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ABSTRACT An understanding of the molecular mechanisms of the newly characterized herpes simplex virus (HSV) B5
protein is important to further elucidate the HSV cell entry and infection. The synthetic peptide of B5 (wtB5) was functionalized
with the nonlinear optical chromophore cascade yellow and its molecular dynamics was probed at physiological and endosomal
pH (pH 7.4 and 5.5, respectively). Steady-state CD spectroscopy was utilized to characterize the peptides at different pH. These
spectra showed structural changes in the peptide with time measured over several days. Nonlinear optical measurements were
carried out to probe the interactions and local environment of the labeled peptide, and the increase in the two-photon cross
section of this system suggests an increase in chromophore-peptide interactions. Time-resolved fluorescence upconversion
measurements reflected changes in the hydrophilic and hydrophobic local environments of the labeled peptide-chromophore
system. Ultrafast depolarization measurements gave rotational correlation times indicative of a reversible change in the size of
the peptide. The time-resolved results provide compelling evidence of a reversible dissociation of the coiled coils of the wtB5
peptide. This process was found to be pH-insensitive. The data from this unique combination of techniques provide an initial
step to understanding the molecular dynamics of B5 and a framework for the development of novel imaging methods based
on two-photon emission, as well as new therapeutics for HSV.

INTRODUCTION

Herpes simplex virus (HSV) types 1 and 2, are widespread

human pathogens that infect a wide range of animal tissue.

They establish lifelong latency in cells and recurrent infections

result from periodic viral reactivation causing oral and genital

lesions (1–3). HSV infection of cells requires fusion of the

viral and cell membranes through the synchronized action of

specific viral (gB, gC, gD, gH, and gL) and cell-surface pro-

teins (heparin sulfate (HS) proteoglycans, nectin-1 and nectin-

2, and herpes virus entry mediator (HVEM)) (1–7). The

current working model for HSV entry into cells proposes that

in the initial step, gB and gC interact with HS proteoglycans,

facilitating virus-cell attachment. gD then binds to a receptor,

facilitating membrane fusion mediated by gB and the gH/gL

heterodimer (4–7). Recent reports outlined the structural

characteristics of the C-terminus of gD and revealed that this

region plays an important role in HSV entry (2,7). Paralleling

this finding is the characterization of the 43-kDa protein B5,

which is believed to be one of the cell-surface receptors that

mediate HSV entry into cells via gD activation (7). Compu-

tational analysis showed that the C-terminus (amino acids

344–374) of B5 has a high probability of forming an a-helical
coiled coil (7–9). This is particularly interesting, since com-

putational modeling has also shown that it is highly possible

that gH and gL form coiled coils (8–10).

Coiled coils are the oligomerization domains essential

to the fusion of a number of viral and cell membranes. The

coiled coil results from a-helices possessing a seven-residue

(denoted a–g) repeat motif (8–11) of hydrophobic and hy-

drophilic residues. The hydrophobic residues occupy the a
and d positions and generate a hydrophobic seam along which

two or more helices align in parallel or antiparallel mode. The

helices are stabilized by hydrophobic and ionic interactions

(8–11). One of the criteria that established B5 as an HSV cell

receptor is the inhibition of viral activity by synthetic peptides

identical to its active region (8). Well-documented studies

utilizing synthetic peptides to the coiled coil domains of viral

proteins include those of human immunodeficiency virus retro-

viruses (12,13), parainfluenza viruses (14), Sendai virus (15)

and paramyxovirus (16), and a 30-mer synthetic peptide to the

B5 C-terminus, denoted wtB5, is reported to inhibit HSV ac-

tivity (8,9). Current therapeutic strategies against HSV are

aimed at viral DNA replication and are prone to inactivity due

to the evolution of mutated drug-resistant virus strains. For the

viruses that contain coiled coils, as in the case of human im-

munodeficiency virus, therapeutics that work at the site of ac-

tion of the inhibitory synthetic peptides are being developed as

antiviral agents. The functional C-terminus of the B5 or func-

tional regions of its viral ligand, therefore, provide excellent

antiviral targets (8). The ultimate development of ef fective

therapeutics demands an in depth understanding of the struc-

ture and function of B5 and its associated viral ligand/s.

Although mutagenesis and computer simulations have indi-

cated that B5 affects infection of the cell by the HSV, and some

structural properties have been elucidated (8), to date, a viral
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ligand for B5 is still undefined and the atomic structure of B5

or functional regions such as the C-terminus is unknown.

There have been no reports of direct verification (biochemical

or biophysical) that the B5 actually forms coiled coils and the

molecular dynamics and mechanism of interactions are unclear

(8,9).

