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ABSTRACT. The use of statistical modeling to test hypotheses concerning the determinants of protein structure
requires stability data (e.g., the free energy of denaturation,®, AGpon) from hundreds of protein
mutants. Fluorescence-monitored chemical denaturation provides a convenient method for high-precision,
high-throughputAGnon determination. For eglin ¢ we find that a throughput of about 20 min per protein
can be attained in a two-channel semiautomated titrating fluorometer. We find also that the use of robotics
for protein purification and preparation of the solutions for chemical denaturation gives highly precise
AGhon values in which the standard deviation of values from multiple preparatib@61 kcal/mol)

differs very little from multiple measurements from a single preparatib®.@40 kcal/mol). Since the
variance introduced into model fitting Gpon increases as the square of measurement error, there is

a premium on precision. In fact, the fraction of stability behavior explicable by otherwise perfect models
goes from 98% to only 50% over the error range commonly reported for chemical denaturation
measurements (0-10.6 kcal/mol). We have found that the precision of chemical denatur&t®gmon
measurements depends most heavily on the precision of the instrument used, followed by protein purity
and the capacity to precisely prepare the solutions used for titrations.

Site-directed mutagenesig)(is our most powerful tool  the descriptors even in models where important effects are
for testing hypotheses about the determinants of protein missing from that model, provided that the descriptors are
structure. However, the complexity of the protein fold independent of the missing effec®2. Regression analysis
problem is such that the application of mutagenesis to testcan accurately parametrize descriptors even when the observ-
hypotheses, while enormously useful, does not always able is only weakly related to the hypothests The method
produce clear answers. This is, in part, because most residuess robust even in the face of considerable measurement error
in proteins serve multiple roles. Such complexity means that (23). The cost of these advantages is a need to acquire data
testing hypotheses by looking at a few tens of mutants canfrom large populations of mutant proteins. The number of
be an anecdotal process. Statistical modeling is often usedprotein mutants that need to be characterized to achieve both
to extend analyses beyond the anecdofl Gtatistical significance and robustness depends on the number of
modeling or regression analysis relies on a decompositiondescriptors to be parametrized and the precision of the
of the observable into component parts and provides ameasurements but is likely to be in the hundreds.
formalism for parametrizing the descriptors in the decom-  Hence, to test hypotheses concerning protein stability using
position. While there is some controversy concerning the the statistical modeling approach, it is necessary to employ
theoretical underpinnings associated with decomposing freehigh-throughput methods to determine protein stability. As
energy into component part3{7), there seems to be general in other areas, robotics and automated instrumentation
agreement that the approach has utility for protein studies. provide a means to achieve high-throughput without the need
For instance. the decomposition of the free energy of protein for laboratory heroics. Chemical denaturation is the most

unfolding has a long history of utility in simulation8- common approach to determine stabiligd(25). Data from
10) and in the analysis of the thermodynamic consequencessome reporter in the protein collected in various concentra-
of mutation (1—21). tions of denaturant can be fit to a model of the unfolding

Using regression analysis to parametrize decompositionsprocess (usually a two-state model) to determine the free
or models with the data from large numbers of mutants has energy of denaturation in the absence of denaturs@t,by).
several advantages over the anecdotal approach. Regressiowe explored fluorescence monitoring of the chemical
analysis provides an estimate of the fraction of behavior denaturation of mutant protein@—28) since it provides
accounted for by the hypothesis. It accurately parametrizesthe most potential for high throughput.
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250 uL of growth media plus 10% glycerol at70 °C in
96-well format microtiter plates. Growth medium is Terrific
broth (900 mL containing 12 g of tryptone, 24 g of yeast
extract, and 5 mL of glycerol is combined after autoclaving
with 100 mL containing 4.6 g of KHPO, and 25.0 g of K-
HPQ,). Inoculating cultures directly from the archival plate
gives considerable variation in lag times and growth rates.

Edgell et al.

otherwise indicated, are performed with the robot at room
temperature in a sterile air workstation. Liquid is always
removed using the Biomek suction apparatus 860 mbar.

