BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Thermodynamic and Structural Analysis of Human NFU

Conformational Chemistry
Jingwei Li,T Shu Ding,T and J. A. Cowan®

"Evans Laboratory of Chemistry, The Ohio State University, 100 West 18th Avenue, Columbus, Ohio 43210, United States
*The Ohio State Biochemistry Program, The Ohio State University, 784 Biological Sciences, 484 West 12th Avenue, Columbus, Ohio

43210, United States

© Supporting Information

ABSTRACT: Human NFU has been implicated in the formation of inorganic <

sulfide required for cellular iron—sulfur cluster biosynthesis. The protein contains a =

well-structured N-terminal domain and a C-terminal domain with molten globule ]

characteristics that also contains a thioredoxin-like pair of redox active Cys residues __ 27T

that promote persulfide reductase activity. Recent reports have highlighted the g -'T

existence of structural flexibility in the ISU/IscU-type scaffold proteins that mediate g 0T .

Fe—S cluster assembly, which is also likely to serve an important role in the < 'T 5,
pathway to Fe—S cluster maturation. We have previously reported similar structural 2 27 v
mobility for the C-terminal domain of human NFU, a protein that has been 3T

implicated in the production of sulfide for cluster synthesis, while homologous 4T

proteins have also been suggested to serve as Fe—S cluster carriers. Herein we 5275 3(’)0 32’5 3g0 375
quantitatively characterize the structural stability of the two domains of human Temp. (K)

NFU and in particular the functional C-terminal domain. The results of differential

scanning calorimetry and variable temperature circular dichroism (VICD) studies have been used to analyze the temperature-
dependent structural melting profiles of the N- and C-terminal domains, relative to both full-length NFU and an equimolar ratio
of the N- and C-terminal domains, and correlated with structural information derived from NMR data. Calorimetry results
indicate that the C-terminal NFU domain undergoes a significant structural stabilization following interaction with the N-
terminal domain, which resulted in a novel and distinctive transition melting profile (T’ = 58.1 = 0.4 °C, AH,* = 60.4 + 5.3
kecal/mol, T,,*" = 49.3 + 0.3 °C, AH,"*" = 71.8 = 5.8 kcal/mol). VTCD experiments also revealed a secondary structure transition
at 59.2 °C in agreement with calorimetry results. The degree of stabilization was found to be more significant in the full-length
NFU, as the C-terminal domain transitions were recorded at higher temperatures (T,,** = 63.3 + 3.4 °C, AH*" = 41.8 + 8.2
kcal/mol). The interactions between the two domains demonstrated the hallmarks of a hydrophobic character, as increased ionic
strength decreased the degree of stabilization of the C-terminal domain. An increase of 2% in a-helix content further supports
interaction between the two domains, leading to greater secondary structure stabilization. Heteronuclear single-quantum
coherence experiments indicate that the C-terminal domain adopts an alternate tertiary conformation following binding to the N-
terminal domain. The structural rigidity of the N-terminal domain leads to an alternative conformation of the C-terminal domain,
suggesting that such an interaction, although weaker than that of the covalently attached native NFU, is important for the
structural chemistry of the native full-length protein. The results also emphasize the likely general importance of such structural
flexibility in select proteins mediating metal cofactor biosynthesis.

uman NFU is a multifunctional protein that has been

demonstrated to interact with the histone cell cycle
regulation homologue A (HIRA) as a transcriptional regulator
because of its ability to influence chromatin structure."?
Human NFU has also been linked to Lafora disease because
of its interaction with laforin, a protein which is mutated in the
disease state.> NFU family proteins have also been implicated in
cellular iron—sulfur cluster biosynthesis, both in vivo and in
vitro.* "' For example, the functional site'" of human NFU is
located in the C-terminal domain (C-NFU, 83 residues,
Scheme 1) and shares significant sequence identity with Nfu
in Synechocystis sp.,° Nful in yeast,”® and NfuA in Azotobacter
vinelandii,"° all of which have been reported to be involved in
the iron—sulfur cluster assembly pathway within their
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respective organisms. In some cases, Fe—S cluster binding has
been noted and a possible role as an intermediate carrier of 2Fe
or 4Fe Fe—S clusters has been proposed. For example, the Nfu-
type protein from Synechocystis sp. has been reported in a 2Fe—
2S form®, whereas Escherichia coli NfuA has also been
demonstrated as an atypical carrier for 4Fe—4S clusters.”"
The conserved CXXC motif found in these proteins has also
been identified in the C-terminal domain of NifU, the iron—
sulfur cluster scaffold protein in the nitrogen fixation bacterial
system.'” Overall, the factors that promote cluster binding
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Scheme 1. NFU Sequence Showing the N-Terminal Domain in Bold and the C-Terminal Domain Underlined
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EAGSEEDDEV VAMIKELLDT RIRPTVQEDG GDVIYKGFED GIVQLKLQGS CTSCPSSIIT
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versus alternative functional roles remain unclear. The subject
of this study, human NFU, possesses a C-terminal domain (C-
NFU) that contains a pair of redox active cysteines that
demonstrate thioredoxin-like activity.">'* This domain has
been shown to bind and mediate persulfide bond cleavage of
sulfur-loaded IscS, the sulfide donor protein in the final step of
sulfide delivery for [2Fe-2S] cluster assembly on ISU-type
scaffold proteins.">™"” Alternative mechanisms of cysteinyl
persulfide cleavage by NFU have also been proposed, including
direct reduction via electrons derived from ferrous ions'® and
human ferredoxin (Fd),'? as well as a possible role for oxidized
Fd in removing electrons from the nascent reduced [2Fe-2S]*
cluster."”

