jmb ~ = The Pierced Lasso Topology Leptin
,‘Q has a Bolt on Dynamic Domain
Lf:f’ Composed by the Disordered Loops |
e, and NI

Jens Danielsson’, Jeffrey Kenneth Noel?, Jennifer Michelle Simien?,
Brendan Michael Duggan®, Mikael Oliveberg’, José Nelson Onuchic >,
Patricia Ann Jennings’ and Ellinor Haglund?®

1 - Department of Biochemistry and Biophysics, Stockholm University, Stockholm, Sweden

2 - Kristallographie Max Delbriick Center for Molecular Medicine, Berlin, Germany

3 - The Department of Chemistry, University of Hawaii, Manoa, Honolulu, USA

4 - Skaggs School of Pharmacy and Pharmaceutical Sciences, University of California at San Diego, La Jolla, USA

5 - Center for Theoretical Biological Physics, Rice University, Houston, USA

6 - Department of Physics and Astronomy, Department of Chemistry, And Department of Biosciences, Rice University, Houston, USA
7 - Department of Chemistry and Biochemistry, The University of California at San Diego, La Jolla, USA

Correspondence to Ellinor Haglund and Jens Danielsson: ellinorh@hawaii.edu, jens.danielsson@dbb.su.se
https://doi.org/10.1016/j.jmb.2020.01.035
Edited by Sichun Yang

Abstract

Leptin is an important signaling hormone, mostly known for its role in energy expenditure and satiety.
Furthermore, leptin plays a major role in other proteinopathies, such as cancer, marked hyperphagia, impaired
immune function, and inflammation. In spite of its biological relevance in human health, there are no NMR
resonance assignments of the human protein available, obscuring high-resolution characterization of the
soluble protein and/or its conformational dynamics, suggested as being important for receptor interaction and
biological activity. Here, we report the nearly complete backbone resonance assignments of human leptin.
Chemical shift-based secondary structure prediction confirms that in solution leptin forms a four-helix bundle
including a pierced lasso topology. The conformational dynamics, determined on several timescales, show
that leptin is monomeric, has a rigid four-helix scaffold, and a dynamic domain, including a transiently formed
helix. The dynamic domain is anchored to the helical scaffold by a secondary hydrophobic core, pinning down
the long loops of leptin to the protein body, inducing motional restriction without a well-defined secondary or
tertiary hydrogen bond stabilized structure. This dynamic region is well suited for and may be involved in
functional allosteric dynamics upon receptor binding.

© 2020 Elsevier Ltd. All rights reserved.

placental leptin are released in proportion to the
respective tissue mass [3].
Upon release, leptin circulates in the blood and

Introduction

Energy uptake, storage, and expenditure in an

organism must be under tight control to assure
energy between meals, as well as avoiding excess
uptake and storage, resulting in obesity with its
accompanying sequelae [1]. In mammals, the
pleiotropic hormone leptin has been shown to have
an essential role in regulating energy balance by
reducing hunger and increasing energy consump-
tion [2]. Leptin is mainly produced in and excreted by
white adipose tissue, the placenta and the gastric
epithelium, where gastric leptin seems to be
released upon food intake, while adipose and

0022-2836/© 2020 Elsevier Ltd. All rights reserved.

exerts its function via specific binding to the leptin
receptor (LEP-R) [4,5]. LEP-R is a membrane-
associated receptor predominantly found in the
hypothalamus, although it is also present in lower
abundances in several other tissue types [6]. In order
to reach its primary target receptor, leptin has to pass
the blood-brain barrier. This is facilitated via a
saturable transport system that is suggested to involve
a carrier protein, a soluble form of LEP-R [7], derived
from cleavage of the extracellular part of the receptor
[8]. An alternative proposed pathway for leptin to cross
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from the blood to the hypothalamus via the cerebrosp-
inal fluid (CSF), is through specialized hypothalamic
glial cells called tanycytes. These special ependymal
cells are located in the ventricular system and form a
barrier between the blood and the CSF [9—11].

Leptin initially binds to LEP-R in a one-to-one
stoichiometry, followed by a secondary interaction
with an adjacent receptor, inducing a homo-dimer-
ization of the receptor forming a quaternary complex
[12—15]. Consequently, leptin has two binding sites
to its receptor, putatively (but not necessarily)
allosterically coupled where initial binding invokes
affinity to the second binding site. Three regions on
leptin have been shown to be involved in binding to
LEP-R, and are denoted binding sites I, Il and Il
(Fig. 1) [12—16], where binding site Il and Ill seems
to be most crucial for recognition and binding. Thus,
leptin has to form several essential specific interac-
tions in order to travel from the excreting cells to the
target cells and exert its function.

A number of single point mutations in the leptin
coding gene are associated with a disease, causing
leptin deficiency, which, in turn, results in early-age
obesity and hyperphagia [2,17—32)]. In silico and
experimental characterization of the molecular effects
of these mutations show that they can cause leptin
deficiency in multiple ways, e.g., through interference
with receptor binding or detrimental destabilization,
rendering a folding-incompetent protein [33].

Leptin is a relatively small 16 kDa four-helix bundle
protein, classified to be part of the long-chain helical
cytokine family [34]. However, the structural topology
of leptin stands out, as an intramolecular disulfide bond
(C96—C146) creates a covalentloop along the primary
chain (Fig. 1). In the crystal structure, a section of the
polypeptide chain is threaded through this covalent
loop generating a “knot-like” topology, or a pierced
lasso topology (PLT) [35—40]. Interestingly, a PLT is
not unique to leptin, and presently, over 300 PLT
proteins have been discovered in the Protein Data
Bank [39,40]. The disulfide bond creating the PLT has
a significant effect on the stability of leptin, since a
reduction of the disulfide bond reduces the stability
from 3.4 to 1.8 kcal/mol [35], corresponding to an
increase in the unfolded population from 0.3 to 4.6%.
Thus, the PLT seems crucial for leptin, as it is already
unstable relative to other four-helix bundle proteins
[41—45]. In addition to a direct effect on protein
stability, we have shown that the PLT is important for
leptin receptor interaction and signaling, due to
dynamic coupling between the disulfide bond and
residues involved in receptor binding [35,38]. Simula-
tion studies found that the reduction of the intramole-
culardisulfide bond alters the dynamics in the receptor-
binding region. Such long-range communication is a
common feature of protein dynamics [46—49].

