
DISTRIBUTION OF EXTRACORPUSCULAR HEMOGLOBIN IN PLASMA

gradually increased, and the disappearance of he-
moglobin from plasma following rapid elevation of
the plasma level.
When hemoglobin was introduced into circulat-

ing blood it was immediately and, insofar as could
be determined, instantaneously bound to plasma
protein (Figure 7). When small quantities were
administered, binding was quantitative and hemo-
globin circulated entirely in the protein-bound
state. As hemoglobin was given in increasing
amounts, the quantity bound increased until a
concentration was attained at which additional he-
moglobin given was not bound but instead cir-
culated in the free, unbound state (Figure 7).
This limiting concentration, which may be con-
sidered as the maximal binding capacity of the he-
moglobin-binding protein, varied in individual
studies from 98 to 171 mg. per cent (Table III)
and averaged 128 + 25 mg. per cent. These ca-
pacities are similar to those observed in vitro by

TABLE III

In vivo distribution of hemoglobin (Hb) in plasma *

Total Free Methem-
Subject Hb PBH Hb albumin

mg. % mg. % mg. % mg. %

V. T. 1) 171 171 0 0
2) 355 145 210 0

R. R. 1) 162 162 0 0
2) 258 142 101 5

J. W. 1) 143 143 0 0
2) 325 53 263 9

B. K. 1) 133 133 0 0
2) 230 68 157 5

P. R. 1) 133 133 0 0
2) 265 74 182 9

C. E. 1) 114 114 0 0
2) 239 77 157 5

I. R. 1) 111 111 0 0
2) 269 60 200 9

E. D. 1) 107 107 0 0
2) 320 79 241 0

L. S. 1) 99 99 0 0
2) 205 43 151 11

L.C.S. 1) 98 98 0 0
2) 280 43 228 9

* As determined under conditions of a progressively
increasing hemoglobin concentration. 1) Refers to the
hemoglobin concentrations at the maximal binding capac-
ity of plasma protein for hemoglobin. 2) Refers to the
final concentrations of hemoglobin at the completion of
the experiment.
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FIG. 9. DISAPPEARANCE CURVES OF PROTEIN-BOUND
HEMOGLOBIN FROM PLASMA

These curves, obtained from 10 separate experiments
under conditions of a progressively increasing total plasma
hemoglobin concentration, illustrate the initial rise in the
concentration of PBH to a maximal level with subsequent
progressive fall in concentration with time.

Laurell and Nyman (8) and Allison and ap Rees
(9).
The limitation imposed by this maximal binding

capacity resulted in hemoglobin appearing in
plasma in the free, unbound state when the amount
of hemoglobin administered was in excess of that
which could be bound. Under these circum-
stances, a progressive increase occurred in the
concentration of free hemoglobin circulating in
plasma as additional hemoglobin was administered
intravenously. No limitation was imposed upon
the transport of hemoglobin in the unbound state.
Concentrations up to 263 mg. per cent were ob-
tained (Table III).

Accompanying this rise in total and free hemo-
globin levels in plasma, the concentration of PBH
diminished with time (Figure 9). The rate at
which this decrease in concentration of PBH oc-
curred varied in individual studies from 6 to 25
mg. per cent per hour and averaged 15 mg. per
cent per hour. In five subjects (E.D., P.R., B.K.,
I.R. and V.T.) PBH disappeared from plasma at
a single exponential rate (T1/2, 250 minutes). In
the remaining five subjects the disappearance was
linear and not exponential. The disappearance
rate, however, was approximately the same in these
subjects as in those in whom an exponential disap-
pearance occurred. The disappearance of PBH
from plasma has been studied by Laurell and Ny-
man (8) and was observed by them to be accom-
panied by a parallel decrement in the concentration
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FIG. 1. Construction ofPR expression plas-
mids and peptides. (a) Top map represents a
section of the AHXB-3 HIV genome. Part of the

x pol region (encoding PR, RT, and IN) is ex-
panded to show relevant restriction sites (Bg,
Bgl II; Bc, Bcl I; X, Xmn I) and previously
mapped sites of protease cleavage (arrows) that
generate the amino termini of RT and IN. A
cryptic cleavage site in RT, not indicated, gen-
erates two RT forms of about 66 and 51 kDa
with identical amino termini (15, 16). Bold lines
indicate the pol region inserted into expression
vectors. (b) Amino acid sequence of HIV PR
region. The FFRE sequence is encoded in the
intact pol open reading frame but is absent in
the plasmids above. The conserved aspartyl
active site residues are shown by L91 to G95.
P69 is the proposed amino terminus and F167
the carboxyl terminus of the 11-kDa PR form,
p1l. Peptides defined by sequences I and II
were used to raise antisera as described in
Experimental Procedures. One-letter amino
acid symbols: F, Phe; R, Arg; E, Glu; D, Asp;
L, Leu; T, Thr; G, Gly; N, Asn; P, Pro; Q, Gln.