On the basis of an early report,”® protein structural flexibility
has emerged as an important theme in iron—sulfur cluster
biosynthesis, particularly in the chemistry of the scaffold protein
that promotes cluster assembly from iron and sulfide.*’”*
Previous studies have also revealed the C-terminal domain of
human NFU to demonstrate molten globule-type structural
behavior that may be of functional significance.'**® These
studies included titration of full-length and truncated constructs
of NFU with 1-anilino-8-naphthalenesulfonic acid (ANS), the
kinetics of trypsin digestion, and heteronuclear single-quantum
coherence (HSQC) NMR spectroscopy. By contrast, the N-
terminal domain (N-NFU) retains a well-defined structure.

Herein, we describe a series of studies to further advance the
understanding of the structural properties and thermal
stabilities of N-NFU, C-NFU, full-length NFU (NFU), as
well as a mixture of N-NFU and C-NFU (N-NFU/C-NFU).
These studies provide additional support for an emerging
theme in the biochemistry of iron—sulfur cluster biosyn-
thesis,' "' #*°~*” namely, that key parts of the protein machinery
underlying Fe—S cluster assembly must display structural
flexibility in order to fully execute their functions in the context
of a multistep process that could involve a variety of
multiprotein complexes.u_zs’28 To advance this investigation,
we have made use of differential scanning calorimetry (DSC), a
thermal analytical technique that measures the heat capacity of
a defined experimental sample, as well as variable temperature
circular dichroism (VTCD) experiments in combination with
high-field NMR spectroscopy. These bioanalytical methods
provide not only information concerning the thermodynamic
stability of proteins of interest but also more detailed
information on the characteristics of intermediate states
involved in melting and unfolding processes.”

B MATERIALS AND METHODS

Expression and Purification of Human NFU. Expression
and purification of human NFU were performed from BL21
Lysozyme plus (DE3) competent cells as previously
described."""**® In brief, 50 mL of LB culture (supplemented
with 30 pg/mL kanamycin) was grown overnight followed by 1
L culture growth to an ODyg, of ~0.6 with subsequent addition
of 1 mM IPTG for protein induction (3 h). The harvested cells
were resuspended in Tris-buffer (50 mM Tris-HCl, pH 7.5)
followed by sonication. The cell lysate was centrifuged by use of
a Sorvall RC-5B Refrigerated Superspeed Centrifuge (Du Pont
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Instruments) at 26890g and 4 °C for 30 min, and the resulting
supernatant was loaded onto a TALON Metal Affinity Column
(Clontech) equilibrated with Tris-buffer and eluted with 20
mM imidazole in Tris-buffer. The purity of the eluted protein
was checked by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis, and the identity was confirmed by electrospray
ionization mass spectrometry.

Expression of '’N-Labeled N-Terminal, C-Terminal,
and Full-Length NFU. For ["“N-'H] HSQC analyses,
"NH,Cl (99%, Cambridge Isotope Laboratory) supplemented
M9 minimum medium (40 mM phosphate, 22 mM glucose, 20
mM **NH,Cl, 10 mM NaCl, 2 mM MgSO,, 0.1 mM CaCl,,
62 uM kanamycin) was used to express "N isotope-labeled
proteins. In brief, newly transformed BL21 Lysozyme plus
competent cells were grown in 20 mL of LB medium to an
ODygy of 1.0. After centrifugation, the cell pellet was
resuspended in 0.5 L of unlabeled M9 medium and grown to
an ODgy of 0.8. The resulting cells were spun down and
inoculated in 2 L of labeled M9 medium and grown to an
ODyy, of 0.4, followed by IPTG induction (1 mM) for 3 h. Cell
harvest and protein purification steps are described above.

Differential Scanning Calorimetry. All DSC samples (0.3
mM) were dialyzed against saline phosphate buffer (40 mM
Na,HPO,, 100 mM NaCl, pH 7.4) or phosphate buffer (40
mM Na,HPO,, pH 7.4) with Spectra/Por dialysis membrane
(MWCO 10 000; Spectrum Laboratories, Inc.). Resulting
dialysis buffers were used as reference cell solvents for precision
and repeatability. Prior to analyses, all sample and reference
solutions were rigorously degassed with a Microcal Thermo-
vac2 device (GE Healthcare). All DSC data were obtained on a
MicroCal VP-DSC instrument (GE Healthcare) equipped with
twin cells and operated on differential mode at a rate of 1.0 °C
min~" from 15 to 90 or 110 °C. All data were processed with
Origin 7 (Origin Laboratories) and fit according to a two-state
mod3eol or non-two-state model with respect to individual data
sets.

