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Grading the commercial optical biosensor
literature—Class of 2008: ‘The Mighty Binders’
Rebecca L. Richa and David G. Myszkaa*
Optical biosensor technology continues to be the me
J. Mol. Rec
thod of choice for label-free, real-time interaction analysis. But
when it comes to improving the quality of the biosensor literature, education should be fundamental. Of the 1413
articles published in 2008, less than 30%would pass the requirements for high-school chemistry. To teach by example,
we spotlight 10 papers that illustrate how to implement the technology properly. Then we grade every paper
published in 2008 on a scale from A to F and outline what features make a biosensor article fabulous, middling or
abysmal. To help improve the quality of published data, we focus on a few experimental, analysis and presentation
mistakes that are alarmingly common. With the literature as a guide, we want to ensure that no user is left behind.
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What’s that old saying?—oh yeah, something like ‘If you give a
man a fish, he can eat for a day. But if you teach a man to do a
biosensor experiment correctly, he can buy all the damn fish he
wants’. For years we have taken an active approach to educating
users, as well as non-users, about how to properly design, execute
and analyse biosensor experiments. Unfortunately, based on our
annual review of the literature we still have a lot of work to do.
Only a minority of users know how to run even basic experiments
correctly. And based on what’s published, there is still a general
perception that whatever data comes out of the biosensor must
be biologically relevant and should be published. Nothing could
be farther from the truth.
Depressingly, and in some ways frighteningly, the biosensor

user community is not the only scientific field in the need of some
reform, regulation and education. Take as an example the recent
report from the National Academy of Sciences on the state of
forensic science:
‘‘Badly Fragmented’ Forensic Science System Needs Overhaul. 19

February 2009—A US congressionally mandated report from the
National Research Council finds serious deficiencies in the
nation’s forensic science system and calls for major reforms.
Mandatory certification programs for forensic scientists are
currently lacking, as are strong standards and protocols for
analysing and reporting on evidence.
Many professionals in the forensic science community and the

medical examiner system have worked for years to achieve
excellence in their fields, aiming to follow high ethical norms,
develop sound professional standards and ensure accurate
results in their practice. But there are great disparities among
existing forensic science operations. The disparities appear in
availability of skilled andwell-trained personnel; and in certification,
accreditation and oversight. This has left the forensic science
system fragmented and the quality of practice uneven. These
shortcomings pose a threat to the quality and credibility of
forensic science practice and its service to the justice system.’
ognit. 2010; 23: 1–64 Copyright � 2009 J
Replace the words ‘forensic’ and ‘justice system’ with
‘biosensor’ and ‘biological sciences’ and you would have a pretty
accurate depiction of what our user base suffers from as well. But
until one (or both) of us is (are) elected to the National Academy
of Sciences (which seems less likely now than ever after writing
this review), we figure we will continue our role of educating a
field which is in desperate need of standardization.
So grab your pole and put on some sunblock because you’re

about get schooled on the Moby Dick, 20 000 Leagues Under the
Sea, Finding Nemo biosensor adventure of a lifetime. You’re
gonna need a bigger boat.
ROLL CALL

First let’s get everyone on the same page by summarizing the
year’s literature. We found 1413 articles published in 2008 that
describe biosensor-based experiments. In the reference list, this
collection is divided into several sections: books, editorials and
general reviews about biosensors (1–23); theory, methods
development and instrument comparisons (24–42) and instru-
ment- and application-specific articles (43–1413).
A review article by Comley is particularly worth reading

because it summarized the results from recent interviews
conducted as part of a biosensor market report (5). He compiled
the survey’s finding about interviewees’ familiarity with biosensor
ohn Wiley & Sons, Ltd.
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manufacturers and their products, user concerns about the
different instruments, the biological systems examined and the
type of information sought by users, and the technology’s
perceived challenges (i.e. factors that prevent it from becoming
more widely adopted). In addition, Comley provides snapshots of
the various label-free vendors and the platforms each offers.
It seems like every year someone writes a general article

describing surface plasmon resonance (SPR) experiments. This
year it was De Crescenzo et al.’s turn (6). They reviewed the
physics of SPR, described Biacore’s dextran layer, outlined
methods to reduce experimental artefacts (e.g. buffer prep-
aration, ligand immobilization methods and interaction stoichi-
ometry issues) and discussed the basics of kinetic analysis,
including important processing steps and considerations during
model fitting.
As illustrated in References 29–37, several biosensor users

continue to push the envelope in assay optimization and
technology development. A number of researchers reported new
approaches to tethering ligands to sensor surfaces (29,30,32–35).
For example, Gale and collaborators (admittedly, we are some of
them) developed a continuous-flowmicrospotter to be used with
SPR imaging instruments (32–35). Unlike traditional pin-spotting
techniques, this in-solution spotter does not require pure, highly
concentrated ligand solutions nor does the ligand surface need
to be dried after immobilization. We expect this approach will
resolve many of the concerns surrounding array platforms and
make these instruments useful for a wide range of applications.
And, as the number and variety of optical biosensors increases,

it can be daunting to understand the benefits of the different
platforms. Therefore, reports of comparative studies (like
References 38–42) are informative articles for the general
biosensor community.
The remainder of the reference list relates to specific instruments

or applications. We found articles describing work performed
using instruments offered by 30 manufacturers (Table 1). These
instruments employ SPR (in either standard (43–1338) or array
formats (1339–1391)) or alternative optical detection methods
(1392–1413). The reference list is further divided bymanufacturer
and, since the number of Biacore references is so large, these
articles are grouped by biological application.
In reviewing this collection, we are encouraged by authors who

put a lot of work into their experiments. For example, several
research groups used multiple immobilization chemistries (e.g.
References 372,947) and prepared surfaces of different ligand
densities (267,452), tested their interactions in both orientations
(593) and used different assay formats (101), and carefully
examined the responses obtained from the reference surface
(1014). Notably, Bravman et al. emphasized the care required
when choosing the pH for immobilization (1341). This group
nicely demonstrated that the pH which produced the highest
surface density was in fact not necessarily optimal for ligand
activity. Call us old school, but we think it never hurts to be
reminded about the fundamentals of a goodbiosensor experiment.
HONOR ROLL

The 10 articles we chose to spotlight this year exemplify the
power of biosensor technology and the tenacity of some great
users. These are the summa cum laudes of SPR; they give us hope
that perhaps in the not-so-distant future everyone will produce
high-quality biosensor data.
www.interscience.wiley.com/journal/jmr Copyright � 2009
The 10 articles, summarized in the box below, describe signi-
ficant developments in biosensor applications, report well-
performed, in-depth experiments and include easy-to-interpret
figures of data, and/or provide insights about where this
technology is heading with respect to improved throughput
and sensitivity. Consider each of these papers required reading.
Giannetti et al. Surface plasmon resonance based assay for
the detection and characterization of promiscuous inhibi-
tors. J Med Chem 51: 574–580.
Giannetti et al.’s detailed characterization of promiscuously

binding compounds emphasizes how biosensors can impact
both rigorous small-molecule kinetic analyses and higher-
throughput screening assays (923). As these researchers noted,
too often compounds that appear promising in biochemical
screens are in fact false positives and biosensor analyses help
weed out these non-specific binders.
For example, Figure 1A shows the responses for a positive-

control compound binding to an immobilized target. This
well-behaved compound produced concentration-dependent
responses that could be described by a simple interaction model.
These data confirmed the target was active on the chip surface.
Not all compounds, however, produce such easily interpretable
responses. For example, non-stoichiometric compounds produce
responses that are larger than the expected Rmax (Figure 1B top
left panels) while superstoichiometric compounds display
responses of more than five times the Rmax, often without any
indication of surface saturation (Figure 1B bottom left panels).
The right panels of Figure 1B depict examples of compounds that
are well-behaved at lower concentrations but then suddenly
show unexpectedly large responses at slightly higher (concen-
tration-dependent aggregators) and compounds that become
well-behaved in the presence of detergent.
But, as these researchers demonstrated, testing a compound

library against only one target is not enough to determine which
compounds to flag as bad binders. Some compounds behave
differently depending on the target. Figure 1C shows the
responses for one compound tested against seven targets and an
unmodified surface. To some targets this compound displayed
little or no binding while it showed intermediate but non-
stoichiometric binding or superstoichiometric binding to other
John Wiley & Sons, Ltd. J. Mol. Recognit. 2010; 23: 1–64



Table 1. Commercial optical biosensor technologies

Manufacturer Instruments Website References

Standard SPR platforms
Analytical m-systems Biosuplar, Biosuplar-2,

-3, -6
micro-systems.de (43–52)

Biosensing Instruments BI-2000, -2000G, -3000,
-3000G

biosensingusa.com (53–59)

DKK-TOA SPR-20 dkktoa.co.uk (41,60–62)
EcoChemie/Autolab Esprit, Springle ecochemie.nl (63–89)
GE Healthcare/Biacore Biacore, Bialite, C, J, Q,

X, 1000, 2000, 3000,
S51, T100, A100, X100

biacore.com (29–31,36–39,90–1230)

IBIS IBIS II ibis-spr.n (1231)
K-MAC SPR LAB, SPRmicro www.kmac.to (1232–1236)
Microvacuum/Artificial
Sensing

OWLS 110, OWLS 120 owls-sensors.com (40,42,1237–1247,1407)

Moritex/Nippon Laser
& Electronics

SPR 670M, SPR-Cellia moritex.co.jp (41,1248–1258)

Nanofilm Technology EP3SPR nanofilm.de (1143,1259,1260)
NanoSPR NanoSPR 310, 321, 621 nanospr.com (1261–1264)
NeoSensors Ltd. IAsysþ, IAsys Autoþ neosensors.com (884,1265–1294)
Nomadics/Texas Instruments SensiQ, Spreeta discoversensiq.com (1295–1308)
NTT-AT Handy SPR PS-0109 ntt-at.com (1139,1309–1311)
Optrel Multiskop optrel.de (1312–1324)
Plasmonic Biosensor Plasmonic Multichannel plasmonic.de (1325)
Reichert Analytical
Instruments/Xantec

SR7000, SR7000DC reichertspr.com (1326–1332)

Resonant Probes SPTM resonant-probes.de (1333–1337)
Thermo Scientific SPR-1000 thermo.com (1338)

Imaging SPR platforms
Alphasniffer BiOptix alphasniffer.com (1339)
Bio-Rad ProteOn XPR36 bio-rad.com (38,39,1340–1357)
GE Healthcare/Biacore Flexchip biacore.com (32–35,1358–1362)
GWC Technologies/Toyobo SPRimager II, SPR 100,

MultiSPRinter
gwctechnologies.com
toyobo.co.jp

(1363–1382)

Horiba/Genoptics SPRi-Plex, SPRi-Labþ genoptics-spr.com (1383–1388)
IBIS iSPR ibis-spr.n (1389,1390)
Plexera PlexArray plexera.com (1391)

Non-SPR platforms
Corning Epic corning.com (40,1392–1395)
Farfield Sensors Analight Bio200, BioFlex,

CrystaLight, 4D
farfield-group.com (1273,1396–1408)

ForteBio Octet Q, QK, Red,
Red384, QK384

fortebio.com (38,39,1409)

