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Key Words: antifungal protein; Aspergillus gigan-
teus; protein spectroscopy.An antifungal polypeptide (AFP) of 51 amino acid

residues, secreted by the mould Aspergillus giganteus,
has been purified to homogeneity and characterized.
The inhibitory effect of this protein on the growth of
different microorganisms has been studied. Whereas The mould Aspergillus giganteus MDH 18894 was
the growth of many of the filamentous fungi assayed obtained from the soil of a farm in Michigan during an
is inhibited, no effect has been observed against yeasts antitumor screening program. This imperfect ascomy-
or bacteria. The minimal concentration for total inhi- cete mainly produced two extracellular proteins (1, 2).
bition of the growth is in the range 6 to 25 mM. The One of them, a-sarcin, is a cytotoxic ribonuclease which
antifungal polypeptide does not produce any effect on has been thoroughly characterized (for a review see
the growth of the producing mould. The polypeptide Refs. 3 and 4). The other one, that can be isolated in a
promotes aggregation of acidic phospholipid vesicles. relatively high amount, was described as a very basicA remarkable resistance to proteolysis and a low hy- small-sized protein, which was said to display an inhib-drogen 1 deuterium exchange have been observed for

itory activity against the growth of fungi (1). Neverthe-this protein. The protein does not show any thermal
less, details about the characterization of the activitytransition up to 807C when studied by differential
of this so-called antifungal protein (AFP)3 have not yetscanning calorimetry and infrared spectroscopy. The
been published. The amino acid and cDNA sequencesuv absorbance, fluorescence emission, and circular di-
of AFP have been recently reported (5–7), revealing achroism (CD) characteristics of this protein have been
high content of both disulfide bridges (four bonds) andstudied. The protein exhibits a strong positive band at
tyrosine and lysine residues (6 and 12 residues, respec-230 nm as a prominent feature of the CD spectrum in
tively). These disulfide bridges, its small size (5780 mo-the far uv region. All the spectroscopical properties
lecular mass; 51 amino acid residues) (5), and its appar-of the antifungal protein are highly influenced by the

abundance of tyrosine residues. These can be grouped ent toxic character may resemble other polypeptides.
in two different populations, buried and exposed, Among these, there are plant proteins as thionins (8).
based on the results of pH-titration experiments. Fou- These are highly basic (with some exceptions such as
rier-transform infrared spectroscopy reveals a high crambin) (9), cysteine-rich, small-size proteins of about
content of b-structure in AFP. Reduction and carboxy- 5 kDa (10) found in the endosperm of several Graminea
amidomethylation produces a rather unstructured
polypeptide as deduced from its spectroscopical prop-

3 Abbreviations used: AFP, antifungal protein; cfu, colony-formingerties. q 1995 Academic Press, Inc.
units; CD, circular dichroism; DMPS, dimyristoylphosphatidyl-
serine; DSC, differential scanning calorimetry; MIC, minimal inhibi-
tory concentration; NMR, nuclear magnetic resonance; PDA, potato

1 To whom correspondence should be addressed. Fax: 34-1- dextrose agar; RC-AFP, reduced and carboxyamidomethylated AFP;
TSA, tryptone soybean agar; YMA, yeast morphology agar; SDS–3944159.

2 Present address: Instituto de Quı́mica-Fı́sica ‘‘Rocasolano,’’ Con- PAGE, sodium dodecyl sulfate–polyacrylamide gel electrophoresis;
FTIR, Fourier-transform infrared; DMPC, dimyristoylphosphatidyl-sejo Superior de Investigaciones Cientı́ficas, Serrano 119, 28006 Ma-

drid, Spain. choline.
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extracellular proteins, a-sarcin and AFP (2). The amount of secreted(11). They have been proposed to play an important role
a-sarcin was maximum at about 70–80 h of culture, while 10–20 hin plant defense and, in fact, they are toxic to bacteria,
more was required for the highest production of AFP. The purifica-filamentous fungi, yeast, and animal and plant cells. tion procedure employed rendered 5–10 mg per liter of culture of

