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ABSTRACT: We report details on measurements by the X-ray absorption fine structure (XAFS) technique
of the conformational changes around the transition metal binding site (S1) of the protein concanavalin
A induced by crystallization when that site is occupied by Zn. A change from hexa- to tetracoordination
occurs at the St site on crystallization when the calcium-binding site (S2) is occupied by a calcium atom.
When the S2 site is unoccupied, the Zn is pentacoordinated both in solution and in the crystal. The average
distance to the coordination shell increases with coordination number as expected. Conformational changes
are detected up to 4.5 A from the Zn, the limit of sensitivity of the XAFS technique. When the Zn is
hexacoordinated, the ligands around the Zn, as determined by XAFS, are consistent with the crystal structure
determination results of five oxygens and one nitrogen. The atom that is released when the coordination
decreases to five is an oxygen atom, and, in addition, the nitrogen is released in the tetracoordinated Zn.
Thus, when S2 is emptied, the protein gains a ligand about the Zn site in the crystal and loses one in solution.
These results provide direct evidence that the protein conformation can be altered by the intermolecular
forces of crystallization.

’Ee foundation of our understanding of the mechanism of
the functioning of proteins is knowledge of their structure, and
almost all of the information on protein structure has come
from X-ray diffraction studies on the crystalline state. Re-

*This work was funded by NSF under Grant DMB-8613948.
tUniversity of Washington.
§ Weizmann Institute of Science.

cently we reported structural differences in the protein con-
canavalin A between its solution and crystal forms (Lin et al.,
1990). This finding raises once more the question of how
generally one can relate the crystalline structure of proteins
to their behavior in solution. Although our recent XAFS work
is the first that directly compared the structure of a protein
in a crystal and in solution by the same technique, there have
been other indications of structural differences in proteins
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caused by the intermolecular interactions imposed by the
crystal structure. In all these other cases, the differences have
been suggestive or qualitative and not definitive or quantitative
because either the techniques only indirectly probed the
structure or the changes were found by a different technique
for each state of the protein. Differences have been found
(Johansen & Vallee, 1975) in the color of carboxypeptidase
A modified with diazotized arsanilic acid. In solution the
modified protein has a red color, but in the crystal the modified
protein has either a yellow (Johansen & Vallee, 1975) or a
red color (Quiocho et al., 1971) depending on whether it is
the vy or a isozyme, respectively. The native isozymes both
crystallize in a monoclinic space group but with somewhat
different unit cell parameters. Only the structure of the o
isozyme has been determined by X-ray crystallography (Reeke
et al., 1967; Quiocho et al., 1971); that of the v form is still
unknown. It has been suggested (Johansen & Vallee, 1975)
that the different color of the two crystal forms is due to
different complexing between the Zn cofactor and arsanil-
azotyrosine-248. Whatever are the actual structural differ-
ences that cause the color differences, the important aspect
for our consideration is that there is a structural difference
induced by crystallization forces between the two different
crystals that disappears when they dissolve. Resonance Raman
studies of metmyoglobin (Sage et al., 1989) find differing
scattering intensities of the 345-cm™ mode in solution and
crystalline forms, which indicates a structural perturbation of
the heme upon crystallization. NMR studies of polypeptides
in solution [Wiithrich (1989) and references cited therein:
Kline et al., 1986; Pflugrath et al., 1986; Wagner et al., 1986;
Clore et al., 1987] have found differences with the crystal
structures, as, for example, in the case of the hormone glucagon
and the metal-rich protein metallothionein (Braun et al., 1983;
Schultze et al., 1988).

X-ray absorption fine structure spectroscopy (XAFS) has
advantages for this kind of investigation: it applies to solution
and solid phases equally well with high precision, and the
spectrum is interpretable directly in structural terms (Stern
& Heald, 1983). XAFS determines the structure locally
around specific atoms, which can be chosen by tuning the
X-rays to the appropriate absorption edge. For macromole-
cules, a practical usage of XAFS is to examine heavy atoms
present in the molecules. Metalloproteins are a natural object
of this technique. These proteins have a small number of metal
atoms as an integrated part of the molecule, in addition to the
lighter atoms that compose the rest of the protein. XAFS is
capable of solving the metal-site structure in a range of a few
angstroms around the metal atom. Typically, it is possible to
determine the number of atoms surrounding the metal atom,
their types, and their average distances from the metal atom,
as well as the disorder about the average. There is no fun-
damental difference in the measurement between a protein
solution and the crystal beyond those of normal sample
preparation. A comparison of the spectra collected from these
protein samples constitutes a straightforward comparison
between the structures of the protein in different physical
states.

Concanavalin A, a saccharide-binding protein from jack
bean (Canavalia ensiformis), has two distinct metal sites. One
of them, S1, is a transition metal site, and the other, S2, can
contain either a Ca or a Cd atom. Depletion of metal from
S2 does not denature the protein but destroys its saccharide-
binding site (Yariv et al., 1967; Kalb & Levitzki, 1968).
Investigations on a concanavalin A sample with Zn in S1 and
Ca in S2 have been reported earlier (Kalb et al., 1979; Lin
et al., 1990). We found that in solution the Zn atom had one
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more ligand and a longer average ligand bond length than in
the crystal. Also, the disorder of the Zn coordination shell
increased normally with temperature in solution, whereas it
showed a null change in the crystal. We suggested that these
differences were the results of the intermolecular interactiorns
in the crystalline lattice on the protein molecules. The in-
termolecular interactions produce conformational changes in
the protein, causing modification at the Zn site. On cooling
we find that the crystalline restrictions subject the Zn site to
a tensile stress, which causes a weakening of the ligand bonds
and the anomalous temperature dependence of the vibrational
amplitude. In this article we give a more detailed analysis
(under Analysis and Results) of the differences at the S1 site
of concanavalin A between the crystal and solution, which
suggests that the zinc in the crystal is tetracoordinated, not
pentacoordinated, indicating an even larger change on crys-
tallization. In contrast, when the S2 site has its Ca atom
removed, there is no change found around the Zn site on
crystallization.

