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ABSTRACT. The design of proteins represents a significant challenge to modern-day structural biology. A
major obstacle here is the specification of well-packed hydrophobic cores to drive the folding and
stabilization of the target. Computational approaches have been used to alleviate this by testing alternate
sequences prior to the production and characterization of a few proteins. Here we present the experimental
counterpart of this approach. We selected stable variants from a library of ubiquitin hydrophobic-core
mutants as follows. Hexahistidine-tagged proteins were displayed on the surface of phage. These protein-
phage were immobilized onto Ni-coated surfaces. The bound fusion-phage were treated with protease to
remove unstable or poorly folded proteins. Stable phage fusions were eluted and infeckstiedchia

coli, which allowed amplification for further selection, sequencing, or protein expression. Two
Ni-derivatized supports were tested: NNTA chips for surface plasmon resonance (SPR) andNNIA

agarose beads. SPR had an advantage in that the selection process could be monitored directly. This
allowed individual clones and experimental conditions to be tested rapidly prior to preparative panning of
the library, which was carried out using-NNTA agarose beads. We demonstrate the method by selecting
stable core mutants of ubiquitin, the characterization of which is described in the following paper [Finucane,
M. D., and Woolfson, D. N. (1999Biochemistry 38 XXXXX —XXXXX]. As our method selects only

on the basis of structure and stability, it will be of use in improving the stabilities and structural specificities
of proteins of de novo design, and in establishing rules that link sequence and structure.

In de novo protein design attempts are made to constructproduces an ensemble of related structures with similar
amino acid sequences that adopt prescribed folds. There ardolding free energies. A probable cause of this particular type
two principal reasons for conducting such studies. First, by of structural heterogeneity is poor specificity in the designed
designing proteins we test hypotheses of how sequencehydrophobic core{—9). Thus, a potential solution to this
relates to structure. As sequence data are accumulating muclaspect of the protein-design problem is to engineer or to
faster than structural information, it is becoming even more select proteins with complementary core packing.

critical to determine rules that aid protein structure prediction  Recently, computational methods have proven to be
and modeling. Second, successful protein designs wouldeffective in designing proteins with enhanced specificity and
present routes to new proteins with ranges of structures andstability (10, 11). These methods use algorithms to search
functions that extend beyond those found in nature. combinations of side chains and identify those that pack

In recent years, several successful designs have beenogether most efficiently within the context of a given
reported for a number of simple protein architectur®s ( backbone conformation. However, natural proteins can
More usually however, designed proteins do not adopt a accommodate alternative packing arrangements by slight
single, well-defined structure, but exhibit characteristics of rearrangements of the backbodé)( Thus, unless the protein
molten-globule intermediate®<4) such as the binding of  backbone can be allowed to readjust with the side chain
hydrophobic dyes, broad thermal unfolding curves rather than alterations, equally attractive folding alternatives may be
two-state transitions, and poor protection of amide protons missed. Indeed, it is probable that alternative combinations
with respect to solvent exchange. These studies have led taare potentially as stable as the optimal packs based on the
the concept of negative desigh, €), which is the idea that  targeted backbone configuration. For example, Lim and Sauer
while rules should be used in designing a target structure, recover mutants of repressor with enhanced thermostability
features must also be added to guard against alternative(e.g., L36 L40 L47), but decreased DNA binding activity in
energetically similar structures. The production of molten- vivo, which is attributed to the likely adoption of a slightly
globule states is the extreme of this in which the design altered structurel@, 14). Therefore, if design algorithms do
not allow the backbone configurations to alter, they may not
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type protein {3, 17—20). If altered packing arrangements A
cause minor structural rearrangements, dsriepressor, this

may decrease or abolish activity even though the mutations

might result in an increase in stability. As a result, stabilizing — oo Too
mutations may not be recovered under functional selection.
Another possibility is that unstable, poorly folded proteins
may well exhibit activity by on-site-assembly process8.(
Thus, methods that uncouple function and stability would
have considerable value in protein design and in examining
the links between sequence and structure. Here we present
such an experimental protocol and apply it to the core-

directed redesign of ubiquitin. B

The method is the counterpart of the aforementioned Nickel ~ Phage Chymotrypsin EDTA
computational methods as stable variants are selected from Wash Wash Wash  |Wash
combinatorial libraries of core mutants. Although sequence 1 '
space cannot be covered to the same extent as with the 3200
computational methods, many more protein variants are ]
tested experimentally by our method, and each is allowed
to find its (side chain and backbone) low-energy conforma- 30007
tion, which, at the moment, is not possible in silico. Our RU 2900- -~ — ==
approach differs from foregoing experimental selection 3004
methods in that it is structure-stability based, and is not 200 '3
limited by the requirement of preserving some wild-type oo t ty
activity or binding property. The method utilizes phage tq tg
display and is based on the concept that stably folded proteins == —

resist proteolysis more than unfolded or partly folded 0 100200 300400500 .600 700, 500900 1000 1100 1200
structures 22). The procedure involves (1) the generation Time (s)

of multiple core mutants of the target protein, (2) display of FiGurRe 1: Principle of the protease selection procedure. (A)
this library on the surface of filamentous phage, and (3) Schematic depiction of the method. Phage-displaying proteins with

