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ABSTRACT: f3-2-Microglobulin (52m) self-associates into fibrillar amyloid deposits in the musculoskeletal
system of patients undergoing hemodialysis treatment. Previous studies have shown that stoichiometric
amounts of Cu(II) at near physiological conditions can cause 52m to organize into native-like dimers prior to
forming amyloid fibrils. Here, we report the results from selective covalent labeling reactions combined with
mass spectrometry that provide insight into the amino acid residues that mediate dimer formation in the wild-
type protein. Using three complementary covalent labeling reagents, we find that the dimer interface is formed
by the antiparallel stacking of ABED f-sheets from two 52m monomers. In addition, our data clearly indicate
that a dimer interface involving the interactions of D—D strands from separate protein units as seen in the
recent crystal structures of two mutant f2m oligomers is unlikely.

B-2-Microglobulin (2m)" is the noncovalently bound light
chain of the class I major histocompatibility complex (MHC-I)
(Z). It 1s a monomeric protein with 99 residues (~12 kDa). It
adopts a seven-stranded f-sandwich fold with one 5-sheet formed
by four strands and the other by three strands. A disulfide bond
between Cys25 and Cys80 links strands of the two sheets in the
folded state of the protein. 52m is vital for the correct folding,
assembly, and cell-surface expression of the MHC-I complex. As
part of normal cell turnover, f2m is released from the MHC-I
complex and carried to the kidney where it is degraded. Upon
renal failure, serum levels of f2m increase up to ~60 times above
the normal level of 0.1 M, and the protein aggregates into
insoluble amyloid fibrils in the joints (2, 3). Elevated f2m
concentrations alone, however, are not sufficient to trigger
fibrillogenesis (4, 5). f2m amyloid formation must therefore
result from features unique to hemodialysis, but the exact cause in
vivo is not known. f2m amyloid fibrils can be generated in vitro,
though, under acidic conditions (pH <3.6) (6), by removing the
first six N-terminal amino acids (7), by mixing the protein with
collagen at pH = 6.4(8), by sonicating the protein in the presence
of sodium dodecyl sulfate at pH = 7.0 (9), and by incubating the
protein at physiological conditions in the presence of stoichio-
metric amounts of Cu(Il) (10, 11).

Cu(Il) as the initiating agent is appealing for a number of
reasons. Because several proteins can form amyloid fibrils in the
presence of Cu(Il) (/12— 16), the interactions of this metal with
proteins may represent one of the general ways in which amyloid
formation can be stimulated. It has been argued that Cu(II) could
be the initiating factor for 52m in vivo because of the elevated Cu
concentrations in dialysate (/0). The conditions necessary to
stimulate $2m fibril formation in the presence of Cu(II) are also
arguably more similar to physiological conditions than other
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methods used to stimulate 52m fibril formation in vitro. In
addition, a recent in vitro study suggests a catalytic role for
Cu(IT) in f2m fibril formation (17), which is important because
systemic increases in Cu(ll) concentrations are therefore not
necessary. While a role for Cu(II) in vivo has not been confirmed,
addition of the metal is a discrete way to trigger amyloid
formation so that the intermediates that precede the fibrils can
be more easily studied.

In this study, we use Cu(II) as a trigger to initiate 52m amyloid
formation and then study the structure of the dimer, which is the
first preamyloid oligomer formed (17, 18). Previous work has
shown that incubation of f2m with Cu(II) under near physiolo-
gical conditions results in the formation of dimers in the first
30 min with tetramers and hexamers not forming for >12—24 h
(17, 18). Because the dimer is an intermediate and is always
present as a mixture with the monomer and eventually other
higher order oligomers, obtaining residue-specific information
about the dimer is very challenging by traditional approaches.
One recently used approach to solve this problem has been to
construct f2m mutants that are capable of crystallizing as
oligomers (79, 20). In this way, it has been found that the
P32A mutant of f2m forms a dimer in the absence of Cu and
the H13F mutant forms a stable hexamer in the presence of Cu.
These crystal structures have then been used to support hypoth-
eses about the structural changes necessary for 2m oligomer and
amyloid formation. While these crystal structures provide high-
resolution atomic-level information, they cannot provide a
complete picture of f2m oligomer structure. The f2m mutants
do not form fibrils, and so the crystallized oligomers unlike the
wild-type oligomers contain structural features that prevent
further aggregation. Moreover, it is possible that the selected
mutations initiate the formation of oligomers that differ com-
pletely from the ones formed by the wild-type protein.

As a complementary approach to these crystallographic
studies, we describe here the use of covalent labeling along with
mass spectrometry (MS) to gather insight into the structure of the
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wild-type f2m dimer. This method relies on amino acid specific
reactions of solvent-exposed amino acid side chains and tandem
MS (MS/MS) to identify the modified residues. Covalent labeling
combined with MS and MS/MS has been used to map protein
surfaces, identify ligand-binding sites, study protein—protein and
protein—nucleic acid complexes, and detect ligand-induced con-
formational changes (27). These covalent labeling methods
provide information about protein structure and interactions
by comparing the reactivity of amino acid side chains in solution
under two or more different conditions. MS/MS is then used to
identify the specific amino acids that undergo significant changes
in reactivity. This approach is well suited for providing insight
into the dimeric intermediate of 52m because amino acid side
chains are usually buried upon formation of new protein—
protein interfaces, and buried amino acids are much less reactive
than exposed amino acids. Furthermore, the specificity of MS
allows this information to be obtained even under conditions in
which a mixture of 52m forms is present.

Using three complementary covalent labels with MS detection,
we show that the dimer is formed by the interactions of two four-
strand fS-sheets from two monomers. Confidence in this assign-
ment arises because our covalent labeling reactions are able to
probe about one-third of 2m’s surface-exposed amino acids,
and these amino acids are evenly spread across the protein.
Moreover, almost one-half of the residues at the dimer interface
are probed with the covalent labels used in this study. Overall, our
results indicate the potential power of covalent labeling and MS
for studying oligomer-forming proteins, and they provide specific
structural information that could inspire efforts to design in-
hibitors of f2m oligomerization and fibril formation.

