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Abstract: Single molecules of alkaline phosphatase are captured in a capillary filled with a fluorogenic substrate.
During incubation, each enzyme molecule creates a pool of fluorescent product. After incubation, the product is
swept through a high-sensitivity laser-induced fluorescence detector; the area of the peak provides a precise measure
of the activity of each molecule. Three studies are performed on captured enzyme molecules. In the first study,
replicate incubations are performed on the same molecule at constant temperature; the amount of product increases
linearly with incubation time. Single enzyme molecules show a range of activity; the most active molecules have
over a 10-fold higher activity than the least active molecules. In the second study, replicate incubations are performed
on the same molecule at successively higher temperatures. The activation energy of the reaction catalyzed by a
single molecule is determined with high precision. Single enzyme molecules show a range of activation energy;
microheterogeneity extends to thermodynamic properties of catalysis. The average activation energy is within
experimental error of the activation energy obtained from analysis of a bulk sample. These results are consistent
with the first postulate of statistical thermodynamics: a thermodynamic property obtained from the time average of
an individual molecule is identical to that produced by an ensemble average over a large number of molecules. In
the third study, the activity of single enzyme molecules is measured after partial heat denaturation. The number of
active molecules decreases in proportion to the extent of denaturation. However, the activity of the surviving molecules
is experimentally indistinguishable from the activity of control enzyme. Thermal denaturation of alkaline phosphatase

is a catastrophic process, wherein the molecule undergoes irreversible conversion to an inactive form.

Introduction droplets after a 1815 h incubatior?. Individual product
molecules have been detected at a microelectrode by electro-

Chemical reactions are usually studied on macroscopic yonerated chemiluminescence and through redox cherifidéry.

ensembles of molecules. The development of ultrasensitive More recently, individual myosin molecules were detected

instrumentation allows the study of individual molecules in order through their binding of fluorescently labeled adenosine triph-
to observe molecular properties that are otherwise obscured byosphaté?

ensemble averaging. Most work has focused on single-molecule As a very interesting example, Xue and Yeung have reported
detection as the ultimate quantitative analytical tool. Highly the detection of fluorescent p;roducts generated by single
fluorescent proteins, multiply labeled polymers, and small molecules of lactate dehydrogenase raftel hincubationt3
molecules have been detected by laser-induced fluorescence "The amount of product generated by any single molecule
thin_films, in neat flowi_ng quuio! streams, after separation by was reproducible and consistent over a long time. However,
capillary electrophoresis, and in levitated droplets. More the amount of product produced by different molecules was

recently, physical characteristics, such as spectra, spring CONY ariable, with a 5-fold range in activity between the most active

stants, and excited state lifetimes, have been measured on Singl‘and least active molecules. The difference in activity reflects

—8 . . . .
moleculgs‘? ) . . differences in either structure or local environment of the
Reactions are also being studied at the single-molecule Ievel.enzyme_

In the earliest workf-galactosidase was detected in individual Rate of a Reaction Catalyzed by a Single Moleculeln
this paper, we describe three experiments with individual
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alkaline phosphatase molecules (EC 3.1.3.1). First, we measure
the rate of a reaction catalyzed by a single enzyme molecule.
A kinetic curve is generated by performing replicate incubations
on individual molecules. During each incubation, the single
enzyme molecule catalyzes many reactions, and the rate of the
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reaction can be determined by measuring the amount of productof activity is due solely to the loss of active molecules. There
generated during the incubation period. We construct a plot of is no evidence for transitions to conformations with lower, but
activity versus incubation time for the reaction catalyzed by a nonzero, activity for alkaline phosphatase.

single molecule; the activity is constant and independent of

incubation time. While the measurement of activity of any one Experimental Section

molecule is quite precise, the activity for different enzyme . .
molecules is quite heterogeneous. Reagents_. AttoPhos, 2—(2-benzoth|azonI)-6hydroxybe_nzothlazole
T . . phosphate, is a weakly fluorescent substrate for alkaline phosphatase
Activation Energy of a Reaction Catalyzed by a Single  marketed by JBL Scientific (San Luis Obispo, CA) and is converted
Molecule. Second, we verify the first postulate of statistical to the highly fluorescent product-22-benzothiazolyl)-6hydroxyben-
mechanics. In 1960, Hill wrote that “the object of statistical zthiazole. This fluorogenic substrate has been used for sensitive
mechanics is to provide the molecular theory...of properties of enzyme-based immunoassays and oligonucleotide-probing experi-
macroscopic systems?. Strictly speaking, statistical mechanics ments:**" Boric acid andp-nitrophenyl phosphate are from Sigma,
refers only to mechanical properties of systems in equilibrium. and chloroform, diethanolamine, and Mg@te from Fisher Scientific.
In 1941, Henry Eyring developed absolute rate theory, which  Substrate Purification. AttoPhos contains small amounts of
extends statistical mechanics to the properties of chemical fliorescent product as an impurity. The product concentration is
reactions> Both theories rely on a fundamental postulate: the reduced by double extraction of 10 mM AttoPhos in 100 mM borate

| . f inal | | . | h buffer (pH 9.5) with equal volumes of chloroform. This extraction is
ong-time average of a single-molecular system is equal to the performed on the morning of the assay and generates about a 10-fold

