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ABSTRACT. Human rhinoviruses (HRVs) are composed of 60 identical subunits, each comprising one
copy of the viral capsid proteins VP1, 2, 3, and 4. Consequently, 60 symmetry-related epitopes are available
for binding of antibodies or receptors. The minor receptor group of HRVs uses members of the low-
density lipoprotein receptor family for cell entry. The ligand binding domains of these receptors are
composed of various numbers of ligand binding repeats, and several of these modules within a single
molecule are believed to attach simultaneously to the star-shaped dome at the 5-fold symmetry axis of
the virus. Using fluorescence correlation spectroscopy (FCS), we have now determined the equilibrium
binding constants and the mode of attachment of recombinant concatemers of ligand binding module 3 of
the human very-low-density lipoprotein receptor to HRV2. We demonstrate that the avidity of the interaction
drastically increases with the number of concatenated modules. For the trimer, the binding isotherm was
biphasic, indicating that attachment of two and of three modules within the same molecule was resolved.
The receptor consisting of seven repeats was found to bind most strongly, but a complete binding isotherm
could not be established due to cross-linking of virions. The values of the dissociation constants were
about 1 order of magnitude higher than those previously determined by using surface plasmon resonance
techniques reflecting the different presentation of the binding partners. As compared to the concatemers,
the natural receptors are composed of similar but not identical repeats; thus, cooperativity and different
specificity of the ligand-binding modules allow for recognition of many ligands and viral serotypes. Due
to the low concentrations and amounts of sample required, FCS is ideally suited for the determination of
receptor binding parameters of viruses difficult to produce in high quantities and/or concentrations.

About half of all mild infections of the upper respiratory providing the various enzymatic activities required for viral
tract are caused by the 99 so far described serotypes ofreplication (). In addition to the phylogenetic division into

human rhinovirus (HRV). These viruses exhiffit= 1, the subgenera HRV-A and HRV-R), rhinoviruses have
pseudol = 3 icosahedral symmetry and are roughly 30 nm also been classified according to their receptor specificity
in diameter. Like all other members of the famiicor- (3). Major group HRVs (87 serotypes) bind intercellular

naviridae, they contain a positive sense, single strand RNA adhesion molecule 1 (ICAM-1¥f, and minor group HRVs
genome that is translated into a polyprotein of about (12 serotypes)d) use members of the low-density lipoprotein
300 kDa as soon as it arrives in the cytosol of the host cell. receptor (LDLR) family for cell attachmeng).

This protein is cotranslationally and autocatalytically cleaved  |caM-1 exhibits a typical immunoglobulin fold, and its
into the capsid proteins VP1, VP2, VP3, and VP4, and seven e qomains are arranged almost linearly, resulting in a
(not including their precursors) nonstructural polypeptides . jjike appearance in electron microscopy imagds As
seen from cryo-electron microscopy (cryo-EM) image re-
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there are a number of other members of this family that most effects. FCS requires only minute amounts of components,
probably do not have any function in virus attachmeirif) typically less than 1Q/L in the nanomolar concentration
The modules composing the ligand-binding domain are aboutrange. It also allows for completion of a whole set of
40 residues long and are stabilized by a central Ca ion andmeasurements sufficient to obtain an entire binding isotherm
three disulfide bridges. Cryo-EM reconstruction showed that within minutes. Employing Cy3 fluorescence labeling we
these receptors do not bind within the canyon but rather determined the affinities of the receptorirus interactions
attach to the BC, DE, and HI surface loops of VP1 that form of the entire set of V3 concatemers.

a dome or plateau at the 5-fold axis. The X-ray structure of

a complex between the minor group virus HRV2 and a MATERIALS AND METHODS

soluble VLDLR fragment encompassing modules 2 and 3 i . ) i
(V23) revealed that the footprint of the individual repeats _ Virus- HRV2, as originally obtained from the American
extends over two symmetry related subunits. Due to a 1YP€ Culture Collection (ATCC), was grown in HeLa-H1
resolution of only 3.5 A and to the similarity of the amino  C€llS in suspension culture and purified as descrili). (
acid sequences of modules 2 and 3, it was not possible to Construction, Expression, and Purification of V3 Con-
discriminate between attachment of V3 only (with V2 being catemers.Soluble receptor fragments were prepared es-
disordered) and simultaneous attachment of V2 and V3 to sentially as described previousty 13, 15). Briefly, DNA

two symmetry related sites. The latter arrangement is eéncoding human V3 was amplified witRfu DNA-poly-
consistent with the observed 80% occupancy resulting from merase from a vector encoding the entire ligand-binding

two molecules of V23 attached to each 5-fold axis leaving domain of human VLDLR §) using primers SATGCG-
the fifth site unoccupied (i.e., a stoichiometry of 1:229) GATCCAACATGCCGCATACATG and 5GCAGCCCGG-

