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Spectinomycin, a broad-spectrum antibiotic that se-
lectively targets bacterial ribosomes (1–3), remains im-
portant in clinical and veterinary use, as it induces only
low levels of bacterial resistance (4–6). Despite de-
cades of worldwide use of the drug, the molecular mech-
anism by which spectinomycin inhibits translation re-
mains unclear.

Spectinomycin, an aminocyclitol constituted from
two glucose moieties (7) (Figure 1, panel a), inhibits
translocation of transfer RNAs (tRNAs) and messenger
RNA (mRNA) on the ribosome (8–10), the step that fol-
lows the formation of each peptide bond. Translocation,
catalyzed by the GTPase elongation factor G (EF-G), in-
volves multiple large conformational changes in the ri-
bosome (9, 11–15). Translocation is thought to begin
with a ratchet-like motion of the small (30S) ribosomal
subunit relative to the large (50S) ribosomal subunit
(11, 15, 16), followed by swiveling of the head of the
small subunit (12, 13) and “unlocking” (opening)
of the tRNA binding groove to allow peptidyl (P-site)
tRNA to pass into the Exit (E) site (13, 14, 17, 18). These
conformational changes lead to discrete movements of
bound tRNAs, where the tRNAs move first with respect to
the 50S subunit into hybrid binding states and then
move with respect to the 30S subunit (19). Unlike most
of the translocation inhibitors, spectinomycin slows but
does not completely abolish multiple-turnover translo-
cation (9). It also does not induce mRNA miscoding
(20, 21).

The binding site for spectinomycin, in RNA helix 34
(h34) of the head domain of the 30S subunit, resides
near the single ribosomal RNA (rRNA) helix that connects
the head domain to the rest of the small subunit (i.e.,
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ABSTRACT The widely used antibiotic spectinomycin inhibits bacterial protein
synthesis by blocking translocation of messenger RNA and transfer RNAs on the ri-
bosome. Here, we show that in crystals of the Escherichia coli 70S ribosome spec-
tinomycin binding traps a distinct swiveling state of the head domain of the small
ribosomal subunit. Spectinomycin also alters the rate and completeness of reverse
translocation in vitro. These structural and biochemical data indicate that in solu-
tion spectinomycin sterically blocks swiveling of the head domain of the small ri-
bosomal subunit and thereby disrupts the translocation cycle.
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neck of the 30S subunit) and faces the mRNA binding
groove (22–26) (Figure 1, panels b and c; Supplemen-
tary Figure 1). Biochemical data (9, 24, 25, 27) and the
structure of spectinomycin bound to the 30S ribosomal
subunit (26) suggested that spectinomycin might inhibit
translocation by causing or preventing conformational
changes in the ribosome that potentially involve h34 or
the head of the 30S subunit. However, since transloca-
tion depends on coordinated movements within the
intact 70S ribosome (15), the explanation for how spec-
tinomycin inhibits translocation has not been estab-
lished. To shed light on the mechanism by which spec-
tinomycin inhibits translocation, we conducted
structural and biochemical studies of the intact Es-
cherichia coli 70S ribosome in complexes with spectino-
mycin or with both spectinomycin and the aminoglyco-
side neomycin (Figure 1, panel a).

RESULTS AND DISCUSSION
The crystals of the E. coli 70S ribosome that were

used for antibiotic soaks in the present experiments
contain two molecules of the ribosome per asymmetric
unit, termed ribosomes I and II (13). The small subunits
of ribosomes I and II adopt remarkably different confor-
mations, with the head of the 30S subunit swiveled

around the neck helix in ribosome II, when
compared to I, by 6° in a trajectory that fol-
lows the path of tRNAs through the ribo-
some during translocation (Supplementary
Figure 2).

Strikingly, binding of spectinomycin to
the ribosomes within the crystals induced a
global conformational change of the head
domain of the small ribosomal subunit in ri-
bosome II, the ribosome further along the
tRNA trajectory from the P site towards the
E site (Figure 2; Supplementary Figure 3)
(13), whereas the conformation of ribo-
some I did not change. Spectinomycin bind-
ing to h34 near the neck helix of the 30S
subunit caused the 30S head domain of ri-
bosome II to rotate around the neck back to
a conformation closer to that of ribosome I,
that is, closer to a pretranslocation or less
swiveled conformation (13).