MATERIALS AND METHODS

Concanavalin A was prepared from jack bean meal by the
method of Sumner and Howell (1936). Solutions were pre-
pared by removal of the naturally occurring metals by acid
treatment and addition at pH 5.2 (0.05 M sodium acetate)
of Zn salt, and of Ca salts as required (Shoham et al., 1973).
The solutions were 1 M in NaCl in order to achieve a protein
concentration greater than 1 mM. The free Zn concentration
in solution was no more than 5% of the protein concentration
(Shoham et al., 1973). Polycrystalline slurries were prepared
as described for /222 crystals of concanavalin A prepared for
X-ray diffraction study by equilibration of the above solutions
against 0.1 M NaNO; at pH 6.5 (Greer et al., 1970). For
temperature-dependence study, 40% (by weight) galactose
(Sigma grade crystalline, Sigma, St. Louis, MO) was added
to the solutions and 50% 2-methyl-2,4-pentanediol (MPD) to
the polycrystalline slurries to inhibit formation of ice crystals
at low temperatures. For cryogenic experiments, ice sup-
pression was attained by quenching the room-temperature
solution into liquid nitrogen. Besides minimizing the possibility
of damage to the protein, ice inhibition also eliminated a noise
background of Bragg peaks in the XAFS data. Protein sam-
ples without cryoprotectant were also measured at room tem-
perature to examine the effects of the cryoprotectants.

XAFS experiments were performed at the NSLS X-11
beam line. Harmonic rejection was accomplished by about
a 20% detuning of the Si(111) double-crystal monochromator.
The incident intensity /, was monitored by a semitransparent
gas ionization chamber. The protein samples were measured
at the Zn K-edge in a fluorescence mode by using a Soller-slit
filter arrangement (Stern & Heald, 1983) with an ion chamber
detector filled with Kr gas. Standard compounds (listed below)
were prepared as powders and measured in a transmission
mode by using a gas ionization chamber to detect the trans-
mitted intensity. The powder used in all cases was fine enough
so that thickness effects were negligible (Lu & Stern, 1983).
Standards and protein samples were measured at 80 and 300
K under the same beam-line conditions to minimize systematic
differences due to varying energy resolution, etc. Low tem-
peratures were maintained with an Air Products Displex re-
frigerator during the measurements. Measurements of proteins
at 300 K were repeated before and after cryotemperature
measurements. No significant difference was found between
the two sets of 300 K data, indicating no damage occurred
around the Zn site on cooling or on exposure to X-rays. The
small percentage of Zn atoms not incorporated in the proteins
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in solution (<5%) will give an error to the protein structure
that is within our other uncertainties. The polycrystals that
composed the slurries were fine enough so that hundreds of
them were illuminated by the X-ray beam, assuring no ap-
preciable preferred orientation effects.

THEORY

We give a brief description of the XAFS theory in the
following. For more complete presentations and discussions,
readers are referred to Stern and Heald (1983). In condensed
matter the photoelectron excited from an atomic core state
by X-ray absorption is subject to backscattering from sur-
rounding atoms. The final photoexcited state is an interference
of the outgoing and backscattered parts of the photoelectron.
The interference varies with the momentum of the photo-
electron and gives rise to a modulation, the XAFS spectrum,
in the X-ray absorption coefficient of the sample. XAFS can
be expressed by the formula

(k
x(k) =X fi(—)e-z'c’aﬁ sin [2kR; + 8;(k)] (1)
i kR}?
where x(k) is the XAFS, k is the wavenumber of the photo-
electron, R; is the distance of the excited atom to the jth
backscattering atom with variation g;, f}(k) is the magnitude
of the effective scattering amplitude of the jth atom, and §,(k)
is a phase depending on both the central and the backscattering
atoms. Summation is carried over all the backscattering atoms.

x (k) is obtained from the X-ray absorption spectrum of the
sample near an absorption edge, u(k), by subtracting ug(k),
a smoothly varying portion past the edge that physically
corresponds to the absorption of an isolated atom, and nor-
malizing against the step size of the absorption edge, Auy:

k) — po(k
x(k) = ﬂ_(% )
Mo

The photoelectron wavenumber k& is given in reciprocal ang-
stroms by k2 = 0.263(E — E,), where E is the X-ray energy
and Ej is the core binding energy, both in electron volts. In
our case E, was set at the point halfway up the edge step. u(k)
can be measured either in a transmission mode or in a
fluorescence mode, depending on which gives the optimum
signal-to-noise ratio. In the transmission mode u is calculated
by Beer’s law:

px = log Io/1 (3)

where [, and I are the photon fluxes before and after the
sample, respectively, and x is the sample thickness. In the
fluorescence mode for dilute samples, u can be obtained from
the fluorescence signal I; by

p=1Ii/cly (4)

where c is related to the concentration of the atoms of interest
and the detection efficiency of fluorescent X-rays emitted after
the atomic excitation. Dividing the edge step as per eq 2, the
coefficients x in eq 3 or ¢ in eq 4 cancel.

In normalizing I by I,, somewhat different results are ob-
tained for the transmission and fluorescence measurements.
Since I, is monitored by a semitransparent gas ionization
chamber, its signal is proportional to the fraction of I, being
adsorbed in the gas. This fraction decreases as the energy of
the X-ray in I, increases. In transmission this energy de-
pendence just adds to the smooth background, which is elim-
inated in the analysis. However, in fluorescence this energy
dependence remains in u, increasing its value with energy.
When comparing the sample measured by fluorescence with

Biochemistry, Vol. 30, No. 9, 1991 2325

standards measured by transmission, a correction has to be
applied to compensate for this effect. In our case we used
tabulated X-ray absorbance of the I, chamber gas (McMaster
et al., 1969) to correct for this effect. For Zn in concanavalin
A it is equivalent to adding a disorder term of 0.001 A2 to the
fluorescence result.

