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Abstract To advance our understanding of the protein
folding process, we use stopped-flow far-ultraviolet (far-
UV) circular dichroism and quenched-flow hydrogen—
deuterium exchange coupled with nuclear magnetic reso-
nance (NMR) spectroscopy to monitor the formation of
hydrogen-bonded secondary structure in the C-terminal
domain of the Fas-associated death domain (Fadd-DD).
The death domain superfamily fold consists of six a-helices
arranged in a Greek-key topology, which is shared by the
all-f-sheet immunoglobulin and mixed o/f-plait super-
families. Fadd-DD is selected as our model death domain
protein system because the structure of this protein has
been solved by NMR spectroscopy, and both thermody-
namic and kinetic analysis indicate it to be a stable,
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monomeric protein with a rapidly formed hydrophobic
core. Stopped-flow far-UV circular dichroism spectroscopy
revealed that the folding process was monophasic and
the rate is 23.4 s~'. Twenty-two amide hydrogens in the
backbone of the helices and two in the backbone of the
loops were monitored, and the folding of all six helices was
determined to be monophasic with rate constants between
19 and 22 s™'. These results indicate that the formation of
secondary structure is largely cooperative and concomitant
with the hydrophobic collapse. This study also provides
unprecedented insight into the formation of secondary
structure within the highly populated Greek-key fold more
generally. Additional insights are gained by calculating the
exchange rates of 23 residues from equilibrium hydrogen—
deuterium exchange experiments. The majority of pro-
tected amide protons are found on helices 2, 4, and 5,
which make up core structural elements of the Greek-key
topology.

Keywords Fas-associated death domain - Greek-key
topology - Deuterium-hydrogen exchange - NMR
spectroscopy - Protein folding - Quenched flow

Abbreviations

Fadd-DD C-terminal domain of the Fas-associated death
domain

CARD Caspase recruitment domain

CDh Circular dichroism

HSQC Heteronuclear single quantum coherence

DTT Dithiothreitol

HX Hydrogen—deuterium exchange

GndHC1  Guanidine hydrochloride

MES 2-(N-morpholino) ethanesulfonic acid

NMR Nuclear magnetic resonance

uv Ultraviolet
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Fig. 1 Structure of Fadd-DD
(PDB code: 1e3y). a Ribbon
diagram of Fadd-DD drawn in
PyMOL v0.99 (DeLano
Scientific). The six helices are
annotated. The canonical core
elements of the Greek-key
topology are helices 1, 2, 4, and
5. b Schematic of the Greek
key. The six helices are denoted
HI1-H6 in black and loops in
gray. ¢ Location of the 23
backbone amides which persist
for over 24 h and thus are the
most stable in Fadd-DD (F101,
V103, C105, L115, R117,
Q118, L119, V121, 1129, V141,
S144, 1145, 1147, W148, K149,
V162, G163, A164, R166,
M170, A174, V177, and Q182) (c)
are shown in black in the
context of the secondary and
tertiary structure using PyMOL

Introduction

The protein folding problem remains one of the most
challenging and fascinating questions in science today.
Advances have been made through computational and
experimental study of representative proteins from across
fold space. This has led to the development of models that
establish a conceptual framework to explain common and
unique features in the folding of proteins. The Greek-key
topology is one of the most prevalent in nature (Greene
et al. 2007). However, at present, there is a lack of detailed
information on the formation of secondary structure, which
is essential to develop and refine models for this highly
populated fold. Interestingly, members of the all-a-helical
death domain superfamily, the all-f-sheet immunoglobulin
superfamily, and the mixed o/f3-plait superfamily share this
common topology, although they differ in secondary
structure composition (Higman and Greene 2006). In this
report we present results of a folding study using atomic-
level resolution for the C-terminal domain of the Fas-
associated death domain. More specifically, we monitor the
formation of hydrogen-bonded secondary structure in our
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model system. The death domain superfamily comprises
four families: death domain (DD), death effector domain,
caspase recruitment domain (CARD), and pyrin domain
(Park et al. 2007). They function in either intracellular
signal transduction of apoptosis or innate inflammation
(Park et al. 2007). The Fas-associated death domain con-
sists of an N-terminal death effector domain and a C-ter-
minal death domain (Fadd-DD) composed of 100 residues
and 6 o-helices (Berglund et al. 2000; Carrington et al.
2006). Fadd-DD is selected as our model death domain
protein system because its NMR structure has been solved,
the protein is monomeric, and the kinetic behavior has been
characterized by stopped-flow fluorescence spectroscopy
(Berglund et al. 2000; Li et al. 2009; Steward et al. 2009).
Figure la, b shows the six o-helices arranged in a Greek-
key topology in Fadd-DD (Higman and Greene 2006;
Steward et al. 2009).