Molecular dynamics of proteins and peptides are para-

mount to understanding their structure-function relationships

(17–19). To probe the detailed interactions of the C-terminus

and ultimately the function of the B5 protein, time-resolved

and nonlinear optical measurements of wtB5 labeled with a

fluorophore were carried out. These are sensitive methods that

provide valuable information regarding fluorophore and pep-

tide dynamics (20–25). Time-resolved fluorescence anisotropy,

for instance, has been used to probe the rotational dynamics

of peptides and proteins, providing insight into biophysical

mechanisms through global and local motions of peptides via

side-chain or extrinsic fluorophores (17–25). Analyses of the

physical parameters associated with the motion and nonlinear

optical properties of the fluorophore and fluorophore-labeled

peptide allow for the elucidation of the molecular mechanisms

associated with these changes. Herein, we report results from a

detailed analysis of the wtB5 using a unique combination of

steady-state, ultrafast spectroscopic, and nonlinear optical tech-

niques, and we provide compelling evidence for reversible dis-

sociation of the coiled coils at physiological and endosomal pH.

MATERIALS AND METHODS

Synthesis and characterization

The 30-amino-acid residue wtB5 peptide (8,9) was synthesized at the Protein

Structure Facility at the University of Michigan.

Peptide labeling with fluorescent dye

We dissolved 5 mg of the wtB5 peptide in 0.8 mL of 0.1 M sodium bicar-

bonate buffer solution at pH 8.2 and 0.2 mL dry dimethylsulfoxide. The solu-

tion was gently stirred and kept on ice. We added 8.2 mg of cascade yellow

succinimidyl ester (CY) in 0.1 mL dry dimethylsulfoxide to the peptide solu-

tion, and the reaction mixture gradually warmed to room temperature. This

was then incubated overnight. Using MALDI-TOFmass spectrometry, 20-mL

volumes were analyzed at 0, 2, and 24 h to follow the labeling process. We

then added 65 mL of a 1.5 M hydroxylamine solution at pH 8 to the reaction

mixture and stirred it for 2 h. The degree of labeling under these conditions

was 63%.

Purification of conjugates

Low-molecular weight compounds and excess dye were separated from the

labeled peptide by gel filtration chromatography. Bio-Gel P-6DG gel with an

exclusion limit of 6000 D was used as the stationary phase on an econo-

pac 10DG column from Bio-Rad (Hercules, CA). The fluorescent fractions

were collected. Those showing absorbance at 280 nm and 405 nm were

pooled and concentrated on a pretreated Microsep centrifugal device with a

molecular-weight cut-off of 1K (Pall Life Sciences, East Hills, NY). The

concentrated sample was freeze-dried and reconstituted with 500 mL acetic

acid for HPLC analysis. HPLC purification was carried out at the Protein

Structure Facility and MALDI-TOF mass spectrometry confirmed the

identity of the peptide. The monolabeled conjugate was used in this study.

Steady-state spectroscopy

Ultraviolet (UV)-visible absorption spectra were recorded with a Hewlett-

Packard (Palo Alto, CA) 8452A diode array spectrophotometer. Steady-state

fluorescence measurements were performed on a SPEX (Edison, NJ)

Fluorolog FL1T11 fluorimeter. The quantum yields were measured using a

known procedure (26,27). Coumarin 307 was used as the standard. The

absorbance was 0.03 or less. The solutions were purged with argon before

measuring their emission spectra and the quantum yield was calculated using

the following equation:

fF ¼ ðfFÞs
R
JðnÞdnðJaÞsn2

R
JsðnÞdnJan2

s

;

where (fF)s is the quantum yield of the standard;
R
J(n)dn is the area

under the fluorescence emission curve for the sample;
R
Js(n)dn is the

area under the fluorescence emission curve for the standard; (Ja)s is the ab-
sorbance of the standard; Ja is the absorbance of the sample; n2 is the

refractive index of the solvent used for the sample; and n2s is the refractive

index of the solvent used for the standard.

Far-UV CD spectra were recorded in a quartz cell (1-mm path length)

on an AVIV 202 series spectrophotometer in the range 190–250 nm at

298 K. At pH 7.4, samples were recorded in PBS buffer with 150 mM NaCl

and pH 5.5 in sodium citrate buffer. Experiments were done in duplicate, and

the concentration-dependent studies were performed in order both of increas-

ing and of decreasing peptide concentration. The raw data were corrected

for the buffer contributions by subtracting the buffer spectra. Ellipticity

values (u, deg) were converted to molar-residue ellipticity values ([u], deg

cm2 dmol�1), and molar-residue ellipticity ratios ([u]222 nm/[u]208 nm] were

calculated.

Time-resolved spectroscopy

Time-resolved fluorescence measurements were carried out using a fluo-

rescence upconversion set-up that has been described in detail in (28–30).

