caused by the adaption to high temperatures from
those ones that are the result of a selective pressure for an optimized function or natural drift

occurring in the course of evolution (19). Whereas this phylogenetic noise has prevented the

6
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deciphering of general structural rules determining high stability, a more uniform picture has
emerged with respect to the kinetic basis for elevated AGp values (20-25). In most analyzed
cases stabilization was found to be caused by an increased kinetic energy barrier against
unfolding resulting in a decreased value for k,. On the contrary, the differences between the
refolding rate constants k; of homologous proteins from thermophilic and mesophilic hosts

turned out to be rather small.

1.3 Protein folding

In the process of protein folding, the linear amino acid sequence of the polypeptide chain
spontaneously adopts a well-defined and compact three-dimensional native structure (26).
This structure is characterized by the lowest free energy of all possible conformations. Due to
the multitude of statistical orientations of the chain during refolding, searching randomly all
possible backbone conformations would take far longer than the typically milliseconds-to-
seconds time scale observed for the folding of small proteins. Consequently, the folding
process needs to be biased by a specific pathway and the free-energy as driving force (27). It
has been postulated that the energy landscape resembles a global funnel which guides folding
towards the native state through a stochastic process in which the free energy decreases
spontaneously (28, 29). On these pathways the protein adopts well-defined intermediate
states. Based upon this hypothesis, the unfolded state, possible intermediates, and the native
state correspond to local minima and the transition states to saddle points in the free energy
landscape. In early protein folding studies long-lived intermediates, which mainly undergo
slow cis/trans isomerizations of peptidyl prolyl bonds or disulfide bond formation reactions,
have been analyzed (30-33). In recent years, advances in experimental techniques such as
nuclear magnetic resonance, mass spectrometry, hydrogen exchange, fluorescence resonance
energy transfer, and atomic force microscopy have made it possible to gain detailed structural
information also about transiently formed intermediate states (34-40).

Although protein folding pathways have been extensively studied, many of the basic
principles that relate protein sequence with the structure of folding intermediates and the
native structure are still unknown. For example, an important open question is, whether the
folding mechanism of proteins is dictated by the topology of their polypeptide chains or by
their individual amino acid sequences. The relevance of these factors has been evaluated by

comparing the folding of proteins with similar folds but low sequence identity (41-45). These
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studies suggest, that although local interactions determine the precise folding mechanism, the
gross topology defines the structure adopted in the transition state and thus the repertoire of

potential folding routes (46).

1.4 Natural selection for an optimal energy landscape of folding

Stability and folding are important factors in protein evolution, because conformational
integrity is crucial for the preservation and advancement of molecular function. For example,
a high thermodynamic stability efficiently buffers the often destabilizing effect of amino acid
exchanges that are required for the generation of new enzymatic activities on an existing
protein scaffold (47). A high kinetic barrier against unfolding prevents the formation of non-
native conformational states that tend to aggregate or are proteolytically degraded.
Remarkably, although only weak non-covalent interactions are being formed during the
genesis of the three-dimensional structure, large energetic barriers have to be crossed also
during protein folding. Thus, the cooperative folding/unfolding process of natural proteins is
characterized by a smooth and funneled energy landscape with distinct energy barriers (28).
On the contrary, proteins designed in the laboratory lacking an ‘evolutionary history’ are
characterized by low-cooperativity equilibrium transitions, almost barrier-less rapid folding
and unfolding kinetics, and the formation of non-native states during folding (48-51).
Importantly, such ragged energy landscapes can readily lead to the fatal trapping of the
polypeptide chain in non-native minima. The differences between natural and artificial
proteins indicate that cooperative folding, comprising distinct energy barriers, is not a
fundamental physicochemical requirement but the consequence of natural selection (8). It is
plausible to assume that the selection pressure for efficient folding has been operative during
the entire course of protein evolution. This notion raises the question to what extent the
folding mechanisms of proteins and protein families that have evolved divergently from a

common ancestor, have been conserved upon the diversification of their sequences.

1.5 The (Ba)s-barrel fold

About 1200 different protein folds have been identified to date [Structural Classification of
Proteins (SCOP) release 1.75, February 2009] (52), each of them being characterised by a

distinct toplogical orientation of secondary structure elements. Whereas many folds are
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represented by only a few members in the protein database, others have been recruited
extensively in the course of evolution. A prominent example is the (Ba)s-barrel, which is
amongst the most ancient, frequent and versatile folds (18, 53, 54). About 10% of all proteins
with known three-dimensional structure contain at least one (Ba)s-barrel domain. With very
few exceptions all known (Ba)g-barrels are enzymes, and SCOP distuinguishes 33
superfamilies that catalyze more than 60 different reactions. With the exception of ligases,
(Bav)g-barrels occur in all Enzyme Commission (EC) classes and many of them are engaged in
essential metabolic pathways (55, 56).

The canonical (Bov)s-barrel fold contains at least 200 amino acid residues and is composed of
eight units. A single unit consists of a B-strand and an a-helix, which are linked by a Ba-loop,
and the individual units are connected by af-loops (Figure 1a). The eight strands form a

central parallel B-sheet, which is surrounded by an outer layer of eight a-helices (Figure 1b).

‘catalytic face*

ey

‘stability face®

Figure 1: Schematic depiction of the (Ba)s-barrel fold.

(a) The eight Ba-units are connected by loops within the units (Ba-loops) and between them
(ap-loops). (b) Three-dimensional structure of a specific protein in ribbon representation,
with the central eight-stranded parallel B-sheet (the ‘barrel’) surrounded by the eight o-
helices. The active site is formed by residues at the C-terminal ends of the B-strands and the
Bo-loops (‘catalytic face’). The remainder of the fold, including the opposite face of the barrel
with the af-loops, is important for stability (‘stability face’). The N- and C-terminal ends of
the polypeptide chain are labeled. a-helices and B-strands are shown in red and blue, loops
are shown in gray.
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1.6 Evolution of the (Ba)s-barrel fold

1.6.1 Divergent versus convergent evolution of (Ba)s-barrel proteins

In all known (Ba)s-barrels the residues that are important for substrate specificity and
catalytic activity are located at the C-terminal ends of the B-strands and in the subsequent Bot-
loops (‘catalytic face’) (Figure 1b). The remainder of the fold, including the opposite face of
the barrel with the af-loops, is important for stability (‘stability face’) (18). However, in spite
of the common chain topology and the conserved location of the active site, the geometry of
the central barrel can differ considerably and many (Ba)s-barrel enzymes contain extensions
to the canonical topology, either at the N- or C-termini, or in loop segments. Moreover, the
overall sequence identity between different (fa)s-barrel proteins is lower than 20 % (57, 58).
For these reasons, it is not clear whether all (Ba)g-barrels are the products of divergent
evolution from a common ancestor or whether the fold has rather developed independently
several times by convergent evolution (56, 59, 60).

More recent extensive sequence and structure comparisons are in favor of a common
evolutionary origin, at least for most (Ba)s-barrels (55, 57). A well studied example are
phosphate-binding (Ba)s-barrels such as phosphoribosylanthranilate (PRA) isomerase (TrpF),
indole-3-glycerol phosphate synthase (TrpC), and a-subunit of tryptophan synthase (TrpA).
TrpF, TrpC, and TrpA, which catalyze three successive steps in trytophan biosynthesis, share
a common phosphate-binding site that is located in Ba-loops 7 and 8 and serves to anchor
their ~ mono-phosphorylated  substrates (61, 62). The enzymes  N’-[(5°
phosphoribosyl)formimino]-5-aminoimidazole-4-carboxamide  ribonucleotide = (ProFAR)
isomerase (HisA) and imidazoleglycerol phosphate synthase (HisF), which catalyze two
successive reactions within histidine biosynthesis, contain two symmetry-related phosphate
binding sites to anchor their bi-phosphorylated substrates. Whereas the N-terminal binding
site located in Poa-loops 3 and 4 is unique to HisA and HisF, the C-terminal phosphate-
binding site located in Bo-loops 7 and 8 is shared with TrpF, TrpC, and TrpA (63-65). This
notion has stimulated attempts to interconvert the catalytic activities between these enzymes
(65). Indeed, a few amino acid exchanges turned out to be sufficient to establish PRA
isomerisation activity on the scaffolds of TrpA, HisA, and HisF, as well as on a HisAF
chimera (66-68), further supporting the view that the (Ba)s-barrel enzymes from tryptophan

and histidine biosynthesis have evolved from a common ancestor.

10
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1.6.2 Mimicking the evolution of the (Ba)s-barrel fold from a (Pa)s-half-barrel

The striking two-fold symmetry of HisA and HisF is not restricted to the location of the two
phosphate binding sites but is a feature of the entire (Boat)s-barrel fold of both enzymes. For
example, in HisF from the hyperthermophile Thermotoga maritima, the four N-terminal
(Bo)1-4 units (HisF-N) and the four C-terminal (Bot)sg units (HisF-C) show sequence identities
of about 20 % and r.m.s. deviations of their Ca-atoms of only 1.58 A. When produced
seperately, HisF-N and HisF-C form homodimers with well-defined secondary and tertiary
structure elements. Following their joint expression in Escherichia coli or common refolding,
the two half-barrels associate to the HisF-NC homodimer, which is catalytically as active as
wild-type HisF (69, 70). These findings suggested that the (Ba)s-barrel structure has evolved
by the duplication and fusion of a (Ba)s half-barrel domain. This hypothetical evolutionary
pathway was mimicked in the laboratory by constructing a stable (Ba)s-barrel protein from
HisF-C, which served as a model for the putative ancestral (Ba)s-barrel. In a first step, two
copies of HisF-C were fused in tandem to generate a complete (Ba)s-barrel, termed HisF-CC.
Using rational protein design, HisF-CC was stabilized by the reconstruction of a salt-bridge
cluster present in HisF (71). The subsequent shortening of the linker region between the two
fused halves HisF-Cy and HisF-C¢ (72) and the introduction of beneficial mutations by
library selection using the folding reporter chloramphenicolacetyl transferase yielded the

monomeric, compact and stable protein Sym1 (Figure 2) (73).

11
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Figure 2: Design of the artificial (Ba)s-barrel proteins Sym1l and Sym2 from two fused
HisF-C half-barrels.

(a) Secondary structure elements of wild-type HisF. The N-terminal half-barrel HisF-N
[modules (Ba); 4] is shown in red, the C-terminal half-barrel HisF-C [modules (Ba)s g] in
blue. (b) Design of Sym1 (formerly denoted as HisF-C***C (73)). Two copies of HisF-C
were fused and stepwise stabilized by a combination of rational design and library selection.
The resulting protein Sym! contains the indicated amino acid substitutions and a shortened
loop connecting the two fused half-barrels HisF-Cy and HisF-C¢ (71-73). Transparent boxes
indicate the parts that were not resolved in the crystal structure. (¢) Design of Sym2. Sym2
was derived from Syml by replacing module Ba8 with Ba4, in both HisF-Cy and HisF-C¢
(red and orange). (Taken from Figure 1, publication B)

Although the crystal structure of Syml revealed the expected (Po)s-barrel fold, the Po-
modules 8 at the C-termini of HisF-Cy and HisF-Cc are not well defined, indicating that these

regions are flexible (Figures 2, 3).
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Sym1

Figure 3: Ribbon diagrams of the crystal structures of HisF (1thf.pdb) (69), Syml
(2wér.pdb) (73), and Sym?2 (3o0g3.pdb).

Colors represent the origin and location of secondary structure elements as described in
Figure 1. The invisible parts in the crystal structure of Syml are fully resolved in Sym?2.
Amino acid sequence identities (%) and r.m.s. deviation values (A) of corresponding Co-
atoms as deduced from pair-wise structure-based sequence alignments are indicated (HisF-
Syml: 184 superimposed Ca atoms; HisF-Sym2: 198 superimposed Coa atoms; Sym1-Sym?2:
191 superimposed Ca atoms). (Taken from Figure 2, publication B)

In order to further stabilize Syml, the putatively labile Ba-modules 8 at the C-termini of
HisF-Cy and HisF-C¢ were replaced by the corresponding native sequence stretch stemming
from HisF-N (74). The exact intersection point was chosen on the basis of a structural
superposition between HisF and Sym1, which revealed a high similarity between the regions
linking the fa3 and Ba4 units in HisF and the Ba7 and Ba8 units in Sym1. As a consequence,
the fa-modules 8 in HisF-Cy and HisF-C¢ of Sym1 were replaced by the Ba-module 4 of
HisF, leading to the new construct Sym2 (Figure 2c). Crystallization and structure
determination of Sym2 at a resolution of 2.08 A revealed a (Bo.)g-barrel with high similarity to
HisF and Syml (Figure 3). The Ca-atoms of the three proteins, which show sequence
identities between 65 % and 90 % superpose with r.m.s.d. values of 1.4 — 1.8 A. Importantly,
the regions at the termini of HisF-Cy and HisF-C¢, which could not be resolved in Syml, are
well defined in the structure of Sym?2.
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1.7 Folding mechanisms of (Ba)sg-barrel proteins

Early insights into the folding of (Ba)s-barrel proteins were obtained by fragmentation
experiments performed with TrpF and triosephosphate isomerase (TIM) (75-77). These
studies provided evidence that both TrpF and TIM form stable folding intermediates
consisting of four or six structured N-terminal (Ba) units, followed by the association of the
unstructured segment to finally form the native (Ba)s-barrel. Recent in-depth kinetic studies
with TrpA from E. coli (78, 79), TrpC from Sulfolobus solfataricus (80-82), and a (PBo)s-
barrel protein of unknown function encoded by the Bacillus subtilis ioll gene (IOLI) (58) have
afforded deeper insights into the folding of these (Bov)s-barrels. All three proteins apparently
form an off-pathway burst-phase intermediate, which must unfold to enter productive folding
via one or more on-pathway intermediates. Although these similarities argue for conserved
properties of the folding mechanisms of (Ba)s-barrel proteins, the native secondary structural
elements formed in the on-pathway intermediates seem to differ between TrpA and TrpC.
Moreover, whereas the slow cis/trans isomerization of peptide bonds involving proline
residues results in several parallel folding pathways in the case of TrpA, TrpC and IOLI

contain only trans prolyl peptide bonds and show simpler folding mechanisms (82).

1.8 Aim of this work

Recent work suggests that a large fraction of the contemporary (Ba)s-barrel proteins have
evolved divergently from a common ancestor. However, it is still unclear to what extent their
folding mechanism has been conserved upon the vast diversification of sequences and
functions in the course of evolution. Thus, in the first part of this work the folding mechanism
of the (Ba)s-barrel protein HisF was elucidated and compared with the folding mechanisms of
putative evolutionary relatives with different function and low sequence identity. Actually,
HisF is an interesting protein for several reasons. First, unlike most other (Ba)s-barrel
proteins, HisF shows a striking two-fold symmetry and contains phosphate binding sites in
both the N-terminal and the C-terminal half-barrel, which anchor its bi-phosphorylated
substrate (69). The previously characterized TrpC and TrpA are evolutionarily related to HisF
but lack such a clear two-fold symmetry and contain only a single conserved C-terminal
phosphate binding site (65), which makes a comparison of their folding mechanisms

particularly attractive. Second, HisF is active in its hyperthermophilic host at temperatures
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above 80 °C and provides an excellent model to test the hypothesis that high thermodynamic
stability is correlated with a large kinetic barrier to unfolding (20, 24, 25, 83). Finally, as HisF
forms a 1:1 complex with the glutaminase subunit HisH of the imidazole glycerol phosphate
synthase (64, 84), it offers an opportunity to study the relationship between protein folding
and association.

Moreover, based on the hypothesis of the evolution of HisF by duplication and fusion of an
ancestral (Ba)s-half-barrel, two artificial (Ba)s-barrel proteins (Syml, Sym2) have been
designed from HisF-C (65, 71-73). These artificial proteins should mimic evolutionary
precursors of HisF. Based on the assumption, that the selection pressure for efficient folding
has been operative during the entire course of protein evolution, ancestral precursors of
natural proteins should show a similar folding mechanism as their contemporary descendants.
In order to test this hypothesis, in the second part of this work the stability and folding of the

artificial (Ba)s-barrels Sym1 and Sym2 were analyzed and compared with wild-type HisF.
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2 Summary and discussion

2.1 Stability and folding of HisF, Sym1, and Sym?2

2.1.1 Unfolding equilibrium of HisF is attained slowly and adequately described by the

two-state model

The stability and folding mechanism of HisF from the hyperthermophilic bacterium 7.
maritima was compared with other (Ba)s-barrel proteins. For this purpose, the denaturant-
induced loss of secondary and tertiary structure was monitored via the far-UV circular
dichroism (CD) signal caused by the backbone of the polypeptide backbone chain and the
intrinsic fluorescence of tryptophan (Trp) and tyrosine (Tyr) residues. The cooperative
GdmCl-induced equilibrium unfolding could be adequately described by the two-state model,
meaning that no significant amounts of stable equilibrium intermediates are populated
(Figure 2, publication A). Remarkably, the time to reach equilibrium when starting from the
folded state was about three weeks at 45 °C and about six weeks at 25 °C, which is reflected
in the excessively slow unfolding kinetics observed in the transition region of the Chevron
diagram (Figure 5a, b, publication A). Importantly, HisF unfolds also very slowly in the
physiological temperature range of 7. maritima, which allows for the purification of the
recombinant protein by heat incubation of the E. coli host cell extract (85). Extremely slow
unfolding kinetics has also been observed for other thermostable proteins (20, 24, 25, 83),
supporting the notion that a high kinetic unfolding barrier efficiently protects proteins from

hyperthermophiles against thermal denaturation (14).

2.1.2 The different thermodynamic stabilities of HisF, Syml, and Sym2 are caused by

their different unfolding rates

The evolutionary pathway from a (Ba)s-half-barrel to a stable (Ba)s-barrel was previously
reconstructed by duplicating and fusing the C-terminal half-barrel of HisF, HisF-C. The
resulting HisF-CC construct was then stabilized by several rounds of rational design and
library selection (71, 73, 74, 86), yielding the artificial proteins Sym1 and Sym?2 (Figures 2,
3). Thermodynamic stabilities of Sym1 and Sym2 were compared with the stability of HisF
by GdmCl-induced unfolding monitored by Trp/Tyr fluorescence (Figure 4a).
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Figure 4: Equilibrium unfolding transitions and Kkinetic folding and unfolding of HisF
(black), Sym1 (red), and Sym?2 (green).

