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ABSTRACT. Phage display mutagenesis is a widely used approach to engineering novel protein properties
and is especially powerful in probing structurinction relationships in molecular recognition processes.

The relative contributions of additive and cooperative binding forces and the influence of conformational
diversity in producing a novel proteirprotein interface is investigated using as a model an ultra-high-
affinity receptor binding variant of human growth hormone (hGHv) that has been previously affinity
matured. The modular aspect of how the mutations were grouped in the phage display libraries and
combined allowed for a systematic probing of the inherent functional cross-talk between the different
secondary structure elements that make up the remodeled hGHyv binding surface. We performed an alanine
scanning analyses of 35 hGHv residues and determined the kinetics of each variant by surface plasmon
resonance (SPR). This analysis showed that there is a significant difference between the additive and
cooperative binding forces existing among the selected residues in each library module, and the binding
advantage of these residues is maximized over the original wild-type residue when in the context of the
other mutations in the library. The degree to which residues in a particular mutagenesis library display
binding cooperativity characteristics is generally correlated with the conformational plasticity of the
polypeptide chain. Additionally, these cooperativity effects change when the mutations from one library
are combined with the mutations from one or several of the other separate libraries. This supports the
idea that significant functional cross-talk exists between the combined library modules that can affect the
binding energetics of individual residues over a large distance.

The initiation and regulation of most essential biological physical methods 5-9). Taken together, these studies
activities are under the control of evolved molecular recogni- indicate that the hormone’s biological functions are regulated
tion processes. Structural studies have shown that thethrough mechanisms involving extensive conformational and
cytokine hormone receptor superfamily has a number of energetic adaptabilitylQ, 11).

examples in which the primary binding determinants are not 5 geries of important molecular evolution studies using
dom!nated by the amino acid sequence of the intergcting phage display mutagenesis have produced a number of
peptide segments but also center on features relating to,5riant hGH molecules with significantly altered binding
conformational variationl—4). In this regard, human growth - 5herties 7, 12). Pertinent to issues involving the coupling
hormone (hGH)binding to its cognate receptor (\GHR) and ¢ sequence diversity and conformational plasticity are a set
the related prolactin receptor (WPRLR) has been extensively ¢ \ 4 iants derived from phage display selections aimed at
characterized through mutagenesis and a number of b'o'producing higher-affinity receptor binding sitet2]. The

construction of these variants was carried out using a modular
" This work was supported by NIH Grant DK-61602 (to A.AK.).  strategy. Four separate phage display libraries, each contain-
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! Abbreviations: hGH, human growth hormone; hGHR, human high-affinity variant of hGH (hGHv) that has been best
growth hormone receptor; hGHyv, high-affinity variant of hGH; hPRL,  characterized contained 15 mutations in its high-affinity

human prolactin; hPRLR, human prolactin receptor; ECD, receptor P - . -
extracellular domainyt, wild-type; Xaa&, hGHR residue; SPR, surface receptor binding site (Site1), and binds to the receptor ECD

plasmon resonance; POH1, phage display-optimized helix 1; POMH, ~400-fold more tightly than does wild-typav{) hGH (12).

phage display-optimized mini-helix; PLOP, phage display-optimized ¢ j5 hoteworthy that the production of this hGHv variant
loop; POH4, phage display-optimized helix 4; Ala-scan, alanine . . s L .
scanning mutagenesigg-scan, wild-type scanning mutagenesis; RU, Was not a case of fine-tuning the initial binding interface.

SPR response units. Schifferet al. (13) have shown that the new contact interface,
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the so-called structural epitope, has significantly more of the molecular recognition process governing this pretein
hydrophobic character and a rearranged H-bonding networkprotein association, we hoped to correlate the binding kinetics
and involved large conformational changes in both the with the changes in electrostatic and structural properties of
hormone and receptor interfaces. Because the stereochemicdhe large panel of group and single-site mutations.