MATERIALS AND METHODS

Materials. Human f2m was obtained from Fitzgerald
Industries International, Inc. (Concord, MA). Diethyl pyrocar-
bonate (DEPC), 2,3-butanedione (BD), sulfo-N-hydroxysucc-
inimide acetate (NHSA), imidazole, dithiothreitol (DTT),
copper(Il) sulfate (CuSO4), 3-morpholinopropanesulfonic acid
(MOPS), potassium acetate, arginine, ubiquitin from bovine
erythrocytes, equine heart cytochrome ¢, equine skeletal muscle
myoglobin, chicken egg white ovalbumin, human hemoglobin,
and bovine transferrin were purchased from Sigma-Aldrich
(St. Louis, MO). Tris(hydroxymethyl)aminomethane (Tris) was
purchased from EM Science (Gladstone, NJ). Urea was pur-
chased from Mallinckrodt Chemicals (Phillipsburg, NJ). Trypsin
was from Promega (Madison, WI), and chymotrypsin was
purchased from Roche Diagnostics (Indianapolis, IN). Centri-
con molecular weight cutoff (MWCO) filters were obtained from
Millipore (Burlington, MA). Deionized water was prepared from
a Millipore (Burlington, MA) Simplicity 185 water purification
system.

Formation of 2m Oligomers and Fibrils. Reports have
shown that discrete oligomers precede 52m amyloid fibrils when
monomeric 2m is incubated under near physiological conditions
in the presence of Cu(Il) (17, 18). Amyloid fibrils were formed
by incubation of 100 uM f2m in 200 mM potassium acetate,
500 mM urea, and 25 mM MOPS (pH 7.4) with 200 uM
copper(Il) sulfate at 37 °C. All components were equilibrated
at 37 °C prior to Cu(II) addition and immediately returned to
37 °C after mixing. The covalent labels were added to aliquots of
incubated 2m taken at several time points after initiating the
amyloid fibril formation reaction.
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Carbethoxylation with DEPC. Stock solutions of DEPC
were prepared in acetonitrile. The DEPC reactions of f2m were
performed for 1 min at 37 °C and were initiated by adding
0.25 mM DEPC. The total reaction volume for the experiments
was 30 uL, and the total amount of acetonitrile added
was ~1.5%. The reactions were quenched after 1 min by adding
10 mM imidazole.

Acetylation with NHSA. Stock solutions of NHSA were
prepared in water. The labeling of £2m with 0.30 mM NHSA was
carried out for I min at 37 °C. The total reaction volume for the
experiments was 30 uL. The reactions were quenched by adding
10 mM Tris.

BD Modification. Stock solutions of BD were prepared in
water. The reactions of £2m with 35 mM BD were performed in
the dark for 1 min at 37 °C. Reactions were carried out in the dark
to avoid possible photoactivation of the label, which could
enhance nonspecific reactions with residues other than argi-
nine (22, 23). The total reaction volume for the experiments
was 30 uL. The reactions were quenched by adding 100 mM
arginine.

Proteolytic Digestion. Before proteolytic digestion, all modi-
fied samples were purified using a 10000 MWCO filter and
reconstituted with deionized water to a final concentration of
300 uM. Purified f2m samples in 25 mM Tris-HCI (pH 7) and
1 mM CaCl, were first reacted with 10 mM DTT at 37 °C for
45 min to reduce the disulfide bonds. This was followed by
addition of acetonitrile and incubation at 37 °C for 45 min.
Trypsin and chymotrypsin (1 ug/uL) were then added to DEPC-
modified samples to yield a final enzyme/substrate ratio of 1:20.
For the NHSA- and BD-modified f2m samples, only chymo-
trypsin (1 ug/uL) was added. Although trypsin is the most reliable
and robust protease, chymotrypsin was used instead because
trypsin can no longer cleave proteins after acetylated lysine and
modified arginine residues. All samples were digested at 37 °C for
16 h. The enzymes were inactivated by adding 2 uL of acetic acid,
and the samples were immediately analyzed.

Desalting. Desalting of the protein samples just prior to
electrospray ionization (ESI) mass spectrometry (MS) analyses
was performed using a 5 mL HiTrap desalting column from
Amersham Biosciences (Piscataway, NJ). The column was first
equilibrated with 30 mL of the mobile phase (10 mM ammonium
acetate, pH = 7.4) at a flow rate of 5 mL/min. Then, between
100 and 150 4L of incubated sample was injected onto the column
via a sample loop attached to a homemade setup. The oligomeric
intermediates were eluted at a flow rate of 10 mL/min using
10 mM ammonium acetate (pH = 7.4), which was filled into a
syringe and delivered by a syringe pump. The f2m fraction
eluting from the column was collected between 20 and 22 s and
analyzed immediately by ESI-MS.

Instrumentation. The amount of modification was deter-
mined by removing an aliquot of the purified f2m and analyzing
the samples using a Bruker Esquire-LC quadrupole ion trap mass
spectrometer (Billerica, MA) equipped with an ESI source. The
ESI source was operated at a spray voltage of 3.5 kV, and the
capillary temperature was set at 300 °C. The voltages for the
transfer optics between the ESI source and the ion trap were
optimized for maximum signal, with typical skimmer 1 and
capillary offset values of 30—35 and 50—60 V, respectively.

The proteolytic fragments were separated by an Agilent
HP1100 (Wilmington, DE) HPLC system with a C18 column
(I5 em x 2.1 mm, 5 um particle size; Supelco, St. Louis, MO)
for online analysis by MS and MS/MS. The fragments of
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NHSA- and BD-modified f2m were eluted using a linear
gradient of methanol that increased from 5% to 70% over
20 min and from 70% to 100% over the final 2 min at a flow
rate of 0.250 mL/min. For the fragments of DEPC-modified
p2m, a linear gradient of methanol that increased from 5% to
70% over 30 min and from 70% to 100% over the final 3 min was
used. For both gradient conditions, water comprised the balance
of the solvent, and a total of 0.1% acetic acid was present. The LC
effluent was fed into the mass spectrometer with similar ESI
source conditions as described above. Tandem mass spectra were
acquired using collision-induced dissociation (CID) with isola-
tion widths of 1.0 Da and excitation voltages between 0.6 and
1.0 V. Peptide sequences were determined from the MS/MS data
via de novo sequencing or with the help of BioTools (Bruker
Daltonics, Billerica, MA).

Sequencing of 52m to identify the specific amino acids modified
by BD is not possible using CID, so electron transfer dissociation
(ETD) was used to identify the specific modification sites. In the
CID process the BD label is readily lost without any associated
information about its location in the sequence. The ETD experi-
ments were carried out using a Bruker HCT ETD II (Billerica,
MA) equipped with an ESI source. ETD was performed using a
total reaction time of 25 ms and low mass cutoff of 100.
Accumulation times for the fluoranthene radical anion, which
was used as the ETD reagent, were typically between 3 and 5 ms.

