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A B S T RA C T Hageman factor (factor XII) is acti-
vated by exposure to surfaces such as glass or by solu-
tions of certain compounds, notably ellagic acid.
Changes in the structure of Hageman factor accompany-
ing activation have been examined in this study by cir-
cular dichroism spectroscopy. The spectrum of unacti-
vated Hageman factor in aqueous solutions suggests that
its conformation is mainly aperiodic. Various perturbants
altered the conformation of Hageman factor in differing
ways, demonstrating the sensitivity of Hageman factor
to its environment.

After activation of Hageman factor with solutions
of ellagic acid, a negative trough appeared in the region
of the circular dichroism spectrum commonly assigned
to tyrosine residues, along with other minor changes in
the peptide spectral region. Some of these changes are
similar to changes that occurred upon partial neutraliza-
tion of the basic residues at alkali pH. Activation of
Hageman factor by adsorption to quartz surfaces (in
an aqueous environment) also produced changes simi-
lar to those in the ellagic acid-activated Hageman factor,
including the negative ellipticity in the tyrosine region.

These observations suggest that the activation process
may be related to a change in status of some of the basic
amino acid residues, coupled with a specific change
in the environment of some tyrosine residues. The im-
portance of these changes during the activation process
remains to be determined. The sensitivity of Hageman
factor to its environment is consistent with the view
that the initiation of clotting by exposure of plasma
to appropriate agents is brought about by alterations in
the conformation of Hageman factor that occur in the
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apparent absence of Fletcher factor or other recognized
clotting factors.

INTRODUCTION
Hageman factor (HF,1 factor XII) is a plasma protein
needed under appropriate circumstances for the initiation
of the intrinsic blood clotting system (1), the formation
of a plasma kallikrein from its precursor (2), and the
generation of fibrinolytic activity via activation of HF-
cofactor (3). The purified protein has a mol wt of ap-
proximately 80,000, but little physical information is
available concerning its shape, structure, or mechanism
of activation (4-7). Earlier studies have suggested
that activation of HF is accompanied by a change from
hydrophilic to hydrophobic behavior (7-9).

HF may be activated by adsorption onto certain
surfaces, by mixture with some materials in solution,
or by fragmentation with proteolytic enzymes such as
plasmin and trypsin (6, 10). This communication re-
ports studies of the conformation of HF in unactivated
and activated states under circumstances designed to
shed light on the conformation of this protein and
changes in conformation under the influence of per-
turbants. The method used was transmission circular
dichroism (CD), examining adsorbed films in a specially
designed cell (11).

METHODS
Materials. Unactivated HF was prepared from human

oxalated plasma as described recently (12). The prepara-
tions used had specific activities of 31-59 U/mg protein
(1 U of HF clot-promoting activity is arbitrarily defined
as that amount found in 1 ml of a standard pool of citrate
plasma) (4) and contained no measurable amount of

1Abbreviations used in this paper: CD, circular dichro-
ism; HF, Hageman factor; 0, ellipticity.
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the other components of clotting, fibrinolytic, or kallikrein-
kinin systems, as determined by functional assays. The HF
was virtually all in the precursor state, the activated form
comprising less than 0.2% of the sample. Upon analytical
disk gel electrophoresis (13), two or three very closely
associated bands were observed in the y region (Fig. 1),
all of which apparently had HF clot-promoting activity
as tested by assaying 1-mm segments of replicate gels.
Portions were stored in silicone-coated polystyrene con-
tainers at - 70'C until needed and then dialyzed against
0.15 M NaCl for at least 4 h before spectroscopic studies
were conducted.

Ellagic acid, synthesized by Dr. James Crum, Case
Western Reserve University (14), was dissolved at a con-
centration of 10' Min 0.025 M Tris-HCl buffer (pH 7.5),
homogenized, and filtered through Whatman No. 1 paper.
The clear filtrate was used, usually in less than 2 h, at
room temperature.

HF fragments were prepared by digesting purified HF
with Enzite-trypsin (Miles Research Div., Miles Labora-
tories, Inc., Elkhart, Ind.) and separating the resulting
fragments on a Sephadex G150 column. The HF frag-
ments had a mol wt of approximately 30,000, and on ana-
lytic polyacrylamide gel electrophoresis three or four bands
were observed that migrated in the prealbumin region.
These fragments possessed strong prekallikrein-activating
activity but only very weak clot-promoting activity, as
reported previously (6, 10). The HF-fragments were dia-
lyzed against 0.15 M NaCl before use. The quartz disks
used were "far ultraviolet grade," 1 mmthick and i in
in diameter (Esco Products, Oak Ridge, N. J.).

