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HIGHLIGHTS GRAPHICAL ABSTRACT

» Transition state of immunodeficiency
virus glycoprotein 41 exhibits
compact native lake structure.

» Folding of the wild-type as well as
most mutants can be described with
simple monomer-trimer folding
reaction mechanism.

» Formally the same mutations may
have heavily different influence on
transition state.
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Article history: In this study we used an engineered six-helix bundle construct corresponding to the fusogenic core of the SIV
Received 12 September 2012 gp41 protein as a model system to investigate the folding of a trimeric protein, which acquires a compact struc-
Received in revised form 12 October 2012 ture upon association of largely unstructured monomeric peptides. Thirteen mutants were generated in order to
:f]‘;?g Lel: (l)ﬁlggozl;eggg)lbzer 2012 gain information about the thermodynamic and kinetic roles of topologically conserved tertiary interactions to

folding and stability. The effect of the mutations was assessed by circular dichroism spectroscopy from
urea-induced equilibrium unfolding experiments and in time-resolved mode to follow the kinetics of refolding

I;gggﬁs' and unfolding. While individual experiments can be interpreted in terms of a simple monomer-trimer
Folding kinetics refolding/unfolding reaction mechanism, comparison of equilibrium and kinetic data reveals that some variants
Protein stability clearly deviate from this two-state behavior and that most proteins cannot be classified as two-state folders
Transition state without some reservations. Nevertheless, following “quasi-¢-value” and “quasi-Br-value” analyses, we propose
that the highest-energy barrier along the folding pathway is passed in the trimeric state, after the C-terminal
half of each monomer chain is “fixed” in anti-parallel orientation to the surface of the central, still nascent

N-terminal coiled-coil.
Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.
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analogy with the structural changes in the influenza virus hemagglutinin
(HA) protein, it has been postulated that a large-scale structural
rearrangement of glycoprotein 41 (gp41) is involved in the transition
of the metastable native (pre-fusogenic) state to a stable fusion-active
(fusogenic) state [3,4]. The extracellular ectodomain of gp41 exhibits
domain organization with several characteristic features which likely
determine its role during activation of retroviral membrane fusion. This
domain consists of an N-terminal glycine rich stretch, followed by two
heptad repeats, separated by disulphide containing loop (Fig. 1).
N-terminal hydrophobic, glycine-rich stretch (fusion peptide), is thought
to insert into the cellular membrane at an early step in the fusion process
[5]. The protein contains two regions with a 4,3 hydrophobic heptad
repeat predicted to form coiled-coil structures [6,7]. The N-terminal
heptad-repeat region is immediately C-terminal to the fusion peptide,
while the C-terminal heptad-repeat region is located adjacent to the
viral membrane. Between these two heptad-repeat regions is a loop
region containing two cysteine residues.

At early stages of the membrane fusion process, the trimeric enve-
lope glycoprotein spike contains gp41 in its pre-fusogenic conforma-
tion. Following binding to CD4 and its subsequent binding to the
co-receptor CXCR5/CCR4, a transient gp41 species, the so-called pre-
hairpin intermediate, is formed by exposure of the fusion-peptide
region and concurrent formation of the N-terminal coiled-coil trimer
[8-10]. The association of the C-terminal heptad-repeat region with
the N-terminal coiled-coil resolves the pre-hairpin intermediate into
the fusion-active hairpin structure and leads to apposition of viral
and cellular membranes [11]. According to this model, the energy
released by the formation of the trimer-of-hairpins is used to overcome
the energy barrier associated with the energetically unfavorable fusion
of the two lipid bilayers. In other words, refolding of gp41 into its
fusogenic conformation and membrane fusion are mechanistically
and thermodynamically coupled. Therefore, both the conformational
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stability of the trimer-of-hairpins and the rate of its formation play a
critical role in driving membrane fusion. Indeed, there is evidence
that destabilizing mutations within the six-helix bundle correlate
with phenotypic changes [12,13].

Structural and biophysical studies have revealed that peptides
corresponding to the N-terminal and C-terminal heptad repeats (N
and C peptides), associate to form a stable, a-helical trimer of anti-
parallel heterodimers [14,15]. Three N-helices form a central three-
stranded coiled-coil, whereas the three C-helices pack in the reverse
direction into highly conserved hydrophobic grooves around the
outside of this coiled-coil [16-18] (see Fig. 1). It has been proposed
that this structure likely represents the fusogenic state of gp4l
[15,19]. Previous work from this laboratory has demonstrated that
engineered constructs of the HIV and SIV gp41, which contain the
characteristic features of the fusogenic state of gp41 (six-helix bundle;
Fig. 1) are amenable to biophysical characterization. It has been shown
that point mutations can have dramatic effects on the stability and
folding/kinetics of gp41 [20,21]. The present work continues the
efforts to understand the folding mechanism and the structural fea-
tures determining the stability and dynamics of the gp41 trimer-of-
hairpins. We employed mutational analysis to gain information on
the gross structural properties of the folding transition state of the
trimeric state of gp41, in which monomer association and folding are
tightly coupled.