character of these interfaces is so different, it is not surprising  \We find that the contributions of individual residues are
that the functional epitope, which describes the distribution highly context dependent. That is, the characteristics of the
of the binding energy in Sitel of high-affinity hGHv, has  residues in the individual phage optimizations are many times
been shown to be fundamentally different from that of the not conserved when placed in the format of the hGHv
wt hormone in several notable ways4J. In wt hGH, the  molecule. This suggests that some form of functional cross-
functional epitope of Sitel is dominated by a small number talk exists between the different groups contained in the
of key residues that are spatially clustered into a so-called phage display libraries when they are combined. We also
binding “hot spot” (5, 16). In contrast, even though the find that binding effects of the phage display-derived
binding of hGHv is much tighter, the binding contributions mutations within a single library can act in cooperative
of the original hot spot residues are highly attenuated. This fashion, and are generally correlated to the flexibility of the
attenuation appears to be more than offset by the additionpolypeptide chain. Interestingly, we find that the hGHv
of a new set of contributing residues located at the periphery molecule binds the alanine mutants of the principal hot spot
of the binding epitope, in effect resulting in an expanded receptor residues, W1QA and W16%A (residue numbers
and more diffuse hot spofl.§). with a subscript R are hGHR residues), more thahfi
Although high-resolution structures exist for the and tighter than doesvt hGH. We also find that in most cases
hGHv complexes and the Sitel binding energy surfaces havethe mutations that weaken the binding affinity have a
been mapped, it has not been possible to identify the specificnegligible impact on the binding on-rates. This invariance
residues or the group of interactions that lead to the 400- implies that the level of stereospecificity existing in the
fold improvement in binding. This suggests that there must encounter complex intermediate represented by the binding
be some level of cooperativity between residues, which may transition state is low. This suggests that the initial molecular
be a direct result of the nature of the phage display selectionrecognition event, as defined by the transition state energy,
process. In this process, all possible combinations of aminojs characterized by a hormoneeceptor interface that is not
acids at four or five randomized sites are tested in each highly formed.
independent library. It is probable that in some cases
particular groupings of residue types will bind in a synergistic MATERIALS AND METHODS
way, rather than additively. Further, although the libraries ) ) ) )
were screened separately, the close spatial relationship of Materials N-Ethyl N'-[3-(dimethylamino)propyllcarbodi-
the residues in the tertiary structure makes it almost a imide hydrochloride N-hydroxysuccinimide, and 2-(2-py-
certainty that some functional cross-talk exists between the fidinyldithio)ethaneamine hydrochloride were obtained from
affinity-matured residues from different libraries when they Biacore. Expression vectors for recombinant h@) (and
are combined. hGHR ECD (L7) were obtained from Genentech (South San
Because of these characteristics, we believe that the hGHV/"ancisco, CA). For the hGHR ECD, a truncated version
system offers an extremely powerful model system for was used (r95|dues 25238) which has an unaltered ac_t|V|ty_
deconvoluting the effects of additivity and cooperativity in &nd @ superior expression level compared to the version with
a complicated proteinprotein interface. Further, establishing residues +245 (18). Oligonucleotides were from OPERON
the linkage between conformational plasticity and additive (Berkeley, CA) and Integrated DNA Technologies (Cor-
and cooperative effects is fundamental with respect to gaining@\Ville, 1A).
a broader understanding of the structdfienction relation- MutagenesisThe Kunkel method was used for all mu-
ships in play in proteirprotein interactions. Unfortunately, tagenesis X9), and the presence of the mutations was
dissecting energetic contributions due to these effects hasconfirmed by using fluorescent dye terminator chemistry and
proven to be a daunting challenge. However, in the case ofanalyzed on an Applied Biosystems 377 automated DNA
hGHv, we believe that the effects from the four different Sequencer.
phage display modules that were added together can likewise Growth and Purification.nGH, hGH mutants, hGHR
be systematically taken apart and studied to isolate differentECD, and hGHR ECD mutants were expressed in the
characteristics in the binding interface. periplasm ofEscherichia coliessentially as described previ-
We report here an extensive structufanction study ously (L7) except that BL21 cells from Novagen were used
using Ala-scan and wild-typenf) scan mutagenesis with as a host, and the mutant hGHR ECD variants were
the aim of determining the interplay between additive and expressed at 20C. The periplasmic protein fraction was
cooperative binding forces in a complex proteprotein prepared as described previously). All the hGH variants
interface. In particular, we aimed to determine the fidelity that were studied contained a Site2 mutation, G120R, which
with which the properties derived from individual library totally inhibits ECD binding at Site2 without affecting Sitel
phage display selections were retained when combined withbinding. The hormone variants were purified by using a
the products of other libraries to produce the final high- Resource Q ion exchange column (Amersham Pharmacia)
affinity hGHov. Is the fact that there is no discrete and simple with some variants further purified on a Superdex 75 gel
structural rationale that reflects the 400-fold increased affinity filtration column (Amersham Pharmacia). The hGHR ECD
of hGHyv for the receptor ECD due to cooperativity effects variants were purified over a hGH affinity column as
generated by how the four phage display libraries interact described previouslyl{) except that 4.5 M MgGlwas used
when combined? To gain some insights into the energeticsin the elution step. The defective Wi@dand W16%A ECD
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mutants were purified by .ion exchange and gel ﬁlt.ration Table 1: Binding of hGH and Phage-Optimized Libraries to
chromatography. All proteins were analyzed for purity by hGHR1 (S237C) by SPR

analytical HPLC, and the presence of the mutation was

fold increase

confirmed by electrospray mass spectrometry (PE Sciex API in binding
150Ex instrument). The expression yield for hGH G120R Kon Kot K (Kd—tpef
was ~4 mg from 1 L of culture, while most hGH Sitel hormone  (x1C°PM™'s™) (x10™*s™) (nM)  K4men)
mutants were expressed at a levetdf mg/L. Typical yields hGH 3.2 3.9 1.2 1
for the hGHR ECD mutants were between 1 and 2 mg of hGHv 5.0 =0.05 =001 >120
protein purified fran 1 L of culture. Protein concentrations OMH 525 213 8.'§§ 3%17
were determined by using molar extinction coefficients at pon4 3.2 0.2 0.06 20
280 nm of 16.2 and 55.0 mM cm* for hGH and hGHR PLOP 6.4 1.9 3.0 0.4
ECD, respectively, and these values were adjusted ap-ggnh a”dd%%'\ﬁ"i 2-2 8-3 8-§g 43-5
propriately for mutations20). POMHLand POHA 4.2 02 004 30
Surface Plasmon Resonance (SPR)experiments were ~ PLOP and POH4 14 0.25 0.02 60
carried out on a Biacore 2000 instrument at°®5 hGHR a All mutants contain the G120R mutatidhThe standard error for