CD spectroscopy is a technique that has found extensive
application in studies of polypeptide conformation in solu-
tion. Many good reviews of the theory and the biological

4*.HF activity

tracking
dye

FIGURE 1 Polyacrylamide gel electrophoretic pattern of
purified human HF. Two or three closely associated bands
are observed in the region, all of which apparently had HF-
like clot-promoting activity. (See Methods.)

TABLE I
Approximate Band Positions and Ellipticities for Polypeptidse

with Various Conformations

Conformation Wavelength Ellipticity

am deg cm'/dmol
Alpha helix 221 -30,000

209 -30,000
191 +60,000

Beta sheet 217 -20,000
195 +30,000

Extended helix 238 -200
216 +3,300
201 -40,000
196 +30,000

Random (proteins) -210 -8,000
197 -15,000

Average of some values taken from Ref. 31, 33, 61 and 62.

applications of CD spectroscopy are in the literature (15-
21). In essence, the technique measures the difference be-
tween the absorption of left- and right-hand circularly
polarized light (i.e., light in which the electric vector
describes a left- or right-handed spiral as it travels
through space) by the substance to be tested.

Ellipticity (e) is a measure of this difference in ab-
sorption of left- and right-hand circular polarized light
and is related to this difference in accordance with the
formula 0=3,298 (er- eg), where (L and ea are the ex-
tinction coefficients (i.e., a measure of absorbance of light)
of left- and right-hand circularly polarized light.

Generally, molar extinction coefficients (adsorption per
mole of peptide residues) are used in studies of proteins,
with the mean (average) mol wt; hence [0] is the mean
molar ellipticity.

Since [0] changes as a function of the wavelength of the
incident radiation, the resultant spectrum consists of a
series of bands, which are positive or negative depending
on whether eL or es is the greater in the specified wave-
length range. For polypeptides and proteins the electronic
transitions that absorb the incident radiation are located
in the ultraviolet region and are recorded on conventional
instruments between '190 and -'400 nm. The same elec-
tronic transitions that give rise to CD bands also absorb
unpolarized radiation, giving rise to ultraviolet absorption
bands at the same wavelength.

The wavelength, sign (positive or negative), and mean
molar ellipticity of the CD bands are known for some
specific conformations (i.e., structure of the protein chains).
The conformations commonly elucidated for polypeptides are
a-helix, fl-sheet, extended helix' and random forms. Table
I contains information concerning the average band posi-
tion and molar ellipticity for these conformations obtained

'The nomenclature extended helix is used here to de-
scribe the conformation of polypeptides and proteins in
the left-hand poly-L-proline, polyglycine, and charged helical
structures, each of which is said to consist of essentially
three peptides per turn of helix and each of which gives
a similar CDpattern.
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from a number of sources. It can be seen that all of these
bands occur substantially below 250 nut

The advances made recently in elucidating protein struc-
ture by CD have depended heavily on the calibration of
this technique by spectroscopy of model synthetic polypep-
tides and comparison of CD spectra with structural in-
formation derived from X-ray diffraction of proteins and
polypeptides (22-24). In performing a structural analysis
of proteins based on polypeptide information, cognizance
must be taken of perhaps four factors that complicate the
spectra.

First, proteins generally consist of a polypeptide chain or
chains, which contain(s) elements of more than one struc-
ture; thus, a-helix, 8-sheet, and perhaps extended helix
are more or less recognizable (though often distorted).
The remainder, and often the predominant chain conforma-
tion in proteins, is a fixed structure that is random, in
that it follows an irregular path, although it is not the ran-
dom "freely fluctuating" form of the polypeptide. This por-
tion of a protein is likely to have a CD spectrum similar
although not necessarily identical to that of the random
polypeptide.' We shall identify this structure as pseudo-
random, indicating that it is a unique structure of fixed
form but irregular shape.

The second important aspect of CD analysis of protein
structure is the recognition of the presence and behavior
of aromatic groups. The side chains of L-tyrosyl, L-phenyl-
alanyl, and L-tryptophanyl residues absorb ultraviolet radi-
ation and contribute to the CD spectrum. Often this con-
tribution is small or negligible, but if the aromatic groups
are located in an asymmetric environment or in positions
where they can interact either with charged groups or
with each other the aromatic contribution can be signifi-
cant (37, 38). The aromatic contribution to a CD spec-
trum is readily apparent in the spectral region above 225
nm, since polypeptide conformational ellipticity is small or
nonexistent in that region. Below 225 nm, however, strong
CD bands associated with peptide groups in a-helical and
,-sheet arrays generally obscure the less intense aromatic
contributions.

