Biophysical Journal Volume 75 October 1998 1953-1963 1953

The Active Site Structure of Tetanus Neurotoxin Resolved by Multiple
Scattering Analysis in X-Ray Absorption Spectroscopy

C. Meneghini*$" and S. Morante®®

*Laboratori Nazionali di Frascati INFN, 00044 Frascati, Italy; #Dipartimento di Fisica, Universita di Roma Tor Vergata, 00133 Rome, ltaly;
S|stituto Nazionale di Fisica della Materia Sezione B, Unita di Roma Tor Vergata, Rome, ltaly; and Yistituto Nazionale di Fisica della
Materia, European Synchrotron Radiation Facility, Grenoble, France

ABSTRACT A detailed study of the x-ray absorption spectrum of tetanus neurotoxin in the K-edge EXAFS region of the zinc
absorber is presented that allows the complete identification of the amino acid residues coordinated to the zinc active site.
A very satisfactory interpretation of the experimental data can be given if multiple scattering contributions are included in the
analysis. Comparing the absorption spectrum of tetanus neurotoxin to that of two other structurally similar zinc-endopepti-
dases, thermolysin and astacin, in which the zinc coordination mode is known from crystallographic data, we conclude that
in tetanus neurotoxin, besides a water molecule, zinc is coordinated to two histidines and a tyrosine.

INTRODUCTION

Tetanus neurotoxin (TeNT), together with botulinum, is the Starting in the early 1970s (Sayers et al., 1971; Stern,
most powerful known natural toxin. In both cases the toxin1974), detailed studies of the EXAFS high-energy region
is known (Montecucco and Schiavo, 1994; Simpson, 1989)ed to the resolution of the near structure around the ab-
to be the sole cause of the associated devastating diseassstber in many interesting cases in the field of condensed
tetanus and botulism, respectively. TeNT and the sevematter, chemistry, and biology with, however, the limitation
known different serotypes of botulinum have recently beerthat light atoms (like oxygen, carbon, and nitrogen) are
shown to belong to the wider class of zinc-endopeptidasegther difficult to distinguish from one another, because of
(Montecucco and Schiavo, 1993; Schiavo et al., 1992b). Ashe strong similarity of their back-scattering amplitudes and
their potency is mainly due to their very high degree ofphase shifts (Teo and Joy, 1981; Koningsberger and Prins,
neurospecificity (Schiavo et al., 1992a), many efforts havel988). As a result, when this spectroscopic technique was
been spent, in the last few years, in the attempt to charadried on biological systems, the simple treatment of the
terize the structure of the zinc (Zn) active site (Minton, EXAFS signal, in terms of single scattering events only,
1995; Lebeda and Olson, 1994). The understanding of inturned out to be insufficiently refined to allow the identifi-
tracellular activity can, in fact, throw light on the molecular cation of the amino acid residues coordinated to the metal in
origin of the disease and help researchers substantially ia metalloprotein, because the atom through which amino
their efforts to devise new, more effective therapeutic stratacids are bound to the metal (with the only exception of
egies. In particular, to clarify the molecular basis of TeNT cysteine) is always a light one.
pathogenesis, it is necessary to arrive at the identification of Soon after the work of Lee and Pendry (1975) and Ashley
the amino acid residues primarily bound (coordinated) tcand Doniach (1975), new theoretical developments (Ben-
Zn. fatto et al., 1986; Gurman et al., 1986; Fonda, 1992) have
X-ray absorption spectroscopy (XAS) is the ideal tool for allowed the inclusion of multiple scattering (MS) contribu-
selectively probing the local structure of a specific photo-tions in the analysis of XAS data, leading to a much better
absorber embedded in a medium, whether solid, liquid, ounderstanding of both the EXAFS and the near edge
gas, even at very low concentration (as is often the case i(XANES) signals.
instances of biological relevance). Information on the number, the type, and the geometrical
At sufficiently high energies above threshold, the x-rayarrangement around the absorber of nearby and more distant
absorption spectrum presents oscillations (extended x-ragcattering centers (Strange et al., 1987; Bianconi et al.,
absorption fine structure, EXAFS) that are characteristic 0fLl987; Filipponi et al., 1989; Zhang et al., 1997, and refer-
the local structure around the absorber (Lee et al., 1981; Teences therein) can be obtained by fits to experimental data
and Joy, 1981; Koningsberger and Prins, 1988). that also include MS contributions. If a certain amount of
further structural indications about the atomic environment
around the absorber is available (e.g., from crystallographic
data on similar compounds, from chemical or mutagenesis

. - - T experiments, etc.), it may be possible to arrive at a clear-cut
Address reprint requests to Dr. Silvia Morante, Dipartimento di FISICa‘identification of the amino acids coordinated to the metal in
Universitadegli Studi di Roma Tor Vergata, Via della Ricerca Scientifica,

00133 Rome, ltaly. Tel.+39-6-72594554; Fax+39-6-2023507; E-mail:  the active site.

morante@roma2.infn.it. Recently (Morante et al., 1996) the x-ray absorption
© 1998 by the Biophysical Society spectra of TeNT and of three related Zn-endopeptidases,
0006-3495/98/10/1953/11  $2.00 two astacin-like enzymes (astacin and alkaline protease),

Received for publication 4 February 1998 and in final form 8 June 1998.