Equation 1 presents k and R as a pair of Fourier variables.
A Fourier transform qualitatively separates the scattering of
the surrounding atoms along R. Before Fourier transforma-
tion, a weighting function of & is applied to x to enhance the
radial separation in R-space. The first neighbor coordination
shell can be separated in this manner. More distant shells are
normally not separated and are further complicated by multiple
scattering effects. For this reason we give a quantitative
analysis for only the first neighbors. The first shell can be
isolated in R-space and then inverse-transformed back to
k-space to obtain a single-shell expression for x(k) with the
sum over only the first neighbors.

We treat the single-shell XAFS spectrum in two different
ways. One of them is the log ratio method. In this method
the atoms in the shell are assumed to be the same so that both
f(k) and 8(k) are independent of j. Their only difference is
in R, whose effect can either be incorporated in an increased
mean squared disorder ¢? and other cumulants (Stern &
Heald, 1983) or be removed explicitly by a structure factor

1 .
S(k) = ? -1-‘? exp(i2kR)) (5)

if all R’s are precisely known. If two species have a matched
central atom and a shell composed of the same type of atoms,
the In ratio method is highly convenient in comparing their
shell structures, especially when they are not too dissimilar
and the lowest cumulants can be used.

log i = log ﬂ R—zz - 2k*Ad? (6)
A, Ny R?
& — ¢, = 2kAR Q)

where 4, and A, are the amplitudes and ¢, and ¢, are the
phases of the two spectra, respectively, N, and N, are the
numbers of atoms in the shell, R, and R, are the average
distances, AR is their difference, and Ag? is the difference of
the mean square disorder. N,/N,, AR, and Ac? describe the
structural differences of the two species. The strict atom-type
match requirement of the method may be relaxed somewhat
to allow a small number of heterogeneous atoms in the shell.
It will produce additional uncertainty, which should be con-
sidered properly in the analysis.

The other approach is a fitting method. This method re-
constructs sample spectra from the XAFS spectra of several
model compounds, combined linearly as described by eq 1.
The model compounds have the same central atom as the
sample, surrounded by the same atoms that are presumed to
be present in the sample. A least-squares fitting algorithm
is used to determine the number of surrounding atoms of
various types, their distances to the central atom, and the
disorder around the distances. The goodness of the fitting is
assessed by the criterion set by Zhang et al. (1988) and Lytle
et al. (1989), with a normalized x? function described by
Bevington (1969) as

i

ﬁ=12 (8)
L

where v = Ny~ P.
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FIGURE |: (a) Room-temperature near-edge spectra of Zn-Ca con-
canavalin A solution (—, heavy), Zn-Ca concanavalin A crystal (dash
(---), Zn-only concanavalin A solution (—, light) and Zn-imidazole
(~). (b) Room-temperature near-edge spectra of Zn-Ca concanavalin
A crystal (dash (---) and the standards: Zn-Ntr (—-—), Ni-Sft
(——), Ni-Fmt (—-—), and Zn-O (——).

Here x' is the experimental value at the independent point
i and xk is the corresponding fit. The experimental uncertainty
at i is ¢’. The normalization by the degrees of freedom »
accounts for the number of independent points /N, that the data
contain and the decrease in the independence of the number
of data points by the introduction of P parameters in the fitting
model. This method gives an objective way to assess whether
a fit is acceptable or not by the requirement that x2 $ 1. In
essence, when x? is of the order of 1, the fit is within about
a standard deviation of the experimental uncertainties.

The number of independent points is given by

Ny = (2/7)AKAR + 1 )

where Ak is the range of k with usable signal and AR is the
range in R-space of the window isolating the first shell. It
should be noted that the number of independent points is not
determined by the number of points measured in the XAFS
spectrum but is typically much smaller. In our case AR =
1.1 A and Ak = 8 giving a value of N ~ 7. The reason that
the number of independent points is limited in k-space is
because the frequency content of the first shell is limited by
its finite width in R-space. For example, if a sine wave has
only a single frequency, the amplitude of the wave as a function
of time is constant and knowledge of the amplitude at one time
determines its value for all time; i.e., there is only one inde-
pendent value or point for the amplitude. However, if a wave
has a finite range of frequencies Aw associated with it, then
the amplitude of the wave can vary with time but the time
interval 6t required before the amplitude has a value uncor-
related to the initial value is 82 ~ w/Aw. Thus there is a finite
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FIGURE 2: Room-temperature XAFS k*x(k) for the protein samples:

Zn-Ca concanavalin A solution (—, heavy), Zn-Ca concanavalin A
crystal (---), and Zn-only concanavalin A solution (—, light).

spacing in ¢ between independent points and the number of
independent points is given by dividing the total range of ¢ by
this spacing (Lee et al., 1981) and adding 1. In our case, the
Fourier pairs are 2k and R instead of w and ¢, leading to eq
1. The one is added on the right because there is one more
point than spaces.

A key element of the fitting routine is the uncertainties that
enter into o? of eq 8. There are three contributing factors to
the uncertainties. These are measurement errors, uncertainties
due to lack of transferability between the standards and the
unknown, and uncertainties introduced by analysis. The
proteins are dilute enough that the measurement errors are
typically dominated by the shot noise of the finite number of
fluorescence photons detected. This noise is determined by
the fluctuations between independent scans of the spectra. The
analysis uncertainties are determined by varying in the analyses
the background subtraction and window functions used for
isolating the first shell in R-space. As much as possible the
protein and standard are treated similarly in their variations,
and in all cases the variations are chosen so that they have
reasonable windows and backgrounds. The best window is
uncertain because the XAFS due to the first neighbors is not
entirely isolated in R-space but has wings that overlap other
shells of atoms and vice versa. Also the background is not
known exactly but is subtracted off by assuming that it is
varying more slowly and smoothly then the XAFS. This is
done by a spline fit with several nodes but there is some ar-
bitrariness in the process, such as how many and where the
nodes are placed.

