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Second Harmonic Generation of Glucose Oxidase at the
Air/Water Interface
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ABSTRACT We present a study of the adsorption of the glucose oxidase enzyme (GOX) at the air/water interface, using the
nonlinear optical technique of surface second harmonic generation (SSHG). Resonant SSHG experiments were achieved by
probing the m-#* transition of the flavin adenine dinucleotide (FAD) chromophores embedded in the GOx protein. Because of
the subsequent resonance enhancement of the signal, the second harmonic (SH) wave arising from the GOx entities adsorbed
at the interface was detectable for protein bulk aqueous concentrations as low as 70 nM. The protein adsorption was
followed, and, at high GOx coverage, a change in the orientation of the FAD chromophore was observed, indicating either a
rearrangement or a reorientation of the protein at the interface. Inasmuch as GOx is negatively charged at the biological pH
of 7, its interactions with charged surfactants were also investigated. As expected, spreading positively charged surfactants
onto a partial protein monolayer was found to increase the GOx surface concentration, whereas in the case of negatively
charged surfactants, the GOx surface concentration decreased until the SH signal went back to the pure buffer solution
response level. With the increasing GOx surface concentration, the rearrangement or reorientation of the protein was also
observed.

INTRODUCTION

Many chemical reactions in biological media occurring atat interfaces (Tamburello-Luca et al., 1997), and orientation
membrane surfaces involve proteins as enzymes, membranglaxation (Antoine et al., 1998) or chemical reaction dy-
receptors, or ion transfer agents. It is therefore of greahamics (Kott et al., 1993). The first study of biological
interest to develop surface-sensitive techniques to investsystems using SHG was made by S. Fine and W. P. Hansen
gate the structure of membrane surfaces, for instance tfFine and Hansen, 1971), and it was shown that the presence
study proteins or phospholipids adsorbed at these interfacesf constituents with asymmetric structures, such as collagen
and to investigate interfacial reaction dynamics. Secondr keratin, determines the SH activity of a tissue (Freund et
harmonic generation (SHG) is a nonlinear optical phenomal., 1986). The SH activity of polypeptides was first quan-
enon whereby two photons at a fundamental frequency tified by B. F. Levine and C. G. Bethea for solid samples of
are converted into one photon at the harmonic frequeacy 2 o-helix chains by the electric field-induced second har-
(Brevet and Girault, 1996). This process is only allowed inmonic generation (EFISH) technique (Levine and Bethea,
noncentrosymmetric media, such as nonlinear optical cryst976), and the measured second-order and third-order non-
tals or interfaces between two centrosymmetric media. As #inear polarizabilities were found to depend on the number
result, when liquid interfaces are probed, no SH signabf peptide monomers composing thehelix. Similar mea-
arises from the two adjacent bulk solutions, an importansurements were also performed on proteins, for instance, on
advantage of the technique as compared to other optic@acteriorhodopsin (bR) in dried purple membrane (Huang et
detection methods, like absorption or fluorescence spectrogd., 1989).
copy, in which an overwhelming background signal arises The aim of the work reported here was to attempt detec-
from bulk molecules. The counterpart of this advantage ision by resonant SHG of proteins adsorbed at liquid inter-
the very low efficiency of the SHG process. However, if thefaces, as a model of structural proteins embedded in mem-
SH wavelength is tuned to an electronic transition of theprane bilayers or antibodies adsorbed on a surface, and to
interfacial probe molecules, the resonance enhancement fvestigate the protein reorientation or structural rearrange-
the SH signal partially compensates for this low efficiency.ment. Indeed, detection of the reorientation of a structural
Owing to its surface specificity, the SHG technique hasprotein would open the way to the detection of channel
been widely used to get information on structural and equippening in membranes, for example.
librium properties of bare liquid interfaces (Conboy et al.,  Glucose oxidase (GOx) adsorbed at the air/water inter-
1994), orientation and solvation of dye molecules adsorbeq'jace was chosen as a model protein_ This enzyme is respon-
sible for catalysis of the oxidation of glucose by molecular
oxygen. It is a globular protein made up of two identical
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bound to the protein and can be released under denaturing
conditions, after dissociation of the two subunits. 0.30
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MATERIALS AND METHODS 5 025
The light source was delivered by a nanosecond"NdAG laser-pumped g 0.20
optical parametric oscillator (OPO) (see Fig. 1). In these experiments thez.
idler output ranged from 840 nm to 980 nm, with an energy of 15 mJ for g) 0.15
a 5-ns pulse duration and a repetition rate of 10 Hz. The laser beam was@
polarized by an achromatic half-wave plate and focused onto the air/water S 0.10
interface through the water phase with an angle of incidence of 48.6°. With (ID
this angle, the total internal reflection (TIR) configuration is achieved and ¢ 0.05
the SH signal intensity is thereby greatly enhanced. To avoid refraction at > *
the air/cell and cell/water interfaces, we used cylindrical glass cells as
sample cells. The SH response reflected from the air/water interface was 0.00
selected through filters, collected with a lens, polarized, and then focused 400 500 600 700
into a monochromator. The detection was achieved with a boxcar averager wavelength / nm
fed by a photomultiplier tube, and the signals were sent to a computer for
further data analysis. FIGURE 2 UV-visible spectrum of an aqueous solution of ZM GOx