A combination of quenched-flow methods, hydrogen—
deuterium exchange (HX), and nuclear magnetic resonance
(NMR) spectroscopy can give detailed site-specific infor-
mation about the protein folding process by monitoring the
formation of individual hydrogen bonds (Englander and
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Mayne 1992; Dyson and Wright 1996; Krishna et al.
2004). Quenched-flow HX studies of the folding of a
number of proteins have been reported, such as ribonu-
clease A, cytochrome ¢, T4 lysozyme, bacteriophage 1
lysozyme, hen egg white lysozyme, ribonuclease Tj,
staphylococcal nuclease, immunoglobulin binding domain
of streptococcal protein G, apomyoglobin, dihydrofolate
reductase, acyl-CoA binding protein, human fibroblast
growth factor, hisactophilin, cobrotoxin, and onconase
(Roder et al. 1988; Udgaonkar and Baldwin 1988; Lu and
Dahlquist 1992; Radford et al. 1992; Mullins et al. 1993;
Jacobs and Fox 1994; Jones and Matthews 1995; Garcia
et al. 2000; Teilum et al. 2000; Samuel et al. 2001; Liu
et al. 2002; Bai 2006; Hsieh et al. 2006; Schulenburg et al.
2009; Di Paolo et al. 2010). The results of several of these
studies show that certain parts of a protein may fold earlier
than other regions (Radford et al. 1992; Samuel et al.
2001; Schulenburg et al. 2009). However, in other pro-
teins such as phage 4 lysozyme and the immunoglobulin
binding domain of streptococcal protein G the kinetics of
secondary structure formation indicates that they form
cooperatively (Kuszewski et al. 1994; Di Paolo et al.
2010). We are interested in determining if the helices
which make up the canonical Greek-key structure (heli-
ces 1, 2, 4, 5) form on a faster folding timescale than the
other helices (3 and 6) as well as their order of formation in
order to develop a detailed model of folding for Fadd-DD
(Fig. 1a, b). Quenched-flow hydrogen—deuterium exchange
can address this question by specifically monitoring the
formation of hydrogen bonds in each helix during the
folding process.

Within the death domain superfamily, the folding
behavior of three members of the caspase recruitment
domain (CARD) family have been previously studied by
stopped-flow techniques. These are caspase recruitment
domain of the RIP-like interacting CLARP kinase (RICK-
CARD), caspase recruitment domain of apoptotic protease
activating factor 1 (Apaf-1-CARD), and procaspase-1,
which show complex kinetics. The refolding of RICK-
CARD contains multiple phases as well as kinetically
trapped species (Chen and Clark 2003; Chen and Clark
2006). Apaf-1-CARD appears to fold via parallel paths due
to two unfolded conformations (Milam et al. 2007; Rao
et al. 2009), while procaspase-1, like RICK-CARD, also
folds through kinetically trapped species (Chen and Clark
2004). In comparison, the folding pathway of Fadd-DD
appears to be more straightforward and is thus a good
model in which to investigate the determinants of the all-o-
helical Greek-key topology. Thermodynamic studies of
Fadd-DD have been conducted previously (Li et al. 2009;
Steward et al. 2009). Fadd-DD is stable and undergoes a
reversible and cooperative two-state unfolding/refolding
transition. Stopped-flow fluorescence studies by our group

indicate that folding is biphasic with the majority of the
process occurring in the first phase (Li et al. 2009).

