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Abstract

A 34-residue o/p peptide, [1G(28-61)], derived from the C-terminal part of the B3 domain of the
immunoglobulin binding protein G from Streptoccocus was studied using CD and NMR
spectroscopy at various temperatures, and by differential scanning calorimetry. It was found that
the C-terminal part (a 16-residue-long fragment) of this peptide, which corresponds to the
sequence of the B-hairpin in the native structure, forms structure similar to the B-hairpin only at T
= 313 K, and the structure is stabilized by non-native long-range hydrophobic interactions (Val47
—Val59). On the other hand, the N-terminal part of 1G(28-61), which corresponds to the middle a-
helix in the native structure, is unstructured at low temperature (283 K), and forms an a-helix-like
structure at 305 K and only one helical turn is observed at 313 K. At all temperatures at which
NMR experiments were performed (283, 305 and 313 K), we do not observe any long-range
connectivities which would have supported packing between the C-terminal (B-hairpin) and the N-
terminal (a-helix) parts of the sequence. Such interactions are absent, in contrast to the folding
pathway of the B domain of protein G, proposed recently by Kmiecik and Kolinski [Kmiecik, S.;
Kolinski, A. Biophys J 2008, 94, 726-736], based on Monte Carlo dynamics studies. Alternative
folding mechanisms are proposed and discussed.
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INTRODUCTION

An important challenge in molecular biology is to understand how a nascent polypeptide
chain acquires its three-dimensional and functional structure. The question of the
mechanism of protein folding has intrigued scientists for many decades. Starting in the
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1960’s, the determination of the three-dimensional structure of proteins by X-ray diffraction
(to be joined in the 1980’s by NMR spectroscopy) provided a new basis for structure
analysis and for studying the folding process. Significant progress started to be made when
Anfinsen succeeded in refolding denatured and reduced ribonuclease into a fully active
enzyme.l Since then, different models of protein folding arising either from theoretical
consideration,2-8 simulations,®-1° or experimental observations6-19 have been proposed.

Another method, which helps to deduce the folding mechanism, involves a conformational
study of protein fragments corresponding to regular secondary structure. Studies of short
fragments of proteins provide information about local interactions isolated from the protein
context and, therefore, indicate the importance of these interactions in determining the
secondary structure elements of proteins. It has been shown,29-22 that some short protein
fragments can fold in aqueous solution into native-like conformations when no tertiary
interactions are present. Thus, these fragments may play an important role as nucleation
centers in initiating protein folding through local interactions,2:4:18:23 and provide
knowledge about the earliest events of protein folding.

Many studies about water-soluble protein fragments corresponding to o-helix?4-31 and f-
hairpin29:32 have been carried out so far. However, none of the studies mentioned above
considers an important question as to whether there is any dependence of peptide
conformation on its length. Usually peptide fragment length was determined by the length of
the corresponding regular secondary structure elements present in the structure of complete
proteins.20:24-32 |n our previous studies, we addressed this problem by studying peptides of
different lengths from 6 up to 20 residues corresponding to the C-terminal B-hairpin from
the B3 domain of protein G.22:33-35 \We found that, even for peptides of different length,
which share a common 6-residue fragment, the following conformational properties remain
unchanged: (i) we found that the 6-residue sequence corresponding to the turn region in the
structure of the B-hairpin always possesses a structure very similar to that observed in the
structure of the native protein, regardless of the peptide length used in our study. Moreover,
we performed our study over a relatively wide range of temperatures (283 - 323 K), and
found that the conformational properties of the turn region are not temperature dependent;
22,33-35 (jj) our previous study?2:33-35 also showed that, regardless of the peptide length, the
general shape of the investigated peptide resembles a B-hairpin-like structure, which is
stabilized by long-range hydrophobic interactions between nonpolar residues. We did not
find any evidence that hydrogen bonds participate in the structure stabilization (some
hydrogen bonds are observed within the turn region, but they have only very local character)
as was suggested in earlier studies.32

As described above, the sequence of the C-terminal B-hairpin can form a stable structure in
solution without the presence of tertiary contacts in the remaining part of the protein. Based
on this information, as well as on experimental and theoretical studies of the whole protein,
36,37 jt is generally accepted that, in the case of the immunoglobulin binding protein G, the
first step in its folding pathway is the formation of the C-terminal p-hairpin.2%:22:36:37 On
the other hand, it is known that peptides corresponding to the middle a-helix fragment of
protein G do not form regular secondary structure.38:39 Because the isolated middle
fragment (corresponding to the a-helix in the native protein) does not form an a-helix,
whereas the C-terminal p-hairpin has a strong tendency to form a native secondary structure,
the study of the peptide which corresponds to both of these elements (a-helix and p-hairpin)
could answer the question as to whether one element will induce native structure of the
other.

