
HIGH-PRECISION CFB NETWORK 

The ITC and DSC use a cell feedback (CFB) 

network, pictured right, to drnrectly and precisely 

measure heat (Other instruments, such as heat 

flow "calor~meters," measure the decay of 

temperature difference between a sample cell and 

areference object, then calculate the heat basedon 

thismeasurement.) In both the ITCand DSC, twin 

corn-shaped cells are mounted in a cylindrical 

adiabauc shield, and communicate with the outs~de 

throughlongnarrow access tubes. A thermoelectric 

device measures the temperature d~fference AT1 

between the sample cell and the reference cell, 

while a second thennoelecrric device measures the 

temperature difference AT2 between the jacket 

and the cells. Any nonzeroAT1 signal activates the 

CFB network, thus driving AT1 back to zero. 

When exothermic reactions occur in the sample 

cell as a result of titrant injection or temperature 

scanning, less power feedback is momentarily 

required to null AT1, wh~le endothermic reactions 

produce the opposrnte effect. This CFB signal is 

continuously momtored by the control unit, since 

its integral over trnme 1s the measure of total heat 

change resulting from an ~njectlon (ITC) or 

temperaturescan (DSC). A s~milar feedback system 

is activated by the AT2 signal, that likewise drives 

a feedback circuit to the jacket, which always 
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SUPERIOR CELL DESIGN 

After years of experience with both removable and 

fixed-in-place cells, our engineers have concluded 

that the fixed-m-place des~gn is superlor for 

several reasons: 

(1) Fixed-in-place cells enhance baseline 

repeatability since the cells remaln ~n the exact 

same position every time an experiment 15 run. 

(2) Fixed-in-place cells guarantee a consistent 

workrnngvolume, whereas removable cells are filled 

on the basls of weight rather than volume, and a 

balance must be used to obtain this estimate. 

maintains its temperature the' same as the average (3) In the ITC, fixed-in-place cells provide the 
temperature of the cells in order to prevent heat maximum mechanical stability necessary to 
leaksfiom thecells.~hee~tire:ceIl-jacket assembly eliminate noise in the baseline. 
is surrounded by 3 inchesofurethane insulation to 

(4) Because the cells are never removed, damage 
minimize heat exchange with the room. This 

to the cells or to the instrument is highly unlikely. 
sophisticated circuit enables precise heat 

measurements as small as .2 p a l  by the ITC, and (5) Thanks to our cell cleaning apparatus, fixed- 

10 kcaVdeg by the DSC! in-place cells are now super easy to clean! 



Because the MCS Control Unit has an on-board 

PC, experimentation is drast~cally simplified. The 

researcher can communicate w ~ t h  the ITC and 

DSC through the ObserverMsoftware, ehminating 

the need for any knobs, dials or meters. Secondly, 

because the host computer need not stay in line 

with the MCS while experiments are in process, 

two experiments can be N n  simultaneously and 

asynchronously while the host computer remains 

free for other software apphcatrons. And since all 

data are automat~cally stored by the on-board PC, 

no ~nformation can be lost nor can an experiment 

be ru~ned by any activit~es carried out by the host 

computer1 The MCS also has its own high speed 

modem, complete with Carbon CopyTM remote 

control software for Window$TM. MicroCal can 

now vlew and operate your instrument as if we 

were s~tting at your term~nal, enabling us to 

provide real-time 

challenging questions. 

POWERFUL ITC INJECTION SYSTEM 

The ITC injection system,picturedleft, uses adual 

photo-eye system under computer control to 

automatically locateandcouple thestepperlinjector 

motor to the syringe plunger and begin making 

injections based on prior user select~ons. By 

operating themouse, the user canvary the number 

of injections, the injection size. the filter time 

throughout a srngle injection, the time interval 

between inject~ons, and the stirring rate The 

temperature of an experiment is achieved srmply 

by mak~nga singlesoftware entry,and the rnjection 

syringe containing the ligand can be thermostatted 

at the same or d~fferent temperature than the 

solution in the cell. The stirrer ~tself consists of a 

long-needle syringe with a stir paddle at its tip, 

which 1s coupled magnet~cally to a high-precision 

motor that rotates continuously throughout an 

experiment. Th~s  means that no correction for the 

frtctional heat of st~rring need be made! 