In our present experiments using stopped-flow far-UV
circular dichroism (CD), the folding of the secondary
structure of Fadd-DD was determined to be monophasic
with a rate constant of 23.4 s~'. In a more detailed study
using a combination of quenched-flow HX and NMR
spectroscopy the folding of 22 amide hydrogens in the
backbone of the 6 helices and 2 amide hydrogens in the
backbone of loops are monitored. The results indicate that
the folding of all six helices is monophasic with rate con-
stants calculated between 19 and 22 s~'. These data indi-
cate that the formation of hydrogen-bonded secondary
structure is fundamentally cooperative. In addition, the
equilibrium HX of Fadd-DD was also performed and the
exchange rates of 23 residues calculated. Most of the amide
protons which are slowest to exchange are in the core
region. In summary, this provides the earliest analysis of
folding kinetics monitored by quenched-flow and NMR
spectroscopy conducted on a protein with a Greek-key
topology, although a folding intermediate was studied by
amide hydrogen exchange using a pH competition method
and rapid mixing with the immunoglobulin CD2 (Parker
et al. 1997).

Materials and methods
Materials

'N-labeled ammonium chloride and 99.0% deuterium
oxide were purchased from Cambridge Isotope. High-pur-
ity 8 M GndHCI stock solution was purchased from Pierce.
2-(N-morpholino) ethanesulfonic acid (MES), glycine, and
citric acid were purchased from Fisher. Dipotassium
phosphate and dithiothreitol (DTT) were purchased from
VWR. All other chemicals were of reagent grade. Deu-
terated guanidine hydrochloride (GndHCI), DTT, citric
acid, and K,HPO, were prepared by dissolving the chem-
icals into D,O and lyophilizing. This procedure was repe-
ated three times. The concentration of GndHCI used in the
experiments was determined with an Atago handheld
refractometer (Japan).

Protein labeling, expression, and purification

Recombinant human Fadd-DD (11.8 kD) uniformly
labeled with >N was purified from a 6 1 fermentation of
Escherichia coli BL21(DE3) (Novagen) (Li et al. 2009).
The cells were grown at 37°C on M9 minimal medium
supplemented with 1 g/I >’NH,CI, 0.2 mg/ml carbenicillin,
0.1 mM CaCl,, 2 mM MgSO,, 4 g/l glucose, and 1 ml/l
poly-Vi-Sol vitamin drops with iron. The protein has four
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amino acids on the N-terminus left from the cloning site.
The yield was approximately 15 mg/l. The protein was
lyophilized in preparation for denaturation and refolding in
the quenched-flow studies. Unlabeled protein for the
stopped-flow far-UV CD studies was expressed and puri-
fied according to previously established protocols by the
authors (Li et al. 2009).