Nuclear Magnetic Resonance Spectroscopy. [SN—'H]
Heteronuclear single-quantum coherence (HSQC) spectra
were recorded at The Ohio State University Campus Chemical
Instrument Center. Samples (0.45 mM) were exchanged to
phosphate buffer (40 mM Na,HPO,, 100 mM NaCl, pH 7.4)
in 10% D,O by use of an Ilustra MicroSpin G-25 column (GE
Healthcare). A standard water suppression [*N—'H] HSQC
pulse sequence was used for data collection,” followed by
apodization, zero-filling, Fourier transformation, and phase
correction. Detailed acquisition and processing parameters are
listed in the Supporting Information, Table S1.

Circular Dichroism Spectroscopy. All circular dichroism
(CD) samples (10 yM) were dialyzed to phosphate buffer (40
mM Na,HPO,, pH 7.4) with Spectra/Por dialysis membrane
(MWCO 10 000; Spectrum Laboratories, Inc.). Resulting
dialysis buffers were used as reference cell solvents for precision
and repeatability. Prior to analyses, all sample and reference
solutions were rigorously degassed with a Microcal Thermo-
vac2 device (GE Healthcare). All CD data acquisitions were
obtained on a JASCO J-815 CD spectrometer (JASCO)
equipped with quartz cells with a 0.1 cm path length. Secondary
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structure studies were conducted at eight averaging scans and
50 nm/min scan rate and monitored at 190—240 nm. The data
were fit by K2D3 program (European Molecular Biology
Laboratory).>* Variable temperature studies were performed at
a rate of 1.0 °C min~! from 20 to 95 °C. All data were
processed with Origin 7 (Origin Laboratories). N-NFU and C-
NFU VT data were fit to eq 1, while NC-NFU and full-length
NFU VT data were fit to eq 2 for T, and AH, determination.

6

mr

m

exp (1/—RT)[AHV(1 - Tl)

- cp((Tm —T)+ Tl Tl)]

/{1 + expl(l/—RT)[AHv(l - Tl) -C,
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T,
" (1)

where R is the ideal gas constant in calories per mole, T}, the
melting temperature, AH, the van’t Hoff enthalpy, and C, the
heat capacity, and F and U are the mean residue ellipticities
(6,) of the folded and unfolded protein, respectively.

T
Tml
- Cpl[(Tml —T)+ Tl %)]
/{1 + exp[(l/—RT)(AHvl[l _ T
T,
T
((Tml -T)+ Tlna ﬂ} (F-1)
+ Jexp (1/—RT)(AHVz
&
/{1 + exp[(l/—RT)(AHvz(l - Tl) - Cp

((Tm2 CT) 4 Thh—— )H} (U - U) + U,
T 2
m ()

where the subscripts of T,,, AH,, and C, denote the transition
parameters associated with the C- and N-terminal domains.
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B RESULTS

DSC Studies of N-Terminal Human NFU. N-NFU DSC
analyses were found to be in agreement with our previous
NMR and CD studies®® inasmuch as N-NFU displays a rigid,
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well-behaved native structure at ambient temperature (Figure
1). The melting curve was analyzed and fit to a two-peak, non-
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Figure 1. Differential scanning calorimetry profile for a 0.3 mM N-
NFU solution in phosphate buffer. Origin was used to fit the data to a
two-peak, non-two-state model (MN2State). Values for T, AH,, and
AH, were obtained from the fit and are listed in Tables 1 and 2. The
lower melting point was initialized at 79.4 °C, which was obtained
from a VI'CD analysis.

two-state model, yielding physical constants for melting
temperatures (T,,) of 74.7 + 0.6 and 78.4 + 0.1 °C (Table
1). The changes in molar enthalpy (AH,,) and van’t Hoff
enthalpy (AH,) from the fitting parameters were determined to
be 1346 + 9.9 and 1414 + 4.2 kcal/mol for the lower
transition and 93.2 + 9.8 and 79.2 + 1.6 kcal/mol for the
higher transition, respectively (Table 2). The high T,, indicates
the unfolding transitions for N-NFU stem from a well-folded
state, while the reproducibility of melting for a sample following
repetition of the heating cycle indicates that the melting process
is reversible, but with partial protein degradation arising during
each cycle (Supporting Information, Figure S1). This evidence
suggests that at high temperature the N-NFU domain exists in a
stable conformation and is able to fold back to the native state
upon cooling.

VTCD Studies of N-Terminal Human NFU. The
secondary structure of N-NFU was analyzed by CD spectros-
copy, yielding a composition of 31% a-helix, 21% f-sheet, and
48% random coil (Table 3). The K2D3 program32 was used to
obtain a prediction of secondary structure composition that was
more accurate than previously possible."> Variable temperature
studies yielded a structural transition at T,, = 79.5 + 0.4 °C
with AH, = 69.6 + 6.1 kcal/mol (Figure 2, Tables 4 and $),
which is consistent with DSC results for secondary structure
loss at 3.7 °C higher than the tertiary structure transition
(Table 1).