ECDs were coupled to a Biacore Pioneer C1 sensor chip bythese measurementsf does not exceedt20%. hGHv, F10A, M14W,
disulfide bond formation through an engineered cysteine on Bi??é HE2117'\£‘£SK§1'716\\((4%1"%9#‘.‘5'3"&’;'_'(1942%%\ F§A41F2WR6|—‘|11<§DR}—|6271’\||\'|-
the S237C mutant. This unpaired cysteine was typically poy' a1y vazH, Lasw, 46W; POH4, R167N, D171S, E174S,
modified in the bactgrla _by glutathione during expression. £176y, 1179T; PLOP, F54P, K64R.
The glutathione modification was removed by treatment with
1 mM DTT for 30 min on ice. The DTT and glutathione
were then removed from the sample by a desalting step on
a PD-10 column (Amersham Pharmacia) equilibrated with i, —
10 mM sodium phosphate buffer (pH 7.4). The ECD sample : ""“'-'— N\ //’ N
was then concentrated to 8:5 mg/mL for the subsequent - T Y‘m[doﬂl\
immobilization step. The immobilizations and kinetic mea-

. ™ DI71S R167N Hehx4

QI6W

Loop LA5W ?féﬂi

surements were carried out by using HBS buffer [10 mM
HEPES, 150 mM NacCl, 3 mM EDTA, and 0.005% Tween @ F176Y
20 (pH 7.4)] that had been filtered and degassed. The S237C @& | _ 1791 2
hGHR ECD mutant was immobilized on the C1 sensor chip  #~
following the Biacore protocol. Briefly, the flow rate was -
set to 5 mL/min, and a 25 mL mixture of 100 mM
N-hydroxysuccinimide (NHS) and 390 mM-ethyl N'-[3- \
(dimethylamino)propyl]carbodiimide hydrochloride (EDC) /

was injected. It was followed by a 40 mL injection of 80 }

mM 2-(2-pyridinyldithio)ethaneamine hydrochloride (PDEA) Ficure 1: Residues contained in the individual phage display
in 50 mM sodium carbonate buffer (pH 9.5). A-5000 mg/ libraries: helix 1 (POH1) in red, mini-helix (POMH) in blue, loop
mL solution of the S237C hGHR ECD in 10 mM sodium (POLP) in yellow, and helix 4 (POH4) in green. The wild-type

P ; residue precedes the residue number, and the phage-optimized
acetate (pH 4.5) was then injected to achieve a level ef 20 residue follows it. A residue with red lettering indicates that that

100 functional response units (RUs). The unreacted func- resigue was involved in either a salt bridge or H-bond interaction
tional groups were blocked with a 30 mL injection of 50 in the wild-type hGH-hGHR complex.

mM reduced glutathione in 20 mM sodium acetate/1 M NaCl
buffer (pH 4.5). RESULTS

For kinetic analysis, serial dilutions of hormone (typically,  Additizity Effects between Mutations Combined from
40, 20, 10, 5, and 2.5 nM) were made in HBS at25The  Different Phage Display-Dered VariantsThe construction
flow rate was set to 5&L/min, and 250uL of hormone  of the high-affinity hGH variant hGHv was based on the
was injected for each concentration. Most of the mutants premise of additivity. To produce this variant, sets of residues
could be completely dissociated from the ECD surface by from four independent phage-optimized variants were com-
prolonged washing with buffer for 180 min. Increasing the bined to give a molecule that contained 15 mutations in Sitel
flow rate to 10QuL/min had no effect on the rate constants, (12).
indicating that hGH binding is not limited by diffusion or a The values determined by surface plasmon resonance
mass transport effect. The immobilized ECD on the C1 chip (SPR) describing the binding kinetics of the phage-optimized
could be used for~150 injections. The amount of functional  variants are given in Table 1. Wild-type{) hGH binds to
response units (RUs) gradually decreased over time. TheSitel of hGHR ECD with &, of 1.2 nM (10); the affinity
activated thiol surface was regenerated, allowing the C1 chipof hGHv was too high for its kinetics to be measured
to be used several times. The data were fit by the CLAMP accurately by SPR. On the basis of the experimental limits
program using a simple A B == AB binding model giving of measuringk rates on the instrument, we estimate that
values for thek,, and ko processes2l). The bindingKy theKq for hGHv is less than 10 pM, and it has been estimated
was calculated from thies/kon ratio. All binding experiments by other methods to be2 pM (12).
were repeated at least two times. Results were highly Figure 1 shows the regions randomized in the four
reproducible, and errors idy values were typically<20%. independent libraries used to optimize Sitel of hGH for
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binding to the receptor ECD (hGHR) and the mutations
accumulated in hGHv. The phage-optimized helix 1 library
(POH1) contains mutations at residues 10, 14, 18, and 21.
The mini-helix library (POMH) contained mutations at
residues 41, 42, 45, and 46. The helix 4 (POH4) library had
mutations at residues 167, 171, 174, 176, and 179. The fourth
library, the phage-optimized loop (POLP), contained only
two mutations, at positions 54 and 64, which are found in
the polypeptide loop connecting helix 1 and helix 2.
Incorporating the four POH1 mutations into the hGH
sequence produced a variant that bound to the hGHR ECD
with an affinity of ~0.4 nM (Table 1). A similar binding
affinity increase was observed for the set of POMH muta-
tions. The~3-fold improvement in binding for these two
libraries determined here by SPR is close to the values
reported previously using an RIA formatd). The hGH
variant containing the mutations in the POH4 library shows
a 20-fold increase in the level of binding. The two POLP
mutations were reported to increase the level of binding by
2.5-fold in the study by Lowman and Well&3); however,
we find that these mutations have no measurable effect on

b'”d'f‘g .usmg the.me_thods descnbgd here. FiGURe 2: Packing interactions between the POMH residues (green)
Pairwise combinations of mutations from three of the and the receptor residues (blue). W45 and W46 of POMH form a

libraries result in variants that exhibit binding additivity (ca. “Trp” sandwich with W76 of the receptor. This orientation is set