Within this same idea, defensins should also be men- homogeneous AFP. The purified protein gave a single band of about
6000 molecular mass by 0.1% SDS–PAGE and a single peak bytioned. They are a group of cationic peptides of 29–34
reverse-phase chromatography. Its amino acid composition did agreeamino acids and contain three disulfide bonds, which
well with that deduced from the primary structure (5). Micro-constitute the major component of azurophil granules
sequence analysis of the first five residues from the NH2-terminal

(12) and can form dimers and/or multimers. Defensins end of the molecule also rendered the same result previously reported
are toxic to a variety of organisms and cells such as (5). No free -SH groups were detected in AFP upon reaction with

5,5*-dithiobis-2-nitrobenzoic acid, as expected if the eight cysteinebacteria, fungi, enveloped viruses, and neoplasic cell
residues of the protein were involved in four disulfide bridges (5).lines (13, 14). These are only a couple of examples of a

Reduction and carboxyamidomethylation. Reduction of the fourlarger family of small and disulfide-rich proteins, which
disulfide bonds of AFP and carboxyamidomethylation of the resultingalso comprise many arachnid, insect, sea anemone, and
thiol groups were performed as follows: AFP (10 mg/ml protein con-

snake venom toxins (15–19). They all constitute a fam- centration) was maintained for 1 h at 377C in 1.0 M Tris–HCl buffer,
ily of small toxic protein structures organized around pH 8.0, containing 2 mM EDTA and 6 M guanidinium hydrochloride;

reduction of disulfide bridges was achieved by addition of 70 mMa three- or four-disulfide bridge core. However, AFP
dithiothreitol final concentration (10-fold molar excess over the totalonly shows a significant degree of sequence similarity
cysteine content) and incubation at 377C for 90 min; iodoacetamide(42% sequence identity) with the product of the gene Y was then added to a final concentration of 0.7 M, and the mixture

from the filamentous fungus Penicillium chrysogenum was further incubated, now in the dark, for another 120 min at 377C.
(20). Actually, this molecule has the same size as AFP The alkylated protein was purified by gel filtration on a Biogel P-2

column (21 15 cm) equilibrated in 50 mM acetic acid and lyophilized.and was also reported as an antifungal protein (20).
The carboxymethylcysteine content of the modified protein was de-Accordingly, if the biological activity of AFP were well
termined by amino acid analysis.documented, these two proteins could be considered as

Antimicrobial activity. AFP was assayed against different fila-members of a new family of polypeptides produced by mentous fungi, yeast, and bacteria strains. The agar dilution method
fungi and exhibiting antifungal activities. Very re- was used to measure the antimicrobial activity. Various media were
cently, the three-dimensional structure of AFP in solu- employed: PDA (potato dextrose agar) for filamentous fungi, YMA

(yeast morphology agar) for yeasts, and Mueller Hinton agar fortion has been determined by proton NMR revealing a
bacteria. Minimal inhibitory concentrations (MIC) were evaluatedfolding motif rather unique for a complete protein: five
at 307C after incubation for 48–72 h, for fungi and yeasts, and athighly twisted antiparallel b-strands, defining a small 327C after incubation for 24 h, for bacteria. The concentration of

and compact b-barrel with four internal disulfide brid- antimicrobial agent that caused the complete inhibition of the growth
after these incubation periods was defined as the MIC. AFP concen-ges (21). This structural information may be useful for
trations in the range 0.006 to 1.133 mg/ml were studied. The organ-the study of other polypeptides of the above-mentioned
isms tested were the filamentous fungi Trichoderma koningii (IJFMpotential new family. To achieve this, the biological
A219), Trichoderma harzianum (IJFM A217), Penicillium purpuro-activity of AFP must be characterized and its conforma- genum (IJFM A575), Fusarium oxysporum (Fot 1a, Fot 1b, Folr 2,

tional properties analyzed by procedures that allow a Forl 13, and Fol 39-87), Penicillium frequentans (IJFM A569), P.
chrysogenum (IJFM A478 and CECT 2306), Aspergillus niger (IJFMrapid comparison between candidates and member-
A483), Aspergillus flavus (JB Collections 1147 and 1057), A. gigan-ship. This is the aim of this work.
teus (MDH 18894); the yeasts Candida albicans (CYC 1146), Rhodo-
torula mucilaginosa (CYC 1024), Pichia membranaefaciens (CYC

