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Abstract

The Mechanistic and Physical Characterization of Promiscuous Aggregate-Based

Inhibitors

Kristin Emily deWeese Coan

Early drug discovery is plagued by nonspecific molecules, which cannot be
developed into drugs. These molecules appear active in initial studies, but upon further
investigation are not interesting leads. One of the leading sources of these “false
positives” is the formation of large aggregates of organic small molecules, which have
the unusual property of promiscuously binding and inhibiting enzymes. Such molecules
are common among screening libraries, biological reagents, and even known drugs.
Despite their prevalence, there are many elementary properties of these particles that
remain unknown and the extent of their repercussions beyond drug screening is not yet

clear.

This work focuses on expanding our understanding of the fundamental
characteristics and behavior of nonspecific small molecule aggregates. First, to determine
whether aggregates may persist in biological contexts we investigated the behavior of
these particles in high protein milieus. Second, we explored a number of elementary
questions such as the concentration of particles in solution, whether aggregates were in
equilibrium with free small molecule monomers, and whether aggregates exhibited

micelle-like characteristics such as a “critical aggregation concentration.” Finally, we
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used hydrogen deuterium exchange mass spectrometry and proteolysis to dissect the

molecular principles underlying aggregate-based inhibition.

The key results of this work are as follows. Aggregates are not disrupted by
milligram per milliliter concentrations of protein; however, they do exhibit a critical
concentration and will rapidly dissociate if diluted below this threshold. Above this

threshold, aggregates were detected at femtomolar concentrations. The stoichiometric

inhibition of nanomolar enzyme concentrations by femtomolar aggregate concentrations

suggests a tight binding interaction between enzyme and aggregate, which is consistent
with observations that the off-rate from the aggregate was imperceptible within the
timescale of several experiments. Lastly, it appears that aggregates inhibit enzyme by

partial unfolding.
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Introduction

One of the dominant methods in early drug discovery is high-throughput
screening (HTS)."? In these screens, drug developers have selected a target protein that
they believe is important for treating a disease and whose function can be modulated by a
small molecule drug.’ By searching through hundreds of thousands of small molecules
they aim to find molecules that will interact productively with their selected target. To
test so many molecules the target protein is isolated from its complex, native environment
and placed into a simplified, in vitro system. In these simplified conditions it is possible

to rapidly test vast numbers of potentially useful small molecules.

There have been successes with HTS, but this technique also has some notable
weaknesses. "¢ First, the rarified conditions of in vitro assays de-emphasize the behavior
of a small molecule in vivo, which is ultimately the most important consideration. How
the molecule will be transformed in different biological environments, how it will reach
its target, and whether the molecule will affect other enzymes and produce side effects
are just a few of many crucial considerations. The importance of these considerations has
been suggested to contribute to the disappointing number of new drugs that have been

discovered since the advent of HTS and other advances in drug discovery.”'°

Another shortcoming of HTS is its sensitivity to false positives — molecules that
appear to have desired activity in the screen, but upon further study are nonspecific or
artifactual. Hit rates are typically only a small percentage of the screened library, and the

majority of these “hits” are usually false positives.'"'* Sorting the false from the genuine



leads requires many additional assays and a great deal of time and money can be spent

before it becomes clear that the molecules are unsuitable drug candidates.

False positives are attributed to several causes. Sometimes, a molecule can simply
interfere with the assay (this is particularly common with fluorescence-based assays)."
Other common causes include genuinely promiscuous molecular scaffolds or reactive
molecules; however, these mechanisms do not account for a large portion of false
positives.'> '* 1> Additionally, many false positives show unusual characteristics such as
steep dose-response curves, nonexistent structure activity relationships, and poor
specificity. Such molecules are common among screening hits, but until relatively

recently the explanation for their apparent inhibition was unknown.

In 2002, McGovern et al. discovered that there was a unifying mechanism that
explained a large number of these false positives.'® They found that a number of drug-
like small molecules formed large, submicron aggregates in solution. These aggregates
had the peculiar property of nonspecifically binding and inhibiting enzymes. The
particles formed at micromolar concentrations of the small molecule, in the same range as
many drug companies use in their screens and these particles appeared completely
promiscuous — they inhibited every enzyme tested. Feng et al. developed a high-
throughput screen for the early detection of aggregating molecules and subsequently
found that this mechanism may represent the most common cause of false positives.'” In
the following years, the news was even more worrisome: these molecules were not
limited to screening libraries. Biological reagents like kinase and amyloid inhibitors and

even marketed drugs exhibited aggregate behavior in vitro."**°



For such a widespread problem, very little was known about the aggregates
themselves. A number of questions remained about their implications in drug discovery
and basic research, but the aggregates themselves merited further study as well. Further
characterization may aid in understanding their behavior in varied contexts, but
aggregates also represent a new mode of interaction between small molecules and
enzymes. These molecules are affecting biological systems by an unusual mechanism that

we have yet to fully understand.

Given that drugs can behave as aggregates in vitro, one of the more pressing
issues was to determine how they might behave in vivo. Other groups suggested that
these large aggregates may persist in the gut and that this would have implications for
drug distribution and action. Previous research from our group had shown that serum
albumin can prevent inhibition by small molecule aggregates, but the mechanism was
unknown. One common hypothesis was that high concentrations of protein may disrupt
the aggregates, thus preventing their formation in vivo. To investigate whether aggregates
might form in biological milieus, we studied their behavior at high concentrations of
protein, as would be found in a biological environment. We measured the aggregate
formation of four known aggregating molecules in the presence of three different proteins
and found that high concentrations of protein were insufficient to prevent or disrupt

aggregate formation. This work is discussed in Chapter 1.

Despite their prevalence, there were fundamental characteristics about
aggregation that were still unknown. For example, we could not measure the
concentration of the particles, although we knew the concentration of the small molecule.

From the concentration, it would be possible to investigate other characteristics such as



the structure of the aggregates (are they hollow or solid?), the stoichiometry of the
enzyme-aggregate interaction, and whether enzyme is absorbed within the aggregate or
adsorbed to the surface. To measure the concentration of aggregate particles, we used a
flow cytometer specifically optimized to look at aggregation. We counted the number of
particles formed by seven known aggregators and found that the concentration of
particles near the threshold of aggregate formation was typically in the femtomolar range.

The complete characterization of two of these aggregates is described in Chapter 2.

Finally, we wanted to further investigate the specific mechanism of aggregate-
based inhibition by determining the structural changes that occur when enzyme is bound
to an aggregate. There was evidence suggesting that aggregates did not denature enzyme,
so we hypothesized that aggregates may be inhibiting enzyme by partially unfolding the
enzyme, reducing dynamic motions, or physically sequestering the enzyme. To determine
which of these potential mechanisms may be true, we investigated changes in solvent
accessibility that occurred when B-lactamase was bound by the aggregator rottlerin. We
also assayed changes in protease susceptibility in the presence of five aggregating
molecules. Our results suggest that partial unfolding is the most likely mechanism of

action for these aggregates. This work is presented in Chapter 3.



Gloss to Chapter 1.

Small molecule aggregation is a widespread problem with particular relevance to
high-throughput screening, a dominant method in early drug discovery. Here, “hits” due
to nonspecific inhibition by aggregation may represent the leading cause of false
positives. An additional troubling possibility is that the problem may not be limited to in
vitro screens. Known drugs and biological reagents can behave as promiscuous
aggregates in vitro and this naturally leads one to wonder if these molecules can also

aggregate in the biological contexts where they are applied.

Frenkel et al. discovered a handful of potentially therapeutic non-nucleoside
reverse transcriptase inhibitors that aggregated at relevant concentrations.”' They went on
to propose that aggregation in the gut was important to the distribution of their molecules
in vivo. Clearly, if drugs were aggregating in vivo this may have broad impacts on drug
action and distribution. One implication might be that drugs are being sequestered in
large colloid-like aggregates, decreasing the effective concentration throughout the body.
To investigate the potential behavior of aggregates in such a context, we used a
simplified system that mimicked one aspect of biological environments: high protein

concentrations.

In the early discovery of aggregators, McGovern et al. noted that inhibition could
be prevented by the addition of serum albumin.'® The mechanism at that point was
unknown, but many suspected that high concentrations of protein may disrupt small
molecule aggregates. To determine whether this was true, we studied aggregation of four

aggregating molecules in the presence of milligram per milliliter concentrations of three



unrelated enzymes or proteins, including serum albumin. We continued to observe
particle formation by dynamic light scattering regardless of the presence of protein. This
indicated that high concentrations of protein could not prevent the formation of

aggregates or disrupt them once formed.

So, why did serum albumin prevent inhibition? Our results suggested that serum
albumin, and other proteins, could not disrupt aggregates. At this point, it is key to note
that McGovern determined whether inhibition could be prevented, meaning that the
aggregates and serum albumin were combined prior to the addition of B-lactamase — the
monitored enzyme. This led us to hypothesize that the addition of an excess amount of
protein simply saturates the aggregate, preventing it from binding subsequently added
enzyme. This is also consistent with the unusual sensitivity of aggregate-based inhibition
to enzyme concentration: a ten-fold increase in B-lactamase concentration causes enzyme

activity to return.

Another question was whether inhibition could be reversed by the addition of an
excess amount of protein. One might imagine that there is a measurable equilibrium
between aggregate-bound and free enzyme. If there is a great excess of another protein in
solution, such as serum albumin, then the bound enzyme, say -lactamase, could
eventually be replaced by the excess serum albumin. In other words, whenever [3-
lactamase samples the unbound state, it is far more likely that a molecule of serum
albumin will find its way to the now empty binding site on the aggregate rather than the
-lactamase molecule. If this were true, we would expect -lactamase activity to return as

the bound B-lactamase is displaced by serum albumin.



To determine whether inhibition could be reversed by excess protein, we assayed
B-lactamase inhibition by four aggregates in the presence of three additional enzymes. 3-
lactamase was incubated with the aggregates for five minutes prior to the addition of the
competing protein. For three of the compounds we saw no reversal, suggesting that the
equilibrium strongly favored the bound state and that the off rate from the aggregate was
not measurable within the timescale of our experiments. Furthermore, we found that if we
combined aggregate-bound enzyme with a specific irreversible inhibitor, the enzyme was
protected by the aggregate from the second inhibitor. This indicated (a) that the enzyme
spent no significant time free in solution and (b) that aggregate-bound enzyme was
sequestered in such a way that it could not even perform the covalent half reaction

necessary to bind the irreversible inhibitor.

There was one exception to these results. We found that serum albumin had some
limited ability to disrupt aggregates of the small molecule tetraiodophenolphthalein. In
enzyme assays we also saw modest reversal of inhibition when serum albumin was added
in milligram per milliliter quantities. One of the functions of serum albumin in the blood
is to absorb a variety of small molecules and here we supposed that we were observing
specific binding of the small molecule by serum albumin.** The aggregates were
disrupted because albumin was binding free small molecule and shifting the equilibrium

away from the aggregate form.

The clear results from this work were that high concentrations of protein are
typically not sufficient to disrupt small molecule aggregates and that the binding
interaction between enzyme and aggregate appears to be remarkably tight. Although we

cannot make any definitive statement about aggregate behavior in vivo, our results



indicate that the subject merits further exploration. The paper describing this work was

published by Molecular Biosystems in the spring of 2007.



Chapter 1.

1. Stability and equilibria of promiscuous aggregates in high protein
milieus

Kristin E.D. Coan and Brian K. Shoichet*

Department of Pharmaceutical Chemistry & Graduate Group in Chemistry and Chemical

Biology

1700 4™ St., University of California at San Francisco, San Francisco, California 94158-

2550



Abstract

At micromolar concentrations, many molecules form aggregates in aqueous
solution. In this form, they inhibit enzymes non-specifically leading to false positive
“hits” in enzyme assays, especially when screened in high-throughput. This inhibition
can be attenuated by bovine serum albumin (BSA); the mechanism of this effect is not
understood. Here we present evidence that BSA, lysozyme, and trypsin prevent inhibition
when incubated at milligram per milliliter concentrations with aggregates prior to the
addition of the monitored enzyme. These solutions still contained aggregates by dynamic
light scattering (DLS), suggesting that inhibition is prevented by saturating the aggregate,
rather than disrupting it. For most combinations of aggregate and protein, inhibition was
not reversed if the competing protein was added after the incubation of aggregates with
the monitored enzyme. In the one exception where modest reversal was observed, DLS
and flow cytometry indicated that the effect was due to the disruption of aggregates.
These results suggest that aggregate-bound enzyme is not in dynamic equilibrium with
free enzyme and that bound enzyme cannot be displaced by a competing protein. To
further test this hypothesis, we incubated aggregate-bound enzyme with a specific,
irreversible inhibitor and then disrupted the aggregates with detergent. Most enzyme
activity was restored on aggregate disruption, indicating no modification by the
irreversible inhibitor. These results suggest that enzyme is bound to aggregate so tightly
as to prevent any noticeable dissociation and that furthermore, aggregates are stable at

physiologically relevant concentrations of protein.
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Introduction

Many organic molecules form colloid-like aggregates at micromolar

. . . 16,23
concentrations in aqueous solution.