Maven Biotechnologies LFIRE mavenbiotech.com (1410)
Silicon Kinetics SkiPro siliconkinetics.com (1411)
SRU Biosystems BIND srubiosystems.com (40,42,1412,1413)
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targets. These data sets emphasize the need to check for binding
to off targets and control/reference surfaces when screening
compound libraries.
Giannetti et al.’s article serves two essential purposes. First, it

outlines a systematic approach to identifying and classifying
promiscuous binders. Second, it presents a number of data sets
from poorly behaved compounds. Too often users think
responses like these are good data. It is important for all users
to recognize how data from promiscuous binders may look and
to realize that these responses may reveal information about
J. Mol. Recognit. 2010; 23: 1–64 Copyright � 2009 John Wiley &
stoichiometry, reversibility and changes in compound behaviour
over a range of concentrations.
Now while it may be frustrating to chemists to hear that their

exciting leads are junk, a major advantage of the biosensor is that
it can confirm real hits and identify false positives. The sooner
false leads are abandoned, the better for the project overall. Work
like Giannetti et al.’s is particularly important as biosensor
technology is increasingly used in fragment screening, where
weak-affinity (but less well-characterized) compounds are
screened at fairly high concentrations and in relatively high
Sons, Ltd. www.interscience.wiley.com/journal/jmr



Figure 1. Responses for well- and poorly behaved compounds. (A) Responses of a well-behaved compound can be described by a simple interaction

model (red lines). The highest concentration tested, number of replicates and binding parameters determined from the fit are shown as insets. (B) Classes

of poorly behaved compounds. In each panel, the expected Rmax is indicated by the red line. (In the figure of concentration-dependent aggregation

responses, the insets show responses that are more like what would be expected for each compound.) (C) Protein-specific promiscuity of one compound.
Adapted from Reference 923 with permission from the American Chemical Society � 2008.
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throughput. The ability to efficiently pick out both true binders
and false positives is essential when reviewing the massive
amounts of data generated in these screens. And although
Giannetti et al. focused on small molecules, these types of
non-ideal responses are observed in all types of biological
interactions. We’ve added these terms for the different classes of
promiscuous binders to our biosensor vocabulary list (see the end
of this paper).
Chavane et al. At-line quantification of bioactive antibody

in bioreactor by surface plasmon resonance using epitope
detection. Anal Biochem 378: 158–165.
Chavane et al.’s report of a fully automated method to track

antibody production highlights yet another unique application of
biosensors (1212). This group devised a hands-off, at-line set-up
(shown in Figure 2A) that tested crude medium from a bioreactor
www.interscience.wiley.com/journal/jmr Copyright � 2009
every 10 h to quantitate the concentration of active antibody
produced over 10 days.
Their biosensor approach has several advantages over more

traditional production-tracking methods. Standard ELISA-like
assays are labour- and sample-intensive, fluorescent assays
require tags to engineered in and cleaved off and mass
spectrometry assays measure the total production level but
provide no information about activity. In contrast, the biosensor
assay is label free, uses very little material and reveals both the
amount and activity of the bioreactor product. But maybe best of
all, its automation means the system can run unattended, even
over Spring Break!
It should be noted that Chavane et al. first put a lot of effort into

optimizing the assay off line. They needed to identify a suitable
binding partner, appropriate immobilization chemistry and
John Wiley & Sons, Ltd. J. Mol. Recognit. 2010; 23: 1–64



Figure 2. At-line biosensor-based assay to track bioreactions. (A) Schematic of automated monitoring of antibody production. A pump continuously

delivered filtered culture medium to s sampling vial in the biosensor. At set intervals, an aliquot of medium was diluted into running buffer using the

Biacore 3000’s sample transfer/mix functions and then injected across the sensor surface. The initial binding rate (measured at 90–120 s) in each
sensorgramwas used to calculate antibody concentration. (B) Off-line assay optimization. Ten replicate antibody injections across immobilized (i) antigen

peptide and (ii) full-length antigen. Corresponding responses from mock surfaces are included in each panel. (C) Standard curve generation. Left:

responses for a concentration series of purified antibody. Included are replicates for antibody from crude medium (highlighted by the asterisk). Right:

calibration plot derived from the responses shown. (D) Trend plot of the responses for a standard antibody sample measured throughout the analysis.
Adapted from Reference 1212 with permission from Elsevier Inc. � 2008.
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regeneration solution and conditions that produced a mass
transport-limited interaction. Figure 2B shows the responses for
purified antibody binding to immobilized antigen (both full-
length and peptide), as well as to mock surfaces. The low
responses from the mock surfaces indicated the antibody bound
specifically to the antigen surfaces. In addition, the overlay of 10
replicate antibody tests demonstrated the stability of both
binding partners and the suitability of the regeneration
condition. To induce mass transport-limited conditions that
produce a linear association phase, Chavane et al. intentionally
prepared high-density surfaces and used slow flow rates. They
chose to use the peptide surface in follow-up experiments
because it produced large, linear signals from which they could
determine the initial binding rate, which correlates with antibody
production level (Figure 2B, left panel).
J. Mol. Recognit. 2010; 23: 1–64 Copyright � 2009 John Wiley &
Figure 2C shows the calibration data used to quantitate the
bioproduct. This figure also includes a set of replicates from a
crude antibody sample (highlighted by the asterisk). The similar
shapes of the responses from purified antibody and the culture
medium confirmed that other components in the medium did
not bind to the ligand surface.
Figure 2D depicts the ageing of the ligand surface throughout

the repeated binding/regeneration cycles over the 10 days of
antibody culture. With this activity-monitoring information,
Chavane et al. realized they needed to account for the surface’s
gradual loss in activity over time when calculating the
bioreaction’s output.
Two things make this paper required reading. First, the authors

did a great job describing how the biosensor can automatically
track culture growth over several days. Second (and maybe even
Sons, Ltd. www.interscience.wiley.com/journal/jmr
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more important), several of the elements of their assay can be
applied to biosensor-based concentration determination exper-
iments in general.
Christensen et al. Several distinct properties of the IgE

repertoire determine effector cell degranulation in response
to allergen challenge. Allergy Clin Immun 122: 298–304.
Taking advantage of the biosensor’s flexibility in assay design,

Christensen et al. used both epitope mapping and kinetic assays
to characterize a panel of 31 IgEs developed against major house
dust mite allergen (Der p2) (358) (it might be mites).
With a two-stage epitope-mapping process, they investigated

the antigen/antibody binding interface. First, they tested the
ability of pairs of antibodies to bind Der p2 simultaneously (assay
design illustrated in the top left panel of Figure 3A). If both
antibodies bound, these researchers knew that the clones bound
at separate sites in Der p2 (Figure 3A, top middle panel). If the
second clone did not bind (e.g. Figure 3A, top right panel), they
discovered the two clones bound at an overlapping site in Der p2.
Then, using a related assay design (Figure 3A, bottom left panel),
Christensen et al. screened wild type or mutant rDer p2 for
binding to captured clones to identify residues in Der p2 critical
for the Ab/Ag interaction (Figure 3A, bottom right panel). The
pair-wise mapping revealed seven distinct antibody epitopes in
Der p2 (Figure 3B, left panel) and the characterization of the
variants indicated nine different binding patterns (Figure 3B,
middle panel). Combining the information from these two
complementary mapping experiments produced a three-
dimensional model of the IgE epitopes in rDer p2 (Figure 3B,
right panel).
Following up on the mapping experiments, Christensen et al.

determined kinetic parameters for the various antigen/antibody
pairs. The clones displayed a range of kinetic profiles (examples
are shown in the top panels of Figure 3C), varied in their rDer p2
affinities by almost 30 000 fold, and were binned as high-,
medium- or low-affinity binders (Figure 3C, bottom panel).
Christensen et al.’s coupled epitope mapping and kinetic

approach illustrates the wealth of information that can be
obtained using biosensors. In addition, their work incorporated
features we look for in smart assay design when studying
antibodies: (1) to avoid avidity effects, the antibodies were
tethered to the surface rather than tested in solution and (2) by
capturing the antibodies (rather than direct immobilization), the
surface could be regenerated between binding cycles, thereby
allowing different antibodies to be captured on the same sensor
surface. Finally, this paper demonstrates the biosensor’s
efficiency. Most biosensors are automated, including the Biacore
3000 used by Christensen et al., and can test hundreds of clones
in a single experiment.
Souphron et al. Structural dissection of a gating mechan-

ism preventing misactivation of ubiquitin by NEDD8’s E1.
Biochemistry 47: 8961–8969.
Figure 4 depicts Souphron et al.’s examination of wild type and

mutant NEDDs binding to ubiquitin and related proteins (279).
These data sets are excellent examples of what we look for in an
equilibrium analysis. Most importantly, in each panel the
responses for every analyte concentration reach a plateau during
the association phase. (This plateau indicates the interaction did
in fact reach equilibrium and it was therefore appropriate to
perform an equilibrium analysis.) Additionally, these researchers
intentionally produced ligand densities that yielded relatively low
analyte binding responses (Rmax �50 RU) and tested replicate
analyte samples to demonstrate the reproducibility of their
www.interscience.wiley.com/journal/jmr Copyright � 2009
experiments. And finally, the data shown in Figure 4 is easy to
interpret. The data panels are scaled so we can quickly spot how
well a particular NEDD protein is recognized by different
ubiquitins, as well as which mutations decrease affinity or
eliminate binding. Why can’t all papers be this good?
Kalyuzhniy et al. Adenovirus serotype 5 hexon is critical for

virus infection of hepatocytes in vivo. Proc Natl Acad Sci USA
105: 5483–5488.
Wang et al. In vitro and in vivo properties of adenovirus

vectors with increased affinity to CD46. J Virol 82: 10567–
10579.
Work published by Shayakhmetov and co-workers exemplify

well-performed kinetic analyses. In these studies of adenoviral
interactions with blood coagulation factors and a receptor, the
multivalent virus was immobilized (rather than tested in solution)
to avoid avidity effects and surface densities were kept low to
minimize other complexities. Analyte injection times were long
enough for obtaining curvature in the association phase, the
dissociation phases were monitored long enough to observe a
decrease in response and a wide range of analyte concentrations
were included in each experiment.
Figure 5 demonstrates the wealth of information available from

a systematic kinetic characterization of related binding pairs. In
this study, Kalyuzhniy et al. determined the adenoviral
specificities and affinities for a subset of blood coagulation
factors, which revealed the mechanism by which these viruses
bind factor X and demonstrated the importance of the hexon
protein in viral infection (172).
Especially noteworthy is Kalyuzhniy et al.’s use of what we call

the ‘short-‘n-long’ (SNL) approach to kinetic analysis of slowly
dissociating complexes (an example is shown in the upper-left
panel of Figure 5). Since this interaction is so stable, the
dissociation phase must be monitored for a long time (in this
example, >30min) to collect enough decay in signal to obtain a
reliable kd. But these researchers recognized that there is enough
decay information in the responses from the highest analyte
concentration to determine kd, so they truncated the dissocia-
tion-phase data-collection times for the lower analyte concen-
trations. (The SNL approach improves efficiency since it increases
sampling throughput compared to the standard kinetic analysis
format.) And, the overlay of the replicates confirmed the baseline
was not drifting and the reagents were stable over the many
hours required for each experiment. (We must repeat.)
We were also happy to see Kalyuzhniy et al. fit all the data sets

to a 1:1 interaction model, even those that display some
complexity (i.e. the two panels highlighted with a star in Figure 5).
Rather than invent an unlikely binding scenario to account for
these secondary components, the authors realized the complex-
ity most likely arose from biologically irrelevant artefacts. With
the overlay of the data and fits, we can recognize how well the
reported rate constants and affinities describe these particular
interactions.
Figure 6 portrays the biosensor-based optimization of a

transfer vector useful in gene therapies. Presuming that viral
affinity for CD46, the receptor that some fibre knob-containing
viruses use for cell invasion, correlates with infectivity, Wang et al.
constructed a panel of mutant fibre knob particles and tested
each against CD46 (Figure 6A). Several mutations produced
particles that boundmore tightly to CD46 compared to wild type,
maintained their increased receptor affinity when incorporated
into virions (Figure 6B), and indeed displayed greater in vivo
transduction (1174).
John Wiley & Sons, Ltd. J. Mol. Recognit. 2010; 23: 1–64



Figure 3. Epitope mapping and kinetic characterization of Der p2-antibodies. (A) Assay designs (left) and responses (middle and right) for two

complementary mapping experiments. The top panels depict the responses expected for the pair-wise analysis: a second IgE clone binding to an
available site on IgE-captured rDer p2 (middle) and a second clone that would bind at the same site in rDer p2 as does the clone used to capture the

antigen (right). In the analysis of antigen variants (bottom), the right panel depicts the responses for wild type and mutant rDer p2, as well as a negative

control, pGAPz, binding to one IgE clone. (B) Summary of mapping experiments. Left: pair-wise analysis of 11 clones. Unfilled circles: rIgE pairs that can
bind rDer p2 simultaneously; filled circles, rIgE pairs that cannot. Middle: analysis of six rDer p2 variants against 11 IgE clones. **, significantly altered;
* somewhat altered; þ, equal; -, no binding of the rDer p2 variant compared to wild type. Right: three-dimensional model of the clones’ epitopes in rDer

p2. (C) Top: example kinetic profiles of clones binding rDer p2 with high (left), medium (middle) and low affinity (right). Bottom: summary of the affinities

determined for 31 clones, with specific colours corresponding to the epitope designations in the right panel of Figure 3B. Adapted from Reference 358
with permission from the American Academy of Allergy, Asthma and Immunology � 2008.