average over a large ensemble of molecules. decrease in background. It is important to exclude any residual
We perform several incubations on a single enzyme molecule. chloroform from entering the reaction capillary; electroosmosis is
By varying the temperature of the system between incubations, modified by the organic solvent, which results in data with poor
we estimate the activation energy of the reaction catalyzed by reproducibility. Chlqroform is excluded by centrifugation foIIowed_
the molecule. This value is determined from the time average by carefully decanting the extracted substrate from the organic
of many reactions catalyzed by the molecule. These results mayS°'Vent _ _ _
be compared with the conventional measurement of activation  EnZyme Solutions. The amount of commercial alkaline phosphatase
energy, which is performed with an ensemble of a large number is estimated by monitoring the change in absorbance at 405 nm of

f | | A licati h lati approximately 0.01 units of enzyme in 1.5 mL. oM diethanolamine
of enzyme molecules. As one complication, the population (pH 9.8) containing 0.5 mM MgGland 10 mMp-nitrophenyl phosphate

ensemble for this enzyme is not homogeneous. The heterogey; 37°C. The absorbance coefficient pinitrophenyl phosphate is
neity of alkaline phosphatase extends to thermodynamic proper-18 450 L mot* cm* at this wavelength. A molecular weight of 140
ties. However, the average activation energy of the individual kDa and a specific activity of 2000 u/mg under these conditions (Life
molecules is equal, within experimental error, to the value Technologies, data sheet) are used to determine the enzyme concentra-
determined from the ensemble average. tion.

Thermal Denaturation and the Death of an Enzyme. The high concentration of diethanolamine in the standard assay leads
Third, we consider the origin of the variation in activity and @ Poor reproducibility in migration time in the capillary reactor,
activation energy for individual alkaline phosphatase molecules. diethanolamine apparently perturbs electroosmosis in an unpredictable

X dy hat th T ivity for | and inconsistent manner. Instead, in the single-molecule assays, enzyme
ue and Yeung suggest that the variation in activity for lactate g gjjyteq by at least 8 orders of magnitude in 100 mM borate buffer

dehydrogenase arises because different enzyme molecules argyy g 5) followed by another 2 orders in borate buffer containing 1
present in different conformations, which are stable on the time mm AttoPhos. The borate buffer is compatible with the capillary
scale of the experiment and which generate different activities. reactor, albeit with decreased sensitivity compared to that generated
These conformations represent a continuum of activity ranging by the manufacturer's suggested buffer.

from the most active, native conformation to the inert, denatured  Solutions are prepared in disposable plasticware. To minimize
form of the enzyme. If this hypothesis is correct, then the contamination with exogenous enzyme, solutions are prepared in a
different conformations must be separated by energy barriers,clean-air hood. All buffers, vessels, and pipet tips are autoclaved prior
which can be crossed given sufficient thermal energy. Thermal 1© Use: o _
denaturation could take a highly active enzyme molecule through  Single Enzyme Molecule Assays.Calf intestinal alkaline phos-

a cascade of conformations with decreasing activity, ultimately ggﬁgarsrse('js ir?b&:a;noec(j:n:rcl)(r)]:]ngff4;r$1C23?(;?ch1?asr.ne'I[:_eT’Zylrgﬁnaii?]aeyrs are
ngangym: ddeenn:gjur;et%gosr:gggggotﬂét-l—er;lliyriggsuhr:rdeercg;)t argcr)gc?tlj iameter fused silica capillary from Polymicro Technology. Contami-

s ! ) . ; ating enzymes are removed from the capillary at the start of each
loss of activity during thermal denaturation, which shifts the experiment by flushing with 100 mM KOH contairr7 M urea.

distribution of activity to lower levels, eventually resultingina |, the single-incubation assays, alkaline phosphatase is diluted to
pool of inactive molecules. As an alternative hypothesis, final concentrations of 1.% 10725 and 9.5x 10716 M. Immediately
denaturation may be a catastrophic phenomenon. Changes irafter substrate and enzyme are mixed, a slug of the mixture is
conformation that occur in portions of the enzyme far from the electrophoretically injected onto the capillary for 3 min at an electric
active site will have no effect on activity; instead, denaturation field of 400 V cnt™. Blanks are identical but with the omission of
occurs when the active site of the molecule is damaged. In alkaline phosphatase. Incubation times are chosen arbitrarily in the
this catastrophic model of thermal denaturation, thermal dena-ange 14-30 min. After 'PCUbat'O”' the products are driven at an
turation is accompanied by a loss of active molecules but the electric field of 400 V cm? through the fluorescence detector.
activity of surviving molecules is unchanged. We measure the In the multiple-incubation assays, alkaline phosphatase concentration
. . g ;
activity of individual alkaline phosphatase molecules that have s 3.8 10 °° M in AttoPhos. On average, one enzyme molecule is

b bi d ial th | d ion- withi .~ captured within the capillary. After an 8 min incubation, an electro-
een subjected to partial thermal denaturation; within experi- phoretic field of 400 V cm? is applied for 15 s to separate the enzyme

mental error, the activity of the surviving molecules is indis-  ang product and move the enzyme into fresh substrate. Incubations of
tinguishable from the activity of control molecules. The loss 4, 2, and 1 min are performed with a similar electrophoretic separation

(14) Hill, T. L. An Introduction to Statistical Thermodynamiésidison- (16) Cano, R. J.; Torres, M. J.; Klem, R. E.; Palomares, J. C.
Wesley Publishing Company: Don Mills, Ontario, 1960; p 1. Biotechniquesl992 12, 264—267.
(15) Gladstone, S.; Laidler, K. J.; Eyring, H:he Theory of Rate (17) Karger, A. E.; Weiss, R.; Gesteland, RNucleic Acids Res.992

ProcessesMcGraw-Hill: New York, 1941; p 108. 24, 66576665.
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between each incubation. After the last incubation, the capillary is
flushed by the electrophoretic field through the fluorescence detector.