1954 Biophysical Journal Volume 75 October 1998

and thermolysin have been measured. Unlike the cases ef intense focal spot on the sample, whose siz2 ifim) is kept constant
thermolysin (Matthews et al., 1972), astacin (Bode et a|_ldur_ing_each scan. The incident photon flux, is measured witr_l an
1992), and alkaline protease (Baumann et al., 1993), ther’ g'zsitl'iglf;?zlg&g:d the fluorescence photgnsre recorded with a
are no crystallographic data available for TeNT. TeNT We collected five thermolysin spectra and six astacin spectra for a total
experimental spectra were analyzed in the single scatteringtegration time of~100 s/point and 200 s/point, respectively. Somewhat
approximation, and compared with the spectra of the threé@wer statistics were collected in the case of thermolysin, because this
other structurally similar Zn-endopeptidases. From thistnzyme ur?dergoes an aL_Jtodigestive process at room temperature,_which we
comparative study, a new pattern of Zn coordination mod@ave continuously monitored e_md _av0|ded by frequently renewing the
. . . Sample. As a result, thermolysin single runs could not be too long. To
in TeNT was suggested (Morante et al., 1996) in Wh'Ch’improve the counting statistics, the experimental absorption signal on each
besides a water molecule and two histidines, a tyrosine isample was defined as

taken as a fourth Zn ligand. The possibility, however, of

having Zn pentacoordinated with the inclusion of a glutamic 1 2 19E)

acid could not be excluded. Havs(E) = m 2 19(E) @)

The aim of this paper is to clarify the issue by unambig- =1 e
uously identifying the amino acids coordinated to Zn inwnere the sum is over ther repeated measurements. All of the spectra
TeNT from a careful discussion of the contributions of were collected in the incident photon energy raige 9510-10150 eV.
scatterings from atoms at distances from the absorber larger The Zn EXAFS spectra of TeNT used in this paper are those collected
than the first coordination shell, where MS events cannot b t the X-19 beamllne_ at the National Synchrotron Light (NSL) source of
. . . . . the Brookhaven National Laboratory (Morante et al., 1996). Data were
ignored. This analysis leads to the conclusion that Zn 'Rufficiently accurate for the purpose of the analysis presented here.
tetracoordinated, as first tentatively suggested by Morante
et al. (1996).

To decode the large amount of structural informationDATA ANALYSIS
contained in MS patterns, experimental data with a veryin XAS experimental settings, the incident photon energy
good signal-to-noise ratio on model compounds are alsenust be sufficiently large to excite inner-shell electrons
required. We then repeated the EXAFS measurements dfifom the absorbing atoms with consequent sharp steps in the
thermolysin and astacin. The results of the fits performed ombsorption intensity, as the x-ray energy is increased
these two structurally known enzymes are in very goocthrough an inner-shell ionization threshold.
agreement with the structural configurations that emerge The EXAFS region of the spectrum is characterized by a
from crystallographic data, making us confident about theseries of gentle oscillations that may be interpreted in terms
reliability of the results we obtain in the structurally un- of the scattering of the excited photoelectrons by the neigh-
known case of TeNT. boring atoms (Lee et al., 1981; Teo and Joy, 1981; Kon-

ingsberger and Prins, 1988). The resulting interference of
the reflected electron waves with the photo-electron spher-
MATERIALS AND METHODS ical wave leaving the absorber leads to the observed mod-
Astacin was isolated from the European freshwater crayfistacus asta- ulation of the signal.
cus L, according to the method developed by Zwilling and Neurath (1981). The EXAFS structural signg{(k) is defined as the rela-
Zn(ll)-Astacin was prepared starting with the Zn free apo-enzyme, whichtive deviation of the measured absorption coefficigo,

was then dialyzed versus a 0.1 M buffered solution of Zn sulfate. The finaI(Eq. 1) with respect to the atomic absorption cross section
astacin concentration, in 0.02 M Na/HEPES buffer at pH 8.1, was 0.6 mM. of the edge under consideration:

(We thank Dr. W. Stoker for preparing the sample.) Thermolysin was Ko

obtained starting from a commercial Sigma preparation, which was further m (k) - (k)
purified by the recrystallization method described by Matsubara (1970). X(k) _ PAbs\Y. POV (2)
The sample (25 mg) was suspended in 1 ml of ice-cold 0.02 M Ca-acetate, P«o(k)

pH 7.0, and the pH of the suspension was then adjusted to 11.5 by drOpWi%here

addition of 0.2 M NaOH. After a brief centrifugation to remove possible

residual precipitates, the pH of the solution was adjusted to 8.9 with 0.2 M 72m(Ei—EO)

CH;COOH (acidic acid), and the solution was left overnight in an ice bath. _\N (3)
Crystals were then collected by centrifugation (9000 rpm for 10 min) and h

resuspendedi5 M NaBr, 0.01 M Ca-acetate, 0.05 M Tris-Cl, pH 7.5. The .

final protein concentration, determined using a molar extinction coefficient!S the modulus of the wave vector of the photoelectron and
of 66,300 at 280 nm, was 0.84 mM. (We thank Dr. L. Castellani for Eg is the origin of its kinetic energy.

preparing the sample.) In the single scattering approximatiof(k) can be ex-

New XAS measurements on astacin and thermolysin were performed afSressed in terms of structural parameters through the formula
the D8 GILDA (General Italian Line for Diffraction and Absorption) CRG

beam-line at the European Synchrotron Radiation Facility (ESRF) in Ng

Grenoble. Spectra were recorded in fluorescence geometry at room tem¢(k) = >, () Fs(k)

perature. At this temperature both samples were liquid and were held in a s k S

3.0-mm-thick aluminum sample holder with>6 15 mn¥ kapton windows. (4)

Beam energy was defined using a Si(311) double crystal, sagittal focusing, 2Rxs\ .
and a monochromator (Pascarelli et al., 1996). The dynamical sagittal exp(—2k2a4s)exp A SIM2KRas + da5(K)]
focusing concentrates the 4 mrad of horizontal source divergence to obtain
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valid in the EXAFS region, i.e., for large valueslofin Eq.  coefficient as a sum of normalizedbody irreducible pho-

