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High Affinity RNase S-Peptide Variants Obtained by Phage Display Have a Novel
“Hot-Spot” of Binding Energy
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ABSTRACT. Using phage display mutagenesis, high affinity variants of RNase S-peptide were produced
that bind to RNase S-protein over 100-fold more tightly than the wild type S-peptide. The S-peptide:
S-protein interface was further characterized using “biased” phage display libraries, where each targeted
residue was constrained to be either polar or nonpolar. The use of these tailored libraries placed constraints
on the type of interactions present during affinity maturation process and allowed more amino acids to be
randomized simultaneously. These results, in conjunction with kinetic association and dissociation constants
determined by surface plasmon resonance (SPR), highlight the role of a single mutation (A5W) in increasing
S-peptide binding affinity. High affinity S-peptide variants were only identified when tryptophan was
present in the phage display library at position 5, suggesting that this residue is a “hot-spot” of binding
energy in the high affinity variants. Analysis of SPR data in the presence of denaturant suggests that the
increased affinity is a result of increased hydrophobic interactions in the transition state rather than a
stabilization of helical structure.

Molecular recognition is a fundamental element in es- of the problem, we have chosen to study the interaction
sentially all biological processes. An understanding of the involving two independent folding domains of RNase S. This
extraordinary variety and complexity inherent in molecular system limits the number of variables in the analysis but
recognition events has been developed through studies comeontains many of the same basic protepmotein elements
bining structural and mutagenesis approaches. However, theas in the more complicated interfaces. Thus, it offers both a
key details of the interplay between the effects of enthalpic versatile and practical model to study the character of mac-
and entropic factors that define the binding properties at romolecular interactions.

contact interfaces are not well understood and currently are Although site-directed mutagenesis has proven to be a very

the subject of intense investigation (for a review, seelyef  ,q\ e approach to investigate issues involving protein
Approaches that attempt to predict the overall binding protein interactions, it is highly limited in its ability to

interaction energy by_assigning spe(_:ific values to a hydrogen evaluate the type of energetic clustering embodied in phe-
bond and unit of buried hydrophobic surface area have not nomena like “hot-spot” binding. For instance, it is technically

_b(ien \gary sll:(;celssful ffor' mtost WFtJﬁSt of tpro’f@mkc])t((ajln daunting to test an adequate set of combinations of mutations
interactions. 1L1S clear, for Instance, that not every Nyarogen v, ,qqess the structural and contextual origins of the concen-

energy in a number of proteiprotein systems being gov- echn.lque, known as phagg dlsplay mL_JtageneS|s, holds much
erned within the broad contact surface by a few key contact promise =9). Thls technique is .partlcylarly powerful in
that it allows for simultaneous amino acid changes among a

residues called binding "hot-spots2+(5). number of targeted sites. Thus, it has the potential to evaluate

The binding “hot-spot” concept evolved from the seminal . . ) . )
: synergistic relationships among several residues. The idea
work of Wells and colleagues through their study of the . ; . : L
of directed evolution, that is, trying all combinations

binding energetics between human growth hormone andsimultaneousl at all functionally sensitive sites is a more
growth hormone receptoR(3). Although this example has . y . y . S T
inclusive approach than intellectually driven site-directed

led to several new fundamental insights into the nature ofm tagenesi roaches that are much more limited in

protein—protein interactions, many issues remain unresolved.Fut?]ge essatlﬁp o;’:\c esd. alae uc hohe b € f scgpg.

This results from the fact that such interfaces involve —UY''ermore, ep“ age dispiay appr?ac as been found, In
a process termed “affinity maturation”, to be able to evolve

extremely large and complex surfaces3D residues and -~ . . :
extensive conformational chang®]( To simplify the scope new binding solutions having fundamentally different ster-
eochemical and physicochemical properties compared to
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d_er?ved _from _the enz_ymatic cleavage of RNase A bY S_Ub' Table 1: Codons and Library Parameters for Biasing Positions in a
tilisin. It is active and is made up of two weakly associating phage Display librasy

fragments: the S-peptide (residues2D) and S-protein (resi-

. . . library
dues 21+124). The proteir-protein contact surface is along amino acids no.  size maxno.
the interior face of the S-peptidehelix and contains essen- name codon  obtained  codons neededresidues
tial residues of the active site of the enzyme. RNase S haspolar VRS HQNKDERSG 12 210° 8
been studied extensively as a model system for molecularno"polar NYS KLSPMLTVA 16 10 7
.. . . aromatic TNS F,L,S,Y,stop,C,W 8 51¢° 9
recognition (0), protein folding (1—13), and structure full randomization NNS  all 32 K1 5

function analysis 14). Extensive structural information is A — —— , -
. Characteristics of phage libraries biasing amino acids to polar,
also available 15, 16). nonpolar, aromatic, nonaromatic, and nonbasic residLi@sKor each
Since residues 3 through 13 of S-peptide must adopt atype of biased residue, the represented codon, amino acids, and number

helical conformation for proper binding and activity, side Oof gOdOUS af? 'liISted "L;hg ibgvi ?TE-CTCE ng"legcftge\;m these

; ; P ; codons is as follows: V= ;Y =
chains .that are important for b'r.‘d'”g have Ponformatlonal C+ T, R=A+ G; S= C+ G. Codon base wobbles are synthesized
constraints. Importantly, the relatively weak binding between using deoxynucleotide mixtures as follows: 4 way- 25% each; 3 way-

the S-peptide and S-protein fragments is in a range wheresso each; 2 way- 50% each. For each biased library type, the maximum
structure-function analysis by phage display mutagenesis number of randomized residues is determined based on statistical

is most powerful. The primary goals of this work were to calculations for total representation (4(no. cod8nsjheren is the