The sample solution was excited with frequency-doubled light from a

mode-locked Ti:sapphire femtosecond laser (Tsunami, Spectra Physics,

Mountain View, CA) pumped by a Nd-YLF laser (Millenia X, Spectra

Physics). This produces pulses of;100 fs duration in a wavelength range of

385–430 nm. The polarization of the excitation beam for the anisotropy

measurements was controlled with a Berek compensator. The horizontally

polarized fluorescence emitted from the sample was upconverted in a non-

linear crystal of b-barium borate using a pump beam at ;800 nm that was

first passed through a variable delay line. This system acts as an optical gate

and enables the fluorescence to be resolved temporally. Spectral resolution

was achieved by dispersing the upconverted light in a monochromator and

detecting it using a photomultiplier tube (R1527P, Hamamatsu, Hamamatsu

City, Japan).

Raw fluorescence anisotropy R(t) was calculated from the decay curves

for the intensities of fluorescence polarized parallel Ipar(t) and perpendicular

Iper(t) to the polarization of the excitation light, according to the expression

R(t))(Ipar � GIper)/(Ipar 1 2GIper). The factor G accounts for the dif-

ference in sensitivities for the detection of emission in the perpendicular and

parallel polarized configurations. It was measured using perylene in metha-

nol as a reference. In the real experiment, the G-factor has been found to be

essentially unity (1.02 (0.02)).

Time-correlated single-photon counting (TCSPC) was performed using

the second harmonic of the Kapteyn Murnane laser described below.

Two-photon absorption
cross-sectional measurements

Two-photon cross-sectional methods were calculated using the two photon

excitation fluorescence method as outlined in (28,31,32). We used 10�4M
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coumarin 307 in methanol as the standard reference, and a KapteynMurnane

mode-locked Ti:sapphire laser with a bandwidth of 47 nm at 800 nm and

pulse duration of 30 fs. A polarizer was used to vary the laser input power

and an iris placed before the polarizer ensured a circular beam. A lens with

focal length of 11.5 cm focused the laser beam on the sample cell. The

fluorescence was collected perpendicular to the incident beam. A plano-

convex lens directed the collected fluorescence into a monochromator. The

output from the monochromator was coupled to a photomultiplier tube.

Collected photons were converted to photon counts by a photon counting

unit. A logarithmic plot between collected fluorescence photons and input

intensity gave a slope of 2. This confirmed a quadratic relationship, and the

two-photon-absorption cross section was calculated from the intercept.

RESULTS

Steady-state analysis

Absorption spectra of the free dye CY, wtB5, dye-peptide

mixture (CY-wtB5), and labeled conjugate (CYwtB5) at pH

7.4 and pH 5.5 were recorded in the range 200–700 nm. The

wtB5 showed characteristic maxima at 220 nm and 280 nm

(data not shown). The spectrum of CYwtB5 showed a peak

at 405 nm compared to 398 nm for CY and CY-wtB5 (Fig.

1). The bathochromic shift of the low energy peak, along

with the increased intensity for CYwtB5, confirm conjuga-

tion of the fluorophore to the peptide (33). These effects

result from the change in geometry of CY upon conjugation.

The aromatic backbone of CY becomes more planar (22) and

allows for greater p conjugation and substantial electron

delocalization over the entire molecule. There are no such

geometrical modifications in the case of the peptide-dye

mixtures and therefore no significant perturbation of the

electronic absorption spectra. The decrease in intensity of the

absorption bands at low pH is most likely due to the acidifi-

cation of residues in the peptide backbone and/or the fluoro-

phore, which could result in mitigation of the intermolecular

interactions.

The fluorescence intensity of CY, CY-wtB5 mixture, and

labeled CYwtB5 is shown in Fig. 2. The fluorescence

intensity of CY decreases upon interaction with wtB5 and

the decrease is more pronounced when it is covalently bound

to wtB5. This may result from the interaction of CY with

quenchers such as the aromatic amines of the peptide

backbone. The high internal flexibility of the peptide as well

as the resultant geometry change in CY could facilitate these

interactions. The fluorescence intensity of the systems (CY-

wtB5 and CYwtB5) changed over time, and the rate of the

change was concentration-dependent. The labeled peptide

(50 mM) and a 1:5 dye/peptide mixture (50 mM peptide)

showed a nonmonotonic change in fluorescence intensity

over a period of approximately 90 days. The mixture at a

1:200 molar ratio (2 mM peptide), however, showed the

nonmonotonic change over only 14 days. For instance, the

fluorescence of CY decreases upon the initial mixing with

wtB5 followed by a gradual increase up to 4 days, after

which the intensity of the fluorescence decreases over 10

days.

To study the structural characteristics of the peptide and

the effect of covalent and noncovalent binding of the dye,

wtB5, CY-wtB5, and CYwtB5 were analyzed by far-UV CD

spectroscopy. The far-UV CD spectra show minima centered

at ;222 nm and 208 nm, characteristic of the presence of

a- helices (Fig. 3), and indicate that the presence of the dye

does not alter the secondary structure of the peptide. The

shape of the spectra at pH 7.4 and pH 5.5 are similar, with a

slight dampening of signals at lower pH. The ellipticity ratio

(9,26,27) for wtB5, CY-wtB5, and CYwtB5 changed over

time, and the rate of change depends on the peptide con-

centration. The rate of change for 2 mM wtB5 is shown in

Fig. 4 and represents the common trend observed in all cases.