Peak area is converted to activity by estimating the number of
fluorescent product molecules contained within each peak and by
dividing by the incubation time. To estimate the sensitivity of the
detector, a known amount of fluorescent product is injected onto the
capillary each day. The peak area generated by the fluorescent product
is used to estimate the number of product molecules contained within
each peak.

Bulk Capillary Assays. An on-column assay is performed to |
estimate the turnover number of the bulk alkaline phosphatase from 140 +
Life Technologies. A 1Qum inner diameter, 73 cm long fused silica

Product

capillary is equilibrated with 1 mM AttoPhos in borate buffer. A 3.8 MMWW
x 10712 M solution of alkaline phosphatase is injected onto the capillary 100

for 5 s at anelectric field of 205 V cm?. The sample reservoir is 5 6 7 8 9 10 11 12 13 14 15
then replaced with borate running buffer reservoir, and an electric field Time (minutes)

of 400 V cnt! is applied to the capillary for 5 min. This field
electrophoretically moves the enzyme into the slower moving substrate.
The field is removed, and the enzyme is incubated for 16 min on the
capillary. Last, electrophoresis is performed at an electric field of 400 . L .
V cm! to drive the sample through the detector. The system is from which the polyimide coating has been removed by a gentle flame,

calibrated by injecting known amounts of standard fluorescent product 'S Placed inside a locally constructed sheath flow cuvette. An argon
onto the capillary. ion laser beamA( = 457.9 nm) is focused with a 6:3microscope

objective into the cuvette about 28n below the exit of the capillary.
Fluorescence is collected at®@@ith a 60x (numerical aperature 0.70)
microscope objective and selectively transmitted through a slit and a
40 nm band pass filter centered at 580 nm. Light is detected with an
R1477 photomultiplier tube. Optimum laser power for the detection
of AttoFluor is approximately 5 mW at 457.9 nm.

‘ SuBstraté
260

220 ©

¥

180 }

Fluorescence intensity (arbitrary)

Figure 1. Electrophoretic analysis of AttoPhos and its hydrolysis
product.

Activation Energy Study. Three-quarters of the capillary length,
starting at the injection end, is held within a Plexiglas box containing
the safety interlock. The temperature of the interior of the box is
maintained by a thermostatically controlled heater and a circulating
cooling bath. The temperature of the air flowing over the capillary is
monitored with a digital thermometer. The air temperature equilibrates
within 1 min following a 10 deg increase in the heater setting. Cooling -
is much slower because of the relatively large thermal mass of the Results: Heterogeneous Activity

heater. _ S _ Single Incubations. Several groups have used capillary
Stock alkaline phosphatase from Sigma is serially diluted 10 orders reactors to study enzyme activy:2’ In most cases, these

of magnitude in 100 mM borate (pH 9.5) and a further 10-fold experiments used relatively large amounts of enzyme, although
immediately prior to injection to give a final concentration of 4«6

10 M enzyme in 100 mM borate (pH 9.5) containing 1 mM AttoPhos. the work by Xue ang Yeung extended the procedure to the
Sample is electrokinetically injected onto the capillary at an electric Single-molecule levet?

field of 400 V cnr for 240 s. The enzyme is incubated for three 15 As in Yeung's experiment, we study highly dilute solutions
min periods at different temperatures ranging from 13 t6G8 A 15 so that only a few enzyme molecules are present in the reactor.
s injection of 100 mM borate (pH 9.5) at 400 V chis performed A portion of the capillary is filled with a weakly fluorescent
between incubation periods to separate the enzyme molecule fromsubstrate mixed with a very dilute solution of enzyme. A single
§ubstrate. Immediately following the third incubation period the sample enzyme molecule converts the weakly fluorescent substrate into
is flushed through the detector at 400 V ¢m a pool of highly fluorescent product. After incubation, an

Enzymatic product peaks are produced in the capillary only where g|actrophoretic current is used to sweep the contents of the
both enzyme and substrate are present. Because the substrate has ”E:%\pillary through a high-sensitivity fluorescence detector: the
lower mobility, this volume is set by the injection volume of the '

AttoPhos, which represents15% of the total capillary volume. This pool of p,rOdUCt generated.by each enzyme molecule produces
portion of the capillary is well within the instrument's Plexiglas box @ Gaussian-shaped peak in the fluorescence detector.
that is temperature controlled. The use of a low-diameter capillary ~ Figure 1 presents the electrophoretic profile generated by the
allows for rapid equilibration of internal capillary temperature with that  fluorogenic substrate; this substrate slowly undergoes autohy-
of the box. Photothermal measurements have shown that the capillarydrolysis, generating a small amount of fluorescent product in
interior reaches thermal equilibrium with its surroundings in a few the period after the cleanup extraction. The slow moving peaks
milliseconds'® Upon raising the temperature for the second and third 5re due to the substrate while the fast moving peak is due to
in_cu_bations_, thermal equilibration of th_e air cir_culating in the box occurs the product generated by autohydrolysis of the substrate. Note
within the first minute of the 15 min mcubatlons_, . that the substrate generates a signal that is at least a factor of
Thermal Denaturation Study. A control solution is prepared by 20 larger than the residual product peak. Also note that the

diluting alkaline phosphatase (Life Technologies) tx 80716 M. A . . . .
second solution of & 10-1° M alkaline phosphatase is heated to 64 peaks associated with the substrate migrate from the capillary

°C for 5 min. The sample is immediately diluted by 6 orders of At least 5 min after the product peak.

