UNPRECEDENTED

Higa-prECISION CFB NETWORK

The ITC and D3C wse a cell feedback (CFB)
network, pictured right, to directly and precisely
megsure heat, (Other instruments, such as hea
Mlow “calorimecters,” measare the decay of
remperature diflerence between a sample cell and
arelerence object, then calculate the heat based on
thits meeasurement, ) In both the 1TC angd DS, pwin

coin-shaped cells are mounted in o cylindrical

g ket
aclinbaie shield, and communicate with the ouslde Feedback

. Sample Cell
through long narrow access tubes, A thermoelectric » Faﬂph;ﬁ

device measures the temperature difference AT
between the sample cell and the reference cell,
while a second thermoelectric device measures the
temperature difference AT2 between the jacket
and the cells. Any nonzero AT signal activares the
CFB network, thus driving AT1 back o zero,
When exothermic reactions occur in the sample
cell as a result of tirant injection or temperature
scanning. less power feedback is momentarily
required wnull AT, while endothermic reactions
produce the opposite effect. This CFB signal is
continuously monitored by the contral umin, since
its integral over time is the measure of total heat
change resulting Irom an inmjection {ITC) or
temperature scan { ST, A similar feedback system
is activated by the ATZ signal, that likewise drives
a feedback circuit o the jacket, which alwavs
maintains its temperature the same as the average
temperature of the cells in order to prevent heat
leaks from the cells. The entire cell-jacket assembly
is surrounded by 3 inches ofurethane insulation e
minimize heat exchange with the room. This
sophisticated circuit enables precise hean
measurements as small as .2 peal by the 1TC, and

10 pealfdeg by the DSC!

SureriOoR CeLL DEsSIGN

Alter years of experience with both removable and
lixed-in -pla-;:e cells, our engineers have concluded
that the [lixed-in-place design is superior lor

several reasons:

(1} Fixed-in-place cells enmhance baseline
repeatability since the cells remain in the exact

Sume position every Lime an experiment is roin.

(2} Fixed-in-place cells guarantee a consistent
working volume, whereas removable cells are lilled
on the basis of weight rather than volume, and a

balance must be vsed o obtain this estimane

(3} In the ITC, fixed-in-place cells provide the
maximum mechanical stability necessarv 10

eliminate moise in the baseline.

(4} Because the cells are never removed, damage

1o the cells or to the instrument is highly unlikely.

03} Thanks to our cell cleaning apparatus, fixed-

in-place cells are now super easy to clean!



ENGINEERING

SOPHISTICATED COMPUTER AUTOMATION

Because the MCS Control Unit has an on-board
PC, experimentation is drastically simplified. The
researcher can communicate with the ITC and
DS through the Observer™ software, eliminating
the need lor any knobs, dials or meters, Secondly,
because the host computer need not say in line
with the MC3 while experiments are in process,
two experiments can be run simulianeously and
:,u':.'ll-:_"|11'q:-r||,||,.|'-.|1_,' while the host COMPULET FEmains
free for other software applications. And since all
claa aire ;|1:|||||1|:|[||:_':||:|._'!.' sloredl h':r the on=board PC,
no information can be lost nor can an experiment
be ruined by any activities carried out by the host
computer! The MCS also has its own high speed
molem, complete with Carbon Copy™ remote
contrel soltware for Windows™ . MicroCal can
now view and operate vour instrument as il we
were sitting at vour terminal, enabling us o
provide real-time solutions o vour more

challenging questions.

PowerrUL ITC INJECTION SYSTEM

The ITC injection system, pictured left, uses a dual
phote-eve system under computer control o
automatically locate and couple the stepperfinjecior
maotor o the syringe plunger and hegin making
injections based on prior user selections. By
operating the mouse, the user can vary the number
of injections, the injection size, the filter time
throughout a single injection, the vme interval
between injections, and the stirring rate. The
temperature of an experiment 5 achieved simply
by making a single sofltware entry, and the injection
syringe containing the ligand can be thermosianed
at the same or different temperature than the
solution in the cell, The stirrer sell consisis of a
long-needle syringe with a stir paddle at its tip,
which is coupled magnetically v a high-precision
motor that rotates continuously thronghout an
experiment. This means that no correction for the

frictional heat of stirring need be made!

