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ASSTRACT

Unpolarlized infrared studies of the OH-stretching region
were conducted for kangaroo tendon collagen fibers having water
contents from maximum to minimum wetness. Spectral shapes were
found to be much different than that from liquid H?O. The
OH-stretching region for all walter contents shows the maximum
absorption as a relatively sharp band near 3630 + 20 cm.” )

A broad maxlmun also occurs near 3490 + 50 cm,-l followed by a
weak broad shoulder near 3100 + 100 cm.-1 The OD-stretching region

from dried collagen saturated with D,0 1s somewhat wcaker than the

2
OH reglon. Weveriheless, a fairly sharp band occurs near 2660 t+ 20
em~} and a broad band near 2350 + 100 em.”) The OM and OD features

1 and 2650 + 20 cm'1 are assigned to strongly bent

near 3630 + 20 cm”
O—H"*""0 and O0—D"* "0 units. The remwaining broad OH and 0D
absorption maxima refer to strong more nearly linear hydrogen bonds.
For H?O all OH features scen at maximum wetness were detected after
drying under vacuum with P205 for 136 hr, This and other observations

indicate that water 1s strongly bonded to collagen in a way structur-

ally unllke the hydrogen bonding present in puire bulk water,
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1. Welght Loss and\;n{yared OH Spectra.

A. Welilght Loss. The collagen flibers were immersed in water for

12 hr. The surface water was next rigorously removed with tissue
and the fibers air dryed for 10 min. The fibers were then welighed,
Thls welight corresponded to zero dessicating time. We next dessi-
cated the fibers for 16 hr over P205 under vacuum and reweighed
the fibers, and we repeated this procedure every 16 hr until 136

hr had elapsed. The desslcatlon results are shown in Fig. 1.

From Filg. 1 1s evident that the initlal weight loss was

very fast, However,\after 16 hr, or less, the rate of weight loss
was nearlyv coastant ang equal to - 0,858 x 13‘“ g/hr, according to
least square analysis. The rapid fall within 0 to 16 hr could, of
course, result {rom the rapid loss of surface water or other loosely
held water. However, some evlidence tc the contrary may arise from
Infrar=d spectra shown next. All infrared spectra were obtalilned at
increments of 16 hr dessicating time. The first infrared spectra

corresponded to zero time.
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B. Infrared OH Spectra. Infrared spectra are shown in

Filg. 2 for samples of collagen corresponding to (b) maximum

wetness, zero dessicating time, and (a) minimum wetness, 136

hr of dessicating time. The spectra refer to per cent transmission

versus vibrational frequency in cm'1 for the region from 2000 cm'l

1

to 4000 cm.” The spectra were obtalned by placing all of the

collagen fibers 1in parallel contact with each other on a metal
sample holder. The infrared Lambert absorption coefficient for
OH stretching 1s extremely large, and usually necessitates very
thin films, but the losses 1incurred because of the collagen
absorption made the experiments slimple, because only a relatively
small amount of infrared radiation suffered OH absorption, Of
course, scatterin_: due to the collagen 1itself, and other effects,
decreased the spectral quality somewhat.

Both the (a) and (b) spectra of Fig. 2 show visually similar
shapes. Only the intensity of the (a) spectrum is lower because of
the lower water content. Visual observation tnus indicates thnat
the main effect of drylng is simply an intensity decrease due to
loss of total water. However, computer analysis suggests that a
component near 3490 t+ 50 cm'1 may be concentration dependent, i.e.,
some loosely bound H20 was lost In the early stages of the dessi-
cation, Both spectra of ™g. 2 indicate comncnents near 3030 t+ 20,
3490 + 50, and 3100 *+ 100 cm,—1 which are the average values ob-
tained in all infrared gspectra of this work. Thus, from component
positions alone, we see no great spectral differences between zero

and 136 hr dessicating time.




For comparison with Fig. 2 the quantity (d),/é‘]r) for liquild
water obtalned by Crawford and Frech(l) is shown in Fig. 3(b). This
quantity 1s roughly equivalent to an absorbance spectrum because
20 does not vary much over the OH band, see the al.sorbance spectrum
of Fig. 3(a) which was independently obtained by Walrafen.(l)
Comparisons between Figs. 2 and 3 may be made desplte tne fact that
one refers to a transmisslon spectrum and the other to an absorbance
spectrum, These comparisons clearly indlcate that the collagen OH
spectrum contains many more contributions from oscillators in the

3400-380) cm'l region than liquid water. That is, the 3630 + 20

cm'1 feature from water in collagen 1s much stronger than the
corresponding liguld water feature, and there has also been a filling-

in between about 3370 and 3630 cm.”!

The comparisons between Flgs. 2 and 3 clcarly indicate that
water In collagen must have a structure greatly different from

that of liquid water.