magnitude to quench the denaturation reaction. In both experiments, When the entire capillary is filled with the substrate, the strong

incubation is for 15 min before the capillary is flushed electrophoreti- fluorescence signal from the high-concentration substrate swamps

cally through the detector. the fluorescence signal from the product generated by individual
Instrumentation. Details of the instrument have been published enzyme molecules. Our single-molecule assay relies on the

previously!*?? A 10 um i.d., 145um o.d., 73 cm long fused silica  differences in the electrophoretic properties of the substrate and
capillary is used for the reaction. The detection end of the capillary,

(23) Avila, L. Z.; Whitesides G. MJ. Org. Chem.1993 58, 5508~

(18) Waldron, K.; Dovichi, N. JAnal. Chem1992 64, 1396-1399. 5512.
(19) Cheng, Y. F.;. Dovichi, N. Bciencel988 242, 562—564. (24) Bao, J.; Regnier, F. B. Chromatogr 1992 608 217—224.
(20) Wu, S.; Dovichi, N. JJ. Chromatogr.1989 480, 141-155. (25) deFrutos, M.; Paliwal, S. K.; Regnier, F. &nal. Chem1993 65,
(21) Arriaga, E. A.; Zhang, Y.; Dovichi, N. JAnal. Chim. Actal995 2159-2163.

299 319-326. (26) Miller, K. J.; Leesong, |.; Bao, J.; Regnier, F. E.; Lytle, FABal.
(22) Craig, D. B.; Wong, J. C. Y.; Dovichi, N. Anal. Chem1996 68, Chem.1993 65, 32673270.

697—-700. (27) Wu, D.; Regnier, F. EAnal. Chem1993 65, 2029-2035.
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product. We fill a portion of the capillary wita 5 min long

slug of substrate and enzyme; all of the peaks in Figure 1 are
stretched into plateaus that are 5 min wide. After incubation,
electrophoresis separates the product from substrate. There is
roughl a 5 min window between the period when the product
begins to migrate from the capillary and the beginning of the
substrate migration. Single molecules can be detected in this
time window. If longer slugs of enzyme and substrate are used,
the fluorescent product generated by enzyme molecules will be

lost in the huge background signal generated by the very high r
concentration substrate. WWWMMWWW
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1. The height of this plateau depends on the efficiency of the
extraction in removing product and the time since extraction;
the plateau height is similar to the peak height for the hydrolysis

pry

Single-molecule peaks are observed only in regions where 80 .
both enzyme and substrate are present during the incubation 8 ° ' _10 . 11. 213
period. If the enzyme and substrate had identical mobility, then Migration time (minutes)
the single-molecule peaks would be observed throughout the 5
- - 240 —
min window. However, the substrate has a lower mobility than B
the enzyme. As aresult, the single-molecule peaks are observed % 220 ¢ 1
only in the last~3.5 min of the observation window. = 200/
Figure 2A presents a blank incubation where the fird6% a 1801
of the capillary €10 nL) is filled with the substrate but no =l
enzyme. During mobilization, the product generates a plateau 3 160}
that begins at 8 min, corresponding to the product peak in Figure 84
@
3
[<]
=]
L

e

product in Figure 1. A much larger plateau is associated with 80 b ‘ . L .
the substrate; the substrate begins to migrate from the capillary 8 9 10 11 12 13
at 13 min and does not interfere in the measurement. Migration time (minutes)
Figure 2B presents the enzyme assay generated with incuba- . : : ‘ —
tion of a slug of nominal 1.% 10~1>M enzyme. Superimposed 0 C
on the background plateau is a set of peaks, including two pairs g 180
that overlap. Four replicate assays yielded an average and s
standard deviation of 1148 3.5 peaks per assay. On the basis £ 460!
of the nominal enzyme concentration and injection volume, we g
expect an average 6f11 molecules per run. Peak area is found @ 140¢
by nonlinear regression analysis to one or two Gaussian peaks. 2
. . U @ 120}
Area is converted to reaction rate by taking into account the 2
sensitivity of the detector and the incubation time. The mean s 100!
reaction rate for the 1.% 10-15M solution is 108 51, and the T
standard deviation of the distribution is 70's(n; = 47 80 , , , , ‘ 9
8 9 10 11 12 13 14

molecules). Finally, note that the peak width increases with
migration time. Diffusion during the mobilization process leads
to enhanced band broadening for the late migrating peaks.  Figure 2. Enzyme assay at the single-molecule level. (A) Blank

Figure 2C presents an e|ectr0pherogram of the enzyme generated by injection at 400 V/cm for 3 min of 1 mM AttoPhos in

soluton hat had been dited by a ator of 2. Fourreplcates 100,71 X7 bt (0455 eubatr s o 1025, Toe
yield an average of 5.3 4.4 enzyme molecules; the number of 400 V/cm. (B) A 1.9x 107** M mixture of alkaline phosphatase

of pe'aks decreases in prop?srtlon to pongentratltjln. The MEaN, a5 mixed with 1 mM AttoPhos in 100 mM borate buffer. The mixture
reaction rate for the 9.5 107'° M solution is 124 s, and the was treated as in part A with a 28.5 min incubation. (C) A 9.50716

standard deviation of the distribution is 97's(n, = 21 M mixture of alkaline phosphatase was mixed with 1 mM AttoPhos in

molecules). 100 mM borate buffer. The mixture was treated as in part A with an
The distribution of activity is not Gaussian, see below, with 18 min incubation.

