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ABSTRACT. Fragment 44 of human growth hormone (hGH), prepared in vitro by limited proteolysis of

the hormone with pepsin at low pH, encompasses in full the N-terminal helix of this four-helix bundle
protein [Spolaore, B., Polverino de Laureto, P., Zambonin, M., and Fontana, A. (Biizhemistry 40
9460-9468]. Here, we report the new and interesting observation that fragmett ¢an bind heme.

The binding property is specific for the N-terminal helix of hGH, since heme binding does not occur with
fragment 45-191 or the entire protein. The spectral characteristics of Fe-protoporphyrin IX are those of
a low-spin, hexacoordinated iron ligated by two imidazole rings of His residues or His and Met residues.
Far-UV circular dichroism (CD) measurements revealed that fragme#d hcquires a helical secondary
structure upon heme binding. Heme appears to be bound to the fragment in a stereospecific way, since an
induced dichroic signal is observed in the Soret region of the CD spectrum. The-fraig@ent complex

occurs in a 1:1 molar ratio, as determined by spectrophotometric titration, as well as by electrospray-
ionization mass spectrometric analysis of the complex. The fragment alone is much more susceptible to
tryptic digestion than the heme complex, implying a more folded and rigid structure of this last species.
It is proposed that the molecular features of fragmerd4 determining its heme-binding property reside

in the amphipathic character of the helix adopted by the fragment, as well as in the presence in its
polypeptide chain of His18, His21, and Metl14. These residues can act as specific ligands for the heme-
iron, as observed with cytochromes.

Heme (Fe-protoporphyrin IX) is a protein cofactor that new desired functiondf—21). Protein helical scaffolds have
nature uses frequently to achieve different important func- been mostly used by protein designers, due to the prevalence
tions, such as reversible,®@inding, G activation, decom-  of a-helical heme proteins in nature and the relatively easy
position of peroxides, and electron transf&y. (Moreover, de novo design of helical polypeptide22(-28). However,
it has been shown that heme can regulate many biologicalheme affinity measurements have demonstrated that even the
processes, including transcription, translation, protein trans-best designed protein moieties bind heme much more weakly
location, and erythroid differentiatio), Most of the natural ~ than natural heme protein&¥, 21).

heme-binding proteins fold inte-helical structures and upon Human growth hormone (hGiis a four-helix bundle
removal of heme adopt a partly folde@«6) or largely  protein of 191 amino acid residueg9j that principally
unfolded {7, 8) state. The family of heme proteins has been regulates the body growth, but affects also the metabolism
extensively studied, mostly with the aim to unravel the of proteins, carbohydrate, and lipid30-32). A proposal
protein structural features which are important for an efficient \as advanced that hGH acts also as a pro-hormone and,
binding of heme and related biological functions. Indeed, therefore, that it requires its proteolytic cleavage to produce
heme binding imposes strong constraints to the structure ofyarious peptide fragments that display the diversity of
a protein, which can be stronger than those caused by thepjological effects of hGHZ3). It has been reported that two
packing of a hydrophobic cor@). The major contribution  fragments of hGH are present in vivo: fragment4B, which

to the affinity of heme is due to a nonspecific partitioning  shows insulin-potentiating effects, and fragment-441,

of heme into a hydrophobic region of a protein, which \hich has diabetogenic activitp4—36). These fragments
accounts for the tendency of heme to adsorb to a variety of have been detected in serum and at the level of the pituitary
proteins (0—15). Second, a specific binding of the heme is  gland @4, 37, 38, but their mechanisms of formation from
imidazole ring of histidine and/or other SpeCifiC interactions Comp|ementary parts of the 191-residue chain of hGH, itis
with amino acid residues surrounding the porphyrin rib, (
17). Heme protein design is also nowadays intensively

pursued with the goal to better understand struetéuaction 1 Abbreviations: hGH, human growth hormone; CD, circular dichro-
ism; ESI, electrospray ionization; E/S, enzyme-to-substrate ratio; ESI,

relationships in heme proteins and to design molecules With gjecirospray-ionization; GEHCI, guanidine hydrochloride; HPLC, high
performance liquid chromatography; kDa, kilodalton; RP, reverse-phase;
TThis work was supported in part by the Italian Ministry of MS, mass spectrometry; TFA, trifluoroacetic acid; Tris, tris(hydroxy-
University and Research (FIRB Project on Protein Folding and PRIN- methyl)aminomethane; UV, ultraviolet;-44, N-terminal fragment of
2003). hGH.; 45-191, C-terminal fragment of hGH cross-linked by two
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conceivable to suggest that they are formed by selective All experiments were performed on fragment44 and

proteolytic cleavage of the native protein. However, at

fragment 45-191 recovered after gel filtration chromatog-

present the specific protease responsible for their generatiorraphy. To this aim, both hGH fragments purified by RP-

has not been identified.

HPLC were lyophilized using the Speed-Vac system (Sa-

In a recent paper, we have shown that limited proteolysis vant), redissolvedi 6 M GdnHCI and loaded (25@L, ~1

of hGH in vitro by pepsin at pH 4.0 leads to the production
of fragments +44 and 45-191, as a result of the selective
cleavage of the Phe44_eu45 peptide bond3®). Therefore,

mg/mL) on a Superdex-75 column (type HR 10/30x BO
cm; Pharmacia) equilibrated and eluted with 20 mM <Tris
HCI/0.15 M NacCl, pH 7.5, at a flow rate of 0.4 mL/min.

the two peptic fragments of hGH prepared in vitro are related The absorbance of the effluent was recorded at 226 nm. The

to the two physiologically relevant fragments occurring in
vivo. It has been found that fragment-4591, encompassing
helixes 2, 3, and 4 of hGH and containing the two disulfide
bridges of the protein29), adopts a helical conformation in
solution at neutral pH. Conversely, fragment44d, compris-
ing the first helix of the native hormone, is rather disordered.
Here, we report that the hGH fragment 44 of hGH can
bind heme with high specificity. This binding phenomenon

column was calibrated using a protein mixture kit of low
molecular mass for gel filtration chromatography (Pharma-
cia).

