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Engineering Human Prolactin to Bind to the
Human Growth Hormone Receptor

BriaN C. CUNNINGHAM, DENNIS J. HENNER, JAMES A. WELLS*

A strategy of iterative site-directed mutagenesis and binding analysis was used to
incorporate the receptor-binding determinants from human growth hormone (hGH)
into the nonbinding homolog, human prolactin (hPRL). The complementary DNA for
hPRL was cloned, expressed in Escherichia coli, and mutated to introduce sequentially
those substitutions from hGH that were predicted by alanine-scanning mutagenesis
and other studies to be most critical for binding to the hGH receptor from human
liver. After seven rounds of site-specific mutagenesis, a variant of hPRL was obtained
containing eight mutations with an association constant for the hGH receptor that was
increased more than 10,000-fold. This hPRL variant binds one-sixth as strongly as
wild-type hGH, but shares only 26 percent overall sequence identity with hGH. These
studies show the feasibility of recruiting receptor-binding properties from distantly
related and functionally divergent hormones and show that a detailed functional
database can be used to guide the design of a protein-protein interface in the absence of

direct structural information.

HE RECRUITMENT OF FUNCTIONAL
properties within a family of ho-
mologous proteins by site-directed
mutagenesis is a powerful approach for
identifying determinants that modulate pro-
tein function. This is a useful design strategy
because it makes it possible to combine into
one homolog the most desirable functional
characteristics (such as specificity, catalysis,
stability, and immunogenicity) that are con-
tained in the family. Previous recruitment
studies (1-4) have relied on high-resolution
structural data to target specific contact resi-
dues or entire units of secondary structure in
order to exchange binding (1, 2) or enzy-
matic functions (3, 4) between homologs.
We now show that the identification of
receptor-binding determinants in hGH by
high-resolution mutagenic analysis can be
used in place of a structural model of the
hormone-receptor complex to engineer
hPRL, a distantly related and nonbinding
homolog, so that it will bind to the hGH
receptor.
Prolactin is a member of a family of ho-
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mologous hormones that includes growth
hormones, placental lactogens, and prolifer-
ins (5). Collectively, this group of hormones
regulates a vast array of physiological effects
important in growth, differentiation, and
electrolyte balance, for example (6). These
pharmacological effects are initiated by the
binding of the hormones to specific cellular
receptors. For example, hGH binds to both
the lactogenic and somatogenic receptors
and stimulates both lactation and bone
growth. In contrast, hPRL binds only to the
lactogenic receptor and stimulates lactation
but not bone growth. The molecular basis
for these differences in receptor-binding
specificity is not understood.

Scanning mutagenesis methods (7, 8)
have identified residues in hGH that strong-
ly modulate binding to the extracellular frag-
ment of the hGH receptor (also called the
hGH-binding protein). The hGH-binding
protein is more convenient and accurate for
the assay of binding affinity because it can be
expressed and purified to homogeneity in
large amounts from Escherichia coli (9) and it
retains binding specificity virtually identical
to that of the full-length somatogenic recep-
tor (9, 10). The amino acid side chains that
modulate binding to the hGH-binding pro-
tein are located in three discontinuous seg-
ments of hGH. Together, these residues
form a patch when mapped onto a crude
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structural model of hGH (Fig. 1) derived
from a 2.8 A folding diagram of porcine
growth hormone (11).

Overall, hPRL shares only 23% sequence
identity with hGH; in the three regions of
hGH that are responsible for receptor bind-
ing, hPRL is 34% identical (not including
insertions or deletions) (Fig. 2). By tailoring
two of these analogous regions of hPRL to
be like hGH, we have engineered a variant
of hPRL containing eight mutations that
binds tightly to the hGH receptor.

In order to identify which of the diver-
gent residues in hPRL (Fig. 2) were most
disruptive for binding to the hGH-binding
protein, we introduced some of the hPRL
residues into hGH (Table 1). Whereas sin-
gle alanine substitutions in hGH at posi-
tions 58, 64, and 176 or asparagine substi-
tuted at position 178 strongly disrupts re-
ceptor binding (8), substitutions of hPRL
residues into hGH at these positions have a
lesser effect (Table 1). The conservative
F176Y mutation (12) in hGH, which results
in the incorporation of a larger residue,
causes an eightfold reduction in affinity for
the hGH-binding protein. The R64K sub-
stitution, which results in the incorporation
of a smaller residue, shows slightly enhanced
binding affinity. The largest disruptions
caused by hPRL substitutions are at posi-
tions 176 and 178, suggesting that residues
in the helix-4 region of hPRL strongly
perturb the binding of hPRL to the hGH-
binding protein.