The transferability uncertainties are an attempt to account
for the fact that the chemical and charge environment around
the center atom is not the same for the protein as for the
standards. These differences cause some variation in the
backscattering for a given atom. A good standard is one that
has the same center atom with similar electronic charge around
it as the unknown. However, in general, the ligands of the
standard are different from those of the unknown because, by
necessity, the standard has only one type of atom in its ligands
while the unknown, generally, will have a mixture of atoms.
In our case we estimate the uncertainty in the transferability
of backscattering amplitude by comparing the backscattering
amplitude of different standards, all of which are good
standards, to that of the unknown. Such an estimate is ad-
mittedly crude, but it is important to include such an estimate
since it is a significant contribution.

To assess whether a standard is a good one we compare its
near-edge spectrum with that of the protein. Figure 1 shows
the near-edge spectra of the three forms of the protein that
we have investigated here and the three oxygen standards plus
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Table 1: Structural Changes in Zn Concanavalin A Proteins As
Determined by the Log Ratio Method?

NN, A (A?7x10%) AR (A)
soln vs cryst, 300 K 1.36 (10) 1.6 (7) 0.078 (6)
soln vs cryst, 80 K 1.30 (10) -52(7) 0.072 (6)
soln, 300 vs 80 K 0.93 (5) 5.8 (5) 0.002 (6)
cryst, 300 vs 80 K 0.96 (5) -1.0 (5) —-0.004 (6)
soln, w vs w/o cryop 1.00 (5) 2.3 (5) 0.005 (6)
cryst, w vs w/o cryop 0.97 (5) 0.2 (5) 0.004 (6)
soln, w vs w/o Ca 1.26 (10) 1.5 (7) 0.033 (6)
cryst, w vs w/o Ca 0.81 (6) 0.8 (6) —0.045 (20)
cryst, w vs soln w/o Ca 0.91 (10) 0.8 (7) -0.039 (6)

2 Ag? is the difference in the mean squared disorder, AR is the dif-
fercnce in average bond length, and N,/N, is the ratio of the coordi-
nation numbers. Soln and cryst refer to concanavalin A samples, and
cryop refers to cryoprotectant, which is MPD for the crystal and ga-
lactose for solution. The samples are bound with Ca if not specified.
The last five comparisons were taken at room temperature. The cryst
w vs w/o Ca comparison was made earlier (Kalb et al., 1979).

ZnO. All of the samples have been normalized to 1 at the
point where the extrapolated background intersects the edge.
They have also been aligned on the zero of energy at the
normalized absorption value of 0.5. Although two of the
standards have Ni center atoms instead of the Zn atoms of
the proteins, they all have six oxygen ligands and Ni and Zn
are close enough in atomic number that the shapes of the
near-edge spectra reflect faithfully their relative charge dis-
tributions. It is the variation in charge distribution that is the
cause of any lack of transferability. It is noted that variation
in the near-edge spectra between the standards nickel sulfate
dihydrate (Ni-Sft) (Wyckoff, 1962), nickel formate dihydrate
(Ni-Fmt) (Von Krogmann & Mattes, 1963), and zinc hexa-
aquo dinitrate (Zn-Ntr) (Ferrari et al., 1967) is in the same
range as the differences between the three forms of the protein
and their differences with Zn-Ntr, the primary standard for
the oxygen backscatterer. Thus the variation of XAFS am-
plitude between Ni-Sft, Ni-Fmt, and Zn-Ntr is used as a
measure of the transferability uncertainties. The three types
of uncertainties are added together in quadrature.

The uncertainties in the parameters determined from the
fitting routine were estimated by fixing one parameter off its
best value an amount such that when the other parameters
are varied to obtain a minimum, the value of x? is increased
by 1 from its minimum. In this case the change in the pa-
rameter increases the deviation between fit and data by about
one standard error. This is a conservative estimate of the
uncertainty in the parameters if there is a correlation between
parameters. It determines the maximum uncertainty in a given
parameter for all values of the other correlated parameters.

ANALYSIS AND RESULTS

(a) First Coordination Shell. We have recently reported
a comparison of the XAFS of crystal and solution and of the
temperature dependence about the first coordination shell of
Zn in concanavalin A in Zn in S1 and Ca in S2 (Lin et al.,
1990). The k*x(k) for solution and the crystal at room tem-
perature are shown in Figure 2. Table I lists the results
obtained by a log ratio analysis. Presented are the coordination
number ratio, bond length change, and difference in disorder
between the protein solution and the crystal and between room
temperature and cryogenic temperature. In brief, we found
that in the solution the Zn has a hexacoordinated ligand shell
whose disorder decreased normally with cooling. In contrast,
in the crystal the Zn has a smaller coordination number, which
we interpreted to be five. The ligand bonds are shorter than
in solution by about 0.08 A, and the disorder showed a null
dependence on cooling. Note that the ratio of the coordination
number of the solution to the crystal is about 1.36 (10), while
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imidazole (++). Also shown is the filtering window for Zn-Ntr.

pentacoordinated zinc in the crystal should ideally have a ratio
of 1.20. The actual ratio is between the penta- and tetraco-
ordinated values.