(a2) GdmCl-induced unfolding was followed in 50 mM Tris/HCI buffer (pH 7.5) at 25 °C by
monitoring Tyr/Trp fluorescence (excitation: 280 nm; emission: 320 nm) (Taken from Figure
3a, publication B). The continuous lines represent the fit of the two-state model to the
normalized unfolding transitions, yielding the thermodynamic parameters listed in Table 1.
(b) The dependence on GdmCI concentration of the apparent rate constant (4) is shown for the
rate-limiting unfolding and refolding phases (Data taken from Figure 4, publication B).
Chevron diagrams of the individual proteins including all kinetic phases are shown in Figure
S5, publication B.

The analysis of the transitions with the two state-model showed that the three proteins unfold
with similar cooperativity (m = 19.1-23.0 kJ mol M™), which indicates that they have a
comparably compact structure. However, compared to HisF, the transition midpoint ([D];,2) of
Syml and Sym2 was shifted to lower and higher GdmCI concentrations, respectively,
yielding values for the Gibbs free energy of denaturation (AGp ) of 42.8 kJ mol™ for Sym1, of
53.5 kJ mol™ for HisF, and of 62.2 kJ mol” for Sym2 (Table 1).
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Table 1: Thermodynamic stability parameters for HisF, Sym1, and Sym2.

NeU Igp « U
AGp m [Dlin AGp m [Dli2
(kJmol™) (KJmol' M) (M) K mol") (KJmol' M (M)
HisF 535+17  19.1+0.6 2.8 152+2.4 7.9+0.9 1.9
Syml 428+02 202404 2.1 13.2+ 0.4 59+0.2 2.2
Sym?2 622+39  192+12 3.2 357465  21.4+3.7 1.7

For the N « U transition, the Gibbs free energy of denaturation (AGp), the cooperativity (m),
and the denaturant concentration required to unfold 50 % of the protein ([D];,) were obtained
by analyzing the fluorescence-detected unfolding transitions (see Figure 4a) with the two-
state model. For the Igp <> U transition, the parameters were obtained by analyzing the initial
values of the refolding kinetics as monitored by the CD signal at 225 nm (Figure S4,
publication B).

Unfolding of Sym1 reached equilibrium already after three days of incubation at 25 °C. This
result is reflected in the relatively fast denaturation of the protein, which allowed for the
determination of the complete unfolding limb of the chevron diagram (Figure 4b). However,
similarly as observed for HisF, the unfolding equilibrium of Sym2 was reached only after
several weeks of incubation at 45 °C and 25 °C (Figure S3, publication B), which precluded
the determination of the unfolding limb of the two proteins at moderate concentrations of
GdmCl. Remarkably, the unfolding kinetics of Sym2 is even further slowed down by three
orders of magnitude compared to HisF (Figure 4b). Since the refolding rates of HisF, Syml,
and Sym?2 are similar (Figure 4b) the different unfolding rates are the main cause for the
varying thermodynamic stabilities of the three proteins (Figure 4, Table 1).

The incomplete unfolding limbs of HisF and Sym2 did not allow for a precise extrapolation of
the unfolding rate constants in the absence of denaturant. However, a rough estimation
yielded &, values of about 10" and 10" s for HisF and Sym2, corresponding to time

constants for unfolding (7= 1/k,"?

) of around 600 and 200,000 years, respectively. These
values testify to an extremely high kinetic stability which efficiently protects the proteins
from unfolding on a biologically relevant time scale. Interestingly, even Syml shows a
considerable kinetic stability with an extrapolated unfolding time constant of 17 years.

Even more extreme activation barriers for unfolding with kuH20 values of 102 - 10" s'l,

corresponding to time constants up to two million years, have been observed for domains of
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typel pilin (87). These individual pilus subunits associate through donor strand
complementation to form filamentous, adhesive pili, which are essential for many Gram-
negative pathogens for adhesion to the host tissue. As a consequence of the high kinetic
barriers for unfolding and dissociation the assembly of pilus subunits becomes practically
irreversible under physiological conditions.

The extremely different unfolding rates of Sym1 and Sym?2 are remarkable given their high
overall amino acid sequence identity of 90 %. Apparently, they are caused by the replacement
of the two Ba modules 8 in Syml by the two Pa modules 4 in Sym2 (Figure 2). These
contact regions between the fused (Ba)s-half-barrels are not resolved and therefore flexible in
the crystal structure of Sym1 but clearly visible and therefore rigid in the structure of Sym2
(Figure 3). These findings emphasize that optimized contact regions between half-barrels are
crucial for the thermodynamic and kinetic stability of (Ba)s-barrel proteins. The significance
of ‘locking’ the structure by forming tight contacts between the N- and C-terminal ends of the
polypeptide chain was further tested by mutational analysis. For this purpose, Trp35 which is
located in a-helix 1 of Sym2 and whose bulky indole side chain forms extensive van der
Waals interactions with hydrophobic C-terminal residues, was replaced with Tyr.

Remarkably, this single exchange led to a 40-fold increase of the unfolding rate (Figure 5).
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Figure 5: Unfolding of Sym2 (gray) and Sym2-W35Y (black).

(a) Following manual mixing, the unfolding traces in 7.7 M GdmCl were monitored by the
far-UV CD signal at 225 nm in 50 mM Tris/HCI buffer (pH 7.5) at 25 °C. (b) GdmCl-
dependence of the apparent rate constants (A1) of unfolding obtained by fitting mono-
exponential functions to the unfolding traces.
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2.1.3 HisF folds via a sequential mechanism

To elucidate the folding mechanism of HisF, un- and refolding kinetics were followed by far-
UV CD and Trp/Tyr fluorescence. The analysis of the refolding reaction revealed a large
change of the far-UV CD signal within the dead-time of stopped-flow mixing, indicating the
formation of a burst-phase intermediate (Figure 4a, publication A). The subsequent
productive folding occurs in two kinetic phases with time constants zof about 3 s and 20 s
(Figure 5a, publication A). The biphasic refolding kinetics and the reciprocal change of the
amplitudes of the two phases (Figure 5¢, publication A) suggested that they reflect the rapid
formation of an intermediate and its subsequent slow transformation to the native state. To
examine whether such an intermediate is in fact formed as a transient species during refolding
of HisF, stopped-flow double-mixing approaches were performed. In these experiments,
refolding was interrupted after various times, and the concentrations of species present at the
time of sampling were determined from the rates and amplitudes of their unfolding reaction.

First, unfolding of the putative intermediate, which is formed within the fast 3 s refolding
reaction, was monitored. For this purpose, refolding was interrupted after 10 s, a time point at
which the putative intermediate should be well populated whereas the concentration of fully
folded molecules should still be insignificantly low. Then the sample was transferred to
unfolding conditions to monitor the rate and the amplitude of the unfolding reaction. These
experiments showed that within the 3 s refolding phase an intermediate I is formed, which
unfolds three orders of magnitude faster than the native protein N (Figure 6, publication A).

Second, another set of interrupted refolding experiments was performed to follow the time
course of the population of the intermediate I and the accumulation of the native state N. In
these experiments, samples of HisF were allowed to refold for various times before being
transferred to unfolding conditions. The large difference in the unfolding rates of I and N
allows one to detect their unfolding reactions simultaneously and with high precision. The
fluorescence amplitudes of these unfolding reactions are proportional to the concentration of I
and N present at the time when refolding was interrupted and thus trace the time course of I
and N during refolding (Figure 8, publication A). Importantly, the observed rates for the
formation of I coincided with the fast folding phase observed by conventional refolding
kinetics. Moreover, the rates observed for the depletion of I and the formation of N were
identical and coincided with the slow folding phase observed by conventional refolding
kinetics. These findings, together with a lag in the time-course of N, complete the evidence

that folding is a sequential process with I as an obligatory on-pathway intermediate (Scheme
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1, publication A). Igp is formed within the dead time of refolding. The pronounced roll-over
observed for the fast folding phase below 1.0 M GdmCl (Figure 5a, publication A), resulting
in a positive m-value of refolding, indicates that Igp is off-pathway and contains non-native
interactions that have to be broken before I can form. However, the alternative of Igp being
on-pathway cannot be definitely excluded. At concentrations > 2 M GdmCl both folding and
unfolding can be described by a single phase, probably because Igp and I are too unstable
under these conditions to accumulate to detectable concentrations (Figure 4 and 5,

publication A).

2.1.4 Sym1 and Sym2 show an identical folding mechanism as HisF

For a comparison with wild-type HisF, un- and refolding kinetics of Sym1 and Sym2 were
followed by far-UV CD and Trp/Tyr fluorescence. Despite the large differences in stability
and unfolding rate constants, the refolding mechanisms of the Sym1 and Sym?2 are remarkable
similar to HisF. As observed for HisF, also Syml and Sym2 form burst-phase off-pathway
intermediates with a high content of secondary but no detectable tertiary structure (Figure S3,
publication B). The further course of folding is characterized by a fast reaction, which has a
similar time constant (z =3 s) for all three proteins. This reaction is followed by a slower
phase, with similar time constants for HisF and Sym2 (7 = 20 s) but a lower one for Sym1 (7
= 175 s). Sym2 shows an additional very rapid folding reaction (7= 0.27 s), which indicates
the population of an additional intermediate I’ that could not be detected for the other two

proteins (Figure 6).
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Figure 6: GdmCI-dependence of the apparent rate constants (1) of folding and unfolding
of HisF (black), Sym1 (red), and Sym2 (green).

The rate constants for unfolding of I’ and I were determined by double-jump experiments
(Figure 6a, publication A; Figure 5, publication B), and the other constants were determined
by single-jump experiments (Figure 5a, publication A; Figure 4, publication B).

For HisF, the biphasic refolding kinetics with a reciprocal change of the amplitudes of the fast
and the slow refolding reaction have suggested the formation of an on-pathway folding
intermediate I and its subsequent transformation to the native state in a sequential folding
mechanism. This presumption was confirmed by interrupted refolding experiments (2.1.3).
For Sym2, the amplitudes of the three consecutive folding phases also change in a reciprocal
manner with denaturant concentration (Figure S6c, publication B), suggesting that folding
occurs sequentially via two productive intermediates, I’ and I. In order to substantiate this
notion, the time courses of the formation and decay of the putative intermediates were
monitored by interrupted refolding experiments. These experiments showed that I’ and I,
which form within the very rapid and the fast refolding reaction, respectively, unfold much
faster than the native protein (Figure 6). Moreover, the experiments provided compelling
evidence for a sequential folding mechanism where I’ is directly transformed to I and then
further on to native Sym?2 (Figure 5b, c, publication B). Interestingly, although I’ is formed
very rapidly, the overall folding process of Sym2 is not accelerated compared to HisF as the
overall rate-limiting formation of I and N occurs equally fast for the two proteins (Figure 6).
This observation implies a similar folding landscape for Sym2 and HisF with the modification

that I’ is energetically favored in the case of Sym2 but for an unknown reason not detectable
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in the case of HisF. For Sym1, an unambiguous interrupted folding analysis was not possible,
because the fast folding reaction is characterized by low amplitudes (Figure S6a, publication
B). Nevertheless, the observation of two refolding phases (Figure 6) and the amplitude
profiles (Figure S6a, publication B) point to a similar sequential mechanism for Syml as
well. Taken together, these findings suggest a common folding mechanism for HisF, Sym1,

and Sym?2 (Figure 7a).

Figure 7: Unifying folding mechanism for HisF, Sym1, and Sym2.

(a) Folding model compatible with the experimental data. An off-pathway equilibrium
between the unfolded state (U) and the burst-phase intermediate (Igp) precedes the formation
of the on-pathway intermediates I’ and I. For HisF and Syml, I’ is a high energy intermediate
and not kinetically detectable. At concentrations > 2 M GdmCl, I’ and I are too instable to
accumulate to detectable concentrations. (b) Energy diagram for the folding of HisF (black),
Syml (red), and Sym?2 (green). The different heights of the energy barriers indicate different
folding/unfolding rates but are not at scale. (Taken from Figure 6, publication B.)

All three proteins form a burst-phase intermediate Igp, which is most likely off-pathway, as
suggested by the positive m-value of the fast refolding phases of HisF (2.1.3) and Sym1, and
of the very rapid refolding phase of Sym2. Then, rapidly the on-pathway intermediate I’ is
formed, which is probably an undetectable high energy intermediate for HisF and Sym1 (88).
I’ is directly converted to a second on-pathway intermediate I with similar rates for all three
proteins. In the final rate-limiting step of folding, I is converted into the native state. At
concentrations > 2 M GdmCl, both folding and unfolding of HisF, Sym1 and Sym2 can be

described by a single phase, most probably because I’ and I are destabilized by the denaturant

23



Summary and discussion

and do not accumulate. Thus, although the sequences between HisF and Sym1 / Sym2 differ
by about 50 %, the folding mechanisms of the three (Bo)s-barrel proteins are largely identical.
The energy barriers for folding and unfolding as deduced from the determined rate constants
are depicted in Figure 7b. For all three proteins, folding is synchronized by an activation
barrier of similar height between I and N. The large differences in equilibrium stability
develop only late in folding, after the passage over this critical activation barrier. Compared to
HisF and especially Sym1, the native state of Sym?2 is drastically stabilized with respect to the
transition state. Furthermore, a stabilizing effect in Sym2 is already reflected in I’ which,
other than in Sym1 and HisF, is detectable due to its lower free-energy. The destabilization of
Syml compared to HisF and Sym2 is already observed for I as the amplitude of the fast
refolding phase is reduced and vanishes already in the presence of moderate concentrations of

GdmCl (Figure S6a, publication B).

2.1.5 Structural properties of the refolding intermediates of HisF, Sym1, and Sym2

The experimental data presented in the previous chapters provide information about the
structural properties of the folding intermediates Igp, I’, and I. For HisF, Sym1, and Sym?2 the
formation of the burst-phase intermediate Igp within the first few milliseconds of refolding is
accompanied by a large change of the far-UV CD signal. This CD signal decreases in a
cooperative manner with increasing concentration of GdmCl, and the resulting unfolding
curve suggests that Igp is significantly less stable than the native protein (Table 1). Albeit the
pronounced far-UV CD signal of Igp indicates a high content of secondary structure, the
identity of its Trp/Tyr fluorescence signal with the unfolded state U suggests the absence of a
defined tertiary structure (Figure 3a, publication A). The formation of the on-pathway
intermediates I’ and I is accompanied by changes of both the far-UV CD signal and Trp/Tyr
fluorescence, indicating that they contain more secondary and tertiary structure than their
respective precursors on the folding pathway.

The structural properties of the folding intermediate states of HisF were further evaluated by
four different experimental approaches: 1) binding of the dye 1-anilino-8-naphthalenesulfonate
(ANS), ii) Forster resonance energy transfer (FRET) between strategically positioned donor
and acceptor chromophores, iii) intrinsic fluorescence of single Trp residues placed at various

parts of the protein, and iv) nuclear magnetic resonance (NMR).
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Binding of ANS was used to assay the accessibility of hydrophobic areas in the folding
intermediates. ANS is known to bind with high affinity to solvent-exposed non-polar patches,
leading to an increase of its fluorescence intensity (89, 90). Stopped-flow refolding
experiments in the presence of ANS yielded a strong fluorescence increase within the dead
time of mixing (Figure S3a, publication A), indicating that the dye efficiently binds to Igp.
Thus, Igp is probably a molten globule-like state (91) that forms rapidly when the unfolded
protein is exposed to native conditions. In the further course of folding the ANS fluorescence
decreased, indicating that the transition from Igp to N leads to a continuous decrease of the
exposed hydrophobic surface of HisF. Since ANS binds with lower affinity to I than to Igp,
(Figure S3b, publication A), the hydrophobic side chains are shielded more efficiently from
the solvent in the productive than in the off-pathway intermediate.

FRET experiments can be used as a tool to follow distance changes between individual amino
acid residues during folding (39, 92-102). Depending on the donor and acceptor fluorophores,
FRET can probe distances in a range of about 10 A to 100 A. Importantly, the transfer
efficiency (E) depends on the sixth power of the distance between donor and acceptor, which
allows for the detection of even small conformational rearrangements (93, 97). The
introduced chromophores should be reporters only and not affect the stability and the folding
kinetics of the protein, a condition that is met best when both donor and acceptor remain
mobile and exposed during the folding process.

Based on these considerations, the exposed N- and C-termini of HisF, which are in close
contact in the native protein but far remote in its unfolded state, were chosen for modification.
Moreover, FRET measurements are most sensitive close to the Forster radius Ry, which is the
donor-acceptor distance at which the transfer efficiency is equal to 50 %. Therefore, Trp
residues and 5-(((acetylamino)ethyl)amino)naphthalene-1-sulfonate (AEDANS) were used as
donor and acceptor. This pair of chromophores shows an R, value of about 22 A (93), which
is close to the 20 A distance of the N-and C-terminal residues as observed in the crystal
structure of HisF.

Single Trp residues and single cysteine (Cys) residues required for the coupling of the
AEDANS group (100, 103) were introduced by site-directed mutagenesis. Wild-type HisF
contains a single Cys at position 9 and a single Trp at position 156, which are not suitable for
FRET experiments and were therefore replaced by alanine (Ala) and Tyr, respectively.
Moreover, in order to be able to replace the essential methionine (Met) 1 by Trp and Cys, an

additional Met residue was inserted at position 0. The resulting pseudo wild-type protein
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(HisF*) served as the parent for the variants that carried individual pairs of donor and

acceptor chromophores (Table 2).

Table 2: Distances between donor and acceptor sites of the AEDANS-labeled HisF*
variants.