The third aspect of protein structure analysis by CD
spectroscopy is that many proteins including bovine HF
(39) contain some carbohydrate attached to the polypep-
tide chains. The main transitions that give rise to CD
ellipticity in carbohydrates are located at lower wave-
lengths than the main polypeptide transitions, and any
transitions from the carbohydrate that do occur in the
same spectral region are generally weak compared to the
polypeptide bands observed (40, 41). However, when the
carbohydrate content of a protein is high and the overall

'There has been considerable discussion in the literature
over the last 5 yr on the nature of the "random" conforma-
tion in polypeptides, and which conformational state of
synthetic polypeptides should be used as a model for the
portions of proteins which have no regular repeating
structure. Both theory (25-28) and experimental results
for proteins and polypeptides (e.g., 29-32) predict a variety
of CD spectra which might be observed for a random
optically active polymer. In this paper, in agreement with
some recent CD, infrared, and laser raman studies (33,
34),' we assume a random conformation to exist in suitable
polypeptides and proteins in high CaCl, concentrations,
and at high temperatures (35, 36). These conditions pro-
duce only weak negative optical activity above about 215
nm and a weak negative CD trough around 195 nm.

CD intensity from the polypeptide portion of the molecule
is low, contributions to the CD spectrum from the carbo-
hydrate may be significant in the interpretation of the
protein spectrum.

The fourth aspect of protein structure inherent in CD
analysis is that polypeptide conformations give rise to
spectra that correspond to a specific conformation in a
defined environment. Often a protein contains distorted
conformations that may be buried in a hydrophobic region.
Both distortion and location in differing environments may
give rise to modifications of the spectral characteristics of
a specific conformation (31, 42). In addition, it is known
that the continuous length of an ordered segment of a pro-
tein has a more than proportional effect on the intensity of
the CDellipticity observed (43).

Because of these considerations, one must treat the
results of CD analyses of protein structure with caution.
Within these limitations, however, useful predictions of
protein secondary structure have been made, which corre-
late fairly well with X-ray diffraction results (22, 23). In
addition to secondary structure, substantial information re-
lating to denaturation, ionization, binding, and ligand inter-
action may be deduced by the use of circular dichroism
spectroscopy (37, 44, 45).

The CD spectrum of HF in 0.15 M NaCl presented in
the Results section was obtained as follows: 0.21 ml of
HF (0.22 mg/ml in 0.15 M NaCl) was transferred from
the polystyrene storage tube to a clean Polybrene-coated
(hexadimethrine bromide, Aldrich Chemical Co., Inc.,
Milwaukee, Wis.) 5-mm jacketed CD cell with a poly-
styrene graduated pipette (Falcon Plastics, Oxnard, Calif.)
or glass pipette previously rinsed successively with a solu-
tion of Polybrene (2 mg/ml) and distilled water. 0.21 ml
of 0.15 M NaCl was added to the HF solution and mixed
by withdrawing and replacing the solution in the cell with
the pipette several times. The cell was placed in the CD
machine (JASCO J20 spectropolarimeter with 0.001° ellip-
ticity maximum sensitivity, Durrum Instrument Corp.,
Palo Alto, Calif.) and connected to a temperature-controlled
methanol/water bath. To record the spectrum below 200
nm, the sample was further diluted to 0.055 mg/ml.

The spectrum of HF was then analyzed into its com-
ponent bands with the help of a DuPont 310 Curve Re-
solver (E. I. DuPont de Nemours & Co., Wilmington,
Del.). In this analysis, we made the assumption that the
waveforms were Gaussian and had a width at half height
of 14 nm; this width and shape of band fit most of the
CD bands clearly observed between 185 and 250 nm. The
bands thus resolved cannot be considered to be the only
possible bands that would fit our data, but holding the
width constant and decomposing the spectra into the least
number of Gaussian curves appeared to give fairly repro-
ducible results. The molar ellipticities and band positions
(or wavelengths) for a number of spectra obtained from
different lots of HF were averaged, and the tabulated data
are presented in the section on Results.

