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In fluorescent in situ hybridization (FISH), the efficiency of hybridization between the DNA probe and the
rRNA has been related to the accessibility of the rRNA when ribosome content and cell permeability are not
limiting. Published rRNA accessibility maps show that probe brightness is sensitive to the organism being
hybridized and the exact location of the target site and, hence, it is highly unpredictable based on accessibility
only. In this study, a model of FISH based on the thermodynamics of nucleic acid hybridization was developed.
The model provides a mechanistic approach to calculate the affinity of the probe to the target site, which is
defined as the overall Gibbs free energy change (AG®,,.,..;) for a reaction scheme involving the DNA-rRNA and
intramolecular DNA and rRNA interactions that take place during FISH. Probe data sets for the published
accessibility maps and experiments targeting localized regions in the 16S rRNA of Escherichia coli were used
to demonstrate that AG®, .., is a strong predictor of hybridization efficiency and superior to conventional
estimates based on the dissociation temperature of the DNA/rRNA duplex. The use of the proposed model also
allowed the development of mechanistic approaches to increase probe brightness, even in seemingly inacces-
sible regions of the 16S rRNA. Finally, a threshold AG®,,., ., of —13.0 kcal/mol was proposed as a goal in the

design of FISH probes to maximize hybridization efficiency without compromising specificity.

Fluorescent in situ hybridization (FISH) has proven to be a
powerful molecular method for identification, visualization,
and quantification of organisms of interest in microbial com-
munities (reviewed in reference 2). Originally introduced by
DeLong et al. (11), the use of FISH expanded to the study of
bacterial populations in environmental applications (for re-
views, see references 1, 2, and 34) and medical applications
(22). Despite the wide use of FISH for more than a decade, the
design and use of FISH probes remain a highly empirical
procedure. Since the rRNA primary chains contain regions of
variable conservation, it is straightforward to determine a tar-
get site on the rRNA with the desired level of specificity based
on sequence comparisons (1, 34). However, a limitation that is
difficult to overcome is the inability to predict if the signal
intensity of cells hybridized with the fluorophore-labeled probe
is high enough to be detectable (2, 13, 34).

Low fluorescent responses in hybridized samples can be
related to a variety of factors, such as low ribosome content of
cells, difficulty in permeating cell walls, and the inaccessibility
of target sites due to either the secondary and tertiary struc-
tures of the rRNA (i.e., RNA-RNA interactions) or the effect
of ribosomal proteins (i.e., RNA-protein interactions) (2). The
former two depend solely on the studied organism and can be
potentially circumvented by changes in the experimental pro-
tocol, such as using a different fixative to better permeate the
cell wall (e.g., the methods of Roller et al. [24]) or by indirect
labeling of the oligonucleotide to amplify the signal intensity
per probe (e.g., the method of Schonhuber et al. [26]). On the
other hand, the inaccessibility of target sites depends on the
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regional variations in the three-dimensional (3D) structure of
the ribosome and, hence, cannot be manipulated effectively
without a mechanistic understanding of the hybridization of
the probe to the structurally complex rRNA molecule.

The attempts to develop a more thorough understanding of
hybridization efficiency in FISH have been empirical. Initially,
Frischer et al. (12) demonstrated the importance of the higher-
order structure of the in situ 16S rRNA by revealing that there
were significant differences in the signal intensity of probes
when the target was in situ 16S rRNA (FISH experiments) but
not when the same probes were hybridized to denatured 16S
rRNA (blot hybridizations). Later, Fuchs et al. (13) made a
detailed analysis of the dependence of hybridization efficiency
on the location of the target site by using a large set of probes
covering the entire 16S rRNA of Escherichia coli. The exper-
iments were standardized, such that the ribosome content and
permeability were fairly constant and the theoretical dissocia-
tion temperature (7,) of the probes was kept between 48 and
60°C (above the hybridization temperature of 46°C) according
to equation 1, which was empirically developed by Suggs et al.
(29) based on hybridization of DNA oligonucleotides with
blotted DNA targets and has been used for rough estimations
of DNA/RNA duplex stability in FISH (7, 13, 14, 28). Conse-
quently, differences in the brightness (fluorescence intensity)
of hybridized probes were regarded mainly as a function of the
accessibility of their target sites, and the signal intensity data
yielded a putative accessibility map of the E. coli 16S rRNA
(13). The resulting map showed that accessibility was highly
heterogeneous over the 16S rRNA and very sensitive to small
shifts in the location of the target site. In addition, some por-
tions of the central domain and the 3’ major domain (domains
from reference 37) were consistently inaccessible, while the 5’
domain was more accessible. In a series of publications, taking
the same approach as in their initial study (13) Amann and
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P, R,
b
P, + R, «2=PR

FIG. 1. Proposed reaction scheme for FISH. P, R, and PR denote
the DNA probe, the target (rRNA), and the DNA/TRNA hybrid,
respectively. The subscripts f and u represent folded and unfolded
conformations.

coworkers characterized the accessibility of the large subunit
(Isu) rRNA for E. coli (14) and of the small subunit (ssu)
rRNA for Pirellula sp., Metallosphaera sedulla, and Saccharo-
myces cerevisiae, representatives of bacterial, archaeal, and eu-
karyotic domains, respectively (7). Hence, they were able to
compare the hybridization efficiencies of probes targeting ho-
mologous sites in the ssu TRNA, unveiling remarkable discrep-
ancies among the different organisms (7). These discrepancies,
together with the sensitivity to small shifts in the target site,
raise the question of whether hybridization efficiency can be
defined as merely a function of accessibility. Moreover, chang-
ing the type of fluorophore labeling the probes has also been
observed to cause significant differences in the relative bright-
ness of hybridized probes (7, 14). As a result, the dependence
of hybridization efficiency on the type of organism, the exact
location of the target site, and the type of fluorophore under-
mines the usefulness of the empirically developed accessibility
maps as tools in the design of new probes and new FISH
applications.

T,=4G+C) +2A+T) (1)

In this study, we propose a mechanistic approach to simulate
hybridizations in FISH. To explore hybridization efficiency, we
adopt the notion of the affinity of an oligonucleotide to its
folded nucleic acid target as a complementary idea to the
accessibility concept. This oligonucleotide affinity is thermody-
namically defined and predicted based on equilibrium chem-
istry and, ultimately, it offers a mechanistic option to under-
stand in situ hybridizations and to design FISH applications.

Thermodynamic definition of probe affinity. The proposed
hybridization mechanism (Fig. 1), adopted from that reported
by Matthews et al. (20), incorporates the DNA-RNA, RNA-
RNA, and DNA-DNA interactions that take place during
FISH. Reaction 1 represents the binding of the probe (P,) to
the available (open) complementary site (R,,). Since the target
region on the rRNA is not expected to be in a completely
denatured state (12), it must undergo conformational changes
for the hybridization to occur, a reaction that is considered in
the scheme as the reversible unfolding of R (reaction 3). Sim-
ilarly, the probe itself might have a stable folded structure due
to self-complementarity. Thereby, reaction 2 parallels reaction
3 as a folding-unfolding mechanism for the DNA probe.

We define affinity of the probe to its target as an overall
Gibbs free energy change (AG®,,.,.;) for the reaction scheme
in Fig. 1. To obtain AG®_.,.;;, one needs to estimate the free
energy change for the individual reactions (AG®;i = 1, 2, or 3).
These values can be predicted from thermodynamic parame-
ters experimentally derived for duplexes and 2D structure mo-
tifs of nucleic acids with nearest-neighbor models (reviewed in
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reference 33). Equilibrium constants for each reaction can be
obtained by using the inverse of the fundamental relationship
in equation 2, where R is the ideal gas law constant (R = 1.99
X 1073 kcal/mol K), T is the hybridization temperature, which
is typically 46°C in FISH (i.e., 319.15 K), and K; is the equilib-
rium constant for reaction i. Then, the equilibrium state of the
overall system can be characterized by defining an overall equi-
librium constant K_,.; according to equation 3, with K, =
[PRI/([P.] [R.]), K> = [PJ/IP,], and K; = [R//[R,]. Finally,
AG®,eran, the descriptor of probe affinity, can be obtained

from K., using equation 2.
AG®, = —RT InK; (2)
Ko = [PR] _ K,
(P H PRI+ R (1 + K)(1+ Ks)
3)

MATERIALS AND METHODS

Calculation of Gibbs free energy changes. AG°;, was calculated according to
equations 4 to 6 using the nearest-neighbor AH° and AS° values provided by
Sugimoto et al. (30) for DNA/RNA duplexes. For a probe that is n nucleotides
long there are n — 1 nearest neighbors in the hybrid. The initiation enthalpy and
entropy changes are AH iiiaion = 1.9 kcal/mol and AS®, —3.9 kcal/mol
(30). The logarithmic term in equation 5 corrects AS® for the salt concentration
in the hybridization buffer (25). In all hybridizations studied, [Na*] = 0.9 M and
T = 319.15 K.

initiation

n—1

AH® gypiex = ZAHOE + AHigiation “4)
i=1
n—1
AS® guptex = EASﬂ + ASinitiation — 0.3687 In[Na ] (5)
i=1
AG = AHoduplcx - TASodup]cx (6)

To calculate AG®, and AG°;, mfold version 3.1 (21, 39) was employed for folding
the probe and target sequences in silico. When more than one structure was
predicted by mfold, the AG® output for the optimum folding (i.e., minimum AG®)
was used. In general, AG°, was directly obtained as the AG® value for the probe
sequence. When the sequence had no self-complementarity (only about 1% of
the probes analyzed), AG°, was indeterminate, as mfold could not predict any
structures. In this case, AG°®, was assumed to be +4.6 kcal/mol, which is a
sufficiently large positive value with a negligible effect on AG°,.,.;; (equations 2
and 3).