Quenched-flow experiments

The preparation of the samples for the HX methods utilized
a Bio-Logic SFM-400 (France) and the following Bio-
Logic delay lines: N°1 (17), N°3 (90), and N°5 (190) at
20°C. '"N-Fadd-DD (1 mg/ml) was denatured in 5 M
deuterated GndHCI, 10 mM deuterated MES (pD 6.2), and
5 mM deuterated DTT overnight. The pD of the deuterated
buffer solution was determined by adding 0.4 units to the
reading of the pH probe (Primrose 1993). Refolding was
initiated by mixing one volume of the denatured protein
solution with four volumes of water-based refolding buffer
containing 10 mM MES (pH 6.2) and 5 mM DTT. The
concentrations of GndHCI and protein at this point are 1 M
and 0.2 mg/ml, respectively. Under this concentration, the
protein was shown to be in the native state and the folding
of the protein is not concentration dependent (Li et al.
2009). After refolding for a specified period of time, the
protein was mixed with five volumes of water-based
pulsing buffer containing 50 mM glycine buffer (pH 9.8)
and 5 mM DTT, thus being subjected to a high pH pulse
step for 5.4 ms. This induces the amide deuterium on the
protein to exchange with hydrogen in the solvent. The first
three refolding times (9.9, 28.1, and 53.2 ms) were used
under continuous mode, and the last five (65, 80, 120, 160,
and 200 ms) were used under interrupted mode. Continu-
ous mode means that the mixed reactants are continuously
pushed through the delay line at a steady and calculated
rate. At the end of the delay line, the reactants have been
aged for the required time. In interrupted mode the pushing
phase is interrupted to allow for user-controlled aging.
When the aging time has been reached the solution is
pushed out of the delay line. The protein sample was then
allowed to continue refolding at a lower pH followed by
mixing with ten volumes of water-based quenching buffer
containing 200 mM K,HPO,/100 mM citric acid (pH 3.9)
and 5 mM DTT. The final pulse and quench pH after
dilution were 9.8 and 4.7, respectively. The average
intrinsic exchange relaxation times from amide deuterium
to amide hydrogen in H,O at 20°C are approximately 1.7 s,
0.4 ms, and 44 s for the refolding, pulse, and quench steps,
respectively  (http://hx2.med.upenn.edu/download.html).
Therefore, the hydrogen labeling only occurs when the
protein was mixing with pulsing buffer. To prepare the
samples for NMR studies the solutions were concentrated
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using Vivaspin 20 concentrators (Sartorius Stedim) at
7,500 rpm at 4°C for approximately 12 h immediately
following the quenched-flow experiments and stored
overnight at 4°C. The next day, the buffer of the solution
was exchanged into 100 mM deuterated K,HPO,/50 mM
deuterated citric acid (pD 4.8) and 10 mM deuterated DTT
in D,O for approximately 12 h at 4°C, to exchange the
amide hydrogens with no or weak hydrogen-bond protec-
tion, and then immediately used for NMR. pD 4.8 was
selected because the number of stable amide protons was
maximal in comparison with those at pD 7.6, 6.2, and 5.2.

NMR studies

The NMR experiments were conducted on a Bruker
AVANCE III 400-MHz NMR spectrometer in the College
of Sciences Major Instrumentation Cluster, Old Dominion
University. All NMR spectra (1D and 2D) were collected at
30°C. The acquisition time for 2D NMR is approximately
5.5 h. To obtain residue-specific information about the
refolding of Fadd-DD from the HX experiments, the
backbone peaks of 'H-'°N heteronuclear single quantum
coherence (HSQC) spectra for the native Fadd-DD were
obtained and compared with the literature (Berglund et al.
2000). Sensitivity-enhanced 'H-'>N HSQC spectra were
obtained on a 5-mm inverse conventional probe with
globally optimized alternating phase rectangular pulse
(GARP) decoupling in the N channel. Along the F2
dimension, 1,024 complex points were collected, and 128
transients were accumulated along the F1 dimension. '°N
chemical shifts were referenced indirectly using the con-
sensus chemical shift ratio of 0.101329118. All the HSQC
spectra were generated in NMRPipe by apodizing the free
induction decay (FID) with a cosine window, followed by
zero-filling to the next power of 2, Fourier transformation,
and phasing in both F1 and F2 dimension, and visualized
with NMRDraw (Delaglio et al. 1995). In the native HSQC
spectra two pairs of peaks are difficult to assign due to
overlap. These are 1147 and L172 as well as V177 and
D185. However, we calculated with the program Contact
(Winn et al. 2011) that D185 and L172 do not form main-
chain hydrogen bonds in the native state. Therefore, in D,O
these peaks will not be present. Thus, the resonance
assignments of 1147 and V177 were deconvoluted and used
in our present studies.