plasmid. The Bgl II/BamHI hybrid site thus generated is no
longer recognized by either restriction enzyme, and the
plasmid retains a single Bgl II site 5' to the PL promoter.
pPT3, a derivative of pPol3, contains pol information up-
stream of the RT sequence and was made in the following
manner. pPol3 was treated with Bgl II and Dra I restriction
endonucleases to produce a 780-bp fragment containing the
PL promoter and all but the final 7 nucleotides of the PR
coding region. Complementary oligonucleotides were syn-
thesized to regenerate the missing nucleotides, provide a
translational termination codon, and add a Sal I restriction
site. This 785-bp DNA was then ligated to the 3711-bp Sal
I-Bgl II fragment of pEV-vrfl. pPT3 was modified to create
pPTAN, which encodes only an 11-kDa protein that includes
the consensus aspartyl protease active site. It was con-
structed by the oligonucleotide-directed deletion of pPT3
double-stranded DNA (22) to delete pol sequences between
Phe-4 and Pro-69 (Fig. 1). pBcpol3 was constructed from
pPol3 and contains most of the po1 region except for the
sequence encoding the PR active site. It was produced by
digesting pPol3 with Bcl I and Pst I and ligating the 3608-bp
fragment to the 1033-bp Pst I-BamHI DNA of pEV-vrf3.
pBcpol3 was modified to produce pBPT11, which includes
information for the 11-kDa (pl) form of PR. This was
accomplished by digesting pBcpol3 with Bgl II, treating with
Bal-31 exonuclease (IBI) to create blunt ends, and digesting
with Pst I. The resulting 3893-bp fragment was ligated to the
2748-bp Pst I-Pvu II DNA of pPTAN, which contains the
entire pl transcriptional unit.
Antibody Production. Two peptides corresponding to two

hydrophilic regions of the probable PR domain were synthe-
sized using a Vega model 1000 peptide synthesizer and
purified by HPLC. Peptide I (Thr-Arg-Arg-Glu-Leu-Gln-
Val-Trp-Gly-Arg-Asp-Asn-Asn-Ser-Pro-Ser-Glu-Ala-Gly-
Ala-Asp-Arg-Gln-Gly) represents amino acids 39-62, and
peptide II (Gln-Leu-Lys-Glu-Ala-Leu-Leu-Asp-Thr-Gly-
Ala-Asp-Asp-Thr-Val-Leu-Glu-Glu-Met-Ser-Leu-Pro-Gly)
represents amino acids 86-108 of the po1 open reading frame
(Fig. lb). Peptide II includes the consensus sequence found
in aspartyl protease active sites. Each peptide was conju-
gated to a carrier protein, keyhole limpet hemocyanin (23).
Antisera were raised in rabbits and used without purifica-
tion. Polyclonal rabbit serum against a RT precursor was

kindly provided by J. Mous and S. LeGrice and gag p24
monoclonal antibody was obtained from J. J. Burckhardt, all
of F. Hoffmann-La Roche (Basel).

Gel Analysis of Proteins. pol protein synthesis and pro-
cessing in E. coli were examined by NaDodSO4/PAGE and
subsequent immunoblotting. Cell suspensions were mixed
with an equal volume of sample buffer (24) and treated at
100'C for 3 min. The indicated amounts were subjected to
NaDodSO4/PAGE (24) in 10% or 15% gels as noted in the
figure legends. Proteins were electrophoretically transferred
to nitrocellulose (Schleicher & Schuell) and probed with the
indicated antibody. In some cases, rabbit serum was pre-
treated to remove endogenous anti-E. coli antibodies by
incubating the serum with a 20-fold excess of an E. coli
lysate (containing 10 mg of protein per ml and obtained from
Bio-Rad) for 30 min at 40C and then diluting prior to use.
Second antibody was the appropriate IgG coupled to horse-
radish peroxidase (Boehringer Mannheim). Development
was with 4-chloro-1-naphthol (Sigma) and H202.
In Vitro Assay for PR Activity. Bacterial cultures contain-

