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ABSTRACT:. A member of the family of hematopoietic cytokines, human prolactin (hPRL) serves a dual
role both as an endocrine hormone and as an autocrine/paracrine cytokine or growth factor. During
investigation of the solution structural properties of hPRL, we have noted a surprising pH dependence of
its structural stability over a range from approximately pH 6.0 to pH 8.0. An analysis of backbone atom
NMR chemical shift changes and backbone amide hydregenterium exchange rates due to titration

of the solution pH over this same range, along with calculations of protein surface electrostatic potential,
suggests the possible involvement of a localized cluster of three His residues (27, 30, and 180), which
comprise a portion of the high-affinity receptor-binding epitope. Surface plasmon resonance analysis of
the interaction between hPRL and the extracellular domain (ECD) of the hPRL receptor reveals a selective
500-fold change in the dissociation rate between pH 8.3 and pH 5.8. In comparison, the interaction of
hGH with the same receptor ECD did not demonstrate any significant dependence on pH. We also present
an initial investigation of the pH dependence of hPRL function in rat Nb2 cell proliferation assays and a
STATS luciferase gene reporter assay in the T47D human breast cancer cell line, whose results are consistent
with our biophysical studies. The potential implications of this variation in hPRL’s structural stability
and receptor-binding kinetics over this physiologic range of pH are discussed.

Human prolactin (hPRL)is a 23 kDa protein hormone increases cancer cell motilitg,(7). The biology of peripheral
closely related, both functionally and evolutionarily, to hPRL synthesis is distinct from the pituitary, including
human growth hormone (hGH) and placental lactogen. alternative mechanisms for transcriptional regulation, RNA
Together, these three hormones are part of the larger familysplicing, and hormone storage and secret®n\(Vhereas a
of hematopoietic cytokines, which contains erythropoietin, majority of pituitary-derived PRL is secreted as the full-
granulocyte-colony stimulating factor, interleukin-6, inter- length, unmodified protein, glycosylated, phosphorylated, and
leukin-4, and others. Proteins in this family share a common proteolytically cleaved variants of PRL have been identified
structural fold and recognize a conserved family of cell- (9). Research has demonstrated functional consequences of
surface receptord). Although best known for its traditional  these modifications, some of which may act to counter the
role as a pituitary-derived hormone, recent research hastumorigenic effects of native hPRILQ—15).
gstablished important autocrine/parac_rine fynctiops of hPRL  \y/e originally determined the solution structure of hPRL
in thg growth and development ofadlver_sny of tissuds ( using NMR spectroscopy16) and confirmed that the
Multlple breast and prostate cancer cell lines express hPRL},jrmone adopts the conserved topology of the hematopoietic
and its cell-surface receptor (hPRLr$A5). hPRL has . iqkines, consisting of four primarg-helices bundled
mitogenic and angiogenic functions in these tumors and together lengthwise. The helices span-22 residues in

T This work was supported by National Institutes of Health Grants length and are_ interrupted by two _stretches of residues, one
RO1 CA108992-01 (M.E.H.), RO1 CA69294 (C.V.C.), R0O1 CA102682 between the first and second helices and another between
(C.v.C.) and a grant from the Charlotte Geyer Foundation (M.E.H.). the third and fourth helices, which correspond to the two
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resonance. improved solution structure of hPRL was report&d) (vhere
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the investigators overcame these technical problems througtfor 15 h at room temperature prior to the start of fluorescence
the use of a higher field (800 MHz) NMR spectrometer, measurements. Reversibility of protein unfolding was dem-
incorporation of a new class of NMR structural restraints onstrated by combining an aliquot of the protein with the
known as residual dipolar couplings, and altered solution concentrated urea stock solution, resulting in a final urea
conditions (pH 8.0 and 37C) where reversible oligomer-  concentration greater than 8 M, and then subsequently
ization of the hormone is minimized. This newly reported diluting with buffer to a number of lower urea concentrations
solution structure of hPRL represents an improvement over to allow refolding. Trp fluorescence in these refolded samples
our original model and clarifies subtle structural features of was compared to the fitted denaturation curves (described
the hormone. All results reported in the current publication below), and all agreed within 10%. All stock solutions were
are interpreted using this updated structural model. filtered through a 0.2Zum filter prior to sample preparation.
During our ongoing investigations into the structural  The chemical denaturation curves were analyzed using the
properties of hPRL, we have noted an unexpected pH SigmaPlot software package from SPSS Inc. (Chicago, IL).
dependence to its stability over the physiologic range of Standard deviations for each Gibbs free energy calculation
approximately 6.6:8.0. Associated with this change is a Were based on the program’s reported standard error of the
localized cluster of pH-dependent NMR chemical shift estimate and should be considered a rough error analysis. A
changes in the vicinity of hPRL’s high-affinity receptor- Sigmoidal curve was fit to each set of denaturation data points
binding site. Therefore, we hypothesize that the functional Using a nonlinear least-squares algorithm and the equation
properties of hPRL may be affected by solution acidity over (19):
this same pH range. This publication details the above (D]~ [D]1/RT)
observations and provides experimental support for our _ (Ve + meD]) + (yy + my[D])e Y
hypothesis. y= 1 + @(P1-[D]1/R

MATERIALS AND METHODS wherem, mg, andmy are the slopes at the curve midpoint,
start, and end point, respectively; andyy are the curve
maximum and minimum, and [D] and [B are the denatur-

ant concentration and the denaturant concentration at the
curve midpoint. The Gibbs free energy of unfolding was then
calculated from

