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Abstract

Production of folded and biologically active protein froEscherichia coliderived inclusion bodies can only be
accomplished if a scheme exists for in vitro naturation. Motivated by the need for a rapid and statistically meaningful
method of determining and evaluating protein folding conditions, we have designed a new fractional factorial protein
folding screen. The screen includes 12 factors shown by previous experiments to enhance protein folding and it
incorporates the 12 factors into 16 different folding conditions. By examiningead fraction of the full factorial,
multiple folding conditions were determined for the ligand binding domains from glutamate and kainate receptors, and
for lysozyme and carbonic anhydrase B. The impact of each factor on the formation of biologically active material was
estimated by calculating factor main effects. Factors and corresponding levels sucti&s) @idi-arginine(0.5 M)
consistently had a positive effect on protein folding, whereas detef@&htM lauryl maltosidgand nonpolar additive

(0.4 M sucrosgwere detrimental to the folding of these four proteins. One of the 16 conditions yielded the most folded
material for three out of the four proteins. Our results suggest that this protein folding screen will be generally useful
in determining whether other proteins will fold in vitro and, if so, what factors are important. Furthermore, fractional
factorial folding screens are well suited to the evaluation of previously untested factors on protein folding.
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Harvesting the fruits of whole, partial, and selective genome serived from inclusion body material can be folded into a biologi-
quencing projects frequently requires the heterologous expressiarally relevant conformation would be usef(Chen & Gouaux,
of genes and subsequent studies of the gene products. Expressit®97; De Bernardez Clark, 1998deally, the method would an-
in a bacterial host, such &scherichia coljis an economical and swer the folding question with a reasonable degree of confidence
time efficient method of protein production. However, in many using a small number of experiments. If expressiotkincoli is
cases expression of foreign proteind&gncoli leads to the produc- subsequently deemed untenable, then production of the protein in
tion of insoluble inclusion bodies. Since a large number of proteinamore expensive and time consuming systems can be justified. In
can be folded from inclusion body material and because proteithis paper, we present an approach to search for folding conditions
production in the form of inclusion bodies has a number of merits,and apply it to the folding of four proteins.
a method that would answer the question of whether proteins de- The folding buffer should favor the formation of the native state
while minimizing the aggregation of folding intermediates. A wealth
of experimentation has shown that polar additivesch as argi-
Reprint requests to: Eric Gouaux, Department of Biochemistry and Mo-nine), osmolytes, detergents, and chaotropes can minimize aggre-
lecular BiOphySiCS, Columbia University, 650 West 168th Street, New YOTk,gation and increase the y|e|d of b|0|og|ca||y active mateﬁ;ﬂe

New York 10032; e-mail: jeg52@columbia.edu. i iewO ;
Abbreviations: GIuR2, ionotropic glutamate receptor, AMPA specific, Rudolph & Lilie, 1996 for a recent revi ther factors affecting

subtype 2 or B; GIuUR2-S1S2, ligand binding domain of GIuR2: GFB-Slsz,the formation and stability of the folded state are pH, redox envi-
ligand binding domain of the goldfish kainate binding protein, subfgpe ~ ronment, ionic strength, protein concentration, presence of ligand,
CAB, carbonic anhydrase B; GuHCI, guanidine hydrochloride; GSSG, oxi-and the mode by which the denaturant concentration is reduced,
dized glutathione; GSH, reduced glutathione; FF16, 16 condition fractlona|_e” by dilution or dialysis, as examples. It is also known that

factorial folding screen; AMPAg-amino-3-hydroxy-5-methylisoxazole-4- . P
propionic acid; KA, kainate; HPLC, high pressure liquid chromatography; proteinaceous chaperones can promote folding in (@ae, 1996.

PCR, polymerase chain reaction; pNAc, p-nitrophenylacetate; PEG, polyettHowever, we have devoted our attention to small molecules and
ylene glycol; SEC, size-exclusion chromatography; RT, room temperaturepolymers in the experiments described here.
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Different proteins often require distinct conditions for folding. bonds, a pl of 11.35 and is primarity-helical. On the other hand,
For exampleMycoplasmaarginine deiminase folds upon dilution CAB (30 kDg has no disulfide bonds, a catalytic metal ion center,
into only 10 mM potassium phosphate at pH 7Misawa et al.,  a central3-sheet that forms the core of the protein and an isoelec-
1994, whereas a good condition for urokinase folding requirestric point of 5.9. All four proteins were successfully folded under
50 mM Tris, pH 9.0 1 M GuHCI, 0.2 Mvr-arginine, 5 mM EDTA,  multiple conditions from the screen.

0.005% Tween 80, 1.25 mM GSSG, and 0.25 mM GSWnkler
& Blaber, 1986. In general, determination of folding conditions
has involved a trial and error, one factor at a time approach anéresults
there is scant information available in the literature on general
methods to search for folding conditions. Nevertheless, one apStatistical analysis of the data
proach involved applying a crystallization screen to the search fo
protein folding conditiongHofmann et al., 1995 However, one
would predict that effective precipitation and crystallization con-
ditions will almost certainly not be useful for protein folding; not
surprisingly, this approach was largely unsuccessful. By contras
optimizations of previously determined folding conditions are more
widespreadsee Ahn et al., 1997 In an effort to provide a logic
to th.e search fc_)r prott_aln folding conditions, we have develope 978. As shown in Figure 2, polar additivargining at the “+”
fractional factorial folding screen€hen & Gouaux, 1997 Here . .

. . _ . level, i.e., at 0.5 M, pH at the+" level (pH 8.5 and protein
we report an improved version of the original screen and describe .
. L . : concentration at the+" level have some of the strongest favor-
its application to a number of structurally diverse proteins. . - .