. .~ different stabilities (represented by circles with different degrees
selection for the stably folded mutants by challenges with shading) are tagged with hexahistidine tags (Y-shaped tags).

protease 43). These tags allow the phage to bind to a Ni-coated surfage (

In our method, gene fusions are prepared to direct the Subsequent treatment with protease cleaves the less stable proteins
display of hexahistidine-tagged proteins on the surface of (shaded and white circles) and releases their phage partners from
. . - the surface. Remaining phage displaying more stable prot®ns (
filamentous phage (Figure 1). The tag allows protein-phage gre then eluted and retrieved. Each of these steps is labeled with a
to be tethered to a variety of Ni-derivatized supports, and time (t,—ts), which corresponds to an event in the surface plasmon
the tag-protein-phage arrangement facilitates protease selecresonance experiment whose results are shown in panel B. (B)
tion as follows; protease treatment cleaves any unstable,gﬁ&‘éoorgg‘msgﬁaeeﬁtf zt?i/ngt:althseﬁssg:gﬁégqﬁgngi;“[?r(\je:gjr(landa

- . . . : »
poorly folded linker proteins, which _Severs phage carrying in resonance units (RU)] is at a minimum, and the intensity can be
such mutants from the support allowing them to be removed pormalized to zero. As buffer containing additional components
from the system. An advantage of this strategy is that the such as Ni ions, phage, or enzyme is passed over the chip, the
Ni support can be a NiNTA chip used for surface plasmon resonance intensity changes, because of associated changes in the
resonance (SPR)n a BIACORE instrument. This allows refractive index. Ni is added first to derivatize the chip. When

. o . _washing with normal running buffer (HPS) is resumag, (the
the processes of fusion-phage binding and protease Selecnoﬁésonance intensity drops, but to a new equilibrium value that is

to be monitored directly and rapidly. However, because higher than the starting valug, indicating that material (Ni) has
binding capacity is limited by the available surface of the been bound. Phage are then added, which bind through their
chip, we developed an alternative procedure for panning largedisplayed hexahistidine tags. Resumption of the HPS wash sees
protein-phage libraries. This utilizes Ni agarose beads wheret€ baseline level of resonance intensity increase a second time,
LTI indicating that phage have bound. Addition of the chymotrypsin-
capacity is limited only by the bed volume used. Regardless containing solution is followed by a decline in RU as phage are
of the support used, we found that the protocol was able to stripped from the surface by proteolysis. After resumption of the
discriminate and select stable, folded proteins from mixtures HPS wash, the new equilibrium valtgis lower tharts, indicating
of proteins and peptides. Once selected, stable variants carg '0ﬁesd0tfopsljtﬁgea{|f?\lr?f:2ﬁ1 Stﬁrefascuer'f a'zciga;% atrrleSD;ﬁ Srcgrl#;fmiris
be_expressed fre_e f_ro_m the phage_ fusion and purl_fl_ed quickly pﬁgge. This rgstores the resonance intensjiytcﬁ ap’)progdmately ?
using the hexahistidine tag. We illustrate the utility of our e jnitial value ,).
method by selecting, preparing, and characterizing stable
variants of ubiquitin that have multiply mutated hydrophobic
cores 89).

Ubiquitin has a well-defined and highly stable structure
(24, 25). It resists proteolysis and provided a positive control
for our experiments. To contrast, we prepared two alternative
polypeptides designed to be less stable than the wild-type
! Abbreviations: Aly, M1A/I3L/V5L/113L/V17L/V26L/130L mul- protein (WT-UBQ). The first was a multiple-core mutant of

tiple mutant of mammalian ubiquitin; FLEXI, peptide GSGSG- PR ; ; i
SYGSGSGG; NTA, nitrilotriacetic acid; SPR, surface plasmon reso- Ublqumn (AL7) in which core positions 3, 5, 13, 15, 17, 26,

nance; SDSPAGE, denaturing polyacrylamide gel electrophoresis: and 30 were re_placed_by leucine, and methionine-1 was
WT, wild-type; UBQ, ubiquitin. replaced by alanine. This mutant was expressed only at very
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low levels compared with WT-UBQ and was also totally
lost in the protease selection studi@8)( These properties
provide good evidence that the Amutant was destabilized,