Solid sample cells are available for both the ITC 

and DSC. The ITC Solid Particle Insert Cell is ideal 

for studying enzyme-attached agarose or glass 

beads, andmetabolicactivit~es of cell cultures. The 

DSC Solid Sample Cell is most frequently used to 

study solrd biological samples such as skin tlssue, 

and to determine melting polnts and glass 

transit~ons of other solid rnater~als. 

horn Mi~o(:al 
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The Calorimetry Experts 

MCS ITC 
A new Standard of 
Excellence ... from the 
Calorimetry Experts 

Binding of Soluble Ligands to Particle Surfaces 

The versatility of calorimetry! Some reactions result in 
measurable changes in light absorption, some in ligbt emission, 
others lead to measurable changes in molecular weight, solution 
conductivity, refractive index, reactivity of functional groups, 
etc. But all reactions absorb or evolve heat. The calorimeter is a 
universal detector. 

Study of the binding of soluble ligands to particle surfaces 
poses a particularly difficult detection problem due to particle 
light scattering and to mass interference from the large size of the 
particles relative to the active surface groups. Recently, we 
attempted an experiment here at MicroCal to determine if the 
MCS ITC is equally capable of characterizing binding to particle 
surfaces as it is for reactions occuring in homogeneous solultion. 

Concanavalin A (Con A) is a dimeric protein (monomer 
MW 26,000) which binds saccharides with 1:l stoichiometry and 
varying degrees of avidity. Using soluble Con A, its interaction 
with the monosaccharide a-methyl D-mannoside can be quickly 
characterized by titration calorimetry. Shown below are raw data 
from twenty-four 10pl injections of 3.8 mM saccharide solution 
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into 1.35 ml of .I65 mM Con A solution, pH 5.2, 30.3 OC. 
The peak areas for each injection are shown in the lower frame. 
Because of the relatively weak interaction, the injections were 
carried out to a high molar ratio of -5. The solid line through 
the area data shows the calculated fit curve using the best values 
of parameters as shown in the plot. 

Con A may be covalently attached to agarose beads, and the 
interaction of these beads with the same saccharide ligand was 
studied. Shown below are the results obtained from twenty-four 
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10 PI injections of 5.75 mM saccharide solution into 1.35 ml of 
,215 mM Con A-agarose, pH 5.2, 30 OC. Again, the lower plot 
shows the solid line as the fit curve, with best values given for 
the three fitting parameters. Note the values for the K and AH 
fitting parameters (7100 M-I and -7.6 kcal) obtained for agarose- 
immobilized Con A are extremely close to the same parameters 
(8500 M-I and -7.1 kcal) obtained for soluble Con A interacting 
with the same saccharide ligand. 



By LF. Brandts, L.-N. Lin, T. Wiseman, S. Williston, and C.P Yang 

A n  instrument for rapid determination 
of binding constants for biomolecules 

A LARGE FRACTION of d l  publications in the bio- 
chemical literature involves studies of the inter- 
action of macromolecules, such as proteins or 

polynucleotides, with small solutes or with other macro- 
molecules. The study of solute-solute interactions in 
the chemical literature is less pervasive, but still signif- 
icant. Investigations of molecular interactions take 
many forms, but the single parameter which best meas- 
ures the strength of interaction is the binding constant. 
It is unfortunate that determination of this important 
parameter has been so tedious and time-consuming. 

When using any of the popular partitioning tech- 
niques for macromolecules (e. g . , equilibrium dialysis, 
uluafiltration, size-exclusion chromatography, etc.), a 
method of analysis must first be developed to detennine 
concenaations. This usually involves chemical or spec- 
troscopic methods and sometimes necessitates synthetic 
attachment of chromogenic or radioactive labels. Since 
many analyses are quite specific, the study of a series 
of related ligands can be funher complicated by the 
necessity to develop more than a single analyucal meth- 
od. Once these are in-hand, a series of about 5-10 
experiments at different concentrations should be con- 
ducted to accurately determine both the stoichiometry 
and the binding constant for each reaction. Sample re- 
loading and lengthy equilibration are usually required 
between each experiment, which adds to the cost in 
both time and materials. If it is desirable to know the 
heat and entropy of binding as well as the binding 
constant, then the entire procedure must be repeated at 
different temperatures. Depending on the idiosyncracies 
of the interacting components and the extent of charac- 
terization desired. the application of partitioning meth- 
ods to a single reaction may involve from days to months 
of research time and consume large quantities of mate- 
rial. These negative features restrict the use of such 
methods so that many important reactions have not been 
thermodynamically characterized to the extent they de- 
serve. 