Leptin is, therefore, an example of a system with
allosteric long-range dynamic couplings, where the
altered dynamics lead to changes in protein function,

and thus, make experimental structural-dynamical
characterization of leptin of importance. In order to
understand leptin function in molecular detail (and
mutation-induced malfunction) in molecular detalil,
we aimed to benchmark the dynamic properties of
the free monomeric leptin. Here, we focus on nuclear
magnetic resonance (NMR), as it is exceptionally
suitable for detailed structural and dynamical studies
of proteins in solution [50]. The results show that
leptin, in solution, is a well-defined globular mono-
mer but with long loops contributing to an overall
dynamic protein. We show that the short, tilted helix
4’ in the crystal structure, is only transiently present
in solution. Although only transiently present in the
free form, it is possibly linked to the function of the
bound state. This initial characterization now puts us
in a position to investigate, in great detail, e.g.,
receptor binding, carrier protein binding, and dyna-
mical effects from disease-related mutations.

Results and Discussion

Leptin W100E shows reduced but not abolished
transient self-interaction

The wild-type native leptin has previously been
shown to transiently form oligomeric species that are
prone to precipitate into larger aggregates [51].
Furthermore, the wild-type protein does not form
observable crystals putatively due to a heteroge-
neous native state, large amplitude dynamics, and/
or oligomerization [34]. A single point mutation
(W100E) reduces self-interaction, resulting in a
monomeric species in the crystalline form
[34] while preserving function. However, preliminary
NMR data suggests that this variant is also involved
in transient self-interactions (Supporting Informa-
tion). To further reduce such transient oligomeriza-
tion that would efficiently mask the dynamical
properties of the monomer, we introduced a second
point mutation (W138E), resulting in a tryptophan
free protein. Now, NMR data show that this variant is
less prone to form oligomers, and the overall
structure and spectral properties seem to be
unaffected by the second mutation (Supporting
Information, Fig. S1), yielding largely overlapping
HSQC spectra. This more monomeric tryptophan
free form of leptin, leptin®™™, is used for this study.

Assignment of the backbone resonances

The '°N-('H)-TROSY spectrum of leptin®™™
shows well-dispersed cross-peaks in the region
7.5—9.6 ppm, archetypical for a folded globular
protein of a small to moderate size [50] (Fig. 1). In
general, the line widths are uniform and relatively
narrow, in line with a monomeric ~16 kDa protein
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Fig. 1. (A—C) A cartoon representation of leptin binding to the leptin receptor complex. The binding site Il (dark grey
spheres) and lll (white spheres) link together two leptin binding domains (green and orange) of the leptin receptor.
Domains 4 and 5 of the receptor interacts with binding site Il in leptin to form the initial complex. Once this 1:1 complex is
formed, it can maturate into the active complex through linking domain 3 of the receptor to binding site Il in leptin [13,14].
(D) Crystal structure representation of leptin (PDB id: 1AX8 [34]), highlighting the pierced lasso topology. Loop | (white)
and helix b (red) protrudes the pierced lasso loop, which is formed by loop Il and helix d (blue). The light grey part of loop |
is modeled from molecular dynamic simulations, as the crystal structure lacks this region. (E) Shows a top view cartoon of
the protein with the nomenclature of the four core helices and the bolt-on helix 4°, as well as the knot topology. (D) The
TROSY spectrum shows well-dispersed, narrow linewidth cross peaks, indicating a folded monomeric species, well suited

for NMR analysis.

[52—55]. An obvious requirement for high-resolution
NMR studies of leptin®™™ in solution is full or near-full
chemical shift assignments. Here, we used a
standard set of triple resonance experiments to
obtain backbone resonance assignments. In order to
increase spectral resolution, we used TROSY-based
[56] experiments, and to reduce the experimental
time, we used band-selective excitation short tran-
sient [57,58] experiments. Using this standard
strategy, we obtained 98% assignment of the
nonproline amide proton and nitrogen chemical
shifts, 94% of the carbonyl shifts, 88% of the C*
shifts, and 91% of the nonglycine CP shifts (Support-
ing Information Table S1). The missing assignments
are typically due to signal overlap, ambiguities and/
or weak signal intensity. We limited the assignment
to the backbone, as a full structural analysis,
including the side chains, is beyond the scope of
this study, and a high-resolution crystal structure is
already solved and published (PDB id: 1AX8 [34]).
Nonetheless, the chemical shifts carry indirect
information of the structure and can be used to

determine whether the crystal structure indeed
represents the solution structure.