Finucane et al.

a system is that suppressor strains (XL1-blue) may not be
100% efficient in suppressing the amber codons and reading
through to the phage coat protein. This may reduce the

although no direct stability measurement was possible. Theeffective size of the protein library expressed on phage. Thus,
second destabilized, negative control was a Gly-Ser-basedt is important to construct and confirm that the starting DNA

peptide (FLEXI) that harbored a single chymotrypsin cleav-

age site. For a final, thorough test of core-directed design,

and in particular to examine if we were able to select

libraries have a high level of redundancy.
Construction of the AL HisT-, and FLEXI-Fusion
Constructs.The pCANTABB-AL; construct was made by

protease-resistant clones, we prepared a library of coreKunkel mutagenesis2@) according to the manufacturer’s

mutants in which the eight positions highlighted in Akere
replaced by combinations of the five hydrophobic residues,
Phe, lle, Leu, Met, and Val.

During the preparation of this and the following paper,

protocols (Kunkel mutagenesis kit, Bio-Rad). Three different
oligonucleotides were simultaneously annealed to uracil-
containing single-stranded DNA derived from pCANTABB-
WT-UBQ: 5-G GGT CTT CAA GAA GAG CTG CGC

two independent groups presented alternative methods forTCC CTG CAG G-3 5-T GGG CTC CAA CTC CAG

selecting stable proteing6, 27), which also combine phage
display with proteolysis. The methods are similar to each
other, but distinct from our procedure, in that target proteins

are placed between the infectious (N1) and envelope-

anchoring (N2) domains of the minor coat protein (plil).
Thus, proteolysis of the insert severs the N1 domain from

GGT GAG GGT CTT GCC-3 and 5-T ATC CTG GAG
CTT GGC CTT CAA GTT CTC GAT-3 The HisT
construct was made from pCANTABB-WT-UBQ by remov-
ing the coding region for the hexahistidine tag using Kunkel
mutagenesis and the primerGTG CGC TCC CTG CAG
GGC CAT GGC CGG CTG-3 pCANTABB-FLEXI was

phage and renders them noninfective. The two groups Mmade from pCANTABB-WT-UBQ using sticky feet-directed

demonstrate their method in different model systems. Kris-

mutagenesis29) and the primer 5GAG ACC GCC GCC

tensen and Winter show that they can select for one barnasé?CT ACC ACT ACC ATA ACT ACC ACT ACC ACT
mutant in the presence of another more destabilized variantACC CTG CAG GTG ATG-3 In addition, the ampicillin

(27), while Sieber et al.26) apply their method to select

resistance encoded by pCANTABB-WT was changed to

stabilized variants of RNAse T1 that are mutated at three chloramphenicol resistance in pPCANTABB-FLEXI by in-

noninteracting sites at the surface of the protein.

MATERIALS AND METHODS

Materials. Restriction enzymes, T7 DNA polymerase, T4

serting a gene for acetyltransferase into thapfdactamase.
Characterization of the Plasmids and Fusion Proteins.
After construction, all plasmids were confirmed by sequenc-
ing from the coding regions for the histidine tag through to
glll, either manually using Sequenase (Amersham) or on an

DNA ligase, and T4 polynucleotide kinase were obtained AB| automated sequencer running the dye-terminator method.
from New England Biolabs, Boehringer Mannheim, or phage display of histidine-tagged ubiquitin was confirmed
Gibco-BRL. a-Chymotrypsin (EC 3.4.21.1, type Il from  py detection of a component that reacted with an anti-
bovine pancreas) and buffering agents were obtained fromybiquitin antibody (Sigma Chemical Co.), a monoclonal anti-
Sigma Chemical Co., and trypsin (from bovine pancreas) polyhistidine antibody (Sigma Chemical Co.), and an anti-
was obtained from Aldrich Chemical Co. NNTA agarose plll antibody (Mo Bi Tech GmbH) using SDSPAGE and
beads were purchased from Quiagen, and used according tqyestern blotting. In addition, DNA transformed into XL1-
the manufacturer’s directions. Oligonucleotides were syn- pjue cells directed the expression of a protein in the
thesized on an ABI 381A machine and purified using COP periplasmic fraction that also reacted with all three antibodies.
cartridges (Cruachem) according to the manufacturer's  preparation and Counting of Fusion Phagehage were

directions.

