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ABSTRACT. Fluorescence spectroscopy, surface-enhanced Raman spectroscopy (SERS), and analytical
centrifugation are applied in this work to study the interaction of the antitumor drug 9-aminoacridine
(9AA) with a trypsin-like protease, guanidinobenzoatase (GB), extracted from an Erlich tumor. As a
consequence of this interaction, a strong 9AA exciplex emission can be detected at a certain drug and
enzyme concentration. The 9AA exciplex emission was also studied for 9AA interacting with others
serin proteaseso-chymotrypsin, trypsin, and penicillin G-acylase (PGA), as well as with bovine serum
albumin (BSA) in order to obtain information about the active center of GB. We have found that the
exciplex 9AA emission may be induced by a ring-stacking interaction between the monomeric drug,
under the amino form, and an aromatic residue placed in the catalytic site of the protein. The results
derived from Raman spectroscopy corroborate this interaction mechanism, as demonstrated by the existence
of typical protonated amino 9AA marker bands as well as an important modification of the ring vibrations,
thus indicating the existence of an interaction through ring stacking. The analytical centrifugation technique
was applied to study the GB association in aqueous solution, demonstrating that the 9AA/GB interaction
depends on the enzyme quaternary structure. An interaction of 9AA with an associate form of GB, which
may be the actual enzyme active form, is suggested.

Guanidinobenzoatases (GBgpresent a trypsin-like pro- NH, NH
tease family related with tumor processes. These enzymes X
are located on the membrane surface of the tumor cells and O / — O O
play a crucial role in cell mobility and metastasis. Previous N N
studies have shown that GB proteolytic activity against H
fibronectin @), collagen ), and zymogen3) gives rise to amino form imino form

a rapid degradation of the connective tissue, favoring the Ficure 1: Tautomer equilibrium in 9-aminoacridine (9AA).
tumor cell displacements. At the cell membrane, GB is in a

latent state inactivated by its interaction with a protein the active center of GB. |n fact, the Staining of 9AA in

inhibitor produced by the own cel¥). histopathological sections has been used to locate malignant
9-Aminoacridine (9AA) (Figure 1) is an antibacterial, cells in many tumor tissues<{d5). Steven et al.1) observed

mutagenic %, 6), and antitumor drug7, 8 that has been  a notable shift of the cell fluorescence from blggreen to

proposed as a specific fluorescent probe capable of bindingyellow—orange, that may indicate the formation of 9AA

excimers in these cells. 9AA can dimerize in agueous
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Vibrational spectroscopies (IR, Raman) provide specific MATERIALS AND METHODS
molecular information that is very useful in recognizing . . .
processes such as the 9AA/GB interaction. A vibrational Mate_rlals. Six percent cross-lmkeql agarose _beads were
spectrum is composed of bands associated with characteristid©™ Hispanagar Co. (Burgos, Spain). Two different GB
vibrations of particular groups of atoms, which are defined sources were used for 9AA/GB interaction studies: ascitic

by specific ranges of frequency and intensity in the IR and fluid of mouse Ehrlich tumor, provided by Dr. J. L. Subiza

Raman spectra. However, studies in aqueous media seriouslifOM San-Carlos Universitary Hospital in Madrid; and human

limit the use of IR spectroscopy, while the presence of melanoma line A375 cells, extracted from metastatic mela-
strongly fluorescent compounds, such as 9AA, limits the nomal, obtamed_ flrom thel Department of Imrr_lur':/(lzloglcal
application of Raman spectroscopy. Nevertheless, a recenpncg %gy, Hospital Ge_régra Lf,:nglers;]tlan%Gregono dvan
technique related to Raman spectroscopy, surface-enhanceg\./Ia rid). 9-Am|n9a_cr| ine_hydrochloride (9AA) ang-
Raman spectroscopy (SERS), can be used to carry out Ramaﬁ|troph_enylp-guan!d|nobenzoate (.NPGB) were purchased
studies of very fluorescent molecules in aqueous media and rom S'nga_Chlem'%al Co. (St. Louis, MO). All the reagents
at low concentrationl(7). For this reason, we have employed Were analytical grade. _
the SERS technique as well as steady-state fluorescence GB P_u_nﬂca'qon.GBfor in vitro s_tudles was extracte_d_ from
spectroscopy to elucidate the mechanism of the 9AA/GB the ascitic fluid of a mouse Ehrlich tumor, and purified by
interaction. using an agmatine-CH Sepharose 4B affinity column as
In a previous work 16), we have applied the fluorescence described in referencelg). In the last work, a double

and SERS spectroscopy to study the aggregation and excimePurification strategy_bas_ed'on the.use of _mimetic matrixg;
emission of 9AA in aqueous solution. Fluorescence data @S well as soluble mimetic ligands is described. The specific