DSC Studies of C-Terminal Human NFU. DSC analyses
of the C-terminal domain of human NFU were consistent with
a molten globule-like native structure®® as the melting curve
was observed to be broad and asymmetric over a span of 43 °C
(Figure 3, top). Four transitions were calculated from the
melting curve using the non-two-state model, with T, values
ranging from 55.0 to 72.9 °C. The first transition curve was
observed to be broad, with AH_; > AH, in agreement with a
molten globule-like native state structure. As the temperature
increased, the calculated melting curves became sharper,
resulting in AH_; < AH, for the transition at 72.9 °C. In
conjunction with a negative peak observed at 74 °C, the
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Table 1. Melting Temperatures for N-Terminal NFU, C-Terminal NFU, a Mixture of N- and C-Terminal Domains, and Full-

Length NFU Determined by DSC“

[NaCl] (mM) T (°C) T (°C)
N-NFU 100.0 747 + 0.6 784 + 0.1
0.0 750 + 0.6 80.0 + 0.1
C-NFU 100.0 57-80 57-80
0.0 49-81 49-81
N-NFU/C-NFU 100.0 493 + 03 S8.1 + 0.4
0.0 28.7 + 0.7 414+ 07
NFU 100.0 633 + 34 67.0 + 03
0.0 513 + 06 S8.1 + 2.6

Tpp =Ty (°C) Ty (°C) Ty (°C) Ty = Ty (°C)
37 - - -
S.1 - — _
8.8 78.0 = 1.5 80.6 + 0.2 2.6
12.7 76.6 + 0.5 80.9 + 0.1 4.3
3.7 75.6 + 7.9 77.1 + 3.7 1.5
6.7 69.4 + 4.9 76.1 + 1.2 6.7

“For a well-folded N-terminal domain, the change in melting temperatures for secondary and tertiary structures A(T,,* — T,,*¢) is inversely related
to the ionic strength. The majority of this change is contributed by the decrease in T, at lower ionic strength.

Table 2. AH_, and AH, for N-Terminal NFU, C-Terminal NFU, a Mixture of N- and C-Terminal Domains, and Full-Length

NFU Determined by DSC*

[NaCl] AH AH, AH,,
(mM) (kcal/mol) (kcal/mol) (kcal/mol)
N-NFU 100 134.6 + 9.9 1414 + 4.2 93.2 + 9.8
0 59.1 + 3.6 528 + 14 662 + 34
C-NFU 100 - - -
0 —_ —_ _
N-NFU/C-NFU 100 42.0 + 04 71.8 + 5.8 40.9 + 0.4
0 283 + 1.2 489 + 29 382 + 1.2
NFU 100 94.0 + 7.1 41.8 + 82 20.1 + 7.6
0 29.6 + 9.3 329 + 11.6 573 £ 89

AH,, AH g5 AH, AH AH,,
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
792 + 1.6 - - -

70.1 + 4.1 - -

60.4 + 5.3 682 + 1.5 719 + 4.9 2894 + 1.5 1284 + 384
429 + 3.4 28.2 + 0.5 283 + 2.6 1944 + 0.6 105.6 + 2.5
36.9 + 3.3 1257 £ 79 69.0 + 45.1 379 + 13.3 404 + 2.7
49.1 + 299 28.3 + 4.9 322 + 154 102.8 + 4.4 67.9 + 1.9

“Using the melting temperatures in Table 1 for comparison, the enthalpic contribution from the loss of secondary structure is listed in bold. In the
cases of the N-NFU/C-NFU mixture and full-length NFU protein, two sets of enthalpies are observed because of the melting steps for the two

independent domains.

Table 3. Circular Dichroism Analyses of N-Terminal NFU,
C-Terminal NFU, a Mixture of N- and C-Terminal Domains,
and Full-Length NFU*

N-NFU/C-NFU
N-NFU C-NFU experimental theoretical NFU
a-helix 31% 30% 32% 30% 32%
P-sheet 21% 16% 18% 18% 20%
random coil 48% 54% 50% 52% 48%

“Data were obtained at 25 °C with a path length of 0.1 cm and fit with
the K2D3 program, which yields a f-strand predictionn that is more
accurate than that of its predecessor K2D. Theoretical values for the
N-NFU/C-NFU mixture were calculated from the average values of
the two isolated domains.

transitions at 70.0 and 72.9 °C suggest protein aggregation at
elevated temperature. As expected, because of the structural
instability of C-NFU, the melting and refolding cycle was
irreversible as opposed to its N-NFU counterpart, and
denatured precipitate was observed after a single heating ramp.