To estimate AG®;, two different structures representing the folded (Ry) and
unfolded (R,,) conformations at the target site were generated with mfold. Since
mfold does not allow salt correction for RNA folding, the default [Na*] of 1 M
was used instead of 0.9 M. In the folding of R, the bases defining the target site
were forced to be unpaired. AG®; was then calculated as follows: AG®; = AG®g,
— AG®g,. Four different methods were followed to generate the structures of R,
and R, with mfold. (i) The input sequence was the domain of the rRNA that
included the target site of the probe. In E. coli numbering, there are four
different domains of the 16S rRNA, corresponding to residues 1 to 566, 567 to
912, 913 to 1396, and 1397 to 1542 (37), and six different domains of 23S rRNA,
with residues 1 to 561, 562 to 1269, 1270 to 1646, 1647 to 2014, 2015 to 2625, and
2626 to 2904 (5). When the target site covered bases on two adjacent domains,
the sequence spanning both domains was used. No special constraints were
applied (i.e., mfold-predicted structures were used). (ii) The input sequence was
defined as the shortest segment that encompassed the helix (or helices) targeted
by the probe according to the 16S rRNA secondary structure model of E. coli,
which was obtained from the Comparative RNA website (http://www.rna.icm-
b.utexas.edu/) (10). (This and the following two methods were applied to E. coli
16S rRNA only.) No special constraints were applied. (iii) Watson-Crick and
wobble base pairs (not pseudoknots) and loops in the 16S rRNA secondary
structure model (10) were imposed on mfold by the appropriate constraint files.
In the folding of R,,, the region complementary to the target site was allowed to
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TABLE 1. Characteristics of DNA probes targeting specific regions of the 16S rRNA of E. coli

] Position _ Free energy changes (kcal/mol) Relative

16S rRNA region® Probe name” (53" Sequence (5'-3")° probe
AG°,  AG°,  AG°s  AG°an;  brightness?
Helix 9 (144-178) E148 148-165 CCGTTTCCAGTAGTTATC —18.1 20 —87 =94  0.59 +0.04
E147 147-165  CCGTTTCCAGTAGTTATCC —20.7 20 —87 —-12.0 0.70 = 0.03
El46 146-165 CCGTTTCCAGTAGTTATCCC —23.3 20 —87 —14.6 1.00 = 0.05
El144 144-165  CCGTTTCCAGTAGTTATCCCCC —28.5 20 -—11.2 -17.3 1.11 = 0.03
E148 + 2C 148-165  CCGTTTCCAGTAGTTATCGG —18.1 0.4 —8.7 -9.1 0.34 = 0.06
E148 + 6C 148-165 CCGTTTCCAGTAGTTATCAAACGG -181 —-19 —-87 =75 0.10 = 0.02
E148 + 8C 148-165  CCGTTTCCAGTAGTTATCGGAAACGG —18.1 =55 —-8.7 -39 0.06 = 0.01
Helices 37 and 38 Eco 1014 1014-1031 GAAGGCACATTCTCATCT -16.8 1.3 =86 -8.1 0.04 = 0.01
(1006-1036) E1013 1013-1034 CCCGAAGGCACATTCTCATCTC =245 —-0.7 —-98 -13.8 0.66 = 0.07
E1018 1018-1034 CCCGAAGGCACATTCTC —-185 —-0.7 —-9.8 -7.8 0.12 = 0.02
Helix 46 (1241-1296) Eco 1274 1274-1291 ACTTTATGAGGTCCGCTT —18.4 04 =23 —15.8 0.49 = 0.05
E1270 1270-1291 ACTTTATGAGGTCCGCTTGCTC —24.3 04 33 —20.7 0.93 £ 0.06
Helices 39, 43, and Eco 1184 1184-1201 TGACTTGACGTCATCCCC =203 —-0.7 -7.0 —-12.4  0.08 = 0.02
45 (1158-1199) E1181 1181-1201 TGACTTGACGTCATCCCCACC -251 =07 -7.0 -17.2  0.22 £0.04
E1177 1177-1201 TGACTTGACGTCATCCCCACCTTCC -31.3 -0.7 -8.0 —-224  0.40 +=0.02
E1172 1172-1201 TGACTTGACGTCATCCCCACCTTCCTCCAG —38.7 —0.7 —123 =255 0.14 = 0.01
E1177 + 5N 1177-1201 TGACTTGACGTCATCCCCACCTTCCAAGCC —31.3 -0.7 -8.0 -224  0.16 £0.02

“ Helices encompassing the targeted segments (numbered according to reference 13). Numbers in parentheses indicate the positions of the helices in the 16S rRNA.

® Probes in italics were first reported by Fuchs et al. (13).

¢ Nucleotides in bold are additions to the first probe of each group; italics identify the stem of hairpin-like probes; underlining indicates nucleotides not

complementary to the bases in the target region.

@ Scale based on defining the brightness of E146 as 1.0. Standard deviations were calculated from triplicate hybridization experiments.

refold. The input sequences were as in method i, but were adjusted to include
complete loops at the end of the domains. (iv) Method iv was the same as method
iii, except that the region complementary to the target site was not allowed to
make new contacts in the folding of R,,.

The sequences used in AG°; calculations corresponded to the 16S rRNA
(GenBank accession number AE000460) and the 23S rRNA (accession number
AE000129) of E. coli strain K-12, the 16S rRNA of Pirellula sp. (accession
number X81938) and M. sedula (accession number X90481), and the 18S rRNA
of S. cerevisiae (accession number J01353). Since the latter three sequences,
originally deposited by Behrens et al. (7), were not complete at the 5" and 3" ends
of the rRNA, the missing bases were assumed complementary to the probes
reported to be targeting the terminal segments in the same study (7).

Spatial accessibility of target sites. The E. coli homology model of the ssu
developed by Tung et al. (32) was used for determining the blockage of a probe
target site within the 3D structure of the ribosome. Using the atomic coordinates
for this model (Protein Data Bank accession code 1M5G) as the input, the
solvent-accessible surface area of each residue on the 16S rRNA (454,) was
obtained with the NACCESS software (16). Then, by removing the protein
coordinates from the 3D structure, a hypothetical solvent-accessible surface area
was estimated (4SA4,ueleic «¢id) The difference between 4SA4,2ueleic a¢id and 454,
defined a parameter representing the hypothetical contact area between proteins
and the nucleotide (equation 7).

AASA, = ASAP 1 — 484, 0

The equivalent area parameters for the complete target site of a probe (454,
ASA Pueleic acid - and AASA,,) were calculated by averaging the corresponding
values for the target site residues.

Statistical analysis. Fluorescence intensities reported for the probes used in
the development of accessibility maps for 16S rRNA (13) and 23S rRNA (14) of
E. coli, 16S rRNA of Pirellula sp. and M. sedula (7), and 18S rRNA of S. cerevisiae
(7) were used as hybridization efficiency data sets representing populations of
FISH probes sufficiently large to allow correlation analyses. For a sample space
of n probes, the degree of association between the array X representing a
calculated variable (AG®;, AG® eran, AASA, etc.) and the array I of the re-
ported fluorescence intensity was quantified by the Pearson product-moment
correlation coefficient 7(X,I). Thus, 7, the coefficient of determination, indicates
what fraction of the variance of I is due to that of X (17). The statistical
significance of an r value was evaluated with a two-sided P test, which yielded the
number P(X,I). Both r(X,I) and P(X.,I) were obtained using MATLAB version
6.5.1. A confidence level of 95% (equivalent to a significance level of 5%, or P =

0.050) was set as the minimum to conclude that there was a significant relation
between the calculated variable and fluorescence intensity.

Probe design and synthesis. DNA probes tested in this study were designed to
be complementary to the 16S rRNA of E. coli K-12 (GenBank accession number
AE000460). They were synthesized and monolabeled at the 5" end with fluores-
cein phosphoramidite at the University of Wisconsin Biotechnology Center.
Table 1 presents a complete list of the probes and their specifications.