These micron-sized particles inhibit enzymes
promiscuously, contributing significantly to false positive “hits” in high-throughput
screening; the role of these aggregates as artifacts in biochemical assays is now widely
accepted.' ' 2*?" Promiscuous aggregators have also been found among commonly used
biological reagents, such as kinase inhibitors, Lipinski-compliant small molecules, and
drugs.'” 2" 2% Despite their prevalence, relatively little is understood about the
mechanism of inhibition and even less about the behavior of such aggregates in a
biological context.”* ** Recently, however, Frenkel et al. proposed that small molecule
aggregation can occur in vivo and play a role in the bioavailability of certain drugs in the
body.*' These investigators suggested that aggregates of non-nucleoside reverse
transcriptase inhibitors form and persist in the gastrointestinal tract on oral dosing. The
aggregates would then be absorbed by particle-recognizing M cells in Peyer’s patches of
mucosa-associated lymphoid tissue, ultimately resulting in lymphatic distribution. To

revisit the behavior of aggregates in a biological milieu, we wanted to consider the effect

of high protein concentrations, as might be found in vivo, on these particles.

In the initial studies of aggregates, McGovern et al. found that inhibition could be
prevented by the addition of milligram per milliliter concentrations of BSA prior to the
addition of the aggregating inhibitor and monitored enzyme.'® Why this should be true is
unclear and we considered two possible explanations for this effect: either the addition of

BSA simply pre-saturates the aggregates or BSA actually prevents the formation of

11



aggregates. In addition, is this property unique to BSA, which is known for its ability to

. 22,36
bind small molecules,””

or would the presence of any protein have a similar effect? If
aggregates do not form, or if they are disrupted in the presence of BSA, this would
suggest that aggregates might not survive a protein-rich physiological environment.
Conversely, if aggregates are still present, supporting the pre-saturation model, the
potential role of aggregates in drug bioavailability may merit further exploration.
Mechanistically, we also wondered whether inhibition could be reversed by adding
protein after the formation of enzyme-aggregate complexes. Reversibility would suggest

a dynamic equilibrium between free and aggregate-bound enzyme and reflect on the

stability of the enzyme-aggregate complex.

Here we investigate these questions by monitoring the inhibition of a B-lactamase
when competing proteins are added before or after incubation with aggregates. These
experiments address whether attenuation of inhibition is specific to BSA, whether
attenuation results from saturation or disruption of aggregates, and whether it is possible
to reverse inhibition with any protein. To do so, we use three unrelated competitor
proteins, four aggregators, and a chemically reactive, irreversible B-lactamase inhibitor
that probes the accessibility of the B-lactamase active site. These results provide insight
into the dynamic equilibria of enzyme-aggregate complexes and the stability of these
complexes at the high protein concentrations they experience in biological environments.
This work suggests that protein ameliorates the effects of aggregating inhibitors, but that

the aggregate and the aggregate-enzyme complex may be quite persistent.
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Experimental

Materials. AmpC B-lactamase was expressed and purified as described.’” Chicken egg
white lysozyme, porcine pancreatic trypsin, tetraiodophenolphthalein (TIPT), 4-(4-
bromophenylazo)phenol (4BPAP), S3218, rottlerin, Triton X-100 and moxalactam were
purchased from Sigma-Aldrich. Nitrocefin was purchased from Oxoid. Centa was a gift
from M. Paola Costi, University of Modena. All materials were used as supplied by the
manufacturer.

B-lactamase Assays. -lactamase activity and inhibition was monitored in 50 mM
potassium phosphate (KPi) buffer, pH 7.0, at room temperature. Nitrocefin was prepared
as a 20 mM stock in dimethyl sulfoxide (DMSO) and DMSO stocks of aggregating
inhibitors were prepared so that the total concentration of DMSO was less than 2 %.
Results were controlled for the effect of DMSO on enzyme rates. Inhibitor and 1 nM -
lactamase were incubated for five minutes and the reaction was initiated by the addition
of 200 uM nitrocefin substrate. Change in absorbance was monitored at 482 nm for 100
seconds. To determine preventative effects, 0.1 mg/mL BSA, lysozyme, or trypsin was
added to the buffer before the addition of inhibitor or B-lactamase. For reversal
experiments, 1 mg/mL BSA, lysozyme, or trypsin was added after a five minute
incubation of B-lactamase with the inhibitor and the reaction was initiated by substrate

immediately thereafter. In the case of TIPT, 0.1 and 10 mg/mL BSA were also tested.

The covalent inhibitor, moxalactam, was prepared as a 0.2 mM stock in 50 mM
KPi. The substrate centa was prepared as 12.5 mM stock in 50 mM KPi buffer. The

detergent Triton X-100 was freshly prepared daily as a 2 % (v/v) stock in 50 mM KPi.

13



For reactions with centa, 125 uM of this substrate was used and absorbance at 405 nm
was monitored. When investigating covalent inhibition by moxalactam, TIPT and -
lactamase were incubated for five minutes before the addition of moxalactam, which was
then incubated another five minutes before the reaction was initiated. Approximately 100
seconds after the addition of centa, 0.04 % Triton X-100 was added to disrupt

aggregates.34

Dynamic Light Scattering. Inhibitors were delivered from concentrated DMSO stocks
and diluted with filtered 50 mM KPi buffer, pH 7.0. Preventative effects were measured
by including 0.1 mg/mL BSA, lysozyme, or trypsin in the buffer before the addition of
the inhibitor. The effect of 0.1 mg/mL BSA on aggregate disruption was determined by
the addition of a small volume of concentrated BSA to a solution of pre-formed
aggregates. To measure disruption in the presence of 3-lactamase, aggregates were
incubated first with 1 nM B-lactamase, and then BSA was added. Measurements were
made using a DynaPro MS/X with a 55 mW laser at 826.6 nm. The laser power was 100
% unless noted and the integration time was 200 seconds. The detector angle was 90°.
Each intensity value represents twenty independent measurements at room temperature.

Flow Cytometry. Particle characterization was performed using a BD GentestTM
Solubility Scanner, a flow cytometer adapted to detect colloids and particles by light
scattering. Mixtures were made in a 96-well plate with a final volume of 200 pL per well.
TIPT was diluted into filtered 50 mM KPi from a 5 mM stock in DMSO. The final
concentration of DMSO was 1 % and the results were controlled for effect of DMSO.
BSA was delivered from a 10 mg/mL stock in 50 mM KP1i buffer, pH 7.0. Measurements

were acquired with a 3 mW laser at 635 nm. Photon signatures were collected at 90° with

14



a PMT setting of 100. The threshold channel was set to 25 with a flow rate of 0.5 uL per

second.

Results

To explore the mechanism of BSA-dependent attenuation of promiscuous
inhibition, we determined first whether this characteristic was unique to BSA or whether
the addition of other proteins would have a similar effect. We chose two unrelated
enzymes, trypsin and lysozyme, to test in addition to BSA. Four aggregates were tested
(TIPT, 4BPAP, S3218, and rottlerin, Fig 1) at a concentration between two and four-fold
their ICsg values. In the absence of competing protein, B-lactamase activity was
consistently inhibited at least eighty percent by the aggregates. Consistent with prior
studies'®, when 0.1 mg/mL BSA, lysozyme, or trypsin was added to the solution before
B-lactamase, no significant inhibition was observed (Table 1). The one exception to this
was TIPT combined with lysozyme and trypsin, where some residual inhibition persisted.
Even here, inhibition was greatly attenuated, especially considering that the concentration

of TIPT was four-fold above the ICsy.
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Figure 1. Aggregators used in this study.
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Table 1. B-lactamase inhibition and aggregate formation after pre-incubation with BSA,

lysozyme, and trypsin.

Aggregate Conc. ICso % PB-lactamase Activity DLS Intensity (keps)
(uM)
No Protein 0.1 mg/mL Protein ~ No Protein 0.1 mg/mL Protein
Protein only
Protein: Bovine Serum Albumin
TIPT 20 5 8 91 5952 3148 94
S3218* 30 17 12 101 2910 3710 14
4BPAP 20 9 2 90 1749 2360 191
rottlerin 5 L5 14 89 N.M. N.M. N.M.
Protein: Lysozyme
TIPT 20 5 7 75 5952 5677 225
S3218*° 30 17 5 102 2910 4663 115
4BPAP 20 9 2 99 1749 2130 35
rottlerin 5 1.5 13 97 N.M. N.M. N.M.
Protein: Trypsin
TIPT 20 5 6 38 5952 5660 33
S3218* 30 17 5 98 2910 4636 7
4BPAP 20 9 2 96 1749 2042 149
rottlerin 5 1.5 16 86 N.M. N.M. N.M.

*S3218 light scattering was measured at 50% laser power.

® Not measured. Rottlerin does not form particles by DLS below 10uM.
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Since the protecting protein was present in the solution before the addition of the
aggregating small molecule, it could act by either (a) preventing aggregate formation or
(b) saturating the aggregate so that it was unable to bind B-lactamase. In the first model,
we would expect significantly fewer particles in solution, whereas if the number of
aggregates was relatively unchanged, it would support the second model. To determine
whether or not aggregates were forming, solutions containing protein and aggregate were
analyzed by dynamic light scattering. Every solution containing protein with aggregate
scattered a comparable amount of light to their aggregate-only counterparts, suggesting
an equivalent population of aggregates both in the absence and presence of protein (Table

1). None of the proteins alone in buffer scattered significantly.

To determine whether it was possible to restore activity by the addition of protein
after the formation of an aggregate-enzyme complex, we performed enzyme inhibition
assays in the presence of varied competing proteins. Each protein was added subsequent
to the incubation of B-lactamase with aggregate. Dose-response curves were obtained for
TIPT, S3218, and rottlerin in the presence of 1 mg/mL of BSA, lysozyme, and trypsin
(Fig 2). Rottlerin and S3218 showed no sensitivity to any of the three proteins. TIPT
inhibition was slightly reversed upon the addition of BSA, but not the other two proteins.
We then obtained dose-response curves for TIPT in the presence of no protein, 0.1
mg/mL, 1 mg/mL, and 10 mg/mL BSA (Fig 3). Although some activity was restored by
BSA, this effect was modest: at 10 mg/mL BSA, the ICsy of TIPT barely doubled from 5

to 10 uM.
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Figure 2. B-lactamase inhibition by varied aggregators after the addition of
competing proteins. B-lactamase inhibition by (a) TIPT, (b) S3218, and (c) rottlerin after
the addition of competing proteins. Competing proteins were added after incubation of
aggregate and -lactamase: no protein (m), | mg/mL BSA (e®), 1 mg/mL lysozyme (A),
and 1 mg/mL trypsin (V). Dose-response curves for TIPT in the presence of BSA are

shown in Fig 3. Error bars represent the standard error of the mean for three replicate

measurements.
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Figure 3. BSA-dependent reversal of f-lactamase inhibition. BSA-dependent reversal
of B-lactamase inhibition by TIPT with no protein (m), 0.1 mg/mL BSA (A), 1 mg/mL
BSA (V¥), and 10 mg/mL BSA (e). TIPT and B-lactamase were incubated together for
five minutes prior to the addition of BSA. Error bars represent the standard error of the

mean for three replicates.

20



Although reversal was only observed for the specific case of BSA and TIPT, we
investigated the mechanism using dynamic light scattering and flow cytometry. Reversal
could result either from disruption of aggregates or from displacement of aggregate-
bound enzyme by the additional protein. The second model would indicate equilibration
between free and aggregate-bound enzyme with at least a transient population of free
enzyme. The reduction or maintenance of particles would support each hypothesis,
respectively. Addition of 0.1 mg/mL BSA to TIPT in buffer led to a large drop in
dynamically scattered light, consistent with aggregate disruption (Table 2). This
reduction became attenuated at the highest concentration of TIPT, suggesting that
aggregates reappeared by 20 uM TIPT (consistent with the presence of aggregates after
pre-incubation with BSA in Table 1). Light scattering was also monitored in the presence
of 1 nM [B-lactamase, matching the conditions of the enzyme assay. Disruption by BSA
was less pronounced in these solutions, but still occurred. We followed the DLS studies
with flow cytometry, where aggregates are flowed in a narrow (0.5 pm) stream across a
laser field and a scattering detector. In the absence of BSA, the size distribution of TIPT
is centered at approximately 100 nm (Fig 4). Upon the addition of 0.1 mg/mL BSA to 10
uM TIPT in buffer, this population disappeared and no other particles were detected.
Both results support the disruption of TIPT aggregates by BSA, but only within a limited

concentration range.
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Table 2. BSA-dependent disruption of TIPT aggregates at varied concentrations.

[TIPT] DLS Intensity (kcps)
uM No B-lactamase + 1 nM B-lactamase”
NoBSA +0.I mg/mL NoBSA + 0.1 mg/mL
BSA” BSA
10 774 110 2502 703
15 4101 291 5661 2717
20 6166 2709 N.M.* N.M.

* B-lactamase only scatters 10 keps.
®BSA alone scatters 31 keps.
‘ Not measured.
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mg/mL BSA.