. . . _ . . number of randomized residue®) @nd current electroporation limits
establish which residues of S-peptide contribute most to the(1 x 10%independent transformants/ library). For biased libraries, the

interaction with S-protein and to identify high affinity nymper of required transformants (library size) for complete representa-
variants of S-peptide using phage display. S-peptide bindingtion are given as well as the maximum number of residues of that type
to S-protein was optimized using standard phage display that can be simultaneously mutated while ensuring total representation.
libraries, as well as novel “biased” libraries in which specific
residues were constrained to be either polar or nonpb#r ( The targeted residues for mutagenesis were randomized
Interestingly, it was found that changing just three residues using the NNS strategy that gives full coverage of all 20
resulted in a variant that bound 110-fold tighter than wild possible amino acids (Table 1). Libraries o2 x 10%
type. The use of biased libraries also demonstrated howtransformants were prepared (Sachdev Sidhu, personal com-
alternative, high affinity variants could not be found without munication) and were screened by coating S-protein (Sigma)
the presence of tryptophan at position 5. to 96-well plates (Falcon Maxisorb) at 2@/mL, blocking
Alanine scans of S-peptide and a high affinity variant, S-protein wells and control wells (no S-protein) with BSA,
sequence comparisons from the phage sorting experimentsand incubating phage (diluted 1:10 in binding buffer) for 1
and differences in binding affinity were all used to identify N. The binding buffer consisted of 50 mM KOAc, pH 5.5,
the changes in the energy distribution after phage display10 mM CaC}, 10 mM MgCl, and 150 mM NaCl. Wells
optimization. After affinity maturation of S-peptide, a new Were washed 10 times with buffer, and specifically bound
“hot spot” of binding energy was found that did not appear Phage was eluted with 0.2 N glycine (pH 2.2) and neutralized
to alter the importance of other contact residues. It is also With 1 M Tris base to a final pH 0f-8.0. Phage were propa-
shown that the use of biased phage display libraries offersgated in 25 mL of 2YT media containing:&/mL chloram-
the potential to control the type of interaction available in Phenicol plus VCS-M13 helper phage (Stratagene) at 10
the optimization process, while allowing a larger subset of MOI. Overnight cultures were harvested by pelleting the cells
interface residues to be included in the library. Directed and adding 1/5 volume 20% PEG/2.5 M NaCl to the super-
evolution using these libraries resulted in alternative solutions Natant to precipitate the phage. Phage pellets were resus-
that would not have been easily identified using standard Pended in 1 mL of PBS and stored atuhtil use. Enrichment
phage display libraries, and certainly not by site-directed Was monitored by infecting mid-log phase E. coli (XL1-blue)
mutagenesis approaches. The implications of these resultdvith eluted phage (serially diluted) from S-protein and
on recognition and folding of S-peptide are also discussed. control wells and plating the culture out on selective media.
Construction of Biased Phage Display Librariddiased
EXPERIMENTAL PROCEDURES phage display libraries were constructed by using standard
) ) ) ) wobble codes described in Table 7). These differ from
Phage DisplayMonovalent phage display libraries were  the conventional NNS codon used in the fully randomized
constructed by expressing S-peptide variants as N-terminaljjprary. The VRS codon was used at each position targeted
extensions of the phage M13 coat protein, genelll. These j, the polar biased library. The nonpolar based biased library
peptides were separated from the genelll sequence by a;sed a combination of codons derived from the NYS library
Gly—Gly—Ser-Gly—Gly—Ser linker. This linker provides  and the TNS library. In a NNS based phage display library
onen_tanqnal flexibility to the expressed peptide, as well as petween 2(32)and 5(32) (n = number of residues mutated)
spacing it away from the body of the phage to prevent jndependent transformants are required to ensure a complete
indirect binding artifacts. For general reviews of phage |iprary (9). Currently, library sizes of Z8transformants can
display, see ref§—9, 18 be achieved, and so the NNS library can theoretically
represent all possible combinations of amino acids at five
1 Abbreviations: S-peptide: a fragment of RNase A consisting of Or Six positions. Significantly more positions can be targeted

residues +-19; S-protein: a fragment of RNase A consisting of residues in the biased phage display libraries because of the lower

20—-124; RNase S: the noncovalent complex of S-peptide and S-protein; ; in At
MOI: multiple of infectivity; SPR: surface plasmon resonance; BSA: number of possible base combinations (Table 1).

bovine serum albumin; PEG: poly(ethylene glycol); PBS: phosphate _After several rou_nds of binding selection, 280 indi- _
buffered saline; RU: resonance units. vidual clones were isolated and sequenced. Standard devia-
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tions from the expected frequency were calculated by the P20, pH 7.4, (HBS-P buffer, BIACORE Inc.) by flowing a

following equation {8) range of concentrations of a given S-peptide variant across
each flow cell (at a rate of 20L/min) and measuring the
o, =[P, (1— P)/n]"? (1)  response level (in RUs) as a function of time. For WT

S-peptide, concentrations of 32000 nM were injected,
wheren is the number of clones sequenced, d&hads the while 3—100 nM was typically used for the high affinity
expected probability based on the number of codons for eachvariants. For weakly binding peptides, concentrations up to
amino acid. Note that the reported significance scd?e;~ 20uM were injected. Higher concentrations were prohibited
Pe)/on, WherePs is the fractional occurrence observed for a by the solubility of the peptide.
given residue, will be generally much lower than the  Association and dissociation rate constants were deter-
corresponding score for NNS libraries, because the expectednined using BlAevaluation 3.0.2 (BIACORE Inc.) software
frequency Pe) increases as the number of different amino and binding curves for each set of concentrations were fit
acids in the library decreases. simultaneously (a global fit) to a 1:1 (Langmuir) binding