ing pRK248cIts with or without pPTAN were induced for 80
min and stored as described above. A 200-plI aliquot of each
was brought to 1 mM dithiothreitol, 1 mM EDTA, 50 mM
NaCl, and 2.3 mM phenylmethylsulfonyl fluoride in a final
volume of 220 Al. The cells were broken by five 20-sec
sonication bursts, and cellular debris was removed by cen-
trifugation at 15,000 x g for 15 min in a microcentrifuge at
40C. HIV gag precursor was produced in E. coli as described
(25). After purification, gag consists primarily of three spe-
cies as observed by NaDodSO4/PAGE: full-length p56, p53,
and p44. The amino termini of p56 and p53 are identical (25).
Upon immunoblotting with monoclonal antibody to virally
produced gag p24, many more species are apparent (Fig. 4,
lane A). The antibody reacts most strongly with a truncated
p26, which is barely visible on Coomassie blue-stained gels.
Poor reactivity of the antibody to the major species is most
likely due to masking of the p24 epitope in the larger
proteins. Protease digestions were carried out with 12 pug of
gag protein and 50 pug of crude extract protein in 100 mM
sodium phosphate, pH 6.0/5 mM dithiothreitol for 2 hr at
370C, fractionated by NaDodSO4/15% PAGE, and immuno-
blotted as above with monoclonal antibody recognizing gag
p24.
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peroxide were used for staining purposes, by their
*characteristic positional relationships on paper and
were quantified by photometric analysis of the
stained filter paper strips.
Using these techniques a quantitative study was

made in human subjects of the distribution and
transport of intravenously administered hemo-
globin. The observations made showed that hemo-
globin was transported in plasma in a protein-
bound form (PBH) and in a free, unbound state;
that the binding of hemoglobin by plasma proteins
was limited to a maximum hemoglobin concentra-
tion which averaged 128 ± 25 mg. per cent; that
free hemoglobin did not appear in plasma until this
binding capacity was exceeded; and that methemal-
buminemia often developed, but only in association
with the appearance of free hemoglobinemia.
From an analysis of rising and falling plasma

hemoglobin levels, PBH was found to disappear
slowly from circulating plasma and was distributed
in extravascular sites, but was not excreted. Free
hemoglobin disappeared from plasma at a faster
rate than PBH and was excreted in the urine.

These observations emphasize the differential
transport and distribution of free and protein-
bound hemoglobin in circulating plasma. The
methods employed provided quantitative informa-
tion concerning these phenomena and may be
used for further study of hemoglobin metabolism
and physiology.
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Bcl I site abolishes PR activity (7). The consensus PR active
site is not contained in this region, but several processing
sites are (PR/RT and RT/IN junctions and the unmapped
additional site in RT; Fig. 1). Expression of the pol region of
pBcpol3 over time was examined by using antibodies to HIV
RT (Fig. 3a). By 15 min (lane B) a predominant 83-kDa
precursor and minor fragments are evident. The proteins are
relatively stable as reflected by only minor changes until a
generalized proteolysis is observed at 120 min (lane E).
When the pBcpol3 plasmid is modified (pBPT11, see Exper-
imental Procedures) to include the independent PR tran-
scriptional unit from pPTAN, the p1l PR is expressed as a
separate protein (Fig. 3b). In E. coli containing pBPT11, the
fate of the p83 precursor is quite different: the precursor is
quickly processed (<15 min), and major species at 66 and 51
kDa appear to be stable. These sizes are consistent with
those for authentic active RT previously shown to be pro-
duced in HIV virions (15, 16), E. coli (29-31), Bacillus
subtilis (32), and yeast (33). In fact, when expressed in this
fashion, all RT products are indistinguishable from those
made in pPol3 strains (Fig. 3a, lane L).
The activity of p1l PR also was detected in vitro by

incubation of E. coli crude extracts with HIV gag substrate
(Fig. 4). gag purified from E. coli consists primarily of p56
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precursor and two truncated forms, p53 and p44 (ref. 25 and
Experimental Procedures). They carry gag p24 epitopes but
react poorly with a p24 monoclonal antibody (lane A). A
family of minor species are also visualized by reaction with
p24 monoclonal antibody; the smaller gag species may arise
from cryptic premature termination and/or internal reinitia-
tion events during protein synthesis or by proteolysis during
purification. When control extracts of heat-induced E. coli
are incubated with gag, only minor degradation is observed
(Fig. 4, lane B). On the other hand, extracts containing PR
specifically process gag (arrows), most notably the full- and
near-full-length precursors. The full-length p24 (top arrow)
and other p24 truncated proteins are stable under these
conditions up to 20 hr at 370C, as are the vast majority of E.
coli proteins (data not shown), again attesting to the speci-
ficity of PR and the general lack of nonspecific proteolysis
by bacterial proteases. Similar observations on the stability
of avian retroviral precursors synthesized in E. coli were
made by Alexander et al. (34).

