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Abstract

Domain 1 of the cell adhesion protein CD2 (CD2-1) has an all B-structure typical of proteins
belonging to the immunoglobin superfamily. It has a remarkable ability to fold as a native
monomer or a metastable intertwined dimer. To understand the origin of structural rearrange-
ments of CD2-1, we have studied equilibrium unfolding of the protein using various biophysical
spectroscopic techniques. At temperatures above approx 68°C, a partially folded state of CD2-1 (H
state) with a distinct secondary structure, involving largely exposed aromatic and hydrophobic
residues and a substantially perturbed tertiary structure, is observed. In contrast, an unfolded state
(D state) of CD2-1 with random-coil-like secondary and tertiary structures is observed in 6 M
GuHCIL. This partially folded high-temperature state has increased negative molar ellipticity at 222
nm in far-ultraviolet CD spectra, implying formation of a non-native helical conformation. The
existence of this non-native high-temperature intermediate is consistent with relatively high
intrinsic helical propensities in the primary sequence of CD2-1. This conformational flexibility may
be important in the observed domain swapping of CD2-1.

Index Entries: Folding of 3-sheet proteins; thermal denaturation; domain swapping; non-native

intermediate; quantitative protein secondary structural analysis.

The mechanism of protein folding is cur-
rently an important question in chemistry and
biology. The study of the mechanism by which
proteins fold into precise three-dimensional
structures provides a deeper understanding of
the protein-folding problem. Folding of an
extended polypeptide chain on the second to
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minute time scale suggests that folding follows
pathways defined by multidimensional energy
landscapes (1-3). A limited number of interme-
diate folding states and multiple folding path-
ways have been outlined for a few proteins
(4-7). One incisive approach defining a
sequence of protein-folding events is to charac-
terize physical properties of structurally and
energetically stable intermediate states at equi-
librium conditions (8,9). Equilibrium unfolding
of a protein by chemical denaturants, pH, or
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temperature allows us to identify determinants
for stabilization of folding intermediates and to
answer how the hierarchy of structural levels
governs both the conformational stability and
the folding/unfolding pathways of proteins.
One key folding intermediate is called the
molten globule, and this has been found in the
folding pathways of many proteins, such as
myoglobin and o-lactalbumin (4,10-14). The
molten globule has a significant native-like sec-
ondary structure but a largely flexible tertiary
structure with exposed hydrophobic surfaces
(4,8,15). This equilibrium molten-globule state
has been shown to be a relevant kinetic inter-
mediate both in vivo and in vitro (16-18).
Proteins with fewer than 100 amino acid
residues fold without a detectable intermediate
state (19,20). In contrast, proteins with over 100
amino acids in length do fold via stable inter-
mediates (21-23).

Several advances in the folding of B-sheet
proteins have been achieved by using peptide
models, mutagenesis, and design approaches
(19,24). Unlike the folding of an o-helix, the
folding of a B-sheet requires the formation of
peptide hydrogen bonds between two or more
polypeptide segments that may be far apart in
the linear sequence. As pointed out in several
reviews, in-depth folding studies on all B-sheet
proteins provide more direct evidence for
understanding how the rapid formation of the
specific H-bonding networks by remote
residues is initiated or how local and long-range
interactions contribute to the final formation of
B-sheet structures (24,25). Small, all B-sheet pro-
teins with high solubility offer good systems for
the study of B-sheet folding (26-29).

The domain 1 of rat CD2 (CD2-1) is an all -
sheet protein and is an ideal model system for
understanding the key determinants for the
folding of B-sheet proteins (30-33). CD2-1 is a
cell surface receptor on natural killer cells and
plays an important role in mediating both cell
adhesion in T-lymphocytes and signal trans-
duction (34-36). Only domain 1 of CD2 is
involved in adhesion. CD2-1 is small (99 amino
acids), highly soluble, and lacks disulfide
bonds. Structural studies have shown that
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CD2-1 has a common Greek key architecture
shared by the immunoglobulin family (Fig. 1)
(34-36). As shown in Fig. 1, CD2-1 contains
two Trp residues. Trp-32 is completely buried
in the hydrophobic core of the protein. In con-
trast, Trp-7 on strand A is largely exposed to
solvent. The two Trp residues can serve as
internal probes to trace the change of the ter-
tiary structure of CD2-1 and to gauge the open-
ing of the two layers of sheets by fluorescence
and near-ultraviolet (UV) circular dichroism
(CD) methods.