2. Materials and methods
2.1. Protein preparation and characterization
The construction of the expression vector, the expression and puri-

fication protocols of the SIV gp41 protein have been previously de-
scribed [20,22]. Site directed mutagenesis was performed by standard
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Fig. 1. Core structure of SIV gp41. A, Schematic view of the SIV gp41 ectodomain. The two hydrophobic heptad-repeat sequences are represented with hatched bars. The recombinant SIV
model consists of the N34 and C28 peptides connected via a six-residue linker (L6 = SGGRGG) that replaces the disulfide-bonded loop region of gp41. The sequence of the SIV N34(L6)C28
model is shown. The sites of mutations are in bold. The dashes in the N-terminal half delineate the four heptad repeats. The residues are numbered 1 to 68; the correspondence to the
sequential numbering of the SIVyac gp41 protein is indicated. B, Crystal structure of the six-helix bundle formed by the recombinant construct (pdb 1i5y). The left panel shows an
axial view looking down the 3-fold axis of the six-helix bundle. The right panel shows a lateral view of the six-helix bundle. The N-terminal and C-terminal helices are colored in

green and cyan, respectively. Mutated residues are depicted as sticks.



56 S. Bjelic, I. Jelesarov / Biophysical Chemistry 171 (2013) 54-62

protocols using the Quick Change kit from Qiagen. The molecular mass
of all protein variants was verified by mass spectrometry. Since no
mutation involves replacement of an aromatic residue, protein concen-
tration was determined under denaturing conditions (6 M GdmCl)
using £,50=17070 M~ ! cm ! calculated from the amino acid sequence
[23]. In the text, concentrations are given as monomer equivalents.

2.2. Buffer

All experiments were performed at 25 °C in PBS buffer (8.3 mM
Na,HPO,4, 1.47 mM KH,PO,4, 137 mM NaCl, 2.7 mM KCl, pH 74, I=
164 mM). The pH of buffers containing urea was adjusted after addi-
tion of the denaturant. Urea concentrations were determined by mea-
suring the refractive index.

2.3. Biophysical studies

2.3.1. Circular dichroism (CD) spectroscopy

Equilibrium unfolding experiments were performed on a Jasco-715
instrument (Jasco Ltd.), the calibration of which was routinely checked.
In addition, for manual mixing kinetic experiments, models J-500 and
J-810 were used. All spectrometers were equipped with a temperature-
controlled water bath. Cylindrical jacketed cuvettes of 0.1 and 1.0 cm
spectral paths were used. The samples were incubated overnight at
25 °C at the desired concentration of denaturant. The ellipticity at
222 nm was sampled for 3 min after complete thermal equilibration
and averaged over 60 data points. Kinetic reversibility was checked by
comparing the signals of samples prepared either from stock solutions
without denaturant (native protein) or from stock solutions containing
8 M urea (unfolded protein).

2.3.2. Stopped-flow kinetics

Folding and unfolding experiments were performed with a m*-180
instrument (Applied Photophysics, Ltd.). Dead time was 1-2 ms; the
optical path was 1 c¢m; the slits were set to 4 nm; the detection wave-
length was 225 nm. Unfolding was triggered by rapid mixing of pro-
tein in PBS with buffer containing various concentrations of urea at a
mixing ratio of 1:10 and a flow rate of 5 mL s~ . Folding was initiated
by mixing unfolded protein in 8 M urea with plain buffer or with
buffered urea-containing solutions as to achieve the desired final de-
naturant concentration. The final protein concentration was 5-30 pM,
and the final urea concentrations varied depending on the stability of
particular variants. At least five kinetic traces were acquired and
analyzed. Slow folding/unfolding was measured by manual mixing
in a conventional CD apparatus. Dead time of these measurements
was 10-20 s, negligible with respect to the half time of the reaction.

2.3.3. Analytical ultracentrifugation

Sedimentation equilibrium studies were performed on a Beckman
XL-A analytical ultracentrifuge with an An-50-Ti rotor at 25 °C.
Protein solutions were dialyzed overnight against PBS, loaded at initial
concentration of 10 pM and analyzed at a rotor speed of 25000 rpm.
Data sets (five per protein variant) were fitted simultaneously to a
single-species model with the program NONLIN [24]. The protein partial
specific volume and solvent density were calculated using SEDNTERP
[25]. Molecular masses were all within 5% of those calculated for an
ideal trimer. In no case systematic deviation from the statistical distri-
bution of residuals was detected.