Recombinant Protein ProductionPRL was expressed
recombinantly in the BL21(DES3) strain @&scherichia coli
and purified from inclusion bodies as previously described
(16). The cDNA for hGH subcloned into the modified pT7L
vector used for hPRL expression was a generous gift of Dr.
Priscilla Dannies. Recombinant hGH was expressed and AG, = m[D],,
purified similarly from inclusion bodies as hPRL. The cDNA

for the hPRLr extracellular domain (ECD) was subcloned NMR Spectroscopyll NMR experiments were collected
into the protein eXprESSion vector pETllb (|nVitrOgen). on a Varian INOVA 600 MHz Spectrometer ug"a 5 mm
EXprESSion, refOlding, and puriﬁcation of the hPRL receptor tr|p|e resonance (HCN) room temperature probe equipped
ECD followed a previously described protocdlg|. Uni- with triple axis (XYZ) pulsed magnetic field gradients
formly isotope-labeled protein was prepared similarly using (PFGs) and utilized pulse sequences from the Varian BioPack
commercial growth media (Spectra Stable Isotopes, Inc.), User Library. Backbone and aliphatic side-chain resonance
appropriately enriched either witfiN alone or*C and**N assignments were determined starting with previously re-
together. For NMR spectroscopy, hPRL was concentratedported assignmentsl®) and extended using additionally
to 1.0 mM (unless otherwise noted) and exchanged into 20 ¢g|lected HNCO, HN(CO)CA, and HNCACB 3D NMR
mM potassium phosphate buffer at a specified pH, 100 MM experiments. All NMR spectra were processed using
NaCl, 10% RO, 1 mM NaN;, and 1M protease inhibitors  NMRPipe @0), with subsequent display and analysis in

leupeptin and pepstatin. SPARKY (21). Chemical shifts were referenced indirectly
Chemical Denaturation Monitored by Trp Fluorescence. to DSS at 0.00 ppm, with heteronuclear dimensions refer-
All denaturation experiments were performed at’@5with enced using their relative gyromagnetic ratia®)(

a Hitachi H-3010 fluorescence spectrophotometer. The Measurement of Amide HydrogeBeuterium Exchange
protein samples were excited at 280 nm with 10 nm slit (HX) Rates Amide deuterium exchange for uniformi§N-
widths for excitation and emission. Samples were preequili- labeled hPRL was monitored at 2& via cross-peaks in
brated to 25°C and maintained at this temperature in the 2D *H—N HSQC NMR spectra. Fully protonated protein
fluorometer via a circulating water bath and stir bar assembly. was exchanged into bufferedO using Bio-Rad Micro Bio-
Fluorescence emission was recorded at 325 nm using a 1Spin 6 chromatography columns. Each column was pre-
cm quartz cuvette. A potassium phosphate buffer system wasequilibrated with buffered BD, loaded with 75uL of
employed for each denaturation experiment. Urea denatur-approximately 0.51 mM protein, and centrifuged at 10§90
ation samples were prepared with a final protein concentra-for 4 min to recover the solvent-exchanged protein. Im-
tion of approximately 2:M. For most experiments conducted mediately following DO buffer exchange, sequentidd—

at a single pH, 23 samples were prepared in duplicate ranging®N HSQC NMR spectra would be collected with the earliest
from 0 to 9.9 M urea. Fresh 10 M urea stock solution was experiments using 16 transients for the initial time points,
prepared for each denaturation experiment using eitherwhich increased to a maximum of 128 transients during the
American Bioanalytical Ultra Pure urea or Sigma Aldrich course of the experiment as the NMR signal was lost due to
SigmaUltra urea. Urea stock concentrations were determinedexchange. All DO buffers were prepared from Aldrich
via refractive index measurement from an Atago R5000 hand 99.9% deuterium oxide @nl M buffer stocks leaving the
refractometer. Samples were typically allowed to equilibrate final concentration of BO at approximately 97%. All pH
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values were monitored using a calibrated Fischer pH digital LHRE-TK-Luc and 0.25g of a controlRenillaluciferase
meter with combination electrode and corrected for measure-reporter construct. Twenty-four hours after transfecting cells,
ments in BO: pD = pH + 0.4 23). In cases where the the medium was changed to BSA-only containing medium
aforementioned spin-column method yielded poor-quality with the pH adjusted as above and cultured for an additional
IH-15N HSQC NMR spectra, a rapid-dilution method was 24 h. Cells were then treated with increasing concentrations
employed. In the rapid-dilution method, fully protonated of hPRL (0-500 ng/mL) and dexamethasone (100 ng/mL)
protein concentrated to approximately 1 mM would simply in pH-adjusted medium for 24 h. Luciferase assays were
be added to BD buffered at the appropriate pH to make a conducted by standard methods using the dual luciferase
sample of approximately 40@M protein, with a final DO assay system (Promega) and a Vittoplate-reading lumi-
content of 65%. The NMR spectra would then be collected nometer (Perkin-Elmer). Statistical analysis was generated
as described earlier. by two-way ANOVA (bonferroni post-hoc test), and data
Measurement of Receptor-Binding Kinetics for hPRL and are representative of one of three experiments conducted with
hGH by Surface Plasmon Resonance (SFBR experi- triplicate transfections.
ments were done on a Biacore T100 (Biacore AB, Uppsala,
Sweden). The hPRLr-ECD was minimally biotinylated using RESULTS
sulfo-NHS-LCLC-biotin and then captured onto a strepta- . . .
vidin sensor chip. Three different surface densities of the Chemical Denaturation of hPRL and hGfffigure 1A
ECD were created a¢350, 120, and 50 RU. Ligand binding presents urea denaturation curves for hPRL and hGH at a
data were collected at five concentrations in a 3-fold dilution Variety of pH values. A least-squares method was used to
series. The high concentration was 380 nM for pH 8.3, 7.8, fit @ sigmoidal curve to each unfolding data set in Figure
and 7.3 and 1140 nM for pH 6.8, 6.3, 5.8, and 5.3. Each 1A, as detailed in Materials and Methods. The Gibbs free

concentration was tested in duplicate over the three different€N€rgies of unfolding were calculated from each fitted curve
density surfaces. The running buffer contained 25 mM and are also reported in the flgure._ Th_e_global stability of
potassium phosphate and 50 mM NaCl, with 0.005% p20 hPRL is clearly pH-dependent, as is visible from both the
and 0.l mg/mL BSA. The buffer included 5M ZnCl, for fitted free energies of unfolding and the shifts in the
the studies involving hGH. Bound complexes were regener- midpoints of the denaturation curves as the pH is increased
ated wih a 5 spulse of 1/1000 dilution of phosphoric acid. fom 6.0 to 8.0. As a comparison, we also monitored
The samples were tested from low pH to high pH. All of equilibrium unfolding for hGH at both pH 6.0 and pH 8.0

the response data from the three density surfaces werednd found a dramatically higher stability for this protein (see

globally fit to a 1:1 interaction model (A- B = AB) to Figure 1). Because a post-u_n_folding baseline could not be
extract the rate constants at Z5 using the software program obseryed for the h.GH transition in urea, we repeated the
Scrubber-2 (Biologic Software Pty Ltd., Australia). chemical denaturation experiments in guanidine hydrochlo-