Dr. Brandts IS Presidenr. MicroCal. Inc.. Nonlrcunpron. Mas- 
suchusens. U . S . A . .  and Professor of Chemistry or rhe University of 
Massachwerrs. Amherst. Massachwerts. U.S.A. Dr. Lin is Reseurch 
Supervtsor a the Univers~p. Mr. Wiseman.. Mr. Williston. d Dr. 
Yang are responstble for tnsrnunenr developmnr or M i c r d d .  Inc. 
The Nunonu1 lnsrtrures of Health provtded&hngfor the developmen! 
of rhe nrrarron caiortineur through Phuse I (GM-35577) and Phase 
I1 (RR-03674) SBIR granu. Some of rhe expervnmntul sndies were 
pamd!, supporred by NIH g r m  GM42636. 

The problems described above can be avoided by 
working with a technique that is universally applicable 
to all reactions regardless of the chemical nature or size 
of the interacting components, which: I )  does not re- 
quire sample reloading between each concentration used 
to define the binding curve, 2 )  has shon equilibration 
and analysis times. and 3) provides an evaluation of 
the heat and entropy as well as the binding constant 
and stoichiometry in a single experiment. The only 
technique that has all of these advantages is titration 
calorimetry. Although this method has been applied to 
the measurement of binding constants occasionally in 
the past,'-' its success has been minimal, since insm- 
ment sensitivity necessitated that binding constants be 
smaller than about lo5 M - I ,  and since the complexity 
of instrument operation and details of the calculations 
restricted its use to investigators dedicated to calorim- 
etry. 

A high-sensitivity computerized titration calorimeter 
(MicroCal, Inc., Nonhampton. Massachusetts) has 
been designed specifically to facilitate the routine 
characterization of molecular interactions which exhibit 
binding constants as large as lo8 M - I .  Since ease of 
operation by the nonspecialist was a design priority, 
the software package contains powerful. full-featured 
programs, not only for unattended instrument operation 
but also for automatic execution of the complex calcu- 
lations that enable determination of binding constant, 
stoichiometry, heat, and entropy. Some of the features 
of the instrument, described in detail el~ewhere.~ arc 
discussed below and experimental results are presented 
on some typical biochemical interactions, including the 
binding of a small inhibitor to the active site of an 
enzyme, the association reaction between two im- 
munological proteins, and the binding of a signaling 
ligand to its membrane-embedded receptor. 

A schematic illustration ~f the instrument is shown 
in Figure I. The twin coin-shaped cells (1.4 mL in 
volume) are mounted in a cylindrical adiabatic shield, 
and communicate with the outside through long, narrow 
access tubes. A therrnoelecmc device measures the tem- 
perature difference AT1 between the sample cell on the 
right and the reference cell on the left, while a 20-junc- 
tian wire thermopile measures the temperanuc differ- 
ence AT2 between the jacket and the cells. A small 
constant power is continuously applied to the reference 
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BINDING CONSTANTS cononued 

Figun 1 Schematrc diagram of the 
trtratron calorimeter. 

PC..4T.?Xh TYPE COtlPLTER ' 

LASER PRCiTER 
x 

TEMPERATURE SENSOR 

JACKET FEEDBACK 

cell (containing buffer only) which tends to make AT1 
negative. This nonzero AT1 signal activates a cell feed- 
back (CFB) network which then supplies power to a 
heater on the sample cell and drives AT1 back to zero. 
When exothermic reactions occur in the sample cell as 
a result of titrant injection, less power feedback is 
momentarily required to null AT1, while endothermic 
reactions produce the opposite effect. This CFB signal 
is continuously monitored by the computer since its 
integral over time is the measure of total heat change 
resulting from an injection. A similar feedback system 
is activated by the AT2 signal which likewise drives a 
feedback circuit to the jacket that always maintains its 
temperature the same as the average temperam of the 
cells in order to prevent heat leaks from the cells. The 
entire cell-jacket assembly is surrounded by approx. 3 

in. of urethane insulation to minimize heat exchange 
with the room. 