+0.2 kcal/mol). For instance, combining the eight mutations up by the H-bond between the backbone carbonyl of residue 45

derived from the POH1 and POMH libraries, each of which and R7%

individually exhibited~2.7- and 3.1-fold affinity increases, . o .

results in a variant that binds6-fold tighter than thent. a modest 3-fold improvement in binding relative to the

When either POH1 or POMH is combined with the tighter the individual Ala substitutions produced substantial de-
binding variant from the POH4 library, they give rise to Cr€ases in the level of binding (Table 1). The W14A mutant
variants that bina~40-fold (POMH and POH4) and-30- produced a 14-fold reduction in the level of binding, while
fold (POH1 and POH4) more tightly than the molecule. D18A and N21A resulted in 8- and 6-fold reductions in the
In contrast, combining the mutations derived from libraries €€l Of binding, respectively. _
POH4 and POLP should, by additivity, not show any increase  The wt-scan of POH1 produced a set of effects different
in the level of binding over the library POH4 variant itself. from that of the counterpart Ala substitutions. The A10F
However, this pairwise combination results iiKgof ~18 mutation increases the level of binding t2-fold, indicating

pM, an increase in the level of binding ©60-fold compared ~ that, surprisingly, thewvt residue is slightly better than the
to the wt. This suggests some form of functional linkage Selected alanine in the context of the other three selected

between groups in these libraries (see below). mutations. At position 14, while introduction of the Met
Alanine Scanning of Variants Degd from Indbidual improves the binding relative to the binding with Ala, it is
Libraries. Each mutant residue from the four library variants ~3-fold worse than the binding with the selected Trp. This
was independently analyzed by alanine (Ala-scan) and wild- contrasts with thewt substitution at position 18 where the
type (vt-scan) substitution. The Ala- andt-scans provide =~ Wt His has a considerably more deleterious effect than Ala.
different but complementary binding information. The Ala- In the case of the N21H substitution, introduction of the
scan gives a measure of the binding energy contributed byHis results in a 3-fold decrease in the level of binding, which
each side chain, while thet-scan provides information about IS Similar to the effect of the Ala mutation. _
the degree to which a mutation produces a binding advantage Mini-Helix Library (POMH). The recently published
over the originalwt residue when placed in the context of structure of the hGHvhGHR complex shows that the
the other mutations within the particular hGH variant. POMH residues form a number of interactions with Sitel
Therefore, if additivity applies, the sum of the binding of hGHR (@3) (Figure 2). Thus, it is not surprising that in
advantages determined from tha-scan data would equal the Ala-scan of POMH significant decreases in the level of
the overall improvement of the binding affinity of the variant binding at all of the phage-optimized positions were ob-
over thewt hormone. The degree to which tha-scan data  served. The I41A mutation produced a 6-fold decrease, and
do not reflect the binding affinity produced by the mutations H42A, which eliminates at least one H-bond to the receptor,
in a library as a group is an indication that the selections produces an 11-fold decrease. The structure of the complex
involved some form of cooperativity among these groups as reveals that W45 and W46 form a large hydrophobic cleft
a whole. that makes extensive interaction with the receptor, and
Helix 1 Library (POH1).For the POH1 library-derived  presumably, the finding that the W45A (15-fold) and W46A
variant, three of the four sites that were mutated were Ala- (13-fold) mutations have a significant negative effect on
scanned: W14, D18, and N21. Position 10 was not Ala- binding reflects some disruption of this interaction.
scanned because the variant contained an Ala mutation The wt substitution at position 41 (141K) does not
(F10A) at this site. Although the helix 1 mutations produced appreciably affect binding compared to the Ala substitution.
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Table 2: Binding of Alanine and Wild-Type Mutants in
Phage-Optimized Libraries to hGHR1 (S237C) by SPR

fold decrease

Bernatet al.

whereas the Arg side chain in t@ complex makes none.
The F54P mutation alone has no effect on binding, and the
Ala mutation (P54A) produces a modest decrease in affinity.