Nb2 Lvmbphoma Cell Proliferation AssaMb2-11C cells ride (GuHCI). A reproducible prg-unfolding transit'io.n was
were mgintgined in RPMI 1640 and sib;plemented with observed for hGH in GUHCI’ which C(_)mpllcated flf[tlng Of.
additional L-glutamine (Mediatech, Inc., no. 10-040-CV), the data to _e_xtract reliable free energies of ur_lfoldlng. This
10% fetal bovine serum, 10% gelding serum, 0.1 mM garly transition may represent a conformational change
2-mercaptoethanol, and 1% penicitistreptomycin solution. mduce_d by low concentrations of GUHCI. Cpns_equently, the
To assess the ability of hPRL to stimulate Nb2 cell unfolding free energies for hGH reported in Figure 1 have

; o e large standard errors and should be interpreted cautiously.
proliferation in the presence of differing pH values (5.0 )
8.0), 5x 10* Nb2 cells were aliquoted in triplicate wells in However, we note that our derived values of 15.5 and 13.3

the medium described above with 0.1% BSA substituted for keal/mol for qnfoldlng of .hGH at pH 8 d““!‘g urea am_j
the above serum, and the pH was adjusted as indicated WithGUHCI umfoldmg, respectively, agree well with the previ-
10 M HCI. Increasing concentrations (6:100 ng/well) of ously published value of 15 kcal/ma2$).
hPRL were added in the pH-adjusted medium and the cells The pH dependence of the Gibbs free energies of unfolding
incubated for 48 h. Cells were then pulsed with@i of for hPRL and hGH is displayed in Figure 2. A trend toward
[3H]thymidine at 37°C for 4 h. The incorporation of decreased stability at lower pH values is evident for hPRL.
radiolabel was determined by scintillography of the har- In contrast, the stability of hGH appears to increase slightly
vested, washed cells. To ensure that the differences inin its stability at pH 6 compared to pH 8, which is supported
proliferation were not due to excessive cell death secondarybPy the relative midpoints of the transitions in both the urea
to low pH’ Nb2 cells were p|ated as described above and and GuHCI denaturation curves. Overall, the Changes in
incubated in medium with or without serum (at the varying AGunr @nd the shifts in unfolding midpoints are larger, on a
pH ranges); cells were then assessed for viable cell numberelative basis, for hPRL compared to hGH. Note that multiple
with trypan blue hemocytometry and radiolabeled as above. ‘refolding” points were included in all of the denaturation
Statistical analysis was generated by two-way ANOVA e€xperiments, demonstrating reversibility of unfolding across
(Bonferroni post-hoc test), and data are representative of onethe transition, as detailed in Materials and Methods.
of three experiments, each of which included triplicate data  Localized Changes in the hPRL Backbone NMR Chemical
points. Shifts Due to Changes in pHhe NMR chemical shifts for
STAT5 Gene Reporter Assayhe luciferase reporter the backbone amidiH, >N, and carbonylC atoms were
construct LHRE-TK-Luc containing multimerized STAT5 measured for hPRL across a range of pH values. Figure 3A
DNA-binding sites was a kind gift of R. J. M. Ross (Sheffield illustrates the chemical shift differences that accompany
University, Sheffield, U.K.). T47D cells were cultured and titration of the solution conditions from low to high pH. The
transfected as previously describe2¥)( with 1.0 ug of largest perturbations occur at or near His residues at positions
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Ficure 1: Fluorescence-detected chemical denaturation curves for hPRL and hGH as a function of pH. (A) Urea-induced unfolding of both
hPRL and hGH with pH values as indicated in the legend. Each data set was fitted to a sigmoidal curve (see Materials and Methods), which
was used to determine a Gibbs free energy of unfolding for each condition (reported in the legend). (B) Because complete unfolding could
not be observed for hGH during urea denaturation, the unfolding titration was repeated using guanidine hydrochloride (GuHCI) as the
denaturant.
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Ficure 2: Gibbs free energy of unfolding measured by chemical
denaturation (displayed in Figure 1) for hPRL and hGH as a
function of pH.

8.5

pH 7 and higher is supported by our experience where hPRL
binds tightly to anion-exchange (i.e., net positively charged)
matrices, whereas it does not bind at pH 6.0 or lower. Over
the pH range investigated, we expect for the imidazole side
chains of His residues to be the major titratable groups in
hPRL and, hence, largely responsible for the net change in
overall charge and global stability.

The NMR chemical shift of an atom serves as a sensitive
indicator of its local chemical environment, and thus,
perturbations in NMR chemical shifts can be used to identify
localized chemical or structural changes, which may be static
or dynamic in nature. Mapping of backbone atom NMR
chemical shift changes to the tertiary structure of hPRL in
Figure 4A identifies the structural perturbations due to
titration of the solution pH from 8.0 to 6.0, with the location
of His side chains noted for comparison. There is a diffuse
scattering of chemical shift changes throughout the protein
structure with a rough correlation to the location of His side

27, 30, 46, 59, 97, 138, 173, 180, and 195. The relative chains (this correlation is also visible along the primary
positions of the helices and His residues for the hPRL tertiary sequence in Figure 3). However, most notable in both Figures
structure are shown above the bar graphs as shaded rectangl&and 4A is a concentration of the largest chemical shift

and marked by “H", respectively. Recombinant hPRL has
an experimentally determined pf 6.2 26), implying net

changes in the vicinity of three His residues (27, 30, and
180), which are clustered structurally on the “front” face of

negative and positive charges at pH values above and belowthe protein in the interface between the first and fourth
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Ficure 3: Changes in NMR chemical shifts for the backbone atoms of hPRL due to lowering of the solution pH from 8.0 to 6.0. Chemical
shift changes for the backbone amitté, 15N, and carbonyl3C atoms were normalized by the widths of their typical distributions in
proteins (10x H; = 1.5 x 13C; = 1 x 15Nj;, in ppm), averaged, and plotted on a per-residue basis. The location of helices (shaded bars)
and His residues (H) in the PRL sequence is illustrated at the top of the figure.