CD2-1 has the remarkable ability to fold
either as a native monomer or as an inter-
twined, metastable dimer (37). About 15% of
the recombinant protein was observed as a
dimer when expressed as a glutathione-S-
transferase (GST) fusion protein. This dimeric
form of CD2-1 can be refolded back into a
monomer by GuHCI in the absence of the GST
fusion partner (37). Crystallographic studies
reveal that this dimer has an unusual fold with
two interexchanged polypeptide chains entan-
gled head to tail. More dramatically, the inter-
twined dimer can be stabilized by deleting two
residues at the C” hinge region of CD2-1 and a
tetramer can be further assembled (38). Based
on these observations, Murray et al. proposed
the existence of a loosely folded (molten glob-
ule) intermediate that has the features neces-
sary to be a common precursor to both
monomer and dimer structures (37-39). We
have shown that domain 1 of CD2 can be con-
verted to be significantly helical in the presence
of TFE (40).

Here, we report our unfolding studies of
CD2-1 with the aim of identifying the deter-
minants for the conformational properties of
all B-sheet proteins and understanding the
origin of the structural rearrangement of CD2-
1 by exploring equilibrium intermediates.
Various biophysical techniques that are sensi-
tive to the change of different levels of protein
structures have been employed. A partially
folded state with some molten-globular
characteristics has been observed at high
temperatures (denoted as the H state). We
have observed that part of the residues in the
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Fig. 1. Schematic representation of the three-dimensional structure of domain 1 of rat CD2 (35).
The side chains of tryptophan residues 7 and 32 are shown in wireframe representation. Secondary
structure prediction based on the amino acid sequence of domain 1 of rat CD2 was carried out using
three algorithms (PHD, GOR, and SOMPA) (40). Residues with strong B-sheet propensities are
labeled in gray. Residues with strong o-helix propensities are labeled in black.

native [B-sheet conformation was converted
to a helical conformation. The origins of this
conformational change were investigated
by analyzing the intrinsic secondary structure
propensity of CD2-1. The relevance of
this intermediate to the conformational flexi-
bility of CD2-1 and the domain-swapping
metastable structure is also discussed.
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RESULTS AND DISCUSSION

One way to perturb the equilibrium between
different conformational species in proteins is
to change the temperature (22). To explore if an
equilibrium intermediate of CD2-1 can be
induced by thermal denaturation, we have
used CD, Fourier-transform infrared (FTIR),
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and fluorescence spectroscopy in conjunction
with differential scanning calorimetry (DSC).
These multiple probes can be used to gain
insight into the changes of secondary and ter-
tiary structures of the protein and explore the
cooperativity of folding. Concentration ranges
from 2 to 200 uM were selected for thermal
denaturation studies. At these concentrations,
aggregation was not observed up to 90°C.

Unpacking of Tertiary Structure
of CD2-1 Induced by Temperature

Near-UV CD signals of proteins mainly
originate from the asymmetric environment
around aromatic residues (41). Rat CD2-1 con-
tains two tryptophan (Trp-7 and Trp-32), two
tyrosine (Tyr-76, and Tyr-81), four phenylala-
nine (Phe-21, Phe-42, Phe-49, and Phe-55), and
one histidine residues (His-12). To investigate
the effects of temperature on the tertiary
structure of CD2-1, the near-UV CD spectra of
45 uM CD2-1 in phosphate-buffered saline
(PBS) at pH 7.3, at different temperatures
were recorded. Samples were allowed to equi-
librate at each temperature for 20 min
(Fig. 2A). Native CD2-1 at 25°C has a complex
near-UV CD spectrum with negative maxima
at 265, 281, and 289 nm. This complexity
reflects the high proportion of aromatic
residues (10) in the protein. Elevating the tem-
perature decreases the intensity of the near-
UV CD signals at 281 nm and 289 nm (Fig.
2A). At temperatures higher than 70°C, almost
all of the near-UV signals are diminished, sug-
gesting that the asymmetric environment of
the aromatic residues of CD2-1 are severely
perturbed by thermal denaturation.

Fluorescence spectroscopy is very sensitive to
the change of the environment of aromatic
amino acid residues. Because Trp-32 is located at
the center of the hydrophobic core of CD2 and is
fully buried (Fig. 1), intrinsic Trp fluorescence
was used as a tertiary structural probe for the
(un)folding of CD2-1. Excited at 280 nm, the
emission spectrum of native CD2-1 has two
emission maxima at 318 and 328 nm at 25°C (Fig.
2B). These two emission maxima may reflect the
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large difference in the environment of the two
Trp residues in the native protein. Increasing the
temperature substantially decreases the Trp fluo-
rescence intensity at 328 nm (about 70%). In
addition, the two emission maxima at 318 nm
and 328 nm at 25°C are evolved and shifted to a
single maximum at 348 nm at 80°C. To dissect
the contribution of the conformational change of
CD2-1 to the Trp fluorescence by denaturation, 4
UM amino acid Trp was used as a control for 2
UM of the protein containing two Trp residues.
The effects of temperature on the fluorescence
spectra of free amino acid Trp were examined
under identical experimental conditions.
Although increasing the temperature from 25°C
to 80°C results in about a 52% decrease of the Trp
fluorescence intensity of the free amino acid, the
emission maximum of free Trp remains at 355
nm. This emission maximum is close to that of
CD2-1 at 80°C. Results from near-UV CD and
Trp fluorescence temperature studies suggest
that the tertiary structure of CD2-1 (H state) is
severely perturbed and the aromatic amino acid
residues are largely exposed to the solvent at
high temperatures.