It is also supported by the strong increase in affinity and GACTCATATGGCACTGTTC, and the fragment was in-
virus-neutralization capacity correlated with the number of troduced into the vector pMalc2b (New England Biolabs),
repeats present in the receptor fragment (r8fand this using restriction sites foBarmrHI and Xmd. The resulting
report). plasmid encodes V3 (amino acid residues 112 to 151 of the
The interpretation of avidity effects resulting from the VLDLR sequence) fused at the N-terminus to MBP via an
multimodular structure of the receptors is difficult within 11 amino acid linker. Due to the cloning procedures, the
the context of the natural proteins because their modules areProtein had an extension of 20 amino acid residues (including
similar but not identical. Thus, their affinity for a given @ his-tag) at its C-terminus. To produce V3 concatemers,
binding site might differ. Furthermore, some of the modules this DNA was cleaved wittbma to generate blunt ends 3
lack the tryptophan residue and/or the acidic center chelatingof the V3 sequence. Another fragment encoding V3 was
the Ca ion that play a key role in the interaction with the synthesized via PCR using primersGGGACATGCCG-
virus and might not function in binding. For that reason we CATACATGAAATC and S5-ATTGCCACAGTTTTCT-
used artificial concatemers of repeat three of human VLDLR TCATC. This fragment was ligated into th8ma site
in the binding experiments. The recombinant proteins were resulting in a V33 dimer with an additional proline between
expressed with maltose binding protein (MBP) fused to their the two modules. After transformation, colonies containing
N-termini and a hexa-his tag fused to their C-termini. The plasmids with 1, 2, 3, or 4 copies of V3 were obtained. To
former strongly enhances folding and solubilization whereas generate longer concatemers, the plasmid encoding MBP-
the latter facilitates purificationl@). V3333 was digested witlbma and ligated with the same
Capillary electrophoretic analysis of a complex of HRV2 PCR fragment as above. This gave rise to additional
saturated with such a receptor construct consisting of 5 copiesconcatemers with 5 and 7 V3 repeats fused to MBP.
of module 3 arranged in tandem (MBP-V33333) suggested Expression, purification, and refoldi.ng of the_soluble recep-
a stoichiometry of 1:12, i.e., 12 receptor molecules would tors were then carried out as described previoub#ly ith
attach per virion 15). This again indicates that all five the following modifications.Escherichia coliTB1 was
modules might be simultaneously implicated in binding. transformed with the respective plasmids, grown taAgd
Recently, the X-ray structure of a complex between HRV2 and induced with 0.3 mM IPTG at 2& for 20 h. Bacteria
and V33333 was solved; unexpectedly it showed only 60% from a 1 L culture were pelleted, resuspended in 45 mL of
occupancy suggesting that, on average, not all five but rather Tris-buffered saline plus 2 mM CagITBSC), and sonicated.
only three modules per receptor molecule may be involved Insoluble fragments were pelleted for 10 min at 4.3 krpm in
(16). In order to analyze the contribution of single modules @ Kendro Megafuge 1.0R followed by centrifugation for
to the overall binding strength, the equilibrium binding 20 min at 14 krpm in an SS34 fixed angle rotor in a Sorvall
constants of the interaction between various soluble V3 centrifuge. The supernatant was incubated overnight with
concatemers and HRV2 had been determined by surface® ML of @ 50% slurry of Ni-NTA beads (Sigma) in a rolling
plasmon resonance (SPR) methodology. These experimentéube. Beads were pelleted for 5 min at 2.2 krpm and washed
showed a substantial increase in functional affinity with the twice with 50 mL of TBSC containing 20 mM imidazole.
number of repeats, again pointing to the involvement of Bound protein was eluted with 20 mL of TBSC containing
several modules in binding.8). However, the unexpectedly ~ 150 mM imidazole, dialyzed against TBSC, and refolded
high affinities obtained, e.g., with iy < 10722 mol/L for using a 10 mM cystamine/100 mM cysteamine redox system.
the V3 pentamer, pointed to the well-known problematic of Proper folding, as indicated by binding activity, was verified
SPR measurements with respect to surface (re)bindingin @ virus overlay blot by using*S]-labeled HRV2 18).
effects. This prompted us to complement this previous study Labeling of HRV2 with FITCPurified HRV2 was dialyzed
(13) by applying fluorescence correlation spectroscopy (FCS) against 100 mM sodium bicarbonate adjusted to pH 9.0 with
(17) as a true solution-based technique to avoid these adverséNaOH and mixed with FITC in DMSO at 500-fold molar
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excess. Afte2 h in thedark, excess FITC was removed by Fluorescence autocorrelation functions of Cy3-labeled
size exclusion chromatography using a Sephadex G100receptor concatemers were obtained in the absence and in
column. Purity of the virus and absence of free dye were the presence of HRV2 at various concentrations by 10 to 20
checked by capillary electrophoresikd). independent measurements with a data acquisition time of