The log ratio method assumes that the ligand atoms in both
the unknown and the standard are the same. This assumption
is valid for the temperature dependence of the protein since
the same sample is compared at different temperatures.
However, for the comparison between the protein and a
standard, the crystal structure of the protein indicates that
there is a nitrogen ligand in addition to five oxygens (Hardman
& Ainsworth, 1972; Edelman et al., 1972; Becker et al., 1975;
Hardman et al., 1982). Since the standards that we employ
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FIGURE 6: Uncertainties for fitting (a) Zn-Ca concanavalin A solution
and (b) Zn-Ca concanavalin A crystal.

have all oxygen or all nitrogen ligands, the log ratio method
will give some errors. However, since the difference in
backscattering between nitrogen and oxygen is small and there
are expected to be mostly oxygen atoms in the protein, the
errors by using an all-oxygen standard will be small, though
not necessarily negligible. A similar problem occurs when
comparing the protein in solution with its crystalline form, and
our more detailed analysis below finds an even larger change
on crystallization, namely, a change from hexa- to tetraco-
ordinated.

One can do better by the fitting method, where the con-
tributions from a mixture of oxygen and nitrogen atoms can
be taken into account, and we present such an analysis. We
use as our standard for oxygen backscattering the compound
Zn-Ntr with six oxygens surrounding the Zn atom at an av-
erage distance of 2.096 A and a mean square variation in this
average due to structural variations of ¢ = 00045 A? (Ferrari
et al., 1967). The nitrogen standard is zinc hexaimidazole
dichloride (Zn-imidazole) as a crystal (Garrett et al., 1983).
The average Zn-N bond is 2.193 A, with a negligible struc-
tural mean square variation about this average. In the fitting
o2 = 0.001 A? is added, where appropriate, to the structural
variation of the protein in order to compensate for the dif-
ferences in energy dependence of the XAFS signal between
measurements in the transmission and fluorescence modes, as
discussed under Theory, since we usually measure the stand-
ards in the transmission mode and the protein species in the
fluorescent mode. To obtain the total o2, the thermal vibra-
tions at room temperature must be added to these values.
Since Zn-Ntr was measured only at room temperature, its
thermal vibration was determined by a log ratio comparison
with Ni-Sft and Ni-Fmt, both of which were measured at 80
and 300 K. The temperature dependence of the latter two
standards was determined from a log ratio plot, and this de-

Lin et al.

Table II: Fitting the Zn Coordination Shell in Concanavalin A by
Zn-0O and Zn-N Standards®

Ag? (A?
atom  number R (A) X 107%) goodness  freedom

Fit of Zn-Ca Protein Crystal by Zn-O (Zn-Ntr) and Zn-N
(Zn-imidazole)

(0] 4 2.04 (2) 46 (30) 1.4 5
(0] 3 2.02 18 3.2 3
N 1 2.19 =71

N 4 2.10 -42 18.0 5
(0] 4 2.04 47 0.7 3
N 1 2.20 403

(o} 3 2.03 34 1.0 3
N 2 2.14 69

0 2 2.01 19 0.9 3
N 3 2.14 5

(0] 1 1.98 -19 1.4 3
N 4 2.13 ~20

Fit of Zn-Ca Protein Solution by Zn-O (Zn-Sft) and Zn-N
(Zn-imidazole)

(0] 6 2.11 50 10.1 5
(0] 5 2,10 (2) 17 (30) 1.6 3
N I 2.38 (5)  -100 (90)

(0] 4 2.09 -5 38 3
N 2 2.32 -49

Fit of Zn-Ca Protein Solution by Zn-Q (Zn-Ntr) and Zn-N
(Zn-imidazole)

(0] 5 2.10 20 20 3
N 1 2.38 -90

(0] 4 2.09 1 24 3
N 2 2.32 -42

Fit of Zn-Only Protein Solution by Zn-O (Zn-Ntr) and Zn-N
(Zn-imidazole)

0 5 2.09 41 35 5
0 4 2.07 (2) 47 (40) 0.9 3
N 1 222(5)  -100 (90)

0 3 2.05 29 1.5 3
N 2 2.21 -81

o] 2 2.03 1 32 3
N 3 2.20 =75

@The first column is the atom type (O for oxygen and N for nitro-
gen). The second is the number of atoms in the first coordination shell.
R is the average distance from the Zn site and A¢? is the disorder
about R relative to that of the standards. Goodness is the x2 value.
Freedom is », the degrees of freedom remaining after the use of the fit
parameters. The standards used in a particular fit are indicated in
parentheses above each set of fit results. Only the acceptable fits have
their uncertainties indicated in the table. The rest of the fits are un-
acceptable because of too large x? or other criteria discussed in the
text. The number of atoms were fixed in the fitting while R and Ao?
were adjusted. All the data were taken at room temperature.

pendence was fit by an Einstein oscillator model to obtain their
total o% at room temperature. By this means the total mean
squared disorder values at room temperature for Zn-Ntr,
Ni-Sft, and Ni-Fmt were determined to be 0.0090 (3), 0.0060
(3), and 0.0067 (6) A2 respectively. The k3x(k) values of
these standards are shown in Figure 3.