. L : . : able effects on the yield of active protein.
Since the in vitro folding of a protein may be influenced by a s . i, .
. To help determine if a given factor had a positive or negative
number of factors each bounded by two chemically reasonable - .
. . . . éffect for each of the four proteins, the main effects for each
levels(i.e., the factor “protein concentration” might have the levels

0.1 and 1.0 mgmL), an efficient and statistically meaningful method prpteln were scaled in the following manner. For each of the pro-
of searching for folding conditions is desired. However, if onetems’ the values of all factors were scaled such that the main effect

of the factor with the greatest effect was set to 1.0. In the case of
ation of the full factorial would require 4,096 experiments. In SluR2-$152 the factor is PH, for example. Then, the mean main
d y P ", effects for each factor were calculated. This value is indicated by

many cases, when one is searching for factors that impact thf%e unfilled bars in Figure 3. The mean main effects were then
outcome of a particular process, evaluation of a fraction of the full '

S . ) . anked in order of decreasing magnitude. As shown in Figure 3,
factorial is sufficient to determine which factors have the greates o . .
; . . H, polar additive, chaotrope, and protein concentration have the
effects. Indeed, the fractional factorial experiment allows one t

. ) . . . . argest positive mean main effects. Detergent has the largest neg-
estimate main effects and multifactor interactions, depending on gestp 9 g g

. . . ive mean main effect. R ioxidation ntial h nover-
the resolution of the particular desigBox et al., 1978 Once the ative mean main effect. Reduct dation pote t_a asanove
Co . o . . all average effect of zero, although the spread in the main effects
most significant factors have been identified, the folding condi-. :
is large because lysozyme folds well in the presence of GSH

tions can be optimized using a subset of the original factors. Al- SSG, i.e., the £” level of Red/Ox. has a large positive effect

though some of the assumptions !nherent in fractlo_nal factoria Fig. 2 while GSH/GSSG has a smaller negative effect on the
experiments, such as the assumptions that the resgbesehe ! -
folding of the other proteins.

yield of folded protein is linearly dependent on the level of the
factor and that the factors do not interact, may not be strictly valid,
a screen based on a fractional factorial design nevertheless presjyur2-5152

vides a powerful tool by which folding conditions can be screened o N
and factors can be evaluated. As shown in Figure 1, most of the FF16 screen conditions gave

Here we describe a fractional factorial protein folding screenSignificant levels of folded GIUR2-S1S2 except #2, #5, #9, and
that includes 12 factors and a total of 16 experimeiis16;  #14. Condition #7 resulted in the high¢$H]-AMPA counts fol-
Table 1. The effectiveness of the FF16 screen was tested on thwed by #16 and #6. The main effects plot for GluR2-S1S2 shown
ligand binding domains from the rat GIuR2 recepf@luR2-S1S2;  in Figure 2 illustrates that the following factors had a positive
Chen & Gouaux, 1997; Arvola & Keinanen, 199@nd from the effect on the folding: pH of 8.5, 0.5 M GuHCI, 0.5 mgL protein
goldfish kainate binding proteig (GFB-S1S2; Wo & Oswald, concentration, and 0.5 M-arginine. The inclusion of sucrose,
1994, on hen egg white lysozyme, and on bovine carbonic anhy_divalent cations, and PEG had negligible effects while dialysis,
drase B(CAB). GIuR2-S1S2 and GFB-S1S2 have low level amino high ionic strength, GSHGSSG, and detergent had weakly neg-
acid sequence identity, related biological activities, molecularative effects. The presence of glutamate in the folding buffer had
weights of~32 kDa, one disulfide bond, two compact domains, & modestly positive consequence. Based on large scale folding
mixed /B secondary structures and basic isoelectric points; prio€XPeriments of GluR2-S1S2, which employed folding conditions
to the work from this laboratory, folding conditions for neither Similar to #7, the yield was-10% using ORgo measurements.
GluR2-S1S2 nor GFB-S1S2 had been reported. In contrast, lyso-
zyme(Dobson et al., 1994; Hevehan & De Bernardez Clark, 1997 GFB-S1S2
and CAB (Cleland et al., 1992; Wetlaufer & Xie, 1995; Xie &

Wetlaufer, 1996 are both well-studied proteins and have served asConditions #7, #3, #4, and #11 gave the largest amount of properly
model systems for testing factors and methods for protein foldingfolded GFB-S1S2 as judged by thigH]-kainate binding results
On the one hand, lysozym@W of 14.5 kDg has four disulfide listed in Table 2. The yield of soluble protein was 10-15% as

The main effects of each factor were calculated by summing the
response(i.e., [3H]-AMPA counts in the case of GIuR2-S1S52
obtained when using thet” level and then when using the—
gevel of the particular factor under consideratidfig. 2). The sum

of the “—" experiments were then subtracted from the sum of the
“+” experiments and the resulting difference was divided by 8,
j.e., Main Effect= > “+ level” — > “— level”/8 (Box et al.,



Table 1. 16 Condition fractional factorial folding screen (FF16)

[Protein Polar lonic Dival. PEG NP

Buffer Patterr Mode (mg/mL)¢ add¢ Detergent pH’ Red/OxJ9 Chao” strl catl (%)* Ligand add™

1 S Dil. 0.1 0 0 8.5 1 mM DTT 0 250 mM EDTA 0.05 10 mM 0

2 e Dil. 0.1 0 0.3 mM 6.0 GSHGSSG 0.5 M 10mM Mg, Ca 0 0 0

3 . Dil. 0.1 05 M 0 6.0 GSHGSSG 0.5 M 10mM  EDTA 0.05 10mM  04M
4 = ——+ Dil. 0.1 0.5 M 0.3mM 8.5 1 mM DTT 0 250 mM Mg, Ca 0 0 0.4 M