VTCD Studies of C-Terminal Human NFU. The thermal
melting profile of the C-NFU secondary structure was
monitored over the entire scanning range, from 20 to 95 °C
(Figure 3, bottom, and Tables 4 and S). The overall CD signal
change was determined to be 5.9 + 0.2 mdeg. This is consistent
with the DSC results that supported the low overall thermal
stability of the C-NFU structure, which denatures over a broad
range between 50 and 80 °C. Furthermore, the constant
decrease of secondary structure (222 nm) over the entire heat
ramp indicates multiple intermediates during melting, which is
also consistent with DSC results using a four-state fitting model
to define the structural loss. A single transition fit of the C-NFU
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Figure 2. VTCD analysis of 10 #M N-NFU in 40 mM phosphate, 100
mM NaCl buffer. Data were fit to eq 1 to yield values of AH,, T,*,
and AC, of 69.56 kcal/mol, 79.44 °C, and 2.02 kcal mol™' K7,
respectively. Ellipticity data were directly used without converting to
molar ellipticity units because the van’t Hoff enthalpies are
independent of such a factor. T,,** was used as an initial value for
T,, in the DSC data-fitting routine.

melt resulted in a relatively low AH, (13.6 + 3.2 kcal/mol),
further indicating the absence of a distinct native state
secondary structure.

DSC and VTCD Studies of Full-Length Human NFU.
Two distinct secondary transitions were observed in VICD
profiles of NFU (Figure 4, bottom, and Tables 4 and 5). The
transition at 77.8 + 0.9 °C is tentatively assigned to the N-
terminal domain because of the similarity in T, values in
comparison to the N-NFU domain alone. The lower transition
at 67.8 + 0.8 °C is likely due to the unfolding of the C-terminal
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Biochemistry

Table 4. Melting Temperatures of N-Terminal NFU, C-
Terminal NFU, a Mixture of N- and C-Terminal Domains,
and Full-Length NFU Determined by VICD“

[NaClI] (mM) T (°C) Ty, (°C)
N-NFU 100.0 79.5 £ 0.4
0.0 75.7 £ 0.1
C-NFU 100.0 594 + 3.8
0.0 60.7 £ 0.5
N-NFU/C-NFU 100.0 592 £ 0.5 78.6 £ 0.2
0.0 419 = 1.5 772 £ 0.3
NFU 100.0 67.8 + 0.6 77.8 = 0.9
0.0 502 + 1.2 71.0 = 0.4

“The melting points were determined from molar ellipticity data fit
with eq 1 or 2. As a result of the broad transitions observed for the C-
NFU domain, T, values were estimated according to a single
transition. In rows containing data collected on a mixture of N-NFU/
C-NFU and the full-length NFU, the T, and T, parameters refer to
melting temperatures for the C-terminal and N-terminal domains,

respectively.

Table 5. Fitting Parameters for the Change in van’t Hoff
Enthalpy Determined by VITCD“

[NaCl] (mM) AH,; (kcal/mol) AH,, (kcal/mol)
N-NFU 100.0 69.6 + 6.1
0.0 41.8 + 4.5
C-NFU 100.0 13.6 + 32
0.0 17.7 £ 0.9
N-NFU/C-NFU 100.0 433 + 4.1 69.2 + 1.1
0.0 44.1 + 4.5 458 + 0.7
NFU 100.0 239 + 1.7 41.0 +£ 2.7
0.0 31.8 + 63 283 £33

“Values were obtained from fitting the molar ellipticity versus
temperature by use of eq 1 or 2. Increasing ionic strength resulted
in an increase in the van’t Hoff enthalpy, indicating a relatively more
stable secondary structure for well-folded domains, such as N-NFU,
and consistent with the trends observed in the melting temperatures
defined in Table 4.

domain because it corresponds to the lowest thermally stable
domain for NFU. The van’t Hoft enthalpies associated with the
N-terminal and C-terminal domains were determined to be
41.0 + 2.7 and 23.9 + 1.7 kcal/mol, respectively. The distinct
transition observed for the C-terminal domain at its T,
together with the increased melting AH, relative to C-NFU
alone, suggests that the secondary structure of this domain is
stabilized in NFU.

The thermal melting curve of NFU (Figure 4, top) indicates
a convoluted transition with T,, near 72 °C. Using the
secondary structure unfolding AH, value determined by the
VTCD, the DSC plot was fit to four peaks that correspond to
the loss of secondary and tertiary structure of the N- and C-
terminal domains of the NFU. In comparison with the DSC
melting curves from the N-terminal domain (Figure 1) and the
C-terminal domain (Figure 3, top), two of the four peaks of the
NFU melting curve correspond to the individual domains of
the full-length protein; the higher T, value of 77.1 & 3.7 °C
corresponds to melting of the N-NFU domain, whereas the
lower T, value of 67.0 + 0.3 °C corresponds to unfolding of
the C-NFU domain. The relatively modest difference between
AH_, and AH, for both transitions is characteristic of two-state
unfolding processes, suggesting the absence of melting
intermediates or protein aggregation of the individual domains
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Figure 3. DSC and VTCD analysis of C-NFU in 40 mM phosphate,
100 mM NaCl buffer. (Top) Upscan of 0.3 mM C-NFU from 10 to 90
°C with a rate of 1 K min~" recorded by DSC. (Bottom) Upscan of 10
uM C-NFU with the same conditions monitored at 222 nm by CD.
VTCD data were fit to eq 1, and results are listed in Tables 4 and 5.
Fitting results from DSC experiments are listed in Tables 1 and 2.

in the full-length protein. Furthermore, the similarity of the two
enthalpies in NFU compared with those of the individual
domains, along with the reversibility of melting (Supporting
Information, Figure S1), suggests that in forming the full-length
protein, both domains have been structurally stabilized. These
changes in thermodynamic and structural properties are more
significant for the C-NFU domain, as forming the complete
protein apparently alters its native state and results in a
relatively more structurally ordered macromolecule. The C-
NFU domain in NFU is thermally well-behaved as the fitting
yielded an overall melting AH; of 114.1 + 10.8 kcal/mol
(Table 2). We speculate that in the full-length protein, the C-
terminal domain is stabilized by the N-terminal domain and
therefore exhibits significant tertiary structure in comparison to
the isolated domain.