In this work, we study a 34-residue peptide fragment (the whole protein being composed of
61 residues)?C corresponding to the C-terminal part of the B3 domain of the
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immunoglobulin binding protein G from Streptococcus. Structurally, the investigated
fragment corresponds to the 16-residue C-terminal B-hairpin, 4-residue loop connecting the
B-hairpin with the central a-helix, and the 14-residue a-helix fragment of the whole protein
(see Figure 1). Recently, based on Monte-Carlo dynamics simulations, Kmiecik and
Kolinski3” proposed that, in the immunoglobulin binding protein G family, the folding
pathway can be described by three consecutive events: (i) formation of the C-terminal -
hairpin, (ii) formation of the middle a-helix structure packed to the C-terminal 3-hairpin,
and (iii) formation of the N-terminal B-hairpin packed to the C-terminal B-hairpin and the
middle a-helix (see Figure 1). The results of these theoretical calculations are supported by
deuterium exchange experiments performed by Kuszewski and coworkers.36 The aim of our
present work was to answer the question as to whether the folding pathway of this family of
proteins follows the mechanism proposed in earlier studies.36:37

Differential Scanning Calorimetry (DSC)

As in our previous studies?2:33-35 we used the DSC method to determine thermal stability4!
and possible tendency to aggregation of the peptide.*2 The DSC experiment can detect
oligomerization/aggregation processes in a wide range of temperatures, using a very small
amount of an investigated compound, and can show if the process of aggregation/
oligomerization is reversible with changes of temperature. Additionally, a wide range of
heating/cooling speed can be used to detect oligomerization/aggregation processes if the
only interest is detection of such processes but not their thermodynamic/kinetic effects
related to it.42

The heat capacity curve for IG(28-61) is presented in Figure 2. One relatively sharp peak,
which corresponds to a folding/unfolding transition, is observed on the heat capacity curve.
Based on this curve, and the use of a two-state model, the transition temperature
328.74+0.72 K was calculated; the enthalpy change related to this transition is AH =
20.59+0.14 kcal/mol. The transition temperature as well as enthalpy change observed for the
IG(28-61) peptide is very similar to those reported in our previous studies22:33-35 for shorter
peptides. Our study shows that changes in melting temperature and enthalpy of folding are
not correlated with peptide length, and the range of changes obtained in the region of the
melting point and in the enthalpy of folding in our study are similar to those obtained by
other authors who used similar peptides but studied mostly single or multiple mutations with
constant peptide length.43-4

CD measurements

The CD spectra were recorded in pure water (pH = 6.02) (a) at 16 different temperatures,
i.e., at 5 deg intervals between 278 and 353 K (Figure 3a) and (b) in 10%, 50% and 90%
TFE/H,0 mixture at 305 K (Figure 3b).

As shown in Figure 3, and in Figure 2 of supplemental material, the molar ellipticity varies
with temperature. The molar ellipticity for the 1G(28-61) compound at y = 201 nm becomes
less negative, whereas at y = 220 and y = 230 nm it becomes more negative (Figure 3, and
Figure 2 of supplemental material), with increasing temperature, which suggests creation of
a more ordered hairpin/turn/helix structure at the cost of a random coil conformation.46:47
The calculated percentage of secondary structure elements, by using the SP37A CONTINLL
method,*8 is listed in Table IV of supplemental material. The changes in ellipticity at
selected diagnostic wavelengths shown in Figure 2 of supplemental material are very small.
Variation of the percentage of secondary structure elements, as calculated from CD spectra
for 1G(28-61), also change very little with temperature (less than 2%) (see Table IV of
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supplemental material), which prevents us from drawing any conclusions from these data. In
our previous studies of shorter analogous peptides, we also observed that CD spectroscopy
is not well suited to investigate temperature-induced conformational changes of short
peptides?2:33-35

NMR measurements

A more detailed structural analysis was carried out with NMR spectroscopy. 2D tH-NMR
spectra of 1G(28-61) were recorded in water at pH = 6.02 at three different temperatures
283, 305 and 313 K, to examine the influence of temperature on the structure. The chemical
shifts of the proton resonances for this peptide at these three temperatures are listed in
Tables I — 111 of the supplemental material.

The chemical shifts of the amide protons of 1G(28-61) at three different temperatures (283,
305 and 313 K) are plotted as a function of residue number in Figure 3 of supplemental
material. Except for Gly43, Asp51, Thr54, Lys55 and Thr56, whose amide chemical shifts
do not change significantly, the chemical shifts of all other amino acid residues show a
tendency to move upfield with increasing temperature (Figure 3 of supplemental material). It
should also be noted that the chemical shifts at 305 and 313 K change very little for almost
all the amide protons in 1G(28-61) peptide. The temperature coefficients for Gly43, Asp51,
Thrb4, Lys55 and Thr56 are AS/AT = —4.3, =3.1, 4, —3.5, and 1.2 ppb/K, respectively (see
Table V of supplemental material). Thus, the amide protons of these residues could either be
involved in a hydrogen bond or be buried in a hydrophobic region of the peptide (AS/AT <
14.51 ppb/K is the threshold below which an amide proton can be considered to be screened
from the solvent).4?

