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SUMMARY
An early step in the morphogenesis of the double-stranded DNA bacteriophage HK97 is the assembly
of a precursor shell (prohead I) from 420 copies of a 384-residue subunit (gp5). Although formation
of prohead I requires direct participation of gp5 residues 2–103 (Δ-domain), this domain is eliminated
by viral protease prior to subsequent shell maturation and DNA packaging. The prohead I Δ-domain
is thought to resemble a phage scaffolding protein, by virtue of its highly α-helical secondary structure
and a tertiary fold that projects inward from the interior surface of the shell. Here, we employ factor
analysis of temperature-dependent Raman spectra to characterize the thermostability of the Δ-domain
secondary structure and to quantify the thermodynamic parameters of Δ-domain unfolding. The
results are compared for the Δ-domain within the prohead I architecture (in situ) and for a
recombinantly expressed 111-residue peptide (in vitro). We find that the α-helicity (~70%), median
melting temperature (Tm = 58 °C), enthalpy (ΔHm = 50 ± 5 kcal·mol−1), entropy (ΔSm = 150 ± 10
cal·mol−1·K−1) and average cooperative melting unit (〈nc〉 ~3.5) of the in situ Δ-domain are altered
in vitro, indicating specific interdomain interactions within prohead I. Thus, the in vitro Δ-domain,
despite an enhanced helical secondary structure (~90% α-helix), exhibits diminished thermostability
(Tm = 40 °C, ΔHm = 27 ± 2 kcal·mol−1, ΔSm = 86 ± 6 cal·mol−1·K−1) and noncooperative unfolding
(〈nc〉 ~ 1) vis-à-vis the in situ Δ-domain. Temperature-dependent Raman markers of subunit side
chains, particularly those of Phe and Trp residues, also confirm different local interactions for the
in situ and in vitro Δ-domains. The present results clarify the key role of the gp5 Δ-domain in prohead
I architecture by providing direct evidence of domain structure stabilization and interdomain
interactions within the assembled shell.
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INTRODUCTION
The morphogenesis of icosahedral viruses typically involves the initial assembly of a precursor
shell from a small number of virally encoded proteins, including the principal protein
component of the icosahedral shell.1–6 The structural details of the precursor shell and its
subsequent transformation into the architecture of the mature viral particle are rigorously
controlled along the in vivo assembly pathway. Many structural details of precursor and mature
shells have been determined from investigations of particles assembled in vitro using
recombinantly expressed subunits of the requisite proteins.7–10 Efficient assembly usually
involves, in addition to the constituent proteins of the shell, a virally encoded scaffolding
protein to ensure the appropriate shell dimensions and assembly rate.11–16

The well-studied bacteriophage HK97 employs no separate scaffolding protein in the assembly
process. Instead, following the co-translational removal of methionine at the N-terminus (Met
1), the major coat protein (gp5, residues 2–385) exploits its N-terminal domain (Δ-domain,
residues 2–103) to assemble a precursor shell (prohead) in a manner similar to that expected
of a phage scaffolding protein subunit.17,18 The initial precursor – prohead I – incorporates
420 copies of gp5 in a T = 7 surface lattice and encapsidates about 60 copies of a virally encoded
protease (gp4).17 The next step in shell maturation involves proteolytic digestion of the Δ-
domain and rearrangement of the lattice of cleaved coat subunits (gp5*, residues 104–385) to
form the prohead II particle. Prohead II is competent to package the viral chromosome. During
packaging it is transformed into the mature shell (head). Maturation is accompanied by
rearrangement of gp5* subunit domains, intersubunit covalent crosslinking and shell
expansion.17,19–20

A recent study of prohead I by electron cryomicroscopy (cryo-EM) and differential scanning
calorimetry (DSC) shows that the Δ-domain projects radially inward from the inner surface of
the shell and undergoes an unfolding transition at ~53 °C that is distinct from prohead I
disassembly.19,21 Above the transition temperature the mean shell diameter is about 10%
greater than that of prohead I, and the arrangement of subunits at the icosahedral six-fold axes
resembles a previously identified expansion intermediate (EI-I).10 The enthalpy change
(ΔH) for the subunit endothermic transition is approximately 14 kcal·mol−1. A high resolution
structure of the Δ-domain in prohead I is not available; however, the predominantly α-helical
structure revealed by Raman spectroscopy18 is consistent with structures determined for
scaffolding proteins of bacteriophages P2222,23 and ϕ29.24