To further explore whether there was any significant equilibrium between free
and aggregate-bound enzyme, we assayed -lactamase inhibition by moxalactam, a
reactive, irreversible inhibitor, in the presence of aggregates. We reasoned that there were
two possible mechanisms for how moxalactam might irreversibly inhibit aggregate-
bound enzyme: (1) bound enzyme retains enough activity to undergo a covalent
modification to the active site or (2) aggregate-bound enzyme is in dynamic equilibrium
with free enzyme (Fig 5). Alternatively, if aggregate-bound -lactamase is not
irreversibly inhibited by moxalactam, it refutes both mechanisms. This would suggest
that there is no measurable dynamic equilibrium between bound and free enzyme and that
the enzyme active site is protected from covalent modification. B-lactamase was
incubated initially with TIPT, and subsequently with moxalactam. Upon the addition of
the non-ionic detergent Triton X-100, which disrupts aggregates and releases active
enzyme,”** B-lactamase activity was restored. The initial amount of enzyme activity
restored in the presence of TIPT and moxalactam was no less that that restored by [3-
lactamase that had been incubated with TIPT alone (Fig 6). As expected, time-dependent
inhibition of the free enzyme by moxalactam became apparent approximately 100
seconds after aggregate disruption. B-lactamase that had been incubated with moxalactam
alone, without aggregates, showed complete inhibition and no reversal upon the addition
of detergent (data not shown). Since the presence of the aggregate resulted in complete
protection of B-lactamase from moxalactam, we concluded that there was no measurable
dynamic equilibrium between aggregate-bound and free enzyme. This is consistent with a
tight effective K4 between aggregate and enzyme, which is supported by other recent

studies.”’
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Aggregate-bound enzyme is inhibited by moxalactam:

Mechanism 1: Moxalactam hinds free enzyme indicating dynamic equilibrium

lq

+ Triton X

G

Inactive
Enzyme

Mechanism 2: Moxalactam binds aggregate-bound enzyme

< + Triton X
Aggregate [ —= Aggregate ("3 — O
Inactive

Enzyme

Aggregate-bound enzyme is not inhibited by moxalactam:

q *TritonX
Aggregate (&) ——» ——P G Active Enzyme

There is little free enzyme and the imeversible inhibitor cannot bind aggregate-
bound enzyme

G = enzyme d = jrreversible inhibitor: moxalactam

Figure 5. Proposed interpretations for the accessibility of an enzyme to an
irreversible inhibitor in the presence of aggregates. Enzyme-aggregate complexes are
incubated with an irreversible inhibitor prior to the disruption of aggregates by the
detergent Triton X-100. If aggregate-bound enzyme is not inhibited by moxalactam, both
Mechanism 1 and 2 are refuted. Aggregates are shown in green, enzyme in purple, and

the irreversible inhibitor is represented by a red triangle (see key at bottom of figure).

25



1.4
E 1.0
3
Q 0.9
©
< 0.84

2
< 0.7
o
5 0.6
2
2 0.5

0.4

0 50 100 150 200 250 300
Time (s)

Figure 6. Aggregate disruption by Triton X-100 in the presence of an irreversible
inhibitor. Aggregate disruption by 0.04% Triton X-100 added during a -lactamase
inhibition assay containing (-lactamase (red, m), B-lactamase with 25 uM TIPT (blue,
V), and B-lactamase treated first with 25 uM TIPT followed by incubation with 1 uM
moxalactam (black, ). Triton X-100 was added approximately 100 seconds after the

reaction was initiated with substrate.
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Discussion

It is tempting to believe that the high protein concentrations of biological milieus
would be sufficient to disrupt colloidal aggregates of small molecules, which are so
pernicious in biochemical assays.” %> 2% 3? These studies do not support that view.
Although aggregates can be saturated by protein, they are not typically disrupted at
milligram per milliliter concentrations of protein. Furthermore, once formed, the
aggregate-enzyme complex is unperturbed by additional protein. Thus, whereas the
inhibitory effect of aggregates is mitigated, even eliminated, by pre-exposure to
additional protein, the aggregate species itself persists, potentially viable in a more
biological environment. From a mechanistic standpoint, the inability to compete off a
pre-associated protein with a second, additional protein has implications for our
understanding of the dynamic equilibrium to which protein-aggregate complexes are

subject.

One question we had from the outset was whether BSA attenuation of aggregate-
based inhibition was a specific property of that protein or whether attenuation could be
achieved by any protein. One might imagine that BSA is unique, given the role of serum
albumin as a carrier and reservoir of physiological organic molecules.** *® However, our
results indicate that three proteins — BSA, lysozyme, and trypsin — all prevented
inhibition by four aggregates at concentrations between two and four-fold their ICsps
(Table 1). Having demonstrated that attenuation was not specific to BSA, we wanted to
determine the mechanism of this attenuation. We reasoned that a high concentration of

protein present in the solution before the addition of the aggregating molecules might

27



have some impact on aggregate formation. Alternatively, aggregates may form as usual,
but the protein present would saturate the aggregate, precluding any binding of the
subsequently added B-lactamase. Consistent with a pre-saturation model, dynamic light
scattering by aggregates was typically unaffected by the presence of high protein

concentrations.

Contrary to the profound preventative effects, additional protein generally showed
no ability to reverse inhibition. We had suspected that a large excess of competing
protein might displace aggregate-bound enzyme, releasing enzyme. Since we know from
previous work that disruption of aggregate-enzyme associations with detergent restores
activity to the enzyme, we would also expect dissociated enzyme to be active.”* To our
surprise, inhibition by three aggregates was unaffected by the addition of up to a 1000-
fold excess of competing protein (Fig 2). This suggested that there was no measurable
equilibrium between free and aggregate-bound protein: once the enzyme-aggregate
complex was formed it was imperturbable, at least within the time scale of our
experiments. Preliminary experiments indicated that longer incubation times did not
significantly restore activity (data not shown). There was only one exception to this trend:
the specific combination of TIPT and BSA. Here, BSA actually reversed TIPT inhibition
(Fig 3). Even so, this reversal appeared to be the result of disruption, rather than an
equilibrium. Dynamic light scattering and flow cytometry indicated that BSA disrupted
TIPT aggregates, but only at lower concentrations of the aggregating molecule (Table 2,
Fig 4). This reversal was ultimately modest: even at 10 mg/mL BSA, TIPT ICs, values

barely doubled and by 20 uM TIPT, particles and inhibition had returned.
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We further probed the existence of a dynamic equilibrium between free and
aggregate-bound enzyme using an irreversible inhibitor of -lactamase. If there is no
measurable equilibrium, we would expect aggregate-bound enzyme to be unaffected by
incubation with such an inhibitor. Consistent with this view, aggregate-bound [3-
lactamase is inaccessible to the irreversible inhibitor moxalactam, even after a 30 minute
incubation (data not shown), suggesting that B-lactamase spends no significant time free
in solution. These results suggest that the effective K4 between enzyme and aggregate is
low enough as to make dissociation immeasurable on the time-scale of these experiments,
a view that is consistent with recent studies of the limiting K4 value of enzyme-aggregate
complexes.”” Furthermore, since enzyme is protected from covalent modification while
bound to the aggregate, this also implies that in addition to being catalytically inactive,

the enzyme cannot even bind a substrate-like molecule.

Conclusions

Given the widespread presence of aggregating molecules, a comforting thought
has been that aggregation may be restricted to the elementary conditions of biochemical
assays. Work by other groups has suggested, however, that colloidal aggregates of small
molecules may be stable in biological, even whole animal milieus.”! Our study, which
explores one aspect of biological environments — a high protein concentration — is
compatible with that proposal. Although inhibition can be prevented by milligram per
milliliter concentrations of protein, it is rarely reversed. The potential activity of these
aggregates in a physiological context remains an open area of research, but this study

suggests that aggregates are at least stable, and not disrupted, in high protein
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environments. Since many molecules, including drugs and reagents, aggregate at
micromolar concentrations, the possible fates of aggregates in biological systems may

merit further study.
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Gloss to Chapter 2.

As of 2007, nearly five years after the discovery of aggregates and after nearly a
dozen papers had been published on the subject, there were still fundamental questions
that remained unanswered. For example, we had no way of measuring something as
elementary as the concentration of the aggregate particles. Determining this concentration
would allow us to address a number of other long-standing questions including whether
aggregates are hollow or solid, the stoichiometry of the aggregate-enzyme interaction,

and whether aggregates exhibit a “critical aggregation concentration.”

Although the concentration of small molecule in solution was known, it was
difficult to measure the concentration of the particles. Aggregates are too small to be
detected by the techniques typically used to count cells, such as microscopy and flow
cytometry. Feasible methods for counting aggregates did not exist until Joe Goodwin and
colleagues at BD Bioscience optimized a flow cytometer specifically to analyze small
molecule aggregates. Once we had this instrument, we were able to learn a great deal

about the basic behavior and characteristics of aggregates.

First, we measured the aggregate concentration for seven aggregators and found
that near the threshold of aggregation formation the concentration was often low
femtomolar. As we had suspected aggregates resemble micelles in that they exhibit a
critical concentration where aggregates begin to form. Above this concentration, all
additional small molecules form aggregates and the concentration of free small molecule
remains constant, while the aggregate concentration increases linearly. Interestingly, this

process worked in reverse as well. When aggregates were diluted below this “critical
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aggregation concentration,” they dissociated and returned to their free small molecule
components within minutes. This marks aggregates as unique from precipitant, where

redissolving material often requires hours to days.

The flow cytometer also provided size distributions for all samples, so we
monitored the size of the particles as well as their concentration. Previous DLS
experiments suggested that aggregates have distinct size preferences. This became more
apparent by flow cytometry. Some aggregators formed larger particles around 500 nm in
diameter, such as nicardipine and miconazole, whereas many more molecules
preferentially formed smaller particles around 100 nm. The aggregates maintained this
size preference across varied concentrations. At the writing of this paper, 100 nm in
diameter was near the limits of the flow cytometer and so we were unable to analyze
these aggregates in greater detail, but we were able to get reliable data for the two larger

aggregates: nicardipine and miconazole.

From the aggregate concentration, we were able to correlate B-lactamase
inhibition to particle counts and so estimate the stoichiometry of the enzyme-aggregate
interaction. We found that each of these aggregates bound on the order of 10,000 enzyme
molecules per aggregate particle. From this calculation, we also wanted to estimate
whether this quantity of enzyme could fit comfortably on the surface of the aggregate, to
explore whether aggregates adsorb or absorb enzyme. Although we still could not rule
out absorption as a mechanism, this analysis at least gave us an indication of whether the
surface is sufficient to accommodate all bound enzyme. By calculating the volume of a

thin shell around the aggregate (the width of the shell being the smallest dimension of a
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B-lactamase molecule), we found that the surface provided more than enough binding

space for even 10,000 B-lactamase molecules.

Finally, we addressed one last question: are aggregates hollow or solid? By
correlating the increase in particle count with the increasing total concentration of small
molecule in solution, we determined a linear relationship between how many small
molecules we added and how many aggregates formed. For nicardipine and miconazole,
we calculated that each aggregate was composed of about 10° monomer small molecules.
After calculating the volume of each monomer, we determined the volume we would
predict for 10® monomers and compared that to the volume we measured by flow
cytometry. Surprisingly, these two volumes were remarkably close, within two-fold error.

This suggested that aggregates are densely-packed, solid particles.

One theme that carries across Chapter 1 and 2 is the remarkably tight interaction
between aggregate and enzyme as shown by the low off rate observed in Chapter 1 and
the stoichiometric inhibition of nanomolar enzyme concentrations by femtomolar
concentrations of aggregate particles in Chapter 2. This work provides additional insight
into the potential behavior of aggregation in a biological context, as it suggests that
aggregates will dissociate upon dilution, returning to their small molecule components
once put into a large enough volume. This work was published in the Journal of the

American Chemical Society in the summer of 2008.
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Abstract

Many false positives in early drug discovery owe to non-specific inhibition by
colloid-like aggregates of organic molecules. Despite their prevalence, little is known
about aggregate concentration, structure, or dynamic equilibrium; the binding
mechanism, stoichiometry with, and affinity for enzymes remain uncertain. To
investigate the elementary question of concentration, we counted aggregate particles
using flow cytometry. For seven aggregate-forming molecules, aggregates were not
observed until the concentration of monomer crossed a threshold, indicating a “critical
aggregation concentration” (CAC). Above the CAC, aggregate count increased linearly
with added organic material, while the particles dispersed when diluted below the CAC.
The concentration of monomeric organic molecule is constant above the CAC, as is the
size of the aggregate particles. For two compounds that form large aggregates,
nicardipine and miconazole, we measured particle numbers directly by flow cytometry,
determining that the aggregate concentration just above the CAC ranged from 5 to 30 M.
By correlating inhibition of an enzyme with aggregate count for these two drugs, we
determined that the stoichiometry of binding is about 10,000 enzyme molecules per
aggregate particle. Using measured volumes for nicardipine and miconazole aggregate
particles (2.1x10"" and 4.7x10'° A®, respectively), computed monomer volumes, and the
observation that past the CAC all additional monomer forms aggregate particles, we find
that aggregates are densely packed particles. Finally, given their size and enzyme
stoichiometry, all sequestered enzyme can be comfortably accommodated on the surface

of the aggregate.
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Introduction

High-throughput screening hit lists are dominated by false positives, many of
which are due to promiscuous inhibition by colloid-like aggregates of the small

11-13, 24, 25, 40, 41
molecule. S22

These sub-micron particles form in aqueous media, leading to
sequestration and non-specific inhibition of enzymes.'® In a recent high-throughput
screen, 95% of the hits showed signature aggregate behavior, representing the
predominant mechanism of false positives and dwarfing the hit rate for non-aggregating,
potentially specific inhibitors.'” Such aggregation is not limited to molecules in screening
libraries, as biological reagents and even drugs can also aggregate in vitro."”***** The
potential relevance of aggregation to drug delivery has been suggested by Frenkel et al.,
who proposed that aggregation facilitates the uptake of non-nucleoside reverse
transcriptase inhibitors through absorption by particle-recognizing M cells in Peyer’s
patches of mucosa-associated lymphoid tissue.”' Also, aggregates appear to be stable in

18, 42
" In

more biological milieus, such as at high protein concentrations and in cell culture.
short, inhibition by aggregation is a common property among biologically interesting

organic molecules with widespread effects in biological systems of varying complexity.