Labeling of Receptor Fragments with Cy@nce V3 lacks 10 S each. All FCS measurements of virueceptor as-
lysine residues and no lysines were introduced by the cloningSociation were carried out using of Cy3-labeled receptor
procedure, the only free amino group appears after cleavage®t @ constant concentration of 1 107" mol/L in TBSC
with factor Xa between MBP and the first V3 moduled), mixed with 5uL of a geometric concentration series of
The resulting concatemers, now without MBP, were repu- HRV2 in TBSC as given in the figures. The mixtures were
rified over a Ni-NTA column and dialyzed against TBSC. incubated for 5 min at room temperature or for 30 min at

For labeling the proteins with Cy3 (Amersham Biosciences, 4 °C prior to measurements. The translational diffusion times

Piscataway, NJ) at the N-terminus, they were first dialyzed Were calculated with the FCS ACCESS software (Version
against 150 mM NacCl containing 2 mM Ca(lollowed by 1.0.12, Evotec_TechnoIog|e§, Germany). . .
dialysis against 100 mM NaHGO2 mM CaCh. Fluores- Data Analysis.The normalized autocorrelation function

G(7) was used to describe time-dependent fluctuations around
the mean fluorescence intensigy Ensemble averages are
denoted by angular brackets:

cence labeling was carried outrfd h according to the
supplier's instructions. To remove excess free dye, the
samples were dialyzed against TBSC. Finally, the labeled
proteins were purified over a Superdex 75 (Pharmacia)
column using an Ata purifier (GE Healthcare). The number
of dye molecules incorporated per protein molecule was
determined spectrophotometrically using the formula dye/
protein= {1.13 x Ass}/{Azs0 — (0.08 x Assy)}. Protein
concentrations were determined from the absorption at
280 nm (with molar extinction coefficients calculated from
the amino acid composition) and by the Bradford assay with

essentially the same result. o . .
i where the fluorescent species is characterized by the particle

Fluorescence Correlation Spectroscopy SeftPS mea-  ymperN and the diffusion timerp. The confocal volume
surements were carried out on a Confocor spectrofluorimeteryyith 7 as axial dimension and as radial dimension is
(Carl Zeiss, Germany) equipped with a water immersion cajculated by the relationshib = r#/4z; based on calibration
objective (C-Apochromat 63/1.2 W Korr), an avalanche  measurements using rhodamine-6G with the known diffusion
photodiode (SPCM-CD 3017), and a hardware autocorrelatorcoefficientD = 2.8 x 10-° m? s-%. Experimental autocor-
(ALV 5000, AVL, Langen, Germany). FITC-labeled HRVZ  re|ation functions were evaluated using a one-component

samples were excited with an Ar-laser (Lasos, Germany) model including the triplet state with the triplet fractiéh
attenuated by optical density filters. The 488 nm line was and the triplet lifetimery

selected by using an excitation filter (45090 nm). The
pinhole diameter was adjusted to 4&n, resulting in a
diameter of the confocal volume element of 034 in the
radial and 2.4um in the axial dimension as determined by
calibration measurements with rhodamine-6G. To assess thewith N' = N(1 — Fy) and

accuracy of the size measurements in the high diameter

range, fluorescent polystyrene beads of 20 nm diameter ap(0) = 1+ L% - 14 —CL 05 (4)
(Invitrogen) were used. Fluorescence emission of FITC- D (@r)°ry?

labeled HRV2 was detected through a dichroic mirror

(510 nm) followed by a long-pass filter (515 nm). Cy-3 |n addition, the data were evaluated using a two-component
labeled receptor fragments were excited at 543.5 nm with amodel as described previousBQj. Importantly, in FCS there
HeNe laser (Uniphase, Manteca, CA) attenuated by opticalis no need to separate bound from free ligand but a change
density filters. The pinhole diameter was also adjusted to in the measured mean diffusion time can only be observed
45 um, resulting in a diameter of the confocal volume when the fraction of bound ligand is not negligible. There-
element of 0.3&m in the radial and 2.&m in the axial fore, the assumption that the concentration of ligand free in
dimension as determined by calibration with rhodamine-B. solution equals the concentration of ligand added to the
Fluorescence emission was detected through a dichroic mirrorsolution is no longer valid. Consequently, total binding as a
(580 nm) with a long-pass filter (590 nm). Measurements function of added ligand and ligand depletion have to be
were made using 24-well borosilicated cover glass Assay-taken into account in the nonlinear regression analysis of
Chips (Evotec Technologies, Germany) with a maximal the binding isotherms. In the particular case considered here,
volume of 25uL per well. The focus was adjusted 1ath the fluorescently labeled V3 concatemers are the “ligands”
above the upper side of the slide. Loss of Cy-3 labeled and the virus particles function as “receptors” possessing 60
receptor proteins due to adsorption to the glass surface couldndependent binding sites.