In our previous studies of peptides derived from the sequence of the C-terminal B-hairpin of
protein G, we also observed low temperature coefficients for amide protons of residues
Thr54 and Thr56.22:33 Additionally, for some of these peptides (16 residues and 12 residues
long), we also observed low coefficients for the amide protons of Asp51.22:33 All of these
amino acid residues (Asp51, Thr54, and Thr56) are located in the turn region in the middle
of the sequence of the C-terminal B-hairpin. On the other hand, for the 20-residue peptide
studied in our previous work3>, we showed that none of the amide protons possessed small
temperature coefficients. The results of NMR measurements of peptides of different length
show that amide protons with low temperature coefficients are always observed in the turn
region22:33-34: however, in some cases, the presence of the turn structure (detected by ROE
connectivities) was not associated with low-temperature-coefficient amide protons3°. Such
an observation could lead to the conclusion that possible hydrogen bonds in the turn region
are rather induced by the general shape of the polypeptide chain in the turn region, but are
not the interaction that creates the turn of the polypeptide chain2:22-35,

Our previous studies showed that none of the amide protons of the isolated a-helical
fragment possessed small temperature coefficients3® (lower than 14.51 ppb/K).4° As shown
for the 34-residue peptide investigated in this work, in Table V of the supplemental material,
the amide protons within the a-helical region display high values of the temperature
coefficients (as was observed for the isolated a-helical peptide), which indicates lack of well
organized structure in this region of the sequence.

In Figure 4, the ROE effects corresponding to interproton contacts and the values of
the 3JnHHq coupling constants obtained in NMR measurements carried out at different
temperatures for 1G(28-61) are presented.

At each temperature (T = 283, 305, and 313 K) the H (i) — Hn(i+1) and Hp(i) — Hy(i+1)
ROE connectivities are present for most residues, and they are usually strong or very strong.
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At T =283 K only the H(i) — Hn(i+1) and Hg(i) — Hy(i+1) ROE connectivities are
observed (Figure 4a), whereas at higher temperatures (305 and 313 K) sequential Hy(i) —
Hn(i+1) and long-range connectivities start being observed (Figure 4b, c).

At T =305 K, sequential Hy(i) — Hy(i+1) ROEs are present in two regions of the sequence:
in the turn region of the C-terminal B-hairpin part and in the part of the sequence which
plays a role as a linker (Asn42 — Asp45) between the a-helix and B-hairpin fragments
(Figure 4b). The Hy(i) — Hn(i+1) connectivities are very characteristic of bent
conformations (helix/turn):%9 thus, it can be seen that these two parts (the turn and linker
regions) of the sequence of the 1G(28-61) peptide have some propensity to bend, as observed
in the native protein.#0 At T = 305 K, the following li-jl > 1 connectivities are observed:
Hn(i) — Hn(i+2), Heo(i) - Hge(i+3), and Hy(i) — H,(i+9) between Asp45 — Val47, Phe35 —
Tyr38, and GIn37 — Gly46, respectively (Figure 4b: Table I). The Hy(i) — Hny(i+2) (Asp45 —
Val47) connectivity connects the linker part of the 1G(28-61) sequence with the N-terminus
of the hairpin sequence (Figure 4b), which additionally supports the appearance of a bent
conformation in this part of the sequence. The Hg(i) - Hgc(i+3) interaction (Phe35 — Tyr38)
encompasses the native interactions within the part of the sequence which forms the a-helix
in the native structure of the protein.? Another li-jl > 1 interaction occurs between Hy(i) —
H(i+9), residues GIn37 — Gly46, and it is the only interaction which brings the a-helix part
of the sequence close in space to the linker sequence. All these data suggest that the peptide
part corresponding to the a-helix as well as the linker part become more ordered, similar to
the structure observed in the whole protein, but the region corresponding to the native -
hairpin seems to be very flexible, although its turn region is very well defined.