Despite their prevalence, the basic principles of aggregate formation and activity
remain obscure. The signatures of aggregate behavior are well known: reversal by non-
ionic detergent, steep dose-response curves, and acute sensitivity to enzyme
concentration, which have assisted the rapid identification of aggregate-based
inhibition.”** 3344 1 contrast, we have had no way to measure something as

elementary as the concentration of the aggregate particles. Were we able to measure this

concentration, we could begin to explore several fundamental properties of aggregates.
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What is the stoichiometry of the aggregate-enzyme interaction? Are aggregates in
equilibrium with soluble monomer? Are aggregates hollow or solid? Addressing these

questions is essential to understanding aggregate structure and mechanism.

Here we measure particle concentrations for known aggregating molecules, using
flow cytometry to count the number of particles in a specific volume. By correlating
enzyme inhibition with aggregate count, we estimate the stoichiometry and affinity of the
binding interaction. We further investigate the point at which aggregates begin to form,
the “critical aggregation concentration” (CAC), showing that aggregate count increases
linearly with added monomer above the CAC. To determine whether monomer
concentration is constant above the CAC, analogous to a critical micelle concentration,
we quantified the amount of compound in the aggregate and monomer forms, which were
separated by centrifugation. In combination with size measurements and computed
volumes for the individual monomers, we deduce that aggregates are densely packed
particles. These results expand our fundamental understanding of aggregate behavior and
provide insight into the structure, affinity, and mechanism of this ubiquitous inhibitory

species.
Experimental

Materials. AmpC B-lactamase was expressed and purified as previously described.’’
Tetraiodophenolphthalein (TIPT), nicardipine, staurosporine aglycone (K252c), latex
beads at 110 nm, 200 nm, 310 nm, 460 nm, and 620 nm and Triton X-100 were
purchased from Sigma-Aldrich. Miconazole was purchased from ICN and L-755,507

from Tocris. Trifluralin and cinnarizine were a gift of Dr. Joe Goodwin at BD
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Biosciences. AlignFlow flow cytometry beads at 2.5 pm were purchased from Invitrogen.
Centa was purchased from CalBiochem. All materials were used as supplied by the
manufacturer.

Flow Cytometry. Particle characterization was performed using a BD GentestTM
Solubility Scanner, a flow cytometer optimized for the detection of insoluble particles.
Mixtures were made in a 96-well plate with a final volume of 200 pL per well. All
buffers were filtered with a 0.22 micron filter prior to use. Aggregating compounds were
diluted into 50 mM potassium phosphate (KP1), pH 7.0, at room temperature, from
concentrated stocks in DMSO. For TIPT, K252c¢, cinnarizine, and trifluralin the final
concentration of DMSO was 0.5%. For L-755,507, the final concentration of DMSO was
1%. To reduce error, solutions of 50 uM nicardipine and 10 uM miconazole in 0.1%
DMSO were made and serially diluted into 50 mM KPi buffer containing 0.1% DMSO.
All solutions were mixed gently by pipette approximately five seconds after the addition
of compound and measurements were begun immediately thereafter. Each concentration
was measured in at least triplicate. The background count of buffer with DMSO in the
absence of compound was measured for each data set and this value was subtracted from
each measurement in the set. The counting accuracy of the flow cytometer was calibrated
using latex beads at the following sizes: 110 nm, 200 nm, 310 nm, 460 nm, 620 nm, and
Nile Red calibration beads at 2.49 um. We compared the known bead concentration to
that measured by the flow cytometer and determined that for particles with size
distributions above 300 nm in diameter, the flow cytometer undercounted the bead
concentration by 2.85-fold (the average error for beads greater than 300 nm). To account

for this undercounting, all particle counts were multiplied by a correction factor of 2.85.
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For particles below 300 nm, the counting accuracy of the flow cytometer deteriorated
rapidly and so we estimated an upper limit based on a correction factor of 2,000. This
factor was determined based on the maximum error observed (1,000-fold at 100 nm) and
the fact that we only observed about half of the size distribution, since the flow cytometer
does not measure particles below 100 nm. Measurements were acquired for three seconds
with a flow rate of 0.5 uL per second using a 3 mW laser at 635 nm. Photon signatures
were collected at 90° with a PMT setting of 99 and the threshold channel was set to 25.

B-lactamase Assays. 3-lactamase activity and inhibition were monitored in 50 mM
KPi buffer, pH 7.0, at room temperature. The substrate centa was prepared as a 12.5 mM
stock in 50 mM KPi buffer. DMSO stocks of aggregating inhibitors nicardipine and
miconazole were prepared so that the final concentration of DMSO was 0.1%. ICs
values for the other compounds were measured at the indicated concentrations of DMSO
(Table 3). Each concentration of inhibitor was measured in triplicate for miconazole and
nicardipine, and duplicate for the rest of the compounds. Results were controlled for the
effect of DMSO on enzyme rates. Inhibitor and 2.3 nM B-lactamase were incubated for
five minutes and the reaction was initiated by the addition of 125 uM centa substrate.
Change in absorbance was monitored at 405 nm for 100 seconds.

Dynamic Light Scattering. The aggregators miconazole and nicardipine were
delivered from concentrated DMSO stocks into filtered 50 mM KPi buffer, pH 7.0 at
room temperature for a final concentration of 0.1% DMSO. Measurements were made
using a DynaPro MS/X with a 55 mW laser at 826.6 nm, using a detector angle of 90°.
The laser power was 100% and the integration time was 200 seconds. Data was filtered

using a maximum sum of squares difference (SOS) of 100 and a baseline limit of 1 £
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0.01. Histograms represent the average of three independent data sets, each with at least
ten measurements.

Determination of Monomer and Aggregate Concentrations. Solutions of
nicardipine, K252¢, and TIPT were prepared at multiple concentrations by diluting
concentrated DMSO stocks into 50 mM KPi, pH 7.0. The final amount of DMSO at each
concentration was 0.1% for nicardipine, 0.5% for K252c¢, and 5% for TIPT. Solutions
were mixed gently and then centrifuged at 16,000 x g for one hour. After centrifugation,
the supernatant was collected and analyzed by flow cytometry to determine that there
were no detectable aggregates remaining in solution. The bottom 10 pL (from a starting
volume of 1 mL) were considered the pellet and resuspended in pure DMSO. UV-visible
spectrophotometry was used to determine the concentration of compound in the
supernatant and the resuspended pellet. Each concentration was prepared and measured in
triplicate. Absorbance was measured at 355 nm for the nicardipine supernatant (0.1%
DMSO in 50 mM KPi, £ = 6.3x103 M'em™) and 352 nm for the pellet (1% KPi in pure
DMSO, ¢ = 6.0x103 M'cm™). Absorbance was measured at 372 nm for the K252¢
supernatant (0.5% DMSO in 50 mM KPi, & = 5.5x103 M'em™) and 335 nm for the pellet
(1% KPi in pure DMSO, ¢ = 1.8x104 M'cm™). The TIPT supernatant was lyophilized
overnight and resuspended in 1% KPi in pure DMSO. Absorbance was measured at 337
nm for the TIPT supernatant and pellet (1% KPi in pure DMSO, € = 1.3x104 M'cm™).

Calculations. The Mitools toolkit (Molinspiration.com) was used to calculate the
molecular volume for each compound, which was multiplied by the number of monomers

per aggregate to determine a calculated volume for the aggregate. The dimensions of a
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molecule of AmpC B-lactamase were determined using PyMOL and PDB structure

IKE9.

Results

To determine the concentration of the aggregate species, we counted aggregate particles
in a known volume using the BD Gentest'™ Solubility Scanner, a flow cytometer
specifically optimized for counting and characterizing aggregate particles using light
scattering.”> We chose seven known aggregators: miconazole, nicardipine,
tetraiodophenolphthalein (TIPT), staurosporine aglycone (K262c¢), L-755,507,
cinnarizine, and trifluralin (Table 3). For each compound, we tested a range of
concentrations until we began to observe particle formation, indicated by an increase in
the intensity of scattered light. Once the total concentration of small molecule passed this
threshold (the CAC), we observed a sharp and linear increase in the number of particles
(Figure 7). For instance, below 30 uM nicardipine, an insignificant number of particles
were detected by the flow cytometer (Figure 7a). Above 32 uM of the monomer, the
number of particles increased steadily at a rate of nearly 10,000 particles for every 5 uM
increase in the concentration of the organic molecule (in a volume of 1.5 pL). To
minimize error, these concentrations were created by serial dilution; however, similar
relationships were observed when each concentration was made individually (data not
shown). As a practical note, the CAC could vary dramatically for a given molecule
depending on the composition of the buffer, particularly with respect to the DMSO

concentration. In extreme cases, we observed as much as a 10-fold change in the CAC.
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For example, the CAC for TIPT went from ~1 uM to ~10 uM when going from 0.1% to

1% DMSO (data not shown).
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Table 3. Characteristics of aggregating inhibitors measured by flow cytometry.

Compound ICso vs. B- CAC Total Aggregate Diameter
lactamase (uM) Organic Concentration (nm)
(uM) Molecule (fM)
(uM)
Miconazole cl 25° 3+2 4-9 5-27 394
Nicardipine 66" 32+3 34-44 6-28 569
TIPT 5° 10£2 NM* NM* 140
K252¢ o N 8° 42 NM‘ NM* 150
Sere®
H H
L-755,507 3¢ 6+2 6-11 <10 pM 150
H
o 4 \©\ NH
IS -
HO H
Trifluralin Q . 7° 342 2-5 <10 pM 140
N+—
F
F N
F \—\
N+—O0
/
0
7-10 <10 pM 150

Cinnarizine O 40° 7+3

20.1% DMSO. °0.5% DMSO. °1% DMSO. “Not measured.
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Figure 7. Critical aggregation concentrations. Critical aggregation points of (a)
nicardipine at 0.1% DMSO, (b) miconazole at 0.1% DMSO, and (c) L-755,507 at 1%
DMSO in 1.5 uL of 50 mM potassium phosphate buffer measured using flow cytometry.
For (a) and (b), solutions were made by serial dilution, while compound was added

directly for (c). Concentrations are represented as the mean and standard deviation of at

least three replicates.
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Simply using the known volume of the sample, we used these particle counts to
calculate the particle concentration. For nicardipine and miconazole, which form particles
between 300 and 600 nm in diameter, we found that the particle concentration just above
the CAC ranged from 5 to 30 fM, nearly 10°-fold lower than the concentration of the
monomeric small molecule (Table 3). For smaller aggregates, such as those composed of
trifluralin, cinnarizine, TIPT, and L-755,507 (with diameters around 150 nm), the particle
count increased much more rapidly, quickly surpassing the detection limits of the
instrument and preventing more detailed analysis. In addition, for particles sized below
300 nm in diameter, the flow cytometer grossly undercounts the number of particles. We
therefore multiplied the observed number of particles by a factor of 2,000 to estimate the
upper limit for the particle count, resulting in low picomolar concentrations. Whereas we
believe the concentrations of miconazole and nicardipine aggregates to be accurate, those

for the smaller particles must be considered conservative estimates.