4, Ng is the number of scatterers of type S located at aoelectron cross sections,/a,, Which are then evaluated in
distanceR,g from the absorber, A. Scatterers are assumederms of quantum mechanical scattering amplitudes. Irre-
to have a Gaussian spatial distribution around their equilibducible n-body cross sectionsry,, are iteratively defined,
rium position with mean square root deviation (widt)s. starting from the 2-body case, in terms of tiidody com-
F<(K) is the modulus of the back-scattering amplitude, andplete cross sections;, via the equations

das(K) is the total scattering phaség(K) is the sum of two

terms: twice the phase of the central atom and the phase of 0i(A; 1) = a(A; 1) — ag(A)

the scattering atom.) The exponential eXR(YA(k)) takes oA 1,29 =0(A 1,2~ oA D) — 0i(A 2) — aolA)
into account the finiteness of both the mean free path of the :

photoelectron and the core-hole life time, and kills contri- oA L2...9=0A1L12....9

butions from distant atoms. = Zogis s 9O A L L isg) T
The analysis of the EXAFS data in the single scattering ~ — Zcsiy0i(A; i1) — 0o(A)
approximation is now a well-established method in the ()

situation in which the relevant scattering centers are not toQare as before. A stands for the absorber (central) atom

distant from the absorber (less than 3 A; Lee et al., 19814 the indices 1, 2,... S label the scattering centers

Teo and Joy, 1981; Koningsberger and Prins, 1988). Bep, e in the processr, is the total atomic cross section,
yond this dlstance, MS'contrlb.utlor?s become |r'nport.ant anqmdzcs(il __pyrepresents the sum over all possible choices
may compete in magnitude with single scattering signals. ¢ | intege“rs '(ranging from 1 t8) out of S

The importance of including MS contributions to provide 1o complete cross section may be obtained, by inverting
a reliable and more accurate theoretical basis for EXAFSEq. 5, from the formula

data analysis in biological samples has been emphasized in

the study of metal-bonded imidazole complexes (Bunker etr(A; 1, 2, . .. ,S) = 0o(A) + Zciyoi(A; iy)

al., 1982; Blackburn et al., 1983), where MS contributions o

are strongly enhanced by the focusing effect coming from + Zegininoi(A Ty i) + - - - (6)

the nearly colinear configuration formed by the absorber in . . )

association with the nitrogen and the carbon of the imida- T s oA i) oA L 2,09

zole ring. The quantity of interest is the ratio
This study has for the first time allowed the identification

of an histidine residue, as one of the amino acids bound to _oAL,2,...,9 — oA

the metal absorber in proteins (Strange et al., 1987). XAL2,....9 = oo(A) )
In view of the large amount of information encoded in ) o

principle in the MS contributions to XAS (type, number, INtroducing the definition

and geometrical arrangement of distant atoms), a great deal o(AQ, i)

of theoretical effort has been spent in recent years to accu- YOA iy, i) = — (8)

rately describe and interpret MS processes (Benfatto et al., o(A)

1986; Gurman et al., 1986; Fonda, 1992). x is finally expressed as a sum of “normalized®body

In this paper we rely on the theoretical approach develjredqucible contributions,
oped in the papers of Benfatto et al. (1986) and Filipponi et
al. (1995a), which has been fully implemented in the freelyx(A; 1,2,...,9 = > 2@+ > ¥ +...
available GNXAS package (Filipponi et al., 1995b). Cs(iv) C(inia) 9)
The distinctive featureg of the treatment of Filipponi et al. N DR VC)
(1995a) can be summarized as follows. 1) The usual MS ey
expansion (Benfatto et al., 1986) (of which the expression in T
Eq. 4 is the first term) is replaced by an equivalent expanwhere, for short, the argument of the quantitig® is
sion in terms of irreducible-body signalsy™ (see below). understood.
The reason for this choice is that the latter expansion can be The approach implemented in the GNXAS package is
proved to have better convergence properties, because aompletely self-contained and allows the computation of the
each term infinitely many MS contributions are automati-theoretical model sighaj, starting from a given geomet-
cally summed up. 2) The effect of including MS events isrical atomic configuration around the absorber (cluster). By
consistently taken into account over the whole XAS, includ-comparison with experimental data, the model signal is then
ing the EXAFS region. subjected to a refinement procedure (fit), obtained by vary-
For the reader’s convenience, we briefly recall here theng the structural parameters, defining the geometry of the
main conceptual points of the approach we will follow andcluster, around the starting values assumed by them in the
collect some useful formulae. initial configuration. In principle, changes of the geometry
The novelty of the theoretical treatment advocated byduring the refinement procedure may affect the model po-
Filipponi et al. (1995a) consists of expressing the absorptiotential and through it the form and the expression of the
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back-scattering amplitudes and of the associated phadisted above are independent of ones entering in the two-
shifts. It will be assumed that the starting structural model isbody configurations, afk,s; and the corresponding DW
sufficiently close to the “real” situation, so that geometricalwidth have already appeared in two-body configurations.
changes during the minimization will not affect back-scat-This means that for each independent three-body contribu-
tering amplitudes and phase shifts, which will then be calcution, only five new free parameters need to be introduced in
lated once and for all at the beginning of the simulation. the simulation.

Given a defined structural model around the absorber, the The geometry of the four-body configurations is com-
program starts by selecting the so-called prototypical atomgletely fixed by the parameters already considered in the
i.e., the scatterers that within a given tolerance differ fromtwo- and three-body configurations contained in it, except
each other in atomic number, types of neighbors, and disfor its multiplicity. The latter cannot be deduced from
tances from the absorber, and build, the inequivalent two-gonfigurations with lower number of atoms. In fact, because
three-, and four-body photoelectron pathways (sometimesf the large distance from the absorber of some of the atoms
called peaks) with which corresponding two-, three-, andnvolved in the signalN cannot simply be taken as a
four-body contributionsy®®, ¥, andy¥, are associated. number representing the degeneracy of the configuration
(Higher order contributions are negligibly small in all cases(i.€., number of configurations with similar structural pa-
we have examined.) These are listed in an output table. Irameters), but rather must be taken as an effective parameter
general, mostly in the case of disordered systems, the nunthat should also account, at least partially, for the nonneg-
ber of different peaks identified with this procedure is ligible mobility (“disorder”) of the configuration.