helices. We note that the high-affinity binding site for the Residue-specific backbone HX rates were measured for
hPRL receptor overlaps with this cluster of His side chains. hPRL across a range of pH values. Analysis of the derived
In order to better understand the consequence of proto-exponential rate constants for individual residues requires
nating His residues in hPRL, we separately calculated the interpretation of whether exchange is occurring in the so-
surface electrostatic potentials of the protein both assumingcalled EX or EX; limits, which is theoretically based on
that all His residues are neutral (Figure 4B) and also the relative magnitudes of the intrinsic (“random coil”)
assuming that all His residues are protonated and positivelyexchange rate for each residue and the rate of its closing
charged (Figure 4C). In Figure 4B, representing what might reaction to form a hydrogen-bonded conformation (see the
be expected for hPRL at a high pH, electrostatic potential is Appendix for a detailed description). A common method for
patchily distributed across the protein surface with an characterizing these limits of exchange behavior is to monitor
apparent slight excess of negatively charged surface as wouldhe measured exchange rate for each residue as a function
be expected from its reported pf 6.2 and its high affinity of pH, based upon the assumption that small changes in pH
for anion-exchange columns at this pH. On the other hand, around physiological conditions (i.e., in the range of pt8%
in Figure 4C, representing whatightbe expected for hPRL  will only affect the intrinsic exchange rates for the unfolded
at low pH, a large, contiguous concentration of positive polypeptide without perturbing the stability of the protein.
charge is now visible on the front face of the protein, with Unfortunately, for PRL this assumption does not apply as
only minimal changes in electrostatic potential found on the Figures 1 and 2 clearly demonstrate a strong dependence of
back side of the protein compared to higher pH. It is hPRL global stability on pH. Therefore, as detailed in the
important to note that this calculation of electrostatic potential Appendix, we are only able to assert that, at higher pH values
is based upon “standard’kKp values for all of the ionizable  around 7.5-8.0, measured HX rates for PRL appeared to
groups and is only meant to demonstrate the generalapproach the EXlimit, where they show no direct depen-
importance of the clustered positively charged residues ondence on pH and approximate the local rates of structural
the front face of the protein. It is likely that a number of opening. Conversely, at low pH values around-60,
these residues will display aberrarK pvalues, which will exchange approximated EXehavior, where the measured
contribute dramatically to its pH-dependent behavidr) HX rates for individual residues depended linearly on pH
It will be important in future studies to directly measure the and when normalized to their intrinsic chemical rates for
protonation state of all of the ionizable groups in hPRL and exchange provided the equilibrium constant (and correspond-
derive their true K, values, which will then allow a more  ing Gibbs free energy) for the opening and closing reaction
exact understanding of the mechanism for the pH dependencef the localized hydrogen-bonded structure (knowh&g).
of its stability. Our interpretation of the residue-specific amide HX
Monitoring of Residue-Specific Backbone Amide Hydregen exchange rates for hPRL is depicted in Figure 5 and
Deuterium Exchange Rates in hPRIhe structural stability =~ summarized in Table 1 as averages/ABux or 10g(Kex)
and flexibility of the polypeptide backbone can be character- values at pH 6.6 and 8.0, respectively, for each of the long
ized by analysis of residue-specific amide hydrogen helices and the receptor-binding minihelix in hPRL. In
deuterium exchange (HX) rate®g 29). Hydrogen bonding  general, faster exchanging residues are colored red in Figure
between backbone amides and carbonyls, characteristic o, and slower exchanging residues are in blue. Some amide
ordered protein secondary structure, greatly slows the chemi-hydrogens exchange so quickly with the deuterated solvent
cal exchange of amide hydrogens with solvent, whereasthat their NMR peaks are lost entirely within the dead time
entirely unstructured regions lack hydrogen bonds and of the experiment10 min); such residues are considered
display rapid exchange rates. The degree of conformationalto have very fast amide HX rates and are colored red. At
flexibility within the polypeptide backbone, manifested by pH 6.0, where amide HX in hPRL appears to follow £X
opening and closing reactions of local hydrogen-bonded behavior, the Gibbs free energies for the equilibrium between
structure, can be described by comparison of amide hydrogenthe localized open and closed states for each residue have
exchange rates along the protein sequence, using a protocdbeen mapped onto the hPRL structure in Figure 5A. At pH
pioneered by Englander and colleagugg) (outlined in the 8.0, where the EXIimit for hPRL HX was assumed, the
Appendix). The application of this model to scientific negative logs of the measured exchange rates have been
investigations of protein stability and function has been nicely mapped onto the ribbon diagram in Figure 5B, which
reviewed 81, 32). approximate the opening rates for local structural fluctuations.
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A) pH 6.6
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Ficure 5: Backbone amide HX rates mapped onto ribbon diagrams
of the human PRL (1RWS5) tertiary structure, with the front and
back faces of the protein displayed on the left and right, respectively.
In the upper diagrams (A), residue-specific stabiliti®&(x values)
derived from HX rates acquired at pH 6.0 have been colored from
red to blue, representingGpx values from 4.0 kcal/mol (or less)

to 7.0 kcal/mol, respectively. In the lower diagrams (B), the
logarithm of HX rates, approximating the ldgg) values, has been
similarly colored from red to blue, representing values of 1 (or
less) to 2, respectively. Prolines and residues with either overlapping
or uncertain assignment have been colored gray.