indicated that the excimer emission is connected to the 8nZymatic activity, and the end of the purification process,
dimerization of this drug in solution: the formation of 9AA ~ Was 0.92 uni/mg [total activity (units/mL)/protein concentra-
dimers is greatly favored when the drug is under the amino tion (mg/mL)], that represented a purification factor of 250
form at neutral and acidic pH, while at alkaline pH the imino with respect to the |n|t|al_crude preparation. The activity of
9AA form tends to form large-sized aggregates which cannot GB Was assayed by using NPGB as substrate, measuring
be excited to render excimer emission. Moreover, an attribu- the increment of absorbance at 348 nm. One activity unit
tion of the main Raman features appearing in the Raman'€Presents the amount of GB able to hydrolyzeniol of
spectra was proposed, providing marker Raman bands of the\PGB.
amino and imino 9AA tautomers. The results found in this ~ Briefly, the purification of GB consisted of a preliminary
previous work have been very useful for interpreting the Purification step where a large amount of the contaminant
9AA/GB Raman spectra. proteins (mainly albumin) present in the crude extract was
Since the structure of the active site of GB has not been "€moved by using mimetic matrixes (which trap and adsorb
yet reported, the interaction of 9AA with other serine-active albumin but not GB). In a second affinity purification step,
enzymes such as penicillin G-acylase (PGA), trypsin, and the resulting unbound proteins (prepurified GB) were offered
a-chymotrypsin, which display a similar catalytic activity, (O the affinity matrix, in the presence of a mimetic soluble
has been also investigated to afford more information about igand. The mimetic ligand avoids the binding of competing
the GB active site structure and the 9A&B photodynamic ~ Contaminant proteins, but allows the binding of GB on the
mechanism. Moreover, the interaction with bovine serum affinity matrix. The enzyme elution from the affinity column
albumin (BSA) was also checked as this carrier protein Was carried out in the presence of soluble substrate, NPGB.
interferes in the purification of GB from the biological fluids ~ Soluble GB containing hydrolyzed substrate was subjected
employed as GB source&8). to gel filtration through a Sephadex G-25 (PD-10) column
The quaternary structure of GB is an important factor I order to obtain a separate GB solution from the substrate.

which determines its biological activity as well as its Purified GB was lyophilized and freeze-dried.

capability of interaction with ligands. Electrophoresis experi- Human Melanoma Cell Culture and Staining with 9AA.
ments (4) showed that GB of renal carcinoma spontaneously Human melanoma cells were grown as monolayers as
tetramerize in solution. This multimer association induces a described elsewere€g, 22. Briefly, cells were seeded in
structural change as well as a variation of the catalytic 75 cn? culture tubes and maintained under a humidified
activity of GB. Consequently, the different structures of the atmosphere with 5% Cfat 37°C. The RPMI 1640 medium
active center may exist in the associated state, and mono-supplemented with 3 mL of glutamine, 100 mL of 10% fetal
meric GB may manifest different affinities toward 9AA. In ~ calf serum, and 10 mL of streptomycin/penicillin per liter
recent works, it has been proved that the interactions betweevas employed. When a density of °1@ells/cnt was

the individual enzyme subunits imply hydrophobic and/or attempted, cells were recultured on culture slides, dried, and
ionic bonds. For this reason, the sodium dodecy! sutfate stained for the fluorescence experiments.

polyacrylamide gel electrophoresis (SBBAGE) technique, A cellular DNA prestaining step with hematoxyli23)
employed so far to characterize and purify this enzyme, maywas necessary to eliminate possible interferences in the
induce enzyme denaturalization with loss of quaternary fluorescence experiments, owing to the demonstrated affinity
structure. There are many examples of enzymes for which of 9AA for the base pairs of the DNAJ. The 9AA staining
dissociation into dissimilar subunits has been demonstratedof melanocytes containing the cytoplasmic GB inhibitor and
merely by dilution (9, 2Q. In this sense, the analytical the elimination of the GB inhibitor were carried out by the
ultracentrifugation has been used in this work to analyze GB methods described by Steven et d). (