impossibly large. To reduce their numbef?”'s with sim- Once the relevant-body signals have been selected, the
ilar leading frequencies are grouped together in a singléimulated signal is built by summing up, one after the other,
term, weighted by an effective multiplicity factor. the various contributions, starting from the largest ones. At

Taking into account the geometrical relationships exist-each step of this summation, a fit is performed.
ing among two-, three-, and four-body configurations, one The sum will be stopped, and the remaining contributions
can easily count the number of independent parameterdeglected, when a sufficiently good agreement of the sim-

appearing in the phenomenological formula for the absorpulated signal with experimental data is obtained, provided
tion coefficient, which will have to be varied during the also that the values of the parameters are in reasonable

minimization to fit the experimental data. agreement with the assumed overall geometric arrangement.
We describe below the number and type of parameters on Model clusters of astacin and thermolysin around the
which the variousy's are actually depending. The atoms metal were built using the atomic coordinates extracted
involved in a two-body configuration are the absorber, A,from crystallographic data (Mattews et al., 1972; Bode et
pletely described when the distandR,s;, between the structures coming from 3D diffraction measurements on
absorber and the scatterer, the type of scatterer, and tiséystals and that seen in experiments on samples in solution
multiplicity, N, of the configuration are given together with '€ expected. In fact, in diluted samples the long-range
a specific form of the Debye-Waller (DW) factor, that takes order constraints typical of the crystalline state are lost, and
into account all possible (static and/or dynamic) fluctuationdn® molecular structure relaxes in a more disordered state.
of the scatterer position with respect to the absorber. Wd € tolerance interval must be sufficiently large to incor-

used a Gaussian distribution characterized by a single p&crate this effect) _
rameter, the widthry,,. Within a cutoff distance of~4.5 A, the Zn thermolysin

One could think of improving the quality of the fit by cluster includes 15 scatterers, related to the two histidines,
introducing an extra parameteg, (in the notation of Filip- the glutamic acid, and the water molecule coordinated to the

poni et al., 1995a) to describe the possible asymmetry of thA'€t@l- More in detail, we have 10 atoms from the imidazole

bond length distribution function. However, probably be- rings of the two histidines, four from the qutam_lc acid, anc_i

cause of both the limited extention of tkeange of our data one from the water molecule. The _Zq estacm cluster IS

and the strong correlation betweBR; and3, the 2 of the formed by 20 atoms from the three histidines, the tyrosine,
I ’ A .

fit turned out to be practically insensitive to the inclusion of and the water molecule coordlr)atled 0 the_metal. In this case

B, to the point that it was impossible to determine theWe have 15 atoms from the imidazole rings of the three

skewness of the distribution, even for the first shell data. histidines, four from the tyrosine, and one from the water

In three-body configurations, where beside the absorbepoleculle._T.he spemflc atoms belon'glng'to th? Zn-coordi-
two different scatterers§ andS, are involved, the atomic _nated h'SF'dme’ tyrosine, and glutamic a_md re5|dues that are
geometry can be described in terms of the lengths of the th‘ClLJded in the two clusters are shown in Fig. 1.

“short” bonds,R,s; andRg;g; and the angle between them,

fasisi The nonindependerR,g; distance (withR,g; > RESULTS

Rasi) is usually referred as the “long” bond. The DW Model compounds

widths, associated with the “short” bonds and the angle
between them, and the multiplicity of the configuration The spectra of the two structurally known Zn-endopepti-
must also be given. Obviously, not all of the parameterddases, thermolysin and astacin, have been measured and
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FIGURE 1 Sketch of the atomic Histidine Tyrosine Glutamic Acid
structure of the three types of amino (H) (Y) (E)

acidic residues (histidine, glutamic
acid, and tyrosine) bound to the Zn
active site. The figure shows the atoms v el
that have been considered in the con-
struction of the various clusters. Atoms Zn N Cg €2
are labeled according to the Protein 7n (O

Data Bank conventions.

fitted with the twofold purpose 1) of testing the ability of the is plotted againsk.

present MS phenomenological analysis to recognize the The values of the parameters, reported in Tables 1, 2, and
nature of the amino acid residues that are bound to the met8l are obtained by minimizing the quantity

absorber in a protein; 2) of establishing a correspondence )

between certain general properties of MS signals and the R= M Zlpexe(k) = prn(k) (11)
amino acid residues from which they originate. This specific M=P S (pexp(K)?

information will be crucial to obtaining a sufficiently good
and significative fit when dealing with structurally unknown
compounds, as in the case of TeNT, which is of interes
here.

where the sum is over tHd measured values &f andP is

the number of free parametersyig,,. The normalization of

R in Eqg. 11 is chosen so as to allow, if necessary, the
. . . comparison of different sets of experimental data. The best

In Fig. 2 we plot the raw spectra of thermolysin, astacin

- Jfit value of R, Re,,, and the expected valuBy,, defined as
and TeNT, where the absorbance coefficient (Eq. 1) i§pq yajye corresponding to a 95% confidence level (Filip-

p!otted versus the photoelectrgn energy expressed in e,l\_Eoni et al., 1995b), assuming th& is a x* distributed
Fig. 3 shows the results of the fit to thermolysin and astaci tatistical variable, are also given in the figure. Comparable

data. In panels, the independeng'™ contributions we have alues ofR,,, andR,, should be found for acceptably good

. . . . LV
included in the fit are reported separately, weighted withgis | Taple 1 we report the best fit values of the param-
their multiplicity factors. Six different contributions are eters of the two-body contributions{®. In the second

ngztiﬁd by the program for thermolysin, and seven foE:olumn we give the atoms identifying the photoelectron
a .