It shows an interchange of the ellipticity ratios between

average values of 1 and 0.85. The molar ellipticity, [u]222 nm,

is concentration-dependent, and results are given in Figs. 5

and 6.
FIGURE 1 UV-visible spectra of 50 mM CY, CY-wtB5 mix, and labeled

CYwtB5 at pH 7.4 and pH 5.5.

FIGURE 2 Normalized emission spectra of 50 mMCY, CY-wtB5 mixture,

and labeled CYwtB5 at pH 7.4 and pH 5.5.
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Time-resolved fluorescence and two-photon
absorption measurements

Time-resolved lifetime measurements

Even though CD spectroscopy has been extensively used to

study a-helices and coiled coils of peptides, the technique

by itself is inconclusive (34–39). Thus, we used ultra-

fast upconversion and TCSPC techniques, along with two-

photon absorption measurements, to further analyze the

behavior of the wtB5 peptide. These techniques provide

sensitive and real-time information (17–25) that cannot be

determined using CD spectroscopy (40,41). The fluores-

cence intensity decays (Fig. 7) determined from upconver-

sion measurements were fitted with two exponentials and the

lifetimes are given in Table 1. The short lifetime of ;2 ps

was common to all the systems studied and the long lifetime

(;400 ps) was resolved using TCSPC. These results gave

intensity decays that were also fitted with a biexponential

function. The longer lifetime of ;3 ns was unchanged in all

the fluorescent systems and reveals insensitivity to the en-

vironment. The shorter lifetime, on the other hand, revealed

some degree of sensitivity to the local environment, as is

evident from the resulting decrease upon binding (covalently

and noncovalently) to the peptide (Table 1).

The change in quantum yields for CY, CY-wtB5, and

CYwtB5 (Table 1) implies significant differences in the

fluorescence lifetimes of the free dye and the labeled peptide.

However, this was not observed, as the approximately eight-

fold decrease in the quantum yield of CYwtB5 (0.05)

compared to CY (0.39) and CY-wtB5 (0.36) was not re-

flected in their lifetimes. This observation hints at the opera-

tion of complex excited-state interactions, and the disparity

could arise from either of two scenarios (42). In the first

instance, fluorescence quenching occurs before relaxation to

the ground state. After excitation, there is rapid relaxation to

a prefluorescent excited state, and the depopulation of this

state is rather slow. A dye-peptide interaction strong enough

to compete with the excited-state relaxation would result in

quenching of the excitation energy before the prefluorescent

state is reached. In the second case, it could result from a

heterogenous mode of quenching. This involves a dark

species that absorbs energy but relaxes to the ground state via

an efficient nonradiative process (42).

Tables 2–4 summarize the time-dependent fluorescence

lifetime data for CYwtB5 and CY-wtB5. The lifetimes

changed nonmonotonically, at a concentration-dependent

rate, and samples at millimolar concentrations changed faster

than those at micromolar concentrations. The lifetime of the

free dye in the PBS buffer did not change as a function of

time, and within the limits of experimental accuracy, the

average lifetimes determined at pH 5.5 and 7.4 were similar

(Tables 2–4).

Time-resolved anisotropy measurements

The rotational correlation times of the fluorophore deter-

mined from time-resolved anisotropy experiments relate to

overall rotational diffusion of the peptide and intramolecular

motions of the peptide and attached fluorophore (43–46).

The time-resolved anisotropy decays were best fitted with

single exponentials (Fig. 8), and Table 1 shows values for the

rotational correlation times at pH 7.4. There is a slight

increase in the rotational correlation time of CY-wtB5 (254

ps) and CYwtB5 (220 ps) compared to the free dye (200 ps).

Based on the timescales of the observed motions, the longer

rotational correlation time for CY-wtB5 and CYwtB5 can

be attributed to the intramolecular motions associated with

the peptide backbone. In the case of CYwtB5, this may result

from restricted movement about the lysine side chain

(43,46).

The rotational correlation time changed significantly over

time (Tables 2–4). The nonmonotonic change is concentration-

dependent, and possibly due to a change in the local un-

winding of the coiled coil of the peptide (47). The initial

FIGURE 3 CD spectra of 50 mM wtB5, CY-wtB5 mixture, and labeled

CYwtB5 in PBS buffer at pH 7.4.