A JMS-700 MStation (JEOL, Tokyo, Japan) double-focusing
mass spectrometer equipped with a standard ESI source was used
to acquire mass spectra of the f2m oligomers after desalting the
incubation solution. The ESI source conditions that were used
are the following: desolvating plate temperature, 100 °C; orifice
temperature, 140 °C; orifice potential, 60 V; ring lens potential,
100 V. ESI-MS experiments of the desalted protein samples were
used to measure the average charge states of these oligomers and
to estimate their surface areas using a method described pre-
viously by Kaltashov and co-workers (24). The spectra were
acquired by scanning the magnet at a rate of 5 s/decade.

Amino Acid Modification Percentage. The percent modi-
fication of each labeled amino acid was determined by comparing
the LC-MS intensities of modified and unmodified proteolytic
peptide fragments containing the amino acid of interest. For each
peptide fragment, the modified form eluted after the unmodified
form with the difference in retention times ranging from 1 to
12 min. The ion intensities of both modified and unmodified
peptides were determined from extracted ion chromatograms; as
an example, see Figure S1 in the Supporting Information. The
reported ion intensities were determined by averaging a 0.4 min
time range centered on the given chromatographic peak. The
percent modification was then obtained by dividing the ion
intensity of the modified fragment (/,o4ifieq) by the sum of the
ion intensities for the modified (/nogifieq) and unmodified
(Iunmodified) fragments as shown in eq 1. The errors are reported
as the standard error of the mean using the data from three
separate modification reactions. Because ion intensity ratios were
used, day-to-day ion intensity variations, which can be common
in mass spectrometers, were minimized, and low modification
levels could be accurately determined.

Im ifi
odified % 100 (1)

% modification = ——modtee
I modified T I unmodified

Determination of Solvent Accessibility. The 3D structures
of f2m that were examined were obtained from the Protein Data
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Bank: 2D4F for monomeric f2m (25), 2F80 for the P32A
dimer (19), and 3CIQ for the HI3F hexamer (20). The solvent-
accessible surface areas (SASA) of individual amino acid side
chains were calculated from the PDB coordinate files using
GETAREA (http://curie.utmb.edu/getarea.html) (26). For these
SASA calculations, a 4.0 A probe radius was used because the
radii of the covalent labels used in this study range from ~3.5 to
4.5 A. To determine the surface area of the whole protein for
comparison with the ESI-MS results, a 1.4 A probe radius was
used.

Docking Calculations. All simulations were performed
using the £2m subunit taken from the crystal structure of the
human MHC-I complex (PDB ID: 1DUZ) (27), which contains
99 amino acid residues. Met0 was eliminated from the original set
of coordinates in order to resemble the wild-type protein used in
the labeling experiments. Hydrogen atoms were explicitly added
to the protein model, and His residues were considered to be
neutral, as shown in nuclear magnetic resonance (NMR) studies
by Esposito and co-workers (28). Water molecules, as a TIP3P
model (29), were also added until a cubic simulation cell of side
length 7.8 nm was achieved.

Five nanosecond molecular dynamics (MD) simulations were
performed to determine the most probable conformation of wild-
type £2m. The MD simulations were run at 310 K with periodic
boundary conditions in an nPT ensemble and with the AM-
BERY4 force field (30, 31) implemented in GROMACS (32—34).
Protein structures were selected every 1 ps, and those structures
that had root-mean-squared displacements of the backbone less
than 0.05 nm were clustered together. The final structure that was
used in the docking calculations was chosen from the largest
cluster of structures.

The docking of two wild-type monomeric 52m molecules was
performed to evaluate possible dimer interfaces. The docking
search optimizes desolvation, grid-based shape complementarity,
and electrostatics using a fast Fourier transform algorithm
ZDOCK2.3 (35, 36) and provides a score for all possible docked
conformations. The structures of the ten top-scoring dimers were
then energy-minimized with solvent present using the AMBER94
force field. The adaptive Poisson—Boltzmann solver (37) within
the AMBER force field was used to evaluate the free energy
binding (AAG) of each dimer.

RESULTS

All covalent labeling experiments were performed on wild-
type protein under solution conditions in which f2m forms
amyloid fibrils. In previous studies, dynamic light scattering,
size-exclusion chromatography, and MS showed that 52m oli-
gomers are formed sequentially with the dimer first appearing
between 30 min and 1 h and the initial form of the tetramer
appearing after approximately 12—24 h (/7). These previous
studies also showed that the smaller oligomers are in equilibrium
with one another and can therefore dissociate to lower order
oligomers or to the monomer. Because complete isolation of the
dimer was not possible without some dissociation back to the
monomer, the chemical modification reactions were performed at
different times before (r = 0 min) and after (+ = 2min, 0.5h, 1 h,
1.5 h, and 2 h) adding Cu(Il) to initiate the amyloid-forming
reaction. The dimer percentage at time points after the addition
of Cu(IT) increases from 0% to 20% based on ESI-MS measure-
ments of the desalted sample under amyloid-forming conditions,
as described previously (/7).
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F1GURE 1: (A) Dose—response plot for Lys6 (fragment Thr4—Tyr10)
after reaction with NHSA. (B) Dose—response plot for Lys75
(fragment Tyr67—Tyr78) after reaction with NHSA. The plot for
each reactive residue is produced from LC-MS data of the proteolytic
digests of the modified protein. The [P]/[P], ratio is obtained by
dividing the peak area for the unmodified fragment by the sum of the
peak areas for the modified and unmodified fragments. The difference
between the [P] and [P],, values is used to determine the concentration
of NHSA, [X]. (C) Expanded view of the mass spectrum showing the
extent of acetylation for the 412 charge of f2m at 7 = 0. The second
peak of each doublet is due to a fraction of the protein being oxidized
at Met99. This residue is easily oxidized during protein storage. The
portion of the protein molecules that are oxidized is typically about
20—30% of the total protein.