Kon Kot Kb in binding This contrasts with the effect of the K64A mutation, which
hormone (x1PM~1sl) (x10%4s?) (nM)  (Kgmut/Kgndib) produces an-60-fold reduction in affinity. This is somewhat
POH1 25 1.1 0.44 1 larger than that observed in the Ala-scannafhGH, which
A10F 3.8 0.6 0.16 0.4 results in a 16-fold decrease in affinit92). The absence of
W14A 2.0 13 6.5 15 any cooperativity between residues 54 and 64 is indicated
\évllgk" g:‘l‘ ig %:g g:g by the fact that the P54A/K64A double mutation results in
D18H 20 11 5.5 13 a variant with a binding affinity almost identical to that of
N21A 2.8 6.9 25 5.7 the variant containing the single K64A mutation.
N21H 2:8 3.8 14 3.2 Helix 4 Library (POH4).While the original helix 4 library
POMH 5.1 2.0 0.39 1 . i o
141A 2.2 5.3 2.4 6.2 (POH4) was randomized at seven sites, two positions (175
141K 3.2 5.3 1.7 4.4 and 178) showed a strong preference for theiresidue
H42Ad 12 5.0 4.2 1 type. Thus, this library yielded an optimized variant that
wzgf g:i 13_3 ?‘é 12_1 contained only five mutations. While this variant exhibited
WA4GA 2.2 12 55 14 a much larger increase in affinity in comparison to variants
W46Q 1.9 13 6.8 17 obtained from the other libraries (20-fold compared-t8-
PLOP 0.6 1.3 3 1 fold for the POH1 and POMH variants), both the Ala- and
Eg’jﬁ 2‘2 2:8 g 3_7 wt-scans of the seven sites randomized in the library indicated
R64A 0.3 54 171 57 that none of the Ala owt substitutions alone resulted in an
R64K 2.2 1.1 0.5 0.2 effect as large as that seen for the Ala avicsubstitutions
POH4 3.2 0.20 0.06 1 in the other two libraries. This is noteworthy because the
“ig;ﬁ i‘% %'.‘é% %'.11% 22?; helix 4 residues were implicated as being part of the binding
S171A 27 0.55 0.20 3.3 hot spot in thewt hGH—receptor contact surfacelf).
S171D 2.2 0.33 0.15 25 Overall, most of the individual Ala mutations resulted in
K172A 3.6 0.63 0.18 3.0 modest decreases in the level of binding on the orderf
ggj’é 12‘:';) %‘8& %‘% 03'.‘23 4-fold. The largest change was seen at position 178 where
T175A 16 0.38 0.24 4.0 the R178A mutant produced an/-fold decrease. Interest-
Y176A 2.1 0.68 0.32 5.3 ingly, at position 175 where the phage selection showed an
Y176F 2.8 0.03 0.01 0.2 absolute preference for Thr, the Ala mutation caused only a
13117732 g:g 3:26 8:83 ?:g modest 4-fold decrease in affinity.
T179I 4.0 0.27 0.07 1.2 The effects observed upon individually substitutingwie

a All mutants contain the G120R mutation. Mutations are listed in
the context of each phage-optimized library (i.e., 45L contains all of
the phage-optimized residues for the mini-helix (41l, 42H, and 46W
in addition to the 45L mutationf. The standard error for these
measurementsK() does not exceee:20%. ¢ POH1 contains alanine
at position 10; therefore, this substitution could not be testa@tie
42Y mutant did not express iB. coli.

However, substituting thevt Leu residue back at position
45 increases the level of binding by3-fold over that with

the Ala substitution, although it is still arv4-fold poorer
binder than the Trp residue in the context of the other phage-
optimized substitutions. In contrast, tie substitution of a

residues back into the helix 4 variant were on the same order
of magnitude observed for the Ala substitutions. Interestingly,
while the wt-scans of the other libraries suggested larger
affinity improvements than those that were observed, the
improvements in the binding of the individual POH4
mutations suggest a smaller than 20-fold increase in binding
affinity based on additivity. Only two positions (174 and
176) showed significant differences when reverted back to
thewt sequences. The Y176F mutation increased affinity by
~b5-fold, indicating that the selection at this site was not fully
optimized. At position 174, substitution of thvet Glu for

Ser reduced the binding affinity by a factor of 3. Interestingly,

GIn at position 46 produces a decrease that is similar to thetn€ S174A mutation increased the binding affinity by 4-fold.
effect of the W46A mutation. These results suggest that there NS IS not surprising because an Ala residue at position 174
is a measurable cooperativity effect between the adjacentWas found in a number of clones in the original binding

Trp residues selected in the phage optimization procedure,

which is also reflected in the structural organization of the
residues at the hormoneeceptor interface (Figure 2).

Loop Library (POLP).Although the two residues in the
POLP library as a group have little measurable effect on
binding, the R64K mutation alone produces a 5-fold increase
in affinity (Table 2). The POLP variant is noteworthy in that
it has a measurably lower (5-fold) on-rate than the

selections 12).

Effects on the Binding Contributions of hGHR Hot Spot
Residues W1@dand W169. Substitution of Ala for either

W104 or W16% of the receptor ECD essentially eliminates

binding to thewt hormone. In contrast, hGH variants derived
by combining mutations selected from two or more Sitel
libraries retain relatively high-affinity binding to these Ala-

substituted receptors (Table 3). The variant hGHv, which

hormone, while a majority of the other variants have on- contains mutations derived from all four libraries, binds to
rates that are virtually identical (within 2-fold) to that of the either Ala-substituted receptor with an affinity comparable
wt hormone. The lower on-rate is surprising on the basis of to that ofwt hGH for thewt hGHR, although these affinities
conventional electrostatic assumptions because the Lys sidere at least 100-fold lower than that observed for binding of
chain in the R64K mutant makes two salt bridge interactions, hGHv to the unmodifiedvt hGHR.