When the temperature increases to T = 313 K, the number of li-jl > 1 connectivities
increases (Table ). Most of these li-jl > 1 connectivities stabilize the C-terminal -hairpin
fragment: Hgc(i) - Hse(i+2), Hee(i) - Hee(i+12), and Hp(i) - Hse(i+14) between Trp48 —
Tyr50, Val47 — Val59, and Val47 — Glu61, respectively (Figure 4c, Table 1). In the helix
part, only one long-range ROE, between Glu32 and Lys36, is observed. Additionally, in the
N-terminal part of the helix sequence, sequential Hy(i) — Hn(i+1) and Hy (i) — Hn(i+2)
ROEs between Thr30 — Ala31, and Glu29 — Ala31, respectively, are observed (Figure 4c).
Some of the weak and medium Hy(i) — Hy(i+1) connectivities are observed in the linker
region which suggests formation of a bent structure. (see Figure 4c). Surprisingly, no Hy(i)
— Hn(i+1) ROE is observed in the B-turn region, which suggests that the turn of the
polypeptide chain at this temperature is not as sharp as at T = 303K. In our study of the 20-
residue peptide, we observed a similar situation of long-range interactions between
hydrophobic residues located far from the turn region and an absence of Hy(i) — Hy(i+1)
interactions within the turn region3°. The hydrophobic interaction (between Val47 and
Val59) observed in the 1G(28-61) fragment at 313 K is a non-native one, as was often
observed for shorter B-hairpin fragments studied in our previous work [between the “15t
pair” (Tyr50 — Phe57)22:33,34 and the “2"4 pair” (Trp48 — Val59) of hydrophobic residues].
22,35 This means that hydrophobic interactions, as well as any long-range interactions, which
stabilize the C-terminal B-hairpin structure, are very dynamic and their pattern is very
sensitive to the length of the peptide under investigation. However, in our study, we found
that, for B-hairpin forming peptides, the most stable hydrophobic interaction is located
farther from the turn region as the peptide length increases33-3°. Shifting the most stable
hydrophaobic interaction further form the turn region is also accompanied by a decrease or
disappearance of the Hy(i) — Hy(i+1) ROE within the turn sequence3®. Thus, based on the
results presented in this and the previous work,22:33-35 it can be suggested that the turn in
the C-terminal part of the sequence is formed first and, once it becomes stable, small
nucleation centers, farther from the turn region, are formed step-wise in the next folding
stages (such a mechanism is proposed in reference 3°).
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MD simulations

The structural data summarized in Figure 4 were used to carry out MD simulations of
IG(28-61) with time-averaged restraints, in order to determine the structures of this peptide.
The structures are discussed below.

In Figures 5, 6, and 7, representative conformations of the most populated families of
conformations of 1G(28-61) generated from MD simulations using NMR data recorded at T
=283, 305, and 313 K, respectively, are presented.

As shown in Figure 5, the conformation of the 1G(28-61) fragment generated by MD
simulations with restraints obtained from the NMR data recorded at T = 283 K exhibits a 3-
hairpin-like structure (marked in blue in Figure 5) in the C-terminal part of the sequence and
an extended structure with some bend in the middle in the N-terminal part corresponding to
the native a-helix. The spatial orientation of the a-helical and B-hairpin parts is completely
random (no long-range interactions between the two parts of peptide were observed in NMR
experiments at 283 K) (see Figure 4a). Because we gather a very limited number of
restraints from NMR spectra at T = 283 K, and all of them are only short-range, the structure
presented in Figure 5 should be considered with caution.

Using the NMR data recorded at T = 305 K (Figure 4b), the structure of 1G(28-61) shown in
Figure 6 was generated. In this structure, a well-defined shape of the linker part between the
Asndl — Asp45 residues (marked in green in Figure 6) can be observed. The sequence of the
linker bends in a similar manner as in the native protein,*° and the main reason for the
formation and stability of this structure is the appearance of strong Hy(i) — Hy(i+1) and
Hn (i) — Hn(i+2) connectivities (Figure 4b). As well as the linker part, the turn region in the
C-terminal B-hairpin is pretty well defined, which is once again connected with the
appearance of the Hy(i) — Hn(i+1) connectivities in this region (Figure 4b). However, the
NMR data recorded at T = 305 K do not indicate any long-range interactions inside the p-
hairpin sequence (marked in blue in Figure 6). Thus, a bend in the turn region sequence is
necessary for the hairpin shape to appear, as observed in Figure 6. The a-helical part
(marked in red in Figure 6) is ordered and exhibits the a-helix-like structure. This is caused
by the long-range connectivities observed within this part of the sequence as well as by the
low value of the coupling constants (below 6.2 Hz) for residues 31 - 34 (see Figure 4b).