The ability of spectinomycin to trap the
entire head of the small ribosomal subunit
(molecular mass of �300 kDa) in a less

swiveled conformation within crystals, clearly seen in
the difference Fourier electron density maps (Figure 2,
panels a and b), came as a surprise. This result indicates
that in solution spectinomycin binding might sterically
block movement of the head of the small subunit into
the fully swiveled state of ribosome II and stabilize a
conformation of the small subunit more like that of ribo-
some I. Within the crystals, the head domain of ribo-
some II rotated �1–2° upon binding of spectinomycin
(Figure 2, panels c and d; Supplementary Figure 3), with
this effect likely to be amplified in the absence of crys-
tal contacts.

In the present structures, spectinomycin possesses
a single binding site on the ribosome, in the stem of
h34 of the small ribosomal subunit (Figure 1, panels b
and c; Supplementary Figure 1). The conformation of
spectinomycin and its interactions with rRNA are simi-
lar to those observed in the structure of the 30S riboso-
mal subunit complexed with spectinomycin (26)
(Figure 1, panel c; Supplementary Figure 1). Spectinomy-
cin binds in the minor groove of h34 and contacts nucle-
otides G1064, C1066, G1068, C1192, and G1193, in
agreement with chemical protection data (22) and mu-
tagenesis studies (23, 24). Residue Lys25 of ribosomal
protein S5 also approaches spectinomycin (Figure 1,
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Figure 1. Structure of spectinomycin and its interactions with the ribosome. a) Chemical struc-
tures of antibiotics spectinomycin (Spc) and neomycin (Neo). b) Overview of the binding sites of
spectinomycin and neomycin in the context of the 70S ribosome. Spectinomycin bound to h34 is
colored gold, and neomycins bound to h44 and H69 are colored red and green, respectively. The
16S rRNA, 23S rRNA, and 5S rRNA are shown in light blue, gray, and purple, respectively. Pro-
teins of the small and large subunits are shown in dark blue and magenta, respectively. c) Dif-
ference Fourier (Fobs – Fobs) electron density map of spectinomycin bound to h34 of ribosome II.
Observed amplitudes for the unliganded 70S ribosome structure (13) served as a reference.
Positive (blue) and negative (red) difference densities are contoured at 3 SD from the mean.
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panel c; Supplementary Figure 1) and could potentially
contact the drug in certain conformations of the 30S
subunit.

Neomycin possesses two adjacent binding sites on
the 70S ribosome, one in h44 of the small subunit and
the other in H69 of the large subunit (28) (Figure 1,
panel b). These binding sites are located in the highly
dynamic intersubunit region, next to the aminoacyl (A)
and peptidyl (P) tRNA binding sites (28). The structure of

the 70S ribosome with both spectinomycin and neomy-
cin bound revealed that binding of neomycin was essen-
tially identical to that observed previously in the com-
plex of the 70S ribosome with neomycin alone (28),
indicating that binding of the aminoglycoside and spec-
tinomycin are structurally independent of each other.
Notably, neomycin binding had no appreciable effect
on the ability of spectinomycin to bind to ribosome II
and trap the less swiveled conformation of the small
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Figure 2. Conformational changes in the position of the head domain of the 30S subunit induced by spectinomycin. a, b) Difference Fourier
(Fobs � Fobs) electron density map in the context of the 30S ribosomal subunit (panel a) and in the proximity of the spectinomycin binding site in
h34 (panel b, stereoview) of ribosome II. Positive (blue) and negative (red) difference densities are contoured at 3 SD from the mean. 16S rRNA is in
light blue, and small subunit proteins are in dark blue. Spectinomycin is colored gold. For panel a, the direction of the view is indicated by the ri-
bosome icon. c) Superposition of spectinomycin-bound (Spc) and unliganded (II) (13) conformations of ribosome II in the 70S ribosome crystals.
The rRNA is shown in red and gray, and proteins are purple and gray for spectinomycin-bound (Spc) and unliganded (II) (13) conformations of ribo-
some II, respectively. d) Superposition of 30S subunits within the 70S ribosome. Differences in the position of phosphorous atoms in 16S rRNA
(light colors) and C� positions in proteins S7, S13, and S19 (darker colors) in the 30S subunit head domain are shown as vectors, as follows. Vec-
tors from apo-ribosome II (13) to spectinomycin-bound ribosome II, red; vectors from spectinomycin-bound ribosome II to spectinomycin-bound ri-
bosome I, blue. The 50S subunit from ribosome I (13) is shown in gray (23S rRNA), purple (5S rRNA), and magenta (large subunit proteins). The di-
rection of the conformational change induced by spectinomycin is indicated by the red arrow. The path tRNAs travel during translocation from the A
site to the E site is indicated by the black arrow. The direction of the view is indicated by the ribosome icon.
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subunit head (Figure 2). These data indicate that the
two antibiotics target different steps of the transloca-
tion reaction on the ribosome.