Covalent Labeling with NHSA. Amino groups such as the
&-NH, of lysine residues and the N-terminal a-NH, can react
with NHSA. First, the optimum reaction time and molar ratio of
NHSA were determined. As described previously (21, 48), plots
of the second-order reaction kinetics for the modified peptide
fragments can be used to ensure that the covalent label itself does
not disrupt the structure of f2m near a particular reactive amino
acid residue (Figure 1A,B). For monomeric 52m, deviations from
linearity, which are indicators of label-induced structural pertur-
bations, occur at a 4-fold molar excess of NHSA for most of the
modified proteolytic peptide fragments. Hence, the label was
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added to the 2m samples at a 3-fold molar excess to avoid label-
induced protein structural changes. Upon modification with a
3-fold excess of NHSA for 1 min at 37 °C, the addition of up to
three acetyl groups is reproducibly observed, with the average
number of modifications to the whole protein around 1
(Figure 1C).

Identifying the amino acids that are acetylated is necessary to
pinpoint the specific residues that become less reactive as the
dimer concentration increases, and this identification was
achieved by proteolytic digestion and LC-MS/MS analyses.
LC-MS/MS analyses indicate that the N-terminus, almost all
of the lysines (Lys6, Lys19, Lys41 (and/or Lys48), Lys58, Lys75,
Lys91, and Lys94), and Asn83 are labeled to different degrees.
The unmodified and modified fragments containing the lysine
residues were detectable at all time points; however, the level of
modification for some residues changed over time (vide infra).
The modified peptide Lys41—Leu54, which contains both Lys41
and Lys48, had too low abundance to obtain definitive MS/MS
spectra, but this peptide fragment was observed at all time points.
We speculate that Lys48 is the modified residue in this peptide as
the solvent-accessible surface area (SASA) of this residue in
monomeric f2m (from PDB ID: 2D4F) is two times greater than
that of Lys4l. Modification of an Asn residue, Asn83, is
unprecedented as NHSA has only been reported to react with
N-terminal amines and lysine residues (39), but the tandem mass
spectrum of the modified fragment Ala79—Leu87 unambigu-
ously identifies Asn83 as the modified amino acid.

When the covalent labeling reactions with NHSA are per-
formed at different time points after initiating the formation of
the dimer, the modification extents of some residues change as the
concentration of the dimer increases in solution (Figure 2 and
Figure S2 in the Supporting Information). The data in these
figures are obtained by measuring the modification percentage,
as described in the Materials and Methods (e.g., Figure S1 in the
Supporting Information), for the peptide fragments containing
the indicated residues. For each time point, the modification
reaction was repeated three times. Tables S1 through S18 in the
Supporting Information show the raw intensity data for each of
the three trials for all of the data points in Figure 2. Figure S3 in
the Supporting Information shows examples of how peptide ion
intensities change after the dimer becomes more populated in
solution. Because the percent modification is determined using
the ion intensity ratios of the unmodified and modified peptide
fragments, small changes in modification levels can be accurately
and precisely determined.

From the data in Figure 2 and Figure S2 in the Supporting
Information, we find that the levels of modification of Lys58,
Lys75, and Lys94 increase by about 20%, 20%, and 40%,
respectively, from before Cu(Il) is added to 2 h after Cu(II) is
added. In contrast, the reactivity of the N-terminus, Lys6, and
Lys91 decreases after addition of Cu(II). The N-terminus has the
greatest drop in extent of modification, decreasing 30% imme-
diately upon addition of Cu(Il). The reactivity of this residue,
however, does not change anymore as the dimer forms in
solution. Like the N-terminus, the reactivity of Lys91 initially
decreases, about 20%, after addition of Cu(II); however, there is
a small 5% increase in the extent of modification from 2 min to 2
h as the dimer’s concentration increases in solution. Lys6 behaves
differently than the N-terminus and Lys91 in that its reactivity
does not drop immediately upon addition of Cu(II) but instead
decreases as the dimer’s concentration increases (Figure 2A). The
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Ficure 2: Extent of NHSA modification for selected residues, (A)
Lys6, (B) Asn83, and (C) Lys94, throughout the course of the dimer
formation reaction. The inset in (A) shows the extracted ion chro-
matograms of the unmodified (m/z 623.4) and Lys6-modified
(m/z 644.4) forms of the fragment Ilel—Tyrl0 in the absence of
Cu(Il) (red trace) and 2 h after addition of Cu(II) (green trace). The
ion intensities of the unmodified and modified peptide ions were
determined from these chromatograms. lon intensity changes in
the absence (red trace) and presence (green trace) of Cu(II) show
the decrease in the extent of modification of Lys6 when 2m interacts
with Cu(Il). The percent modification was obtained using the ratio-
metric approach shown in eq 1.

reactivity of Lys19, Lys41/48, and Asn83 remains approximately
constant up to 2 h after the addition of Cu(II).

In summary, the NHSA reactivity data indicate that of the
nine modified residues in 52m four of them undergo a notable
change in reactivity as the dimer is formed in solution. The
modification extents of Lys58, Lys75, and Lys94 increase,
whereas the reactivity of Lys6 decreases. The N-terminus and
Lys91 also decrease in reactivity, but their lower reactivity
appears to be mostly due to Cu binding rather than the formation
of dimer.

Covalent Labeling with DEPC. DEPC reacts readily with
histidine residues but can also react with amine and hydroxyl
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FiGurEe 3: Extent of DEPC modification for selected residues, (A)
Ser88, (B) His51, and (C) Tyr63, throughout the course of the dimer
formation reaction.

groups at neutral pH. The DEPC experiments were performed in
much the same way as the lysine acetylation studies. Based on
second-order kinetic plots of each modified peptide, a 2.5-fold
molar excess of DEPC was used to minimize DEPC-induced 52m
structural changes (Figure S4 in the Supporting Information). As
was the case with the NHSA reactions, the reaction time was kept
short (1 min) to avoid dimer dissociation or monomer association
and to minimize DEPC hydrolysis by water. Under the experi-
mental conditions used, the addition of up to three carbethoxy
groups was observed to the whole protein, and the average
number of modifications was between 1 and 2. Proteolytic
digestion of the protein and LC-MS/MS analyses indicate that
DEPC reacted with the N-terminus, Thr4, His13, Lys19, Tyr26,
Ser28, His31, Ser33, His51, Ser57/Lys58, Tyr63, Tyr67, Lys75,
Ser88, and Lys94. These modifications were observed at all time
points, but the level of modification for some residues changed
over time (vide infra). In all cases but one (Ser57/Lys58), the
specific amino acids that were modified could be determined
unambiguously from the MS/MS data.
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The reactions with DEPC reveal that some residues change in
reactivity as the dimer’s concentration increases in solution
(Figure 3 and Figure S5 in the Supporting Information; the
raw intensity data for the residues shown in Figure 3 are included
in Tables S19 through S36 in the Supporting Information).
LC-MS data reveal that the percent modifications of six residues
increase upon dimer formation. These residues are Thr4, His51,
Ser57/Lys58, Lys75, and Lys94. Thr4 undergoes the least sig-
nificant change in reactivity, with about a 3% increase when
about 20% dimer is present. His51 and either Ser57 or Lys58
increase in reactivity by about 10%. The increased reactivity of
Ser57 or Lys58 is consistent with the increased reactivity of Lys58
in the NHSA experiments described above. The reactivity of
Lys75 and Lys94 increases the most, 25% and 30%, respectively,
as the dimer’s concentration increases. The significantly increased
reactivities of Lys75 and Lys94 agree with the NHSA data
described above. Finally, the reactivity trend of Ser88 is some-
what unclear. For all but the last time point (2 h), this residue
reacts with DEPC in a fairly constant manner.