In Figure 7, a representative structure of 1G(28-61), obtained by using the geometrical
restraints based on the NMR spectra recorded at T = 313 K (Figure 4c) is presented. In the
structure presented in Figure 7, we can see well-developed B-hairpin-like structure in the C-
terminal part (marked in blue in Figure 7), which well reproduces the long-range
interactions between two pairs of amino acid residues, namely Val47 — Val59 and Val47 —
Glu61 (see Table I and Figure 4c) observed in the NMR spectra. The turn region in the -
hairpin part is very flexible and does not create a regular B-turn which is associated with
absence of Hy(i) — Hy(i+1) ROE connectivities in this region of the sequence, as shown.
The N-terminal part of the peptide (marked in red in Figure 7) is more disordered than the
C-terminal part. However, one long-range interaction observed in the NMR spectra [Hg(i) —
H,(i+4) between Glu32 and Lys36 (see Figure 4c)] causes the formation of a loop-like
structure (one a-helix-like turn) in the middle of the sequence corresponding to the a-helical
fragment in the native protein (marked in red in Figure 7). The linker sequence (marked in
green in Figure 7) displays some sort of bent conformation, mainly because of appearance of
some Hy(i) — Hy(i+1) connectivities in this region (see Figure 4c). Similarly, as in the
structures presented in Figures 5 and 6, the overall structure is quite compact; however, we
should stress that no long-range interactions were observed at T = 313 K between the a-
helical and B-hairpin parts, even if the parts related to the secondary structure elements of
the 1G(28-61) sequence are conformationally well restrained as found from ROESY spectra.
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DISCUSSION

Our previous studies showed that, for peptides with length 6, 8, 12, 14, and 16 residues,
respectively (all of them based on the sequence of the C-terminal B-hairpin of the B3 domain
of protein G), the six-residue fragment Asp51 - Thr56 (corresponding to the turn sequence in
the structure of the native protein) is conformationally very rigid and has a bent shape very
similar to that observed in the structure of the native protein.22:33:34 The conformational
feature of this six-residue fragment remains unchanged in the range of temperatures T = 283
- 313 K for peptides of various length (from 6 to 16 residues). Because of its unusual
conformational properties, this six-residue peptide could be a nucleation center for the
folding of the whole B3 domain protein G.22:33:34 However, when we studied a longer 20-
residue peptide,3® based on the sequence of the C-terminal B-hairpin of the B3 domain of
protein G, we found that the unusual conformational rigidity of the turn region is observed
only at low temperature (T = 283 K). For the 34-residue peptide studied in this work, we did
not observe a rigid conformation of the turn region at any temperature (T = 283, 305 and
313 K) used in our study (see Figure 4a-c). We found that, when the peptide length
increases, the most stable long-range hydrophobic interactions are observed further away
from the turn position. For the 8-,34 12-33 and 14-residue33 peptides, we observed long-
range hydrophobic interactions between residues Tyr50 — Phe57 (the so-called “15 pair” of
hydrophobic residues). For the 16-residue peptide, we observed strong Tyr50 — Phe57 and
weak Trp48 - Val59 interactions (the so-called “2" pair” of hydrophobic residues).22 With
further increase of the peptide length to 20 residues, we observed a very weak Tyr50 —
Phe57 interaction (this interaction is observed only at T= 283 K) and much stronger Trp48-
Val59 interactions.3® Finally, for the 34-residue peptide (this work), we observed only one
long-range hydrophobic interaction between residues Val47 and Val59 (see Figure 4c)
(observed only at 313 K).

The results from this study confirm our conclusion from the previous paper3®. The most
plausible mechanism could apply to the formation of hairpin structure of the C-terminal 8-
hairpin of the B3 domain of protein G: initially the turn structure is formed, and it facilitates
the formation of subsequent hydrophobic interactions farther and farther from the turn; such
a mechanism was already proposed earlier.#:32:51 However, when more hydrophobic
interactions are formed farther away from the turn position [Trp48 - Val593° or Val47 —
Val59 (this work)], those hydrophobic interactions which are close to the turn region (Tyr50
— Phe57), start to break down, disrupting the tight conformation of the turn region (Figure
4a-c).35 We could not find a good explanation as to why some long-range interactions
(Trp48 - Val59 or Val47 — Val59) are more stable than the local ones which occur in the
turn region, or than short-range/medium (Tyr50 — Phe57) interactions. This issue will be the
subject of our further studies. Nevertheless, our results show how a series of local/short-
range interactions, formation/breaking events, create long-range interactions. Such a
mechanism for establishing long-range interactions can be a general feature of protein
folding but further studies are required to verify this hypothesis.