A hand-held electronic pipet is used to pipet 8@0 of
Qiagen Ni-NTA Superflow resin slurry into each well of a
Whatman/Polyfiltronics 800 filter plate. The resin storage
buffer is removed from the wells. The resin is washed three

Consequently, a starter plate is prepared from the archivaltimes with 400uL of wash buffer | (50 mM sodium

plate. Culture preparation is done with the Biomek 2000
liquid handling robot housed in a clean bench sterile
workstation. One milliliter of growth media is transferred
into each 2.2 mL square well of a deep-well microtiter plate
(Marsh Bio Products). Each well is inoculated with 8D

of culture from the archival plate. The plate is sealed with

phosphate, 300 mM NacCl, 40 mM imidazole, pH 8.2). The
wells are loaded with 40@QL of cleared lysate. Liquid is
removed after a 15 min equilibration period. The well loading
steps (addition, equilibration, and liquid removal) were
repeated with 40@QL of cleared lysate until all of the cleared
lysate was processed. The resin in each well was washed

an AirPore porous adhesive sheet (Qiagen) and grown tOyith 4004L of wash buffer | and liquid removed after-P

saturation €15 h at 37°C) using a short radius (0.5 mm)
microtiter plate rotator, which is required to generate a good
vortex during growth. The next day the robot is used to
prepare two replacement archival plates (L&0of culture
and 70uL of 26% glycerol), to be stored in separat&0

°C freezers. On three successive days 4 mL of culture of

min. The protein-loaded resin was washed five times with
400 uL of wash buffer Il (50 mM sodium phosphate, 300
mM NacCl, pH 8.2), removing the liquid after—-12 min of
equilibration. The filtration plate was then rearranged so that
it sits on top of a deep-well receiver plate in the Biomek
suction apparatus. Four hundred microliters of elution buffer

each mutant is prepared as follows. The robot is used to add(50 mM sodium phosphate, 300 mM NaCl, 375 mM

1 mL of Terrific broth to each well of four 96-deep-well

format microtiter plates (square 2.2 mL wells). The robot is
then used to inoculate each well in the four plates with 50
uL of culture from the appropriate well of the starter plate.

The four deep-well plates are covered with porous adhesive

sheets and grown at 37T on the short radius shaker for
3.5-4 h. The OD of the cultures from one plate was checked
by transferring 2@.L of culture into 18QuL of growth media

in a microtiter plate. When an QE,,mof 0.125 of the diluted
culture is attained (equivalent to an @R, of 0.8 ina 1

cm cuvette), protein expression is induced by using the robot With & A(AGron) of

to add 10uL of 100 mM IPTG. Induction increases protein
yield 2—3-fold. The cultures are grown for an additionat3
h at 37°C. To facilitate freezethaw lysis, cells are collected

imidazole, pH 8.2) was added and suction applied after 5
min to transfer the liquid from the filtration plate to the
receiver plate. This elution step was repeated three more
times. The solution from the receiver plate was transferred
to a 96-well dialysis plate (2008, cutoff; Harvard Biosci-
ences) and dialyzed against several changes of 50 mM Tris
and 100 mM NacCl, pH 8.5, ove 3 day period. The purified
proteins are stored at AC. Protein yield is almost directly
proportional to the stability of the protein such that a mutant
—2.5 kcal/mol yields only a few tens

of micrograms from 12 mL of culture as contrasted to wild
type, which gives~800ug. Yields are estimated to be75%

of the His-tagged protein present in the cleared lysate. Eight

by centrifugation in three passes into a single new deep- consecutive days are required to prepare purified protein from
well culture plate in which the wells are cylindrical and 96 clones. For quality control we include three separate iso-
separated from each other. An eight-channel electric pipetlates of bacteria expressing wild-type eglin ¢ on each archival
is used to transfer 1.3 mI>(L.5 mL gives well-to-well cross-  Plate. In our experience, £(AGnor) determinations for the
contamination) from the four plates into the collection plate, Wwild-type controls are outside of the normal range, the
which is spun at 15a9for 15 min in a swinging bucket  (AGuon) values from most of the other proteins copurified
rotor. The supernatants are decanted by hand, and the platéom that archival plate are also unreliable.
is blotted. The single collection plate with pellets from 4 AGy oy Measurements Using the ATF105 Dual-Channel
mL of growth culture is covered with a 96-well plate mat Titrating Fluorometer (29)The ATF105 dual-channel ti-
(Phenix Research Products) and placed intfi@°C freezer.  trating fluorometer (Protein Solutions, Inc.) uses two solu-
Cell Lysis by FreezeThaw.Protein preparations are made tions per channel to carry out automated chemical denatur-
from 12 mL of growth culture that has been stored-&0 ation. The two sample cuvettes are filled with 1.8 mL of
°C as three separate cell pellets in microtiter plates. The threeprotein solution in the absence of denaturant and titrated with
pellets are thawed at room temperature on a support to allowprotein solution at the same concentration in 6.8 M guanidine
air to reach the bottom of the plates. The pellets are freeze hydrochloride (GUHCI). Measurements were made ft5