MATERIALS AND METHODS 1070), Saccharomyces cerevisiae (CYC 1058), Saccharomyces exiguus
(CYC 1057); and the bacteria Salmonella enteriditis, Bacillus subti-Purification of AFP. AFP was produced by A. giganteus MDH
lis, Escherichia coli, Pseudomonas aeruginosa, Micrococcus luteus,18894 cultures at 307C as described (2), in 1 liter Erlenmeyer flasks
Serratia marcescens, and Staphylococcus aureus. Filamentous fungieach containing 250 ml of culture medium composed of 2% corn
were maintained in PDA, yeasts in YMA (yeast morphology agar),starch (Cerestar Ibérica, Barcelona, Spain), 1.5% beef extract, 2%
and bacteria in TSA (tryptone soybean agar). All these strains belongpeptone, and 0.5% NaCl. Culture media were prepared with products
to the collection of the Microbiology Department (Faculty of Biology,from Difco (Detroit, MI) and Panreac (Barcelona, Spain). The aera-
UCM, Spain), except A. giganteus, which was a generous gift fromtion and agitation for this fermentation were provided by a New
Dr. Yaeta Endo (Ehime University, Japan). Inocula were preparedBrunswick Scientific Co. (Edison, NJ) rotatory shaker. The purifica-
by harvesting the culture with sterile distilled water and adjustingtion method was based on that described for a-sarcin (1, 22). Both
the resulting suspensions to 103 colony-forming units (cfu)/ml. Theproteins are simultaneously produced by the mould and overlap dur-
number of cfu was determined by counting with a hemocytometer.ing the purification procedure. An extra chromatography on a Sepha-

dex G-25 column (1.5 1 34.0 cm) equilibrated in 0.1 M acetic acid Spectroscopical characterization. Absorbance measurements
were carried out on an Uvikon 930 spectrophotometer. Circular di-was required to obtain homogeneous AFP. Aliquots were withdrawn

at different culture times and assayed for protein production by chroism (CD) spectra were obtained on a Jobin-Yvon Mark III dichro-
graph. The mean residue weight employed was 113, calculated frommeans of SDS–PAGE. Absorbance at 280 nm and pH were the two

culture parameters analyzed in order to evaluate the production of the amino acid sequence of AFP (5). Fluorescence spectra were re-
corded on a Perkin–Elmer MPF-44E spectrofluorometer. All theseAFP. The pH of the extracellular medium exhibited an initial small

drop, which was followed by a dramatic increase after 45 h of culture. determinations were performed under conditions described else-
where (23). Fourier-transform infrared (FTIR) spectra were obtainedThis pH increment was concomitant with that of the absorbance

at 280 nm. Both increases parallel the production of the two main on a Nicolet-520 instrument equipped with a DTGS detector. Sam-
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ples were placed into a thermostatically controlled demountable cell TABLE I
(Harrick, NY) with CaF2 windows and 50-mm pathlength. The sample Minimal Inhibitory Concentrations for Complete Growthchamber was continuously purged with dry air. A minimum of 200

Inhibition (MIC) of AFP against Different Microorganismsscans per sample were recorded, averaged, and apodized with a
Happ–Genzel function and Fourier-transformed with a nominal res-
olution of 2 cm01. Analysis of the amide I* region was performed as MIC (mM)
described in (24) with minor modifications, and the frequency regions
for the different secondary structures were those reported in (25). Trichoderma koningii 6

Fusarium oxysporuma 7–25Amino acid analysis and protein sequencing. Protein hydrolyses
Penicillium purpurogenum 10were carried out at 1087C in evacuated and sealed tubes for 24 h,
Trichoderma harzianum 127with 5.7 N HCl, containing 0.1% (w/v) phenol. The amino acid analy-

ses were performed on a Beckman Model 6300 automatic analyzer
Note. Only those values corresponding to species affected by thewith an IBM-AT-based System Gold enhancement. Automatic Ed-

protein, among the many tested (see Materials and Methods), areman degradation of the isolated protein was performed on an Applied
shown.Biosystems Model 477A sequencer. The resulting phenylthiohydan-

a Different strains (see Materials and Methods).toin-amino acid derivatives were identified by using a Model 120A
on-line phenylthiohydantoin-analyzer and the standard Applied Bio-
systems program (26). Protein sequence reagents were obtained from
Applied Biosystems (Foster City, CA).