Knowing these particle concentrations enabled us to determine the stoichiometry
of the aggregate-enzyme interaction for the two aggregators, nicardipine and miconazole,
for which we had accurate concentrations. By assuming that percent inhibition directly
correlates to the percent of bound enzyme, we related the number of bound enzyme
molecules to the number of aggregate particles counted by the flow cytometer (Figure 8).
To do so, we measured the inhibition of a model enzyme, AmpC B-lactamase, in the
presence of directly measurable concentrations of aggregate particles. We chose
nicardipine and miconazole because the concentration of particles increased slowly
enough to allow a linear analysis of the particle count versus percent inhibition. Even for

nicardipine and miconazole, these aggregate concentrations corresponded only to

45



inhibition that ranged from zero to about 30%. To estimate the aggregate concentration at
the ICsy, we extrapolated the ratio between added organic molecule and particle
concentration (Figure 8). Since inhibition is linearly related to the concentration of
organic molecule and there is a linear relationship between inhibition and particle count
through 30% inhibition, we assume that a linear model is adequate for extrapolating the
particle count. Over the measured concentrations, the slopes of the inhibition versus
particle graphs represent the number of molecules of enzyme bound per aggregate:

12,850 £ 875 for nicardipine and 10,040 £ 440 for miconazole.
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Figure 8. Correlation of B-lactamase inhibition to aggregate count. Correlation of -
lactamase inhibition to aggregate count for (a) nicardipine and (b) miconazole at 0.1%
DMSO. The number of molecules of free enzyme is calculated as the product of percent
activity and the total amount of enzyme in 1 mL. Aggregate count is measured by flow
cytometry in a volume of 1.5 uL and extrapolated for 1 mL. Empty boxes represent
aggregate counts that were extrapolated based on a linear regression analysis of the
measured aggregate count data points because the count was above the detection limit of
the flow cytometer at higher concentrations of aggregating molecule. Free enzyme values
are represented as the mean and standard deviation of three replicates. Aggregate counts

are the mean of at least five measurements.

47



One long-standing question has been whether enzyme is adsorbed to the
aggregate surface or absorbed into the aggregate. To address this, we next determined
whether the calculated number of bound enzyme molecules could even fit upon the
surface of the aggregate. If the surface area is insufficient to accommodate all of the
bound enzyme, this would suggest that absorption into the aggregate is necessary. To be
conservative, we chose the smallest principle dimension of the model protein to calculate
the volume of a shell around an aggregate, representing the minimum volume available to
surface-bound enzyme (the smallest principle dimension of AmpC is 3.7 nm). We
calculated the volume of a 3.7 nm shell around an aggregate of nicardipine or
miconazole. We then compared this volume to the total volume of 12,850 or 10,040
enzyme molecules (for nicardipine and miconazole, respectively), modeled as rectangles
with dimensions equal to the principle dimensions of an AmpC molecule. When we
compared these two volumes, we found that there was more than enough room to
accommodate all enzyme molecules on the surface of the aggregate. The total volume of
enzyme bound is only 16% of the total volume available in a 3.7 nm shell around a
nicardipine particle (diameter 569 nm), and 26% of a shell around a miconazole particle

(diameter 394 nm).

In measuring the CAC, we found that aggregation is fully reversible if the
aggregates are diluted below their CACs (Figure 7). For example, at 40 uM nicardipine,
there are approximately 16,000 particles; however, at half that concentration, 20 uM, the
count has returned to the background count around 1,000, showing that the aggregates
will dissociate if diluted below the CAC (~33 uM for nicardipine). This reversibility

resembles micelle behavior, and so we looked for other behavior we would expect based
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on micelle theory.*®*” For micelles, the linear increase in particle count beyond the CMC
is due to two things: (a) the concentration of free monomer will never go higher than the
CMC and all monomeric molecules added beyond the CMC will form micelles and (b)
the micelles formed are uniform in their size distribution across increasing

concentrations.

To investigate monomer concentration above the CAC, we looked at three
compounds that had relatively strong UV-visible absorbance spectra: nicardipine, K252c,
and TIPT. To quantify the monomer and aggregate phases, we centrifuged aqueous
solutions of varied concentrations of aggregating molecules and separated the supernatant
and pellet. After one hour of centrifugation, no aggregates were detectable in the
supernatant, as measured by flow cytometry, indicating that the supernatant represented
the monomeric fraction. The pellet (representing the aggregate fraction) was resuspended
in DMSO and the concentrations of monomer (supernatant) and aggregate (pellet) were
measured spectrophotometrically. For each compound tested, the concentration in the
supernatant remained constant above the CAC while the aggregate concentration (the
pellet) increased steadily, suggesting that all additional compound above the CAC forms
aggregates (Figure 9). We also found that the size distribution of the particles remained
fairly constant as the concentration of compound was raised above the CAC, at least to
the detection limit of the instrument (Figure 10). Dynamic light scattering confirmed that
there was no significant population under 100 nm, which is below the detection limit of

the flow cytometer (Figure 10 insets).
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Figure 9. Concentration of monomer and aggregate fractions. Concentration of
monomer and aggregate fractions in (a) nicardipine at 0.1% DMSO, (b) K252c at 0.5%
DMSO, and (c) TIPT at 5% DMSO in 50 mM KPi buffer. Aggregates were pulled down
by centrifugation at 16,000 x g for 1 hour. The supernatant was removed and the
concentration of soluble monomer was determined by UV-visible spectrophotometry.
The concentration of compound in the aggregate form was determined by resuspending
the pellet in DMSO and spectrophotometric analysis. Bars represent the mean and

standard deviation of three replicate measurements.
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Figure 10. Size distribution histograms. Size distribution histograms of (a) 34 uM
nicardipine, (b) 44 uM nicardipine, (c) 4 uM miconazole, and (d) 9 uM miconazole
determined by flow cytometry. Dynamic light scattering confirmed that there were no
particles below 100 nm in diameter, which is below the detection limit of the flow

cytometer (inset of b and d). All samples are in filtered 50 mM KPi, 0.1% DMSO.
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Since aggregate count increased linearly and all monomer beyond the CAC forms
aggregates, we could calculate the number of monomers that form each aggregate. For
accuracy we again focused on miconazole and nicardipine, which form the largest
particles. We graphed the total concentration of small molecule monomer added versus
particle count over the linear range (Figure 7a and b). The resulting slopes represent the
average number of monomers that form each aggregate particle: 4.5x10® monomers per
particle for nicardipine and 2.3x10® monomers per particle for miconazole. Since we
knew the sizes of these aggregates by light scattering, and we could calculate the volume
of each monomer of organic molecule, we could then calculate how the volume of this
number of monomers compared to the measured volume. We divided the particle
volumes measured by flow cytometry (Vmeasured) by the calculated total volume of
monomers in each aggregate (Vajculated, calculated monomer volume multiplied by
number of monomers per aggregate) (Figure 11). Here, Vi aiculated 1S an estimate of the size
of a perfectly packed aggregate, a minimum volume for a solid aggregate. For nicardipine
the ratio of Vieasured /Vealculated Was 1.1, and for miconazole the ratio was 0.6. These ratios
indicate that the integrated volume of the monomers that make up each particle is
sufficient to account for most or all of the measured volume of the particle, suggesting
that these aggregates are solidly packed with monomer and inconsistent with the

possibility that they might be hollow.
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Figure 11. Calculated and measured aggregate volumes. Comparison of calculated
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volumes are the product of the molecular volume from Mitools and the predicted number
of monomers that form each aggregate. The measured volume is the mean of the size

distribution obtained using flow cytometry.
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Discussion

Non-specific inhibition by aggregation is widespread in early drug discovery, but
the properties and mechanism of these aggregates are poorly understood. An impediment
has been our inability to simply measure aggregate concentration; overcoming this
problem is a key result of this work. The particle concentration just beyond the critical
aggregation point is in the low femtomolar range (Figure 7, Table 3). From this
observation several others follow. First, we investigate the stoichiometry of the enzyme-
aggregate interaction and the implications of this to the binding affinity and mechanism.
Second, by correlating the amount of added organic material to the rise in particle
number, we find that large aggregates are composed of 10°* organic monomers, the total
volume of which closely matches the measured particle volumes, suggesting the particles
are solid (Figure 11). Finally, we elucidate some of the basic characteristics of aggregate
formation, most notably that aggregation is reversible, and in this respect it resembles

micelle behavior (Figure 9 and 10).

By correlating enzyme inhibition to particle concentration, we found that larger
aggregates, such as miconazole and nicardipine, bound over ten thousand enzyme
molecules per aggregate (Figure 8). As outlandish as this stoichiometry is, it is consistent
with what we know about aggregate behavior. A distinguishing feature of aggregate-
based inhibition is its sensitivity to changes in enzyme concentration. From early studies
we knew that increasing enzyme concentration ten-fold eliminated the observed
inhibition, which seemed unprecedented for an inhibitor present at concentrations 1,000
to 10,000-fold higher than the enzyme.'®** Since the stoichiometry of enzyme to

aggregate is now shown to be roughly 10,000 to 1, and since the aggregates themselves
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are present only in the mid-femtomolar range, increasing enzyme concentration simply
overwhelms the capacity of the aggregate to sequester enzyme, eliminating inhibition. By
first principles, the observation that inhibition is stoichiometric in the low nanomolar
concentration range for both enzyme and enzyme-binding sites on the aggregate suggests
that the Ky of this interaction must be at least two orders of magnitude, and more likely
three, below these concentrations. Both the high molar ratio and high affinity are
consistent with the steep dose-response curves that are often associated with aggregate-

17,39

based inhibition and the low off-rate of enzyme from the aggregates.*

Despite this remarkable stoichiometry, we calculate that even ten thousand
enzyme molecules can fit comfortably on the surface of the aggregate, supporting an
adsorption model for binding. Using transmission electron microscopy (TEM), we have
previously observed enzyme adsorbed to the surface of aggregate particles; however, it is
difficult to determine whether enzyme molecules are absorbed inside the aggregate.
Although we still cannot rule out absorption, an adsorption mechanism is consistent with
our observations that low concentrations of non-ionic detergent can reverse inhibition
without disrupting the aggregates themselves and our finding here that aggregate particles

are densely packed.

We found that larger aggregates, like those composed of nicardipine or
miconazole molecules, contained approximately 10° small molecule monomers per
aggregate. To our surprise, the calculated total volume based on the number of small
molecules per aggregate closely resembled the observed volumes, suggesting the
particles are solid (Figure 11). The calculated volume based on the number of molecules

per monomer is an estimated minimum, an unrealistic value that assumes perfect packing,
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yet our measured volumes are within two-fold of this value. If these particles were
hollow, similar to a liposome, we would expect roughly a 10-fold difference between the
measured and calculated volumes. Even with errors from compound sticking to the plate
and the small percentage of the particles that fell below the accurate counting range of the
flow cytometer, both of which reduce the apparent density of the particles, these results

suggest that the aggregates are largely solid.

Several physical properties of these promiscuous aggregates also come into focus.
It is easy to imagine that these particles are an intermediate form of precipitate, but that
does not seem to be the case. Although aggregates can transition to precipitant as
concentration is raised, the latter does not sequester protein.”**° Consistent with these
observations, the particles here appear to be in equilibrium with monomer and are a
reversible phase. On lowering the concentration of a suspension of aggregates below its
CAC the particles rapidly re-dissolve (tens of seconds). As anyone who has tried to
dissolve organic material into aqueous solution can attest, this is rarely true for
precipitated material, which is why most organic molecules are delivered to aqueous
buffer from DMSO stocks. Thus, although the aggregates are only transiently stable, the

individual particles appear to approach true equilibrium.

It is appropriate to mention several caveats and remaining gaps. Particle counts
made by the BD flow cytometer are only quantitatively reliable for particles in the 400
nm diameter range and larger, and even here require adjustment against controls. The
particle count for smaller particles can only be grossly estimated. Similarly, the
stoichiometry of the enzyme-aggregate interaction could only be measured in the early

part of the inhibition curve, beyond which we exceed the counting capacity of the
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instrument. Thus, these results rely on extrapolation, assuming a constant linear
correlation. Also, it is possible that not all aggregate-based inhibitors have the same
properties and structures as those we have studied here. It is convenient to assume that all
promiscuous aggregates will have similar structures and mechanisms, but there is no
strong theory to suggest that this is true. Finally, key questions remain unaddressed for
aggregate mechanism, including why enzyme becomes inhibited when bound to an

aggregate.

These caveats, while important, do not diminish our confidence in the main
conclusions of this study, which suggest the following model (Figure 12). At micromolar
concentrations, organic molecules can reversibly associate into colloid-like particles in
aqueous media. For larger particles, about 10° small molecule monomers associate per
particle. These particles are densely packed and, again for larger particles, sequester
about 10" enzyme molecules each. Whereas we cannot rule out the possibility that
enzyme is absorbed inside the aggregate, adsorption to the surface is sufficient to
accommodate all bound enzyme. This model, though still crude, provides a foundation

for future studies into these ubiquitous, but often confounding particles.
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Figure 12. A model of aggregate structure and enzyme binding. Some organic
molecules can form densely packed particles (10° small molecules per aggregate for
larger particles) in aqueous media. Once formed, these larger particles sequester and then
inhibit enzyme with a stoichiometry of approximately 10* enzyme molecules per

aggregate. The surface of the aggregate is sufficient to accommodate all bound enzyme.
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Gloss to Chapter 3.