Native protein (0 M GdmCl) Unfolded protein (6.5 M GdmCl)
HisF* variant

E R(A)  Reysan(A) E RA)  Reoiny (A)
HisF*-M1W/E251C  0.64 19.9 16.2 0.35 244 92.0
HisF*-M1C/E253W  0.63 20.1 20.6 0.45 22.7 92.4

HisF* corresponds to HisF with an additional N-terminal Met residue and the C9A and
WI156Y exchanges. The FRET efficiency (£) and the apparent distance between the
fluorophores (R) are given for the HisF*-variants in the absence and presence of 6.5 M
GdmCI. R was determined from E with RZRO((I/E)-I)” 6 where R, is the Forster distance of
22 A. E was obtained from the emission spectra of the donor in the donor-acceptor-labeled
(Fpa) and the donor-only protein (Fp) by E=1-(Fpa/Fp) (100, 103). Exemplary emission
spectra are shown in Figure 8. The distance between C, of Trp and C, of Cys deduced from
the crystal structure (R(crystal)) and the calculated distance between the donor and acceptor
amino acids in a polypeptide chain with non-repetitive structure (R(coil)) are given. The
distance in the unfolded polypeptide chain was calculated by the expression
R(coil)=5.45(aa1—aaz)1/ 2 where aa; and aa, are the positions of the respective amino acids
(98).

The FRET efficiency depends not only on the donor-acceptor distance but also on the relative
orientation of the chromophores, the quantum yield of the donor, and the overlap integral
between the fluorescence spectrum of the donor and the absorption spectrum of the acceptor.
Ideally, these properties should remain constant when FRET is used to follow distance
changes during folding. In addition, the introduced chromophores should not affect the
stability and the folding kinetics of the protein (100). However, the variants of HisF were
slightly destabilized (AGp around 46 kJ mol™” versus 54 kJ mol™ for wild-type HisF).
Moreover, the emissions of the introduced Trp residues in the donor-only proteins are blue
shifted upon refolding. This finding indicates that they are at least partly immobilized, which

is unfavorable for FRET experiments (Figure 8a).
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Figure 8: Fluorescence spectra and refolding kinetics monitored by FRET efficiency of
HisF*-M1C/E253W.

(a) Fluorescence spectra of the donor—acceptor-labeled protein HisF*-M1C/E253W-AEDANS
(continuous line), and the donor-only protein HisF*-M1C/E253W (broken line). Fluorescence
emission spectra for the folded state (0 M GdmCl) are shown in black, those in the unfolded
state (6.5 M GdmCl) are shown in red. The spectra were measured after excitation at 295 nm
with 2 uM protein in 50 mM Tris/HCI (pH 7.0) at 25 °C. The calculated values for £ and R
are given in Table 2. (b) Change of transfer efficiency during refolding obtained from the
fluorescence change of the donor in the donor-accepted-labeled and the donor only protein
determined as outlined in Table 2. A mono-exponential function in combination with a linear
term was fit to the experimental curve (red line), yielding a time constant 7 of 13.7 s. Inset:
This time constant (red circle) is compared with the refolding rates determined by single-jump
experiments (gray circles, data taken from Figure 5a, publication A).

Nevertheless, the distances R between the chromophores were investigated in the unfolded
and native variants of HisF (Figure 8a, Table 2) and compared with values obtained from the
crystal structure and a model of a unfolded polypeptide chain with non-repetitive structure
(98). The calculated distances of about 20 A deduced from the FRET experiments performed
with the native proteins are in good agreement with the crystal structure, whereas the
calculated distances of 23 A for the unfolded state are far shorter than the distance of 92 A,
estimated by the chain-like model. The reasons for this deviance, which could for example be
misplaced acceptor molecules, a limited mobility of the chromophores, or local structural
regions in the unfolded state, were not explored. The kinetics of the FRET efficiency change
corresponding to the distance change of about 3 A during folding was mono-exponential. The

deduced time constant was identical to the time constant of the slow folding reaction
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determined by single-jump experiments (Figure 8b). This finding shows that detectable
rearrangements in the terminal region of HisF ‘locking’ the barrel do not occur during the
formation of I but in the subsequent rate-limiting step leading to N.

Intrinsic protein fluorescence was used to determine which parts of I adopt a native-like
structure with shielded Trp residues. For this purpose, HisF variants with single Trp residues
placed in different regions of the protein were produced, and their refolding reactions were
analyzed. The results suggest that I has a native-like structure in the central region of the
protein, whereas its N-terminal region is apparently unstructured (Figure 11, publication A).
This finding is consistent with the previously discussed FRET experiments and indicates that
rearrangements in the terminal region occur only in the late stages of folding. This assumption
was further supported by an experiment in which refolding of HisF was combined with its
complex formation with HisH. The results showed that only native HisF but not I can
associate with HisH (Figure 10, publication A), indicating that the binding interface is not yet
formed in I. In accordance with this notion, the crystal structure of the complex shows that the
N-terminal region of HisF, which is unstructured in I, forms intimate contacts with residues
from HisH (84).

Finally, to obtain detailed structural information on the folding intermediates of HisF
refolding was analyzed by solution NMR spectroscopy using "H-'"N HSQC experiments. The
spectral assignment of HisF (104, 105) and the slow formation of the native state at 2.4 M
GdmCl (7= 2.8 h) allow for the recording of NMR spectra during the early phase of folding.
Refolding of 1 mM unfolded "H-"’N-HisF was initiated by diluting the protein into 2.4 M
GdmCI (native conditions, see Figure 4a), and spectra were recorded by Dr. Christoph
Liebold (University of Regensburg, Institute of Biophysics and Physical Biochemistry) as
described previously (106). However, even after a long incubation time of about 20 h the
obtained chemical shifts were typical of a random coil and did not indicate the formation of
any defined structure (data not shown). Possibly, the high protein concentration promoted the
formation of aggregates, which however did not reach a visible size due to the presence of
2.4 M GdmCI. It was not possible to work with lower protein concentrations for technical

reasons.
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2.2 Implications for the evolution of (Ba)s-barrels

2.2.1 The folding of HisF resembles other (Ba)s-barrels

Extensive sequence and structure comparisons suggest a common evolutionary origin for
most (Ba)g-barrels (55, 57). However, it is still unclear to what extent their folding
mechanism has been conserved upon the vast diversification of sequences and functions in the
course of evolution. In order to evaluate the conservation of the folding mechanism of (Ba)s-
barrels, the folding properties of HisF were compared with those of bona fide evolutionary
related (Boa)g-barrel proteins, namely TrpA from E. coli (78, 79), TrpC from the
hyperthermophile S. solfataricus (80-82), and IOLI from B. subtilis (58).

Despite the low overall sequence identity of less than 20 % (as detected by a pair-wise
comparison with DALI-lite; http://www.ebi.ac.uk/Tools/dalilite/), the kinetic folding
mechanism of HisF resembles the three other analyzed (Ba)s-barrel proteins. In all cases, a
burst-phase intermediate Igp is formed (58, 79, 82), which is marginally stable but contains a
high fraction of the far-UV CD signal of the native state (HisF: 74%; TrpA: 47%; TrpC: 46%;
IOLI: 37%). Global folding analysis or Go-model simulation has suggested that the Igp of
TrpA (79, 107), TrpC (82), and IOLI (58) are off-pathway species, meaning that the unfolding
of their non-native structural elements controls access to the productive on-pathway
intermediates. Substantial burst-phase reactions have also been observed for the (Bo)s-barrel
proteins fructose-1,6-bisphosphate aldolase (108) and TrpF (109), as well as for the (Ba)s-
barrel proteins CheY (110) and SpoOF (111). The latter were proposed to be evolutionarily
related to (Bav)s-barrels via a common (Ba)s-half-barrel precursor (112, 113).

In addition to the off-pathway intermediate Igp, one or two on-pathway kinetic intermediates
are formed on the folding pathways of HisF, TrpA, TrpC, and IOLI (58, 79, 80, 114).
However, the native secondary structural elements formed in the on-pathway intermediates
seem to differ between the individual proteins (75, 81, 82, 115) and the actual kinetics appear
to be determined by protein stability and amino acid sequence. A direct comparison of the
unfolding and refolding rates of the four (Ba)s-barrel proteins HisF, TrpA, TrpC and IOLI is
complicated by the fact that different denaturants, GAmCI and urea, were used. Nevertheless,
at low denaturant concentration all four proteins show similar rate-limiting steps with time
constants of about 10 s. These findings suggest that for refolding, the (Bov)s-barrel proteins
from hyperthermophiles use the same mechanism as their counterparts from mesophilic

organisms. Thus, despite the strong differences in stability and amino acid sequence
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diversities of more than 80 %, general properties of folding are conserved. This is in line with
the divergent evolution of (Ba)s-barrels from a common ancestor.

In contrast to the refolding reaction, unfolding of HisF from the hyperthermophilic organism
T. maritima is at least 1000-fold slower than unfolding of TrpA and IOLI, which are from
mesophiles. Remarkably, unfolding of HisF is also about 100-fold slower than the unfolding
of truncated TrpC, which originates also from the hyperthermophilic organism S. solfataricus,
but shows a lower thermodynamic stability (80). Thus, adaption to high temperatures essential
for proteins of hyperthermophilic organisms is attained by an extreme deceleration of the
unfolding rate without changing the kinetic folding mechanism. The stabilizing amino acid
substitutions exert their influence late on the folding pathway, by selectively stabilizing the

native state relative to the transition state.

2.2.2 Sym1 and Sym?2 are models for an evolutionary precursor of HisF

Remarkable differences have been observed between the folding of proteins engineered in the
laboratory and arisen by natural evolution. Whereas billions of years of natural selection has
afforded significant barriers for un- and refolding to avoid the formation of partially unfolded
conformations prone to aggregation, artificial proteins are generally characterized by rugged
folding energy landscapes and almost barrier-less folding and unfolding (8, 48-51). On the
contrary, all essential elements of the folding of native HisF are also observed for the artificial
proteins Sym1 and Sym2. All three proteins show a linear five-state mechanism with one off-
pathway and two on-pathway intermediates and comparable refolding energy barriers (Figure
7a, b). This conservation of folding provides further compelling evidence that (Ba)s-barrels
have evolved by the duplication and fusion of an ancestral (Ba)s-half-barrel and that Sym1
and Sym?2 are realistic models for an early fusion protein. Since the primary fusion event must
have occurred in an early phase of evolution, the folding mechanism has been conserved over
very long periods of time. Moreover, the differences between Sym1 and Sym2 emphasize the
significance of optimized contact regions of the fused half-barrels for the generation of a
stable (Ba)g-barrel with high thermodynamic and kinetic stability and a smooth and well-

defined folding landscape.
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2.3 Comparison with the folding mechanism of other characterized proteins

Driven by natural selection, sequences have evolved that fold as efficiently as possible, to
protect the functional native state against unfolding and aggregation. However, evolutionary
pressure on a fast folding reaction has a cutoff, as proteins have to fold only fast enough to be
produced without undesirable side reactions. Any further increase in the folding rate is no
apparent advantage to the cell, leading to folding processes occurring typically on a
milliseconds-to-seconds time scale. Albeit the folding reaction of (Bov)s-barrel proteins with
time constants of several seconds is much slower than the folding of small proteins, it still fits
this time range for efficient folding.

The occurrence of on- and off-pathway intermediates is a common characteristic of all
hitherto analyzed (Ba)s-barrel proteins, as well as calmodulin (116), UMP/CMP kinase (117)
and the (Ba)s-barrel proteins CheY (110) and SpoOF (111). This property also contrasts with
small proteins, which commonly fold via two-state mechanisms avoiding intermediates. In
recent years, however, partially unfolded intermediates have been identified also for typical
two-state proteins (118-123). These intermediates are usually weakly populated or short-lived
and not amendable to direct detection in kinetic experiments. Even though energetically less
favorable, some intermediates are important for the physiological function of proteins by
exposing ligand binding sites or allowing for post-translational modifications. However, the
folding intermediates of (Ba)s-barrels do not have an obvious biological relevance. Their
elaborate folding mechanism might rather be owed to the complex native topology, which is
formed by at least 200 amino acids, in contrast to the commonly less than 100 amino acids of
apparent two-state folders. Interestingly, even the apparently ‘misfolded’ species Igp is a
conserved feature of (fav)s-barrels, probably as a consequence of the opportunity for regional
folding. It has been argued for TrpC that the formation of this sub-millisecond off-pathway
species will not interfere with productive folding in the cell, because it would appear and
dissipate far faster than the rate of synthesis on a ribosome or the subsequent productive
folding reaction (82). Thus, the complex and slow folding of the (Ba)s-barrel seems not to be

a biological relevant disadvantage, in accordance with its frequent occurrence.
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3 Abbreviations

A
AEDANS
Ala

ANS

B. subtilis
°C

CD
C-terminal
Cys

[D]

[Dlir

E

EC

E. coli

Fp

Fpa
FRET
AGp
GdmCl
HisA

HisF

HisF*

HisF-N
HisF-C
HisF-CC
HisF-Cy
HisF-Cc

Angstrém (107 m)
5-(((acetylamino)ethyl)amino)naphthalene-1-sulfonate

alanine

1-anilino-8-naphthalenesulfonate

Bacillus subtilis

degree celsius

circular dichroism

carboxyterminal end of a polypeptide chain

cysteine

denaturant concentration

transition midpoint of denaturant-induced unfolding

FRET efficiency

Enzyme Commission

Escherichia coli

fluorescence of the donor in the donor—only protein

fluorescence of the donor in the donor—acceptor-labeled protein
Forster resonance energy transfer

Gibbs free-energy of unfolding

guanidinium chloride
N'-[(5"-phosphoribosyl)formimino]-5-aminoimidazole-4-carboxamide
ribonucleotide isomerase

synthase subunit of imidazole glycerol phosphate synthase from
Thermotoga maritima

HisF pseudo wild-type protein containing the C9A and W156Y exchanges
and an additional Met at position 0

N-terminal half of HisF

C-terminal half of HisF

two in tandem fused copies of HisF-C

N-terminal half of HisF-CC

C-terminal half of HisF-CC
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HisH

HSQC

Ro
R(coil)

R(crystal)
r.m.s.d.

SCOP

S. sulfataricus

Syml

Sym?2

glutaminase subunit of imidazole glycerol phosphate synthase from 7.
maritima

heteronuclear single quantum coherence

kinetic on-pathway intermediate

further kinetic on-pathway intermediate

burst-phase intermediate

imidazole glycerol phosphate

protein of unknown function encoded by the Bacillus subtilis ioll gene
unfolding equilibrium constant

rate constant of folding

rate constant of unfolding

apparent rate constant of a reaction

parameter defining the cooperativity in denaturant-induced unfolding
methionine

native state of a protein

nuclear magnetic resonance

phosphoribosylanthranilate

apparent distance between two fluorophores

Forster distance at which the FRET efficiency is 50 %

calculated distance between the FRET donor and acceptor amino acids in a
polypeptide chain with non-repetitive structure

distance between C, of Trp and C, of Cys from the crystal structure of HisF
root mean square deviation

structural classification of proteins

Sulfolobus solfataricus

HisF-CC stabilized by shortening the loop connecting HisF-Cy and HisF-
Cc, as well as the A124R and A220K exchanges in HisF-Cy and the Y143H
& V234M exchanges in both HisF-Cy and HisF-C¢

Syml stabilized by replacing Ba-module 8 in HisF-Cy and HisF-C¢ with the
stable fa-module 4 stemming from the N-terminal half of HisF

temperature

time

time constant of a reaction
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T. maritima
TIM
Tris

Trp

Thermotoga maritima

triosephosphate isomerase
2-amino-2-hydroxymethyl-propane-1,3-diol
tryptophan

a-subunit of tryptophan synthase
indole-3-glycerolphosphate synthase
phosphoribosylanthranilate isomerase
tyrosine

unfolded state of a protein
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ABSTRACT: HisF, the cyclase subunit of imidazole glycerol phosphate synthase
(ImGPS) from Thermotoga maritima, is an extremely thermostable (fa)g-barrel protein.
We elucidated the unfolding and refolding mechanism of HisF. Its unfolding transition is
reversible and adequately described by the two-state model, but 6 weeks is necessary to
reach equilibrium (at 25 °C). During refolding, initially a burst-phase off-pathway
intermediate is formed. The subsequent productive folding occurs in two kinetic phases
with time constants of ~3 and ~20 s. They reflect a sequential process via an on-pathway
intermediate, as revealed by stopped-flow double-mixing experiments. The final step leads
to native HisF, which associates with the glutaminase subunit HisH to form the
functional InGPS complex. The conversion of the on-pathway intermediate to the native
protein results in a 10°fold increase of the time constant for unfolding from 89 ms to
35 h (at 40 M GdmCl) and thus establishes a high energy barrier to denaturation. We
conclude that the extra stability of HisF is used for kinetic protection against unfolding. In
its refolding mechanism, HisF resembles other (a)s-barrel proteins.

pproximately 1200 different protein folds have been located at the C-terminal ends of the f-strands and in the

identified to date [Structural Classification of Proteins subsequent fa-loops. However, in spite of the common chain
(SCOP) release 1.75, February 2009]," each of them being topology and the conserved location of the active site, the
characterized by a distinct toplogical orientation of secondary geometry of the central barrel can differ considerably between
structure elements. Whereas many folds are represented by individual (fa)g-barrel proteins and the overall level of
only a few members of the protein database, others have been sequence identity is low. The question of whether all (fa),-
recruited extensively in the course of evolution. A prominent barrels are the products of divergent evolution from a common
example is the (fa)g-barrel, which is among the most ancient, ancestor or whether the fold has developed independently
frequent, and versatile folds.*~* Approximately 10% of all several times by convergent evolution is therefore unre-
proteins with known three-dimensional structure contain at solved.®™® In any case, extensive sequence and structure
least one (fa)s-barrel domain. With very few exceptions, all comparisons suggest a common evolutionary origin for most
known (fa)g-barrels are enzymes, and SCOP distinguishes 33 (pa)g-barrels,> in line with the notion that conservation of

superfamilies that catalyze more than 60 different reactions.
They occur in five of the six Enzyme Commission (EC) classes,
acting as oxidoreductases, transferases, lyases, hydrolases, and
isomerases, and many of them are engaged in essential
metabolic pathways.>°

The canonical (fa)g-barrel fold is composed of eight units,
each of which contains at least 25 residues. A single unit

structure exceeds conservation of amino acid sequence.