Data analysis

Hydrogen bonds were calculated using the program Con-
tact (Winn et al. 2011) and further confirmed with
Insight II (Accelrys). The HSQC peak intensities from the
quenched-flow studies were normalized to a control
experiment. In the control experiment, water-based buffers
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were used in the unfolding and refolding portions of the
quenched-flow experiment. The protein was then concen-
trated and buffer exchanged as specified earlier. One-
dimensional proton NMR spectra were used to calibrate the
concentration difference among protein samples from dif-
ferent time points in TopSpin software (Bruker) (Nabuurs
and van Mierlo 2010). The absolute peak intensity of the
well-resolved resonance at -0.37 ppm, which corresponds
to a nonexchangeable methyl proton resonance from L119,
is a direct measure of the protein concentration in the
corresponding NMR sample. The HSQC peak intensities
were normalized using the absolute peak intensities of the
upfield resonances in the 1D spectra to correct the small
variation of protein concentration in the samples. The
resultant data were plotted using SigmaPlot, version 10
(Systat Software), and kinetic rates determined by applying
the single exponential equation to 24 peaks monitored
during the study were analyzed. The peak intensities were
calculated with NMRDraw.

Equilibrium hydrogen exchange

In the equilibrium HX study, '’N-Fadd-DD (4 mg/ml) was
buffer exchanged into 100 mM deuterated K,HPO,/
50 mM deuterated citric acid and 5 mM deuterated DTT in
99.0% D,O (pD 4.8). Each HSQC spectrum was acquired
every 8 h over the course of 1 week. HX rates were
determined by fitting peak intensities from HSQC spectra
as a function of time using a single exponential equation in
SigmaPlot. The intensities of each identified peak are
normalized against that in the first HSQC spectrum. The
protection against exchange rate is expressed as the pro-
tection factor, which is the ratio between the sequence-
specific intrinsic exchange rate for an amide proton ki,
and measured exchange rate k., (Bai et al. 1993; Sasakawa
et al. 1999). k;, was calculated using an intrinsic exchange
rate program (H in D,0) located at http://hx2.med.upenn.
edu/download.html. The protection factors are calculated
for the slowly exchanging peaks. The time-zero resonance
peak for V177 is not considered in the analysis because it is
lower than the intensity at 8 h and prohibits calculation of
an accurate kinetic rate. However, the peak volume
decreases as expected, so this phenomenon is not
understood.

Secondary structure formation studied
with stopped-flow far-UV CD

The kinetics of refolding of Fadd-DD was measured at
20°C on a Bio-Logic MOS 450 stopped-flow instrument
using far-UV CD detection. Protein (0.9 mg/ml) was
unfolded in 20 mM MES (pH 6.2), 5 mM DTT, and 6 M
GndHCI. Refolding experiments were carried out by rapid

1:5 dilution of the protein solution in 20 mM MES (pH 6.2)
at 20°C, giving final concentrations of protein and GndHCI
of 0.15 mg/ml and 1 M, respectively. The dead time was
9.3 ms. Change in the far-UV CD signal was monitored
in an FC-20 cuvette (2 mm path length) at 225 nm.
The excitation and emission slits were both 2 mm. The
refolding experiments were repeated 20 times, and the
averaged traces were fitted to a single exponential equation
in SigmaPlot. The denatured baseline was obtained by
mixing the denatured protein with denaturing buffer in the
stopped-flow system and measuring the CD signal at
225 nm. The native baseline was determined by mixing
native protein with refolding buffer in the stopped-flow
system and measuring the CD signal at 225 nm. Both
baselines were calculated from an average of 20 shots each.