UV—Visible Absorption Spectroscopirotein and heme
concentrations were determined using a Perkin-Elmer Lambda-
25 spectrophotometer. The concentrations of hGH and
fragments 44 and 45-191 were determined from absor-
bance measurements at 280 nm according to Gill and von

has been discovered by serendipity. Indeed, during aHippel (41). Stock heme solutions were prepared in 0.1 M

purification step of the fragment by size-exclusion chroma-

NaOH, and the precise concentration of heme was deter-

tography, we have found that it was eluted complexed to mined using an extinction coefficient for heme of 5.84
heme from a gel filtration column that had been inadvertently 10* cmm* M1 at 385 nm ¢2). Heme stock solutions were
polluted by heme in previous separations of myoglobin using then prepared in 20 mM TrBICI/0.15 M NaCl, pH 7.5,
the same column. Upon binding of the heme moiety, the immediately before use. Reduction of the heme bound to
fragment acquires a helical secondary structure, as judgedragment 44 was conducted by adding to the solution of

from far-UV circular dichrosim (CD) measurements. The
conformational properties of the hemfragment complex,

the heme-fragment complex a 1000-fold molar excess of
sodium dithionite, taken from a freshly prepared stock

as well as the spectroscopic features of the heme when boundolution of the reagent.

to the fragment, have been investigated. The molecular

features of the hGH fragment-14 that likely dictate its
heme-binding properties are discussed.

MATERIALS AND METHODS

Materials. Recombinant human growth hormone (hGH)
was produced inBacillus subtilis (40) and stored as a
lyophilized sample at £4C. The protein was shown to be

Spectrophotometric titration of the binding of heme to
fragment +-44 was performed as described by Tsutsui and
Mueller 43). A heme stock solution was added simulta-
neously into two cuvettes, one containing a solution:8v8
fragment 44 in 0.1 M TrisHCI/0.15 M NaCl buffer, pH
7.5, and the other containing buffer only (reference cuvette).
The stock solution (0.58 mM) of heme in 0.1 M NaOH was
added at increments of 5, 10, 20, and /A5 After each

homogeneous by reverse-phase high-performance liquidaddition of heme, the samples in the two cuvettes were stirred
chromatography (RP-HPLC) and by sodium dodecyl sulfate for 5 min and allowed to stand for an additional 5 min. Then,
(SDS) polyacrylamide gel electrophoresis (PAGE) and to difference absorption spectra were recorded. These spectra
possess the correct N-terminal sequence. Pepsin, trypsinhad a maximum at 414 nm and a minimum at 368 nm. The

hemin, and sodium dithionite were obtained from Sigma.
Acetonitrile and trifluoroacetic acid (TFA) were purchased
from Fluka. All other chemicals were analytical grade and

heme-binding curve was constructed by plottingM#@14 nm
versus the heme concentration. The titration of fragment
1-44 with heme was followed also by acquiring far-Uv

were obtained from Sigma or Fluka. Water used to prepare circular dichroism (CD) spectra of the fragment solution after

buffers was purified by a Millipore Milli-Q Plus system.
Preparation of Fragment +44 and Fragment 45191.
Fragments +44 and 45-191 were produced by limited
proteolysis of hGH at pH 4.0 following essentially the
procedure described previousBgj. Briefly, the reaction was
performed on a solution of hGH (0.25 mg/mL) in 10 mM
Na citrate/0.15 M NaCl, pH 4.0, at 2C with a protease:
substrate (E:S) ratio of 1:10 (by mass)y f h and then
stopped by alkalinization of the reaction mixture with 5%
agueous ammonia. Purification of fragments4é4 and 45
191 from the limited proteolysis reaction mixture was
performed by RP-HPLC utilizing a Vydac,&column (10

successive additions of aliquots of a stock solution of heme.
A titration curve was derived by plotting heme concentrations
versus the variation of the mean residue ellipticity at 222
nm. The two heme-binding curves obtained by UV and far-
UV CD measurements were fitted to the equation for the
dissociation constarky assuming a 1:1 bindingd4, 45.

For the curve fitting the Microcal Origin software (Microcal
Software Inc., USA) was used.

Circular Dichroism.CD measurements were made at 25
°C on a Jasco J-710 spectropolarimeter (Tokyo, Japan)
equipped with a thermostatically controlled cell holder. The
instrument was calibrated witd-(+)10-camphorsulfonic

x 250 mm) purchased from The Separations Group (Hes-acid. Far-UV CD spectra were recorded at a fragment

peria, CA). The column was eluted at a flow rate of 2.5 mL/
min with a linear gradient of water and acetonitrile containing
0.1% and 0.085% TFA respectively, from 30% of acetonitrile
to 55% in 8 min and from 55% to 63% in 26 min. The

concentration of 0.028 mg/mL using a quartz cell with a path
length of 1 cm, and the results were expressed as mean
residue ellipticity p] (degcn?-dmol™). Far-UV CD spectra
were analyzed in order to estimate the percentage of protein

effluent from the column was monitored by measuring the secondary structure using the equation reported by Scholtz

absorbance at 226 nm.

et al. @6). The CD measurements in the 35800 nm region



Heme Binding by the hGH Fragment-4 Biochemistry, Vol. 44, No. 49, 20096081

were obtained with a solution of fragment-44 (19.2uM) ———1—————— 100
containing heme (3@8M) using a quartz cell of 1.0 cm path
length. The ellipticity 0.9 Was expressed in millidegrees.