be prevented by coating with human serum albumin (2 mg/ A one-step or monophasic binding model is defined by
mL in water for 17 min at £C, followed by three washings  the increase of the mean diffusion tinne from that of the
with water and air-drying). Coated AssayChips were stored free receptorr to the diffusion timerry; of the saturated

at 4°C and used within 36 h. receptor-virus complex:

G(7) = 1 + BF(t)-0F(t + 7)IFA (1)
The analytical form of5(zr) depends on both the geometry
of the Gaussian confocal volume and the diffusion properties
of a single diffusing fluorescent species and is given by

G(r) = 1+ U[NQA + /1)1 + t/(Zr)?r)°>7  (2)

G(r) = lG@IFE™+ 1 —F)l +1  (3)
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2 all further experiments, we removed the MBP via cleavage
To =T+ (Trys — T ~ o~ 46Cr (5) with factor Xa followed by affinity chromatographyl4)
D R RV1 R/ 2 . .
Cr prior to labeling.

The V3 ligand binding repeats and the linkers lack lysine
with a. = ¢cv + cr + Kps, wherecy is the respective virus  residues. Consequently, no more than a single dye molecule
concentrationgr is the total concentration of receptor, and becomes incorporated at the N-terminus of various concate-
Ko is the equilibrium dissociation constant of the receptor  mers that now showed typical FCS autocorrelation curves.
virus complex in the monophasic binding model. The Because there are 8 additional amino acid residues at the
diffusion time of the free receptor, as determined in the N-terminus and 20 (including the kisag) at the C-terminus
absence of virus, was treated as an additional constant.  that are not present in the natural V3 repeat, the V3 construct

The biphasic binding model assumes the simultaneousexhibits aM, of 12 kDa and each additional module accounts
presence of two types of receptorirus complexes; in the  for roughly 9 kDa {3). The repeats are ellipsoid with half
first one the receptor molecules are bound via all modules axes of about 1 and 1.4 nm (in the direction of the N to the
whereas in the second one not all ligand binding domains C terminus) {2, 21). Furthermore, as deduced from NMR
take part in attachment. This model was defined accordingly data, individual modules within the molecule can move freely
with the diffusion timerry for this second type of recepter with respect to each othe2?). Therefore, the overall size
virus complex and the correspondiri{y, as additional  of the concatemers can only be estimated from the average

variables: of all possible conformations the molecules adopt in solution.
For V33333 M, = 52 kDa), the upper limit of the radius
o — /o — 4c,Cq for the extended conformation of the molecule is thus roughly
Tp = Tr T (Tryr — TR) 5 + 7 nm. From the diffusion constant of V33333 (3<110
Cr m? s1) a radius of 8 nm was calculated, which is close to
[ p2 the 7 nm as estimated above. The diffusion time increased
(Tryz — TRVl)ﬁ '62 A Cr (6) with the number of modules constituting the respective
Cr molecule from 15Qus (V3) to 400us (V3333333; Figure

] 2). The concentrations derived from the autocorrelation
with a = cv + cr + Kpy and§ = cv + cr + Kpz. The  fynctions corresponded within 680% rather well to the
resulting binding isotherms were evaluated by both binding spectrophotometrically determined protein concentrations.
models applying a Marquardt nonlinear least-squares algo- e also determined the diffusion coefficient of HRV2
rithm (Origin, Microcal). The calculated profiles of the alone, employing FITC-labeled virion&3). The measured
residuals and the corresponding correlation coefficients werejiffusion time of 760+ 80 us yielded a diffusion constant
used to compare the quality of the monophasic with that of 5t g 5 « 10712 12 52 corresponding to a hydrodynamic
the biphasic fits. diameter of the virus of about= 51 + 5 nm. This value is
RESULTS roughly by 70% bigger than the-30 nm as derived by
electron microscopy24) and X-ray crystallography2f). The

Fluorescence correlation spectroscopy derives the diffu- size of the diffusing particles is little less than 1/10 of the
sion timer of fluorophore-labeled molecules in solution from diameter of the confocal volume (340 nm in the radial
the autocorrelation of fluorescence fluctuations within a small dimension) and thus not negligible. This became apparent
detection volume (in our setup about 0.2 fL). These fluctua- when measuring polystyrene particles with a nominal
tions, caused by the molecules moving through the volume, diameter of 20 nm. Their diffusion times translated into an
are recorded with a confocal microscope equipped with an apparent diameter of 28 nm (not shown). These results
avalanche photodiode with single photon sensitivity. Based indicate an overestimation of 40% for particles in this size
on calibration of the observation volume with a snisl range. When this factor is taken into account, the apparent
dye of known diffusion coefficient, the diffusion coefficient diameter of the virus corrects to 33 nm, which is close to
D of the analyte is determined and the radiusf the the 30 nm determined by the other methods.