DISCUSSION
The important role of retroviral PR in the maturation of
infectious virus is clear; however, we do not yet understand
how the intrinsic protease activity in gag-pol is suppressed
prior to viral assembly or how it is subsequently activated
after budding. Identifying the requirements for PR activity
and specificity may help to elucidate these mechanisms. The
data presented here demonstrate that pol can be synthesized
and processed in E. coli to produce an 11-kDa protein
possessing an activity similar to that responsible for pro-
cessing gag and pol in HIV. This size is similar to that
reported for PR from murine leukemia virus (35) and avian
leukosis virus (36). The HIV p1l PR demonstrates apparent
fidelity and specificity both in vivo and in vitro on viral
substrates. Correct pol processing in vivo in E. coli is
dependent on HIV PR and is identical whether PR is
provided in cis (intramolecular cleavage) or in trans (inter-
molecular cleavage) as p1l.
The same p1l is responsible for specific proteolysis of gag

substrates in vitro. E. coli-derived p1l specifically cleaves
synthetic peptide substrates containing the Phe-Pro con-
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FIG. 3. pol precursor is processed in trans by p1l PR. (a) The
indicated strains were induced and treated as before. Aliquots (15
Al) were electrophoresed in 10%6 gels and immunoblotted with a
1:1500 dilution of anti-RT rabbit antiserum (pretreated to reduce
background as outlined in Experimental Procedures). Cells were
induced for 0 min (lanes A and F), 15 min (lanes B and G), 30 min
(lanes C and H), 60 min (lanes D, I, and L), or 120 min (lanes E and
J). Arrows mark the positions consistent with the size of authentic
RT. (b) p1l PR is expressed from pBPT11 but not from pBcpol.
Aliquots (5 jul) of the above cells were electrophoresed in 15%
minigels. Serum II was pretreated as described prior to being used in
a 1:5000 dilution. Lane designations are the same as in a. Mobilities
of prestained molecular size standards are noted.
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FIG. 4. gag is processed by E.
coli extracts containing p1l. The
samples were treated and immu-
noblotted with monoclonal anti-
body specific for gag p24. Equiv-

_ alent amounts of gag were incu-
bated alone (lane A), with extract
lacking p1l PR (lane B), or with
extract including p1l PR (lane C).

* _ Arrows indicate species gener-
ated when p1l is expressed. The
top arrow marks p24. Positions of
prestained molecular size stan-
dards are noted.
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GROWTH HORMONE AND FATTY ACIDS
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FIG. 2. THE EFFECT OF GLUCOSE ON FATTY Acm VALUES
IN A DoG PRETREATED WITH GROWTH HORMONE

a dog anesthetized with sodium pentobarbital pro-
duced a fall in fatty acids from 1,400 to 180 pEq.
per L. in one hour and the value remained low
during the six hour infusion (Figure 2). A fall
in concentration of variable magnitude was ob-
served without glucose in dogs anesthetized with
pentobarbital, but the depressant effect of glucose
was much greater than that obtained with anes-
thesia alone.

In a similar experiment, but with insulin as well
as glucose in the infusion medium, the value again
fell despite prior growth hormone administration,
but large doses of epinephrine, 0.2 mg. and 0.25
mg. given 10 minutes apart intravenously, caused
a rapid rise in fatty acids despite the continued
infusion. Fatty acids rose from 250 jEq. per L. to
1,220 JLEq. per L. 30 minutes after the first in-
jection. Growth hormone differed from epineph-
rine, which had previously been shown to elevate
fatty acids (8, 9), in producing a slower response
and a more sustained rise after a single injection
and in the complete suppression of its effect by
glucose.

Alloxan diabetic dogs were more sensitive than
normal dogs to the effect of growth hormone. The
difference in sensitivity was more apparent when
sampling was performed seven hours after the daily
meal rather than after a 24 hour fast. Growth
hormone administered four hours before the de-
termination greatly increased the values in dia-
betic dogs but affected normal dogs only slightly.
In this experiment growth hormone elevated the

values before a spontaneous postabsorptive rise
occurred, suggesting that food suppresses the
growth hormone effect less effectively in the dia-
betic dog.
The diabetic dogs responded to the smallest

doses of purified growth hormone preparations
used, 0.03 mg. per Kg. Fatty acid values in dogs
were increased with purified preparations of por-
cine, bovine, human and simian growth hormone
in contrast to the values in man which were af-
fected only by the human and simian materials.
The responsiveness of dogs to human growth hor-
mone appeared to diminish over some weeks with
repeated injections, whereas human subjects
showed no loss in sensitivity over much longer
periods.

Studies in man

The fasting value of plasma fatty acids in man
was increased within four hours by the injection
of human growth hormone. Fasting samples were
obtained between 8:00 and 10:00 a.m.; the test
substance was then administered intramuscularly
and another blood sample was obtained four hours
after the injection.

In the first group of 11 tests in five subjects, the
average plasma fatty acid value rose from 555 pEq.
per L. to 1,107 JuEq. per L. following administra-
tion of 3 to 8 mg. of human growth hormone. In
an equal number of trials without hormone, the
average values were 642 JEq. per L. initially and
628 /,Eq. per L. four hours later. The individual

HOURS 0 4 0 4

FIG. 3. EFFECT OF 3 To 8 MG. OF HUMAN GROWTH
HORMONE ON FASTING PLASMA FATTY AcID VALUES IN
HUMAN SUBJECTS
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