polymer association as a function of the protein concentration Human Melanoma GB Inhibitor PurificationWashed
and the influence of the drug in the association process. cultured malignant melanoma cells (tumoral cell line A 375)
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were used as a source of the cytoplasmic inhibitor of GB,
by using a method described by Steven et4)l. The GB-
inhibitor complex was displaced from the cell surface by
fibrin fibrils formed from fibrinogen and added thrombin.
The fibrin fibrils bound GB, while the inhibitor remains in
the solution fraction. After removing the fibrils with GB,
we obtained a solution containing the inhibitor.
Fluorescence Spectrosco@amples for 9AA fluorescence -
measurements were obtained from an initial2M 9AA 380 400 420 440 380 400 420 440
aqueous solution prepared in 10 mM phosphate buffer at pH Wavelength (nm)
7 by dilution to the desired final concentration. FIGURE 2: Fluorescence excitation spectra of 9AA (1M in 10
Samples for fluorescence measurements on the 9AA/GBmM phosphate buffer, pH 7), recorded by fixing the emission at
complex were prepared by mixing 9AA and lyophilized GB 535 nm (a) and 460 nm (b), at different GB concentrations:>10
in 10 mM phosphate buffer at pH 7, from an initial 30 mpm M (dotted line) and 16° M (solid line).
GB solution in phosphate buffer at pH 7, up to the desired
concentration. Solution compounds were allowed to react Normal Raman spectra were recorded in a U-1000 Jovin-
for 10 min before each fluorescence measurement. The sameé‘von Spectrophotometer by exciting with the 457.9 and
experimental procedure was carried out with the others 514.5 nm excitation lines provided by a Spectra Physics
proteins tested herea-chymotrypsin, trypsin, PGA, and model 165 argon ion laser. Resolution was set to 4cm
BSA. Excitation and emission spectra were recorded with a and a 90 geometry was used to record the data. The laser
Perkin-Elmer LS 50 B spectrometer. Quartz cuvettes of 1 power at the sample was fixed between 20 and 40 mW.
cm were used. Experiments were done by taking one scan with Itstep
For fluorescence experiments carried out on melanomasize and an integration time of 1 s. FT-Raman spectra were
culture cells, dried cultured melanocytes deposited on a glassobtained by using a RFS 100/S Brucker spectrophotometer.
slide were employed with an attached mirror to the opposite The 1064 nm line, provided by an Nd:Yag laser, was used
side of the slide. Then, these slides were placed at°a 60 as the excitation line. The resolution was set at 4%rand
angle orientation with respect to the excitation light. a 180 geometry was employed with an output laser power
Surface-Enhanced Raman Spectrosc&BRS measure-  of 150 mW. Each FT-Raman spectrum was the result of 1000
ments were carried out on silver colloids prepared using the scan accumulations recorded for 20 min.
Lee—Meisel method24), in the following way: 200 mL of All samples for measurements in either normal Raman or
a 103 M AgNO; aqueous solution was heated to boiling, 4 FT-Raman spectrophotometers were placed in 1 mm diameter
mL of a 1% trisodium citrate solution was then added, and glass capillaries.
the mixture was kept boiling for 1 h. Analytical Ultracentrifugation.Ultracentrifugation mea-
For SERS measurements of the complex, GB aqueoussurements were performed in a Beckman Optima XL-A
solutions in the range 16—-10° M were prepared from the  analytical ultracentrifuge equipped with absorbance optics,
lyophilized enzyme, in 30 mM phosphate buffer, at pH 7. using an An60Ti rotor. GB was equilibrated in 30 mM
The 9AA solution was prepared by dissolving 9AA- phosphate buffer (pH 7). Short column experiments—60
hydrochloride in water up to a 1® M concentration. The  80uL of protein sample at concentrations ranging from®.0
9AA—GB complex was prepared by mixing adequate to 1075 M) were done at two consecutive speeds (6 and 10
volumes of the above 9AA and GB aqueous solutions, up krpm) by taking absorbance scans (0.001 cm step siz&04
to a 1/10 (9AA/GB) molecular ratio. The control sample averages) at the appropriate wavelength (280 nm) once the
(9AA without GB) was prepared in the same way by mixing sedimentation equilibrium was reached. Samples were judged
the 9AA aqueous solution with a water volume equal to that to reach the equilibrium by the absence of significant
of the GB solution employed for preparing the complex. An systematic deviations in overlaid successive scans taken for
aggregated Ag colloid was then added to these solutions2 h. We used standard (12 mm optical path) double-sector
(blank and complex), in such a way that the final 9AA or six-channel centerpieces of charcoal-filled Epon. The
concentration was 10 or 10°7 M both in the blank in and  equilibrium temperature was 2€. High-speed sedimenta-
the complex, while the GB concentration was10r 106 tion (40 krpm) was conducted afterward for baseline cor-
M in the complex. The complex was prepared in such a way rections in all the cases. The buoyant molecular mass of the
that the enzyme concentration was 10-fold higher than the protein was estimated by fitting a sedimentation equilibrium
drug to ensure a complete interaction of 9AA. The activation model for a single sedimenting solute to individual data sets
of the silver colloid was required for a strong SERS spectrum with the EQASSOC program supplied by BeckmaB)( The
to be observed. To accomplish that, we have employed monomer relative molecular mass was taken as 70 000 Da,
KNOgz: 20uL of a 0.5 M aqueous solution of the salt up to deduced from SDSPAGE experiments, and a value of
a 1072 M final concentration. After the addition of KN 41 667 M1 cm™! was used for the extinction coefficient of
the suspension become darker and showed a higher opticaGB at 280 nm.
absorbance at higher wavelengths. The amount of nitrate
added in each sample was the same to avoid possibleRESULTS AND DISCUSSION
influence of the salt on the spectral profile. The final pH of  Fluorescence Spectroscopy of the 9AA/GB Com{lkg.
the mixture was 6.5. The presence in all the samples of Cl steady-state fluorescence excitation spectra of 9AA and the
at the same concentration as 9AA is noted, since the 9AA/GB complex at different enzyme concentrations €0
employed drug was 9-aminoacridine hydrochloride. and 10° M) and at pH 7 are shown in Figure 2, and at a

(@) 5= 535 nm (b} = 460 nm

Fluorescence intensity
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Ficure 4: Fluorescence emission spectra of malignant human
melanoma cell line A375 stained with 9AA before (solid line) and
after (dotted line) membrane GB inhibitor elimination. The excita-
tion wavelength was (a) 400 nm and (b) 460 nm. The dashed line
represents the difference spectrum between free membrane GB
(without inhibitor) and the GB-inhibitor complex in the presence

of 9AA.