5 bt Dil. 0.5 0 0 6.0 GSHGSSG 0 250mM Mg, Ca 0 10mM  04M

6 bt —+ Dil. 0.5 0 0.3mM 8.5 1 mM DTT 0.5 M 10 mM EDTA 0.05 0 0.4 M

7 bt —t— Dil. 0.5 0.5 M 0 8.5 1 mM DTT 0.5 M 10 mM Mg, Ca 0 10 mM 0

8 bttt —— Dil. 0.5 0.5 M 0.3mM 6.0 GSHGSSG 0 250 mM EDTA 0.05 0 0

9 R F Dial. 0.1 0 0 6.0 1 mM DTT 0.5 M 250 mM Mg, Ca 0.05 0 0.4 M
10 bt —— Dial. 0.1 0 0.3 mM 8.5 GSHGSSG 0 10 mM EDTA 0 10 mM 0.4 M
11 bbb —— Dial. 0.1 05 M 0 8.5 GSHGSSG 0 10mM Mg, Ca 005 0 0
12 bttt — Dial. 0.1 05 M 0.3 mM 6.0 1 mM DTT 0.5M 250 mM EDTA 0 10 mM 0
13 bt ——— Dial. 0.5 0 0 8.5 GSHGSSG 0.5 M 250 mM EDTA 0 0 0
14 R e e e o Dial. 0.5 0 0.3 mM 6.0 1mMDTT 0 10 mM Mg, Ca 0.05 10 mM 0
15 b —— + Dial. 0.5 0.5 M 0 6.0 1 mM DTT 0 10 mM EDTA 0 0 0.4 M
16 ++++++++++++ Dial. 0.5 05M 0.3 mM 8.5 GSHGSSG 05 M 250 mM Mg, Ca 0.05 10 mM 0.4 M

a4 /— factor levels are: Mode, dit —, dial = +; [Protein, 0.1 mg/mL = —, 0.5 mg/mL = +; Polar Additive, 0= —, 0.5 M= +; detergent, = —, 0.3 mM= +; pH, 6.5=
1 mM DTT = —, GSH/GSSG= +; chaotrope, 6= —, 0.5 M= +; ionic strength, 10 mM= —, 250 mM= +; divalent cations, 1 mM EDTA= —, Mg, Ca= +; PEG, 0= —, 0.05%= +; ligand, 0=

—, 10 mM = +; nonpolar additive, 6= —, 0.4 M= +.

bThis factor was only included for GIuR2-S1S2 and GFB-S1S2 folding experiments.

‘Lysozyme experiments were performed using protein concentrations of 0.1 and AnfLmg

dL-arginine.
€Detergent: lauryl maltoside

fpH 6.0, 50 mM MES; pH 8.5, 50 mM Tris-HCI; pH was measured $E4
91 mM reduced GSH) and 0.1 mM oxidizedGSSQ glutathione.

"Guanidine hydrochloride.
"Molar ratio of NaCl to KCI was 25:1.
/1 mM EDTA or 2 mM MgCh, 2 mM CaC}; except for CAB buffers that contained 1 mM Zn@hstead of MgC) and CaCj.

KPEG MW,yerage= 3,550 Da; the concentration was weigilume.
''The ligand was.-glutamate for GFB-S1S2 and GIuR2-S1S2 buffers; this factor was excluded from the folding buffers for lysozyme and CAB.

MSucrose.

—, 8.5= +; Red/Ox.,

uaalos Buipjoy uidioid eLioioe) reuonoelH
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Fig. 1. Relative activity chart. The relative activity was calculated with respect to the condition that resulted in the greatest amount
of active material for each protein; all other conditions are given as a percentage of the best condition. Condition #7 resulted in the
largest amount of properly folded GIuR2-S1S2, GFB-S1S2, and CAB, whereas condition #11 yielded the greatest amount of active
lysozyme.

GIuR2-S1S2 GEB-S182 estimated by SDS-PAGE. The fewest counts were recorded for

L conditions #2, #6, #8, #13, and #14. The strongest positive factors
were 0.5 Mr-arginine followed by dialysis, pH 8.5, and 1 mM
L-glutamate(Fig. 2). The presence of detergent had a strong neg-
ative effect while glutathione, high ionic strength, PEG, and su-
BN BN B crose had moderately negative consequences. Interestingly, protein
i - - concentration appeared to have no effect on GFB-S1S2 folding
£ i showing that a higher protein concentration did not yield more
folded material. This in turn suggests that nonproductive folding
and aggregation occurs at protein concentrations above 0/1 mg
mL. Although most conditions in the FF16 screen were sufficient
) to fold GFB-S1S2, only one of the best four folding conditions
Qafb‘f”"f Aphydrasel?, were shared with its close relative GIuR2-S1S2. Likewise, the
? % E i | : chaotrope and protein concentration factors, which were important
L for GIuR2-S1S2 folding, were relatively neutral factors for GFB-
S1S2 folding. While these two proteins have many common phys-
ical characteristics and functional properties, these similarities do
not confer equivalence in terms of factor main effects.
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Lysozyme did not yield active material under as many conditions
of the FF16 screen as compared to GIuR2-S1S2 and GFB-S1S2.
Fig. 2. Plot of the factor main effects. The main effects for each factor This result is probably due to the requirement of lysozyme for
were calculated using the equatigi® “ + level” — X “ — level)/8 (Box  conditions that promote disulfide bond formation and rearrange-
et al.,, 1978. The factors are plotted in order of decreasing main effects,mem. In fact, none of the eight conditions that contained 1 mM

starting from the left. A positive value on the chart indicates that the “ . . T .
level (i.e., pH 8.5 or 0.5 Mcr-argining is estimated to enhance protein DTT resulted in active lysozyme, indicating that lysozyme folding

folding, whereas a negative value reflects a decrease in folding due to thig greatly disfavored under reducing conditions. The two best con-
‘+" level of the factor. The calculations of main effects do not take into ditions for lysozyme folding were #11 and #16, respectively. Like
account multifactor interactions, which, if present, may alter the estimationgeg.g152 protein concentration was a neutral factor in lysozyme

of factor main effects; to estimate multifactor interactions, higher resolu-,_, .. -
tion screens must be performed. The dncertainty for estimation of the folding. Since the data presented here measured the total amount of

main effects are 502 for GIUR2-S1S2, 1980 for GFB-S1S2, 0.008 foraCtive protein and conditions with different protein concentrations,
lysozyme, and 0.005 for carbonic anhydrase B. such as #110.1 mg/mL) and #16(1.0 mg/mL), resulted in similar
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Table 2. Results of folding GluR2-S1S2, GFB-S1S2, lysozyme, and CAB using FF16