Another fundamental question about aggregation was to determine why
aggregates inhibit enzyme. McGovern et al. wrote a paper on this subject, “A specific
mechanism of nonspecific inhibition,” which advanced our understanding of aggregation
considerably.** This work elucidated characteristic aggregate behavior, showing it is
possible to cosediment enzyme-aggregate complexes by centrifugation, rapidly reverse
inhibition by the nonionic detergent Triton X-100, and visualize aggregates bound to
enzyme by electron microscopy. In addition, they performed experiments that suggested
that aggregates were not causing enzyme denaturation, but the mechanism was unclear.

What other effects could the aggregate have that would lead to enzyme inhibition?

It is not readily evident why aggregate-bound enzyme should be inactive. There
are examples of enzymes being immobilized to a support where the enzyme retains its
activity, such as immobilized pepsin. We proposed three models that might explain
inhibition. First, perhaps the enzyme was not fully denatured, but only partly so. Such
small scale denaturation would prevent the enzyme from being active, but the enzyme
would be able to rapidly refold when released from the aggregate by detergent. Second,
binding to the aggregate might rigidify the enzyme, preventing the normal dynamic and
catalytic motions. Finally, the aggregate may simply sequester the enzyme and physically

block access to the active site.

To dissect which of these mechanisms might be true, we needed a technique that
could assess solvent accessibility. We considered covalent probes, proteolysis, and

circular dichroism to name a few, but we believed that many of these techniques would
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be convoluted by the aggregates themselves. Given the highly conjugated ring systems of
most aggregators, we feared the aggregates would fluoresce so much that the protein
signal would be lost. In the case of proteolysis, we suspected the aggregates would inhibit
the protease as well. Additionally, we did not want residue specific information. Given
the nonspecific nature of aggregates, it would be impossible for us to predict which
amino acids are affected by aggregate binding, and we would not even expect there to be
specific interactions. Rather, we hoped to investigate a general mechanism, which might

account for inhibition across many enzymes.

One technique which did not require fluorescence and which would provide
information across the enzyme regardless of amino acid identity was hydrogen deuterium
exchange. This technique is commonly used to study enzyme folding and protein binding
events, where the solvent accessibility of the enzyme changes depending on its state. By
incubating an enzyme in a deuterated solvent, exchangeable hydrogens are replaced by
deuterium and the amount of deuterium incorporation is a measure of how accessible
those hydrogens were to solvent. This type of exchange can be measured either by
nuclear magnetic resonance (NMR) or by mass spectrometry. Again, the aggregates
might have interfered with NMR by reducing the tumbling time of the enzyme and
broadening the enzyme signal beyond possible detection. Although this complication was
not insurmountable, at the outset it appeared that mass spectrometry (MS) would be more

tractable and that it would have the practical benefit of requiring less enzyme.

We had to modify the standard hydrogen deuterium exchange MS protocol to
accommodate the presence of aggregates, including the addition of detergent to disrupt

the aggregates and release the enzyme. It was necessary to release enzyme from the
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aggregate prior to MS analysis, but after exchange with the deuterated solvent. An
ongoing difficulty with these experiments was the recovery of aggregate-bound enzyme
from the aggregate at a high enough concentration to be detected by MS. Often the
samples produced very weak signals, indicating that there was not enough peptide to be
analyzed. The solution to freeing more aggregate-bound enzyme is to add detergent, but
detergent also has a strong signal in the mass spectrum that can overwhelm any signal we

see from enzyme.

After optimizing the protocol, we obtained a reproducible data set; however, the
data were noisy and in some aspects difficult to interpret. Despite the noise, there was a
common trait: nearly every peptide in the presence of aggregates showed deuterium
incorporation greater than or equal to the peptides without aggregates. These results
suggested that aggregates were increasing deuterium exchange, and therefore solvent

accessibility, which would be consistent with an unfolding mechanism.

Given the low quality of the MS data, we searched for another method to
determine whether aggregates were unfolding enzyme. This led us to reconsider
proteolysis. Susceptibility to digestion is a sensitive indication of whether an enzyme is
even partly unfolded. We had previously disregarded proteolysis because of the
possibility that the protease itself would also be inhibited by the aggregates. After
considering our conclusions about saturating aggregates with excess enzyme in Chapter
1, we hypothesized we could use excess protease to saturate the aggregate and ensure that

there was free, active protease.

The first aggregate, rottlerin, showed a dramatic effect: rottlerin-bound [3-

lactamase was significantly digested within 30 minutes. On the other hand, uninhibited 3-
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lactamase was stable to digestion for many hours. Five out of ten aggregators tested
showed similar sensitivity. This may suggest that there is more than one mechanism of
aggregate action, but it is also possible that the others did not show this effect because the
proportions of aggregate, 3-lactamase, and trypsin were not correct or that the aggregates
were too insoluble. Additionally, it appeared that trypsin itself was more susceptible to
self-degradation in the presence of aggregates, suggesting that this mechanism might be

transferable across different enzymes.

Although we were skeptical of the MS results, the increased susceptibility to
proteolysis strongly supported that the enzyme was unfolded on the aggregate. Also, both
the MS and the protease results are inconsistent with the other two mechanisms. Neither
reduced dynamics nor physical sequestration should increase deuterium exchange or
proteolysis. In fact, the opposite should be true. We would expect these two mechanisms
to reduce exchange and to protect the enzyme from proteolysis. This work has been

submitted to the Journal of Medicinal Chemistry.
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Abstract

One of the leading sources of false positives in early drug discovery is the
formation of organic small molecule aggregates, which inhibit enzymes nonspecifically
at micromolar concentrations in aqueous solution. A detailed mechanism of this
widespread problem is not known. To investigate the mechanism of inhibition with
greater precision, we determined changes in solvent accessibility that occur when an
enzyme binds to an aggregate using hydrogen deuterium exchange mass spectrometry of
peptic fragments of a model enzyme. For one aggregator, rottlerin, and one enzyme,
AmpC B-lactamase, our results indicated that binding to the aggregate led to increased
deuterium exchange, suggesting increased solvent accessibility and unfolding as a
potential mechanism of inhibition. We reproducibly measured ten peptides covering 41%
of the total sequence of B-lactamase, all of which showed deuterium incorporation greater
than or equal to that of the enzyme in the absence of inhibitor. To explore whether
inhibition was caused by enzyme unfolding, we investigated whether enzyme-aggregate
complexes were more susceptible to proteolytic degradation than free uninhibited
enzyme. For five aggregators, we saw a significant increase in -lactamase degradation
by the protease trypsin when -lactamase was digested in the presence of aggregates.
Uninhibited enzyme was generally stable to digestion for over four hours, while inhibited
enzyme showed significant to complete degradation within fifteen minutes. Combined,
these results suggest that the mechanism of action of aggregate-based inhibitors proceeds

via enzyme unfolding.
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Introduction

Many organic small molecules form submicron aggregates at micromolar
concentrations in aqueous solution.'®** Such molecules are found amongst screening hit

- : - 18-21, 28-30, 32, 33
lists, biological reagents, and even marketed drugs.”™ ="~

These aggregates have
the unusual property of nonspecifically inhibiting enzyme targets, leading to false
positive “hits” in biochemical assays — a problem that is now well-recognized
particularly in high-throughput screening. '™ 2% 2%:31:40:41.4% Ajthough this is a broadly
acknowledged problem, potentially a major contributor to false positives, exactly how
aggregates cause inhibition remains poorly understood.'” Here we revisit the specific

mechanism of nonspecific inhibition by investigating the structural changes that are

induced in the enzyme upon binding to the aggregate.

In 2003 McGovern et al. observed three mechanistic features of small molecule
aggregates that guided our investigation.*® First, inhibition occurs via the direct binding
of enzyme to aggregate, as shown by (1) the ability to sediment protein-aggregate
complexes with centrifugation, (2) the punctate fluorescence observed by fluorescence
microscopy when aggregates are placed in solution with Green Fluorescent Protein
(GFP), and (3) the direct observation of protein-aggregate complexes by transmission
electron microscopy. Second, a key characteristic of aggregate-based inhibition is that it
can be rapidly reversed by the addition of a non-ionic detergent such as Triton X-100,
indicating that enzyme can rapidly (within seconds) revert to its active state from its
inhibited state on the aggregate. Last, there was an ensemble of experiments which
appeared inconsistent with denaturation as a potential mechanism of action. For example,

it seemed unlikely that enzyme could rapidly refold into its active state upon the addition
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of detergent if it were completely denatured when bound to the aggregate. It seemed
equally unlikely that GFP could retain its fluorescence if it were completely denatured
while bound to an aggregate. Two other experiments suggested that inhibition was not
due to denaturation: (1) additional denaturants such as guanidinium or urea did not

increase inhibition by aggregates, if anything inhibition was decreased, and (2) a

destabilized enzyme was not found to be any more sensitive to aggregate-based inhibition

than its wild type counterpart.
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Figure 13. Proposed models for the mechanism of action of promiscuous small-
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As aresult of McGovern’s work, we considered three possible mechanisms of
action that might explain aggregate-based inhibition (Figure 13). Although we did not
believe that there was large scale unfolding of the enzyme, it still seemed reasonable that
there might be small-scale or local unfolding events. On the other hand, aggregate
binding may have the opposite effect: instead of increasing flexibility, it may rigidify the
enzyme, restricting the normal dynamic motions of the enzyme and preventing those
movements necessary for catalysis. Finally, aggregates may physically sequester enzyme
away from substrate. To explore these potential mechanisms, we chose to use hydrogen
deuterium exchange mass spectrometry (HDX), a technique which measures changes in
solvent accessibility for processes such as enzyme unfolding or protein-protein

interactions.**>*

HDX mass spectrometry relies on the different exchange rates of the
backbone amide protons with a deuterated solvent, which are measured by the change in
mass as deuterium replaces hydrogen. To investigate changes in solvent accessibility, we
quantified deuterium exchange of AmpC -lactamase over a time course of eight hours in
the presence or absence of an aggregating inhibitor, rottlerin. To obtain localized
information, B-lactamase was digested with pepsin after exchange. We reproducibly
observed ten fragments covering 41% of the entire enzyme sequence. The differences in
solvent accessibility did not seem to be localized to specific regions (given the
nonspecific nature of aggregate-based inhibition, we did not expect to see peptide-
specific interactions); rather, we observed a general trend across all peptides. The
differences in solvent accessibility that we observed by mass spectrometry suggested that

we may also see differences in protease sensitivity, which we investigated by gel

electrophoresis of tryptic digests of our model enzyme in the presence or absence of
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several known aggregating inhibitors. Combined, these experiments suggest small scale

enzyme unfolding as a molecular mechanism for aggregate-based inhibition.

Results

To examine the structural changes that occur in an enzyme when bound to a small
molecule aggregate, we began by measuring changes in solvent accessibility using
hydrogen deuterium exchange mass spectrometry (HDX). We chose AmpC B-lactamase
as a model enzyme, which our lab works with routinely, and rottlerin as a model
aggregator, because of its relatively high solubility and potency (low micromolar ICs vs.
AmpC). B-lactamase was incubated in deuterated MOPS buffer for varied amounts of
time between ten minutes and eight hours, either in the presence or absence of rottlerin.
After exchange, the aggregates were disrupted with detergent and the exchange reaction
was quenched by the addition of cold acid. B-lactamase was subsequently digested with
immobilized pepsin to obtain regional exchange information. These peptides were then
separated and analyzed by electrospray ionization mass spectrometry coupled with liquid

chromatography (ESI LCMS).

Two modifications were necessary to accommodate the presence of aggregates in
the HDX experiment. First, aggregate-enzyme complexes had to be exchanged in the
deuterated buffer at a lower concentration and then concentrated before further sample
preparation. Aggregates are a phase between soluble, free small molecule and precipitant
(which does not typically inhibit enzymes) and so there is an upper limit to the

concentration that we can take an aggregating inhibitor: the concentration when it ceases
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to form more aggregates and instead begins to precipitate. Typically, micromolar
concentrations of an aggregating molecule will inhibit nanomolar concentrations of
enzyme. These HDX experiments required micromolar concentrations of protein and if a
corresponding concentration of inhibitor were used, we would need an inhibitor that was
soluble at millimolar concentrations. As aggregation is a form of insolubility, there are
very few examples of molecules that have such high solubility and these molecules are

often weak aggregators and unsuitable for this analysis.

Since we did not have an aggregator that could be used at millimolar
concentrations, we instead reduced the concentration of the enzyme so that it would be
mostly inhibited by a soluble concentration of the aggregator (100 uM for rottlerin). We
relied on the fact that aggregates and aggregate-bound enzyme can be pelleted, and
therefore concentrated, by centrifugation. Although incubation was performed at a lower
concentration of enzyme, we could concentrate the enzyme-aggregate complexes prior to
analysis by collecting the pellet and removing the supernatant. This process has the
additional benefit of guaranteeing that predominantly aggregate-bound complexes would
be analyzed, as free enzyme would not be pulled down by centrifugation and would be

many-fold lower in concentration.