Resonance Raman Spectroscdpgsonance Raman (RR)
spectra of the hemefragment complex were recorded at
room temperature in 20 mM TriICI/0.15 M NacCl buffer,
pH 7.5, following essentially procedures before described
(47).

Electrospray Mass Spectrometrylass spectra were
acquired on a tandem mass spectrometer Q-TOF Micro
(Micromass, U.K.) equipped with a Z-spray nanoflow
electrospray-ionization (ESI) interface. Mass spectra (positive
ion mode) of tryptic peptides of fragment—44 were
acquired using the electrospray source operating at capillary,
cone, and extractor voltages of 3200, 45, and 1 V, respec-
tively. The temperature of the source was°8and that of —
the desolvation gas 25TC. For the MS analysis, samples o 10 20 a0
were dissolved in a 1:1 solution of acetonitrile:water contain-
ing 1% formic acid.

) ‘1 ae With pepsin. Proteolysis was conducted foh at 4°C (E/S 1/10,
electrospray mass spectrometry (MS). Nano-ESI capillaries by weight) in 10 mM Na citrate/0.15 M NaCl buffer, pH 4.0. The

were prepared in house from borosilicate glass tubes of 1¢hromatographic peaks containing hGH and fragmerté4Land
mm OD and 0.78 mm ID (Harvard Apparatus, Holliston, 45-191 are indicated in the chromatogram. A Vydag Elumn
MA) using a micropipet puller (Sutter Instruments, Hercules, (10 x 250 mm) was employed as described under Materials and
CA, model P-80 PC) and gold coated using an Edwards Methods.

S-150B sputter coater (Edwards High Vacuum, West Sussex, . ) ) )
U.K.). Typically, 0.5-2 uL of solution were analyzed. For containing 0.085% TFA and eluted with a linear gradient of

the MS analysis the following experimental parameters were 8cetonitrile from 20% to 52% in 22 min at a flow rate of
used (positive ion mode): capillary voltage, 1.7 kV; sample 0.8 mL/min. The absorbance of the effluent was recorded at

cone, 30.0 V; extractor cone, 1.0 V. In the collision cell argon 226 nm. The percent recoveries during proteolysis of
was at an inlet pressure of 10 psi and the collision energy fragment 1-44 and fragment-138 (which is formed in trace

setting was 4.0 V. The ESI source temperature was set a@mounts and elutes at the same retention time of the intact
30 °C. fragment) and fragment341 were determined by integrating
the area under the HPLC peak of each fragment.

)

144 480

"""" - 60

40

% Acetonitrile (- - -)

Relative Absorbance at 226 nm (.

Retention Time (min)

MS/MS analyses of the hemdéragment complex were
performed utilizing the same parameters of the MS instru- RESULTS
ment as above. The collision gas was argon at an inlet
pressure of 10 psi, and the collision energy setting was 45 Limited proteolysis of hGH with pepsin in 10 mM Na
V. Instrument control and data acquisition and processing citrate/0.15 M NaCl, pH 4.0, at 4C occurs selectively at
were achieved using the MassLynx software (Micromass, the level of the peptide bond Phe4leud45 (39). The
U.K)). reaction is quite clean, and it allows the selective production

MS analyses on fragment-44 were made utilizing a  of fragment 44 and fragment 45191, as shown by the
fragment sample which was recovered after gel filtration RP-HPLC chromatogram of an aliquot of the reaction
chromatography using a Superdex-75 column equilibrated mixture (Figure 1). It was convenient to stop the proteolysis
and eluted with 0.1 M ammonium acetate, pH 7.5. Samplesreaction after 2 h, in order to minimize the subsequent
of fragment 44 in acetate buffer (10.6M) were mixed proteolytic degradation of the two fragments, especially
with aliquots of a freshly prepared solution of heme in 0.01 fragment +-44. Both fragments were purified first by RP-

M NaOH (88 uM). Mass spectra of all fragment samples HPLC and then by gel filtration chromatography utilizing a
were acquired after 30 min incubation at room temperature. Superdex-75 column equilibrated and eluted with 20 mM
Limited Proteolysis Experimentsragment 144 in the TrissHCI/0.15 M NaCl buffer, pH 7.5 (not shown). The gel
presence or absence of heme was subjected to limitedfiltration step was used for separating the fragments from
proteolysis with trypsin. The reactions were performed in some aggregated material, as well as for preparing suitable
parallel on two solutions of fragment-#4 (0.07 mg/mL) solutions of homogeneous fragments for subsequent studies.
in 20 mM TrisHCI/0.15 M NaCl, pH 7.5, one in the presence  The homogeneity of the fragments thus produced was
of heme at a molar ratio 1:3 of fragment over heme and the established by a variety of analytical criteria, including
other in the absence of heme. After 30 min incubation, electrospray-ionization (ESI) mass spectrometry (MS) (see

trypsin was added to both solutions at a protease:substratelso ref39).

(E:S) ratio of 1:500 (by weight). Aliquots were taken from The first indication that the hGH fragment-24 was able
the two reaction mixtures at intervals, and then proteolysis to bind heme was derived from the fact that the fragment
was quenched by acidification with an aqueous solution of solution prepared after gel filtration was reddish. Then, it
5% TFA. Samples were loaded onto a Zorbax Eclipse XDB- was realized that the colored solution was due to the fact
Cs column (4.6x 150 mm; Agilent Technologies, Palo Alto, that the Superdex-75 column was earlier used by us with
CA) equilibrated with a mixture of 20% acetonitrile in water samples of the heme-containing protein myoglobin. The
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Ficure 2: Absorption spectra of heme in the absence and presence Wavelength (nm)