FIGURE 4 The changes in the ellipticity ratio of 2 mM wtB5 at pH 7.4

over time. The line is a visual aid to highlight the trend and the arrow shows

possible interchange between a-helix and coiled coil.
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decrease may be a result of the dissociation of the coiled coil

of wtB5, whereas the increase in rotational correlation time

may be due to the association or recoiling of the individual

a-helices. The timescales and the trend in the changes of the

rotational correlation time were similar for CYwtB5 and CY-

wtB5, and it can therefore be inferred that the same changes

are being detected in both scenarios. Collectively, these re-

sults strongly suggest a reversible dissociation of the coiled

coils of the wtB5 peptide at pH 7.4 and pH 5.5.

Two-photon absorption measurements

The two-photon measurements allow for the probing of

detailed molecular interactions that cannot be done with

one-photon measurements (48,49). The fluorescence from

two-photon excitation is similar to that from one-photon

excitation, with a maximum centered at 540 nm (data not

shown). For all the systems studied, a logarithmic plot of the

photon flux versus input intensity gives a slope of 2 and

implies a two-photon excitation mechanism (31,50). A

representative plot is shown in Fig. 9. Two-photon absor-

bance cross sections for CY, CY-wtB5, and CYwtB5 are

given in Table 1. The drastic increase in the two-photon

cross section of the labeled peptide results from the covalent

interaction of the wtB5 and the CY. Conjugation of the dye

to the peptide causes the low-energy band in the electronic

absorption spectrum to be red-shifted due to an increase in

the electronic delocalization over the system. This leads to an

increase in intramolecular interactions such as charge-trans-

fer reactions and/or transition dipole moments (27,31,50) as

will happen when the aromatic rings of CY are made more

planar upon conjugation to wtB5.

DISCUSSION

The wtB5 forms coiled coils with very weak
interactions that dissociate reversibly
at physiological and endosomal pH

Recent reports have shown that the B5 protein has a high

propensity to form coiled coils and favors the formation of

FIGURE 5 The CD spectra of increasing concentration

of wtB5 at pH 7.4. The arrow indicates order of increase

from 30 mM to 300 mM. (Inset) CD spectrum at 2 mM.

FIGURE 6 Plot of the molar ellipticity at 222 nm versus concentration of

CYwtB5 at pH 7.4 and pH 5.5.

FIGURE 7 Normalized fluorescence intensity decays of 50 mM CY, CY-

wtB5, and CYwtB5 in PBS at pH 7.4. Solid lines show best fit to multi-

exponential functions.
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dimers, trimers, and tetramers at physiological pH (8,9).

Although the cell receptors of the HSV, along with their

many viral ligands, have been extensively studied, the

molecular interactions governing the actual fusion and entry

of the virus into cells are still not clearly understood.

The circular dichroism spectra of wtB5, CY-wtB5, and

CYwtB5 reveal that the peptide forms coiled coils with

weakly associated units. Results of the concentration-

dependent studies of wtB5 are shown in Figs. 5 and 6. The

increase in helical content, indicated by the increase of

[u]222 nm, is consistent with an increasing number of coiled-

coil structures formed at higher peptide concentrations (51–

53). The sigmoidal relationship (Fig. 6) is consistent with the

formation of very weak (51,52) intermolecular associations

at higher concentrations (53). The dependence of the helical

content on concentration was similarly observed in the case

of CY-wtB5. The coiled-coil stability depends on such fac-

tors as helical propensity, hydrophobicity of the core residues,

packing of residues in the core, electrostatic interactions

adjacent to the core, and chain length (51). Particular amino

acid residues have been shown to destabilize the coiled coil.

These include tyrosine (Tyr), tryptophan (Trp) and aspara-

gine (Asn) (52), and the destabilizing effect of these residues

(8,9) in the core of wtB5 (Fig. 10) is confirmed from our

results. Changes in the time-dependent spectra were surpris-

ing and implied an interchange between an a-helix and a

coiled coil motif. The molar ellipticity ratio, [u]222 nm/[u]208 nm

tells whether the helix is monomeric or forms a coiled coil

(9,26,27). Our results showed that the ellipticity ratio was

interchangeable between average values of 0.85 and 1, re-

flecting a transition between these two forms. The relative

structural simplicity of the coiled coil belies its varied

functions in numerous proteins (34,54), and their molecular

function is associated with the unwinding and unfolding of

the coiled coil. For instance, Wang et al. (55) showed that the

nanomechanical operation of myosin is associated with the

reversible and irreversible dissociation and unwinding of the

coiled coil structure. Carr and Kim (56) and Leikina et al (57)

highlighted coiled coils uncoiling in the membrane fusion

activities of hemagglutinin of the influenza virus. Hodges

and colleagues (51) demonstrated that the unzipping or

unwinding of coiled coils in kinesin is associated with its

molecular function. Woehlke et al. (47) also alluded to the

alternating of a coiled coil structure and a molten confor-

mation in the kinesin function. The molecular mode of action

of wtB5 may therefore rely on the observed reversible

dissociation of its coiled coil. Reversible and irreversible

dissociation of coiled coils as a function of pH, temperature,

and denaturant concentration have been widely studied. The

behavior of the wtB5, however, is most fascinating,

reflecting a concentration-dependent, spontaneous, reversi-

ble dissociation process.