Preparation of the Ubiquitin-Encoding plll Fusion Con-
struct. The DNA sequence of ubiquitin was amplified from
a rat DNA library using the PCR and standard protocols.
The primers (5GTACTGCAGGGAATGCAGATCTTCGT-
GAAGACC and 5AATCTCGAGACCGCCGCCCCTCAG-
GCGGAGGAQC) included 5Pst and 3 Xhd restriction sites
and terminal glycine codons. The PCR product was gel-
purified and ligated into the pGEM-T vector (Promega) prior
to subcloning into the in-house vector, pPCANTABB, using
the Pst and Xhd sites. pCANTABB was derived from the
phage-display vector pCANTAB5 by adding the coding
sequence for a hexabhisitidine tag in-frame with, ahdo5
the glll sequence. The final pPCANTABB-WT-UBQ con-
struct directed the expression of the protein fusion: glll
periplasmic leader sequenekexahistidine tagLQG—ubi-
quitin—GLDQQ—nplll. The plasmid had two suppressible
amber (TAG) codons between the ubiquitin gene and plll,

prepared by (1) transforming XL1-bluE. coli with the
appropriate plasmid followed by (2) infecting a log phase
culture of the transformed cells with VCSM13 helper phage
(~10-fold ratios of phage t&. coli were used). After 1 h,
kanamycin was added to maintain the plasmids for overnight
growth. The cells were spun down and the phage precipitated
from the supernatant with 20% (w/v) polyethylene glycol/
2.5 M NacCl before being resuspended in phosphate buffer.
Before use, the suspension was centrifuged briefly to remove
insoluble debris. Phage were counted by infecting an aliquot
into log-phase XL1-blueE. coli and plating onto agar
containing the appropriate species (chloramphenicol or
ampicillin) to select bacteria infected with the appropriate
phagemid.

Surface Plasmon Resonance (SPR) MethiBrgeriments
were carried out on BIACORE 2000 and 3000 instruments,
using standard procedures and buffers, and NTA-derivatized
chips. Typical SPR experiments had the following steps

which allowed expression of hexahistidine-tagged proteins (Figure 1): (1) NTA chip surfaces were charged with nickel

without the plll fusion partner in a nonsuppressor strain of
Escherichia col(HB2151). A potential shortcoming of such

ions by passing 2@L of 500 uM NiSO, in HPS running
buffer [10 mM HEPES, 0.15 M NaCl, 0.005% Surfactant
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P20 (Biacore AB), and 5@M EDTA (pH 7.4)] over the the starting value was observed for the second, Ni-charged
surface for 60 s; (2) phage were bound via their hexahistidine cell, but not for the underivatized cell (data not shown). This
tags to the nickel surface; (3) a further brief wash with HPS indicated that phage were only binding to the sensor chip
buffer was applied prior to washing with 1M chymo- surface through direct interactions with Ni. Additional
trypsin in HPS buffer which released some phage from the experiments demonstrated that WT-UBQ-phage without
surface; (4) a short period of washing with HPS buffer was histidine tags did not bind to the surface (data not shown).
used to establish the new baseline; and (5) the surface was Specificity of Protease Cleage. Filamentous phage

regenerated by washing with HPS buffe_r incorporating 0.35 generally resist protease82?j. However, the minor coat
M EDTA at pH 8.3, which removed the nickel from the NTA  yrqtein, pill, to which the displayed proteins were fused,

surface. The extent of proteolysis was determined by can pe susceptible to certain proteases, including chymot-
calc_;ulatlng the ratlo_of the_ drop in resonance intensity (RU) rypsin 33). If proteolysis of plil were significant in our
during the hydrolysis period (steps 3 and 4 above and the gxperiments, the proposed method would either fail altogether
period fromt, to s in Figure 1B) to the total amount of phage o ot yield stabilized proteins reliably. Similar problems
bound immediately before cleavage (step 2 above and the,yqyid be met if target residues in unfolded variants of the
period fromts to t; in Figure 1B) also measured in RU. All - gigplayed protein were not sufficiently exposed to allow
SPR experiments within the BIACORE instruments were attack by protease. To exclude these possibilities, we

carried out at 25°C, while biopanning of the library  getermined (1) whether infection-competent phage were
performed on the BIACORE chips outside the machines was rg|eased from the surface on exposure to protease and (2) if

carried out at 37C. N this release depended on the sequence of the target protein
Panning Using Ni Agarose as a Support Mati—NTA linking the histidine tag and plil.

agarose beads (Qiagen) were suspended in sonication buffer ) -
9 (Qiagen) P As illustrated in Figure 1B, phage were released from the