The modification extents of nine amino acids drop after Cu is
added, but only five of these residues show decreased reactivity as
the dimer’s concentration increases. The reactivities of the
N-terminus, His31, Ser33, and Tyr67 drop upon Cu(II) binding
but change little or none as the dimer forms. His13, Lys19, Tyr26,
Ser28, and Tyr63, however, do decrease in reactivity as more and
more dimer is formed.

The results from the DEPC reactions are consistent with the
NHSA experiments, except for the reactivity trend of Lys19. In
contrast to the constant modification of fragment Ser11—Phe22
with NHSA during the course of the dimer-forming reaction, this
fragment showed a 10% decrease in modification of Lys19 with
DEPC over time (Figure 3). This slight discrepancy might be due
the microenvironment around Lys19, which could influence the
reactivity of the two differently charged labels to an unequal
extent.

In summary, our results indicate that the reactivities of DEPC
with His13, Lys19, Tyr26, Ser28, and Tyr63 decrease as the dimer
is formed, whereas the reactivities of Thr4, His51, Ser57/Lys58,
Lys75, and Lys94 increase as the dimer is formed. The modifica-
tion extents for the N-terminus, His31, Ser33, and Tyr67 also
decrease, but their lower reactivity appears to be due to Cu
binding rather than the formation of dimer.

Covalent Labeling with Butanedione. Unlike DEPC, which
reacts with many nucleophilic groups, BD reacts specifically with
arginine. The reaction is reversible at pH <9, so higher reagent
doses are necessary to improve the product yield. The excess
reagent allows pseudo-first-order kinetic plots to be used to
ensure the structural integrity of the protein (Figure S6 in the
Supporting Information). Based on these plots, a reagent excess
of 350 was chosen. Under these reaction conditions, up to two
modifications were detected with an average number of modi-
fication of less than 1. The LC/MS and ETD data indicate that
BD reacts with Arg3, Argl2, Argd5, and Arg97 but not Arg§1.

The reactions of BD with 52m reveal that each of the four
reacting arginine residues undergoes changes in reactivity after
the addition of Cu(II) (Figure S7 in the Supporting Information).
The reactivities of Arg3 and Arg97 dramatically increase (about
80%) immediately after Cu(II) is added but do not change much
as the dimer’s concentration increases. The reactivity trends of
Argl2 and Arg45, however, do change as the dimer is formed.
The modification extent of Argl2 decreases over time, whereas
the modification extent of Arg45 gradually increases.
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Table 1: Summary of Percentage Changes for Modified Amino Acids from
= 0tot = 2 hafter Adding Cu(II)

residue t=0 t=2h % change
NHSA
N-terminus 84+3 60.7+0.3 28
Lys6 18.31 +0.04 17.9+0.1 2
Lys19 7.1+£0.2 72402
Lys41/Lys48 13.24£0.7 13.2+0.8
Lys58 16.1+0.7 19.0+0.1 18
Lys75 1.37 +£0.07 1.62+0.08 18
Asn83 1.48 £0.04 1.46 +£0.03
Lys91 27+1 24.0+£0.4 11
Lys9%4 32403 44402 38
DEPC
N-terminus 9+3 68.1+0.6 31
Thr4 86.5+0.7 89.54+0.6 3
His13 45+1 40.0+0.7 11
Lys19 13.0+0.9 11.5+0.6 12
Ty26 0.74 £ 0.06 0.45+0.06 39
Ser28 0.2440.01 0.114+0.01 54
His31 1.6+0.2 0.8+0.2 50
Ser33 1.74+0.06 1.19+0.06 32
His51 61+2 6642 8
Ser57/Lys58 39+2 4742 21
Tyr63 6.3+0.3 33402 48
Tyr67 22402 1.5+0.1 32
Lys75 0.31£0.04 0.38£0.02 23
Ser88 66 +2 7241 9
Lys94 28+2 3642 29
BD
Arg3 0.5+0.2 1.01 £0.04 100
Argl2 1.3+0.1 0.64+0.06 51
Argd5 3.84+0.3 6.5+0.5 71
Arg97 27+£0.5 49+0.2 81

Table2: Proteins Used To Generate the Charge—Surface Area Calibration
Plot

protein PDB ID surface area (AZ) average charge
ubiquitin 1UBQ 4758 5.5
cytochrome ¢ IHRC 6232 7.3
myoglobin IWLA 8017 8.2
ovalbumin IOVA 15586 14.2
hemoglobin 1A3N 24548 17.3
transferrin LINF 27395 18.5

A summary of the percentage changes for each of the
modified amino acids monitored at = 0 and # = 2 h is shown
in Table 1.

Determination of Surface Area of f2m Oligomers. ESI-
MS experiments were performed to measure the average charge
states of f2m oligomers and estimate their surface areas from
these measurements using a method recently described by
Kaltashov and co-workers (24). That group recently demon-
strated that the average charge state of a protein in its ESI mass
spectrum is related to its surface area. Using mass spectral data
for six proteins with known surface areas (Table 2), we generated
a calibration curve by plotting the natural log of the measured
average charge state as a function of the natural log of the protein
surface area (Figure 4A). The resulting plot has a slope of 0.68 +
0.02, which compares favorably with the theoretically expected
slope of 0.75 and a slope of 0.69 + 0.02 measured by Kaltashov
and co-workers (24). To obtain the average charge state of each
protein, a Gaussian fit of relative abundance of each charge state
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FiGURE 4: (A) Calibration plot obtained from mass spectra of the
proteins in Table 2, which is used to measure the surface areas of the
f2m oligomers. (B) A plot of ion intensity as a function of charge state
for the f2m dimer. A Gaussian fit is used to determine the average
charge state.