This observation raises the question of the extent to which
the folding mechanism of (fa)gbarrel proteins has been
conserved upon the vast diversification of their sequences in the
course of evolution. Early insights into the folding of (fa)s-
barrel proteins were obtained by fragmentation experiments
performed with phosphoribosyl anthranilate isomerase (PRAI)

consists of a f-strand and an a-helix, which are linked by a fa- and triosephosphate isomerase (TIM).'*"> These studies
loop, and the individual units are connected by a/}-loops. The provided evidence that both PRAI and TIM form stable folding
eight strands form a central parallel J-sheet, which is intermediates consisting of four or six structured (fa) units,
surrounded by an outer layer of eight a-helices (Figure 1). followed by the association of the unstructured segment to
Many (fa)g-barrel enzymes contain extensions to the canonical

topology, at the N- or C-terminus or in loop segements. Received: February 10, 2012

Remarkably, in all known (fa)g-barrels, the residues that are Revised:  March 27, 2012

important for substrate specificity and catalytic activity are Published: March 28, 2012
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Figure 1. (a) Schematic depiction of the (fa)g-barrel fold and (b)
ribbon diagram of the crystal structure of HisF (PDB entry 1THF).>
a-Helices and f-strands are colored red and blue, respectively; loops
are colored gray. Tyr and Trp residues are displayed as sticks. The
figure was generated using Accelrys DS.

finally form the native (far)g-barrel. Recent in-depth kinetic
studies with the a-subunit of tryptophan synthase from
Escherichia coli (aTS),"*'* the indole—3—glycerol-g)hosphate
synthase from Sulfolobus solfataricus (IGPS),"*™"7 and a
(Ba)g-barrel protein of unknown function encoded by the
Bacillus subtilis ioll gene (IOLI)'® have provided more insights
into the folding of (fa)g-barrels. All three proteins apparently
form an off-pathway burst-phase intermediate, which must
unfold to enter productive folding via one or more on-pathway
intermediates. Although these similarities have suggested that
the common topology is the main determinant for the folding
mechanism of (fla)g-barrel proteins, the native secondary
structural elements formed in the on-pathway intermediates
seem to differ between aTS and IGPS. Moreover, whereas the
slow cis—trans isomerization of peptide bonds involving proline
residues results in several parallel folding pathways in the case
of TS, IGPS and IOLI contain only trans prolyl peptide bonds
and show simpler folding mechanisms."

We have studied the folding mechanism of the cyclase
subunit HisF of the imidazole glycerol phosphate synthase from
Thermotoga maritima (Figure 1b). HisF is an interesting protein
for several reasons. First, it is active in its hyperthermophilic
host above 80 °C and provides an excellent model for testing
the hypothesis that high thermodynamic stability is related with
a large kinetic barrier to unfolding."”>* Second, unlike other
(Pa)g-barrel proteins, HisF shows a striking 2-fold symmetry
and contains phosphate binding sites in both the N-terminal
and C-terminal half-barrel, which anchor its biphosphorylated
substrate.”® IGPS and @TS are evolutionarily related to HisF
but lack such a clear 2-fold symmetry and contain only a single
conserved C-terminal phosphate binding site,”* which makes a
comparison of their folding mechanisms particularily attractive.
Finally, as HisF forms a 1:1 complex with the glutaminase
subunit HisH of the imidazole glycerol phosphate synthase,>>*®
it offers an opportunity to study the relationship between
protein folding and association.

3421
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B MATERIALS AND METHODS

Mutagenesis, Cloning and Expression of Genes, and
Purification of Recombinant Proteins. Point mutations
were introduced into the hisF gene by overlap extension
polymerase chain reaction,”” followed by cloning of the genes
into plasmid pET24a(+) via the Ndel and BamHI restriction
sites. Wild-type hisF and its mutants were expressed in E. coli
T7-Express cells (New England Biolabs). After induction with
0.5 mM IPTG, cells were grown for 4 h at 37 °C and harvested.
The recombinant proteins with molecular masses of ~27.7 kDa
were purified as described previously.”® According to sodium
dodecyl sulfate—polyacrylamide gel electrophoresis, all HisF
variants were >95% pure. Approximately 100 mg of protein per
liter of culture was obtained and dialyzed against 50 mM Tris-
HCI buffer (pH 7.5).

Equilibrium Unfolding Transitions. Samples with 4 yM
protein were prepared in 50 mM Tris-HCl buffer (pH 7.5)
containing various concentrations of GdmCl. GdmCl (ultra-
pure) was purchased from MP Biomedicals (Illkirch, France),
and its concentration was determined by the refractive index of
the solution.”® The samples were incubated at 25 and 45 °C for
6 weeks and 19 days, respectively. The far-UV circular
dichroism (CD) signal at 225 nm was monitored with a
JASCO model J815 CD spectrophotometer, using a 5 mm
cuvette and a bandwidth of 1 nm. Following excitation at 280
nm (bandwidth of 3 nm), the fluorescence emission signal at
320 nm (bandwidth of S nm) was monitored in a JASCO
model FP-6500 spectrofluorimeter. The transitions were
analyzed according to the two-state equilibrium model. The
free energy change of unfolding in the absence of denaturant
(AGp°) was obtained assuming a linear dependency of AGp, on
GdmClI concentration.*

Kinetics of Unfolding and Refolding. All experiments
were performed in SO mM Tris-HCl buffer (pH 7.5) at 25 or 45
°C. Unfolding was initiated by dilution of the native protein to
various denaturing concentrations of GdmCl. Refolding was
measured after dilution of the denatured (in 6.0 M GdmCl)
protein to folding conditions.

Manual mixing experiments monitored by the far-UV CD
signal were performed with a JASCO model J815 CD
spectrophotometer. Following a 10-fold dilution, the CD signal
of 4 uM of protein (final concentration) was recorded at 225
nm, using a 5 mm cuvette, a bandwidth of 1 nm, and an
averaging time of 1 s. Manual mixing experiments followed by
Trp/Tyr fluorescence were performed with a JASCO model
FP-6500 spectrofluorometer using a 1 cm cuvette. The
fluorescence signal of 4 uM protein (final concentration) was
followed using an excitation wavelength of 280 nm (bandwidth
of 3 nm) and an emission wavelength of 320 nm (bandwidth of
5 nm). Monoexponential or biexponential functions were fit to
the data using GraFit6 from Erithacus (West Sussex, U.K.).

Stopped-flow fluorescence experiments were performed
using a SX.20MV spectrometer from Applied Photophysics
(Leatherhead, U.K.). After rapid mixing, the fluorescence signal
of 2 uM protein (final concentration) was followed using a 320
nm emission cutoff filter after excitation at 280 nm (Tyr and
Trp) or 290 nm (Trp). The path length of the observation cell
was 2 mm, and the bandwidth was 10 nm. The kinetics was
measured eight times under identical conditions, averaged, and
analyzed using exponential functions.

The time-dependent formation of I from U was followed by
stopped-flow fluorescence interrupted refolding experiments.

dx.doi.org/10.1021/bi300189f | Biochemistry 2012, 51, 3420—3432
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Figure 2. GdmCl-induced equilibrium unfolding of HisF at 25 °C (a and c) and 45 °C (b and d). The transitions were followed by the CD signal at
225 nm (a and b) and Trp/Tyr fluorescence (excitation at 280 nm; emission at 320 nm) (c and d) in SO mM Tris-HCl buffer (pH 7.5). Filled
symbols represent data from unfolding experiments, started with folded protein, and empty symbols represent data from refolding experiments,
started with protein that was previously unfolded in 6.0 M GdmCI. The solid lines represent fits to the unfolding transitions on the basis of the two-

state model; the parameters derived from the fit are listed in Table 1.

Unfolded HisF (132 uM in 6.0 M GdmCl) was diluted 6-fold
to 1.0 M GdmCl and incubated for 10 s to allow for the
conversion of U to I. The sample was then diluted 11-fold to
final GdmCl concentrations between 1.9 and 7.0 M, which
resulted in the rapid conversion of I to U. A monoexponential
equation with a linear factor was fit to the unfolding traces to
determine the rate constant for the I — U reaction at the
respective denaturant concentration.

The kinetics of the sequential U — I — N reaction was
monitored in further stopped-flow fluorescence interrupted
refolding experiments. Unfolded HisF (132 yM in 6.0 M
GdmCl) was diluted 6-fold to 1.0 M GdmCl and incubated for
various times to allow for refolding to I and N. The sample was
then diluted 11-fold to 2.3 or 6.9 M GdmClI, which resulted in
the rapid unfolding of I and the slow unfolding of N.
Monoexponential or double-exponential equations with a linear
factor were fit to the kinetic traces. An equation describing the
consecutive model was fit to the obtained amplitudes.>"*

The recovery of native HisF molecules during refolding was
probed by double-jump stopped-flow fluorescence experiments
combining refolding of HisF with binding to HisH. Unfolded
HisF-W156Y (12 uM in 6.0 M GdmCl) was diluted 6-fold to
1.0 M GdmCl and refolded for variable times. The sample was
then mixed with an equal volume of a solution containing the
same concentration of HisH in buffer without GdmCl. A
monoexponential equation was fit to the obtained amplitudes.
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B RESULTS

Equilibrium Transitions. The thermodynamic stability of
HisF was characterized by GdmCl-induced equilibrium
unfolding transitions at 25 and 45 °C. The loss of secondary
structure was monitored by far-UV circular dichroism (CD) at
225 nm, and the loss of tertiary structure was followed by
tryptophan and tyrosine fluorescence. HisF contains a single
tryptophan residue (W156) located in a-helix S and four
tyrosine residues (Y39, Y143, Y182, and Y240), which are
distributed across the protein (Figure 1b). Their fluorescence
served as an indicator for global folding.

HisF is a thermostable protein [Ty > 90 °C (data not
shown)], and the folding equilibrium in the transition region is
attained very slowly. After incubation at 45 °C for 10 days, the
unfolding curve was still shifted to higher denaturant
concentrations with respect to the refolding curve, indicating
that the unfolding reaction had not yet reached equilibrium
(Figure S1 of the Supporting Information). However, after 19
days, the unfolding and refolding curves coincided, indicating
that equilibrium had been reached. Remarkably, unfolding
remained fully reversible even after this excessively long period
of incubation at intermediate denaturant concentrations. At
25 °C, unfolding was even slower, and an incubation time of 6
weeks was required to reach equilibrium.

The folding reaction of HisF is cooperative, and the
transitions determined by CD and fluorescence superimpose
well (Figure 2), suggesting that folding intermediates are not
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Table 1. Thermodynamic Parameters for the GdmCl-Induced Unfolding of HisF and Iy,

25 °C 4S5 °C
protein, signal AGp° (IJ mol™) m (kJ mol™ M) [D],, (M) AGp° (IJ mol™) m (k] mol™ M) [D],, (M)
HisF, far-UV CD 53.5 + 1.7 19.1 + 0.6 2.80 52.7 + 33 197 + 12 2.68
HisF, fluorescence 55.6 + 2.3 199 + 0.9 2.79 479 + 2.8 18.0 + 1.1 2.66
Iyp, far-UV CD 152 + 24 7.9 + 09 1.90

“Values are for S0 mM Tris-HCl buffer (pH 7.5) at the respective temperature. The thermodynamic parameters were calculated from the data shown

in Figures 2 and 4.

populated at equilibrium. The data were analyzed on the basis
of the two-state model, yielding the thermodynamic parameters
listed in Table 1. At 25 and 45 °C, HisF unfolds with a similar
cooperativity (m ~ 19 k] mol™ M™!), which is close to the
value of 24 kJ mol™" M that is expected for a protein of its
size (253 residues).>® The differences between the two
temperatures with respect to the transition midpoint ([D],,
~ 2.8 M vs ~2.7 M) and the Gibbs free energy of unfolding
(AGp® ~ 54 kJ mol™ vs ~50 kJ mol™) are small. Thus, the
thermodynamic stability of HisF seems to be only weakly
dependent on temperature.

Kinetics of Unfolding and Refolding. Unfolding and
refolding kinetics of the secondary structure of HisF were
measured at 25 and 45 °C by following the far-UV CD signal of
the protein after manual mixing at various concentrations of
GdmCl. Unfolding was a monoexponential reaction, as shown
in Figure 3a for the reaction in 6.0 M GdmCl, and the
amplitude accounted for the entire CD change as observed in
the equilibrium unfolding transition. Refolding at low GdmClI
concentrations was biexponential, as shown in Figure 3b for the
reaction at 0.7 M GdmCl. The faster refolding phase vanished
above 2 M GdmCl. The CD change observed in the refolding
kinetics was significantly smaller than that expected from the
equilibrium transitions (Figure 4a), indicating that the major
part of the CD change occurred within the dead time of the
manual mixing experiment. The kinetics of this CD change
could also not be resolved after stopped-flow mixing, indicating
that a burst-phase intermediate (Ip) formed in <S ms. This CD
change is independent of protein concentration and thus
probably not caused by rapid reversible aggregation.** The
amplitude of the burst-phase refolding reaction decreased with
an increasing concentration of GdmCl in a sigmoidal manner
(Figure 4a). This cooperative unfolding process and the high
magnitude of the relative CD signal of Iy, compared to N (71%
at 1 M GdmCl and 36% at 2 M GdmCl) suggest that Iyp
contains a high content of compact secondary structure. A
tentative two-state analysis of the unfolding transition of Iyp
yielded an apparent AGp° of 15.2 kJ mol™ and an m value of
7.9 k] mol™" M. Thus, I, exhibits ~30% of the stability and
~40% of the compactness of the native state (Table 1).

Unfolding and refolding kinetics of the tertiary structure of
HisF were measured at 25 and 45 °C by following the
fluorescence changes of the single tryptophan and the four
tyrosine residues (Figure 1b). Again, the unfolding kinetics
were monophasic, and the refolding kinetics at low GdmCl
concentrations were biphasic (Figure S2 of the Supporting
Information). In both unfolding and refolding, the fluorescence
amplitudes accounted for the entire signal change as expected
from the equilibrium transitions (Figure 4b), which indicates
that Iyp lacks significant tertiary structure.

The dye l-anilino-8-naphthalenesulfonate (ANS) binds to
hydrophobic regions of folding intermediates, which leads to an
increase in its fluorescence intensity.>>*® Stopped-flow
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Figure 3. (a) Unfolding kinetics of HisF in 6.0 M GdmCl and (b)
refolding kinetics in 0.7 M GdmCl as followed by far-UV CD.
Following manual mixing, the traces of the CD signal at 225 nm were
monitored in S0 mM Tris-HCI buffer (pH 7.5) at 25 °C. Gray solid
lines represent fits of monoexponential and biexponential functions to
the unfolding (7 = 110 s) and refolding curves (7; = 3.1's, and 7, =
34 s), respectively. Dashed lines indicate the initial ellipticities
characterizing the native (N) state (a) and the unfolded (U) state (b).

refolding experiments in the presence of ANS yielded a strong
fluorescence increase within the dead time of mixing (Figure
S3a of the Supporting Information), indicating that Iy contains
hydrophobic surfaces that are capable of ANS binding. The
ANS fluorescence then decreased in two exponential phases
with rates that correspond to the refolding rates detected by
CD and by Trp/Tyr fluorescence (Figure S3b of the
Supporting Information). These results show that the multistep
transition from Iyp to N leads to a continuous decrease in the
exposed hydrophobic surface area of HisF.

The observed rate constants of unfolding and refolding at 25
and 45 °C are shown in panels a and b of Figure S as a function
of GdmCl concentration in the form of chevron plots. The two
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Figure 4. GdmCl-induced equilibrium unfolding transitions of HisF
and initial values of refolding and unfolding kinetics. The equilibrium
transitions (empty circles) were followed by (a) the CD signal at 225
nm and (b) Trp/Tyr fluorescence (excitation at 280 nm; emission at
320 nm) in 50 mM Tris-HCI buffer (pH 7.5) at 25 °C (data taken
from Figure 2a,c) The dashed lines indicate the baselines for the pure
N and U states. The initial values of the unfolding (filled diamonds)
and refolding (filled triangles) kinetics were obtained by extrapolation
to zero time (see Figure 3). The data show that a compact burst-phase
refolding intermediate (Igp) with a high content of secondary structure
but no detectable tertiary structure is formed. The solid lines represent
fits based on the two-state model to the data, yielding the
thermodynamic parameters listed in Table 1.

refolding rate constants and the single unfolding rate constant
as determined by CD and Trp/Tyr fluorescence superimpose
well, indicating that, in these kinetic phases, secondary and
tertiary structure formation and denaturation occur simulta-
neously.

The two refolding rates differ by ~10-fold at 25 °C and ~4-
fold at 45 °C and are largely independent of denaturant
concentration below 2 M GdmCl (Figure Sab). Denaturant-
independent kinetics are often observed when folding is limited
in rate by prolyl isomerization.'**” However, native HisF lacks
cis prolines, and both refolding phases are insensitive to the cis/
trans prolyl isomerase Thermococcus FKBP18 (data not shown).
Decreased denaturant dependencies as in panels a and b of
Figure 5 are usually called a “roll-over” and assumed to
originate from the population of folding intermediates.'> We
suggest that the roll-over in the fast folding rate is caused by the
burst-phase intermediate Iyp, which is populated at low GdmCl
concentrations and shows a transition midpoint of 1.9 M
GdmCl (see Figure 4a).
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The roll-over observed for the slow folding rate might be
caused by a folding intermediate I that is formed in the fast
folding phase. In such a case, the two refolding phases observed
between 0 and 2 M GdmCl (Figure Sab) should reflect two
steps on a sequential pathway via a partially folded intermediate
that is unstable above 2 M GdmCL. Such a sequential model is
supported by the denaturant dependence of the refolding
amplitudes (Figure Sc,d). These amplitudes change in a
reciprocal fashion. The fast phase dominates at low GdmCl
concentrations, but with an increasing GdmCl concentration, it
loses amplitude and the amplitude of the slow phase increases
in a reciprocal fashion, as expected for a sequential folding
mechanism. At 45 °C, the decrease in the amplitude of the fast
phase occurs at lower GdmCIl concentrations than at 25 °C,
suggesting that the intermediate is less stable at the higher
temperature.

Above 2 M GdmCl, refolding and unfolding become
monophasic at 25 and 45 °C, and the rates decrease and
increase exponentially with denaturant concentration (Figure
Sa,b). This apparent two-state refolding and unfolding behavior
indicates that the putative folding intermediates are destabilized
at high denaturant concentrations. The strong dependence of
the observed refolding and unfolding rates on GdmCl
concentration (corresponding to large m values) leads to
extremely slow kinetics at intermediate denaturant concen-
trations, in line with the excessively long incubation time
required to reach equilibrium in the unfolding transitions
(Figure S1 of the Supporting Information). At 25 °C, the
unfolding reaction exhibits a time constant (7 = 1/2) of 3.5
days at 4 M GdmCl, and between 4 and 2.5 M GdmC], the
kinetics were too slow for the determination of the involved
rates.