2. Infrared Studles with D,0 in Collagen,

Samples of native collagen, that is, those not previously
employed in the H?O studles, were dessicated 2-3 days and then
j immersed in liquid D?O for 2 days in a dry box. Thls procedure |

minimized H 0-D20 exchange, which had caused trouble 1n early

2
work when samples saturated with D?O were left In contact with
? room alr., The native collagen samples were then rigorously
dried inslde the dry box with tissue, and transferred to the

] sample chamber of a Perkin-Elmer 180 Infrared instrument which ]

E was purged witn very dry nltrogen. An iInfrared transmittance

spectrum is shown in Fig, 4. |
. The spectrum of Fig. /s shows a relatively sharp feature
8

' near 2650 + 20 cm,”} plus a broad band at 2300 + 100 cm.”)

When D20 1s added to natlve collagen, it 1is reasonable

to expect that HDO will be formed by reaction of the D?O with
the H20 already present in the collagen. Infrared absorbance ﬂ
spectra of HDO in liquid HQO indicate OD components near 2610,
2510, and 2400 cm,'l see Fig. 5.(?) However, the 2610 om™ L
* component 1s extremely weak and corresponds to a shoulder

rather than to an absorption maximum--the absorptlon maximum
1

occurs at about 2520 cm. Again, comvarions between KFigs.
b and 5, indicates the spectrum of DO in collagen to be greatly
changed relative to HDO in llquid water., Much more Intensity

occurs at the higher frequenciles, as in the case for H?O in

collagen, comparea to ligutd HA,O,

The ratio of fasotope shilfts that we have obaerved for the
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sharp band from u?o in collagen compared Lo the corresponding

sharp band from HDO in collagen 1s 3630/2650 = 1.37. A value

of 1.37 has been found experlmentally to characterize O0H/0D
frequency ratlos, (3) The frequency value for the strongest
absorptlion of H?O in collagen is 3890 + 50 cm,—1 and the
corresponding value for HDO in collagen is 2350 ¢ 100 cm.-l

Here the isotope ratio 1s 1.49, which 1s much too large. ]

However, a broad absorptlion was also observed for H.O in collagen
’ o 5

at 3100 ¢ 100 em.” Y The HDO absorption at 2350 em” ) may corres- !

1

pond to the unresolved sum of the bands at 3490 cm"1 and 3100 cm,
as follows.

The ratlo 34Q0/1.37 = 2547, and the ratio 3100/1.37 = 2263.

Thus the value of 2350 for HDO in collagen liea between these two

calculated values,

™ any case the Infrared spectrum of HDO in collagen is
greatly different from that of HDO in liquid water, in complete
agreement with our previous conclusion. HFurtner, the 2350 om'l
OD band from HDO in collagen is not far from that of HDO ioe,(u)

which indgicates strong bonding between HDO and collagen.
& S
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3. Interpretation of Infrared Results,

As emphaslrzed previously, the structure of bulk ligquid water,
and of' water 1in collagen, are greatly different. Specifically,
we find enhanced intensity at 3030 & 20 0m'1 ror H?O in collagen,
and at 2650 * 20 cm"l for HDO in collagen, compared to the bulk

liquid phases. In addition we find bands for H,0 in collagen near

I*

: - e -1 :
59 cm 1 and 3100 * 100 cm and for HDO in collagen near
-1

490

2350

I
i~
Q
7
,4

(1)

Tt is known from Raman and infrared studies of water,
1 (L) . (“)
aquecus sclutions, and from studles of OH in fused silica
that the € and 0D bands observed here refer to strongly bent
hydrogen bonds. Similarly the remaining O and OD bands from
collagen refer to nearly linear hydrogen bonds, Linear hydrogen
bonds Indicate strong binding to collagen, as indlcated partl-
IS o & ’ ¢
cularly by the fact that the HDO value 1s close to that of
; (%) :
HDO 1ice. Beyond these gross observations the question arlses
as to how H,C and HDO bind in collagen, that 1s, what specifilc
structures exnlain the present infrared results,
Qa0 (6) 1 ) }

Rich and Crick descrlibe a model of collagen in which
one water molecule forms 2 hydrogen bvonda between amide C=0
groups. Onc amide group is In cne volypeotide chailn, and the
other amide group is always that of glycine in a second poly-
peotide chain, The H,0 18 thus situvated such that the pernanent

‘

electric dipole moment vecteor ls perpenaloular to the collagen

fiber axle, Such an orlentation 1as conaststent witn tae inf'rared

. \ (7)
findingss of Suzukl ana ¥raser, Ul g reinteroreteds by us In the
next section of tals report,

The present flnainzs are not inconsistent with tne permanent
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electric dipole moment vector being perpendicular to the fiber
axis, but we need also to impose the additional condlitions that
one hydrogen bond is strongly bent, and the other one about
linear, We might, of course, lnvoke a model In which more than
one H20 molecule exists between polypevtide chains., Still all
of the dlipole moments would have to be perpendicular to the (lber
axls to Le conalstent with the iInfrared dichroic data of Suzukl and
Fraser, and some hydrogen bonds would have to be strongly bent and
others linear tc be consistent with our data. Further, Rich and
Crick make no mention of this further possibility.