To investigate unpacking of the tertiary struc-
ture of CD2-1 at high temperature resulting in
the exposure of hydrophobic clusters, we have
measured the fluorescence of the hydrophobic
probe 1-anilinonaphtalene-8-sulfonate (ANS) in
the presence and absence of protein at different
temperatures. As shown in Fig. 3, a blue-shift of
10 nm in the Amax of ANS florescence and a
twofold increase in its intensity occurs upon the
addition of CD2-1 at 80°C. By contrast, less than
a 5% change of ANS fluorescence was observed
upon the addition of CD2-1 at 25°C or in the
presence of 6 M GuHCI. These results suggest
that the thermal-induced H state of CD2-1 pos-
sesses a hydrophobic surface that binds ANS
and resembles the molten-globule state observed
in many proteins (4,10-14).

Non-native Secondary Structure
of CD2-1 Induced by Temperature

Far-UV CD is very sensitive to the polypep-
tide backbone conformations of proteins. As
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Fig. 2. (A) The near-UV CD spectra (45 uM) of CD2-1 in PBS buffer (pH 7.3) at 25°C (@), in 6.0 M
GuHCl at 25°C (M) in PBS buffer (pH 7.3) at 80°C (A), and in PBS buffer (pH 7.3) at 25°C after stay-
ing at 80°C for 45 min (o). (B) The emission (excited at 280 nm) spectra of 2 uM CD2-1 at 25°C (@),
and 80°C (A) in PBS buffer, and in 6.0 M GuHCI at 25°C (M). The emission spectrum (excited at 280
nm) of 4 uM free amino acid Trp (o) at 25°C in PBS buffer (pH 7.3).
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Fig. 3. The fluorescence emission spectra of 0.1 mM ANS in the absence (dashed line) (O) and
presence of 20 uM CD2-1 (solid line) at 25°C. (@), ANS in PBS buffer (pH 7.3) in the absence (/)

and presence of 20 uM CD2-1 (A) at 80°C.

shown in Fig. 4, the far-UV CD spectrum of
native CD2-1 (45 uM) at 25°C has a negative
maximum at 215 nm, which resembles closely
that of domain 1 and domain 2 of human CD2
and CD4 (42,43) and pseudoazurin (44). All
of these proteins share a high similarity in
three-dimensional structures and topology
with a Greek key B-sandwich (34,35,45,46). The
relatively small intensity (about -3000 deg
cm?/dmol) at the negative maximum for these
proteins is likely a result of the twisting of
strands in proteins and the influence from aro-
matic contribution (41,43,47,48).

To investigate the effect of temperature on
the secondary structure of CD2-1, the far-UV
CD spectra of 45 uM CD2-1 in PBS buffer at dif-
ferent temperatures were recorded under the
same conditions as for the near-UV CD studies
(Fig. 4). Surprisingly, increasing the tempera-
ture increases the molar ellipticity at 222 nm.
Concurrently, the width of the CD band
becomes broader and its negative maximum at
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215 nm evolves into two negative maxima at
210 and 220 nm at 80°C. Increasing the temper-
ature to 90°C does not induce any additional
change in the far-UV CD spectrum of CD2-1.
From 25°C to 80°C, the ellipticity at 222 nm of
CD2-1 is enhanced about 1.5-fold, which is in
strong contrast to the diminished CD signal
observed in 6 M GuHCL The distinct far-UV
CD spectrum with the temperature-induced
enhancement of negative molar ellipticity at
222 nm is not commonly observed for many
proteins. Some proteins only exhibit a small
residual CD signal at 222 nm when exposed to
thermal denaturation (18,49-53).

There are several possible explanations for the
H-state conformation and the corresponding
negative increase of the far-UV CD signal at 222
nm at high temperature. First, the negative
increase in ellipticity may be the result of protein
oligmerization. To investigate this possibility, we
have measured the far-UV CD spectra, and one-
dimensional nuclear magnetic resonance (NMR)
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Fig. 4. The far-UV CD spectra of 45 uM CD2-1 at different conditions: in PBS buffer (pH 7.3) at
25°C (@), in 6.0 M GuHCl at 25°C (M), in PBS buffer (pH 7.3) at 80°C (A), and in PBS buffer (pH 7.3)

at 25°C after staying at 80°C for 45 min (O).