Cooperativity Effects among Mutated Residues

Table 3: Binding of hGH and hGH Mutants to W104A hGHR1
(S237C) and W169A hGHR1 (S237C) by SPR

fold increase

in binding
Kon Koff Kd Kery
hormone (x1®PM~ts!) (x10%s) (nM) Kgmutany
W104A hGHR1
hGH 0.0024 170 72000 1
hGHv 1.5 3.5 2.3 31000
POH1 and POMH 0.5 25 50 1400
POMH and POH4 1.8 140 80 920
POMH1 and POH4 15 14 9.1 7800
W169A hGHR1
hGH? 0.01 200 20000 1
hGHv 2.1 19 9.2 22000
POH1 and POMH 2.0 110 55 360
POMH and POH4 >500 40
POMH1 and POH4 1.3 480 370 54

aAll mutants contain the G120R mutatiohMeasured with the
steady state affinity model.

140
120
a
o< 100
©
2 g
(1]
g 60
€
2 40
20
0 =— 1w w I~ — % Wb © ®©
$s ¥ g EPEEEEEEERER

Ficure 3: Comparison of the buried surface area (square ang-
stroms) of phage-optimized residues (gray bar)whdGH (white
bar) in Sitel.

As expected, the combination of mutations derived from
only two sets of libraries produced variants with affinities
somewhat lower than those of hGHv. The combination of
mutations from libraries POH1 and POMH produced an hGH
variant that binds each Ala-substituted receptor wiky af
~50 nM. It is noteworthy that the residues in these two
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hGH, which remains solvent-exposed on receptor binding.
For POMH, thewt residues in positions 41, 42, and 46 bury
more surface area than the phage-optimized mutations. Of
the phage-optimized residues, only W45 buries more than
its wt counterpart. The trend of the larger surface area burial
for hGH in thewt complex extends to helix 4. Interestingly,
although the helix 4 residues in hGHv bury 30% less surface
area and make only two H-bonds to the receptor compared
to six H-bonds in thewnt complex, introducing the POH4
mutations into hGH produces a molecule that binds 20-fold
tighter thanwt hGH.

Ala-Scan Data and Identification of Binding Hot Spots.
A common feature of proteiprotein associations is that
their interfaces contain binding energy hot spdtsis, 22,

23). These hot spots generally make up a minor portion of
the total binding surface yet contain the set of residues that
contribute a disproportionally large amount of binding energy
to the interaction. For thevt hGH system, the Sitel
interactions between the hormone and receptor have been
extensively characterized, showing that the majority of
important residues are organized in a focused contiguous
patch on the binding interface&q, 22).

The recent analysis of the high-affinity hGHv binding
surface contrasts with thet hGH hot spot picturel). In
hGHy, the influence of the residues identified to be the main
contributors inwt hGH was highly attenuated, with the
binding energy being distributed more equally throughout
the interface. However, it was not apparent whether the above
characteristics were a function of the phage display selections
or were partly the product of negative cooperativity via the
combination of the mutations from the four libraries into the
single hGHv molecule.

The extent to which the pattern of the energetics changes
betweenwt hGH and hGHyv is exemplified by the altered
functional significance of the two residues that showed a
strong preference for thewt sequence in the POH4 selection
(T175 and R178). Together, they constitute a major com-
ponent of the binding hot spot in thet interaction 22);

Ala substitutions in thevt hormone decreased the level of
binding by 35- and 67-fold for T175A and R178A, respec-

libraries are located some distance from the contact regionsjyely. In contrast, their respective contributions in hGHv

of the two tryptophans in the complex. Interestingly, the
pattern of grouping of the two phage-optimized libraries that

are significantly diminished. In hGHyv, the T175A mutation
decreases the level of binding by only 4-fold, while R178A

produces the most competent binding hormone variant is ghows an only 6-fold effectld), the essentially same values

mutant-dependent. For instance, for the WXadmutant,
the tightest binding grouping is POMH and POH4; & 9
nM), whereas for W168A, the tightest binding is generated
with the POMH and POH1 groupind<f = 50 nM).

DISCUSSION

The overall character of the 15 mutations introduced into
hGH to produce the high-affinity hGHv molecule leads to a
somewhat smaller Sitel binding interface with a significantly
increased hydrophobic charactd3). This trend toward a
more hydrophobic interface is exemplified by the fact that a
number of H-bonding interactions were “mutated” out of the
interface and replaced with nonpolar grouf8)( Figure 3

observed for the Ala-scan of the mutations in the POH4
variant (Table 1). On the basis of the differences with the
wt scan, it is surprising that the crystal structure of the hGHv
variant complexed to two copies of the hGHR ECD showed
that the local interactions involving these two residues were
virtually identical to those observed for tha structure 13).
Additive and Cooperatie Effects in the LibrariesAs
evidenced above, the procedure of combining the mutations
from the four independently optimized libraries to construct
the hGHyv variant leads to a complicated set of functional
relationships. The possibility of functional interplay among
mutations in the four library groupings is particularly relevant
with regard to the residue sets contained in helix 1 and helix

compares the amount of surface area of burial on binding of 4, which are structurally coupled through extensive packing

the mutated phage-optimized residues to that oihresidue

counterparts. There are considerable differences in distribu-

tion within the library groupings. For instance, in the POH1
variant, W14 buries~35 A2 compared to M14 of thevt

interactions (Figure 1). This property has broader implica-
tions outside the growth hormone system because these two
helices form the high-affinity receptor binding sites in a
number of four-helix bundle cytokine hormones 24).
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free energy of stabilization toward binding is provided from