The second necessary modification was the addition of detergent. Although we
tried several detergents, none were nearly as effective as Triton X-100. It was necessary
to add Triton mainly to release bound enzyme from the aggregates so that the complexes
were not pulled down again when centrifugation was used to remove the immobilized
pepsin. This resulted in a delicate balance between using enough detergent to release the

enzyme for analysis, but not so much that the detergent signal itself overwhelmed the
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peptide signals. To increase separation between the peptide and detergent signals, it was
necessary to use ESI LCMS rather than MALDI.>>® As a result of the presence of
aggregates, the inhibited samples generally showed much weaker signal intensities
compared to uninhibited samples. Often, the signals were so weak that they could not be
analyzed. Those that were observed showed considerable noise, probably due to the weak

intensities.

The peptides that we reproducibly observed covered 41% of the B-lactamase
sequence (Figure 14), representing several regions of the enzyme spanning both buried
and exposed regions. Although our results are not strong enough to determine whether
specific areas experienced more exchange than others, it was also not our goal to do so.
Given that aggregates are nonspecific inhibitors, we were searching for a global effect, a
mechanism that could explain inhibition of many enzymes and that was not restricted to
specific residues or peptide sequences. The results suggested such a trend. Across all of
the peptides that we measured, enzyme-aggregate samples showed deuterium
incorporation greater than or equal to the deuterium incorporation of the enzyme alone
(Table 4). Levels of deuteration were very low in both samples with and without
inhibitor; however, the trend of higher deuterium content in the aggregate-containing
samples is consistent across all of the peptides. Two peptides that did show significant
exchange are shown in Figure 15 (a complete list of peptides in the Supplementary
Material). Again, we observed very low deuterium incorporation, but the time points
repeatedly indicated a significant difference between samples with and without
aggregates. Those samples containing aggregates consistently show higher deuterium

incorporation, suggesting that the enzyme may be unfolded when bound to the aggregate.
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Figure 14. Amino acid sequence and structure of AmpC B-lactamase. (A) Enzyme
sequence showing the peptic fragments that could be quantified reproducibly in the mass
spectrum both with and without the aggregator rottlerin. (B) Structure of AmpC -
lactamase indicating the location of the peptic fragments that were observed in the mass

spectrum (fragments shown in purple, active site residues shown in yellow).”’
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Table 4. Summary of H/D exchange data for AmpC B-lactamase in the presence or

absence of the aggregating inhibitor rottlerin.

# of amide Deuterium Deuterium
bonds in Incorporation Fold increase in deuteration Incorporation after 8 % solvent
Peptide peptide®  after 24 hours® (Dinnibitea! Duninnibited) hours* accessibility®
10 8 no
minute® 1 hour® hours® inhibitor  + rottlerin

8-18 8 1.8 1.3 23 25 02+02 05+0.2 35.7

42-56 12 6 1.9 27 1.8 08+02 14102 447
105-128 20 6.6 1.6 2.6 1.8 15+06 2705 31.3
109-128 16 54 1.5 25 1.6 14+04 22103 36.9
132-146 11 4.2 26 4.2 34 0.3+0.1 1.1£0.1 348
243-250 6 1.8 1.2 NM' 1.7 04+02 0.7+0.2 20.7
271-289 15 6.6 14 2.6 1.4 23+05 3.1+0.6 40.7
291-322 26 8 1.6 25 1.8 1.7+06 31106 223
323-332 7 1 1.3 3.0 27 02+00 0.5%0.1 11.8
336-350 11 2.7 1.7 3.7 2.0 05+02 1.0+0.2 21.6

*Equal to number of amide bonds + 1, excluding prolines.

°Deuterium incorporation is calculated by subtracting the mass of the control
undeuterated centroid from the centroid of the deuterated sample. Deuterium
incorporation is not corrected for back exchange.

‘Indicates the amount of time the samples were exchanged in the deuterated solvent.

Deuterium incorporation is calculated as the (deuterated mass * charge - charge) minus

(undeuterated mass * charge — charge) with the standard deviation of three replicate
measurements.

“Average ratio of side chain surface area to “random coil” values per residue calculated

using Getarea.”® Greater than 50% is considered exposed and less that 20% is considered

buried.

f,
Not measured.
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Figure 15. Mass envelopes and corresponding deuterium incorporation plots. Mass
envelopes and corresponding deuterium incorporation plots for two fragments from the
mass spectrum of B-lactamase in the presence (solid line) or absence (dotted line) of the
aggregator rottlerin. The spectra have been expanded to show the isotopic distribution of
the ions of interest: (A) the peptide containing residues 132-146 (monoisotopic m/z =
908.4, +2 charge state) and (B) the peptide containing residues 291-322 (monoisotopic
m/z = 813.7, +4 charge state). For each peptide, the isotopic distributions are shown for
(1) the undeuterated sample, (ii) the sample that was deuterated for four hours in the
absence of rottlerin, and (ii1) the sample that was deuterated for four hours in the presence

of rottlerin.
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To investigate whether aggregates were unfolding bound enzyme, we investigated
whether aggregate-bound enzyme was more susceptible to proteolytic degradation. If an
enzyme is even slightly unfolded, it should be measurably more sensitive to digestion by
proteases (Figure 16). Although we had considered this experiment before, we had not
tried it due to concerns that the protease itself would be inhibited by the aggregate. Given
recent results showing the very slow off rate of enzyme from the aggregate and that the
aggregate can be saturated with additional enzyme (in this case excess protease), we
reconsidered the feasibility of this experiment.” **** We chose five known aggregators:
rottlerin, Congo Red, Eriochrome Blue Black B, nicardipine, and L-755,507. We again
used B-lactamase as our model enzyme and chose trypsin as the protease. B-lactamase
was pre-incubated with or without aggregates before the addition of trypsin to avoid
competition with trypsin for binding space on the aggregate. Free or aggregate-bound
enzyme was then incubated with trypsin between zero minutes and four hours and the

digestion was monitored by gel electrophoresis.
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A. Unfolded on aggregate B. Equivalent structure to free enzyme
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Figure 16. Schematic representation of the tryptic digest experiment and
interpretation. If enzyme is unfolded on the aggregate, it should be more susceptible to
proteolysis compared to enzyme in the absence of aggregates (A). If the enzyme is in its
native state when bound to the aggregate, identical to unbound enzyme, it should be
degraded at a comparable rate (B). Although some trypsin may be bound to the
aggregate, trypsin will be used in excess so as to ensure that the aggregate is saturated
and that there is free, active trypsin in solution. (+) indicates that aggregates are present,

(-) indicates free enzyme.
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For all of the aggregators, the presence of aggregates had no effect on the band
representing [3-lactamase in the absence of trypsin (Figure 17, lanes 2 and 3 or 1 and 3).
In contrast, when we added trypsin we observed significant digestion in the presence of
aggregates, but not in the absence (Figure 17). For example, in Figure 17a, the 3-
lactamase band is present in both samples at zero minutes (lanes 6 & 7), but as time
progresses, the B-lactamase band in the presence of rottlerin becomes weaker and weaker
until it is completely gone by four hours (lane 15). Conversely, -lactamase in the
absence of rottlerin appears almost as strong after fours hours with trypsin as it did after
zero minutes (lane 14). For Congo Red and Eriochrome, the B-lactamase band is present
in both samples at zero minutes of trypsin incubation (Figure 17 b and c, lanes 6 and 7),
but after only 15 minutes the -lactamase band is gone in the presence of aggregates
(lane 9). Again, B-lactamase in the absence of aggregates remains undigested by trypsin
even after 4 hours (lane 14). Although the effect was less pronounced, two other
aggregators, nicardipine and L-755,507 also increased sensitivity to trypsin (Fig 17 d and
e). In many of these samples, it is also possible to observe the formation of a large
degradation product of 3-lactamase running below the trypsin band (Figure 17 a-c).
Trypsin also appears to experience more self-degradation in the presence of aggregators

(Figure 17 a and c, lanes 4 and 5).
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Figure 17. SDS-PAGE and silver stain of tryptic digests of -lactamase in the

presence or absence of aggregating inhibitors. (A) The inhibitor is 100 uM rottlerin,

the same inhibitor used in the HDX MS experiments. (B) The inhibitor is 250 uM Congo

Red. (C) The inhibitor is 250 uM Eriochrome Blue Black B. (D) The inhibitor is 100 uM

L-755,507. (E) The inhibitor is 250 uM nicardipine. For gels B, C, and E, lane 1 is a

molecular weight ladder, for gels A and D, lane 2 is a molecular weight ladder. Lanes 2

and 3 for gels B, C, and E or lanes 1 and 3 for gels A and D, show B-lactamase without

trypsin, in the absence (-) or presence (+) of aggregator. Lanes 4 and 5 contain trypsin (no

B-lactamase) in the absence and presence of inhibitor, respectively. Lanes 6 through 15
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contain tryptic digests of B-lactamase in the absence or presence of inhibitor for digestion
times of 0 minutes, 15 minutes, 30 minutes, 1 hour, and 4 hours (from left to right). -

lactamase was used at a concentration of 0.5 uM in all experiments. Trypsin was used at
a concentration of 0.01 mg/mL for (A), 0.025 mg/mL for (B), (C), and (D), and 0.05

mg/mL for (E).
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Discussion

Aggregate-based nonspecific inhibition is undeniably a widespread problem, but
further elucidating the mechanism of inhibition has been challenging. In many cases, the
typical techniques used for observing changes in protein structure are confounded by the
presence of the aggregates themselves: for example circular dichroism, X-ray
crystallography, and fluorescence-based techniques like Forster resonance energy
transfer. Furthermore, we were not searching for a mechanism that involved specific
residues or sequences. Aggregates nonspecifically bind and inhibit enzymes, therefore
there should be a global mechanism of action that does not rely on the specific identity of
any given enzyme. Parsing out the specific details of a single enzyme-aggregate
interaction was not our goal. Rather, we were looking for a general mechanism that could

explain the nonspecific action of aggregates.

Although HDX mass spectrometry is often used to determine sequence-specific
binding events, the presence of the aggregates proved to be a significant obstacle, which
resulted in high levels of noise and troublesome reproducibility. The samples that
contained aggregates typically showed very low peptide signal strength, suggesting that
we were not effective in disrupting the aggregate-enzyme interaction and we were losing
peptide during sample preparation. Our standard solution to this problem is to add more
detergent, Triton X-100; however, this posed a serious problem in MS analysis because
the detergent peaks could easily overwhelm our peptide signals. We tried several
alternatives to Triton, including beta-octa-glucoside, other detergents, and organic
solvents like DMSO (which increases the solubility of the free small molecule form of an

aggregator). None of these substitutions were successful. It is likely that we also lost a
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significant portion of our enzyme during the concentration/centrifugation step, but we
were at the solubility limit of rottlerin and other more soluble aggregators proved
ineffective at pulling down more enzyme. Taking into account these caveats, it appeared
that we could make one observation from our data: we reproducibly saw an increase in
solvent accessibility in the presence of aggregates. Furthermore, all peptides that we
observed showed equal or greater levels of deuteration in the presence of aggregators. We
were skeptical of this result, but it did make us reconsider unfolding as a mechanism on
inhibition.

The MS results alone were far from convincing; however, if enzyme were
unfolded when bound to the aggregate, it would likely be more susceptible to protease
digestion than free, uninhibited enzyme (Figure 16). We had considered this experiment
in the past, but we were concerned that the protease itself would be inhibited by the
aggregates. Since then, new results have shown that the off rate from the aggregate is
typically imperceptible within the timescale of most experiments and that it is possible to
simply saturate aggregates with additional protein.”* Upon assaying the sensitivity of
aggregate-bound [-lactamase to trypsin digestion, we saw a dramatic effect: degradation
of aggregate-bound enzyme was often apparent after 15 minutes, whereas free enzyme
was stable for several hours (Figure 17). B-lactamase in the absence of trypsin was
unaffected by the presence of aggregates, showing that the aggregates themselves were
not reducing enzyme signal. This was true for several aggregators: rottlerin, Congo Red,

Eriochrome Blue Black B, nicardipine, and L-755,507 (Figure 17).

Combined with the MS results, these tryptic digests strongly indicated that the

enzyme is unfolded when bound to the aggregate. But how could this be reconciled with
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past experiments that had been performed, which seemed to indicate that denaturation
was not the mechanism of inhibition? This led us to reconsider these previous
experiments. First, why didn’t additional denaturants increase enzyme inhibition by
aggregates? Upon reflection, the aggregates themselves are probably solubilized by
denaturants, thus reducing their concentration and potency. Second, why does GFP retain
fluorescence when bound to an aggregate? GFP, we’ve learned, is an unusually stable
enzyme, which can retain fluorescence even if it is partly unfolded.®® Alternatively,
perhaps it was not the fluorescence of the immediately bound GFP that was observed, but
rather nearby GFP. Third, why wasn’t a destabilized enzyme more sensitive to inhibition
compared to wild type enzyme? There are several potential explanations to this question,
and each illuminates that there is still far more that we do not understand about the
mechanism of aggregate-based inhibition. Possibly destabilized enzyme is more sensitive
to inhibition that wild-type enzyme, but the binding constants for each are both so low
that the effect is imperceptible at higher concentrations such as the ICso. Another
explanation may be that binding to the aggregate is the rate limiting step, and that wild

type or destabilized enzyme are equally likely to be bound.