In the present work we report details of the organization, interactions and thermostability of
the Δ-domain in two distinct environments, viz. as part of the gp5 subunit within the prohead
I assembly (in situ), and free in solution as a recombinantly expressed 111-residue peptide (in
vitro). For interpretation of the temperature-dependent Raman spectra we have introduced a
novel factor analysis approach. The method allows the structural and thermodynamic
information inherent in the data to be fitted to a biologically relevant molecular model. The
present analysis demonstrates that (i) the structure of the Δ-domain is significantly
thermostabilized within the prohead I assembly, (ii) this thermostabilization can be attributed
to cooperative binding of several Δ-domains, and (iii) the stabilizing effect of cooperative Δ-
domain interaction occurs at the expense of α-helical structure.

RESULTS AND INTERPRETATION
1. Ectopically Expressed Δ-Domain

(a) Hydrodynamic measurements—The oligomeric state of the purified 111-residue Δ-
domain (see MATERIALS AND METHODS, below) was assessed by sedimentation velocity
measurements (Figure 1a). Fitting of the monophasic sedimentation profiles to the Lamm
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equation indicates a single component of 0.8 S (s0
20,w = 1.3 S at standard conditions),

corresponding to a protein with elongated shape (6:1 axial ratio)25 and molecular mass of 12
kDa (expected monomer mass = 12.5 kDa). The monomer state was confirmed by
sedimentation equilibrium measurements on solutions at 58, 67 and 87 μM. Figure 1b shows
the fit of the equilibrium profiles to a single-species model of 12 ± 1 kDa.

(b) Raman spectroscopic measurements—Raman spectra of the purified Δ-domain
were acquired at intervals of 5 °C over the range 10–90 °C. In each spectrum the amplitudes
were normalized to unit integrated intensity for the Raman amide I band (1610–1700 cm−1).
Figure 2a compares spectra of the Δ-domain at 90 and 10 °C and shows the changes that occur
for each 10 °C increment.

The Raman signature of the Δ-domain at 10 °C exhibits several features diagnostic of a highly
α-helical secondary structure, including amide I (1649 cm−1), amide III (1272–1300 cm−1) and
skeletal mode (939 cm−1).18,26,27 Quantitative analysis of the secondary structure by
decomposition of the amide I band28 indicates 90 ± 5% α-helix, 10 ± 1% β-strand and
negligible irregular structure. A predominantly α-helical Δ-domain has also been proposed for
the subunit of the prohead I shell.18 Similarly high percentages of α-helical secondary structure
occur for scaffolding proteins of P22 and ϕ29.15,22,24

Thermal unfolding of the Δ-domain is not highly cooperative, although most occurs within the
30–50 °C interval (Figure 2a). Shifts in amide I (1649 → 1676 cm−1), amide III (1272–1300
→ 1240–1267 cm−1) and the skeletal mode at 939 cm−1 signal the conversion of α-helix to β-
strand, turns and irregular chain conformations.29,30 Changes in local environments of Δ-
domain side chains with unfolding are also revealed in the data of Figure 2a. Thus, Raman
markers of Phe (1004, 1032, 1606 cm−1), Asp and Glu (1400 cm−1) and other side chains (Table
1) are significantly affected by increasing temperature.

(c) Thermodynamics of Δ-domain unfolding—Qualitative and quantitative assessment
of Δ-domain unfolding has been carried out by factor analysis of the Raman signature (600–
1750 cm−1) using the SVD algorithm. The results, inclusive of the first four principal factors
(eq. 1, j = 1, 2, 3, 4), are shown in Figure 2b. The first three factors (j = 1, 2, 3), which account
for 90% of the variance in the series of eq. 1, describe all of the spectral changes from Δ-domain
unfolding. The remaining 10% of the variance is attributable to random noise in the
experimental data. Thus, the factor dimension is three (eq. 1, M = 3).