Recent experiments revealed that several antibiotics
that inhibit forward translocation are able to facilitate re-
verse translocation of mRNA and tRNAs on the ribo-
some even in the presence of EF-G and GTP (29). In con-
trast to neomycin and other translocation inhibitors
(29), spectinomycin showed little effect on reverse trans-
location in the presence of EF-G and GTP but signifi-
cantly inhibited the ability of neomycin to favor the pre-
translocation (PRE) state in this assay (Figure 3, panels a
and b). We also probed the effects of spectinomycin
and neomycin on the spontaneous reverse transloca-
tion reaction, that is, in the absence of EF-G and GTP
(Figure 3, panels a and c; Table 1; Supplementary
Figure 4) (29, 30). Whereas neomycin increased the
rate of spontaneous reverse translocation without affect-
ing the final populations of post-translocation (POST)
and PRE complexes, spectinomycin decreased both the
rate and extent of spontaneous and neomycin-
promoted reverse translocation (Figure 3, panel c;
Table 1; Supplementary Figure 4).

The above structural and biochemical data suggest
that spectinomycin specifically targets a transient inter-
mediate in translocation. As noted earlier, translocation
likely proceeds through a series of large conformational
changes in the whole ribosome, beginning with a
ratchet-like motion of the 30S subunit relative to the
50S subunit (11, 15, 16). The ratcheting motion would
not be sufficient for translocation (13), and a series of
additional rearrangements would contribute to complet-
ing translocation, including disengagement of the
minor-groove readout of the A-site tRNA (31), swiveling
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Figure 3. Effect of spectinomycin on reverse translocation. a) Schematics of the
stepwise experimental setup for the EF-G dependent forward translocation (top) and
spontaneous reverse translocation (bottom) reactions. The steps and order of anti-
biotic addition are described in Methods and are not depicted in the figure. b) Re-
verse translocation promoted by antibiotics in the presence of EF-G and GTP. The P
complex corresponds to deacylated tRNAfMet bound to the P site of the ribosome;
the A complex (PRE) forms upon addition of the N-acetyl-Val-tRNAVal to the A site of
the P complex; G complex (POST) forms upon addition of EF-G/GTP to the A com-
plex; the other complexes are formed upon subsequent addition of neomycin (Neo),
spectinomycin (Spc), both neomycin and spectinomycin (Neo/Spc), or water (–) to
the G (POST) complex. The percent of POST complex remaining at the end of the in-
cubation is indicated below each lane. Reported values represent the mean values
(�SEM) derived from three independent experiments. c) Spontaneous reverse
translocation upon addition of E-site tRNA to ribosomes programmed with mRNA
and P-site tRNA. Ribosomes were preincubated with spectinomycin prior to E-site
tRNA addition in reactions involving spectinomycin (filled symbols). In reactions in-
volving neomycin, neomycin was added simultaneously with E-site tRNA. Each ex-
periment was carried out in triplicate. Kinetic parameters derived from the fitting of
the data are reported in Table 1.

TABLE 1. Effect of spectinomycin and neomycin on the rate of spontaneous reverse translocation

Antibiotic kobs1 (min�1) A1
a kobs2 (min�1) A2

a

Water 0.15 � 0.01 0.98 � 0.01 n/a n/a
Neomycin 0.39 � 0.02 0.99 � 0.01 n/a n/a
Spectinomycin 0.05 � 0.01 0.29 � 0.02 0.54 � 0.02 0.26 � 0.02
Spc � Neo 0.07 � 0.02 0.33 � 0.03 0.72 � 0.01 0.43 � 0.02