The “soft-randomized” library was constructed by design- model @0). Equilibrium binding constants were obtained
ing oligonucleotide primers that contained a 70:10:10:10 from the ratio of the kinetic dissociation and association rates.
mixture of bases (70% of the wild-type base and 10% of The measured binding constant was found to be independent
the other three bases) for each of the 19 S-peptide residuesof the concentration of variant injected as well as the density
For each residue in the library, this mixture produces a of S-protein coupled to the surface (data not shown). Errors
mutation frequency of about 50%4.9). listed in Table 3 are the standard deviations observed for

ELISA Alanine ScanningThe relative contribution to  5—7 independent experiments, each of which consisted of a
binding of each S-peptide residue along the interface wasglobal fit to five concentrations of injected peptide. The chi-
determined by expressing alanine mutants of S-peptide assquared values reported for the fits shown in Figure 3 are
fusions to genelll. The relative affinities were estimated by for a single experiment but are typical of those observed for
normalizing the phage titers of each mutant, serially diluting WT and the high affinity variants.
the phage 1:2, and binding to a 96-well plate coated with ~ Circular Dichroism. CD experiments were conducted
S-protein under the same conditions as for phage sorting.using an AVIV Associates 62DS spectrometer. The ellipticity
After a washing step, a mouse anti-M13 phage monoclonal was monitored at a wavelength of 222 nm from 25 t@5
antibody conjugated to horseradish peroxidase (Amershamat 2° increments using a cell with a 1-mm path length. Equal
Pharmacia Biotech) was allowed to bind to the major coat molar mixtures of a peptide and S-protein were made at 25
protein of M13. After another wash step, the assay was uM in 10 mM HEPES, 150 mM NacCl, pH 7.4 and heated at
visualized by adding kD, and ABTS (2,2-azino-bis(3- a rate of 1°C/min with a 1 min equilibration at each
ethylbenzthiazoline-6-sulfonic acid)) (Pierce) followed by temperature. The fraction of unfolded protein was determined

quenching with an equal volumef @ N sulfuric acid. from Punt = (0 — 68)/(Bu — 6F) where 0 and 6y are the
Absorbance at 450 nm was measured as a function of dilutedmean residue ellipticity values at the fully folded and fully
phage using a microplate reader (Bio-Rad). unfolded baselines.

Peptide Synthesifeptides were synthesized at the Oli-  Activity Assay.The activities of peptide:S-protein com-
gopeptide Synthesis Facility at the University of Chicago plexes were determined by following the change in absor-
using F-MOC chemistry on an ABI 430A peptide synthe- bance at 292 nm due to the hydrolysis of cytidin@Zyclic
sizer. Peptide sequences were verified using mass spectrommonophosphate (cCMPRY). Peptide and S-protein were
etry (on an ABI 300 LC/MS) and by peptide sequencing. combined in an equal-molar ratio at a final concentration of
Peptides were purified using a Vydac 18 column on a 5uM. RNase A and S-protein were also measured @b
Shimadzu HPLC and were judged to be greater than 95%individually. The assay was performed at 25 in 50 mM
pure. Tris, 150 mM NaCl at pH 7.1. Stock concentrations of

Determination of Equilibrium Binding Constant&qui- cCMP were at 10 mg/mL and were diluted into the cuvette
librium binding constants for S-peptide variants were de- immediately prior to measurement. Absorbance measure-
termined by surface plasmon resonance (SPR) using aments were madetd s intervals on an UV spectrophotom-
BIACORE 2000 instrument20). S-protein (50ug/mL in eter (Hewlett-Packard) using a 1-mL cuvette and a 1-cm path
10 mM sodium acetate buffer, pH 4.5) was coupled co- length. Initial velocities were determined from the slope of
valently to a CM5 carboxylated dextran sensor chip using the initial 30 s of data and were plotted as a function of
N-hydroxysuccinimide (NHS) and-ethyl-N'-[(3-dimethyl- substrate concentration.
amino)propyl] carbodiimide hydrochloride (EDC) chemistry. Kinetic Association and Dissociation Constants in GUHCL
This coupling chemistry results in a random distribution of The association and dissociation rate constants were mea-
S-protein on the sensor chip with covalent linkages made sured in GuHCI using SPR. GuHCI solutions (6@4 M)
via primary amines on the protein surface. Uncoupled NHS- were freshly prepared in 10 mM HEPES, pH 7.2. NaCl
ester groups were blocked Wwitl M ethanolamine. A low  (0.5-0.1 M, respectively) was added to the buffer such that
density (approximately 400 RU) and a high density (ap- the ionic strength was constant at 0.5 M. In this way, dif-
proximately 1100 RU) of S-protein were coupled to indi- ferences in affinity due to changes in ionic strength, osmotic
vidual flow cells of the sensor chip by this procedure. A pressure, viscosity or anion binding were minimized. The
third flow cell was NHS/EDC activated and blocked, but buffer was filtered (0.2:) and degassed for approximately
contained no coupled S-protein and served as a control10 min, and was used for diluting S-peptide variants, as well
surface. Interaction analyses were carried out using at 25as for the running buffer in the SPR experiments. Data were
°C in 10 mM HEPES, 150 mM NacCl, 0.005% surfactant collected and analyzed as described above.
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Table 2: Clones Isolated from the S-Peptide NNS Library (Top) and the Soft Library (Bottom) after Five Rounds of*Sorting