The three relevant factors were fitted to different models. The best fit of the data was achieved
assuming a simple two-state equilibrium (NΔ ⇆ UΔ) between natively folded (NΔ) and
unfolded (UΔ) states and a temperature-dependent Raman spectrum for the unfolded state. The
fitted parameters ΔHm, ΔSm and ΔCp are listed in Table 2 and the derived Raman spectra of
the NΔ and UΔ states using this model are shown in Figures 3c and 3d. The temperature
dependence of the Raman spectrum of the UΔ state is very feeble, representing no more than
0.5% of the difference between the NΔ and UΔ states. The precision of the fit was also tested
by comparison of the mole fractions of NΔ and UΔ as a function of temperature (Figure 3a), as
determined either from the fitted thermodynamic parameters (eqs. 3 and 4) or from
decomposition of the experimental spectrum into the spectra of species NΔ and UΔ.

2. Δ-Domain of the Prohead Subunit
(a) Raman spectroscopic measurements—Temperature-dependent Raman
spectroscopy of purified prohead I and prohead II was carried out using the protocol described
in MATERIALS AND METHODS, below. Figure 4 compares Raman signatures of prohead
I and prohead II at 10 and 92 °C, as well as corresponding difference spectra computed for
each 10 °C increase in temperature between 10 and 92 °C. At 10 °C both proheads exhibit the
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Raman amide I and amide III markers expected for the subunit α/β fold.7 Nevertheless, the
greater prominence of the α-helix markers (viz. shoulders at 1655 and 1298 cm−1) in prohead
I indicate more α-helix than in prohead II. We attribute the greater α-helicity of prohead I to
the subunit Δ-domain, consistent with previous results.18

More detailed analysis of Figure 4a reveals two distinct stages of subunit unfolding in prohead
I. The first transition, which occurs between 50 and 60 °C, can be attributed to unfolding of
the subunit Δ-domain.19 The Raman markers affected with increasing temperature reflect the
loss of α-helical secondary structure (troughs at 936, 1303, 1343 and 1648 cm−1) and a
concomitant increase in β-strand and/or turns (peaks at 1250 and 1684 cm−1). On the other
hand, relatively little change is observed between 50 and 60 ° C for Raman markers assigned
to subunit side chains (Table 1). The second prohead I transition, which occurs between 83
and 92 °C, reflects global subunit unfolding coupled with disassembly of the prohead I particle.
19 The corresponding difference profile between 83 and 92 °C exhibits strong peaks and
troughs throughout the spectral interval 700–1700 cm−1. Accordingly, both mainchain
conformation (secondary structure) and side chain environments (tertiary structure) of the
subunits are altered above 83 °C. The amide I band prevailing at 92 °C (1670 cm−1) is very
strong and sharp, suggesting a preponderance of β-strand structure in the disassembled
subunits. This presumably reflects aggregation of the denatured subunits.

Figure 4b shows that the Raman signature of the prohead II subunit is virtually unchanged
between 10 and 80 °C. This is consistent with the attribution of the spectral changes observed
only for prohead I between 50 and 60 °C to Δ-domain unfolding (Figure 4a). Between 83 and
92 °C, on the other hand, the prohead II spectrum exhibits the same large-scale spectral changes
observed for prohead I. The prohead II spectral difference between 83 and 92 °C is therefore
attributed to subunit unfolding and shell disassembly. As noted above, the affected Raman
markers indicate conversion of α-helix to β-strand and extensive changes in side-chain local
environments. The similar high-temperature difference profiles (83 → 92 °C) shown in panels
(a) and (b) of Figure 4 indicate that the unfolding transition of residues 104–385 (gp5*) is
independent of the Δ-domain.

(b) Structural interpretation—The Raman signature and structure of the prohead I Δ-
domain in the 10–83 °C range is well approximated by a subtraction of the prohead II spectrum
from that of prohead I.18,19 Because tyrosine is absent from residues 2–103, the Tyr phenoxyl
marker at 642 cm−1 is a reliable internal intensity standard for the spectral subtractions (Figure
5a).31

Quantitative analysis28 of the in situ Δ-domain secondary structure at 10 °C indicates 69 ± 6%
α-helix, 14 ± 2% β-strand and 17 ± 3% irregular structure, in agreement with previous estimates.
18 The spectral changes that occur with Δ-domain unfolding consist of shifts in amide I (1648
→ 1684 cm−1) and amide III (1303 → 1251 cm−1) markers, pronounced intensity reductions
in other bands of the peptide backbone (937 and 1342 cm−1), and changes in the local
environments of multiple side chains (Table 1).30–33 These occur principally between 50 and
60 °C (Figure 5a) and signal the loss of α-helix and altered tertiary structure. Of particular
interest is the trough at 1018 cm−1, which is assignable to Trp.18,31,34 The parent band is
observed only in the spectrum of the folded Δ-domain of prohead I. Its absence from spectra
of both the unfolded Δ-domain of prohead I and the ectopically expressed Δ-domain (Figure
2a) suggests an interaction specific to W89 of the assembled prohead I subunit. Figure 5a also
shows that Raman spectral changes below 40 °C are small, indicating a thermostable subunit
fold at physiological temperature.