GluR2-S1S2 GFB-S1S2 Lysozyme CAB
Buffer 3H-AMPA binding? 3H-KA binding? activity® activity®
1 8,055+ 704 21,603+ 393 <0.01 0.013+ 0.001
2 <200 <2,400 0.01+ 0.007 0.032+ 0.004
3 9,152+ 1,061 42,557 3,116 0.04+ 0.009 0.022+ 0.006
4 9,295+ 2,054 38,177 1,628 <0.01 0.012+ 0.003
5 355+ 10 6,320+ 500 <0.01 <0.01
6 17,920+ 1,035 <2,400 <0.01 0.084+ 0.016
7 31,785+ 310 152,130t 1,060 <0.01 0.384+ 0.010
8 7,130+ 925 <2,400 0.02+ 0.009 0.103+ 0.010
9 1,340+ 87 8,829+ 572 <0.01 <0.01
10 7,001+ 428 8,069+ 1,048 0.01+ 0.005 0.010+ 0.001
11 9,039+ 390 28,714+ 5,108 0.14+ 0.021 0.061+ 0.017
12 4,201+ 530 19,222+ 3,900 <0.01 0.021+ 0.002
13 13,075+ 2,435 <2,400 0.07+ 0.023 0.112+ 0.001
14 890+ 55 <2,400 <0.01 <0.01
15 6,430+ 75 12,730+ 1,961 <0.01 0.097+ 0.013
16 21,920+ 4,955 10,318+ 2,280 0.12+ 0.033 0.114+ 0.050
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aThe units are cpm. For conditions that include a protein concentration of 0/Bimghe original measurements were multiplied
by five to account for the differences in protein concentratg®ee Materials and method&or all measurements, the error is presented
as one standard deviation.
bThe units are OD. Lysozyme activity is given as the decrease igsQiver a 5 min period.
“The units are OPmin. Carbonic anhydrase activity is given as the increase igo§¥er a 5 min period divided by the time for
reaction.
dThis measurement was not duplicated; the standard deviation given for this measurement is the mean of all the GFB-S1S2 standard
deviations.

amounts of folded product, condition #11 gave a higher yield ofsubstantial number of factors that may facilitate folding, is a daunt-
active lysozyme, based on the amount of starting material. Bying and potentially fruitless task. To answer the question&lpf
comparing the FF16 results to an assay using native lysozymeyhether the protein of interest will fold an@) what factors are
condition #11 had a yield of-37% and condition #16 yielded most influential, we have designed and tested a fractional factorial
~4% of the activity based on the amount of original material.  protein folding screen. The screen answers the question of whether
the protein will fold using a small number of highly varied con-
ditions and it facilitates the determination of factors, and their
respective levels, which enhance or diminish productive folding.
CAB folded to yield catalytically active protein under many of the  FF16 was tested on four denatured and reduced proteins, GIuR2-
conditions in FF16. However, as was determined from the foldingS1S2, GFB-S1S2, lysozyme, and carbonic anhydrase B. These
of GIuR2-S1S2 and GFB-S1S2, condition #7 clearly gave the highproteins differ in isoelectric point, secondary structure, the number
est yield per volume of protein folding solution. Both condition #7 of disulfide bonds, and molecular mass. All four proteins were
and condition #11 resulted in a folding yield ©60% based on the successfully folded under multiple conditions. Although the degree
amount of starting material. It was striking that the six conditionsto which each factor affected the folding of these proteins differed,
for which the highest CAB activity was measured all had proteinthere were discernable trends estimated by comparing the main
concentrations of 0.5 mgnL, which made high protein concen- effects of each factor, as shown in FiguréBdx et al., 1978 The
tration the strongest positive factor. The presence of Ot5dvbinine,  main effects of the pH and polar additive factors were substantial
pH 8.5, or 0.5 M GuHCl also had a positive effect on CAB folding. in all of the folding experiments and productive folding was fa-
PEG has previously been shown to increase the yields of CABrored by high pH®8.5) and the presence of arginine. These results
folding (Cleland et al., 1992 However, in this screen the presence are consistent with the folding behavior of many other proteins
of PEG had a moderately negative effect. This disparity could bgRudolph & Lilie, 1996. For proteins that contain disulfide bonds,
due to multifactor interactions, since the folding buffers used byhigh pH will certainly enhance disulfide bond exchange. However,
Cleland et al. included onll M GuHCI, 0.5 mgmL CAB, and  for proteins that do not contain disulfide bonds, it is unclear why
PEG (Cleland et al., 1992 high pH facilitates folding. Perhaps proteins that contain cysteines
but do not have essential disulfide bonds nevertheless fold more
effectively under conditions permissive to cleavage of “incorrect”
disulfide bridges. Alternatively, high pH may reduce the aggrega-
Utilization of protein produced as inclusion bodies fr@ncoli is tion of folding intermediates.

a valuable strategy if the protein folds in vitro. Searching for Higher protein concentration was a positive factor in the folding
folding conditions by trial and error, particularly in light of the of GluR2-S1S2 and for carbonic anhydrase but in the instances of

Carbonic anhydrase B

Discussion
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Fig. 3. Comparison of normalized main effects. All of the factors for each of the four proteins were normalized with respect to the most
influential factor from the main effects plot. The factors are listed in order of decreasing average maifpeffiiste or negativefrom

left to right; pH has the largest average effect on protein folding and/Red.environment has the least overall influence on
renaturation. Although the average main effect of a particular factor may be minimal, such as in the case of/the. Redor, there

may be a significant variation in the responses to the factor that fortuitously cancel. In other words, even thougly@e Retor

is generally not very important, it plays a critical role in the folding of lysozyme, which has four disulfide bonds.