Secondary structure prediction from chemical
shifts

The measured chemical shift values can be
compared to the statistical expectation value for a
particular nucleus in a particular amino acid in a
helical, sheet, or random coil structural state. The
expectation values then constitute the defining
values of a ruler, with a fully adopted helix or sheet
in the ends and random coil somewhere in between.
From these values, we can estimate both the nature
of the secondary structure, as well as the population
formed. There are several sets of these amino acid-
dependent, database-derived, statistical expectation
values [59—63]. We choose to use the Forman-Kay
protocol [64], which uses all backbone chemical shift
values and calculates a combined secondary struc-
ture propensity (SSP) value between —1 and 1,
where —1 is fully formed B-sheet, 0 is a random coil,
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and 1 is fully formed a-helix. For leptin®™™ (Fig. 2),
we find four regions along the sequence with fully
formed a-helices and one region with a partly formed
helix (residues 106—115). Comparing the SSP data
from the combined chemical shifts with the crystal
structure (Fig. 2), we find that the positions and
edges of the fully formed helices overlay very well
with helices a, b, ¢, and d in the crystal structure
(Fig. 2). However, the region corresponding to helix
4’ (Fig. 2) does not show fully formed helix, but rather
SSP values around 0.5, indicating that the helix is
formed only a fraction of the time [65,66], i.e., at any
given time point approximately 50% of the leptin
molecules contain helix 4’. This means that helix 4’
is transiently formed and only meta-stable [67]. We
can also conclude that helix 4’ is in fast exchange
with a coiled state, i.e., fast on an NMR timescale, as
we do not find a double set of cross-peaks for any
residues in helix 4’ (although a couple of the cross-
peaks are split, we assign this to other events, see
further below). This conclusion is also based on the
fact that the chemical shifts reported are between the
expected values of a stable helix and that for a
random coil, i.e., the observed position is the
population-weighted value in fast exchange [68,69].
In the crystal structure, nevertheless, the helix
seems to be fully formed, with low B-factors and no
clear alternative structures. This suggests that helix
4’ is favorably packed in the crystal lattice [34]. Such
transient helices are likely to play an important
functional role, putatively in primary receptor binding
[65,70,71], or secondary bridging of the receptor
monomers.

In the crystal structure, there are two relatively long
disordered loops, comprising residues 24—51 and
94—105 that we in the following call loop | and loop il
(Fig. 2). In both loops, we find negative SSP values,

10 30 50 70 90 10 130
residue no

Fig. 2. The secondary structure propensity (SSP)
calculated from NMR chemical shifts. The positioning of
the helical elements, with the same color code as in Fig. 1,
along the primary sequence, is shown above the SSP
panel. The SSP value is 1 for fully formed helix and —1 for
fully formed B-strand. The solution state helices seem to
perfectly overlap with those in the crystal structure. Helix 4’
shows a lower SSP value than helices a-d, indicating a
transient structure, with only partly populated helix at any
given time point.

indicating extended or f-sheet content [64]. In loop |,
the values are relatively modest while loop Il shows
SSP values close to —1. In the crystal structure, loop
| is not visible and is flanked by elevated B-factors
(Supporting Fig. S2), suggesting a dynamic loop with
no single structural state. This is in line with the SSP
data that suggest a merely transiently adopted or no
secondary structure. On the other hand, loop Il
shows electron density along the whole loop, with
slightly elevated B-factors (Supporting Fig. S2). This
suggests a relatively ordered, extended loop flanking
the surface of leptin®™™. This extendedness should
correspond to dihedral angles typical for f-sheets.
From the crystal structure [34] the dihedral angles ¢
and ¢ can be calculated and in a Ramachandran-
plot representation loop | residues show dihedral
angles distributed in all allowed regions, while
residues in the extended part of loop Il show
dihedral angles that are clustered in the extended
sheet region (Supporting Fig. S3). The extended
loop can be depicted as structurally strained, or
“forced” into dihedral angles that resembles those of
a B-sheet [64,72,73], yielding secondary chemical
shifts corresponding to the partial B-sheet formation.
The chemical shift data suggest that the solution
structure is well represented by the crystal structure
[34], and as per the following, we assume the
structure to be correct and use NMR to further
investigate the dynamic properties of leptin.

A minor structural state in slow exchange

A subset of the cross is split in two, where one
corresponds to a weakly populated state (Fig. 3).
The minor population estimated from the peak
volume is approximately 20%. These doublet
peaks indicate the presence of two structural states
in slow exchange. While the minor population does
not have sufficient signal-to-noise to be unambigu-
ously assigned, the pattern indicates that most of the
resonances are just slightly shifted (Fig. 3), which, in
turn, suggests that the minor state is similar to the
ground state. Fig. 3 shows how the split peaks align
with the structure. Interestingly, the residues that
undergo this slow exchange cluster in a region
involving helices b and 4’, and loop lIl, which are
neighboring in the crystal structure. Notably, there is
a proline at position 99 in loop Ill. A straightforward
interpretation of the split peaks would be proline
isomerization, with a slightly varied packing of helix
4’ onto helix b when P99 is in the cis-conformation or
in the trans-conformation. This packing malleability
may be of functional importance as this proline is
conserved [33].

Leptin®™™® has several prolines (P43, P47, P69,
P99, and P144), and the second cluster of split
cross-peaks suggest long-range inter-residue con-
tacts with P144, although this proline is in a relatively
tight loop (Fig. 3). This cluster involves the actual
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threading region, i.e., the region that crosses under
the disulfide formed loop and residues 49-—52
(Fig. 3), and maybe due to two conformations of
P144. On the other hand, P43 and P47, located in
loop |, show no detectable alternative conformations,
i.e., the surrounding cross-peaks appear as single
peaks. From the ' cP chemical shifts all prolines
[74], save P47, are in cis-conformation (SI,
Table S1), fully in agreement with the crystal
structure.

The helices a-d constitute a framework with well-
defined helices, while the loop I, loop Ill, and helix 4’
constitute a structurally less well-defined domain.
Such dynamic functional regions can typically be
found in soluble proteins involved in protein-protein
interactions [65,70,71]. However, from the chemical
shift analysis we only have indirect dynamical
information. In order to obtain direct dynamical
information, we opted for NMR relaxation
measurements.