The ¢cDNA for hPRL was cloned from a

Table 1. Dissociation constants (K4) for the
binding of hGH mutants (constructed by substi-
tuting alanine residues or residues from hPRL) to
the extracellular domain of the hGH receptor.
Mutants of hGH were prepared as described (23).
The values of K, for each analog were determined
by competitive displacement of *’I-labeled hGH
bound to the purified recombinant hGH receptor
as previously described (7-10). Variants are
named as described (12). Values for the alanine
mutants and R178N were taken from (8). WT,
wild type; mut, mutant.

hGH Ky (nM) Kq mut
mutant (mean = SD) K4 WT
WT 0.34 + 0.04 1
158L 0.58 = 0.11 1.7
158A 56 +14 16
R64K 0.2 +0.05 0.6
R64A 71 x1.6 21
F176Y 29 *05 8.6
F176A 54 +13 16
R178K 1.7 03 5.1
R178N 29 *04 8.5

human pituitary cDNA library (13, 14) and
expressed intracellularly in E. coli (15, 16)
with the use of the plasmid pBO760 (Fig.
3). The purified recombinant hPRL, re-
folded from inclusion bodies (17), retained a
circular dichroism (CD) spectrum (Fig. 4)
identical to natural hPRL (18). Other stud-
ies (19) showed the E. coli—derived hPRL to
be equipotent in an hPRL enzyme-linked
immunosorbent assay (ELISA) and an Nb2
cell bioassay (20). The recombinant hPRL,
like intracellularly expressed hGH (21), re-
tains its initiator methionine, but the extra

Fig. 1. Location of residues in hGH that strongly modulate its binding to

the hGH-binding protein (shaded circle). Alanine substitutions (serine or
asparagine in the case of T175 or R178, respectively) that cause a greater
than tenfold reduction (@), a four- to tenfold reduction (®) or increase (©),
or a two- to fourfold reduction (*) in binding affinity are indicated (8).
Helical wheel projections in regions of « helix reveal their amphipathic
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(11).

residue has no apparent effect on the struc-
ture or function of either hormone.

The affinity of hPRL for the hGH-bind-
ing protein is more than 10°-fold lower than
that of hGH (Table 2) and is below the
detection limit of our binding assay. Initial-
ly, a combination of three divergent residues
in helix 4 from hGH (H171D, N175T, and
Y176F) were introduced into hPRL, which
either alanine-scanning mutagenesis (8) or
hPRL substitutions (Table 1) showed to be
important for binding of hGH to the hGH-
binding protein (Figs. 1 and 2). This triple
mutant of hPRL exhibits detectable binding
to the hGH-binding protein, albeit 14,000-
fold weaker than that of hGH. Substitution
of another important helix-4 residue
(K178R) to produce a tetramutant (variant
B, Table 2) strengthens binding more than
20 times to a level only 660-fold below that
of wild-type hGH. Replacing the rest of
helix 4 by substitution of hGH residues 184
to 188 into hPRL variant B does not en-
hance binding to the hGH-binding protein.
However, the affinity of hPRL variant B is
increased 3.5-fold by including E174A
(variant C, Table 2), as is found when
E174A is incorporated into hGH (8).

Having optimized binding affinity in the
helix-4 region, we next concentrated on the
loop region containing residues 54 to 74.
Complete replacement of the loop region in
hPRL with the sequence from hGH [hGH
(54-74), Table 2] results in barely detect-
able binding to the hGH-binding protein.
When this mutant is combined with variant

1
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quality (blackened, shaded, or nonshaded residues are charged, polar, or
nonpolar, respectively). In helix-4 the most important determinants are on
its hydrophilic face (shaded). The structural model (7) is derived from a
folding diagram of porcine growth hormone determined crystallographically
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Fig. 2. Sequence comparison of hGH
and hPRL in regions defined by ho-
molog- (7) and alanine-scanning mu-
tagenesis (8) to be important for
binding. Identical residues are shaded
and the numbering is based on the
hGH sequence. The dashed lines
show the positions of residues insert-
ed into hPRL. Circles above the resi-
dues indicate sites at which muta-
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tions (described in Fig. 1) cause a greater than tenfold reduction (@), a four- to tenfold reduction (®) or
increase (©), or a two- to fourfold reduction (*) in binding affinity. See (12) for single-letter amino acid

code.