2.4. Data analysis

Primary analysis of equilibrium and kinetic data was performed
according to simple two-state folding unfolding process involving
only folded trimer (T) and unfolded monomer (M) using the

formalism outlined in detail previously [20,21]. d-values were calcu-
lated as:

~ Ink™T —Ink" )

In Kgg"— In KT

K& and K34"" are the equilibrium unfolding constants of the wild
type and the mutant proteins, respectively. In this case they are
defined as Keq = ,’j—f - % ke and k, being the folding and unfolding
rate constants, respectively. Eq. (1) is generally valid for any solvent
condition. To calculate ¢ in aqueous buffer, equilibrium and kinetic
data collected in denaturant-containing solutions are extrapolated
to obtain Keq and kr according to:

m
InKeq = InKeq(D) + ReTq D] 2)
Ink; = Inkg(D) + m¢[D] (3)

Keq(D) and ki(D) are the equilibrium constant and the folding rate
constant at a given denaturant concentration, [D]. (R=8314] K™!
mol ! is the gas constant and T is the absolute temperature). The terms
Meq (in units of k] mol~" M~ ") and mg (in units of M~ ") describe the
dependence of the logarithm of the equilibrium constant and of the log-
arithm of the folding rate constant on [D] in the general form m = ‘ﬁl[—g’](.
Likewise, the unfolding rate constant is calculated as:

Ink, = Inky(D) + m[D] (4)

3. Results
3.1. Experimental design

Prerequisites for a reliable mutational analysis of a protein can be
summarized as follows. (i) The wild type and the investigated mutants
thereof are not prone to aggregation in the concentration range suit-
able for biophysical experiments. (ii) The protein has appropriate ther-
modynamic stability to tolerate a set of non-disruptive point mutations.
(iii) Spectroscopic signals report accurately and reproducibly the
changes in the population of relevant molecular species in the course
of time-resolved and equilibrium folding/unfolding transitions. (iv) Em-
pirical (visual) or force field-based structural analysis suggests the exis-
tence of sites, where non-disruptive mutations can be introduced.
Conditions (i), (iii), and (iv) pertain to both SIV-based and HIV-based
constructs, as demonstrated previously [20,21]. We opted for the SIV
protein (and not for a HIV-based construct) because SIV gp41 has higher
solubility and better “in-solution” behavior [20,22]. However, the wild
type protein (strain SIVyac), which we have previously characterized,
is not particularly stable (mid-point of urea denaturation was 1.1 M
with 5 uM protein [20], meaning that condition (ii) is not fulfilled. In
order to avoid this problem and to be able to properly measure the fold-
ing kinetics in a wider concentration range of denaturants, we choose the
T28I mutant as a pseudo-wild type, as its mid-point of urea denaturation
is shifted by 2.9 M to higher urea concentration, in comparison to the
genuine SIVyac wild type protein. (The correspondence between the
numbering scheme used in this paper and the sequence of the SIVyac
protein is shown in Fig. 1.) Like the genuine wild type, this mutation
has been studied in great detail with respect to its thermodynamic [20]
and kinetic [21] properties. The free energy obtained from equilibrium
measurements is the same as that calculated from folding and unfolding
kinetics. The m-value from equilibrium and kinetic experiments, meq and
Myin = RT(Imd 4 Imy[), respectively, are indistinguishable within error.
Finally, the Tanford B-values (3r) are reasonably close to each other
(0.85 for wild-type, compared to 0.79 for pseudo wild-type), indicating
that the T281 mutation does not significantly perturb the gross structure
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of the transition state. For simplicity, we henceforth refer to the T28I
pseudo-wild type as to WT.

The available X-ray and NMR 3D structures of SIV/HIV gp41l
constructs reveal a conserved folding pattern. Our mutational strate-
gy was the following: To probe the role of interactions stabilizing the
internal three-stranded coiled coil we replaced all a and d positions of
the four-heptad long 3, 4-repeat of the N-terminal helices with
alanine. In the course of preliminary experiments, it was discovered
that alanine is not tolerated at d position 24 (T24A) or a position 28
(I128A) and proper folding is prevented. These two mutants proteins
were expressed in high yields, were soluble, yet no helical signal
was observed at up to 200 uM concentration. To overcome this prob-
lem we designed two additional mutations T24I and 128T, guided by
the observation that these positions are conservatively occupied by
either threonine or isoleucine in naturally occurring SIV and HIV
strains. Further, we replaced hydrophobic residues of the C-terminal
helices by alanine. We targeted side chains that contribute to the
hydrophobic core by making contacts exclusively with hydrophobic
groups located in the internal coiled coil trimer. Altogether thirteen
mutants were characterized. One class of mutants are “non-canonical”
(polar versus non-polar side chains) whereas the rest create relatively
large packing defects (Ile/Leu versus Ala). We consciously did not con-
sider Ile/Leu — Val substitutions. It is well known that the strandedness
of coiled coils critically depends on the nature of hydrophobic side
chains in a and d positions [26,27]. Indeed, all mutant proteins are
trimers as demonstrated by analytical ultracentrifugation (Fig. S1 and
Table S1 in Supplementary material). On the other hand, in a parallel,
in-register homotrimer, removal of even one methylene group would
produce a large cavity in an a or d layer. Arguably, “non-canonical sub-
stitutions” violate the assumptions underlying the classical ¢-value
analysis and their effects are difficult to interpret. Nevertheless, the
mutation sites are spread over the length of the protein and are poten-
tially useful to understand the energetic and kinetic role of wild type
interactions by “quasi-¢-value” and “quasi-f3r” analyses.