of fragment +44 (A), hGH (B), and fragment 45191 (C). (A) ) o

UV—vis spectra of a 4.5M solution of heme alone or in the  FIGURE 3: Absorption spectra of oxidized-(— —) and reduced
presence of fragment-#44 (10uM) at a 1:2.25 molar ratio of heme/  (—) heme complex of fragment-344. UV—vis spectra of fragment
fragment. (B) UV-vis spectra of heme in the presence or absence 1—44 with oxidized and with reduced heme at a 0.6:1.0 molar ratio
of hGH and (C) with or without fragment 45191. The concentra- ~ Of heme:fragment (excess of fragment). Spectra were recorded in
tion of hGH and fragment 45191 was 5.1uM and 1.9 uM, 20 mM TrisHCI/0.15 M NacCl buffer, pH 7.5 at room temperature
respectively. Both spectra B and C were recorded at a 1:1 molar and a fragment concentration of %®81. Heme bound to fragment

ratio of heme:protein. Measurements were taken at room temper-1—44 was reduced by addition of a 1000-fold molar excess of
ature in 20 mM TrisHCI/0.15 M NaCl, pH 7.5. sodium dithionite. The maxima in the two spectra are indicated.

14
i

conclusion was that fragment-#4 and heme, despite their

largely different molecular masses, eluted together from the
gel filtration column, likely as a heme&ragment complex. molar ratio
The absorption spectrum of the complex eluted from the gel 031050 ‘ O 0 et %
filtration column showed typical spectroscopic features of I

hemo-proteins (see below).

Absorption Spectra of Heme Bound to Fragment44.
The heme-binding capacity of fragment44 was confirmed
by adding a stock solution of Fe-protoporphyrin 1X in 0.1
M NaOH to a solution of the fragment in Tris buffer, pH 02

04}

AAbs at 414 nm
o
N

o
o

o
N

AAbsorbance

o
o

7.5. The absorption spectrum of this solution was character- 300 400 500 800 700
ized by a Soret maximum at 413 nm and a broad band around Wavelength (nm)

532 nm (Figure 2A). We investigated also the possibility rgure 4: Titration of fragment $44 with heme. Difference
that the complementary fragment-4591 or hGH could bind  absorption spectra acquired at increasing concentrations of heme
the heme. To this aim, heme was added to solutions of theseover fragment +-44. A hemin solution (0.58 mM in 0.1 M NaOH)
two protein species dissolved in Tris buffer, pH 7.5, under Was simultaneously added to a &B! solution of fragment +44

. in 0.1 M TrissHCI/0.15 M NacCl buffer, pH 7.5, and a reference
the Sar_ne conditions used fpr fragment 44 and the cuvette containing Tris buffer only. After each addition of the heme
absorption spectra of the solutions were recorded. As shownggytion, both the reference and the sample were stirred for 5 min

in Figure 2B,C, the features of the spectrum of heme do not and then allowed to stand for 5 min before spectra were acquired.
change in the presence of added hGH or fragmentl4a, The titration was performed at room temperature. The inset shows
indicating the absence of a specific incorporation of heme the heme-binding ‘curve generated by plotting the difference
into these protein species. Therefore, the property of heme2PSCrPance at 414 nm versus the heme concentration.

binding is SpeF'f'C for fragment-344. 1—-44 and heme, assuming that in solution heme does not
The absorption spectrum of heme bound to fragmem4.  exist in an aggregated state, but only in the free or bound
shows significant changes when reduced with sodium state. A solution of fragment-144 at a fixed concentration
dithionite. As shown in Figure 3, the Soret band becomes yas titrated with increasing amounts of heme, and difference
slightly sharper and red-shifted to 425 nm, whereas in the aphsorption spectra were recorded against a solution of just
o/ band region there is a pronounced splitting resulting in pyffer and heme. The increase in absorbance at 414 nm
a well-resolvegs-band at 530 nm and anrband at 560 nm.  yersus the heme concentration (Figure 4) was fitted to an
These values are typical of bis-histidine ligateetype equation for a 1:1 binding4d), and a figure of 1.4&M =+
cytochromes or of heme coordinated by one histidine and 9,13 was calculated for th&, of the complex.
one methionine30). Moreover, these spectral features are  Circular Dichroism Measurementén interesting feature
those of iron in a low-spin and hexacoordinated st@®% (  of the heme-fragment complex is that there is a change in
48) (see also Discussion). the peptide secondary structure of fragmen#d upon heme
Heme-Fragment Dissociation Constanfhe fact that binding. The far-UV CD spectra of the fragment with or
fragment 1-44 retains a bound heme even after a gel without heme are shown in Figure 5. The spectrum of the
filtration chromatographic step is a clear-cut indication of a complex has been acquired in the presence of an excess of
strong affinity of heme for the fragment. Indeed, we heme (two equivalents), in order to shift the henfragment
measured the dissociation constdft between fragment  equilibrium toward the bound form. Whereas the CD
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Ficure 5: Far-UV CD spectra of fragment-44 in the absence 360 380 400 420 440 460 480 500
and presence of heme. The molar ratio between fragmer# 1 Wavelength (nm)

and heme was 1:1.8 (excess of heme) at a fragment concentratior]:IGURE 6:
of 5.3uM. Spectra were recorded at 26 in 0.1 M TrisHCI/0.15 :
M NaCl buffer, pH 7.5. The inset shows the titration curve obtained
by plotting theA[6].22 nmmeasured after each addition of heme to
a solution of fragment-+44 (5.3uM) versus the heme concentra-
tion. The curve fitting was performed as described under Materials
and Methods.