If only one Epﬁ molecule 1s thus considered between polypep-
tide strandg, our model would be that shown schematically in
Pig. 6. In Plg. cach C=0 group refers to a section of separate
polypeptide chains. Also one hydrogen band is linear, and the
The H49H angle, however, is close to 1096° as In

other cne bent.

liquid water ov ordinary ice.




Discussion of the Interpretation of Suzuki and Fraser.

(7)

Suzuki ana Fraser have reported infrared dichroic
spectra for water in collagen. ‘Their infrared data differ
greatly from ours, for unknown reasons. (Probably the collagens
are chemically different.) Aside from this difficulty, they
assign a band at 3250 cm—l to symmetric HOH stretching and a

band at 3450 cm'l to antisymmetric stretching. From numerous

Raman and infrared studies of water,(l) it is virtually certain

that the Suzukl and Fraser assignments are wrong. Antisymmetric

& N -~ "1
stretching wm 1igquid water occurs at least near 3550 cm or

much ahove, “’and 1 certatnly not assignable to the 3450 cm-l
freguency. Henc the transition moments from both of Suzuki
and Fraser's reported bands are parallel to the H?O symmetry
to thelr assignments. And both bands show

sm pernendicular to the fiber axis. Suzukl and Fraser
simply obtalned redundant data without realizing it. Our re-
asslguitent means that the permanent electric dipole moment vector
of 320 in collagen 1s perpendlcular to the fiber axis, This,
of course, s nothiing avout where the line between the H?O
orotons 1s located relative to the fiber axis, contrary to the
Interoretation of Suzuki and Fraser. Our only further suggestion

relates to linear ana bent hydrozen bonds formed with amide C=0

groups as shown in the illustration, Fiy. 6.




I
&

(9)

5. Muture Studies,

In future work with H20 ana HDO in collagen, we expect to
conduct polarized infrared studies of the infrared bands
reported here, that 1is, we wlll conduct infrared studies of
the 3630, 3490, and 3100 bands from H?O and of the 2650 and
2350 em - bands from HDO in collagen., We are also considering
the possibllity of c¢btaining laser-Raman spectra of thin

B

sectlons of collagen., We expect to try to mount a large number
of sectlions cut pzrnendlicular to the fiber axis on a circular
plate, holding them Cown with thin plastic film. Thils plate
would then bDe apun In the laser beam, and the Raman scattering
collectes with a doudle monochromator, After this we plan to

initlate pclarized infrared studles of water in oriented skelctal

muscle
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CAPTION ‘

Pigure 1, Dessication study of water in collagen.
Zero time refers to collagen that has been soaked

in water and then dried.
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CAPTION

Figure 2, Infrared transmittance spectra of

water in collagen., (A) Spectra of dessicated
collasen with dessicating times indicated.

(B) Spectrum ecorresponding to zero time,

T ———

see Pizure 1,

———
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CAPTION

Pigure 3, Infrared absorbance spectrum of liquid
water, (a&). Data obtained by Frech and Crawford,
(b). The (b) data are more acocurate than the (a)
data, but both sets of data compare favorably,

Fote ihie weakness of the absorption above 3500 cnm.
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CAPTION

Pigure 4. Infrared tranamittance spectrum of dry s

collugen to which N,0 has been added. The OD region
2

indicuted on the figure refers to HDO. The OH region

contains contributions from both Hzo and HDO,
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CAPTION

Pigure 5. Infrared absorbance spectrum of the
OD=-stretching region of HDO in uao. The OD-
gtretehing region region occurs between about

2100 o 2700 onm. The vertical lines under the

-1
main reak near about 2520 cm refer to the centers
of %ausaian components, The hori:zontal lines refer

to the half-widths of the Gausaian componenta,
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CAPTION

FPigure 6. Sthematic representation of the binding

of « waler molecule between two polypeptide atrands
of ccllagen., The dots refer to hydrogen bonds,

The arrow refers to the direction of the permanent

eleciric dipole moment of the water molecule.
The dashed circles refer to the polypeptide strands,
looking down the atrands., Notice the linear and

; tent hydrogen bonds.
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Budget, Second year.
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Budget Category ?undodoﬁzn Montha Am;.
A. Salaries
1., Post-doctoral 100% 815,000
Res. Associate 12FTE
B. Staff Benefits 20% Salaries 3,000
C. Total Salaries and Staff Benefits 18,000
D. Travel 500
E. Pudblication Costa 1,000
P. Laser Repair 3,000
G. Supplies M5
H. Indirect Coat
a.) 82,87 of Salaries 12,320
I. TOTAL SECOND YBAR $35,695

Note;

The principal investigator, Dr. George E. Walrafen,

will work on the project without charge, for the full grant

period of 1Z months.

"The salaries in this proposal are stipulated salaries as

defined in Pederal Management Circular (FMC)735-8, Section

Tc."