Before starting our study, we knew that peptides corresponding to the C-terminal B-hairpin
have a tendency to form a stable tertiary structure similar in shape to the B-hairpin. We
expected that, by studying longer peptides, we would eventually observe further stabilization
of the B-hairpin structure (in the C-terminal part of the peptide), formation of a structure
similar to that of the a-helix (in the N-terminal part of the peptide), or cooperative
development of stable secondary structures in both parts of the investigated peptide;
however, the results of our study do not show any of these features. On the other hand, we
observed that the p-hairpin-like structure, which we expected to form in the C-terminal part
of the sequence, does form, but it is more irregular (see Figures 5-7) than those structures
observed for shorter peptides studied in our earlier work.22:33-35 The N-terminal part of the
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investigated peptide corresponding to the a-helix shows some helix-like conformation but
only at T = 305 K (see Figure 6). At T = 313 K, we observe formation of one helical-like
turn in the K33 - Q37 region (see Figure 7), and at T = 283 K the N-terminal part of the
IG(28-61) peptide remains unstructured (see Figure 5). Comparison of the results obtained
in this study and in our earlier study using a peptide corresponding to the isolated a-helix
sequence3? shows that the corresponding sequences are unstructured at low temperature (T =
283 K) in both cases. When the temperature increases, the overall helicity of the
corresponding sequences increases, but, for the 34-residue peptide studied in this work, the
maximal helicity is observed at T = 305 K, and in the case of the 16-residue helical peptide
at 313 K (see Table 11 of ref 39). There are no large differences between the conformational
behavior of a sequence corresponding to the a-helix when this sequence is studied in
isolation3? or when it is part of a longer peptide (this work).

In our study, we did not find any long-range interactions between the parts of the sequences
corresponding to the B-hairpin and a-helix. The absence of such long-range interactions
stands in contrast to the hypothesis for the mechanism of folding proposed for the B
domains of protein G by Kmiecik and Kolinski.3” As mentioned in the Introduction,
Kmiecik and Kolinski proposed that, in the immunoglobulin binding protein G family, the
folding pathway can be described by three consecutive events: (i) formation of the C-
terminal B-hairpin; (ii) formation of the middle a-helix structure packed to the C-terminal B-
hairpin; (iii) formation of the N-terminal p-hairpin packed to the C-terminal p-hairpin and
the middle a-helix (see Figure 1). This mechanism is partially supported by deuterium
exchange experiments performed by Kuszewski and coworkers.3¢ Our study indicates that
the mechanism of folding is different from that proposed by Kmiecik and Kolinski. Our data
support only the initial stage of their mechanism that the C-terminal B-hairpin-like structure
forms first. However, our results show that the middle a-helix does not form or pack to the
C-terminal B-hairpin in the second stage of folding. It should be noted that, in all studies
mentioned above36:37, the research was conducted on sequences that differ in a few
positions rather than those used in this paper. We already showed?2:23 that slight differences
in the sequences do not change the conformational properties of the peptides dramatically,
based on the secondary structure elements of the investigated protein 22:33, However, from
the results of our study, we cannot decide how mutations will affect the folding mechanism
of the whole protein. In the future, we plan to study more sequences to obtain a clear picture
of the impact of naturally-observed mutations on the structure and folding mechanism of the
B domain of protein G.

In light of our results, it is possible that the mechanism of folding may consist of the
following three stages: (i) formation of the C-terminal B-hairpin-like structure; (ii) formation
of an anti-parallel B-structure; (iii) formation of the middle a-helix induced by B-structure.
This mechanism is in agreement with our results, but it will be very difficult to explain how
many long-range interactions in the anti-parallel B-structure are formed, whereas the
Kmiecik-Kolinski mechanism is based on structure formation in sequential order in the
direction from the C- to the N-terminus of the sequence, which makes all long-range
contacts easier to achieve. We can also propose another folding pathway: (i) formation of
the C-terminal B-hairpin-like structure; (ii) cooperative formation of the structure in the N-
terminal part of the protein sequence between the N-terminal B-hairpin and the middle a-
helix, and (iii) formation of the final structure by assembly of the elements formed in steps
(i) and (ii). Such a mechanism was already suggested by Weikl and Dill.52 To eventually
prove or discard such a mechanism, additional conformational studies should be performed.
In the future, we plan to perform conformational studies of peptides corresponding to the N-
terminal B-hairpin as well as peptides corresponding to the N-terminal B-hairpin plus the
middle a-helix. Results from such studies can provide some hints about the processes related
to the folding mechanism which occur in the N-terminal part of the protein. Earlier studies
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suggested that the N-terminal p-hairpin does not form any regular structure in solution;38
however, these studies were performed at T = 278 K. On the other hand, the results of our
study clearly indicate that the temperature influences structure formation and, as shown in
this work, the long-range interactions which stabilized p-hairpin formation, could be
observed at higher temperatures (see Figure 4c).