Figure 4 is the magnitude of the Fourier transform of the
room temperature k*x(k) of the Zn-Ca protein in solution and
when crystallized. Figure 5 shows the corresponding trans-
forms for the standards. The windows used for isolating the
first shell are shown in Figures 4 and 5. They have a full-width
at half-maximum of 1.10 A with Hanning tapers on each side
of total width 0.2 A each. The window for the protein solution
is centered at 1.56 A, for the crystallized protein at 1.62 A,
for the Zn-Ntr at 1.59 A, and for the Zn-imidazole at 1.62
A. The uncertainties for the fitting of this protein were de-
termined as discussed under Theory and are plotted in Figure
6.
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The best fit to the data was obtained from a nonlinear fitting
routine applied to eq 8. The results for various models with
variations in the distribution among the N and O atoms but
with fixing the total coordination to agree with the log ratio
results are listed in Table II. The parameters varied in the
fit were R and ¢? for each atom type. Thus, when both N and
O are used, four parameters are employed while only two are
used for all of one type of ligand. In Table II are given, for
each model, the best values of Rq, Ry, Ac, A%, the degrees
of freedom v, and the value of x?, where the subscripts refer
to either oxygen (O) or nitrogen (N) atoms. Note that both
the standards and the proteins are at room temperature and
the Ag? are the differences between standards and proteins.
The evidence that standards are good ones is further confirmed
by the small shifts in their E, required to obtain the best fit
to the proteins. For the crystal these shifts are 1.0 eV for
Zn-Ntr and -0.5 eV for Zn-imidazole while for the solution
they are —0.3 and 0.2 eV, respectively. As noted from Table
I1, neither the crystallized nor the dissolved protein can be fit
by all N or all O ligands. The crystal has several mixtures
of nitrogen and oxygen ligands that have x2 near one. In fact,
one to four nitrogen neighbors with corresponding oxygen
neighbors to complete the pentacoordination are all reasonable
fits as is a tetracoordination of four oxygens. All other co-
ordinations and mixtures of N and O atoms had x? greater
than 3 and were considered not acceptable. The solution has
only two reasonable fits, namely, with one or two nitrogen
atoms and oxygen ligands that complete the hexacoordination.
Even the best of these two fits with one nitrogen has a x? of
2.0, which is somewhat above a good fit. However, our es-
timates of nontransferability uncertainties are rather crude
and it is not unreasonable that we have underestimated these
errors in this case by an amount to explain this value of x2.
To check this point we used as the Zn-O standard Ni-Sft
instead of Zn-Ntr. To correct for the Ni center atom we used
theory to calculate the difference in the phase 6,(k) of eq 1.
With this new standard a better fit was obtained with a x? =
1.6, proving that transferability variability is of the correct
order to explain the x2 values. With this new standard only
the one-nitrogen case is acceptable; the two-nitrogen case has
x2=138.

The fits do not define the crystal so uniquely and we have
to use other criteria to distinguish between the various ac-
ceptable models. The best fit of four oxygens and one nitrogen
has an unreasonably large Ac% = 0.04 A2 The Zn-imidazole
standard has about the same Zn-N distance as fitted for the
protein and one would expect similar thermal disorder for the
two s0 that the Ag% should be an order of magnitude smaller

than its fitted value. The unreasonably large value of Ad
tends to eliminate the contribution of the one nitrogen ligand
and we take the hint to conclude that the N should not be
present. The other three cases of mixed oxygen and nitrogen
ligands have acceptable values of Ag? but are considered not
acceptable because of the following. The most likely amino
acid to donate a nitrogen ligand is a histidine, which produces
prominent structure in the R-space transform around 3-4 A,
This is apparent in Figure 5 for the Zn-imidazole standard,
which has six imidazole neighbors. Scaling this structure for
the two to four imidazole rings associated with the corre-
sponding number of histidine ligands, one expects a larger
structure in the 3—-4-A range than is observed for the crystal
in Figure 4.

Another (though related) observation in support of the
absence of histidine ligands in the crystal is a characteristic
structure in the x(k) plot produced by imidazole ligands, as
can be seen in Figure 3 for the Zn-imidazole standard.
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FIGURE 7: Fits (---) to the filtered k*x(k) spectra (—), obtained with
one nitrogen and five oxygens for Zn-Ca concanavalin A solution and
with four oxygens for the crystal. The uncertainties squared are o7
times v/N| to scale for the loss of degrees of freedom with the use
of fit parameters.

Whereas the non-imidazole-containing standards show a single
peak at the oscillation peaking at 4 A, the imidazole standard
shows a splitting into two peaks. This behavior is a common
feature of imidazole ligands as published in the literature (Co
et al., 1981; Strange et al., 1986). It is understood as an
interference of the contribution from the prominent structure
in the 3-4-A region. We note in Figure 2 that both the Zn-Ca
solution and the Zn-only solution have a hint of this splitting
appropriate for one histidine instead of the six in the standard.
However, the Zn-Ca crystal shows no hint of this splitting,
consistent with the conclusion that there are no histidine as
ligands. We therefore eliminate the cases with N ligands as
acceptable models and remain with the preferred fit of four
oxygen ligands.

The tetracoordinated structure is a quite drastic change from
the solution structure and it is comforting to obtain more
confirming evidence for its validity. Such confirming evidence
is obtained from the near edge spectrum of ZnO which is a
tetracoordinated structure of Zn. Its near-edge spectrum is
plotted in Figure 1 and it is noted that it has a smaller peak,
similar to the one in the crystallized Zn-Ca concanavalin A.
The shape of the peak is different with sharper features but
they are explained by contributions from the second and
further neighbor atoms, which give more prominent contri-
butions in this compound compared to the other samples. The
important feature is that this four-coordinated compound has
a significantly smaller peak than six-coordinated samples and
the area of its peak is similar to that of the protein in the
crystal.

Figure 7 shows the acceptable fits in k-space compared to
the data for the isolated first shell for (a) the solution and (b)
the crystal. The acceptable fit for the crystal is four oxygen
ligands at 2.040 + 0.02 A with a 63 = 0.014 £ 0.003 A2 The
acceptable fit for the solution is five oxygen ligands at 2.10
£ 0.02 A with 63 = 0.008 + 0.003 A2 and one nitrogen at 2.38
% 0.05 A with Ac} = ~0.010 £ 0.009 A2, Note that we give
absolute values of o2 for the oxygen atoms while only differ-
ences for the nitrogen because we obtained the absolute o2
values for only the oxygen standards. Although the Ac% for
this latter case is somewhat large, it is negative and four times
smaller than the case we reject for the Zn-Ca crystal, and, with
its uncertainty, it is consistent with the values of the Zn-
imidazole standard. The values of ¢3 include both structural
and vibrational contributions while the As} has only a vi-
brational contribution. Since there are four or five oxygens
that contribute to the ¢ of the first coordination shell, variation
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FIGURE 8: Uncertainties for fitting Zn-only concanavalin A solution.

in the ligand bond distances caused by the different residues
that are bound are expected to add the additional structural
contribution and to give a larger o2 than found for the single
nitrogen ligand. The values we find are well within a rea-
sonable range.