UV-visible spectra were performed with a standard UV-visible spec-enzyme in a pH 7 buffered aqueous solution (—) and surface SH
trophotometer, and water was purified by reverse osmosis followed by io%pectrum of the enzyme adsorbed at the air/water interfage-f-, A
exchange (Millipore; Milli-Q SP reagent system) and then distilled twice. gayssian fit of the SSH spectrum.
GOx from Aspergillus niger(Fluka, Buchs, SwitzerlandN-cetyl-N,N,N-
trimethylammonium bromide (CTAB) (Merck, Darmstadt, Germany), and
arachidic acid (Fluka) were used as received. The aqueous solutions we
buffered at pH 7 (0.1 M KEPO, + 0.1 M NaOH). All measurements were
performed at 20°C.
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FAD structure in Fig. 3). These bands are characteristic of
the oxidized form of flavin groups (Bartlett et al., 1997). To
determine the GOXx nonlinear optical properties at the air/
water interface, a SSHG spectrum was performed (see Fig.
RESULTS AND DISCUSSION 2), at a GOx bulk aqueous concentration of 110 nM corre-
Glucose oxidase spectroscopy sponding to a rather low surface coverage (see below), in a
] ] o pH 7 buffered solution. Both fundamental and harmonic
First we obtained the UV-visible spectrum of the GOX heams wer@-polarized (i.e., polarized perpendicular to the
enzyme in the aqueous solution buffered at pH 7 (Badia efyterface plane), as this polarization configuration corre-
al., 1993), to determine a suitable wavelength for resonanfponds to the maximum SH intensity. As each protein
SSHG studies. The chromophoric group responsible for thg,onomer contains one FAD chromophore, the SH process
GOx visible absorption properties is the FAD moiety em-5-ohes the sum of the two FAD nonlinear activities. This
bedded in each protein monomer. Its absorption spectrum iyter FAD activity is determined by the hyperpolarizability
pH 7 buffered aqueous solutions consists of two absorptiogensor of the isoalloxazine ring; the side chain introduces
bands lying at 380 nm and 450 nm (see Fig. 2), Withyery few perturbations in the optical response. The two
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extinction coefﬂlmentls of 2.136x 105_ M~ m = and  nonomers face each other in the protein, and the resulting
2.168 X 10° M~ m~* and corresponding ter--7* transi-
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FIGURE 1 Experimental SHG set-up. PD, Photodiode; M, mirror; CL, FIGURE 3 Structure of the FAD chromophore. Thes* transition
converging lens; DL, diverging lens; HWP, half-wave plate; F, filter; PO, moment probed by SSHG has an angle of orientatior 86° with respect
polarizer; MC, monochromator; PM, photomultiplier; B, boxcar. to the axis of the three cycles of the isoalloxazine ring.
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tensor component is expected to be smaller than each FABree nonzero independent elements of the surface suscep-
hyperpolarizability tensor element along a direction perpentibility tensor; they characterize the nonlinear optical re-
dicular to the protein dimer axis. Inversely, along this axis,sponse of the interface. In the presence of a SHG active
the resulting component is expected to be larger. As seen amonolayer (and the GOx may be assumed to be so at the
Fig. 2, the location of the maximum of the SH spectrum,frequencies used), the SH signal arising from the bulk
corresponding to the protein adsorbed at the interface, is theolvents is negligible and the susceptibility tensor can be
same as the location of the maximum of the UV-visiblereduced to the one of the adsorbed molecules (Tamburello-
absorption spectrum corresponding to the protein in the bulkuca et al., 1995). Furthermore, because the GOXx proteins
aqueous solution. The FAD chromophore has no solvatoare only monitored through their FAD chromophores, the
chromic behavior, as indeed may be seen from the UVinherent chirality of the surface may be neglected, an as-
visible spectra of the FAD in bulk aqueous solution or in sumption that is not necessarily valid outside the 450-nm
ethanol. It is thus not possible to gain any information on theresonance. The surface susceptibility tensor depends on the
possible denaturation of the protein at the interface with awumber of species adsorbed at the interfatgeand on the
solvatochromic analysis. Finally, it is worth noting the molecular hyperpolarizability3, of each single unit of the
narrowing of the transition band at the interface as a resulGOx proteins:
of the SHG process.