Results
Equilibrium HX studies

The HX rate is dependent on the conditions such as pH and
temperature (Englander and Mayne 1992). The rates of HX
(kex) of slowly exchanged amide protons of native Fadd-
DD were measured at pD 4.8 and 30°C by recording HSQC
spectra every 8 h for 1 week. Exchange of three amide
protons was observed at this pH but was too fast to be
measured. Except for some overlapping peaks in the
spectra, a large number of backbone amide protons are
exchanged during the process of buffer exchange. Thus,
exchange rates of 23 slowly exchanging amide protons
which are defined as those that persist for 24 h or more in
Fadd-DD during the NMR acquisition time were calcu-
lated. Normalized intensities of eight peaks with the
slowest exchange rates are shown as a function of time in
Fig. 2a. Protected amides occur in all six helices (Figs. Ic,
2b). However, the majority of protected amide protons are
found on helices 2, 4, and 5. Most assigned peaks are not
visible after 1 week, except for four: 1147, W148, V162,
and V177. The persistent hydrogen bonds between S144-
1147, S144-W148, V158-V162, and V173-V177 suggest
that these regions within helices 4, 5, and 6 are very stable.
The native HSQC spectrum of Fadd-DD in K,HPO,/citric
acid buffer (pH 4.8) and 10% D,O is shown in Supple-
mentary Fig. S1 and is similar to the previously published
HSQC in potassium phosphate buffer (pH 6.2) (Berglund
et al. 2000).

Stopped-flow far-UV CD spectroscopy
The folding kinetics of Fadd-DD monitored by far-UV CD

revealed the rate of secondary structure formation (Fig. 3).
One single phase with rate constant of 23.4 + 0.4 s~ ' and
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Fig. 2 Equilibrium amide hydrogen exchange in Fadd-DD. a The
HX of the 10 slowest exchanging peaks: L115 (white diamonds),
L119 (white down triangles), S144 (white squares), 1145 (white up
triangles), 1147 (black down triangles), W148 (white circles), V162
(black circles), R166 (black diamonds), A174 (black squares), and
V177 (black up triangles) are plotted. b Histogram showing the
distribution of protection factors for the native protein at pD 4.8 and
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indicated schematically

amplitude of 16.8 £ 0.1 millidegrees was calculated
(Table 1). Based on the signal intensity of the denatured
state baseline and the starting location of the refolding
trace there appears to be a burst phase in the 9.3 ms dead
time of the instrument (NOlting 2006).

Hydrogen exchange and quenched flow coupled
with NMR spectroscopy

Following HX into D,0 buffer, a total of 24 well-resolved
and assignable amide protons were identified to be stable.
Protected amides were found in all six o-helices. However,
the number of protected amides did not distribute evenly
among the six helices; for example, only one amide proton
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(I129) in helix 3 was protected. The hydrogen-bonding
pattern in Fadd-DD is shown in Fig. 4. The amide protons
of N107 and R140 have very high exchange rates, and the
peaks disappear after 16 h of exchange. They are therefore
not counted among the 24 stable amide protons to be used
in quenched-flow kinetic studies.

The ratio of volume among the protein solution,
refolding buffer, and pulse buffer was 1:4:5. The content of
proton and deuterium after mixing of the three buffers were
90% and 10%, respectively. Therefore, the maximum
proton occupancy of the quenched-flow study was 90%.

The structural details of the folding reaction were
obtained by analyzing the samples by 2D '"H-'>N HSQC
measurements. HSQC spectra are shown in Fig. 5. A total
of 22 amide protons could be monitored in the 6 helices.
Fig. 6 displays the protection time courses obtained for
individual amides, grouped according to their distribution
in different helices. All of the kinetics were found to be
monophasic, and a single exponential function could be
used to fit the data satisfactorily (Fig. 6). In addition, two
amide protons from two residues (V121 and M170) located
in loop structures could also be monitored with kinetic rate
constants of 20.7 + 7.0 s~! and 21.3 + 6.7 s_l, respec-
tively (Fig. 6). The resulting curves are very similar, with
rate constants between 19 and 22 s (Table 1). The
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Table 1 Rate Constants of hydrogen-bond formation within each