(b) Beyond the First Shell. Differences between the crystal
and solution are also seen outside the coordination shell of the
Zn atom. Figure 4 shows the Fouriér transforms of the XAFS
in R-space. Beyond R ~ 4.5 A, the data are dominated by
noise and are out of the sensitjvity of the experiments. Within
this distance, differences occur everywhere. Beyond the first
shell the Fourier transforms in the region from 2 to 4.5 A show
that the crystal has a much lower magnitude of the transform
than the solution. One cause for this is the presence of an
imidazole ring in the solution with its prominent structure
between 3 and 4 A that is absent in the crystal.

We demonstrate that the changes include phase differences
in the XAFS by performing an inverse Fourier transfer to
k-space with an R-space-filtering window from 3.1 to 4.1 A.
In comparing the magnitude of the inverse Fourier transforms
of the crystal and solution as well as their R-space differences,
we find that the amplitude of the latter is nearly equal to the
difference in the amplitudes of the crystal and solution from
k = 2 to 4 A", an indication that their signals are in phase
in this region. From k = 6 to 8 A, the amplitude of the
transformed difference is greater than those to both the crystal
and solution, indicating that they are out of phase in this range.
At even higher k values, noise is dominant and the phases look
random. The k-dependence described above indicates that
there is a distribution change in atoms from solution to crystal
beyond the first coordination shell, which cannot be described
merely by a Debye-Waller factor.

Although these changes beyond the first shell cannot be
discussed more quantitatively, they give additional confir-
mation of our notion that the alteration in the Zn coordination
shell is a part of a more extensive conformational change of
the protein molecule (Lin et al., 1990).

(¢) Effects of Cryoprotectant. In the temperature depen-
dence study, MPD or galactose was added to the protein
crystal or solution, respectively, to prevent ice crystal forma-
tion. At room temperature these samples are compared with
those without the cryoprotectants by the log ratio method. The
results are listed in Table I.

The effect of galactose on the Zn site in solution is chiefly
an increase of its disorder by ~0.002 A2 1In the solution
preparation we added 40% (by weight) of galactose in the
sample, which constitutes a molar ratio of galactose to protein
an the order of 1000:1. The high concentration of galactose
may change the hydration shell around the protein molecules.
Galactose does not bind to concanavalin A (unpublished data),
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FIGURE 9: Fit (---) to the filtered k3x(k) spectrum of Zn-only
concanavalin A solution (-—) obtained w1th one nitrogen and four

oxygens. The uncertainties squared are ¢? times »/N; to scale for
the loss of degrees of freedom because of the fit parameters.

and we need not consider specific galactose—protein interactions
as a major contribution to the disorder increase. The main
point is that the coordination around the Zn in the solution
is not modified by the galactose. For the crystal the cryo-
protectant MPD has no detectable effect at the Zn site.

Both results indicate that the addition of cryoprotectants
to the protein samples would not influence our comparison of
the protein crystal and its solution. Qur conclusions about the
coordination number change on crystallization, and the ab-
normal thermal behavior of the crystal, have nothing to do with
the cryoprotectants.

(d) Effects of Removing the Second Metal. A concanavalin
A sample with the Ca removed from the site S2 was measured
in solution at room temperature. Previously, the crystal of such
a sample had been measured by XAFS (Kalb et al., 1979) and
it was determined to be hexacoordinated. To the best of our
knowledge an Sl-occupied and S2-empty concanavalin A
crystal structure has not been published. The k*x(k) for this
sample is plotted in Figure 2. The results of a log ratio com-
parison with the crystal and solution of Zn-Ca are listed in
Table I. For comparison, the previous crystal results (Kalb
et al,, 1979) are also listed. Focusing on the comparisons of
solution and crystal with the common Zn-Ca crystal, we note
that within uncertainties both forms of the protein without Ca
are the same. In contrast with the protein containing Ca, no
change on crystallization appears to occur. However, the
solution with and without Ca does change coordination by one;
a ligand is lost when the Ca is removed. Thus our latest results
are that the crystal without Ca is pentacoordinated, not hex-
acoordinated as suggested previously (Kalb et al., 1979). A
fitting routine was performed on the first coordination shell
of the Zn atom of the solution with the same standards and
methad as for the Zn-Ca case. The uncertainties in this case
are shown in Figure 8. The results of the fit are shown in
Table 11. In this case only two models give satisfactory fits,
namely, one or two nitrogens with the rest of the ligands being
oxygen to complete the pentacoordination. The case of four
oxygens and one nitrogen is chosen as the preferred model
because of the absence of prominent structure in the 3—4-A
range in Figure 4 for the Zn-only protein. The fit to the
isolated first shell data is shown in Figure 9 for the case of
one nitrogen.