3.2. Equilibrium unfolding

The stability of all mutants was assessed from urea-induced
unfolding at 25 °C. Fig. 2 shows examples of unfolding curves repre-
sented as the fraction of unfolded protein, fy, as function of the dena-
turant concentration, [D] (see also Fig. S2 in Supplementary Material).
As usual, fy was calculated from the raw experimental traces ([6]222 at
various denaturant concentrations) assuming that the linear changes
of [0]x22 at low and high urea concentrations represent the intrinsic
ellipticity changes of the folded (trimeric) and unfolded (monomeric)
ensembles, respectively. We noted that these pre-transitional and
post-transitional d[0],,,/d[ D] functions for different mutants scatter sig-
nificantly but did not detected any systematic trend (i.e. N-terminal
versus C-terminal substitutions, or polar versus non-polar WT residues,
or larger versus smaller WT residues). As seen in Fig. 2, within this
approximation (the protein is fully folded at the onset of the unfolding
transition (steep d[0],2,/d[D] changes) and is fully unfolded after the
unfolding transition), the unfolding curves exhibit no “steps” and are
not unusually broad as to indicate the presence of intermediates differ-
ing in helical content. Following the (assumed) two-state model and
the linear extrapolation model (LEM) the unfolding free energy changes
in aqueous buffer, AGeq, and the meq coefficients were calculated
according to Eq. (2) and are listed in Table 1. With the exception of
the Q7A variant, both AGeq and [D]; » values are lower than those mea-
sured for the WT protein, thus indicating significant destabilization
effect of the corresponding mutations.

The scatter of the meq-values, 11.9+1.7 k] mol ' M~! (mean+
SD), exceeds the experimental error (8meq=0.5 k] mol~' M~'), but
all meq-values are in agreement with statistical analysis of the protein
database, which predicts an urea denaturation meq-value of 11.7 4+
0.9 kJ mol~! M~! for a protein consisting of 210 residues [2829].

1.0 -
c
‘S 0.8
°
[oN
B 06
ke
R
C
=) 0_4_
s mWT
S O Q7A
A
S 0.2 * L21A
* T24|
A L31A
0.0 4 v L58A
T T T T T T T
0 2 4 6
Urea (M)

Fig. 2. Representative equilibrium urea-induced unfolding of SIV gp41 variants. The
symbols represent the normalized CD signal ([0]222) as function of the denaturant concen-
tration. All experiments were performed at 25 °C in PBS, pH 7.0. Protein concentration was
5-30 pM. The symbol code is the following (curves left to right): T24I, asterisks; L58A, down
triangles; L21A, diamonds; L31A triangles; WT, squares; Q7A, circles. The continuous lines
are best fits according to a two-state model of unfolding and were calculated as described
in ref. [20]. The unfolding curves of all variants can be found in Fig. S2.

Hence, the measured m.q support the trimeric nature of all variants,
the expected values being 7.9 k] mol™' M~" and 15.5 k] mol~' M ™!
for a dimer and a tetramer, respectively, and indicate, in general, low
population(s) of possible monomer/dimer intermediates.

3.3. Folding/unfolding kinetics

Refolding and unfolding experiments were performed by follow-
ing the time course of [6],,5 after rapid transfer of denatured protein
to folding conditions or of native protein to denaturing conditions.
Representative kinetic traces are shown in Fig. 3. As exemplified in
Fig. 3, all collected traces can be perfectly described by numerical
integration of the following equations, which describe the appear-
ance or disappearance of the native trimer in refolding experiments
or unfolding experiments, respectively:

dMm

o= —3k;[M]? + 3k, [T] (5)
k1 (6)

The success of the analysis favors the simplest two-state kinetic
model according to which only folded trimers and unfolded mono-
mers are significantly populated along the reaction coordinate. As
discussed previously [21,28], the presence of dimeric or trimeric in-
termediates cannot be excluded, yet they must be either very short-
lived or spectroscopically “silent”, i.e. they exhibit ellipticity signature
which is indistinguishable within error from those of the folded and
unfolded protein [28]. For further analysis we consider only kinetic
experiments, which conform to the following requirements. First,
the observed kinetic amplitude AMRE ;5 =MRE25—0— MRE225¢ —
was at least 90% of the amplitude detected at equilibrium at each
tested urea concentration. Second, the observed time window was
shorter than 200 s to exclude baseline-drift artifacts (so far we have
no evidence for slow folding phases. The protein contains no prolines
which could introduce kinetic complications. Neither is there evidence
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Table 1

Thermodynamic and kinetic parameters describing the stability and folding/unfolding of the SIV gp41 six-helix bundle.?
Variant [Dli/2 (M) Meq AGeq AGyin ke 10~ ke x 10° —mg (Mil) my (M71) Mkin Br (3

(kfmol™'M~")  (Kmol™!) (kfmol™') (M 2s7') (s71) (kj mol=' M~ 1)