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

wt K E T A A A K F E R Q H M D S S T S A
1 K E T N w A W F W D Q H M D S S T S A
2 K E T G w A L F \% Q Q H M D S S T S A
3 K E T \% M A N F Q M Q H M D S S T S A
4 K E T G D A \Y F A R Q H M D S S T S A
5 K E T G W A A F \% K Q H M D S S T S A
6 K E T G w A T F \% E Q H M D S S T S A
7 K E T K L A F F L K Q H M D S S T S A
8 K E T w w A w F F G Q H M D S S T S A
9 K E T T W A E F T W Q H M D S S T S A
10 K E T P w A S F N K Q H M D S S T S A
11 K E T A M A M F \% T Q H M D S S T S A
12 K E T L w A w F M w Q H M D S S T S A
LB1 G W W \% K
LB2 w | \%

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
1 F E T A A A I F D R L N M L S S T S M
2 K | S A S T N F \% R E L | D R L T S \%
3 L E T S A A I L E R L R M Y | T T S A
4 L A T L A A I F E R R L M D W S N N A
5 M Y \Y \% S A I F E R L H M G S S T S A
6 K D T A N T K L E S Q Q M \% N S S C A

a Positions included in the library are in bold.

Table 3: Kinetic Association and Dissociation Constants for 5, and 6 are alanine in wild type and were not eval.uated'

S-Peptide Variants as Determined by Surface Plasmon Resonance Phe-8 £2), Met-13, and Gin-11 have been shown previously
S-peptide ko 10° kog 10 2 Ky to be key_ contapt residues a_nd that rep_IaCt_amen_t ywth other
variant (M~1s?) s (M) amino acids typically results in a reduction in affini34j.

The ELISA alanine scan clearly identified these residues as

wild type 1.4 ¢ 0.4) 0.85@0.1) 599.0 ¢ 68) , ine

LB1 90.0&34)  151(03) 16.7(3.2) important for binding.

"&E\ZN ig“dl&&l%) 8-?‘53 EE 8-3 zf é‘t&lg)z) Some of the alanine scanning results could not be directly

nonpolar bias (NP) 4.4 (& 0.3) 06¢01) 136 15.1) assigned to structural factors. The decrease in binding upon

polar bias (PP) ~ ND ND >10 000 mutation of Thr-3 is apparently an indirect effect, since this

W5/NP 30.9 { 8) 046(0.1) 14.9(3.0) residue makes no contact with S-proteitb); However,

wgmiﬁgg ﬂé)zzi 0.005) &-égfc 0.05) f%%%ozmo) truncation of the N-terminus past residue 3 has been shown
to cause a significant decrease in bindird@)(and may

A;;;‘f(‘*#g”%%gha”ges (NP) A4V, ASM, K7M, E9S, R1BEPP) A4E,  explain why a reduction in affinity is observed in the alanine

scan. Since Thr-3 is the first residue of the helical portion
of S-peptide, it is possible that this amino acid plays a role
RESULTS in the formation or stabilization of the helical segment. The

Identification of the S-Peptide Binding Epitopéigure 1 observed reduction in affinity for S15A may also reflect some

shows the interaction of RNase S-peptide and S-protdin ( YPe of helix capping effect.
Residues 3 through 13 form arthelix when bound to the Phage Display Mutagenesis Libraries Using Full Ran-
S-protein. However, circular dichroism measurements of domization Full randomization employing the NNS codon
unbound S-peptide in solution show little helical structure, strategy was used to introduce combinations of all possible
indicating that the peptide must form arhelix at some amino acid types at the targeted positions. The residues that
point during the binding process. Previous studies have were targeted for mutagenesis were selected on the basis of
highlighted the importance of several residues for binding, the alanine scan binding data (Figure 2) and structural
particularly Phe-822) and Met-13 23), but no systematic  information (Figure 1). Amino acids known to be important
study of the entire interface has been undertaken. for binding (such as Phe-8 or Met-13) were excluded, as
An alanine scan was used to gauge qualitatively the rela- were residues important for catalysis (such as His-12). The
tive importance of each of the first 15 residues of S-peptide S-protein sample obtained from Sigma contained two species,
using a phage ELISA format. As shown in Figure 2, alanine the 21-124 fragment and the 20124 fragment, as deter-
substitutions for residues Phe-8, GIn-11, Met-13, Asp-14, mined by mass spectrometry (data not shown). Thelzd
and Ser-15 significantly affect binding. His-12 also appeared fragment was the dominant fragment (about 75% in the
to be important for binding (not shown), but phage titers for sample studied), and so the S-peptide construct included
this mutant were significantly lower than for the other residues +19. The S-peptide mutagenesis library included
mutants suggesting the result could be influenced by poor positions Ala-4, Ala-5, Lys-7, Glu-9, and Arg-10. Analysis
peptide expression. Thr-3 and Lys-7 show moderate de-of the crystallographic structure of RNase )(suggests
creases in binding, and alanine mutations of residues Glu-2,that position 5 and perhaps position 4 could make contact
Glu-9, and Arg-10 have little effect on binding. Residues 4, with S-protein if the wild-type Ala was replaced by a longer
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Ficure 1: The complex between S-peptide-(15) and S-proteinl5). S-peptide is shown in blue, and the amino acids included in the
library are also indicated. ThefCatom of the Ala-5 side chain is colored cyan for clarity. This figure was prepared using MolS#ipt (