lysozyme and GFB-S1S2, using a higher final protein concentraliganded GluR2-S1S2 is much more sensitive to proteolysis and
tion in the folding reaction did not result in a larger amount of thermal denaturation compared to the liganded spe(®n
active material. These results suggest that in the folding of lysoet al., 1998. Interestingly, another factor that acts by stabilizing
zyme and GFB-S1S2, protein aggregation is a serious problem arttie native state, the nonpolar additive sucrOEenasheff, 1993
that species along the folding pathway m@dy have a low solu- does not have a positive effect for any of the proteins. For the
bility and/or (2) be prone to aggregation. proteins studied, deleterious effects of sucrose on folding inter-
The presence of chaotrope exerts a favorable influence on foldnediates may be more costly than potential stabilizing effects on
ing with all of the proteins although the relative importance variesthe folded states. lonic strength appears to exert a negative effect
from significant (GIuR-S1S2 and CAB to possibly significant on protein folding although the basis for this result is not apparent
(GFB-S1S2, and to insignificant(lysozyme. It is striking that  and multifactor interactions may obscure the true effect of differ-
chaotrope would have the least positive effect in the instanceences in ionic strength. Finally, the mode of carrying out the fold-
(lysozyme and GFB-S132vhere aggregation aydr insolubility ing is a factor that we have not explored as thoroughly as the other
may be most severe. It appears that in the cases of lysozyme affigictors primarily because screening by dilution(i3 rapid, (2)
GFB-S1S2 arginine plays a more substantial role that guanidingrivial to execute, and3) generally successful. For preparative

hydrochloride in promoting correct folding. folding, a dialysis approach using the conditions determined ana-
The factors of PEGCleland et al., 1992and detergenfTandon  lytically may prove usefulChen et al., 1998
& Horowitz, 1987; Zardeneta & Horowitz, 199%aere included Because each of the proteins studied here probably has a unique

in the screen because previous experiments had demonstrated tffiaidling scheme composed of a number of pathways, the reaction
they had a positive effect on protein folding. These studies sugeonditions that promote folding vary. Nevertheless, condition #7
gested that PEG and detergent may help to prevent the aggregatipnoduced the largest amount of active material for three out of the
of folding intermediates. From the experiments on lysozyme, it isfour proteins tested. Lysozyme did not fold under condition #7,
clear that PEG has an important positive effect although for theprobably due to the presence of 1 mM DTT. However, it would be
other proteins the effects of PEG are less substantial. In contrast fateresting to measure lysozyme folding in a version of buffer #7,
experiments on rhodanese at protein concentrations up to Q1dimg  which contained a mixture of GSH and GSSG instead of DTT. The
(Zardeneta & Horowitz, 1994blauryl maltoside does not play a similarities between buffers #7 and #11, which differ in protein
strong positive role in the folding of the four proteins examined concentration, redox conditions, chaotrope, and PEG, support the
here and in the case of GFB-S1S2, lauryl maltoside appears toonclusion that lysozyme would fold in a modified version of
have a significant negative effect. The basis for this behavior is nobuffer #7. Other conditions in which three out of the four proteins
clear and it may be that particular proteins will benefit from the folded well were #11, #13, and #16. Conditions that did not yield
presence of detergent while others will not. Use of detergents iractive proteins were #2, #5, #9, and #14, all of which contain
protein folding may include cyclodextrins in the folding process divalent cations, na-arginine, and have a pH value of 6.0.
(Rozema & Gellman, 1995as well as involve optimization of Despite the importance of determining protein folding condi-
detergent type and concentrati¢Btockel et al., 19917 tions, there has been little work in the area of protein folding
While many factors may enhance protein folding by minimizing screens. A previous study from this lab reported the predecessor of
nonspecific aggregation, stabilization of the states near or at théhe screen presented hé€&hen & Gouaux, 1997and experiments
final folded form is probably the mechanism by which ligand described by Hofmann et al. involved the application of a sparse
increases the folding yield for GIluR2-S1S2 and GFB-S1S2. Un-smatrix crystallization screen to search for protein folding condi-
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tions (Hofmann et al., 1995 Since the sparse matrix screen was Gouaux lab(Chen & Gouaux, 1997 The GFB expression vector,
not designed in a statistically meaningful fashion, one cannot depETNA, is a pET30b derivativéNovagen, Madison, Wisconsin
termine any main effects or multifactor interactions. By contrast,which had the Ncol and EcoRV sites removed and a DNA se-
main effects can be estimated from the FF16 screen reported herguence encoding a Hisag and a thrombin cleavage site inserted