(Dublin, Ireland). Polyacrylamide gel electrophoresis (4 and 20%Differential scanning calorimetry. Differential scanning calorim-
acrylamide for the stacking and separating gels, respectively) in theetry (DSC) analyses were performed on a Microcal MC-2 at 307C/h.
presence of 0.1% SDS was carried out as described (27). Measure-The protein was dissolved in 50 mM Mops buffer, pH 7.0, containing
ment of distances between atoms was made with Insight II from0.1 M NaCl, at a concentration of 2.0 mg/ml. The calorimetric unit
Biosym Technologies (San Diego, CA), by using the atomic coordi-was interfaced to IBM PC microcomputer for automatic data collec-
nates obtained from the Protein Data Bank (28, 29) (ident code 1AFP)tion and analysis.
at Brookhaven National Laboratory.Proteolytic treatments. Native AFP (10–50 nmol) was subjected

to different proteolytic treatments. Tryptic digestion was performed
in 0.2 M ammonium bicarbonate, pH 8.0, at 377C for 24 h. Sequence-

RESULTS AND DISCUSSIONgrade tosyl phenylalanine-chloro-methane-treated trypsin (Worth-
ington, Freehold, NJ) was added to obtain an enzyme/substrate Antimicrobial Activity of AFP
weight ratio of 1/100. Glu-specific staphylococcal V8-protease (SV-8)
(this and the following proteases were purchased from Boehringer, AFP has been previously cited as an antifungal pro-
Manheim, Germany) digestion was carried out at a 1/20 enzyme/ tein (1, 2); it has even been mentioned that AFP inhib-
substrate weight ratio in 0.1 M ammonium bicarbonate, pH 8.0, con- its the growth of A. giganteus, the AFP-producingtaining 2 mM EDTA, at 307C for 24 h. Thermolysin digestion was

mould, and A. niger (7). However, these results haveperformed in 0.5 M ammonium acetate, containing 0.2 mM CaCl2, at
657C for 3.5 h or overnight at 807C. The enzyme/substrate weight not yet been described in any detail. Therefore, we have
ratio employed was 1/6. Proteinase K and pronase digestions were first studied the effect of AFP on the growth of a wide
performed under identical conditions: the AFP sample was dissolved variety of microorganisms, including prokaryotes and
in 50 mM Tris–HCl buffer, pH 8.2, containing 10 mM CaCl2 and 150

eukaryotes (21 different species). We have tested AFPmM NaCl, and boiled for 30 min. After cooling down in an ice bath,
concentrations as large as 0.2 mM and no effect wasthe protease was added at a 1/5 enzyme/protein weight ratio. The

digestion was carried out at 377C for 24 h. Pepsin hydrolysis was observed on the growth of yeasts and bacteria. From
performed in 0.1% trifluoracetic acid at a 1/20 enzyme/protein weight this point of view, AFP really could be considered as
ratio for 16 h at 377C. AFP was previously denatured by boiling for an antifungal protein, but only some fungal species30 min. Finally, carboxypeptidase Y digestion was performed in 0.2

are affected by AFP among all those tested. Table IM N-methylmorpholine, pH 8.2, at a 1/50 enzyme/substrate weight
summarizes part of the positive results obtained. Theratio at 377C. Aliquots of the reaction mixture at 2, 15, and 24 h

were precipitated by addition of 50% sulfosalicylate and 1 M NaOH. MIC (minimal inhibitory concentration promoting total
The clear supernatants were analyzed for the released amino acids. inhibition of the assayed growth) ranges from 6 to 25