Leptin®™® shows rotational diffusion behavior
corresponding to a folded monomer

NMR relaxation can be used to obtain both general
and specific information on molecular motions and
dynamics, which provide us with a tool to further

Fig. 3. A subset of the cross peaks in the TROSY
spectrum shows cross-peak splitting, with a low populated
secondary state in slow exchange with the dominating
state. A couple of representative split peaks are shown.
Most of these split peaks cluster in the structure, e.g.,
involving the packing of helix 4’ to the protein body, as well
as the threading region of the lasso topology. The residues
with split peaks are highlighted as spheres in the structure
figure. The splitting may stem from proline (magenta)
isomerization from both sides of the pierced lasso, forming
a disulfide bond (yellow).

benchmark the properties of soluble leptin®™. In

order to map out the dynamics of leptin®™®, we
determined the '°N relaxation rates Ry and R, as
well as the cross-relaxation rates (ony) reflected in
the nuclear Overhauser effect (NOE) (Fig. 4). Plot-
ting R+1/R>» and cross relaxation (Fig. 5) as a function
of sequence position provides information on the
dynamic behavior of leptin®"®, and shows that the
helical core (helix a-d), behaves as expected for a
well-defined globular protein, while there are two
regions, corresponding to loops | and lll that show
increased fast timescale dynamics, suggesting a
more disordered state of the loops. The R./R ratio
can be used to quantitatively estimate the overall
rotational correlation time of leptin®™™, given that R,/
R4 values from residues in fast motion regions are
omitted [75]. From the determined relaxation rates,
we estimate the rotational correlation time to be
Tc = 9.2 £ 0.2 ns when omitting relaxation data from
loops | and Ill and the N- and C-termini. The
determined rotational correlation time corresponds
to a 15.1 kDa protein from the linear correlation
between rotational correlation time and molecular
weight [76]. This is in reasonable agreement with
leptin®™™’s theoretical M,, = 15.8 kDa, and the
slightly lower experimental value indeed underlines
that leptin®™™ seems to be monomeric in solution at
100 puM concentration. The slight offset can stem
from protein-specific variability in the linear relation-
ship, due to e.g. shape factors [77]. An alternative
method to evaluate the rotational correlation time is
to calculate the hydrodynamic radius (Ry) from
Stoke s law and compare it with the expected Ry
from the relationship Ry = 1.13M22 [78], derived
from translational diffusion measurements. From
Stoke s law, we obtain Ry = 21.6 A, while the
expected hydrodynamic radius calculated from the
mass is 20.6 A, in_good agreement. We can
conclude that leptin®® is monomeric in its free
soluble form and that it shows all the characteristics
of a folded, well-defined protein. However, relaxation
data do not only report on the global properties of the
protein but can also reveal detailed information with
atomic resolution [50,79].

NMR relaxation data suggests some degree of
order in loops | and Il

A combined analysis of all relaxation parameters
can provide additional detailed structural and
dynamic information of leptin®™. The well-defined
helices a-d seem to constitute a relatively rigid frame
for the protein (Fig. 5), especially highlighted by the
slow timescale dynamics. From the presented NMR
relaxation data, we can conclude that the two long
loops, loops | and Illl, show increased local
dynamics, compared to the helical frame, on all
timescales. The fast timescale dynamical pattern
from NOE data agrees well with in silico data, also
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Fig. 4. The individual relaxation parameters, R4, R, and
steady-state NOE, shown in (A), again exhibit a pattern
with dynamic loops anchored to a rigid fold. The R, and
NOE values show that the central region of loop | is
strongly anchored to the secondary loops, making this
region relatively rigid. The positioning of the helical
elements along the primary sequence is shown above
each panel. Bottom panel in (A): Local conformational
dynamics from molecular dynamics simulations are
strongly correlated to in vitro NOE measurements.
Regions of high NOEs generally have low rmsf in the
simulated ensemble, and regions of low NOEs have high
rmsf. Exceptions are the C-terminal region of loop | and the
N-terminal region of loop Ill, which are relatively more
stable in the simulations than in the in vitro measurements.
Note that since rmsf and NOEs are inversely related, the
ordinates are plotted in opposing directions to visually
emphasize the relationship. In (B) and (C) a representative
ensemble of structures from the MD-simulation is shown to
visualize the location and amplitude of the loop dynamics,
the color-coding is as in Fig. 1. Helix 4’ is only formed in a
subset of the ensemble, underlining the transient nature of
this helix.

reporting on ns dynamics. (Fig. 4). However, the
loops also exhibit some local features that become
more evident in the original unprocessed relaxation
data. In Fig. 4, Ry, R, and NOE for the individual
residues are shown, and it is clear that the long loops
are not monotonically dynamic, i.e., the loops are not
just anchored in the helices with increasingly unrest-
ricted motions toward the center of the loops. In
particular, loop | can, from R, and NOE data, be
divided into dynamical segments. The initial residues
28—30 seem to be highly dynamic and show
characteristics of a relaxed loop [80,81]. This is in
agreement with crystallographic data, where this
loop does not show any electron density, indicative
of a dynamic loop [34]. On the other hand, the rest of
loop | is less dynamic, with NOE values around 0.5
suggesting more restricted motions. This may be
due to the fact that this loop is packed onto the
protein surface [34], or alternatively packed against a

loop Il
10 30 50 70 20 110 130
residue no

Fig.5. NMR relaxation data show that the four helices in
the protein body behave as a well-defined globular protein
shown with low R4/R; values and low magnitude R{(NOE-
1) values, while the long loops | and Il are significantly
more dynamic (A). In (B) the colocalization of the dynamic
loops into a dynamic domain is shown as a grey shadowed
surface. However, the presence of a secondary hydro-
phobic core leads to a somewhat lower degree of motions
of the loops than anticipated from their length. The
residues constituting the secondary hydrophobic core are
shown as spheres.