‘Whole-cell hybridization. Experiments were carried out with a pure culture of
E. coli K-12. Cells were grown overnight at 37°C in Lennox Luria-Bertani broth
(Becton Dickinson, Franklin Lakes, N.J.) and harvested during the early station-
ary growth phase. For fixation, 0.25 ml of cell culture was combined with 0.75 ml
of 4% paraformaldehyde in phosphate-buffered saline (PBS; 130 mM NaCl, 10
mM Na,HPO,; pH 7.2). After 30 min, cells were pelleted by a 3-min centrifu-
gation at ~10,000 X g and resuspended in 1 ml of PBS. The centrifugation-
resuspension procedure was repeated three more times to remove the fixative.
After the last centrifugation, cells were resuspended in 1 ml of hybridization
buffer (0.9 M NaCl, 0.1% sodium dodecyl sulfate, 20 mM Tris [pH 7.2], and a 250
nM concentration [~1.5 ng/ul] of the probe) and incubated for 3 h at 46°C. For
washing excess probe, the solution was replaced with hybridization buffer without
probe and the samples were incubated at 46°C for 20 min. Cells were then
pelleted and resuspended two times in 1 ml of cold (4°C) buffer with high ionic
strength (0.9 M NaCl and 20 mM Tris [pH 8.0]) to prevent the dissociation of
hybrids. In experiments involving extended hybridization periods, the cold buffer
was changed to a PBS buffer (0.138 M NaCl, 0.0027 M KCI; pH 7.4; Sigma
Aldrich Co., St. Louis, Mo.) with 0.01% Tween 20 (Fisher Scientific, Fair Lawn,
N.J.) to minimize cell aggregation.

Flow cytometry and data acquisition. Samples were analyzed on an EPICS XL
flow cytometer (Beckman Coulter Co., Fullerton, Calif.) equipped with a 488-nm
argon ion laser. Forward-angle light scatter (FS), right-angle light scatter (SS),
and fluorescence detectors converted signals to logarithmic scale. Green fluo-
rescence (FL1) was detected using a 525-nm bandpass filter. Commercially
prepared saline (IsoFlow; Beckman Coulter) was used as sheath fluid. Prior to
measuring the samples, the flow cytometer was calibrated using FlowCheck
beads (Fisher Scientific).

A total of 10,000 events falling into a bacterial region loosely defined on the
FS-SS plot for E. coli populations were collected for each measurement. Fluo-
rescence was quantified as the mean FL1 of events within a hybridized events
gate on the FL1-FS diagram, which was defined with the help of negative controls
prepared with a probe that does not bind to rRNA (nonEUB, 5'-ACTCCTAC
GGAGGCAGC-3' [35]). In replicate experiments, the variability of the mean
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FL1 was observed to be proportional to changes in the mean FS (+° > 0.95 when
values covered broad ranges and the regression line was forced to pass through
zero), possibly due to a variable extent of cell aggregation (8) in different samples
(FS is an indicator of event size). Consequently, all fluorescence measurements
were standardized as the mean FL1 over the mean FS.

For each individual experiment, duplicate hybridizations were performed with
each probe and duplicate measurements were taken per hybridization. Thus, the
result of the experiment was calculated as the average of the four FL1/FS values.
Occasionally, a low number of cells (or other unknown factors) would result in
a biased FL1 measurement due to excessive background events in the hybridized
events gate. These measurements were disregarded as outliers if the FL1/FS
value was more than three standard deviations below the average of the remain-
ing FL1/FS values from all replicate experiments (excluding all potential outli-
ers).

Brightness scale. A scale of probe brightness was defined by assigning a
brightness unit of 1.0 to the fluorescence intensity of probe E146 (FL1/FS = 5.25,
based on three independent experiments). Thus, all fluorescence intensity results
were normalized by dividing the FL1/FS values by 5.25 (Table 1). In this scale,
the brightness of all negative controls (i.e., samples hybridized with non-EUB)
was generally below 0.02 and, hence, corrections for background fluorescence
were not necessary.

In order to link our relative scale to that developed by Fuchs et al. for their E.
coli 16S rRNA accessibility map (i.e., class 1 [81 to 100%], class 2 [61 to 80%],
class 3 [41 to 60%], class 4 [21 to 40%], class 5 [6 to 20%], and class 6 [0 to 5%],
with the percentage based on their brightest probe [13]), probe E146 was tested
simultaneously with probes Eco 145 (5'-TTTCCAGTAGTTATCCCC-3'; class 2,
66%), Eco 181 (5'-CTTTGGTCTTGCGACGTT-3'; class 2, 65%), Eco 316
(5'-ACCGTGTCTCAGTTCCAG-3'; class 2, 70%), Eco 1410 (5'-GCAACCCA
CTCCCATGGT-3'; class 1, 90%), and EUB338 (5'-GCTGCCTCCCGTAGGA
GT-3'; class 3, 58%), which are probes that were also used by Fuchs et al. In
three independent experiments with log-phase cells as in Fuchs et al.’s protocol,
E146 was consistently brighter than Eco 181, Eco 316, Eco 1410, and EUB338
and slightly dimmer (by less than 10%) than Eco 145 (data not shown). In four
independent experiments with early stationary phase cells as in the regular
protocol of this study, E146 was 1.5 + 0.1 (mean = standard deviation) times as
bright as EUB338 (3), which is a frequently used probe targeting the bacterial
domain and is known to yield moderate to high fluorescence intensity (13). Since
these results suggested that E146 is a very bright (class 1 or 2) probe, we assume
that the fluorescence intensity of E146 (i.e., 1.0 brightness units in our scale)
corresponds to 70% (mid-range of class 2) in Fuchs et al.’s scale. This equiva-
lency was used when a comparison of probe brightness in the two scales was
necessary and provided a conservative interpretation of our results.

RESULTS

Evaluation of the proposed hybridization scheme by using
the E. coli 16S rRNA accessibility maps of Fuchs et al. (13) and
Behrens et al. (7). The two available 16S rRNA accessibility
maps of E. coli were developed using fluorescein (13) and cy3
(7) as the fluorophores. The cy3 map is composed of 176
probes, all of which are also included in the fluorescein map.
The fluorescein map has 16 additional probes (hence, a total of
192), since Fuchs et al. analyzed some regions of the 16S rRNA
at higher resolution. This database of oligonucleotide probes is
ideal for the statistical analysis of the adequacy of the hybrid-
ization mechanism shown in Fig. 1. The two data sets covered
the 16S rRNA, with at least two probes targeting every nucle-
otide, and provided brightness of hybridized probes for exper-
iments conducted on a single organism and with appropriate
protocols so that cell permeability and ribosome content did
not influence the observed variations in probe brightness. In
addition, as described below, the data sets offer a wide enough
range of AG® values for the three reactions in Fig. 1, thus
facilitating a statistical analysis of how the brightness of hy-
bridized probes correlates to the free energy changes in each
reaction. Table 2 presents a comparison of key statistics de-
scribing the AG® values, and Table 3 summarizes the correla-
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TABLE 2. Summary of statistics describing the dispersion of
calculated free energy changes and solvent-accessible surface area of
the 176 common probes used by Fuchs et al. (13) and Behrens et al.

(7) in the generation of the E. coli 16S rRNA accessibility maps

Statistic
Calculated Units
parameter® Mean Star_lda'lrd Maximum Minimum
deviation
AG®, kcal/mol -19.6 3.1 —-114 —26.1
AG®, kcal/mol 0.3 1.2 4.6" -29
AG®;,; kcal/mol =75 2.8 -0.2 —13.8
AG®; kcal/mol =7.7 32 -1.0 —16.1
AG®; kcal/mol —12.6 6.6 5.9 —=29.3
AG®;,;, kcal/mol —-15.3 8.9 5.9 —35.6
AG®,erail-i kcal/mol —11.6 3.5 —4.0 —=19.5
AG®,, crait-ii kcal/mol —11.4 3.8 -1.7 —18.5
verail-iii kcal/mol —-6.5 7.1 12.8 —24.5
overall-iv l%cal/mol -39 9.2 14.4 —24.5
SA, A?/residue 22.6 16.5 70.5 0.0

“ AG°; was calculated using four different methods (i to iv). AG®,era depends
on the method used to calculate AG®;.

’ Value corresponds to value assumed when mfold did not predict any probe
structure.

tion coefficients obtained when comparing each AG° with
probe brightness for the set of probes common to both acces-
sibility maps. A complete table of the AG®° values calculated for
each probe can be found at the website www.cae.wisc.edu/
~noguera/FISH.html.

The calculated AG®, values for the 176 probes ranged from
—11.4 kcal/mol to —26.1 kcal/mol (Table 2). The correlations
(Table 3) were relatively strong, with coefficients () of —0.46
for fluorescein-labeled probes and —0.35 for cy3-labeled
probes, and were statistically significant above the 99.9% con-
fidence level (i.e., P < 0.001). The negative sign in the corre-
lations agrees with the expectation that a greater stability of a
DNA/RNA duplex (i.e., more-negative AG®°;) would result in
higher brightness of the probe.