Table 3: Measured Surface Areas of f2m Oligomers

X2
measured surface area (A~)

days of incubation monomer dimer tetramer hexamer
0 6515 11586
1 6743 11546 21248
3 6655 11435 20843 25050
5 6660 11370 21110 24982
7 6393 11211 21228 24837

for the protein in the mass spectrum versus the measured charge
states was used (Figure 4B).

This approach for estimating oligomer surface area was used
at different points after adding Cu(Il) to initiate the amyloid-
forming reaction. The average charge states of the monomer and
oligomers of 2m ions were determined from ESI mass spectra
like that shown in Figure S8 in the Supporting Information, and
these values were used to estimate their surface areas (Table 3).
The estimated surface areas of the monomer, dimer, tetramer,
and hexamer are 6590 + 140, 11430 & 150, 21110 & 190, and
24960 £ 110 A% respectively.

DISCUSSION

The goal of the current study is to obtain structural informa-
tion about the 52m dimer that is formed after the protein binds
Cu and before it proceeds to form amyloid fibrils. Our group and
others have shown that f2m forms dimers, tetramers, and
hexamers (/7, 18). Because no odd-numbered oligomers are
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observed, the dimer is likely the basic unit of the tetramer and
hexamer. Hence, characterizing the dimeric intermediate will not
only help to delineate the early steps of 52m fibrillogenesis but
will also aid in determining the structures of the tetramer and
hexamer.

Our approach in this work has been to use covalent labeling
along with MS detection because of the utility of this method for
studying protein—protein interactions in solution. Two mutant
f2m oligomer crystal structures are available (19, 20), and these
structures provide convenient high-resolution information to
which our data can be compared. These crystal structures,
however, are not of the wild-type protein, and the specific
mutations in each case prevent the protein from forming amyloid
fibrils. This fact means that our labeling experiments provide
more relevant information about the structural changes neces-
sary for wild-type f2m to form amyloid-competent oligomers.

Several factors affect the covalent labeling efficiency of amino
acid side chains, but solvent accessibility is the most impor-
tant (21). Consequently, covalent labeling is especially effective at
identifying residues that mediate protein—protein interactions
because the solvent accessibilities of such residues typically
undergo noticeable changes. In the case of f2m, complete
isolation of the dimer is not possible without some dissociation
back to the monomer, so the covalent labeling experiments had to
be performed at different times after adding Cu(II) to initiate the
amyloid-forming reaction. Our previous work has shown
that an appreciable amount of dimer is formed within 30 min
and no tetramer is formed until after 12 h. Thus, by monitoring
the modification extents of different residues for the first 2 h
after the addition of Cu, we can obtain some insight into the
residues that undergo changes in solvent accessibility over time,
suggesting that they are important for mediating dimer
formation. The f2m residues that react with NHSA, DEPC,
and BD are widely distributed along the polypeptide chain and
on the surface of the protein. Thus, we cover most regions of the
protein. The structural data obtained covers 25 of the
protein’s 99 residues and ~30% of the surface-exposed residues
(Figure 5).

Most of the amino acids probed by the covalent labels undergo
a change in reactivity after Cu(II) is added, but we will focus our
discussion on those amino acids that undergo changes as the
dimer forms in solution. Of the 25 modified residues, only three
amino acids, Lys41 (and/or Lys48), Asn83, and Ser88, have no
significant change in reactivity after Cu(Il) is added and the
amyloid-forming reaction has proceeded for 2 h. No change in
reactivity suggests that these residues retain a similar chemical
environment upon Cu binding and dimer formation. The residues
that undergo a change in reactivity upon Cu(Il) binding, but
change little or none as the dimer forms, are the N-terminus,
Arg3, His31, Ser33, Tyr67, Lys91, and Arg97. The changes in
reactivity associated with these residues are important because
they provide some insight into the structural changes caused by
Cu binding that enable the protein to dimerize; however, the
focus of this work is the identification of the amino acids that are
involved in mediating the interactions between protein units in
the dimer. The remaining 14 residues, including Thrd, Lys6,
Argl2, His13, Lys19, Tyr26, Ser28, Arg45, His51, Lys58 (and/or
Ser57), Tyr63, Lys75, and Lys94, undergo changes in their
labeling extent as the dimer’s concentration increases in solution.
Because solvent accessibility is the key factor controlling the
relative reactivity of these residues, the protection from modifica-
tion of some of these residues in the dimer suggests that these
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FIGURE 5: (A) Ribbon representation of monomeric 32m (PDB ID:
2D4F). Amino acids modified by the covalent labels are shown as
sticks. (B) Amino acid sequence of f2m showing strand nomencla-
ture (40). Black lines show amino acids on each -strand. The internal
disulfide bond is shown in red. The amino acids probed by the
covalent labels are shown in red.

residues are at or near the dimer interface and implies that they
may perhaps contribute to the stability of the dimer.

Previous reports showed that the f2m oligomers are native-
like in structure (4/), so the known structure of the Cu-free
monomer is a useful reference point for interpreting our data. In
addition, the recent crystal structures of two mutant f2m
oligomers, the P32A dimer (PDB ID: 2F80) (/9) and the
H13F hexamer (PDB ID: 3CIQ) (20), also provide a very useful
basis for comparison to our data. The symmetry of the H13F
hexamer is such that each protein unit interfaces with two other
protein units in distinct ways. Thus, together the P32A dimer and
the H13F hexamer provide three dimer interfaces to which we can
compare our data. The overall fold of 52m changes little in these
mutant oligomers, which is consistent with the expected native-
like structure of the wild-type oligomers. Upon comparing our
data with the mutant oligomers and the wild-type monomer,
three important observations are made: (1) dimer formation via
D—D strand interactions as seen in the P32A structure and one of
the subunit contacts in the H13F structure is improbable; (2) the
CFG f-sheet is not part of the dimer interface; and (3) the ABED
p-sheet is part of the dimer interface.