Protein–lipid interaction. Synthetic dimyristoylphosphatidylser- mM, although a MIC value of 127 mM was observed
ine (DMPS) and dimyristoylphosphatidylcholine (DMPC) (Avanti Po- against T. harzianum. It is important to note that AFPlar Lipids, Alabaster, AL) vesicles were prepared at 1 mg/ml phos-

does not produce any effect on A. giganteus or on A.pholipid concentration in 50 mM Mops buffer, pH 7.0, containing 0.1
M NaCl and 1 mM EDTA, by extrusion through 0.1-mm polycarbonate niger at the highest concentration herein tested. This
filters (Nuclepore, Costar, Cambridge, MA) in an Extruder (Lipex could be expected since the liquid culture of A. gigan-
Biomembranes Inc., Vancouver, Canada). The absorbance variation teus persists, although AFP is present in the extracellu-
at 360 nm produced by the addition of AFP to a lipid vesicle suspen-

lar medium in a relatively high amount. In addition,sion was measured on a Beckman DU-8 spectrophotometer, in a
AFP does not inhibit the growth of the filamentousthermostated cell holder at 427C. Control samples in the absence of

protein were always considered. fungus P. chrysogenum, the organism producing the
Other analytical procedures. Reverse-phase chromatography was gene Y polypeptide, to which AFP displays 42% se-

performed on a Beckman System Gold liquid chromatograph. The quence identity. Thus, it can be proposed that both A.
column employed was a Beckman Ultrasphere (5 mm). The protein giganteus and P. chrysogenum would also be protectedwas eluted with a linear gradient 0–25% B over 30 min (1 ml/min),

against the polypeptide product from the gene Y.where A is 0.1% trifluoracetic acid and B is 0.1% trifluoracetic acid
in acetonitrile. HPLC-grade solvents were purchased from LabScan AFP displays an important activity against the
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FIG. 1. (A) Cationic site formed by residues Lys-9, Lys-10, and Lys-32 and the adjacent hydrophobic stretch (Tyr-29, Val-30, Tyr-45, and
Tyr-50) in AFP. (B) Tyrosine residues in AFP. Drawings from the NMR data (21).

growth of several fungi, including some phytopatho- about 7. The antifungal protein does not produce any
effect on vesicles composed of the zwitterionic phospho-gens (Table I). The activity against F. oxysporum de-

serves to be emphasized, since this mould could eventu- lipid DMPC, thus suggesting the involvement of elec-
trostatic interactions in the process of vesicle aggrega-ally compete with A. giganteus because both are soil

microorganisms. This opens the possibility of using A. tion promoted by AFP.
The antifungal activity of AFP may be related to thisgiganteus or some of its products such as AFP as control

agents against some plant fungal pathogens. ability to interact with negatively charged phospholip-
ids, mainly considering that AFP is an extracellular
protein and, consequently, its cytotoxic action may in-Aggregation of DMPS Vesicles Promoted by AFP
volve an interaction with membranes. A cationic siteAnalysis of the three-dimensional structure of AFP and an adjacent hydrophobic patch present in AFP (21)revealed the presence of a putative cationic site formed

by three lysyl side chains (Lys-9, Lys-10, and Lys-32)
orientated toward the same direction (Fig. 1A) (21). The
spatial proximity of this site to a stretch of hydrophobic
residues unusually exposed to the solvent (Tyr-29, Val-
30, Tyr-45, and Tyr-50) (Fig. 1A) was suggested to be
of functional importance, since these two groups of resi-
dues could constitute a phospholipid binding site (22,
30). To test that structure-based prediction of function,
we have examined the effect of AFP on lipid structures.
The protein interacts with phospholipid vesicles. AFP
produces aggregation of large unilamellar vesicles of
the acidic phospholipid DMPS. Addition of the protein
to a vesicle suspension promotes an increase of appar-
ent absorbance at 360 nm related to the formation of
enlarged structures (vesicle aggregation). The process

FIG. 2. Variation of the absorbance at 360 nm (DA360) of a suspen-is completed at about 45 min at the lowest protein con-
sion of DMPS vesicles promoted by the addition of different amountscentration tested (data not shown). A plot of the ab-
of AFP (nmol). Data correspond to the absorbance variation deter-sorbance variation at the equilibrium versus the pro- mined after 45 min of incubation at 427C. The total amount of phos-

tein concentration is given in Fig. 2. The maximum pholipid present in each assay is 28.5 nmol. Samples are in 50 mM