The free energy change AG®, characterizes the intramolec-
ular reaction of the probe itself. On average, AG°, was 0.3
kcal/mol, with two-thirds of the probes having a positive AG®.,.
A positive AG®, (equivalent to K, < 1) indicates that the
hybridization temperature of 46°C is greater than the melting
temperature of the probe structure and, therefore, the folded
conformation should not significantly affect the hybridization
efficiency. The large fraction of probes with positive AG®, is
likely due to the size of probes, which was restricted to between
16 and 19 nucleotides (13), thus minimizing the chances of
self-complementarity. The calculated AG®, values were gener-
ally low in magnitude compared to AG®; and AG®; (Table 2).
The correlation with probe brightness was statistically signifi-
cant (i.e., confidence at or above 95%) only for the cy3-labeled
probes (Table 3). The coefficients were positive in accordance
with the hybridization mechanism (Fig. 1), wherein a more
negative (lower) AG®, indicates a more stable self-structure of
the probe (Py) and causes a decrease in hybridization efficiency.

The free energy change AG°; depends on the secondary
interactions of the target site with the rest of the rRNA. Unlike
AG°, and AG®,, AG®°; cannot be calculated accurately with a
straightforward method. Many different ways of estimating
AG*; could be conceived, as suggested by Matthews et al. (20)
for mRNA and in this study for rRNA (see Materials and
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TABLE 3. Correlation coefficients r(X,/) and significance level P(X,) describing the relation between a calculated parameter (X) and the
reported fluorescent intensity (/) of probes used by Fuchs et al. (13) and Behrens et al. (7) for the generation of E. coli 16S rRNA
accessibility maps

Probes common to both maps (n = 176)

Probes targeting sites relatively free of protein contact

(n = 58)*
Calculated
parameter (X)* Fluorescein labeled Cy3 labeled Fluorescein labeled Cy3 labeled
rXD) PXI) "X 1) PX]) X 1) PXI) ) PXI)
AG®, —0.46 0.000 —0.35 0.000 —0.58 0.000 —0.58 0.000
AG°, 0.11 0.145 0.33 0.000 0.31 0.020 0.43 0.001
AG°;; 0.18 0.012 0.14 0.060 0.19 0.162 0.03 0.801
AG°;,; 0.27 0.000 0.17 0.021
AG®;;” 0.30 0.000 0.08 0.280
AG®;,.¢ 0.30 0.000 0.03 0.733
AG® gveralli —0.57 0.000 —0.47 0.000 —0.72 0.000 —0.61 0.000
AG® yerall-ii —0.62 0.000 —0.47 0.000
AG® gveraliii —0.48 0.000 —0.26 0.001
overall-iv —0.43 0.000 —0.17 0.036
overall-mixed —0.79 0.000 —0.69 0.000
SA, —0.18 0.014 0.08 0.299

“ AG°; was calculated using four different methods (i to iv). The subscript “mixed” represents results obtained when these methods were combined to maximize the

correlation. AG®,..;y depends on the method used to calculate AG®;.

® Calculations were based on 169 probes, because not all targets allowed usage of method iii.
¢ Calculations were based on 151 probes, because not all targets allowed usage of method iv.
4 Probes with A4SA,, < 11.3 A?/residue, equivalent to one half of the mean AASA,,.

Methods). The calculated AG®°; values were widely dispersed
regardless of the method (Table 2) and generally negative,
reflecting the high degree of self-complementarity found in the
16S rRNA. As with AG°,, a more negative value of AG°;
means more competitive intramolecular folding and should
thereby dampen the hybridization, which is consistent with the
positive sign of the correlations (Table 3). Taking together the
results for the fluorescein- and cy3-labeled probes, method ii
produces the best correlations between AG°; and probe bright-
ness, followed by method i.

The overall measure of affinity is obtained by calculating
AG®eran @s a function of AG®;, AG®,, and AG®; with equa-
tions 2 and 3 as explained earlier. Negative correlation coeffi-
cients are expected for this variable, since a more negative
AG® i TEPTESENLS a greater concentration of the hybrid and,
thus, greater brightness from the hybridized probes. The best
correlations for AG®,,...; are obtained when AG®; is calcu-
lated with methods i and ii (Table 3). Interestingly, if one
assumes that different methods of calculating AG°; are valid
for hybridizations in different regions of the 16S rRNA mole-
cule, it is possible to increase the strength of the correlation
between affinity and brightness, as shown by the AG® , ...ai1-mixed
values in Table 3. These results were obtained by iteratively
searching for a combination of AG®; values that maximized the
absolute value of the correlation coefficient for AG® . an- A
regular pattern of which method was best for which region on
the 16S rRNA was not evident and, therefore, we selected
method i to apply consistently in this study, since it not only
provided high correlations but also offered the simplicity of not
requiring a priori knowledge of native 16S rRNA secondary
structures.

In the end, the efficacy of the proposed mechanism to model
hybridization efficiency in FISH was statistically evaluated us-
ing the correlations shown in Table 3 for the set of 176 probes.
The coefficients were at or above a confidence level of 95% (P
= 0.05) with the exception of AG®, in the fluorescein map and

some estimates of AG°; in the cy3 map (the confidence level
for AG®;; was 94%). Additional confidence in the model
comes from the observation that the signs of the coefficients
conformed to the hybridization scheme with no exception.
Furthermore, the strength of the correlations increased as the
variables were combined to estimate AG®,.,.;- Finally, the
predicted affinity (i.e., AG®,eran;) correlates with hybridiza-
tion efficiency by r values of —0.57 and —0.47 for the fluores-
cein and cy3 data sets, respectively. This means that the 33%
variation in the brightness of fluorescein-labeled probes (° =
0.33) and 22% in that of cy3-labeled probes (¥ = 0.22) could
be explained by differences in probe affinity.

Importance of the tertiary rRNA structure and ribosomal
proteins. Besides the interactions accounted for in our affinity
model (Fig. 1), rRNA-protein and tertiary rRNA-rRNA inter-
actions are molecular associations that can influence hybrid-
ization efficiency but are not currently thermodynamically pre-
dictable. The recently published high-resolution 3D structure
of the ssu of the ribosome (3.0-A resolution of the ssu of
Thermus thermophilus [37]) and the corresponding homology
model for E. coli (32) enable the investigation of to what extent
rRNA-protein interactions affect hybridization efficiency. Spe-
cifically, for each one of the 176 probes in the accessibility map
data set, we used the software NACCESS (16) and the E. coli
ssu homology model (32) to estimate how much of the water-
accessible surface area of a particular target site was covered
by proteins, and we correlated these surface area values
(AASA,,) with probe brightness. As shown in Table 2, the
resulting AASA,, values were very dispersed, with some probes
targeting completely protein-free sites (A4SA4,, = 0.0 A%/resi-
due) and others targeting sites with intense protein coverage.
The mean AASA,, was 22.6 A%residue, which corresponds to
16% of the water-accessible surface area in the target sites
(ASA, "ot a<id) having direct contact with ribosomal proteins.
The maximum AASA,, was 70.5 A?/residue, equivalent to a
maximum protein coverage of 50% in the target site (AASA,,/
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ASA,reeic aeid — (. 5), Table 3 shows that there was a statis-
tically significant (98.6% confidence level) negative correlation
between the brightness of the fluorescein-labeled probes and
the degree of protein blockage at their target site. However,
the correlation was not statistically significant for the cy3-la-
beled probes. Therefore, proteins surrounding the target site
might affect the brightness of fluorescein-labeled probes
through specific quenching interactions with the fluorophore
rather than by preventing hybridization.

As an additional method to evaluate the effect of ribosomal
proteins on hybridization efficiency, we analyzed the correla-
tion between the AG® values and probe brightness for a specific
subset of probes targeting sites relatively free of proteins (Ta-
ble 3). These probes made a sample space of 58 elements,
which is large enough to be representative of their population.
As shown in Table 3, with this subset the strength of the
correlation between probe affinity (AG®,,c.a1;) and brightness
increased from —0.57 to —0.72 for the fluorescein-labeled
probes and from —0.47 to —0.61 for the cy3-labeled probes.
The magnitude of r values for the other free energy changes
also increased, except for the AG®;; of cy3-labeled probes. The
general improvement in correlations is consistent with protein
coverage having a significant negative effect on hybridization
efficiency.