spectra, of CD2 as a function of protein concen-
tration at high temperature (data not shown).
There is no concentration dependence of the
temperature-induced molar ellipticity at 222 nm
from 1.0 to 80 uM. In addition, the NMR
linewidth of CD2 is not changed from 50 to 200
uM at 90°C. Taken together, these results suggest
that the induced molar ellipticity is less likely
to be a result of oligmerization of CD2. The sec-
ond possibility is that the temperature-induced
ellipticity may be due to an increased contribu-
tion from aromatic amino acid residues to the
far-UV CD signal relating to changes in the
tertiary structure of CD2-1. Near-UV CD signal
is a result of aromatic residues in an asymmetric
environment of a tightly packed protein
(43,48,54-56). As suggested from the near-UV
CD and Trp fluorescence studies (Fig. 2A,B), the
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aromatic residues in the H state are largely
exposed to the solvent, and the tight packing of
the protein core is severely disturbed (Fig. 2A,B).
Hence, the aromatic amino acid contribution for
the H state is expected to be dramatically
reduced compared to that of the native state of
the protein (53). The third and most likely possi-
bility is that the high-temperature-induced ellip-
ticity at 222 nm is the result of the formation of
non-native helical conformations. It is well
known that an o-helical conformation has a
strong far-UV CD signal at 222 nm, and proteins
with 100% helical conformations give molar
ellipticity of 33,000 deg cm?/dmol at 222 nm
(41,43,47,48,54-59). To further investigate the
thermal-induced secondary structure change of
the non-native H state of CD2-1, we have used
FTIR spectroscopy.
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Fourier-transform infrared spectroscopy is a
useful tool for the investigation of small sec-
ondary structural changes of proteins in aqueous
solution (60-66). The so-called amide vibrations
are associated with the peptide groups. The
amide I absorption band is principally the result
of an in-plane C=0O stretching vibration. This
gives rise to infrared bands between 1600 and
1700 cm™!. A protein containing several types of
secondary structure gives rise to several overlap-
ping amide I absorption bands. The observed
amide I band is therefore relatively broad.
Sensitive FTIR measurements of proteins, in
combination with modern deconvolution and
curve-fitting algorithms, have been used suc-
cessfully to probe the underlying component
bands that contribute to the broad amide I tran-
sition. From studies of numerous (more than
100) proteins, it was found that distinct elements
of secondary structure give rise to specific
infrared (IR) absorption bands, over only narrow
ranges of frequency (60,67). Quantitative sec-
ondary structural information can be derived
from the relative strengths of specific absorption
bands (63). From studies of 19 proteins,
Byler and Susi (67) suggested that bands at
1653 + 4 cm™ are the result of the o-helix,
whereas bands at 1624 + 4 cm™, 1631 + 3 cm™,
1637 £ 3 cm™, and 1675 + 5 cm™ are the result of
different B-sheet structures (see also ref. 68). Bands
at 1663 + 4 cm™, 1671 £ 3 cm™!, 1683 + 2 cm™},
1689 + 2 cm™, and 1694 + 2 cm™ are the result of
turns. Antiparallel B-sheets give rise to absorp-
tion bands at 1678 and 1688 cm™ (69), and an
absorption band at 1645 + 4 cm™ has also been
found to be associated with unordered sec-
ondary structure. IR absorption bands below
1610 cm™ are generally not associated with
amide [ transitions and are more likely to be
related to amino acid side-chain vibrations (70).
Importantly, B-chains do not give rise to amide
band frequencies in the approx 1650-1660 cm™
spectral region (68). Bands at approx 1653 * 4
cm™! are associated with o-helical secondary
structures and are distinct from those associated
with other types of secondary substructure.

The IR absorption spectra of CD2, at 25°C
and 90°C in the amide I’ spectral region, are
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shown in Fig. 5A and B, respectively (bold
dashed lines). The second derivative (inverted,
shifted, and multiplied by 300) as well as the
deconvolved spectra is also shown in Fig. 5A
and B. Raising the temperature results in a pro-
nounced “blue”-shift of the peak of the amide
I’ absorbance spectrum. The second derivative
spectrum in Fig. 5A clearly shows an intense
peak near 1628 cm™!. This peak is considerably
diminished in intensity upon heating from
25°C to 90°C. This band corresponds to a f-
sheet (63,68,69). In addition, the second-deriv-
ative spectrum in Fig. 5A at 25°C does not
display a distinct band near 1650 cm™, but the
second-derivative spectrum in Fig. 5B, at 90°C,
does. Bands near 1650 cm™ are routinely asso-
ciated with o-helical structure (63). The sec-
ond-derivative IR spectral data in the amide I
spectral region then indicate qualitatively the
loss of B-sheet as the temperature is raised,
with the simultaneous formation of an o-heli-
cal secondary structural component.