transiently or fully formed structural element. The
SSP analysis of this region shows values shifted
toward B-sheet content, which may suggest a f-
hairpin in loop I. The lack of electron density in this
region [34] then may reflect heterogeneous packing
of a putative structural element or fast, free
dynamics. Indeed, the apparent flexibility of the N-
terminal half of loop | agrees with the large root-
mean-squared fluctuations (rmsf) of residues 24—42
in all-atom simulations (Fig. 4). It must be pointed out
that due to the lack of electron density, the
simulations were initialized using a reconstructed
loop region 25—38 using the template-based loop
structure prediction sever ArchPRED [82], which
initially biases the region to a loop structure. Loop I,
harboring the transient formed helix 4’, shows a
more rigid behavior than loop I. The average NOE is
0.56 + 0.12, which is significantly higher than
expected for a disordered loop of that length. As an
example, the disordered functional loop IV in SOD1,
of similar length, shows an average NOE of 0.27
[80]. This indicates that loop Il in leptin®™™ is
dynamically restricted, in line with the presence of
a transient helix (Fig. 2). Nevertheless, the transient
helix 4’ is very dynamic, and the clear helical
signature found in the SSP analysis is not as clear
in the relaxation data (Figs. 2, 4 and 5). The C-
terminus show relaxation rates corresponding to a
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high degree of rigidity, due to its anchoring to loop lIl.
This dynamic signature of an LPT is then crucially
dependent on the oxidative state of leptin, and a
reduction of the intramolecular disulfide bond would
render a very different dynamic, and putatively
functional profile of leptin.

Leptin®™ has a secondary hydrophobic core,
anchoring the long-disordered loops

We can conclude that the long loops show slightly
lower mobility than expected for random loop
structures. In the center of loop |, there are a couple
of residues showing relaxation properties similar to
the helical frame, D40 to 142 (Fig. 4). A clue to the
reason for this unusual behavior can be found in the
crystal structure [34]. The hydrophobic sidechains,
L39, 142, and L45, pack into a secondary hydro-
phobic core on the side of the helical frame (Fig. w).
This ties the center of the loop onto the body of the
protein, which may result in more restricted
dynamics. The B-factors of this central rigid part of
loop | are similar to those in the helices (Supporting
Fig. S2), supporting the hypothesis that the loop may
anchor to the secondary hydrophobic cluster. Addi-
tionally, all-atom simulations predict specific struc-
ture between loop | and loop Ill that is largely missing
from the crystal structure. The loop | structural
ensemble has elevated rmsf while maintaining
several specific contacts with loop Ill/helix d (Fig. 4
and Supporting Fig. S4), consistent with a dynamic
hydrophobic packing. The relaxation data
suggest that the C-terminal region of loop | (residues
43-50) is more flexible. In contrast, all-atom
simulation suggests that the C-terminal half of loop
| is stable near the crystal configuration (Fig. 4),
showing a relatively rigid turn connecting loop | and
helix b. In loop Il only a single residue, L114, shows
relaxation rates corresponding to a more rigid
conformation. In line with this, L114 has a lowered
B-factor ( [34], Supporting Fig. S2). The dynamical
signature of helix 4’, underlines the transient nature
of the formed helix, however, similar to the center of
loop I, loop Il is dynamically restricted in its central
part, probably independent on the structural state of
helix 4’. All-atom simulations qualitatively agree,
showing elevated rmsf for all of loop Il apart from
residues L114/E115 (Fig. 4). The loops, taken
together, seem to be anchored into a secondary
hydrophobic core (Fig. 5). The major hydrophobic
core is located in the interior of the protein, packing
the frame helices to its native four-helix bundle
conformation [34]. Outside of this, on the surface of
the protein, leptin®™™ has a secondary hydrophobic
core formed by residues in helices b, 4'and d, and
loop | (Fig. 5). The secondary core seems to be
relatively well-defined, even though it is located in a
dynamic region, as several of the anchoring points
are rigid and probably long-lived (Figs. 4 and 5).

Mapping out the dynamic regions along the
sequence, i.e., loops | and lll, on the leptin®™™
structure (Fig. 5C) show that they co-locate and
constitute a dynamic domain. It is attractive to
hypothesize that this dynamic domain is functional
and is involved in receptor recognition, binding and/
or allosteric signaling. Such functional plasticity has
been shown in numerous systems [65,70,71]. Leptin
has been suggested to have three binding sites
[12—16] (binding site I, Il and Ill) for binding to the
leptin-receptor where site Ill is located in the
dynamic domain (loop | and lll), while site Il is
located on the opposite, more rigid region of leptin
(helices a and c) (Fig. 1). This pattern may suggest a
dynamic allosteric coupling between the two binding
sites, which could be critically dependent on the
dynamic nature of loops | and Ill. Furthermore, the
loops seem coordinated into a pre-organized state
by the core anchors, which support its functional
role. This would then give the functional plasticity but
reduce the entropic cost of ordering upon binding. In
some systems, the disordered dynamic regions have
a tendency to adopt the active state, also without any
putative binding partner, in so-called “selective fit
models” [83]. These pre-existing binding competent
conformations are typically low in population and in
fast to intermediate exchange with the disordered
ground state [84]. To test if leptin®™ undergoes
such chemical exchange on an intermediate time-
scale (us-ms) we performed relaxation dispersion
measurements that can be utilized to quantify both
the thermodynamics and the kinetics on an
exchange between two chemically distinct states in
exchange on a favorable timescale [85]. However,
no relaxation dispersion profiles were detected,
indicating that the motions in the dynamical domain
are predominantly in the fast regime, at least without
the native receptor ligand. We conclude that the
secondary core coordinates a dynamical domain of
leptin®™™ (Fig. 5C), and the transient helix 4’ is part
of a putative functional dynamical structural state.
However, we have no direct experimental data on
the lifetime of any structural states in the dynamical
domain, so to be able to estimate a lower limit on the
lifetime, we measured the amide hydrogen-deuter-
ium exchange (HD-exchange) rates using NMR
spectroscopy.