DSC Studies of a Mixture of N- and C-Terminal
Domains of NFU. The DSC results described thus far
demonstrate unusual but interesting interactions between the
N- and C-terminal domains of NFU. To further elucidate the
chemistry between the two segments, we carried out DSC
studies on solution mixtures of equimolar N-NFU and C-NFU
(Figure S, top), which yielded three noteworthy observations.
First, the transitions at T, values of 49.3 + 0.3 and 58.1 + 0.4
°C correspond to unfolding of C-NFU in the solution mixture.
The overall structural behavior of C-NFU in the presence of N-
NFU was observed to be more stable, with a symmetric melting
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Figure 4. DSC and VTCD analysis of NFU in 40 mM phosphate and
100 mM NaCl buffer. (Top) Upscan of 0.3 mM NFU from 10 to 110
°C at a rate of 1 K min™' recorded by DSC. (Bottom) Upscan of 10
#M NFU under the same conditions, but monitored at 222 nm by CD.
VTCD data were fit to eq 2, and results are listed in Tables 4 and S.
Fitting results from DSC experiments are listed in Tables 1 and 2.

profile and AH_, =~ AH,. Furthermore, the secondary and
tertiary structural T, values observed for C-NFU in solution
with N-NFU are 8.93 = 0.5 and 14.04 + 3.4 °C lower than that
of the C-NFU domain of the full-length NFU protein,
respectively, indicating that the degree of structural stabilization
by N-NFU is stronger when the two domains are covalently
attached. The interaction surface between the two domains is
likely to be dominated by hydrophobic interactions, because
decreasing buffer ionic strength was observed to weaken the
degree of thermal stabilization of C-NFU. This is consistent
with the results of isothermal titration calorimetry studies in
which no significant enthalpic response was observed by
titrating the two domains.'® Rather, any binding would have to
be promoted by entropy-driven interactions. Lastly, interaction
between the two domains increases the overall structural
stability of the N-terminal domain, which can be observed from
the increased T,, and an overall increase of 129.7 + 14.1 kcal/
mol in molar enthalpy.

VTCD Studies of a Mixture of N- and C-Terminal
Domains of NFU. Similar to that of NFU, the VTCD melting
curve of a mixture of N-NFU and C-NFU showed two distinct
transitions (Figure S, bottom, and Table 4). The lower
transition was observed at 59.2 + 0.5 °C and corresponds to
the C-NFU secondary structure melt. In comparison to the
VTCD profile for C-NFU alone, the thermal transition was
observed to be well-behaved with AH, = 43.3 + 4.1 kcal/mol in
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Figure S. DSC and VT CD analysis of a N-NFU/C-NFU mixture in 40
mM phosphate and 100 mM NaCl buffer. (Top) Upscan of a mixture
of 0.3 mM N-NFU and C-NFU from 10 to 90 °C at a rate of 1 K
min~" recorded by DSC. (Bottom) Upscan of a 10 4M mixture of 0.3
mM N-NFU and C-NFU under the same conditions, but monitored at
222 nm by CD.

the presence of N-NFU (Table 5), which is more than 3-fold
greater than that of the C-NFU-only VI'CD melting curve. The
thermodynamic parameters evaluated for C-NFU are in
agreement with its DSC profile and estimated melting
enthalpies and support the conformational change and
structural stabilization of C-NFU following binding to N-NFU.

['>*N—"H] HSQC Studies of a Mixture of N- and C-
Terminal Domains of NFU. To further study the interaction
between N-NFU and C-NFU, each of the two domains was
prepared in a "*N-isotopically enriched form. First, comparing
the spectra from the isolated ""N-N-NFU domain and either an
equimolar mixture of *N-N-NFU and "*N-C-NFU or the "*N-
labeled full-length protein (Supporting Information, Figure S8)
revealed no shifted cross-peaks and no significant change in the
conformation of the N-terminal domain. That is, the structure
appears conserved both as the isolated N-NFU in complex with
C-NFU and as a separate domain in the full-length NFU
protein. By contrast, experiments conducted with the C-
terminal C-NFU domain under the same solution conditions as
the DSC analyses demonstrated very distinct behavior. When
equimolar mixtures of “N-N-NFU and "“N-C-NFU were
mixed and studied by ['N—'H] HSQC NMR experiments, a
comparison of the spectrum relative to that obtained for the
isolated '*N-labeled C-NFU domain revealed 21 new “N—'H
cross-peaks (Figure 6A,B and Supporting Information, Table
S2). These peaks suggest an alternative tertiary conformation
for C-NFU following interaction with the N-NFU domain.
Furthermore, the observed new peaks exhibit distinct chemical