molecule is calculated using the Stokdsinstein equation Determination of the Equilibrium Binding Isothermis.

r = kT/6zzyD with the Boltzmann constark = 1.3807 x FCS, the binding parameters are deduced from the increase
102 kg n? s72 K4, the viscosity of the solutionyagsk = in the mean diffusion coefficient of a comparably small
0.89 x 1023 kg m?* s%, and the temperaturé = 298 K. fluorescent molecule upon attachment to a much bigger

Determination of the Apparent Diameters of Virus and binding partner. When a Cy3-labeled V3 receptor module
Receptor.We first attempted to determine the diffusion attaches to the virus, its apparent diffusion constant is
constants of the Cy3-labeled MBP-receptor fusion proteins. expected to decrease by 1 order of magnitude from between
However, as seen from the inhomogeneous fluorescences.0 x 107! (V3) and 3.0x 107! (V33333) to less than 9.5
fluctuations, the material appeared to contain aggregates thatx 10712 m? s, These calculated diffusion constants cor-
could not be removed by centrifugation or filtration (data respond to expected diffusion times of between &5@&nd
not shown). This aggregation is presumably due to the 760us, values easily accessible to FCS measurement.
hydrophobic nature of the dye. We did not determine the First, samples of Cy3-labeled receptors at a constant
number of Cy3 molecules attached per fusion protein, but concentration of Ix 107 mol/L were mixed with virus at
owing to the presence of 36 lysine residues in the MBP 3.7 x 107 mol/L. After incubation for 5 min at room
moiety many dye molecules can be incorporated; this might temperature, the count rates and derived fluorescence auto-
strongly increase the overall hydrophobicity of these recom- correlation curves were determined and compared with that
binant receptors and render them very sticky. Therefore, for of receptor alone. Except from V3333333 (Figure 1; right
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Ficure 1: Fluorescence correlation measurements of the binding of Cy3-labeled receptors to HRV2. For V333 (left) and V3333333 (right),
the intensity fluctuations (upper panels) and corresponding normalized autocorrelation curves (lower panels) of free receptor at 50 nmol/L
(a) and receptor (50 nmol/L) plus virus at 3:mol/L (b) are depicted. The curves of free V3, V33, V3333, and V33333 (not shown) were

very similar to that of free V333. Note that the profiles of V333 alone and complexed to virus show an even distribution of the fluctuations
whereas the V3333333 complex shows spikes of fluorescence intensity up to five times higher than the average indicating the presence of
aggregates.
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Ficure 2: Binding isotherms of the attachment of V3 concatemers to HRV2. The respective Cy3-labeled soluble receptor derivatives were
mixed with a geometrical dilution series of HRV2 to result in a final concentration of the receptors of 50 nmol/L and of the virus as
depicted. After incubation at room temperature for 5 min, the fluorescence correlations were measured and the mean diffusion times were
determined. Thin lines represent a monophasic fit, the thick lines a biphasic fit. Bottom panels depict the residuals. Arrows indicate residuals
not equally distributed around zero. Bars denote mean and standard deviation from 30 measurements. Note that in the case of V3333333
the data of several measurements were discarded because of the presence of too many spikes and thus no standard deviation is shown
For correlation coefficients see Table 1.
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panels), all concatemers gave rise to intensity fluctuation intensity fluctuation profile of the mixture between HRV2
profiles and autocorrelation curves of the expected shapeand V3333333 (Figure 1, right panel b), a number of spikes
(exemplified for V333 in Figure 1, left panels). In the occurred probably because of the presence of cross-linked
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Table 1: Goodness of Fit of the Experimental Binding Data to a
Monophasic and a Biphasic Model as Shown in Figure 2

—_
o
1

R? for type of model

concatemer monophasic biphasic
V333 0.90 0.98
V3333 0.95 0.97
V33333 0.97 0.98

viruses. As expected, upon addition of virus, a clear shift of
the autocorrelation curves toward longer diffusion times was
observed. However, the diffusion time corresponding to free
virus was never attained since the measurement determine:
the mean of all moving fluorescent species; this indicates ASAn Bl B B e B B A Bt
that a considerable fraction of receptor molecules had not 1E-12 1E-10 1E-8 1E-6 1E-4
attached to virus and free receptors were still present in the HRV2 [TTDV L]

mixture. A similar behavior was seen for V3, V33, V3333, Egyre3: Degree of binding of receptor concatemers as a function
and V33333 although the shift in the presence of virus was of virus concentration. Monophasic fits are shown for \Z8 and
barely visible for V3 and V33, indicating that only a very V33 (@), and biphasic fits are shown for V33a), V3333 @),

small fraction of the receptors was present as complexes everﬁgdc}giﬁ? ?r)o nf'”tﬁz ”3;?;' %‘?U{ygr':ﬂ“db'\f}ggg t'ﬁgthcelmz scovl\llge
at the highest possible .Vlrus Concemrat.lon (not Sh‘?‘"’”?- extrapolated accordingly as to reach the same’plateau at the highest
The next set of experiments was carried out again with @ yjrys concentrations (dotted lines).