‘g]; a raised ground state, rather than a lowered final state.

o1 . In the case of the four residues comprising the POMH
=== GHy library (residues 41, 42, 45, and 46), it was determined that

141 — ST in thewt hormone only residue 45 (L45A) produced an effect

H42 of more than 10-foldZ2). In the hGHv molecule, no single

W45 residue had an effect as great as 5-fold, suggesting little

W4g positive binding energy is generated by the mutations in the

K64 context of the other hGHv mutations. In contrast, when the

same mutations are scanned in the context of the single
N167 POMH library (Figure 4), alanine substitutions at any of the
s171 four residues produce a decrease in affinity of at least 5-fold,

?Eg with H42A, W45A, and W46A producing decreases in
V176 p— affinity of >10-fold. Thus, the POMH residues alone, with
R178 1160 no other mutations in the molecule, appear to form a
Ti79 == ' distinctive hot spot binding interaction.
, : . We note, however, that the POMH substitutions produce
5 1 5 10 15 20 25 30

an only 3-fold increase in the level of binding overall (Table
1), which is quantitatively inconsistent with the Ala-scan
Ficure 4. Comparison of the Ala-scan data for Sitel resides in data, even after normalization to thithGH Ala-scan effects
wild-type hGH (vt, empty bars) and in the context of the single \\hare only L45A produced a significant effe@2. The

libraries (sl) (black) and in hGHv (gray). P54 is not included -
because (it 3V§S not)measuredvim hGI(-?ory%GHv. The wild-type pattern of these data suggests that there are cooperativity

data were taken from ref2 and the hGHv data from ref4. SL effects among the mini-helix residues. This assumption is
data are taken from Table 2. supported by structural data that show that the mini-helix

undergoes a large conformational rearrangement of up to 8

The existence and extent of the structural coupling betweenA on binding to hGHR. In the bound form, there is a
helix 1 and helix 4 were shown though a comparison of the distinctive packing arrangement among the side chains of
wt hGH and hGHyv structures2p). On the basis of the  H42, W45, and W46, which could be altered if any one of
structural changes, it is not surprising that some of them the three side chain groups was removed (Figure 2). Thus,
appear to have functional consequences. Comparing Ala-it is probable that the binding effects that are observed in
scan data amongt hGH, hGHv, and four individual library ~ the Ala-scan of the POMH variant are due in large part to
groupings suggests that the effects of individual mutations synergistic conformational factors related to the packing of
are highly context dependent. The Ala-scans of the POH1 the three side chains together, rather than the influence of
and POMH libraries generally show larger effects for the the removal of any of the side chains alone.
individual residues than when the same residues are scanned Mechanism of BindingHormone-receptor binding in-
in the context of all the other 14 mutations that make up the volving large interfaces proceeds through three distinct
hGHv variant (Figure 4). Additionally, the data from the stages: the unbound state, the encounter complex (a state
hGH Ala-scan do not track with either the individual library  closely associated with the transition state intermediate, TS),
scans or the hGHv scan. For instance, the POH4 mutationsand the bound complex. The encounter complex is inherently
increase the Sitel binding affinity by20-fold comparedto  unstable and can be considered a loosely organized ensemble
that of thewt hormone. These residues in the context of the of dynamic structures that might ultimately evolve into
wt molecule make up the majority of the binding hot spot productive sets of specific interactions. In a sense, it
and add~6 kcal/mol to the binding based on the Ala-scan represents the initial molecular recognition event, but its
data @2). It is noteworthy, however, that in the context of formation does not necessarily guarantee a biological re-
the POH4 mutations alone, the contribution to binding is sponse. The biologically relevant molecular recognition event
only 2.5 kcal/mol, even though they were the only residues involves considerably more structural organization and occurs
mutated and that together they produced a 20-fold increasesomewhere later along the binding pathway.
in affinity over that of thewt. Much of our conceptual view of molecular recognition

An opposite trend is observed for the POHL1 residues. In focuses on this second molecular recognition event since it
this case, residues 14, 18, and 21 have much larger effectanore closely resembles the structural state observed in
in the context of the individual library than in thert crystallographic analyses, and is directly linked to biological
molecule. Both D18 and N21 make new specific interactions activity. In contrast, we note that although there is an ever-
in POHL1. However, residue 14 is a “framework” residue that expanding database of structural information for unbound
does not directly interact with the receptor, but rather and bound proteins, information about the structural state
supports the conformation of other important residues of the encounter complexTS intermediate is much less
through local packing effects. On the basis of protein plentiful (26, 27). In this regard, we believe that the
expression datald), it is possible that the effects seen in  combination of kinetic and structural information developed
POH1 and hGHv are due to protein stability. This appears from this study provides some important insight into the
to be a case in which the M14W mutation picked up in the nature of the TS intermediate and how it is affected by
phage display selection increases binding affinity, not by conformational and electrostatic effects.
improving a specific interaction forming in the bound state  Even though the extensive set of variants generated by
but rather by destabilizing the unbound state. The additional this study is comprised of mutations contained in very

