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Abstract

Alkaline phosphatase (ALP) is an important biomarker, as high levels of ALP in
blood can indicate liver disease or bone disorders. However, current clinical blood
tests only measure the total concentration of ALP but are unable to distinguish
enzyme isotypes. Here, we demonstrate a novel and rapid approach to profile various
ALP isozymes in blood via a single-molecule-analysis platform. The microarray
platform provides enzyme kinetics of hundreds of individual molecules at high
throughput. Using these single molecule kinetics, we characterize the different
activity profiles of ALP isotypes. By analyzing both healthy and disease samples,
we found the single molecule activity distribution of ALP in serum reflects the health
status of patients. This result demonstrates the potential utility of the method for
improving the conventional ALP test, as well as for analyzing other enzymatic
biomarkers, including enzyme isotypes.
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Introduction

Alkaline phosphatase (ALP) is an important enzyme produced in multiple tissues
that supports a wide range of processes, including the regulation of cell growth, death
and migration, the transport of nutrients in the liver, the formation and growth of
bones, and morel!). Alterations in ALP functioning result in serious nutrition-related
diseases, such as hypophosphatasia, which seriously affects the growth of teeth and
bones.[?! Elevated ALP levels usually indicate damage to specific organs, such as the
liver, kidney or bones. Therefore, ALP assays are included as routine blood tests for
diagnostic screening of patients who may have these diseases.®! Currently, routine
ALP testing is performed by measuring the total phosphatase activity in the blood,
which ranges from 20 U/L to 140 U/L in healthy individuals. However, this test is
based on the assumption that ALP activity is directly related to the total amount of
ALP present. Therefore, tests based on activity usually ignore the diversity of ALP
enzymes and the heterogeneities between individual enzyme molecules. In fact,
except for ALP from liver, bone, and kidney (also called tissue nonspecific ALP, or
TNSALP), which usually contributes over 90% of the total ALP activity in blood,
there are at least three more types of ALP in the blood: ALP from intestine (ALPI),
ALP from placenta (ALPP) and ALPP-like (Regan) isozyme.!* The levels of these
isozymes is related to the health of the corresponding organs, but since they appear
in such small amounts, there is no fast and easy way to distinguish these isotypes."]
In recent years, with the development of new biomarker screening techniques,
researchers have found the expression of ALP in cancer cells is helpful to understand
carcinogenesis due to its key role in cell growth and death.[®! In particular, the Regan
isotype was found to be related to pancreatic cancer cell growth and can be
potentially used as a biomarker for early diagnosis.[* 7} Therefore, developing an
accurate method for ALP isotypes analysis would provide better patient stratification
and potentially lead to better outcomes.

There are several different strategies to analyze ALP isotypes in blood or cell,!
including (1) separation based on molecular weight, such as electrophoresis; (2)
multiplexed detection with specific recognition, such as immunoassay with
antibodies that are specific to each isozyme.!®] However, these methods require either
a large sample input or multiple operation steps, making them less ideal for a fast
blood test. Here, we aim to address this issue by proposing a new strategy to study
ALP isozymes, based on measuring the activities of thousands of individual ALP
molecules in blood simultaneously.
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This strategy is inspired by our previous work on single molecule arrays, where a
microwell-array-based digital ELISA platform was developed for the detection of
protein biomarkers and achieved ultra-high sensitivity for many diagnostic
applications.”! In other related work, the array has been used to perform single
molecule enzyme kinetics analysis. We demonstrated the ability to monitor as many
as 6,000 enzyme molecules simultaneously, which allows for the study of
heterogeneity in large enzyme populations.!'”’

In this work, we have exploited this capability to observe many individual enzyme
molecules simultaneously and use it to distinguish ALP isotypes in serum samples.
ALP is present in high concentrations in serum. We diluted serum samples
containing a mixture of ALP isotypes, added an ALP fluorogenic substrate, and
sealed the resulting solution in a microwell array. The entire procedure was
completely solution-based and avoided any solid-phase based separation. The
experiments were designed in a way that the total number of microwells are at least
10 times higher than the total number of ALP molecules. Therefore, the majority of
ALP molecules will be confined and isolated to a single microwell that follows
Poisson statistics. The entire array was then imaged and monitored to acquire the
individual kinetic information for thousands of ALP molecules contained in the
serum sample. By analyzing the kinetics of each enzyme molecule, an activity
distribution of a large number of ALP molecules in blood is collected. We therefore
created activity histograms for individual patients so as to establish ALP activity
profiles. We can determine both absolute and relative amounts of different ALP
isotypes in a biological sample and we can also characterize how the histogram
changes in patients with different disease conditions (Figure 1).
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Figure 1. Single molecule analysis of ALP isotypes. Different ALP isotypes are able to react with the same
substrate even though they have different kinetics. By taking advantage of the microarray platform, we are
able to analyze the activity of individual molecules and collect an activity distribution histogram of the ALP
population. The different colored dots stand for three different isotypes of ALP: ALPP (Alkaline
phosphatase from placenta), ALPI (Alkaline phosphatase from Intestine), TNSALP (Tissue non-specific
Alkaline phosphatase)