. athways of the various contributions. Next to each atom we
The independerny™ are summed up, and the total sim- P y

| ianal i ; q h . indicate, in parentheses, the amino acid residue to which
u ateq signa dotted |.ne), SUperimpose or)t € experimen- they belong. No special label has been given to the coordi-
tal points, is shown in panels. The experimental data as

; i itioli nated water oxygen. In the third, fourth, and fifth columns
well as the 5|mulatgd S|g.nals have beep mu tip |gd<l1y; we report the distance between the absorber and the scat-
compensate for their rapid decrease with increaking

: . X terer, Ry, the corresponding DW widthgp,,, and the
At the bottom of the figure the residual signal multipliéi?;/ of the configuration,N. The erroDrvs\;/ on all pa-
kxredK) = K(xexp(K) — xmu(K) (10)  rameters are on the last digit and are given in parentheses.

In the last three columns, numbers extracted from crys-
tallographic data are listed for comparison. The values re-
Habs ported in the sixth column are obtained by averaging the
a) crystallographic distances of tiNg, pairs of atoms listed in
the second column. The quantity we suggest to compare

b) with opyy is the standard deviation of the averaged atomic
\/W“/ distances. Standard deviations are reported in the seventh
c) column.

We see that XAS and crystallographic results show a
good overall degree of consistency. Minor discrepancies
should be attributed to the structural differences that cer-
tainly exist between the crystalline and the liquid phase of
the sample.

P T S B It should be noted that the DW widths attributed to the
9600 9800 10000 XAS parameters on the basis of the theoretical treatment we
E(eV) are using here account for both static and dynamic disorder.
On the other hand, the standard deviations computed from

FIGURE 2 Raw XAS data forg) thermolysin, b) astacin, and d) crystallographic data are only sensitive to §tatic disorder. As
TeNT. puaes(E) (see Eq. 1) is plotted against the photon energy, & consequence, when the scatterers are firmly bound to the
expressed in electronvolts. absorber (as in the case of the nearest covalently bonded

R
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Thermolysin Astacin
a) b) a) @ b)
7& Rop=2.4 107° % Regp=3.2 107°
Ry =2.3 107° @ Ry =2.8 107°

@
FIGURE 3 Results of the best fits on thermolysin \ﬁ,\,la*

(left) and astacinr{ght) data. @) n-body independent ~ — @

contributions considered in the fitbX The total simu- [ VO Total
lated signals dotted ling are superimposed on the ex- of:/ @

perimental points. At the bottom of pandlswe plot the — A

residual functions (see Eq. 10). The valuesgf, and 5 @

Ry are reported as a measure of the goodness of the fit. § /\/\/\sz—— Residual Residual
All curves and data points are multiplied by correspond- @

ing values of the photon momentukn(see text). \/\/\Nll—

JH[HH!HH’HH’H!\lvl‘rlulxlu!irlll\ll l||l’|||r’1m]||r\’mHlllr\vr‘lllw‘ulllvu

4 6 810 4 6 8 10 4 6 810 4 6 8 10

k (&71) k (871

atoms), the static disorder is dominant and the two param- In the last three columns the mean valuefRgf,, Oasis;
eters are almost identical. For more distant atoms, whicland the corresponding standard deviations, as obtained from
can move more freely with respect to the absorber, staticrystallographic data in the way explained before, are given
and dynamic contributions may lead to DW widths very for comparison. As before\, is the number of pathways
different from the corresponding crystallographic standardisted on the second column.
deviations. Because of the rapid convergence of thbody expan-
Table 2 shows the best fit values of the parameters of thsion, four-body contributions are usually not included in the
three-body contributionsy®®. The atoms involved in the theoretical formulae, except when four-body quasicolinear
three-body pathways are listed in the second column, and ioonfigurations are present, because in this case they are
the following four columns we report the lengths of the known to give rise to quite large contributions, comparable
short bond,Rg;s; (the Rygi's are the same as for thg®  with the three-body terms of the same path length (Black-
contributions); the anglé,g;s;, betweerR,s; andRg;s; the  burn et al., 1983). In thermolysin and astacin the Zn ab-
length of the so-called long bonR,,,; and the multiplicity ~ sorber is known to be coordinated to two or three histidine
factors,N. The DW widths are reported below the value of residues, respectively, by a nitrogen atom of the imidazole
the physical quantity they refer to. It should be recalled thating. Given the rigid geometry of the imidazole ring, two
the lengthR,,, and the associated DW width, given in the almost colinear pathways for each bound histidine are
seventh column, are not free parameters, but they are conalearly identified. In fact, as can be seen from the results
puted by the program in terms of the distances, angles, anegported in Fig. 3, four-body contributions turn out not to be
DW widths on which they depend. small and cannot be neglected, once three-body signals

TABLE 1 Values of the parameters entering in the two-body signals, y*?, plotted in Fig. 3

EXAFS X-ray diffraction
Atomic pathway Ras, (A) opw (A) N R A a (A Ny
Thermolysin
P Zn-N_, (H1, H2), Zn-Q, (E), Zn-O 1.98 (1) 0.084 (3) 3.6(2) 2.04 0.09 4
2 Zn-C,, (H1, H2), Zn-G;, (H1, H2), Zn-G (E), Zn-O,, (E) 3.05(3) 0.14 (1) 6.0 (5) 2.9 0.2 6
VP Zn-C,, (H1, H2), Zn-N,; (H1, H2), Zn-C, (E) 44 (1) 0.15 (2) 5.3 (5) 4.2 0.1 5
Astacin
P Zn-N_, (H1, H2, H3), Zn-O 1.98 (1) 0.087 (3) 4.0 (2) 2.07 0.07 4
) Zn-C_, (H1, H2), Zn-G, (H1, H2), Zn-Q,, (Y) 3.02 (3) 0.13 (1) 4.0 (5) 2.9 0.2 5
P Zn-C,, (H3), Zn-G, (H3), Zn-C, (Y) 3.32(5) 0.14 (2) 2.2 (5) 3.3 0.1 3
P Zn-C, (H1, H2, H3), Zn-N,, (H1, H2, H3), Zn-G, (Y) 4.4 (1) 0.15 (2) 6.1 (5) 4.2 0.1 7