Preincubated with spectinomycin
Spectinomycin 0.04 � 0.01 0.54 � 0.06 0.30 � 0.03 0.13 � 0.01
Spc � Neo 0.06 � 0.01 0.56 � 0.01 0.44 � 0.02 0.06 � 0.05

aA1 and A2 are amplitudes of the reactions (Methods, Supporting Information).
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of the head domain of the small subunit (12, 13), and fi-
nally, opening of the tRNA binding groove to allow P-site
tRNA to enter the E site (13, 14, 17, 18). The present
structural results indicate that spectinomycin likely in-
hibits translocation by specifically blocking the swivel-
ing of the head of the small subunit, consistent with re-
cent kinetic experiments (18). Spectinomycin should
allow ratcheting of the two ribosomal subunits to occur
but would then freeze the head of the small subunit in a
conformation close to that in ribosome I, whereas a
fully rotated head, as in ribosome II, coupled with open-
ing of the tRNA binding groove would be required to
complete translocation (12, 13). Neomycin, in contrast,
is thought to target the pretranslocation state of the ribo-
some, either prior to or following the formation of the
ratcheted state (28). Whereas spectinomycin has little

or no effect on peptidyl-tRNA affinity for the A site (9)
but impacts 30S head dynamics (Figure 2; Supplemen-
tary Figure 3), aminoglycosides stabilize peptidyl-tRNA
in the A site (9). Consistent with their differing effects on
translocation (9) and reverse translocation reactions
(Figure 3; Supplementary Figure 4), spectinomycin and
neomycin target different sites on the ribosome
(Figure 1, panel b) (28) and do not interfere with mu-
tual binding.

In the presence of spectinomycin, either with or with-
out neomycin, the spontaneous reverse translocation re-
actions followed a double exponential equation, that
is, they were governed by two competing processes
(Figure 3, panel c; Table 1; Supplementary Figure 4;
Supplementary Information). A plausible explanation
for this observation is that there is a competition be-
tween binding of spectinomycin and either binding of
E-site tRNA, which initiates reverse translocation, or
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Figure 4. Conformational changes in the mRNA down-
stream tunnel that accompany mRNA unwinding and
movement through the ribosome, viewed from the solvent
side of the 30S subunit. The mRNA from ref 46 superim-
posed with the ribosome structures (13, 47) is shown in
red. The 16S rRNA is shown in light blue, and proteins S3,
S4, and S5 are dark blue for the conformation of the ri-
bosome that precedes mRNA and tRNA movement on the
small subunit, with a fully rotated 30S head, i.e., un-
liganded ribosome II (13). For the pretranslocation-like
conformation of the ribosome, with a 30S subunit head not
rotated, taken from a structure of the ribosome in com-
plex with mRNA and a P-site tRNA mimic (47), the head do-
main of the 30S subunit, which adopts a different confor-
mation compared to that in unliganded ribosome II, is
shown in gray. The body of the 30S subunit in the
pretranslocation-like state (not shown) is essentially iden-
tical in conformation to that in unliganded ribosome II (13,
47). The location of the mRNA downstream tunnel is indi-
cated by the arrow.

TABLE 2. Diffraction and refinement sta-
tistics for 70S ribosome in complexes
with spectinomycin and neomycina

Dataset � Spectinomycin
� Spectinomycin
� Neomycin

Resolution
(Å)

183–3.93
(183–4.2)b

182–3.5
(182–3.85)b

Completeness
(%)

75.8 (89.4)b 72.1 (91.3)b

No. of
reflections

390,966 521,699

No. of crystals 7 6
Redundancy 3.4 3.3
I/� 8.4 8.6
Overall �2 1.4 1.4
Rmerge (%) 10.9 10.4

Refinement
Resolution (Å) 70–3.93 70–3.5
No. of

reflections
390,759 521,145

Rfree set 19,244 25,274
No. of atoms 284,067 284,235
R/Rfree (%) 25.8/31.1 26.4/30.6

aSpace group P212121. Unit cell a � 208.9 Å, b � 379.2
Å, c � 739.3 Å, � � � � 	 � 90°. bValues in parenthe-
sis are for the resolution range with a high level of
data completion.
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opening of the tRNA binding groove between the P and
E sites on the 30S subunit (13). Although we cannot dis-
tinguish at present whether spectinomycin inhibition
precedes E-site tRNA binding or opening of the tRNA
binding groove, the present data indicate that inhibi-
tion of head swiveling by spectinomycin occurs before
the rate-limiting step of the spontaneous reverse trans-
location reaction. Notably, Peske et al. (9) observed bi-
phasic kinetics of forward translocation in the presence
of EF-G and spectinomycin, with higher concentrations
of spectinomycin favoring the accumulation of more
slowly translocating ribosome complexes. The fact that
we observe a similar effect in the absence of EF-G in the
reverse translocation reaction supports the notion that
the ribosome itself, independent of the presence of
EF-G, exists in two conformations that have different in-
trinsic abilities to translocate or reverse translocate
tRNAs. By microscopic reversibility, spectinomycin likely
affects 30S head swiveling in the same way in both for-
ward and reverse translocation reactions.