Induced CD spectrum in the Soret region of heme
complexed with fragment-144. Spectra were recorded at 25

in 20 mM TrisHCI/0.15 M NacCl buffer, pH 7.5. The concentration

of heme was 38/M, and the molar ratio of fragment:heme was
1:2 (excess of heme). The fragment concentration was /A49.2

ligand binding studies53). Heme does not have a signal in
the visible region of the CD spectrum, if this moiety is free

spectrum of fragment 144 in the absence of the Fe- in solution or associated at the surface of a proté&).(
protoporphyrin IX is that of a largely unfolded polypeptide, However, upon binding to a protein in a chiral and relatively

in the presence of heme the spectrum is characterized by

L e ; e rigid environment, heme gives rise to characteristic ICD
minima of ellipticity at 208 and 222 nm, which are indicative . o
of a significzfnt d):egree of helicity4g). The far-UV CD spectra. The optical activity of heme bound to fragmerd4

spectra were analyzed in terms of percent helical secondaryWas investigated in the Soret region (Figure 6). The CD

structure, and 9% and 26% helical content was calculatedspe.Ctrum Ist Zgzracter]zgq th a mai(lg"lum ":.lt ‘E)OO n(;nt art1r(]j a
for free fragment and hemdragment complex, respectively ;?;nlrr:grr]rs i?\Si de anrmeia:tri]vé(l:arlin? d 2ck§£n;()e IS bound fo the
(46). However, it is known that estimates of percent helicity Igesonance Raman S eg/trogslc dp n atteh 10 possibl

In polypeptides with a low content of secondary structure, determine the amino aEid side-c‘r)l)gn resileJ)es (?f fra n):ent
as in the present case of fragment4t alone, are not reliable 1—-44 that act as ligands for the heme iron, resonance Igaman
(49). Moreover, the 26% of the heméragment complex (RR) measurements on the heﬁfeagment’ complex were
can be in error, since the contribution of aromatic amino

acid residues and chromophores to the far-UV CD spectracarr'ed out using an excitation wavelength in the Soret band

. . . at 413.1 nm 47). The high ¢4, vs, v, v10 at 1373, 1504,
of polypeptides has been well documented, including that :
of the heme chromophor&(@, 5. In particular, it has been 1576, and 1639 cr, respectively) and lowsg and v at

concluded in these previous studies that the heme contribu-iﬁgv\?:éj s:%g;g::guiecr;%][(;%'?:ggﬁ)e icntr:r?;ggocgé}ﬁzz d
tion to the far-UV CD spectrum of a heme-polypeptide leads q yp

to an underestimate of the actual helical content of the fp{;fﬂ:g zﬁtﬁe(goé Sshc()avgt%(zﬁjen?ér?aoglveenir’tc?giiiﬁfu:;ish
peptide/protein species. y P 9

i i ) between a bis-His or a Met/His axial heme coordination (see

The induction of secondary structure in fragment4% Discussion).
upon heme binding was followed also by measuring the mean  \jass Spectrometry of the HemEragment ComplexThe
residue ellipticity at 222 nm at increasing concentrations of stsichiometry of the binding between heme and fragment
Fe-protoporphyrin IX. The data of ellipticity at 222 nm of 144 was investigated also by electrospray ionization (ESI)
the fragment versus the concentration of heme (Figure 5, a5 spectrometry (MS). Indeed, recent advances of this
inset) were fitted to the equation reported by Kuwabara et technique and, in particular, the use of nano-electrospray
al. (44, see also ref5), and aKq value of 2.33uM + 0.31  gjjow one to analyze noncovalent protein complexes in
was estlmqted. This figure is qu!te similar to that obtained gg|ytion at physiological pH and to measure their masses
by absorption measurements (Figure 4). It may be that the 55 5. Noncovalent interactions can be kept intact during
slight difference can k_)g attributed to the contribution of heme e ionization process by carefully adjusting the parameters
to far-UV CD ellipticities (see above), that can affect the (mainly voltages and temperatures) of the mass spectrometer
estimate ofKg. ion source.

Symmetric chromophores that do not absorb circularly  For the ESI-MS analysis, we prepared a solution of heme
polarized light become optically active when they are and fragment £44 in 0.1 M ammonium acetate, pH 7.5, at
embedded in a specific stereochemistry within a protein fold a molar ratio of 2.0 (excess of heme) and we confirmed the
(52). This acquired optical activity is defined as induced formation of the complex under these solvent conditions by
circular dichroism (ICD), and it allows interesting protein ~ acquiring a U\~ visible spectrum, which showed the typical
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A 51163\632 Species Mass
100 : Calculated Observed
A: 1-44 5363.1 5363.2
1-44 B: 1-44+heme 5979.2 5978.8
IM+4HI* o] [5384.8 B
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FIGURE 7: Mass spectrometric analysis of the henfragment 144 complex. (A) Electrospray mass spectrum of the hefregment

complex. The identities and the charge states of each peak are indicated. The inset shows the deconvoluted mass spectra of (A) and the
calculated and measured molecular masses of the various components. (B) MS/MS analysis of the chargektaeeheme-fragment

complex. The identities and charge states of the dissociated species are indicated. The complex was analyzed in 0.1 M ammonium acetate
buffer, pH 7.5, and the molar ratio heme:fragment was of 2:1 (excess of heme). The fragment concentratiopMas 10

maxima of a hexacoordinated heme (see Figure 3 and In order to confirm the identity of the hemdragment
Discussion). Analysis of this solution by nano-electrospray complex, we analyzed by MS/MS the charge state cf