Results and Discussion

Microarray setup and the activity distribution of ALP standards

Single molecule activities of ALP in individual blood samples were obtained with a 24-
channel microwell array disk. The microarray set-up was based on our previous reports
with several changes as indicated in the Experimental section.'® One major change is that
the microwell array disk was pre-treated before use by photo-bleaching to lower the
background fluorescence. As shown in Figure S2a, a two-min photo-bleaching was able to
lower background by 75% and minimize the background fluorescence when imaged. The
auto-fluorescence intensity of the disk did not change in the dark or under daylight. The
raw fluorescence intensity acquired from each image (as shown in RFU) was calibrated
with a series of concentrations of the fluorescent product 4-MU (Figure S2b) and RFU
changes were converted to enzymatic reaction turnover rates (s™!) with the conversion
equation 1 RFU/min = 3 s’!. In order to simplify data processing, in the figures we used the
fluorescence change in 20 min as a surrogate for the activity of individual enzyme
molecules.
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To be able to measure single enzyme molecule activities, the ALP concentration needs to
be low enough that there are more wells than molecules, which can be determined by using
the Poisson distribution. In our experimental set-up, we diluted pure ALP standard in such
a way that the number of ALP molecules is less than 5% of the total number of microwells,
which is equivalent to an ALP concentration of approximately 1.8 pM. Under this condition,
98% of the occupied wells contain a single enzyme molecule, according to Poisson
statistics. For serum samples or cell lysates with unknown ALP concentrations, an initial
dilution factor of 1000 x was used and the final “on” wells in each image were checked.
According to the Poisson distribution, when the ratio of “on” wells to “off” wells is greater
than 1:10, then the number of wells containing multiple enzyme molecules will be greater
than 5% (Table S2 for a detailed calculation), which may lead to significant inaccuracy in
the analysis. Therefore, data sets with enzyme counts higher than 10% of the microwells
are excluded and/or the sample was further diluted before analysis.

The three standards used in this work were native ALPP protein, recombinant ALPI and
primary hepatocyte cells (TNSALP) (native ALPI and TNSALP protein were not
commercially available). To study ALP standards, we first studied their enzyme kinetics
in bulk solutions. Figure S3a and Figure S4a show the curves of steady-state catalytic rate
vs. substrate concentration for both ALPP and TNSALP. The Km values were calculated
to be 63.9 uM for ALPP and 529.4 puM for TNSALP. Accordingly, we also studied the
single molecule activities at different substrate concentrations, as shown in Figure S3b and
Figure S4b. These figures show that the activities of ALP molecules increase with
increasing substrate concentrations and reaches a plateau with 125 uM and 1 mM 4-MUP
for ALPP and TNSALP, respectively. Based on these results, a substrate concentration of
1 mM was used for serum sample analysis. Figure 2 shows the single molecule activity
distributions of ALPP, ALPI, and TNSALP. The x axis represents enzyme activity. The y
axis presents the number of the molecules at each level of activity. From the distribution,
it is clear that different isotypes can be distinguished based on their activities.
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Figure 2. The activity distribution of the pure ALP standards: a) activity distribution of ALPP standards; b)
activity distribution of ALPI standards; c) activity distribution of TNSALP from hepatocyte cell lysate. The
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three standards are indicated by different colors. Each standard sample contains approximately 1000 ALP
molecules. The fluorescence intensity change was used here to represent the enzyme activity.