B, the affinity increases substantially. How-
ever, this new variant [B plus hGH (54-74),
Table 2] is reduced in affinity to almost one-
tenth that of variant B alone. Thus, it ap-
pears that some of the hGH residues in the
54 to 74 loop are not compatible with the
hGH substitutions in helix 4 of hPRL.

To solve this problem, we selected from
the 54 to 74 loop of hGH only those
residues (seven in total) that greatly influ-
ence binding of hGH as shown by alanine-
scanning mutagenesis (8). Although the
R64A mutation in hGH causes a greater
than 20-fold reduction in affinity, the R64K
variant of hGH (which is an hPRL substitu-
tion) (Fig. 2) slightly enhances binding to
the hGH-binding protein (Table 1). We
therefore kept Lys® in hPRL and incorpo-
rated only six of the seven substitutions
from hGH into hPRL that were most dis-
ruptive when changed to alanine in hGH.
This new mutant (B plus H54F:S56E:L58I:
E62S:D63N:Q66E, Table 2) binds to the
hGH-binding protein 50 times as strongly
as B plus hGH (54-74) and has an affinity
only 110 times less than that of wild-type
hGH. However, the increase in affinity rep-
resents only a modest improvement (sixfold)
over variant B alone and is less than we
expected for strongly favorable interactions
previously observed in the loop region for
hGH (8). Therefore, we split the six muta-
tions in the loop and combined three
(H54F:S56E:L58I) with hPRL variant B.
This heptamutant binds one-third as strong-
ly as variant B alone; individually the three
additional residues cause small disruptions
in affinity when added to another hPRL
mutant (see below). Therefore, we pre-
sumed that the three remaining mutations in
the loop region (E62S:D63N:Q66E) en-
hanced affinity and so incorporated them
into variant C (to give variant D). Indeed,
this octamutant of hPRL has an affinity that
is one-sixth that of hGH. Additional single
mutations (HS54F, S56E, L58I, AS59P,
N71S, and L179I) either reduce or have
little effect on the affinity of hPRL variant D
to the hGH-binding protein (Table 2). The
total binding free energy of variant D is only
about 1 kcal/mol less than that of wild-type
hGH (12 versus 13 kcal/mol, respectively).
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It may be possible to improve further the
binding affinity of hPRL variant D by in-
cluding some other residues such as V14M
or H185V, where alanine substitutions in
hGH cause two- to fivefold reductions in
binding affinity (Fig. 2).

The conformation of variant D is virtual-
ly indistinguishable from native hPRL by
ELISA reactivity (22) or by CD spectral
analysis (Fig. 4). The short-wave ultraviolet
CD spectra (Fig. 4A) of hPRL or variant D
are similar to hGH, suggesting a similar
helical content; however, important differ-
ences from hGH in ellipticity at 208 and
224 nm are present as expected for hPRL
(18). The long-wave ultraviolet CD spectra
are virtually identical between wild-type
hPRL and variant D (Fig. 4B), whereas the
spectra of hGH and hPRL differ markedly
because of variation between the two hor-
mones in the number and microenviron-
ment of aromatic residues. Thus, variant D
has the ability to bind the hGH receptor
while retaining a structural scaffold more
like hPRL than hGH.

Our strategy for the design of the inter-

Aat ll Xbal BstEll

hPRL (1-199)

3kb

e Aval

f1 ori

§-GT-AGA-ATT-ATC-TTA-CCA-ATF-TGT-CCA-GGT-GGT-GCA-GCA-AGG-TGT-CAA-S

3-T-TAA-TAC-ANT-GGT-TAA-ACA-GGT-CCA-CCA-CGT-CBT-TCC-ACA-GTT-CAC-T6-5
Fig. 3. Plasmid diagram of pBO760 used for
intracellular expression of hPRL in E. coli. The E.
coli trp promoter (indicated pTrp) derived from
pHGH207-1 (16) directs transcription of the
hPRL gene. The hPRL coding sequence [indicat-
ed as hPRL (1-199)] consisted of a 47-bp Xba I-
Bst EII synthetic DNA cassette and the 720-bp
Bst EII-Hind III fragment derived from the
hPRL cDNA (13, 14). The sequence of the
synthetic DNA cassette is shown below the plas-
mid diagram, where the initiation codon is indi-
cated by asterisks. The phage f1 origin, pBR322
replication origin, and the pBR322 B-lactamase
gene (Amp") were derived from pBO475 (7).