In view of the GOx SH spectrum, the SH wavelength was <R — ﬁs ]

- . X4 B 3)

set at 450 nm for the remaining experiments, to get the €

resonance enhancement of the SH signal. Furthermore, b o e thef tensor is taken as an ensemble average over all
cause the corresponding fundamental light at 900 nm is NQf¢ 1, nossible orientation configurations. The SH response
absorbed by the GOx proteins, potential damages like phqg w5 hroportional to the square of the number of adsorbed
to_bleachlng or photochemical reactions involving the pro'species,NS, or the surface coveragé, and can therefore
tein were avoided. yield the adsorption isotherm of the protein.

In Fig. 4 is presented the square root of the SH signal
intensity, proportional to the number of adsorbed protein, as
a function of the GOx bulk aqueous concentration in pH 7
buffered solutions. It has been obtained from the SH re-
The SH response of the GOx protein was monitored as 8ponse measured at 450 nm, with the fundamental and
function of its bulk aqueous concentration, to determine théyarmonic beams botip-polarized. The SH signal is in-
adsorption isotherm. |ndeed, the SH intenSity ariSing frorrbreased by a factor of 5 as the GOx bulk concentration
the interface is described by the relation (Brevet, 1997) increases from zero up to 400 nM. At this bulk aqueous

SSHG measurements of the GOx protein
adsorption isotherm at the air/water interface

) ra concentration though, the surface coverage cannot be de-
1= w ; - V& : x12(19)2 1) duced from the experimental data, as it is not possible to
8eC’ €7 (en— €7 SirFoy) determine the SH signal corresponding to the full mono-

layer coverage. However, at 400 nM we observe protein-
protein interactions, a clear indication that we have reached
a significant surface coverage. Comparison with surface

wherel is the SH intensity in \Wem ™2, 1 is the funda-

mental intensity in the same unitg, andel are the relative

optical dielectric constants of the aqueous phase at th
fundamental and the harmonic frequency, respectively
(light propagates through the aqueous solution before reach-
ing the interface)g’ is the relative optical dielectric con- 121
stant of the protein monolayer at the harmonic frequency,

[72)
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and 67 is the angle of incidence of the fundamental beam 3”
with respect to the interface normaf} is here taken as the <\‘3 10
average between the water and the air optical dielectric =
constants. The quantity in Eq. 1 is defined as 2 9
[
X = 21X xSin 2y sinT + (apxSax + Baxoxx ('i 8
. I
+ axZ,,) coSy cosT + asxZy sirfy cosI'  (2) @ 7
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wherea,i = 1... 5 are coefficients depending on the g 6
relative optical dielectric constants of air and the aqueous 5 \ A ! i |
solution and the angle of incidenég, and+y andI” are the 0 100 500 300 400 500

polarization angles of the fundamental and the harmonic
waves, respectively. For pepolarized waveyy or I' = 0,

and the wave is polarized perpendicular to the interfacg|Gure 4 Gox adsorption isotherm at the airiwater interface as ob-
plane. The tensor element§kzx, xoxx andx$,,are the  tained by SSHG measurements.