(c) Thermodynamics of Δ-domain unfolding—Quantitative analysis of Δ-domain
unfolding in prohead I has been carried out by factor analysis of the prohead I and prohead II
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difference spectra (600–1750 cm−1, Figure 5a) using the SVD algorithm. Figure 5b shows the
first four principal factors [(eq. 1, j = 1, 2, 3, 4)], which represent 88% variance in the spectral
series. Within the observed noise level these completely describe all spectral changes due to
Δ-domain unfolding and indicate a factor dimension of four (eq. 1, M = 4).

The four relevant factors were fitted assuming a two-state unfolding model (NΔ and UΔ) and
linear temperature-dependence of the corresponding Raman spectra. The fitted thermodynamic
parameters (ΔHm, ΔSm, ΔCp) are summarized in Table 2. The derived Raman spectra of the
NΔ and UΔ states using this model are shown in Figures 3c and 3d. The temperature
dependencies of the UΔ and NΔ states are very weak (<0.5% of the amplitude of the difference
Raman spectrum). The mole fraction distribution of NΔ and UΔ as a function of temperature
(Figure 3b) clearly reflects cooperative unfolding between 45 and 70 °C with substantially
increased stability of the Δ-domain in prohead I. The transition midpoint (Tm) is 58 ± 1 °C.
The mole fractions determined from the fitted thermodynamic parameters (eqs. 3 and 4)
correlate well with those derived from decomposition of the experimental spectra into NΔ and
UΔ, in support of the two-state model.

DISCUSSION
In the dsDNA bacteriophages P22 and ϕ29 shell assembly proceeds with the help of a
scaffolding protein,11–14 which adopts an elongated shape in solution and may exploit α-
helical coiled-coils to facilitate function.15,22,24,35,36 The scaffolding function in HK97 shell
assembly may be fulfilled by the Δ-domain of the prohead I subunit.18,37 Like scaffolding
subunits of P22 and ϕ29, the HK97 Δ-domain is rich in α-helix and may exploit coiled-coils
to project from the inner shell surface toward the prohead I interior.18,19,21,37 Here we have
characterized the α-helical structure of the HK97 Δ-domain and quantified its thermodynamic
stability in the prohead I environment (in situ) and in solution (in vitro).

1. Oligomerization of the Δ-Domain upon Prohead I Assembly
Our sedimentation experiments show that the in vitro Δ-domain does not spontaneously self-
assemble, but remains ~100% monomeric up to 1 mg/mL concentration. Therefore, gp5 self-
assembly into capsomers and shells at similar concentrations cannot be attributed simply to
interactions between subunit Δ-domains. Evidently, residues 104–385 are involved. The
present results suggest that the Δ-domain serves to lock or stabilize the assembled subunit in
its proper orientation within a capsomer or prohead I shell rather than to initiate assembly.

In addition to demonstrating a stable monomeric state for the in vitro Δ-domain, the
sedimentation results establish that the molecule is a prolate ellipsoid (6:1 axial ratio) in
solution. Similar nonspherical shapes have been established for the scaffolding proteins of
bacteriophages λ and P22 at comparable experimental conditions.35,38 Raman spectra show
further that both the secondary and tertiary structures of the in vitro Δ-domain are distinct from
those of the in situ Δ-domain. This presumably reflects interactions in prohead I between
neighboring Δ-domains and/or between Δ-domains and domains of residues 104–385.