side chain. Lys-7, Glu-9, and Arg-10 do not appear to make “soft-randomization” {9). The resulting library allows for
substantial contributions to binding, as evidenced by the all 20 amino acids at each of the 19 positions, but retains a
ELISA data, but they do make contacts with S-protein and high percentage~50%) of wild-type codons in the library.
could perhaps be optimized. Lys-7, for example, is thought Since the residue types are biased toward the wild-type
to make important contacts with RNA during catalysis, and sequence positions, finding a consensus for a nonwild-type
so this residue has not been optimized by nature for residue at a particular site indicates a potential enhancement.
interaction with S-protein. Modest enrichment of phage titer occurred after two
GIn-11 and Asp-14 were added in subsequent libraries, rounds and increased slowly to about 25-fold after 5 rounds.
since the use of “biased” libraries enables additional amino Sequence data for clones obtained using this strategy are also
acid positions to be randomized. GIn-11 and Asp-14 were listed in Table 2. As expected, the soft randomization
chosen since they appeared to contribute more significantlyreturned wild-type residues at most positions; however,
to binding (Figure 2) and because they are not completely position 7 shows a strong preference for lle rather than the
buried in the S-peptide/S-protein complex, suggesting thesewild-type Lys (Table 2, bottom). Several positions (Lys-1,
residues could be optimized. Asp-14 was also of interest dueGlu-2, His-12, Asp-14, and Ser-15) show little consensus,
to contacts with His-48 and Arg-33 of S-protein, suggesting while GIn-11 exhibits a slight preference for Leu. We note
possible electrostatic interactions involving this residue.  that to identify alternate residue types using this strategy
Enrichment of the phage titer was observed afted3  requires sequencing a much larger set of clones to establish
rounds and reached a maximum of about 300-fold over the statistical significance of the selected amino acid type.
background after six rounds of sorting. Table 2 lists the Nevertheless, in this application the dominance of lle at
sequences of clones picked after the sixth round. Residue Fposition 7 suggests that it should be evaluated.
shows a strong preference for Trp (present in 8 of the 12  Binding Constant Determination for Consensus Peptides.
sequences) after affinity maturation (Table 2, top). On the On the basis of the above sequence information, two peptides
basis of the expected frequency of occurrence for this residuewere synthesized and their equilibrium binding constants
the significance score is 12.7%(— Pe)/oy). This compares  were measured using SPR on a BIACORE 2000 instrument.
to the other consensus residues that were found to have scorelsB1 contained the consensus residues from the NNS library
ranging from 2 to 5. Position 4 shows some preference for (A4G, A5W, K7W, E9V, and R10K). LB2 combined the
Gly, and positions 7 and 9 have a preference for hydrophobicresidues from a composite of the full and partial randomized
groups. libraries (Table 2). It differs from wild type S-peptide at only
Partial RandomizationA complementary sorting strategy  three positions (A5W, K71, and E9V). Figure 3 shows the
was employed where all 19 residues of S-peptide were binding sensorgrams of WT S-peptide and LB2 as deter-
partially randomized together using what has been termed amined by SPR. The small dots are the raw data, and the
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Ficure 3: Kinetic analysis of (A) WT S-peptide and (B) LB2
100 binding to immobilized S-protein (1100 RU) using surface plasmon
Phage Dilution resonance on a Biacore 2000 instrument. Two-fold serial dilutions
of each peptide were measured, starting at 1000 nM for WT and
FIGURE 2: Alanine scanning of S-peptide by phage binding ELISA. 100 nM for LB2. Each set of curves was simultaneously fitted using
The absorbance at 450 nm is plotted as a function of phage dilution. a 1:1 binding model (solid lines) to obtakg, andky. Chi-squared
The top panel shows the residues at the ends of the binding epitopeyalues were 0.44 for WT and 0.36 for LB2. The residuals were
and the bottom panel contains residues thought to be most importantrandomly distributed around the fit within 1 RU.
for binding and catalysis. Amino acids 4, 5, 6, and-16® were

not evaluated. H12A appeared to have a binding contribution, falling 1.2
between Q11A and F8A on the bottom panel, but this mutant along .
with K1A could not be expressed reproducibly on phage and were 1 i ¢ LIPS $ite
therefore not included. . ut M
solid line is a fit of the data using a 1:1 Langmuir binding o8 .
model. Table 3 shows the kinetic association and dissociation & g — i
rates, obtained from these fits, for the phage-optimized & . *
variants LB1 and LB2 along with the wild-type S-peptide 0.4 Pa— : : bt
(residues 119). ¢ gty
The affinity of a truncated version of S-peptide (residues 0.2 R .
1-15 as measured by calorimetry was found to be-100 Lregtt *
300 nM (16, 23). It has been reported that the full length 0 b ' ' '
S-peptide binds 2-fold weaker than the truncated versioh ( 20 30 40 50 80 70
While the value of 600 nM determined here is in reasonable Temperature (°C)
agreement with these studies, we note that other studies reporII:IGURE 4: Thermal unfolding of peptide/S-protein complexes for

much tl_ghter values for the full-length Pept“"f.&( 25-21). wild type (diamonds), ASW (circles), LB1 (triangles), and LB2
We believe that part of the discrepancy in the literature values (crosses)P,q is the fraction of protein unfolded as determined by
is presumably due to different experimental techniques andcircular dichroism at a wavelength of 222 nm.

buffer conditions, as well as the use of full-length and
truncated S-peptides. In this study, our conclusions are based.ys-7 and Glu-9. This suggests that the tighter binding could
on factors involving the relative changes in binding after be due to an increase in hydrophobic interactions between
affinity maturation. In this regard, our binding analyses are the S-peptide and the S-protein. Trp-5 appears to be
internally consistent as measured by either SPR or CD.  responsible for much of the tighter binding. The ASW mutant
Table 3 shows that the high affinity variants LB1 and LB2 alone results in a 14-fold improvement in the affinity, a
bind 36- and 110-fold more tightly than wild type, respec- majority of which is due to its faster on-rate (Table 3).
tively. Surprisingly, the majority of this improvement is LB2/S-Protein Complex has Enhanced Thermal Stability.
achieved through an increase in the on-rate. In LB2, the on- Thermal denaturation experiments were performed on pep-
rate is 75-fold faster than for the wild-type S-peptide. The tide/S-protein complexes to determine how the phage-opti-
off-rates for these variants were all within a factor of 3 of mized peptides influence structural stability. Figure 4 shows
wild type. This is in contrast to other protein systems where the thermal transition from folded to unfolded as determined
affinity enhancements or mutagenesis typically affect off- by circular dichroism at 222 nm. The loweB}, is that of
rates {, 3). The three mutations in this peptide are wild-type S-peptide at 44.8H 0.4) °C, which is in good
hydrophobic; two of which replace the hydrophilic residues agreement with published values of 484 °C (29 and
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Significance Score