The injector-stirrer assembly consists of a long-nee- 
dle syringe (25-250 pL) with a stir paddle at its tip. 
This assembly is coupled magnetically to a high-preci- 
sion motor that rotates at 400 rpm continuously through- 
out an experiment, which means that no correction for 
the frictional heat of stirring need be made. The refer- 
ence cell acts only as a temperature dummy, and is not 
stirred. Once an experiment begins, the computer con- 
trols a linear actuator that couples to the syringe plunger 
and automatically carries out the injection schedule 
(i.e., number of injections, volume of each injection. 
duration of injection, and time between injections) pre- 
viously set up by the operator. Data points are collected 
at a selectable frequency and ultimately stored on disk. 

contrnued 

20-injection sequence am shown in the 
let? window. Using the mouse for menu 
selections, a baseline for the injections 
can be created [AUTO DTC BASELINE] and 10 
areas under each peak obtained [INTE- 
GRATE ON ALL PEAKS]. These areas 5 

correspond to the heat change for each 0 

of the 20 injections and appear as a plot -5 

in the boftom of the right window. The .lo 

best-fit curve is obtained [FITONESETOF 
SITES] trom an iterative algorithm and 
appears as the solid line, wrth residuals 
displayed at the top of the window. Best 
values for the mree binding parameters 
are shown, and probable errors am 
available. I .  . , 
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BINDING CONSTANTS continued 

Flgun 3 Some simulated binding 
isotherms for dh'ferent values of the c 
pameter. 7he c pameter is the 
product of the macromdecule concen- 
tration muttipiied by the binding constant, 
and it contro~s me tightness of binding 
tor any experimental system. The number 
of binding sites per macromolecule is n. 

Flgun 4 Rbsulis obtained from the 
mt ionof  Prom'n A (6.8 x 10-OM) with 
the F, portion of mouse IgG. The cell 
feedback signal (point stored every 2 
sec) is shown in the upper kame for a 
sequence of 25 automatic injections (4 
pL) spaced at 2 min. After creating a 
baseline end integrating ell peaks, the 
solid symbols in the lower frame show 
the heet absorbed for each injection. 
Fining these data by nonlinear-least- 
squares gives the sdid curve through the 
points, with the best velues lor the t h m  
binding parameters shown in the shadow 
box. 

Flgun 5 The binding of L-aspartate to 
the aspemm receptor. The concern- 
tion of receptor in the cdl was 3.2 x 
1 0-a M. Best values tor tho thme bindlng 
parameters are shown in ftm shadow 
box. 
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The equilibration time required upon loading a new 
sample is only about 15 min, and the fast response time 
(approx. 7 sec for half-time) means that only about 2 
min need elapse between injections; thus an entire bind- 
ing isotherm (10-20 injections) can frequently be ob- 
tained in less than 1 hr. The calorimemc sensitivity is 
of the order of 0.1 pcal. and the operating temperature 
is from 0" to 85°C. Calibration of the instrument is 
maintained using interactive software. 

The software operates in Microsoft Windows (Micro- 
soft Corp., Bellevue, Washington) using a mouse, and 
runs most effectively on a 286- or 386-based computer 
with a hard dnve, 1 Mb RAM. math co-processor, and 
an EGA or VGA color monitor. A screen display is 
shown in Figure 2 for data obtained from 20 injections 
(5 p.L each) of cytidine 2'-monophosphate (2' CMP) 
solution into the sample cell containing a dilute solution 
of ribonuclease A. The raw data ( ~ a Y s e c  vs sec) are 
shown in the window on the left. Since the injections 
wen spaced at 2-min intervals, the total duration of 
this experiment was 40 min. Typical data treatment 
involves menu selections for automatic determination 
of a baseline (shown at the lower edge of the experimen- 
tal data), integration to obtain the area under all injection 
peaks simultaneously or individually (these peak areas 
then appear as a separate plot, shown at the bottom of 
the right window), and fitting of the area curve to the 
appropriate parametric binding equation6 using an itera- 
tive Marquardt algorithm. This then culminates in the 
appearance of the best-fit curve (solid line) through the 
data points, and a new plot of the residuals between 
the calculated curve and the experimental points (top 
plot in right window) appears on the screen. The best 
values of the binding parameters (i.e., stoichiometry 
[n], binding constant [a, and heat of binding [w; the 
entropy of binding is easily calculated from K and dH') 
are displayed and probable errors in each parameter arc 
available. The quality of fit is quite high for the data 
shown in Figure 2, since the average deviation between 
experimental and calculated points is only approx. 0.2% 
of the amplitude on the area curve. 