To investigate these temperature-induced
secondary structural changes quantitatively, we
have used standard curve-fitting procedures, in
conjunction with “resolution enhancing” decon-
volution procedures. Figure 5A and B show the
deconvolved spectral profiles at 25°C and 90°C,
respectively. The peaks in the deconvolved
spectral profiles agree particularly well with the
peaks in the second-derivative spectra. The
deconvolved spectra were resolved into com-
bined Lorentzian and Gaussian components by
means of a curve-fitting algorithm that utilizes a
Levenberg-Marquardt iteration procedure. The
titted curves in Fig. 5 are virtually identical to
the deconvolved spectra. The curve-fit parame-
ters obtained for the 25°C and 90°C decon-
volved data are summarized in Table 1. The
“goodness of fit” is quantified by a root mean
square (RMS) noise parameter. The smaller the
RMS noise parameter, the better the fit, or more
accurately, the closer the fitted curve matches
the data. This is important because it is not pos-
sible to visually inspect and judge how well the
titted curves match the data. Clearly, from Fig. 5,
any o-helical components in the protein associ-
ated with a band between approx 1649 and
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Fig. 5. Infrared absorption spectra (bold dashed lines) of CD2 at (A) 90°C and (B) 25°C in the
amide I’ spectral region. The second derivative (scaled and shifted) and deconvoluted spectra,
obtained from the absorption spectra are also shown. The deconvoluted spectra are fit to a sum of
the combined Lorentzian and Gaussian components. The component bands from the fitting are also
shown. The fitted curves are indistinguishable from the deconvoluted spectra to the naked eye.

1657 cm™! could not lead to an accurate descrip-
tion of the 25°C data. This indicates that very lit-
tle o-helical substructure is present in CD2-1 at
25°C, in line with far-UV CD data presented
here and X-ray structural studies (34-36).
Judged by the quantitative RMS noise parame-
ter, we have found that it is not possible to find
an adequate fit to the 25°C data when a band at
1652 cm™ is included as either a fixed parameter
or a variable starting parameter. If a band at
1652 cm™! is included as a fixed parameter (with
similar intensity and width to the band found at
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90°C), the RMS noise is more than a factor of 3
worse than if no such fixed parameter is
included (data not shown). Similarly, if a band
at 1652 cm™! is included as a variable starting
parameter, the interative procedure quickly
removes the band from this spectral region. On
the other hand, a band at 1652 cm™ (Fig. 5) is
required to adequately fit the 90°C data, indicat-
ing helix formation at 90°C. The integrated area
under each component band and their assign-
ments to secondary structure are also presented
in Table 1. Although curve fitting can be some-
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Table 1
Curve-Fit Parameters for CD2-1 Infrared Absorption Spectra at 25°C and 90°C

Position Integral Secondary Structure
25°C 90°C 25°C 90°C 25°C 90°C Assignment

1596.8 1.300 Amino acid
1608.6 1606.4 0.465 0.544 Amino acid
1615.5 1614.4 0 0 Baseline
1628.1 1626.0 1.815 0.110 24.2% 2.1% B-Sheet
1641.8 1642.8 1.870 1.879 24.9% 36.5% B-Sheet

1652.0 0.600 11.6% o-Helix
1659.5 1661.3 3.287 2.099 43.8% 40.7% Turns
1677.3 1676.4 0.536 0.468 7.1% 9.1% Antiparallel B-sheet
1708.7  1709.2 0.200 0.138

1724.4 0.545

SUM=75 SUM=5.1

Note: CD2-1, 25°C, RMS error: 0.000338422. CD2-1, 90°C, RMS error: 0.000344116.

The deconvolved data were fit to eight components plus a baseline. The goodness of fit was characterized using a RMS
error parameter. For the 25°C data, the RMS error is 3.384 x 107*. For the 90°C data, the RMS error is 3.44 x 10, The term
SUM refers to the total integrated area of the bands in the 1625- to 1678-cm™! spectral region. Bands outside this region
were included in the fit but were not considered in this sum, because they are not related to secondary structure. The per-
centage secondary structural contribution of each component is estimated by rationing the components integrated area
to the total area (or sum). For the present case, the 1652-cm™! band contributes approx 11.6% to the total integrated area,

which is in a good agreement with 10% helical content from CD studies.

what subjective, there are few possible fits that
could accurately describe the FTIR spectra pre-
sented here. The signals from helical and ran-
dom-coil conformations overlap somewhat in
FTIR, however, the possibility for a random coil
at high temperature is less likely because CD2
has an increased CD signal at 222 nm (struc-
tured) instead of the decreased signal at high
temperature. The increase of the random coil by
high temperature should have resulted in a dra-
matic decrease in CD signal at 210-250 nm (ran-
dom coil), which is not what we observed here.
The fit presented here is the only possible fit that
is compatible with the CD data. The ratio of the
band integral to the total integrated area can be
used as a measure of the percentage that the sec-
ondary structural component contributes to the
amide I’ absorption band (63,67). The 1652 cm™!
band of CD2-1 at 90°C is approx 11.6% of the
total integrated area in Fig. 5B. This indicates
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that in CD2-1, at 90°C, an o-helical substructure
is likely to be formed and it accounts for 11.6%
of the secondary substructure of the protein.
With the assignments listed in Table 1, it is clear
that virtually all of this o-helical contribution
results from loss of B-structures that are associ-
ated with the band at 1626-1628 cm™. Taken
together, the results from both far-UV CD and
FTIR spectral studies indicate the formation of a
non-native conformation at high temperatures.
It may contain a small population of helical con-
tent that appears to be derived from the native
B-sheet structure of CD2-1 (H state).