Finally, how do we reconcile that we can rapidly recover enzyme activity simply
by the addition of detergent? We propose that the enzyme is not completely denatured,
rather only partly unfolded: enough so that its solvent accessibility and protease
sensitivity has increased, but that it can easily return to its native conformation once
released from the aggregate. To return to our three models (Figure 13), we have ruled out
reduced dynamics and physical sequestration, as both would have resulted in reduced

solvent accessibility (less deuterium exchange) and protection from digestion by a
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protease. Partial unfolding appears to be the most likely mechanism — deuterium
exchange would increase, as would proteolytic digestion, but the enzyme would not be so
denatured that it could not easily return to its native conformation or that GFP would not

retain fluorescence.

We should re-emphasize that we have not tried to draw sequence specific
conclusions about the mechanism of action, although it would have been ideal to do so
using the MS data. There may be peptides that appear to exchange more than others, but
our margin of error is far too large to draw such conclusions. The only conclusion that we
have taken from our HDX MS results is that there appears to be greater deuterium
exchange in the presence of aggregates, which is consistent with an unfolding
mechanism. Our time scale was also insufficient to observe the exchange rates of surface
residues. Regardless, combined with the evidence that not one, but several aggregators
dramatically increase an enzyme’s susceptibility to proteolytic digestion, we conclude
that aggregates may inhibit enzymes by partial unfolding. Although still rudimentary, this
mechanism broadens our understanding of the pervasive phenomenon of nonspecific

aggregate-based inhibition.

Experimental Section

Materials. AmpC B-lactamase was expressed and purified as previously described.”’
Rottlerin, Congo Red, Eriochrome Blue Black B, nicardipine, trypsin from porcine
pancreas and trifluoroacetic acid were purchased from Sigma-Aldrich. L-755,507 was

purchased from Tocris. Immobilized pepsin was purchased from Pierce.
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HDX MS Sample Preparation. AmpC B-lactamase (215 uM stock in 50 mM KPi, pH
7.0) was delivered to the deuterated solvent (50 mM MOPS buffer in DO, pH 7.0) to a
final concentration of 16 uM for uninhibited enzyme or 0.16 uM for samples containing
the inhibitor rottlerin. The total volume of samples without rottlerin (including the
undeuterated and 100% deuterated controls) was 10 uL, whereas the total volume for
each sample with rottlerin was 1 mL. The concentration of rottlerin in these samples was
100 uM (0.5 % DMSO) delivered from a 20 mM stock in DMSO. The difference in -
lactamase concentration and total volume was to accommodate for the limited solubility
of rottlerin. Deuterium exchange was not increased in samples containing 0.5 % DMSO
(no aggregates). After incubation in the deuterated solvent for 5 minutes, 1, 2, 4 or 8
hours, the samples containing rottlerin were centrifuged for five minutes at 16,000 x g to
pull down and concentrate aggregate-enzyme complexes and the top 990 uLL were
discarded. The bottom 10 pL were considered the pellet and were treated identically to

the 10 pL. samples without rottlerin from this point on.

To disrupt the aggregates, 1 uL of 3 % Triton X-100 in 50 mM deuterated MOPS
buffer was added to every sample and the samples were mixed vigorously by pipetting.
Immediately after, the samples were quenched with 90 uL of'ice cold 0.1% TFA in
water, pH 2.5. The samples were mixed and transferred to 100 pL of immobilized pepsin
beads. Samples were kept on ice with occasional mixing for 5 minutes and then the
pepsin beads were sedimented by centrifugation for 1 minute at 16,000 x g at 4 °C. The
supernatant was collected and frozen with liquid nitrogen. Samples were kept at -80 °C

until analysis.
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Mass Spectrometry. The mass spectrometry data was acquired on an ABI QSTAR
Pulsar hybrid LC/MS/MS system (Applied Biosystems). The mass spectrometer was
equipped with the optional ABI MicrolonSpray source. Chromatography was performed
using an Eldex MicroPro pump equipped with an in house splitter capable of producing
column flow rates of 0.3 to 1.0 pL per minute at pump flow rates of 50-80 pL per minute.
A Phenomenex Onyx monolithic column (0.100 x 150 mm) was used for all experiments.
Samples were injected manually using a Valco C2-1006 injection valve with a 1.0 pL
loop. Solvent A was 0.1 % formic acid in water and solvent B was 0.1 % formic acid in

acetonitrile.

Peptide Identification. The identities of the peptides formed by digestion with pepsin
were determined by LC/MS/MS analysis using the following conditions: column flow
rate was 0.4 puL per minute and a gradient was run from 3% solvent B to 50 % solvent B
in 35 minutes. The mass spectrometer was run using the standard IDA acquisition
method. The data obtained was searched against a data base consisting only of the AmpC

sequence using Protein Prospector.

Analysis of Deuterium Incorporation. For analysis of deuterated peptide samples, the
same chromatography system was used. To minimize back exchange, the column flow
rate was raised to 1.0 uL per minute and the gradient used was from 0 % solvent B to 70
% solvent B in 5 minutes. Total analysis time was 10-12 minutes per sample.
Furthermore, the injector, injection syringe, sample loop, column and all transfer lines
were maintained in an ice bath. Data was collected in MS mode only. All data analysis
was performed with the standard Analyst 1.1 software native to the QSTAR. The average

number of deuterons incorporated for each peptide was determined from the mass

86



spectra. The centroid of the undeuterated control was subtracted from the centroid of the
isotopic peak cluster for each deuterated sample. Measurements were not corrected for
back-exchange loss. Solvent accessible surface area was calculated using Getarea
(version 1.0 beta) available at http://curie.utmb.edu/getarea.html, using a radius of 1.4 A
and default atomic radii and atomic solvent parameters.”® The average percent
accessibility was calculated as the average of the ratios of each side-chain surface area to

the "random coil" value.

Tryptic Digests and Gel Electrophoresis. A sample of AmpC [-lactamase (0.5 uM)
was incubated in 50 mM KPi, pH 7.0 for 1 hour with or without each aggregating
inhibitor: 100 pM rottlerin, 250 uM Congo Red, 250 uM Eriochrome Blue Black B, 250
uM Nicardipine, or 100 uM L-755,507 (with a final concentration of 1% DMSO in all
samples, with or without inhibitor). Samples of trypsin alone (0.01 or 0.025 mg/mL) were
prepared with or without each of the inhibitors and incubated for 1 hour at room
temperature in 50 mM KPi, pH 7.0. Tryptic digests of B-lactamase were prepared by first
adding 0.5 uM B-lactamase to a solution with or without each inhibitor. After 5 minutes,
trypsin was added to the solution and the digests were incubated at room temperature for
0 minutes, 15 minutes, 30 minutes, 1 hour, or 4 hours. The total volume of all samples
was 25 pL. To prepare the samples for SDS-PAGE, 5 pL of loading buffer (containing
0.25% bromophenol blue, 0.25% xylene cyanol FF, 30% glycerol by volume, and 5 mM
DTT) was added to each sample and the samples were boiled for 2 minutes. Samples
were mixed by inversion and 13 pL was added to each well. After SDS-PAGE, protein

bands were detected by silver staining.
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Supplemental Figure S1. Deuterium incorporation plots for the eight additional fragments
from the mass spectrum of B-lactamase in the presence (solid line) or absence (dotted
line) of the aggregator rottlerin. (A) the peptide containing residues 323-332
(monoisotopic m/z = 551.8, +2 charge state), (B) residues 243-250 (monoisotopic m/z =
458.2, +2 charge state), (C) residues 8-18 (monoisotopic m/z = 431.2, +3 charge state),
(D) residues 336-350 (monoisotopic m/z = 538.6, +3 charge state), (E) residues 42-56
(monoisotopic m/z = 568.6, +3 charge state), (F) residues 271-289 (monoisotopic m/z =
1091.0, +2 charge state), (G) residues 105-128 (monoisotopic m/z = 833.4, +3 charge

state), and (H) residues 109-128 (monoisotopic m/z = 1038.5, +2 charge state).
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Future Directions

The prevalence of aggregate-based inhibition, particularly in high-throughput
screening and drug discovery, has gained it wide notoriety in the pharmaceutical industry.
Although the detergent screen developed by Brian Feng is being successfully employed
to reduce the amount of time and energy spent on false hits, exceptions and weaknesses
of the screen are becoming apparent. Some aggregators appear to be less sensitive to
detergent and so they are not being identified. Also, detergent is incompatible with some
assays, particularly cell-based techniques. To develop better predictive tools and screens
for aggregation, it is necessary both to expand our basic understanding of aggregation as
a phenomenon, as well as to continue exploring aggregate behavior in the contexts where

these molecules are used.

Expanding our fundamental understanding of small molecule aggregation

We now believe that at least some aggregates lead to enzyme inhibition by small
scale enzyme denaturation. At this point it is unclear whether this mechanism holds true
for all enzymes, but it is tempting to believe that there is a unifying mechanism.
Similarly, different aggregates may operate by different mechanisms. Half of the
aggregates we tested for increased sensitivity to proteolysis did not exhibit this behavior.
We may not have had the right conditions to see this effect, but it is possible that not all

aggregates are the same.
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One of the early indications that there might be different types of aggregators was
the different size distributions observed by flow cytometry. Most of the molecules that
we tested formed aggregates around 100 nm in diameter. Unfortunately, that size was
below the accurate limits of the flow cytometer and we were unable to carry our further
analysis. Future developments may have lowered the limits to include that size range, in
which case it would be intriguing to determine whether these smaller aggregates share the
characteristics we determined about the larger particles (e.g. densely packed solid

structures, proportionate stoichiometry).

In addition to studying whether there are different subclasses of aggregates,
another remaining question is to determine how aggregates are assembled. We believe
that at least some aggregates are densely-packed solid structures. How are the monomers
organized within the aggregate? Given the diverse molecular features that are found
amongst aggregating molecules, it is not apparent how they might be arranged. By eye,
large conjugated ring systems combined with decorative hydrophilic functional groups
seem to be a common characteristic. The most probable organization might involve
stacking of these ring systems while exposing the polar groups to solvent. It might be
possible to model such organization by computational methods, optimizing favorable
contacts between small molecules within a constrained volume. Additionally, there may
be techniques within colloid science that could illuminate aggregate structure.
Comparisons to structures like liquid crystals or hydrophobic-driven organic colloids may

provide clues to aggregate structure.” ¢'%?

On a related note, why do proteins bind to the aggregate surface? Protein sticking

is not a new problem and detergent is commonly used to prevent enzyme from adhering
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to the walls of tubes or cuvettes. It should not be surprising that enzyme binds to small
molecule aggregates, but on the other hand, colloids and micelles are not known to
sequester or inhibit enzyme. What contacts are being made between the aggregate and
enzyme that lead to such a potent interaction? There are techniques used to study protein
behavior at surfaces, such as changes in surface density or pressure, which might be

useful models.** ¢

Further implications of aggregate-based inhibition in drug discovery and basic research

Despite repeated attempts, we still do not know whether aggregates affect
membrane-bound proteins such as receptors, transporters, and ion channels. This is a
longstanding question that we have attempted to answer with multiple collaborators,
including investigations of the ion channels acetylcholine receptor and P2X2, GPCRs,
and organic anion transporters. The results were confounding. In each case, some
aggregates appeared to have an effect, but others didn’t. When it was possible to perform
the experiments at different concentrations, the dose-dependency often defied
explanation. Sometimes inhibition would decrease as the concentration of the aggregating
molecule increased. In other cases, we would see inhibition far below where we expected
the aggregates to begin forming. High-throughput assays may be the most effective
technique for further addressing the question of whether aggregates inhibit membrane-
bound proteins. A larger quantity of data will make it easier to determine effects and

separate out biological noise.

It will also be interesting to determine whether aggregates could persist in vivo

with simulated intestinal solutions and animal models. At this point, it seems unlikely
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that they would remain for long durations, but it is possible that there could be local

concentrations of small molecule high enough to sustain aggregates prior to systemic
distribution. If delivered orally, it is possible that aggregates could form in the gut, as
Frenkel ef al. proposed, and perhaps the formation of particles contributes to how the

small molecule is absorbed.

There are questions that remain unanswered about the relatively simple in vitro
assays. Aggregation appears to be surprisingly condition dependent. It has been difficult
to develop computational methods for predicting aggregation and this has partly been
attributed to the concentration dependence of aggregate formation. The problem is even
more insidious though, as aggregation also varies with buffer identity, pH, DMSO
concentration, and the concentration and identity of the enzyme target. This variability
has become clear as the detergent screen has been employed in several high-throughput
screens. From this emerges the question of how to categorize small molecules once they
are found to aggregate. If a molecule aggregates under some conditions, but not others, it
seems a waste to throw it out of screening libraries, especially considering that
aggregation does not preclude specific activity (as evidenced by the known drugs that
aggregate in vitro). In short, the detergent screen is far from fool proof. Further
understanding aggregate behavior in varied environments and investigating whether there
are subclasses of aggregators may be useful in understanding why we see such

differences.
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