HD-exchange measurements confirm the dy-
namic domain

A well-established method to observe local and
global structural lifetimes in the native state is a
hydrogen-deuterium exchange of the protein back-
bone amide protons [86]. The method ensures that
amide hydrogens are protected from exchange with
solvent when involved in stable hydrogen bonds. To
quantify the exchange rate for each amide proton,
we diluted a concentrated NMR sample with a D,O-
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based buffer and measured the exchange-induced
signal decay for each observable cross peak. The
logarithm of the observed signal decay rates is
shown in Fig. 6A, where the majority of all cross
peaks have fully or almost fully exchanged during
the experimental dead time, i.e., from dilution to first
NMR spectrum (2 min). Only 42 amides show some
degree of protection (Fig. 6), and most of these show
slow exchange rates, with Iogk; < —8. (where the
units of the rate constants are in s ). The regions
with slow exchange correspond to helices a-d, and
the absence of protected amides in the 105—115
region underlines the dynamic and transient nature
of helix 4’; all amides have exchanged during the
experimental dead time. Furthermore, no protection
is found in the loop regions, even though they show
reduced motional freedom (Figs. 4 and 5). We find
only one amide, C96, outside the helical cores,
which shows protection from the solvent
exchange that is part of the disulfide bridge main-
taining the PLT intact. In the crystal structure, the
amide of C96 forms a hydrogen bond with A91.
Interestingly, the protection increases toward the
center of the helices, suggesting a stable, rigid band,
keeping helices a-d together, similar, as found for f-
barrels [80]. The ends of the helices show less
pronounced protection, indicating some degree of
movement freedom and transient hydrogen bond
breakage, although relaxation data indicates that on
fast timescales (pico-to nanoseconds), these
regions are rigid.

Taken together, the HD-exchange pattern
(Fig. 6A—B) suggests detectable amide proton
exchange upon global unfolding, given a two-state
cooperative behavior, typical for small, single-
domain proteins [52,86,87]. The exchange rates in
the center of the helices, logk22® < —3, could then
reflect the global unfolding rate if in the EX1 regime.
This would be a relatively slow unfolding rate for an
all-helical protein, and more likely, the exchange rate
is in the EX2 regime. To address this issue, we
measured the folding kinetics experimentally.

Kinetic analysis shows that HD-exchange oc-
curs in the EX2 regime

The folding kinetics was studied on the W100E
leptin variant (leptin®') instead of leptin®™™, in order
to have one fluorescently active tryptophan in the
protein to report on the folding process. The
stopped-flow analysis shows all the characteristics
of a two-state cooperative folding transition [88], with
no observed additional minor relaxation phases. The
urea dependence of the logarithm of the folding
(logky,) and unfolding (logk,) rates are linear in the
observable urea-range and show a typical v-shaped
chevron plot (Fig. 6) The folding rate is very fast, and
for urea concentrations below 3.4 M the rate is too
fast to be reliably determined in the stopped-flow
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Fig. 6. gA) The logarithm of the amide proton exchange
rate (in s~ ') from HD-exchange data shows that helices a-
d exhibit amide proton protection that is limited by global
unfolding kinetics, in the EX2 regime. No protection is
found in the transient helix 4. The positioning of the helical
elements along the primary sequence is shown as an
inset. In (B) the location of protected amide protons are
shown as black spheres. The majority is located in the
central parts of the helices, in line with an increased native
state dynamic toward the helical ends. (C) The folding
kinetics of leptin. The free fitted folding rate is shown as a
solid line, while the expected folding rate from HD-
exchange and Eq. (1), is shown as a dashed line. The
chevron plot has all the characteristics of a two-state
folding protein, although the refolding limb is relatively
short, which indeed introduce uncertainties in the extra-
polated folding rate, and obscures any putative curvatures
in the urea dependence of the refolding rate.

apparatus. The parameters obtained from the kinetic
data are listed in Table 1. The m-value, the derived
transition mid-point (MPX") and the free energy
between the folded and unfolded state are all in
excellent agreement with the corresponding value
from equilibrium titration data (Table 1, Supporting
Fig. S5) [35]. The refolding limb of the chevron plot is
only defined by a few data points, which results in
some uncertainty in the extrapolated logk, value.
Nevertheless, the free energy difference between
folded and unfolded leptin determined from the
extrapolated k, and k; is very similar to the value
from the equilibrium titration data (Fig. 6 and
Table 1). Interestlngly, the protein stability found
here, for leptin®' (equilibrium data) and leptin®"!
(kinetic data) are both significantly more stable than
reported earlier [35]. In the previous study, leptin®*!
stability was determined by guanidinium chloride
titration, an experiment with a high ionic strength that
may shift the stability [35].
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The pattern of exchange protection (Fig. 6) shows
that, in general, the centers of the helices are more
protected than the edges, which is typical of globular
proteins. This is a direct result of native state
dynamics, where the hydrogen bonds in the helical
edge regions transiently break and reform, in the
native state basin, resulting in exchange without
global unfolding [87]. In leptin, the helices show
relatively uniform exchange rates, save helix ¢ that
shows variability (Fig. 6). This suggests that helix ¢
exhibits more ground state dynamics, although
relaxation measurements reveal no increased fast
motions (Fig. 4). The B-factors in the crystal structure
[34] are also uniformly low in helix c. This indicates
that, although relatively rigid and well defined in the
native state, rare fluctuations (less frequent than a
nanosecond, but faster than seconds) occur in helix
¢ occurs, causing increased HD-exchange rates.
The two residues within the protected region of helix
c that show low protection N82 and L86 are directly
linked by the i+4 hydrogen bond, i.e., the slow
timescale dynamics in the center of helix ¢ seems
correlated and involve probably concerted H-bond
breakage (Supporting Fig. S6), putatively due to
helix bending.