Clean CD cells were obtained by soaking the cells in
concentrated sulfuric acid/nitric acid solution (10:1). The
CD cells were then rinsed by passing a running stream
of distilled water through the cell for 3 or 4 min and then
dried with dry N2. The dried CD cells were coated with
Polybrene to prevent activation of the HF by the quartz
surfaces of the CD cells. The clean CD cells were filled
with a 2 mg/ml solution of Polybrene, emptied, rinsed
with a stream of distilled water for 3 or 4 min, and dried
with dry Ns.
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Acidic and basic pH spectra were obtained by adding a
small drop of concentrated hydrochloric acid or sodium
hydroxide to the HF solution. The pH was measured be-
fore and after the CD recording. The molar ellipticities
were calculated with the bands' wavelength and ellipticities
as determined by the curve resolver.

The effect of temperature on HF was determined by
varying the temperature of HF in 0.15 M NaCl from 50C
to 90'C. Spectra were obtained at approximately 50 in-
crements; the total time spent at each temperature was
about 30 min. After reaching equilibrium, usually three
scans were made at each temperature. These scans indi-
cated that the sample spectrum did not change with time.

The effect on HF of solvents inducing a-helix formation
was examined by diluting the HF solutions (in 0.15 M
NaCl) with various amounts of trifluoroethanol (Mathe-
son Co., Inc., East Rutherford, N. J.). Methanol was also
used to induce a-helix formation.

The effect of disrupting the a-helical content of HF
(in 0.15 M NaCl) was examined with the aid of solutions
of urea at concentrations ranging up to 6 M. Spectra were
obtained at intervals of 0.5-1.0 M urea, and molarity was
corrected for new total volume.

HF fragments were examined at a concentration of 0.02
mg/ml in 0.15 M NaCl. NaOHwas added to obtain a CD
spectrum at pH 11.8.

Solutions of activated HF were prepared by diluting a
10' M ellagic acid solution in 0.025 M Tris-Cl buffer (pH
7.5) with the same buffer to give a 10' M ellagic acid
solution. The solution was then heated to 37° C, and a
base-line CD spectrum was obtained. To 7.5 ml of this
solution was added 0.4 ml HF saline solution (0.22 mg
HF/ml), and the activated HF CD spectrum was mea-
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TABLE I I
Amino Acid Analyses of HumanHF

Speer
Amino This et al.

acid study (47)

Cys 4.240.8* 0.7
Asp 6.34±0.8 8.9
Thr 5.840.3 8.1
Ser 8.5±4-1.5 10.6
Glu 11.3±0.6 11.1
Pro 8.9±i0.9 5.8
Gly 10.5±2.0 13.3
Ala 9.2 ± 1.9 7.9
Met 0.1±0.1
Val 5.4±0.4 5.4
Ile 1.4±0.1 3.7
Leu 7.6±0.9 6.5
Tyr 2.8±0.2 2.2
Phe 2.9±0.1 3.4
Lys 4.2+0.2 6.3
His 4.5±0.8 2.1
Arg 5.9±0.5 3.4

The techniques used did not permit estimation of tryptophan.
* Standard deviation of three lots of human HF tested.

sured in a 10-cm cell. The activation of HF was deter-
mined by a standard HF clot-promoting assay by com-
paring the 10' M ellagic acid solution to the clot-promoting

pH 11.0
«J ~ ~~~~~~~ 0 a

200 225 / 0 250

//
I

I

7/H 1.1l/
I

/

275

WAVELENGTH(nm)
FIGURE 2 Left: A typical solution CD spectrum of HF in normal saline solution at 20OC
and neutral pH. Right: The CD spectrum of HF under basic conditions of pH 11.0 ( i1xuju)
and under acidic conditions of pH 1.1 (
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TABLE III
Average Resolved Band Intensities of HF

Wavelength Molar ellipticity

am deg cm2/dmol

Solution, neutral pH, 20'C
257 (-) 250
239 (-) 250
227 (±) 960
216 (-) 1,100
202 (-) 4,000

Solution, pH 1.1
234
225
217
203

Solution, pH 11.0
274
259
243
237
221

(-)
(-)
(-)
(-)

(+)
(±)
(+)
(-)
(-)

510
640

1,450
3,000

70
310
520
370

1,000
Solution, ellagic acid activated

299 (-) 230
289 (-) 530
265 (+) 390
253 (+) 460
226 (+) 600
215 (-) 800

Adsorbed, dry
279
239
228
217
204

(-)
(-)
(-)
(-)
(-)

Adsorbed, under water

275 (-)
243 (+)
232 (+)
217 (+)
205 (-)

220
260
750

1,600
3,700

220
750
640
700

1,050
Solution, trifluoroethanol (15%)

237 (-) 380
227 (-) 2,000
218 (-) 4,000
205 (-) 7,700

ability of various dilutions of HF measured in the pres-
ence of kaolin (4).