:Ee dIStrllbutlofntﬁketwed d’gothlt)g]ilgr activity. Af rorili% rt'28eanure of The standard deviations of the distributions may be compared
€ overlap ot the two distributions comes Ironrgst:= ~or by use of the--test?® The experimentdF value for 46 and 20

31 tnp—2 :0 gi dgrghr_ees of ll;ree_dom, tt)hle/alue for (tjhe _tvr\::oh degrees of freedom is 1.9; the standard deviations for the two
ata sets is 0.74. IS number Is to be compared withtthe .o niration data are not significantly different at the 97.5%
distribution. If the value in the table exceeds the obsertved confidence limit

value, then the data may be assumed to be from the same Replicate Incubations. Figure 3 presents a cartoon for our

phopulatlon. In our casae, thereh|s é\;)(ydlﬁer?gce In lt_he_ mt;\z?nhfor replicate incubation study. A single enzyme molecule is present
the two concentration data at the o confidence limit. WIthin - ipin the reaction capillary. After an 8 min incubation, a brief

_experlmental error, the average activity of the enzymes is electrophoresis pulse is applied to the capillary. Because the
mdependent of enzyme concentration. Of course, t_hese CallCUIa'enzyme has higher mobility than the reaction product, the
tions s_hoult_:i b.e ‘Tea‘ed with caution when applied to non- enzyme moves forward into fresh substrate. A second incuba-
Gaussian distributions. tion is performed for 4 min and another electrophoretic pulse

(28) Harris, W. E.; Kratochvil, BAn Introduction to Chemical Analysis; ?S applied to move the enzyme into f“_?Sh substrate. This process
Saunders College Publishing: Philadelphia, 1981; p-5&0. is repeated for 2 and 1 min incubations.

Migration time (minutes)
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& Electrophoresis 00 1 2 3 4 5 6 7 8
.. B Incubation time (minutes)
1 Incubate | minute Figure 5. Kinetic plot for a multiple incubation. Peak area is shown
.. 3 by crosses, and the straight line is the least-squares fit to the data.
Figure 3. Cartoon of the replicate incubation study. A single enzyme 8¢ 1
molecule is captured within the capillary. After an 8 min incubation, a 7L
brief electrophoretic pulse is applied to the capillary; this pulse separates
the enzyme from the surrounding pool of product. The process is UG'
repeated for 4, 2, and 1 min incubations. After the last incubation, the L1
contents of the capillary are swept through the fluorescence detector o
by a 400 V/cm electric field. 84
[%2]
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115} T ol
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Figure 6. Histogram of reaction rates observed for 83 alkaline
phosphatase molecules. Activity was determined from the incubation
time and the peak area. Peak area was determined by a nonlinear
least-squares fit of either a single or double Gaussian function to the
peak.

Fluorescence signal (arbitrary)

106 1|v1|' oma4 118 122 single-molecule reaction follows pseudo-zeroth-order kinetics.
igration time (minutes) The substrate concentration, 1 mM, is roughly a factor of 10
Figure 4. Peaks generated by multiple incubation. The solid line is higher tharK, 0.15 mM, for this enzymesubstrate combina-
the data, and the dashed curve is a least-squares fit of four Gaussmrtion, determined from a bulk solution assay. The substrate
peaks to the data. concentration is much higher than the amount consumed during
h an incubation. It would take several millennia for a single

the detector. Four peaks are observed with monotonically enzyme molecule to consume the substrate contained within the

increasing amplitude, Figure 4; the smooth curve is the least- capillary; diffusion replaces substrate faster than the enzyme

squares fit of four Gaussian peaks to the data. Peak spacing ifonsumes It .We can be cor_1f|dent t_hat _the amou_nt of product
uniform, 11.1+ 0.3 s, which is expected for a single molecule produced during an incubation period is proportional to the

undergoing electrophoretic separation from the fluorescent activity of.the enzyme molecule. )
product. Note that the first peak to migrate from the capillary ~ The activity of 83 individual alkaline phosphatase molecules
corresponds to the last incubation time; the enzyme migratesis plotted as a histogram, Figure 6. The distribution is quite
faster than the reaction products. Also, the peak correspondingProad and non-Gaussian, with a 10-fold range in activity.
to a 1 min incubation is detectable above the noise in the The drop-off in activity below~25 s appears to be real;
background signal. our instrument should detect activity ef6 s in a 20 min
The peak area for a mu|t|p|e incubation increases |inear|y incubation. The aCtiVity tends to cluster around 60, 160, and
with incubation time, Figure 5. Eight molecules were studied. 290 s*; however, it is not clear if this apparent clustering is
Within experimental uncertainty, the lines have zero intercept. real or if it is due to the relatively small number of points used
The average linear correlation coefficient is 0.996 for the four- to define the distribution. The general shape of the activity
point activity plot. The mean activity of the molecules is 190 distribution is similar to that reported for lactate dehydroge-
s1, and the standard deviation of the distribution is 78 @ nase'® The mean activity for this combined data set is 111
= 8) This distribution may be biased toward h|ghe|' mean S_l, and the standard deviation of the distribution is 83 s
activity because low-activity molecules may not have generated (N = 83).
detectable peaks during the relatively short incubation period Bulk Assays. Four bulk assays were performed using an
used in this experiment. on-column reactiod? The average activity was 380 108 s'%.
Activity Distribution. The linear relationship between The accuracy is dominated by the uncertainty in the enzyme
product concentration and reaction time, Figure 5, confirms that concentration provided by the manufacturer.