[50 mM NgHPQO, and 300 mM NacCl (pH 7.8)], and all pre- . . . i .
elution washes were carried out using sonication buffer with Surface of a NFNTA chip considerably more rapidly with
an additional 20 mM imidazole to minimize nonspecific protease present than with washes of running buffer alone.

binding. Elution of the bound phage was accomplished using 1€ released phage were able to inféctcoli, indicating
sonication buffer with 250 mM imidazole. See &8 for th.at.at least some of the pI'II proteins surylved proteoly3|s.
further details of these experiments. The proteolysis reactions>imilarly, phage that survived proteolysis and remained

in these biopanning experiments were performed at@7 ~ pound to the surface of the NNTA chip could be eluted,
and these too were found to re-inféctcoli. To demonstrate

RESULTS directly that the release was caused by proteolysis, and also
to calibrate how much protease was required for efficient

Analysis of Specific, Monoclonal Phage-Display proteolysis, we determined how phage release depended on

Constructs Using Surface Plasmon Resonance the chymotrypsin concentration. WT-UBQ-phage was bound

to four lanes of a Ni-NTA chip in the BIACORE instrument,
and each lane was washed with a different chymotrypsin
challenges. If conditions are not sufficiently stringent, concentration. Asquged by the drop in resonance intensity
selection will not be achieved. If, on the other hand, selection Ver @ 100 s incubation, the amount of phage released from
conditions are too stringent, too many clones will be lost the surface_ depended _Imearly on the 'Oga“thr.“ of the
during early rounds of pannin@®Q). It is useful, therefore, ~ Chymotrypsin concentration between 0.1 and0(Figure

to be able to monitor this process directly to optimize
selection conditions. Surface plasmon resonance (SPR) is a To verify that the protease cleavage was linker-specific,
technique that allows direct monitoring of the interaction of we compared the proteolysis of two phage constructs using
biomolecules with ligands captured on the surfaces of SPR in a BIACORE instrument (Figure 2B). The protein-
derivatized chips. As such, it is ideally suited to monitoring phage used were the aforementioned WT-UBQ-phage and
phage binding and release in real tingl) The capture  a construct in which ubiquitin was replaced completely by
method that we chose was the interaction of hexahistidine a flexible, Gly-Ser-based linker (FLEXI) that contained a
affinity tags with chelated nickel ions, which is compatible single tyrosine cleavage site. These were bound to two
with SPR and can be transferred to a wide variety of support adjacent lanes of a NiNTA chip in the BIACORE instru-
systems that are commercially available. Furthermore, oncement and washed with chymotrypsin. A dramatic difference
selected, proteins can be purified easily using the hexahis-in the rates of hydrolysis of the two linkers was clear upon
tidine tags. addition of 10uM chymotrypsin (Figure 2B); only a fraction
Specificity of Phage Bindind.o ensure that the histidine  (<30%) of the WT-UBQ-phage was lost from the surface
tags were fully exposed on the surface of the phage-displayedof the chip over a 300 s incubation, whereas virtually all of
protein, and to test that phage were binding specifically to the FLEXI linker was hydrolyzed within 50 s. We repeated
the chip surface through the tags, phage displaying hexa-this experiment and included, on a separate lane on the chip
histidine-tagged wild-type ubiquitin (WT-UBQ-phage) were surface, another protein-phage variant that had a destabilized
passed across two consecutive flow cells of & NTA chip ubiquitin mutant (Al-UBQ) as the linker between the
in the BIACORE instrument (see Figure 1 for an example hexahistidine tag and plll. In this case, the 50 s pulse of
of the method). The second cell was precharged with nickel chymotrypsin removed 20% of the WT-UBQ-phage, 80%
ions, but the first was not. After washes with phage followed of the AL;-UBQ, and 90% of the phage with the FLEXI
by standard running buffer, a significant increase [typically linker. Thus, protease treatment followed by SPR in the
~200-300 resonance units (RU)] in the SPR signal above BIACORE instrument was reproducible and quantifiable and

In phage-display pools of protein-phage are enriched for
certain mutants through selection by applying specific
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Ficure 2: Specificity of protease cleavage. (A) The amount of (10uM) in a continuous wash experiment (Figure 2). Thus,
phage cleaved from the Ni surface in SPR as a function of proteaseihe relative extent of WT-UBQ-phage and FLEXI-phage

concentration of protease. The % cleaved was calculated as ; L ; .
t)(ts — 1) x 108 from experiments described in the Iegend(of proteolysis was similar in both experiments, and confirmed

Figure 1. (B) Sequence dependence of the cleavage profile as judgedhat simple time courses with one pulse of protease gave an
by the change in resonance intensity. The solid trace shows theaccurate representation of the relative stability of different
cleavage of phage displaying WT-UBQ, whereas the dashed line clones.