Clean quartz disks were obtained by placing the disks in
a concentrated HsSOVHNOssolution for several moments.
Distilled water was added slowly while this solution was
mixed. The disks were then rinsed in a stream of distilled
water for 3 or 4 min. The disks were dried with paper

towels, and the entire procedure was repeated. If a non-
protein polymer had been in contact with the disks, ace-
tone was substituted for the H2SO4/HNOs in the above
procedure between the two acid treatments.

Adsorbed HF was prepared by immersing the clean
quartz disks (usually 15 disks) one at a time in 0.3 ml of
HF solution (0.22 mg/ml in 0.15 M NaCl). After ap-
proximately 15 s, the disks were removed and submerged
6-10 times in 1 liter of distilled water. The disks were
then dried either with dry N3 or by evaporation on their
edges on a paper towel.

Adsorbed spectra of HF were obtained by using 15
quartz disks (30 surfaces) to which HF had been ad-
sorbed. Since there was variation in the size of the quartz
disks and in the grooves of the Teflon disk holder, care
was required to match the quartz disks with grooves that
would hold the disks perpendicular to the light beam of
the CD machine to reduce depolarization and scattering
and yet not apply such pressure as to induce stress bi-
refringence. The disks were selected to fit the grooves in
such a way that only light pressure was required to insert
the disks in the cell and the disks would not fall out of
the cell when it was inverted and tapped lightly. A detailed
description of the multidisk system has been presented
earlier (11).

This cell, with disks in place, was then placed in the CD
beam and scanned from 325 nm to 290 nm (a region where
there should be zero optical activity). If the CD on highest
sensitivity (0.0010/cm) showed less than 1 cm and prefer-
ably less than 0.5 cm displacement throughout this region,
the intrinsic birefringence of the disks was assumed to be
zero, and the CD spectrum of the adsorbed protein was
measured. If greater than 1 cm displacement occurred, the
disks were emptied from the cell and reinserted into dif-
ferent grooves until a flat base line at high wavelength
was obtained.

To obtain the wet (partially solvated) adsorbed HF
spectrum, the end retaining plates (including quartz disk
windows) were attached to the cell with the disks in
place. A spectrum was run in this condition to assure that
no additional stresses had been placed on the system. The
cell was then filled with distilled water or 0.15 M NaCl,
and the wet adsorbed spectrum was obtained. The fluid
was then emptied, and the disks, still in the cell, were dried
with N2, and another dry spectrum was measured to assure
that no protein had been desorbed into the solution. These
spectra were then analyzed with the DuPont 310 Curve
Resolver to determine the position and intensity of the
component CD bands. The resolved positions and intensi-
ties from several spectra were then averaged. Again with
the curve resolver, the averaged bands were recombined
to give the spectrum presented.

The amino acid analyses of HF were carried out with
a Durrum D500 Amino Acid Analyser (Durrum Instru-
ments). The amino acid analysis of HF given (Table II)
is the average of analyses performed on three different
lots of HF. Two lots of 50 Aeg HF (52 and 59 U/mg)
were dissolved in 0.5 ml 0.15 M NaCl and brought to 6 N
with hydrochloric acid. These samples were flushed with
nitrogen in a sealed tube and heated at 80'C for 10 h
in a heated oil temperature block. The samples were then
subjected to a vacuum for 24 h with a mechanical oil
pump, and lyophilized from the frozen state. The samples
were dissolved in 100 gl of Na citrate buffer (pH 2.2),
the backup buffer for the amino acid analyzer, and centri-
fuged in a Beckman 152 microfuge. 20-ALl samples were
loaded into the analyzer. The computer print-out was in
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FIGURE 3 Left: The CD spectrum of HF at neutral pH, normal saline solution at 100C
(-- ), 37'C (- ), 65'C ( He), and 90'C (-. ). Right: A plot of the
molar ellipticity [0] of the 227 nm band as a function of temperature, showing a melting
temperature (i.e. the temperature at which the ellipticity of the 227 nm band is midway
between its maximum and minimum ellipticity) of approximately 53'C.

nanomoles of each amino acid; these values were converted
to percentages. Since tryptophan is destroyed by acid hy-
drolysis and since some cysteine is converted to cysteic
acid, no value for tryptophan is reported, and the cysteine
value reported is the sum of the cysteine and cysteic acid
found after the acid hydrolysis.