constant concentration of the receptors but with a serial

geometric dilution of virus. According to Meseth and these soluble receptors typically doubled at the highest
colleaguesZ6) the diffusion times must differ at least by a  concentration of HRV2 and leveled into a plateau. Neverthe-
factor of 1.6 to distinguish between two different molecular |ess, the highest value measured was still below the diffusion
species in solution under the assumption of comparabletime of free virus. As already mentioned above, this indicates
quantum yields. Such a difference was only observed at thethe presence of a substantial fraction of free receptor. The
highest virus concentration used (Figure 2). Therefore, affinities of the monomer V3 and the dimer V33 were too
application of a two-component model would give better |ow even at the highest virus concentration technically
results only for this part of the binding isotherm. However, achievable, and no such plateau was evident. Therefore, only
as the major part of it is better described by a one-componentthe initial part of the isotherm was accessible. To obtain at
model, we used this latter model to fit the entire binding |east an approximation for the affinity values of these weakly
isotherms. _ - o binding receptors, the curves were extrapolated accordingly.
_In order to derive the equilibrium binding constants, the  thg equilibrium binding isotherms for all receptors (this
virus concentration was plotted against the diffusion time 4o normalized, i.e., to the degree of binding) are depicted
and the points were fitted to a monophasic equilibrium i Figure 3. The derived dissociation constants are sum-

binding isotherm (Figure 2). Interestingly, the fits were poor 4vized in Table 2 and compared to values obtained from
(thin lines) and showed big deviations in two regions (see gpr measurement&3).

thin line of the residuals plot below each panel). The attempt
at better fitting the points with a biphasic equation was more p|SCUSSION
successful and a clear difference in the goodness of the fit
was obvious for V333 (Figure 2, thick lines and correlation ~ In our experimental setup, the receptor was present at a
coefficients in Table 1). Although many spikes were present constant initial concentration of 50 nmol/L with the virus
in the intensity fluctuation profile of the binding reaction added to final concentrations of between 2 pM andriol/L
between HRV2 and V3333333 (see Figure 1, right panels), (see Figure 2 and 3). Fifty nanomoles of V33333 saturate
a concentration-dependent increase of the diffusion time was4.2 nmol of virus (i.e., 50 nmol of binding sites) whereas
seen up to roughly 20 nmol/L of HRV2. Beyond this value 12 molecules of V333 can attach via three modules and
the diffusion time decreased again. This is presumably another 12 via two modules (i.e., 8.4 nmol of virus). Thus,
because of aggregation and precipitation of receptous saturation cannot occur beyond these virus concentrations.
complexes reducing their concentration in the confocal Furthermore, even when taking the high affinity dissociation
volume. When fitting the points only up to this concentration, constants in Table 2, a simple calculation shows that saturated
a fairly reasonable biphasic fit was obtained (last panel in V333 complexes cannot be formed in appreciable quantity
Figure 2) that looked quite similar to that of the other under any of the conditions. In contrast to the SPR measure-
receptors. Nevertheless, due to this inhomogeneity of thements (3), our FCS experiments were thus carried out under
count rate, caused by the presence of cross-linked virions,nonsaturation conditions (see Figure 5).
for V3333333, quantitative data should be interpreted with  Biphasic binding, as observed in the particular case of the
caution. present experiments, is due to different affinities of individual
Complete equilibrium binding isotherms can be obtained receptor molecules attaching via different numbers of
only if the concentrations of both binding partners are higher modules. As shown by the modeled binding isotherms in
than theKp of the interaction. Apparently, this was the case Figure 4, biphasic behavior can only be observed as long as
for V333, V3333, and V33333. The mean diffusion time of the receptor concentration is of the same order of magnitude

degree of binding
o
(6]

o
o
L
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Table 2: Comparison of Dissociation Constari{s (mol/L]) Derived from FCS and SPR Data

FCS
monophasic biphasic SPR
receptor Kb Kb Kbz Kp ratio FCS/SPR
V3 5.0x 1076 45x 1077 11
V33 2.4x 1077 1.4x 108 17
V333 3.0x 10°8 6.5x 10°° 4.0x 1077 3.7x 1071° 17
V3333 5.3x 107° 2.9x 1070 26x 108 1.6x 101 18
V33333 1.9x 10710 9.6 x 1074 6.8x 107° <1x 10 nck
V3333333 9.4x 10°%? <3x 1012 5.0x 10710 3x 101 nd

aNot determined.