HSV infects a variety of cell types and the entry of the

viral components into the host cells may operate via multiple

cellular pathways. One of the most important factors of

biological systems is pH, and both pH-dependent and pH-

independent mechanisms of cell entry have been proposed

(8,9,11). The effect of pH on the spectroscopic properties of

CYwtB5 and CY-wtB5 was investigated. The systems were

studied at pH 7.4 (physiological) and pH 5.5 (endosomal).

The steady-state and time-resolved measurements of the

labeled peptide and dye mixtures at pH 7.4 are tantamount to

the results at pH 5.5, which reveals that the behavior of wtB5

is insensitive to the pH studied. This is consistent with the

hypothesis put forward by Fuller et al. (8,9), and points to the

operation of a pH-independent mechanism.

Under all the conditions studied, the rotation of the

fluorophore is independent or uncoupled from the rotation of

the peptide molecule. This is evident from the absence of a

long rotational correlation time, reflecting the rotational

diffusion of the wtB5 peptide, and may be due to the limited

spectroscopic properties of CY. Global motion of the wtB5

peptide containing 30 amino acids is expected to take place

on a timescale .20 ns. The lifetime of the fluorescent probe

(;3 ns) may be too short to detect and report the expected

global motions. The rotational diffusion of the peptide is

TABLE 1 Photophysical and nonlinear optical parameters

System lmax, (nm) t, ps ø, ps h d, GM

CY 398 1.58 6 0.27 200 6 5.4 0.39 9.56

425 6 32

3130 6 40

CY-wtB5 mix 398 1.16 6 0.31 254 6 10 0.36 10.47

391 6 40

3071 6 44

CYwtB5 403 1.77 6 0.34 219 6 4.3 0.05 75.35

347 6 29

3040 6 33

t, fluorescence lifetime; f, rotational correlation time; h, quantum yield; d,

two-photon cross-section in Göppert-Mayer (GM).

TABLE 2 Photophysical parameters for systems at 50 mM and pH 7.4, t and f in ps

CY-wtB5 CYwtB5

Day t1 t2 f h t1 t2 f h

0 3.96 6 1.10 532.76 6 36.7 200.65 6 17.51 0.22 3.87 6 1.01 567.07 6 56.70 211.09 6 7.66 0.038

21 3.28 6 0.97 686.09 6 54.72 312.44 6 17.88 0.21 3.38 6 0.91 638.38 6 42.17 304.96 6 18.76 0.04

45 1.99 6 0.84 462.31 6 19.66 226.66 6 15.01 0.22 2.84 6 0.81 503.61 6 19.09 209.14 6 15.07 0.032

68 4.53 6 1.05 593.71 6 38.22 299.36 6 13.65 0.25 2.97 6 0.94 602.43 6 31.87 316.03 6 18.28 0.035

92 3.17 6 1.01 512.22 6 26.72 201.71 6 12.58 0.23 3.30 6 1.01 601.53 6 40.12 214.04 6 13.73 0.037
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therefore uncoupled from the dye (43) and the reorientational

dynamics of the dye is dominated by contributions from

intramolecular motions. Even though the fluorescence

lifetime of CY is insufficient to facilitate the accurate de-

termination of the rotational correlation time of the whole

peptide, its time-resolved anisotropy decay can be used as a

measure of peptide interaction, that is, coiled coil dissoci-

ation and association through the determination of local

motion (58). The nonmonotonic change in the rotational

correlation times observed for the wtB5 during 14 days

indicates reversible changes in the size of the peptide with

time. This is further corroborated by results from the CD

spectra. Over time, the CD spectrum changes (Figs. 6 and 7)

to reflect changes in the ellipticity ratios that are consistent

with the dissociation and association of coiled coils (58,59).

This trend was observed for peptide concentrations in the

micromolar and millimolar range. At millimolar concentra-

tion, the peptide is initially aggregated. It is therefore

tempting to infer that the changes in rotational correlation

time may be due to a reversible aggregation process. The

results from the studies done at micromolar concentrations

(Tables 2 and 3) dispel this view, however, as the change in

the rotational correlation time paralleled that at micromolar

concentrations. Additional proof also stems from the com-

parable timescales. A noteworthy feature is the absence of

the very long rotational correlation time (.400 ps) in the

case of the peptide at micromolar concentration. At micro-

molar concentrations, the peptide is nonaggregated and the

changes are most likely due to an interplay between the

coiled coil and monomeric forms. It is also interesting to note

that after the initial dissociation of the aggregated species,

the peptide does not revert to the aggregated state. Since

aggregation was shown to be concentration-dependent, it is

tempting to conclude here that the concentration changes

after the initial aggregate dissociation. This was not the case,

however, since the UV-visible spectrum confirmed no con-

centration changes. This locking of the peptide in a state

where it dissociates reversibly between a coiled coil and a

monomer even at millimolar concentrations that promote

aggregation is surprising and might be paramount to the mo-

lecular function of B5. It therefore warrants further inves-

tigation. No such changes were observed in the case of the

free dye. Taken together, these results show that the rota-

tional correlation time of ;450 ps is due to the motion from

the aggregated peptide. The fluorophore is in a restricted en-

vironment and does not have much freedom of movement.