J. Mol. Recognit. 2010; 23: 1–64 Copyright � 2009 John Wiley & Sons, Ltd. www.interscience.wiley.com/journal/jmr

COMMERCIAL OPTICAL BIOSENSOR LITERATURE

7



Figure 4. Equilibrium analyses of wild type and mutant NEDDs binding to ubiquitin-like proteins and ubiquitin. In each data subset, responses for

triplicate analyses of each concentration are displayed in the left panels while the right panels show the fits of the responses at equilibrium to a simple

binding isotherm. Adapted from Reference 279 with permission from the American Chemical Society � 2008.

R. L. RICH AND D. G. MYSZKA

8

Wang et al.’s work illustrates how kinetic information can drive
a research program. The differences in affinity between wild type
and various mutant knob particles were due directly to
changes in the off rate, so by comparing the dissociation rate
constants Wang et al. identified which mutants to incorporate
into virions.
From a technical standpoint, these biosensor studies are

impressive for two reasons. First, Wang et al.were not intimidated
by the ‘bumpiness’ (due to random, short-term noise) in binding
responses that may be evident when working with low-density
surfaces (e.g. the upper right panel of Figure 6A). Unlike biosensor
users who prefer smooth-looking, large-intensity responses,
www.interscience.wiley.com/journal/jmr Copyright � 2009
these researchers recognized that it is far better to publish data
with these small deviations from ideality than to introduce
artefacts that can arise at high surface densities. Second,
concerned that a regeneration condition may damage the
surface-tethered knob particles and/or virions, Wang et al. simply
washed the surface with running buffer until the response
returned to baseline (e.g.>45min for somemutants). Sometimes
doing nothing is something.
Abdiche et al. Probing the binding mechanism and affinity

of tanezumab, a recombinant humanized anti-NGF mono-
clonal antibody, using a repertoire of biosensors. Prot Sci 17:
1326–1335.
John Wiley & Sons, Ltd. J. Mol. Recognit. 2010; 23: 1–64



Figure 5. Kinetic analyses of five blood coagulation factors binding to six adenoviruses and adenovirus capsid proteins. Red lines depict the fit of a 1:1

interaction model. Each panel depicts duplicate analyses of each analyte concentration. The panels highlighted with a star are referred to specifically in

the text. Adapted from Reference 172 with permission from the National Academy of Sciences USA � 2008.
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Abdiche et al.Determining kinetics and affinities of protein
interactions using a parallel real-time label-free biosensor,
the Octet. Anal Biochem 377: 209–217.
As our options in biosensor technology multiply, it becomes

increasingly important to evaluate the different instruments.
Abdiche et al.’s side-by-side comparison of the GE Healthcare
Biacore 3000’s, BioRad ProteOn XPR36’s and ForteBio Octet QK’s
detection systems, sampling methods and throughput, as well as
the precision of the obtained binding parameters, demonstrate
the advantages and disadvantages of these three platforms.
In one comparative study, Abdiche et al. characterized the

interaction of the antibody tanezumab and human nerve growth
factor (NGF) (39). This Ab/Ag pair is particularly difficult to work
with using the biosensor because both binding partners are
bivalent (NGF forms homodimers) and the affinity of the
J. Mol. Recognit. 2010; 23: 1–64 Copyright � 2009 John Wiley &
interaction is tighter than 10 pM. So to obtain reliable data
from, and kinetic information about, this system requires
excellent experimental technique and tests the limits of these
instruments’ capabilities.
To fully examine this interaction (and to demonstrate the

parameters they obtained were not influenced by the assay
orientation or immobilization method, as well as to deal with the
fact that they could not find regeneration conditions that
disrupted the Ab/Ag complex without inactivating the Ab),
Abdiche et al. used several assay formats, as illustrated in
Figure 7A. They tried direct immobilization of both the NGF
homodimer and tanezumab Fab, as well as capturing (either by
streptavidin or an antibody) of NGF, the mAb and the Fab. In each
experiment they worked at very low ligand densities to minimize
avidity.
Sons, Ltd. www.interscience.wiley.com/journal/jmr



Figure 6. Kinetic analyses of fibre receptor CD46 binding to (A) nine adenovirus fibre knob mutant particles and (B) three knob mutants incorporated

into virions. Replicate responses of each analyte concentration are overlaid with the fit of a 1:1 interactionmodel (red lines). Adapted from Reference 1174
with permission from the American Society of Microbiology � 2008.
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Figure 7B shows data obtained from the three biosensors for
Fab binding to streptavidin-captured biotinylated NGF. The
responses obtained from each instrument are easily discernable
above background, concentration-dependent and reproducible.
In addition, the Fab could be injected long enough to detect
curvature in the association phase. Replicates overlay, indicating
each instrument is stable enough to collect data even for the
more than 8 h required in each binding cycle. To monitor such a
slowly dissociating complex, Abdiche et al. used the SNL
approach to collect the full data set from Biacore 3000; with
the other two instruments, they performed one-shot kinetics to
collect data for all Fab concentrations simultaneously. Although
they collected dissociation-phase data for more than 8 h, the Fab/
NGF complex did not dissociate enough in each of these
experiments to obtain a reliable kd. Wisely, Abdiche et al. simply
reported the kd was slower than 2� 10�6 s�1. Taking the
comparative study one step further, Abdiche et al. also
determined the affinity of this interaction using KinExA 3000
technology. Comfortingly, they found the binding parameters
obtained from the surface-based biosensors agreed well and
corresponded with values from the solution-based KinExA
analysis. So, here’s a big raspberry to those who say surface-
and solution-based methods never match: Thpppfbt!
Figure 7C and D shows the responses obtained for the

interaction tested in the opposite orientation: NFG in solution
tested against surface-tethered Fab or mAb. Because the ligands
were captured at such low densities, similar kinetic rate constants
were obtained for the NGF homodimer binding to the Fab
(Figure 7C, top panel) and mAb (Figure 7C, bottom panel)
surfaces. In the stepwise saturation experiment shown in
Figure 7D, Abdiche et al. tracked the binding of NGF to
amine-coupled Fab surface (top) and then followed how Fab in
www.interscience.wiley.com/journal/jmr Copyright � 2009
solution bound to the now-formed NGF/FAb complexes on the
surface (bottom). Together, the rate constants obtained from the
experiments shown in Figure 7B–D confirmed that the kinetics
were not influenced by which binding partner was tethered to
the surface or by the method used to tether the ligand (either via
capture or amine coupling). Thpppfbt, thpppfbt!
And finally, Abdiche et al. developed a biosensor assay to serve

as an alternative to functional cell-based assays. Using a
solution-competition approach (Figure 7E, left panel), they
quantitated the activity of tanezumab in their preparations.
The method they described is widely applicable for determining
active concentration.
In another comparative study, Abdiche et al. took a slightly

different tactic to determine the abilities of the three instruments
to characterize a series of peptide/antibody interactions (38).
Figure 8A and B depicts the Biacore 3000 ‘kinetic titration’ (also
called ‘single-cycle’) and ProteOn XPR36 ‘one-shot’ approaches
for measuring kinetics of peptide binding to immobilized IgG
without regenerating between analyte injections. They then
compared these results with those obtained from the reverse
orientation: Fab in solution tested directly against immobilized
peptides (Figure 8C) or in a solution-competition format
(Figure 8D). The agreement between the rate constants and
affinities determined using different assay designs, interaction
orientations and instruments established the reliability of binding
parameters reported from the Biacore 3000, ProteOn XPR36 and
Octet QK. Nice job.
Beusink et al. Angle-scanning SPR imaging for detection of

biomolecular interactions onmicroarrays. Biosens Bioelectron
23: 839–844.
Beusink et al.’s report of IBIS Technologies’ iSPR established the

capabilities of this array platform (1389). To demonstrate iSPR’s
John Wiley & Sons, Ltd. J. Mol. Recognit. 2010; 23: 1–64



Figure 7. Biosensor analysis of human nerve growth factor (NGF) and its neutralizing antibody, tanezumab. (A) Assay design of the different kinetic

experiments performed in this study, with the symbol key at the right. (B) Kinetic analyses of Fab binding to biotinylated NGF captured on surfaces in

Biacore 3000 (top), ForteBio Octet QK (middle) and BioRad ProteOn XPR36 (bottom). Left panels show zoomed-in views of the responses obtained during
the association phase; right panels are the full sensorgrams, which illustrate the long dissociation-phase data collection times used in these experiments.

(C) Kinetic analyses of NGF binding to captured tanezumab Fab (top) and IgG (bottom) performed using Biacore 3000. (D) Kinetic analyses of NGF binding

to amine-coupled Fab (top) and Fab binding to Fab-captured NGF (bottom) performed using BioRad ProteOn XPR36. (E) Active-concentration analysis of
anti-NGF IgG using Biacore 3000. Left panel: assay design; middle and right panels: responses and inhibition curve. In B–D, the insets depict the assay

design for each of these experiments and the black lines are the fit of the replicate responses to a 1:1 interaction model. In the Octet QK experiments,

binding was ‘sinked’ by spiking the dissociation buffer with soluble ligand. Adapted from Reference 39 with permission from The Protein Society� 2008.
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Figure 8. Biosensor analysis of calcitonin gene-related peptides (CGRPs) and an anti-CGRP antibody. (A) Single-cycle kinetic analyses of four CGRP/IgG

interactions performed using Biacore 3000. Blue, red and green traces depict the responses from high-, medium- and low-density IgG surfaces. In the

lower-right panel, the inset shows the binding isotherm obtained from an equilibrium analysis of the data in the main panel. (B) One-shot kinetic analysis

of four CGRP/IgG interactions performed using BioRad ProteOn XPR36, with the binding isotherm of an equilibrium analysis shown in the lower-right
panel inset. (C) Kinetic analyses of Fab binding to rat (left) and human (right) CGRPa as measured using ForteBio Octet QK (top), BioRad ProteOn XPR36

(middle) and Biacore 3000 (bottom). (D) Solution-based affinity determination of IgG (left) and Fab (right) binding to four CGRPs as measured using