450 500 550 500 550
Wavelength (num) On the contrary, a notable change in the fluorescence
FicUrRe 3: Fluorescence emission spectra of 9AA (10 mM profile occurs when increasing the GB concentration up to
phosphate buffer, pH 7) by exciting at 400 nm (a and c) and 460 10-°> M (Figure 3d). The excitation of the 9AA/GB complex
nm (b and d), at two different GB concentrations:" 48 (aand 4t 460 nm lead to a remarkable increase of the fluorescence

b) and 10° M (c and d), and at variable 9AA concentrations .
in the 9AA/GB complex: 10° M (squares): 16° M (triangles): above 500 nm with a broad band centered at 525 nm, at a

and 10 M (open circles). The fluorescence spectra of free 9AA 9AA concentration of 10* M (open circles), that is better
(10~* M) correspond to those marked with solid circles. The dashed seen in the upper difference spectrum of Figure 3d. The band
line represents the fluorescence difference spectrum between thegt 525 nm has been attributed to the excimer emission
%‘NGB complex (10% M 9AA and 10° M GB) and 9AA (10 corresponding to electronic transitions from the excited

' dimers, in excimers, and heterodimers, in exciplexes, to the

corresponding monomerg%). The 525 nm emission sup-

fixed drug concentration (]_‘6 M) This enzyme concentra- ports the existence of an interaction of 9AA with GB, which
tion dependence was studied by fixing the emission wave- IS also corroborated by the marked fluorescence_decrease
lengths at 535 (Figure 2a) and 460 nm (Figure 2b). At a observed for 9AA at the above enzyme concentration when
10" M enzyme concentration (Figure 2a, solid line), the €xciting at 400 nm (Figure 3c) as compared to the fluores-
excitation maximum is observed at about 400 nm. This C€nce spectra obtained at a lower GB concentration (Figure
maximum decreases as the enzyme concentration is increaseg?)- 10 explain the emission at 525 nm in the presence of
to 105 M (Figure 2a, dotted line), thus indicating that the ©B, We suggest that a stacking interaction between 9AA and
amount of 9AA interacting with GB grows with enzyme SOMe aromatic am|no_aC|d_ placed in the active center of (_SB
concentration. Another effect observed at high enzyme OCCUrS- This mechanism is more probable than a possible
concentration is the excitation maximum red-shift to 440 nm. dimerization previous to this interaction with the enzyme.

o : In fact, the differences found by both the fluorescence and
The band at 400 nm corresponds to the excitation maximum ' .
of the monomeric 9AA, while that observed at 440 nm can SERS spectra between the 9AA dimer and the 9AA/GB

be related to the formation of the 9AA/GB complex complex are arguments against this previous drug dimeriza-

Moreover, this excitation band is very close to the excitation tion. For this reason, we have considered the emission at

maximum of the 9AA dimer excimer in aqueous solution, ggrsn nltranx 2? :rr]nga(glrﬂ:r)i(cogﬁ,& ?/:/?t(f:]eC;tBIS derived from the
which is observed at 460 nni§, 26. P '

) o The interaction of 9AA with GB was also analyzed in
Figure 3 shows the emission spectra of the 9AA/GB ejanoma line A375 cells. To accomplish such an investiga-
complex when exciting at 400 nm (Figure 3a) and 460 NnM o it is important to consider that GB is under a latent
(Figure 3b) at 10°M GB and different 9AA concentrations,  state due to its interaction with the cell inhibitat) ( Figure
at pH 7. The last excitation lines were chosen because they, shows the fluorescence emission spectra of human
correspond to the excitation maximum of the 9AA monomer melanoma cells stained with 9AA, both in the presence and
and excimer, respectively. A progressive quenching of the after eliminating the enzyme cytoplasmic inhibitor, at dif-
fluorescence intensity is observed in going from higher to ferent excitation wavelengths: 400 nm (Figure 4a) and 460
lower 9AA concentration (Figure 3a). The spectral profile nm (Figure 4b). The emission spectrum obtained at 400 nm
is dominated preferentially by the bands at 430 and 460 nm, shows the bands characteristic of free 9AA at 430 and 460
which have been attributed to the 9AA monomer. The nm (Figure 4a). The presence of free monomer 9AA in
magnitude of the fluorescence quenching observed in Figuremelanoma cells indicates that the drug is not interacting with
3a on increasing the drug concentration does not differ GB due to its inhibition by the cell inhibitor (Figure 5). A
significantly from that observed in the absence of enzyme remarkable profile change is observed after removing the
(spectra not shown). The same behavior was found whencell inhibitor (Figure 4, dotted lines): when exciting at 400
exciting at 460 nm (Figure 3b). The absence of an excimer nm, the band at 430 nm completely disappears, while the
band above 500 nm suggests that at this enzyme concentrafluorescence intensity decreases in comparison to the spec-
tion, the interaction with 9AA is negligible. trum obtained in the presence of the GB inhibitor (Figure
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FiIGURE 5: Scheme of the different exciplex excitation of 9AA in § %0l ! [
the presence or absence of GB cell inhibitor. 5 (©) (d)
é GB GB
4a). The excitation at 460 nm gives rise to a broad emission sor
band centered at 525 nm (Figure 4b) assigned to 9AA/GB .
exciplex emission. This band is better seen in the difference S B S . PGA
spectrum shown in Figure 4b (dashed line), indicating that — pe—
on the cell membrane, where GB is localized-(3), the 0 e
interaction of 9AA with GB favors the exciplex emission. [9AAI(M) [protein}(M)