is for FLEXI-phage. The data have been normalized such that 100 Nonetheless, to be sure about this point, we compared WT-
on theY-axis is equivalent to 100% of the phage bound immediately ' . '
before proteolysis. After exposure to chymotrypsin for 300 s, 83% YBQ., FLEXI, and Al;-phage with a fourth sample, LIB-

of the WT-UBQ-phage remained bound to the BIACORE chip UBQ-phage, which displayed a library of hydrophobic core
surface, and in contrast, only 23% of the FLEXI-phage remained. mutants of ubiquitin. In the pulsed experiment, none of the

protein-phage preparations exhibited simple, single-expo-

clearly discriminated folded proteins (WT-UBQ) from nential kinetics. This was probably due to a combination of
destabilized proteins (A and fully unfolded peptides things, including the aforementioned steady-state dissociation
(FLEXI). of the histidine tag from the NiNTA surface, residual

Measurement and Comparison of Rates of Proteolysis.  proteolysis at additional sites in the polypeptide, and the fact
SPR, large changes in resonance intensity can accompanyhat LIB-UBQ-phage contained many clones, presumably
relatively small changes in the composition of the wash with different stabilities and susceptibilities to protease.
buffer. For instance, in our studies, adding 4@ chymo- However, the traces (Figure 3) clearly showed that proteoly-
trypsin usually resulted in a rise of about 100 RU, which sis of the WT-UBQ and LIB-UBQ linkers tended toward
was comparable to the intensity changes caused by thesimilar rates, which were slower than that for FLEXI-phage.
binding and loss of phage. Potentially, this hampers following This encouraging result suggested that variants whose
the kinetics of the cleavage step. To test this, we added aaverage stability was similar to that of WT-UBQ were being
chymotrypsin solution in brief pulses followed by washes selected from the library.
with HPS running buffer. In this way, the resonance intensity  Loading Capacity of NiNTA Chips Compared with
before and after the chymotrypsin pulse could be comparedLibrary Size.In phage display, it is imperative to ensure
to measure the amount of phage that was cleaved. Withadequate representation of each clone, or else underrepre-
pulses kept sufficiently short to allow some phage to remain sented but otherwise fit clones may be lost. Although this
bound to the chip surface, this process could be repeatedhas no bearing on the use of SPR in comparing the stability
and pseudokinetics determined (Figure 3). A slight disad- of individual clones as described above, it may affect panning
vantage was that a small amount of material appeared to beexperiments with large libraries. To determine the size of
lost from the surface during the washing steps which was the library that could be panned using this technique, we
probably due to a low steady-state dissociation of the washed WT-UBQ-phage over the surface of one lane of an
histidine tag from the Ni, and of Ni from the NTA chip Ni—NTA SPR chip until no further increase in resonance
surface; it is possible that this could be eliminated by using intensity was observed. The resonance intensity that was
a longer histidine tag, although we have not tested this achieved was typically about 300 RU, although it did vary
possibility. in the range of 256350 RU over several experiments. As

After a total of 93 s of contact with chymotrypsin, 87% 1000 RU corresponds te-1 ng/mn? of bound material
of the WT-UBQ-phage and 25% of the FLEXI-phage (BIACORE AB, personal communication) and each lane has
remained bound to the surface (Figure 3). This compareda surface area of 1 min300 RU represents:300 pg of
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phage. TheVi, of phage is~1.5 x 107, and therefore, each 105
lane binds~12 x 1 individual clones. In addition, we
determined the coverage of a single lane experimentally to
be 1.5 x 10 CFU by recovering and counting several
samples of phage. The calculation and this experiment placed
a clear limit on the size of the library that could be panned
using SPR in BIACORE, which is significantly lower than
library sizes normally accessible through phage dispteOf
clones). In our case, the library size was quite modest; eight
sites were mutated to combinations of five amino acids,
giving a potential library size of 390 625 mutants, and we
would thus have expected to have approximately a 10-fold 10-3

1034

10 A

Ratio cut/bound phage

10-14

: : o 1 2 3
redundancy in panning this library by SPR. Round of panning
In Vitro Selection from a Library of Ubiquitin Mutants Ficure 4: Panning of a library of ubiquitin-phage on the surface
Displayed on Phage (LIB-UBQ-Phage) of a BIACORE sensor chip, but outside the BIACORE instrument.