WT 4.1 13.5 112 115 160 0.0011 3.8 1.0 119 0.79 -
Q7A 48 11.0 111 94 180 25 2.7 0.4 7.6 (0.88) N.D.”
L10A 2.8 10.6 89 86 13 1.2 33 0.8 10.2 0.80 0.51
V14A 3.2 11.8 96 94 1.7 0.048 2.7 0.8 8.7 0.78 0.69
Q17A 35 104 95 95 140 29 2.0 1.2 7.9 0.62 0.02
L21A 2.7 13.1 91 78 0.14 3.7 35 0.4 9.4 (0.91) (0.82)
T241 4.0 12.9 111 91 5.6 0.54 2.1 1.1 7.8 (0.66) (1.50)
128A 11 16.1 75 76 0.12 5.8 5.5 13 16.8 0.81 048
L31A 34 12.6 102 95 6.1 0.14 2.8 13 10.2 0.69 0.80
V48A 2.8 143 98 97 23 0.021 2.7 13 10.1 0.67 0.73
I51A 31 9.6 88 94 5.2 0.16 43 1.0 13.2 0.81 0.36
I55A 2.0 11.0 83 91 0.49 0.062 25 15 9.9 0.62 0.50
L58A 1.7 14.0 77 114 320 0.0036 5.1 13 15.8 (0.79) (—0.05)
L59A 3.5 12.5 104 80 14 140 4.1 1.0 12.7 (0.81) (0.71)

2 All experiments were performed at 25 °C in PBS, pH 7.4. Protein concentration was 5-30 uM (monomer). In bold: mutations obeying a relaxed two-state criterion. The estimated
errors of equilibrium parameters are: 0.1 M in [D];2; 7-10 k] mol ! in AGeq; 0.5 K] K~ "mol~'in Meq. Individual kinetic constants were determined with precision always better than 5%
from repeated experiments. The principal errors of krand k, listed in the Table are due to the extrapolation to zero denaturant. They were estimated from the confidence bands (0.95 level)
calculated by regression analysis. Since the extrapolation of k¢ is short, the mean error in k¢ is 4%. The extrapolation errors in k, range from 5% to 30%. The precision of m¢and m,, is
within 0.1 M~ ', as estimated by jack knife analysis. The errors in ¢y are in the order of 20% from propagation of errors in AGeq and k. Entries in bold correspond to variants, which obey the 0<|

AGeq— AGiin |<10 k] mol " criterion.
" Not determined as AAGY™A is virtually indistinguishable.

for formation of burst-phase helical intermediates). These two condi-
tions somewhat reduce the range of urea concentrations at which
folding/unfolding kinetics was subjected to analysis, but provide a
rigorous basis for analysis of the major folding/unfolding event
(it is a priori clear that minor conformational changes are not
observable by CD).

Following linear extrapolation method (LEM), the microscopic
rate constants, kr and k,, were calculated by extrapolation of the Ink¢
or Ink, versus [D] functions to [D] =0 according to Egs. (3) and (4).
Examples of Chevron plots, which are all linear in the studied range
of urea concentrations, are shown in Fig. 4 (see also Fig. S3 and S4
in Supplementary material). The derived rate constants are listed in
Table 1 along with the corresponding my and m, coefficients.
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4. Discussion
4.1. Energetic and kinetic properties of some variant gp41 constructs

A comprehensive discussion of the consequences of mutating all
wild type side chains is not possible in the absence of high-resolution
structural information for each construct. Nonetheless, the effects of
some of these mutations are worth commenting on. In view of the
fact that the mutations generally destabilize the wild type six-helix
bundle, the energetic neutrality of the Q7A and T24I substitutions is in-
triguing (AGeq in Table 1). In both cases a polar interaction is eliminated.
Comparison with the highly destabilizing 28T mutation (which is the
most destabilizing in the set!) and the modestly destabilizing Q17A

Time (s)
0 1 2

MRE,,; (deg cm? dmol™)

0 5 10 15
Time (s)

Fig. 3. Representative stopped flow experiments with SIV gp41 variants. Folding and unfolding traces are shown with circles and crosses, respectively. The continuous lines were
calculated by numerical integration of Egs. (5) and (6). The deviations of the calculated functions from the experimental data are shown in the top (unfolding) and bottom (folding)
panels. The time scales of the folding experiments and unfolding experiments are on the lower x-axis and upper x-axis, respectively. Panel A, Results with L10A: folding in 1.5 M urea
(12.3 pM protein) and unfolding in 4.8 M urea (6.8 pM protein). Panel B, Results with L59A: folding in 1.9 M urea (10.9 uM protein) and unfolding in 2.6 M urea (6.3 uM protein). The
observed CD-signal fits well with equilibrium one, indicating not additional slow phase. All experiments were performed in PBS at 25 °C.
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In(k), In(k,) (M?s7), (s7)

Urea (M)

Fig. 4. Representative chevron plots constructed for SIV gp41 variants. Filled symbols
and continuous lines, folding data. Open symbols and dashed lines, unfolding data.
Squares, wild type protein; circles, 128T; triangles; L21A. See Fig. S3 for all variants.

mutation reveals that in the formally identical a positions of the first
and fourth heptad (7 and 28, respectively) non-polar interactions con-
fer stability, while in the d positions of the second and third heptad
(17 and 24, respectively) polar interactions are important.