Steven et al. demonstrated that both the cytoplasmic inhibitor ,
Ficure 6: (a) 9AA concentration dependence of the fluorescence

azn:;j g_l'?f‘ re\{[ﬁrSIblg Interact l\;VI'thdt.het aCtlt\:]e t"%”éer. ?f GE; intensity emission at 525 nm of free 9AA (closed circles) and 9AA
(23). Thus, the above result indicates that GB interacts j, the presence of BSA (diamonds);chymotrypsin (CT, open
selectively with 9AA only after removing the inhibitor  squares), trypsin (T, triangles), and PGA (open circles) in aqueous
(Figure 5). This experiment reveals the specificity of the solution (10 mM phosphate buffer, pH 7) at a fixed protein
9AA/GB interaction in in vivo conditions, even in the concentration (1 M). (b) Protein concentration dependence of

- C : the 9AA fluorescence intensity emission at 525 nm in aqueous
presence of other biomolecules, which is of a great impor- ./ oo (10 mM phosphate buffer, pH 7) by using a fixed 9AA

tance in relation to the possible use of 9AA as a tumor concentration of 16* M. (c) Comparison between the 9AA
marker. Furthermore, if the melanoma cells are again treatedconcentration dependence of the fluorescence intensity emission

with the GB cytoplasmic inhibitor, no exciplex emission can at 525 nm for PGA (open circles) and GB (squares) at a fixed

i ihili protein concentration (I8 M). (d) Protein concentration depen-
geBdiitthr:;i?i,ot:us demonsirating the reversibility of the 9AA/ dence of the 9AA fluorescence intensity emission at 525 nm at a

. fixed 9AA concentration of 10" M for PGA (open circles) and
Fluorescence Spectroscopy of the Complex of 9AA with GB (squares). In all cases, the excitation wavelength was 460 nm.

Albumin, PGA, Trypsin, and-ChymotrypsinThe interaction

of 9AA with BSA and the serin proteaseschymotrypsin, . . .

trypsin, and PGA was also tested by fluorescence spectros-9AA may - interact with BSA u.nd.er a monomeric form,

copy (Figure 6). In Figure 6a, the exciplex intensity emission producing a decrease of emission characteristic of the

at 525 nm was plotted against 9AA concentration by fixing Monemer (data not shown).

the protein concentration at 179M. For BSA, the fluores- The exciplex emission of 9AA when interacting with GB

cence intensity above 500 nm did not change significantly iS much more intense than that observed for the other serine

with the 9AA concentration, thus indicating that the possible Proteases. A comparison between the 9AA exciplex emission
interaction with albumin does not give rise to any 9AA in 9AA/GB and 9AA/PGA complexes is made in Figure 6¢
exciplex emission. However, for the other proteins, the and 6d at different drug and enzyme concentrations. In
exciplex 9AA fluorescence emission increases in going from Particular, this emission was about 3-fold more intense at
lower to higher 9AA concentration. The exciplex emission 107> M GB than that observed for PGA at the same enzyme
increase induced in the presence of these enzymes is moréoncentration. Higher GB concentrations could not be
prominent than that observed for the free drug. This suggestsinvestigated due to the small amount of GB available after
that 9AA interacts with the above serine enzymes fa\/oring the purification. This result reveals the enormous ab|||ty of
the 9AA exciplex emission. In the case of BSA, the exciplex GB ininducing the drug exciplex emission and confirms the
emission was even weaker than that observed for the freehigh selectivity of 9AA in relation to GB.

drug (Figure 6a, diamonds). In Figure 6b, we display the  The exciplex emission observed in the case of the serine
variation of 9AA fluorescence emission recorded at 525 nm enzymes is a consequence of the interaction of 9AA with
against the enzyme concentration at a fixed 9AA concentra-the active center of these enzymes. The differences observed
tion (104 M). This emission increases in going from lower in the 9AA exciplex emission activity of these enzymes are
to higher enzyme concentrations, with the exception of BSA, connected with the different structural characteristics existing
where the emission at 525 nm decreases when the proteirin their active centers. Thus, the analysis of the 9AA exciplex
concentration is increased (Figure 6b, diamonds). The emission activity of all these proteins may afford valuable
different behavior observed for BSA in relation to the serine information about the properties of their active centers, in
proteases points out the existence of an interaction betweerparticular that of GB. Several examples of similar studies
9AA and this protein, although this interaction does not were also accomplished with other fluorescence probes by
involve the same mechanism as the other proteins tested hereother authorsZ8, 29.
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The active site ofx-chymotrypsin was found to be very
apolar @0). Moreover, the only amino acid residues capable
of interacting with 9AA through a hydrophobic stacking bond
and which could be placed in the vicinity of this enzyme
catalytic site are a histidine residue (His 67) and a tryptophan
(Trp 215), but they are situated out of the hydrophobic pocket
of the active center30). Thus, the interaction of 9AA with
this enzyme may mainly involve hydrophobic interaction
with aliphatic residues existing in the active center. At these
conditions, no significant exciplex emission is expected from
the interaction of 9AA withoi-chymotrypsin. On the contrary,
the active site of trypsin has a less hydrophobic and a more JM/