references therein). The LB2/S-protein complex had the
highestT,, (53.8 £ 0.4 °C) followed by LB1 (51.6+ 0.6 ) ) .
°C) and ASW (49.5+ 0.5 °C). All three peptides greatly FIGURE 6: Consensus residues for the polar biased library (A) and

- nonpolar biased library (B) after five rounds of sorting. The ratio
enhance the thermal stability of the complex and the observed(Pf — Py)lo represents the frequency of occurrence of a particular

trend in theT,, values correlates well with thky values residue and is described more fully in Experimental Procedures.
measured by SPR using the Biacore. Ratios below 1.5 were not shown. The number of clones sequenced,

Binding of S-Peptide Variants Is Similar to WT S-Peptide . Was 16 for the polar and 22 for the nonpolar library.
It was important to establish whether the improvement in ] o
affinity in LB2 influenced the energetic contributions of other ~after the fifth round. The low significance scores for the polar
contact residues in WT S-peptide. This might be the case if Sequence indicates that there is little specific selection within
the mode of binding was functionally different than that of the library (Table 6).
wild type. An alanine scan was performed on LB2 using  Peptides corresponding to the consensus sequence from
the same ELISA format as was used for wild type. It was €ach library (denoted nonpolar and polar bias in Table 3)
found that contributions by other residues comprising LB2 Wwere synthesized, and the equilibrium binding constants were
were generally similar to that of wild-type S-peptide (data determined by SPR analysis. The nonpolar consensus variant
not shown), suggesting that the importance of these residueA4V, ASM, K7M, E9S, R10F) produced from the NYS
was retained in the phage optimized peptides. The LB2/S-library resulted in 4.4-fold tighter binding as compared to
protein complex was also assayed for enzymatic activity Wild-type S-peptide. This increase in binding was reflected
using cyclic cytidine-23'-monophosphate as a substr&t#) ( mostly in a 3-fold increase in the on-rate. The polar variant
and was found to retain significant activity as compared to (A4E, ASE, K7G, E9Q) showed no detectable binding when
wild type RNase S (Figure 5). Taken together, it appears concentrations as high as 4 were injected. The lack of
that the high affinity variant, LB2, binds in a structurally ~any consensus residues and the very poor affinity indicate
similar manner as the wild-type peptide. Furthermore, the that sets of polar residues at positions 4, 5, 7, and 9 cannot
changes that brought about the high affinity appear to add provide a productive interface to the S-protein. This is
additional “hot spots” and do not significantly alter the consistent with the NNS randomization where very few polar
contributions by the rest of the binding epitope. residues were observed for these residues.

Phage Display Mutagenesis Using Polar and Nonpolar ~ Trp 5 Is Important for High AffinityThe NYS nonpolar
Biased Libraries On the basis of the distinct correlation biased library improved S-peptide binding, but 8-fold less
between binding strength and the hydrophobic character ofthan the consensus residues determined from the NNS library
the altered residues, the strong preference for hydrophobic(Table 3). Although the NYS library codes for nine mostly
residues in high-affinity variants was investigated using hydrophobic amino acids, it does not contain Trp. With
“piased” phage display libraries. Two biased phage display consideration of the potential importance of a Trp at position
libraries were constructed?). These libraries were designed 5, a biased phage display library was constructed that used
to allow only a subset of polar (VRS wobble code, see Table the TNS codon at position 5. The number of amino acids
1) or nonpolar (NYS code) residues at the targeted sites. Wepresent at this position is smaller than for the NYS codon
note that the NYS nonpolar library does not contain Trp, so but contains Trp (Table 1). For positions 4, 7, 9, 10, 11, and
that S-peptide was being optimized without the benefit of 14, the larger NYS library was used. We note that the use
the amino acid that indicated the highest consensus in theof biased libraries reduces the number of possible codon
NNS library and made the strongest contribution to binding. combinations, and so the randomization of more residues

After five rounds of sorting of the nonpolar biased library did not compromise the completeness of the library)(
an approximately 200-fold enrichment in phage titer was  After five rounds of sorting, Trp and, to a lesser degree,
observed. Only a 25- to 50- fold enrichment over background Phe were selected at position 5 (Figure 7). A Met at residue
was achieved in a similar sorting of the polar biased library. 7 is strongly selected, which is consistent with the previous
Figure 6 shows the consensus selection for clones obtained\YS library (Figure 6, lower panel). Unexpectedly, Pro

Amino Acid Position
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was mutated to Trp. The-axis is described in Figure 6, andvas FIGURE 9: Sensitivity of the equilibrium binding constant (A) and
equal to 17. the kinetic association rate (B) of the high affinity S-peptide variant

LB2 to GuHCI as measured by surface plasmon resonance (SPR).
appeared at positions 9, 11, and 14, although in no case wag-inear plots were also obtained for wild-type S-peptide (not shown).
it strongly selected. An additional library was constructed ggtearpo-vslugs reported in Table 4 were determined by fitting these
in which Ala-5 was changed to Trp with the other residues q
(4,7,9, 10, 11, and 14) randomized with the nonpolar NYS
codons. Figure 8 shows that at positions 9 and 11 prolines

were selected again. which makes marginally stable peptide variants out of

'-lo—lgl mvfesr,]ngatr:a IFheI unexpected select'g)n of Pro in r:he otherwise destabilizing changes. The reason Pro was slightly
middle of theo-helical segment, two peptides were synthe- . i-hed at these positions is unclear.