The conformational change caused by spectinomy-
cin binding may additionally inhibit translocation by af-
fecting the mRNA unwinding and movement on the ribo-
some (Figure 4). The average diameter of the mRNA
downstream tunnel encircled by proteins S3, S4, and
S5, where mRNA unwinding takes place, is �15 Å in the

pretranslocation state, barely enough for the mRNA to
fit (32) (Figure 4). Rotation of the head domain of the
30S subunit, which includes protein S3, occurs along
the path of mRNA entering the A site (33) and results in
a shearing movement of protein S3 in the head domain
relative to proteins S4 and S5 in the 30S subunit shoul-
der. This shearing movement changes the shape and di-
mensions of the mRNA tunnel and likely contributes to
mRNA unwinding by proteins S3, S4, and S5 (32). Freez-
ing of the head domain of the small subunit upon spec-
tinomycin binding may therefore reduce the intrinsic he-
licase activity of the ribosome (32). The ability of
spectinomycin to restrict rotation of the 30S subunit
head domain could also impede the forward motion of
mRNA and therefore translocation.

Our study reveals the mechanism by which spectino-
mycin may inhibit tRNA and mRNA translocation on the
ribosome and provides new insights into the sequence
of structural rearrangements in the ribosome that are re-
quired for translocation. Similar structural changes may
also be critical for the process of mRNA unwinding, in-
volving a shearing of the 30S subunit head relative to
the 30S subunit body. These results demonstrate the
necessity of probing aspects of ribosomal translocation
using the intact 70S ribosome.

METHODS
Crystallization, Data Collection, and Structure Refinement. Ribo-

somes from E. coli strain MRE600 depleted of protein S1 were
crystallized as described previously (13). Large single crystals
were cryoprotected with buffers containing 20% (v/v) 2-methyl-
2,4-pentanediol (MPD), 3% (w/v) PEG 8000, 24.1% (v/v) PEG
400, 35 mM MgCl2, 350 mM NH4Cl, 1 mM spermine, 0.5 mM
spermidine, and 60 mM HEPES, pH � 7.0, prior to flash-freezing
in liquid nitrogen. The antibiotics at saturating concentrations,
0.1 mM spectinomycin (Sigma) and 0.01 mM neomycin (a mix-
ture of neomycin B and C, Sigma) (8, 22, 34–36), were soaked
into crystals for 24 h during cryostabilization.

Diffraction data for each complex were measured from mul-
tiple crystals (Table 2) cooled to 93 K using 0.1–0.3° oscilla-
tions at the SIBYLS (12.3.1) beamline at the Advanced Light
Source, which is equipped with an ADSC Q315 area detector. A
modified strategy algorithm was used to optimize data measure-
ment from multiple crystals. Data were reduced and scaled
using Denzo/Scalepack (37) and Truncate (38) (Table 2). The
crystals diffract X-rays anisotropically, as indicated by the com-
pleteness of the datasets as a function of resolution in Table 2
and Supplementary Figure 5.

The 3.5 Å structure of the E. coli 70S ribosome (13) was
used as the starting model for further refinement in CNS (39).
The model was first subjected to rigid body refinement against
the antibiotic-bound data. The initial models of spectinomycin
(40) and neomycin were manually docked into difference Fourier

electron density maps, with apo-70S ribosomes as the refer-
ence and phases derived from Pirate density modification (41).
The topology and parameter files describing each antibiotic were
generated with HIC-Up (40). The models were then refined us-
ing rounds of manual rebuilding with O (42) and torsional dy-
namics (39). The refinement statistics are presented in Table 2.
Following torsional dynamics refinement, electron density maps
were generated using Pirate-derived phases (41).