Considering the possibility of the D—D f-strand interaction in
the dimer, we find that two of the residues expected to be buried
by this interaction increase in reactivity as the dimer is formed.
The interfaces formed by the interaction of D strands from two
monomeric units as seen in the P32A dimer and one of the dimer
units (AB chains) in H13F hexamer are shown in Figure 6. The
two crystal structures show that the interaction surfaces of
the antiparallel D strands span primarily the amino acids
Glu50—Lys58. These interfaces predict reduced solvent accessi-
bility of His51 on the D strand and Ser 57 and Lys58 on the DE
loop. The calculated SASA of His51 decreases from 93 A?in the
monomeric protein (PDB ID: 2D4F) to 33 and 2 A%in the P32A
dimer and AB dimer in the H13F hexamer, respectively. Simi-
larly, the SASA of Lys38 in the monomer decreases from
214 to ~167 A% in the P32A and 88 A% in the AB dimer. For
Ser57, the SASA decreases from 58 A2 in the monomer to 0 A% in

Biochemistry, Vol. 49, No. 7, 2010 1529

A ’Lys-gﬁf\ —

./

-

FIGURE 6: Dimers formed by D—D strand interactions. Amino acids
GluS0—Lys58 are shown as spheres. (A) D—D strand interface of the
crystallographic dimer of P32A. (B) Interaction of adjacent D strands
in one of the dimer units (AB chains) in the H13F hexamer. Inter-
strand interactions of the side chains of Glu50 and His51 of one
monomer with the side chain of Lys58 and the backbone of Phe56,
respectively, of another monomer are shown.

the P32A dimer but increases slightly to 65 A?in the AB dimer of
the HI3F hexamer. Hydrogen bonding likely occurs between the
side chain of His51 and the backbone of Phe56 in the antiparallel
D—D strand interaction of the AB chains of the HI3F mutant
(Figure 6B). In addition, in both the P32A and HI3F crystal
structures, Lys58 can form a salt bridge with Glu50 (Figure 6B).
These interactions protect residues His51, Ser57, and Lys58 from
solvent, and thus, if the dimer interface involves the D strands
from two monomers, one would expect these residues to drop in
reactivity as the dimer is formed. In our experiments, however, we
find that His51, Lys58, and possibly Ser57 increase in reactivity
as the dimer’s concentration increases, suggesting that these
interactions are not present in the wild-type dimer. From studies
of the oligomerization properties of a series of f2m mutants in
which the four His residues were replaced by different residues,
Blaho and Miranker (42) recently speculated that His51 is an
important residue at the interface of the tetramer and, therefore,
not part of the dimer interface. Our results are consistent with this
suggestion and provide additional evidence that His51 is not
buried upon dimer formation.

The decreased reactivities of other residues provide further
evidence against a dimer formed via the D—D strands and give
support for a dimer involving the ABED f-sheet. The amino
acids that exhibit a decrease in extent of modification upon dimer
formation are shown in Figure 7A. All of these residues are
located on the A, B, and E strands of 52m. Hence, the measured
reactivity patterns are consistent with a dimer structure wherein
the ABED sheet is part of the dimer interface. The decreased
reactivity of these seven residues is consistent with both an
antiparallel ABED—ABED arrangement as is formed by the B
and C chains of the hexameric HI3F mutant and a parallel
ABED—ABED arrangement (Figure 8). Analysis of the BC
dimer from the crystal structure of the hexameric HI13F mutant
reveals that all residues predicted to occur inside the dimer
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FIGURE 7: The probed amino acids that are located on the (A) ABED
and (B) CFG sheets of f2m.
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FIGURE 8: Two possible dimers formed via ABED—ABED inter-
sheet interactions. (A) Antiparallel ABED—ABED arrangement as
seen in the dimer formed by the B and C chains of the HI13F mutant
(PDB ID: 3CIQ). (B) Parallel ABED—ABED arrangement as calcu-
lated by the docking of two energy-minimized Cu-free f2m mono-
mers obtained from the MHC complex (PDB ID: 1DUZ).

interface, Lys6 on the A strand, Argl2, Hisl3, and Lys19 on the
AB loop, Tyr26 and Ser28 on the B strand, and Tyr63 on the E
strand, drop in reactivity after the onset of dimer formation.
These data also correlate well with the decrease in calculated
SASAs of most of these residues when comparing the monomeric
structure to that of the BC dimer of the HI3F mutant: Lys6,
199t0 0 A% Argl2, 159 t0 20 A% Lys19, 316 to 90 A% Tyr26, 73 to
0 A% and Tyr63, 45 to 32 A2 The SASAs of Hisl3 in the
monomer and Phel3 in the BC dimer are 106 and 0 A’
respectively. For Ser28, the SASAs for monomeric f2m and
the BC dimer are both 0 A2,
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Asp59
Lys19

Glu16

FIGURE 9: Interface between chains B and C in an antiparallel
arrangement in the H13F hexamer (PDB ID: 3CIQ), showing the
intersubunit salt bridges involving Asp59 and Lys19 and the complex
salt bridge involving Glul6.

Many of these residues form new contacts in the BC chains of
the H13F crystal structure that may help to stabilize the dimer.
For example, Argl2 is very close to Tyr63, and the three-carbon
chain of Arg’s side chain probably forms a hydrophobic inter-
action with Tyr. Lys19 can form a salt bridge with Asp59 of
another monomer in the antiparallel arrangement (Figure 9),
which was recently postulated as one of the important interac-
tions caused by Cu binding to monomeric f2m (43). Indeed,
several structural and mutational analyses reveal a crucial role for
electrostatic interactions in protein—protein interactions (44, 45).
In addition to experimental data, computational studies show
that electrostatic interactions can substantially enhance the
stability of protein—protein complexes (46, 47). Lys19 is also in
close proximity to Glul6, indicating that Lys19 might form a
complex salt bridge with Glul6 of the same protein unit and
Asp59 of another protein unit. Such networks involving two or
more ion pairs are common at protein—protein interfaces and
contribute more to protein stability than isolated ion pairs, which
predominate in intramolecular interactions (48—350).