SoLip SaMpPLE ACCESSORY CELLS

Solid sample cells are available for both the 1TC
andd DS, The 1TC solid Particle Insery Cell i ideal
for studying enzyme-attached agarose or glass
beads, and mewabolic activities of cell culmures, The
DAC Solid Sample Cell is most frequently used to
‘\.'IIJl!l}' gl il |‘:-i-:l||.':-g|l|. | \.:lr'|1||'|t'\. gieh as sk tisswe,
and to determine melting points and glass

tramsitions of other solid maerials

From MicroGal

The Calorimetry Experts




A new Standard of
Excellence...from the

Calorimetry Experts

Binding of Soluble Ligands to Particle Surfaces

Some reachions result i
measurable changes i Light absorption, some in light emssion,
others l2ad w0 measurable C‘hi].l'.E‘Eh in molecular wengnl, solution
copductivity, refractive index, reactivity of fusctional groups,
etc. But all reactions absorh or evolve heat, The calorimeter is A
universal detector,

Study of the binding ot soluble lipands fo particle surfaces
poszs a particularly difficult defection problem due o particle
light scattering and to mass interference from the large size of the
particles relative to the active swrface groups. Recently, we
attemupted an expeniment here at MicroCal to determine if the
MCS ITC is equally capable of charactenzing binding to particle
surfaces as it is for reactions ocouring in homogeneous solultion,

Concanavalin A (Con A) 15 a dimeric protein (monomer
MW 26,0000 which binds sacchandes with 1: 1 stoichiometry and
varying degrees of avidity. Using soluble Con A, its interaction
with the monosacchande @-methyl D-mannoside can be guickly
characienzed by titration calonmetry. Shown below are raw data
from pwenly-four 10wl injections of 3.8 mM sscchande solution

The '.-'r'rxu!:l'.'.l}' af '.'J'.llnm-_'!:'}".
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ko 1,35 ml of . 165 m% Con A sclution, pH 5.2, 30,3 °C,
The peak areas tor each inpection are shown o the lower frame
Bacause of the relatively weak interaction, the njections were
carried out to a high molar ratio of ~5. The solid line thsowgh
the area data shows the caleulated fit curee using the best values
of parameters as shown in the plot

Com A oy T i:l1'|.':l.|¢[!||:|'r-' altmchad 10 agarcse beads, and the
mieraction of these beads with the same sacchande ligand was
studied. Shown below are the results obtamed from twenty-four
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10 pl imjections of 5.75 mM saccharide solution into 1.35 ml of
215 mM Con A-agarose, pH 3.2, 30 *°C. Again, the lower plo
shows the solid hine as the hit curve, with best values miven for
the threa ﬁ!!lng parameters. Mgt the valus=s for the K and AH
fitting parameters (7100 M1 and -7.6 keal) obtained for nparose-
immobilized Con A are extremely close to the same parametess
{8500 M-l and -7.1 kcal) obtained for soluble Con A intersciing
with the same saccharide ligand.



By 4 F. Brandis, L.-N. Lin, T. Wiseman. 5. Williston, and C.P Yang

An instrument for rapid determination
of binding constants for biomolecules

chemical literature involves studies of the incer-
actton 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 sull signif-
want. [nvestigattons of molecular interactions take
many forms, but the single parameter which best meas-
ures the strength of interaction is the binding constant.
It is unformunate that determination of this important
parameter has been so tediows and time-consuming.
When using any of the popular partitioning tech-
niques for macromolecules (e.g.. equilibrium dialysis,
ultrafiltration, size-exciusion chromatography, #c.), a
method of analysis muast firse be developed o determine
concentrations. This usually invalves chemical or spec-
roscopic methods and somerimes necessitates synthetic
arachrment of chromogenic or radioactive labels, Since
many analyses are quite specific. the study of a series
of related ligands can be further complicated by the
recessity 10 develop more than a single analytical meth-
od. Once these are in-hand, a seres of about 5-10
expenments at different concentrations should be con-
ducied to accurately determine both the stoichiomemy
and the binding constant for each reaction. Sample re-
leading and lengthy equilibration are usually required
berween each experiment, which 2dds to the cost in
both time and matenals, IF it i3 desirable o know the
heat and entropy of binding as well as the binding
constant, then the entire procedure must be repeaied at
different temperamres. Depending on the idiosyncracies
of the inmeracting components and the extent of charac-
terization desired. the application of partitoning meth-
ods to a single reaction may involve from days to months
of research time and consume largs quantties of mate-
flal. These negative feafures restrict the use of such
methods 5o that many important reactions have not been
thermodynamically charactenized to the extent they de-
SETVE,
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The problems described above can be avoided by
wirking with a techmigue that is universally applicable
to all reactions regardless of the chemical narure o size
of the interacting componens, which: [} does ngt re-
quire sample reloading berwesn each concentEation uied
i define the binding curve, 1) has shon equalibraion
and analysis times, and 3) provides an evaluation of
the heat and entropy as well as the binding constan:
and smechiomery in a single experiment. The only
technique that has all of these advantages is ttraton
calorimetry. Although this method has been applied 10
the measurement of binding conswants occasionally in
the pase,’? its success has been minimal, since instru-
mend sensitivity necessitated that binding constanis be
smaller than about 10° M~ ", and since the complexity
of instrument operation and details of the calculaucns
restricied its use 1o investgators dedicated o calonm-