face between the hGH receptor and the
nonbinding homolog (hPRL) depended on
a high-resolution functional database de-
rived from the binding-competent homolog
(hGH). Alanine-scanning mutagenesis of
hGH (8) combined with analysis of the
disruptive effects of hPRL substitutions in
hGH (Table 1) directed us to introduce the
cluster of divergent residues in helix 4 to

Table 2. Engincering residues in hPRL in order to permit binding to the hGH-binding protein.
Mutants of hPRL were produced as described for hGH (23). Mutants were expressed (15), purified
(17), and analyzed as described in Table 1. Multiple mutants are indicated by a series of single mutants
(12) separated by colons. Codon numbering is based on the hGH sequence (Fig. 2). Mutants of hPRL
designated hGH (184—188) and hGH (54—74) contain a complete replacement of hPRL residues with
hGH residues from positions 184 to 188 and positions 54 to 74, respectively (Fig. 2).

K4 mutant
hPRL mutant (mI:;n(EA?D)
- K4 hGH

hGH (wild type) 0.34 = 0.04 1
hPRL (wild type) >40,000 >100,000
A = H171D:N175T:Y176F 4,900 = 1,400 14,000
B =A +KI178R 220 = 31 660
B + hGH (184-188) 260 = 56 740
hGH (54-74) ~25,000 = 14,000 ~66,000
B + hGH (54-74) 2,000 = 1,300 5,800
B + H54F:S56E:L581:E62S:D63N:Q66E 367 110
B + H54F:S56E:L58I 670 = 80 2,000
C = (B + E174A) 68 = 12 200
D = (C + E625:D63N:Q66E 21=x+03 6.2
D + H54F 44+ 0.6 13
D + S56E 25+0.3 7.4
D + L58I 3.6 0.1 11
D + A59P 25+0.7 7.4
D + N71S 3.6*+07 11
D + L1791 21+04 6.2
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initially achieve some binding affinity for
hPRL. This was crucial because we were
unable to detect any binding to the hGH-
binding protein with wild-type hPRL, and
it was necessary to introduce several hGH
substitutions simultaneously into hPRL in
order to bring the affinity within the detec-
tion range of our assay [dissociation con-
stant (K4) <50 pM].

A number of iterative cycles of mutagene-
sis were necessary to converge on a combi-
nation of residues that permitted tight bind-
ing of hPRL to the hGH-binding protein.
This approach relied on the assumption that
the effect of the mutations on the free energy
of binding would be somewhat additive, as
was observed. For example, the E174A mu-
tation enhanced the binding three- to five-
fold when added to either hPRL variant C
or hGH. Furthermore, to separate the muta-
tions that were important for binding from
those disruptive to binding in the 54 to 74
loop, we had to assemble this segment in
stages. The cumulative nature of the muta-
tional effects allows one to converge on the
binding property in much the same way as
proteins evolve, by cycles of natural varia-
tion and selection.

Previous protein engineering experiments
have shown it is possible with high-resolu-
tion structural data to design binding prop-
erties by site-directed mutagenesis of contact
residues (3, 4) or by replacement of entire
units of secondary structure that participate
in binding (1, 2). Here, the residues chosen
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to substitute were based on high-resolution
functional, rather than structural, data.
Moreover, to recruit the hGH receptor—
binding properties into hPRL required se-
lective residue replacements as opposed to
substituting whole segments. For example,
our data suggest that some of the residues in
the 54 to 74 loop are crucial for the overall
structure and should be left in place.

That the binding specificity for the hGH
receptor could be incorporated into hPRL
confirms the functional importance of par-
ticular residues for somatogenic receptor—
binding, and provides compelling evidence
for structural relatedness between hGH and
hPRL despite their low sequence identity
(23%). This provides a rational approach to
access receptor-binding functions contained
within this hormone family starting with
either a growth hormone, prolactin, proli-
ferin, or placental lactogen scaffold. Such
hybrid hormones may have more useful
properties as receptor agonists or antago-
nists and could be important for separating
receptor-binding and activation as well as
the pharmacological importance of receptor

subtypes.
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Direct Gene Transfer into Mouse Muscle in Vivo

JoN A. WOLFF,* ROBERT W. MALONE, PHILLIP WILLIAMS,
WANG CHONG, GYULA ACSADI, AGNES JANI, PHILIP L. FELGNER

RNA and DNA expression vectors containing genes for chloramphenicol acetyltrans-
ferase, luciferase, and B-galactosidase were separately injected into mouse skeletal
muscle in vivo. Protein expression was readily detected in all cases, and no special
delivery system was required for these effects. The extent of expression from both the
RNA and DNA constructs was comparable to that obtained from fibroblasts transfect-
ed in vitro under optimal conditions. In situ cytochemical staining for B-galactosidase
activity was localized to muscle cells following injection of the B-galactosidase DNA
vector. After injection of the DNA luciferase expression vector, luciferase activity was

present in the muscle for at least 2 months.