thawed three times using a dry ieethanol bath for freezing

Forty-two fluorescence intensity readings are acquired (exci-

and air for thawing. Each of the pellets is resuspended tation at 290 nm, emission at 350 nm). The concentration

separately in 400uL of 50 mM tris(hydroxymethyl)-
aminomethane (Tris), pH 8.5, 13 units/mL DNase, and/6

steps are spaced at 0.2 M GuHClI intervals in the ranges of
0—2.4 and 4.56.2 M and at 0.1 M GuHCI intervals from

MgCl,. The lysates are combined and cleared by centrifuga- 2.4 to 4.5 M. Protein samples, in a jacketed cell holder held

tion for 30 min at 1509 at 4°C. Each supernatant (1.1 mL)

at 25°C with a thermostat, a thermoelectric heater, and high

is transferred with the Biomek to a new deep-well plate and flow rate coolant, are stirred at a setting of 14 or 15 for 30
centrifuged again at 15@@&t 4°C. The supernatants are then s to allow the protein to come to chemical and thermal

transferred to a new Phenix 96 deep-well plate.

High-Throughput Purification of His-Tagged Proteins with
Qiagen Ni-NTA Superflow ResiAll pipeting steps, unless

equilibrium after each change in denaturant concentration.
Other proteins may require different times. The bandwidth
for the excitation and emission was set at 4 nm.
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Protein Solutions for Automated Chemical Denaturation.
The robot prepares the two solutions used for titration. Both
solutions contain 100 mM NaCl and 50 mM Tris at pH 8.5.
The robot prepares a 2.25 mL no-denaturant solution
containing 15QuL of the purified protein preparation. The
robot also prepares 6.0 mL of a 6.8 M GuHCI solution
containing 40QuL of the purified protein preparation.

Calculating AGhon. The data are fit to a six-parameter
equation (eq 4)30). The assumptions in that equation are
that the fluorescence signals from both pure native and
denatured states can be expressed as linear equations:

FObSd!NZ fN T S\I[GUHCI] Fobsd,DZ fD + %[GUHCI]

@
over the entire range of GuHCI concentrations in the

experiment and that in the transition region the equilibrium
between the native and denatured states is described by

FObS()/(FObSd_ FD) = eXp(_AG'N—D/R-D
()

Kn-p = (Fy —

where the free energy of unfolding is

AGy_p = AGyo — My_p[GUHCI] (3)

Hence the observed fluorescence sighakqis

Fobsa= {(fy + Sy[GUHCI]) +
(fo + splGUHCI]) explmy_p([GUHCI] —
[GUHCI],,)/RTI}(1 + exp[my_p([GUHCI] —
[GUHCI,)/RT]) (4)

wherefy is the fluorescence signal from the native state at
0 M GuHCI andsy = dfy/d[GUHCI] (i.e., the slope of the
native state responsejp and s, are the corresponding
parameters for the denatured staRejs the gas constant
(1.987 cal/mol), T is the absolute temperature of the
measurements (302 K), [GuHG}]is the GUHCI concentra-
tion where half of the protein molecules are in the denatured
ensemble, andw-—p is the change in free energy with respect
to the change in guanidine hydrochloride concentration.
The curve fit option in the KaleidaGraph program (version
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Ficure 1: Time for solution within the fluorometer cuvette to reach
99% of the equilibrium value at various stirring speeds.

denaturant concentration held at room temperature. The
solution in the cuvette is mixed with a magnetic stir bar,
and fluorescence intensity readings are acquired after a user-
determined interval. The time to collect a single fluorescence
reading is the sum of the time for the solution to come to
physical homogeneity after the addition of denaturant, the
time for the mixture to come to thermal and chemical
equilibrium after reaching physical homogeneity, and the
time for the instrument to acquire a fluorescence intensity
measurement.