ForteBio Octet QK (top), BioRad ProteOn XPR36 (middle) and Biacore 3000 (bottom). In A–C, smooth lines depict the fit of the responses to a 1:1
interaction model. In all direct binding experiments using Octet QK, binding was sinked by spiking the dissociation buffer with soluble ligand. Adapted

from Reference (38) with permission from Elsevier, Inc. � 2008.
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ability to simultaneously monitor interactions of ligands
having widely different masses, these researchers flowed a
fluorescently labelled biotin antibody through a flow cell
containing spots of biotinylated peptide (2.4 kDa) and biotiny-
lated IgG (150 kDa).
Figure 9A shows how well the binding responses correlated

with both analyte concentration and spot density. In the first
analyte injection (far left), the signal intensities correspondwell to
spotted peptide densities (with no signal observed for the
negative-control spots). In addition, the responses decrease from
left to right as the concentration of injected analyte decreases.
From these data, Beusink et al. resolved the instrument’s limit of
detection with respect to the concentrations of both analyte and
ligand spotting solutions for this interaction (Figure 9B).
As shown in the top panel of Figure 9C, the SPR image of the

chip after the analyte injection confirms these binding results.
www.interscience.wiley.com/journal/jmr Copyright � 2009
Antibody binding to both ligands (two rows each of biotinylated
peptide and IgG) is apparent, indicating an array of ligands of
different masses could be prepared and characterized. In addi-
tion, the intensities of the spots increase with increasing spot
density. The correlation between spot density and fluorescence
intensity (Figure 9C, lower panel) supports the SPR results.
Indeed, this imaging SPR instrument appears promising as one
approach to increasing throughput in biosensor experiments.
Rich et al. Extracting kinetic rate constants from surface

plasmon resonance array systems. Anal Biochem 373:
112–120.
Yes, we recommend you to read our paper about extracting

kinetics from Biacore’s Flexchip system since it demonstrates the
potential of array technologies to produce reliable rate constants
at spots throughout the flow cell (1362). Figure 10A shows an
example of reaction spots within the Flexchip flow cell:
John Wiley & Sons, Ltd. J. Mol. Recognit. 2010; 23: 1–64



Figure 9. Binding studies performed using iSPR-IBIS. (A) Responses obtained for seven concentrations of an anti-biotin IgG (and a blank buffer

injection) binding to five different density spots of biotinylated peptide, a negative-control spot and a background spot. Responses from the first injection
(at far left) are for the highest IgG concentration across the seven spots; responses at the far right are from the blank buffer injection across these same

spots. (B) Response intensities from panel A plotted against IgG concentration for the five different ligand spot densities. (C) SPR (top) and fluorescence

microscopy (bottom) images of biotinylated ligand spots bound with fluorescently labelled anti-biotin IgG. In each image, the top two rows are a peptide

dilution series spotted in duplicate; the bottom two rows are an IgG dilution series in duplicate. NC¼ negative controls (non-biotinylated peptide and
IgG). Adapted from Reference 1389 with permission from Elsevier � 2008.
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Figure 10. Kinetic analysis using Biacore Flexchip. (A) Screen shot of a 12� 13 matrix of ligand spots in this large-format flow cell. Reaction regions of
interest (ROIs) are circled in white, with one row highlighted in red. The darker circles represent reference spots centred between the reaction spots, with

one row highlighted in blue. (B) Duplicate responses (obtained at matrix position D8 in panel A) for a concentration series of rat IgG binding to Protein A/

G, overlaid with the fit of a 1:1 interaction model. (C) Responses and fits for rat IgG binding to the uniform-density 12� 13 Protein A/G spot matrix. (D)

Triplicate responses for a concentration series of human IgG binding to spots of different Protein A/G surface density. (E) Global fits to a 1:1 interaction
model of triplicate responses for the human IgG concentration series binding to low-, medium- and high-density Protein A/G spots. Adapted from

Reference 1362 with permission from Elsevier � 2008.
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throughout this 12� 13 matrix of ligand (Protein A/G) spots,
interstitial unmodified regions were used for referencing.
Responses for rat IgG binding to one of these ligand spots were
concentration-dependent, reproducible and fit to a 1:1 inter-
action model (Figure 10B). Similar responses were obtained for
the entire array of spots (Figure 10C). Across the surface,
variability in the rate constants was random and less than 9%.
Taking these tests one step further, we tested human IgG binding
to a gradient of Protein A/G spots. As expected, binding response
www.interscience.wiley.com/journal/jmr Copyright � 2009
intensities correlated with the concentrations of the ligand
spotting solutions and, therefore, spot densities (Figure 10D).
These data indicated the Flexchip’s lower limit of detection for
this interaction was about 2 ug/ml in ligand spotting concen-
tration and about 1 nM in analyte concentration. And finally,
Figure 10E shows the global fit of human IgG responses to three
of these different density Protein A/G spots. Combined, these
studies helped to establish array biosensors as viable platforms
for kinetic analyses.
John Wiley & Sons, Ltd. J. Mol. Recognit. 2010; 23: 1–64
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REPORT CARDS

While there were more than 1400 biosensor articles published in
2008, unfortunately the number of really good papers was rather
small. It’s clear that when you compare the papers en masse, too
many users aren’t putting enough effort into assay optimization,
data interpretation and data presentation.
For years, we have discussed how to avoid common

experimental errors and stressed the importance of showing
data. In fact, in past surveys we used examples from some of the
very worst articles to illustrate what is bad with the literature (18).
But being the playground bully wasn’t really fair since most
authors got to stand around and watch us beat up on an unlucky
few.
This year we let no one escape. We got out our red pens and

assigned each paper a grade. (Now you might ask: ‘‘Who put us in
charge?’’ Well, if you want to spend six months of the year
searching internet databases, downloading >4000 papers just to
find ones that actually describe biosensor experiments, and
being exposed to a lot of really bad data, then next year we can
send you a pen.) Our grading criteria were based on what would
be expected in a high-school chemistry class. To get a good grade
back in those days, we were required to do the experiment right,
analyse it properly, and present it clearly.
Authors whose papers got A’s and B’s did the experiment right.

Basically, you got an A if you showed replicates of each analyte
injection and included the fit of a 1:1 interaction model; a B
usually just lacked the fit or the replicates. C’s showed potentially
meaningful data that are inadequately optimized: either the
experiment or analysis needed more work. D’s suffered from a
variety of problems. The majority of F’s didn’t show any data,
although a few data-containing papers also failed because their
sensorgrams couldn’t possibly describe a real binding event.
Now keep in mind that we were only judging the quality of the

biosensor data and its presentation, not the scientific impact of
the experiments. These grades are to educate users about what
they are doing right and wrong, as well as to help readers identify
which articles (from a biosensor standpoint) are worth checking
out from the library.
The bar graph in Figure 11 shows our grade distribution.

Unfortunately, the majority (�67%) received D’s and F’s. If you
think we were too harsh, just look through the examples in
Figure 11. Bar graph of the grade distribution for the 2008 literature.

J. Mol. Recognit. 2010; 23: 1–64 Copyright � 2009 John Wiley &
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Figures 12 through 17 and see for yourself the differences in the
quality of the work we assigned each grade.
A papers exemplify well-performed experiments and well-

presented results. Like all of the examples shown in Figures 12
and 13, A-quality responses are single exponentials (indicating
theymost likely describe actual binding events rather than depict
artefacts) and are of what we call ‘‘Goldilock’s’’ intensity: not too
big and not too small, but just right. Also, the authors showed
replicates of analyte concentrations in at least one data set to
demonstrate their results are reproducible. It’s frightening how
few users demonstrate their data are reproducible.
For quantitative analyses, the analyte concentration series

spanned a wisely selected range and both data and fits were
shown. As illustrated in Figure 12, A-quality kinetic papers include
the overlay of a 1:1 interaction model.
A-quality equilibrium papers (Figure 13) show data sets in

which every response reached equilibrium during the association
phase and the fit to a simple binding isotherm is included. In
addition, each data set in Figure 13 gets a gold star for plotting
the binding isotherms with concentration on a log scale. With a
log scale, we can clearly see all the data points (compared to a
linear scale, which bunches the low-concentration data points all
together, making it difficult to really judge the quality of the fit).
And note that none of these papers showed a Scatchard analysis.
Scatchard plots are so old school we call them ‘ancient school’.
Using a Scatchard plot was a great idea back in the days when we
used an abacus to fit our data. More than likely you have a
computer, so just do nonlinear least-squares fitting. (Are we going
too fast for you?)
B papers typically lack only one of the features we look for in a

biosensor analysis. It’s frustrating because sometimes the authors
show replicates which are beautifully overlaid but then fail to
show a fit to the data (Figure 14A). Most often, they show a great
fit to a simple model and are only missing replicates
(Figure 14B–H). Clearly, these authors know what they are
doing—with just a little more work they would get an A. And
finally, the variety of experiments (e.g. screening, standard
kinetics and equilibrium analyses, kinetic titrations and stability
tracking) that produce at least B-quality data demonstrate that
every assay format can produce data at least as good as these.
C papers present data that are most likely due to an actual

binding event, but the experiment and/or analysis needed to be
improved before publication. For example, Figure 15A shows
what we call a ‘pearls-on-a-string’ analyses. These data sets have a
very narrow dilution series. We love that the authors ran a lot of
analyte binding tests, but the data sets would be much more
informative if there were replicates of fewer analyte concen-
trations instead of singlets of such a narrow dilution series. Andy
Warhol said ‘Replication is the key to success, now who wants
soup?’
Figure 15B shows two examples of complex responses that are

difficult to attribute to a specific binding event. Most likely, one
(or both) of the binding partners is poorly behaved and the
experimental conditions could be better optimized. As we’ve said
many times before, high ligand densities and high analyte
concentrations lead to complex binding. You need to realize that
there is a limit to the highest concentration you can go to with
many proteins and small molecules before you introduce
complicating factors like non-specific binding, crowding or
aggregation. Less is more, more or less.
Figure 15C shows two data sets that were fit to a

drifting-baseline model. Unfortunately, this model may not really
Sons, Ltd. www.interscience.wiley.com/journal/jmr
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Figure 12. Examples of A-quality kinetic analyses. Adapted from References (101,282,449,452,576,709,846) with necessary permissions granted by

Cold Spring Harbor Press, the American Chemical Society, Elsevier, Inc. and Springer � 2008.
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account for what’s going on in the reaction. It’s just a crutch that
many groups lean on to get a good fit to poor-quality data. We
call this fitting to a ‘something–something model’ since it is
unclear what portion of the response is accounted for by the
drifting-baseline model (some sensorgrams drift up and some
drift down). It is far better to improve the integrity of the data by
www.interscience.wiley.com/journal/jmr Copyright � 2009
optimizing the experimental system than to model your brains
out.
The experiments shown in Figure 15D and E are some of the

easiest to improve. To obtain reliable rate constants from a kinetic
analysis, you need to have curvature in the association phase and
observable decay in the dissociation phase. So to get more
John Wiley & Sons, Ltd. J. Mol. Recognit. 2010; 23: 1–64



Figure 13. Examples of A-quality equilibrium analyses. Adapted from References (178,185,224) with permission from Elsevier, Inc. and the National