OST EFFORTS TOWARD POSTNA-

tal gene therapy have relied on

indirect means of introducing
new genetic information into tissues: target
cells are removed from the body, infected
with viral vectors carrying the new genetic
information, and then reimplanted into the
body (1). For some applications, direct in-
troduction of genes into tissues in Vvivo,
without the use of viral vectors, would be
useful. Direct in vivo gene transfer into
postnatal animals has been achieved with
formulations of DNA encapsulated in lipo-
somes, DNA entrapped in proteoliposomes
containing viral envelope receptor proteins
(2), calcium  phosphate—coprecipitated
DNA (3), and DNA coupled to a polyly-
sine-glycoprotein carrier complex (4). In
vivo infectivity of cloned viral DNA se-
quences after direct intrahepatic injection
with or without formation of calcium phos-
phate coprecipitates has also been described

J. A. Wolft, P. Williams, W. Chong, G. Acsadi, A. Jani,
Departments of Pediatrics and Genetics, Waisman Cen-
ter, University of Wisconsin, Madison, WI 53706.

R. W. Malone and P. L. Felgner, Vical Inc., San Diego,
CA 92121.

*To whom correspondence should be addressed.

23 MARCH 1990

(5). With the use of cationic lipid vesicles
(6), mRNA sequences containing elements
that enhance stability can be efficiently trans-
lated in tissue culture cells (7) and in Xeno-
pus laevis embryos (8). We now show that
injection of pure RNA or DNA directly into
mouse skeletal muscle results in significant
expression of reporter genes within the mus-
cle cells.

The quadricep muscles of mice were in-
jected (9) with either 100 wg of pRSVCAT
DNA plasmid (10) or 100 ug of BgCATB-
gA, RNA (7, 11, 12). The RNA consists of
the chloramphenicol acetyl transferase
(CAT) coding sequences flanked by B-glo-
bin 5’ and 3’ untranslated sequences and a
3’ polyadenylate tract. CAT activity was
readily detected in all four RNA injection
sites 18 hours after injection and in all six
DNA injection sites 48 hours after injection
(Fig. 1). Extracts from two of the four RNA
injection sites (Fig. 1, lanes 6 and 8) and
from two of the six DNA injection sites
(Fig. 1, lanes 11 and 20) contained amounts
of CAT activity comparable to those ob-
tained from fibroblasts transiently transfect-
ed with the corresponding constructs in
vitro under optimal conditions (Fig. 1, lanes

9 and 10 and 21 to 24, respectively). The
average total amount of CAT activity ex-
pressed in muscle was 960 pg for the RNA
injections and 116 pg for the DNA injec-
tions. The variability in CAT activity recov-
ered from different muscle sites probably
represents variability inherent in the injec-
tion and extraction technique, because sig-
nificant variability was observed when pure
CAT protein or pRSVCAT-transfected fi-
broblasts were injected into the muscle sites
and immediately excised for measurement of
CAT activity. CAT activity was also recov-
ered from abdominal muscle injected with
the RNA or DNA CAT vectors (13), indi-
cating that other muscles can take up and
express polynucleotides.

The site of gene expression was deter-
mined for the pRSVlac-Z DNA vector (14)
expressing the Escherichia coli B-galactosidase
gene (Fig. 2). Seven days after a single
injection of 100 ng of pRSVlac-Z DNA
into individual quadricep muscles, the entire
muscles were removed, and every fifth
15-um cross section was histochemically
stained for B-galactosidase activity. Approx-
imately 60 (1.5%) of the ~4000 muscle
cells that comprise the entire quadriceps and
~10 to 30% of the cells within the injection
area were stained blue (Fig. 2, A and B).
Positive B-galactosidase staining within
some individual muscle cells was at least 1.2
mm deep on serial cross sections (Fig. 2, D
to F), which may be the result of either
transfection into multiple nuclei or the abili-
ty of cytoplasmic proteins expressed from
one nucleus to be distributed widely within
the muscle cell (15). Longitudinal sectioning
also revealed B-galactosidase staining within
muscle cells for at least 400 pm (Fig. 2C).
Fainter blue staining often appeared in the
bordering areas of cells adjacent to intensely
stained cells. This most likely represents an
artifact of the histochemical B-galactosidase
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