After the final incubation, the products are swept throug
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Discussion: Heterogeneous Activity Mammalian alkaline phosphatases are anchored to the exterior
) ) ) of the cytoplasmic membrane via a phosphatidylinositol glycan
Single-Molecule Detection. There are several pieces of mojety3® Both calf and rat intestinal alkaline phosphatase
evidence that indicate that these peaks are due to the pools ofyenerate at least three closely migrating electrophoretic com-
fluorescent product generated by individual enzyme molecules. ponents, each of which consists of a microheterogeneous set of
First, the average number of peaks is consistent with the glycoproteins with different levels of glycosylatiéh3! Varia-
concentration of enzyme and the reaction volume. Second, thetions in glycosylation of enzymes can cause variations in both
uncertainty in the number of peaks detected per assay shouldk,, andVma32 Human intestinal alkaline phosphatase has been
be dominated by Poisson statistics for detection of discrete fractionated. The activity of minor components is much higher
events; the standard deviation should be roughly equal to thethan the activity of the main componéft.Figure 6 is consistent
square root of the mean number of peaks. The standardwith the last observation, where a large fraction of the enzyme
deviation in the number of peaks is consistent with the signal molecules have modest activity and with a smaller fraction
generated by individual molecules. Third, the number of peaks with higher activity. The clustering of activity at60, 160,
is proportional to analyte concentration. Fourth, the area of and 290 s! would be consistent with the presence of three
each peak is independent of concentration. Fifth, the peak different components within the mixture of alkaline phosphatase.
spacing in the multiple incubation study is constant and Finally, Rudd and co-workers demonstrate that glycoforms
consistent with the difference in mobility between product and modify the dynamic stability and functional activity of an
enzyme. enzyme’*

Rate of a Reaction Catalyzed by a Single MoleculeThe 6. It has been suggested that differences in activities between
slope of the line in Figure 5 produces an unambiguous rate for individual molecules can be explained by specific stable
the reaction catalyzed by a single molecule. In general, severalconformational arrangements of subunits, making certain sites
thousand molecules are required to determine a thermodynamidess accessible than othéfs.Alternatively, tertiary structure
property of a system. In our case, the rate was determined frommay differ within a subunit of the enzyme; there may be more
many thousands of product molecules generated by manythan one active conformation, but not all conformations are
reactions catalyzed by the single enzyme molecule. The relativeequally active. We return to this issue in the last section of
precision in the reaction rate, estimated from the linear least- this paper.
squares fit to the four-point kinetic plot, ranged from 2 to 10%.

The poorest precision was associated with the least activeResults: Activation Energy of a Reaction Catalyzed by a
molecules. Single Molecule

The average reaction rate estimated from a large number of
single-molecule experiments is roughly a factor of 2 lower than
the value determined from bulk measurements. Quite likely,

this difference results from uncertainty in the concentration of captured within the capillary, although occasionally several

active enzyme in the bulk sample. molecules are present. Each enzyme molecule is incubated three

Enzymatic Heterogeneity. While it is possible to estimate  times at successively higher temperatures; application of a short
with high precision the rate of a reaction catalyzed by a single electrophoretic pulse between incubations moves the enzyme
molecule, the activities of different molecules differ by more molecule into fresh substrate for each incubation. After three
than an order of magnitude. This broad distribution of activity incubations, the pools of fluorescent product are swept from
can have several causes: the capillary by electrophoresis. This electrophoretic potential

1. The broad range of activity could simply reflect poor also separates the unreacted substrate from the fluorescent
experimental precision. However, we are able to estimate product.
reaction rates with a precision of 10% or better in the multiple-  Figure 7 presents a result where two enzyme molecules are
incubation studies; similar precision is expected from the longer captured within the capillary. Incubations of 15 min are
single-incubation studies. performed at 16, 24, and 3T; other temperatures are used

2. Enzymes could stick to the capillary walls; if the active for other incubations. A 15 s electrophoretic pulse is used
site of a molecule was partially hidden, then activity would be between incubations to separate the enzyme molecule from the
decreased compared with that of the free protein. However, Pool of fluorescent product. The enzyme moves faster than the
the rep”cate incubation Study demonstrates that the enzymeproduct; thus peaks due to the later incubations migrate first.
molecule migrates faster than the fluorescent product; the The plot shows two sets of three peaks, which correspond to

capacity factor for adsorption of the enzyme on the capillary fluorescence from the pools of product generated by each
wall must be small. enzyme molecule at the three temperatures. Also shown is a

éeast-squares fit of two sets of three Gaussian functions to the
data.

The first set of peaks is of higher amplitude than the second
t set, due to the higher activity of the first molecule. Also note
that the peak spacing is larger for the second molecule, which

4 E i Id het fivit implies a higher mobility for that molecule. Finally, peaks from
- Enzyme aggregates would cause neterogeneous acivityy, e o 4yjier incubations are wider because of diffusion during
However, zone electrophoresis shows that the enzyme m'grate%ubsequent incubations

as several closely spaced bands with no evidence for ag-

gregates? (30) Low, M. G.; Saltiel, A. R.Sciencel988 239, 268—275.

5. Heterogeneity could arise from different levels of glyco- ~ (31) Saini, P. K.; Done, Biochim. Biophys. Acta972 258 147-153.
. . e (32) Varki, A. Glycobiology1993 2, 97—-130.
sylation or other post-translational modifications to the enzyme.  (33) moss, D. W.; King, E. JBiochem. J1962 84, 192—195.
(34) Rudd, P. W.; Joao, H. C.; Coghill, E.; Fiten, P.; Saunders, M. R.;
(29) Engstion, L. Biochim. Biophys. Actd961 52, 36—48. Opdenakker, G.; Dwek, R. Aiochemistryl994 33, 17—-22.