As an aside, our previous result (Kalb et al., 1979) was in
error because we used as a standard ZnO. This standard has
a problem that was not appreciated at the time. It has a second
shell from the Zn-Zn scattering that is much larger than the
first Zn—O shell. When the first shell is “isolated”, significant
leakage from the second shell is included to produce the error.
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DIScUsSION AND CONCLUSIONS

The XAFS measurements on the S1 site of concariavalin
A when occupied by Zn show dramatic changes in its structure
between the dissolved and crystallized states. When the S2
site is occupied by Ca the solution is hexacoordinated at the
S1 site and tetracoordinated when crystallized. In contrast,
when the S2 site is unoccupied, the S1 site is pentacoordinated
in both the solution and the crystal and no significant change
occurs on crystallization. According to our analysis, an oxygén
atorn is released on going from hexa- to pentacoordination and
a nitrogen atom leaves on going from penta- to tetracoordi-
nation.

The importance of ascertaining structural differences of a
protein between a crystal and a solution is illustrated by the
Zn concanavalin A protein we have investigated. When the
S2 site has its Ca atom removed the saccharide-binding site
is destroyed, presumably due to a modified conformation. If
the crystal structures were used to ascertain these conforma-
tional changes, they would be in error, since we find that the
coordination number changes are opposite in the crystal and
in the solution. Any conclusions drawn from crystal structure
determinations could lead to an erroneous mechanism for the
change in the protein’s property in solution.

Crystal structure detertninations on concanavalin A with
the S2 site filled by Ca and the S1 site filled with Mn or
unspecified metal atoms (Hardman & Ainsworth, 1972;
Edelman et al., 1972; Becker et al., 1975; Hardman et al.,
1982) indicate a hexacoordiriated S1 site, in contrast to the
tetracoordinated one we have determined for Zn on this study.
This suggests that the coordination 4t the S1 site depends on
the atom occupying that site. We have measured the coor-
dination at the S1 site when it is occupied by other transition
metals and do find a change in coordination, which will be
reported in 4 separate publication. The crystal structure for
Mn-Ca crystals indicates that when it is hexacoordinated, the
metal atom is liganded to two water oxygens, one histidine
nitrogen, and three carboxyli¢c oxygens. Our results on the
hexacoordinated Zn-Ca solution are consistent with this result
since we find five oxygen and one nitrogen ligands. The loss
of an oxygen ligand can be easily accepted by assuming it is
an exchangable water molecule [cf. Meirovitch and Kalb
(1973)], but the loss of the nitrogen indicates that a histidine
residue is released, which must cause a substantial confor-
mational change, in agreement with our results. The con-
formational changes are not limited to the first neighboring
shell dround the Zn: Up to the detection limit of XAFS of
4.5 A, changes are observed when the protein crystallizes. In
addition, removing the Ca at the S2 site, which is about 4.5
A from the Zn, produces conformational changes at the S1
site, giving additional evidence of long-range conformational
changes. The changes on crystallization are all the more
dramatic when it is noted that the S1 site is about 10 A from
the surface of the protein as determined by crystal diffraction
measurements.

Our results show that the Zn atom in concanavalin A is
capable of adopting at least three different configurations,
characterized by a four-, five-, or six-membered ligand shell.
We find different bond distances are associated with each of
the different coordinations, the average distance being 2.04,
2.09, and 2.15 A as the coordination increases from four to
five to six, respectively.

Zinc has a propensity to have these three coordination
numbers, and the changes in average bond distances are
comparable with the values found for such structures. For
example, ZnO, bis(acetylacetone)zinc monohydrate, and
ZnNtr have, respectively, four, five, and six oxygen atoms
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coordinated to the Zn and their average bond distances in-
crease by 0.03 A and 0.076 A as the coordination numbers
inctease from four to five and from five to six, respectively
(Wyckoff, 1965).

The crystals used in the XAFS measurements wefe grown
in the same way as those used for X-ray diffraction mea-
suremehts from solutions similar to the ones used in the XAFS
measutements. We made careful tests on the effects of possible
spurious effects that could caiise changes from the dissolved
and crystallized protein such as the added cryoprotectants and
pH differences and found no such effects.

The analyses described here were able to distinguish between
oxygen and nitrogen neighbors. It is sometimes claimed that
XAFS cannot make such a distinction. We succeeded in
making this distinction for two mainh feasons. One, the
standards we used were qiiite good. But more importantly,
we used a criterion that gives an objective measure of when
a satisfactory fit occurs, namely, the normalized x? function
of eq 8. The success of this méthod requires an accurate
assessment of experimental uncertainty. Besides measurement
uncertainties, the uncertainties in analyses and in lack of
transferability between standards and the proteins need to be
taken into account. In fact, these latter two uncertainties
dominated!

The results reported here suggest an explanatlon for the
interesting observation that the degree of disorder in conca-
navalin A crystals depends on the identity of the atom in the
S1 site [Kalb (Gilboa) et al., 1988]. If one assumes that the
susceptibility of the S1 site to conformational change under
the action of the intermolecular forces of crystallization de-
pends on the cation occupying the site, the crystal disorder
results can be understood. Those with more disorder have
moré variations under crystallization interactions. Measure-
ments are planned to determine directly from XAFS the
variation of the susceptibility of the S1 site to change under
crystallization to ascertain whether this correlates with the
observed disorder.

Because a single téchihique was used to measure the struc-
ture in solution and crystal, high sensitivity to changes about
the metal site when the protein crystallizes is possible. In the
case of concanavalin A with Zn in the S1 site, the changes
about the zinc are quite dramatic and easily detected, but
much more subtle changes can be detected by XAFS. The
charnges about the Zn site are particularly dramatic when it
is noted that the site is ~10 A from the protein surface as
determined by crystal structures. When a protein crystallizes,
intermolecular contacts occur along portions of the surface.
As shown previously (Lin et al., 1990), such intermolecular
interactions introduce stresses in the protein and, at least in
one of the cases studied here, changes the conformation of the
protein even far from the surface. The significance of this
result depends on how generally proteins have their confor-
mations modified on crystallization. However, the results
presented here indicate that some caution is in order in as-
suming, as a general rule, that crystallization does not sig-
nificantly perturb protein conformations.
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