Time To Reach Physical Homogeneify estimate this
time, for various stir speeds, a small volume (300 of a
concentrated fluorescein solution in 50% glycerol was placed
underneath 1.7 mL of buffer in a cuvette, the cuvette was
placed in the fluorometer, and fluorescence emission was
then measured for 600 s. The time to reach 99% of the
equilibrium value as a function of stir speed was determined
(Figure 1). The time to reach physical homogeneity at the
stir speed used for the chemical denaturation measurements
(3—4 s) is estimated by curve fitting data because the highest
speeds generate bubbles that interfere with the intensity
measurements (stirring can be turned off during measure-

3.5; Synergy software, PCS Inc.) was used to obtain valuesments in a titration experiment but not during a kinetic

for [GUHCI],2 andmy—p with their calculated standard errors
for individual measuremenfGyon for each mutant protein

is the product of [GUHCI]}, and my—p. The difference in
unfolding free energy between each mutant protein and wild
type was calculated usity(AGuon) = AG™hon — AGMyop,
whereAG™,o4 is obtained from a single measurement and
AG"yoy is the average value from 19 different wild-type
protein preparations.

RESULTS

We choose the ATF105, dual-channel titrating spectro-
fluorometer R9) for chemical denaturation measurements.

experiment).

Time To Reach Chemical Equilibriutde measured the
time for the wild-type eglin ¢ protein to reach chemical
equilibrium after a transition from 0 to 3.5 M GuHCI by
stopped flow (Figure 2) as’5 s. The final concentration of
3.5 M GuHCI is approximately th€,, the concentration
that requires the longest time to reach chemical equilibrium.

Verification of the Measurement Inteal. Given the times
to acquire a fluorescence measurement with the ATF (5 s)
and to achieve physical and chemical equilibrium, we choose
30 s as the interval between measurements during the chem-
ical denaturation titration. To verify this choice, we carried

This is a semiautomated instrument in that the protein in out separate measurements with the same preparation of eglin
low denaturant is placed in a cuvette and then the instrument,c but different measurement intervals. The values derived
after recording the fluorescence of that solution, uses afrom the chemical denaturation data remain unchanged with
programmable syringe to remove small volumes from the measurement intervals of 24 s or longer (Figure 3).

cuvette (~50uL) and another to replace that volume witha  We also tested the proposed 30 s measurement interval
denaturant solution or a solution of mutant protein at high using it for the first half of the transition and 5 min for the
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FiGUrRe 2: Stopped-flow determination of the time to reach chemical

equilibrium at theCr, of wild-type eglin c. FIGUrRe 4: Proportion of the variation in measured values, in

, , , , . . otherwise perfect models, coming frahGony measurement error.
SimulatedAGyon errors were generated by drawing numbers from
6.0 &.

- normal distributions with means of zero and various standard
v o— deviations. These errors were added to 85A&a4o4 measurements

AGHOH,N-D taken from the library of eglin ¢ mutant proteins. These values were

then fit to the non-error-containing values using a least-squares

method which gives the proportion of variation in the measured
values due to terms in the modedGuop) and to random error
(the errors we added). The values for the proportion of variation in
4.0 B the measurements due to measurement error in the plot are the
average from nine separate simulations.

50 | -

3_0__ u C u- reproducibility, we have collectedhGyon measurements

m | from four different preparations of 14 mutant eglin c proteins
(22). The average standard deviationAson for these 14
2.0 - mutant proteins wa<-0.087 kcal/mol.
w . — - p
ND DISCUSSION
10 0 5'0 150 1;0 250 Qéo 360 350 The precision ofAGpon measurements in the literature

. : . . . . There are three kinds of errors that could be reported. First
Ficure 3: Chemical denaturation parameters obtained with various . th iNAG det inati ted by th
intervals between the changes in denaturant concentrations. The> € €ITOI INAGHon AElermination reported by the curve
units of y-axis representation depend on which response is being fitting process, which is usually quite smah-Q.01 kcal/

plotted. ParameterAGron, unfolding stability (kcal/mol)®; Cy, mol). Second is the measurement error determined by the
midpoint of the denaturation transition (MlI, Mo, change in - reproducibility of the determination from a single protein
%(_3'*0“ as a function of denaturant concentration (kcal Thd ™), preparation. Third is the error determined from the reproduc-

ibility of the determination from different protein prepara-

second half31). We observed no discontinuity at the point tions. The latter value is the largest, suggesting that protein
of measurement interval change, indicating that the 30 simpurities are a significant source of variability, but this is
interval is sufficient (data not shown) to bring the solution the value that most closely reflects one’s capacity to “know”
to thermal and chemical equilibrium under the conditions the AGuon value of a particular mutant protein.
of these measurements. If the conditions were changed How good do these measurements need to be? Our
significantly, new tests would need to be performed. rationale for developing high-throughput protocols Adbyon