The third lot (0.15 mg of 53 U/mg HF in 0.5 ml barbi-
tal-saline buffer containing 10' M EDTA) was hydro-
lyzed in 6 N hydrochloric acid, lyophilized, dissolved, cen-
trifuged, and relyophilized (Microbiological Labs, Inc.,
Maple Heights, Ohio). It was then dissolved in 150 jAl
(1.0 mg/ml) of lithium citrate backup buffer (pH 2.2), and

20-jul samples were assayed on the amino acid analyzer.
Assays of clotting, fibrinolytic, and kallikrein-kinin com-

ponents were performed as summarized recently (46).

RESULTS
Amino acid analysis of human HF. The average

amino acid analysis of the three lots of human HF is
given in Table II, along with the associated SD for
each value. The average SD was found to be 0.71%.
Also listed for comparison are the values previously
published for the amino acid analysis of human HF by
Speer, Ridgway, and Hill (47). Weagree on the large

number of charged residues present, but discrepancies in
the amounts of several residues, most notably cysteine,
were observed.

Solutions of unactivated HF. A typical CD spectrum
of HF in 0.15 MNaCl solution at neutral pH and 20'C
is shown in Fig. 2. The general shape and intensity of
the curve indicated a large pseudorandom component in
the protein. Analysis of many such spectra of HF revealed
six resolvable CD bands, as indicated in Table III.
Below 250 nm, only the 227 band was positive in ellip-
ticity. The overall intensity of the protein conformational
bands was low, with a maximum intensity of around
4,000 deg cm2/dmol for the 202 nm band (calculated with
a mean residue mol wt of 106 as determined by amino
acid analysis).

The spectrum changed at both basic and acidic pH, as
shown in Fig. 2. Under acidic conditions, the 227 nm
band had a negative ellipticity, while the rest of the
spectrum remained essentially the same as the neutral
spectrum. The CD spectrum of HF at basic pH, Fig. 2,
displayed positive bands around 237, 243, and 259 nm.

Secondary Structure of Human Haperman Factor
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FIGURE 4 The CD spectra of "activated" HF under dif-
fering conditions, each of which may be argued to be the
"activated" H1F spectrum. These are: 1O' M ellagic acid
solution of HF ( adsorbed monolayers of HF on
quartz-dry ( --- ), and adsorbed monolayers of HF on
quartz with the monolayers in contact with water (- ).

The effect of elevated temperature is generally to
cause partial or total denaturation of protein structure.
For HF, an increase in temperature to 90'C caused a
gradual dimunition of the 227 nm band like that caused
by the decrease in pH (Fig. 3), with the high-tempera-
ture spectrum containing a negative 227 nm band. Even
at 950C, however, the ellipticity of the negative trough at
202 nm remained constant or perhaps became enhanced,
and red shifted slightly. From 100 to 20'C, but not at
370C, a small positive ellipticity ([O]-130) was ob-
served in the 275-300 nm region of the CD spectra.

Addition of a solvent that induced a-helix formation,
trifluoroethanol, 15% by volume, produced a spectrum
with a negative 227 nm band as well as negative bands
at 205 and 218 nm (Table III). Although less than 15%
trifluorethanol was required to perturb the CD spectrum
of HF, more than 25% methanol (a weaker a-helix-
inducing solvent) was required to produce similar
changes in the spectrum.

A study was conducted on HF to ascertain its reac-
tion to urea, classically used to denature proteins (48,
49), although there is still a controversy concerning the
true action of urea on polypeptides and proteins (34).
Addition of up to 6 Murea did not change significantly
the CD spectrum obtained, that is to say, the positive
227 nm band did not disappear nor did that portion of
the 202 nm trough which could be observed.

Ellagic acid-activated hageman factor. The CD spec-

trum of an ellagic acid-activated HF solution is shown
in Fig. 4. 10' M ellagic acid in Tris-Cl buffer was
about 20% as effective as incubation with kaolin (10
mg/ml), measured in the clot-promoting assay, in the
activation of HF. Ellagic acid, although having absorp-
tion bands at 253 nm and 276 nm, has no optical activity
and thus no CD spectrum in the regions examined. The
ellagic acid-activated HF spectrum differed from that
of normal unactivated HF mainly in the high wave-
length region (Table III), where bands appeared at
299 (-), 289 (-), 265 (+), and 253 (+) nm. In ad-
dition, the 227 nm band was slightly decreased in
ellipticity.

Trypsin-activated HF (fragments). The HF frag-
ments produced a CD spectrum in which negative
troughs occurred at 235 nm as well as around 202 nm.
The negative trough at 235 nm became increasingly
negative as the pH was raised, ranging from [0]=
-920 at pH 7.2 to [8]=- 3,200 at pH 11.8.