The motion of the coiled coil and a-helical monomer ac-

counts for the rotational correlation times of ;300 ps and

;200 ps, respectively. These findings are consistent with the

expectation that there is more freedom of movement in the

monomeric species compared to the coiled coil and aggre-

gates. Again, the kinetics of dissociation of wtB5 may be

linked to its biochemical function and the mechanism of

HSV infection, and it requires more detailed study.

The time-dependent results of the time-resolved lifetime

measurements of CYwtB5 and CY-wtB5 (Tables 2–4) show

changes in the microenvironment of CY. Since the lifetime

of the fluorophore depends on the hydrophobicity of its local

environment, the nonmonotonic change in the fluorescence

lifetimes may be due to the fluorophore experiencing an

interchange between a hydrophilic and hydrophobic envi-

ronment (25,33). This may result from the association and

dissociation of the wtB5 a-helix. At 50 mM, the wtB5 is

monomeric and forms aggregates at 2 mM. The initial

decrease in the fluorescence lifetimes (Table 4) is perhaps the

result of the gradual transition from a ‘‘closed’’ peptide

TABLE 3 Photophysical parameters for systems at 50 mM and pH 5.5, t and f in ps

CY-wtB5 CYwtB5

Day t1 t2 f h t1 t2 f h

0 3.96 6 1.10 532.76 6 36.74 218.47 6 13.01 0.21 3.87 6 1.01 567.07 6 56.70 217.49 6 20.12 0.04

21 3.28 6 0.97 686.09 6 54.72 310.20 6 23.87 0.22 3.38 6 0.91 638.38 6 42.17 302.76 6 19.38 0.038

45 1.99 6 0.84 462.31 6 19.66 222.32 6 19.56 0.25 2.84 6 0.81 503.61 6 19.09 214.14 6 18.62 0.035

68 4.53 6 1.05 593.71 6 38.22 315.38 6 17.87 0.22 2.97 6 0.94 602.43 6 31.87 301.27 6 12.44 0.032

92 3.09 6 1.01 630.41 6 56.69 202.21 6 10.01 0.23 3.21 6 1.06 617.24 6 42.51 288.33 6 12.74 0.037

TABLE 4 Photophysical parameters of 2 mM CY-wtB5 over 14 days, t and f in ps

CY-wtB5mix, pH 5.5 CY-wtB5mix, pH 7.4

Day t1 t2 f h t1 t2 f h

0 5.18 6 1.77 1236.55 6 94.43 462.70 6 33.87 0.04 3.19 6 0.81 1308.96 6 99.02 429.15 6 29.83 0.22

2 3.96 6 1.10 710.8 6 67.37 298.74 6 23.07 0.037 3.77 6 1.05 675.57 6 60.41 303.7 6 24 0.22

4 1.88 6 0.85 423.11 6 18.81 208.65 6 15.27 0.033 1.86 6 0.88 442.02 6 20.69 196.86 6 14.29 0.23

7 2.98 6 0.62 547.3 6 19.41 315.50 6 17.99 0.035 3.48 6 0.91 550.38 6 20.03 311.8 6 16.76 0.23

9 9.09 6 1.52 870.69 6 5.86 328.91 6 19.23 0.04 6.17 6 0.86 827.24 6 47.34 333.73 6 19.23 0.22

11 4.15 6 0.81 392.83 6 12.34 215.74 6 12.77 0.038 3.70 6 0.70 344.30 6 9.68 217.38 6 9.12 0.17

14 3.67 6 4.57 607.89 6 27.86 292.38 6 9.25 0.036 22.37 6 4.76 1097.05 6 246.98 121.71 6 8.55 0.08
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structure to a more ‘‘open’’ configuration, as can occur upon

deaggregation of wtB5. The increase in the lifetime would

then be due to unwinding of the coiled coil.