The time required for the total data analysis shown 
in Figure 2 is less than 30 sec. and the only operator 
involvement is a few seconds required for option selec- 
tions using the mouse. Total documents, as shown in 
Figure 2, may be saved on disk for later recall, or single 
window plots may be printed using any output device 
supported by Microsoft Windows. (Figures 3-5 were 
printed using the Hewlen-Packard Lasejet JJp [Palo 
Alto, California] with a post-script camidge.) In addi- 
tion to being a powerful scientific analysis and plotting 
program with all of the standard features. the software 
has such capabilities as curve fining to any function 
entered by the user, multiple plot windows with multiple 
sets of axes within each window, as well as an intuitive 
user interface, whereby double-clicking on nearly any 

screen element provides control of that element to the 
user through a pop-up dialog box. A complete data 
collection and analysis package for the differential scan- 
ning calorimeter is also included, since this cell may 
be operated from the electronic package of the titration 
calorimeter and used as a companion technique. Data 
from noncalorimeuic sources may also be imported for 
analysis and plotting. 

Results on biochemical systems 

Binding isotherms (shown in Figure 3), may be simu- 
lated using the software. The ordinate of tius plot cor- 
responds to the area under an injection peak (normalized 
according to the moles of ligand contained in the injec- 
tion) while the abscissa is the ratio of total moles of 
ligand to moles of macromolecule contained in the cell 
subsequent to each injection. The shape of isotherms 
is determined by the unitless parameter c, which is the 
product of the binding constant multiplied by the molar 
concentration of macromolecule in the cell. For very 
tight binding (c- infinity), all added ligand is bound 
until saturation occurs at the stoichiometric binding ratio 
n,  so that a rectangular c w e  is obtained, the height of 
which is qua1 to the heat of binding AH. For moderately 
tight binding with c values between 1 and 1000, the 
shape of the isotherms is very sensitive to small changes 
in binding constant (i.e., in c values). The intercept of 
these curves on the ordinate is no longer exactly equal 
to AH, but this parameter well as the binding constant 
is still easily obtained from curve-fitting, as discussed 
earlier. Very weak binding (cf. c = 0.1) yields a nearly 

Tabla 1 
Boat vrluoa of tho blndlng pmm0t.n' 

n K W ' )  - AH (kal)  Std. d w .  (K) 
0.99 115,000 11.5 0.14 
0.96 127.000 12.3 0.11 
1 .W 103,000 12.3 0.18 
0.94 132.000 12.7 0.18 
1 .W 121,000 11.9 0.07 
0.99 105,000 12.1 0.14 
0.98 + 0.02 1 1  8,000 r 8500 12.1 2 0.3 

*Resulhng from six independent detnminations involving 20 in]=- 
tions for e r h  dcurminroon. The concentration of ribonuclwe A m 
the 1.6mLcell wrs4.5 x 10-'M. and theconcenouionof?'CMP 
in b e  100 & syringe wrs 1 x lo-' M (pH 5.5, 0.05 M r e u u .  
0.1 M KCl. 28°C). 



horizontal trace which provides no useful information 
on the precise value of K. Although AH values may be 
easily obtsuned even at the largest c values, accurate 
estimates of the binding constant K require that the c 
value be within the range from about 1 to 1000 (e.g., 
it can be seen from visual inspection of the area curve 
in Figure 2. relative to the plots in Figure 3, that the c 
value is about 40). In order to fall within this window, 
strong interactions must be studied at low concentration 
and weak interactions at high concentration of macro- 
molecule. 

The reaction that has been most extensively charac- 
terized using the titration calorimeter is the binding of 
the inhibitor 2'CMP to the active site of ribonuclease 
A ; ~  where more than 40 separate determinations of the 
binding constant were carried out over a 50-fold range 
of protein concentration at different temperatures and 
in different buffers, where binding constants ranged 
from 5 x lo4 to greater than lo6 M - . Each deterrni- 
nation involved 10-20 injections (cf. Figure 2). One 
series of six repeat 20-injection determinations is sum- 
marized in Table I .  and these illustrate the high degree 
of precision that can be obtained. The standard deviation 
of the fit curves from the experimental points is of the 
order of O.l%, and the precision in reproducing the 
binding parameten n. K, and AH is of the order of a 
few percent. The binding constants agree closely with 
independent literature estimates. 

Reactions such as this, involving the binding of drugs 
or inhibitors to the active site of small proteins, will 
normally be easy to characterize, since stoichiometry 
is well-defined; heats per unit mass arc high, which 
means that solubility nsmctions arc likely to be mini- 
mal; and binding constants m mostly from approx. lo4 
to 10' M- ' ,  which facilitates having c values in the 
ideal range. 