Reproducibility of theAGuon MeasurementsMutant measurements is to collect enough data to apply formal
proteins are purified in 96-well plate format, and three wild- hypotheses testing to models concerning the determinants
type isolates are included on each 96-well plate to assessf protein structure. Such analyses provide values for the
the quality of the protein purification for that plate. The weights of the descriptors used in the hypothesis and allow
averageAGyon for 19 individually grown and purified wild-  one to assess the completeness of the hypothesis tested. A
type protein samples is 6.12 0.05 kcal/mol. TheAGy-p guantitative assessment of the completeness of the model,
value for repeated measurements from a single wild-type which determines whether new effects need to be added to
protein preparation is not significantly different, 6.340.04 fully predict behavior, has been difficult to obtain with the
kcal/mol, indicating that the freeze¢haw/His-tag protein more anecdotal form of using mutagenesis for hypothesis
purification scheme is quite reproducible. To further assesstesting. To show the consequences\@,o4 measurement
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1.0 Table 1: Performance of the Biomek Robot at Preparing Solutions
> for Chemical Denaturation
£
z’ L [proteinhe®  [GUHCl]measd
o 08 tube [proteink? [proteinhe® [proteinje? [GUHCliargef
= 1 0.0668 0.0670 1.003 1.001
8 1 2 0.0667  0.0668 1.001 1.000
s 0.6 3 0.0664 0.0668 1.006 1.000
4 4 0.0666 0.0669 1.005 0.999
o 5 0.0665 0.0671 1.009 0.999
S i 6 0.0664 0.0670 1.009 0.998
L o4 7 0.0663 0.0671 1.012 0.998
o 8 0.0663 0.0670 1.011 0.998
o
N mean 0.0665 0.0670 1.008 0.999
< i SD 0.0002 0.0001 0.004 0.001
E o2 SDas 0.5 0.6
S vol (uL)
] coeff of 0.3 0.2 0.4 0.1
0.0 2l DU VO DU T g;f)'atm’
0 1 2 3 4 5 6 7 >
GuHCI Concentration (molar) aThe protein concentration of the low denaturant titration solution

(IG) expressed as protein volume to total volurh&he protein
Ficure 5: Chemical denaturation curves for eglin ¢ proteins. concentration of the high denaturant titration solution (hG) expressed
The curves for the wild-type protein and four eglin ¢ mutant pro- as protein volume to total voluméRatio of the measured volume of
teins have been normalized to have an intensity of zero in 0 M GuHCI solution dispensed into the high denaturant solution tube to
GuHCl and 1 in 6.2 M GuHCI to show the nature of the pre- and the targeted volume'.Standard deviation of the values from the eight
posttransition properties of eglin denaturation in guanidine hydro- preparations over the mean 100.
chloride. The solid lines are the best fit of the data to a two-state

process assuming that the pre- and posttransition behaviors repreg protein solution in low denaturant and a half-filled cuvette

sent the behavior of pure native and denatured protein over the 5y than add denaturant to that solution while correcting the
entire range of guanidine hydrochloride concentrations. Curves