2. Structure and Stability of the In Vitro Δ-domain in Solution
The secondary structure of the in vitro Δ-domain at 10 °C is shown by Raman spectroscopy to
be primarily α-helical (90%), containing only short segments of β-strands and/or turns. The
heat-induced transition observed between 10 and 60 °C (Figures 2a and 3a) involves the loss
of mainchain α-helicity and modest changes in side-chain local environments. The in vitro
Δ-domain is not fully folded at the HK97 physiological temperature (37 °C).
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Thermodynamic parameters governing the unfolding of the in vitro Δ-domain have been
determined by van’t Hoff analysis using a two-state model with constant heat capacity change
(Table 2). The enthalpy (ΔHm) and entropy (ΔSm) changes are diagnostic of a noncooperative
transition, typical of a protein that lacks a robust folding core.22,29 The small positive change
in heat capacity (ΔCp) implies that hydrophobic residues become only slightly more solvent
exposed with unfolding. This is consistent with the small intensity increase of the phenylalanyl
Raman marker (1004 cm−1) and the minor perturbations to aliphatic side chain Raman markers
(Table 1) with unfolding. A similar Raman unfolding signature has been observed for the P22
scaffolding protein, which also lacks a robust folding core.22,29 We conclude that the in
vitro Δ-domain structure is similar to those of P22 and ϕ29 scaffolding proteins with regard to
hydrodynamic shape, α-helicity and unfolding pathway.

3. Structure and Stability of the Δ-Domain in Prohead I
Despite the high α-helicities of both in situ and in vitro Δ-domains, the former exhibits more
β-strand than the latter. This is true for the respective folded (20 °C) and unfolded (80 °C)
states, as is evident from the Raman amide I difference peak near 1668 cm−1 in Figures 3c and
3d. At 20 °C, the in situ Δ-domain includes about 8% more of its mainchain (~8 residues) in
stable β-strand structure due to interactions specific to the prohead I assembly. The stabilizing
interactions within prohead I also perturb Raman bands of various side chains in the 800–1100
cm−1 spectral interval (Table 1). Raman markers of Phe (825 cm−1) and Trp (803 and 1018
cm−1), for example, exhibit distinct band shapes, intensities and peak positions for the in situ
and in vitro environments (Figure 3c). These distinctions are diminished in the respective
unfolded Δ-domains (Figure 3d). We note that the majority of the Δ-domain Phe residues (F77,
F96, F101) as well as the unique Trp residue (W89) occur near the C-terminus, where
interactions with the gp5* arm (residues 104–132) are presumably facilitated.

An important conclusion of this study is that the thermostability of the Δ-domain is greatly
enhanced by the prohead I environment (ΔTm = 18 °C). At the physiological temperature of
the prohead I particle (37 °C), the in situ Δ-domain is virtually completely folded (Figure 3b),
whereas the in vitro Δ-domain is less than 60% folded (Figure 3a).

Although the Δ-domain contains less α-helix in the in situ environment, the thermodynamic
parameters of unfolding are clearly greater (Table 2). The significantly more robust
thermodynamic parameters associated with unfolding of the in situ Δ-domain are attributable
to a cooperative effect, i.e. the simultaneous unfolding of multiple Δ-domains within prohead
I.39 Conway et al.21 observed a thermal transition at 53 °C in prohead I, using differential
scanning calorimetry. We propose that this is the same thermal transition that we have
monitored between 50 and 60 °C using the Raman signature. Conway et al.21 employed cryo-
EM to show that the principal structural change associated with the 53 °C DSC transition is
disordering of most of the Δ-domains, and this supports our assignment of the Raman spectral
changes in the 50–60 °C transition primarily to denaturation of the Δ-domains. Comparison of
the van’t Hoff enthalpy change derived from the Raman spectra (ΔHm = 50 ± 5 kcal·mol−1)
with the calorimetric value reported previously (ΔHcal = 14 kcal·mol−1),19 indicates an average
cooperative unit 〈nc〉 = ΔHm/ΔHcal of 3.6 ± 0.4. This implies the association of Δ-domains of
neighboring prohead I subunits into trimers and higher-order oligomers, which is consistent
with the proposal of Conway et al.21 that such Δ-domains form trimeric and pentameric clusters
on the inner shell surface.

A plausible scheme for the evolution of Δ-domain structure as a function of temperature is
shown in Figure 6. In situ (lower pathway), the cooperative and largely trimeric melting unit
exhibits little structural change between 10 and 37 °C. Between 37 and 60 °C, about half of
the Δ-domain α-helicity is lost in a cooperative manner in favor of turns and irregular
conformations. Δ-domain unfolding within the prohead I assembly also impacts shell
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architecture.21 Above 60 °C, the remaining α-helical structure is further diminished, also
cooperatively. In vitro (upper pathway), the monomeric and more richly α-helical Δ-domain,
melts noncooperatively and the process is essentially complete at 60 °C.