GOx bulk agueous Concentration / nM
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pressure measurements of GOx adsorbed at the air/water
interface (Rosilio et al., 1997) further shows that our exper-
iments may correspond to a nonequilibrated system. Indeed, 2.0
in the conventional Langmuir-Blodgett trough of the exper-
iments reported in the work of Rosilio et al. (1997), the
surface coverage saturation already occurs for a bulk aque-
ous concentration of 100 nM at equilibrium, whereas in this
work the observed saturation concentration is clearly above
400 nM. In the former work, this equilibrium was only
obtained after a rather long time, which is incompatible with
our experimental conditions, chiefly because of the diffi-
culty of ensuring laser stability for such a long time. The
surface pressure isotherm obtained in transient conditions _
(after 100 min) from the work of Rosilio et al. (1997) 100 50 0 50 100
shows, however, a saturation at 400 nM. Fundamental Polarisation Angle y/ °

At a GOx bulk aqueous concentration range similar to the
one used to obtain this isotherm, the FAD chromophore fre€IGURE 5 GOx polarization curves for GOx bulk concentrations of 300
in solution exhibits a very weak surface activity. No SH ™™ (®. harmonic lightp-polarized) and 550 nM{, harmonic light
signal could thus be measured at FAD aqueous concentr '—zorizgidn)i'cl\:&]rg';g'; ngzja‘:h'eved on the polarization curves with
tions lower than 4uM. Therefore, it may be assumed that
the GOXx proteins are not denatured upon adsorption at the
air/water interface. The denaturation process of the proteitation or rearrangement, as long as it is assumed that the
would indeed lead to the release of the FAD moiety, whichchromophore reorientation can only stem from a protein
would then likely desorb back into the bulk aqueous soluJeorientation or rearrangement. The origin of this protein
tion at the concentrations used. Whether adsorbed or deonfiguration change is difficult to retrieve, however, but
sorbed, the net result would be a drop in the SH responseecause the process occurs at high surface coverage, it is
from the interface at constant light polarization. highly likely that it is induced by protein-protein interac-

The decrease of the SH signal above the bulk concentrdions. In Fig. 5 is shown the change in the SH signal
tion of 400 nM is therefore due to a rearrangement and/or @olarization curves as the GOx bulk aqueous concentration
reorientation of the proteins at the air/water interface, agncreases from 300 nM to 550 nM. The data are normalized
revealed through the reorientation of the FAD chro-with respect to the twe-polarized curves, and thus only the
mophore. This is seen from the change in the polarization 0800 nM s-polarized curve is presented. It is clearly seen
the SH signal owing to the reorientation of the FABm* from this figure that the SH signal measured with both the
transition dipole moment at the interface. In a more generalundamental and the harmonic light beappolarized de-
manner, and from a polarization analysis of the SH re<reases as a function of the bulk aqueous GOx concentra-
sponse, the orientation of the transition dipole moment otion, hence explaining the decrease observed in the experi-
the chromophore can be calculated using Egs. 1-3. To dmental isotherm. From the analysis of these polarization
so, the relative ratios of the three hyperpolarizability tensoicurves, the transition moment angle of orientation with
components must be assumed beforehand. In the presdigspect to the surface normal has been found to increase as
case, the orientation of the FAB-z* transition dipole the GOx bulk concentration increases from 300 nM to
inside the GOx protein adsorbed at the air/water interfacdligher concentrations, approaching the full monolayer cov-
can be determined. This dipole moment lies along the longrage. This corresponds to a flattening of the angle of
axis of the isoalloxazine ring of the FAD chromophore, andorientation of the isoalloxazine ring toward the interface.
we may reduce the hyperpolarizability tensor to the twoThis reorientation phenomenon may be related to the mech-
elements taken along this dipole moment axis at the haranism of the GOx adsorption at the air/water interface as
monic frequency. At a protein bulk aqueous concentratiorfiescribed by Rosilio et al. (1997). In their work, the ad-
of 300 nM, and assuming a Dirac distribution of this anglesorption mechanism is split into three steps: diffusion, pen-
of orientation, an angle of orientation of 35° has beenetration of the proteins into the monolayer, and structural
determined from the dependence of the SH intensity on theearrangement of the monolayer, with the relative impor-
fundamental wave polarization angle, for thepolarized tance of the third step increasing at high GOx bulk aqueous
and s-polarized harmonic wave (see Fig. 5). This angleconcentrations.
between the transition moment direction and the surface
normal char_acteyzes Fhe d|str|but|o.n. but will not lead to.alnteraction of GOx with charged surfactants
global protein orientation because it is not clear how labile
is the FAD moiety inside its pocket within the protein. probed by SSHG
However, any change in the transition moment angle ofAt pH 7, the GOx isoelectric point being 4.2, the GOx
orientation will be associated with a global protein reorien-protein surface is covered with negative charges. It is there-
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fore of interest to study the protein interaction with posi-face in the absence of GOx. This additional contribution to
tively and negatively charged surfactants. From a structurahe SH signal may arise from either a third-order contribu-
point of view, the current model of a neutral surfactanttion due to the charging of the interface or from changes in
monolayer interacting with a GOx monolayer at the air/the quadrupolar contribution due to the restructuring of the
water interface describes the GOx as a globular protein withvater phase in the presence of the charged monolayer. This
the surfactants sitting on and between the proteins (Okahataackground contribution, however, was always much
et al., 1988; Sriyudthsak et al., 1988). This configuration issmaller than the SH signal arising from GOx molecules.
consistent with atomic force microscopy measurements offurthermore, it should be noted that the addition of the
Langmuir-Blodgett films of GOx mixed with behenic acid surfactant counterion bromide to the solution has a negligi-
and deposited on graphite (Fiol et al., 1992). In the case dble effect on the ionic strength of the solution. Reorientation
charged surfactants, such a configuration is expected tof the proteins after the electrostatic interactions with
induce large electrostatic interactions affecting the adsorp€TAB was also investigated by the polarization analysis.
tion properties of GOx and possibly its own conformation. The change in the angle of orientation of tier* transition