A high-sensitiviry computerized utration calorimeter
(MicroCal, Inc., Morhampion, Massachusests) has
been designed specifically to facilitate the rounine
charactenization of molecular imteractions which exhibit
binding constants as large as 10* A~ Since case of
operation by the nonspecialist was a design prionty,
the software package contains powerful, full-fearured
programs, not only for unanended inscrument operation
bur also for automatic execution of the complex calcu-
lations that snable desrmination of binding consant,
stoichiometry, heat, and entopy. Some of the features
of the instrument. described in detail elsewhere.” are
discussed below and experimental results are pressnted
an some typical biochemical interactions, including the
binding of & small inhibitor o the active site of an
enzyme. the association reaction between two im-
munotogical proteins, and the binding of a signaling
ligand to its membrane-embedded receplor,

Insrrument featires

A sehematic useation of the instrument 15 shown
i Figure /. The twin coin-shaped cells (1.4 mL in
volume) are mounted in a cylindrical adiabaric shield,
and communicate with the outside through long, narrow
access tubes. A thermoebectnic device measures the tém-
perature difference AT berween the sample cell on the
Aght and the raference cell on the left. while a 20-junc-
ton wire thermopile measures the mperanre differ-
ence ATT betwesn the jacket and the czils. A small
conswant power is continwously appiied to the reference
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cell (containing buffer onlyy which tends to make ATI
negative. This nonzero AT signal activates a cell feed-
back (CFB) nerwork 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 twrant injection, less power feedback is
momentarily required o aull 4TI, 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 wdal heat changs
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 s
iemperanure the same as the average emperature of the
cells in order to prevent heat leaks from the cells, The
entire cell-jacket assembly is sumounded by approx., 3
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in. of urethane insulstion 1o minimize heal exchanges
with the room.

The inpector-stirrer assembly consists of a long-nee-
die syringe {25-250 pLl) with a stir paddle at us up.
This assembly is coupled magnetically 1o a high-preci-
sion motor that rotates at 400 rpm contimeously through-
oul an experiment, which means that no comection for
the frictional heat of stiming need be made. The refer-
ence cell acts only as a temperature dummy, and is not
stirred. Omce an experiment begins, the computer con-
trols a linear actuator that couples (o the synnge plunger
and awtomatically cames out the mpection schedule
(i.2,. pumber of injections, volume of each injection,
duration of injection, and time betwesn injections) pre-
viously set up by the operator. Data points are collected
at a selectable frequency and ultimately stored on disk.
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BINDING CONSTANTS contimuad
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The egquilibration time required upon loading a new
sample is only about 15 min, and the fast response ime
(approx. 7 sec for half-ume) means that only about 2
min need elapse betwesn injections; thus an entire bind-
ing isotherm (10-20 imjections) can frequently be ob-
tained in less than 1 hr. The calonmemic sensitviry i3
of the order of 0, | peal, and the operating 1emperanure
is from O° to B5°C. Calibration of the instrument is
maintauned using inieractive software,

The software operates in Microsoft Windaws (Micro-
saft Corp., Bellevue, Washington) using a mouse, amd
runs maost effectively on a 286- or 386-based computer
with & hard dove. | 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 pL each) of cyridine 2'-monophosphate (27 CMP)
solution into the sample cell containing a dilute solution
of ribonuclease A, The raw data (ucalisec vs sec) are
showt in the window on the left, Since the inpections
were spaced at l-min intervals, the total duration of
this expeniment was 40 min. Typical data teatment
involves menu selections for automatic determination
of & baseline (shown at the lower edge of the expenimen-
tal data), integration to obtain the area under all injection
peaks simultaneously or individually (these peak arcas
then appear as a separate plot, shown at the botmom of
the right window), and fiting of the area curve to the
appropriate parametric binding equation® using an iters-
tive Marguardt algorithm. This then culminates in the
appearance of the besi-fit curve (solid line) through the
data points, and a new plot of the residusly betwesn
the calculated curve and the experimental points (lop
plot in right window} appears on the screen. The best
values of the binding parameters (i.¢.. stoichiomeoy
[n]. binding conswant [K], and heat of binding [dH7; the
entropy of binding is easily calculated from K and dHN
are displayed and probable emrors in each parameter are
available. The guality of fit is quite high for the data
shown in Figure 2. since the average deviation between
experimental and calculated points 15 only approx. 0.2%
of the amplitude on the area curve,