The median turnover rates of ALP standards were calculated from the Gaussian-curve
fitting of the single enzyme activity distribution. We found that (1) ALPP was comprised
of one major population with a median catalytic rate of 85+ 12 s’ (about 572 a.u. in Figure
2); (2) ALPI contains two activity peaks. One peak comprises 80% of the population and
has a median catalytic rate of 162 = 6 s (about 1080 a.u. in Figure 2), and the other takes
up 20% of the population and has a median catalytic rate of 324 + 6 s! (about 2160 a.u. in
Figure 2); (3) TNSALP contains two broader populations at 873 + 60 s™! (about 5820 a.u.
in Figure 2) and 1542 + 174 s’! (about 10280 a.u. in Figure 2). Based on our previous
studies, the broad distribution of single-molecule activity is due to the static heterogeneity
of the enzyme, which is caused by the existence of several stable protein conformations.!%
10¢, 1] The two distinguishable sub-populations in ALPI and TNSALP may be due to the
existence of two different oligomeric states, according to previous studies.!'?! It is worth
noting that TNSALP samples come directly from hepatocyte lysates, and we have ruled
out the possibility of matrix effects by conducting dilution linearity experiments (Figure
S5). We were able to reproducibly detect as few as 2 cells/mL (back-calculated
concentration before lysis) of the hepatocytes in the 50 uL injected solution, which also
demonstrate the high sensitivity of our platform.

Based on these results, the populations of ALPP and ALPI exhibit similar activities and
overlap at 1000 a.u. in the distribution. In contrast, TNSALP shows a distinguishable and
markedly higher activity. Therefore, we expected that a mixture of ALP isotypes in human
samples would show similar distributions with one peak below an activity of 2000 a.u. for
ALPP and ALPI, with two peaks at approximately 6000 a.u. and 10000 a.u. for TNSALP.

Single molecule analysis of healthy human serum samples

For serum ALP analysis, we obtained 18 serum samples from healthy donors. The serum
samples were directly diluted 1000 fold with reaction buffer containing 1 mM 4-MUP
substrate and loaded into the microwell array platform. Figures 3a-e show the real-time
images of one typical serum sample. Each growing bright spot indicates the conversion of
4-MUP to 4-MU by a single ALP enzyme molecule. These spots are called active wells.
The dark background indicates the microwells that contain no enzymes (called inactive
wells). In Figure 3, several active wells from different ALP enzyme molecules are
highlighted to represent the heterogeneity of their activities. The three circled active wells
show distinct brightness changes. We suspect that these three enzyme molecules represent
different isotypes. Next, we plotted the kinetic curves of all active wells as shown in Figure
3f. We found that the fluorescence intensity increased linearly, which suggests that the
reactions reached steady-state during the experiment. We categorized the molecules into
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three populations based on their activities (named as H, M, and L peaks). The median
activities of these three populations were around 2500 a.u., 6000 a.u. and 11000 a.u..

We also studied the reproducibility of our platform. As shown in Figure S6, we
implemented triplicate analysis of two serum samples and the results showed minimal
variation between runs, which indicates the robustness of our platform.

When comparing the healthy samples to Figure 2, the L-peak was located in a region that
is slightly higher than the characteristic region of ALPI, while the H and M peaks were
aligned well with the two TNSALP peaks. We attributed the minor difference in activities
to (1) the ALPI standard we used here was recombinant protein from E. coli, which might
be slightly different from native ALPI in serum; (2) except for the three main types of ALP,
there may be also other ALP isozymes or mutant ALPs in serum, which may affect the
position of L peaks.

a)

12000+ H-peak
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4000-
L-peak
0 ? T : - .
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Figure 3. Single molecule activity measurements of one serum sample in real-time mode. a) to e) are
fluorescence images at different times under the microscope. f) The average fluorescence intensity changes
of the bright wells in a) to e) as a function of time. The colored circles are representative wells from H, M,
and L peak molecules, respectively (color matched).

In order to further identify each peak, ALPP or TNSALP standards were spiked into three
serum samples and the spike and recovery was calculated. Table S1 shows the spike and
recovery result, which was based on the number of bright wells counted in the microarray.
As shown Table S1, the spike and recovery of native ALPP protein ranged from 84% to
110% and the spike and recovery of hepatocyte lysates ranged from 80% to 130%. Figure
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S7 shows the distribution changes after the standards were spiked in. Compared to the
distribution in Figure 2, spiked ALPP and TNSALP standards only affect their own specific
regions of the population, which means the serum didn’t result in any matrix effects. We
also noticed that spiked ALPP generated a separate population from the L peak, which
means there is no or very little ALPP in serum. This result is consistent with the claim in
the literature that ALPP concentration in blood is extremely low.[* ¥l Based on the spike
and recovery results, we think the H peak and M peaks belong to TNSALP, the L peak
belongs to ALPI, while the ALPP amount was too low to be distinguished in healthy donors’
samples.

Single molecule analysis of patient serum samples

After analyzing all 18 samples (blue curves in Figure 4, and Figure S8a), we found all
healthy samples consistently exhibit three enzyme populations, while the heights of each
peak were different between individuals (error bars in Figures 4a and 4b show the
variations among individuals, the raw distribution for each serum sample is shown in
Figure S8).