Predictive power of thermodynamic affinity. Given that the
confidence level for the correlations between fluorescence in-
tensity and AG®y,c ar; Was greater than 99.9% (P < 0.001)
(Table 3), our analysis leaves no doubt that hybridization ef-
ficiency is related to probe affinity. This relation is illustrated in
Fig. 2a, which shows normalized fluorescence intensity against
AG® e an; for the fluorescein-labeled probes used by Fuchs et
al. (13). The plot shows an obvious negative slope, which por-
trays the significance and the sign of the r value. However, the
data points are widely scattered, limiting the possibility of
using probe affinity as a direct predictor of hybridization effi-
ciency. The large scattering could be due to factors not in-
cluded in the thermodynamic assessment of probe affinity, such
as rRNA-protein or tertiary rRNA-rRNA interactions,
quenching of the dye in its microenvironment (19, 23, 31), etc.
In particular, the benefit of eliminating the potential influence
of proteins is evident by the reduced data scattering when
plotting AG®,,..,....; versus probe fluorescence for the subset of
probes targeting sites with low protein blockage (Fig. 2b). This
reduced data scattering translates into a significant improve-
ment in the r value for this subset of probes (Table 3). Based
on the correlation coefficients obtained, thermodynamic affin-
ity can explain 51% of the variations in the brightness of
fluorescein-labeled probes (+* = 0.51) and 37% of that of
cy3-labeled probes (©* = 0.37) when proteins are not of con-
cern. Besides proteins and other factors exterior to the pro-
posed hybridization scheme, a likely source of data scattering
is the uncertainty in the estimations of AG®; values. This was
demonstrated by the remarkable decrease in scattering and the
corresponding increase in correlation obtained when the opti-
mum mixture of AG®; values was used (Table 3), a result that
is graphically depicted in Fig. 2c.

A potential strategy to reach the actual limits of the predic-
tive power of probe affinity is to focus the correlation analyses
on specific regions of the 16S rRNA rather than on the entire
molecule. This is because the effects of exterior factors or the
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FIG. 2. Relation between normalized fluorescence intensity of flu-
orescein-labeled probes (13) and AG®,.,.;- (2) Complete set of 176
probes; (b) probes targeting sites relatively free of protein contact; (c)
all 176 probes when AG®; estimates were mixed to maximize °. The
solid diamond, circle, and square symbols denote probes Eco 1014, Eco
1184, and Eco 1274, respectively.

uncertainties in the estimation of AG®; are likely to remain
relatively constant within a confined region of the 16S rRNA.
Taking advantage of the probes used by Fuchs et al. (13) to
analyze helices 6 and 18 of 16S rRNA (numbering from ref-
erence 13) at high resolution, we evaluated the relation be-
tween AG®,,...1; and fluorescence intensity at these small re-
gions, as shown in Fig. 3. The correlation coefficients were
—0.90 (©* = 0.81) for helix 6 and —0.81 (* = 0.68) for helix 18.
As anticipated, the slopes of the regression lines differed, prob-
ably because one or several factors were affecting the hybrid-
ization differently at the two helices. With the plots in Fig. 3, it
is not difficult to imagine that the large scattering observed in
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FIG. 3. Fluorescence intensity as a function of probe affinity for
probes from Fuchs et al. (13) targeting helix 6 (open circles, solid
regression line) and helix 18 (solid squares, dashed regression line).
The dotted curve represents equation 9 fitted to the data by assuming
that a [PR]/[R,] ratio of 1 corresponds to 75% fluorescence and a
[PR]/[R,] ratio of O represents 3% fluorescence in Fuchs et al.’s nor-
malized scale.
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Fig. 2a could reflect the superimposition of multiple highly
correlated region-specific relationships of affinity and bright-
ness having different trends. More importantly, with the re-
gion-specific analyses the correlations are high enough to allow
the use of probe affinity as an indicator of hybridization effi-
ciency. For instance, to consistently achieve a fluorescence
intensity of >40% in the normalized scale of Fig. 3 (equivalent
to at least a class 3 probe in the brightness scale defined by
Fuchs et al. [13]), the probe should have a AG® . . Of
<—13.0 kcal/mol. Likewise, a dim probe that targets these
helices is likely to have AG®,,.,..; > —10 kcal/mol.

Although simple linear correlations are sufficient to demon-
strate the dependence of probe brightness on probe affinity, a
linear regression is not necessarily the best model to represent
this relation, because it does not capture the thermodynamic
relationships in the affinity model. Theoretically, if the total
concentration of probe is in excess of the target molecules ([P, ]
> [R,], a typical condition in FISH), equation 3 can be re-
written as equation 8 and rearranged to obtain an expression
for the hybridized fraction of target molecules as a function of
AG®eran and [P,] (equation 9). Note that AG® ..., embraces
the GC% and probe length parameters found in classical du-
plex stability approximations such as equation 1, and [P,] is an
additional variable denoting the mechanism by which an in-
crease in probe concentration would force the reaction in Fig.
1 towards the formation of the hybrid. Accordingly, a higher
hybrid concentration can be achieved by either increasing [P,)]
or increasing probe length, with the latter approach resulting in
a more negative AG°,...;- Equation 9 is represented as the
dotted line in Fig. 3 when [P,] = 250 nM, which is the approx-
imate probe concentration used by Fuchs et al. (13). Despite
the poor fit to the experimental data, the theoretical curve
reveals the existence of a transition zone in which hybridization
efficiency will be very sensitive to small changes in AG® ¢ -
Outside this transition region, plateau zones with low and high
hybridization efficiencies are expected, depending on the mag-
nitude of AG®_...i- The deviations of the data points from the
theoretical sigmoidal trend can be attributed to the fact that
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probes are targeting different locations of the 16S rRNA, albeit
concentrated on two helices, and therefore factors other than
predicted affinity can influence hybridization efficiency.
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Figure 4 shows a more rigorous evaluation of the curve repre-
sented by equation 9. For this experiment, we selected a region
of the 16S rRNA with low protein coverage (helix 9; average
AASA; = 5.5 A?) and, starting with E148 as a probe with
moderate brightness (Table 1), we modified it to manipulate
AG®eran; Without significant changes in the target site. First,
by elongating the 3’ end of the probe with nucleotides com-
plementary to the target site (probes E147, E146, and E144)
we systematically increased probe affinity. Then, to obtain
probes with lower affinity we again elongated the 3’ end of
probe E148, but this time the additional bases were comple-
mentary to those at or near the 5’ end of the probe, thus
creating probes with relatively stable hairpin conformations
(E148+2C, E148+6C, and E148+8C). Hence, probe affinity
was raised by increasing the magnitude of AG°, without a
significant change in AG®, or AG®;, whereas it was lowered by
increasing the magnitude of AG®, with absolutely no change in
AG°; or AG®; (see Table 1 for details). In Fig. 4, the theoretical
curve was fit to the experimental data by assuming that the
average fluorescence intensity of the two brightest probes,
E146 and E144, corresponded to saturation of the target sites
and that the dimmest probe, E148+8C, showed only back-
ground fluorescence.

Use of the affinity model to improve hybridization efficiency.
The examples in Fig. 3 and 4 illustrate the potential use of
AG®erai; @s a predictor of probe brightness for specific re-
gions of the 16S rRNA. An additional and perhaps more useful
application of the correlation between probe affinity and
brightness is the use of the affinity concept in conjunction with
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FIG. 5. Effect of increasing the magnitude of AG®

overall-i

on the fluorescence intensity of probes targeting sites located in helix 9 (circles), helices

37 and 38 (squares), helices 39, 43,and 45 (triangles), and helix 46 (diamonds). The data points (except solid circles) are from Table 1. Solid arrows
indicate the trend for each target site. The dotted arrow shows the effect of using 30% formamide in the hybridization of E1177. Data points
represented by solid circles are from Fuchs et al. (13), and the dashed line shows the equivalency to the lower limit of class 3 in Fuchs et al.’s scale.

the accessibility maps to increase the hybridization efficiency of
probes targeting potentially inaccessible sites. Figure 5 sum-
marizes the results of experiments carried out at four different
regions of the 16S rRNA to illustrate this application. Each
experiment is explained in the following sections.

(i) Helix 9. In the fluorescein accessibility map (13), probes
Eco 145, Eco 155, and Eco 163 target only this helix (between
positions 144 and 180) and have reported brightnesses in
classes 2, 3, and 4, respectively. We estimated the AG°y, ¢ an
for these probes as —11.1, —10.9, and —7.2 kcal/mol, respec-
tively. In order to find out whether this combined information
was sufficient to predict the relative brightness of new probes
targeting this region, we designed E148 as a probe with a
moderate AG®_,c,.i; of —9.4 kcal/mol and expected to reach a
hybridization efficiency in between probes Eco 155 and Eco
163. In addition, we elongated E148 to create E146, a probe
with a AG®,c an; Of —14.6 kcal/mol and therefore expected to
have a significantly higher hybridization efficiency. As shown in
Fig. 5, the resulting probe brightness followed the expected
tendency.