The time required for the 1al data analysis shown
in Figure 2 is less than 30 sec. and the only operator
involvement is a few seconds required for option selec-
nuons using the mouse, Total documents, as shown in
Figure I, may be saved on disk for later recall. or single
window plots may be printed using any ourpul device
supported by Microsoft Windows. (Figures 3.5 were
printed using the Hewlen-Packard Laserjet [p [Palo
Alto, California] with a post-script cartndge.) In addi-
tion o being & powerful scientific analysis and plotting
program with all of the standard features, the software
has such capabilines as curve fitting to amy function
entered by the user, multiple plot windows with multiple
se1s of axes within cach window, as well as an intuitive
user interface, whereby double-clicking on nearly any

screen element provides conrol of that element 1o the
wser 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 slectronic package of the ttration
calorimeter and used a8 a companion technigue. Data
from noncalonmetrsc sources may also be imported for
analysis and plotting.

Results on bischemical sysiemis

Binding isotherms {shown in Figure 3. may be simu-
lated using the sofrware. The ordinate of this plot cor-
responds to the arca under an injection peak {normalized
according to the moles of ligand contained in the injec-
man) while the abscissa is the ratio of oral moles of
hgand to moles of macromolecule contained in the cell
subsequent 1o each injection. The shape of isotherms
i5 determined by the unitless parameter ¢, which i the
product of the binding constan: multipled by the molar
concentration of macromolecule in the cell. For very
tight binding (c = infinity), all added ligand is bound
until saniration occurs at the stoichiometne binding ratio
A, 50 thar a rectangular curve 15 obtained, the height of
which is egual 1o the beat of binding AH . For moderaely
tight Binding with ¢ values between 1 and 1000, the
shape of the isotherms is very sensitive to small changes
in binding constant (i.e., in ¢ values). The intercept of
these curves on the ordinate is no longer exactly equal
to AH, but this parameter as well as the binding constant
is still easily obtained from curve-fitting, as discussed
earlier. Very weak binding (cf. ¢ = 0.1) yields a nearly

Tabie 1
Bast valuss of the binding paramaters”

" KM - AMikcal]  Swd. oev. (%)
0.98 118,000 1.5 0.14
0.98 127,000 12.3 0.11
1.00 109,000 123 0.18
0.54 132,000 127 0.18
1.00 121,000 1.8 ooT
0.99 108,000 121 014

0.88=002 118,000 =B500 121 =03

*Resubung from sax indepesden: desermesanons mvolvang 30 npec-
uoes for each dewsmeanauon. The copcenmation of riboauciesss & n
the | &ml cell was 4.5 = 10°7 &, and tha concentration of 2"CMP
in e 100 2l vvmnge was | = I'J"HI:H'I 55 005 M scemabe.
0.1 M KCL B




honzontal trace which provides no wseful informarion
on the precise value of K. Although AH vaiues may be
gasily obtuined even at the largest ¢ values, accurate
estimaies of the binding constant K require thar the ¢
valuz be within the rangs from about | o 1000 (e.z..
it can be seen from wiswal inspection of the area cupve
i Figure 2, relative 1o the plots in Figure 3, that the ¢
value 15 abour #01. [n arder oo fall within this window,
strong imteractions must be studied at low concentration
and weak interactions at high concentration of macro-
molecube,

The reaction that has been most extensively charac-
terized using the ttration calorimetsr is the banding of
the inhibitor 2'CMP to the active site of nbonuclzase
A% where more than 40 separate detemmunations of the
binding constant were carmed out over a 50-fold range
of protein concentration at different temperatures and
in different buffers. where binding constants ranged
from %  10* to greater than 10° W~ ', Each determi-
naton ipvolved 10-20 injections (cf. Figure 21, One
serigs of six repeat 20-injection determinations is sum-
manzed in Table [, and these illusorate the high degree
of precision that can be obtained. The standard deviation
of the fit curves from the expenmental poins 13 of the
order of 0.1%, and the precision n reproducing the
binding parameters n. K, and AH 15 of the order of 2
few percent. The binding constants agnee closely with
independent literanure estimates.”