Hi stands for histidine (1, 2, or 3), E for glutamic acid, and Y for tyrosine, and the oxygen belonging to the coordinated water molecule is lett.unlabele
The atoms are named after the Protein Data Bank conventions.
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TABLE 2 Three-body signals,

EXAFS X-ray diffraction
Rs,sj A 6Asig (deg) Riong A (Rong A <6AS§> (deg)
Atomic pathway oow (A opw (deg) oow (A N o (A) o (deg) Ny
Thermolysin
¥ Zn-N_,-Cs, (H1, H2), 1.30 (3) 129 (10) 2.97 6.0 (5) 2.9 123 6
Zn-N_,-C,, (H1, H2) 0.11 (1) 3(1) 0.13 0.2 9
Zn-0,,-C; (E)
Zn-O,,-0O,; (E)
¥ Zn-N_,-C, (H1, H2), 2.25 (6) 165 (5) 4.2 5.0 (5) 4.1 162 5
Zn-N_-N, (H1, H2), 0.13 (1) 3(1) 0.15 0.1 8
Zn-0,,-C, (E)
Astacin
Q) Zn-N_-C (H1, H2, H3) 1.30 (5) 128 (10) 2.96 5.4 (5) 2.9 126 6
Zn-N_,-C, (H1, H2, H3) 0.14 (1) 5 (1) 0.15 0.2 5
Q) Zn-N_,-C, (H1, H2, H3) 2.30 (6) 162 (5) 42 5.2 (5) 4.2 160 6
Zn-N_-Ng, (H1, H2, H3) 0.12 (1) 6 (1) 0.15 0.1 5

Same as Table 1.

involving the atoms of the imidazole ring have been in-the fit to XAS data. It should be stressed that our analysis
cluded in the fitting formula. has allowed a separate identification of the contributions
In Table 3 we list next to the name of the atoms involvedspecifically coming from the atoms belonging to the histi-
in the four-body contribution the length of the “long” bond, dines and the glutamic acid and of those coming from the
Rong With its DW width and multiplicity factor,N. The  oxygen of the water molecule. This observation will be
length of the bonds and the magnitude of the angles thamportant in the discussion of our fitting strategy in the case
define the geometry of the four-body pathways have beef TeNT.
taken either as being the same as those of lowest order As for the fit to astacin data, the first thing that may be
contributions ¢® and/ory®) or have held fixed to their noted is that multiplicities are systematically lower than
crystallographic values. As a consequence, the only newxpected from crystallography, even in the two-body con-
parameter of the four-body configurations is their multiplic- tributions in which multiplicities should coincide with co-
ity, N. In the last three columns we report the crystallo-ordination numbers (i.e., with the number of atoms at bind-
graphic mean values &, with its standard deviation and ing distances from the absorber), because in these signals
the number of atoms over which the average has been madgngle scattering events are dominant. This trend can be
We now wish to briefly comment on the quality of the fits explained by recalling that the fifth ligand of Zn in astacin,
and on the physical interpretation of the results we havéehe tyrosine residue, is hindered by steric constraints. In
found. fact, the tyrosine oxygen, &, which is assumed to be
Looking at Tables 1, 2, and 3, we conclude that in thecoordinated to the metal site, is found, by crystallographic
case of thermolysin there is a very good agreement betweatata, at a distance of 2.52 A, well beyond a standard Zn-O
the crystallographic parameters and the values we get frorooordination distance. Furthermore, as the distances of the

TABLE 3 Four-body signals, v

EXAFS X-Ray Diffraction
AtOmiC pathway RIong (A) Opw (A) N (Riong> (A) o (A) NX
Thermolysin
o Zn-N_,-C_-C_, (H1, H2 4.1 0.15 3.7 (5) 4.2 0.1 4
Yi 2"y la
Zn-N_-N5;-Cs, (H1, H2)
Astacin
D Zn-N_,-C_-C_, (H1, H2 4.1 0.09 3.9(5) 4.2 0.1 4
Yi 2y La

Zn-N_-Ng;-Cs, (H1, H2)

Same as Table 1.
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three histidines are smaller in average in a liquid than in &etanus neurotoxin

) . . .
crystal (see the data of th§” contributions in Table 1), the We start by giving a brief description of the strategy we

steric hindrance proplem (.)f the_ tyrosme IS stronger N Ol 1owed to fit the TeNT experimental data in light of the
case, as we are dealing with a liquid sample and not with a

: . . . experience we gained from fitting thermolysin and astacin
crystal, as in x-ray diffraction experiments. Consequently

h . idue. beina f q hat f h’EXAFS spectra.
the tyrosine residue, being forced to stay somewhat further i hamical (Schiavo et al.,

away from the metallic site, is less strongly bound to the Znyy s masaki et al., 1994) experiments clearly indicate that,
and can move more freely, thus increasing the “disorder” ofesiges water, two and only two histidines are coordinated
the configurations. Increasing the disorder gives rise t0 §q zn in TeNT. Furthermore, based on the single scattering
systematic lowering of the resulting values of coordinationgnalysis of the EXAFS region, it was argued by Morante et
numbers (Lee et al., 1981), as observed in the parameters gf, (1996) that the structure of the active site in TeNT was
the ¥® contributions. intermediate between that of thermolysin and that of astacin.
Another general remark about the astacin results is that Then the guestions that remain to be assessed are 1) the
four types of two-body signals were required in the fit, number (one or two) of further possible coordinated amino
instead of the three necessary in the thermolysin case. Thigids and 2) the nature (tyrosine and/or glutamic acid) of
is again due to the “crowding” of amino acids around Zn.these residues.
This circumstance, besides having the effect of pushing The results obtained by fitting thermolysin and astacin
away the tyrosine, also gives rise to a distortion of thedata have allowed a precise identification of the atomic
geometry of one of the three histidines, so that the differenpathways that give rise to the varioys™ signals. This
pathways initially generated by the program cannot bemneans, in practice, that we know for each amino acid
grouped into only three contributions. This follows from the residue bound to the absorber whigf’ signal contributes
fact that some atoms of the tyrosine and of the histidine aré® the EXAFS signal.
pushed at intermediate distances between the second shellGuided by the experimental indication that TeNT is struc-
(3 A) and the third one (4 A). This structural pattern istqrally not too different from thgrmolysin and ast.acin, we
clearly visible also in the crystallographic data. tried a fit to the TeNT data by using the sety$ previously
Concerning three-body terms, it appears from Table zdent[fled in fitting the. spectra of the two enzymes. Afterg
that in all of they® signals of the astacin, only the atoms certain number of trials, we ended up with the best fit