This energetic non-equivalence of a and d positions in coiled coils
has been previously demonstrated [30,31]. Hydrophobic side chains
residing in the middle of the central coiled coil (L10, V14, L21) stabi-
lize the trimer to approximately the same extent. Differently, there is
a clear trend that mutations that disrupt the interactions linking the
C-terminal helices to the central coiled coil by hydrophobic contacts
are more destabilizing the closer the corresponding sites are to the
middle of the six-helix bundle (compare the increasing effect of
V48A, L51A, I55A and L58A). More surprising is the fact that the
L59A is one of the least destabilizing mutations. Simple structural
analysis (of highly related X-ray structures of SIV and HIV constructs)
rationalizes the large difference between the L58A and L59A muta-
tions by the fact that, although both side chains are completely buried,
the hydrophobic packing is much more optimized for L58 than for L59.
This is only a tentative explanation since both L58A and L59A show the
largest deviations from the 2-state model (see below). Excluding
L59A, among the conservative hydrophobic-to-alanine mutations,
variants L31A and V48A have the smallest effect on stability. This
probably reflects the fact that these two sites are closest to the loop re-
gion and experience larger structural fluctuations (less well optimized
hydrophobic complementarity) than the rest of the probed sites.

Most of the mutants fold slower and unfold faster than the WT pro-
tein (Table 1 and Fig. S5 in Supplementary material). In terms of folding
rates, mutations Q7A, Q17 and L58A are kinetically inert, their relative
folding rates, k¢e=KkMUT/kY¥T being between 0.5 and 2. For five
mutants, V14A, T24], L31A, V48A, I51A, and L59A, ke e >0.01. Slowest
folding (kfre1<0.01) show variants L10A, L21A, 28T, and I55A. In
terms of unfolding, all variants are destabilized. The relative unfolding
rates, ky = KkMUT/kWT, rank the mutations in three (also arbitrarily
defined) categories: (i) barely destabilized (10<k,.<100; V14A,
V48A, 155A), (ii) modestly destabilized (100<*""*'<1000; T24I, L31A,
I51A), and (iii) highly destabilized (k,re>1000; Q7A, L10A, Q17A,
L21A, 128A). The clear exceptions are variants L58A (kyre<5) and
L59A (ky > 1x10°). The former unfolds like the WT protein; the lat-
ter unfolds dramatically faster. As already mentioned, and as it will be
discussed below, the assumptions implicit in the two-state model are
not met by these variants, thus making it difficult to rationalize such
a tremendous difference in kinetic stability caused by formally identical

mutations. However, we note that these sequentially adjacent side
chains make hydrophobic links to different inner helices. As a tentative
explanation, we suggest that the L58A/L59A “hydrophobic fork” locat-
ed approximately half way from the ends of the six-helix bundle is a
hot spot in stabilizing the native state, the hydrophobic packing of
L59 being less well optimized (see above). Removal of three methylene
groups by mutation to alanine introduces a packing defect. In this par-
ticular site, the loss of hydrophobic interactions involving L59 cannot
be compensated by neighboring interactions, and, as the consequence,
thermal fluctuations overcome some critical threshold. As seen in
Fig. 7, the apparent ¢-values of L58 and L59 are very low and rather
high, respectively. Notwithstanding all reservations in interpreting
this difference (both variants are non-two-state folders), the interac-
tions made by L59 appear to be crucial for proper folding.

The changes in the folding and unfolding rates caused by non-
canonical polar-versus-nonpolar substitutions also deserve attention.
It appears that glutamine-to-alanine mutations are balanced in a sim-
ilar way by compensating changes (decrease) in k¢ and k. In heptads
1 and 4 of the N-terminal coiled coil, nonpolar side chains in a posi-
tions appear to speed up folding more than they slow down unfolding
(compare the changes in k¢ and k, of Q7A and 128T relative to WT). In
contrast, polar side chains in positions d of heptades 2 and 3 are ben-
eficial in terms of both folding and unfolding, in agreement with the
conclusions drawn from analysis of AGeq (see above).

4.2. Two-state versus non two-state folding/unfolding mechanism

In the framework of “classical” mutational (¢-value) analysis of
the folding/unfolding mechanism, the definition of criteria ruling
the acceptance or rejection of the two-state approximation is a crucial
step. It is clear that equilibrium, quasi-sigmoidal unfolding curves,
kinetic, quasi-exponential traces, in the absence of abrupt signal
changes and linear chevron plots, can be formally discussed as
describing a two-state process. A stronger criterion is the comparison
of the free energy changes derived from equilibrium and kinetic
experiments, AGeq= —RTInKey and AGyi, = — RTInKyi, = ke/k,, re-
spectively [32]. Fig. 5 illustrates that AG.q and AG,q, are not correlated
(R>=0.04), in sharp contrast to the definition of two-state behavior.
However, the experimental uncertainties should be considered. We
conservatively estimate the mean AG error in the set as being
7-10 k] mol . According to this criterion, nine proteins can be clas-
sified as two-state folders (WT, L10A, V14A, Q17A, 128T, L31A, V48A,
I51A, and I55A). The AGyin-versus-AGeq correlation coefficient for
these proteins is R?=0.951 (Fig. 5).