The present study demonstrates (i) that the Δ-domain of the HK97 prohead I subunit exhibits
a highly organized submolecular architecture at physiological temperature, (ii) that the precise
details of the Δ-domain chain conformation (secondary structure) as well as the local
environments of domain side chains (tertiary structure) are determined by interactions
involving neighboring domains of prohead I subunits, (iii) that such interdomain interactions
within prohead I confer a robust thermodynamic stability to the otherwise marginally stable
Δ-domain structure in vitro, and (iv) that the average cooperative unit of in situ Δ-domain
unfolding is greater than three. We have also shown that the free (in vitro) Δ-domain is
monomeric and cannot self-assemble at physiological temperature. This distinguishes the
HK97 Δ-domain from the dimeric scaffolding proteins of other dsDNA viruses, such as P22
and ϕ29.14,15 The failure of the in vitro Δ-domain to oligomerize may account for its inability
to function productively in the assembly of HK97 shells.

MATERIALS AND METHODS
1. Sample Preparations

A 111-residue peptide comprising the Δ-domain (2–103) with a C-terminal tag (SLEH6) was
expressed using the One Shot® BL21(DE3)pLysS E. coli cell system (Invitrogen, Carlsbad,
CA). The His6 tag was engineered at the C-terminus in order to minimize possible interference
with the putative oligomerization sequence of the native gp5 N-terminus.21 Additionally, in
the native subunit the C-terminal residue of the Δ-domain (Lys103) is connected to residues
104–385 (gp5*) via an unstructured segment (N-arm, residues 104–132).7 The expressed
protein was separated from the cell lysate via Ni-affinity chromatography (HisTrap® HP
Column, GE Healthcare Bio-Sciences Corp., Piscataway, NJ) and purified by anion-exchange
chromatography (HiTrap® Q column, GE Healthcare BioSciences Corp.). The purified Δ-
domain was exchanged into 25 mM NaCl, 20 mM Tris, pH 7.5 solution (buffer A), before
concentration to ~20 mg/mL in a Centricon® device (Millipore, Bedford, MA) for Raman
spectroscopic analysis.

Prohead I and prohead II particles were prepared from HK97 shell (gp5) and protease (gp4)
subunits expressed using plasmids pT7-5Hd2.9 and pT7-5Hd2.9(fdBstBI).37 Subunits were
purified by a combination of differential centrifugation, polyethylene glycol precipitation and
velocity sedimentation protocols, as previously described.37 For Raman spectroscopy samples
were concentrated by centrifugation and resuspension to ~20 mg/mL in 25 mM Tris, 100 mM
KCl, 1 mM β-mercaptoethanol, pH 7.5 (buffer B).

2. Raman Spectroscopy
Solutions of the 111-residue Δ-domain, prohead I particle and prohead II particle, each at 20
mg/mL, were sealed in glass capillary cells (KIMAX 34502) for Raman spectroscopy.
Solutions were thermostated to a precision of ±0.5 °C in the sample chamber of the Raman
spectrometer throughout the spectral data collection protocols. Raman spectra were excited
using ~100 mW of 532 nm radiation from a NdY:VO4 diode laser (model Verdi 5 W, Coherent,
Santa Clara, CA) and collected on a single-grating spectrograph, as previously described.40.
Spectra were collected in the temperature interval 10 < t < 92 °C, at increments of 2 to 5 °C
depending upon the rate of change of the spectrum with temperature. Data collection protocols
were repeated three times on independently prepared specimens of each sample.
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3. Factor Analysis of Raman Spectra
The structural information inherent in the temperature-dependent Raman spectra collected in
this study, was assessed qualitatively and quantitatively by use of singular value decomposition
(SVD).41 Using the SVD algorithm, a series of N Raman spectra denoted as Yi(ν) (i = 1, …,
N) where ν is the number of data points in each spectrum is transformed into a set of N
orthonormal components or factors, given in order of decreasing statistical weight Wj, as Sj(ν)
(j = 1, …, N). The relative contribution of the j-th factor to the i-th Raman spectrum is expressed
in terms of the unitary matrix Vij by eq. 1.