1.04

degree of binding
o
w

(=]
o

1E-11 1E-10 1E9 1E8 1E7 1E6 1E5 1E4
HRV2 [mol/L]

Ficure 4: Model of the behavior of virusreceptor binding. The
binding curves for the assumé&gs differ by 2 orders of magnitude
(i.e., 10°and 107 mol/L, comparable to the values of V333) and
are displayed for different concentrations of the receptor (i.e., from
left to right 10° to 107> mol/L). Full lines show models of the

(full and dotted red lines for the biphasic and monophasic
model, respectively, in Figure 4). With increasing receptor
concentrations the difference between the respective binding
isotherms vanishes (black lines). Already, at a receptor
concentration equal to the low affinitp, (i.e., 107 mol/

L) the biphasic and the monophasic traces are almost equal
(compare blue lines). However, in these latter cases, the
biphasic behavior is still recognizable via the asymmetry of
the curves since the slope in the lower part is much flatter
than the slope in the upper part. Importantly, the virus
concentration range, where 10 to 90% of binding occurs,
covers significantly more than 2 orders of magnitude (see
also Figure 2 and 3 where this is most pronounced in the
case of V333). However, as shown in this model, at
exceedingly high receptor concentrations relative to bgth

this distinction is no longer possible. From tKgs sum-
marized in Table 2, the biphasic behavior of V333 and V3333

biphasic binding and dotted lines of the monophasic binding. The is most evident. For V33333, the receptor concentration
blue line corresponds to a receptor concentration equal to the lowemployed is higher than botps. Since the signal-to-noise

affinity Kp (i.e., 107 mol/L); the red line corresponds to a receptor
concentration equal to the high affinitgp (i.e., 10°° mol/L).

FCS @ @

\ ) i .\°-'_'_'_;Y.
+$/@ g =il %:‘:.:—
SPR

. ‘qp::'

-

@,ﬁ

PN A
. 0 [ L
*R: ..I\'-;\_ P
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Ficure 5: Schematic comparison of the binding modes observed
in FCS and in SPR. In FCS, the receptor is present at limiting
concentrations. As exemplified for V333, at equilibrium, this results
in a mixed population of virus (depicted as pentamers) with its

ratio was too low at very low concentrations, as would be
required to cover this range, a distinction between the two
binding modes was impossible.

Taking into account only the first of the two dissociation
constants, which corresponds to involvement of all modules
making up the receptor molecule, it is significant that the
Kps determined by FCS were about 20 times higher than
those determined by SPR (Table 2). This is in accordance
with previous findings, e.g., of Schubert and co-worke,(
who noticed a difference of thi€ps by a factor of 20 to 25
when measuring DNAprotein interactions by SPR and FCS.
They attribute the discrepancies to the different presentations
of one of the binding partners, i.e., in one case immobilized
(SPR) and in the other case free in solution (FCS). In
addition, for the different setups the concentration of receptor
varies within different ranges. Thus, in SPR, saturation can
be easily attained whereas this is not the case in FCS as

binding sites either unoccupied or carrying receptors attached viaSchematically depicted in Figure 5. Under saturating condi-
three or via two modules. In SPR, the virus is present at limiting tions, each pentamer would carry two copies of V333, one
concentrations, leading to its saturation with receptor molecules. attached via three repeats and one via two repeats. Under
In the case of V333 two molecules can bind to the same vertex via nonsaturating conditions, as in FCS, some pentamers might
three and via two binding repeats. This results in complete coverage - . . .

of the binding sites on the viral surface. Whether this effect occurs CITY receptors which are attached either via two or via three
simultaneously or consecutively (as insinuated in the drawing) is repeats. It was not possible to determine two components of

not known. The starlike symbol represents the Cy3-label.

as the equilibrium binding constant of the reaction with the
highest affinity. When takind{p; = 10°° mol/L andKp; =
107 mol/L, values comparable to those obtained for V333
(6.5 x 10° mol/L and 4x 107 mol/L, respectively), this

is the case when the receptor concentration1° mol/L

the binding reaction in SPR, although the better fit of a
“complex model” pointed already to two parallel binding

reactions with different affinities. Furthermore, equilibrium

binding constants for V33333 could not be derived by SPR
because of technical limitations. FCS thus confirms and
extends the findings of SPR in that both methods indicate
biphasic behavior of the system. Keeping in mind that SPR
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1E-5 measured ones is much larger for the SPR data than for FCS
1E-64 data.
1E-74 AAGg for each additional binding module is considerably
1E-8] smaller thamAGg for the single repeat. Jenks has explained
- 1Eo] how such a change of the binding energy of covalently linked
2 8 ligands can be viewed in terms of a connector Gibbs energy
v 1E-10+ . AGs, which is largely, but not entirely, an entropy terg8).
1E-114 . AGg represents the change in the probability of binding as
1E-12 ’ a consequence of the connection of the two subunits but also
1E-13 N takes into account enthalpic terms like the strain energy

_‘_
N
w
IN
o
o
~

related to conformational adaptation to the geometry of the

number of repeats multiple binding sites. Nevertheless, this riseAGg upon
FiGURE 6: The free energy of binding increases by an equal amount INCréasing the number of single repeats causes a decrease
for every additional module in the receptor. TKg values from of 1 order of magnitude in th&p for every module and

Table 2 were plotted versus the number of repeats in the concatemethus a large increase of the binding affinity upon multimo-
as determined by FCS for monophash) (and biphasic (open dular binding

symbols) fits.Kp: (O); Kp2 (2). Previously derived SPR results i ' o . .