a) SAA
[}

SERS Intensity

b) 9AA/GB
i

polar character, provided by the presence of an aspartate

residue 81), which can interact through an ionic bond with '

positively charged molecules such as the protonated 9AA at kA ‘\ A A

neutral pH. 9AA, under the protonated amino form, may - L -

interact with this negative center, giving rise to a slight 1500 1000 1 300

exciplex emission. F 7: (a) SERS Wa: enuml:e;;c:] (ire M) and (b) SERS
The most intense exciplex emission was observed for FGURE /2 (& spectrum o an

PGA. Itis well-known that the active center of PGA contains Zggfiit;largtozgeggﬁrﬁ/ GB complex (18M 9AA/107* M GB) by

an important hydrophobic domain where aromatic residues ' '

are located together with a negatively charged aspa@aje (

This configuration allows a double interaction of 9AA with ~ €Xcitation wavelength, through a resonant mechanism. In fact,

PGA: (i) ionic interaction via the protonated 9AA with the in @ SERS study carried out previously for this molecule

negative aspartate residue of the active center, and (ii)(16), we have found that a fraction of the adsorbed 9AA

stacking interaction with the aromatic rings of this active Molecules may strongly interact with the silver in colloids

site. of this metal, undergoing a remarkable fluorescence quench-
The higher capability of GB to induce exciplex emission ing. The use of an excitation wavelength toward the blue

when interacting with 9AA, in relation to the other serine region, i.e., the absorption region of 9AA, allows the selective

proteases, indicates the existence of a negatively chargecstudy of the 9AA not directly linked to the metal by a
amino acid, as well as an aromatic residue in the active site'€sonant mechanism, even if the concentration of these 9AA

of GB, both |eading to a Strong interaction with 9AA under molecules is much lower than that of the chemisorbed 9AA
the amino form. Furthermore, the existence of a negative ONes, whose photoactivity is highly reduced by the interaction
charge in the active center of GB is also corroborated by With the metal. Owing to this, we have studied the 9AA/GB
the ability of GB to hydrolyze peptidic bonds where a complex at 457.9 nm.
protonated arginine residue is involvet).( Figure 6 shows the SERS of the drug (Figure 7a) and the
Surface-Enhanced Raman Specffae SERS spectra of 9AA/GB complex (Figure 7b). The spectra are shown at the
9AA and the 9AA/GB complex were recorded at several absolute intensity at which they were obtained by recording
excitation wavelengths: 1064, 514.5, and 457.9 nm. By using them at the same experimental conditions. The addition of
the latter excitation wavelength, the SERS spectra can bean internal standard was refused to avoid possible interfer-
considered as surface-enhanced resonance Raman spectefce with complex formation. The first remarkable result
(SERRS), as this molecule exhibits an absorption maximum that we observed in the SERS of the complex (Figure 7b)
at about 460 nmi(g), with the advantages that this implies: was a significant intensity decrease as compared to that of
more sensitivity and selectivity. The use of such an excitation 9AA (Figure 7a), due to the fact that the 9AA interacting
wavelength is advantageous for our purposes, since it enablegvith GB is less accessible to the metal surface and,
us the selective detection and study of those 9AA moleculesconsequently, is further to the surface than the monolayer
which are interacting with the enzyme. When a SERS directly attached to it. As a consequence, the SERS intensity
experiment involving recognition between a drug and a is lower due to the short-range effect of the SERS enhance-
biomolecule is carried out, one should take into account that ment also described for other biomolecul88)(
the drug acting as ligand could exist under different states: Another effect of the interaction with the enzyme is the
(1) free in the bulk solution; (2) attached to the metal by change observed in the SERS spectral profile. The most
chemisorption; or (3) close to the metal but not directly linked significant changes are seen in the 170@00 cn1? region
to it, i.e., physisorbed on the surface or linked to another (Figure 8). In particular, the bands appearing at 1592, 1501,
molecule (interacting with a biomolecule or forming multi- and 1488 cm! undergo a marked intensity decrease.
layers on the surface). The contribution to the SERS spectrumAccording to our previous work1@), these bands can be
from molecules of the (1) group is ruled out, since in the attributed to the imino form of 9AA directly attached to the
presence of the metal surface it is possible to selectively studymetal surface. Other interesting effects observed in the
those molecules which are placed in the vicinity of the metal complex are the downshift of the 1459 thiband, the upshift
surface, avoiding the possible contribution of the free 9AA of the 1564 cm! band toward 1568 cm, and the enhance-
molecules existing in the bulk. In the case of 9AA molecules ment of the bands at 1602 and 1655 ¢nAll these bands
belonging to the (2) group, their contribution to the SERS can be assigned to the amino 9AA tautomer, and may
spectrum is greatly minimized by selecting a suitable correspond to in-plane €€C and G=N stretching ring
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FicUre 10: SERS spectra of (a) 9AA (16M) and (b) 9AA/GB
complex (16% M 9AA/107> M GB) in the 806-300 cnt? region.