MS revealed the presence of multi-charge state peaks ofthe species of 5978.8 Da, which is the ion at 1495164
fragment 144, together with a species of higher mass (see Figure 7A). Indeed, the MS/MS technique allows one
(Figure 7A). In particular, the measured mass of this last to select an ion of interest and, in the case of a noncovalent
species, 5978.8 Da (Figure 7A, inset), corresponds to thecomplex, to dissociate it inside the mass spectrometer into
calculated mass of the complex formed by fragment4 its components and to measure their masses. The MS/MS
(5363.1 Da) and heme (616.1 Da) at a 1:1 stoichiometry spectrum thus acquired is shown in Figure 7B. It can be
(calculated mass of the complex 5979.2 Da). In the massobserved that the ion at 1495.6#z dissociates into a species
spectrum there are no other species arising from a differentat 616.1m/z, which is the singly charged free ferric heme
stoichiometry of association between the fragment and theion [Fe(lll)heme}, and a species at 1788.2Wz, that
Fe-protoporphyrin IX. Moreover, we tested the ability of MS ~ corresponds to the charge stat@ of fragment 1-44 without
measurements to assess the specificity of heme binding byneme. Of interest, the iofi4 of the heme-fragment complex
fragment 1-44. To this aim, we analyzed by MS a solution loses the positive charge associated to heme, thus leading to
of hGH, fragment 45191, and a tryptic digest of hGH in & triply protonated ion of the free fragme7J. Therefore,

the presence of heme and we verified that heme binding doedVIS analysis confirmed the identity of the species of 5978.8
not occur (data not shown). On the other hand, MS and MS/ Da as the noncovalent complex between fragmert4land

MS analyses of a solution of apomyoglobin and heme gave heme at a 1:1 molar ratio.

clear-cut data of heme binding, as expected from the well- Probing Fragment Structure by ProteolysWe tested if
known binding of heme to apomyoglobin in a 1:1 molar ratio a proteolytic probe could monitor the enhancement of
(23) (not shown). secondary structure in fragment-44 upon heme binding,
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FPTIPLSliLFDNAMLRJ'.AHRJ:LHQLAFDTYQEFEEAJYIPKLEQIéYSF Table 1: Molecular Masses of Tryptic Peptides of Fragmerd4
L 19 2 = s tryptic peptides of molecular mass (Da)
Fragment 1-44 alone Fragment 1-44/heme complex fragment 44 observed calculated
A 5 min 15 min 1-44 5363.1 5363.1
e 1-41 4965.8 4965.7
— 1-38 4580.1 4580.2
E E 9—44 4450.1 4451.0
@ © 17-44 3488.4 3487.7
N i 20—-44 3123.8 3123.5
o e 1-41 17-41 3091.8 3090.5
c 2 J__._n__._jLL 20-41 2726.5 2726.3
£ € 2038 2341.4 2341.1
§ a2l 3h 1-16 1890.2 1890.0
< - < heme 9-16 978.6 978.5
£ ;—% e 1-8 929.6 929.5
E E; 1.33\ 42—-44 415.2 415.2
1741 y058 aTryptic peptides of fragment-144 were obtained by limited
18 204 | 17-44 proteolysis of the fragment with trypsin at pH 7.5 in the presence or
o8 2044 absence of heme, as described in the text. The mass spectrometric
n n : " " ) . ) measurements were performed on the peptides isolated after RP-HPLC
5 10 15 20 5 10 15 20 of the proteolytic mixtures. Experimental molecular masses were
Retention Time (min) Retention Time (min) determined by ESI-MS, whereas theoretical average molecular masses
were calculated from the amino acid sequence of fragmewidl
B ™ e
—A— 141 produced from fragment-144 derive from cleavages at all
80 - Bemo il ] but one basic amino acid residue (Lys and Arg), since a

Proteolysis without heme

% 6o | i tryptic pept?de deriving from the _hydrolysis of the Lys38

5 Glu39 peptide bond is not seen in the RP-HPLC chromato-
%40 - . gram (Figure 8A). This derives from the fact that tryptic

s - | cleavages are hindered at basic residues flanked by acidic

(Glu and Asp) residue$(). While the free fragment is fully
o A digested by trypsin after 15 min reaction, in the presence of
: : : - . : . heme the fragment is almost fully resistant to proteolysis
S 100React1iggTimeg(on3in) 0 e and only a small amount of fragment-21 is formed.
- ) . Actually, MS analysis revealed that trace amounts of
Ficure 8: Limited proteolysis of fragment-144 in the absence . .
or presence of henge Withytrypsin. ('Igop) Amino acid sequence of fragment 138 are also'forme(.j, this last fragment species
fragment 1-44. The location of the helix is indicated by a gray being eluted together with the intact fragment from the RP-
box (residues 934), whereas arrows indicate the sites of cleavage HPLC column. Afte 3 h reaction, other tryptic fragments
by trypsin. (A) RP-HPLC analysis of the proteolysis mixtures of gre produced, but still fragment-#4 remains quite abundant
fragment 144 with heme and without heme conducted at room i, the proteolysis mixture. Therefore, the proteolytic probe

E/S 1 ight) in 20 mM FHEI/0.15 M . .
}\]eggegﬁ;gf F(),_|/S7_5/5a(:06’l r%fgf Ir%titg (')r; 3:(1 E]eme:l;igéomegm appears to trim the unstructured C-terminal end of the keme