The folding reversibility of this high temper-
ature-induced partially folded state (H state) of
CD2-1 was also examined using far and near
UV CD and FTIR spectroscopy, at pH 7.3 in
PBS bulffer. In all types of spectroscopic mea-
surements with different protein concentra-
tions (45-200 uM), the spectra of CD2-1 at 25°C
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Fig. 6. Microcalorimetry scan for 150 uM CD2-1 at pH 7.3 in PBS buffer with a scan rate of 60°C/h.

after heating to 90°C for 30 min is identical to
those obtained without heating (Figs. 2A,B, 4).
Therefore, the original B-sheet conformation
and tight packing of the asymmetric environ-
ment of the aromatic amino acid residues of the
native state can be regenerated from the par-
tially folded H state. This reversibility upon
thermal denaturation allows us to analyze the
thermal dynamic properties of CD2-1.

To further investigate the process of thermal
denaturation, DSC was applied to monitor the
heat-capacity change of CD2-1 during the ther-
mal unfolding process. CD2 exhibits pretransi-
tion and posttransition baseline change. Figure 6
shows that there is one peak with a maximum at
62°C from 20°C to 90°C in the heat-capacity tran-
sition curve of 150 uM CD2-1 at pH 7.3 in PBS
buffer with a scan rate of 60°C/h (Fig. 6). The
obtained T, is consistent with our CD and fluo-
rescence results. We have monitored tempera-
ture-induced signal changes at two wavelengths
from three structural probes (220 and 230 nm for
far-UV CD, 281 and 289 nm for near-UV CD, and
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320 and 348 nm for the emission of Trp fluores-
cence). All unfolding curves have a single transi-
tion with a T,, of about 61 + 1°C (25,51,52,71-73).
A simulated curve using the van’t Hoff equation
based on a two-state transition fits this DSC
curve well. The AH, estimated directly from the
DSC curve is 50 kcal/mol, which is close to the
van’t Hoff enthalpy (AHp) (51 kecal/mol).

A Random-Coil State of CD2-1
by Chemical Denaturation

We have also examined the folding and
unfolding of CD2-1 by using the chemical
denaturant GuHCI. Far-UV CD (180-260 nm),
near-UV CD (260-350 nm), and Trp fluorescence
spectroscopy have been used to monitor the
folding and unfolding processes in CD2-1.
Figure 2A shows that the near-UV CD signals at
281 and 291 nm are completely diminished in 6
M GuHCI. Figure 2B shows that the intensity of
Trp fluorescence of CD2-1 is dramatically
reduced in 6 M GuHCI. Excited at 280 nm, the
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emission maxima of CD2-1 is shifted from 318
and 328 to 355 nm. The later wavelength is very
similar to that of free amino acid Trp fluores-
cence (Fig. 2B) and resembles that of completely
unfolded proteins (22). Both near-UV CD and
Trp fluorescence studies suggest that the ter-
tiary structure of CD2-1 is largely disrupted in
6 M GuHCI. In addition, no enhancement of
ANS fluorescence was observed upon the addi-
tion of CD2-1 in 6 M GuHCI (data not shown),
suggesting that CD2-1 in 6 M GuHCI does not
possess exposed hydrophobic clusters (74). As
shown in Fig. 4, the far-UV CD spectrum of
CD2-1 in 6 M GuHCI closely resembles that of
a random-coil conformation (22,27,59), indicat-
ing that the secondary structure of CD2-1 is
completely unfolded in 6 M GuHCI. Upon
removal of GuHCI by dialysis, the far-UV and
near-UV CD spectra of the refolded CD2-1 are
recovered and are identical to that of the pro-
tein without experiencing denaturation (data
not shown). The folding and unfolding of CD2-
1 by GuHCI is therefore fully reversible. The
changes of fluorescence signal at 320 nm, near-
UV CD signal at 281 nm, and far-UV CD signal
at 220 nm of CD2-1 as a function of GuHCI con-
centration have a single transition with a C,,
value (50% native at this concentration of
GuHCI) of about 2.2 M and can be fitted by a
two-state model (data not shown) (51,52,71).
Fitting the CD signal change at 230 nm or 289
nm, or the emission of Trp intrinsic fluorescence
at 348 nm, as a function of GuHCI concentra-
tion (data not shown), all gave similar results.
Hence, the conversion of the native state (N
state) to the random-coil-like GuHCI denatured
state (D state) of CD2-1 by the chemical denat-
urant GuHCI is highly cooperative in that the
change of secondary structure is coupled with
that of the tertiary structure and no stable inter-
mediate states are populated. Our results on
GuHCI denaturation of CD2-1 agree with the
previous studies by Parker et al. (30-33). By
monitoring changes in the Trp fluorescence,
they reported that the fully folded (N) and
unfolded (D) states are the only species popu-
lated at equilibrium by GuHCI denaturation. A
transient intermediate was suggested to form in
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the dead time of the stopped-flow experiment
and is unstable.