The ratio of phage cut from the chip to that which remained bound

; : . is plotted over three rounds of panning. The selection was carried
As the area used in each lane of the chip (1#nima /% "o ich poth for stabilized proteins (solid line) and for

fraction of the total surface area (49 Mmonce we had  gestabilized proteins (dashed line).
determined the optimal cleavage conditions, we removed the

chip from the instrument and panned the ubiquitin library stable ubiquitin mutants could be selected from a pool of
on the entire chip surface. This removed the advantage ofmyitiply mutated variants on the basis of protease resistance.
being able to monitor the binding, cleavage, and elution steps, Panning Large Phage-Displayed Libraries Using Ni
but enhanced the size of the library that could be panned byAgarose BeadsWe estimated the coverage over an entire
%SQ-fold, which increased our confidence of binding severall Ni—NTA chip to be~10® phage. This is not adequate for
copies of each mutant. Because the support surface iSselection from the larger libraries possible in phage display.
unaffected by removal from the system, conditions that had T4 combat this, we transferred the technology to a system
been optimized within the machine could be transferred \ith a larger binding capacity. As an example, we tested Ni
seamlessly. agarose beads as a support matrix. In this case, only the
We bound the library of ubiquitin core mutants to the amount of beads used limits the capacity in panning libraries
entire NTA chip. This was then treated with protease, and of protein-phage.
the cleaved phage were washed off and put to one side prior  Specificity of Hexahistidine-Tagged Protein-Phage Binding
to elution of bound phage. Phage released in these two wayso Ni Agarose Beads\gain we tested for specificity of phage
were counted by infection int&. coli and plating out. We  binding to the support to be sure that it depended on the
enriched separately for both stable and unstable proteins asi—hexahistidine interaction. This was especially important
follows. After the first round of panning, phage were divided with agarose beads because of the possibility of nonspecific
into two fractions, those cleaved from the chip (which we binding, either via surface interactions or through the phage
labeled “unstable”) and those that resisted proteolysis becoming partially trapped within the agarose. To eliminate
(“stable”). Both pools were re-infected inth. coli and  these possibilities, we tested for discrimination between two
amplified. In subsequent rounds, both pools were pannedwT-UBQ-phage, one of which carried an N-terminal hexa-
individually, and again the fraction that remained uncleaved histidine tag and another that did not (termed here WT-UBQ
from the stable pool was retained, as was the fraction cleavedand HisT-UBQ, respectively). These phage also carried
in the unstable pool. In this way, the protease resistance ofdifferent antibiotic resistances to allow them to be distin-
the stable pool was continually increased, and that of the guished in the following experiment. Equal amounts of the
unstable pool continually decreased. Consistent with this, two phage were mixed and bound to Ni agarose beads. These
over three rounds of panning, the ratio of cut to bound phagewere washed repeatedly with noneluting buffer and the
for the two pools diverged (Figure 4). Further rounds of supernatants recovered to determine the amounts of phage
selection did not increase this divergence significantly. This that were not binding to the beads. Consistent with unbound
demonstrated that the method could select both stable anghhage being removed, successive washes released fewer and
unstable populations of clones from libraries based on fewer of both types of phage until a slower steady-state
protease resistance. dissociation of phage from the matrix was achieved. This
Several of the phage were isolated from the final round behavior is shown for WT-UBQ-phage in Figure 5A. When
of panning for stable “bound” clones. These were amplified the buffer was changed to an elution buffer that contained
individually, confirmed as encoding full-length ubiquitin 250 mM imidazole, there was an immediate 20-fold rise in
mutants using colony PCR, and tested for protease resistancéhe number of WT-UBQ-phage found in the supernatant (data
using SPR back in the BIACORE instrument. Although not shown). By contrast, there was only a 3-fold increase in
marginally less resistant than WT-UBQ-phage £28% of the concentration of the HisTUBQ-phage. This was
which were cleaved from the chip over the time course of consistent with phage binding predominantly through the
the experiment), the selected clones were much more stabldhexahistidine tag as required.
(27 £ 10% cleavage) than the parent AUBQ mutant (70 Protease Selection of Bead-Bound Protein-Phagewith
+ 5% cleavage), FLEXI (73 9% cleavage), and the initial  the Ni—NTA chip, it was essential to establish that (1)
library when taken as a whole (58 16% cleavage). Thus, protease released phage from Ni agarose beads and (2)
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Wash number  Digestion period (s) Ficure 6: Visual comparison of the selection of WT-UBQ-phage

vs FLEXI-phage. Aliquots of beads were removed from the
FIGURE 5: Protease cleavage of phage bound to Ni agarose beadsproteolysis reaction mixture described in the legend of Figure 5
(A) Fall off of nonspecific and weak binding phage during washes after 0, 100, and 1000 s, treated with PMSF, washed, and phage
of beads after initial binding of phage. The number of phage eluted with imidazole. The amounts of these phage were gauged
released into the supernatant [measured as colony-forming unitsby counting colonies after plating out infectBdcoli onto ampicillin

per milliliter (CFU/mL)] was determined by infection int®. coli, and chloramphenicol-containing agaroge.coli that grew on the
followed by plating and counting. (B) Proteolysis of bead-bound ampicillin plate contained the WT-UBQ construct, whereas those
phage. After reaching the steady-state release (A), beads werawhich grew on the chloramphenicol plate contained the FLEXI
resuspended in buffer containing 11 chymotrypsin. Prior to construct.