(ii) Helices 37 and 38. Probe Eco 1014 is a class 5 probe in
both accessibility maps (7, 13), presumably indicating that this
site in the 16S rRNA is inaccessible to FISH probes. As shown
in Fig. 2a, its low hybridization efficiency agrees with its rela-
tively low affinity of —8.1 kcal/mol. To create a higher-affinity
probe targeting this site, we added three bases to the 5’ end
and one base to the 3’ end of Eco 1014 (Table 1). With a
AG®yeran; Of —13.8 kcal/mol, this new probe (E1013) had a
substantially greater brightness, about 16-fold higher than that
of Eco 1014 (Fig. 5). However, a potential concern with the
design method followed was that higher brightness could also
arise from the change in the position of the fluorophore. To
eliminate this possibility, we used a third probe, E1018, which
had an affinity similar to that of Eco 1014, and the position of
its fluorophore did not change compared to that of E1013
(Table 1). In this case, lowering the affinity resulted in the
expected decrease in brightness (Fig. 5), confirming that the

increase in hybridization affinity was indeed caused by the
increase in probe affinity.

(iii) Helix 46. Eco 1274 is reported to be a class 5 probe
when labeled with fluorescein (13) and a class 4 probe when
labeled with cy3 (7). We selected Eco 1274 as a subject of study
because, as shown in Fig. 2a, this probe had low fluorescence
intensity even though its affinity was high (AG®,cran; = —15.8
kcal/mol). Its low hybridization efficiency must be due to fac-
tors other than affinity and, therefore, it is less likely that
increasing probe affinity would result in higher probe bright-
ness. By elongating Eco 1274 we created E1270, a probe with
very high affinity (AG°,,cran.; = —20.7 kcal/mol). The results
for Eco 1274 and E1270 are shown in Fig. 5. Contrary to what
Fuchs et al. (13) reported, probe Eco 1274 had almost mod-
erate brightness, which is in agreement with the high
AG®,cran; and with the cy3 map of Berhens et al. (7). Yet,
E1270 was significantly brighter, showing again that a seem-
ingly inaccessible site yielded a higher fluorescent response
when the affinity was increased.

(iv) Helices 39, 43, and 45. Eco 1184 is a class 5 probe in both
accessibility maps (7, 13), even though the calculated probe
affinity is relatively high (AG°,yeran; = —12.4 kcal/mol). Sim-
ilar to Eco 1274, its position in Fig. 2a is at the fringe of the
data cluster and, therefore, this is an additional example of a
region where factors other than predicted probe affinity may
significantly affect hybridization efficiency. By adding three
bases to the 3’ end of Eco 1184, we created E1181, which still
yielded a fairly low signal intensity despite its relatively high
affinity (AG°,yeran; = —17.2 keal/mol) (Fig. 5). An additional
elongation of this probe by four bases at its 3’ end resulted in
E1177, with an even higher affinity of —22.4 kcal/mol, yet a
moderate increase in probe brightness (Fig. 5). To find out the
limits of what we could achieve by elevating AG®_ ¢ an, WE
tested E1172, a 30-base-long oligonucleotide with an extraor-
dinary affinity of —25.5 kcal/mol. Interestingly, what we en-
countered at this extreme was a remarkable reduction in hy-
bridization efficiency compared to E1177, demonstrating that
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FIG. 6. Effect of hybridization time on brightness of probes target-
ing helices 39, 43, and 45. Data points show averages and standard
deviations of duplicate hybridizations. Probe E146 was used as a con-
trol.

in a site where hybridization is affected by factors other than
affinity, there is a limit on the ability to increase probe bright-
ness merely by increasing AG® . eran-

Is the inaccessibility of some target sites kinetic? The only
data point indicating a decrease in hybridization efficiency
upon an increase in affinity was obtained when the probe
length was beyond the range of 15 to 25 nucleotides typical for
FISH (34). To test whether the size of the probe alone could
account for the difference in hybridization, we created
E1177+5N, which is a 5-nucleotide elongation of E1177 at the
3’ end, but the added bases were not complementary to the
adjacent TRNA or to the rest of the probe (see Table 1 for
details). Thus, E1177+5N is equivalent to E1172 in length and
to E1177 in AG®cyani- The normalized fluorescence in Table
1 shows that the brightness of E1177+5N was statistically the
same as that of E1172 and, therefore, the differences in hy-
bridization between E1177 and E1172 can be attributed to the
change in the probe length. A possible mechanism for the size
effect would be the limited penetration ability of longer probes
through the permeabilized cell wall. Considering this as a po-
tential kinetic limitation, we tested E1177 and E1172 under
extended hybridization periods (Fig. 6). We used probe E146
as a control, since it was a very bright probe of ordinary length
(20 nucleotides), unlikely to hybridize more efficiently because
of longer incubation. Figure 6 clearly shows that with the
conventional 3-h hybridization (i.e., hybridization time used in
the generation of the accessibility maps [7, 13] and in the
region-specific analyses of this study) both E1172 and E1177
were far from reaching equilibrium. After 3 days of hybridiza-
tion, the fluorescent response of E1172 was 6.5 times higher
than by the end of the 3-h hybridization period. Similarly, the
brightness of E1177 increased 2.6-fold when allowed to hybrid-
ize for 3 to 4 days. The control probe showed a moderate
increase of 28% in brightness when incubated for an extended
period of time, indicating that the conventional 3-h hybridiza-
tion period (35) may be, in general, too short to allow the
establishment of equilibrium. Nevertheless, E146 was closer to
equilibrium after 3 h than the longer E1172 and E1177 probes.

APPL. ENVIRON. MICROBIOL.

1.4 -
0 =
o 12 St ERETRE S ¢
g QLT L
:5, 1.0 - _;, % “w,
@ i .. &
2 08 Tt
<] s i S
% 065 /T : .
N I i
E 0.4 I veaae E146
g 02 W —a—E1172
—o—E1177
0.0 :
0% 10% 20% 30%

Formamide Concentration (%)
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Interestingly, even after reaching equilibrium, E1177 was still
brighter than E1172. Thus, the lower brightness of E1172 de-
spite its higher predicted affinity (Fig. 5) is not related to
kinetic limitations, a result that undermines the intuitive rea-
soning that long probes experience transport limitations at the
cell wall, and leaves the mechanism unclear.

On the other hand, a more striking and useful outcome of
Fig. 6 is that E1177 and E1172, which are dim with 3-h hybrid-
ization, reach fluorescence intensities comparable to that of
E146 given sufficient time, demonstrating that this seemingly
inaccessible site can be an adequate target of FISH probes.
The slower hybridization kinetics of E1172 and E1177 are
likely due to the secondary rRNA structure (15, 18) or even-
higher-order structure of the ribosome at their target site. To
evaluate the mechanism more directly, we used formamide, a
denaturant not expected to affect permeability, to increase the
pace of the hybridization reaction by accelerating the denatur-
ation of the target region (4, 15). As shown in Fig. 7, the
fluorescence intensity of E1177 and E1172 after 3 h of hybrid-
ization remarkably increased with the addition of formamide,
showing clearly that the higher-order structure of the ribosome
was impeding hybridization when formamide was not used. For
probe E146, formamide had an opposite effect on hybridiza-
tion efficiency, likely because unfolding of the target site was
not a limiting factor and formamide had a more pronounced
effect on destabilizing the probe-target hybrid.

Does the model apply to other targets? Using other available
accessibility maps, we expanded the statistical evaluation of the
hybridization model to the 23S rRNA of E. coli (14) and the
ssu TRNA of three other organisms representing the three
different domains of life (7). In Table 4, we report the corre-
lations of free energy changes with fluorescence intensity for
these data sets. The r values were statistically significant except
for AG°, when the targets were the 23S rRNA of E. coli and
the 16S rRNA of M. sedula. The signs of r values confirmed the
expected direction of the correlation with no exception. For
each target, AG°_, ... had the highest correlation score, with
a confidence level above 99.9%. These observations are con-
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TABLE 4. Correlation coefficients r(X,I) and significance level P(X,I) describing the relation between calculated free energy changes (X) and
the reported fluorescent intensity (/) of cy3-labeled probes used by Fuchs et al. (14) and Behrens et al. (7) for the generation of
accessibility maps

Target rRNA

Calculated

parameter (X) 23S of E. coli

168 of Pirellula sp.

16S of M. sedula® 18S of S. cerevisiae®

(X1 P(X.T) r(X.0) P(X.I) rX.0) P(X.T) r(X.0) P(X.T)
AG?, —0.44 0.000 —041 0.000 ~0.34 0.001 ~031 0.001
AGS, 0.08 0.260 0.35 0.001 0.13 0.189 0.19 0.050
AGS,, 0.23 0.002 0.24 0.023 0.35 0.000 0.4 0.000
AG® ~0.54 0.000 ~0.60 0.000 ~0.51 0.000 ~0.66 0.000

“ Based on 183 probes reported by Fuchs et al. (14).
> Based on 88 probes reported by Behrens et al. (7).