Table 1: Average Backbone Amide HX Rates for Helices in hPRL

AGux, pH 6.6, log(kex), pH 8.0,
FIGURE 4: (A) The hPRL backbone ribbon (PDB code 1RWS) is PRL (kcal/mol) WT PRL
colored from blue-gray to red according to the average chemical helix 1 (14-43) 5.8 2.7
shift perturbations defined in Figure 3, with the largest changes  helix 2 (78-103) 5.8 31
rendered in red; the side chains of all the His residues are also helix 3 (111-137) 5.6 3.1
shown and colored similarly to the backbone. Residues with missing  helix 4 (161-193) 6.0 3.0
backbone assignments at both pH 6.0 and pH 8.0 are colored light _Minihelix (68-76) 6.3 2.7

green, and residues assigned at pH 8.0 and missing at pH 6.0 are o . .
colored turquoise. In both (B) and (C) the surface electrostatic regions. Although the HX rates for a majority of residues in
potential for 1IRW5 was calculated using MOLMOL and mapped the two long loops are very fast relative to the helical bundle,

onto the molecular surface, with coloring in shades of red there were still a surprising number of amides with relatively
representing negative potential (e/A, charge per distance)fib® g5 HX rates. Outside of the receptor-binding minihelix
to —5.5 and shades of blue representing positive potential from . T . . .
1510 5.5. In (B) all His residues were considered unprotonated (@PProximately residues 6773 in the first long loop), typical

and neutral, whereas in (C) all His residues were considered Secondary structure-related hydrogen-bonding patterns have
protonated and positively charged. In both cases, Asp and Glu not been described for loop residues. It is possible the slowly
residues were considered unprotonated and negatively charged, a“@xchanging residues are stabilized by long-range hydrogen

Arg and Lys residues were taken as protonated and positively - - : . . -
charged. For each, the “front” face of the PRL structure, containing bonds with the helical bundle or by interactions with side

the high-affinity receptor-binding site, is displayed on the left, and chains from nearby loop residues. However, the precise
the “back” face is shown on the right (rotated 1&@bong the vertical origin of the structural stabilization responsible for slowing
axis of the page). the amide HX rates for these residues is currently unclear.
Interestingly, residues in the vicinity of three clustered His
A comparison of both diagrams in panels A and B of residues demonstrating the largest NMR chemical shift
Figure 5 reveals that a majority of helical residues are well changes with pH (H27, H30, and H180) have aberrantly
stabilized with slow relative exchange rates (blue). We note faster amide HX rates. As these residues are located in the
a general agreement of the averagg.x for each long helix middle of longa-helices, which would be expected to fold
with the AG,s for hPRL at pH 6.0 as measured by chemical and unfold as single units, isolated increases in backbone
denaturation in Figure 1. In contrast, residues in the two long amide HX rates are unexpected. It is not clear whether these
loops and at the extrema of the long helices display fasterfaster HX rates are a consequence of increased structural
exchange rates amtiGux values much lower than theGpy, fluctuations in this region or some alternative mechanism
implying a higher degree of structural flexibility in these for catalysis of backbone amide HX, possibly due to the
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FIGURE 6: Representative surface plasmon resonance response curves for hPRL interacting with the immobilized hPRr-ECD as a function
of pH. The results of global fits to the data for each pH condition are represented by solid lines. The pH dependence of the dissociation

phase is evident in the curves.

imidazole side chains of the His residues. However, the Table 2: Binding Kinetics for Association of hPRL and hGH for
remaining six His residues in hPRL, two of which are also Interaction with the hPRLr-ECD

located within long helices, do not display similar aberrant measured measured calculated
behavior. Therefore, we suspect that residues in the vicinity association dissociation  equilibrium
of H27, H30, and H180 are locally destabilized due to the rate constart,  rate constant,  constant,
. .2 . . ligand pH ka(M~ts™) ki (s™) Kg (nM)
unfavorable concentration of positive electrostatic potential PRL 83 13980k 10 620)x<10¢ 44Q)
displayed |r(1j It:|gL_1re 4B. %s éj|ffere_ncefs I?hfaSt tlmg scale hPRL 78 1220(7% 16 8.4(d)x 10°  6.8(3)
(nanosecon 0 picosecon ) ynamics for these residues wereppr| 7'3 1421(7% 166 0.00140(4) 9.9(3)
not detected in our previous analysis of hPRL backbone hprL 6.8 1.658(7x 10° 0.00397(4) 24.0(3)
amide'>N NMR relaxation {6), the conformational fluctua- hPRL 6.3 1.79(1x 10°  0.0220(2) 123(1)
tions associated with this localized destabilization are most EZEL g-g ?2)-2%6? 12504 2'5310(4)1 0 61-70g(4>< 10
likely occurring on a slower (microsecond to second) time s 78 4:077§5§ 10t zzlg(ggx 104 5:38
scale. hGH 7.3 4.266(8x 10¢ 2.0(2)x 10°*  4.7(4)
Measurement of hPRL Receptor-Binding Kinetics for hPRL Eg: g-g igigi ig z-iggx 1?;‘ g-égg
and hGH as a Function of pHBinding kinetics for hGH 58 4834(7x 100 45(2)x 10*  9.4(4)

interaction with the hPRL receptor ECD were measured by
surface plasmon resonance using a Biacore T100. Minimally
biotinylated receptor was captured onto a streptavidin sensor.

a2 The number in parentheses represents the standard error in the last
significant digit.

surface at three different densities. The interactions of both
hPRL and hGH were studied from pH 5.8 to pH 8.3 in half-
pH unit increments. The data at each pH from all three
surface densities were globally fit to a simple bimolecular
interaction model. Representative sensorgrams for hPRL
demonstrating the quality of the data and fits are shown in

104,

—
Le=]
[

Dissociation rate (s-)
o

.1 nM

Figure 6. The binding kinetics and calculated equilibrium hPBL
dissociation constants are presented in Table 2. When the pHB3
interaction rate constants are plotted graphically as in Figure o 10nM
7, a dramatic trend in the data is apparent. The dissociation 10+ .
rate constant for hPRL is strongly dependent on pH, with Y "~ 100nM
an approximate 500-fold increase over the pH range-8.8 o Cawm
However, there is less than a 1.2-fold change in the 1 - - -
109 10 105 108 107

association rate for hPRL across this same pH range. In
comparison, the kinetics of hGH’s interaction with the
hPRLr-ECD show very little dependence on pH. Because
binding of hGH to the hPRLr-ECD requires the addition of

Association rate (M's-)

Ficure 7: Comparison of the association and dissociation rate
constants as a function of pH for the interactions of hPRL and hGH
with the hPRLr-ECD as measured using SPR. Results for hPLR