In comparison to the paucity of reports on protein folding screensinto the multiple cloning site; thus the GFB protein has the se-
there are numerous reports on the optimization of folding condi-quence MHHHHHHHHSSGLVPRGS appended to its N-terminus.
tions. For example, folding conditions for human tissue inhibitor Arginine (>98% pure, PEG 3350, MES, Trisp-glutamate, hen
of metalloproteinases-@Villiamson et al., 1998 tissue-plasmin-  egg white lysozyme, bovine erythrocyte carbonic anhydrase B
ogen activatoGrunfeld et al., 1992 and citrate synthasgzhi (CAB), Micrococcus luteudyophilized cells, and p-nitrophenyl
et al., 1992 were optimized by varying one parameter while keep- acetate were purchased from Sigii®t. Louis, Missouni [3H]-
ing the remaining factors constant. A weakness of this approach iAMPA and [3H]-KA were purchased from New England Nuclear
that two factor interactions cannot be estimated unless the propéWilton, New Hampshire GSWP 02500 0.24M filters were
fraction of the full factorial is performed. Ahn et al. attempted to purchased from MilliporéBedford, Massachusejtand Whatman
circumvent this problem by applying response surface methodol¢Maidstone, Kent, UK GF/B filters were purchased from Fisher
ogy to the folding ofPseudomonas fluorescefipase in which  (Springfield, New Jersey Guanidine hydrochloridéGuHCI) was
they optimized only the factors, pH, protein concentration, andpurchased from ICNCosa Mesa, Californjaor Fisher and was
GuHCI concentration from 36 experimeitfshn et al., 1997. This >99% pure. Lauryl maltoside was obtained from Anatrédau-
type of optimization strategy might be most useful after two pre-mee, Ohi¢ and contained<2% of thea anomer. Dialysis cham-
liminary fractional factorial experiments: the first screen would bers(200 uL) were provided by Cambridge Repetition Engineers
involve using the 16 experiment screen described in this papefCambridge, England
while the second screen woulé la 5 factor, 16 experiment screen
of resolution V. The former screen would allow one to determine
the five most important factors and from the second screen on
could determine main effects and all two factor interactions. WithThe DNA fragments, S1 and S2, were amplified in separate PCRs.
this information in hand, one could then optimize the most impor-The primers for the S1 reaction were PRM1-GGGGATCC
tant factors using, as an example, a response surface approachGCAAGGCAAGAACTGATAGTTACC-3' and PRM2: 5AGTGG

One of the strengths of a fractional factorial screen is that tTACCTGCACCGT TATCGTCGCTAGCAGACGGCTCCCCAGA
allows for the logical testing of additional folding agents and the GAAGGGGGAG the primers for amplification of S2 were PRM3:
systematic modification of conditions to account for particular 5'-CGATAACGGTGCAGGTACCACTACTCCTGCACCGCTC
proteins. For example, if one knew that the current protein ofATGATT-3' and PRM4: 5CCGCTCGAGTCATCAGCCATG
interest contained disulfide bonds in the folded state, DTT couldAGCCCTCAGAGAGG3'; the underlined sequences are com-
be replaced by a different ratio of GBSSG. In this way, one plementary to the template. Each 190 PCR used 100 ng of
would not only be carrying out the folding using 16 conditions that pGFKARB template, 250 ng of each primer, 2QM of each
contained GSIAGSSG, the results from such an experiment woulddNTR, 5 U of polymerase, and 20 cycles of amplification. The
also allow one to determine the better ratio of G&$SG. Fur-  major products were of the predicted size and were gel purified.
thermore, one could also modify the protein prior to folding, by Because the full S1-S2 construct proved difficult to clone, the S1
sulfitolysis for example, and use either only modified protein, orand S2 portions were cloned and sequenced separately and then
modified and unmodified protein in the folding screen. Under thecombined. The S1 product and the vector, pETNA, were digested
latter conditions, the effect of using the sulfite-derivatized or un-with BamHI and Kpnl while the S2 product and pETNA were
modified protein could then be determined. Alternatively, if one digested with Kpnl and Xhol. Subsequently, all digest products
were working with a protein where temperature might be includedwere gel purified; S1 and S2 were ligated independently into the
as a factor, such as in the case of a thermophilic protein, one couldETNA vector to generate pGFS1 and pGFS2. After the sequences
replace the “mode” factor with a “temperature” factor. Finally, a were verified, both pGFS1 and pGFS2 were digested with Kpnl
statistically grounded folding screen, such as that reported her@nd Xhol. The vector from the former and the insert from the latter
provides the framework for testing the effects of other factors, sucltigests were gel purified. The S2 insert was ligated into the plas-
as novel small molecules, ions, detergents, lipids, and polymers, anid containing the S1 insert to generate pGFS1S2.
well as protein chaperones, on protein folding.

gonstruction of the GFB-S1S2 plasmid

GluR2-S1S2 and GFB-S1S2 expression and purification

Material d method
aenials and methods The GFB-S1S2 protein contained a 12 residue hydrophilic linker

(-PSASDDNGAGTT), which was derived from a loop connecting
B-strands iny-chymotrypsin(Cohen et al., 1981and which con-
The vector containing the GFB ge(lBGFKARB) was generously nected the S1 and S2 segments. S1 spanned Alal-Glu126 and S2
provided by Dr. Robert Oswal@ornell University, Ithaca, New included Thr219—-Gly372Znumbered according to the mature se-
York). Restriction enzymes were purchased from New Englandjuence. GIuR2-S1S2 and GFB-S1S2 proteins were overexpressed
Biolabs(Beverly, MassachusejtlonedPfupolymerase was from  in BL21(DEJ) cells. Culture growth, harvesting, cell lysis, inclu-
StratagendLa Jolla, California. The Rapid DNA Ligation Kit  sion body isolation, and solubilization B M GuHCI were carried
from Boehringer MannheirfiMannheim, Germanywas employed out as previously describeChen & Gouaux, 1997 Prior to

for all ligations. The folding screens were designed and analyzedblding, 7 mL of a 20 mgmL solubilized inclusion body solution
using JMP statistics softwarSAS Institute, Cary, North Caro- was slowly diluted with 28 mL of 3 M GuHCI, 20 mM NaOAc,
lina). The GluR2-S1S2 plasmid, pHS1S2, was constructed in thggH 4.5, 1 mM EDTA, and 1 mM DTT, with vigorous stirring at