dx.doi.org/10.1021/bi400320s | Biochemistry 2013, 52, 4904—4913
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Figure 6. ['H—""N] HSQC spectra of (A) *N-C-NFU, (B) ["*N-N-NFU + "*N-C-NFU], and (C) "*N-NFU. The C-terminal domain undergoes
structural change in the presence of the N-terminal domain, as reflected by the peaks circled in red in (B). Cross-peaks are also observed in spectrum
(B) from the non-enriched N-NFU domain as a result of the natural abundance of '°N, providing an effective comparison of spectra for full-length
NFU (C) relative to the sum of the individual domains (B). The cross-peaks circled in green in spectrum (C) highlight the chemical shifts of the full-
length protein that are unique from the individual domains and in some cases overlap with the peaks from the structure-stabilized C-terminal
domain. Chemical shifts for new cross-peaks identified in (B) and (C) are listed in Supporting Information, Tables S2 and S3, respectively.

shifts that span the chemical shift range from 6.67 to 9.96 ppm
in the 'H domain, and from 103.98 to 130.27 ppm in the °N
domain, supporting a conformational change in C-NFU with a
greater level of tertiary structure and corresponding diversity in
the chemical environment of its residues. When the spectrum
for the *N-labeled C-NFU domain was compared to that for
the "“N-labeled full-length NFU (Figure 6A,C), 23 new cross-
peaks were observed (Supporting Information, Table S3).
Significantly, only four of those new cross peaks found for C-
NFU in the full-length NFU protein were co-localized with
cross-peaks observed in the spectrum for the mixture of the
"N-N-NFU and ""N-C-NFU domains (Supporting Informa-
tion, Table S3, bold). Apparently the structural transition
induced by complex formation between the isolated N-NFU
and C-NFU domains is incomplete, relative to the two domains
in the full-length NFU protein.

B DISCUSSION

Comparison of the two isolated domains of the full-length NFU
protein has shown the N-terminal fragment to display higher
thermal stability relative to its C-NFU counterpart (Figure 1
and Figure 3, top, respectively). This is consistent with our
previous studies demonstrating the N-terminus of NFU to
possess a more rigid conformation than the C-terminal NFU.>®
The C-terminal domain exhibits molten globule characteristics
with lower thermostability (Figure 3, bottom) and does not
display a well-folded tertiary structure according to both CD
and NMR criteria.""'**® DSC studies of C-NFU reported
herein revealed structural heterogeneity during the unfolding
process (Figure 3, top), while the VICD melt showed a
consistent decrease in secondary structure throughout the
temperature domain (Figure 3, bottom). The ability of N-NFU
to promote conformational change and stabilize the structure of
C-NFU was confirmed by both DSC and CD melting
experiments (Figure 5) and 2D-NMR experiments (Figure
6). The degree of stabilization was observed to be greater for
full-length NFU, relative to a mixture of the two domains
(Figure 6B vs 6C). The secondary structures of the N-NFU/C-
NFU mixture contain 2% less random coil than the expected
composition, which is consistent with the sharp CD melting
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curve due to the new C-NFU conformation (Figure 5, bottom).
Although N-NFU somewhat stabilizes the secondary and
tertiary structure of C-NFU, there remains a significant amount
of molten globular C-NFU within the mixture of the two
proteins, with 50% random coil present in the secondary
structure (Table 3). Increasing ionic strength is known to
stabilize the thermostability of molten globules.>* Accordingly,
the difference in the degree of structural stabilization between
these two cases is also reflected in the results of DSC studies
using a lower ionic strength buffer (0 mM NaCl), where a
decrease of 18.6 °C was observed in the T, value for C-NFU in
the mixture of proteins, but only 10.5 °C in NFU (Table 1).
Furthermore, by comparing the ["N—'H] HSQC NMR
spectrum of full-length NFU to that from a mixture of the
N-NFU and C-NFU domains, we observed 23 new cross-peaks
(Figure 6C and Supporting Information, Figure S7), relative to
the 21 new peaks observed for C-NFU following N-NFU
binding in the co-complex of the two domains (Figure 6B and
Supporting Information, Figure S6), although only 4 of these
new cross-peaks from each spectrum are found to co-localize
(Supporting Information, Tables S2 and S3). These residues
underline the difference between the N/C-domain protein—
protein interaction and covalently attached NFU. Nevertheless,
the ability of N-NFU to structurally stabilize C-NFU was
demonstrated in both cases through the appearance of new
cross-peaks in the NMR experiments (Figure 6) and is
consistent with the progressive changes observed in the DSC
plots for each isolated domain, relative to the mixture of
domains and full-length protein (Figures 1—5).

The Gibbs free energy for the secondary structural transition
was converted from CD melt data using eq 3 and drawn to
illustrate the unfolding profile for N-NFU (Figure 7).