eg"n wt, ®; R21A,E22K,T25Q,L26Q:; R21E,E22D,T25E,L26Q, “fluorescence for dilution. This method ﬁr_‘nposes a limit on
B, R21N,E22Q,T25D,L26A®; R21E,E22G,T25Q,L26Ga. the range of denaturant that can be utilized. However, the
quality of AGyon measurements derived from chemical
error of various magnitudes on the capacity to assess thedenaturation depends on the capacity to define the pre- and
completeness of models, we carried out a simulation using posttransition behavior of the protein (Figure 5), and hence
real AGpon data on eglin ¢ mutant proteins to which were one would want to center that limited range on the midpoint
added various amounts of error. In this simulation the of the denaturation transition. To use the one-protein solution
“model” is set up to predict the values we actually measured. approach, one usually determines the approximate midpoint
If there was no measurement error, all of the differences in of the denaturation transitiol©g,) in preliminary experiments
the measurements would be predicted by the model. As theand then tailors the measurement to the properties of the
amount of error added increases, the fraction of the variation mutant. In high-throughput mode this method is too expen-
in the measured values predicted by the otherwise perfectsive in terms of time and protein.
model drops. As expected, the fraction of the variation in  An alternative is to titrate by removing aliquots of low
the measured values attributable to the measurement errodenaturant protein solution and replacing the removed
goes up as the square of that error (Figure 4). While a solution with protein in high concentrations of denaturant.
measurement error ak0.10 kcal/mol leaves only 1.6% of  This approach causes measurement error from inequalities
the variation in measured values for an otherwise perfectin the protein concentrations in the low and high denaturant
model unexplained by the model (here attributable to solutions. How accurately can the two solutions be made
measurement error), an error £80.4 kcal/mol leaves 16% and what are the consequences of errors in the solution
of the variation unexplained by the model, and an error of preparation?
+0.6 kcal/mol leaves 48% unexplained. Hence data sets with  We use robotic liquid handling equipment (Beckman
measurement standard deviations-af0.5 kcal/mol would Biomek 2000) to prepare the mutant protein solutions. The
be weak data sets for deciding a model’'s completeness evervariation in protein concentrations was measured by instruct-
if one were not using regression analysis. With that level of ing the robot to prepare eight pairs of solutions and
uncertainty in AGuon, @ large fraction £50%) of the determining the volumes dispensed by weighing the tubes
measured behavior of the mutant proteins would be unac-after each series of liquid additions. Remarkably, the Biomek
counted for by even perfect models. Note that the conse-robot achieves a coefficient of variation (180the standard
quences of measurement error go from negligible to large deviation of the mean) af£0.1% for any individual addition
over the same range as the errors commonly reported in theand a final average coefficient of variation £0.4% in the
literature @&0.1 to£0.6 kcal/mol). Given this requirement protein concentrations of the eight pairs (Table 1). This
for high precision, we wanted to assess the contribution to represents a standard deviation468.5 to +0.6 L in the

error from each part of the measurement protocol. total volumes (2.5 or 6.0 mL) of the two solutions used in
Errors Due to Differences in Protein Concentrations in the titrations! The robot may be even better than this since
the Solutions Used for TitratiorSchwehm and Stites3() the calibration tool we used is not 10 times more precise

suggest that the most accurate way to carry out fluorescencethan the observable being measured as required for most
monitored chemical denaturation is to start the titration with accurate calibration.
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lconcccientra;tlon ?f thle th'gh %gnﬁt%rant ttltrantt f.?'“t'?” rielfti.tlve tothe generated by drawing numbers from normal distributions with
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ﬁ.r eﬁarfﬁ W{f]h contcgntrationst 0{. €gg mhitle Iydsozytme t{]atlmélere added to perfect measurement values (real values plus the residuals
Igher than the protein concentration In the fow denaturant SOlution. ¢, the cyrye fit) for data from chemical denaturation of egg white

AGyon values were then determined with solutions having the |yso,vme. These error-containing values were then used to generate
indicated level of protein concentration difference. AGron values as described. Nine sets of error-containing data were
used to obtain the standard deviationAGHon values for each
Measurements oAGyon for egg white lysozyme made  measurement error level.