KutKalg fold change
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different secondary structure types with different degrees of ~ For an interaction that exhibits cooperativity effects, the
electrostatic complementarity and which undergo varying impact on binding of each mutated residue is a function of
degrees of conformational change on binding, tkgirates the other mutated residues in that particular phage display
are remarkably constant (factor o). This is true whether  library. Generally, we found that when a wild-type residue
they are assayed as single mutants, in the context of a librarywas substituted for a mutated residue, it had a more
or as groups of libraries (Table 1). This indicates that the deleterious effect on binding than an alanine substitution.
large changes seen in the&g values do not involve  This indicates a strong context dependence within the
processes that affect the structure of the TS. That is, changedibraries. In cases of cooperativity, Ala-scan mutagenesis does
in binding energy do not involve a reduction or increase in not accurately measure the energetic contributions of the
the TS energy but are manifested in structural phenomenaindividual residues. From our data, it appears that the mini-
directly related to factors that increase or decrdg@geThis helix library selection (POMH) involved some level of
has been shown to be a characteristic of binding events thatcooperativity, especially between W45 and W46. The limita-
are strongly influenced by van der Waals, not electrostatic, tions of the Ala-scan in providing a semiquantitative assess-
effects @7—29). These observations suggest that the TS ment of the energies contributed by individual residues are
encounter intermediate has little inherent specificity and the readily seen in the data for helix 4 (Table 1).
structure of the interface is not optimally formed. Thus, the  The high-affinity variant does not contain a hot spot as
formation of the encounter complex intermediate is charac- highly focused as that observed fat hGH, but rather has
terized by a rather loose association between the hormonea more even distribution of contributions to binding among
and receptor that apparently retains flexibility to make the residues in the contact interfadgl) This feature raises
adjustments during formation of the complex without having some important questions about the mechanism of how such
any additional high-energy barriers to overcome. a phage display bio-panning process selects high-affinity
We note that an important aspect of modeling the mutations. Since phage display selections in this instance
interactions involved in the TS encounter intermediate are directed to binding only, it is possible that the most
structure is the role of hydration. This is especially pertinent efficient solutions will result from selecting sets of residues
in this case, because the hydrophobic part of the interface isthat individually are more or less equipotent; that is, each
the major component in the binding hot spot. It is not clear mutation produced a small positive improvement in the
whether upon reaching the TS structure most waters havewhole.

been expelled from the interface, or whether what we areé  ap jnteresting observation is that merging mutations from
seeing is the energies used for conformational adjustmentSe individual libraries to make hGHv was a reasonably
involved in forming the detailed atomic interactions being 5qgitive process: that is, the binding advantage generated
masked by the entropic gain upon the release of bound Watersby each of the phage display selections was conserved when
at the interface to the bulk. Additiqnal biophysical studies put in combination with any of the other libraries. However,
are underway to address these issues (Horn and A. A.jhe apparent contribution of an individual residue based on
Kossiakoff, unpublished results). _ ~ Ala scanning differed significantly whether it was assayed

~ Conclusions and Implication®hage display mutagenesis i the context of the individual library from which it was

in a sense is “evolution in a test tube”. Although the gerived or in the context of the final hGHv high-affinity
extraordinary diversity that is available through phage display yariant. This suggests that residues in a library act together

can generate an array of novel binding solutions, it is iy additive fashion, not individually, but as a unit, through
important to discriminate between the molecular strategies gome subtle cooperative effects.

used in this method from those in play in the natural
fevolutionary process. A single-site mutation in a p_rotein that provide some important insights into the mechanism of the
is under evolutionary control occurs through a single-base

h h “th bability of tati -~ molecular recognition process for binding of hGH to its
change phenomenon, the probability of any mutation requir- receptor. A pertinent question is whether there might be some

ing the &multaneous_ghange of two bases in a cod(_)n 'Sinherent feature of the phage display bio-panning procedure,
extremely small. Additionally, sets of changes involving with its long ligand target incubation times, that preferentially
‘favors sequences that have strong selectable on-rate traits.
with inherently error prone polymerases). Phage displaysThe members of a set of phage display-generated variants,
- ) - oY) as well as many tens of other hGH variants containing both
mutagenesis is not encumbere_d by theS(_a types of Ilmltatlo_ns,single and multiple mutationd @, 11, 15, 22), vary in a broad
_the_ process encourages multiple mutations, none of Wh'Chrange of biophysical features of the hormone, changing
is limited by only a smgle—base c_:hange_rout_e. . charge, hydrophobicity, and conformational characteristics.
. The_wthGH rggdues |r_1vo|ved N Fhe _S|te1 Interaction act Nevertheless, the binding kinetics of all the mutants show
in a highly ad_d|t|ve fashion2g), which is consistent W'th. highly similark., values, suggesting that the phage display-
the co-evolution of the hormone and receptor interaction generated variants are not selection artifacts and that the

interface under the control of single-base change evolution bindina kineti
. ; ; g kinetics of these and most other hGH (and hGHR)
(30, 31). What is observed in the phage display-generated variants are governed by the thermodynamics of the dis-

interactions is quite different. Since the diversity in the library - ¢ ation of the 1:1 complex, rather than by its formation.
is generally large enough to include most possible combina-

tions of the potentially encoded amino acid types, it is A\ckKNOWLEDGMENT

reasonable to assume that, since the residues were selected

as a group, some of the binding solutions will act as a group; We thank Drs. G. Pal and S. Walsh for helpful discussions
that is, they will act in a cooperative fashion. and V. Tereshko and J. Feder for help with the figures.

The binding kinetics of the extensive set of hGH mutants
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