The SH response from the protein was thus monitored as moment was investigated through the evolution of the ratio
function of the surfactant surface coverage at the air/wateof the SH signal in two different polarization configura-
interface. CTAB was used as a positively charged surfactarttons: when both the fundamental and the harmonic beams
and arachidic acid as a negatively charged one. These tware p-polarized and when the fundamental beam is 45°-
compounds present an alkyl chain with 16 and 19 carbongolarized and the harmonic beam sgolarized. As the
respectively. In the case of CTAB, because an increase i€@TAB monolayer was spread onto the interface, it was
the negatively charged GOx surface concentration was exebserved that this ratio decreased significantly, indicating a
pected, the initial GOx bulk aqueous concentration was sdftattening of the isoalloxazine ring angle of orientation
at 200 nM, corresponding to half the value of the isothermtoward the surface plane. In the presence of the CTAB
maximum. A steep increase in the SH intensity was ob-surfactant monolayer, the protein monolayer thus reorga-
served, as seen in Fig. 6, and the GOx surface concentratianized in a fashion similar to that observed during the iso-
was found to be approximately doubled as soon as théherm reorganization. The change in the isoalloxazine ring
CTAB surface coverage reachedl0%. As in previous angle of orientation is smaller, however, in the presence of
experiments, the SH wavelength was set at 450 nm, th€TAB. Unfortunately, this rearrangement within the protein
fundamental and the harmonic beams both beifmplar-  cannot be directly associated with a particular conforma-
ized and the aqueous solution buffered at pH 7. If the initialtional rearrangement.

GOx bulk agueous concentration is set at 400 nM, only a In the case of arachidic acid, the GOx surface coverage
slight increase in the SH signal is observed independently ofvas initially set at the maximum we observed, correspond-
the CTAB coverage. This observation indicates that theng to a bulk agueous concentration of 400 nM. When the
coverage obtained at the GOx bulk agueous concentrationegatively charged surfactant was spread onto the protein
of 400 nM is close to the full monolayer coverage. At this monolayer, the GOx surface concentration was drastically
stage, it is worth noting that a nonnegligible background SHeduced, as indicated by the decrease in the interfacial SH
signal was measured when CTAB was spread on the interesponse intensity, until it reached the pure buffer SH re-
sponse level. In the meantime, the SH intensity ratio repre-
sentative of the FAD transition moment angle of orientation
decreased from its value in the absence of surfactants to the
value corresponding to the pure buffer solution. This depo-
larization behavior of the SH light is thus expected and
corresponds to the behavior for desorbing GOx proteins
away from the air/water interface back into the bulk aque-
ous solution. In this case, no information on the protein
rearrangements may be retrieved.
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1.0 s, ] CONCLUSIONS
e Detection of the GOx protein adsorbed at the air/water
0.5 G e ‘ﬂ interface has been achieved by SSHG measurements using
T S L — the resonance enhancement of ther* transition band of
0.0 0.2 0.4 0.6 0.8 1.0 the FAD chromophore embedded in each of the GOx pro-