50 mM ZnCk, we compared the receptor-binding kinetics are shown as color-coded circles, and hGH data are represented

of hPRL in the presence and absence of Zn&t both pH

by similarly colored squares. Dotted lines show the range of rate

8.0 and pH 6.0 and found no significant changes due to theconstants consistent with the indicated dissociation equilibrium

presence of Z&t. We interpret the above-described results

constants.

as supporting the existence of a pH-dependent change in theyjophysical studies of hPRL behavior with its cellular

structural or physicochemical properties of hPRL antlin
hGH or the hPRLr-ECD.

function, the pH dependence of hPRL-induced proliferation
of rat Nb2 cells was examined. Since its introduction in 1980

hPRL Stimulation of Rat Nb2 Lymphoma Cell Proliferation (33), this assay has served as a widely utilized standard

Is pH-Dependentn an initial attempt to correlate the above

“benchmark” for monitoring PRL function from a variety



pH Dependence of Prolactin Stability and Function Biochemistry, Vol. 46, No. 9, 20072405

18000 : 600
|—=—pH8 mpHS
16000 & phiT 0500 1 pore |
14000 | —=—pH 6 = &
12000 4L *—PH 5] 0l O |
E EADD mpHB
Q 10000 E
-
g 8000 &300
9 6000 gZDO |
8 4000 : = e il T
£ 2000 4 *—* : 100 | =
L.
._g 0.5 5 50 500 0! m ; i
= hPRL Treatment (ng/ml) 0 2 230 500
= [hPRL] ng/ml
£ 5000 ) ) )
= _ Ficure 9: Effect of pH-adjusted media on STAT5-mediated gene
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Ficure 8: Rat Nb2 lymphoma cell proliferation as measured by . . . L
[3H]thymidine incorporation. Nb2 cell growth was stimulated by ~ NPRL Stimulation of STATS Signaling in T47D Cells Is

increasing concentrations of recombinant hPRL in pH-adjusted pH-DependentAlthough the Nb2 assay is widely utilized,
media (top panel). To ensure cells were not undergoing reducedone valid concern involves the interspecies assay of PRL

proliferation secondary to the pH-adjusted media, Nb2 cells were fnction (i.e., human PRL binding to rat PRLr). To both allay

cultured in the presence (pH 5:8.0 and FBS) or absence (no FBS) : . . : .
of serum, and proliferation was determined B¥i]thymidine tf;IS concem arrl]d C(I:Olnf'rm Lhe i'bzve bl(()j|OgIC d‘?ti WEZSE
incorporation (bottom panel). Both the “FBS” and “no FBS” alternative methodology, the pH dependence of the -

experiments were performed at pH 7.8. Reduced proliferation was induced activation of the STATS5 transcription factor in the
Onlydnogez in FBS a?JT]Sted_t% pH 5(-10- Errorl_bars ingi(‘_:&fj@e human breast cancer cell line T47D was assessed (Figure
standard deviation of three independent replicates. ** indicates  g) Thjs was accomplished by the transfection of a STAT5-
fogzgonlg?rt;]atlsgu(;::elss.ugmfncance between pH 7/8 and pH 6 at0.3 responsive luciferase construct, followed by incubation of
the transfectants at various pH values in the presence of
of species. Nb2 cells treated in the presence of medium Varying concentrations of hPRL. hPRL-stimulated transfec-
adjusted to pH 7.0 or 8.0 display a robust proliferation curve [@Nts incubated at pH 7-8.0 revealed a dose-dependent
in response to increasing concentrations of hPRL (Figure 8, INCcrease n STATS—medlated _Iumfgrase gene t'ranscr|pt|on,
upper panel), with 5-fold increases in thymidine incorporation with a 5-fold relative increase in luciferase activity at a dose

from 0 to 1 ng/well hPRL treatment and a plateau of responsemc 500 ng/mL compart_ad to untreate(_j samples. In contrast,
. . transfectants treated in medium adjusted to a pH of 6.0
from 1 to 100 ng/mL. In contrast, cells treated in medium

adjusted to pH 6.0 demonstrate a significantly diminished demonstrated significantly lower relative STAT5-mediated

liferati d cells treated in th fluciferase activities at PRL concentrations of 3@D0 ng/
profiteration response, and cells treated in the presence Oly, ~ag apove, these data are consistent with our biophysical
pH 5.0 showed no response. To ensure the decrease

) ; i tudies and suggest the possibility of a pH dependence to
proliferation was not due to excessive cell death secondary;,o biologic activity of hPRL. However, we recognize the

to the decreased pH, Nb2 cells were also treated with pH-jimited scope of these initial bioassays and the caution
adjusted growth medium in the presence and absence Ofequired in their interpretation. The cellular response to
serum and assessed for thymidine incorporation and viability. yariation in the extracellular pH is likely to reflect more than

As shown in the lower panel of Figure 8, there is no the pH dependence to binding of hPRL to its receptor. Future
significant difference in the thymidine incorporation of cells  studies will be required to more completely define this

grown in serum-containing medium adjusted to pH-6.0  complex phenomenon.

8.0; however, a significant reduction in thymidine incorpora-

tion was noted at pH 5.0. In parallel, a significant decrease DISCUSSION

in cell viability was only noted at pH 5.0 (data not shown). 14 oyr knowledge, this publication presents the first

Taken together, these results indicate that while Nb2 cells eyigence for pH dependence to both the structural stability
survive and respond well at pH 6.0 to serum, which contains gnd the receptor-binding properties of hPRL. The pattern of
other growth factors that can sustain Nb2 cell growth, a NMR chemical shift changes and amide HX rates along the
marked reduction in response occurs at pH 6.0 to stimulationhPRL backbone, along with surface electrostatic potential
with hPRL alone. Although it is possible that other potential calculations, suggests a central role for a cluster of three His
experimental variables contribute to the observed pH de- residues (27, 30, and 180) in the structural mechanism for
pendence, these results are generally consistent with thethis pH-dependent behavior. Located at the interface of the
biophysical behavior of hPRL and suggest the possibility of first and fourtha-helices, this cluster of His side chains is

a dependence of hPRL cellular function on pH. part of the high-affinity binding site for the hPRL receptor.
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Because this variation in structural and functional properties cytokine-receptor interactions the structural mechanism for
occurs over the physiologic range from approximately pH the pH-dependent dissociation is not known. For the epi-
6.0 to pH 8.0, we consider below the potential spectrum of dermal growth factor receptor, the varying pH dependence
acidity changes that a hormone such as hPRL may experiencef dissociation for a number of ligands has been correlated
in the human body and how its biologic behavior may be with the degree of recyclingdb, 46) and, also, for insulin
affected. control of endosomal pH regulates intracellular signaling,