Materials
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4°C. The resulting solution was concentrated~80 mg/mL be-  AMPA (2 nM [3H]-AMPA, 53 Ci/mmol; 8 nM cold AMPA and
fore centrifugation to remove precipitgte25,000x g, 1 h). Mono- an appropriate amount of the dialysis buffer to make a final volume
meric protein was isolated by size-exclusion chromatograpEyL) of 500 uL. These solutions were incubated on ice foh prior to
using a 1.6 cnmx 50 cm column packed with Superose 12 resin andfiltration through GSWP 02500 membranes. The membranes were
equilibrated with a solution contairgd M GuHCI, 20 MM NaOAc, washed twice with 3 mL of dialysis buffer, placed into scintillation
pH 4.5, and 1 mM DTT. Fractions corresponding to the expectedsials with 6 mL of scintillation fluid, and counted on a scintillation
size of the monomer were collected and the protein was diluteadounter. Nonspecific ligand binding was estimated by including
or concentrated to yield stock solutions of 5 and 25/mb 1 mM glutamate in the binding and filtration steps and was
(1 ODygo = 1 mg/mL). ~200 cpm. All reported counts were corrected for nonspecific
binding. The ligand binding experiments were repeated twice using
Preparation of denatured lysozyme and CAB protein from the same folding experiment. Reported in Table 2 are
the means of both sets of measurements.
Lyophilized lysozyme and CAB were dissolved 8 M GuHCI,
0.1 M Tris-HCI, pH 8.5, and 0.3 MB-mercaptoethanol at concen-
trations of 40 and 30 manL, respectively. After stirring for 24 h
at RT, 2 mL of each protein were dialyzed against 50 mL of 4 M GFB-S1S2 folded by dilution was transferred into dialysis cham-
GuHCI, 0.1 M NaOAc(pH 4.9, and 10 mM DT T(total dialysis  bers. All dialysis chambers were then placed in kainate binding
time: 18 h; buffer changed every 6;hHo ensure removal of the buffer (20 mM HEPES, pH 7.4, 100 mM NaCl, 1 mM EDTA,
catalytic zinc ion, 5 mM EDTA was included in the CAB dialysis. 5 mM MgCl,, 10% glycerol, and 0.1% Tween-RMDialysis pro-
The dialyzed protein solutions were centrifuged at 125,0afor ceeded for 36 h at &€ with 4-5 buffer changes. The protein
30 min to remove precipitate. The protein concentrations weravas removed from the dialysis chambers with a sterile syringe,
estimated spectrophotometrically: lysozyniéZ, = 23.7 (Wet- transferred to 1.5 mL microcentifuge tubes and centrifuged
laufer et al., 1974 CAB, Al% = 18.3 (Wong & Tanford, 1978 (14,000% g, 1 h, 4°C). To estimate the amount of soluble protein
remaining in the supernatant, SDS-PAGE analysis was performed
as described for GluR2-S1S2. Conditions that showed strong bands
by SDS-PAGE were also analyzed by HPLC to determine the
Denatured GIuR2-S1S2, GFB-S1S2, lysozyme, and CAB wergrotein aggregation state. For the HPLC runs, /B0 of protein
each incubated for 18-20 h under the 16 folding conditions listedsolution was loaded onto a TSK-GEL G3000SW column equili-
in Table 1. The mode factdr.e., dialysis vs. dilutiopwas included  brated in a buffer composed of 100 mM sodium phosphate, pH 6.8,
in the GluR2-S1S2 and GFB-S1S2 folding screens. Under th00 mM sodium sulfate, 10 mM glutamate, 1 mM DTT, 2 mM
conditions using dialysis, proteii®.1 or 0.5 mgmL) was placed EDTA, and operating at a flow rate of 0.75 min. [3H]-KA
in 200 L dialysis chambers covered with dialysis membranebinding assays and controls were performed in a fashion similar to
(10 kDa MW cutoff). For dialysis conditions containing detergent, the [3H]-AMPA binding experiments described above with the
lauryl maltoside was added directly to the protein solut(final following exceptions: kainate binding buffer was used in the bind-
concentration of 0.3 myand was included in the dialysis buffer. ing and washing steps, the folding mixtures were incubated with
The dialysis chambers were then placed in 15 mL polypropylene0 nM [3H]-KA (58 Ci/mmol), and GFB filters soaked in 0.3%
tubes with 10 mL of the appropriate folding buffer. Folding by polyethyleneimine were used in place of the GSWP 02500 mem-
dilution involved the addition of 2QuL of either a 5 or a 25 mg branes. All of the values in Table 2 have been corrected to account
mL protein stock solution to 1 mL of folding buffer at a rate of for nonspecific binding. The GFB-S1S2 experiments were dupli-
3 uL/min. Lysozyme and CAB folding reactions were performed cated as described for GIuR2-S1S2 and¥Heounts are the mean
by dilution and in the lysozyme experiments the final protein con-of the two measurements.
centrations were 0.1 and 1.0 yigL. The divalent cation factor in
the CAB folding buffers was 1 mM Zngl The ligand factor was Lvsozvime activity assa
only included in the GIuR2-S1S2 and GFB-S1S2 experiments.y y y y
Folding was carried out at°€ for GIuR2-S1S2 and GFB-S1S2 All folding reactions were transferred to dialysis chambers and
and at 20C for lysozyme and CAB for 12-18 h. dialyzed extensively against a buffer containing 0.1 M Tris-HCI,
pH 7.8, and 0.1 M NaCl. To measure lysozyme activity, a turbi-
metric assay was employed where the decrease igsQO&i a
suspension o. luteuscells was measured photometricallyax-
After incubation at 4C, protein that was folded by dilution was ena & Wetlaufer, 1971; Holtje, 1996Dry M. luteuscells were
transferred into 20@.L dialysis chambers. All folding experiments suspended in 0.1 M sodium phosphate, pH 6.2, and 0.1 M NacCl to
were then dialyzed against AMPA binding buff80 mM Tris- a final concentration of 0.25 migiL. Following centrifugation of
HCI, pH 7.2, 100 mM KSCN, 2.5 mM Cagland 10% glycergl  each of the folding reactior(d44,000x g, 10 min, 4°C), 50 uL of
for 36 h with 4-5 buffer changes. The dialyzed solutions wereeach protein solution was added to 45D of M. luteuscells in a
centrifuged14,000% g, 1 h, 4°C) to remove precipitate. To verify  plastic cuvette. Each reaction was allowed to proceed for 5 min
the presence of soluble protein, g (0.1 mg/mL conditions or before the Olgsp was measured on a Shimadzu BioSpec-1601
16 uL (0.5 mgmL conditions of the folding solution(super-  spectrophotometer, which held a reference cell containing the ly-
natanj was precipitated with ethanol, resuspended in gel loadingsozyme dialysis buffer alone. To correct for a decrease in absor-
buffer, and analyzed by SDS-PAGE2% ge). For the[3H]- bance that was not due to lysozyme, the background lysis of
AMPA binding assay, 2QuL (0.1 mg/mL conditiong or 4 ulL M. luteuscells in dialysis buffer was subtracted from the measure-
(0.5 mg/mL conditiong of dialyzed protein was combined with ments obtained from the folding reactions. The lysozyme folding