AG = —RT In 9mr—U

F-20 (3)
According to the plot, as temperature increases, the AG
response is first observed to increase as the melting process is
enthalpy driven. The free energy AG reaches the highest value
at ~37 °C because N-NFU is most likely thermostable at
physiological temperatures. The unfolding free energy

mr
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Figure 7. Thermal profile for N-NFU. Data (dots) were converted to
AG values by use of eq 3, and the Gibbs—Helmholtz equation along
with AH,, T,™, and AC, was used to form a plot of AG versus
temperature (line). As expected, N-NFU is most thermally stable near
human body temperature, while melting of the protein is a favorable
process at temperatures exceeding 79.4 °C.

decreases as the temperature increases from 37 to 78 °C
because the unfolding process is entropy driven. Figure 8 shows
the thermal profile of a mixture of N- and C-NFU, and NFU, to
be similar to the N-NFU thermal profile, where all thermal
transitions were fit to yield a AG,,,, near 37 °C.
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Figure 8. Gibbs free energy plot illustrates a mixture of N-NFU and C-
NFU domains to be most thermally stable near physiological
temperature. The solid line represents the calculated data for N-
NFU, and the dashed line the calculated data for C-NFU. Squares (H)
show the experimental data for N-NFU, and triangles (V) show the
experimental data for C-NFU. The vertical dashed lines indicate the
fitted T, values of C-NFU (315.0 K) and N-NFU (350.3 K).

The influence of N-NFU on C-NFU underlines the
importance of the structural role of the N-terminal domain in
the native structure of NFU. In agreement with our previous
studies, the N-terminal domain appears to maintain the overall
structure of the full-length protein.'"'**® We conclude that
hydrophobic interactions between the N- and C-terminal
domains facilitate the folding of each, illustrated by the
observation that the unfolding of C-NFU changes from a
molten globule state to a relatively more thermally stable
conformation. However, the C-terminal domain in the full-
length protein is not fully structured as observed by NMR
experiments.”® This is also supported by the increased
thermostability of the C-terminal domain under high-salt
conditions. Structural disorder is generally considered to be a
factor that decreases enzyme catalytic efficiency. However,
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recent reports have shown molten globular enzymes adopting
functional conformations upon binding to relevant binding
partners or ligands, such as the case of chorismate mutase.”
Similarly, the molten globular C-terminal domain of NFU may
adopt its functional conformation upon binding to sulfur
donors and subsequently aid in the 2Fe—2S cluster assembly
with scaffolding proteins. As demonstrated by both ITC and
kinetic studies, human NFU is known to bind to IscS in the
process of reconstitution of human ISU scaffold protein.'® In
order for the conserved CXXC thiolate groups to reduce the
persulfide bond on IscS and subsequently relocate sulfide ions
into the ISU active site, it is likely that the C-NFU adopts a
distinct and more structured conformation. The absence of a
thermally stable tertiary conformation for the C-terminal
CXXC domain may provide the required structural flexibility
to allow such a reaction. The decrease in flexibility of C-NFU in
the presence of N-NFU was also observed in the secondary
structure predictions, with an increase in ~2% a-helix content
(5 residues) upon binding. A recent bioinformatic study
reported that a majority of protein—protein interactions are due
to helix interactions (62%) with involvement commonly
between 4 and 14 residues,® such as the bacterial Bernase—
Barstar system.*® The Zimm—Bragg theory describes that the
rate-determining step in formation of a-helix is the formation of
the first loop, which requires ~20 kcal. However, the
subsequent helix growth is exothermic and a thermodynami-
cally favored process. Therefore, the formation of additional a-
helix content between the two termini of NFU is likely to be
entropy driven and forms spontaneously, leading to alternative
secondary and tertiary conformations for the C-terminal
domain.

B CONCLUSION

The term molten globule is ascribed to a diverse category of
protein structural conformations that are broadly defined by a
high degree of secondary structure, but lacking a rigid tertiary
structure.’”*® There are many examples for alternative
conformers with distinct recognition or functional roles within
a given protein molecule.””~* Calorimetry results and our
previous investigations'>>® suggest that the C-terminal domain
of human NFU exists in a molten globule state both in the
truncated form and within the full-length protein, but with
different conformations and physical properties. The C-
terminal domain appears to adopt an alternative conformation
following interaction with the N-terminal domain. This change
in conformation is accompanied by an increase in the tertiary
structure as well as an increase in thermostability. This property
of structural flexibility most likely underlies the required
properties and functions of the protein, as also observed in the
cases of molten globular clusterin and nucleosomes.*”
Interestingly, the iron—sulfur scaffold protein Thermotoga
maritima IscU appears to equilibrate between structural
conformers and may be essential for its interactions with
various protein partners.’® Structural isomerism within this
family of scaffold proteins has also been emphasized by recent
work from the Markley group.”' ~>° Because of the complexity
of iron—sulfur cluster assembly systems and numerous
contributions from scaffold, partner, and chaperone proteins,
we propose that a dynamic tertiary structure is an important
factor for the proper functioning of several key proteins
involved in Fe—S cluster formation.
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