Immediately after synthesis in the pituitary, hPRL is degradation, and receptor recyling7¢-49). It is possible
packaged into secretory granules. This process is precededhat hPRL recycling is similarly modulated by the pH
by acidification of the trans-Golgi to around pH 6.0, where dependence of receptor dissociation. Lastly, endocytosed
hPRL has been previously concentrated. Research suggestSPRL traffics via retrograde translocation through the en-
that the sudden decrease in pH, along with the consequencedoplasmic reticulum into the nucleug, (24, 50, 51), in a
of protein crowding and the influx of 2n, serves as a  process involving association of hPRL with cyclophilin B.
primary trigger for the reversible aggregation of hPRL into In the nucleus, the hPRtcyclophilin B complex contributes
large-scale particles around which secretory granules areto overall hPRL-induced signaling by catalyzing the release
ultimately formed 84, 35). Although it is possible that the  of inhibitory PIAS3 from dimers of STAT5. Again, the pH-
observed changes in hPRL structural stability relate to this induced dissociation of hPRL from its receptor may play a
process, the appropriateness of the association is less cleaiundamental role in this process.
as hGH storage would be expected to proceed similarly, yet Although the pH of circulating blood is tightly controlled
hGH did not display the same pH-dependent changes in itsover a narrow range (7.357.45), the pH of extracellular
global stability. However, we do note a subtle feature of the fluid in the extravascular space varies more widely. In a
unfolding curves displayed in Figure 1. In both denaturants, commentary, Gerweclks@) reviews evidence for variation
hGH displays pH dependence to its fluorescence at low in the pH of extracellular fluids and finds a range of
denaturant concentrations. This effect is more pronouncedexperimentally determined pH values for benign tissue from
in guanidine, where a pre-unfolding conformational transition 7.1 to 7.7. Additionally, the measured extracellular pH of
is visible, which becomes more pronounced at lower pH. tumors and malignant tissue has been consistently found to
Although the significance of this is unclear, it could suggest be lower than the surrounding tissue, with acidities frequently
a pH-dependent structural change in native hGH that in the pH range of 6.57.0. Therefore, a tumor-to-tissue pH
promotes reversible aggregation at lower pH. hGH is known gradient exists corresponding to the variation in hPRL
to undergo a conformational change at low pH values)( structural and functional properties described here. It is
which maintains its overall structural integrity and is not possible that the overall behavior of hPRL differs in the
associated with complete denaturatioB6)( It is also tumor microenvironment due to this decreased pH. It is
important to note that functional and biochemical differences important to note that hPRL function has been implicated
in the cellular storage of prolactin and growth hormone have in the growth and development of multiple malignancizs (
been noted37—40), which may also relate to the differences 53) and, in particular, to play an important role in breast
in behavior reported here. Regardless, surface electrostaticancer {, 54, 55). The functional studies reported here may
changes due to protonation of specific His residues are likely suggest that hPRL acts as a less effective agonist in tumors
to play an important role in the cellular mechanism for due to the decreased affinity for its receptor seen at lower
storage of both hPRL and hGH into secretory granules.  pH. However, it is difficult to extrapolate oum zitro results

We next consider the fate of extracellular hPRL after itis to the much more complex milieu of tissue, where many
endocytosed at the cell surface as a consequence of receptadditional factors are likely to exist.
binding and activation. It has been well-established that, after PRL, studied in a number of animal species, is widely
internalization, the contents of endosomes are acidified to abelieved to exist in a variety of covalently modified forms,
pH between 5.5 and 6.5, depending on the maturation stateincluding glycosylated, phosphorylated, and proteolytically
of the organelle 41). The data reported here predict that cleaved variants 9 56—58). The precise origin of the
hPRL will become largely dissociated from its receptor under enzymatic activity responsible for these modifications is not
these conditions. There are multiple possible biological well understood. However, it is possible that structural
implications of this effect. First, although not yet directly destabilization of PRL at lower pH described here plays an
demonstrated for the hPRLr, many cytokine receptors important role in this process. If access to an enzymatic active
continue to signal after endocytosig2( 43), which can site is dependent on structural fluctuations in PRL, i.e., if
significantly contribute to the overall cellular response. local unfolding of ordered structure is required, then a large
Dissociation of hPRL from its receptor may terminate any increase in the reaction rate may be induced by a relatively
potential signaling of its receptor from the endocytic minor decrease in structural stability. This effect results from
compartment. In contrast, hGH bound to the hPRLr might the 10-fold increase in the population of the unfolded state,
be expected to continue to signal endosomally due to a lackwhich is directly accessible to enzymatic action, due to only
of pH-induced dissociation from the hPRLr. Second, the unit changes in thAG,. Although possible for any protein
prototypical fates of endocytosed liganceceptor complexes  modification, this phenomenon occurs most frequently with
are for the dissociated ligand to be largely trafficked to site-specific proteolytic cleavage. A widely studied and
lysosomes for eventual degradation and the empty membranefascinating variant of PRL is the so-called “16k-PRL", which
spanning receptor to be recycled back to the cell surface.is an N-terminal, 16 kDa proteolytic fragment of the hormone
The pH-induced dissociation of ligand from the receptor (59—-61). 16k-PRL is potently antiangiogenic and appears
represents a fundamental step in this procddgy lfut has to function through a cell-surface receptor that is independent
not been specifically described for hPRL, and for most of the PRLr. This variant can be produced in various ways,
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APPENDIX

The relationship between hydrogen exchange and protein
structure is described by a local unfolding model in which
amide proton transfer is regulated by the equilibrium constant
for local unfolding reactions. In such a model, the hydrogen
exchange process only occurs when an amide proton is not
involved in an intramolecular H-bond and is available for