Academy of Sciences USA � 2008.
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curvature in the association phase of the data shown in
Figure 15D, the authors just needed to inject the analyte for a
longer time or test higher concentrations. (Granted, the injection
time in the right panel was more than 40min but that still wasn’t
long enough. Alternatively, you might try kinetic titrations if you
are limited by injection volume.) And all of the examples in
Figure 15D and E need longer dissociation times. Most biosensors
are automated, so why not just let it run to collect more data in
the dissociation phase? A well-conditioned biosensor should be
able to collect reliable dissociation data for 12 h or more if you are
careful and patient.
D papers give biosensor technology a bad reputation, but

unlike Joan Jett, we do give a damn about a bad reputation. For
example, some D-quality experiments produced responses that
might actually describe binding, but they are so weirdly shaped
it’s hard to tell what is going on (Figure 16A) or display complex
binding at high analyte concentrations (Figure 16B). It’s apparent
that most users whose papers got D’s fail to understand a sensor-
gram should be a single exponential. (Can you drawwhat a sensor-
gram should look like? It’s not just some arbitrary curve. It has a
specific shape. Knowing how your data should look is Step 1 in
improving biosensor analysis. Now you only have 11 steps to go.).
There are two things that made us so mad these papers

automatically got D’s. If you used an equilibrium analysis to
determine equilibrium binding constants from responses that did
not come to equilibrium (like those in Figure 16C), you got a D.
(Actually, you should have gotton an F for False reporting of binding
constants.) It’s also common to see people plot equilibrium
responses against concentration but not include a fit, as in
J. Mol. Recognit. 2010; 23: 1–64 Copyright � 2009 John Wiley &
Figure 16D. They do this because they either don’t understand how
to fit the data or they fit it to a simple binding isotherm and it didn’t
fit well so they choose not to show it. Also, just connecting the
data points with a line is not fitting the data.
And if you fit your kinetic data using a conformational-change

model (e.g. Figure 16E), you also got a D. We will talk more about
this later but what’s funny is that most people who used a
conformational-change model said something like ‘we used a
conformational-change model because it fit the data better than
a simple model’. Nice going, Einstein. You do know that you can’t
prove a model is correct by simply fitting it to the data? (If that
sounds new to you, then go ride in an elevator at constant
velocity and tell us if you are moving.) What’s even funnier is that
most users of the conformational-change model don’t even
report the correct units for the conformational-change step. And
the same can be said for those who use a bivalent analyte model.
Nothing says ‘I don’t know what I’m doing’ more than not
knowing what you’re doing.
And another thing about model fitting. We were sad and

disappointed to see how many authors went model surfing. They
fit their data sets to just about every available model, showed all
these fits, and reported the rate constants obtained from each fit.
It shouldn’t be left up to the reader to figure out what is going on
in your reaction. Do they expect us to do their homework for them?
Most F papers show no data whatsoever but still report binding

constants (my dog ate my homework). Without seeing the data,
we have to wonder if the authors of F papers did the experiment
right or, in fact, did it at all. With today’s opportunities to include
data in on-line supplements, the excuse that ‘there’s no room in
Sons, Ltd. www.interscience.wiley.com/journal/jmr
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Figure 14. Examples of B-quality data. Adapted from References (384,411,470,505,697,728,731,852,997) with necessary permissions granted by

Macmillan Publishers Ltd: [Nature Immunology], Elsevier, Inc., the American Chemical Society, the National Academy of Sciences USA and Wiley� 2008.

www.interscience.wiley.com/journal/jmr Copyright � 2009 John Wiley & Sons, Ltd. J. Mol. Recognit. 2010; 23: 1–64
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Figure 15. Examples of C-quality data. Adapted from References (93,192,261,377,472,653,686,881,918,1030) with necessary permissions obtained from

the American Chemical Society, Elsevier, Inc., Wiley Interscience and BioMed Central Ltd. � 2008.
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Figure 16. Examples of D-quality data. Adapted from References (216,225,344,523,529,762,819,951,1074,1097) with necessary permissions granted by

Elsevier, Inc., the American Chemical Society, the National Academy of Sciences, USA, Macmillan Publishers Ltd: The EMBO Journal and the American
Society for Cell Biology � 2008.
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the paper’ doesn’t fly. It’s unforgivable 01to report binding
constants without a figure of the data. Come on, it’s show-and-tell.
You spent all that time collecting data. Why not share it with the
rest of the class? We know the answer. It’s like Michael Jackson said:

‘Because it’s Bad, it’s Bad—come on
(Bad Bad—really, really Bad)

You know it’s Bad, it’s Bad—you know it
www.interscience.wiley.com/journal/jmr Copyright � 2009
(Bad Bad—really, really Bad)
You know it’s Bad, it’s Bad—you know it, you know

(Bad Bad—really, really Bad)
And the whole world has the answer right now

Just to tell you once again... who’s Bad’

Who’s bad? Your data are bad. Other F papers include some
data, but they are absurdly awful. Figure 17 shows examples of
John Wiley & Sons, Ltd. J. Mol. Recognit. 2010; 23: 1–64



Figure 17. Examples of F-quality data. Adapted from References (276,916,1075,1134) with permission from Elsevier, Ltd. � 2008.
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published data that are in desperate need of improvement. We
wish Michael was still around to help us write a catchy song about
that.

Who can generate poor-quality data?
(we can, and we do)

Who publishes whatever comes out of the machine
Often without even showing the data?

(we can, and we do)
All the time!

Okay, we will stick to writing literature reviews rather than
songs if you promise to put a little more effort into your
experiments and publications.
2

DETENTION

Although the bell may have sounded, school’s not over for some
of you. Sit back down. We need to talk with you about a few
problems that are showing up in the literature with increasing
frequency.

Bulk-shift INcorrection

The bulk refractive index correction was introduced to account
for small residual jumps in signal that may be apparent when
working with low-intensity responses. The correction involves
J. Mol. Recognit. 2010; 23: 1–64 Copyright � 2009 John Wiley &
modelling a step function of equal intensity throughout the
association phase. Figure 18A is a good example of a data set that
contains this small jump in the association phase and Mattu et al.
were justified in including the bulk-shift correction when fitting
their data. (Excellent fit to the data. This paper would have
received an A if this group had run some replicates and not so
many pearls on a string.)
In contrast, Figure 18B–D shows several data sets in which the

bulk-shift correction should not have been used. We call these
data sets ‘bulk-shift INcorrection’ because this correction factor
was used to mask complexity in the responses. Notice how the
bulk shift improves the fit but it is not really describing the
complex kinetics in the data set itself. You often find users like
these stating ‘the data fit well to a simple 1:1 interaction model’
when in reality they are not using a simple model at all. The two
examples in Figure 18D take this to an extreme level and use the
bulk shift to account for over 80% of their binding signal. Don’t let
these groups fool you.

Do you see what I see?

People often ask us why we insist on seeing fits to the data. A fit
instantly shows the reader you know what you were doing (and
showing the data overlaid with the fit does not take up any more
space in the article so we don’t want to hear any excuses).
To illustrate the importance of showing fits to your data, we

simulated what the fit would have looked like in several data sets
Sons, Ltd. www.interscience.wiley.com/journal/jmr
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Figure 18. Examples of using the bulk-shift correction (A) appropriately and (B–D) inappropriately. Adapted from References
(136,403,778,746,839,947,1055) with permission from Elsevier, Inc., Springer and the American Chemical Society � 2008.
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(shown in Figure 19). Remember, each of these papers showed a
figure of data (shown in the left panels of Figure 19) and included
rate constants (listed on the right) but did not include the kinetic
model fit overlaid with the data. Our simulated responses are
shown in red.
In Figure 19A, our simulation closely mimics the authors’ data,

indicating their reported rate constants are believable. This data
www.interscience.wiley.com/journal/jmr Copyright � 2009
set even included replicates; if these authors had just shown the
fit, their paper would have received an A.
The data in Figure 19B–D are a different matter altogether. In

most cases, the authors’ data do not look anything like our
simulations, leaving us to wonder where they got their binding
parameters from. We call these ‘hate constants’ because we hate
to see numbers published that are so misleading.
John Wiley & Sons, Ltd. J. Mol. Recognit. 2010; 23: 1–64



Figure 19. Data sets (left panels) for which we simulated responses (right panels) based on the rate constants reported by the original authors.

Adapted from References (198,220,355,651) with permission from Elsevier, Inc. and Informa UK Ltd. � 2008.
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Even by just glancing at the data in Figure 19B–D, you should
be able to spot some problems. For example, you should know
that a kd of 10

�2 s�1 is relatively fast, unlike the authors’ responses
shown Figure 19C. We don’t think you should be allowed to step
up to the biosensor unless you can do a few simple things, like
recognize some ballpark rate constants (at the very least, you
should know what the profiles of different off rates look like).
Then you can tell if the parameters you report are at all close to
what you’d expect.
J. Mol. Recognit. 2010; 23: 1–64 Copyright � 2009 John Wiley &
And then there is the data in Figure 19D. Fortunately, we
weren’t the only ones who were surprised by the rate constants
reported from this data set. In their Letter to the Editor, Dolimbek
et al. commented (8), ‘The Biacore experiments (in Reference 651)
don’t make a lot of sense. The methods do not seem to fit the
experimental data. There is no dose-dependent response. . .. . ..a
much greater response differential would be expected. But the
results are not what would be expected, and it is uncertain what
they were actually flowing over the cell. Hence it is questionable
Sons, Ltd. www.interscience.wiley.com/journal/jmr
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how the affinities were calculated’. It’s so gratifying to see members
of the community taking amore active role in teaching one another
(maybe next year we should send Dolimbek a red pen). We also
want to point out that the authors of Figure 19D reported an
association rate constant of 3.88� 10�4. Really, you have an
association rate constant that is 10�4? That seems a tad slow to us.

Cha-cha-cha-changes

Why do people persist in clinging to a conformational changemodel
simply because it fits their data? As we pointed out earlier, you
cannot prove a model is correct by fitting it to a data set (jump on
that elevator). The reason is that multiple models may fit the data
equally well. Of course, the only way to prove a model is correct is
through experimentation. To prove the conformation changemodel is
applicable to your interaction, you need to test analyte binding for
different lengths of contact time.Most users forget, however, the key is
that you have to saturate the surface for each contact time. Otherwise
the method cannot be used to distinguish between a conformational
change and something else like surface heterogeneity.
Murat et al. demonstrate the correct way of testing for a

conformation change (Figure 20A). This group collected binding
data with different association times, but notice how the
response for even the shortest contact time reaches the same
magnitude as that of the longest contact time. And notice that
the units for the response are still in RU, which is correct (they
didn’t rescale or normalize). They appropriately showed that
contact time did not influence the dissociation phase in their
system. They get to go home early today.
The data in Figure 20B show how NOT to test a conforma-

tional-change model. Sure, these authors varied the association
phase time and saw differences in the dissociation rates, but look
carefully at the units of the Y-axis. They scaled the responses at
the end of the association phase but tried to hide this rescaling by
naming the Y-axis ‘Response (RU)’ when it’s clearly not. It should
be labelled ‘Normalized Response’ and it would not have units. It’s
also clear to see, in the shapes of the response profiles collected
for different times, that the reactions have not all saturated the
surface, which is required for this test. So while the dissociation
phases for the different contact times of analyte look different,
this does not prove it’s a result of a conformational change.
How can we be so sure? Take a look at the responses in

Figure 20C. These look strikingly similar to the ones in Figure 20B
and they also clearly show differences in dissociation rate that
correlate with contact time. Raise your hand if you think this
proves that this data set is a result of a conformation change
reaction. You can put your hands down now. You’re wrong. We
simulated this data set with a surface heterogeneity model.
We could have simulated similar looking data using a solution

heterogeneity, a bivalent analyte and/or a aggregation model.
Don’t be fooled by people claiming to prove they have a confor-
mational change when in fact they don’t know what they are
doing. And how relevant do you think a so-called conformational
change is when it occurs on a time scale of 10–15min? You know
Occum’s Razor: ‘the simplest model is correct’. Well we have a new
razor for you, Myszka’s Razor: ‘Stop using a conformational
change model to fit your poor-quality data’.
FINISHING SCHOOL

In order to standardize the biosensor literature, consider these
recommendations as your new school uniform.
www.interscience.wiley.com/journal/jmr Copyright � 2009
What’s in a name?