(excess of heme). The fragment concentration was 0.07 mg/mL. fragment complex, in agreement with the fact that the heme
Tryptic peptides separated by RP-HPLC were identified by ESI- fragment complex adopts a hydrogen-bonded, helical sec-
('\)’;Sh-e(n‘r?‘)e Toh%ﬁircrﬁBto{g)‘)?%Vn%f)(’)fO]fr;ran%g“ﬁ&‘n44l(i2lthgn?jbf_egnge ondary structure and that the first helix in intact hGH
(in the ’prgsenc)é of heme, closeg symbolé) during proteolysis encompasses the chain segme.FHSQ (2.9)' Of note, the
reported vs the reaction time of the proteolysis reaction (see Structural features of the N-terminal region of the fragment
Materials and Methods). cannot be probed by trypsin, since with this specific protease
peptide bond fission can occur only at Arg8 (see Figure 8,
as detected by far-UV CD measurements (see above Figurgop). Upon prolonged proteolysis, suck & h reaction, the
5). Indeed, it is known that proteases easily attack unfolded heme-fragment complex is slowly digested also at Arg16
or partly folded proteins, while folded native proteins are and Argl9, both residues being located inside the helical
quite resistant to proteolysi8,(58-60). Trypsin was chosen  chain segment -934. It is reasonable to propose that the
as a proteolytic probe, considering that the fragment containsequilibrium between the folded heme-bound fragment and
up to five residues (Lys and Arg) which can be sites of tryptic the unfolded unbound species actually controls the proteoly-
attack, evenly distributed along its 44-residue chain (Figure sis events, so that also the unfolded free fragment can act as
8, top). Solutions of fragment-144 alone or in the presence tryptic substrate. The different rates of proteolysis of
of heme at a 1:3 molar ratio of fragment:heme were digested fragment 44 alone or in the presence of heme are better
in parallel with trypsin, and the time course of the digestion highlighted by calculating the percent decrease of intact
was determined by means of RP-HPLC analyses of aliquotsfragment during proteolysis, as shown in Figure 8B. While
taken at intervals from the reaction mixtures. The indentity fragment 1-44 alone is completely digested in few minutes,
of the various tryptic fragments was established by ESI-MS in the presence of heme the fragment is hydrolyzed much
(Table 1). As shown in Figure 8A, the fragment alone is more slowly, concomitantly producing mostly fragment
much more easily digested than the herfragment com- 1-41. If we consider the total percent of fragments44,
plex. Of interest, in the absence of heme, the tryptic peptides1—41, and 1-38, we can observe that their combined amount

Fa !
W

o
T
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decreases only about 50% afte h of proteolysis of the expected to be hindered by the presence of an acidic residue

fragment in the presence of heme (Figure 8, bottom). flanking the peptide bond to be hydrolyzed by trypsi)(
Therefore, considering that Arg8 is at or near the N-terminus
DISCUSSION of helix 9—34 of intact hGH, limited proteolysis of the folded

. ) fragment occurs in agreement with the boundaries of the
In this paper, we report the novel observation that the hGH expected helix. On the opposite, proteolysis of the fragment

fragment 1-44 can bind the heme moiety. The binding 5j5ne is very fast and leads to the preferential hydrolysis at
property is not shared by fragment-4591, nor by the entire ¢ |eyel of residues 8, 16, and 19, indicating that the helix
hGH molecule. The spectrophotometric titration of fragment o ¢ present.

1-44 with heme allowed us to deduce as 1:1 the molar ratio The heme binding to the fragment likely involves, besides

of thg heme_fragment complex and &q of .1'48 HUM. . a simple docking of heme to the hydrophobic face of the
Ad'dltlonal eVIdencq for both complex formation and stoi- amphiphilic helix of the fragment, also some specific ligands
chiometry was derived from ESI-MS measurements Con- yhat make the complex stronger and more specific. The-UV
ducted on the complex at neutral pH. Clear-cut MS evidence ;jp|e apsorption spectra of the complex show characteristics

of the 1:1 com_plex was obtained, s!nce two main SPeCi‘?S of a hexacoordinated heme iron (see Results). Fragment
were detected in the MS spectrum with a difference of their ;_ 44 contains His18, His21, and Metl4 (Figure 9), i.e.,

deconvoluted masses of 616 Da, corresponding to the mass,ning acid residues whose side chains are known to be

of heme. Moreover, the MS/MS analysis of the complex o\ qreq ligands in cytochrome64). Both bis-His and Met/
resulted in the dissociation of the heme and concomitant jis jigations occur in cytochromes, with His/His coordination

appearance of the MS peaks of fragment and heme. NOpeqominating both in the-type and inc-type cytochromes.
evidence for binding of two hemes to the fragment Was T \Met/His heme iron ligation occurs in the covalently

obtained by MS measurements. The rather.tight binding of attached heme of horse cytochrom¢s5), as well as in the
heme to the fragment can be deduced, besides frortdhe noncovalently bound heme of the four-helix bundle protein
value of the complex, from the fact that the complex can be cytchrome bss, (66) and in the fungal flavocytochrome

separated by gel filtration chromatography. Moreover, the ¢ 5hinse dehydrogenasér). Therefore, it can be proposed
induced CD in the Soret region of the heme moiety, Which '3 pis_His or a Met/His complex is formed by fragment

is optically inactive in its free state in solution, is clearly ;_,4 using two His or one His and Met14, respectively, as
ind_icative of a stereospecific binding of the heme in a quite ligands. Unfortunately, the Uwvisible absérption spectr,a
rigid pocket of the folded fragmen&g). of oxidized and reduced heme bound to fragmen#a

The interaction of heme with fragment-34 induces a  cannot be used to distinguish whether a bis-His or Met/His
significant amount of-helical secondary structure in the  complex is formed, since the two types of complexes have
otherwise largely unfolded fragment, as deduced from far- similar maxima in their UV-visible absorption spectr&0,
UV CD measurements. Assuming that the helix adopted by 68). The weak absorption band at 695 nm, often regarded
the fragment upon heme addition is similar to that of the as diagnostic for the methionine ligation to the heme iron,
corresponding chain region in the four-helix bundle hormone, was not observed with the hemfragment complex. How-
the heme-mediated helix is expected to involve the chain ever, the absence of this band does not necessarily indicate
segment 9-34 (helix A) (29) and to be strongly amphiphilic,  that a methionine ligand is missing (s&8). Perhaps, even
as shown in Figure 9. It can be proposed that the hydrophobicthe Tyr residues of the fragment-#4 (Tyr28, Tyr35, and
face of the amphiphilic helix, made up mostly by Ala, Phe, Tyr42) can play a role in heme binding, since Tyr is weakly
and Leu residues, represents the docking site of the hydro-nucleophilic and it acts as a heme ligand Serratia
phobic heme moietyl(l, 6J. As a matter of fact, in several  hemophore and in few other proteins (see ¥ for
studies it has been demonstrated that an amphiphilic helineferences)_ However, the very easy and fast proteolytic
is a key structural motif of synthetic polypeptides that are cleavage of the C-terminal portion of the henfeagment
capable of heme binding20, 63. A number of peptide  complex seems to exclude at least Tyr42 as a heme ligand
models were constructed in such a way to form an am- (see Figure 8).
phiphilic helix that can bind heme. The hydrophilic and ~ Resonance Raman (RR) measurements were conducted on
hydrophobic face of the helix contained mostly polar and the heme-fragment complex, hoping to possibly determine
charged (Glu, Lys) and hydrophobic (Phe, Leu) residues, the amino acid side chains of fragment-44 which
respectively (see re20 for a review). coordinate heme. The characteristics of the RR spectra were