Another test for the fulfillment of the two-state mechanism is the
comparison of the Brgnsted coefficients for the folding and unfolding
reactions [33]. The Brensted coefficient is defined in the following
way:

dInk
B=amK (7)

where k is a rate constant and K is the genuine equilibrium constant
(derived from experiment(s) performed at equilibrium conditions,
and not derived from the k,/k¢ ratio). In protein folding, the two-state
model is valid if the Brensted coefficient for the folding and unfolding
reactions, B¢ and 3, respectively, add up to unity, i.e.:

Bl + 1By =1 )

In the studied set of mutations, both 3¢ and 3, are close to zero
(Fig. 6). However, for proteins that have been selected as two-state
folders, based on the AGyiy-versus-AGeq correlation, |3 + |3, =0.940.2.

Finally, we examine the correspondence between the meq and
mMyin = RT(|m¢ + |my) coefficients as a test for the validity of the
two-state model. For a two-state transition, meq = My, within error.
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Fig. 5. Correlation between the unfolding free energy changes obtained from equilibrium
(AGeq) and kinetic (AGy,) experiments. AGs were calculated assuming a two-state model
of folding/unfolding (AGeq= —RTInKcq; AGyin= —RTIn(k,/ks)). The squares represent
data fitting the following criterion: 0<| AGeq — AGyin | <10 K] mol . The solid line is the
correlation line describing these data only (R>=0.951). The dashed line represents the
ideal expected correlation (R*>=1).

The two sets of m-values do not differ statistically (meq=11.94+1.7
and My, =10.942.8 k) mol~! M~'; mean +SD). However, all but
three mutations(L10A, I55A, and L59A), exhibit meq — myq, differ-
ences larger than the estimated experimental error. (Note that the
L59A protein doesn't fit the AGyis-versus-AGeq criterion as a two-
state folder). On a closer look, the difference between meq and myqn
stems from a larger variation in m¢ (Table 1). Furthermore, there are no
cross-correlations between meq and My, to AGeq and AGyqy, (in absolute
values and in relative changes). The reason for this discrepancy is not
known.
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Fig. 6. Bronsted plot for folding and unfolding of the SIV gp41 six helix bundle. The solid
symbols and asterisks represent the complete set of Ink; data. Likewise, the open symbols
and crosses represent the complete set of Ink, data. AlnKeq= In(KMUT/KWT) is the change
of the unfolding constant calculated from equilibrium data. The squares highlight Ink¢
(solid) and Ink, for proteins pertaining to the criterion: 0<| AGeq — AGyin |<10 kJ mol .
The lines are the correlation functions to the folding and unfolding data considering only
these variants (continuous and dashed, respectively). The values of | slope | = dInk/dInK.q
representing the Bransted coefficients are 0.45 4 0.13 (folding) and 0.44 4 0.16 (unfolding).

Previously, the WT, T24I and 128T [20], as well as two HIV gp41
proteins [33] have been classified as two-state folders based on equi-
librium information only (analysis of calorimetric experiments and
comparisons between thermal and isothermal unfolding data). The
kinetic data collected in this work add a further level of analysis and
demonstrate that some variants clearly deviate from the two-state
behavior and most proteins cannot be classified as two-state folders
without some caveats. Nevertheless, in view of the experimental er-
rors, nine proteins fold/unfold with a reasonable resemblance to a
two-state process, as to provide hints about the gross structure of
the transition state.

4.3. Properties of the transition state

The structure of the rate-defining, high-energy state, which pro-
teins transverse on the folding/unfolding coordinate, has attracted con-
siderable attention in recent years, because it provides important clues
about the sequence of structural events along the folding/unfolding
pathway i.e. of the folding/unfolding mechanism. The identification of
the set of interactions realized in the transition state is only possible
by site directed mutational analysis in the framework of the ¢-value
[32,34]. This methodology has been extensively used in studies of
small monomeric proteins [35-37], and only occasionally in studies
of oligomeric proteins [38], including short coiled coil dimers [39]. To
our knowledge, ¢-value analysis has never been performed with a
trimeric protein, where the association of (largely) unstructured
monomers and folding to the native trimer is concurrent processes.
In contrast to monomeric proteins, it cannot be a priori excluded that
the passage of the rate limiting step in folding of an oligomeric protein
is sensitive to the total protein concentration due to population of
concentration-dependent intermediate states [28]. In the limited con-
centration range of our experiments (5-30 M) we did not observe
any concentration dependence of the rates of folding (and unfolding).