Mymother [DGM] always said ‘If you can’t say anything nice, don’t
say anything at all. And never drink wine out of a bottle bigger
than your head’. Well, we’ve got something to say to those of you
who either don’t proofread your publications or don’t know how
to report binding constants in a paper.
Here’s the deal. The IUPAC IUBMB, which is the international

governing body responsible for standardizing scientific language,
defines the association event for a biomolecular interaction as ka
John Wiley & Sons, Ltd. J. Mol. Recognit. 2010; 23: 1–64
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and the dissociation event as kd. Note it’s a small letter k that is in
italics and a subscript little a or d that is not in italics. Period. They
are not Ka, KA, kfor, kþ1, k

a, kass, ka, kassoc, kon, ka app and Kd, KD, krev,
kd, kd, k

diss, kdissoc, k�1, koff, kd app. It is truly amazing the variety of
notation you can find in the literature. If you don’t believe us, look
back at the binding constants reported in Figure 19. These were
taken directly from the authors papers without editing. Notice
that none of these four examples conform to the IUPAC standard
for reporting rate constants. And the same can be said for the
equilibrium dissociation constant, which should be presented as
KD. Never report your affinities as an equilibrium association
constant (KA); you’re not doing isothermal titration calorimetry
here (yes, yes we know KD¼ 1/KA and so does everyone else so
you don’t need to provide both in your paper).
Reporting the correct units for parameters is also important.

The standard units for the association rate constant are M�1 s�1

and the dissociation rate constant is s�1. We’ve seen the
association rate constant reported with units of M s, M/s, s/M,
mole�1 s�1, M and just s. About 15% of the time there are no
units at all. It may seem like nitpicking, but is it really that hard
to report binding constants with the correct units? Plus it gives
the reader of your paper a sense that you know what you are
doing.
Figure 21. Figures scaled to emphasize (A) the spikes and (B) the
baseline. Adapted from References (194,916,919,940) with permission

from Elsevier, Inc. and the American Chemical Society � 2008. 2
Show me the error of my ways

Now if you really want to impress your colleagues, you should
present the binding constants with the correct standard errors.
(Gosh, at this point we would be happy if you reported any errors
at all). An association rate constant like 5.25� 104M�1 s�1 is
actually meaningless without standard errors associated with it.
There are two types of standard errors that we are concerned

about, statistical and experimental. Statistical errors are pre-
sented by the fitting software, typically to what is referred to as
one standard deviation which has a confidence interval of 68%
(see Wikipedia for details on confidence intervals; we’re limited in
space here). Basically, it defines how well we know a parameter in
the model for a given data set. Now many users are shocked to
see that the statistical error may be really tiny, like only a tenth of
a percentage of the parameter value itself. For example, in an
information-rich (lots of curvature) data set, the computer may
tell you the association rate constant is (5.2578� 0.0015)� 104. The
fact that the standard error is small compared to the parameter
value tells us in this case that the association rate constant is well
defined. If the computer said the association rate constant was
(5.2578� 1.5245)� 104, this would say the parameter is not as well
defined. However, it doesn’t mean the value is wrong.
Now it is just as important to report the correct number of

significant digits when publishing binding constants. You can’t
simply publish whatever numbers the computer provides you.
(Open the pod bay doors, Hal.) The rule is to round up the value of
the error to its first significant digit. This then defines the number
of significant digits to report in the binding constant. So, the
correct way of reporting the first example in the paragraph above
would be (5.258� 0.002)� 104. You see how we rounded up the
value of the error as well as the binding constant to four
significant digits? The second example would be reported at
(5� 2)� 104. Here, you try one. How would you report the dis-
sociation rate constant if the computer gave you 1.8309�
10�3� 5.7251� 10�5 to you? If you said (1.83� 0.06)� 10�3, you
would be correct. If you got it wrong, read this paragraph again.
J. Mol. Recognit. 2010; 23: 1–64 Copyright � 2009 John Wiley &
Of course, statistical errors tell us only how well a parameter is
defined for a model within a particular data set. To define the
experimental error you would need to repeat the entire study.
This may sound crazy but hear us out. To be a scientist means you
often have to run an entire experiment more than once to see
how unknown variables affect the results. You would then take
the average of the measurements for the parameters and use
their standard deviation to report the experimental standard
error. We could find only a handful of papers which provide
convincing evidence that they replicated the entire study.
Unfortunately, it seems that fully automated instruments have
made us complacent and spawned an attitude of ‘If it came out of
this fancy and expensive machine with a computer, I don’t need
to repeat my experiment’. (Hal! Open the pod bay doors!).
Sons, Ltd. www.interscience.wiley.com/journal/jmr
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Tuck in your shirt

For years we have been encouraging users to show figures of
their data in publications, and we are happy to see that a majority
of papers (>70%) now do present some data. The next issue that
we would like to address is just how the data are presented. One
of the common and comical ways we see data presented is
illustrated in Figure 21A. Note how these figures have been scaled
so that the spikes (which often occur at the transitions between
running buffer and sample) are visible. This forces the responses
(the curvy parts) that we really care about seeing to be really
small. We call this kind of plotting ‘scaling-to-the-spikes
syndrome’ or ‘SSS plotting’ for short. The data shown back in
Figure 19D are another good example of this.
Another commonailment in plotting is to show toomuchbaseline

before or after the injection. While the binding data presented in
Figure 21B are in fact pretty good, it sure would have been nice if the
authors focused on the response curves sowe could see thembetter
(and the overlay of the fit if they had included one) rather than
consuming half the space in the figure with a flat line.
Compare the sloppy plots of Figure 21 with those shown in

Figures 12 through 14. You see how easy it is to interpret
well-presented data?
Another way we want to further standardize the biosensor

community is to encourage everyone to publish good-looking
figures. Too often authors simply dump low-resolution screen-
shots from the biosensor software directly into their paper.
Oftentimes, this means the figure is scaled to include those
irrelevant data spikes and/or the lines are too thin or too faint
and the axis labels are too small to read. Making a good-quality
figure is an essential part of becoming a professional biosensor
scientist.
BIOSENSOR PLEDGE

Now before we finish with today’s exercises, we have homework
for you. Cut out the Biosensor Pledge and tape it to your
instrument. Each morning, before beginning your experiment,
read it out loud so your labmates can hear. See you again next
year.

Biosensor Pledge

1. I pledge to do my experiment right.
2. I pledge to report how I did my experiment.
3. I pledge to publish easily interpretable figures of my data

that include replicates and an overlay of the fit to a
simple model.

4. I pledge to report the binding constants and standard
errors correctly.
ww
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Impedimetric approach for quantifying low bacteria concentrations
based on the changes produced in the electrode-solution interface
during the pre-attachment stage. Biosens. Bioelectron. 23:
1540–1546.

D 81. Prabhakar N, Arora K, Arya SK, Solanki PR, Iwamoto M, Singh H,
Malhotra BD. 2008. Nucleic acid sensor forM. tuberculosis detection
based on surface plasmon resonance. Analyst 133: 1587–1592.

D 82. Ryu J, Joung HA, Kim MG, Park CB. 2008. Surface plasmon reson-
ance analysis of Alzheimer’s b-amyloid aggregation on a solid
surface: from monomers to fully-grown fibrils. Anal. Chem. 80:
2400–2407.
John Wiley & Sons, Ltd. J. Mol. Recognit. 2010; 23: 1–64



COMMERCIAL OPTICAL BIOSENSOR LITERATURE

2

D 83. Solanki PR, Prabhakar N, Pandey MK, Malhotra BD. 2008. Self-
assembled monolayer for toxicant detection using nucleic acid
sensor based on surface plasmon resonance technique. Biomed.
Microdevices 10: 757–767.

D 84. Su X, Neo SJ, Peh WYX, Thomsen JS. 2008. A two-step antibody
strategy for surface plasmon resonance spectroscopy detection of
protein-DNA interactions in nuclear extracts. Anal. Biochem. 376:
137–143.

D 85. Su X, Teh HF, Aung KMM, Zong Y, Gao Z. 2008. Femtomol SPR
detection of DNA-PNA hybridization with the assistance of DNA-
guided polyaniline deposition. Biosens. Bioelectron. 23: 1715–1720.

C 86. Szunerits S, Castel X, Boukherroub R. 2008. Preparation of electro-
chemical and surface plasmon resonance active interfaces: depo-
sition of indium tin oxide on silver thin films. J. Phys. Chem. C 112:
10883–10888.

F 87. Szunerits S, Rich SA, Coffinier Y, Languille M-A, Supiot P, Boukher-
roub R. 2008. Preparation and characterization of thin organosilicon
films deposited on SPR chip. Electrochim. Acta 53: 3910–3915.

D 88. Wang J, Lv R, Xu J, Xu D, Chen H. 2008. Characterizing the
interaction between aptamers and human IgE by use of surface
plasmon resonance. Anal. Bioanal. Chem. 390: 1059–1065.

D 89. Zhang X, Wu Y, Tu Y, Liu S. 2008. A reusable electrochemical
immunosensor for carcinoembryonic antigen via molecular recog-
nition of glycoprotein antibody by phenylboronic acid self-
assembly layer on gold. Analyst 133: 485–492.

GE Healthcare/Biacore

Proteins
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2008. Myosin phosphatase interacts with and dephosphorylates
the retinoblastoma protein in THP-1 leukemic cells: its inhibition is
involved in the attenuation of daunorubicin-induced cell death by
calyculin-A. Cell. Signal. 20: 2059–2070.

D 182. Kiyonari S, Uchimura M, Shirai T, Ishino Y. 2008. Physical and
functional interactions between uracil-DNA glycosylase and pro-
liferating cell nuclear antigen from the euryarchaeon Pyrococcus
furiosus. J. Biol. Chem. 283: 24185–24193.

D 183. Knipscheer P, Flotho A, Klug H, Olsen JV, van Dijk WJ, Fish A,
Johnson ES, Mann M, Sixma TK, Pichler A. 2008. Ubc9 sumoylation
regulates SUMO target discrimination. Mol. Cell 31: 371–382.

C 184. Kobayashi K, Nagahama M, Ohkubo N, Kojima T, Shirai H, Iwamoto
S, Oda M, Sakurai J. 2008. Role of Ca2þ-binding motif in cytotox-
icity induced by Clostridium perfringens iota-toxin. Microb. Pathog.
44: 265–270.

A 185. Koehnke J, Jin X, Trbovic N, Katsamba PS, Brasch J, Ahlsen G,
Scheiffele P, Honig B, Palmer AG III, Shapiro L. 2008. Crystal
structures of b-neurexin 1 and b-neurexin 2 ectodomains and
dynamics of splice insertion sequence 4. Structure 16: 410–421.

F 186. Koeppe JR, Beach MA, Baerga-Ortiz A, Kerns SJ, Komives EA. 2008.
Mutations in the fourth EGF-like domain affect thrombomoduli-
n-induced changes in the active site of thrombin. Biochemistry 47:
10933–10939.
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BP. 2008. Measurement of factor H variants in plasma using
variant-specific monoclonal antibodies: application to assessing
risk of age-related macular degeneration. Invest. Ophthalmol. Vis.
Sci. 49: 1983–1990.

F 382. Harmsen MM, Fijten HPD, Dekker A, Eblé PL. 2008. Passive immu-
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receptor technologies: the role of immunoassay, immunoaffinity
chromatography, immunosensors and molecularly imprinted
polymeric sensors. Comprehen. Anal. Chem. 51: 91–130.

F 410. Lacy SE, DeVries PJ, Xie N, Fung E, Lesniewski RR, Reilly EB. 2008.
The potency of erythropoietin-mimic antibodies correlates inver-
sely with affinity. J. Immunol. 181: 1282–1287.