(1)

The series of N Raman spectra Yi(ν) can be approximated within experimental error by a subset
of factors Sj (j = 1, 2, …, M, where M < N). The value of M also represents the number of
independent spectral species in the original series and constitutes the dimension of the factor
analysis.41 Each Raman spectrum is also a linear combination of the M species, which represent
discrete states of the system in accordance with eq. 2,

(2)

where Zn(ν) are the spectra of the M individual states normalized to unit concentration. The
coefficient γin represents the molar concentration of state n in Raman spectrum i. In the case
of protein melting, the set M is expected to include the native and unfolded states of the protein.
The results of SVD can be fitted to the concentrations of the individual states γin via a rotation
matrix ρnj, which relates the factors Sj(ν) and the spectra Zn(ν).42 In our analysis, we assumed
a weak linear dependence of Zn(ν) on temperature to allow for protein chain flexibility or
protein-solvent interactions that may occur without significant changes in the average
secondary or tertiary structures.39,43

In the present application the concentrations γin were derived from a simple two-state model
of Δ-domain unfolding using the van’t Hoff (eq. 3) and Gibbs-Helmholtz relations. (eq. 4) at
each temperature (Ti).

(3)

(4)

R is the molar gas constant and Tm is the temperature at which half of the molecules in the
system are unfolded. Ki and ΔGi indicate the equilibrium constant and the Gibbs free energy,
respectively, at temperature Ti. The heat capacity change was considered temperature
independent in this approximation.
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4. Sedimentation Velocity
The Δ-domain and a corresponding reference (buffer A) were spun at 60,000 rpm in a Beckman
XL-A ultracentrifuge using the An60-Ti rotor. The sedimentation process was scanned in 90
s intervals for 7 h. To avoid thermal convection, the sample-loaded rotor was incubated for 1
h at 4 °C prior to sedimentation and thermostated at 4 °C until the end of the run. The
experimental data were acquired at 280 nm and analyzed using SEDFIT software
(http://www.analyticalultracentrifugation.com/default.htm).44 Input parameters such as the
partial specific volume, buffer density and viscosity were determined from the Δ-domain
sequence using Sednterp software (http://www.jphilo.mailway.com/download.htm).

5. Sedimentation Equilibrium
Solutions of the Δ-domain at three concentrations (58, 67 and 87 μM) and corresponding
reference solutions were loaded into the sedimentation equilibrium cell of the Beckman XL-
A rotor (An60-Ti). Data were collected at 280 nm for speeds of 35,000, 40,000 and 45,000
rpm. Equilibrium was reached after 18 h and confirmed by comparison of subsequent scans
acquired in three 3 h intervals. Only the last scan at a given speed was used for data analysis
(HeteroAnalysis software, http://www.biotech.uconn.edu/auf/).45 A single species model was
used to fit the sedimentation equilibrium profiles for each sample at all speeds, in accordance
with eq. 5.

(5)

A(r) is the total absorbance at radius r, A0 is the absorbance at the reference radius r0, M is the
molar mass, ν ̄ is the partial specific volume, ρ is the buffer density and ω is the angular velocity.
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ABBREVIATIONS
cryo-EM  

electron cryomicroscopy

ds  
double-stranded

DSC  
differential scanning calorimetry

HDX  
hydrogen-deuterium exchange

IPTG  
isopropyl-β-D-thiogalactopyranoside

PMSF  
phenylmethylsulfonyl fluoride

SVD  
singular value decomposition
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Figure 1.
(a) Sedimentation velocity of the in vitro Δ-domain. (Top) Absorbance at 280 nm as a function
of radial position during Δ-domain (85 μM) sedimentation at 4 °C. Data were acquired in 90
s intervals. For clarity, the results for 15 min intervals are shown (colored circles).
Sedimentation boundaries were fitted by the Lamm equation (black lines). Corresponding
residuals are shown in the lower field. (Bottom) Fitted distributions of the apparent
sedimentation coefficient (left) and molecular mass (right) reveal a single species of s* = 0.8
(corresponding to s0

20,w = 1.3) and 12 kDa, consistent with an elongated monomer. (b)
Sedimentation equilibrium of the in vitro Δ-domain. Samples (87, 67 and 58 μM) at 4 °C were
spun to equilibrium at 35,000 (red circles), 40,000 (green triangles) and 45,000 rpm (blue
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squares). The profiles were acquired at 280 nm and fitted with eq. 5 to determine the molecular
mass of 12 ± 1 kDa.