Interrupted Refolding Assays. The refolding kinetics of
HisF are biphasic at low denaturant concentrations (Figure $),
and the amplitude analysis (Figure Sc,d) suggested that the two
phases might reflect the formation of an intermediate and its
subsequent transformation to the native state. To examine
whether such an intermediate is in fact formed as a transient
species during refolding of HisF, we employed a stopped-flow
double-mixing approach. In these experiments, refolding was
interrupted after various times, and the concentrations of
species present at the time of sampling were determined from
the rates and amplitudes of their unfolding,

At 1.0 M GdmClI, the time constants of the two folding
phases are 3.3 and 33 s [at 25 °C (Figure Sa)]. After refolding
had been conducted for 10 s, a putative intermediate should
thus be well populated and the concentration of fully folded
molecules should still be very small. In the double-mixing
experiment, refolding was therefore interrupted after 10 s, and
the sample was transferred to unfolding conditions of 6.0 M
GdmCl (Figure S4 of the Supporting Information), to monitor
the rate and the amplitude of its unfolding reaction. Under
these conditions, native HisF unfolds with a time constant of
~170 s (Figure Sa). The molecules formed in the fast refolding
reaction, however, unfolded 3 orders of magnitude more
rapidly with a time constant of 0.02 s. The product of the fast
refolding reaction is thus not the native protein, and a parallel
folding mechanism can be ruled out.

In further double-mixing experiments, unfolded HisF was
also refolded in 1.0 M GdmCl for 10 s but then diluted to
GdmCI concentrations between 1.9 and 7.5 M. In all cases,
monoexponential unfolding kinetics were observed, and the
rate constants were significantly higher (~10°fold at 5.0 M

dx.doi.org/10.1021/bi300189f | Biochemistry 2012, 51, 3420—3432
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Figure 5. GdmCl dependence of the apparent rate constants (1) of refolding and unfolding of HisF at (a) 25 °C and (b) 45 °C (chevron diagrams).
Following manual mixing, the traces of the CD signal at 225 nm (gray triangles) and Trp/Tyr fluorescence (excitation at 280 nm; emission at 320
nm) (gray circles) were monitored in 50 mM Tris-HCl buffer (pH 7.5). Rate constants for the fast refolding phase are shown with empty symbols,

and rate constants for the slow refolding and the single unfolding phases are shown with filled symbols. Reactions with A values of >0.004 s~

! were

also followed after stopped-flow mixing monitoring Trp/Tyr fluorescence (black circles). The observed amplitudes of the fast and slow refolding
phases are shown (empty and filled black circles, respectively) at (c) 25 and (d) 45 °C.

GdmCl) than the rate constants of unfolding of the native
protein, confirming that they reflect the unfolding of an
intermediate (I) that formed during the fast folding phase. The
measured unfolding rates of I connect smoothly with the
previously determined fast refolding rates in the transition
region around 2.1 M GdmCl (Figure 6a), indicating that the
folding of I is reversible. The resulting chevron shows a
minimum near 2.1 M GdmCl, in good agreement with the
increase in the amplitude of unfolding of I (Figure 6b), which
reflects its stability. Thus, I seems to be more stable than the
burst-phase intermediate Igp ([D],;, = 1.9 M GdmCl) and
much less stable than native HisF ([D],/, = 2.8 M GdmCl).
The unfolding rate of I increases between 2 and 4 M GdmCl
but becomes denaturant-independent above 5.0 M GdmCl
(Figure 6a). The reason for this behavior remains unclear. It
might originate from a shift in the free energy of the transition
state relative to the native state at high GdmCI concentrations
(Hammond behavior)** * or from the accumulation of an
unfolding intermediate due to ground state effects.*'
Interrupted refolding assays were also used to follow the time
course of the accumulation and depletion of intermediate L. In
these experiments, samples of HisF were allowed to refold in
1.0 M GdmCl for 1-200 s, and then they were transferred to
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2.3 M GdmCI. At this denaturant concentration, native HisF
molecules remain folded (Figure 2), but the intermediate I
unfolds with a time constant of 2 s. The fluorescence amplitude
of this unfolding reaction is proportional to the concentration
of the intermediate present at the time when refolding was
interrupted (Figure 7a) and thus traces the time course of the
intermediate I during refolding (Figure 7b). The concentration
of I first increased and reached a maximum at a refolding time
of 10 s; then it decreased to almost zero after refolding had
been conducted for ~200 s. A fit of a double-exponential
equation to these data yielded time constants of 2.9 and 40 s for
the formation and depletion of I, respectively, which coincide
with the time constants of the fast and the slow reaction, as
determined in the conventional refolding kinetics (Figure 7b).
This result demonstrates that these two phases reflect the
formation and decay of intermediate L

To examine whether the folding intermediate is directly
transformed into the native protein, the unfolding assay in the
second step of the double-mixing experiments was performed at
6.9 M GdmCI. At this high denaturant concentration, both the
intermediate and the native state unfold, with time constants of
56 ms and 2.6 s, respectively. This large difference in rates
allows one to trace the concentrations of I and N

dx.doi.org/10.1021/bi300189f | Biochemistry 2012, 51, 3420—3432


Linn
Linien


Publication A

(a)
100 T T T T T T T
x F XX
X X
1 M
2 0.01 Y .,-'r
~ o
-
10" o
10-6 1 | 1 | 1 | 1
0 2 4 6 8
[GdmCI] (M)
(b)
1.2 - T T AT T
— B xR §<X B
> 1 [5:080@% X X X % < -
© - X
g 0.8 [ o X N
= ~ X
g - X
% 0.6 i O>6 i
2 04r j 8
3 L i
r 02 X o ]
0 | ] | ] | ] /48 | |
1 2 3 4 56 7
[GAmCI] (M)

Figure 6. Analysis of the folding intermediate of HisF by interrupted
refolding experiments. (a) Unfolding rate constants (1) observed after
refolding in 1.0 M GdmCl for 10 s in stopped-flow double-mixing
experiments at 25 °C using Trp/Tyr fluorescence (excitation at 280
nm; emission at 320 nm) (crosses). The rate constants determined by
single-mixing experiments (Figure Sa) are shown for comparison. (b)
GdmCl dependence of the fluorescence amplitudes of the fast
refolding phase (empty circles) derived from single-mixing experi-
ments and of the unfolding phase (crosses) as observed in the double-
mixing experiments. The amplitudes are constant between 0 and 1.4 M
GdmCl for refolding and between 2.6 and 6.0 M GdmCl for unfolding.
These amplitudes represent complete refolding from U to I and
complete unfolding of I to U, respectively, and were therefore set to 1.
Both amplitudes have a value of 0.5 at 2.1 M GdmCl, which is
consistent with the transition midpoint ([D], ;) as estimated from the
chevron diagram of I shown in panel a.

simultaneously and with high precision from the amplitudes of
their unfolding reactions.

In a sequential three-state reaction, the formation of the
native state should show a lag, because the concentration of the
intermediate is zero at time zero. This hallmark of a sequential
reaction is observed for the folding of HisF (Figure 8a). The lag
in the time course for the native state is emphasized in the
expanded view in Figure 8b. An equation describing a
consecutive reaction was used for individual fits of the time
courses of the intermediate and of the native state (Figure 8).
The obtained rate constants were very similar to each other,
showing that the intermediate is directly converted into the
native form of HisF. Again, these rates coincided with those
observed directly by fluorescence (Figure 8a). These findings
complete the evidence that folding of HisF is sequential and
that the intermediate is directly converted to the native protein.
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Figure 7. Time course of the folding intermediate (I) of HisF
determined by stopped-flow double-mixing experiments. (a) Refolding
of unfolded protein was initiated by dilution to 1 M GdmCl. After
various refolding times (shown are 2, 10, and 200 s), the protein was
diluted to 2.3 M GdmCl], and unfolding monitored by the decay of
Trp/Tyr fluorescence (excitation at 280 nm; emission at >320 nm)
was followed. A monoexponential function and a linear term, which
represents the onset of the slow refolding reaction, were fit to the
experimental curves. The time constant of unfolding of the
intermediate (z ~ 2 s) was largely independent of the refolding
time. (b) Relative amplitudes of unfolding in 2.3 M GdmCl as a
function of refolding time in 1.0 M GdmCl. The solid line represents
the fit of a double-exponential equation to the experimental points,
yielding time constants of 2.9 s for the accumulation of the
intermediate and 40 s for its depletion. In the inset, the observed
rate constants for the accumulation (red circle) and depletion (green
circle) of the intermediate are compared with the refolding rates
determined by single-jump experiments (gray circles, data taken from
Figure Sa). All experiments were conducted in 50 mM Tris-HCI buffer
(pH 7.5) at 25 °C.

Recovery of Protein Binding Competence during
Refolding. The interrupted refolding experiments showed
that molecules with the specific unfolding rate of the native
state are formed in the slow folding phase. To confirm that
correctly folded and functional HisF is recovered during this
phase, refolding experiments were combined with a functional
assay. In imidazole glycerol phosphate synthase, HisF (the
cyclase subunit) and HisH (the glutaminase subunit) form a
functional 1:1 complex.*® The formation of this complex can be
followed by a change in the fluorescence of the single Trp123
residue of HisH. This residue is solvent-exposed in the isolated
protein but becomes buried upon binding to HisF (Figure 9a),
which leads to a blue shift of its emission spectrum (Figure 9b).
To avoid interference from the single Trpl56 of HisF, the
HisF-W156Y variant was used to follow the association of the

dx.doi.org/10.1021/bi300189f | Biochemistry 2012, 51, 3420—3432
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Figure 8. Time course of the unfolding intermediate and the native
state of HisF determined by stopped-flow double-mixing experiments.
Data were obtained as described in the legend of Figure 6, but
unfolding was induced by dilution to 6.9 M GdmCl. A double-
exponential function in combination with a linear term was fit to the
observed fluorescence decays. The relative amplitudes of the fast
[(empty circles) 7 = 56 ms] and slow [(filled circles) 7 = 2.6 s] phases,
which characterize the unfolding of the intermediate and of the native
state, respectively, are shown as a function of the duration of refolding
in 1.0 M GdmCl (a) for the entire time range and (b) for the first S0 s
of refolding. The solid lines represent a fit of an equation describing a
consecutive process to the data*“* In the inset of panel a, the
obtained rate constants from the time course of I [(empty red circle) 7
=325, and (empty green circle) 7 = 27 s] and from the time course of
N [(filled red circle) z = 3.7 s, and (filed green circle) 7 = 36 s] are
compared with the refolding rates determined by single-jump
experiments (gray circles, data taken from Figure Sa).

two proteins. The dissociation constant of the HisH—HisF-
W156Y complex (Kp) was determined by equilibrium
fluorescence titration to be ~S5 nM (data not shown). The
kinetics of association between 1 yM HisF and 1 uM HisH
were measured in a stopped-flow apparatus. The apparent time
constant of 0.07 s shows that the association is much more
rapid than both the fast (50-fold) and slow (500-fold) refolding
reaction of HisF. To determine the time course of the
formation of binding-competent HisF upon refolding, double-
mixing stopped-flow experiments were performed. Unfolded
HisF-W156Y was first refolded in 1.0 M GdmCl for various
times. Then the sample was mixed with HisH, and binding was
followed by the decay of the fluorescence of Trp123 of HisH
(Figure 10a). The observed amplitudes directly reflect the
amount of binding-competent HisF present after various
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Figure 9. Stoichiometric complex of HisF and HisH that constitutes
the imidazole glycerol phosphate synthase from T. maritima. (a)
Ribbon diagram of the heterodimer (PDB entry 1GPW)>® with HisH
colored blue and HisF colored gray. The single Trp123 of HisH is
displayed as red sticks. (b) The fluorescence emission of Trp123 from
HisH (solid line, maximum at 341 nm) is blue-shifted upon binding to
HisF-W156Y (dashed line, maximum at 327 nm). The fluorescence
spectra of 2 uM protein were measured in 50 mM Tris-HCI buffer
(pH 7.5) at 25 °C.

periods of refolding. A monoexponential equation was fit to
the time-dependent increase in the amplitude of the binding
reaction. The time constant of this reaction (7 = 40 s) is
virtually identical with the time constant of the slow refolding
phase (Figure 10b). These results show that the product of the
rate-limiting slow folding step is native HisF. The fast folding
phase (z = 3.3 s) was not accompanied by a fluorescence
decrease, suggesting that the folding intermediate I is not yet
capable of binding to HisH. A lower limit for the dissociation
constant (Kp) describing a putative binding of I to HisH can be
estimated. After HisF had refolded for 2 s, half of the protein
exists as the folding intermediate (Figure 7b), corresponding to
0.5 uM I in our binding assay. The maximal concentration of a
potential complex between I and HisH can be estimated from
the observation that the relative binding amplitude after
refolding of HisF-W1S6Y for 2 s is <0.06 (Figure 10b),
indicating that no more than 6% (<0.03 M) of I could be
involved in a complex with HisH. Consequently, the K, for the
binding of I to HisH must be larger than 17 uM, suggesting
that the affinities of I and native HisF for HisH differ at least
1000-fold.
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Figure 10. Kinetics of the formation of the HisF—HisH complex upon
refolding of HisF determined by stopped-flow double-mixing experi-
ments. (a) Refolding of unfolded HisF-W156Y was initiated by
dilution to 1.0 M GdmCI. After various time intervals, HisF was mixed
with HisH (final concentrations of 1.0 uM for each protein and 0.47 M
GdmCl), and complex formation was followed by the decay of the
fluorescence of W123 from HisH (excitation at 295 nm; emission at
>320 nm). The experimental traces were fit with a monoexponential
function. As expected, the time constant for complex formation (7 =
0.07 s) was independent of refolding time, whereas the binding
amplitudes increased with time (shown are 2, 20, 50, and 100 s). (b)
Amplitudes of the binding of HisF-W156Y to HisH as a function of
refolding time in 1.0 M GdmCl. The solid line represents a fit of a
single-exponential equation to the experimental points, yielding a time
constant of 40 s. In the inset, this rate constant (green circle) is
compared with the refolding rates determined by single-jump
experiments (gray circles, data taken from Figure Sa). All experiments
were conducted in S0 mM Tris-HCl buffer (pH 7.5) at 25 °C.

Following the Fluorescence of Individual Tryptophan
Residues upon Refolding. To obtain the first evidence of the
structure of the folding intermediate of HisF, we produced
variants with Trp residues placed in different regions of the
protein and analyzed their refolding reactions. Wild-type HisF
contains only a single Trp (Trp156). It is located in a-helix S
and monitors formation of tertiary structure in the central
region of the protein chain. To follow formation of the tertiary
structure in the N-terminal segment of HisF, we removed Trp
from position 156 (by the W156Y substitution) and introduced
a Trp into a-helix 1 at position 35 (by the L3SW substitution).
We call this variant “W3S-HisF”. Because HisF shows a
pronounced 2-fold symmetry,* positions 35 and 156 in the N-
and C-terminal half-barrels, respectively, are symmetry-related
(Figure 1la). In the native state, Trp3S has a lower
fluorescence quantum yield than Trp156 but the same emission
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Figure 11. Monitoring refolding of HisF via individual Trp residues.
(a) Ribbon diagram of the HisF structure (PDB entry 1THF)* with
marked Tyr and Trp residues. The introduced Trp residues are
colored red and green; native W156 is colored blue. (b) Refolding
kinetics of wild-type W156-HisF and W35-HisF in 0.6 M GdmCL
Traces are shown for the Tyr/Trp fluorescence of wild-type W156-
HisF (excitation at 280 nm; emission at >320 nm) (black), the Trp156
fluorescence of W156-HisF (excitation at 290 nm; emission at >320
nm) (blue), and the Trp3S fluorescence of W3S-HisF (excitation at
290 nm; emission at >320 nm) (red). Monoexponential and
biexponential functions were fit to the experimental curves. In the
inset, the determined rate constants (4) when monitoring the
fluorescence of Trpl56 [(empty blue circle) = = 5.1 s] and Trp3S
[(empty red circle) 7, = 2.2 s, and (filled red circle) 7, = 39 s] are
compared with the refolding rates obtained by Tyr/Trp fluorescence
[(empty gray circles) 7; = 4 s, and (filled gray circles) 7, = 25 s at
0.6 M GdmCl] taken from Figure Sa.

maximum, and the spectrum becomes similarly red-shifted
upon unfolding (Figure SS of the Supporting Information).
Equilibrium transitions at 4S5 °C showed that W3S-HisF
unfolds with cooperativity similar to that of wild-type HisF
(W156-HisF) and is only slightly less stable (Figure S6 of the
Supporting Information), suggesting that the folding mecha-
nism is not changed by the shift of the reporter Trp from
position 156 to position 3S.

The kinetics of refolding of HisF, as monitored by the
fluorescence of TrplS6 in a-helix S or Trp3S in a-helix 1
(excitation at 290 nm; emission at >320 nm) at 0.6 M GdmC],
are compared in Figure 11b with the kinetics of refolding of
wild-type HisF (W156-HisF) monitored by the fluorescence of
both Trp156 and the four Tyr residues (excitation at 280 nm;
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emission at >320 nm). In accordance with Figure Sa, the Tyr/
Trp fluorescence of W156-HisF monitors the formation of the
intermediate (7 = 4 s) and its conversion to the native state (7
= 25 s). In contrast, when refolding of wild-type HisF was
selectively followed by the fluorescence of Trp156, only the fast
reaction with a time constant of 5.1 s was observed. Apparently,
Trpl56 in a-helix S is already in a native-like environment in
the folding intermediate I and does not undergo further
changes during the slow (rate-determining) transition from I to
the native state N. This finding suggests that the central part of
HisF adopts already a native-like tertiary structure in I, in which
Trpl156 is shielded from the solvent as efficiently as in N. When
the refolding of W3S-HisF was selectively followed by the
fluorescence of Trp3S, the signal was dominated by the slow
reaction with a time constant of 39 s (Figure 11b). This result
indicates that Trp3S in a-helix 1 is largely in an unfolded-like
environment in the intermediate I and that the tertiary
structure surrounding it is mainly formed upon transition
from I to the native state N. Additionally, a fluorescence phase
with a negative amplitude and a time constant of 2.2 s was
observed. The latter agrees with the fast folding rate observed
by CD and Tyr/Trp fluorescence (Figure 11b), but the relative
amplitude is less than 5%. Taken together, our results suggest
that the folding intermediate I of HisF contains native-like
tertiary structure in its central part but is partly unfolded in its
N-terminal region. To gain more insight into the tertiary
structure content of I, we moved the single Trp residue also to
positions 49, 77, 210, 214, and 240 (Figure 11a) and measured
their refolding kinetics (excitation at 290 nm; emission at >320
nm). All these Trp residues detected both folding phases,
suggesting that, at these positions, the folding intermediate is
not yet nativelike (Table S1 of the Supporting Information).