(13) are also shown®). Multimodular receptor binding, as it occurs in minor group

HRVs, allows for an enormous increase in binding strength
exaggerates the affinity due to surface effects, it neverthelesscombined with low recognition selectivity. In this way, 12
allowed for an estimation of the affinity of a single repeat, different viral serotypes are being recognized in the absence
which was hardly possible in the FCS setup. Thus, taking of any obvious sequence similarity of the binding site, except
into account the caveats mentioned above, the methodsfrom the presence of a single conserved lysine residue.
complement each other extending the measuring range attilizing this principle, LDL receptors, and in particular LRP,
both the low and the high affinity range. recognize a plethora of different ligandgj. This attachment
The standard Van't Hoff equatioAGg = —RT log Kp mode contrasts with that of most other picornaviruses that

relates the free energy of binding to the dissociation constant.pind their cognate receptors (ICAM-H)( the poliovirus

In Figure 6 we plotted logko versus the number of repeats receptor 80), integrins 81), and the coxsackie-adenovirus
in the concatemer. The linear dependencies indicateMBgt ~ receptor 82)) via only one interaction site per receptor
becomes more negative by an equa| amauhGg, for every molecule. The majority of these receptors attach within a
additional module in the receptor. The IKg values for V3 ~ canyon or pit that is somewhat protected from the environ-
and V33 and those of the high affinity component of the mentallowing for a more extensive conservation of residues
larger concatemers (logp:, see Table 2) lie on a line with ~ (33). LDL receptors attach to the highly exposed starlike
an ascent oAAGg = —7 = 1 kJ/mol per module. This value mesa at the 5-fold axis of icosahedral symmetry of minor
is in good agreement with SPR; the data points obtained with group HRVs. Surface residues can thus considerably vary
this method lie on an almost parallel line that is only shifted for escape from the immunological defense while still
upward by a factor of 1% 2 (see also Table 2). Remarkably, Maintaining low specificity but high affinity multimodular
from linear regression, Kp = 5 + 1 umol/L for the single receptor binding. A similar approach is followed in nano-
receptor module was found that agrees very well with that technology to increase low affinity interactions employing
estimated from the few measurable data points (seehighly repetitive structures.

Figure 3). This value corresponc_is to a binding engﬂ@é In summary, using FCS, we have shown that several
of —30 kJ/mol. As already pointed out, SPR yielded a modules of the very-low-density lipoprotein receptor can bind
roughly 20 times lower value dfp = 0.4 £ 0.05umol/L simultaneously to the minor group human rhinovirus HRV2

for a single module. Interestingly, although the two methods thus enormously increasing the functional affinity of this
yield different absolute values, they give almost identical interaction. Most remarkably, the attachment parameters of
values for the increase in free binding energy per added V333 could be explained by two binding events occurring
module. However, the phenomenon of binding of single in parallel; one with high affinity involving 3 modules and
molecules via different numbers of repeats was not resolvedthe second one with lower affinity involving 2 modules
by SPR. Most remarkably, for those concatemers whose low attaching to the starlike mesa at the 5-fold axis of icosahedral
and high affinity binding components could be determined symmetry. We demonstrate that measurements of the inter-
from the biphasic fit with confidence (V333, V3333, and action between a virus and a soluble derivative of its receptor
V33333), theKp, of V3n was very similar to thekp (as can be carried out with minute amounts of sample in a very
derived from monophasic fit and thus combining the non- short time. FCS yields information beyond that accessible
resolvedKp; andKp,) of V3n—1 (see Table 2) indicating  with other methods that require tedious immobilization
the validity of the measurements and of our model. procedures of one of the components (for example surface

For V3333333 theKp obtained from FCS measurement plasmon resonance techniques) and rendering sites unavail-
fits rather well the results for V3 to V33333, although only able for interaction. We are convinced that FCS is the method
five modules can simultaneously bind to one binding site of choice for the analysis of the binding parameters underly-
on the virus. The higher probability to find five consecutive ing the interactions between viruses and receptors, antibodies,
modules for attachment to the virus should explain the lower or virus-binding antivirals. In particular, viruses with high
dissociation constants obtained. Interestingly the discrepancypathogenic potential can be analyzed since the FCS setup
between an interpolated value for V3333333 and the allows for easy containment of the sample.
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