Reactions such as this, imvolving the binding of drugs
or inhibitors to the active site of small proteins, wall
pormally be easy to charactenis, since stoichiometry
is well-defined, heats per unit mass are high, which
means that solubility resmictions are likely to be mini-
mal; and binding constants are mostly from approx. 10°
to 107 M™", which facilitates having ¢ values in the
ideal range.

Measurements may become less routine for protean-
protein or protein-polynuclectide interactions, particu-
larly if molecular weights are high and solubilities are
low, Hear signals suitable for measuring a binding con-
stant will normally require (i.e., depending on the AH
of binding) in excess of | amod of sies in the | 4-ml
sample c2ll, while the concenrauon of ligand in the
syrings (250 wL) should be 5-10 times higher if samra-
tion is to be completed with a single [oading of the
syringe. The data in Figurs 4 show the binding of the
F_ portion (MW 50,0000 of mouse [g0 o Protein A
(MW 45 000), where it was necessary to work with
fairly small signals. The raw data are sull of good
qualicy, and the area plot for the 25-injection sequence
defines a satisfactory fit curve consistent with a binding
constant of 200,000 M™', AH of =30 kcal per mole

of sites, and a stoichiomemric ratio of 1,55, Ulracen-
rifuge sradies have shown that saturation of Protein A
with [gl progresses through a senes of five different
canltm with varying sicichiometries from 11 fo
4.2, and that, a equilibrium “saturation.” several of
these complexes persist, and the nonintegral value of
1.55 found hers seems in good accord with thes indepen-
dent evidence.

The interaction of signal ligands with Tansmembrans
receptars that are localized in cellular membranes is an
extremely impomant class of reactions that 15 difficuls
1 characterize by conventional binding techniques.
Some results using the ttrabion calonmeter have re-
cently been obtained (R.M. Weis and C. Bremucker,
unpublished observations) on the aspariate mecepior.
This receptor is responsible for the mansmembrane sig-
naling that controls bacterial locomotion wward hugher
concentrations of aspartc acid and other numients. Use
of the rar plasmid pREK41% w0 transform E. coli strain
RP4DED results in overproduction of the aspartate recep-
tor {epprox. 3% of the twotal prowin).'® Most of the
recepior is embedded in the inner membrane. which
can be isolated and studied by tration calonmeTy.
Results from the woanon of the inner membrane with
L-aspartate are shown in Figure 5, This sequence of 14
mjections is fit nicely, assuming 4 binding constant of
220.000 M ™" and a swichiometmc ratio of 0.43. These
results are in good agreement with earlier estimates for
the binding constant of radiolabeled aspamate o deter-
gent-solubilized receptor,’’ and with the observaton
that the functional unit of the receptor is the dimer.'?
The large heat change of —17 keal for binding this
small ligand is consistent with numerous speculations
that a conformational change induced by aspartate bl.nd
ing is involved in the ransmembrane signaling which
directs bacierial [scomotion.

These brief resuits illustrate a few applications of
ulrasensitive tmaton calorimery © the smdy of
biochemical interactons, Other stodies using this instru-
ment have besn conducted on the interaction of lysine
with the wild-type and mutant kringle-2 domain of gssue
plasminogen activator,'” a.w-amino acids with kringle
regions of plasminogen, " the peptides melittin and mas-
toparan with the regulatory protein calmodulin,'? cyto-
chrome ¢ binding o mitochondrial lipid vesicles,' in-
tercalation agents ethidium and propidium with DNA, "
and the peptide netropsin with synthesc DNAs.'® A
pardcularly detuled srudy has besn carried out in I
Smurevant's laboratory'® on the binding of eight differ-
ent varianis of the S-peptide w ribonuclease-5 protein.
in a systematic effort 10 leam more abou: the role of
hydrophobic inteTactions.



Summary

An ulrasensinve nration calorimeter has been de-
veloped specifically for the routine measurement of
binding constants as large as 10" M~ ' The complece
characienization of an interaction can ofien be ac-
complished in less than 1 hr, culminating in estimates
for the binding constant. stoichiometry. heat, and en-
mopy of binding. The technique i% appropriate for mac-
romlecule-small solute, macromaolecule-macromole-
cule, or seluie-solute interactions. It can be applisd not
oply to well-characierized samples, but in many cases
to samples that might be difficult {i.e. , cell suspensions,
and hetsrogeneous mixtures such as serum and opagque
liquids) using other methods. Minimal operator inter-
venton is required, and full software capabiliues are
available to the nonspecialis:,
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