with and without intentional differences in protein concentra-
tion between the initial solution and the titrant (Figure 6) syringe system has a precision of better than 0.5% when the
indicate that the measurements are modestly resistant to sucliolume dispensed is greater than 10% of the syringe
differences (0.02 kcal/mol per percent mismatch). The (conditions met by our protocol) and hence contributes about
Biomek generates protein solutions with protein concentra- £0.011 kcal/mol variance to thAGpon measurements or
tion errors of+£0.4% (Table 1); hence we can expect the about 13% of the observed standard deviatibf.087 kcal/
errors in AGon data from solution mismatch to have a mol) in our AGyon measurements.
standard deviation of-0.008 kcal/mol or 9% of the total Variance inAGpop Arising from Impurities in the Protein
variance 0f+0.087 kcal/mol. Preparations. Purity of protein preparations is a major
Variance in AGyoy Measurements Generated by Fluo- potential source of variance iNGyon Mmeasurements. To
rescence Measurement Erroflo assess the impact of assess the effects of protein contaminationA®Bon, We
fluorescence intensity measurement error, we took “perfect” collected denaturation data from mixtures of eglin c and egg
fluorescence intensity data for the chemical denaturation of white lysozyme (both have denaturation profiles that go from
egg white lysozyme and added simulated errors drawn from low to high fluorescence) and fit the resulting data to a two-
normal distributions with means of zero and various standard state model. The appareniGyon for eglin ¢ increases by
deviations. A significant level of instrument precision is 0.06 kcal/mol per percent of the mixture that is egg white
needed (Figure 7) for precis&Gyoy measurements. We  lysozyme (data not shown). Making mixtures of a protein
determined that our instrument gives a standard deviation(CheY) that shows the more traditional high to low transition
of +0.00054 fluorescence unit over 30 s. An examination during chemical denaturation gave similar results. When we
of Figure 7 shows that such errors lead to a standard deviationused EWL to break open the cells, we would often see trace
of £0.059 kcal/mol, which accounts for 68% of the observed levels of EWL in the purified preparations. Use of a freeze
standard deviation in our measurement®.087 kcal/mol) thaw protocol 85) removes that source of contamination and
and is the major source of error in ooy determinations. produces a lysate with a lower level of contamination from
Variance in AGuon Generated by Titration Dispensing E. coli proteins. The standard deviation AGon for eglin
Errors. To assess the impact of dispensing errors associatedc increases byt0.011 kcal/mol when measurements from
with the titrator, we generated a simulation in which the several preparations are compared to repeated measurements
errors in removed and added volumes were drawn from from the same preparation, implying that the high-throughput
numbers from normal distributions with various standard protein purifications achieve purity levels 6199.8%.
deviations. The protein and GuHCI concentrations were then  The instrumentation described provides a means to obtain
calculated from these volumes with the titration errors very high precision measurements AfS,on from large
propagating throughout the titration using the fluorescence numbers of mutant proteins. The quality of those measure-
intensity values from a normalized perfect response curve ments of course depends on the extent to which the individual
for eglin c. AGpon values calculated from these simulated mutant proteins retain the properties of the wild type that
data sets indicate that the errorAGy o4 is £0.0216 kcal/ are necessary for the measurements, such as fast folding and
mol times the percent error in titration volume. The Hamilton two-state behavior.



High-Precision, High-ThroughputGyon Determinations
CONCLUSION

that can be explained by perfect models decreases as the
square of the measurement error (Figure 4). In fact, the
fraction goes from 98% to only 50% over the range most
commonly reported foAGhon measurements in the literature
(£0.1 to£0.6 kcal/mol). Much of the stability behavior of
mutant proteins measured to a precisiondf.6 kcal/mol
would not be explained by even a perfect model. As a 12
consequence, using the formal mathematics of hypothesis

testing to assess models for the determinants of protein 13.

structure requires high-precision stability measurements on

large numbers of mutant proteins if one is to be in a position 14

to assert that there are effects missing from the models tested.
To achieve precision levels df0.1 to+0.2 kcal/mol using
chemical denaturation, one needs an instrument that can
monitor the denaturation process precisely (coefficient of
variation in the measurements s0.7% of the midpoint of
transition signal) as well as protocols to produce quite pure
mutant proteinsx97% purity) and precisely matched protein
solutions for the chemical denaturation titratios 2/5%
differences in protein concentrations in the high- and low-
denaturant solutions). These criteria can be met in a high-
throughput mode using robotics for protein purification and
solution preparations (Beckman Biomek 2000) and a semi-
automated titrating fluorometer (Protein Solutions Inc.
ATF105). Throughputs depend on the time that the protein
of interest takes to reach equilibrium during the titration
process, and we have been able to collect data from two
mutant proteins per 45 min with eglin c. The standard devia-
tions in AGuon values from a single preparation of wild-
type eglin ¢ £0.040 kcal/mol) and from separate prepara-
tions (#0.051 kcal/mol) are essentially the same, implying
that the freezethaw/His-tag purification scheme produces
very pure proteins.
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