sized based on the sorting results. One peptide (W5/NP/E9P) L I
contained mutations A5W, K7M, E9P, and R10L, while the . Effect of GUHCI on Kinetic Parameterﬁlthough itis .
likely that Gly and Pro affect the on-rate by disrupting helix

other peptide (W5/NP) contained ASW, K7M, ESV, and formation, the mechanism by which Trp-5 affekgsis not

R10L. The binding data shown in Table 3 indicate that the obvious. One possibility is that the hydrophobic changes in
WS5/NP i [ 40-fol ightly th ild- '
S/NP peptide binds 40-fold more tightly than wild-type LB2 stabilize the transition statel?). To explore this

S-peptide. The introduction of the Pro residue at residue 9 o g -
(W5/NP/E9P) results in a binding constant 14-fold weaker possibility, the effect of GUHCI on the equilibrium binding
constant and the kinetic association rate was measured for

than wild-type S-peptide. Thus, in the context of this peptide, o . .
a Pro at position 9 decreases bhinding by about 550-fold. The WT (not sho_vvn) and the aﬁlnlty matured LB2 variant (Figure
9) using various concentrations of denaturant. The slope (or

loss of binding affinity is primarily a result of a more than . . o
60-fold decrease in the on-rate. This would be expected for m-value) of this plot_glves a measure of the sensitivity of
these constants, which can then be used to determine the

a mutation that hindered the ability of S-peptide to form an . .
a-helix, but since position 9 was one of the three mutated effect of mutations on the folding process. The m-values were
; determined by fitting the data td.1)

amino acids in the high affinity LB2 variant, we cannot rule
out a destabilizing contribution due to the loss of a contact .
residue. k= k, exp(/RTGuUHCI]) 2)

To clarify whether the reduction in binding affinity in the
W5/NP/E9P mutant was mainly a result of the Pro affecting Wherek andk, are the equilibrium or kinetic rate constants
the helical character of the peptide another peptide wasin the presence or absence of denaturant,raind the slope
synthesized. In this peptide, Pro-9 of W5/NP/EOP was (or m-value) for that parameter in the presence of denaturant.
reverted to the wild-type Glu, and position 6 was changed The ionic strength dependent term was set equal to zero since
to a Gly (W5/NP/A6G). Residue 6 makes no contact with the measurements presented here were made under conditions
S-protein, and so replacement by Gly should primarily affect of high (and constant) ionic strength (see tef). The
helix stability. Table 3 shows that this replacement is also m-values obtained from the fits are reported in Table 4. The
very destabilizing, with no detectable binding at peptide ratio of m(kon)/mf(Keg) has been shown to provide a measure
concentrations as high as 20M. It appears that the Gly  of the percentage of buried surface area in the transition state
and Pro substitutions have a deleterious affect on helix relative to the total buried surface area of the compligX (
formation, as expected. Therefore, it seems that the appear33). It was found that a greater percentage of surface area is

ance of Pro in the phage optimized sequences is a conse-
guence of the high affinity afforded by the ASW mutation
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Table 4: Effect of GUHCI on the Association Rate and Equilibrium po_sition 5,aswellas a hydr(_)phobic Leu at positior29)(
Binding Constant for WT S-peptide and Affinity Matured Variants ~ This suggests that phage display of a completely random
sequence had found a similar, high affinity solution to that

WT LB2
por —————— 1o ey of our more directed approach. It also further emphasizes
m gE"lz) kccaz:\lrr?%rl M-1 33 392 the importance of Trp-5 in high affinity variants of S-peptide.
perceem burieg! 59% 77% Mechanism of BindingThe binding of the wild type and

2 The percent buried is determined from the ratio of(ka) /m(Keg any S-peptide variant consists of two events: folding and

and is a measure of the percentage of buried surface area in the transitiorﬁeCOQnitio_n- The f_ormation O_f the S'pEPtidEh_eliX in the _
state relative to the total buried surface area of the coml2x3Q). complex is required to bring the appropriate catalytic

elements together to produce a functional RNase S enzyme.
Since S-peptide is less than 1Q%helix in the absence of

buried in the transition state for LB2 (77%) as compared to

WT (59%). Sfprot.ein_ 27), a folding event must occur in conjunction
with binding.
DISCUSSION Recent studies have attempted to determine whether the

o-helix forms prior to binding or if specific interactions
Phage display mutagenesis has produced several variantgetween S-protein and S-peptide nucleate the folding of the
of S-peptide that bind to S-protein significantly more tightly remaining residuesl@, 30, 31). There is evidence that the
than wild-type S-peptide. The tightest binding variant, LB2, transition state between bound and unbound S-peptide is
has a binding constant of 5.4 nM, which is more than 100- stabilized by hydrophobic interactions, particularly between
fold tighter than wild-type S-peptide. The midpoint of the phe-8 and S-proteirip). Additionally, there is evidence that
thermal denaturation of the LB2/S-protein f&higher than  stapilization of thea-helical conformation, either in the