The HD-exchange data can now be analyzed
further, using the k; and k, values obtained from the
kinetic analysis as ko, and kg in Eqg. (1), and
calculate the intrinsic exchange rates using the
protocols of Englander and co-workers [89]. First,
we conclude that the amide proton exchange of
leptin®™'® is in the EX2 regime, as k; » kMt for all
residues (Fig. 6, Table 1, Supporting Table S2). The
observed HD-exchange data and the calculated
values from Eq. (1) are listed in Supporting Table S2.
It is evident that the observed rates are significantly
faster than the predicted rates by more than a factor

Table 1. Kinetic and thermodynamic
parameters of leptin®"'. Rate constants are

in units of s~ .

logk© 2 5.58 + 0.20
logktC @ 0.47 + 0.06
my (M”) a —0.99 + 0.05
m, (M) @ 0.15 + 0.01
migE M~y ° 1.14 +£ 0.05
MPN™ (M) © 448 +0.27
AGHE (kcal/mol) @ 6.96 + 0.29.
mye (M71) e 1.04 + 0.04
MPS9 (M) © 4.82 + 0.02
AGYJ (kcal/mol) © 6.9 +04

@ Derived from fitting of kinetic data in Fig. 6.

e My/F = My - Ms.

¢ The transition midpoint derived from the
intersect between logk; and logk, where [U] = [F].

9 AGHE = - 2.3RT (logk!:0 - logk]{{zo).

¢ Derived from fitting equilibrium unfolding data
in Supporting Fig. S5.

of ten for the majority of the protected residues
(Supporting Fig. S7).

We identify several plausible explanations for this
discrepancy: (i) the sequence difference in the leptin
constructs usedto collect NMR, kinetic and equilibrium
data result in somewhat lowered refolding rates, or (i)
the extrapolated k; is overestimated, (iii) ground state
dynamics causes local structural integrity fluctuations.
Explanation (i) reflects that the NMR study was
performed on the double mutant W100E/W138E,
kinetic measurements were performed on the single
mutant W100E. Circular dichroism equilibrium dena-
turation measurements on the wild-type protein, the
W100E and W100E/W138E variants show that the
thermodynamic stability of all three leptin variants is
similar with only moderate variation in AGy,r and my,e-
values (Supporting Information, Table S3 and Fig. S8).
This is also in line with that the NMR spectra of the
variants are very similar (Supporting Information,
Fig. S1), indicating any significant structural differ-
ences. Overestimation of the refolding rate (i), is
possible as the value in Table 1 is derived from the
extrapolation of a relatively few data points under the
assumption that logKy,, as well as logk;, are linearly
dependent on [urea] (Fig. 6C). The amplitude of
curvature needed to explain the discrepancy is
significant, but not unusually large [90], as an example:
U1A has both curved unfolding and refolding limbs,
where the true logk; is one log unit lower than the
linearly extrapolated value [90]. Finally, structural
native state fluctuations in the dynamic helical protein
lead to transient hydrogen bond breakage and HD-
exchange (explanation (iii)). Local transient unfolding
is atypical feature of a helical secondary structure [91],
as opposed to the structural integrity found in the
tertiary defined B strand structures, where significant
local breakage of H-bonds is typically associated with
global unfolding [92].

Concluding Remarks

In this study, we have, with high resolution,
characterized the structural and dynamic properties
of soluble leptin®™™, which will serve as a benchmark
for future functional studies of leptin. Leptin®™™ in
solution behaves as a structurally well-defined
monomeric protein with a seemingly low degree of
large amplitude dynamics. The relaxation properties
are in good agreement with a globular protein of this
size, save for two regions corresponding to the two
long loops, which exhibit a higher degree of mobility
(Figs. 2, 4 and 5). Particularly interesting is the
dynamic signature of the region where the pierced
lasso anchors and where the actual threading takes
place (Fig. 3). The slow dynamics stemming from the
P99, P144, and disulfide cluster seem to transfer into
the packing of the transient helix 4°, as well as the
precise threading through the covalent loop.
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Interestingly, all prolines, save P47, adopt cis-
conformation, although parts of dynamic loops.
This underlines that the loops have some motional
restriction that keeps the prolines in the less
preferred conformation. Helix 4’ (Fig. 2) is indeed
transiently formed, but the exchange between folded
and unfolded occurs on a much faster timescale and
seems unrelated to the slow pierced lasso dynamics.
Transient helices are often functional and helix 4’
may be involved in leptin interaction with its receptor.
Nevertheless, helix 4’ is anchored to the protein
body in a secondary core (Fig. 5), into which both
loops | and lll are also anchored. The relaxation data
show reduced fast motions for the residues anchor-
ing the secondary core to the helical frame, while the
HD-exchange data, reporting on slow timescale
dynamics, show no protection in this area. Thus,
the transient nature of helix 4’ is also valid for the
surrounding secondary core. Finally, loops | and I,
together with helix 4’ build up a dynamic surface
region, i.e., a dynamic domain (Fig. 5C). This
dynamic region is most likely functional, which is
underlined by the fact that loops | and Il are highly
conserved [15,33]. The anchoring of the loops
should not only predispose the loops in a putatively
functional state but also reduce the entropic cost of
functional interactions, folding, and binding.

Methods

Protein engineering, expression, and protein purifica-
tion

Leptin was cloned into a pET-3a vector and transformed
into competent BL21(DES3) E. coli cells [35]. A single point
mutation was introduced using the Quick-change site-
directed mutagenesis kit (Stratagene). Oligonucleotides
were purchased from Integrated DNA Technology.
Sequence identity was confirmed by sequencingr (ETON
Bioscience Inc.) The W138E mutation (leptin® ™) was
introduced to ensure monomeric protein in solution at
concentrations used for NMR, as neither the naturally
occurring protein (leptin™) or the leptin variant used for
crystallization (leptin®"") remain monomeric at concentra-
tions necessary for NMR assignment experiments (Sup-
porting Information [34]).

Protein expression was induced by addition of 1 mM
IPTG, and cells were harvested and purified from inclusion
bodies as described in Ref. [35]. All samples were purified
on a size exclusion column (Sephacryl-100 resin) after
refolding to eliminate oligomeric/misfolded species. Pro-
tein purity was determined by SDS-PAGE, and leptin
containing fractions were collected.