Toeprinting Assays. The position of mRNA on the ribosome
in translocation and reverse translocation experiments was de-
termined by toeprinting, essentially as described previously (29)
(Figure 3, panel a). All experiments were carried out in polymix
buffer (43). Briefly, mRNA 292 (Supplementary Figure 6)
(0.5 
M) annealed to a [32P]-labeled primer was added to ribo-
somes depleted of protein S1 (0.7 
M), along with deacylated
tRNAfMet (1 
M), and incubated at 37 °C for 20 min to allow
tRNAfMet to bind the ribosomal P site. The PRE complex was then
formed by adding N-acetyl-Val-tRNAVal (to 1 
M) and incubat-
ing at 37 °C for 10 min to allow this tRNA to bind the ribosomal
A site. The resulting complex was then diluted by 20% into poly-
mix buffer containing GTP (0.3 mM) and EF-G (1 
M) and incu-
bated at 37 °C for 10 min to form a POST complex. Finally, the
POST complex was diluted by 10% in the presence of either wa-
ter or saturating concentrations of spectinomycin (0.1 mM), neo-
mycin (0.1 mM), or both neomycin and spectinomycin (0.1 mM
of each) and incubated for 10 min at 37 °C. Aliquots were re-
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moved for primer extension analysis at each stage of complex
formation.

For primer extension reactions, each aliquot above was
treated with AMV reverse transcriptase, and extension products
were resolved by 6% (v/v) polyacrylamide denaturing gel elec-
trophoresis, as described previously (29). Toeprints were quan-
tified using a phosphorimager (Molecular Dynamics) as follows.
The percentage of POST complex was calculated as % POST �
100 � (post)/(pre � post), where pre and post are intensities of
toeprints corresponding to PRE and POST complexes, respec-
tively. The PRE complex corresponds to the sum of toeprints at
positions �16 and �17 on the mRNA, whereas the POST com-
plex corresponds to the toeprint at �19 on the mRNA (44).

To measure the rate of spontaneous reverse translocation
(29), the P-site binding complex was formed as described
above, using N-acetyl-Val-tRNAVal (1 
M). Reverse translocation
was initiated by adding deacylated tRNAfMet (8 
M) to bind the E
site at time t � 0, and the reaction was incubated at 37 °C.
The antibiotics neomycin (0.1 mM), spectinomycin (0.1 mM), or
both neomycin and spectinomycin (0.1 mM of each) were also
added at time t � 0. A 2-
L aliquot was removed at each time
point, immediately added to 10 
L of prewarmed extension mix,
and further incubated at 37 °C for 2 min. The extension prod-
ucts were resolved by 6% (v/v) polyacrylamide denaturing gel
electrophoresis as described above. The fraction of POST com-
plex at time t, F(t), was determined by calculating F(t) � [(post)/
(pre � post)]/FP, where FP is the equivalent value derived from
the P lane. The data were then plotted as a function of time and
fit to either single or double exponential functions: F(t) � F0 �
A1 � exp(�kobs1 � t)] or F(t) � F0 � A1 � exp(�kobs1 � t) � A2

� exp(–kobs2 � t)], where A1 and A2 are the amplitudes, and
kobs1 and kobs2 are the observed rate constants (Table 1) (29).
The single versus double type of exponential fit was deciphered
on the basis of the residuals, i.e., the differences in observed
and calculated values, plotted for each type of a fit (Supplemen-
tary Figure 4). In the control experiment (water) or in the pres-
ence of neomycin, the data fit well to the single exponential
function (Figure 3, panel c; Table 1; Supplementary Figure 4).
In the presence of spectinomycin, both with and without neomy-
cin added, the reverse translocation time courses could only
be fit to a double exponential function (Figure 3, panel c;
Table 1; Supplementary Figure 4; Supplementary Information).

In the spontaneous reverse translocation experiments with
spectinomycin preincubation, 0.1 mM of spectinomycin was in-
cubated with the reaction mixture for 5 min at 37 °C prior to add-
ing deacylated tRNAfMet (8 
M) and either 0.1 mM of neomycin
or water at time t � 0. The reactions and analyses were carried
out as described above. The data fit to a double exponential
function (Figure 3, panel c; Table 1).

Figure Preparation. The figures were made using programs
Ribbons (45), ISIS Draw (MDL Information Systems, Inc.), Origin
(OriginLab), and Adobe Photoshop (Adobe Systems, Inc.).
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