In summary, all data obtained using different
methods suggest that the chemical denatured D
state is virtually completely random-coil-like,
whereas elevating the temperature induces a
partially folded H state of CD2-1. This H state of
CD2-1 has largely perturbed tertiary structure
and exposed Trp and hydrophobic clusters,
which partly resembles the molten-globule state
as observed for o-lactalbumin and myoglobin
(8,11,13). On the other hand, we have demon-
strated that this H state differes from the classical
MG state because it contains a non-native
helical conformation with the increase of molar
ellipticity at 222 nm and the blue-shifted amide
I’ IR absorbance band at high temperature,
and the conversion from native B-sheet state
to an induced H-state of CD2-1 is highly
reversible. Similarly, CD2-1 was shown to be sig-
nificantly helical (43%) in the presence of 80%
organic solvent 2,2,2-trifluoroethanol (TFE) (40).
Chaotriopic agents such as GuHCI and urea
bind to the protein and induce an extended
unfolded state (75,76). However, high tempera-
tures break H bonds while favoring hydropho-
bic interactions (49). In the presence of TFE,
hydrophobic interactions are altered while
intramolecular hydrogen-bonding is promoted
(27). Different denaturing factors may have
highly diverse effects that do not necessarily
populate the same intermediate species (75). The
generation of different conformations of CD2-1
under different denaturing conditions results
from both the different denaturing factors
involved and the non-covalent forces that stabi-
lize CD2-1 (2,75).

Origin of Conformational Change

To understand the origin of the helical confor-
mation at high temperature, three different com-
puter programs, SOPMA (77), GOR (78), and
PHD (79), were used to predict the propensity of
secondary structure from the amino acid
sequence of CD2-1 (Fig. 1) (40). The native state
of CD2-1 has nine B-sheets designated A, B, C,
C, C” D,E, FE and G. B-Strands C’ C” CFG and
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DEBA form a two-layer B-sandwich with a con-
served core structure (BCEF) (46,80). Residues
from four strands, A, B, E, and E, were predicted
to have a strong [-sheet preference. In contrast,
residues from four strands, GCC’ C”, have a
strong o-helix propensity, which is consistent
with our observation of the non-native helical
conformation at the H state of CD2-1. We
propose that these residues with strong helical
preferences may be converted to helical confor-
mation by high temperature. At high tempera-
ture, the tertiary packing of the protein is largely
disrupted, which likely liberates residues on C’,
C”, and G strands with strong helical preferences
to exhibit helical conformations. Further detailed
structural analysis by NMR spectroscopy was
precluded because CD2-1 was unfortunately
found to have a relative low solubility at high
temperature (<220 uM).

The conformational change between helix and
B-sheet in the absence of long-range interactions
has also been observed for some other proteins
and fragments (57,81-87). A predominant -
sheet protein, B-lactoglobulin, has a markedly
high intrinsic preference for an o-helical struc-
ture. An a-helical intermediate was observed on
its way to the formation of the native -sheet
conformation (85). Tumor necrosis factor-o
(TNF-0) is a trimer in which the individual sub-
units consist of antiparallel B-sheets. Thermal
denaturation or the decrease of pH up to 34 of
TNF-o induces a non-native o-helical structure
(83,88). Similarly, Equinatoxin II, a B-rich protein
is converted to a molten-globule state with a
well-pronounced o-rich secondary structure and
a complete absence of teritary structure at low
pH values or at high temperature (86). Zhong
and Johnson have shown that several sequences
with strong o-helical preference are found to
have -sheet conformation in intact proteins and
demonstrated that the secondary conformations
of these peptides are strongly dependent on the
environment (57).