Limited proteolysis experiments conducted on the heme consistent with an Fe(lll) in a hexacoordinate low spin state,
fragment complex clearly demonstrated that the fragment but the spectra did not enable us to distinguish between a
adopts a quite rigid structure not amenable to an easybis-His or a Met/His axial heme coordination (data not
degradation by trypsing( 58—60). Proteolysis experiments  shown). Perhaps, NMR studies could be conducted in order
were conducted using trypsin as proteolytic probe, consider-to identify the heme coordinating residues, but the low
ing that this substrate-specific enzyme can cleave at thesolubility of fragment 144 does not allow one to reach the
C-terminus of Arg8, Argl6, Argl9, Lys38, and Lys41 (see fragment concentration required for NMR measurements.
Figure 8, top). Residues 16 and 19 are roughly in the middle Therefore, additional studies are required in order to firmly
of the first helix in native hGH (chain segment-94; 29) ascertain the ligands in the hemgagment complex.
and near the residues which can coordinate heme (Metl14, Itis not known yet if heme binding to hGH fragment44
His18, and His21). The folded, heme-bound fragment is does occur in vivo and thus if this binding has a physiological
rather resistant to proteolysis and is initially cleaved only at significance. Heme in vivo is produced in the plasma upon
Lys41, while cleavage of the Lys3&51u39 peptide bond is  rupture of the blood cells, as a result of hemolysis, trauma,
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1 10 20 22
Phe Pro Thr lle Pro Leu Ser Arg Leu Phe Asp Asn Ala Met Leu Arg Ala His Arg Leu His Gin

23 30 40 44
Leu Ala Phe Asp Thr Tyr Gin Glu Phe Glu Glu Ala Tyr lle Pro Lys Glu Gin Lys Tyr Ser Phe

His21

Met14 \
Arg16.Leu8 Thr27
- Leu20

Ala13 Phe31
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v Met1
His18 | Phe25

Ficure 9: Structural features of fragment-#4. (Top) Amino acid sequence of fragment44. (Bottom) Three-dimensional structure (A)

of fragment 1-44 of hGH derived from the X-ray structure of the protein (Brookhaven Protein Data Bank 3HHR) using the program
WebLab Viewer Pro 4.0 (Molecular Simulations Inc., San Diego, CA). The first helix of hGH (residt@4$)%s colored in red, and amino

acid residues relevant to the discussion of the results of this study are colored in blue (His) and green (Met). (B) The-Bdgairhelix

9—34 is shown looking through the helix axis. Hydrophobic and hydrophilic residues are colored in blue and in red, respectively, in order
to illustrate the amphiphilicity of the helix. (C) The same region3d of the helix is also represented in a helix wheel drawing, and the
hydrophobic side of the helix is separated from the hydrophilic one by a dashed line.

and ischemia. It is currently accepted that free heme doesbe degraded rapidly by proteases. Therefore, a stabilization
not exist in vivo, since it has toxic effects, but that it is of this largely unfolded fragment by a mechanism of binding
strongly bound to hemopexin and albumin. Hemopexin is and folding is necessary, as earlier proposed for intrinsically
the strongest heme-binding protein in plasidg 10° M 1) unstructured or “natively unfolded” proteing2).

(10), but its abundance is low (20 «M) and, therefore, Summing up, the interest of this study resides in the fact
a protective effect from heme can be exerted by other heme-that heme-binding is observed with a polypeptide species
binding proteins. It has been proposed that the most abundanthat appears to be physiologically relevant. The hGH
protein albumin can serve as a heme-carrier, when he-fragment 1-44 can be an interesting model for further studies
mopexin is saturated@ (). At present, we can speculate that, of the molecular mechanisms of heme binding to polypep-
if heme binding occurs, the hGH fragment adopts a folded tides. Indeed, nowadays numerous investigators are involved
structure that makes it rather resistant to proteolytic degrada-in studying a variety of model systems in an attempt to
tion. The properties of fragment-#4, produced in vitro by ~ provide insights into structurefunction relationships of
proteolysis of the hormone39), are expected to be very heme-protein interactions and reproduce in relatively small
similar to those of fragment-143, which is circulating in polypeptides the biological properties of the natural heme-
vivo and shows hypoglycemic activityd8, 34, 38. If we proteins that in vivo catalyze some vital bioenergetic
accept this, it is quite unlikely that the naturally occurring reactions {7, 20, 28, 73 Finally, we may add here that
fragment 1-43 circulates in vivo as a largely unfolded chain, perhaps the observation that a largely unfolded polypeptide
since it can be anticipated that this random polypeptide would chain can bind heme and that binding results in the induction
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and stabilization of peptide structure can have biomedical 18.

implications, as follows. It has been found that partly folded

and “natively unfolded” proteins can be intermediates inthe 1o

protein aggregation processes that cause severe neurodegen-
erative diseases (Parkinson, Alzheimery,( 75. Heme
binding can occur with unstructured proteins, preventing

protein aggregation and ultimately the formation of amyloid 21

deposits 16—79). Therefore, the ability of heme to induce
and stabilize protein structure can be a mechanism involved
in the inhibition of protein aggregation.
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