B DISCUSSION

Thermodynamic Stability. The GdmCl-induced equili-
brium unfolding of HisF from the hyperthermophilic bacterium
T. maritima is described well by the two-state mechanism.
Remarkably, it took ~3 weeks at 45 °C and ~6 weeks at 25 °C
to reach the folding equilibrium, which is reflected in
excessively slow folding kinetics in the transition region.
Importantly, HisF unfolds also very slowly in the physiological
temperature range of T. maritima, which allows for the
purification of the recombinant protein by heat incubation of
the E. coli host cell extract.”® Extremely slow unfolding kinetics
have also been observed for other thermostable proteins,'***
and the properties of HisF further support the notion that a
high kinetic barrier to unfolding provides a major mechanism
for protecting groteins from hyperthermophiles against thermal
denaturation.*

Folding Mechanism. In refolding, HisF forms a burst-
phase intermediate Ip with a significant amount of secondary
structure. Then, in a sequential folding reaction, first a folding
intermediate (I) is formed that is converted into the native state
in the final, rate-limiting step of folding. Interrupted refolding
experiments showed that the intermediate I unfolded much
faster than the native protein and that folding is a sequential
process with I as an obligatory on-pathway intermediate and a
lag in the formation of the native protein. Both intermediates
Igp and I are less stable than N and not populated in the
transition region. The on-pathway intermediate I cannot bind
to HisH, which forms a functional complex with HisF. Iyp is
formed within the dead time of refolding. The pronounced roll-
over observed for the fast folding phase below 1.0 M GdmCl
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(Figure Sa), resulting in a positive m value of refolding,
indicates that Ip is off-pathway and that non-native interactions
within Igp have to be broken before I can form. However, the
alternative of Iy, being on-pathway cannot be excluded. At
>2 M GdmCl], both folding and unfolding of HisF can be
described by a single phase (Figure S), most probably because
Igp and I are destabilized by the denaturant and do not
accumulate.** As a consequence, our data are in accordance
with a linear four-species model (Scheme 1).

Scheme 1. Linear Four-Species Model for HisF Folding”
>U < g N

IBP <

“An off-pathway equilibrium between the unfolded state (U) and the
burst-phase intermediate (Izp) precedes the formation of the on-
pathway intermediate (I) and the native state (N). At >2 M GdmC],
Igp and I are too unstable to accumulate to detectable concentrations.
Although it is improbable, our data cannot unambiguously exclude the
possibility that Iyp is an on-pathway intermediate that exists in an
equilibrium with I.

Structural Properties of the Burst-Phase Intermediate
Iz and the On-Pathway Intermediate I. Our experimental
data provide information about the structural properties of the
folding intermediates Ipp and I The formation of the burst-
phase intermediate Igp in the first few milliseconds of refolding
is accompanied by a large change in the far-UV CD signal in the
dead time of stopped-flow mixing. The magnitude of this CD
signal decreases in a cooperative manner with an increasing
concentration of GdmCI, and the resulting “unfolding” curve
suggests that Ipp is significantly less stable than the native
protein. Ipp contains a high content of secondary structure but
not a defined tertiary structure, as evidenced by a fluorescence
that resembles that of the unfolded state U. In line with this
finding, Igp efficiently binds the dye ANS (Figure S3a of the
Supporting Information), which is known to have a high affinity
for solvent-exposed hydrophobic patches.’*° Iy is probably a
molten globule-like state™ that forms rapidly when the
unfolded protein is exposed to native conditions.

The on-pathway intermediate I binds weaker to ANS than
Igp (Figure S3b of the Supporting Information), suggesting that
in I the hydrophobic side chains are shielded more efficiently
from the solvent. The formation of I is accompanied by further
changes in far-UV CD and Trp/Tyr fluorescence, which
indicates that it contains both secondary and tertiary structure.
Analysis of refolding by following the fluorescence of
engineered Trp residues at various positions in HisF shows
that tertiary structure formation differs at different positions. It
seems more complete in the central region of the protein chain
than in the N-terminal region (Figure 11). Also, the HisF
folding intermediate cannot associate with its functional partner
HisH (Figure 10), indicating that the binding interface is not
yet formed. This finding is consistent with the crystal structure
of the HisH—HisF complex demonstrating that the N-terminal
segment of HisF is required for docking to HisH.*®

Comparison of the Folding Mechanisms of HisF and
Other (fa)g-Barrel Proteins. It is assumed that the shape of
the folding landscape of a protein is determined by its chain
topology and by individual sequence patterns.**~*° To evaluate
the relevance of these factors for the folding of (fa)s-barrels,
we compared the folding properties of HisF with those of other
(Ba)g-barrel proteins, aTS,"*'* IGPS,"*""” and IOLL"® Unlike
HisF, which displays two-state equilibrium unfolding, these
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three proteins form one or two equilibrium intermediates that
contain ~50% of the far-UV CD signal of the native state.
These proteins are much less stable than HisF from T. maritima
and can be unfolded by the weak denaturant urea. Obviously,
folded HisF contains additional stabilizing interactions, and
therefore, >2.5 M GdmCl is required for its unfolding,
conditions under which partially folded forms of the protein
are destabilized already. Thus, the strong difference in stability
between HisF and the other (fa)g-barrel proteins explains
probably why equilibrium unfolding intermediates are not
populated in the unfolding transition of HisF.

Despite these differences in equilibrium unfolding and
despite the low overall level of sequence identity of <20% [as
detected by a pairwise comparison with DALI-lite (http://
www.ebi.ac.uk/Tools/dalilite/)], HisF resembles the three
other analyzed (fa)g-barrel proteins in the kinetic folding
mechanism. In all cases, a burst-phase intermediate Iy, is
formed,"*'”"'® which is marginally stable but contains a high
fraction of the far-UV CD signal of the native state (HisF, 71%;
IGPS, 46%; aTS, 47%; IOLL, 37%). Global folding analysis or
Go-model simulation has suggested that the Iyp forms of
aTS,"** IGPS,"” and IOLI'® are off-pathway species, meaning
that the unfolding of their non-native structural elements
controls access to the productive on-pathway intermediates.
Our kinetic data for HisF suggest that its Iyp is also an off-
pathway intermediate. Substantial burst-phase reactions have
also been observed for the (fa)g-barrel proteins fructose-1,6-
bisphosphate aldolase®® and PRAIL>® as well as for the (fa)-
barrel proteins CheY** and SpoOF.*® The latter were proposed
to be evolutionarily related to (fa)g-barrels via a common
(fa),-half-barrel precursor.56’57 The accumulation of non-
productive burst-phase intermediates in the folding of (fa)s-
proteins might be linked with the complexity of this structure
and the concomitant slowness of its formation. Thus, rapid
alternative folding paths that lead to the exclusion of solvent
from side chains and from the main chain and to secondary
structure formation compete with productive fold-
ng, 1617515455

At first glance, the chevron diagrams show different degrees
of complexity. In particular, aTS folds along four parallel
folding channels, which was explained by the cis—trans
isomerization reactions of three proline residues.**"% HisF,
IGPS, and IOLI contain only trans 1prolyl peptide bonds and
show simpler folding mechanisms.'”"® As an explicit similarity,
all four proteins show roll-over phenomena at low denaturant
concentrations and a strong decrease of the folding rates at
moderate denaturant concentrations.

In addition to the off-pathway intermediate Iyp, one or two
on-pathway kinetic intermediates are formed on the folding
pathways of these (fa)g-barrel proteins.'*'>'®" How well
conserved are the structures of these productive folding
intermediates? PRAI, IGPS, and aTS$ catalyze three consecutive
steps in tryptophan biosynthesis and contain a conserved
phosphate binding site in the C-terminal half of their protein
chain, and most probably, they diverged from a common
ancestor by several gene duplications.>*** Early fragment sudies
with PRAI suggested a common “6+2” model for the folding
for these proteins, in which a prefolded (fa),_s module serves
as a template for the association and folding of the remaining
(Ba),_s moiety."® Hydrogen exchange mass spectrometry (HX-
MS) experiments with IGPS indicated that productive folding
begins with the formation of an intermediate (termed I,) that
comprises the central f,(fa);-sf¢ segment. Subsequently, the
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adjacent @, ag and f3, segments fold, yielding the intermediate
I, and finally, the terminal segments &, a;, fs and ag are
structured to form the complete (fa)g-barrel (N).''” These
findings point to a “6+2” mechanism for the formation of the
(Ba)s structure. For aTS, however, HX protection experiments
rather suggest that the N-terminal half-barrel (fa),_, is formed
in the rapidly formed folding intermediate.”> This is
reminiscent of the “4+4” folding model that was suggested
for HisF, based on the finding that a catalytically active HisF—
NC complex could be reconstituted in the joint refolding of the
isolated N-terminal (HisF-N) and C-terminal (HisF-C) half-
barrels.” Our refolding experiments with the individual Trp
variants of HisF, however, suggest that its intermediate rather
consists of a folded central region and unfolded termini (Figure
11), which resembles more the intermediate of IGPS than that
of aTs.

How well conserved are the rates for the formation and for
the unfolding of the (fa)g-barrel structure in these proteins? A
direct comparison of the unfolding and refolding rates of the
four (fa)gbarrel proteins HisF, aTS, IGPS, and IOLI is
complicated by the fact that different denaturants, GdmCl and
urea, were used. However, the rate-limiting steps of refolding of
the four proteins at low denaturant concentrations are very
similar. Despite the low level of sequence similarity and the
strong differences in stability, they all show time constants of
~10 s, supporting the view that chain topology is an important
determinant for refolding of (ffa)s-barrels.

Strong differences are observed, however, for the unfolding
rates of the four (fa)g-barrel proteins when compared at equal
distances from the midpoint of the transition curve, that is at
equal stability. Unfolding of HisF from the hyperthermophilic
organism T. maritima is at least 1000-fold slower than the
unfolding of TS and IOLI, which are from mesophilic
organisms. Remarkably, unfolding of HisF is also ~100-fold
slower than unfolding of truncated IGPS, which originates also
from a hyperthermophilic organism (S. solfataricus) but shows a
lower thermodynamic stability.">

These findings suggest that for refolding, the proteins from
hyperthermophiles use the same mechanism as their counter-
parts from mesophilic organisms. The stabilizing amino acid
substitutions exert their influence late on the folding pathway,
after the passage through the transition state, by selectively
stabilizing the native state relative to the transition state. The
increased equilibrium stability of these proteins is thus used
entirely for a maximal increase in their kinetic stability.

Bl ASSOCIATED CONTENT

© Supporting Information

Figures showing GdmCl-induced equilibrium unfolding and
refolding transitions of HisF (Figure S1), unfolding and
refolding kinetics followed by fluorescence of Trp/Tyr residues
(Figure S2) and bound ANS (Figure S3), unfolding of the
intermediate in an interrupted refolding experiment (Figure
S4), fluorescence emission spectra of W156-HisF and W35S-
HisF (Figure SS), and the equilibrium refolding transition of
W3S-HisF (Figure S6) and relative amplitudes and rate
constants of refolding calculated from the fluorescence signal
of different single Trp residues (Table S1). This material is
available free of charge via the Internet at http://pubs.acs.org.
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Figure S1. GdmCl-induced equilibrium unfolding and refolding transitions of HisF at 45 °C
after an incubation time of 10 days. Closed symbols represent unfolding experiments started
with folded protein, and open symbols represent refolding experiments started with protein
that was previously unfolded in 6.0 M GdmCI. The transitions were followed by Trp/Tyr
fluorescence (excitation at 280 nm; emission at 320 nm) in 50 mM Tris/HCI buffer (pH 7.5).
The discrepancy between the traces is caused by the fact that unfolding has not yet reach

equilibrium.
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Figure S2. (a) Unfolding kinetics of HisF at 6.1 M GdmCl and (b) refolding kinetics at
0.96 M GdmClI. The traces of the Trp/Tyr fluorescence signal (excitation at 280 nm; emission
at 320 nm) were monitored after manual mixing in 50 mM Tris/HCI buffer (pH 7.5) at 25 °C.
Gray solid lines represent fits of mono-exponential and bi-exponential functions to the
unfolding (7= 98 s) and refolding curves (7; = 3.7 s and ©, = 24 s), respectively. Dashed lines
indicate the initial fluorescence values of the native (N) and unfolded (U) state.

59



Publication A

(a) (b)
6.8 T T T
300 L s asogom o
S 64 ; S0 v, -
< 5 -
g" 6 ézso Wigz e P
z 56 %200 ] 05 1 15 2 |
52 e T e
43 N 150 . | . | .
002505 10 20 30 40 50 0 60 120 180
t (s) t(s)

Figure S3. Refolding kinetics of HisF followed by the fluorescence signal of bound ANS.
Unfolded HisF was refolded in 0.6 M GdmCl in the presence of 400 uM ANS. The ANS
fluorescence in the absence of HisF is indicated as dashed lines. (a) Fluorescence traces
(excitation at 350 nm emission at > 395 nm) after stopped-flow mixing. The rapid increase of
the signal (arrow) within the dead time of mixing (5 ms) demonstrates binding of ANS to
hydrophobic regions of the burst-phase intermediate Igp. (b) Fluorescence traces (excitation at
350 nm; emission at 479 nm) after manual-mixing. The decrease of the signal demonstrates
that ANS is displaced as folding proceeds to species with less hydrophobic surfaces. Inset:
rate constants of folding of HisF determined as observed by ANS fluorescence (black circles)
and by CD and Trp/Tyr fluorescence (gray circles, data taken from Figure Sa).
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Figure S4. Analysis of the putative folding intermediate I of HisF by interrupted refolding
experiments. Unfolded protein was refolded in 1.0 M GdmCl for 10 s to allow for the
conversion of U to I. Then the protein was diluted to 6.0 M GdmCl, and the decay of Trp/Tyr
fluorescence (excitation at 280 nm; emission at > 320 nm) was followed. The gray solid line

represents a mono-exponential function and a linear term fitted to the experimental curve.
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With a time constant of 0.02 s the unfolding reaction is three orders of magnitude faster than
unfolding of N (Figure 5a).
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Figure SS. Fluorescence emission spectra of wild-type W156-HisF (blue) and W35-HisF
(red). Spectra were recorded in 50 mM Tris/HCI buffer (pH 7.5) in absence (solid line) and
presence of 6.0 M GdmCI (broken line). The fluorescence emission maxima of the native
proteins (maxima: 327 and 335 nm) are red-shifted upon unfolding (maxima: 352 and 351
nm).
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Figure S6. Equilibrium refolding transition of W35-HisF at 45 °C. The transition was
followed by Tyr/Trp fluorescence (excitation at 280 nm; emission at 320 nm) in 50 mM
Tris/HCI buffer (pH 7.5). The continuous line represents a fit of the two-state model to the
data, yielding the following thermodynamic parameters: m = 19.7 kJ mol™ M, AGp°® = 42.6
kJ mol™. The corresponding values for wild-type HisF are m = 18.0 kI mol™ M and AGp° =
47.9 kJ mol™ (see Table 1).

61



Publication A

Table S1. Rate constants and relative amplitudes of refolding kinetics at 0.6 M GdmCl

followed by fluorescence of single Trp residues at different positions in HisF.