Mops buffer, pH 7.0, containing 0.1 M NaCl and 1 mM EDTA.variation is observed at a DMPS/AFP molar ratio of
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may be responsible for this interaction. The functional on the presence of six tyrosines as single chromophores
in the chemically modified protein.relevance of this motif was suggested on the basis of

its similarity with the phospholipid binding site in The fluorescence emission spectrum of AFP for exci-
tation at 275 nm is given in Fig. 3B. A broad emissioncardiotoxins and small-size, basic, and disulfide-rich

proteins (30). Nevertheless, the actual role of this puta- band centered at 303 nm is observed, as it would corre-
spond to tyrosine fluorophores, since it is well knowntive phospholipid binding site in the antifungal activity

of AFP must await further characterization of its inter- that the position of the tyrosine emission maximum
is not very sensitive to changes in the environmentaction with lipid vesicles, as this could result from an

unspecific interaction due to the surface positive charge polarity. In addition, no emission was observed upon
excitation at 295 nm. The relative quantum yield ofof the protein. In the same context, it would be interest-

ing to search for such a structural motif, the putative the protein is 0.07, based on that of free L-tyrosine
under the same conditions. The fluorescence emissionphospholipid binding site, in other basic, small-size,

disulfide-rich, antifungal proteins, whose biological ac- of RC-AFP is 1.7-fold higher than that of the native
protein. This indicates the existence of a strong struc-tivity is not always well known at the molecular level.
tural quenching within the native protein, as for most
proteins. In fact, amine or carboxyl groups and peptideProtease Degradation of AFP
bonds near tyrosine residues are known quenchers forThe structure of AFP can be described as a small and these fluorophores. In regard to this, Table II summa-compact b-barrel (21). We have studied the effect of rizes selected neighboring groups to the tyrosine resi-the protein compactness on the potential degradation dues in the three-dimensional structure of AFP thatby proteases. Native AFP is highly resistant to proteol- can be involved in hydrogen bonding or proton transferysis. Under nondenaturing conditions and at 377C, from the phenol group and consequently in tyrosinethere is no degradation by SV-8 protease, trypsin, pep- fluorescence quenching. The potential effects of thesesin, or thermolysin, although very extreme conditions groups would be diminished upon protein denatur-were used in some cases. Pronase treatment only pro- ation, the effect that reduction and carboxyamidometh-duces a partial degradation. Proteinase K degrades the ylation promote in AFP (see below).AFP molecule, but the resulting peptides remain bound The near uv circular dichroism spectrum of AFP isby the disulfide bridges. In fact, the reverse-phase chro- given in Fig. 4B. An ellipticity maximum is observedmatography HPLC pattern of the proteinase K-treated at about 280 nm, and an extreme value appears at 253AFP in the absence of a reducing agent is identical to nm. Although there are not patterns for protein CDthat of native AFP. This is corroborated by SDS–PAGE spectra in the near uv region, the obtained result mightof the digested protein treated with 5% 2-mercaptoeth- be expected based on the absorbance properties of tyro-anol. These data indicate that the compactness of the sines and disulfide bridges, the main chromophores ofmolecule results in a relevant resistance to proteolysis. AFP in this spectral region. The positive contributionThis fact would enable AFP to ‘‘survive’’ in extracellu- arises from tyrosine residues, whereas the negative islar media where the presence of proteases is rather due to the disulfide bridges.frequent. Inspection of the far uv CD spectrum of AFP revealsReduced and carboxyamidomethylated AFP (RC- an anomalous shape (Fig. 4A). It is dominated by aAFP) is readily degraded under the above indicated maximum centered at 230 nm (6000 degree 1 cm2 1conditions. This suggests that the compactness of the dmol01 mean residue weight ellipticity). Reduction andAFP molecule is dependent on the integrity of the disul- carboxyamidomethylation of AFP abolish the positivefide bridges and other tertiary noncovalent connectivi- contribution at 230 nm (Fig. 4A), indicating that thisties that are disrupted upon reduction of these bonds. band is related to the native protein conformation. Pos-The remaining native interactions are not enough to itive bands in this wavelength range, with similar val-preserve the protein against proteolysis. ues to those observed for AFP, are rather infrequent,
although the N-acetyl-ethyl ester of L-Tyr also shows

Spectroscopical Characterization of AFP a positive band in this region (Fig. 4C) and some other
proteins exhibit strong positive dichroic bands in thisThe uv absorbance spectrum of AFP is given in Fig.