MATERIALS AND METHODS
Peptide synthesis

The peptide H-AETAEKAFKQYANDNGVDGVWTYDDATKTFTVTE-NH, [IG(28-61);
34 amino acid residues] was synthesized by standard solid-phase Fmoc-amino acid
chemistry with a Milipore synthesizer. The resin Tentagel R RAM (1g, capacity 0.19 mmol/
g) was treated with piperidine (20%) in DMF, and all amino acids were coupled using
DIPCI/HOBt methodology. The coupling reaction time was 2 h. Piperidine (20%) in DMF
was used to remove the Fmoc group at all steps. After deprotection of the last Fmoc N-
terminal group, the resin was washed with methanol and dried in vacuo. In the final step, the
resin was treated with a TFA/water/phenol/triisopropylsilane (8.8/0.5/0.5/0.2) mixture (10
ml per gram of resin) at room temperature for 2 h to remove the peptide from the resin.

The resin was separated from the mother liquid; the excess of solvent was then evaporated to
a volume of 2 ml, and the residue was precipitated with diethyl ether. The crude peptide was
dissolved in 18.7% CH3CN in TEA/H3PO,4 and purified by reverse-phase HPLC using a
Supelcosil™ SPLC-ABZ C1g semi-preparative column (10 x 250 mm, 5 um) with 4 ml/min
elution and a 120 min isocratic mixture of 18.7% CH3CN in TEA/H3PO4 to adjust the pH to
approximately 7.0. To identify the fractions containing the pure peptide, HPLC was run first
with a small amount of the crude peptide and the absorbance at 222 nm was measured for
each fraction. A plot of absorbance vs. retention time was constructed, and the interval of
the retention time to separate the pure peptide was estimated as that corresponding to the
large peak in the plot. Subsequently, a semi-preparative HPLC run was carried out and the
fractions containing the pure peptide were collected and lyophilized. The purity of the
peptide was confirmed by analytical HPLC and MALDI-TOF analysis (M = 3787 g/mol,
calculated 3786.04 g/mol).

Circular dichroism (CD) spectroscopy

CD spectra were recorded on a Jasco J-815 spectropolarimeter with a 100 nm/min scan
speed, and data were collected from 260 to 190 nm with a 1 mm path-length quartz cell. The
samples were dissolved (a) in water (pH = 6.02) and the CD spectra were measured at 16
different temperatures, i.e., at 5 deg intervals between 278 and 353 K, and (b) in water
solution of CF3CH,0OH [H,0/CF3CH,0H ratio was 9:1, 1:1, and 1:9 by vol.] and the CD
spectra were measured at 305 K. The final concentration of 1G(28-61) was 0.02g/100 ml.
The secogdary structure content was calculated from CD spectra using the CONTINLL
method.*

Differential Scanning Calorimetry (DSC)

Calorimetric measurements were carried out with a VP-DSC microcalorimeter (MicroCal) at
a scanning rate of 1.5 degree/minute. Scans were obtained at a peptide concentration of
0.053 mM. The cell volume was 0.5 ml. All scans were run at pH = 6.02 in pure water in the
range of temperatures from 5 °C to 80 °C. The reversibility of the transition was checked by
cooling and reheating the same sample. No histeresis of heat capacity was found in the
repeated heating and cooling cycles and, moreover, no largely negative values of heat
capacity were observed. This demonstrates that no irreversible processes such as, e.g.,
aggregation or hydrolysis, occurred during the thermal transition. The data presented are
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mean values from three independent measurements. Results from the DSC measurements
were analyzed with the Origin 7.0 software from MicroCal using the software routines
provided with the instrument.>3

IH-NMR spectroscopy

The NMR spectra of 1G(28-61) were measured on VARIAN 500 MHz and 600 MHz
spectrometers. The following spectra were recorded: 1D IH-NMR (at 283, 289, 297, 305,
313 and 321 K) and 2D 'H-NMR: DQF-COSY,>* TOCSY>5 (80 ms), ROESY?>® (250 ms) at
283, 305 and 313 K. The sample was dissolved in H,0/2H,0 (9:1 by vol.) [pH = 6.02], and
the concentration of the sample was 3.3 mM. The spectra were processed using VARIAN
4.3 software (Varian Instruments, PaloAlto, CA, USA) and analyzed with the XEASY
program.>’ The spectra were calibrated against the DSS (sodium 4,4-dimethyl-4-
silapentane-1-sulfonate) signal.58 Proton signals were assigned based on the TOCSY
spectra. The sequential analysis of the peptide was confirmed by the ROESY spectra.>8 The
chemical shifts are reported in Tables | ~ 111 in supplemental materials. The coupling
constants between NH and H,, protons (3Jynne) Of 1G(28-61) were obtained from two-
dimensional DQF-COSY and one-dimensional 1H spectra. The intensities of ROE signals
were estimated from the ROESY spectra.®8 In Figure 1 of supplemental material, the
TOCSY spectra, with peak assignments of 1G(28-61), are shown.