Detailed structural information is not available for a dimer
with a parallel ABED—ABED interface, but we have used
protein docking to test the viability of this potential dimer
interface. Docking calculations involving two $2m monomers
reveal that the dimer with the highest docking score has a parallel
ABED—ABED interface with a crossing angle of ~35°
(Figure 8B). Analysis of this docked dimer structure indicates
that the residues that experimentally decrease in reactivity are
also part of the dimer interface, with the exception of Lys19. The
calculated SASAs for the residues in the docked dimer structure
when compared to the monomeric crystal structure are as
follows: Lys6, 199 to 19 A% Argl2, 159 to 0 A% Hisl3, 106 to
32 A% Lys19, 316 to 194 A% Tyr26, 73 to 0 A% Ser 28, 0 to 0 A%,
and Tyr63, 45 to 0 A2, The decrease in SASA of Lys19 in the
parallel dimer structure may be a consequence of forming a salt
bridge with Glu16 of the same monomeric unit. Even though the
drop in SASAs of most of these residues is consistent with the
experimentally determined reactivities, close inspection of this
docked dimer structure does not reveal any favorable salt bridge
interactions between the two monomeric units. Indeed, calcula-
tions of the electrostatic component of the binding free energy
indicate that the parallel arrangement has a slightly unfavorable
electrostatic component. Because our previous work demon-
strated the importance of salt bridges in dimer formation (43), we
conclude that this parallel ABED—ABED interface is less likely
than the antiparallel one.

The antiparallel ABED—ABED arrangement is also con-
sistent with the measured surface area of the 2m dimer.
The measured surface area of the monomer (6590 + 140 A?)



Article

compares well with the surface area (6500 Az) obtained from the
monomeric crystal structure of f2m. The surface areas of the
crystallographic dimer of the P32A dimer, the AB dimer of the
H13F mutant, the BC dimer of the H13F mutant, and the parallel
ABED—ABED arrangement from the docking calculations are
11988, 12093, 11524, and 11095 A2, respectively. The measured
surface area for the dimer (11430 £ 150 A?%) compares most
favorably with the surface area of the antiparallel ABED—
ABED arrangement as seen in the BC chains of the HI3F mutant.

There are two other possible dimer forms with an ABED
p-sheet interaction: (1) a parallel three-stranded (CFG) and
four-stranded (ABED) interaction and (2) an antiparallel
CFG-ABED interaction. Only four residues in the CFG sheet
are probed by the covalent labels: His31, Arg45, Lys75, and
Asn83 (Figure 7B). If the intersheet interaction involves the CFG
sheet together with an ABED sheet, these four residues are
expected to decrease in reactivity as the dimer forms. Our data
clearly show, though, that the reactivity of Arg45 on the CD loop
and Lys75 on EF loop increases upon dimer formation, indicating
that these residues are more solvent accessible. There is no
significant change in the reactivity of Asn83 on the F strand,
suggesting that this residue is not part of the dimer interface. His31
on the BC loop had an initial drop in reactivity after the addition
of Cu(Il), but its reactivity remains constant during dimer
formation. Hence, the reactivity pattern of these residues suggests
that a dimer formed by the interaction of a CFG from one protein
unit with an ABED sheet of another protein unit is unlikely.

Overall, our data support a 52m dimer interface that involves
an antiparallel ABED—ABED interaction. As described above,
the seven residues that are found at this interface all decrease in
reactivity upon dimer formation. There are, however, seven other
residues, Thrd, Argd5, His51, Ser57, Lys58, Lys75, and Lys94,
that increase in reactivity as the dimer’s concentration increases
in solution. Are the reactivities of these residues consistent
with the proposed dimer structure? The increased reactivity of
five of these residues can be rationalized by comparing the
monomeric structure and the crystal structure of the BC
chains of the HI3F hexamer. The increased reactivity of Arg45
might be explained by the breaking of a salt bridge interaction
with Asp38 that is probably present in the monomer but not in
the BC dimer of the HI3F mutant. Arg45’s SASA also increases
slightly from 109 to 118 A% Similarly, Lys94 probably forms a
salt bridge with GIu77 in the monomer, but these two residues
are much further apart in the BC dimer of the HI13F mutant.
The increased reactivities of His51, Lys58, and Lys75 correlate
reasonably well with the increase in SASAs of these residues in
the BC chains of the HI3F mutant relative to the monomer:
His51, 93 to 113 A% LysS8, 214 to 327 A% and Lys75, 245 to
302 A%

SUMMARY AND CONCLUSIONS

In conclusion, our covalent labeling data indicate that the 52m
dimer, which is formed prior to the f2m amyloid fibrils, has an
interface that involves the antiparallel arrangement of ABED
sheets from two monomers. Our confidence in this assignment
comes from labeling data that cover almost one-half of the amino
acids that are at the interface of the dimer and from comparison
to the crystal structure of the hexameric HI13F mutant, which
appears to include many of the interactions present in the wild-
type dimer. Our data clearly indicate that the dimer interface
present in the P32A mutant of 52m is not the interface present in
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the wild-type dimer. Because f2m also forms tetramers and
hexamers and not odd-ordered oligomers, the knowledge gained
in this study about the dimer interface will serve as important
foundational information for characterizing these larger oligo-
mers. Information about these oligomeric intermediates should
be useful for the development of therapeutics against DRA.
More broadly speaking, covalent labeling along with MS detec-
tion appears to be a useful method for probing protein—protein
interactions in situations where more than one protein species is
present in solution. This ability could make this method useful for
other amyloid-forming systems in which discrete oligomers
precede fibril formation. For some amyloid-forming proteins,
these small prefibrillar oligomers are thought to be responsible
for cellular toxicity rather than the amyloid fibrils themselves
(51, 52), indicating the importance of studying their structures.
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SUPPORTING INFORMATION AVAILABLE

(i) Plots showing the intensities of unmodified and modified
forms of fragment Ile1—Tyr10 for three trials in the absence of
Cu; (i) tables presenting the intensities of unmodified and
modified forms of peptide fragments containing residues
Asn83, Lys94, and Lys6; (iii) plots illustrating the intensities of
unmodified and modified forms of fragment Ilel—Tyr10 in the
absence of Cu and 2 h after addition of Cu; (iv) plots illustrating
the extent of NHSA modification of 52m residues throughout the
course of the dimer formation reaction; (v) a figure showing the
dose—response plot for two residues after reaction with DEPC;
(vi) plots illustrating the extent of DEPC modification of residues
throughout the course of the dimer formation reaction; (vii)
tables presenting the intensities of unmodified and modified
forms of peptide fragments containing residues Ser88, His51,
and Tyr63; (vii) a figure showing the dose—response plot for
f2m after reaction with BD; (ix) plots illustrating the extent of
BD modification of Arg residues throughout the course of the
dimer formation; and (x) a plot showing an ESI mass spectrum of
f2m that was obtained after 5 days of incubation. This material is
available free of charge via the Internet at http://pubs.acs.org.
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