3A. It shows a maximum at 276 nm and a shoulder at region which have been attributed to tyrosine side
chains (AFP lacks Trp residues) (31–34). Clustering ofabout 283 nm, typical features of tyrosine chromo-

phores. The E0.1% (1 cm) at 278 nm is 1.76. The theoreti- Tyr and Phe side chains has been already suggested
as an explanation for unusual far uv CD spectra, partic-cal value, calculated on the basis of the protein chromo-

phores at this wavelength (six tyrosines and four ularly in systems with low amounts of a-helical struc-
ture (35, 36). In fact, the a-helix CD spectrum is charac-disulfide bridges) is 1.49. Reduction and carboxyamido-

methylation of AFP decrease the E0.1% value to 1.37, in terized by strong negative ellipticity bands around
210–225 nm that mask the potential contribution ofcloser agreement with the calculated value (1.39) based
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FIG. 3. (A) Absorbance spectrum of AFP in 50 mM Mops buffer, pH 7.0, containing 0.1 M NaCl. The protein concentration was 0.17 mg/
ml. (B) Fluorescence emission spectrum in the same buffer at 0.026 mg/ml protein concentration. The excitation wavelength was 275 nm.
The fluorescence values are expressed in arbitrary units.

aromatic side chains, which does not occur for other mation-sensitive amide I* band of AFP has been stud-
ied (Fig. 5). However, formal analysis is also hamperedsecondary structure contributions. Inspection of the

three-dimensional structure of AFP (21) reveals that by the low hydrogen–deuterium exchange that exhib-
its AFP. Within the 49 backbone amide protons of AFP,Tyr-3, Tyr-16, and Phe-42 are in close proximity (Fig.

1B), and AFP lacks a-helix (53% b-structure, 39% 25 can be considered as slow exchanges (remaining
after 48 h in deuterated buffer) (21). In fact, 40% of theturns, and 8% random) (21). Therefore, the far uv CD

spectrum of AFP could be modified by a positive contri- initial amide II band (1600 to 1520 cm01) is still ob-
served after 48 h of dissolving the protein in deuteratedbution from the tyrosine residues of the protein. This

would be corroborated by the effect of pH on the posi- buffer (data not shown). Differentiation of the contribu-
tions of a-helix and unordered structures is not possi-tive band at 230 nm (Fig. 6B). Increase of pH results

in a red-shift of the positive band, which is related to ble, but 30% b-sheet and 17% low-frequency b-sheet
(53% b-structure is deduced from the NMR experi-the ionization of tyrosine residues (see below). Thus,

although the use of the far uv CD spectra of proteins ments (21)) are deduced for AFP.
Finally, no conformational changes have been ob-to evaluate their secondary structure is well known, in

this case the analysis is hampered by the Tyr contribu- served by FTIR in the 25–707C temperature range.
In addition, thermal transitions are not detected bytion. Infrared spectroscopy could be used. The confor-
differential scanning calorimetry in the 25–807C tem-
perature range (data not shown). Thus, AFP exhibits
a remarkably high denaturation temperature.TABLE II

Potential Quencher Groups (Amines, Carboxylates, and
Peptide Bonds) Located at about 3–4 Angstroms pH-Dependent Conformational Transitions in AFP

from Each Tyrosine Residue in AFP
AFP is revealed as a resistant molecule against heat-

ing and proteolysis. We have also studied the pH-in-Tyr-3 Ala-18/Gln-19 peptide bond
duced conformational transitions of AFP. These haveGln-19/Ser-20 peptide bond

Tyr-8 e-H3N/-Lys-15 been analyzed by absorbance, fluorescence emission,
g-COO0-Asp-36 and CD measurements (Fig. 6). As it can be clearly

Tyr-16 Thr-23/Ala-24 peptide bond seen from Fig. 6A, and according to the spectroscopicAla-24/Ile-25 peptide bond
properties examined, the protein is under the nativeTyr-29 None

Tyr-45 a-H3N/-Ala-1 conformation, at least, in the range pH 3 to pH 8. The
Ala-1/Thr-2 peptide bond six tyrosine residues of AFP are titrated in the 9–13