Fig. 7 shows the ¢-values calculated according to Eq. (1). In the set
of “quasi-two-state” folders, L10A, 128T, I51A, and I55A exhibit ¢<0.5.
For three mutants, V14A, L31A, and I55A, ¢ > 0.5. In the usual interpre-
tation, partial ¢-values (between 0.3 and 0.7) are difficult to interpret
[36]. Such @-values indicate either partial formation of native-like in-
teractions involving the WT side chain in conformationally homoge-
neous TS, or the existence of alternative local conformations within
the transition state (TS) ensemble, or even the existence of largely dif-
ferent transition states (parallel folding pathways). The clear “outlier”
is Q17A showing a negligibly small ¢. However, we consider this
@-value as being artificial, since both AGeq and ke are indistinguishably
close to the wild type parameters. For these reasons we are reluctant
to discuss the meaning of individual ¢-values in terms of local
structure. The quasi-g-values collected in this study are clearly of
low-resolution, or of “weak” informational content [40]. Nonetheless,
the following points are worth noting: (i) The mean measured @ is
0.5040.25. (ii) The mutations cover three quarters of the length of
the elongated six-helix bundle. (iii) Similar ¢'s were calculated for
sites close to the N-terminus (L10, V14) and to the C-terminus (128)
of the central coiled coil. (iv) Similar ¢'s were calculated for side
chains participating in the hydrophobic core of the internal coiled
coil and side chains linking (by hydrophobic packing) the outer
C-terminal helices to the inner N-terminal helices. (v) The ¢-values
for L31 from the N-terminal helix and V48 from the C-terminal helix
are not significantly different. These two side chains are sequentially
positioned up-stream and down-stream of the loop region. All these
observations strongly suggest that the transition state is compact
and the outer and inner helices are oriented in a native-like fashion
(anti-parallel). Based on the available information, TS can be defined
as being “diffuse” in the sense that there is no obvious polarity in the
distribution of ¢-values. These conclusions are further supported con-
sidering the apparent ¢-values for non-two-state mutants (Fig. 7).
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Fig. 7. ¢-values characterizing mutations of the SIV gp41 six-helix bundle core. Left
panel: ¢-values were calculated by Eq. (1). The shaded bars represent ¢-values for
mutations which obey quasi-two state behavior (based on the 0<| AGeq— AGyin
|<10 k] mol~" criterion). The arrows indicate ¢ > 1. Right panel: color-coded distribu-
tion of ¢-values in the 3-D structure of gp41. The yellow and red colors represent
¢@-value of 0 and 1, respectively. For clarity, only one C-terminal helix is decorated
with side chains. The numerical values are listed in Table 1.

The compactness and the diffuse character of TS can also be
inferred from the calculated Tanford's 3-value. This dimensionless
parameter in the two-state approximation is defined as [32]:

BT _ ‘mf‘ =1 |mu| (9)

CAmel - my| T [me -+ [my|

The numerical value of 3r (0<fBr<1) is usually interpreted as an
indicator of the position of TS on a reaction coordinate in terms of
denaturant-sensitive (i.e. solvent-accessible) surface. That Br is close
to 1 indicates that TS is nearly as compact as the native state; a 3t
of 0 indicates a completely disordered and solvent accessible struc-
ture, as in the denatured state. As seen in Table 1, all Bt are larger
than 0.62 (mean Br=0.73+0.08 for the two-state variants and
0.76 £ 0.09 for all proteins) and are uniformly distributed along the
six-helix bundle. Therefore, the TS exhibits native-like conformation.

In conclusion, we have probed the consequences of mutating
topologically conserved packing contacts within the hydrophobic
core of the six-helix bundle representing the fusogenic conformation
of the SIV gp41 protein. These include both purely non-polar contacts
(valine, leucine and isoleucine) and mixed non-polar/polar contacts
(glutamine, threonine). There are no obvious (and easily interpretable)
trends concerning the role of the probed functions in the hydrophobic
core of gp41 in terms of polarity. Also, there is no observed correlation
between the size of the mutated non-polar side chain and the resulting
thermodynamic and kinetic changes. Thus, the local geometry and any
conformational rearrangements compensating the mutation (mostly
cavity-creating) dominate the changes in stability and folding/unfolding
rates. The presented data demonstrate that some mutations result in
large deviations from the apparent two-state behavior that has been pos-
tulated for the wild type six-helix bundle [20]. In fact, only two mutants
(L10A and I55A) can be strictly classified as two-state folders. This is not
completely surprising as in a homotrimeric protein three sites are mutat-
ed simultaneously. In the specific case of a coiled coil or a parallel, in-
register helical bundle, the mutations are located very close to one
another, hence introducing a large packing defect in a particular spot of
the hydrophobic core. Nonetheless, nine of the mutants studied which
disrupt conserved inter-subunit contacts obey a relaxed two-state crite-
rion. Our quasi-¢-value and quasi-f3r-value analyses lead to the conclu-
sion that the six-helix bundle transverses a compact folding transition
state, in which native-like structure formation is modestly advanced,
yet there are no completely unstructured regions. Therefore, with all
necessary reservations, we propose that the highest-energy barrier

along the folding pathway is passed in a trimeric state, after the C-
terminal half of each monomer chain is “fixed” in anti-parallel orienta-
tion to the surface of the central N-terminal coiled-coil-to-be.
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