WT/S-protein, indicating that the complex with LB2 has transition statei2, 13) or in the unbound staté&®) can lead
enhanced stability. The improvement in binding affinity iS tg an enhancement in binding.
brought about by just three residues and is dominated by The high affinity variants of S-peptide reported here
the ASW mutation. When the tryptophan is not included in probably derive their improvement from either direct interac-
the selection process (as in the polar and nonpolar biasedion with S-protein or by stabilization of the-helix. On the
libraries), only modest improvements in binding affinity hasis of modeling studies, it appears that Trp-5 is likely to
could be achieved. make significant contact with the S-protein surface without
The single Ala— Trp mutation at position 5 increases requiring any substantial changes in the protein structure.
the binding affinity of the peptide by almost 15-fold. The accessible surface area of Ala-5 decreases when com-
Interestingly, the alanine scan of LB2 indicated relatively plexed with S-protein5) and replacement of Trp-5 with
small effects for the other two changes at positions 7 and 9. the tryptophan derivative, kynurenine, results in fluorescence
This suggests that the full binding capacity of the peptide spectra that suggest this residue interacts with S-protein, but
(110-fold over wild type) is not based on additivity. Further still retains a moderate degree of solvent exposure (J. Dwyer,
studies, as well as detailed crystallographic information, will S, Rajagopal, A. Kossiakoff, unpublished data). Efforts to
be required to explain fully the origin of the enhanced crystallize complexes containing these high affinity variants
affinity. are currently underway.
On the basis of the nearly exclusive requirement for Trp  Characteristics of the LB2 S-Peptide Variafihe data in
at position 5, it appears that a novel “hot spot” has been Table 3 indicate that the majority of the increased binding
generated into the S-peptide/S-protein interface. In otherin the phage optimized peptides is achieved by a large
examples, it has been shown that Trp residues are commorincrease in the on-rate. This is in contrast to larger systems,
at energetic “hot spots” of proteitprotein interfaces2g), such as human growth hormone, where mutations typically
in part because of the large hydrophobic nature of the sideonly affect the off-rate values3]. A recent review 1) has
chain. However, the observed effect of interchanging a small suggested that changes in on-rates might be associated with
hydrophobic side chain (Ala-5) with tryptophan was unex- conformational changes in conjunction with binding or to
pected. specific interactions that tend to accelerate complex forma-
At other positions, the nonpolar-biased libraries produced tion.
consensus residues that were significantly different from  While the phage display optimization could potentially
those obtained by the more traditional NNS codon strategy. stabilize the helical conformation of the S-peptide variants
There was, however, good agreement between the three sepat equilibrium, circular dichroism measurements on the LB2
rate phage sorting experiments using this library, indicating variant at 25°C are very similar to wild type (data not
that this alternative solution is likely representing a unique shown). This suggests that there is no significant increase
solution within the context of the nonpolar biased library. in the helical population in solution. Furthermore, the helical
The use of the biased phage display libraries clearly illustratespropensities of the mutated residues are not significantly
the nearly singular importance of the Trp at position 5. different from wild type. We note, however, that formation
A recent study used phage display to discover a 15-mer of ana-helical structure is clearly important for binding as
peptide (termed S15p) that bound to S-protein more tightly demonstrated by the dramatic decrease in binding affinity
(Kq =105 nM) than S-peptide2@). Although S15p had some for the S-peptide variants containing E9P and A6G.
sequence similarities to S-peptide, including Phe-8 and His- Effects of Increased Hydrophobic Interactions in LB2.
12, the peptide was not catalytically active, in contrast to has been suggested that hydrophobic interactions between
the LB2 peptide described here. Interestingly, an alignment S-peptide and S-protein stabilize the transition sta#pgnd
of S15p with S-peptide indicated that Trp was found at that 55% of the total buried surface area of the RNase S
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complex is also buried in the transition statd)( To estimate

this value for the high affinity LB2 variant, the kinetic rate
constants of WT and LB2 were measured in the presence of 4

GuHCI (Figure 9).

The surface area buried in the transition state can be
estimated from the sensitivity of the on-rate to denaturant
as compared to the sensitivity of the equilibrium constant
(33). The sensitivity is gauged through a quantity known as
the m-value, obtained by using eq 2 to fit the data shown in
Figure 9. On the basis of this analysis, the measured value
of 59% for wild-type S-peptide (Table 4) compares very well
to the value of 57% obtained by stopped-flow experiments

for the binding of an S-peptide variant in GuHQl1. The
m-values obtained from the sensitivity laf, for this variant

(myn = —1.6 kcal mot* M~1) (11) also compare favorably
to those measured here for wild type. The on-rate for LB2
is more sensitive to denaturant, and we estimate that nearly 1o
77% of the final buried surface area is buried in the transition
state (Table 4). Since the Trp side chain is about 146 A 13.
larger than the alanine side chain, there would be an increase
in the total buried surface area for LB2 as compared to wild 14
type. The kinetic measurements in GUHCI suggest that the
additional hydrophobic surface area in Trp-5 may also be
stabilizing the transition state. Stopped-flow experiments on
these peptides, which will allow binding measurements to
be made on a much faster time scale, will certainly help 17
clarify the role of Trp in the folding and recognition process.
ConclusionsMany different effects, including the interac-
tions between specific side chains and structural rearrange-
ments govern affinity maturation by phage display. Under-
standing the relative importance of these contributions is
likely to be difficult in a large macromolecular interface. In
this paper, we have used RNase S to explore the character-
istics of the affinity-matured interface between a high affinity
S-peptide variant and S-protein. The results presented here 55
indicate that increased hydrophobic interactions between
S-peptide and S-protein, mediated though Trp-5, make a 23.
significant contribution to the improvement in binding. The
use of biased libraries has been shown to generate alternative,24-.
unigue solutions that would not have been obvious from a
traditional NNS phage display mutagenesis library. This fact,
coupled with the greater number of residues that can be
randomized in a single library, suggest that biased libraries
may prove to be useful in controlling the directed evolution

of macromolecular interfaces.
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