1600 1500
Wavenumber (cm™) 1371 cm! band may be originated from a electric charge

. density increase of the— electronic system, associated
Ean;JSEes '(135,3% :Kfl%rg &fc(fg) ?méﬁggfggo(g%%‘ggf with a hydrophobic interaction _thrpugh ring stacking in the
complex. Moreover, the intensity increase observed for the
band at 1353 cirt can also be related to such an interaction
and to the predominance of the amino tautomer in the
complex, since at this wavenumber a band also appears in

& the SERS spectrum of 9AA recorded at low pH or at high

g drug concentration, as corresponds to the drug under the
5 protonated amino forml1@), capable of interacting with a

o v negatively charged amino acid in the active center of GB.

\ b) The establishment of a ring-stacking interaction in the 9AA/
W GB complex supports the exciplex emission detected in the

o): (p)-(a) emission fluorescent spectra at about 525 nm.
1360 1320 The electrostatic interaction of 9AA through the protonated
Wavenumber (cm’) . . . .

amino form, as well as the stacking interaction through the

Ficure 9: SERS spectra of (a) 9AA (10 M) and (b) 9AA/GB aromatic rings, is also reflected in the 88800 cn1? region
complex (10° M 9AA/10- M GB) in the 1706-1400 cn* region. (Figure 10). The existence of 9AA in the amino form is
(c) Difference spectrum between (a) and (b). demonstrated by the upshift of the band at 389 &tn 399
cm™1, which is highly sensitive to the tautomer equilibrium
vibrations and deformations of the NHgroup. The en- (16, 34. Moreover, the changes observed for other bands
hancement of the Raman features corresponding to the amin®f this region (the decrease of the 535 ¢nfieature; the
form together with the strong decrease of the imino Raman appearance of new weak bands at 480, 574, and 60% cm
features suggests that 9AA interacts with the active centerand the disappearance of that at 701 &€necan be attributed
GB under the amino tautomer. As mentioned above, the useto the stacking interaction of 9AA in the 9AA/GB complex,
of the 457.9 nm line as the excitation wavelength allowed a since these bands are mainly attributed to skeletal vibrations
selective resonant detection of the amino tautomer interactingof the aromatic systems.
with GB, although there was more 9AA interacting with the ~ The SERS experiments were also accomplished by using
metal surface. The interaction of 9AA with GB under the a lower GB concentration: 18 M. Nevertheless, in this
protonated amino form is consistent with the possible case no difference was observed between the SERS spectrum
existence in the GB active center of a negatively charge of the drug in the presence or the absence of enzyme. This
amino acid residue, as has been found for other serineresult is consistent with the fluorescence spectra obtained

proteases. for 9AA/GB complexes at 1¢ M enzyme concentration
In the 1406-1300 cn1t region (Figure 9), where the bands (Figure 3), where no significant exciplex emission was
assigned to the collective=6C, C=N, C—N, and C-C detected in the presence of the enzyme, and also suggests

vibrations of aromatic rings appear, we observed interestingthe possible enzyme association at1® connected to a
changes involving the most intense SERS band appearingstructural modification of the drug binding site in GB.

at 1371 cm?!® (Figure 9a) which becomes broader and The SERS spectra of the 9AA/GB complex were also
upshifts to higher wavelengths (Figure 9b), as revealed by astudied by using other excitation wavelengths: 514.5 and
positive band appearing in the difference spectrum of Figure 1064 nm. The results found with these lines are not shown
8c at 1376 cm'. Moreover, the shoulder appearing at 1353 here because they do not afford important additional
cmtin the SERS of 9AA increases in the complex (Figure information to the conclusions reached with the 457.9 nm
9b), appearing as a positive band in the difference spectrumexcitation. By using the 514.5 nm line, we observed a relative
(Figure 9c¢). The upshift induced by the complexation in the decrease of the 9AA imino bands in the SERS spectrum of
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the aggregation pattern of GB cannot be fitted to a single
species and corresponds to a typical case of multiple
polydisperse association (with experimental data forming a
V up and down of the solid line representing a single species).
The existence of association is further demonstrated by
comparison of the experimental equilibrium with that of a
hypothetical monomer, that is also plotted in Figure 11
(dashed line in the bottom panel). Multiple data sets of
apparent weight-average molecular weight vs protein con-
centration revealed that similar molecular weight distributions
were found independently of the GB concentrations. How-
ever, the amount of aggregated GB increases on raising the
enzyme concentration. All these results point out that this
protein is a polydisperse system, in connection to an
irreversible association of GB. On the other hand, this
behavior is typical of membrane proteins which are expected
to aggregate in the absence of membranes, changing their
4 5.0 508 6.12 structure and activity as a consequence of this aggregation.
Radius (cm) The same experiments were carried out in the presence
) . . —_ . of 9AA, and the found results indicated that the above
Ficure 11: Sedimentation equilibrium analysis of GB. Bottom . . S
panel: Sedimentation equilibrium gradients of A0 GB at 10 aggregation pattern is not S|gn|f|c_:antly affected by the
krpm as described under Materials and Methods. The symbolspresence of drug, thus corroborating that 9AA does not
represent the experimental data. The solid line shows the fit of the interact with a GB monomer, which seems to be inactive in
O oo ot e R rers of nteracton wih the chg. Experierts of G
g?stﬁgﬁtci)on as a function of the sedimentation digtgnce (this plot agt'V'ty’ using NPGB as substrate, demonstrated that undgr
corresponds to the difference between the experimental data andiS monomer form the enzyme does not show any enzymatic
the fitted data for each point). activity, thus indicating that the active center of GB is not
active in the monomer. This is connected to the fact that the