Surface-activated Hageman factor. Adsorbed mono-
layers of HF were prepared on quartz discs and were
examined in the multidisk CD cell in both the dry and
wet (partially solvated) states. Earlier studies have
indicated that approximately a monolayer of protein
adhered to each exposed surface (11), in agreement
with the results of previous ellipsometry experiments
(50, 51). Wet films were examined in the presence of
water or aqueous saline solution.

Although the spectra of the dry and wet adsorbed HF
differed, these differences did not represent irreversible
conformational changes. Thus, when the wet preparation
was dried, its spectrum reverted to that of the dry HF
and vice versa. These observations also indicated that
none of the adsorbed protein was released into solution
while it was in the wet state. The two spectra are
illustrated in Fig. 4. In the dry state, the major change
in the spectrum compared with the solution spectrum was
the disappearance of the 227 nm band. The effect was
thus similar to that produced by elevated temperatures,
acidic pH, or fragmentation of HF by trypsin. In the
wet spectra of adsorbed HF, however, two positive bands
(232 and 244 nm) and a negative band (275 nm) oc-
curred at high wavelengths, while there appeared to be a
decrease in the troughs at 202 and 216 nm (Table III).

DISCUSSION
Studies of the conformation of Hageman factor, utiliz-
ing CD spectroscopy, demonstrate changes upon activa-
tion of this factor by quartz surfaces or by solutions of
ellagic acid. The observed changes in CD spectra dur-
ing activation, evidence that conformational changes
have occurred, may be interpreted in several ways.

Unactivated HF spectra. The CD spectrum of HF
in 0.15 MNaCl at neutral pH at 370C or less had a low
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overall ellipticity, suggesting that the protein has a low
content of regular structure. It may be concluded, there-
fore, that the protein was predominantly in a pseudo-
random conformation.

An important feature of the CD spectrum of unacti-
vated HFwas a positive band at 227 nm, in contradistinc-
tion to most globular proteins. The origin of this band
is not clear. Three possible sources of a 227 nm band in
spectra of HF are aromatic residues, most likely tyro-
sine, chromophores associated with carbohydrate groups,
or the polypeptide secondary structure of the HF mole-
cule. A clear choice among these possibilities cannot
yet be made.

Tyrosyl groups are known to display a CD band at
227 nm. When solutions containing tyrosine are made
basic, this tyrosine band shifts toward the red, and other
tyrosine bands, observed at higher wavelengths, are also
altered (52, 53). It is possible that tyrosyl groups are
responsible for the 227 nm band observed in unactivated
HF. But less than 3% of the residues of this protein
were tyrosine, despite the relatively high molar ellipticity
observed at 227 nm. Further, when HF was adsorbed
to quartz disks and dried or was examined in solution
at high temperatures or acidic pH's a negative 227 nm
band was observed. In contrast, studies of model com-
pounds containing tyrosine have always displayed a
positive 227 nm band (18, 54, 55). Thus, evidence that
tyrosine groups are responsible for the 227 nm band is
equivocal. Because other aromatic residues and cysteine
could also contribute to the CD spectrum in this region
(15), the possibility that the 227 nm band arose from
a combination of these agents cannot be ruled out.

Bovine Hageman factor contains about 15% carbohy-
drate (39), and chromophores associated with carbo-
hydrates can have electronic transitions in the vicinity
of 227 nm (16, 40, 41). The molar ellipticity of these
carbohydrate bands is usually weaker than that ob-
served in this region in studies of HF. Further, we are
not familiar with conditions which would change the
sign of ellipticity of such carbohydrate chromophores as
is observed for HF. Thus, no substantial evidence sug-
gests a role for carbohydrate chromophores in the gene-
sis of the 227 nm band.

A third possible source for the 227 nm band is the
polypeptide secondary structure of the HF molecule.
One possible structure, the polyproline II conformation,
a 3i helix (that is, a helix with 3 residues per turn)
that exists in some fibrous proteins, has a positive elip-
ticity of 3,300 deg cm2/dmol at 226 nm. The observed
1000 deg cm!/dmol ellipticity of the 227 nm band in HF
would require that this protein contain a substantial quan-
tity of proline were this structure present, but HF in fact
contained only 9% proline. In addition, this structure
has not been observed in those globular proteins in

which the secondary structure is known by X-ray
diffraction.