B 411. Laffer S, Lupinek C, Rauter I, Kneidinger M, Drescher A, Jordan J-H,
Krauth M-T, Valent P, Kricek F, Spitzauer S, Englund H, Valenta R.
2008. A high-affinity monoclonal anti-IgE antibody for depletion of
IgE and IgE-bearing cells. Allergy 63: 695–702.
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F 887. Tang Z, Gonçalves DPN, Wieland M, Marx A, Hartig JS. 2008. Novel
DNA catalysts based on G-quadruplex recognition. ChemBioChem:
9: 1061–1064.

D 888. Teles FRR, Fonseca LP. 2008. Trends in DNA biosensors. Talanta 77:
606–623.

F 889. Tishchenko S, Kljashtorny V, Kostareva O, Nevskaya N, Nikulin A,
Gulak P, Piendl W, Garber M, Nikonov S. 2008. Domain II of Thermus
thermophilus ribosomal protein L1 hinders recognition of its
mRNA. J. Mol. Biol. 383: 301–305.

D 890. Tolley AC, Stonehouse NJ. 2008. Conformational changes in the
connector protein complex of the bacteriophage w29 DNA packa-
ging motor. Comput. Math. Methods Med. 9: 327–337.

D 891. Tombelli S, Minunni M, Mascini M. 2008. Biosensors for RNA
aptamers-protein interaction. Methods Mol. Biol. 419: 109–119.

C 892. Toyota H, Hosokawa M, Urabe I, Yomo T. 2008. Emergence of
polyproline II-like structure at early stages of experimental evol-
ution from random polypeptides. Mol. Biol. Evol. 25: 1113–1119.

D 893. Tsubery H, Mrksich M. 2008. Biochemical assays of immobilized
oligonucleotides with mass spectrometry. Langmuir 24: 5433–5438.

C 894. Vanneste JL, Yuan J, Yu J, Wu Y. 2008. Potential of surface plasmon
resonance (SPR) for the rapid identification of Erwinia amylovora.
Acta Hort. 793: 529–532.

D 895. Vikholm-Lundin I, Piskonen R. 2008. Binary monolayers of single-
stranded oligonucleotides and blocking agent for hybridisation.
Sens. Actuators B 134: 189–192.

D 896. Wang E, Bauer MC, Rogstam A, Linse S, Logan DT, vonWachenfeldt
C. 2008. Structure and functional properties of the Bacillus subtilis
transcriptional repressor Rex. Mol. Microbiol. 69: 466–478.

D 897. Wang J, Takeuchi H, Sonobe Y, Jin S, Mizuno T, Miyakawa S,
Fujiwara M, Nakamura Y, Kato T, Muramatsu H, Muramatsu T,
Suzumura A. 2008. Inhibition of midkine alleviates experimental
autoimmune encephalomyelitis through the expansion of regu-
latory T cell population. Proc. Natl Acad. Sci. USA 105: 3915–3920.

C 898. Wochner A, Menger M, Orgel D, Cech B, Rimmele M, Erdmann VA,
Glökler J. 2008. A DNA aptamer with high affinity and specificity
for therapeutic anthracyclines. Anal. Biochem. 373: 34–42.

F 899. Xu L, MuW, Ding Y, Luo Z, Han Q, Bi F, Wang Y, Song Q. 2008. Active
site of Escherichia coli DNA photolyase: Asn378 is crucial both for
stabilizing the neutral flavin radical cofactor and for DNA repair.
Biochemistry 47: 8736–8743.

D 900. Yang Y, Wang Q, Guo D. 2008. A novel strategy for analyzing
RNA-protein interactions by surface plasmon resonance biosen-
sor. Mol. Biotechnol. 40: 87–93.

F 901. Yoshida Y, Sakai N, Masuda H, Furuichi M, Nishikawa F, Nishikawa S,
Mizuno H, Waga I. 2008. Rabbit antibody detection with RNA
aptamers. Anal. Biochem. 375: 217–222.

D 902. Yuan B-f, Zhuang X-y, Hao Y-h, Tan Z. 2008. Kinetics of base
stacking-aided DNA hybridization. Chem. Commun. 48:
6600–6602.

C 903. Zimmerman KA, Fischer KP, Joyce MA, Tyrrell DLJ. 2008. Zinc finger
proteins designed to specifically target duck hepatitis B virus
covalently closed circular DNA inhibit viral transcription in tissue
culture. J. Virol. 82: 8013–8021.
Small molecules
D 904. Albert JS, Edwards PD. 2008. Identification of high-affinity

b-secretase inhibitors using fragment-based lead generation. In
Fragment-Based Drug Discovery: A Practical Approach, Zartler EA,

Shapiro MJ (eds). John Wiley & Sons, Ltd: Malden, MA; 261–279.
D 905. Angell RM, Angell TD, Bamborough P, Bamford MJ, Chung C-w,

Cockerill SG, Flack SS, Jones KL, Laine DI, Longstaff T, Ludbrook S,
Pearson R, Smith KJ, Smee PA, Somers DO, Walker AL. 2008.
Biphenyl amide p38 kinase inhibitors 4: DFG-in and DFG-out
binding modes. Bioorg. Med. Chem. Lett. 18: 4433–4437.

F 906. Antonysamy SS, Aubol B, Blaney J, Browner MF, Giannetti AM,
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R, Björsne M. 2008. Label-free primary screening and affinity
ranking of fragment libraries using parallel analysis of protein
panels. J. Biomol. Screen. 13: 202–209.

F 928. Hiratsuka K, Hayakawa M, Kiyama-Kishikawa M, Sasaki Y, Hirai T,
Abiko Y. 2008. Role of the hemin-binding protein 35 (HBP35) of
Porphyromonas gingivalis in coaggregation. Microb. Pathog. 44:
320–328.

D 929. Horibe T, Kikuchi M, Kawakami K. 2008. Interaction of human
protein disulfide isomerase and human P5 with drug compounds:
analysis using biosensor technology. Process Biochem. 43:
1330–1337.

D 930. Hou M-H, Lu W-J, Lin H-Y, Yuann J-MP. 2008. Studies of sequen-
ce-specific DNA binding, DNA cleavage, and topoisomerase I
inhibition by the dimeric chromomycin A3 complexed with Fe(II).
Biochemistry 47: 5493–5502.

F 931. Janssen CO, Lim S, Lo EP, Wan KF, Yu VC, Lee MA, Ng SB, Everett MJ,
Buss AD, Lane DP, Boyce RS. 2008. Interaction of kendomycin and
semi-synthetic analogues with the anti-apoptotic protein Bcl-xl.
Bioorg. Med. Chem. Lett. 18: 5771–5773.

D 932. Kim J, Kim Y, Baek K, Ko YH, Kim D, Kim K. 2008. Direct force
measurement between cucurbit[6]uril and spermine using atomic
force microscopy. Tetrahedron 64: 8389–8393.

C 933. Kimple AJ, Yasgar A, Hughes M, Jadhav A, Willard FS, Muller RE,
Austin CP, Inglese J, Ibeanu GC, Siderovski DP, Simeonov A. 2008. A
high throughput fluorescence polarization assay for inhibitors of
the GoLocomotif/G-alpha interaction. Comb. Chem. High Through-
put Screen. 11: 396–409.

D 934. Kong Y, Wu D, Bai H, Han C, Chen J, Chen L, Hu L, Jiang H, Shen X.
2008. Enzymatic characterization and inhibitor discovery of a new
cystathionine g-synthase from Helicobacter pylori. J. Biochem. 143:
59–68.

F 935. Kuglstatter A, Stahl M, Peters J-U, Huber W, Stihle M, Schlatter D,
Benz J, Ruf A, Roth D, Enderle T, Hennig M. 2008. Tyramine
fragment binding to BACE-1. Bioorg. Med. Chem. Lett. 18:
1304–1307.

C 936. Kuroda Y, Saito M, Sakai H, Yamaoka T. 2008. Rapid characteriz-
ation of drug-drug interaction in plasma protein binding using a
surface plasmon resonance biosensor. Drug Metab. Pharmacoki-
net. 23: 120–127.

D 937. Kuzuhara T, Kise D, Shirakawa Y, Sasada K, Suganuma M, Fujiki H.
2008. Generation of mouse monoclonal antibody against
(-)-epigallocatechin gallate. Biol. Pharm. Bull. 31: 816–819.

B 938. Lewis P, Fritsch I, Gawley RE, Henry R, Kight A, Lay JO Jr, Liyanage R,
McLachlin J. 2008. Dynamics of saxitoxin binding to saxiphilin
c-lobe reveals conformational change. Toxicon 51: 208–217.

D 939. Lin Z, Zhang Y, Zhang Y, Shen H, Hu L, Jiang H, Shen X. 2008.
Oleanolic acid derivative NPLC441 potently stimulates glucose
transport in 3T3-L1 adipocytes via a multi-target mechanism.
Biochem. Pharmacol. 76: 1251–1262.

D 940. Liu J, Hilton ZA, Cramer SM. 2008. Chemically selective displacers
for high-resolution protein separations in ion-exchange systems:
effect of displacer-protein interactions. Anal. Chem. 80:
3357–3364.

D 941. Liu L, Li H, Yi L, Yang X, Wen X, Xi Z. 2008. A bulge binding agent
with novel wedge-shape topology for stimulation of DNA triplet
repeat strand slippage synthesis. Bioorg. Med. Chem. Lett. 18:
6184–6188.
Sons, Ltd. www.interscience.wiley.com/journal/jmr

5
1



R. L. RICH AND D. G. MYSZKA

5
2

B 942. Liu Y, Collar CJ, Kumar A, Stephens CE, Boykin DW, Wilson WD.
2008. Heterocyclic diamidine interactions at AT base pairs in
the DNA minor groove: effects of heterocycle differences,
DNA AT sequence and length. J. Phys. Chem. B 112: 11809–
11818.

B 943. Lupardus P, Shen A, Bogyo M, Garcia KC. 2008. Small molecu-
le-induced allosteric activation of the Vibrio cholerae RTX cysteine
protease domain. Science 322: 265–268.

B 944. Mackay H, Brown T, Uthe PB, Westrate L, Sielaff A, Jones J, Lajiness
JP, Kluza J, O’Hare C, Nguyen B, Davis Z, Bruce C, David Wilson W,
Hartley JA, Lee M. 2008. Sequence specific and high affinity
recognition of 5’-ACGCGT-3’ by rationally designed pyrro-
le-imidazole H-pin polyamides: thermodynamic and structural
studies. Bioorg. Med. Chem. 16: 9145–9153.

D 945. Maezawa I, Hong H-S, Liu R, Wu C-Y, Cheng RH, KungM-P, Kung HF,
Lam KS, Oddo S, Laferla FM, Jin L-W. 2008. Congo red and
thioflavin-T analogs detect Ab oligomers. J. Neurochem. 104:
457–468.

D 946. Mahadevan D, Powis G, Mash EA, George B, Gokhale VM, Zhang S,
Shakalya K, Du-Cuny L, BerggrenM, Ali MA, Jana U, Ihle N, Moses S,
Franklin C, Narayan S, Shirahatti N, Meuillet EJ. 2008. Discovery of a
novel class of AKT pleckstrin homology domain inhibitors. Mol.
Cancer Ther. 7: 2621–2632.

B 947. Mattu M, Di Giovine P, Steinkuhler C, De Francesco R, Altamura S,
Cecchetti O, Carfı̀ A, Barbato G. 2008. Development and optim-
ization of a binding assay for histone deacetylase 4 using surface
plasmon resonance. Anal. Biochem. 377: 267–269.