GFB-S1S2 folding analysis

16-Condition folding screen

GluR2-S1S2 folding analysis
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and assay experiments were duplicated. The activity reported in the GIuR2 receptor by proteolysis and deletion mutagenesis defines domain
Table 2 is the mean of the two measurements. boundaries and yields a crystallizable constréebtein Sci 72623—-2630.
Cleland JL, Hedgepeth C, Wang DIC. 1992. Polyethylene glycol enhanced
refolding of bovine carbonic anhydrase BBiol Chem 26713327-13334.
Cohen GH, Silverton EW, Davies DR. 1981. Refined crystal structure of gamma-
CAB activity assay chymotrypsin at 1.9 A resolution. Comparison to other pancreatic serine
proteases) Mol Biol 148449-479.
CAB activity was measured by the hydrolysis of p-nitrophenylacetaté:o'e PA. 1996. Chaperone-assisted protein expresSimacture 4239-242.

K . De Bernardez Clark E. 1998. Refolding of recombinant prote@str Op
(Wetlaufer & Xie, 1995; Rozema & Gellman, 199@\ll of the Biotechnol 9157—163.

CAB folding samples were transferred to dialysis chambers antobson CM, Evans PA, Radford SE. 1994. Understanding how proteins fold:
dialyzed extensively against 20 mM Tris-sulfate, pH 7.5. The  The lysozyme story so faflrends Biochem Sci 131-37.

dialvzed solutions were centrifugétﬂG 000 % g 10 mirD before Grunfeld H, Patel A, Shatzman A, Nishikawa AH. 1992. Effector-assisted re-
Yy ! ! folding of recombinant tissue-plasminogen activator produceé&sohe-

the activity assay. To quantitate CAB activity the hydrolysis of richia coli. Appl Biochem Biotechnol 3817-138.
p-nitrophenylacetatépNAc) was followed by monitoring the in-  Hevehan DL, De Bernardez Clark D. 1997. Oxidative renaturation of lysozyme

crease in OBy, Which is due to the production of p-nitrophenolate. = at high concentrationsiotechnol Bioengineer 5221-230.
-Nitrophenylacetate was dissolved in an aqueous solution su Ie':'-Ofmann A Tai M, Wong W, Glabe CG. 1995. A sparse matrix screen to
p-Nitropheny q PPI€- " establish initial conditions for protein renaturatiémal Biochem 23(B-15.

mented with 4% acetone. The spectrophotometer was blanked witHoltie JV. 1996. Lysozyme substrates. In: Jolles P, lggozymes: Model en-
1.6% acetone, 12 mM Tris-sulfate, and 1 mM ZuxQilo satisfy the zymes in biochemistry and biolaggasel: Birkhauser Verlag. pp 105-110.

requirement of ZA" for catalytic activity 100uL of each CAB ~ Misawa S, Aoshima M, Takaku H, Matsumoto M, Hayashi H. 1994. High-level
expression oMycoplasmaarginine deiminase iit. coli and its efficient

solution was pre-incubated for 30 min with 1 mM Za(Ckince renaturation as an anti-tumor enzyndeBiotech 36145—155.
one-half of the folding conditions contained EDTA rather than Rozema D, Gellman SH. 1995. Artificial chaperones: Protein refolding via
Zn2+. The folding solutions were then combined with 500 of sequential use of detergent and cyclodextdirAm Chem Soc 117373—

. . 2374.
20 mM Tris-sulfate, pH 7.5, and 4G@L 5 mM pNAg, in a quartz Rozema D, Gellman SH. 1996. Artificial chaperone-assisted refolding of car-

cuvette and were thoroughly mixed by rapid inversion. Back-  ponic anhydrase BI Biol Chem 2718478-3487.
ground p-NAc hydrolysis was measured simultaneously on &Rudolph R, Lilie H. 1996. In vitro folding of inclusion body proteifFASEB J

[ e 10:49-56.
reference Sample containing 2 mM pNAC, 12 mM Tris SUIfate‘Saxena VP, Wetlaufer DB. 1971. Formation of three-dimensional structure in

pH 7.5,_ and 1 mM Zn(;t_ The O_Dmo was recorded every minute proteins. I. Rapid nonenzymatic reactivation of reduced lysozioehem-
for 5 min and for each time point the background hydrolysis was istry 9:5015-5023.
subtracted. The enzyme activity was calculated as the change $iockel J, Doring K, Malotka J, Jahnig F, Dornmair K. 1997. Pathway of

g . . . detergent-mediated and peptide ligand-mediated refolding of heterodimeric
absorbanc€ODaoo) divided by the reaction timemin). The CAB class Il major histocompatibility comple@dHC) molecules.Eur J Bio-

folding and assay experiments were carried out twice, and the chem 2483):684—691.
activity reported is the mean of the two measurements. Tandon S, Horowitz PM. 1987. Detergent-assisted refolding of guanidinium
chloride-denatured rhodaneskeBiol Chem 2621486—-4491.
Timasheff SN. 1993. The control of protein stability and association by weak
interactions with water: How do solvents affect these procesadaa?Rev
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