¢ Based on 100 probes reported by Behrens et al. (7). The additional 61 probes of the original study were not used because of an apparent mistake in the

internet-reported table.
@ Based on 112 probes reported by Behrens et al. (7).

sistent with the trends obtained for the 16S rRNA of E. coli
(Table 3), indicating that the model provides useful informa-
tion regarding the hybridization efficiency of FISH probes for
other targets as well.

DISCUSSION

The affinity model proposed in this study to simulate nucleic
acid hybridization during FISH includes the probe-target and
the intramolecular interactions that are likely to take place in
situ (Fig. 1). The formulation and application of the model
takes advantage of recent advances in the understanding of
nucleic acid interactions (20, 21, 33) and of available software
(39) and data (25, 30) for the calculation of the thermodynamic
parameters. Testing and validation of the model was primarily
through the use of the accessibility map data sets available in
the literature (7, 13, 14) and was complemented with experi-
ments targeting specific regions of the 16S rRNA. The corre-
lation analyses of the effect of probe affinity on hybridization
efficiency unequivocally demonstrated that probe affinity was a
significant factor defining the brightness of a hybridized probe.
However, the overall relationship (Fig. 2a) was also character-
ized by a large scattering of the data, indicating that predict-
able probe affinity was not the only component of hybridization
efficiency. We were able to determine three potential factors
that constrain the predictive ability of the model, namely, the
uncertainty in AG°; estimations, the presence of proteins at the
target region, and the kinetics of hybridization.

First, since different methods of estimating AG®; yield dif-
ferent results, it is clear that predictive errors in AG°; can
cause inaccuracy in the estimation of probe affinity. The po-
tential share of this uncertainty in the scattering of the affinity-
brightness data was demonstrated as the improvement from
Fig. 2a to ¢ when an optimal combination of AG®; calculations
was employed. The four methods used for calculating AG®;
differ in the restrictions imposed on mfold (i.e., length of input
sequence and conformational constraints based on native fold-
ing) to generate the target conformation before (R,) and after
(R,) hybridization with the probe. Method i relies on mfold-
predicted structures; thus, conformational changes involving a
global rearrangement of the rRNA folding within a domain are
allowed to take place in response to probe binding. At the
other extreme, method iv strictly imposes the native TRNA

structure models (10) to mfold and, therefore, the resulting
AG°®; defines the penalty for the disruption of the local struc-
ture at the target site when the rRNA cannot readjust. Meth-
ods ii and iii lie in between these two extremes. The evaluation
of all the methods was necessary, since there are a number of
uncertainties, such as whether the native secondary structure
of the rRNA is preserved after fixation and during the hybrid-
ization at 46°C or if the physical restrictions at the in situ
ribosome (e.g., proteins) prevent global reorganization of
rRNA. In addition, kinetic barriers in the folding and unfold-
ing of the large rRNA molecule may not allow a global equi-
librium to be established (27). Without a detailed mechanistic
understanding of these complications, we preferred method i
in our calculations, which is the simplest to implement and also
gives relatively strong correlations between AG®,..,.;; and flu-
orescence intensity (Table 3).

Secondly, with a rough approximation of protein blockage at
target sites quantified by AASA,,, ribosomal proteins were
shown to adversely affect the predictive ability of affinity (Fig.
2). Since AASA,, did not correlate with fluorescence intensity
for cy3-labeled probes and the significant correlation found for
fluorescein-labeled probes was weak (r = —0.18), the evidence
for proteins directly blocking the target sites is not strong.
However, we should note that the analysis of spatial blockage
was based on a native structure model (32), which may or may
not represent the configuration of the fixed ribosome appro-
priately. Thus, the direct effect of protein coverage may be
underestimated in our results. Other potential mechanisms by
which proteins can influence hybridization efficiency include
the direct reduction of probe affinity via specific intimate con-
tacts with the target site (9) and the prevention of the local or
global reorganization of rRNA upon hybridization, both of
which might affect the thermodynamics or kinetics of reaction
3 (Fig. 1).

Finally, the key assumption of chemical equilibrium behind
the calculation of AG®,...; Was shown to be invalid for two
target sites on the 16S rRNA (Fig. 6). We have also seen in
recent experiments that equilibrium is not established by the
end of the conventional 3-h hybridization period for several
other regions of 16S rRNA (data not shown). In particular, the
relatively large kinetic barrier affecting probes E1177 and
E1172 (Fig. 6) was shown to be imposed by the higher-order
structure of the ribosome at their target site (Fig. 7). There-
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FIG. 8. Venn diagram representation of the relation among the factors affecting fluorescence intensity in FISH.

fore, varied levels of progress towards the state of equilibrium
at different locations in the 16S rRNA likely contribute to the
scattering in Fig. 2a. It is important to note that the effects of
these factors are likely interwoven. For example, proteins
might be limiting the kinetics of hybridization by impeding
global conformational changes in the rRNA. Even though in
this case the system can be far from equilibrium, the limitations
at the target site could be better captured by switching to a
method of calculating AG®; that imposes restrictions in the
rearrangement of the secondary rRNA structure.

Despite these and probably other factors contributing to the
data scattering in Fig. 2a, we were able to show stronger cor-
relations with local analyses (Fig. 3, 4, and 5), possibly because
the only significant variable sensitive to small positional
changes in these confined regions of the 16S rRNA was the
sequence-dependent predictable affinity. As Fig. 5 shows, only
at one of the four regions analyzed were we not able to ma-
nipulate fluorescent intensity by adjusting probe affinity. In this
region, the limitation turned out to be the severe kinetic inac-
cessibility of the target site, and the desired level of hybridiza-
tion efficiency was easily attained with probes E1177 and
E1172 by letting the system progress towards equilibrium (Fig.
6 and 7). In Fig. 5, we show the improvement in the signal
intensity of E1177 upon using 30% formamide to circumvent
the kinetic limitations. Since formamide is routinely used in
FISH applications to control probe specificity (2, 28), one can
consider the brightness that E1177 reached at the moderate
stringency of 30% formamide as the maximum effective value
for this probe (fluorescence intensity drops at 40% formamide
[data not shown]). In the end, Fig. 5 reveals that the hybrid-
ization efficiency at every location targeted could be manipu-
lated successfully by a careful evaluation of probe affinity and
equilibrium.

Comprehensive model of hybridization efficiency. Based on
the mechanistic interpretation of FISH, facilitated by the af-
finity model developed and used in the analysis of experimen-
tal data in this study, we formulate here a comprehensive
model of the multiple factors affecting hybridization efficiency
(Fig. 8).

(i) Affinity and accessibility. For an organism with constant
and not limiting ribosome content, the hybridization efficien-
cies of FISH probes can be defined as mainly a function of two

factors, namely, the thermodynamic affinity of the probe to the
target site and the accessibility of the target site. Thermody-
namic affinity is defined by the predictable free energy change
of the overall reaction (AG®,.,.;) shown in Fig. 1, and acces-
sibility can be regarded as the ability of the probe to reach the
target site, regardless of whether hybridization will occur.

Out of the three values defining probe affinity, AG°, and
AG®, (Fig. 8) characterize the stability of the DNA-RNA and
DNA-DNA interactions, respectively, and depend only on the
probe sequence. The third element of the affinity definition,
AG°®;, describes the thermodynamic penalty to break the sec-
ondary RNA-RNA interactions at the target site. Altogether,
the three thermodynamic components of affinity can be com-
bined assuming equilibrium to give AG®°,...i;, Which describes
the stability of the DNA/RNA hybrid and, as follows from
equation 8, AG°_,...; can be correlated with the brightness of
a hybridized probe. When the assumption of equilibrium is not
valid, the kinetics of the reactions in Fig. 1 will also affect
hybridization efficiency. Because association reactions are
much faster than dissociation reactions in nucleic acid hybrid-
izations (33, 36), reaction 1 is unlikely to be rate limiting.
Between reactions 2 and 3, the latter is more likely the rate-
determining step due to the high self-complementarity and the
complex kinetic barriers expected in the large 16S rRNA mol-
ecule (27). Nevertheless, kinetic limitations can be easily elim-
inated or minimized with extended incubation periods (Fig. 6)
or with the presence of formamide in the hybridization buffer
(Fig. 7).

Since breaking the secondary RNA interactions is critical for
the probe to reach the target site, we consider AG®; to be
influencing both affinity and accessibility and, therefore, we
placed this parameter in the intersection of the affinity and
accessibility sets in Fig. 8. Other factors included in the defi-
nition of accessibility are the tertiary RNA-RNA interactions
and the RNA-protein interactions (Fig. 8). Like proteins, ter-
tiary RNA contacts might influence hybridization by direct
noncovalent bonding with the target site, by restricting the
reorganization of the rRNA, or by directly blocking the target
nucleotides. Thermodynamically, the tertiary interactions at
the target region are supposed to be much less stable com-
pared to the secondary stacks (33), and as a first approxima-
tion, the burden of breaking these bonds can be neglected in
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comparison to AG®;. Thus, the effect of tertiary RNA struc-
tures on hybridization is more likely to be kinetic rather than
thermodynamic.