There is a rapidly increasing trend in the use of novel

microscopic techniques based on nonlinear optical phenom-

ena such as two-photon excited fluorescence in biological

imaging (48). Molecules that are ideal for use in these

imaging techniques are those with a large two-photon

absorption cross section (27,31,49,50,60–62) and this two-

photon absorption process is confirmed by the quadratic

dependence of the two-photon fluorescence intensity on the

laser intensity. A representative plot for CYwtB5 is shown in

Fig. 9. The significantly larger two-photon cross section of

CYwtB5 therefore indicates that CYwtB5 is a very good

specimen for in vitro two-photon-excitation fluorescence

imaging. With higher resolution and 3-D imaging coupled

with the ability to image at greater sample depths, this tech-

nique far exceeds the conventional confocal microscopic

methods. Also, the problem of photodamage that is fre-

quently encountered in conventional microscopic techniques

is greatly reduced, since the excitation radiation used in two-

photon excitation fluorescence microscopy is in the near-

infrared region. Added to this, CY is biocompatible with

wtB5: the CYwtB5 is water soluble and does not form ag-

gregates at physiological conditions.

Implications for viral fusion and entry

We have used a unique combination of steady-state and

ultrafast spectroscopic and nonlinear optical techniques to

study the wtB5 peptide of the recently characterized HSV B5

protein. These types of molecular dynamics studies compli-

ment bioassays and steady-state biophysical studies and can

give information on the molecular mechanisms of B5 even in

the absence of detailed structural information. The existence

of reversible conformational changes may be critical in HSV

viral fusion and entry. The mechanism of HSV entry into the

cell proposed by Fuller at al. (8,9) occurs at physiological

pH and is pH-independent. These same conditions also

promote the reversibility of the coiled coil formation of B5.

Since coiled-coil domains normally reflect the oligomer-

ization state of their full-length proteins, they present the

advantage of structure and function analysis without obsta-

cles such as supramolecular assembly, which is associated

with full-length proteins. The main function of coiled coils is

the oligomerization of individual a-helices, and they possess

FIGURE 8 Time-resolved fluorescence anisotropy decays for 50 mMCY,

CY-wtB5, and CYwtB5 in PBS at pH 7.4. Solid lines show best fit to mono-

exponential functions.

FIGURE 9 Plot of log (TPF intensity) versus log (input intensity) for

50 mM CYwtB5. (See Materials and Methods). TPF, two-photon fluo-

rescence.

FIGURE 10 Diagrammatic representation of the B5 protein, the C-terminus

(amino acids 344–374), cascade yellow (CY) attached to the peptide and the
hydrolyzed product (cy*) used in CY-wtB5 mix.

Spectroscopy of HSV B5 Protein 1075

Biophysical Journal 93(3) 1068–1078



hydrophobic seams along which two or more helices align in

parallel or antiparallel mode (53,63–65). Oligomerization is

essential in a myriad of cellular functions since it generates a

high local concentration of functional sites and allows the

concerted operation of clustered domains (57). The observed

reversible dissociation may imply the regeneration of wtB5

after fusion of the viral and cell membranes. A number of

scenarios can now be envisaged. The interaction of the viral

ligands containing coiled coils with the coiled coils of the B5

brings about conformational changes that concentrate the B5

protein at the contact zone. This is similar to the mechanism

predicted for hemagglutinin of the influenza virus (56,66).

Conversely, the interaction of gD with one of its cell

receptors could elicit the conformational changes that con-

centrate B5 protein at the contact zone through self-as-

sociation of the B5 coiled coils. After fusion, B5 reverts to a

monomeric a-helix, allowing for further interactions. These

propositions further lend credence to a pH-independent

mode of action of the HSV. Even though these studies pro-

vide much needed information on the newly discovered B5

protein, there are still a number of questions to be answered

and mechanisms to elucidate to fully understand the

molecular dynamics of the B5. These include, for instance,

information on the mutation-related inhibition mechanism,

details on the kinetics of the reversible dissociation, the

specific viral ligands that B5 engages, and the process by

which this is done. Work continues in our laboratories with

the aim of answering these questions. Notwithstanding this,

however, we have provided exciting new insights into the

molecular dynamics of the wtB5 of HSV B5.

CONCLUDING REMARKS

Using very sensitive ultrafast spectroscopic methods, we

have shown the unusual behavior of wtB5. Photophysical

parameters determined from nonlinear optical measurements

also highlight the in vitro fluorescence imaging potential of

labeled wtB5. The question of whether or not B5 forms

coiled coils (8,9) has been answered, but even more

interestingly, we have provided evidence that the coiled

coils reversibly dissociate at physiological and endosomal

pH. We believe that these results are important in the elu-

cidation of the overall mechanism of HSV fusion and entry

into host cells. They provide the initial critical details of the

molecular dynamics of wtB5. They also concur with a pH-

independent mechanism for viral fusion and entry and indi-

cate that the coiled coils of B5 may operate in such a way as

to concentrate the protein at the point of contact of the virus.

This may occur through a combination of processes that

involve fusion of the viral and cell membranes via the self-

association and/or interaction of B5 coiled coils with the

coiled coils of the viral ligand. A recent study showing that

the wtB5 has a relatively high probability of fusion (67)

further supports these propositions.
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