Measurements may become less routine for. protein- 
protein or protein-polynucleotide interactions, pamcu- 
larly if molecular weights arc high and solubilities are 
low. Heat signals suitable for measuring a binding con- 
stant will normally require (i.e., depending on the AH 
of binding) in excess of 1 nmol of sites in the 1.4-mL 
sample cell, while the concentration of ligand in the 
synnge (250 FL) should be 5- 10 times higher if sanua- 
tion is to be completed with a single loading of the 
synnge. The data in Figure 4 show the binding of the 
F, portion (MW 50.000) of mouse IgG to Rotein A 
(MW 45.000), when it was necessary to work with 
fairly small signals. The raw data arc still of good 
quality, and the area plot for the 25-injection sequence 
defmes a satisfactory fit curve consistent with a binding 
constant of 200,000 M- I ,  AH of - 30 kcal per mole 

of sites, and a stoichiomemc ratio of 1.55. Ultracen- 
mfuge studies have shown that saturation of Protein A 
with IgG progresses through a series of five different 
com lexes with varying stoichiometries from 1: 1 to 
4:ZVP8 and that. at equilibrium "saturation." several of 
these complexes persist, and the nonintegral value of 
1.55 found hen  seems in good accord with b s  indepen- 
dent evidence. 

The interaction of signal ligands with transmembrane 
receptors that are localized in cellular membranes is an 
extremely important class of reactions that is difficult 
to characterize by conventional binding techniques. 
Some results using the titration calorimeter have re- 
cently been obtained (R.M. Weis and C. Brcmicker, 
unpublished observations) on the aspartate receptor. 
This receptor is responsible for the transmembrane sig- 
naling that controls bacterial locomotion toward higher 
concenuations of aspartic acid and other nutrients. Use 
of the tar plasmid pRK419 to transform E. coli strain 
RP4080 results in overproduction of the aspartate rwep  
tor (approx. 8% of the total protein).1° Most of the 
receptor is embedded in the inner membrane, which 
can be isolated and studied by titration calorimetry. 
Results from the titration of thc inner membrane with 
L-aspartate are shown in Figure 5. This sequence of 14 
injections is fit nicely, assuming a binding constant of 
220,000 M- l and a stoichiomeaic ratio of 0.43. These 
results are in good agreement with earlier estimates for 
the binding constant of radiolabeled aspartate to deter- 
gent-solubilized receptor, " and with the observation 
that the functional unit of the receptor is the dirner.I2 
The large heat change of - 17 kcal for binding this 
small ligand is consistent with numerous speculations 
that a conformational change induced by aspartate bind- 
ing is involved in the transmembrane signaling which 
directs bacterial locomotion. 

These brief results illustrate a few applications of 
ultrasensitive titration calorimetry to the study of 
biochemical interactions. Other studies using this insnu- 
ment have been conducted on the interaction of lysine 
with the wild-type and mutant Icringle-2 domain of tissue 
plasminogen activator.13 a,o-amino acids with kringle 
regions of plasminogen , l4 the peptides melittin and mas- 
toparan with the regulatory protein c a l m ~ d u l i n , ~ ~  c o- 
chmme c binding to mitochondrial lipid vesicles ,lrin- 
tercalation agents ethidium and propidium with DNA." 
and the peptide nempsin with synthetic DNAs.I8 A 
particularly det;uled study has been carried out in J. 
Sturtevant's laboratory19 on the binding of eight differ- 
ent variants of the S-peptide to ribonuclease-S protein. 
in a systematic effon to learn more about the role of 
hydrophobic interactions. 



An ultrasensitive titration calorimeter has been de- 
veloped specifically for the routine measurement of 
binding constants as large as 10' M- ' . The complete 
characterization of an interaction can often be ac- 
complished in less than 1 hr. culminating in estimates 
for the binding constant, stoichiometry, heat, and en- 
tropy of binding. The technique is appropriate for mac- 
romolecule-small solute, macromolecule-macromole- 
cule. or solute-solute interactions. It can be applied not 
only to well-characterized samples, but in many cases 
to samples that might be difficult (i.e., cell suspensions, 
and heterogeneous mixnues such as serum and opaque 
liquids) using other methods. Minimal operator inter- 
vention is required. and full software capabilities are 
available to the nonspecialist. 
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