helix of Fadd-DD

Rate (s™ 1) Amplitude
Secondary structure formation (stopped- 234 £ 0.3 16.8 £ 0.1
flow far-UV CD)
Average hydrogen-bond formation 209+ 17 0.7+0.0
(quenched-flow/NMR spectroscopy)
Helix 1 19.1 £40 08 £0.1
Helix 2 210 £34 0.7+00
Helix 3 197 +£70 0.7 +0.1
Helix 4 21.0 £3.0 08=£0.0
Helix 5 2254+42 07=+0.1
Helix 6 209£54 07=£0.1

average rate constant of hydrogen-bond formation is
209 + 1.7 s (Table 1). The results indicate that all
detectable amides acquire protection from exchange con-
comitantly, with simple mono-exponential time courses.
No intermediate, partially protected species are observable
in these experiments, and folding appears to be highly
cooperative.

Discussion

In the equilibrium HX study conducted by Jeong et al. with
mouse Fadd-DD, 35 residues spanning the 6 helices were
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Fig. 5 HSQC spectra of 4 mg/ml Fadd-DD in D,O after quenched-
flow folding and buffer exchange into D,0O buffer (100 mM K,HPO,/
50 mM citric acid, pD 4.8). Select refolding times are shown in the

protection (Berglund et al. 2000). In mouse Fadd-DD,
helix 3 also has the most internal flexibility of all helical
elements according to the profile of amide solvent
exchange rates (Jeong et al. 1999).

There appears to be only a limited number of equilib-
rium HX studies conducted on proteins with the Greek-key
topology. While they can have different secondary struc-
ture it is interesting to compare and contrast the proteins
investigated, though speculatively. In one study on ribo-
somal S6, which belongs to the o/f-plait superfamily, the
amide protons located in 1, «l, and 3 had greater pro-
tection factors (Haglund et al. 2009). They correspond with
protected helices 1, 2, and 4 in Fadd-DD, respectively
(Higman and Greene 2006). Llama antibody fragment,
which belongs to the all-f immunoglobulin superfamily,
has more complex secondary elements consisting of 11 f-
strands. However, it appears that strands 4 and 9, which
correspond to protected helices 2 and 5 in Fadd-DD, have
the highest protection factors (Higman and Greene, 2006;
Pérez et al. 2001). Thus, in both representatives, there is
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following panels: a 9.9 ms, b 53.2 ms, ¢ 80 ms, and d 200 ms. The
hydrogen-bond formation of 24 residues (22 in the helices and 2 in the
loops) are followed

significant protection in elements of the canonical core of
the Greek-key form (Fig. 1). Mutations applied in Fadd-
DD by our group previously showed that even a conser-
vative change to W148 significantly destabilizes the native
state (Li et al. 2009). Interestingly, this residue in involved
in one of the most persistent hydrogen bonds (Figs. 1c, 2a).

There is good agreement between folding rates mea-
sured by stopped-flow far-UV CD and quenched flow,
indicating that they monitor the same cooperative transi-
tion, also being similar to the first and dominant phase of
folding monitored by stopped-flow fluorescence spectros-
copy (22.7 sfl) (Li et al. 2009). While there is only one
phase indicated by stopped-flow far-UV CD and quenched-
flow and two phases for the study of stopped-flow fluo-
rescence, this is not an unprecedented result. There are
examples of several proteins which also show similar
kinetic behavior; for example, the study conducted on
bacteriophage A lysozyme showed that there are two phases
for intrinsic fluorescence and far-UV CD, but only one
phase for both HX and NMR as well as HX and mass
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Fig. 6 Kinetics of hydrogen-bond formation of 22 residues in the 6
helices and 2 in the loops of Fadd-DD. The eight panels show the
proton occupancies of backbone amides from helix 1 (F101, V103,
and C105), helix 2 (L115, R117, Q118, L119, and K120), helix 3
(1129), helix 4 (V141, S144, 1145, 1147, W148, and K149), helix 5
(V162, G163, A164, and R166), and helix 6 (A174, V177, and Q182)

spectrometry (Di Paolo et al. 2010). Additionally, for
human fibroblast growth factor, two phases were detected
for stopped-flow fluorescence spectroscopy, one phase for
stopped-flow far-UV CD, and multiple rates for HX and
NMR (Samuel et al. 2001).