Němeček et al. Page 14

J Mol Biol. Author manuscript; available in PMC 2010 January 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
(a) Temperature-dependence of the Raman spectrum of the in vitro Δ-domain. The spectra
obtained at 10 and 90 °C and the difference spectra computed for each 10 °C interval between
10 and 80 °C are shown, as labeled. The major spectral changes, which correspond to Δ-domain
unfolding, occur for 30–40 and 40–50 °C intervals. Raman intensities were normalized using
the integrated intensity of the amide I band (see text). (b) Factor analysis of the temperature-
dependent Raman spectra of the in vitro Δ-domain. Singular values (plotted on a logarithmic
scale) and residual errors reveal that three factors are sufficient to describe all spectral changes
associated with Δ-domain unfolding (factor dimension M = 3). The three factors were fitted to
a two-state model using eqs. 3 and 4. The red lines show the precision of the fitted coefficients
Vi1-Vi3.
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Figure 3.
(a) Plots of the mole fractions of folded and unfolded states of the in vitro Δ-domain as a
function of temperature. The fractions were determined from the fitted thermodynamic
parameters using eqs. 3 and 4 (lines) and by spectral decomposition of the temperature-
dependent Raman spectra of the in vitro Δ-domain into the spectra determined for folded and
unfolded states of the in vitro Δ-domain (circles and triangles, respectively). (b) Plots of the
mole fractions of folded and unfolded states of the in situ Δ-domain as a function of
temperature. The fractions were determined from the fitted thermodynamic parameters using
eqs. 3 and 4 (lines) and by spectral decomposition of the temperature-dependent Raman spectra
of the in situ Δ-domain into the spectra determined for folded and unfolded states of the in
situ Δ-domain (circles and triangles, respectively). (c) Comparison of the Raman spectra of the
folded Δ-domain in situ (top) and in vitro (middle). The difference spectrum (bottom) reveals
changes in secondary structure and local environments of Trp and Phe side chains of the in
situ Δ-domain (see text). (d) Comparison of the Raman spectra of the unfolded Δ-domain in
situ (top) and in vitro (middle). The difference spectrum (bottom) shows that changes in
secondary structure and Trp and Phe local environments are smaller than those occurring for
the folded Δ-domain (cf. bottom trace of panel (c)).
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Figure 4.
(a) Temperature-dependence of the Raman spectrum of prohead I. The spectra obtained at 10
and 92 °C and the difference spectra computed for the indicated intervals between 10 and 92
°C are shown, as labeled. The largest spectral change, which corresponds to prohead I
disassembly, occurs above 83 °C. The other major spectral transition, which occurs primarily
between 50 and 60 °C, corresponds to Δ-domain unfolding within the prohead I assembly.
Raman intensities were normalized to the integrated intensity of the amide I band. (The
intensity of the tyrosine marker at 644 cm−1 is also invariant to temperature.) (b) Temperature-
dependence of the Raman spectrum of prohead II, showing a single transition above 83 °C,
which corresponds to prohead II disassembly.
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Figure 5.
(a) Temperature-dependence of the Raman spectrum of the in situ Δ-domain. The spectra
obtained at 10 and 83 °C and the difference spectra computed for each 10 °C interval between
10 and 80 °C are shown, as labeled. The major spectral changes, which correspond to Δ-domain
unfolding, occur principally in the 50–60 °C interval. Raman intensities were normalized using
the integrated intensity of the amide I band. (b) Factor analysis of the temperature-dependent
Raman spectra of the in situ Δ-domain. Singular values (plotted on a logarithmic scale) and
residual errors reveal a factor dimension M = 4. The four factors were fitted to a two-state
model using eqs. 3 and 4. The red lines show the precision of the fitted coefficients Vi1-Vi4.
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Figure 6.
A comparison of thermally induced perturbations to Δ-domain secondary structure in vitro
(top) and in situ (bottom). The models incorporate results of the Raman amide I band analyses
and the sizes of the cooperative units (〈nc〉) determined from sedimentation and thermodynamic
data (see text). A key feature is that at physiological temperature (37 °C) the structural
organization of the in situ Δ-domain is greater than that of the in vitro Δ-domain. In particular,
each chain of the in situ trimer retains full α-helicity, whereas the in vitro monomer is partially
unfolded.
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