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energies at pH 5.0 vs pH 7.4. Detailed interpretations of the
fusion extents are presented in the Discussion.

■ DISCUSSION
This study describes a structural and functional comparison
between full-length WT-HA2 and the truncated construct
lacking the TM, FHA2, and the G1E and I173E point mutants
that are known to inhibit HA-mediated fusion. Significant
findings of the present study include (1) a predominant trimer
fraction in SRC detergent at pH 7.4 for all protein constructs
versus mixtures of the trimer, monomer, and oligomers/
aggregates in DM detergent, (2) similar helicities of WT and
G1E proteins versus the reduced helicity of I173E proteins, (3)
hyper-thermostable WT-FHA2 and HA2 and less stable FHA2
and HA2 mutants with respective reductions in Tm of ∼40 and
∼15 °C, and (4) efficient HA2-induced vesicle fusion of
neutral and anionic vesicles at pH 5.0 for WT-HA2 versus a
reduced level of fusion with mutants.
Models of Protein Structure and Stability. The CD

spectra and analyses of Figure 4 and Table 1 support a 65%
average helicity for WT- and G1E-FHA2 and a 58% average
helicity for WT- and G1E-HA2. The proteins are well-folded,
based on reasonable agreements between these average
helicities and the fractions of α-helical residues calculated for

a model in which the only α-helical residues are those in high-
resolution structures of the FP in detergent and the SE in
aqueous solution, and in the TM [residues 2−12, 14−22, 38−
105, 110−128, 146−153, and 186−210 (Figure 1B)].8,16 The
calculated helical fractions from this model are 115/193
residues for FHA2 and 140/235 residues for HA2. The
helicities of WT-FHA2 and HA2 determined in this study are
similar to the helicities reported in some earlier studies.26,31,41

However, the 65% helicity for WT- and G1E-FHA2 in this
study is higher than the helicities of ∼25 and ∼35%,
respectively, from a 2011 study.28 The origin of this
discrepancy is not known, but we note that our high and
their low helicities correlate with the presence and absence,
respectively, of detergent in the samples. Our study also shows
that the I173E mutants exhibit only 45% helicities, and a
model explaining this reduced helicity is presented below.
The hyperthermostabilities of WT-FHA2 and HA2 are

evidenced by the CD spectra and θ222 versus T plots (Figures 5
and 6) and the accompanying van’t Hoff analyses for
determining Tm values (Table 1). The Tm of ≈90 °C for
FHA2 and HA2 and the Tm values of ≈80 °C for HA220−185
(SE) and >85 °C for HA220−211 (SE+TM) support a major
contribution to stability by the SE, with smaller contributions
from the FP and TM, where the latter two HA2 domains are

Figure 7. van’t Hoff plots of the unfolding ln Keq vs 1/T of the (A) G1E-FHA2 and (B) I173E-FHA2 proteins based on θ222 data for the
temperature range around Tm. Best-fit parameters are given with uncertainties in parentheses.

Figure 8. HA2-induced vesicle fusion with a 1:300 protein:lipid ratio. (A) Time courses of POPC vesicle fusion at pH 5.0. (B) Percent vesicle
fusion at 600 s after addition of protein for different lipid compositions and pH’s. Each bar represents the average of three replicates. There is
typically a ±1% variation in percent vesicle fusion among the replicates. See Figure S7 for data using different preparations of proteins and vesicles.
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