6 7 8 9 6 71 8 9 reaction with a solvent catalyst. Amide proton exchange is
pH pH catalyzed only by the hydroxide ion above approximately
FIGURE 10: (a) The theoretical relationship between the measured PH 4. We defineKo, as the opening equilibrium constant
amide hydrogen exchange rake, and pH is displayed. (b) Three  for a particular proteinqp, = kop/kei, Wherek,, andky and
potential dependencies of global unfolding on pH, with experimental the opening and closing kinetic rate constants, respectively)
AGys values for hPRL (Figure 1) represented by triangles. The andkey as the observed exchange rate for the amide proton

dotted and solid lines represent proteins with increased and fth tein backb The kineti ion f t
decreased global stabilities with decreasing pH, respectively, ©' (€ Protein backbone. The Kinetic expression for proton

whereas the dashed line represents a protein with no change in€xchange that is dependent on a structural isomerization or
stability. (c) Expected relationship between lag)(values and pH, the breaking of an intramolecular H-bond preventing ex-
assuming pure ExXbehavior, for the three possible dependencies change is written as

of global stability on pH. The dashed line represents the expected

linear behavior for a protein with no dependence of its global k, k. [Cat]
stability on pH, whereas the dotted and solid lines represent K, —_opch—".
deviations from idealized behavior due to increasing and decreasing X ky + k. [Cat]

global stabilities with decreasing pH, respectively.
The “intrinsic” or “chemical” pseudo-first-order rate constant

all of which cleave the protein in the second long loop for exchange, dependent on a concentration of catalyst, is
between the third and fourth long helices. Subsequently, ks, When the closing rate is much lower than the chemical
generation of active 16k-PRL also requires reduction of a exchange ratek{ < k), the above expression is reduced
disulfide bridge connecting the C-termir@lhelix with the to
N-terminal proteolytic fragment. Although the loop targeted
for proteolytic cleavage is not highly ordered structurally
under native _conditions, some additional degree of unfolding and the observed amide proton exchange rate shows no
may bg requweq for oppmal access to the protease. In thedependence on pH. This is known as the so-called EX
future, it will be interesting to consider the pH dependence ¢qngition or unimolecular exchange condition and is typically
of PRL proteolytic cleavage, especially once the endogenousencountered at higher pH. In this exchange regime, experi-
protease responsible for generation of 16k-PRL has beenmentally derived exchange rates can be directly related to
identified. opening rates along a protein backbone. In the case where

Another potential consideration is the susceptibility of PRL the re-formation of the H-bond that is responsible for
to phosphorylation. Although controversial, a phosphorylated protecting an amide from proton exchange is f:_;lster than the
variant of hPRL involving Ser-179 has been described and chemical exchgnge rate fqr the unprptec.ted arge k),

: . . . : the aforementioned kinetic expression is reduced to

extensively investigated6f—64). In animal studies, the
pseudophosphorylated mutant S179D-hPRL appears to counter Koy = Kookt JOH ]
the tumorigenic activities of the wild-type protei65—68) X Tropeh

and has more recently been demonstrated to be potentlyyhereK,, = koks. This is known as the Excondition or
antiangiogenic §9) and to induce apoptosis of endothelial  the bimolecular exchange condition and is expected to occur
cells (70). It is interesting to note that the cluster of three at lower pH. Experimental exchange data collected under
His residues (27, 30, and 180) implicated in the pH- EX, conditions can be used to derive the equilibrium constant
dependent changes reported here is spatially adjacent to thisf structural isomerization on a per-residue basis and can
site of modification. Because Ser-179 is buried within the be further related to the Gibbs free energy of stabilization.
hydrophobic core of the helical bundle, the structural The free energy of stabilization for the closed form of the
mechanism for phosphorylation has always been unclear.Seégment preventing exchange is calculated from the equi-
Although only a speculation, it is possible that decreased librium constant:

pH locally destabilizes this region of the helical bundle in
order to provide access to the target site for phosphorylation.

Kex = Kop

AGJx = —RTIn Ko, = —RTIn(k,/kJOH])
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Ficure 11: Measured backbone amide hydrogen exchange rates for three selected residues as a function of pH (circles). In each case, the
solid line represents the linear trend expected for pure lEghavior, assuming no pH dependence of global unfolding.

The generalized behavior of the HX exchange as a function hPRL show significant deviations from ideal behavior similar
of pH for a folded protein is illustrated in Figure 10a, where to residues R177 and D183 in Figure 11. Despite the
pure EX behavior is traced by a dotted line and £ a difficulty in clearly discerning EX and EX behavior, HX
solid line. The relationship between pH and amide hydrogen data for hPRL have been analyzed assuming Behavior
exchange depicted in Figure 10a is developed under theat pH 6.6 and below. The averag&,x values for the helical
assumption that the protein being studied has a constantoundle reported in Table 1, derived assuming, BXhavior
structural stability over the indicated pH range. A hypotheti- at pH 6.6, are within 1 kcal/mol of the reporteiG,

cal pH-dependent stability profile for hPRL is represented determined by urea denaturation, supporting the validity of
by the solid line in Figure 10b. This line traces the empi- this assumption. We chose to assume, BXhavior for all
rically determinedAGy values (solid triangles) for hPRL  residues at pH 8.0 based on the apparent flattening of their
reported in Figure 1. For the purpose of comparison, tracesHX rates at pH 7.5 and above, similar to C174 in Figure 11,
representing a protein showing no pH dependence on stabilityfor a subset of residues. Currently, we do not have inde-
(dashed line) and a decreasing stability at higher pH valuespendent measurements of global unfolding rates for hPRL
(dotted line) are also shown in Figure 10b. The reduction in to compare to localizel,, values as a potential means for
global stability for hPRL would be expected to incre#sg confirming EX behavior. We accept that the assumption of
and the measured exchange rate at lower pH values. TheEX; and EX behavior at pH 6.6 and 8.0, respectively, may
general effects of pH dependence on the NMR-determinednot apply to all residues in hPRL. We only assert that at
amide exchange rates for protons under the Edhdition these two limits of pH, in each case, a majority of residues
are illustrated in Figure 10c. The three stability profiles of follow the ascribed behavior and, therefore, only general
Figure 10b were used to calculate the three curves in Figuretrends in local backbone stability and opening kinetics can
10c, each representing a different pH dependence of EX be reliably interpreted.

exchange (ignoring the transition to BXA typical experi-
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