. __enzyme cannot interact with the drug under the monomeric
the complex, in the same sense as that observed when using, .. since 9AA binds to the active center of GB. The

the 457.9 _nmhllne. -I(—jh's e}galn_demonslt_rakteg theheX|stence Ofactivity of GB can be observed when increasing its concen-
amixture in the medium: amino 9AA linked to the enzyme a4 1o values where multimer association can occur in

and imino 9AA attached to the metal surface. Both tautomers g i, at a sufficient extent, pointing out that the interaction

are obielrved in this SERS spectrum be(;]ause the amino form o yeen monomers induces structural changes which activate
Is much less resonant at 514.5 nm. Furthermore, at 1064 Ny, g catalytic center. In fact, the structure of aggregated
we observed a stronger SERS intensity decrease for the 9AA/GB may resemble that existing in GB when the enzyme is

GB complex due, in this case, to the absence of a resonanCeracting with the cell membrane. The fact that 9AA only
corrgspondmg to the amino 9AA |nteragtlng with the ENZyMe shows exciplex emission at a GB concentration of>1d
at this excitation line, and the dramatic decrease of imino reveals, on the one hand, that the drug binds to the enzyme
9AA adsorbed to the metal, due to the presence of the ¢ yhe catalytic site and, on the other hand, that this drug
enzyme. In fact, the weak signal detected in the SERS of ) interacts with the enzyme under an associated form, at
the complex obtained at 1064 nm arises from the small\ ich GB is active. This result is also important under the
amount of 9AA chemisorbed to the surface. point of view of the detection of active GB implied in the
Analytical Ultracentrifugation As mentioned above, the  tumor process, since the exciplex emission of 9AA will only
difference observed in the 9AA fluorescence emission spectrape manifested when GB is active in the cell.
on varying the GB concentration from 10to 10> M can
be attributed to a possible polymerization occurring at this CONCLUSIONS
concentration rangelf). To study the association of GBin  gaA interacts with GB through the active center of the
solution and its dependence on the enzyme concentrationenzyme. This interaction lead to an exciplex emission, which
the analy“cal Ultracentnfugauon teChanue was employed. occurs at a h|gh Wave'ength (above 500 nm) and 0n|y When
Sedimentation equilibrium for 16—105 M protein the enzyme is at a certain concentration (above® M), at
concentrations was carried out. The obtained absorbancewhich GB is active. This concentration dependence indicates
gradients were converted to the corresponding weight- that the drug interacts with the protein only after monomer
average molecular weights with the EQASSOC program association, as revealed by analytical ultracentrifugation, due
(My,5). For all the protein concentrations that were analyzed, to the activation of the catalytic center upon multimer
the My, o was quite higher than that of the monomer (70 000 association. This result allows the application of 9AA in the
), being around 400 000 at 6 krpm and more than 2 times detection of active GB existing in cells, which is responsible
lower (160 000) at 10 krpm. In Figure 11 (bottom), the for the tumor metastatic expansion of tumors in tissues, and
experimental data are represented together with the idealpermits the possible detection of tumor tissues based on a
sedimentation equilibrium corresponding to a single species.fluorescence probe.
The residual distribution (Figure 11, top) demonstrated the The application of fluorescence and Raman spectroscopies
existence of protein aggregatiodg], but in such away that  allowed a study of the structural details of the interaction

Residuals

Protein Concentration (uM)
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between 9AA and GB. This interaction takes place at the 11.

catalytic center of the enzyme through a mechanism involv-
ing two different interactions: electrostatic and ring stacking.
The drug interacts with GB under the amino form. Moreover,
the active center of GB may be more similar to that of PGA,

with a negatively charged amino acid residue and an aromatic
residue, whose nature is not yet known, responsible for the 14.

hydrophobic ring-stacking interaction leading to the exciplex
emission. The interaction of the drug with GB is very

selective, as demonstrated by the fluorescence study of the 15

melanoma cells after inactivation of the cytoplasmic enzyme-
specific inhibitor. The reversibility of the 9AA/GB interac-

tion, demonstrated by the fluorescence experiments carried
out in melanoma cells, corroborates the establishment of a 17.
physical interaction between the drug and the enzyme ruling 18.

out

interaction mechanisms involving a covalent bond or

enzyme denaturation.

The structural and molecular details provided by the
spectroscopic techniques employed in this work open an
interesting research field in the finding of new more powerful
inhibitors of GB or other related enzymes, which can be
applied both in the detection and in the inhibition of
neoplastic processes.
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