Tyr-50 g-COO0-Asp-43 pH range (Fig. 6A). The absorbance increase at 295
nm due to the tyrosinate groups resulting from theNote. These residues have been selected from the atomic coordi-
ionization of the tyrosyl side chains at basic pH is ex-nates of AFP (ident code 1AFP, Protein Data Bank, Brookhaven

National Laboratory). tended from pH 9 to pH 13. The pK value of the phenolic
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FIG. 4. (A) Far uv CD spectra of AFP (—) and RC-AFP (---). (B) Near uv CD spectrum of AFP. (C) Far uv CD spectrum of N-acetyl-L-
tyrosine ethyl ester. Ellipticity values (U) are expressed in units of degree 1 cm2 1 dmol01 of amino acid residue.

group of free tyrosine is about 10, this value being in- two groups: Tyr-3, Tyr-8, and Tyr-16, with accessibility
values of 13–25%, and Tyr-29, Tyr-45, and Tyr-50, withcreased for buried residues. The obtained plot suggests

a different degree of solvent accessibility for the Tyr solvent accessibilities of 35–43%. Therefore, the first
group would account for tyrosines titrated at higherresidues in AFP. It may be adjusted to a biphasic plot

with pK values of about 10 and 12. Each stage would pH, whereas the second group for those ionized at
lower pH.correspond to the titration of three tyrosine residues,

exposed (pK around 10) and buried (pK around 12), Increase of pH results in a decreased fluorescence
intensity at 303 nm, which is accompanied by a parallelrespectively. According to their average relative sol-

vent accessible surface estimated from the NMR data increase of fluorescence emission at about 340 nm (data
not shown). This latter emission is due to the tyrosinate(21), the tyrosine residues of AFP can be divided in
(ionized tyrosine) residues and exhibits a very low
quantum yield. Inspection of the variation of the fluo-
rescence emission of AFP reveals that less than 10%
of the fluorescence intensity at 303 nm remains at pH
higher than 11 (Fig. 6A). At pH 11, about three Tyr
residues remain untitrated according to the variation
of absorbance at 295 nm. This might indicate that most
of the fluorescence emission of AFP is due to the ex-
posed tyrosine residues, those titrated with a lower pK
value, the internal residues being quenched by protein
groups.

The increase of pH also promotes modifications of
the CD spectra of AFP (Fig. 6A). The ellipticity at 230
nm exhibits a broad transition extended from pH 9 to
the highest pH studied. However, this does not seem
to be an unfolding transition as deduced from the over-
all CD spectrum at basic pH (Fig. 6B). The characteris-

FIG. 5. Infrared spectrum in the amide I* region of AFP after 12 tic positive CD band at 230 nm is shifted toward 245h of hydrogen–deuterium exchange (a) and Fourier self-deconvoluted
nm due to the ionization of the tyrosyl residues, butspectrum with a resolution enhancement factor of 2 and a lorentzian

band full width at half height of 30 cm01 (b). the characteristic negative contribution around 200 nm
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FIG. 6. Spectroscopic study of the pH-induced conformational transitions of AFP. (A) Fluorescence at 303 nm (F303) (l) in arbitrary units
(the same as in Fig. 2B) for excitation at 275 nm; tyrosinate to protein molar ratio (R) (m), deduced from the absorbance at 295 nm; variation
of the ellipticity at 230 nm (U230) (h), expressed in units of degree 1 cm2 1 dmol01. (B) Far uv CD spectra of AFP at the indicated pH
values.
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8. Bruix, M., Jiménez, M. A., Santoro, J., González, C., Colilla,Since the transition observed by CD measurements at F. J., Méndez, E., and Rico, M. (1993) Biochemistry 32, 715–
230 nm is extended throughout the overall pH range 724.
corresponding to the ionization of the Tyr residues of 9. Teeter, M. M., Mazer, J. A., and L’Italien, J. J. (1981) Biochemis-
AFP, all the tyrosine residues of the molecule would try 20, 5437–5443.
be involved in the protein CD signal at this wavelength. 10. Bloch, C., and Richardson, J. S. (1991) FEBS Lett. 279, 101–

104.In the acid pH region, a transition is observed at
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