C 948. Minoshima M, Bando T, Sasaki S, Fujimoto J, Sugiyama H. 2008.
Pyrrole-imidazole hairpin polyamides with high affinity at
50-CGCG-30 DNA sequence; influence of cytosine methylation
on binding. Nucleic Acids Res. 36: 2889–2894.

C 949. Minunni M, Bilia A. 2008. Biosensing approach in natural product
research. In Bioactive Natural Products: Detection, Isolation, and
Structural Determination, Colegate SM, Molyneux RJ (eds). CRC

Press: Boca Raton, FL; 299–321.
D 950. Mizushina Y, Takeuchi T, Takakusagi Y, Sugawara F, Sakaguchi K,

Yoshida H, Fujita M. 2008. Inhibitory action of polyunsaturated
fatty acids on Cdt1-geminin interaction. Int. J. Mol. Med. 21:
281–290.

D 951. Morsy N, Konoki K, Houdai T, Matsumori N, Oishi T, Murata M,
Aimoto S. 2008. Roles of integral protein in membrane permea-
bilization by amphidinols. Biochim. Biophys. Acta 1778:
1453–1459.

D 952. Mouri R, Konoki K, Matsumori N, Oishi T, Murata M. 2008. Complex
formation of amphotericin B in sterol-containing membranes as
evidenced by surface plasmon resonance. Biochemistry 47:
7807–7815.

B 953. Murat P, CressendD, Spinelli N, Van der Heyden A, Labbé P, Dumy P,
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C, Ohlson S. 2008. Monitoring of influenza virus hemagglutinin in
process samples using weak affinity ligands and surface plasmon
resonance. Anal. Chim. Acta 623: 66–75.

D 1016. Maruyama Y, Momma M, Mikami B, Hashimoto W, Murata K.
2008. Crystal structure of a novel bacterial cell-surface flagellin
binding to a polysaccharide. Biochemistry 47: 1393–1402.

C 1017. Misawa Y, Akimoto T, Amarume S, Murata T, Usui T. 2008.
Enzymatic synthesis of spacer-linked divalent glycosides carrying
N-acetylglucosamine and N-acetyllactosamine: analysis of cross-
linking activities with WGA. J. Biochem. 143: 21–30.

C 1018. Misawa Y, Masaka R, Maeda K, Yano M, Murata T, Kawagishi H,
Usui T. 2008. Efficient synthesis of spacer-N-linked double-
headed glycosides carrying N-acetylglucosamine and
N,N’-diacetylchitobiose and their cross-linking activities with
wheat germ agglutinin. Carbo. Res. 343: 434–442.

D 1019. Mizushina Y, Takeuchi T, Hada T, Maeda N, Sugawara F, Yoshida H,
Fujita M. 2008. The inhibitory action of SQDG (sulfoquinovosyl
diacylglycerol) from spinach on Cdt1-geminin interaction. Bio-
chimie 90: 947–956.
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Guérente L, Labbe P. 2008. Promotion of sugar-lectin recognition
through the multiple sugar presentation offered by regioselec-
tively addressable functionalized templates (RAFT): a QCM-D and
SPR study. Org. Biomol. Chem. 6: 1114–1122.

D 1040. Yamauchi Y, Deguchi N, Takagi C, Tanaka M, Dhanasekaran P,
Nakano M, Handa T, Phillips M, Lund-Katz S, Saito H. 2008. Role of
the N- and C-Terminal domains in binding of apolipoprotein E
isoforms to heparan sulfate and dermatan sulfate: a Surface
plasmon resonance study. Biochemistry 47: 6702–6710.

D 1041. Yang F, Yang X. 2008. Kinetic analysis of interaction between
lipopolysaccharide and biomolecules. Front. Chem. China 3:
14–17.

C 1042. Youn JH, Oh YJ, Kim ES, Choi JE, Shin J-S. 2008. High mobility
group Box 1 protein binding to lipopolysaccharide facilitates
transfer of lipopolysaccharide to CD14 and enhances lipopoly-
saccharide-mediated TNF-a production in human monocytes. J.
Immunol. 180: 5067–5074.

D 1043. Zhi Z-L, Laurent N, Powell AK, Karamanska R, Fais M, Voglmeir J,
Wright A, Blackburn JM, Crocker PR, Russell DA, Flitsch S, Field RA,
Turnbull JE. 2008. A versatile gold surface approach for fabrica-
tion and interrogation of glycoarrays. ChemBioChem 9:
1568–1575.

F 1044. Zhuravleva MA, Trandem K, Sun PD. 2008. Structural implications
of Siglec-5-mediated sialoglycan recognition. J. Mol. Biol. 375:
437–447.

Extracellular matrix
D 1045. Adams JC, Bentley AA, Kvansakul M, Hatherley D, Hohenester E.

2008. Extracellular matrix retention of thrombospondin 1 is
controlled by its conserved C-terminal region. J. Cell Sci. 121:
784–795.

B 1046. Esgleas M, Li Y, Hancock MA, Harel J, Dubreuil JD, Gottschalk M.
2008. Isolation and characterization of a-enolase, a novel fibro-
nectin-binding protein from Streptococcus suis.Microbiology 154:
2668–2679.

C 1047. Fenton KA, Mjelle JE, Jakobsen S, Olsen R, Rekvig OP. 2008. Renal
expression of polyomavirus large T antigen is associated with
nephritis in human systemic lupus erythematosus.Mol. Immunol.
45: 3117–3124.

C 1048. Gronwald W, Bomke J, Maurer T, Domogalla B, Huber F, Schu-
mann F, Kremer W, Fink F, Rysiok T, Frech M, Kalbitzer HR. 2008.
Structure of the leech protein Saratin and characterization of its
binding to collagen. J. Mol. Biol. 381: 913–927.

D 1049. Hussain M, Haggar A, Peters G, Chhatwal GS, Herrmann M, Flock
J-I, Sinha B. 2008. More than one tandem repeat domain of
John Wiley & Sons, Ltd. J. Mol. Recognit. 2010; 23: 1–64



COMMERCIAL OPTICAL BIOSENSOR LITERATURE
Extracellular Adherence Protein of Staphylococcus aureus is
required for aggregation, adherence and host cell invasion,
but not for leucocyte activation. Infect. Immun. 76: 5615–5623.

D 1050. Inoue O, Suzuki-Inoue K, Ozaki Y. 2008. Redundant mechanism of
platelet adhesion to laminin and collagen under flow. J. Biol.
Chem. 283: 16279–16282.

D 1051. Kreiner M, Li Z, Beattie J, Kelly SM, Mardon HJ, van der Walle CF.
2008. Self-assembling multimeric integrin a5b1 ligands for cell
attachment and spreading. Protein Eng. Des. Sel. 21: 553–560.

D 1052. Lebbink RJ, van den Berg MCW, de Ruiter T, Raynal N, van Roon
JAG, Lenting PJ, Jin B, Meyaard L. 2008. The soluble leukocy-
te-associated Ig-like receptor (LAIR)-2 antagonizes the collagen/
LAIR-1 inhibitory immune interaction. J. Immunol. 180:
1662–1669.

D 1053. Leo JC, Elovaara H, Brodsky B, Skurnik M, Goldman A. 2008. The
Yersinia adhesin YadA binds to a collagenous triple-helical
conformation but without sequence specificity. Protein Eng.
Des. Sel. 21: 475–484.

D 1054. Mullen LM, Nair SP, Ward JM, Rycroft AN, Williams RJ, Robertson
G, Mordan NJ, Henderson B. 2008. Novel adhesin from Pasteur-
ella multocida that binds to the integrin-binding fibronectin
FnIII9-10 repeats. Infect. Immun. 76: 1093-1104 .

C 1055. Nagy I, Trexler M, Patthy L. 2008. The second von Willebrand type
A domain of cochlin has high affinity for type I, type II and type IV
collagens. FEBS Lett. 582: 4003–4007.

B 1056. Olson CA, Liao H-I, Sun R, Roberts RW. 2008. mRNA display
selection of a high-affinity, modification-specific phosphor IkBa-
binding fibronectin. ACS Chem. Biol. 3: 480–485.

D 1057. Paderi JE, Panitch A. 2008. Design of a synthetic collagen-binding
peptidoglycan that modulates collagen fibrillogenesis. Bioma-
cromolecules 9: 2562–2566.

D 1058. Robinet A, Emonard H, Banyai L, Laronze J-Y, Patthy L, Hornebeck
W, Bellon G. 2008. Collagen-binding domains of gelatinase A and
thrombospondin-derived peptides impede endocytic clearance
of active gelatinase A and promote HT1080 fibrosarcoma cell
invasion. Life Sci. 82: 376–382.

C 1059. Schar CR, Blouse GE, Minor KH, Peterson CB. 2008. A deletion
mutant of vitronectin lacking the somatomedin B domain exhi-
bits residual plasminogen activator inhibitor-1-binding activity. J.
Biol. Chem. 283: 10297–10309.

B 1060. Schar CR, Jensen JK, Christensen A, Blouse GE, Andreasen PA,
Peterson CB. 2008. Characterization of a site on PAI-1 that binds
to vitronectin outside of the somatomedin B domain. J. Biol.
Chem. 283: 28487–28496.

D 1061. Wang X, Harris RE, Bayston LJ, Ashe HL. 2008. Type IV collagens
regulate BMP signalling in Drosophila. Nature 455: 72–77.

D 1062. Werneck CC, Vicente CP, Weinberg JS, Shifren A, Pierce RA,
Broekelmann TJ, Tollefsen DM, Mecham RP. 2008. Mice lacking
the extracellular matrix protein MAGP1 display delayed throm-
botic occlusion following vessel injury. Blood 111: 4137–4144.
5

Lipids and micelles
D 1063. Amon MA, Ali M, Bender V, Hall K, Aguilar M-I, Aldrich-Wright J,

Manolios N. 2008. Kinetic and conformational properties of a
novel T-cell antigen receptor transmembrane peptide in model
membranes. J. Pept. Sci. 14: 714–724.
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Kinetics of cholesterol extraction from lipid membranes by
methyl-b-cyclodextrin—a surface plasmon resonance approach.
Biochim. Biophys. Acta 1778: 175–184.
J. Mol. Recognit. 2010; 23: 1–64 Copyright � 2009 John Wiley &
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2008. Lysophospholipids prevent binding of a cytolytic protein
ostreolysin to cholesterol-enriched membrane domains. Toxicon
51: 1345–1356.

C 1072. Christenson E, Merlin S, Saito M, Schlesinger P. 2008. Cholesterol
effects on BAX pore activation. J. Mol. Biol. 381: 1168–1183.

C 1073. Das A, Base C, Manna D, Cho W, Dubreuil RR. 2008. Unexpected
complexity in the mechanisms that target assembly of the
spectrin cytoskeleton. J. Biol. Chem. 283: 12643–12653.

D 1074. Demmel L, Gravert M, Ercan E, Habermann B, Muller-Reichert T,
Kukhtina V, Haucke V, Baust T, SohrmannM, Kalaidzidis Y, Klose C,
Beck M, Peter M, Walch-Solimena C. 2008. The clathrin adaptor
Gga2p is a phosphatidylinositol 4-phosphate effector at the
Golgi exit. Mol. Biol. Cell 19: 1991–2002.

F 1075. Gehman JD, Luc F, Hall K, Lee T-H, BolandMP, Pukala TL, Bowie JH,
Aguilar M-I, Separovic F. 2008. Effect of antimicrobial peptides
from Australian tree frogs on anionic phospholipid membranes.
Biochemistry 47: 8557–8565.

F 1076. Goluch E, Shaw A, Sligar S, Liu C. 2008. Microfluidic patterning of
nanodisc lipid bilayers and multiplexed analysis of protein inter-
action. Lab Chip 8: 1723–1728.
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