of the histidine residues are involved, whereas in thermoparameters shown in Table 4, which give rise to the curves

lysin atoms belonging to the glutamic acid also had to beshown in Fig. 4. The first thing to notice is the absence of

@) gj i i i
considered. The coordination number of the three-bod;‘/”1 fourth v;” signal, which was instead necessary to fit

. . o astacin data, as explained before. This immediately signals
signal is lower than the expected value (which is 6, as ther . : ;
A o at no particularly strong steric problems are experienced
are two contributing atoms from each histidine), thus sup-

porting the previous picture of one of the histidines being
somewhat distorted. TABLE 4 Values of the parameters entering in the two-,
We already remarked that thg® contributions have three- and four-body signals, v, ¥, and ¥, plotted in

been built using the values of the geometrical paramet e

1992a) and mutagenesis

coming from the lowest order contributions, the only new Two-body

parameter being the multiplicity. As expected (see the sec- Ras, (B) opw (A) N
ond column of Table 3), only the atoms of the histidine . 1.98 (1) 0.087 (3) 41(2)
residues are involved in the atomic pathways of the quasiy® 3.04 (5) 0.14 (1) 5.0 (5)
colinear four-body configurations contributing tg®. A % 44 (1) 015 (1) 6.0 (5)

final observation is that in the astacin case, no contribution

. . . RO o Three-body
is seen from the third coordinated histidine. This is con
firmed by. the consistenc;y of the crystallographic data on Rss (B)  Oass (ded)  Rong (B) oo (A) N
Riong Obtained by averaging only over the atoms of the two oow (B)  opw (deg)
undistorted histidines.
In conclusion, the quality of the fit we have obtained in ¢ 1.30(5)  129(8) 2.96 0.11 5.0 (5)
the case of both thermolysin and astacin, and the overall 0.09(1) 3 (1)
. . . &) 2.26 (5) 166 (8) 4.2 0.13 5.0 (5)
consistency we find between the XAS geometrical param- 0.10 (1) 5(1)
eters and the available crystallographic data, are extremely
encouraging and lead us to conclude that our refined MS Four-body
analysis has the potential of allowing the complete identi-
fication of the amino acid residues bound to an active Rong (A) opw  (A) N
metallic site, even in the case of structurally unknown
¥ 4.2 0.15 3.9(5)

metalloproteins.
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TeNT TABLE 5 Multiplicity factors
) . - AR R O
Rop=3:1 10 2H+ 0 3 4 4 4 4 4
@ Ry, =3.9 107° Enear 1 2 1 1 1 0
% Erar 0 1 2 0 1 0
—~ ® Y near 1 1 2 1 1 0
| S Yiar 0 1 1 0 1 0
o< Total
~ 7@ S 2H+ O + Eqear 4 6 5 5 5 4
1 J 7
= /\P/W** 2H+ O+ Y, o 4 5 6 5 5 4
= 7 2H+ O+ Epeart Yiar 4 7 6 5 6 4
- /\/\/\/V\’W_ Residual 2H+ O+ Efar + Ynea\r 4 6 8 5 6 4
7 2H+ O+ Epoart Year 5 7 7 6 6 4
Mt ——
Upper panel Contribution to the multiplicity of the basic configuration of
LLL[]JHI!HHIHHIIII NN |J it | (WEE ’ Ll I I two histidines plUS a water molecule (Second TOW) and, in the two alter-
4 6 810 4 6 8 10 native “near” and “far” positions, of glutamic acid (third and fourth rows)
_1 and of tyrosine (fifth and sixth rows).ower panel Overall multiplicity of
k (& ) the five alternative bonding configurations around the Zn in TeNT.

FIGURE 4 Results of the best fit to the TeNT data (see caption of Fig.

8 for notation). dinated and three pentacoordinated configurations (as we
said, two histidines and a water molecule are known to be
bound to the Zn). The tetracoordinated configuration may

by any of the coordinated residues, thus hinting towarchave an extra glutamic acid (first row) or an extra tyrosine

having only one extra coordinated amino acid besides thésecond row) residue. The pentacoordinated Zn may be
basic two histidines—one water molecule component. obtained by having either a “near” tyrosine plus a “far”

To physically interpret the results we have obtained, weglutamic acid (third row) or a “far” tyrosine plus a “near”
compare the values of the geometrical parameters of Tablglutamic acid (fourth row). In the last row we also consider
4 with those of the two model compounds. For reasons thea pentacoordinated Zn with both residues, tyrosine and
will be immediately clear, let us analyze separately theglutamic acid, “near” the absorber. In fact, the absence of
results on bond lengths and angles on one side, and those 8¢ third histidine, with its “big” imidazole ring, may actu-
the multiplicities on the other. ally allow the five ligands to be not too distant from Zn.

We first note that the best fit values of th& parameters ~ Comparing these multiplicity numbers with those of Ta-
coincide, within errors, with those of thermolysin (see Tableble 4, we clearly see that the only set of multiplicities that
2 for comparison), whereas they differ significantly from is compatible with the best fit values of Table 4 is the one
those of astacin. that corresponds to the Zn active site being bound to a

In the case of® andy®, the parameters of TeNT fitdo tyrosine as a fourth ligand besides two histidines and a
not differ appreciably from the very similar values they takewater molecule.
in the two other enzymes.