A1 (s-1) A2 (s A As Position
W156-HisF 0.20 - -1.31 0 as
L35W-HisF 0.46 0.026 -0.28 1.97 al
F49W-HisF 0.19 0.015 -0.52 1.68 B2
F77W-HisF 0.15 0.059 -0,26 -2.01 B3
F210W-HisF 0.33 0.057 -0,10 -0.11 o7
F214W-HisF 0.23 0.027 0.55 0.38 o7
F240W-HisF 0.17 0.015 0.16 0.34 a8

Wild-type HisF contains the single Trp156 (W156-HisF). The variants contain the indicated
single Trp residues (Figure 11a), together with the W156Y exchange. Kinetic traces were
monitored by fluorescence above 320 nm after excitation at 290 nm in 50 mM Tris/HCI buffer

(pH 7.5) at 25 °C.
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Abstract

In evolution, (Ba)s-barrel proteins presumably arose from the fusion of (Ba)s-half-barrels. We
constructed potential primordial (Ba)s-barrel proteins by the duplication of a (Bat)s element of
a modern (Bav)s-barrel protein, imidazole glycerol phosphate synthase (HisF), followed by the
optimization of the initial construct. The symmetric variant Sym1 was less stable than HisF
and its crystal structure showed disorder in the contact regions between the half-barrels. The
next generation variant Sym2 was more stable than HisF, and the contact regions were well
resolved. Remarkably, both artificial (Bot)s-barrels show the same refolding mechanism as
HisF and other modern (PBa)s-barrel proteins. Early in folding, they all equilibrate rapidly with
an off-pathway species. On the productive folding path, they form closely related
intermediates and reach the folded state with almost identical rates. The high energy barrier
that synchronizes folding is thus conserved. The strong differences in stability between these
proteins develop only after this barrier and lead to major changes in the unfolding rates. We
conclude that the refolding mechanism of (Bov)s-barrel proteins is robust, and apparently it

remained conserved throughout the evolution of this protein family.
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Introduction
Natural proteins are usually characterized by high energy barriers between the denatured and
the native state, which leads to cooperative folding and protection against unfolding,
aggregation and premature degradation (1). In contrast, proteins designed in the laboratory
lacking an ‘evolutionary history’ often show low-cooperativity equilibrium transitions, and
almost barrier-less rapid folding and unfolding kinetics (2-5). The differences between natural
and artificial proteins indicate that cooperative folding and distinct energy barriers are not
intrinsic physicochemical properties of proteins but the consequence of natural selection (6).
Presumably, the selection pressure for efficient folding has been operative since the onset of
protein evolution. Therefore, the comparison of a modern protein with its potential ancestors
might provide insights into the evolution of folding mechanisms.
The (Ba)s-barrel scaffold is one of the most ancient, frequent and versatile protein structures
and used by a multitude of enzymes that catalyze more than 60 different reactions from five
out of the six EC classes (7-9). The canonical (Ba)s-barrel contains at least 200 amino acids
and is composed of eight modules. Each module consists of a B-strand and an a-helix linked
by a Ba-loop; the individual modules are connected by af}-loops. The eight strands form a
closed parallel -sheet, the barrel, which is surrounded by an outer layer of eight a-helices.
In all characterized (Ba)s-barrels, residues important for substrate specificity and catalysis are
found at the C-terminal ends of the central B-strands and in the subsequent Ba-loops. This
conserved location of the active site suggests that the contemporary (Bo)s-barrels might have
evolved from of a common ancestor (10-13). Moreover, the modular structure of the fold
points to an evolutionary precursor that has emerged by the duplication and fusion of
individual Ba-entities. In fact, the (Ba)s-barrel enzymes N'-[(5'-phosphoribosyl)formimino]-
5-aminoimidazole-4-carboxamide ribonucleotide isomerase (HisA) and imidazole glycerol
phosphate synthase (HisF) display a weak four-fold and a strong two-fold internal symmetry,
suggesting that they evolved by the stepwise duplication and fusion of (Ba),-quarter and
(Bav)s-half-barrels (14-18). Previously we aimed to reconstruct the evolutionary pathway from
a (Ba)s-half-barrel to a stable (Bot)s-barrel by using the C-terminal half-barrel of HisF (HisF-
C) as a model. In a first step, a symmetric (Ba)s-barrel was constructed by tandem fusion of
two copies of HisF-C and then stabilized by several rounds of design and selection. The
resulting artificial (Bov)s-barrel protein originally termed HisF-C***C (17) is renamed here as
Syml1, and its two half-barrels are designated as HisF-Cy and HisF-Cc (Figure 1). Crystal
structure analysis showed that the (Ba)s-barrels of Syml and wild-type HisF are highly
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similar (17, 19). Sym1 is, however, less stable than HisF, and the termini of the two fused
half-barrels are not resolved in the crystal structure (Figure 2).

We have now stabilized Sym1 by replacing Ba-module 8 from HisF-C with the stable Ba-
module 4 stemming from HisF-N, the N-terminal half of HisF (Figure 1). We solved the
crystal structure of the resulting Sym2 protein (Figures 2) and compared it in its unfolding
and refolding kinetics with Sym1 and the wild-type protein (20). The three proteins show
cooperative unfolding transitions and share a common sequential refolding mechanism, which
comprises two productive intermediates and a final high energy barrier towards the native

state. We conclude that this folding mechanism is an ancient property of (Bov)s-barrel proteins.

Results and Discussion

Design of Sym2 and structural comparison with HisF and Sym1

In the crystal structure of Sym1, the Ba-modules 8 at the C-termini of HisF-Cy and HisF-Cc
are not well defined. We replaced these flexible and putatively labile regions by the stable Bo-
module 4 from HisF-N (Figures 1, 2). The resulting Sym2 protein was produced, purified,
and crystallized. Structure determination at 2.08 A resolution revealed a (Bo)s-barrel with
high similarity to HisF and Sym1. The Ca-atoms of the three proteins, which show sequence
identities between 65 % (Sym1-HisF; Sym2-HisF) and 90 % (Sym1-Sym2) superpose with an
rm.s.d. of 1.4 - 1.8 A. Importantly, the regions at the C-termini of HisF-Cy and HisF-Cc,
which could not be resolved in Syml, are well defined in the structure of Sym2 (Figure 2).
Moreover, a stabilizing salt bridge cluster at the N-terminal face of the central B-barrel of

HisF is also present in Sym1 and Sym2 (Figure S2).

Sym?2 is thermodynamically more stable than HisF and Sym1

The thermodynamic stabilities of Sym1, HisF, and Sym2 were determined by GdmCl-induced
equilibrium unfolding transitions. The loss of tertiary structure was probed by protein
fluorescence, the loss of secondary structure by far-UV circular dichroism (CD). The
unfolding and refolding curves for the individual proteins superimpose well, demonstrating
that unfolding is reversible for all three proteins. However, equilibration is very slow, in
particular for HisF (20) and Sym2 (Figure S3). The thermodynamic parameters derived by

two-state analysis from the fluorescence-detected transitions (Figure 3A) are listed in
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Table 1. The three proteins show similar cooperativities (m values), indicating that they have
comparably compact tertiary structures, but they differ strongly in stability (AGp). Sym?2 is
significantly more stable, Sym1 significantly less stable than HisF. The AGp and m values
derived from the CD-monitored unfolding transitions (Table S1) agree with those from the
fluorescence-detected transitions. However, for Sym1 the main transition was followed by a
second phase characterized by a small CD amplitude and low cooperativity, which indicates
the population of a partially folded intermediate (Figure 3B). This second unfolding phase
was not detected for Sym2 and HisF, presumably because their native states are still stable at

the denaturant concentration at which the intermediate of Sym1 is populated.

Syml1, HisF, and Sym2 form burst-phase refolding intermediates

Folding and unfolding kinetics were followed by tryptophan and tyrosine fluorescence and by
far-UV circular dichroism (CD), after both manual and stopped-flow mixing. Refolding
occurred in two (HisF, Sym1) or three phases (Sym2) whereas unfolding was monophasic for
the three proteins. The fluorescence amplitudes of the unfolding and refolding reactions as
well as the CD amplitude of the unfolding reaction accounted for the entire signal change as
expected from the equilibrium transitions. However, the CD amplitude of the refolding
reaction was fivefold lower than expected even when followed after stopped-flow mixing.
Apparently, at low GdmCI concentrations most of the ellipticity is recovered during the dead
time of the experiment. Thus, the three proteins form burst-phase intermediates (Igp) within
the first 5 ms of refolding. In all cases, the amplitude of the burst-phase reaction decreased
with increasing GdmCl concentration in a sigmoidal manner (Figure S4), indicative of a
cooperative unfolding of Igp. A tentative two-state analysis testifies to a high content of
compact and stable secondary structure (Table 1). Remarkably, for Sym1 the apparent CD
unfolding transition of Igp is congruent with the second, less cooperative phase of the
equilibrium unfolding transition in Figure 3B, suggesting that, at moderate GdmCl
concentrations, Igp of Sym1 exists in equilibrium with the folded form of this protein. Taken

together, the formation of Igp early in folding is a common feature of Sym1, HisF, and Sym?2.

Syml1, HisF, and Sym2 unfold with extremely different rates

The kinetics of refolding and unfolding of Sym1, HisF, and Sym2, measured as a function of
the GdmCI concentration, are shown as chevron diagrams in Figure 4 and Figure S5. The
rate constants determined from the fluorescence and far-UV CD signals of the individual

proteins superimpose well, indicating that coupled changes in secondary and tertiary structure
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occur in all kinetic phases. Above 2 M GdmCl, refolding and unfolding are monophasic,
indicating the absence of detectable kinetic intermediates. Syml, HisF and Sym2 differ
strongly in the rate of unfolding. Syml denatures relatively fast even at moderate GdmCl
concentrations, which allowed for the determination of the complete unfolding limb of the
chevron diagram. In contrast, unfolding of HisF is very slow, and its rate could not be
determined below 4 M GdmCIl. The unfolding of Sym?2 is further decelerated. It is roughly
1000-fold slower than the unfolding of HisF and cannot be followed in reasonable time below
6 M GdmCIl. The strong differences in the unfolding rates account to a large extent for the
observed differences in the thermodynamic stabilities of the three proteins (Table 1). The
extreme disparities between the unfolding rates of Sym1 and Sym?2 are remarkable given their
high amino acid sequence identity of 90 %. Apparently, they are caused by the replacement of
Bo module 8 in Syml1 with Bo module 4 in Sym2 (Figure 1, Figure S1). Our findings point
to the significance of optimizing the contact regions of the fused half-barrels as an important

evolutionary step following the duplication and fusion of the ancestral (fa)s-module.

Syml1, HisF and Sym2 show similar refolding kinetics

The refolding kinetics of Sym1, HisF and Sym2 are remarkably similar. At low denaturant
concentrations a fast reaction with a time constant 7 of about 3 s is observed for all three
proteins (Figure 4). This reaction is followed by a slower one, again with a common 7 of
about 20 s for Sym2 and HisF. For Syml the slow reaction shows an increased time constant
of 175 s, presumably because its folding intermediates are much less stable than those of HisF
and Sym2. Sym?2 shows an additional very rapid folding reaction with = 0.27 s, which could
not be monitored for the other two proteins (Figure 4). Importantly, at low concentrations of
GdmCl, the observed refolding rate constants for all observed kinetic phases of the three
proteins are largely independent of the amount of denaturant. Such ’roll-over’ behaviour is
indicative of the formation of folding intermediates (21). The reciprocal change of the
amplitudes of the fast 3-s phase and the slow 20-s phase of HisF folding with increasing
concentration of GdmCI (Figure S6B) was previously shown to reflect the formation of a
GdmCl-sensitive on-pathway folding intermediate I and its subsequent transformation to the
native state in a sequential folding mechanism (20). For Sym2, the amplitudes of the three
consecutive folding phases also change in a reciprocal manner with denaturant concentration
(Figure S6C). This suggests that the folding of this stable artificial protein also occurs
sequentially via two intermediates, but the existence of parallel folding pathways can formally

not be ruled out. For Syml the slow folding phase dominates already at low GdmCl
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concentrations (Figure S6A), emphasizing that its folding intermediate shows a very low

stability towards unfolding by GdmCl.

A common sequential folding mechanism for Sym1, HisF and Sym2

For HisF, the formation of the folding intermediate I could previously be unambiguously
confirmed by interrupted refolding assays (20). This approach was now also used to follow
the formation and the decay of intermediates during the refolding of Sym2. The time
constants of the three folding phases of Sym2 at 1.0 M GdmCl are 0.27 s, 4.3 s, and 20 s
(Figure 4). The product of the 0.27-s reaction should be well populated after 0.5 s of
refolding whereas the product of the 4.3-s reaction should dominate after 7 s. Therefore,
refolding was interrupted after 0.5 s or 7 s, and the samples were transferred to unfolding
conditions between 1.9 and 4 M GdmCI. The observed fluorescence decrease caused by
unfolding after 0.5 s or 7 s of refolding was mono- or biphasic, respectively, as shown for
2.9 M GdmCl in Figure S7. After 0.5 s of refolding, a single species, the intermediate I’, was
formed, which unfolded very rapidly (7= 0.02 s). After 7 s of refolding, in addition to the
0.02-s unfolding reaction a second, 20-fold slower unfolding reaction (7 = 0.39 s) was
monitored, suggesting that a further, more stable species, the intermediate I, had formed.
Unfolding assays were performed between 1.9 and 4 M GdmCl, and under all conditions, the
unfolding reactions of the intermediates, I’ and I, were at least 10’-fold faster than the
unfolding of native Sym2 (Figure 5A). In the transition region around 1.7 and 2.1 M GdmCl
the unfolding rates of I’ and I as measured in the interrupted refolding assays connect
smoothly with the previously determined refolding rates, showing that the folding of these
intermediates is quasi-reversible, because the final conversion to the native form of Sym2 is
slow. Remarkably, the rate constants for formation and denaturation of the intermediate I are
virtually identical for HisF and Sym2, suggesting that the on-pathway intermediates of the
two proteins are comparably stable (Figure SA).

In order to examine whether I’ and I are on-pathway intermediates in a sequential reaction
leading to native Sym2, the time course of their accumulation and depletion was analyzed in
further stopped-flow interrupted refolding experiments. In these experiments, Sym2 was
allowed to refold in 1.0 M GdmCI for variable time intervals, followed by the transfer to
2.6 M GdmCl. At this denaturant concentration, native Sym2 molecules remain folded
(Figure 3) whereas the intermediates I’ and I unfold with time constants of 0.05 s and 0.48 s
(Figure SA, Figure S8). This large difference in rates allowed us to determine the unfolding

amplitudes of I’ and I simultaneously with high precision. The unfolding amplitudes are
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proportional to the concentrations of I" and I present at the time when refolding was
interrupted, and therefore they trace the time course of the formation and depletion of the
intermediates (Figure 5B). The fraction of I’ initially increases, passes through a maximum,
and then decreases. The subsequent intermediate I forms with an initial lag, because the
concentration of I’ is zero at time zero. Then the fraction of I increases with the same rate as
I’ is depleted, and it decreases with the rate constant of the formation of the native state N.
The time lag in the formation of I is emphasized in the expanded view in Figure 5C.
Importantly, the rate constants for the formation and depletion of the various species obtained
from the interrupted refolding assays coincided with those observed directly by conventional
refolding kinetics. These findings provide compelling evidence for a sequential folding
mechanism where I’ is directly transformed to I and then further to native Sym?2.

Interestingly, although I’ is formed very rapidly, the overall folding process of Sym2 is not
accelerated compared to HisF as the rate constants for the formation of I and N are virtually
identical for the two proteins (Figure 5A). This observation implies a similar folding
landscape for Sym?2 and HisF with the modification that I’ is energetically favored in the case
of Sym2 but for an unknown reason not detectable in the case of HisF. For Syml, an
unambiguous interrupted folding analysis was not possible, because the fast folding reaction
is characterized by low amplitudes (Figure S6A). Nevertheless, the observation of two
refolding phases with roll-over behavior (Figure 4) and the amplitude profiles (Figure S6A)
point to a similar sequential mechanism for Sym1 as well.

Taken together, our findings suggest a common folding mechanism for Syml, HisF, and
Sym2 (Figure 6). All three proteins form a burst-phase intermediate Igp that contains a
significant amount of secondary structure but is most likely off-pathway (20). Then, very
rapidly the on-pathway intermediate I’ is formed, which is populated for Sym2 but cannot be
detected in the case of HisF and Sym1, probably because it is a high-energy intermediate (22).
I’ is directly converted into the second on-pathway intermediate I with similar rates for all
three proteins. In the final and rate-limiting step of folding, I is transformed into the native
states of Sym1, HisF, and Sym2. At non-native conditions (above 2M GdmCl), both folding
and unfolding of Sym1, HisF, and Sym2 are described by a single phase (Figure 4), most

probably because I’ and I are destabilized by the denaturant and do not accumulate.
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Conclusions

In evolution the present-day (Bov)s-barrel proteins might have arisen by the duplication and
subsequent combination of two (Ba)s-half-barrels (15-18). Sym1 and Sym2 were constructed
as models for such early fusion proteins by duplicating the C-terminal half barrel HisF-C of
the modern protein HisF. Syml appears to be the more primordial version. The contact
regions between the two half-barrels are still disordered, and its kinetic and conformational
stability is low. In Sym2, the contact regions are optimized, which increases its stability to a
level beyond the parent protein HisF. Notwithstanding the large differences in stability, the
two models for a primordial (Boat)s-barrel protein show the same folding mechanism, and they
share this mechanism with the present-day HisF and other (Ba)s-barrel proteins (20, 23, 24).
After a rapid equilibration with an off-pathway intermediate (Igp), the three proteins fold on a
sequential pathway via partially folded intermediates (Figure 6). The most strongly populated
intermediate I accumulates at identical positions along the pathway and is separated from the
native state N by a common activation barrier, which has a similar height for the two artificial
constructs and the natural protein HisF. In this property, Sym1 and Sym2 differ from other
designed proteins, which generally fold on complex energy landscapes without a significant
common energy barrier (2-6). These findings suggest that a synchronized and ordered
sequential folding mechanism with a high energy barrier arose early and remained conserved

during the evolution and diversification of (fa)s-barrel proteins.
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Materials and Methods

Expression of genes and purification of recombinant proteins

Cloning of the genes hisF and sym1 (formerly hisF-C***C) into pET24a(+) was described
previously (17, 20). The sym2 gene was constructed and cloned into pET24a(+) as described
in the Supporting Information. The genes were expressed in E. coli T7-Express cells (New
England Biolabs). After induction with 0.5 mM IPTG, cells were grown for 4 h at 37 °C, and
harvested. HisF was purified by heat precipitation of the host cell proteins, followed by anion
exchange as described(25). Syml and Sym2 were purified as described for Sym1 by metal
chelate affinity chromatography using the C-terminal Hisg-tag(17). According to SDS-page,
all proteins were pure to more than 95 %. At least 100 mg of protein per liter of culture was
obtained and dialyzed against 50 mM Tris/HCI buffer (pH 7.5).

Equilibrium unfolding transitions and Kinetics of unfolding and refolding

The thermodynamics and kinetics of unfolding/refolding of 4 uM protein were measured at
25 °C in 50 mM Tris/HCI buffer (pH 7.5) containing different concentrations of GdmCl,
basically as described(20). GdmCI (ultrapure) was purchased from MP Biomedicals (lllkirch,
France), and its concentration was determined by the refractive index of the solution (26).
Loss/gain of secondary structure after manual mixing was followed by the far-UV circular
dichroism (CD) signal at 225 nm using a JASCO model J815 CD spectrophotometer (path-
length: 5 mm; bandwidth: 1 nm). Loss/gain of tertiary structure after manual mixing was
followed by the fluorescence emission at 320 nm (bandwidth: 5 nm) after excitation at
280 nm (bandwidth: 3 nm) with a JASCO model FP-6500 spectrofluorimeter. For rapid
reactions, fluorescence emission was followed using a 320 nm cutoff filter after excitation at
280 nm in stopped-flow SX.20MV spectrometer from Applied Photophysics (Leatherhead,
UK).