In these experiments, the firstL5% of the capillary is filled
with a slug of very dilute enzyme mixed with the weakly
fluorescent substrate. Typically, a single enzyme molecule is

3. Enzymes could denature during the assay; those molecule
with low apparent activity would have denatured early in the
incubation period. However, the multiple-incubation data
showed no evidence for loss of activity during subsequen
incubations.
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220 ‘ 1 ; ‘ : : Discussion: Activity of a Reaction Catalyzed by a Single
200l A | Molecule

The activation energy for a reaction catalyzed by a single
alkaline phosphatase molecule is determined with a relative
precision of ~10%. This activation energy is determined

-
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=R =]
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140 from many thousands of individual reactions catalyzed by
§120t 1 the single enzyme molecule; the value represents a time aver-
100! age of the many reactions catalyzed by that single enzyme
molecule.

©
o
T

The activation energy of different enzyme molecules varies
by more than a factor of 2. This difference in activation energy
is much larger than the experimental uncertainty, and it reflects
, ‘ ‘ , , ‘ the heterogeneous nature of this enzyme. As reported above,
5 56 6 65 7 75 8 8.5 the activity of single molecules is also highly heterogen€ous.

Migration time (minutes) We interpret this range in activity and activation energy as being
Figure 7. Electropherogram of alkaline phosphatase assay. Alkaline due to structural differences in the enzyme, which result from
phosphatase (4.6 10°1°M) in 100 mM borate (pH 9.5) containing 1 gjferences in post-translational modifications. Rudd and co-
mM AttoPhos was injected onto the capillary. Sample was incubated workers demonstrate that glycoforms modify the dynamic

for three 15 min periods at 16, 24, and ¥interrupted by brief periods o . LY ;

of high voltage. Following the third incubation the sample was flushed Sta.b”lty and functllonal activity of an enzyn?é,presumably
past the detector by CE. A set of three peaks is shown for each of two activation energy is also changed by glycosylation.

molecules of enzyme (peaks A, B, and C and peaks D, E, and F). Peaks While the activation energy of S_Ingle m0|eCU|e_3 is heteroge-
A and D correspond to the incubation at %®, B and E to 24C, and neous, the activation energy obtained from the time average of

C and F to 3C°C. the eight molecules is equal at the 90% confidence limit to the
ensemble average obtained frerf8 x 10’ molecules. The first

2f = 7 ' ‘ ' ' 1 postulate of statistical thermodynamics is verified.

Activation energy is uncorrelated with activity, indicating that

1.5F 1 other and more dominant sources of heterogeneity are present.

The dephosphorylation of substrates by alkaline phosphatase

has been proposed to occur via the mechatfism

Fluorescence signal (arbitrary)
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where EH is the free enzyme,fOP is the substrate, ER—
1t , ‘ , , ‘ ] OP is the enzymesubstrate complex, EFR—OP is the

3.25 33 335 34 345 35 4 activated enzymesubstrate complex, EP is the phosphorylated

1T (K") x10 enzyme, and P is inorganic phosphate. The first step represents

Figure 8. Arrhenius plot for reactions catalyzed by single enzyme ligand binding®® The second step represents the catalytic
molecules. The symbols are the peak areas determined at eacHeaction, and it should dominate the activation energy. The third
temperature, and each straight line is the least-squares fit to the datastep represents loss of the reaction product. The equilibrium
for one molecule. associated with ligand binding may dominate the activity of
etgle enzyme.

Peak area, estimated from the regression parameters, increas
with temperature. Eight individual r_nolecul_es of _alkaline_ Results: Thermal Denaturation and the Death of an
phosphatase were assayed for three incubation periods WhlcrEnZyme
ranged in temperature from 13 to 3&€. As demonstrated
above, the reaction is zeroth order in substrate concentration; Figure 9 presents the results of a 15 min incubation of a
peak area is directly proportional to the activity of the enzyme nominal 8 x 107*¢ M solution of alkaline phosphatase. Five
molecule. A plot of In(peak area) vsTlyields a slope of-E./ replicates generated an average of 2.8.3 molecules/assay;

R, whereEs, is the activation energy, Figure 8. A linear least- the standard deviation is consistent with a Poisson distribution.
squares fit to the data is used to estimate the activation energy.The number of peaks is about twice the number observed in
The data are linear, with an average correlation coefficient of the activity study; different enzyme lots were used for the two
0.994. The relative precision of the slope, estimated by the @ssays. The mean reaction rate is 138 and the standard
least-squares routine, ranges from 3 to 21%, with an averagedeviation of the distribution is 107°$ (n = 48).

relative precision of 9%. Activation energies varied from 39  An 8 x 1071% M solution of the same lot of enzyme was
to 91 kd/mol. The mean activation energy is 53 kJ Thaand heated at 64C for 5 min and then immediately diluted by 6

the standard deviation of the distribution is 16 kJ mdh = orders of magnitude before assay, Figure 10. Five replicates
8). There is no correlation between activation energy and Yielded an average and standard deviation of-4.2.5 mole-
activity, r = —0.26. cules/assay; the standard deviation is consistent with Poisson
To generate an ensemble average, a solution ok41612 statistics. The mean reaction rate of the surviving molecules
M alkaline phosphatase was incubated at 23 and°62 is 118 gl, and the standard deviation of the distribution is 97

fluorescent product was diluted by 3 orders of magnitude and S * (N = 22). At the 85% confidence limit, the means of the