It has been suggested recently that poly-L-lysine in
its charged form and other noncharged polypeptides
that display a positive band at about 217 nm exist in a
loosely organized conformation with short range order
resembling a 31 helix (33-36, 56, 57).' Charge repulsion
contributes to the stability of this conformation in some
of these polypeptides. In view of the high content of
charged residues in HF (30% basic and acidic residues),
the possibility exists that a charge-stabilized conforma-
tion occurs in HF. Thus, the two polypeptide conforma-
tions known to produce a positive CD band in the 227
nm region of the spectrum are both related to a 3i helix.

A charge-stabilized conformation could account for
the observed properties of the 227 nm band, independent
of the presence of tyrosyl groups. The molar ellipticity
of the 227 nm band is consistent with the interpretation
that approximately 30% of the residues are in this con-
formation. If this conformation exists, it is apparently
very sensitive to its environment. Thus, the conforma-
tion was destroyed by neutralization of its charges by
shifting the pH to acidic or basic regions. Further, it
was destroyed by nonaqueous solvent, by removing sol-
vents, and by fragmentation with trypsin and heating.
On the other hand, the addition of 6 M urea did not
appear to affect the 227 nm band, an observation that
could be consistent with the presence of this conforma-
tion (35). A stumbling block to this interpretation is
that the position of the band, 227 nm, was about 10 nm
higher than that usually reported for charged poly-
peptides.

At higher wavelengths, at which electronic transitions
attributed to aromatic amino acid residues usually take
place, only minimal optical activity was noted at the
concentrations of HF tested. This indicated that the
aromatic residues (5.6% of HF) were probably in posi-
tions in which their electronic structures were not
greatly perturbed by their environment, as might be true
if they were in the random portions of the molecule
(37, 58) or buried within the interior of the molecule
(15). At basic pH's, the aromatic portion of the CD
spectrum of HF showed greater ellipticity than at neu-
trality, indicating that ionization had occurred and that a
slightly different environment for the aromatic residues
may have existed under these conditions.

The activation of HF. The crux of the present study
was the demonstration that activation of HF was ac-
companied by a change in the CD spectrum, which sug-
gested that conformational changes occurred during this

'Painter, P., and J. L. Koenig. 1974. The solution con-
formation of poly-L-lysine: raman and infrared spector-
scopic study. Submitted to Biopolymers.
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process. Both ellagic acid-activated and quartz-activated
HF showed larger aromatic ellipticities than those ob-
served with unactivated HF or with a mixture of
amino acids in the same ratio and concentration as in
HF. Spectra of trypsin-activated HF (HF fragments),
which were very weak clot-promoters but were strong
activators of kinin-generating systems, demonstrated
little optical activity in the aromatic region. The dif-
ference between the aromatic ellipticity in activated and
unactivated HF probably reflected a change in the
environment of some of the aromatic residues in this
protein. This change in environment may have been
related to increased hydrophobic behavior of activated
HF reported earlier (7, 8). At low temperatures, a
small aromatic band was observed that could not be
discerned at 370C (Fig. 3). Armstrong (59) has re-
ported that the kinin-generating system may become
spontaneously activated at low temperatures.

A tentative conclusion of the present studies, then, is
that the conformation and conformational transitions of
HF are susceptible to study by CD spectroscopy. HF
appeared to have little or no a-helix or f-sheet confor-
mation and was very sensitive to many perturbants. Our
preparations of HF appeared to contain either some
charge-stabilized structure, possibly on the surface of
the molecule, or a tyrosine band with unusual properties.
Upon activation, HF underwent a change in its con-
formation, and in this state, a change in the environ-
ment of some of its aromatic residues, most likely tyro-
sine, took place. The CD spectrum of trypsin-induced
HF fragments differed from those of activated and un-
activated HF, suggesting still greater changes had
taken place.

For many years, Hageman factor has been believed
to be the first protein involved in blood coagulation.
However, it has also been suggested recently that
Fletcher factor may act before Hageman factor in the
clotting of blood (5, 60), although we have expressed
contrary views (12). This study has shown that HF
has a secondary structure that is easily perturbed in
the absence of Fletcher factor by many conditions, in-
cluding activation by ellagic acid and quartz surfaces.
Other studies, still in progress, have indicated that both
PTA and kallikrein have secondary structures that are

not easily perturbed and are similar in many respects to
'v-globulin and other globular proteins. These observa-
tions are in harmony with the view that activation of
HF is brought about by changes in its conformation upon
contact with surfaces.

We must stress that this conformational analysis,
relying only upon the evidence of CD, is only a "most
probable" hypothesis based on our current, still limited
understanding of the relation between protein structure
and CDspectra.
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