Implication for Domain Swapping

Although our equilibrium studies on the
unfolding/folding of CD2 do not provide direct

Cell Biochemistry and Biophysics

13

information for the kinetic folding pathway,
they do have implications for the key factors
contributing to the formation of native structure
of B-sheet proteins and provide important infor-
mation for the conformational flexibility of cell
adhesion molecules (32,37). As shown in Fig. 1,
these residues on C’, C”, and G strands with a
helical preference in CD2-1 are highly clustered
(such as amino acids from 29 to 49) and located
at the hinge region of the two domain-swapping
dimers (Fig. 1). Residues with strong [-sheet
tendency might initiate the formation of a
loosely folded intermediate. On the other hand,
residues with helical preferences are likely to be
involved in the later stage of the folding of the
native [B-sheet conformation, which is con-
ducted by long-range interactions relating to the
packing of tertiary structure. The slow folding
of native B-sheet conformation of these residues
with helical preference might allow the loosely
folded state of CD2-1 to serve as a template for
the formation of a metastable structure of
dimeric CD2-1 observed in the GST fusion pro-
tein (37). The intermolecular contacts between
the loosely folded intermediates can be facili-
tated in the presence of a dimeric GST fusion
partner. This metastable form of CD2-1 illus-
trates the delicate balance achieved between the
formation of single domains or oligomers in
both the folding and evolution of IgSF domains
(37,39,46,89,90).

MATERIALS AND METHODS

Protein Expression and Purification

Recombinant rat CD2-1 (residues 1-99) was
expressed in LB medium as a fusion construct
with the enzyme (GST) of Schistosoma japonicum
in a pGEX plasmid vector transformed into
Escherichia coli MC106 (30,34). CD2-1 was
tirst purified as a GST fusion protein using
glutathione Sepharose 4B beads (Pharmacia).
After being cleaved by thrombin, CD2-1 was fur-
ther purified using a Superdex 75 column
(Pharmacia) in PBS buffer. All of the resultant
CD2-1 is monomeric, as assessed by native poly-
acrylamide gel electrophoresis (PAGE). The
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identity of CD2-1 was confirmed by matrix-
assisted laser desorption ionization-time of flight
(MALDI-TOF) mass spectrometry and amino
acid analysis at the core facility of the Centers for
Disease Control and Prevention (CDC). The con-
centration of CD2-1 was measured by its absorp-
tion at 280 nm with the extinction coefficient €55
= 11,700 M™! em™ and verified by amino acid
analysis at the CDC.

CD Spectroscopy

The CD spectra were measured using a Jasco-
J710 spectropolarimeter equipped with a tem-
perature-controlled water bath (Neslab 110). CD
cells with 1-mm and 10-mm light paths were
used for both far- and near-UV CD spectra,
respectively. All spectra were the average of
eight scans with a scan rate of 50 nm/min. The
protein concentration was 45 uM for both the
far- and near-UV CD measurements.

Trp Fluorescence Spectroscopy

Fluorescence experiments were performed
using a PTI life time fluorimeter equipped with
a temperature-controlled water bath (Neslab
110). A fluorescence cell with a 1 cm path length
was used. The concentrations used for fluores-
cence were 2 and 4 uM for CD2-1 and free Trp
amino acids, respectively. The scan wavelength
for emission spectrum was from 300 to 400 nm
with the excitation wavelength at 280 nm. For
thermal denaturation, the temperatures in the
CD and fluorescence cells were calibrated using
a temperature probe (VWR) inserted into the ref-
erence cell containing PBS buffer, pH 7.3.

ANS Binding Studies

1-Anilinonaphtalene-8-Sulfonate  binding
studies were carried out using the same instru-
ment as for Trp fluorescence. The excitation
wavelength was 355 nm and florescence emis-
sion was recorded from 400 to 600 nm with slit
width of 2 nm both for excitation and emission.
Typically, three scans per spectrum were
recorded. ANS stock solution was prepared in
water, and the ANS concentration was deter-
mined using the molar extinction coefficient
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€350 = 5000 M! cm™L. Protein and ANS concen-
trations were varied between 5 and 20 and
between 20 and 100 uM, respectively (74).

FTIR Spectroscopy

Static FTIR spectra were recorded using a
Bruker IFS66/S spectrometer. The sample was
injected between a pair of rectangular CaF,
windows (38 x 19 x 3 mm) separated using a
dual-compartment (sample and reference)
Teflon spacer of 50 um thickness. A home-
built copper cell connected to a water bath
that is accurate to 0.1°C was used for temper-
ature-controlled measurements between 12°C
and 90°C. For all FTIR measurements, the pro-
tein concentration was approx 100 uM in D,O
phosphate buffer. A D,O reference spectrum
was collected at identical temperature, path
length, and purge conditions as the protein
solution spectrum. This D,O reference spec-
trum was subtracted from the protein spec-
trum at each temperature. This method is
essential because D,O contains temperature-
dependent absorption bands in the spectral
region of interest (amide I’). The static FTIR
spectra shown in this work are the average of
10 measurements, each of which consisted of
the coaddition of 64 interferograms. No bands
related to residual water vapor were observed
in the spectra collected between 1700 and 1800
cm~l. All spectral analysis (subtractions, sec-
ond derivative calculations, Fourier deconvo-
lution, and curve fitting) was performed
using the software package OPUS, supplied
by Bruker Instruments.
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