In the quenched-flow experiment conducted on phage 1
lysozyme, it was suspected that two factors account for the
15-20% lack of protection: (1) some back-exchange of
deuterium for hydrogen occurred following quenching and
before the final buffer exchange into the D,O buffer; (2)
sample preparation required several hours due to the large
amount of protein needed for NMR (Di Paolo et al. 2010).
We think that these factors also apply to our experiment,
which could explain the fact that proton occupancy of all
amides does not go to approximately zero. It should be
noted that in our study the data were plotted with peak

Time (s)

as well as the kinetics of hydrogen-bond formation of two loop
residues V121 and M170. These data were fitted to a single
exponential equation to calculate the folding rate using SigmaPlot.
The average timescale of hydrogen-bond formation in the helices is
48 ms

intensity because the standard errors are less than when
plotted with peak volume, although the time scales of
hydrogen-bond formation are similar.

Conclusions

The folding behavior of individual amide protons with HX
quenched-flow and NMR spectroscopy has been monitored
on well over 10 proteins. In some proteins, it is shown that
select amide protons on specific structural features fold
earlier than the others. For example, in f-lactoglobulin, it
was found that, during the folding process, the intermediate
contains hydrogen-bonded structure in the core of the fF,
PG, PH, and the major a-helix (Kuwata et al. 2001). In hen
lysozyme, the fast phase and slow phase of the z-domain
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both have greater folding rates than those of the f-domain
(Radford et al. 1992). Furthermore, in human fibroblast
growth factor, select f-strands (strands I, IV, IX, and X)
form at the same time and constitute the f-trefoil frame-
work (Samuel et al. 2001). On the other hand, there are
cases of other proteins where the formation of hydrogen
bonds occurs on a similar time scale. These include the
immunoglobulin binding domain of streptococcal pro-
tein G (Kuszewski et al. 1994) and bacteriophage A lyso-
zyme (Di Paolo et al. 2010). In our study, as with these
latter two proteins, the folding of Fadd-DD also shows
cooperative, two-state hydrogen-bond formation. Further,
of the 16 evolutionarily conserved residues identified in the
death domain superfamily based on a bioinformatics
analysis, 10 are well protected and studied in this report (Li
et al. 2009). The remaining six cannot be studied as four do
not engage in hydrogen bonds, one exchanges too fast, and
one cannot be resolved in the HSQC due to peak overlap.
Thus, the conserved residues in Fadd-DD are very stable.
Overall, the studies presented in this paper with Fadd-DD
provide detailed insight into the formation of secondary
structure for the all-a-helical Greek-key proteins and
potentially the all-f and mixed o/f Greek-key proteins
more generally. In the future it would be ideal to find
conditions which will enable the long-range hydrogen bond
between the indole ring of Trpl48 and His160 to be
monitored, thus reporting on tertiary structure formation.

These results, combined with consideration of previ-
ously published studies that monitored the rate of hydro-
phobic collapse and the nature of the transition state in
Fadd-DD, enable us to further understand the process of
secondary and tertiary structure formation in this protein
(Supplementary Fig. S2). Our present quenched-flow HX
data and previously published stopped-flow fluorescence
studies which monitored the hydrophobic collapse (Li et al.
2009) indicate that the two processes occur on similar
timescales. Phi-value analysis reveals that helices 1, 2, 4,
and 5 are structured in the transition state through specific
tertiary interactions (Steward et al. 2009). Thus, it appears
that, while all six helices independently and cooperatively
form concomitant with the hydrophobic collapse, only
helices 1, 2, 4, and 5 interact in the transition state struc-
ture, with helices 3 and 6 associating on a later folding
timescale.
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