Three-dimensional structure calculations

The ROE inter-proton cross-peaks of 1G(28-61) were derived from 2D IH-NMR ROESY
spectra, and vicinal coupling constants 3Jy\w, Were obtained from 2D H-NMR DQF-
COSY and temperature-dependent 1D H-NMR spectra. In the first step, the ROESY peak
volumes were converted to upper distance bounds by using the CALIBA3? program of the
DYANA package.®0 In the next step, torsion angles, were generated using the HABAS
algorithm of the DYANA package,5! based on the Bystrov-Karplus®2 equation. The upper
distance limits and torsional angles were used as restraints in molecular dynamics
calculations.

Molecular dynamics simulations with the time-averaged methodology (TAV)%3-65 were
carried out with the AMBER force field®® using the AMBER 8.0 package.%® The interproton
distances were restrained with the force constant k = 20 kcal/(mol x A2), and the dihedral
angles with k = 2 kcal/(mol x deg?), respectively. The dihedral angles  were restrained
with a center at 180° and k = 10 kcal/(mol x deg?). The improper dihedral angles centered at
the C* atoms (defining the chirality of amino acid residues) were restrained with k = 50 kcal/
(mol x deg?). Three sets of separate simulations were run for 1G(28-61), using the restraints
from the NMR data collected at 283, 305 and 313 K, respectively. All simulations were
carried out in a TIP3P®7 periodic water box at constant volume, with the particle-mesh
Ewald procedure for long-range electrostatic interactions.58:69 MD simulations with time-
averaged restraints at these three different temperatures, were carried out with a time step of
2 5,70 and the total duration of the run was 5 ns. Coordinates were saved every 2000 steps
of MD simulations.

For every NMR restraint set, four independent TAV MD simulations were run at the
following temperatures: N, 400 K, 500 K, and 600 K (where N is the temperature of the
NMR experiment (i.e., runs at 283 K, 305 K, and 313 K), respectively, for three independent
sets of calculations). The purpose of running simulations at many temperatures including
elevated temperatures was to enhance sampling. From every trajectory, 300 final
conformations were collected for the analysis. The structures from four trajectories, obtained
from simulations performed using the same NMR restraint set, were combined together.
After TAV MD simulations, we obtained three sets of 1200 conformation each (four runs,
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with 300 conformations from every run) corresponding to three NMR restraint sets recorded
at different temperatures for 1G(28-61). All three sets of conformations were clustered
separately, with the use of the MOLMOL program.’t An RMS deviation cut-off of 5.0 A
was used in the clustering procedure. The clustering procedure provided five families of
conformations for the 1G(28-61) peptide at each temperature (283, 305, and 313 K). The one
structure which represent the most populated family at each temperature for 1G(28-61) was
selected for presentation. The RMS deviation was calculated based on the C* atoms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(a) The X-ray structure of the B3 domain of protein G (11GD).%° (b) The amino acid
sequence of 1IGD. In (b), A denotes B-strands and H1 the a-helix. The boxed part of the
sequence, 1G(28-61), was studied in this work.
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Figure 2.
Heat capacity curve for 1G(28-61) recorded in water at pH = 6.02.
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CD spectra of 1G(28-61) in (a) water at 16 different temperatures (pH = 6.02) and (b) water

solutions of trifluoroethanol (10%, 50% and 90% of TFE).
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Figure 4.

ROE effects corresponding to the interproton contacts and the 3Jyyp, coupling constants of
1G(28-61) measured in H,0 at (a) 283 K, (b) 305 K and (c) 313 K. The thickness of the bars
reflects the strength of the ROE correlation as strong, medium or weak.
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Figure 5.

The lowest-energy conformation which is the representative conformation from the most
populated family of conformations of 1G(28-61) obtained by using time-averaged MD
methodology with restraints from NMR measurements at 283 K. (a) The front view of the
structure, (b) the side view of the structure.
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Figure 6.

The lowest-energy conformation which is the representative conformation from the most
populated family of conformations of 1G(28-61) obtained by using time-averaged MD
methodology with restraints from NMR measurements at 305 K.
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a)

Figure 7.

The lowest-energy conformation which is the representative conformation from the most
populated family of conformations of 1G(28-61) obtained by using time-averaged MD
methodology with restraints from NMR measurements at 313 K. (a) The front view of the
structure, (b) the side view of the structure.
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Atoms of residues separated by at least 2 residues in sequence (li-jl > 1) between which ROE peaks were

Table |

found at 283, 305 and 313 K at pH = 6.02.

ROE peaks between residues li — jl > 1

283K 305K 313K
8F35-B;Y38  NE29 - NA3L
NQ37-0;G46  yE32 - aK36
ND45 - NV47  NV47 - B,E61
NVA7 - B,E61
BVAT — y1V59

n2W48 — B,Y50

N — amide protons
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