analyzed by capillary electrophoresis. The activity was 50 kJ/ (35) Price, N. C.; Stevens, LFundamentals of Enzymolag@xford
mol. University Press: New York, 1984; pp 14748.
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The rigid active site conformation of this enzyme, coupled
with the catastrophic loss of activity during thermal denaturation,
suggests that there is no transition between several active tertiary
structures for calf intestinal alkaline phosphatase during dena-
turation. Instead, we believe that the microheterogeneity in
activity and activation energy is due to heterogeneous glyco-
sylation of the enzymé&3! The range in activity observed
for different electrophoretic fractions of human intestinal alkaline
phosphatase is consistent with this interpretatfo@enaturation
of these glycoforms apparently progresses at a uniform rate;
there is no significant difference in the distribution of activity
of the native and heat-treated enzyme. Presumably, the tertiary
structure dominates the thermal denaturation pathway, leading
to similar activation energy for denaturation of the different
Figure 9. The effect of heat denaturation on alkaline phosphatase 5oforms. Glycosylation instead must produce subtle changes

molecules: control sample. A nominal8 1016 M alkaline phos- ; : . : o
) . in th nformation near th ive site, ly modifying th
phatase solution was prepared in 1 mM AttoPhos and 100 mM borate the C? 0 . "?“ on near the active site, subtly modifying the
enzyme’s activity.

buffer, injected onto the capillary for 3 min at 400 V/cm, incubated - ) .
for 15 min, and then swept through the detector at 400 V/cm. As pointed out by a reviewer, thermal denaturation and

protein folding may not pass through the same conformation
pathways. For example, chaperon proteins can direct the folding
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180 ¢ of proteins through specific pathways that might not be explored

160 | during denaturation. As a result, the thermal denaturation study
does not rule out the possibility that conformations exist with

140 | a range of activity. However, the study does place a stringent

constraint on those conformations; they must undergo thermal
120 | denaturation at roughly the same rate.

100 | Conclusion

Fluorescence signal (arbitrary)

] Measurement of the activity of single enzyme molecules has
- several applications. As demonstrated here, single-molecule
measurements are used to determine enzyme microheterogene-
ity. Heterogeneity is observed for both activity and activation

Figure 10. The effect of heat denaturation on alkaline phosphatase energy and likely is associated with variations in glycosylation
molecules: partially heat denatured sample. A nominal 80°1° M and other post-translational modifications.

solution of alkaline phosphatase in 100 mM borate buffer was heated Th kali h hat Its beq th fi f th
to 64 °C for 5 min. The sample was immediately diluted by 6 orders ese alkaliné pnosphatase results beg the question of the

of magnitude in 1 mM AttoPhos and 100 mM borate buffer, injected biological role of heterogeneous glycosylation of an enzyme.
onto the capillary for 3 min at 400 V/cm, incubated for 15 min, and Most likely, the variation in glycosylation is a part of the enzyme
swept to the detector at 400 V/cm. regulation mechanism, where varying glycosylation patterns are
associated with different rates of protease digestion. It will be
interesting to explore protease denaturation of alkaline phos-
phatase at the single-molecule level. However, it will be
necessary to perform the experiment with endogenous proteases;
those enzymes must be extracted from the same tissue that
) ) generates alkaline phosphatase.

A coonventlongl, bulk assay showed that heating the enzyme £ the first time, we are able to study the effects of a physical
at 64°C for 5 min results in a 50% decrease in activity in bulk  change of an enzyme at the single-molecule level. Thermal
solution. Within experimental error, there is no difference yenatyration of alkaline phosphatase leads to a complete loss
between the activities of control enzyme molecules and mol- ¢ 4 c4ivity, with no evidence for intermediate states with lower
ecules that have survived thermal denaturation. The loss Ofactivity. Of course, our data provide no evidence for the

universality of catastrophic denaturation; it will be of interest

activity is due to the loss of active molecules; a 50% loss in
bulk activity corresponds to a 45 9% loss in the number of 4 repjicate these experiments in other enzymatic systems.
Several additional experiments can be considered for this

active molecules.

o B ot conaty: S/Sem. For example, he ffects of het shok proeins and
y g ; b chaperonins on thermally denatured molecules can be studied

at the single-molecule level; it would be interesting to find if

ation is consistent with the results of Castelli and co-workers,
who argue that chemical denaturation takes place at or near thE‘there is any discrimination of the cellular protective machinery
toward different isoforms of the enzym@.Similar studies can

active center of this enzyme; maodification of the protein far
from the active site does not appear to change actbity. be performed with other denaturation methods, such as chemical

Spectroscoplc_ ewd_encg suggests that the active site of alk"Jllmedenaturants. Thermal denaturation can be considered in the
phosphatase is quite rigid. Loss of a magnesium ion from f . d b X
the active site would be irreversible in our buffer, which has a Proocnce 0 magnesium o study subsequent renaturation
low magnesium concentration ! processes. Of course, alkaline phosphatase is a common reporter
9 ) for both immunoassays and nucleic acid probing experiments;

o]
o

.

8 9 10 11 12 13

Migration time (minutes)

distributions are identical, and at the 75% confidence limit, the
standard deviations of the distributions are identical.

Discussion: Thermal Denaturation and the Death of an
Enzyme

(36) Mordente, A.; Miggiano, G. A. D.; Martorana, G. E.; Meucci, E.;
Santini, S. A.; Castelli, AArch. Biochem. Biophy4.987 258 176-185. (38) Bosron, W. F.; Kennedy, F. S.; Vallee, B. Biochemistryl975
(37) Strambini, G. BBiophys. J1987 52, 23—28. 14, 2275-2282.
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