In order to reach equilibrium, HisF and Sym2 were pre-incubated at the indicated
concentrations of GdmCI for 10 and 20 days at 45 °C, respectively, and then incubated for
three weeks at 25 °C. The samples of Sym1 reached equilibrium after 3 days at 25 °C. The
transitions were analyzed according to the two- or three-state equilibrium model, assuming a
linear dependency of the free energy of unfolding on the GAmCI concentration (27). The rates
of conventional unfolding and refolding kinetics were determined by fitting mono-exponential
or double-exponential equations to the data points using the software GraFit6 from Erithacus
(West Sussex, UK).
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The unfolding limbs of I’ and I of Sym2 were determined by stopped-flow interrupted
refolding experiments. Unfolded Sym2 (132 uM in 6 M GdmCl) was diluted 6-fold to 1 M
GdmCl, and incubated for 0.5 s or 7 s to allow for the conversion of U to I’ or I. The sample
was then diluted 11-fold into a concentration range of 1.6 — 4 M GdmCl, which resulted into
the rapid conversion of I’ and I into U. A mono- or double-exponential equation with linear
factor was fitted to the unfolding traces. The kinetics of the sequential U > I’ > I —> N
reaction was monitored in further stopped-flow fluorescence interrupted refolding
experiments. Unfolded Sym2 (132 uM in 6 M GdmCl) was again diluted 6-fold to 1.0 M
GdmCl, and incubated for various times to allow for the conversion of U to I’ or I. The
sample was then diluted 11-fold to 2.6 M GdmCl, which resulted in the very rapid unfolding
of I’ and the fast unfolding of I. Double-exponential equations with linear factor were fitted to
the kinetic traces. An equation describing the consecutive model (U—-I’—>I—N) was fitted to

the obtained amplitudes using DynaFit (BioKin Ltd.) (28).

Structure determination of Sym2 and structural superimpositions
Details of the crystallization and structure determination of Sym2 are described in the
Supporting Information, the data-collection statistics are shown in Table S2. Structural

superimpositions were performed using the program STAMP (29).
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Figures and tables with legends
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Figure 1: Design of the artificial (Ba)s-barrel proteins Sym1 and Sym?2 from two identical
and fused half-barrels. (A) Secondary structure elements of wild-type HisF. The N-terminal
half-barrel HisF-N [modules (Ba)i_4] is shown in red, the C-terminal half-barrel HisF-C
[modules (Ba)s_g] in blue. (B) Design of Syml. Two copies of HisF-C were fused and
stepwise stabilized to reach Sym1 (formerly denoted as HisF-C***C) by the indicated amino
acid substitutions, and by shortening of the loop connecting the two half barrels (15-17).
Transparent boxes indicate the parts that were not resolved in the crystal structure. (C) Design
of Sym2. Sym2 was derived from Sym1 by replacing Ba module 8 with fa module 4 in both
half-barrels (red and orange).
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Syml
Figure 2. Ribbon diagrams of the crystal structures of Sym1 (2wér.pdb) (17), HisF (1thf.pdb)
(19) and Sym2 (30g3.pdb). The invisible parts in the crystal structure of Syml are fully
resolved in Sym?2. Colors represent the origin and location of secondary structure elements as
described in Figure 1. Amino acid sequence identities (%) and r.m.s.d. values (A) of
corresponding Ca-atoms as deduced from pair-wise structure-based sequence alignments are
indicated (HisF-Sym1: 184 superimposed Ca atoms; HisF-Sym2: 198 superimposed Ca
atoms; Sym1-Sym2: 191 superimposed Ca atoms).
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Figure 3. Equilibrium unfolding transitions of Sym1 (red), HisF (black), and Sym2 (green).
GdmCl-induced unfolding of 4 uM protein was followed in 50 mM Tris/HCI buffer (pH 7.5)
at 25 °C by (A) Tyr/Trp fluorescence (excitation: 280 nm; emission: 320 nm) and (B) far-UV
CD at 225 nm. The continuous lines represent the fit of the two-state model (or three-state
model in case of the far-UV CD signal of Sym1) to the normalized unfolding transitions,
yielding the thermodynamic parameters listed in Tables 1 and Table S1.
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Figure 4. Folding kinetics of Sym 1 (red), HisF (black), and Sym2 (green). The dependence
on GdmCI concentration of the apparent rate constant (A1) is shown for the slow unfolding and
refolding phases (filled circles), for the fast refolding phase (open circles), and for the
additional very rapid refolding phase of Sym2 (squares). Chevron diagrams of the individual
proteins are shown in Figure S5.
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Figure 5. Kinetic intermediates during the folding of HisF (black) and Sym2 (green). (A)
Chevron diagram. Symbols for rate constants determined by single-mixing experiments were
taken from Figure 4. The unfolding limb of the on-pathway intermediate I of HisF (black
triangles) was determined by interrupted refolding experiments as described (20). The
unfolding limbs of the on-pathway intermediates I’ (green diamonds) and I (green triangles)
of Sym2 were determined by interrupted refolding experiments. After exposure to refolding
conditions (1.0 M GdmCl) for 0.5 s to populate I’ or for 7s to populate I, the formed
intermediates were unfolded at the indicated GdmCI concentrations. (B, C) Amplitudes of the
fast (green diamonds, 7= 56 ms) and slow (green triangle, 7= 2.6 s) unfolding reaction of
Sym2 in 2.6 M GdmCl after refolding for the indicated times in 1.0 M GdmCl. The
amplitudes are shown for 8 s (B) and for 50 s (C) of refolding. Continuous lines represent the
results of the analysis of the data with an equation describing a consecutive process

(U->I'>I—>N). Inset to (c): The rate constants for the formation and depletion of I’ and I as
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deduced from the amplitude analysis (blue diamond: rate of formation of I’: 7= 0.17 s; red
diamond: rate of depletion of I’: 7= 2.5 s; red open triangle: lag in the formation of I: 7=10.18
s; blue triangle: rate of formation of I: 7= 1.5 s; red filled triangle: rate of depletion of I: 7=
21.3 s) are compared with the refolding rates of Sym?2 determined by conventional refolding
kinetics (gray symbols, data taken from Figure 4).

A

[[(—U=]I'=—=1—N

Figure 6. (A) Unifying folding mechanism for Syml, HisF and Sym2. An off-pathway
equilibrium between the unfolded state (U) and the burst-phase intermediate (Igp) precedes
the formation of the on-pathway intermediates I’ and 1. For HisF and Sym1, I’ is assumed to
be a high energy intermediate. (B) Energy diagram for the folding of Syml (red), Sym2
(green), and HisF (black). The different heights of the energy barriers indicate different
folding/unfolding rates but are not at scale.

Table 1. Thermodynamic stability parameters for HisF, Sym1, and Sym2

NeU Igp ~ U
AGp m [Dli2 AGp m [D]in
(kKImol)  (kJmol'M™") (M) Kmol')  (kImol'M") (M)
HisF 53.5+1.7 19.1+0.6 2.8 152+2.4 7.9+0.9 1.9
Syml 42.8+0.2 20.2 + 0.4 2.1 13.2+ 0.4 59+02 22
Sym2 62.2+3.9 192+1.2 32 35.7+6.5 21.4+3.7 1.7

For the N « U transition, the Gibbs free energy of denaturation (AGp), the cooperativity (m),
and the denaturant concentration required to unfold 50 % of the protein ([D];2) were obtained
by analyzing the fluorescence-detected unfolding transitions (see Figure 3A) with the two-
state model. For the Igp < U transition, the parameters were obtained by analyzing the initial
values of the refolding kinetics as monitored by the CD signal at 225 nm (see Figure S4).
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Supporting Information for Publication B:

SI Methods, SI References, Figures S1-S8; Table S1-S2.

S| Methods

Construction and cloning of the sym?2 gene

Sym?2 was constructed from Sym1 by replacing the labile C-termini of HisF-Cy and HisF-C¢
with the stable C-terminus of HisF-N. The structural superposition of HisF with Syml
revealed a high similarity between the parts linking Boa module 3 and Bo module 4 in HisF
and the parts linking Bo module 7 and Bo module 8 in Syml. This finding determined the
exact intersection point for the construction of Sym?2, which contains fa module 4 instead of
o module 8, both in HisF-Cy and HisF-Cc. For construction of the sym2 gene, its 5’-half
sequence Sym2-N was amplified by PCR using the isolated hisF-Cy fragment of syml
(formerly denoted as hisF-C***C) fragment as template. The oligonucleotide 5’-TAA TAC
GAC TCA CTA TAG GG-3’ was used as 5'-primer, and the oligonucleotide 5’-CTG GGA
TCC GAA GGT CTG TGC GAT TTG TGT GAT GAG GCT CGG GTT TTC GAC AGC
GGC AGT ATT GAT AGA GAC CTT GTC AGC ACC TGC CAG GAA G-3’with a
BamHI-site at the 3'-terminus (underlined) was used as 3'-primer. The sequence coding for fa
module 4 was optimized with respect to codon usage (Gene designer) and template annealing.
The amplified fragment sym2-N was cloned into pET24a(+) using Ndel and BamHI restriction
sites. Next sym2-C was amplified using sym2-N as template. The oligonucleotide 5’- GGC
GGA GGA TCC CAG GCC GTT GTC GTG GCG ATA GAT G-3’ with a BamHI-site at the
5’-terminus (underlined) was used as 5'-primer, and the oligonucleotide 5’- GTG CTC GAG
ACT CCC GAA GGT CTG TGC GAT TTG -3’ with an Xhol-site at the 3’-terminus
(underlined) was used as 3’-primer. The amplified fragment sym2-C was cloned into

pET24a(+)-sym-N using BamHI and Xhol restriction sites, yielding pET24a(+)-sym2.

Crystallization and structure determination of Sym2

Initial crystallization trials were carried out using the sitting-drop vapor-diffusion method in
96-well plates (Greiner) at 292 K at the EMBL Hamburg High-throughput Crystallization
Facility (1). Crystals were obtained under various conditions. Further optimization of these
conditions was performed manually in 24-well plates (Qiagen) using the hanging-drop vapor-

diffusion method at 292 K. Drops contained 1 ul of a Sym2 protein solution (10 mg/ml)
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mixed with 2 pl of 0.2 M ammonium sulfate, 18% w/v PEG 4000, and were equilibrated
against 1 ml of reservoir buffer. Crystals appeared after a few days. Single crystals were cryo-
protected with 25% (v/v) glycerol before they were flash-cooled directly in the cryo stream. A
data set was measured from a single crystal at 123 K on an Oxford Diffraction Gemini R Ultra
diffractometer with a cryojet using Cug, radiation (A = 1.54178 A) equipped with a CCD
detector KM4CCD/sapphire. The crystal to detector distance was 55 mm, a total of 332
images with an oscillation range of 0.75 ° were collected to a maximum resolution of 2 A.
The data were integrated with CrysalisPro (Oxford diffraction) and scaled with Scala (2). The
recorded images were indexed, processed and integrated using the CrysAlisPro software
package (Oxford Diffraction Ltd., Version 1.171.34.9). The data were scaled with Scala from
the CCP4 program suite 6.1.1 (3). Empirical absorption correction was performed using
spherical harmonics, implemented in SCALE3 ABSPACK scaling algorithm. The initial
phases were obtained by molecular replacement using a half-barrel fragment from the HisF-
structure (1thf.pdb) as search model employing PHASER software from the CCP4 program
suite 6.1.1 (3). The structure was refined by alternating rounds of Refmac5 refinement and

manual model building in COOT (4, 5).
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Figure S1: Schematic representation of the PBa-composition of Syml, HisF, and Sym?2.
Triangles and circles represent P-strands and a-helices, numbered according to HisF.
of—loops are depicted as solid lines, and Po—loops are depicted as dotted lines. Colors
represent the origin and location of secondary structure elements and are as in Figure 1 (red:
HisF-N and HisF-Ny, orange: HisF-N¢, blue: HisF-C and HisF-C¢, aquamarin: HisF-Cy). The
arrows indicate artificial contacts between secondary structure elements, and the transparent
circles show invisible parts of the structure of Sym1 due to high B-factors.
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Figure S2: Important structural features of Sym2 in comparison to HisF and Syml. (A)
Ribbon diagrams of the crystal structures of Sym2 (30g3.pdb), HisF (1thf.pdb) (6), and Sym1
(2wor.pdb) (7): Top view onto the catalytic face. Colors are as in Figure 2. (B) The partially
unresolved regions in the crystal structure of Sym1 are visible in the crystal structure of Sym2
and have a high similarity to HisF. (C) The stabilizing salt bridge cluster at the N-terminal
face of the central B-barrel of HisF is formed in a similar way in Sym1 through the exchanges
A124N\R and A220NK. The salt bridge cluster in Sym?2 is highly symmetrical through the
introduction of Ba-module 4 (residues K99y and K99¢). Side chains located in the N- and C-
terminal halves are colored orange and blue, respectively. Hydrogen bonds between the
involved side chain residues, which are shown as sticks, are indicated by dashed lines up to a
distance cutoff of 3.5 A.
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Figure S3. GdmCl-induced equilibrium unfolding transitions of (A) HisF and (B) Sym2. The
transitions of 4 uM protein in 50 mM Tris/HCI buffer (pH 7.5) at 25 °C were followed by
Tyr/Trp fluorescence (excitation: 280 nm; emission: 320 nm). Open and closed symbols
represent unfolding experiments after an incubation time of two weeks and the time period
required to reach equilibrium, respectively. Lines connecting the data points were drawn to
guide the eye. After a pre-incubation time of 10 and 20 days at 45 °C, respectively, the
samples of HisF and Sym2 had to be incubated for three weeks at 25 °C to reach equilibrium.
(Unfolding of Sym1 reaches equilibrium after three days of incubation at 25 °C.)
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Figure S4. Equilibrium unfolding transitions of (A) Syml, (B) HisF, and (C) Sym2 (open
circles) in comparison with the unfolding transitions of their burst-phase intermediates (Igp)
(filled triangles). GdmCl-induced unfolding of the three proteins was followed in 50 mM
Tris/HCI buffer (pH 7.5) at 25 °C by the far-CD signal at 225 nm. The unfolding transition of
Igp was calculated by plotting the initial CD signal upon refolding, which was obtained by
extrapolation of the kinetics to zero time, as a function of the corresponding GdmCl
concentration. The dashed lines indicate the signal of the pure N and U states. Continuous
lines represent the fit of the data with the two-state model, yielding the thermodynamic
parameters listed in Table 1.
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Figure S5. GdmCl-dependence of the apparent rate constants (A1) for refolding and unfolding
of (A) Syml, (B) HisF, and (C) Sym2 (chevron diagrams). Following manual mixing, the
kinetics were monitored by the CD signal at 225 nm (blue circles) or fluorescence emission at
320 nm after excitation at 280 nm (black circles). Fast reactions were also followed after
stopped-flow mixing. Rate constants of the slow unfolding and refolding phases are shown as
filled circles, and rate constants of the fast refolding phase are shown as open circles. Rate
constants of the additional very rapid refolding phases of Sym2 are shown as squares. A
comparison of the rate constants of the three proteins is shown in Figure 4.
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Figure S6. Amplitudes of the very rapid (squares), fast (open circles) and slow (closed
circles) refolding phases of (A) Syml, (B) HisF and (C) Sym2. Reactions were followed in
50 mM Tris/HCI buffer (pH 7.5) at 25 °C by stopped-flow mixing monitoring Trp/Tyr
fluorescence (excitation: 280 nm; emission: 320 nm). The corresponding rate constants are
shown in Figure 4. Lines connecting the data points were drawn to guide the eye.
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Figure S7. Unfolding kinetics of the putative folding intermediates I’ and I of Sym2 after
interrupted refolding. Unfolded protein was refolded in 1.0 M GdmCl for (A) 0.5 sand (B) 7 s
to allow for the conversion of U to I’ and I, respectively. Then the protein was diluted to
29M GdmCl, and unfolding was followed by the decrease of Trp/Tyr fluorescence
(excitation at 280 nm; emission at > 320 nm) was followed. At this denaturant concentration,
native Sym2 molecules remain folded (Figure 3), and the unfolding reaction originates
exclusively from folding intermediates. The gray solid lines represent (A) mono-exponential
or (B) double-exponential equations including a linear term fitted to the experimental curves,
yielding time constants for unfolding of I’ (t = 0.02 s) and I (t = 0.39s). These rates
correspond to the unfolding rates of I and I’ at 2.9 M GdmCI which are depicted in Figure

SA.
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Figure S8. Detection of the folding intermediates I’ and I of Sym2 by interrupted refolding
experiments. Refolding of unfolded protein was initiated by dilution to 1.0 M GdmCl. After
various times (shown are 4 s, 12 s, 50 s), the protein was diluted to 2.6 M GdmCl, and
unfolding was monitored by the decrease of the Trp/Tyr fluorescence (excitation: 280 nm;
emission: > 320 nm). A double exponential function and a linear term were fitted to the
experimental curves. In the presence of 2.6 M GdmCl, native Sym2 molecules remain folded
but the intermediates I’ and I unfold with time constants of 0.05 s and 0.48 s, respectively.
The amplitudes of the two phases were determined and used to calculate the accumulation and

depletion of I’ and I in the course of refolding as shown in Figure 5B, C.
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Table S1. Thermodynamic parameters of Sym2, HisF, and Sym1 determined by far-UV CD.

NeU IgpoU
AGp m [Dli2 AGp m [D]in
(kK mol™)  (kJmol'M™") (M) Kmol")  (kImol'M") (M)
HisF 55.6+23 19.9 +0.9 2.8
Syml 45.0+3.5 19.6 + 1.6 2.3 8.0+2.0 33409 2.4
Sym2 752 +4.7 23.0+1.4 3.3

The parameters were obtained by the two-state (HisF and Sym?2) or three-state (Syml)
analysis of the unfolding transitions monitored by CD signal at 225 nm (Figure 3B).

Table S2. Data collection and refinement statistics

Sym2 (30g3.pdb)

Data collection
Space group Cl21
Cell dimensions

a,b,c(A) 31.37, 82.09, 74.51

o, B,y (°) 90, 90.11, 90
Resolution (A) 2.08 (2.08-2.133)
Rsym O Rimerge 0.052 (0.168)
/ol 18.58 (3.8)
Completeness (%) 99.6 (98.38)
Refinement
Resolution (A) 2.08
No. reflections 10719 (791)
Rwork / Réree 0.152 (0.139) / 0.196 (0.190)
No. atoms

Protein 2021

Water 173
B-factors 17.48
R.m.s. deviations

Bond lengths (A) 0.025

Bond angles (°) 2.006

Values in parentheses are for highest-resolution shell.
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