Nuclear magnetic resonance

The NMR assignment was carried out from a standard
set of triple-resonance experiments: HN(CO)CACB [93],

kop k:)t(
C ~— O ——> exchanged
|

Scheme 1. HD-exchange occurs upon exposure of an
closed amide proton (C) due to breakage of a hydrogen
bond to an open state (O).

HNCACB [94], HNCO and HN(CA)CO [95] were all
TROSY-based and used band selective excitation for
fast acquisition (BEST) [56—58]. 'H—'°N-HSQC and
HSQC-TROSY experiments were collected on a
950 MHz Bruker magnet equipped with a CryoProbe at
25 °C, using a 10 mM Mes buffer at pH 6.3 and 10% D,0.
The assignments are deposited in the BioMagResBank
(access number 50004, http://deposit.bmrb.wisc.edu/
author_view?BMRB/50004_hy_gkigpnijv.str).

H/D-exchange analysis

H/D-exchange data were collected on a 600 MHz Bruker
magnet equipped with a CryoProbe at 25 °C, using a
50 mM BisTris buffer at pH 6.3 and with a final
concentration of >50% D,O. The final protein concentra-
tion was 100 pM, for all experiments. The experimental
dead time (i.e., the sample preparation and experiment
setup) was 2 min, and SOFAST-HMQC spectra were
recorded every minute for the first hour, then every 5 min
from 1 to 5 h, then every 15 min from 5 h to 11 h and finally
every hour to 66 h. The attenuation of the signal intensity
(peak height) due to exchange was fitted to a single
exponential decay. While protected in a hydrogen bond,
the amide is assigned to be in a closed state (C). If the
hydrogen bond is broken, the amide is exposed and can
interact with solvent D,O to exchange the proton to a
deuteron (see Scheme 1). The exchange is preceded by
breakage of a hydrogen bond to an open state (O), as
follows:where Kk, and kg, are the opening and closing rates
of the hydrogen bond, and lcgf;t is the pH and temperature-
dependent intrinsic exchange rate of the amide proton in
the open state [86,87,89]. The observed HD-exchange
rate is then:

RS2 e (o -+ HE2) = op b4/ -+ HE)
(1)

where Ko, « Ko for a stable protein. If every opening
event is likely to result in exchange (ko < kM), the
system is in the EX1 regime and Eq. (1) simplifies to,
kggs = Kop[87] If, onthe other hand, the hydrogen bond
closes with a rate faster than the intrinsic rate (Kl <
kg), only a fraction of the opening events results in
exchange. This is the EX2 regime and Eq. (1) is
simplified to k32° = ki (kop / ko) = Koy [87].

Kinetic measurements

The kinetic measurements, as shown in Fig. 6C and
Table 1, were obtained from intrinsic tryptophan fluores-
cence, collected on an SX19 stopped-flow apparatus
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equipped with an LED light source from Applied Photo-
physics. The excitation wavelength was 280 nm, and
emission was collected with a 305-nm cut-off filter. Buffers
used were 10 mM MES at pH 6.3 with urea concentrations
between 0 and 10 M. All measurements were at 25 °C, and
the final protein concentration was 3 pM. The data were
fitted according to the two-state equation:

Ingobs = IOg (k?f + ku)
= log (10|ogk,fH2°+7m[urea] + 10|ogkt‘2°+mu [urea])

(2)

where 20 and £H2C are the extrapolated values of
the refolding (k) and unfolding (k,) rate constants at
0 M urea, and m; and m,, are the slopes of the urea
dependence of the logarithm of refolding and
unfolding rates, respectively.

Equilibrium experiments

Fluorescence equilibrium data were collected using a
Chirascan V100 Circular Dichroism spectrometer from
Applied Photophysics using a 10 mm cuvette. The
excitation was at 280 nm, and emission spectra were
collected between 300 and 500 nm. Buffers used were
10 mM MES at pH 6.3, with urea concentrations between 0
and 8 M. All measurements were at 25 °C, and the final
protein concentration was 0.1 mg/ml.

Equilibrium circular dichroism experiments

CD equilibrium data were collected using a Chirascan
V100 Circular Dichroism spectrometer from Applied
Photophysics using a 1.0 mm cuvette. Circular dichroism
spectra were collected between 200 and 240 nm. The
folding transition was recorded by the signal at 222 nm.
Buffers used were 10 mM MES at pH 6.3, with urea
concentrations between 0 and 8 M. All measurements
were at 25 °C, and the final protein concentration was
0.1 mg/ml. Data were fitted to:

Su + ku[urea]
g (3)
1+em

Soss = Sk + kf[urea] +

Where Sy + ky[urea] correspond to the sloping
baselines, AG is the free energy difference between
the folded and unfolded state, R is the gas constant
and T the temperature.

Molecular dynamics (MD) simulations

Explicit solvent simulations for leptin were performed with
the Gromacs 5.0.4 [96] on a BlueGene/Q supercomputer
using the Amber99-ILDN protein forcefield [97] and TIP3P
water. A 61 A cubic box contained 23,078 atoms. Three
sodium atoms were added to neutralize the system,
additional NaCl was added to bring the salt concentration
to 0.1 M, and PME electrostatics was used with a Fourier
spacing of 1.2 A. An NPT ensemble was implemented by v-

rescale and a Berendsen barostat for a temperature of 300 K
and a pressure of 1 bar. Hydrogens were constrained with
LINCS, and the time step was 2 fs. The total simulation time
was 1.5 ps, which included an initial 200 ns of equilibration
and 1.3 ps of production that was analyzed to produce the
presented ensemble averages. Root-mean-squared fluctua-
tions were calculated using the structure after the equilibra-
tion as the reference.
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