In order to compare the activity distributions of different health conditions, serum samples
from pregnant women and patients with liver disease were also analyzed. It has been
reported that for pregnant women, ALPP in blood usually increases dramatically.!'*] This
elevation will cause confusion in the regular ALP blood test, and results in false-positive
diagnosis of liver disease.!'”! We analyzed four pregnant women’s serum samples collected
at 7 or 8 months’ pregnancy from the Partner’s Biobank.

From Figure 4a, it can be seen that in pregnant women, the height of the new “L-peak” (in
red) was 200 to 1000 fold higher than the healthy samples’ L-peak, and this characteristic
peak can be clearly distinguished from the healthy control. This new “L-peak’ matched the
activity distribution of the ALPP standard, which has a lower activity distribution than the
L-peak of healthy donors, and is consistent with our spike and recovery results. On the
other hand, the heights of the other two peaks fall in the range of the healthy controls. For
the ten serum samples from patients with liver disease, all the donors had elevated ALP
levels (>200 U/L). We found all of these samples had a dramatic increase in their M-peaks
(about 5-20 fold higher than healthy donors) and H-peaks (3-10 fold higher than healthy
donors), while the L-peak remained in the same range as the healthy controls, as shown in
Figure 4b.

This article is protected by copyright. All rights reserved.
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Figure 4. ALP distributions of different health conditions. a) Comparison of healthy donors’ samples and
pregnant women’s samples. The error bars show the variations between individual samples. b) Comparison
of healthy donors’ samples and the samples from patients with liver disease. The error bars show the
variations between individual samples. The counts on the y-axis account for dilution and are calculated
based on the level of the undiluted serum sample.

Hypophosphatasia is a rare genetic disease due to mutations on patients’ TNSALP genes.!*]
Patients with hypophosphatasia are unable to produce fully functional ALP for normal cell
regulation. Our platform previously has shown the ability to analyze malfunctioning
enzymes with better resolution than bulk measurements.'% Therefore, we predicted it
would also be able to analyze malfunctioned ALP in hypophosphatasia patients’ serum
samples. We obtained seven serum samples from serious hypophosphatasia patients stored
in the Biobank and measured their ALP activity distributions. Due to the low concentration
of active ALP (lower than 20 U/L) in those serum samples, we had to use a 300 x dilution
factor instead of 1000 x to obtain enough molecules to perform the analysis. As shown in
Figure 5, there is a loss of the TNSALP peak in every serum sample, which was located in
the H-peak region for healthy controls. Except for a change in the distribution pattern, the
number of M-peak enzyme molecules on average was also much lower than the healthy
controls. These results demonstrate that single molecule ALP measurements can be used
as a personal enzyme function map for hypophosphatasia patients. Furthermore, the
platform may be able to monitor hypophosphatasia related gene therapies since it can
spontaneously monitor the enzyme expression levels and evaluate the function of each
expressed enzyme molecule. We compared the number of ALP molecules (Narp) that have
specific activities in each serum sample, and calculated the p-values based on the difference
of NaLp between disease samples and healthy samples (Figure S9). The p-values were in
general < 0.0002 in each group comparison.
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Figure 5. ALP activity distribution of seven serum samples from patients with hypophosphatasia. The
counts on the y-axis account for dilution and are calculated based on the level of the undiluted serum sample.

Conclusion

In this work, we demonstrate how single-molecule activity analysis of ALP can distinguish
between patients with various health conditions. By analyzing individual ALP molecules
and plotting their activities, distinct populations comprising different ALP activities can be
observed. The method offers promise for both diagnostics and therapeutics development.
The platform provides a way to rapidly and easily distinguish different enzyme isotypes.
In addition to enzymatic activities, other properties such as thermal stability and specific-
resistance to inhibitors are also distinct among ALP isotypes!'™ 3], These characteristics
could potentially be used to improve the assay specificity when integrated with our
platform. We also show that we can characterize malfunctioned enzyme molecules, which
may lead to better methods for diagnosing and monitoring therapy. In addition, the linearity
assay on hepatocyte lysates shows the platform can reproducibly detect TNSALP from as
little as two cells in 50 pL buffer. This result shows the potential of our platform for single-
cell analysis in the future.

Another advantage of the platform is that it can determine the quantity and function of
targeted enzymes with a one-step set-up. Traditional ELISA or Mass Spec methods are
able to quantify a target protein, but for enzyme biomarkers, characterization of activity
and isozyme populations are important. We believe the single-molecule analysis reported
here provides a more efficient and accurate approach to measuring enzyme activities than
traditional methods.
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