this, some phage were counted to determine a zero time point.

Aliquots were removed from the protease/bead mixture at intervals DISCUSSION

logged on theX-axis, and phage in the supernatant and remaining

bound to the beads were counted. For WT-UBQ-phage and FLEXI- . . . .
phage, the number of phage in the supernatant increased with time A key area for research in protein folding is the design
of exposure to chymotrypsin. Similarly, the amount of bead-bound and generation of new and useful proteins. A major difficulty

Ehage d?dit?fd with EX?OSthe time. The fecﬁasi EE)D(Taghe ggm(thehere is not only in selecting proteins with the prescribed fold

eads into the supernatant was more rapid for -pha@®: i i

WT-UBQ-phage, ©) FLEXI-UBQ, (~) bead-bound phage. and but also in choosing those that form stable structures. A lack

(- - -) phage measured in the supernatant. of stability in engineered proteins has consequences not only
for protein design but also for the production of proteins in

release depended on the targeted linker region between théligh yield via heterologous expression; it has been shown
tag and plll. To facilitate these tests, the FLEXI-phage that the expression rates and final yields of proteins are
construct had a different antibiotic resistance, which allowed directly related to their thermal stabilitie34, 35), and even

it to be panned with and distinguished from WT-UBQ-phage in the periplasm, where the level of degradation is lower
in competition experiments. Phage from the two constructs than in the cytoplasm, the extent of proteolysis can be
were combined and bound to Ni agarose beads. These wergeduced by increasing protein stability6].

washed to reach the background release rate; a sample of \ye present a new method for engineering stability into
beads was removed at time zero, and chymotrypsin WaSnatural and designer proteins alike. The method combines
added. Aliquots of beads were withdrawn at 100 and 1000 the notion that correct packing of the hydrophobic core is
s and treated with the broad-specificity protease inhibitor crycial for protein stability §7) with a practical method for
PMSF. Phage in the supernatants were counted to determingg|ecting stable proteins. The first step in our method involves
the proportion of each linker cleaved after these times. This choosing residues that form the hydrophobic core, and
revealed that phage release was enhanced enormously UPORLhjacing them with combinations of other hydrophobic
addition of protease, and that this change was more dramatiGegjgyes with different sizes and shapes. The second step
for FLEXI-phage than for WT-UBQ-phage. Consistent with involves selecting from this library of alternatives, those that

this, more protease-resistant WT-UBQ-phage remained boundy o tapje and folded. In this paper, we have described the
to the beads during and after the proteolysis reaction (F'guresdevelopment and testing of such a method

5B and 6). After treatment with PMSF, the uncleaved phage i o o
were eluted from the beads using imidazole. The released Our selection method operates on a principle similar to
phage were used to infeft coli and plated out onto agar ~ Substrate-phag@g). In substrate-phage, protease specificity
plates with different antibiotics. This allowed FLEXI-phage IS determined by expressing peptide variants between an
and WT-UBQ-phage to be distinguished and indicated a clearaffinity tag and plll. Treatment of the phage-display libraries
dominant selection of the WT-UBQ-phage throughout the With protease results in the cleavage of peptides specific for
time course of the reaction. This is seen particularly clearly the protease and loss of the affinity tag. Here we employ a
in Figure 6. similar approach, but select for full-length proteins that resist
Additional experiments with LIB-UBQ-phage showed that proteolysis and, therefore, are expected to be stable and
either chymotrypsin or trypsin was able to release phage fromfolded @3). An alternative approach has recently been
the beads. However, in the absence of protease, phageélemonstrated by Sieber et a6 and by Kristensen and
remained bound to the beads with no significant loss even Winter (27), which does not employ an affinity tag in the
after an overnight incubation. In the following paper, we selection process. Rather, the target sequence is inserted
describe how this technology was used to recover stablebetween the infectivity and phage-anchoring domain of the
proteins from the LIB-UBQ-phage podB9). phage plll, and thus, cleavage of the target leads to a loss in
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