Surfactant Surface Coverage /- tein monomers. The protein adsorption isotherm has been

FIGURE 6 Gain and loss of the GOx SH intensity as either positivelydetermmed' althoth complete equ”'b”um may not have

charged surfactants (CTAR,) or negatively charged surfactants (arachid- PE€N reac_hed- .Saturation is occurring at a bulk aqueous
ic acid,O) are spread onto the air/water interface. concentration higher than 400 nM. Rearrangement of the
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GOx enzyme upon adsorption at the interface has beerevet, P. F. 1997. Surface Second Harmonic Generation. Presses poly-
shown through the depolarization of the SH signal. Indeed, €chniques et universitaires romandes, Lausanne.
at a GOx surface coverage sufficient to allow interaction§revet, P. F., and H. H. Girault. 1996. Second harmonic generation at
. . . . liquid/liquid interfaces.In Liquid-Liquid Interfaces: Theory and Meth-
between the proteins, a reo”?m,atlo,n of Fhe FAD trgnsmqn ods. A. G. Volkov and D. W. Deamer, editors. CRC Press, Boca Raton,
moment has been observed, indicating either a reorientationg|. 103-137.
of the enzyme itself or an internal rearrange_me.nt iNVOIViNGconboy, J. C., J. L. Daschbach, and G. L. Richmond. 1994. Total internal
the reorientation of the FAD chromophore inside the pro- reflection second harmonic generation—probing the alkane water inter-
tein. Interaction of the negatively charged GOx enzyme face.Appl. Phys. A59:623-629.
with positively and negatively charged surfactants has alséine, S., and W. P. Hansen. 1971. Optical second harmonic generation in
been observed. The positively charged CTAB surfactant has 0'09ical systemsAppl. Optics.10:2350-2353.
been shown to increase the GOx surface concentratioriol C., S. Alexandre, N. Delpire, and J. M. Valleton. 1992. Molecular
ided th h in initial i facial . " resolution images of enzyme-containing Langmuir-Blodgett filfftsin
provided that the protein initial interfacial concentration Solid Films.215:88-93.
was less than_the full monOIayer surface coverage. I:l'lrtheF:_reund, I., M. Deutsch, and A. Sprecher. 1986. Connective tissue polarity:
more, spreading of the CTAB surfactants onto the GOX optical second harmonic microscopy, crossed-beam summation, and
monolayer induced changes in the FAD transition moment small-angle scattering in rat-tail tenddiophys. J.50:693-712.
angle of orientation similar to that already observed duringHecht, H. J., H. M. Kalisz, J. Hendle, R. D. Schmid, and D. Schomburg.
the adsorption process. On the opposite side, the negatively1993. CArystaI structure of glucose oxidase fraapergillus nigerefined
. . t2.3 lutionJ. Mol. Biol. 229:153-172.
charged surfactant arachidic acid was shown to repel GOx & resolution.. Mol 1o

proteins from the air/water interface back into the bulk Huang, J. Y., Z. Chen, and A. Lewis. 1989. Second harmonic generation in
purple membrane-poly(vinyl alcohol) films: probing the dipolar charac-

aqueous solution. In light of these gxperiments, Surfa_-ce teristics of the bacteriorhodopsin chromophore in bR570 and M412.
SHG is demonstrated to be a convenient surface analytical J. Phys. Chem93:3314-3320.

technique for the study of proteins at interfaces, and thixott, K. L., D. A. Higgins, R. J. McMahon, and R. M. Corn. 1993.
work may pave the way for future studies in which surface Observation of photoinduced electron transfer at liquid-liquid interface
specificity is a necessary requirement, as in ligand-receptor 2Y optical second harmonic generatiod. Am. Chem. Socl15:

5342-5343.
recognition reactions at membranes. ) L
9 Levine, B. F., and C. G. Bethea. 1976. Second order hyperpolarisability of

a polypeptidea-helix: poly-y-benzyli-glutamate.J. Chem. Phys65:
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