The general concept of accessibility involves the intuitive
steric hindrance of the target site within the 3D structure of the
ribosome (6, 7, 13). Our idea of target site blockage (A4SA4,,)
was inspired by this geometric view, but we could not find a
strong correlation of A4SA,, with hybridization efficiency, as
discussed earlier. An equally interesting question is whether
the water-accessible surface area of the target site within the
overall 3D structure of the ribosome (4SA4,,) would correlate
better than AASA,,. Our statistical analysis showed no corre-
lation of ASA,, with the brightness of fluorescein-labeled
probes (13) and a significant, but weak, correlation (r = —0.17;
P = 0.02) for the cy3 data set (7). The negative correlation is
counterintuitive, since a larger ASA4,; should indicate better
accessibility and, therefore, despite our quantitative attempts,
the effect of the spatial positioning of the target site within the
ribosome remains inconclusive. This is consistent with the find-
ings of Behrens et al. (6), who used another computer-gener-
ated homology model of the E. coli ssu to qualitatively inves-
tigate the relation between fluorescence intensity of cy3-
labeled probes (7) and spatial location of target sites and
concluded that the 3D model could not explain the variation in
brightness. In addition to possible structural changes upon
formaldehyde fixation, neither approach considered the ter-
tiary contacts between the rRNAs of the small and large sub-
units of the ribosome (38), as they are not accounted for in the
atomic models used (6, 32). Note that the absence of Isu atomic
coordinates was not as big of a concern for our protein anal-
ysis, as proteins do not contribute significantly to the interac-
tion of the two subunits (6, 32). In the end, we still cannot
validate or rule out intuitive spatial accessibility as a factor of
hybridization efficiency.

(ii) Probe size. The comparison of probes E1177 and
E1177+5N showed that increasing probe length reduced hy-
bridization efficiency even when AG®,,,.; Was high. One pos-
sibility is that either the cell wall or the target site or both can
be more inaccessible to the longer probes, but since the mech-
anism is not clear at this time, in Fig. 8 we placed probe size as
a factor additional to affinity and accessibility. Hybridization
experiments with isolated ribosomes would be necessary to
further clarify the potential effect of the cell wall on the hy-
bridization efficiency of long probes.

(iii) Fluorophore-related factors. The fluorescence efficiency
of the fluorophore in its microenvironment is not related to the
number of hybrids per cell. Therefore, as shown in Fig. 8, it is
the complement of hybridization efficiency in the universal set
of signal intensity. The significant differences between the flu-
orescein (13) and cy3 (7) maps for the 16S rRNA of E. coli
indicate that this is an important factor that should not be
underestimated. While the current knowledge relates this phe-
nomenon to the specific interactions of the fluorophore with
the nucleotides (19, 23, 31), it is possible that similar interac-
tions with proteins can also influence the fluorescence of the
dye in FISH experiments. This idea is consistent with our
correlation analyses for A4ASA,,, which showed that protein
coverage significantly affected signal intensity in the fluores-
cein map but not in the cy3 map (Table 3).
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Implications of the mechanistic modeling of probe affinity.
The hybridization efficiency formulations developed for FISH
in this study derive much more information from probe and
target sequences than the typically used rough approximations
based on GC% and probe length (13, 28). This is evident from
our statistical analysis of the accessibility map data sets (7, 13,
14), for which the probes were designed to have a T, between
48 and 60°C using equation 1. Since the hybridization temper-
ature was 46°C, the T, restriction was assumed to indicate a
stable hybrid for a fully accessible target site. Thus, variations
in the hybridization efficiency of probes would reflect the dif-
ferences in the accessibility of target regions. In our compre-
hensive model (Fig. 8), this strategy is equivalent to eliminating
the probe-specific variables AG°,, AG°,, and probe size, so that
hybridization efficiency is a function of accessibility only. How-
ever, our correlation analyses (Tables 3 and 4) showed that
AG®°;, and most of the time also AG®,, contributed significantly
to the variation of probe brightness in the accessibility maps.
Therefore, the design restriction with 7,, was not sufficient to
eliminate probe sequence as a factor of hybridization effi-
ciency. We attribute this primarily to the inability of equation
1 to properly define the stability of DNA-RNA interactions in
FISH applications, as this equation was empirically derived
from DNA-DNA hybridization experiments under specific
wash conditions that do not allow a rigorous evaluation of the
thermodynamics of duplex formation (29). Instead of such
approximations, we propose the use of AG° . .;1; @S @ more
accurate predictor of probe affinity, because it not only offers a
better utilization of probe sequence information with AG°; and
AG®°, but also includes a numerical evaluation of target site
accessibility with AG°;.

In fact, the practical value of the numerical information
contained in AG°,..;,; Is comparable to that of the empirical
information stored in the accessibility maps. Behrens et al. (7)
showed that the brightness of 77 probes targeting homologous
sites on the 16S rRNAs of E. coli and Pirellula sp. correlated
with a significant r value of 0.47. The correlation between
AG® eran; and fluorescence intensity was as strong with E.
coli (Table 3; r = —0.47 for cy3-labeled probes) and even
stronger with Pirellula sp. (Table 4; r = —0.60). Furthermore,
AG®ea; €an be calculated for any target site, thus overcom-
ing the predictive limitations of empirical maps on rRNA re-
gions where the brightness of probes is sensitive to small po-
sitional shifts. This implies that for a given organism,
thermodynamic probe affinity is better at predicting the hybrid-
ization efficiency of FISH probes than the accessibility data set
of the closest organism that has been mapped (e.g., M. sedula
map for archaeal organisms). However, since numerical pre-
dictions are more meaningful if there is a reference data set
connecting affinity to actual fluorescence intensity (e.g., Fig.
2a), the benefits of the model are maximized when used in
combination with existing hybridization efficiency data sets.
This is illustrated in Fig. 5, which shows that we could take
advantage of our numerical approach to increase hybridization
efficiency beyond satisfactory levels by increasing the magni-
tude of AG°,,.; provided that kinetic barriers were circum-
vented, if there were any.

On the other hand, enhanced hybridization efficiency is a
necessary but not sufficient condition for a FISH probe to be
useful. The design generally requires the optimization of signal
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intensity and specificity. Since increasing the affinity of a probe
by elongating it may cause nonspecific binding to organisms
with few mismatches, it is important to know the threshold of
AG®erai.; Which would ensure efficient hybridization (as de-
fined by the designer) with the target organism while prevent-
ing an excessive increase in affinity for nontarget organisms.
Thus, we specifically recommend a AG®, ;. of ca. —13.0
kcal/mol to increase the possibility of designing a working
probe. This threshold value is where equation 9 reaches the
upper plateau in Fig. 4 at the typical probe concentration of
250 nM (ca. 1.5 ng/pl). Significantly lower magnitudes of
AG®era; Will likely result in dim probes (AG®y cran; > —10
kcal/mol) or probes within the transition zone described in Fig.
3 and 4 and, therefore, hybridization efficiency could be very
susceptible to other factors or uncertainties. It is noteworthy
that setting AG°yc;an; to —13.0 keal/mol is analogous to keep-
ing T, slightly higher than the hybridization temperature, as
was done with the design of probes for the generation of the
accessibility maps. When all the accessibility map data sets are
considered, the percentage of probes that are class 3 or
brighter (i.e., moderate to high brightness) is between 40 and
63%, indicating that nearly half of the probes did not hybridize
efficiently with the common constraint of 48°C < T, < 60°C.
However, when only the probes with AG°;.; of <—13.0
kcal/mol are considered, the percentage of class 3 or brighter
probes increases to 68 to 94%, demonstrating that the proba-
bility of designing a useful probe increases with this constraint.
The effectiveness of probe design should be expected to be
even higher if equilibrium is established, since this study also
revealed that some sites identified as inaccessible in the maps
could be strongly influenced by the kinetics of the hybridization
reaction. Indeed, recent studies in our lab have shown that
when the threshold of —13.0 kcal/mol is used as a design
criterion and the hybridization is allowed to reach equilibrium,
over 90% of the probes yield moderate to high brightness
(Yilmaz et al., unpublished data). In conclusion, in addition to
providing a mechanistic approach to predict hybridization ef-
ficiency in FISH via AG®,. .1 our analysis revealed that
currently published accessibility maps are conservative predic-
tors of accessibility, since sites reported as inaccessible can be
effectively targeted by increasing probe affinity and/or allowing
equilibrium to be reached. Besides the immediate implications
discussed above, new mechanistic approaches based on the
affinity model should lead to the design of new experiments for
the continuous improvement of our understanding of the
mechanisms that govern in situ hybridizations.
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