The situation is mggh more interesting if one looks at theCONCLUSIONS AND OUTLOOKS
values of the multiplicity factors, because they are remark-
ably different from those of both thermolysin and astacin,In this paper we have shown that x-ray absorption spectros-
and allow us to discriminate among different possible co-copy can be profitably used to study the environment of the
ordination patterns. active site of metalloproteins.

To analyze these differences, in Table 5 we report the An accurate theoretical analysis of the near edge and
numbers of possible pathways with which each amincEXAFS regions of the spectrum in terms of single and
acidic residue should contribute to the multiplicity of eachmultiple scattering contributions allows a clear-cut identifi-
signal. In the first row of the upper panel we list the cation of the amino acid residues primarily bound to the
contributions to the multiplicity coming from the basic metal.
configuration of two histidines plus a water molecule. Inthe Besides reproducing the known atomic structure around
following four rows the contributions of glutamic acid and Zn in thermolysin and astacin, we have been able to com-
tyrosine residues are given. Glutamic acid and tyrosine havpletely determine the coordination mode of Zn in TeNT.
been considered in two alternative positions with respect to The results reached in the present investigation are ex-
the absorber: the so-called far and near positions, dependirigemely encouraging and lead us to believe that this spec-
on whether Zn is supposed to be penta- or tetracoordinatettoscopic technique, associated with the refined theoretical
respectively. analysis developed in the papers of Benfatto et al. (1986)

In the lower panel we report for eaghthe total multi-  and Filipponi et al. (1995a), are of invaluable help in an-
plicity that characterizes the various possible alternativeswering questions where the knowledge of the atomic struc-
configurations. These may be separated into two tetracooture around a protein active site is a prerequisite for the
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understanding of the biological mechanisms underlying pro€ramer, S. P. 1988. X-Ray Absorption: Principles, Applications, Tech-
tein enzymatic activity niques of EXAFS and XANES. John Wiley and Sons, New York.

. . . . . 573-662.

. FO!’ the future we envisage moylng In two dlre.ctlons. TheFiIipponi, A., A. Di Cicco, and C. R. Natoli. 1995a. X-ray absorption
first line of research has to do with the recent idea (Cava- spectroscopy and-body distribution functions in condensed matter. I.
torta et al., 1994) that the formation of Zn-MBP (myelin  Theory.Phys. Rev. B52:15122-15134.
basic protein) complexes in the presence of phosphate iorFs'slippor:i, A, A Did%icgo,dart\qb% R.fNattc_JIi. 1995b. ci(-raydabscgptiol?

; - ; : spectroscopy and-body distribution functions in condensed matter. II.
mlght be at th.e'orlgln of the reporte.d §Ub§tantla| re.ducnon Dgta analygi)g and appiicatiori%hys. Rev. B52:15135-15149.
of the demyelmlzatl.on process rgte in i vitro eXpe,”mentS'Filipponi, A., F. Evangelisti, M. Benfatto, S. Mobilio, and C. R. Natoli.
In view of the possible therapeutic relevance of this obser- 1989, structural investigation of a-Si and a-Si:H using x-ray absorption
vation, it is of the utmost importance to arrive at a clear spectroscopy at the Si K-edgehys. Rev. B40:9636-9643.
determination of the atomic environment around Zn, wherfonda, L. 1992. Multiple-scattering theory of x-ray absorption: a review.
these aggregates are formed, to understand the nature of the: Phys. Condens. Matte4:8269-832.

; ; ; ; ; Franzini-Armstrong, C., L. J. Kenney, and E. Varriano-Marston. 1987. The
biochemical mechanisms resp0n5|ble for the pOSSIb|e b|OCIJ: structure of calciosequestrin in triads of vertebrates skeletal muscle: a

age of demyelinization processes. deep-etch studyd. Cell Biol. 105:49-56.

The second project consists of performing measuremeniSurman, S. J., N. Binsted, and I. Ross. 1986. A rapid, exact, curved-wave
of the calcium (Ca) EXAFS spectrum in calciosequestrin, a theory for EXAFS calculations. Il. The multiple-scattering contribu-
n ; [ tions.J. Phys. C19:1845-1861.

atural Ca reservoir (Franzini-Armstrong et al., 1987) ca- _ ) i
pable of binding up to 50 Ca ions, which is also known to Kogr']ggggirsge,\rlé?v' $c')'r|f‘”d R. Prins. 1988. X-Ray Absorption. John Wiley
play a Catalllytlc role in the activity of CQ release Cha,nneISLebeda, F. J., and M. A. Olson. 1994. Secondary structural predictions for
The experiment should be able to clarify the peculiar Ca the clostridial neurotoxingProteins Struct. Funct. Gene20:293—300.
binding mode and may shed light on the catalytic propertiegee, P. A., P. Citrin, P. Eisenberger, and B. Kincaid. 1981. Extended x-ray
of calciosequestrin, by determining the geometric atomic absorption fine structure—its strengths and limitations as a structural

arrangement around the metallic binding site. tool. Rev. Mod. Phys53:769-806. ,
Lee, P. A., and J. B. Pendry. 1975. Theory of the extended x-ray absorption
fine structure Phys. Rev. B11:2795-2811.
) ) ) ) Matthews, B. W., J. N. Jansonius, P. M. Colman, K. Titani, K. A. Walsh,
We thank C. R. Natoli and G. C. Rossi for discussions and for a careful and H. Neurath. 1972. Structure of thermolyshature New Biol.
reading of the manuscript. We also thank F. Campolungo, V. Sciarra, and 238:37-41.

V. Tullio (Laboratori Nazionali di Frascati, Italy) for technical support.  patsubara, H. 1970. Purification and assay of thermolyliethods En-
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